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Abstract: A side channel pump is a pump with a high head and a small flow that is widely used
in various industrial fields. Many scientists have studied the hydraulic performance, pressure
fluctuation characteristics, and gas-liquid mixed transport characteristics of this type of pump.
However, these studies mainly focused on the single-stage impeller of the side channel pump,
without considering the inter-stage connection channel and the multistage timing effect. These
characteristics affect the hydraulic performance and pressure-pulsation characteristics of the side
channel pump. Therefore, we carried out a numerical simulation and an experimental comparison on
the multistage side channel pump to explore its flow characteristics during the stages. This study
focused on the influence of different turbulence models on the numerical simulation of multistage
side channel pumps. Shear stress transport (SST), detached eddy simulation (DES), and detached
eddy simulation-curvature correction (DES-CC) turbulence models were selected for consideration.
By studying the pressure and velocity streamline distribution, the turbulent kinetic energy, and the
shape and volume of the vortex core area simulated by the three models, we concluded that the
DES-CC model, when compared to the other models, can more fully reflect the vortex characteristics
and the simulation results that are closer to the experimental data. The results of this study can be
used as the basis for future research on multistage side channel pumps.

Keywords: side channel pump; turbulence modeling; detached eddy simulation (DES); curvature
correction (CC); vortex

1. Introduction

A side channel pump is a type of vortex pump that, when compared with other
common vane pumps, has the advantages of a small flow rate, a strong single-stage
pressure boosting capability, self-priming, and mixed gas-liquid transportation. Because
of their advantages, side channel pumps are widely used in the petrochemical, aerospace,
shipbuilding, automotive, mining, and other industries. However, due to their complex
internal flow behavior, side channel pumps exhibit many unique vortices, leading to low
efficiency and adverse effects, such as noise, vibration, and channel blockage [1].

Research on side channel pumps can be traced back to the early 20th century. The main
research was focused on the performance optimization of single-stage side channel pumps.
Shirinov and Oberbeck [2—4] proposed four different vane shapes (C, V, T, and Y) and
obtained their performance differences experimentally. They found that the compression
ratio of a side channel pump depends on the number of blades at the periphery of the
impeller. When the impeller diameter increases or the size of the side channel decreases,
then the optimal number of blades increases. Later, Fleder and Bohle [5,6] conducted a
series of investigations on the effect of blade length, blade width, and side channel height
on the performance of side channel pumps. They found that the performance of side
channel pumps is mainly affected by the ratio of blade height to the radius and the ratio
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of side channel height to blade radius, while the ratio of side channel height to blade
height is uniform. Recently, Zhang [7-9] et al. analyzed the effects of the blade angle
and the side channel wrapping angle on the side channel pump, using various methods,
including entropy production analysis. They found that these parameters have significant
effects on the hydraulic performance and pressure pulsation of the side channel pump. In
addition, they investigated the transient flow characteristics at different blade suction angle
profiles and found that the pressure fluctuation and frequency of the side channel pump
were related to the flow exchange between the impeller and the side channel. In addition,
they [10-12] optimized the side channel pump by adding a convex blade and found that
the convex vanes can expand the high efficiency area of the side channel pump.

Recently, hybrid Reynolds-averaged Navier-Stokes (RANS) and large eddy simula-
tion (LES) models have been widely used in numerical simulations [13-15]. Due to the
advantages of the k — € and the k — w models, the shear stress transport (SST) model is
the most widely used RANS model [16]. However, the RANS model is not accurate for
some numerical simulations because it overestimates eddy viscosity and ignores some
small-scale vortices. Large eddy simulation (LES) can solve the simulation problem of
small-scale eddy currents, but overestimates the wall vortex; thus, a wall correction model
is required [17]. At the same time, the computing resource demands of the LES model
are higher than those of the RANS model. To integrate the advantages of both models,
many RANS-LES hybrid models have been proposed. The detached eddy simulation (DES)
model of Spalart [18] is one of the most famous hybrid models. It replaces the area where
the eddy current characteristic length predicted by the RANS model is greater than the
grid element size with the LES model for numerical simulations.

The above studies focused on the performance and internal flow theory of single-stage
side channel impellers, with a lack of relevant research on the hydraulic performance,
pressure pulsation, and timing effect of multistage side channel pumps. Therefore, we
carried out numerical and experimental comparisons for multistage side channel pump
under a detached eddy simulation-curvature correction (DES-CC) model. This study can
serve as a foundation for future investigations into the characteristics of multistage side
channel pumps and other low specific speed pumps.

2. Turbulence Modeling

The classification of existing turbulence numerical simulation methods is based on the
comprehensiveness of an energy spectrum analysis of turbulence fluctuation. There are
three basic methods: direct numerical simulation (DNS), LES, and RANS.

The DNS method can theoretically obtain the most accurate simulation results, but it
requires Kolmogorov micro-scale numerical resolution in space and time. It also requires
huge computational resources and provides excessive simulation information, which makes
it almost impossible for use in engineering.

The RANS model is based on a Reynolds-averaged Navier-Stokes equation. By
decomposing the instantaneous velocity value into the sum of the average value and the
fluctuation component, the Reynolds equation is derived. The equation describes the
turbulence by decomposing the velocity U; into average velocity U; and wave velocity u;.
In fact, the transport equations of turbulent stress can be derived from the initial and the
average Navier-Stokes equations. However, the derived relation still has an unknown
high-order correlation, so other equations must be introduced to close the equations.

The RANS model is divided into a zero-equation model, two-equation turbulence
models, and one equation model by the difference in the number of equations of the closed
system equations. The zero-equation model is only suitable for relatively simple flows.
The one-equation model is highly specialized, while the two-equation model is widely
used. Typically, the two-equation models are the k — ¢ and the k — w models. They use the
gradient diffusion assumption to correlate Reynold stress with turbulent viscosity, which
is the product of turbulent velocity and turbulent length scale. The turbulent velocity
is given by the turbulent kinetic energy, and the turbulent length scale is the difference
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between the two models. The k — e model is used to solve the turbulent kinetic energy k
and the turbulent dissipation rate ¢; the k — w model is used to solve the turbulent kinetic
energy k and the turbulent frequency w. The k — e model has the advantage of better vortex
simulation for the separated surface, but it has the disadvantage of poor treatment for
wall-flow. The k — w model can accurately handle wall-flow, but its requirements for inlet
and outlet conditions are more stringent. A small disturbance will have a great impact on
the simulation results of the k — w model.

The SST model, which is a type of RANS model, is a turbulence model that is com-
monly used in hydraulic machinery numerical simulations. To solve the high dependence
of the k — w model on inlet and outlet conditions, the k — ¢ model and the k — w model are
mixed. The SST model requires that the two turbulence models deal with the wall region
and the central region, respectively, by adjusting the parameters F; and F;. In this way,
it combines the advantages of the k — ¢ model and the k — w model, reduces the serious
dependence on import and export conditions, and retains good accuracy and robustness.
The relations of the model are as follows [19].
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The above model will generate excessive turbulent energy near the stagnation point, so
it is strictly limited. Nevertheless, the development of engineering technology has resulted
in higher requirements for numerical simulation. To solve the separation of vortices that are
larger than the grid element scale and vortices that are smaller than the grid element scale,
and to obtain more accurate vortex details, the LES model is required. The LES model can
calculate pressure scale vortices by modifying some parameters. One of the key formulae
of the LES model is the filtering formula [20].

D(x) = /CD(x’)G(x;x’)dx ©)
D
with y
N J1/v eV
G(x,x) o {0 otherwise (10)

where G(x, x') is the filter function.
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After applying the filtering formula, the N-S equation can be written in the following
format [20].

9, . g, \_ op o] (ou U T
with
Tij = —lel-LI]- + ﬁLIZU] (12)

The relationship between the sub-grid-scale stress 7;; and the large-scale strain rate

tensor S;; [20] is as follows:
1
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However, the use of the LES model in the near-wall region consumes too many
resources, and the excessive vortex simulation in this region must be modified. Therefore,
the detached eddy simulation (DES) model is proposed. The DES model is attempts to
combine the elements of the RANS and LES formulae to obtain a hybrid formula, in which
the RANS model is used in an additional and mildly separated boundary layer. In the
simulation of the DES model, when the turbulence length L;, predicted by the RANS model,
is greater than the local grid spacing, it is converted from the RANS model to the LES
model. At this time, the length scale of the dissipation rate A that is used in the calculation
of the turbulent kinetic energy equation is replaced by the local grid spacing [20]:
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A = max(4;) (17)
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All of the above turbulence models adopt the assumption of eddy viscosity, which
leads to their common disadvantages; that is, they are insensitive to the flow curvature and
the system rotation, which produces errors in the fluid simulation of high-speed rotation;
accordingly, the equation needs to be modified. Some studies have shown that curvature
correction can improve numerical simulation [21]. In this study, the equation is corrected
by correcting P;. The relevant formulae are as follows [22]:

Py — Py fr (19)
f, = max [0, 14 Coale (ﬁ - 1)} (20)
fr = max{min( frotation , 1.25),0} 1)

*

2r
frotation = (1 + 571)1_0_71,*

It can be seen that the turbulence model has an impact on the results of the numerical
simulation. However, no one has carried out an analysis of the simulation results under
different mathematical models of multistage side channel pumps. In this paper, the effects
of the RANS-LES hybrid model and curvature correction on the numerical simulation
of multistage side channel pumps are compared and analyzed, and the corresponding
conclusions are provided.

[1 —¢y3tan! (crz?)} —cn (22)
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3. Numerical Model and Simulation
3.1. The Pump Model and Mesh

The pump model used in this study is a three-stage side channel pump comprising a
one-stage front centrifugal impeller and a two-stage side channel impeller. Table 1 shows
the geometric dimensions of the key components of the pump. The rotational speed and the
flow rate of the pump are 2900 r/min and 7.95 m3/h, respectively. As shown in Figure 1,
the structure of the pump is very complex. The pump’s flow body is divided into seven
domains, as follows: inlet passage, centrifugal impeller, centrifugal impeller outlet passage,
side channel impeller front passage, side channel impeller, side channel impeller inlet, and
outlet passages. In this model pump, the two-stage side channel impeller and its attached
channel are consistent in geometry, except that there is an included angle of 180 degrees in
the circumferential arrangement of the two sections. This challenges the mesh generation
of the structured grids and reduces the calculation accuracy of the structured grids.

Table 1. Geometric specifications of key components of the multistage side channel pump.

Geometrical Parameters Symbol (Unit) Value

Inlet inner diameter D1 (mm) 40.0

Outlet inner diameter D; (mm) 32.0
Number of centrifugal impeller blades Zq 6

Outer diameter of centrifugal impeller D3 (mm) 120

Inlet diameter of centrifugal impeller D4 (mm) 40.0
Number of impeller blades in side channel Z; 24

Blade width of side channel impeller w (mm) 10.0

Blade thickness of side channel impeller b (mm) 5.40

Outer diameter of side channel impeller D5 (mm) 130

outlet

second stage side channel impeller

centrifugal impeller

Inlet

first stage side channel impeller

Figure 1. Water structure diagram of the investigated multistage side channel pump.
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Therefore, the centrifugal and side channel impeller flow domains, which serve as the
main working components, were meshed with structured grids, whereas the other flow
domains of the other components were meshed with unstructured grids. The structured
grids of the centrifugal impeller and the side channel impeller are shown in Figure 2.

(a)

(b)

Figure 2. Partial mesh view of the flow domain: (a) centrifugal impeller; (b) side channel impeller.

To determine the appropriate number of grids for the numerical simulations, a grid
independence test was carried out based on the SST model. As shown in Figure 3, when the
number of grids reached 30 million, a change in the head resulted, with a number of grids
that was not obvious, but the efficiency increased steadily. At the same time, as shown
in Figure 4, the Y* of the main flow part was basically less than 30, while most parts of
the side channel pump impeller were less than 5. This met the requirements of calculation

accuracy; thus, all of the simulations for the study were meshed using these methods,
for consistency.

171
. i 1B
- . o = - e
)
=15
0
Q
=
CA%
: : : 13
3 4 5 6 1 2 3 4 5 6
number of elements %107 number of elements %107

Figure 3. Grid independence verification diagram.

3.2. Boundary Conditions of Numerical Simulations

The setting parameters of the numerical simulation are shown in Table 2. In the
numerical simulation, the static pressure inlet and mass flow outlet were used. The upwind
scheme was selected to calculate the advection term in the discrete finite volume equation.
Setting the upwind scheme had the best robustness in the CFX simulation [23]. Considering
the operating conditions of the pump, the simulation was set as an isothermal model at
25 °C. The wall surface was set as a no-slip wall. Considering that all parts except the side
channel impeller were cast iron, the roughness of other surfaces was set to 0.25 mm, and
the roughness of the side channel impeller surface was set to 0.05 mm. For the steady state
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interface, the “frozen rotor” was selected, and the “transient rotor—stator” was selected for
the transient simulations. The transient time step was set to 0.000172414 s, which was the
time taken for the impeller to rotate at an angle of 3 degrees. The impeller was set operate
at rotational speed of 2900 r/min.

el OUtlet

Yplus
o | first stage side channel impeller

1.000e+02 9 P

9.000e+01 centrifugal impeller

8.000e+01 :

- 7.000e+01 et
Inie

6.000e+01
l 5.000e+01 ;

4.000e+01

3.000e+01

2.000e+01

1.000e+01

+ . o
RODGII second stage side channel impeller
Figure 4. Schematic diagram of impeller grid Y.
Table 2. Setting mode of CFX.
Location Boundary Type Mass and Momentum
Inlet of inlet extension Inlet Static pressure
Outlet of outlet extension Outlet Mass flow rate
Physical surfaces Wall No-slip wall
Rotor—stator interfaces
Steady state Frozen rotor
Transient state Transient rotor—stator

Solver control for transient simulation

Time-step 0.000172414 s
Maximum number of timesteps 600
RMS residual 104

To compare the simulation differences between the RANS model and the RANS-LES
hybrid model, the SST model and the DES model were used as the control groups. To
verify the influence of curvature correction on the numerical simulation of a multistage side
channel pump, the simulation results before and after the addition of curvature correction
were compared, based on the DES model.
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4. Results and Discussion
4.1. Comparison of the SST and DES Models

It can be seen from Figure 5 that the transient results showed regular periodic changes
since the second impeller rotation, with no unstable changes. The time-averaged data of the
last four cycles of the transient simulations were used to compute the hydraulic performance.

350

~~head(m)
300 peak + efficiency(%)
250\.3

a 19 A By | | \
200 N u/ NN - WS WYY Y Y YY YN YN YY YN
L L L r

» & §F R O 8 & L E kR K % i 3 L ¢ 1 8 &
150 /
valley

100
50
q"‘"-.'"h.""r"“v.\'“n.'"qh“-h"-""-"‘N"".'.“.""h."‘a'""-“".""."‘*.""*."“.~“.~".N"4.'".'
D } i
320 340 360 380 400 420 440

timestep

Figure 5. Schematic diagram of simulated sampling time points.

The simulated results of head and efficiency for the two turbulence models, SST and
DES, at different flow points are shown in Table 3 and Figure 6. It can be seen from Figure 6
that the hydraulic performance simulation results of the SST and DES models were similar.
Due to the complex internal flow behavior and the high head of the pump, the numerical
simulation accuracy of the pump was low. As the flow rate increased, the head decreased
and the efficiency increased gradually, in line with the working principle of the side channel
pump. This showed that the simulation results reflected the internal flow characteristics of
the multistage side channel pump and could be depended upon to analyze its internal flow
mechanism. To identify the characteristics of a side channel pump, the peak and valley
points of its head were selected as the time points for the analysis. The velocity streamlines
and the pressure contour diagrams at the flow rate of 7.95 m3 /h are shown in Figure 7 It
can be seen that the flow behavior of the pump was extremely complex and the velocity
streamlines were chaotic. To identify the working characteristics of the multistage side
channel pump, as shown in Figure 8, the mid-shaft section of A1 and A2 of the side channel
impellers and the meridional section of runner A3 were selected. Al and A2 showed the
working condition of the key component (the side channel impeller), while A3 provided
an overall flow performance of the model pump.

Table 3. Hydraulic performance of the SST and DES models at different flow points.

Flow Rate Q (m3/h) Q=4.00 Q=795 Q=12.02
Turbulence model SST DES SST DES SST DES
Head/(m) 310.96 314.35 211.30 211.18 105.94 108.57

Efficiency /(%) 15.688 15.727 28.390 28.440 31.925 31.918
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Figure 6. The hydraulic performance simulation results with the SST and DES models at different

flow points.
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Figure 7. Overall description of a multistage side channel pump: (a) streamline and velocity;

(b) surface pressure.

Al 7T A2
1 area near
outlet

= (0) = = O =

areanear
outlet

Figure 8. Schematic diagram of simulated sampling physical location.

The pressure and velocity streamline of section A3 are shown in Figure 9. We found
that the pressure before and after the two-stage side channel impeller rose significantly.
The results showed that the flow exchange in the side channel impeller was the main
reason for the increase in pressure. Here, the main function of the front centrifugal impeller
was to increase the inlet pressure of the side channel impeller to reduce the occurrence



Processes 2022, 10, 1630

10 of 23

of cavitation. At the same time, there were obvious vortices in the outlet section and
the connecting channel of the centrifugal impeller and the side channel impeller, and the
vortex intensity decreased with the increase of flow rate. In the case of a high Reynolds
number, the turbulence intensity showed a downward trend. Strong eddy flow currents in
the interstage connected flow channel led to flow losses. Thus, the interstage connecting
channel could be optimized. The streamlines at the valley of the head were more complex
than those at the peak, which was related to the working mode of the side channel pump.
This explained, to a certain extent, the reason why it was at the valley point of the head
and the efficiency. Again, too much vortex brought a greater flow loss, which led to the
decline of the head and the efficiency. By comparing the DES and SST models, we found
that the DES model more accurately described the core and flow details of each vortex.
This was because the RANS model limited the vortex shedding, resulting in the neglect of
small-scale vortices. As a RANS-LES hybrid model, the DES model was able to identify
and describe the smaller vortices by using the LES model’s subscale vortex separation
method, which has an important impact on the analysis of numerical simulations.

Model SST DES

Flow rate Q
(m3/h)

Position Peak value point

Valley value Peak value Valley value
point point point

L,

§ =

23 B B
[\ [
o) @, .
\ e
b, A
A3 ! R ﬂ
[\ [
ok,
A3 N —
%‘% [
@ [ =

k v

Q=4.00

Q=795

Q=12.02
Range

Total pressure [MPa]

-1.0 -04 02 08 14 20 26 32 38 44 50

Figure 9. Meridional plane streamlines pressure distribution of the SST and DES models at the peak
and valley points of the head.
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Figure 10 shows the velocity situation. The velocity streamlined the distributions of
the SST and DES models at A1 and A2, near the outlet at the peak and valley point of the
head. The following points are shown in Figure 10. First, the vortex phenomenon of the
side channel impeller is more obvious in the inlet and outlet area. There was a complex
flow exchange in the inlet and outlet regions of the side channel impeller, which led to a
large number of unstable turbulences. Second, at the valley point of the head, the vortex
in the impeller was more complex than the peak point of the head. This was consistent
with the results shown in Figure 9. Third, as was the case on the A3 plane, the vortex
became sparse with the increase of flow rate. At a higher flow rate, the inertial force of the
fluid increased and the fragmentation of the fluid flow decreased. The large-scale vortex
increased and the small-scale vortex decreased. Fourth, the eddy flow currents on the
A2 surface and the A1 surface were basically the same, except for the change in the inlet
and outlet positions. This corresponded to the flow pattern shown in Figures 11 and 12.
The vortices were concentrated in the blade root area (inner radius), a large number of the
streamlines guided the blade suction surfaces, and the vortices in the inlet and outlet areas
were obviously greater. This was in line with the working principle of the side channel
impeller. The liquid flow entered the impeller from the blade outer radius and flowed to
the side channel from the blade root, which caused the liquid flow to break, due to impact
on the blade root, and form a vortex. The flow to the suction surface of the blade also led to
the generation of the vortex. Finally, the DES model described more small-scale vortices,
because the LES model can separate smaller scale vortices from liquid flow.

Figure 11 provides a view of vortex core area of the two-stage side channel impeller,
and Figure 12 shows the volume comparison diagram of the vortex core area. The method
of determining the vortex core region uses the Q-criterion, which is the difference between
the vorticity and the strain rate. The larger the value, the more obvious the vorticity. This
method is widely used in the analysis of vortex treatment because of its small amount of
calculation and excellent treatment effect. The formula [24] is as follows:

2
qg= 1w ’ + % + dug 2 _ du;du; _ dudug du;duy 23
2 aXi Bx] an aX]‘aXi anaXi anaX]'

When the value was 8.82 x 10° s~2, a more detailed image could be obtained. It can
be seen that the vortex was concentrated near the blade and the blade root. There was
a complex vortex structure in the inlet and outlet ports. The following conclusions were
drawn, based on the information shown in Figures 11 and 12. The volume of the vortex
core areas of the different impellers was very close. This showed that different pressure
intensities did not have a significant impact on the generation of eddy flow currents. In
addition, the vortex volume at the head valley point was 9.8% larger than that at the
head peak point. This showed that different pressures did not have a great impact on the
generation of eddy current. In addition, the vortex core volume of the SST model was
slightly larger than that of DES model, with an average of 6.24%. This was because the
DES model captured small-scale vortices that could not be identified by the RANS model,
thereby refining the large vortices that were identified by SST. Figures 10 and 11 show
that the vortex and vortex core area displayed by the streamline were highly consistentin
the impeller root, the impeller suction surface, and the inlet and outlet areas. This was
consistent with the phenomenon expressed in the velocity streamline behavior, as shown in
Figure 10. Finally, Figure 11 also indicates that there are vortices on the interface between the
side channel and the impeller. They are concentrated at the inlet and outlet areas, because
of the complex momentum exchange near the inlet and outlet areas. The corresponding
streamline could not be observed in the middle section of the impeller.
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Model SST DES

Flow rate
Q Position Peak value point
(m3/h)

Valley value
point

Valley value
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Q=4.00
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Figure 10. Velocity streamlines distributions of the SST and DES models at Al and A2 near the outlet
at the peak and valley points of the head.



Processes 2022, 10, 1630

13 of 23

Model

SST

DES

Flow
rate Q Position
(m3/h)

Peak value

Valley value point

Peak value
point

Valley value point

Second A\l 4/
7 NN L 7
stage /Ny

side |
channel
impeller

First

stage SO

side

7.95

Second AN/ /.
stage : ;
side =

channel

impeller </

First

stage N

side

Second
stage
side
channel
impeller

Figure 11. Distribution of vortex core area of side channel impeller with the SST and DES models at

the peak and valley points of the head (instantaneous).
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Figure 12. Volume comparison of vortex core area (instantaneous) of different side channel impellers
at the same stage with the SST and DES models (a) Q4-SST-P, (b) Q4-SST-V, (c) Q4-DES-P, (d) Q4-DES-
V, (e) Q8-SST-P, (f) Q8-SST-V, (g) Q8-DES-P, (h) Q8-DES-V, (i) Q12-SST-P, (j) Q12-SST-V, (k) Q12-DES-P,
and (1) Q12-DES-V.

According to the above comparison and discussion, the output results of the SST
model and the DES model are basically consistent in hydraulic performance. They reflect
the working characteristics and the internal flow law of multistage side channel pumps
to a certain extent. However, the DES model, which can identify smaller eddy currents, is
superior to the SST model in eddy current identification. This is very important for the side
channel pump, the work mode of which is directly related to eddy current. Therefore, in
the next stage, follow-up research will be carried out, based on the DES model.

4.2. Effects of the Curvature Correction Model

The flow in the side channel pump, as a type of vortex pump, enters the impeller
outer radius and returns from the side channel to the blade’s inner radius. Because of this,
there is a large amount of mass momentum exchange between the static domain of the side
channel and the rotating domain of the impeller in a single cycle. When the impeller speed
of the model pump was high, curvature correction had a great influence on the numerical
simulation results of the side channel pump.

Table 4 and Figure 13 show the simulation results of hydraulic performance based
on the DES model, with or without curvature correction, at different flow points. We
found that after curvature correction, the hydraulic performance was relatively closer to the
experimental data, and the accuracy of the simulation results had significantly improved.
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4

The changing trend of the head and the efficiency at different flow points conformed to the
experimental data, which reflected the working law of the multistage side channel pump.
This information be used to provide an analysis sample of the internal flow law of the
multistage side channel pump.

Table 4. The hydraulic performance simulation results based on the DES model, with and without
curvature correction, and the hydraulic performance experimental results at different flow points.

Flow Rate Q (m3/h) Turbulence Model Head/(m) Efficiency/(%)
No curvature correction 314.35 15.727
Q=4.00 Curvature correction 306.01 15.538
Experiment 271.84 15.700
No curvature correction 211.30 28.440
Q=795 Curvature correction 205.59 27.871
Experiment 182.10 27.900
No curvature correction 108.57 31.918
Q=12.02 Curvature correction 102.37 30.960
Experiment 90.39 31.300
50 )
I~curvature correction [~curvature correction
+no curvature correction * no curvature correction
= experiment 40 * experiment

efficiency[%]
(%]
o

: 20 o~

; 10
6 8 10 12 14 2

4 6 8 10 12 14
flow rate [m3.r’h]

flow rate [mslh]

Figure 13. The hydraulic performance simulation results based on the DES model, with and without
curvature correction, and the hydraulic performance experimental results at different flow points.

Figure 14 shows the meridional plane streamlines and pressure distribution, with or
without curvature correction. After curvature correction, the streamlines became smoother.
This was because, after curvature correction, the role of the rotation effect was reflected,
which delayed the separation of the boundary layer [25] and reduced the flow loss caused
by turbulence. We also found that the overall vortex intensity decreased. The streamline in
the side runner was clearer. In addition, the law of pressure distribution was completely
consistent with that of Figure 9.

The conclusion illustrated in Figure 15 is similar to that shown in Figure 10. We found
that after curvature correction, the vortex was farther away from the blade surface. On
different impellers, curvature correction also had some effects on the pressure distribution.
The secondary flow caused by the rotation effect stabilized the boundary layer on the
convex surface and destabilized the boundary layer on the concave surface [25]. This made
the flow channel in the side channel impeller more stable but brought more vortex to the
side channel. The vortices were concentrated near the inner and outer radii of the blade.
After curvature correction, the volume of the vortices was reduced but the intensity of the
vortices was increased, and the vortices became easier to identify.
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Figure 14. Meridional plane streamlines pressure distribution based on the DES model, with or
without curvature correction at the peak and valley points of the head.

Figures 16 and 17 provide the following information. First, the vortex was concentrated
in the blade root and blade suction surface area, and an obvious vortex also appeared in the
inlet and outlet areas, which was consistent with the situation described in the streamline
diagram. When the head was at the valley point, the vortex became sparse. This was
consistent with the flow patterns mentioned in the previous section. There was no obvious
difference in the vortex distribution of the two-stage side channel impeller, except for the
difference caused by the inlet and outlet positions. This situation occurred because the
working conditions of the two-stage side channel pump are relatively independent and the
difference in inlet liquid flow is small. Finally, after curvature correction, the volume of the
vortex core in the impeller area decreased significantly. This phenomenon was consistent
with the conclusion that the secondary flow caused by the rotation effect could promote
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the stability of the convex boundary. Via this analysis, we found that the rotation effect of
side channel pump, as a type of vortex pump, had a great influence on its description of
vortex. This reduced the eddy current in the impeller area and caused the boundary layer
in the other areas to fall off faster, resulting in the drop of the head and the efficiency of the
overall numerical simulation, which was more in line with the actual situation. As part of
the study of side channel pumps, the analysis of the vortex is very important.

Model No curvature correction Curvature correction
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Figure 15. Streamline distribution based on the DES model, with or without curvature correction at
Al and A2 near the outlet at the peak and valley points of the head.
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Figure 16. Distribution of vortex core area of side channel impeller based on the DES model, with or

without curvature correction at the peak and valley points of the head (instantaneous).
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Figure 17. Volume comparison of vortex core area (instantaneous) of different side channel impellers
at the same stage based on the DES model with or without curvature correction (a) Q4-NCC-P,
(b) Q4-NCC-V, (c) Q4-CC-P, (d) Q4-CC-V, (e) Q8-NCC-P, (f) Q8-NCC-V, (g) Q8-CC-P, (h) Q8-CC-V,
(i) Q12-NCC-P, (j) Q12-NCC-V, (k) Q12-CC-P, and (1) Q12-CC-V.

Because the main pressurization area is located in the side channel impeller, the
turbulent kinetic energy distribution inside the side channel impeller was analyzed, and
its distribution diagram is shown in Figure 18. It can be seen that the turbulent kinetic
energy was higher on the blade root and the blade pressure surface. In addition, although it
was not as high as the turbulent kinetic energy of the blade pressure surface, the turbulent
kinetic energy of the blade suction was also slightly higher than the gap between the
blades. This was consistent with the law shown in the streamline and vortex distribution
diagram. The liquid flow was broken on the blade root and the blade pressure surface,
forming more vortices and bringing higher turbulent kinetic energy. The turbulent kinetic
energy was not high near the inlet and outlet. This was because, in the inlet and outlet
area, the vortex was more concentrated in the junction area between the impeller and
the side channel, as verified in Figures 16 and 17. At the same time, without considering
the secondary flow caused by the rotation effect, it was difficult to estimate the turbulent
kinetic energy distribution near the blade pressure surface in the DES model, resulting
in its inaccurate description of some vortices. In addition, with the increase in flow rate,
the inertial force of the liquid flow increased, the eddy current intensity decreased, and
the turbulent kinetic energy also decreased. At a high Reynolds number, the eddy current
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intensity decreased with the increase in the Reynolds number, resulting in the decrease of
turbulent kinetic energy. These results show that curvature correction has an important
influence on numerical simulation, not only in the description of the eddy flow current but
also in the distribution and loss of turbulent kinetic energy.

Model No curvature correction Curvature correction
Flow - Peak value Valley value Peak value Valley value
rate O Position Point oint oint oint
(m3/h) p p p
a1 ),
X ’ //> /
Al s — ~
Q=4.00
A2
. gA%
Q=795
N % % ;
Al
12.02
) % *

Turbulent kinetic energy [m"2 s7-2]

e ]

0 4 8 12 16 20 24 28 32 36 40

Figure 18. Turbulent kinetic energy distribution based on the DES model with or without curvature
correction at Al and A2, at the peak value point and the valley value point of the head.
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Curvature correction is very important for the numerical simulation of multistage side
channel pump. Whether in vortex analysis, streamline analysis, or turbulent kinetic energy
analysis, curvature correction can greatly improve the numerical model of multistage
side channel pumps and, to a certain extent, affect the numerical simulation of hydraulic
performance making the simulation more suitable for the actual situation. Therefore,
curvature correction is an important parameter that must be taken into account in the
numerical simulation of a high-speed rotating domain with a large amount of mass and
energy exchange between the rotating domain and the stationary domain.

5. Conclusions

In this study, we first discussed the influence of the RANS model and the hybrid
RANS-LES model on the numerical simulation of a multistage side channel pump, and
then discussed the influence of curvature correction on the numerical simulation of such a
pump. We reached the following conclusions.

(1) From the comparison, we found that the SST model and the DES model were almost
the same in hydraulic performance, while the DES model was better in simulating the
subscale vortex.

(2) After curvature correction, the hydraulic performance simulation results were im-
proved, the turbulent kinetic energy distribution was more clear, and the energy loss
of the multistage side channel pump could be better analyzed.

(3) For amore detailed comparison, the middle part of the two-stage side channel impeller
and the meridional surface of the pump were selected to compare the streamline,
turbulent kinetic energy, and vortex. By comparing the SST model with the DES
model, we found that the DES model described the subscale vortices in greater detail.

(4) We increased the curvature to correct the decrease of vorticity in the rear channel
impeller. At the same time, curvature correction made the description of turbulent
kinetic energy more detailed, which was very helpful for subsequent analysis.

Through the above analysis, we concluded that the DES-CC model, compared with
other models, can more accurately analyze the multistage side channel pump and better
predict its performance. In subsequent work, the influence of other turbulence models
on the numerical simulation of multistage side channel pumps can be verified by other
advanced measurement methods.

The above conclusions are the simulation results under the three-degree time step.
The advantages of the DES model cannot be overstimated. Therefore, the DES-CC model
will be simulated, in the future, in a shorter time step to obtain more accurate results.

This study lays the foundation for further study on the cavitation performance, the
pressure pulsation, the gas-liquid mixed transport performance, and the timing effect of
multistage side channel pumps.
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Nomenclature

F blending function

aj parameters calculated from turbulence kinetic energy per unit mass and shear stress
Cpgs constant (0.61)

k turbulence kinetic energy per unit mass (m?-s~2)
Ly turbulent length scale (m)

Py shear production of turbulence (kg-m~!-s73)

Q flow rate (m3-s—1)

q judgment quantity for Q criterion (s~2)

S strain rate (s~ 1)

u; velocity (m-s~1)

u; average velocity (m-s~1)

U; wave velocity (m-s~1)

y nearest distance from wall (m)
yt nondimensional wall distance
aq constant (5/9)

B1 constant (0.075)

an constant (0.44)

B2 constant (0.0828)
B’ constant (0.09)

(2] parameter referring to the corresponding coefficient of the k — € equation, e.g., a1, B1
D, parameter referring to the corresponding coefficient of the k — w equation, e.g., a2, B2
D3 parameter referring to the corresponding coefficient of the SST equation, e.g., a3, B3
€ turbulence dissipation rate (m2-s573)
w turbulence frequency (s~ ')
P density (kg-m~3)
U molecular viscosity (kg-nf1 )
1) Kronecker Delta function
Ut turbulence viscosity (kg-m~1-s71)
0 turbulence model constant for the k equation (1.176)
Ok2 turbulence model constant for the k equation (1)
0wl turbulence model constant for the k equation (2)
Ow2 turbulence model constant for the k equation (1/0.856)
A length scale of dissipation rate (m)
T shear stress (kg-rrf1 572)
r parameters calculated from strain rate and curl
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