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Abstract
The inflow of the side pump sump is not smooth enough during the operation of a pumping station,
resulting in an asymmetric adherent vortex that endangers the station’s normal operation and safety.
To solve this problem, flow field and vorticity distribution charts of different flow layers were created
through the establishment of a numerical model of the pumping station inflow by means of the fluid
simulation software. The formation mechanism of the asymmetric adherent vortex in the side pump
sump was analysed by combining Reynolds shear stress distribution, the simplified Navier–Stokes
equation, and the transport equation of turbulent kinetic energy. Furthermore, the accuracy of the
numerical simulation results was verified using flow field data collected via particle image
velocimetry at the junction of the forebay and pump sumps of the station. Results show that the
distribution of inflow velocity is uneven due to the asymmetric friction of the inflow in the side pump
sump. The transverse velocity formed from it generates the asymmetric vortex in the side pump sump
and creates an inspiratory vortex.
(Received in February 2021, accepted in April 2021. This paper was with the authors 1 month for 2 revisions.)
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1. INTRODUCTION
Pump station engineering plays an important role in the allocation of water resources, urban
flood control, obtainment of high and stable crop yield, and good harvest during droughts and
floods. Large and medium-sized pumping stations generally comprise multiple units that have
corresponding multiple pump sumps. The upstream of the pump sumps has a forebay and a
diversion channel, whose function is to guide the water flow to the pump sump. However, in
the actual operation of a multi-unit pumping station, the inflow of the side unit is not smooth,
causing transverse velocity and vortexing that lead to a low flow rate in the side pump sump.
This phenomenon results in the vibration of units and affects the working efficiency of the
sump and the safety of the entire pumping station.
Numerous large and medium-sized pumping stations have been built in response to the
development of societies and the increasing demand for water resource allocation. The
complex flow pattern of the pump sump cannot meet the requirements of safe operation of
pumping stations. Hence, analysing the cause of the vortex in the pump sump of a pumping
station is important. Many fluid simulation software programs have been proposed. In terms
of numerical simulation theory [1-6] research, with turbulence model analysis and the
turbulent kinetic energy equation having been put forward [7, 8], an increasing number of
high-precision numerical simulation techniques are used to simulate the complex flow in the
side pump sump of a pumping station. The 3D unsteady turbulent flow in the sump has been
simulated with four different turbulence models, namely, standard k-ε, realizable k-ε, renormalization group k-ε, and shear stress transfer k-ε volume of fluid (VOF) multiphase
models [9]. The causes and influencing factors of the inspiratory vortex in the sump have also
been analysed with large eddy simulation (LES) technology [10]. In these previous studies,
numerical simulation was used for a detailed analysis, but no physical model was adopted to
verify the results, leading to the lack of credibility. In terms of the physical model test, the
volumetric three-component velocimetry system [11] has been used to study the variation in
https://doi.org/10.2507/IJSIMM20-2-562
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the velocity gradient, vortex intensity, and kinetic energy in the vortex zone during the
process. A study also utilized a miniature physical model of equal ratio [12] in the design
optimization of the pump sump. However, these studies merely used physical model tests to
study individual engineering, and their results are not universal. In addition, studies on vortex
elimination measures in the pump sump have shown that although the anti-vortex device
[13, 14] is worthy of attention, this technology still lacks maturity and has certain limitations;
hence, it cannot be widely applied in pump station engineering.
Given such background, most researchers have conducted optimization research on the
improvement of the flow pattern in the pump sump through numerical simulations or physical
tests, and only a few of them combined numerical simulation, theoretical analysis, and
experimental verification. Similarly, only a few have studied the distribution and formation
mechanism of the asymmetric adherent vortex in the side pump sump. In the current study,
the distribution of the asymmetric adherent vortex of the side pump sump of a pumping
station was summarized through numerical simulation. The causes of the vortex were
analysed by combining relevant theories. The formation mechanism was verified using data
collected via particle image velocimetry (PIV). The results can provide theoretical support for
the optimization of the flow pattern in the side pump sump of pump stations.

2. STATE OF THE ART
Several scholars have conducted relevant research mainly in the following aspects. In their
research on wall turbulence, Hoyas and Jimenez [15, 16] performed many numerical
simulations and theoretical demonstrations in which the Reynolds number was in the range of
180–2000 to analyse wall turbulent motion. However, they only applied numerical simulation
to study the flow in the horizontal direction and did not verify the physical model test. Adrian
[17] studied the structure of hairpin vortex in wall turbulence and analysed its formation
through numerical simulation and physical model research. Dixit and Ramesh [18] analysed
the pressure gradient of the wall turbulence boundary layer at the confluence interface. They
identified and studied the anomalies of logarithmic law but did not analyse the flow velocity
distribution in detail. Abreu et al. [19] used direct numerical simulation to analyse turbulent
channel flow and obtained its turbulent distribution law through the spectral inherent
orthogonal decomposition method and a solvent. With regard to research on the flow around
problem, Albers et al. [20] used the LES model and analysed the flow around the wall of a
straight plate and the influence of the transverse surface wave of wingspan propagation in the
turbulent boundary layer under zero pressure gradient. Many scholars have combined two
methods to verify each of them [21], and some of them introduce machine learning method
[22], but only a few used a method that combines physical model testing and theoretical
analysis [23].
The above-mentioned studies focused on channel flow, wall turbulence, and flow around,
and studies on the vortex in the pump sump of a pumping station mostly concentrated on the
inspiratory vortex at the bell mouth. Meanwhile, research on the near-wall vortex in the pump
sump, especially on the formation mechanism of the asymmetric adherent vortex in the pump
sump of pump stations, is scarce. In the current study, numerical simulation was combined
with theoretical analysis and experimental verification to analyse the formation mechanism of
the asymmetric adherent vortex in the side pump sump of a pump station. The results can
provide theoretical guidance for solving the adherent vortex problem.
The rest of this paper is organized as follows. The third section describes the modelling of
the inflow in a pumping station and the establishment and test process of the PIV model. In
the fourth section, the distribution of the asymmetric adherent vortex of the side pump sump
of the pumping station is summarized through numerical simulation. The formation
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mechanism of the asymmetric adherent vortex in the side pump sump is also analysed by
combining Reynolds shear stress distribution, the simplified Navier–Stokes (N-S) equation,
and the transport equation of turbulent kinetic energy. The last section summarizes the study
and provides relevant conclusions.

3. METHODOLOGY
3.1 Construction of a numerical model
Modelling software was used to build the physical models. Time-averaged equations of LES
were selected for the numerical calculation of closed two-phase flow in a large eddy model.
The semi-implicit method for pressure-linked equations (SIMPLE) was adopted to solve
coupled equations of velocity and pressure. The free water surface was simulated using the
VOF method.
The 3D turbulent N-S equation was filtered using a spatial filter function. The governing
equation of the large eddy model is:
 ui
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where xi and xj (i, j = 1, 2, 3) are Cartesian coordinates and u i , u j (i, j = 1, 2, 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 .
Simulation by building a model is necessary. The import of the diversion channel was set
as the import boundary of the computational domain. Medium turbulence intensity was set as
Tu = 5 %. The imports of three pumping units were set as the export boundary of the entire
calculation domain. Symmetrical boundary treatment was adopted because the water level did
not change much, and the shear stress effect of air on the water surface was ignored. The solid
wall in the flow region was constrained by the wall boundary condition, and the solid wall
was constrained by the non-slip boundary condition. Fluid was static at the solid wall. The
second-order upwind scheme with good adaptability that considers the effect of gravity in the
calculation process was utilized, and the PISO algorithm was adopted for unsteady
compressible flow calculation. Except for the inlet, outlet, and free water surface, the rest
were solid walls. The number of calculation steps was 2000, and the convergence accuracy
was 10-7.
Unstructured grid partition was used for the local encryption of the entire computational
domain due to the complex structure. In the range of the side pump sump (Fig. 1), hydraulic
loss was adopted as an appropriate parameter to measure the number of grids. When the
number of grids reached 4,304,570, the hydraulic loss was unchanged, and the difference did
not exceed 2 %.
3.2 Construction of the PIV test device
A test device was designed in combination with the three-unit pumping station in an actual
project to verify and analyse the numerical simulation results. The test device is shown in
Fig. 2. For the test, data on flow field characteristics were collected via PIV. This technology
can obtain the entire information of the liquid flow in the shooting field of view and extract
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the real-time data needed for analysis through relevant software. The test was conducted
under constant flow conditions, and the test temperature was 200 °C. Before the test, the
equipment was installed and connected, and the chip light source produced by laser at the
testing section was aligned. The CCD camera’s position was adjusted, and the corresponding
test parameters of PIV were set. The particle image of the testing section was clearly
presented on a computer screen, and the camera and laser light source were not shaken nor
displaced during the test. During the test, the circulating water pump was turned on to form a
stable water circulation, the flow through the valve on the water supply pipe was adjusted,
and the water level in the testing section was set and made stable. After the water flow passed
through the test model section, it flowed into the lower circulating water tank. The water flow
circulated in the test device. After the water flow in the testing section became stable, the PIV
system was used to collect the flow field corresponding to the research position of the forebay
and pump sump. The specific test arrangement is shown in Fig. 2.

Figure 1: Grid division diagram of
local encryption.

Figure 2: Diagram of the PIV test device.

4. SIMULATION ANALYSIS AND DISCUSSION
4.1 Analysis of numerical simulation
Analysis of 3D flow characteristics: The numerical simulation method was used to analyse
the characteristics of the water flow in the side and non-side pump sumps. The streamline
distribution of the side and non-side pump sumps is shown in Fig. 3. In the non-side pump
sump, the water flow was acted on by the pump, and the direction of the flow line did not
change significantly along the flow on the horizontal plane. In the vertical axis, the water
flowed to the bottom of the downstream water inlet to bend, the transition was smooth, and
the streamline was straight. In the side pump sump, the streamlines bended near the side wall,
and many low-velocity areas were created near the wall to form a small vortex band. The flow
velocity on both sides of the forebay was asymmetrical, and the streamline was deflected at
the front edge of the isolated pier. Rear transverse velocity flow occurred and resulted in a
disordered curved line. The upper flow line affected the bend after entering the side of the
pump sump, and it showed a tendency to form an irregular vortex. At the same time, the
transition of the streamline into the pump sump was not smooth, and the flow state in front of
the water inlet was turbulent.
In the pumping station, the inflow of the non-side pump sump was smooth and straight,
and the flow pattern was good. By contrast, the streamline of the side pump sump was
scattered, and many vortices attached to the wall, which affected the pump inlet.
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a)

b)

Figure 3: Schematic of the numerical simulation flow field; a) streamline figure of the non-side pump
sump, b) streamline figure of the side pump sump.

Analysis of 2D horizontal flow field: Flow field velocity cloud figures of the five flow
layers (Fig. 4) were obtained in accordance with the numerical simulation results. Fig. 4
shows that the flow velocity near the isolated pier of the side pump sump was relatively high,
and the velocity near the side wall attenuated sharply along the flow direction. The flow
velocity direction of the entire side pump sump was inclined to the intermediate isolated pier,
and the downstream side of the side pump sump tended to produce low-speed adherent
vortices on the side wall.
The analysis above indicates that the water flowed through flow layer a down to flow
layer e, and the inflow in the side pump sump generally began from the inlet and flowed
toward the isolated pier obliquely. An adherent vortex was generated at the downstream side
wall. This vortex is caused by the asymmetry of the force on both sides of the water flow
when the water entered. The frictional resistance between the inflow water body and the solid
side wall near the side wall was greater than the shear stress between the water flow and the
water flow in front of the isolated pier. This phenomenon can be analysed with Reynolds
shear stress distribution.
In actual engineering, the diversion channel of pumping station projects often cannot meet
the requirements in terms of length, and it is likely to cause instability of the water flow in the
pump sump and the phenomenon of vortexing. In the flat flow of the forebay and pump sump,
a linear relationship exists between the total average shear stress and the distance to the wall.
The maximum value occurs at the wall, and the minimum value is at the centre point. The
greater the Reynolds number is, the closer the Reynolds shear stress curve is to the total
average shear stress curve. This condition indicates that the Reynolds shear stress near the
wall of the pump sump increases, and the stress increases with the increase in the Reynolds
number. In pump station engineering, the water flow is turbulent, and the Reynolds number is
large. Thus, considerable shear stress is generated near the wall, which then forms large
velocity and pressure gradients. These gradients cause the strain rate tensor to increase, which
increases the vorticity and produces a vortex.
In this study, the Reynolds shear stress near the wall was large, the flow velocity gradient
was large, and the flow velocity near the wall was low. At the isolated pier, the Reynolds
shear stress on the front edge of the isolated pier was large, the boundary layer was thick, and
no turbulence generation and diffusion occurred. The turbulent dissipation term was offset by
the viscous diffusion term. In the downstream flow, the boundary layer of the isolated pier
became thin, and the turbulence gradually diffused. The pressure and velocity gradients
gradually exchanged positive and negative values, and turbulence was slowly generated. The
transport of turbulent terms occurred between the side wall and the isolated pier, causing the
water flow to shift laterally. A vortex formed easily near the wall downstream of the side wall
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where the boundary layer was relatively stable. When these data were combined with the data
observed in the experiment, we found that due to the asymmetric inflow conditions, a largescale vortex was prone to occur near the wall downstream of the inner wall of the side pump
sump.

Section a

Section b

Section d

Section e

Section c

Figure 4: Flow velocity nephogram of the horizontal plane based on numerical methods.

Analysis of the hydraulic characteristics of the sections: The flow field in the side
pump sump was analysed using a software. The horizontal flow field of different water depths
was selected. The specific section distribution map is shown in Fig. 5. The flow velocity
perpendicular to the flow direction was extracted for analysis, and the vorticity field was
studied to explore the changes in liquid clusters.

Figure 5: Schematic of section location.

Fig. 6 shows a cross-sectional flow velocity distribution diagram of different positions of
the side pump sump (the left coordinate axis is the position of the isolated pier, and the
position of x = 60 mm is the side wall). In Section 1 in front of the isolated pier at different
water depths, the flow velocity distribution had no obvious change in the vertical direction.
The flow velocity was low near the wall on both sides, the flow velocity was high in the
middle, and the peak and valley distributions were similar. In Section 2 of the isolated pier,
the flow velocity changed significantly in the vertical direction, and with the increase in water
depth, the amplitude of flow velocity fluctuation, the number of peaks and valleys, and the
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flow fluctuation at the bottom increased. In Section 3 behind the isolated pier, the flow
velocity fluctuation began to slow down, but the flow velocity near the side wall began to
decrease sharply. The flow velocity at the side wall declined obviously with the increase in
water depth. When the water flow completely entered the side pump sump, the flow velocity
distribution in Section 4 did not change significantly in the vertical direction; the flow
velocity near the side wall continued to decrease, and the water flow at the side wall
fluctuated significantly.

Section 1

Section 2

Section 3

Section 4

Figure 6: Schematic of the cross-sectional flow rate.

Fig. 7 shows a cross-sectional vorticity distribution diagram of different positions of the
side pump sump (the left coordinate axis is the position of the isolated pier, and the position
of x = 60 mm is the side wall). The figure shows that the vorticity distribution in Section 1 in
front of the isolated pier at different water depths was relatively stable in the vertical direction.
The vorticity near the side wall was large, and the vorticity near the isolated pier was small. In
Section 2 of the isolated pier, the vorticity fluctuated significantly in the vertical direction,
and as the water depth increased, the vorticity fluctuation intensified. In Section 3 behind the
isolated pier, the vorticity fluctuation position moved to the side wall, and the fluctuation
gradually decreased as the water depth increased. When the water flow completely entered the
pump sump, the surface vorticity in Section 4 fluctuated sharply. As the water depth increased,
the fluctuations gradually decreased and spread from the middle to the two side walls.
Analysis of Fig. 7 indicates that the flow micromasses in the side pump sump were
relatively stable. The flow micromasses close to the side wall had strong rotation due to the
effect of the side wall. When they passed through the isolated pier, the flow micromasses
were affected by the front edge of the isolated pier and produced strong rotation. After
entering the side pump sump, the flow micromasses began to swirl vigorously, forming a
vertical spiral flow and creating a vortex.
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Section 1

Section 2

Section 3

Section 4

Figure 7: Schematic of cross-sectional vorticity.

Theoretical analysis of flow characteristics: The results of the numerical simulation test
revealed that the difference in flow velocity on both sides of the inflow of the forebay was
extremely large that it caused an uneven flow velocity distribution, resulting in a significant
deflection of the flow direction of the side pump sump. Moreover, a large adherent vortex was
produced. The N-S equation was used to derive the average flow energy balance equation,
and from this, the turbulent flow energy equation was obtained. Then, the adherent vortex of
the side pump sump was analysed.
From the N-S and mass conservation equations and in accordance with the uniform flow
incompressible condition, the balance condition of turbulent kinetic energy was determined as
follows:
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where ρ represents the density of water; t denotes time; Ui, Uj, Uk are the average speeds in i, j,
and k directions, respectively; ui, uj, uk are the velocity vectors in i, j, and k directions, and
ui, uj , uk are the root mean squares of homogeneous turbulent velocity fluctuations in turbulent
dissipation terms in i, j, and k directions. With the N-S equation and the kinetic energy
conservation equation and from the uniform flow incompressible condition, we obtain Eq. (3).
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The turbulent kinetic energy transport equation was analysed with the numerical
simulation method. Fig. 8 shows the root mean squares of homogeneous turbulent velocity
fluctuations in turbulent dissipation terms away from the wall at different distances.
For u1, the turbulent flow field was along the direction of water flow. No turbulent flow
production and diffusion occurred at the wall position, and the related quantity of velocity and
pressure gradients became 0. In the process of approaching the wall, the turbulent dissipation
term gradually cancelled out the viscous diffusion term, and the turbulent dissipation
continued to decrease and reached the maximum negative value on the wall. At a distance of
about 1/8 of the width of the pump sump from the side wall, the turbulence production term
increased sharply and reached the maximum value. At the centre of the river channel, the
turbulence products, diffuses, dissipates, viscous diffusion, and the velocity and pressure
gradient gradually increased, approached 0, and changed smoothly This result shows that the
turbulence production term to reach the maximum at a distance of about 1/8 times the width
of the pump sump from the side wall, and the turbulent diffusion fluctuated significantly at
this position. The velocity component in the x1 direction reached the maximum at this position.
For u2, this result shows that the horizontal water flow fluctuated obviously from the side
wall. Compared with the x1 direction, more turbulence occurred at this position. The
transverse and longitudinal turbulences were interlaced and affected each other. Vortices were
easily produced under the action of viscous friction and baroclinicity of the fluid.
In pump station engineering, the water flow enters the pump sump through the forebay,
but the flow patterns of the non-side and side pump sumps are different due to the inlet
boundary conditions. PIV technology was used to measure the built physical model in order
to further analyse the numerical simulation results, and the horizontal flow layer and vertical
axis flow field in the non-side and side pump sumps were studied.

x1 direction

x2 direction

Figure 8: Turbulent kinetic energy distribution chart.

4.2 PIV test verification

Figure 9: Location diagram of specific sections.
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Different horizontal sections were set up in the test section at the junction of the forebay
and pump sump. The PIV camera was installed above the test section, and the laser was
placed on the side of the test section to generate a horizontal laser surface. Five flow-layer
sections were set at the junction of the forebay and pump sump to study the flow patterns of
the non-side and side pump sumps of different flow layers. The specific section locations are
shown in Fig. 9.
The distribution of the velocity cloud map of the flow field of different flow layers was
obtained from the analysis of experimental data and is shown in Fig. 10, it indicates that the
flow velocity distribution of the non-side and side pump sumps was different (Fig. 10 a –
Section a). The flow velocity distribution in each water inlet channel of the non-side pump
sump was uniform. The side pump sump had a higher flow velocity near the isolated pier, and
the flow velocity near the side wall decayed sharply along the flow direction. The downstream
side of the side pump sump had a tendency of low-velocity vortex adhering to the wall. As
shown in Fig. 10 b, the velocity distribution in the flow field of the side pump sump was
similar to that of upper layer a, but the trend of adhering vortices on the downstream side of
the inlet side wall increased, and the velocity area at the inlet of the partition decreased. As
shown in Figs. 10 c and 10 d, the flow velocity at the downstream side wall of the side pump
sump was further reduced, and an adherent vortex was generated near the wall on the
downstream. As shown in Fig. 10 e, the flow velocity of the side and non-side pump sumps
was further reduced, and the flow of the side pump sump produced an adherent vortex on the
downstream side wall. This vortex was caused by the asymmetry of the force on both sides of
the water flow when the water entered the inlet. The frictional resistance between the inflow
water body and the solid side wall near the side wall was greater than the shear stress between
the water flow and the water flow in front of the isolated pier. The results of this analysis
based on PIV data are similar to the results of the numerical simulation, indicating that the
analysis of the cause of the adherent vortex in the side pump sump is credible.

Section a

Section b

Section d

Section e

Section c

Figure 10: Flow velocity nephogram of the horizontal plane based on the PIV test.

5. CONCLUSION
The vortex problem in the side intake tank of a pumping station affects the station’s normal
operation and safety. In this study, a numerical model was established to analyse the flow
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field characteristics of the side and non-side pump sumps, and the turbulent kinetic energy
equation was used to solve the problem. The conclusions from the numerical model analysis
were verified by the data collected from PIV in three aspects: the flow field in different flow
layers, the vertical axial section, and the vorticity field. This study revealed that the
asymmetry of inflow force in the side pump sump is the fundamental cause of vortexing, and
the following general conclusions were obtained.
(1) The force on both sides of the flow before entering the side pump sump is asymmetric.
The friction between the water flow that is close to the sidewall and the solid sidewall is
greater than the shear stress before the water flows into the isolated pier.
(2) The distribution uniformity of the velocity field differs in the side and non-side pump
sumps. The velocity near the sidewall of the side pump sump is less than that near the isolated
pier. The flow direction inclines from the entrance to the downstream of the diaphragm
isolated pier, forming a low-speed vortex zone near the downstream sidewall. However, no
such phenomenon occurs in the non-side pump sump, and the velocity distribution in it is
even.
(3) Given that the entrance is below the pumping station, the flow velocity in the pump
sump increases gradually from the top to the bottom of the downstream. Therefore, a vertical
spiral vortex is easily generated when the water in the side pump sumps flows horizontally
into the isolated pier.
Through numerical simulation, theoretical analysis, and a PIV test, this study clarified that
the source of vortexes in the side pump sump of a pumping station is the asymmetric inflow
force caused by its structural arrangement. This work serves as an important directive for the
improvement and control of the flow pattern in the side pump sump. In future research, a
vortex elimination method can be determined through further theoretical deduction,
experimental research, and field investigation.
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