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Abstract: In order to study the near-wall region flow characteristics in a low-specific-speed centrifugal
impeller, based on ANSYS-CFX 15.0 software, Reynolds averaged Navier-Stokes (RANS) methods
and renormalization group (RNG) k-¢ turbulence model were used to simulate the whole flow field
of a low specific speed centrifugal pump with five blades under different flow rates. Simulation
results of external characteristics of the pump were in good agreement with experimental results.
Profiles were set on the pressure side and suction side of impeller blades at the distances of 0.5 mm
and 2 mm, respectively, to study the distributions of flow characteristics near the wall region of five
groups of blades. The results show that the near-wall region flow characteristics of five groups of
blades were similar, but the static pressure, relative velocity, cross flow velocity, and turbulent kinetic
energy of profiles on the pressure side were quite different to those on the suction sides, and these
characteristics also changed with the alternation of flow rate. As the flow rate was 13 m3/h or 20 m3/h,
within the radius range of 40 to 50 mm, there was an extent of negative relative velocity of the profiles
on the pressure side, and a counter-current happened not on the suction side, but on the pressure side
in the low specific speed centrifugal impeller. The flow characteristics of profiles at the distances of
0.5 mm and 2 mm also showed a small difference.

Keywords: low specific speed; centrifugal pump; impeller; near-wall region; flow characteristics

1. Introduction

Low-specific-speed centrifugal pumps have the characteristics of small flow rate, large head,
and low efficiency, which are widely used in aerospace, military industry, electric power, water
conservancy, chemical industry, and other important fields. After decades of efforts, with the
continuous improvement of experimental means and the development of numerical calculation
methods for the internal flow of turbo-machinery, more understanding and consensus have been
gained on the internal flow characteristics and more achievements have been achieved in hydraulic
design optimization methods. Micro internal flow structure controlling has been the method for
improving the efficiency of centrifugal pumps with low specific speed.

Karrasik, a well-known pump expert in the United States, pointed out that since flow loss depends
on the boundary layer, the efficiency of low-specific-speed centrifugal pumps can be improved by
properly controlling the boundary layer of the flow channel [1]. Young-Do et al. studied the internal
flow and performance of a centrifugal pump impeller with very low specific speed through an external
characteristic test and particle image velocimetry (PIV) internal flow field test. The results show that
there is a large recirculation at the outlet of a semi-open impeller, which significantly reduces the
absolute tangential velocity and thus reduces the pump’s head [2]. Westra et al. simulated the internal
flow field of a low-specific-speed centrifugal pump, where Spalart and Allmaras’ turbulence model
was selected and the near-wall mesh scale was dense, and found that the maximum error of the relative
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velocity obtained by PIV was 6%. From the relative velocity distribution, it can be seen that, from
the pressure side of the blade to the suction side, when the velocity gradually increases to a certain
maximum, the relative velocity on the suction surface of the blade decelerates, and the jet-wake area
decreases with the increasing of flow rate. With the spatial change of the flow separation point, the
secondary flow structure and intensity also change continuously [3]. Pedersen et al. used PIV and
laser Doppler vibrometer to measure the flow inside the impeller of a centrifugal pump. It was found
that there were two channels in the impeller under the condition of a small flow rate: the flow in
one channel was controlled by the impeller rotation, which was similar to that under the design flow
rate, while in the other channel, there was a relatively static stall and the entrance area of the blade
was blocked by a cluster, with edthe remaining part of the flow passage being occupied by some
vortices [4]. Shao et al. used PIV technology to measure the velocity of the internal flow field of a
centrifugal pump impeller with large blade outlet angle, there exists a low energy fluid wake region
with relatively low velocity near the suction side of the blade, where there exists a jet region with
relatively high velocity while near the pressure side. The flow structure is especially obvious under
small flow rates. These flow structures are the result of the interaction between the fluid viscosity,
boundary layer, and secondary flow [5]. Tsujita and co-workers” numerical simulation and experiments
show that, if the boundary layer thickness of the suction side is larger than that of pressure side at
the inflection of the streamline in the impeller inlet area of the centrifugal pump, it will be helpful
to restrain the formation of vortices in the internal channel to reduce hydraulic loss [6]. Cui et al.’s
numerical simulation of ultra-high speed and low specific speed centrifugal pumps with long and
short blades shows that the reflux zone mainly concentrates on the inlet of the long blade on the suction
side, the middle of the long blade on the pressure side, and the outlet of the short blade on the suction
side; these refluxes have a great influence on the internal and external characteristics of pumps [7].
Limbach et al. simulated the cavitation flow of a low-specific-speed centrifugal pump under different
flow rates and different surface roughness conditions, and for non-cavitating flow, the measured and
calculated head are in good agreement. According to the measurement, for rough walls, net positive
suction head rises slightly higher [8]. Cao et al. studied the influence of the impeller eccentricity on the
performance of a low-specific-speed centrifugal pump, and found that with the impeller eccentricity
increasing, the head and efficiency become lower and the area of low pressure at the suction side of the
short blade inlet becomes gradually smaller; however, the area of low pressure at the suction side of
the long blade inlet becomes larger, and the pressure at the impeller inlet and tongue become larger
too [9]. Zhang et al. simulated the start-stop process of three kinds of fluids in a low specific speed
centrifugal pump, and the effects of viscosity on transient performance, head-flow curve and internal
flow structure in impeller and volute were studied. Results show that, the liquid with higher viscosity
than water may reduce the operation reliability of low specific speed centrifugal pump during start-up
period [10]. Chen et al. explored internal flow and its unsteady characteristics in a low-specific-speed
centrifugal pump. There were vortices in various sizes and numbers in flow channels of the impeller
under different flow conditions. A high velocity zone was found in two adjacent channels near the
tongue. However, the zone disappeared gradually with the increase of flow rate [11]. Dong et. al.
studied the effect of the front streamline wrapping angles variation of a low-specific-speed centrifugal
impeller on energy performance, the pressure pulsation, interior and exterior noise characteristics,
where the front sweep angle variation was found to have an insignificant influence on centrifugal
pump performance characteristics; however, it influences fluid hydrodynamics around the volute
tongue [12]. The flow field in a low specific speed impeller was reconstructed by Zhang et. al. [13], the
root-mean-square error for pressure prediction was 0.84% and the velocity prediction error was within
0.5 m/s, its computation time for the flow field prediction was less than 1/240 of the computational fluid
dynamics. Proper orthogonal decomposition (POD) base modal analysis was carried out on the sample
set, and the base modal characteristic of the flow field and its energy distribution were analyzed.
The optimization design of low specific speed pumps and the study of large-scale flow
characteristics have been carried out, but there are few studies on the flow characteristics near
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the blade wall. For this paper, ANSYS CFX 15.0 software used to simulate the unsteady flow of a low
specific speed pump by analyzing the near-wall region flow on blades near the tongue and far from the
tongue such that the distribution of viscous stress, relative velocity, and static pressure was obtained.

2. Geometric Model and Computational Grid

A low specific speed pump was designed with the following parameters: flow rate Q = 13 m%/h,
head H = 26 m, rotational speed n = 2880 r/min, impeller inlet diameter D; = 44 mm, outlet diameter
D, = 146 mm, outlet width by = 6 mm, blade outlet angle 3, = 40°, blade wrap angle ¢ = 120°, blade
thickness from inlet to outlet was 2 mm to 5 mm, blade number z = 5. The width of the volute was B; =
18 mm and the diameter of the volute outlet is D4 = 40 mm. The geometric model is shown in Figure 1.

Figure 1. Geometric model.

2.1. Simulation Method

The pump was modeled using Creo 2.0 software. Figure 2 is the main water body model of its
computational area, including the inlet section, impeller, volute shell, outlet extension section, etc. The
leakage loss of seal ring and balance hole, friction loss of the disc at the front and rear cover plate of the
impeller were taken into account when establishing the model. During the numerical simulation of
turbulence flow in the low-specific-speed centrifugal pump, the Reynolds averaged Navier-Stokes
(RANS) method was used, and the renormalization group (RNG) k-¢ turbulence model considering the
effects of separated flow and eddy flow was selected [14]. The turbulence model governing equations
are as follows:
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Figure 2. Water body model.

Compared with standard k-¢ turbulence model, the rotation effect on aj and «, has been considered
in the above formula, and the other terms have the same meaning as the standard k-¢ turbulence model.

The boundary condition at the outlet was chosen as the pump’s flow rate, while the boundary
condition at the inlet was chosen as the total pressure, and the reference pressure was set be 1.0
atm at the inlet. The walls formed by the impeller were defined as the rotating boundary and its
rotating speed was 2880 r/min, the other walls were defined as the non-slip boundary, and the wall
roughness was set to be 0.025 mm uniformly. Simulations were carried out using the commercial
software ANSYS-CFX, the governing equations were discretized using the finite volume method, the
pressure term was solved using the central difference scheme, the velocity term was solved using the
second-order upwind difference scheme, the turbulent kinetic energy term and the turbulent energy
dissipation rate term were solved using the second-order upwind difference scheme, and the near-wall
flow was approximated using the standard wall function method. The convergence accuracy was set
to 10~°. In this paper, unstructured tetrahedral meshes were used to divide the computational water
domain. The grid independence of numerical simulation was studied under a design flow rate, and it
was found that when the number of grids was more than 3.9 million, the fluctuation of the head and
hydraulic efficiency was small, and the relative fluctuation range was less than 1%; therefore, it can be
considered that the number of grids had no effect on the calculation results.

2.2. Experimental Method and Result

The test bench mainly included a turbine flow-meter, valve, pressure transmitter, speed sensor,
data acquisition instrument, etc. The valve at the outlet was used to control the flow rate, the pressure
sensor was used to measure the inlet and outlet pressure of the pump, and the power of the pump was
also measured and calculated. The head (H) and efficiency () comparison between the simulation
and experiment is shown in Figure 3. It can be found that the simulation value was slightly higher
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than the experimental value, the maximum relative error of head was about 4%, and the maximum
relative error of efficiency was about 2%. Because of the complexity of the internal flow in the
low-specific-speed centrifugal pump, the existing turbulence models could not accurately adapt to
simulate the complex effects of the surface curvature, Coriolis force, and centrifugal force. There were
also some manufacturing errors in the model pump, and there were inevitable errors in the head and
efficiency obtained from experiments and simulation; however, the trends under different flow rates
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Figure 3. Comparison of simulation and experimental results.

3. Internal Flow Characteristic Analysis

In order to study the near-wall flow characteristics of the centrifugal pump’s impeller with a low
specific speed, the blades were numbered I, II, III, IV, and V; also, the flow channels between the blades
were numbered 1, 2, 3, 4, and 5, respectively, as shown in Figure 4. The profiles of impeller blade I
in the middle section with the distance of 0.5 mm and 2 mm are marked as IpI-0.5 and IpI-2 on the
pressure side, and IsI-0.5 and IsI-2 on the suction side, respectively. The profiles of the impeller blade 2
in middle section are marked as lplI-0.5, IplII-2, 1sI-0.5, and IslI-2 in accordance with the distance of
0.5 mm and 2 mm, as appropriate. Similar marking methods were used for the near-wall profiles of
blades III, IV, and V.
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Figure 4. Near-wall profiles of blades.

3.1. Whole Static Pressure and Relative Velocity

From the static pressure distribution shown in Figure 5, it can be seen that, the static pressure
increased gradually from the impeller inlet to the volute outlet, and the pressure distribution
characteristics in the flow channels of 1, 2, 3, 4, and 5 were generally similar. The static pressure in the
flow channels of Q = 7 m3/h was almost the same as that of Q = 13 m3/h. When increasing the flow
rate to 20 m3/h, the static pressure in the flow channels decreased obviously. The area of low pressure
in channel 5 was the largest. The static pressure in the volute of Q = 7 m3/h was larger than that of
Q =13 m3/h and Q = 20 m3/h, and the relative pressure at the wall of the volute was larger than that at
the outlet of the impeller.

pressure '
contour
400000

320000

240000
(-

160000 ' | *
30000 ’
0
[F2]
(a) Q=13 m%h (b) Q=7 m3h (¢) Q=20 m¥h

Figure 5. Static pressure distributions under different flow rates.

From the relative velocity distributions shown in Figure 6, it can be seen that the relative velocity
increased with the increasing of flow rate. For Q = 7 m3/h, the relative velocity in the impeller blade
channels and diffusive sections of volute shell was small, and the relative velocity from the tongue
to the throat of the volute shell was large. For Q = 13 m?/h, the relative velocity inside the impeller
increased obviously and the relative velocity near the pressure sides of blades was obviously less
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than that near the suction sides of blades. When the flow rate increased to Q = 20 m3/h, the relative
velocity increased obviously, both inside the impeller and inside the volute; however, there was a local
low-speed zone on the suction sides of blades.

velocity
vector
20

(@) Q=13 m?h (b) Q=7md/h (c) Q=20 m%h
Figure 6. Relative velocity distributions under different flow rates.
3.2. Pressure Distribution Near the Wall Region in the Impeller

Figure 7 shows the static pressure distributions of profiles at the distance of 0.5 mm from the
blades with Q = 13 m%/h. The pressure of the profiles at the distance of 0.5 mm from blade I is shown
with a black solid line on the pressure side and with a black dotted line on the suction side, and the
other pressure of profiles from blades II, III, IV, and V are shown with their respective colorful lines.
The pressure distributions of near-wall profiles on pressure sides, as well as on the suction sides of
five blades, were almost the same, and the pressure on the pressure sides was greater than that on the
suction sides. The pressure on the pressure side at the outlet of blade I was slightly higher than that of
other blades due to the affection of the tongue separation.
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Figure 7. Static pressure distributions of profiles at the distance of 0.5 mm from the blade with

Q=13 m3/h.

Figure 8 shows the static pressure distributions of the profiles near the wall under different flow
rates on blade I, where the smaller the flow rate was, the greater the pressure on the pressure sides and
the suction sides of the blades was. The pressure of the profiles at a distance of 2 mm on the pressure
side was greater than that at a distance of 0.5 mm on the pressure side, but the pressure of the profiles
at a distance of 2 mm on the suction side was less than that at a distance of 0.5 mm on the suction
side. For Q = 7 m3/h, 13 m3/h, and 20 m3/h, the pressure difference on the pressure sides between the
radii of 20 mm to 60 mm was very little, and the pressure difference on the pressure sides between the
radii of 60 mm to 73 mm became obvious. For Q = 7 m%/h and 13 m3/h, the pressure on the pressure
sides of the near wall kept increasing. For Q = 20 m3/h, the pressure even decreased slightly with
increasing radius. The pressure on the suction sides near the wall generally decreased with the increase
of flow rates, especially when the flow rate increased to 20 m3/h, where the lowest pressure appeared



Processes 2019, 7, 514 8of 13

at the radius of 25 mm. Compared with the pressure on the suction side at Q = 7 m3/h, the pressure
decreased to about 40,000 Pa, and the pressures at distances of 0.5 mm and 2 mm on the suction side
interlaced, which shows the complexity of the flow.
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300000 Is1-0.5 7m*/h ==+ -=--"Is1-0.5 13m’/h 1s1-0.5 20m* /h
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Figure 8. Static pressure distributions of profiles near wall region at different flow rates.
3.3. Relative Velocity Distribution Near the Wall of Blade

In order to analyze the near wall flow on the blade surfaces, the velocity vectors of the near-wall
flow were projected onto the profiles of 1pI-0.5, 1pI-2, 1sI-0.5, and IsI-2. The relative velocity was
recorded as W and W = (u,0) - (cosa, cos B), where (u,v) is the velocity vector near the wall and
(cosa, cos B) the directional derivative of the profiles. The direction from the blade inlet to the outlet
was positive, and if there was a negative value, then there was countercurrent near the wall.

Figure 9 shows the relative velocity distributions of profiles at the distance of 0.5 mm from blades
with Q = 13 m3/h, where the relative velocity of profiles at the distance of 0.5 mm from blade I is shown
with a black solid line on the pressure side and with a black dotted line on the suction side, and the
other relative velocity of profiles of blades II, III, IV, and V are shown with their respective colorful
lines. The relative velocity distributions of the five blades were almost the same. The relative velocity
on the pressure side was greater than that on the suction side in the range of radii from 20 mm to
68 mm, because the near-wall flow at the radius of 73 mm on the pressure side was the inner flow of
the volute, the near-wall flow at the radius of 73 mm on the suction side was still in the blade channel
5, and the relative velocity on the pressure side was greater than that on the suction side. The relative
velocity on the pressure side and suction side of blade I was slightly lower than that of other blades.
Within the radius of 40 mm to 50 mm, the relative velocity on the pressure side appeared negative,
which suggests the existence of a countercurrent. There was positive flow, deceleration flow, and
acceleration flow, in turn, on the pressure sides. There was a maximum relative velocity in the range of
radii from 30 mm to 40 mm in the inlet area on the suction side, and the relative velocity suddenly
decreased in the range of radii from 40 mm to 50 mm.
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Figure 9. Relative velocity distributions of profiles at the distance of 0.5 mm with Q = 13 m3/h.

Figure 10 shows the relative velocity distributions of profiles under different flow rates of blade L
Except at the outlet on the blade pressure side, the relative velocity on the suction side was larger than
that on the pressure side in most areas. For Q = 7 m3/h, the relative velocity on the pressure side was
positive as a whole. In the range of radii from 20 mm to 35 mm, the relative velocity of profiles 1pI-0.5
and IpI-2 on the pressure side had a certain difference. When the radius was greater than 35 mm, the
velocity difference was very small. In the range of radii from 20 mm to 32 mm, the relative velocity on
the suction side was obviously greater than that on the pressure side, and for the radius of 32 mm, the
relative velocity on the pressure side dropped suddenly to below that on the suction side and then
rose slowly.

Ipl-2 7m3/h —— Ipl-2 13m3/h ———  Ipl-2 20m?/h
4 —eo——o— [pl-0.5 7m3/h —e—e—1Ipl-0.5 13m* /h —e——e— IpI-0.5 20m’ /h
--¢--e--1sI-0.5 7m’/h --e--e--IsI-0.513m*/h - -e - - e~ - [sI-0.5 20m’ /h
R it Isl-2 7m’/h -------- Is-2 13m’/h-------- IsI-2  20m?/h
-8 . | . | . | . | . |
20 30 40 50 60 70
r (mm)

Figure 10. Relative velocity distributions of profiles with different flow rates.

For Q = 13 m3/h, the relative velocity on the suction side and the pressure side showed an obvious
difference, and the relative velocity on the suction side was generally positive. In the range of radii
from 35 mm to 55 mm, the relative velocity of profiles IpI-0.5 and IpI-2 showed some differences.
In the range of radii from 40 mm to 50 mm, there was an extent of negative relative velocity of the
profiles on the pressure side where the countercurrent zone existed. When the radius was greater than
55 mm, the relative velocity on the pressure side rose rapidly, and in the area near the outlet of the
blade, the relative velocity amplitude on the pressure side rose rapidly to the same order as that on the
suction side.
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The difference between the relative velocity on the suction side and the pressure side when
Q =20 m*/h was larger than that when Q = 13 m%/h, and the maximum relative velocity on the suction
side was close to 13 m/s when Q = 20 m>3/h. Within the range of radii from 30 mm to 55 mm, there
was a certain difference between the relative velocity of profiles IpI-0.5 and IpI-2 on the suction side.
Within the range of radii from 40 mm to 50 mm, there was an extent of negative relative velocity of the
profiles on the pressure side, and when the radius was greater than 55 mm, the relative velocity on the
pressure side rose rapidly. In the region near the blade outlet, the relative velocity amplitude on the
pressure side rose rapidly to even larger than that on the suction side. It was also found by Wang et al.
that there is a clockwise relative flow vortex in the flow channel of a low specific speed impeller with
counterclockwise rotation, thus a positive relative velocity forms on the suction surface of blades, and
a negative relative velocity may form on the pressure surface of the blades, and the center of the vortex
is about one third of the position from the inlet to the outlet of the blades [13].

3.4. Cross Flow Velocity Distribution

The flow near a blade’s surface is three-dimensional, and the main flow should be along the
derivative direction of the profiles mentioned above. If the cross-flow velocity W, in the z-direction
appears with a large value, it will interfere with the main flow greatly, and even large vortex fields
and viscous loss form. Figure 11 shows the cross-flow velocity distributions of profiles near blade I
under different flow rates. Compared with Figure 10, the amplitude of cross-flow velocity W, was
significantly smaller than the relative velocity W. The W, of profiles on the suction side was generally
negative, showing a tendency to flow to the back cover plate. The W, of profiles on the pressure
side was generally small and fluctuated near zero value. The amplitude of W, on the suction side
for Q = 7 m3/h and 20 m3/h was larger than that for Q = 13 m3/h. Under three flow rates, when W,
of profile Ipl-2 is compared with W, of profile 1pI-0.5, and W, of profile IsI-2 is compared with W, of
profile 1sI-0.5, it can be found that the cross-flows were different.
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Figure 11. Cross flow velocity distributions of profiles near blade I.
3.5. Shear Stress Distribution

Shear stress is caused by viscous friction on the wall, which represents the spatial variation rate
of the relative velocity near the wall. It is also the main cause of viscous dissipation and power loss.
The study of the distribution of shear stress provides a guiding value for further optimization design.
Figure 12 shows the distribution of the shear stress on the impeller walls for Q = 13 m?/h. Figure 12a
shows that the shear stress on the suction sides of blades was greater than that on the pressure sides,
which is consistent with the results that the relative velocity on suction sides was greater than that on
the pressure side, as shown in Figures 8 and 9, where relatively large shear stress at the outlet of the
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pressure surface existed locally. Figure 12b,c shows that the distribution of shear stress around different
blades along the circumferential direction was generally similar, and the location of a larger shear
stress distribution around the front and rear cover plates was generally consistent, which indirectly
indicated that the three-dimensional characteristics of flow in the low specific speed impeller were not
obvious. However, the shear stress on the front cover was slightly larger than that on the back cover.

wall shear
contour ]
3000 A
2700
2400
2100 ]
1800
1500 \
1200 .
200
600
300
o
[Pa]

(a) Blade surface (b) Rear cover (c) Front cover

Figure 12. Shear stress distribution on the impeller wall, Q = 13 m3/h.
3.6. Turbulent Kinetic Energy

The turbulent kinetic energy is related to the velocity fluctuation and turbulent dissipation, and it
is a measure of the intensity of turbulence. Usually, the turbulent kinetic energy is estimated from the
formula, k = 3(u -1 )2 /2, where u is the average velocity and I the intensity of turbulence. The larger
the average velocity and intensity of turbulence are, the larger the turbulent kinetic energy is.

Figure 13 shows the turbulent kinetic energy distribution of profiles on blade I. In the range of
radii from 25 mm to 30 mm, the amplitude of the turbulent kinetic energy was small, especially at a
relatively low level on the pressure side. Affected by the rotor—static transition, the turbulent kinetic
energy rose sharply at the outlet of the blade on pressure side, and the larger the flow rate was, the
greater the turbulent kinetic energy on the pressure side was. The turbulent kinetic energy on the
suction side was generally larger than that on the pressure side, and the larger the flow rate was, the
larger the turbulent kinetic energy on the suction side was. The closer the profile was to the blade
surface on the pressure side, the smaller the turbulent kinetic energy was; on the contrary, the closer
the profile was to the blade surface on the suction side, the greater the turbulent kinetic energy was.

1.5

Ipl-2 7m3/h ———Ipl-2 13m3/h —— Ipl-2 20m?/h
—o—o— Ipl-0.5 7Tm*/h —e——e—IpI-0.5 13m* /h —e——e— IpI-0.5 20m3 /h
--e--e--1sI-0.5 Tm3/h --e--e--1s-0.513m*/h--e - - @~ - 1sI-0.520m’ /h
———————— Isl-2 7m?/h --------1s-2 13m’/h-------- Isl-22 20m’/h

_05 1 I 1 I 1 I 1 I 1 I

20 30 40 50 60 70

Figure 13. Turbulent kinetic energy distributions.
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4. Conclusions

In this paper, some near-wall region flow characteristics of impeller blades, and front and rear
cover plates of a low-specific-speed centrifugal pump were studied by means of numerical simulation
of the internal flow and an experiment of external characteristics. The main results are as follows:

(1) Under different flow rates from 4 m3/h to 20 m3/h, the head and efficiency from the simulations
were close to the experimental results, and the simulation results were credible.

(2) Under the design flow rate, the pressure distribution of profiles on the pressure side of different
blades was almost the same, as well as that on the suction side, and the static pressure on the pressure
side was greater than that on the suction side. The pressure on the blade near the tongue was greatly
affected by the separator flow. The pressure of profiles at the distance of 2 mm from the blade pressure
side was greater than that of profiles at the distance of 0.5 mm from the blade pressure side, but the
pressure of profiles at the distance of 2 mm from the blade suction side was less than that of profiles at
the distance of 0.5 mm from the blade suction side. With the increasing of the flow rate, the pressure
on the pressure side did not decrease significantly, but the pressure on the suction side decreased
more obviously.

(3) Under the design flow rate, the relative velocity distribution of profiles on the pressure side of
different blades was almost the same, as well as that on the suction side; it started from the forward
flow near the impeller inlet, decelerated or even formed counter-currents, and accelerated again.
The relative velocity achieved its maximum in a certain range of the inlet area on the suction side, and
then suddenly decreased, but there was no countercurrent in general. With an increasing flow rate, the
relative velocity difference between the suction side and the pressure side increased obviously, and
there was a countercurrent on the pressure side within the range of radii from 40 mm to 50 mm when
the flow rate was 13 m3/h or 20 m3/h.

(4) Under three flow rates of 7 m3/h, 13 m3/h, and 20 m3/h, the cross-flow velocity was relatively
different. The greater the flow rate was, the greater the turbulent kinetic energy on the pressure side
was. The turbulent kinetic energy on the suction sides was larger than that on the pressure side.

Author Contributions: W.C. designed the pump, simulated and analyzed data, organized paper; Z.]. contributed
meshes construction and simulation assistance; Q.Z. contributed experimental process and experimental
results analysis.

Funding: This work was supported by the National Key R&D Program of China (2018 YFC0810506) and the Key
R&D Program of Zhenjiang (SH2017049, BK20161472).

Conflicts of Interest: The author(s) declared no potential conflicts of interest with respect to the research,
authorship, and/or publication of this article.

References

1. Karraisk, L]. Future centrifugal pumps. Pump Technol. 1978, 14, 52-56.

2. Choi, Y.D.; Kurokawa, J.; Matsui, ]. Performance and internal flow characteristics of a very low specific speed
centrifugal pump. J. Fluids Eng. 2005, 128, 341-349. [CrossRef]

3. Westra, RW.; Broersma, L.; Andel, K.; Kruyt, N.P. PIV measurements and CFD computations of secondary
flow in a centrifugal pump impeller. J. Fluids Eng. 2010, 132. [CrossRef]

4. Pedersen, N.; Larsen, P.S.; Jacobsen, C.B. Flow in a centrifugal pump impeller at design and off-design
conditions part I: Particle image velocimetry (PIV) and laser doppler velocimetry (LDV) measurements.
J. Fluid Eng. 2003, 125, 61-72. [CrossRef]

5. Shao, J,; Liu, S.H,; Zhang, G.Y. PIV measurement and analysis of internal flow in impeller of centrifugal
pump with large outlet angle. Pump Technol. 2010, 45, 1-7.

6.  Tsujita, H.; Migita, K. Investigation for secondary flow and loss generation mechanisms within centrifugal
impeller by using rotating curved duct: 2nd report, influence of inlet pitchwise velocity distribution.
Trans. Jpn. Soc. Mech. Eng. Ser. B 2010, 76, 814-822. [CrossRef]

7. Cui, B.L,; Lin, Y.G,; Jin, Y.Z. Numerical simulation of flow in centrifugal pump with complex impeller.
J. Therm. Sci. 2011, 20, 47-52. [CrossRef]


http://dx.doi.org/10.1115/1.2169815
http://dx.doi.org/10.1115/1.4001803
http://dx.doi.org/10.1115/1.1524585
http://dx.doi.org/10.1299/kikaib.76.765_814
http://dx.doi.org/10.1007/s11630-011-0433-1

Processes 2019, 7, 514 13 of 13

10.

11.

12.

13.

14.

Limbach, P; Skoda, R. Numerical and experimental analysis of cavitating flow in a low specific speed
centrifugal pump with different surface roughness. J. Fluids Eng. 2017, 139. [CrossRef]

Cao, W.D,; Yao, L].; Liu, B.; Zhang, Y. The influence of impeller eccentricity on centrifugal pump. Adv. Mech.
Eng. 2017, 9. [CrossRef]

Zhang, Y.L.; Zhu, Z.C.; Li, W.G.; Xiao, ].J. Effects of viscosity on transient behavior of a low specific speed
centrifugal pump in starting and stopping periods. Int. J. Fluid Mech. Res. 2018, 45, 1-20. [CrossRef]

Chen, J.; Wang, Y.; Liu, H.L.; Shao, C.; Zhang, X. Internal flow and analysis of its unsteady characteristics in
centrifugal pump with ultra-low specific-speed. J. Drain. Irrig. Mach. Eng. 2018, 36, 377-383.

Dong, L.; Zhao, Y.Q.; Liu, H.L.; Dai, C. The effect of front streamline wrapping angle variation in a super-low
specific speed centrifugal pump. Proc. Inst. Mech. Eng. Part. C: ]. Mech. Eng. Sci. 2018, 232. [CrossRef]
Zhang, R.H.; Chen, X.B.; Guo, G.Q.; Li, R. Reconstruction and modal analysis for flow field of low Specific
speed centrifugal pump impeller. Trans. Chin. Soc. Agric. Mach. 2018, 49, 143-149.

Wang, C.; Zhang, Y.X,; Li, ZW.; Xu, A; Xu, C.; Shi, Z. Pressure fluctuation-vortex interaction in an ultra-low
specific-speed centrifugal pump. J. Low Freq. Noise Vib. Act. Control. 2019, 38, 527-543. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1115/1.4036673
http://dx.doi.org/10.1177/1687814017722496
http://dx.doi.org/10.1615/InterJFluidMechRes.2017018920
http://dx.doi.org/10.1177/0954406218772605.
http://dx.doi.org/10.1177/1461348418817697
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Geometric Model and Computational Grid 
	Simulation Method 
	Experimental Method and Result 

	Internal Flow Characteristic Analysis 
	Whole Static Pressure and Relative Velocity 
	Pressure Distribution Near the Wall Region in the Impeller 
	Relative Velocity Distribution Near the Wall of Blade 
	Cross Flow Velocity Distribution 
	Shear Stress Distribution 
	Turbulent Kinetic Energy 

	Conclusions 
	References

