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Abstract

In order to study the internal flow fields of mixed-flow pump with eccentric impeller, the numerical simulation and experi-
ment have been conducted based on the dynamic sliding multi-region method. During simulation, the impeller domain has
been separated by three sub-domains to apply the whirl effect. The pressure, turbulent kinetic dissipation and streamline
distribution in the tip clearance were analyzed. The results show that the energy performance of calculation is basically
consistent with the experimental results, which indicates the accuracy of energy performance prediction. The efficiency and
head at the design flow condition drop about 20% and 11%, respectively, when e=0.5 mm. The circumferential pressure
distribution of impeller inlet and outlet is influenced greatly by the eccentric impeller, but the middle part of impeller suffered
little effects as a result of the rotation effect of impeller. When the impeller is eccentric, the tip leakage flow and tip leakage
vortex (TLV) are restrained at small tip clearance but enhance at large tip clearance. The angle between the TLV core and
blade rim also increases at large tip clearance but decreases at small tip clearance. More energy has dissipated in the first half
part of impeller channel within tip region, and the impacting depth increases with the increase in eccentricity, which affect
the inlet flow fields of impeller at large eccentricity. The turbulent kinetic dissipation and hydraulic losses increase with the
increase in eccentricity, which is the main factor for the decrease in pump efficiency.

Keywords Mixed-flow pump - Eccentricity - Dynamic sliding multi-region (DSMR) - Tip leakage flow

1 Introduction

The Alford effect was firstly noticed by Alford [1] in the field
of axial flow gas turbine. When the impeller rotates with
eccentricity, the blade tip clearance is unevenly distributed
in the circumferential direction that increases the blade load-
ing and generating a perpendicular force on the impeller [2].
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Some literature also focuses on the measurement of Alford’s
force, e.g., Vance [3], Urlichs [4] and Laudadio [5]. Due to
the rotor whirl and self-vibrations of impeller, the end shell
is more likely to be hit by the impeller blade rim and be
bruised and restrained [6]. Further, this phenomenon has
been found in turbine by Jeong [7] and in compressor by
Kang [8]. However, in the pump fields, the Alford effect is
seldom focused.

The mixed-flow pumps are widely used in many fields
as a kind of common hydraulic machinery benefiting
from its high flow rate and moderate head [9]. But it is
equipped with unshrouded impeller and the Alford effect
resulting from the asymmetric fluid exciting force is obvi-
ous in actual operation [10, 11]. Thus, it is necessary to
study the flow mechanism and flow field characteristics
of mixed-flow pump with non-uniform tip clearance. In
recent years, with the rapid improvement of CFD (compu-
tational fluid dynamics) software, the internal flow fields
of mixed-flow pump under stable flow rate conditions
are well predicted by many scholars, such as Yun [12],
Yabin [13] and Zhou [14-16]. However, there exist many
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limitations for the prediction of unsteady flow fields of
mixed-flow pump with eccentric impeller. At this condi-
tion, the impeller has whirl speed and the fluid domain
cannot be divided as a fixed simulation domain by the
ordinary static grid. Although the dynamic mesh can effec-
tively solve this problem of the computational domain
boundary [17, 18]. However, the dynamic mesh technol-
ogy in pump is not developed enough until now, so this
method could only predict the 2D flow field [19] or some
simple 3D flow field [20]. In fact, the mesh is a key factor
in simulating the internal flow fields of complex structure
[21]. For the simple steady flow, the mesh could be refined
to improve the accuracy of iteration, which is investigated
and proved by Niu et al. [22-24]. But, for some complex
flow fields which are attempted by Shafaee [25], Adam
[26] and Xiong [27], both of the mesh quality and inter-
val time after mesh reconstruction could not be work out
effectively.

When the mixed-flow pump runs with eccentric impel-
ler, the internal flow field is extremely complicated and the
flow in the tip is more difficult to predict due to the whirl
motion of impeller. For symmetric tip clearance, the tip
flow fields of mixed-flow pump have been investigated for
a long time [28-31]. For instance, using numerical simula-
tions and experimental tests, Bart et al. [32] founded that
the unsteady hydraulic performance of mixed-flow pumps
is not only affected by the tip clearance but also influenced
by the unsteady rotating of the impeller. Goto et al. [33]
numerically analyzed the interaction between the second-
ary flow and jet-wake flow in the mixed-flow pump with-
out a cover plate. The results indicated that the backflow
caused by tip leakage flow (TLF) is the main reason for
the thickening of the boundary layer and the deterioration
of the entire flow field. Based on PIV technique and SST
k—w turbulence model, Masahiro et al. [34] focused on the
mixed-flow leakage eddy at the 0.6Q, and its effect of
the unsteady flow, also discussing the effect of grid num-
ber on the leakage flow velocity. Li et al. [35] found that
the non-uniform tip clearance in the mixed-flow pump has
greatly disturbed at the end wall of flow field and makes
the leakage flow and the secondary flow increasing. Also,
the hydraulic losses increase a lot due to the turbulent
kinetic energy dissipation intensified with the increase in
eccentric distance. Li et al. [36, 37] investigated the pres-
sure pulsation characteristic at different monitoring loca-
tions and the cause of the unstable flow inside the pump.
Jin et al. [38] studied the effects of different operating
conditions, rotational speed and monitoring position on
the time domain and frequency domain characteristics of
the internal pressure pulsation in the mixed-flow pump.
Till now, a lot of restrictions of the dynamic mesh technol-
ogy to get an accurate prediction of the internal flow field
and the energy performances of mixed-flow pump with
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eccentric impeller, so a new calculation model should be
set up.

In this paper, based on of the former investigation about
the internal flow and shaft vibration [39, 40], the dynamic
sliding multi-region (DSMR) method is established to study
the instability flow characteristics in the vane-type mixed-
flow pump with eccentric impeller. By using the standard
k-e model, the energy performance in the mixed-flow pump
is predicted and compared with the experiment results.
Furthermore, the circumferential pressure, circumferential
turbulent kinetic energy and streamlines distribution of the
blade rim are investigated.

2 Simulation model
2.1 Three-dimensional solid modeling

The main objective of this research is to investigate a low
specific speed mixed-flow pump with guide vane. The pump
model component sections from the inlet to the outlet section
of the annular volute chamber are shown in Fig. 1, and the
parameters of the pump are listed in Table 1. The mixed-flow
pump and the impeller inlet, guide vane, volute and outlet
were modeled by Pro/E software. The three-dimensional
solid modeling of the mixed-flow pump was obtained after
assembly.

2.2 Impeller whirling motion model

Considering the eccentric impeller, when the impeller
rotates, there will also be positive or negative whirl motion
in the process of rotation due to the eccentricity between the
center axes of the impeller and the chamber [41]. Therefore,
the flow field simulation not only considered the impeller
rotation but the whirl motion as well. The impeller whirl
model [42] was introduced as shown in Fig. 2, where e is an
eccentricity of the mixed-flow pump impeller and adjusted
as 0 mm, 0.3 mm and 0.5 mm.

Inlet section  Impeller Guide vane Annular volute chamber

Outlet section

Fig. 1 Mixed-flow pump model
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Table 1 Parameters of mixed-flow pump model

Impeller

Number of blades V4 4

Inlet radius R, 92.6 mm
Outlet radius R, 121.6 mm
Inlet blade angle £ 53.5°
outlet blade angle £ 58.4°

Tip clearance of impeller t 0.8 mm
Guide vane

Number of blades Zy 7

Inlet radius R; 133.3 mm
Outlet radius R, 140.9 mm
Inlet blade angle ay 24.0°
Outlet blade angle ay 26.0°
Design operating point

Rated flow rate Qes 380 m*h
Rated speed n 1450 r/min
Rated head H 6m
Specific speed ng 480

A Y
/ End wall

Impeller rotgr e

=Y

Fig.2 Schematic diagram whirling motion model

3 Dynamic sliding multi-region method
3.1 Governing equations and turbulence models

The standard k—e model based on the Reynolds-averaged
N-S equation has been widely applied in engineering cal-
culations and the numerical prediction results, which have
been verified by good agreements with the experimental
results [43, 44]. Therefore, in this research, the standard
k-¢ turbulence model is mainly used to study the internal
flow characteristics in the mixed-flow pump with eccen-
tric impeller. Assuming that the fluid is incompressible,
the constraint equation of the turbulent kinetic energy k

and the dissipation rate ¢ in the standard k-e two-equation
model is
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Thus, the turbulent viscosity coefficient is

k2
M[ = pcy ? (3)

where i, j are the tensor symbols; u, is the speed component
(ms™); X; is the displacement component (m); is the time
(s); p, 1s the turbulent viscosity (Pa s71); p is the fluid density
(kg m™3); k is the kinetic energy (m? s~2); ¢ is the dissipation
rate (m? s7); G, is the turbulent kinetic energy caused by the
average velocity gradient; G, is the kinetic energy caused by
buoyancy; Y, is the effect of compressible turbulence pulsa-
tion on total dissipation rate; C ” C,,. Cy,, C;, are the empiri-
cal constants; oy, o, are the Prandtl numbers corresponding
to the turbulent kinetic energy k and the dissipation rate &;
St S, are user-defined source items; C,=1.44, C,,=1.92,
€,=0.09,0,=1.0and 5, =1.3.

3.2 Establishment of dynamic sliding multi-region
model

Theoretically, the dynamic mesh technology is a more effec-
tive and accurate method to predict the internal flow fields
of mixed-flow pump with eccentric impeller because the
removable boundary resulting from the whirl motion of
impeller could be solved by the mesh reconstruction. How-
ever, the dynamic mesh technology is not yet developed,
and the mesh update speed cannot keep up with the impeller
rotation speed. The mesh reconstruction model of dynamic
mesh model is not a perfect way to simulate eccentric flow
fields at this time, because the negative volume happens
when the mesh deforms to a certain extent, which would
make the calculation stop immediately and affect the accu-
racy of simulation [17, 45, 46].

Nowadays, with the improvement of CFD, moving ref-
erence frame (MRF) model gives us another way to solve
this kind of problems [47]. It is a simple model for multiple
zones, which are approximately steady state, and the individ-
ual cell zones can be assigned at different rotational speeds.
At the interfaces between cell zones, a local reference frame
transformation is performed to enable using variables flow in
one zone to calculate fluxes at the boundary of the adjacent
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zone. In this model, the stationary and sub-domains flow is
governed by the stationary frame equations, while the mov-
ing sub-domains flow is governed by the MRF equations. In
addition, the MRF model could be applied together with the
mesh motion model which needs an assumption for solving
the problem of impeller with eccentric impeller. The coor-
dinate system of MRF is shown in Fig. 3, where v, stands
for the linear velocity and @ stands for the angular velocity
in a stationary reference frame. The moving system origin is
located by the position vector r, where the axis of rotation is
defined by a unit direction vector a as follows:

= wa

“

The fluid velocities can be transformed from the station-
ary frame to the moving frame using the following relation:

v,=v-u, ®)

In the above equations, u, =v,+® Xr and u, is the
velocity of the moving frame relative to the inertial refer-
ence frame, v, is the relative velocity (the velocity viewed
from the moving frame), v is the absolute velocity, v, is the
translational frame velocity, and @ is the angular velocity.

According to the dynamic sliding region (DSR) method,
used in the pump start-up process, which was proposed by
Li et al. [45] and Wang et al. [46], the DSMR method was
proposed to numerically calculate the internal flow fields
of an impeller with whirl rotation. The DSMR method uses
the mesh motion model in ANSYS Fluent 15.0 instead of
the mesh reconstruction model. Meanwhile, this method
contains the MRF model in the calculation process, while
the impeller rotation and whirl motion are solved perfectly.

During calculation, the rotation domain, namely the
impeller domain, is divided by three separate regions by

Fig.3 Stationary and moving
reference frames in simulation

[46] stationary

coordinate system

@ Springer

Outer domain

Middle do

End wall

Fig.4 Schematic diagram of DSMR method

DSMR method, which is shown in Fig. 4. The inner domain
contains blades of impeller, the middle domain is gener-
ated to load the whirl effect, and outer domain includes
the boundary layer of end wall. Through the Mesh Motion
method, the middle domain is set as a reference to the inner
domain. Each domain which is collected by the sliding inter-
face and the data transmission of the non-overlapping mesh
nodes between different domains is controlled by the inter-
polation method.

The original tip clearance of mixed-flow pump is 0.8 mm.
The inner gap between the blade rim and interface B of
inner domain is set as 0.3 mm uniformly when e is 0.3 mm.
Similarly, the inner gap is set as 0.1 mm uniformly when
e is 0.5 mm. The eccentricity is mainly controlled by the
thickness of middle domain at different directions. When the
eccentricity is 0.3 mm, the maximum thickness of middle

<

moving
coordinate
system

CFD domain

axis of
rotation
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Fig.5 The position of the
interface when eccentricity e is
0.3 mm

(a) The position of the domain and interface

domain and the minimum thickness of middle domain,
which is the distance of two bilateral interfaces of middle
domain, are 0.7 mm and 0.3 mm, respectively. When the
eccentricity is 0.5 mm, the maximum thickness of middle
domain and the minimum thickness of middle domain are
1.1 mm and 0.1 mm, respectively. The thickness of outer
domain, which is the distance between the external interface
and shroud wall, is set as 0.1 mm uniformly. The position
of the interface when eccentricity e is 0.3 mm is shown in
Fig. 5.

3.3 Meshing and boundary conditions

The physical domain of mixed-flow pump includes the inlet
pipe, impeller, guide vane, annular chamber and outlet pipe.
And, the impeller domain is divided into three sub-domains
so as to load the whirl effect. Therefore, the mesh genera-
tion of each domain or sub-domain should be conducted
separately. The hexahedral mesh is employed to discretize
these different domains with ICEM software. As the bound-
ary layer of impeller blade surface should be considered in
simulation, the mesh node near the impeller blade surface
should be refined. The impeller blade surfaces should be
surrounded by the mesh blocks, so the J/O-type topology is
chosen for the mesh generation of impeller inner domain.
The mesh nodes in the O mesh blocks near the blade sur-
faces are added to increase the mesh density. Further, to
ensure that there is enough mesh within blade tip clearance,
the mesh is also refined by controlling the density of mesh
nodes within tip clearance. The y* value of the blade rim is
controlled within 100, which is shown in Fig. 6. Similarly,
in order to refine the mesh node near the guide vane blade
surfaces, the mesh generation of guide vane domain is also
used the O-type topology to embrace the guide vane blade
surfaces. As the structure of guide vane domain is simpler
than impeller domain, the H/O topology is the final selection
of whole guide vane domain. At last, all the separate parts

ace

Interface B

(b) The detail of blade tip

Yplus

0 12 24 36 48 60 72 84 96 108 120

Fig.6 y+ of blade tip region

Fig.7 Mesh of the computational area

are assembled. The final mesh generation of whole mixed-
flow pump is shown in Fig. 7. The impeller inner domain is
set as a rotation domain automatically, and the whirl effect
is applied in the middle domain by controlling its revolu-
tion speed. The whirl speed of different eccentric impeller
is set as the same. The outer domain contains the boundary
layer of end wall of mixed-flow pump. The inlet boundary of
pump is used with velocity inlet which could be calculated
by the flow rate conditions. The outlet boundary is set as the
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pressure outlet, and the relative pressure is 30,000 Pa. The
interfaces on both sides of impeller domain are set as slide
interface to exchange the physical data of mesh nodes. Three
sub-domains are also used this kind of interface. The other
interfaces without movement are set as general interface.
The wall roughness is not considered in this study. The time
step is set as 3.4483 x 10* s, and the total time is set as
8.138x 107! s. The convergence criterion is selected as 107,

3.4 Mesh sensitivity analysis

The mesh sensitivity analysis of simulation has been con-
ducted when the rotational speed of mixed-flow pump is
1450 r/min. The same mesh topology is used, and the mesh
quality is controlled when adjusting the identical mesh
nodes. Figure 8 shows the pump head with different mesh
densities by using the same control equations and boundary
conditions when the eccentricity e is 0.3 mm. H represents
the pump head. It is clear that the head increases gradu-
ally with the increase in mesh elements until 1.68 million.
And, the head is changed within +5% which meets the mesh
independent test requirements. Therefore, considering the
accuracy and compute resource limitation of simulation, this
kind of mesh elements is selected.

4 Energy performance experiment
and verification

4.1 Experimental rig and test methods

A closed performance test device of mixed-flow pump is
set up to verify the accuracy of the numerical simulation,
which is shown in Fig. 9. The torque tachometer (ZJ-type)
with accuracy class of 0.2 is used for the torque and the
tachometric measurement, and the measurement range of
torque meter is from O to 1000 N m. The turbine flow meter
(LWGY-type) with accuracy class of 0.5 is set in the system
to measure the flow rate, and the measurement range of flow

5.5+

H/m

4.5

4.0 L | L | L | L | L |
1.0X10° 1.2x10° 1.4X10° 1.6X10°  1.8x10°  2.0x10°

Number of elements

Fig.8 Comparison of head under different mesh densities
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Fig.9 Experimental device. 1) motor; 2) torque meter; 3) mixed-flow
pump; 4) pressure transmitter; 5) HSJ2010 hydraulic machinery com-
prehensive data acquisition instrument; 6) inlet valve; 7) turbine flow
meter; 8) water tank

meter is from 0.4 to 1000 m*/h. The pressure transmitter
(WT-1151) with accuracy class of 0.5% FS is equipped at
the inlet and outlet of the mixed-flow pump to measure the
inlet and outlet pressure. The measurement range of inlet
pressure transmitter is from — 100 to 100 kpa, and the meas-
urement range of outlet pressure transmitter is from 0 to
1000 kpa. The data have been transmitted to the HSJ2010
hydraulic machinery comprehensive data acquisition instru-
ment after measurement, and then, it will be sorted and pro-
cessed by computer. Finally, the change of operating point
is achieved by regulating the opening of regulating valve on
outlet pipe.

As we know, the existence of eccentricity and whirl
motion leads to remarkable circumferential unbalance force
when the impeller is rotating, whereas the force is difficult
to be measured dynamically, and it may even cause the col-
lision between impeller rim and impeller chamber end wall,
leading to major accident. Thus, it is difficult to adjust the
eccentricity directly. Further, the large eccentricity of impel-
ler would cause the unsafety and instability of experiment.
As we know, the position of impeller and impeller chamber
is relative; thus, the eccentricity could be adjusted by chang-
ing the axial line of impeller chamber. Figure 10 shows the
installation of impeller chamber and the chamber position.
For example, the axial line of impeller and impeller chamber
is coincident when the eccentricity is 0 mm, so the axial
line of impeller chamber has not been changed at this situa-
tion. When the eccentricity is 0.3 mm, the eccentricity could
be adjusted by changing the impeller chamber axis 0.3 mm
away from the impeller axis. During the movement, the
impeller chamber axis and the impeller axis should be kept
parallelly. The movement of chamber could be divided into
three stages. At the first stage, the impeller chamber moves
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Vertical axis

}
I
|

Volute

Fig. 10 The installation of impeller chamber and the schematic dia-
gram of chamber position

in the horizontal direction along the horizontal axis. Then,
the size of the tip clearance at the horizontal direction is
measured. Due to the eccentricity in the horizontal direction,
the maximum and minimum tip clearance size occurs during
the measurement. To keep the measurement accuracy, the
tip clearance size in vertical axis should also be measured
at last stage. And, the tip clearance size of two positions in
this case should be the same. Likewise, the same procedure
is conducted when the eccentricity is 0.5 mm.

Before the test, the opening of inlet value and outlet
valve should be kept at the maximum. Once the energy
performance begins, the power source of converter should
be switched on, and the proper frequency should be set to
ensure the pump speed is 1450 r/min. After that, the open-
ing of outlet valve was gradually reduced, and the energy
performance parameters of pump were recorded at differ-
ent flow rate conditions. Then, when the fluid in the tube
line was stabilized again, the repeated test was carried out.

For safety measurements, if the outlet valve was closed, the
pump motor must be shut down.

4.2 Experimental results and verification

The energy performance of mixed-flow pump with differ-
ent eccentricity is obtained, as shown in Fig. 11. As can be
seen from the figure, the head and efficiency of e=0 mm are
higher than the other two. With the eccentricity increases,
the efficiency drops obviously and shows a significant nega-
tive correlation, and the efficiency at designed flow rate con-
dition drops about 20% when eccentricity e is 0.5 mm. From
0.4Q e t0 0.60,.. the head descent is relatively small with
the increase in eccentricity. But the head decreases signifi-
cant with the increase in eccentricity from 0.6Q 4. t0 1.20Q.,
and the head drops about 11% at designed flow condition
when eccentricity e is 0.5 mm. The simulation head and
efficiency have little difference with the results of experi-
ment when the eccentricity is 0 mm and 0.3 mm. When the
eccentricity is 0 mm, the head of simulation shows the same
trend with experiment. But the head of simulation is slightly
lower than the head of experiment at small flow rate when
the eccentricity is 0.3 mm. The average head error is less
than 5%, while the efficiency error is less than 3% under the
situation of e=0 mm and e=0.3 mm. Even though the high
error of head and efficiency between simulation and experi-
ment exists when the eccentricity is 0.5 mm, it still meets
the requirement of simulation, namely the maximum error of
head or efficiency is less than 5%. When the eccentricity is
0.5 mm, the efficiency and head of experiment at design flow
condition drop about 20% and 11%, respectively, compared
with the results of e =0 mm. Therefore, the larger eccen-
tricity of impeller means more hydraulic losses generating
in mixed-flow pump during operation. Moreover, it is also
known that the energy performance of mixed-flow pump
with uniform tip clearance impeller is rather different from
that with eccentric impeller. Hence, the new method pro-
vides higher accuracy for predicting the energy performance
of mixed-flow pump with eccentric impeller. As a whole, the

10 80 10; 180 10p 180
9t o Commrrcr 170 o o~ ZZgiﬂEﬁ; 170 or —— 0.5mm-H-EXP 170
—— =0.5mm-H-CFD
sl 160 8t 160 8t 160
S Jao ® la0 =
T ol {a0s T 40 6l 40
130 430 430
[ —o— e=Omm--EXP 5t L
5 o et CFD 20 —0— ¢=03mm-EXP 120 > o 0.5mmkEXP 20
4t ] 4t —0— ¢=0.3mm-CFD [ o =05mm-7-CFD ]
110 410 110
3+ 3+ 3L
. . . . . 1o . . . . . 1o . . . . . o
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Fig. 11 Comparison between experimental and simulation energy performance
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energy performances of numerical calculation are still basi-
cally consistent with the experimental results and the overall
error between numerical simulation and experiment is under
tolerance, which indicates that the numerical calculation has
a high accuracy.

Monitoring line 3

Monitoring line 2

Monitoring line 1

Fig. 12 Position of monitoring lines
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(a) Monitoring line 1
160000 —B— e=0mm
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130000
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90000 —_

—0®— ¢=0.3mm

5 Analysis and discussion
5.1 Circumferential pressure distribution

In order to study the pressure distribution of tip region with
different eccentricity, three monitoring lines are selected to
analyze the pressure variation in the circumferential direc-
tion. All the monitoring lines are 0.2 mm away from the
boundary wall vertically. The position of three monitoring
lines is shown in Fig. 12.

The circumferential pressure of three monitoring lines
is presented in Fig. 13. The x-axis shows the phase angle.
It is the angle between points on monitor lines and point at
minimum tip clearance of eccentric impeller, which starts
at the minimum tip clearance of eccentric impeller and is
presented in counterclockwise direction. On monitoring
line 1, the circumferential pressure of four blade rim has the
similar tendency and the distribution of highest or lowest

200000 —®— ¢=0.3mm —A— ¢=0.5mm

—Hl— e=0mm

175000 -
150000 -

125000

—_
(=3
[=3
(=3
(=3
=

Pressure/Pa

75000

50000

25000

O n 1 n 1 n 1 n 1 n 1 n 1 n 1
0 50 100 150 200 250 300 350
Phase angle/ (°)

(b) Monitoring line 2

—A— ¢=0.5mm

1 n 1 n 1 n 1

0 50 100 150

Fig. 13 Circumferential pressure distribution at different monitoring lines
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pressure amplitude is approximately the same as a result of
the uniform tip clearance. When eccentricity is 0.3 mm, the
circumferential pressure shows the non-uniform tendency
in the circumferential direction. The lowest pressure value
is lower than the non-eccentric impeller, while the overall
pressure rises at the side of minimum tip clearance. When
eccentricity is 0.5 mm, the circumferential pressure distri-
bution is more different and asymmetric. With the increase
of phase angle, the difference between the maximum pres-
sure and minimum pressure decreases gradually, and the
pressure shows a high positive slope curve on the eccentric
side, which is obviously different from the non-eccentric
impeller and the small eccentricity impeller. On monitoring
line 2, the overall trend of circumferential pressure distribu-
tion of three kinds of impeller has little difference, but with
the increase in phase angle, the highest pressure appears on
eccentric side when eccentricity is 0.5 mm. On monitoring
line 3, when the impeller is not eccentric, the circumferen-
tial pressure of blade rim has uniformly distributed. When
eccentricity is 0.3 mm, the circumferential pressure distribu-
tion is similar with the non-eccentric impeller, but the high-
est pressure increases on the eccentric side. When eccentric-
ity is 0.5 mm, the pressure varies along the blade rim and
the circumferential pressure distribution is symmetric. The
pressure value increases obviously near the eccentric side,
and the highest and lowest pressure values appear together.
The above analysis shows that the non-uniform rim clear-
ance has a great influence on the impeller inlet and outlet
pressure distribution, but it has a little effect on the pressure
distribution in the middle region of impeller. The emergence
of eccentricity changes the whole pressure field distribution
inside impeller and affects the work efficiency of impeller,
which has great effects on the energy performance of mixed-
flow pump.

5.2 Circumferential turbulence energy distribution

Similarly, the circumferential turbulence energy distributions
of three monitoring lines are obtained as shown in Fig. 14.
When the impeller is not eccentric, the circumferential tur-
bulence energy distribution of four blade rim is similar with
the change of phase angle. However, the turbulence energy
dissipation inside two eccentric impellers is higher than
the non-eccentric one. On monitoring line 1, the turbulent
kinetic energy dissipation of the flow field on the eccentric
side is obvious, and the value of turbulent energy dissipation
increases with the increase in eccentricity. On monitoring
line 2, with the increase in eccentricity, the turbulent energy
dissipation in the small clearance decreases, and the turbu-
lent energy dissipation at large clearance increases. Moreo-
ver, the turbulent energy dissipation amplitude is higher, so
it is the most serious area of energy loss. On monitoring line
3, the turbulent energy dissipation distribution of eccentric

impeller is more chaotic. When eccentricity is 0.5 mm, the
maximum value of the turbulent energy dissipation is close
to the middle section of the impeller and the energy has a
severe loss. Therefore, the non-uniform rim clearance makes
the velocity distribution in the clearance region varied; the
turbulent energy dissipation and the hydraulic loss increases,
which is the main cause of the drop of head and efficiency.

5.3 Streamline of tip region with different
eccentricities

Figure 15 show the three-dimensional streamline of tip
region under different eccentricities. The streamline of TLF
is almost the same on the tip of four blades. The intensity
of entrainment of tip leakage flow is high at the beginning
of TLF which is near the local blade suction surface. Then,
the TLF becomes weaker and a low velocity region occurs
which is in front of next blade pressure surface. When the
eccentricity exists in the impeller, the TLF of different
blades changes a lot, and the streamline is much different of
four blades at the same eccentricity. For instance, whatever
the eccentricity is, the low velocity region becomes larger
when the largest gap shows at the leading edge of blade,
and it is more serious with the increase in eccentricity. The
TLF of Blade C and Blade D at smallest gap decreases a
lot, and the TLV shrinks to the local blade suction surface,
which means the smaller impacted area in the impeller flow
channel by TLF. Overall, the eccentricity could affect the
circumferential TLF of impeller severely. With the augment
of eccentricity, the unsteady characteristics of TLF and TLV
are more obvious than the uniform tip clearance impeller.

5.4 Breaking of TLV under non-uniform tip
clearance

As we know from above section, the leading edge of Blade
A is at the largest tip clearance of eccentric impeller and
the trailing edge of Blade C is at the smallest tip clearance
of eccentric impeller. Therefore, to investigate the changes
of TLF and TLV, the TLF of Blade A and Blade C has
been studied in detail. Figures 16 and 17 shows the three-
dimensional streamline of largest and smallest gap under two
eccentricities. Five cross sections are equidistant set along
the flow direction of TLF, and the vortex core distribution
in cross sections is obtained and compared, which is shown
in Figs. 18 and 19. The maximum and minimum tip clear-
ance of different sections is at S1 and S10, respectively. On
the several cross sections, the swirling intensity is shown.
For the convenience of comparison, the range of swirling
strength is in the same level.

It can be seen from Fig. 18, whatever the tip clearance
is, the TLF forms TLV structure in the rear flow chan-
nel resulting from the entrainment effect. The velocity of
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Fig. 14 Circumferential turbulence energy dissipation distribution at different monitoring lines

TLF near the blade surface is high, but the flow velocity
decreases gradually along the mainstream direction. At the
large tip clearance, the strength of TLF and TLV increases
significantly compared to the small gap flow fields under the
same eccentricity. With the increase of eccentricity, the TLF
increases, but the velocity in the TLF decreases. Meanwhile,
the angle between the TLF and blade rim become larger, and
the TLF interferes with the mainstream movement seriously.
The TLF becomes more complex and unstable at down-
stream. Compared with the impeller when eccentricity e is
0.3 mm, the TLF increases and the influence on the main
flow aggravate when eccentricity e is 0.5 mm, but the shear
flow intensity weakens, which reduces the intensity of TLV.
Furthermore, with the increase in eccentricity, the strength
and influence of TLF gradually increase, and the interference
effect of TLF on the mainstream continually enhances. The
secondary flow in the flow channel deteriorates along the
TLF as well. In Sects. 5 and 6, the TLF is squeezed by the
main flow in the flow channel which causes the breaking of

@ Springer

TLV, generation of many secondary vortices and the chaos
of flow fields. As shown in Fig. 17 (S4 and S5, e=0.5 mm),
vortex A and vortex C come from the breaking components
of tip leakage vortices; vortex B and vortex D are induced
by secondary vortices. It is known that the secondary flow
and chaotic flow affect the internal flow pattern and cause
the velocity of fluid decline in the flow channels.

At the small tip clearance, with the increase in eccen-
tricity, the scale of TLF shrinks gradually, and the vortex
core moves closer to blade suction surface, which makes
the angle between the TLF and blade rim smaller. There-
fore, the interference effect of TLF to the main stream is
weakened. With the increase of eccentricity, the TLF and
TLV shrink further, and there is little fluid leaking from
the tip clearance at largest eccentricity. Thus, the entrain-
ment of TLF decreases and results in weaker effects in
flow channel. Moreover, the TLV structure gradually atten-
uates and restrained near the blade leading edge, and then,
the TLV structure disappears at blade trailing edge. The
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Fig. 15 -Three-.dlmel?smnal Velocity
streamline of tip region under 16
different eccentricities

e=0.3 mm

Velocity
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(a) e=0.3 mm, large gap

Fig. 16 Streamline distribution of blade rim at large gap with eccentricity

swirling strength of TLF decreases along the TLV. Overall,
the TLF is unstable under the eccentric situation and the
circumferential distribution of TLF shows an unbalanced
tendency. The angle between TLF and blade rim is influ-
enced greatly by tip clearance, which determines the extent
of interference of TLF with mainstream. The TLV shrinks
further when the small tip clearance exists at the lead-
ing edge of blade, but it will break into small vortex and

-

BladeB  Blade C/|

e=0.5 mm

Velocity
17

(b) =0.5 mm, large gap

secondary vortex in the rear impeller flow channels when
the large tip clearance appears at the trailing edge of blade.
Also, the eccentric impeller could deteriorate the internal
flow and reduce the energy performance in mixed-flow
pump. In order to weaken these adverse effects, eliminat-
ing or reducing the eccentricity of impeller could improve
the pump performance.
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(a) e=0.3 mm, Small gap

Fig. 17 Streamline distribution of blade rim at small gap with eccentricity

5.5 Circumferential distribution of turbulence
kinetic energy with different eccentricities

To compare the effects of TLV, a series of sections are
generated along the different blades. The circumferential
distributions of turbulence kinetic energy with different
eccentricities are shown in Fig. 20. For the convenience
of comparison, the range of turbulence kinetic energy
under different eccentricities is in the same level. When
the tip clearance is uniform, the turbulence kinetic energy
of TLV at various blade tip region is almost the same in
the impeller channel. At the leading edge of blade, the
entrainment effect of TLV is smaller than that at the trail-
ing edge of blade. The angle between the blade chord and
TLV is similar at four blades. When the impeller is eccen-
tric, the turbulence kinetic energy caused by the TLF of
Blade A, Blade B and Blade D increases a lot obviously,
but it becomes smaller at Blade C. Thus, the non-uniform
TLF in eccentric impeller could increase the energy losses
in the tip region. It is known that the highest energy loss
area of different eccentric impeller exists in front of Blade
D, which is marked with dashed ellipse. In fact, it is cor-
responding to the most chaotic region on tip region. The
unsteady flow region clearly affects the fluid flowing into
the next blade tip clearance, which is another reason for
the decrease in TLF at Blade D with the shrinkage of tip
clearance. The turbulence kinetic energy along the blade
at tip region shows high value which indicates much more
energy have dissipated in the first half part of impeller
channel. Compared with the TLV angle of different blade
of eccentric impeller, the angle diminishes at Blade C and
Blade D. Despite the angle change little at the front part
of Blade A and Blade B, it shows a trend away from the
blade surface at the end part of Blade A and Blade B.
Therefore, the tip vortex trajectory along the blade chord
also changes under eccentric impeller. Overall, the turbu-
lence kinetic energy would increase a lot with the augment
of eccentricities, which is the main reason for the drop of
pump efficiency.
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(b) e=0.5 mm, Small gap

5.6 Impacting depth of TLF with different
eccentricities

To contrast the impact depth of TLF and TLV under dif-
ferent eccentricities, the pressure of different span curves
is collected. In order to eliminate the effect of location, the
pressure data have been normalized with the local average
pressure and the impeller parameters, which is shown as

Eq. (5),
xp

N
P=y
Co=— 2
Pl

(6)

where p is the local static pressure, Pa; u, is the peripheral
velocity of the impeller outlet, m/s; and p is the density of
water, 1000 kg/m?>.

Figure 21 shows the pressure coefficient C,, curve of 50%
span, 75% span, 95% span and tip surface surrounding the
blade surface with different eccentricity. In this figure, Z
represents the distance along the shaft. When the impel-
ler is uniform, the pressure coefficient C, of four blades is
almost the same, namely the curve structure at the same
span surface is similar. When the impeller is eccentric,
the pressure curve has been greatly affected. For instance,
with the increase in eccentricity, the pressure coefficient of
Blade B pressure surface decreases a lot at the middle of
tip surface, which is marked with black dashed ellipse. In
fact, comparing the pressure coefficient curve between non-
eccentric impeller and 0.3 mm eccentricity impeller, the
curve of 50% span, 75% span and 95% span surface has not
been impacted much, but the curve of tip surface is differ-
ent. It indicates that the impacting depth of TLF is relatively
shallow. However, at large eccentricity, the pressure curve
structure of Blade D at 75% span, 95% span surface and
tip surface is rather different from the others, which means
the impacting depth of TLF would also be changed seri-
ously by higher eccentricity, where the impacting depth of
TLF means the straight-line distance from impeller chamber
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Fig. 18 The streamline and
swirling strength distribution of
different monitoring sections at
large gap. The left column is the
results of e=0.3 mm, and the
right is the results of e=0.5 mm
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end wall to the position where it is impacted by the TLF.
Simultaneously, at the leading part of blades, the pressure
coefficient curve on 75% span and 95% span surface also
changes which illustrates that large eccentricity would also
impact the inlet flow fields of impeller at tip region. This is
corresponding to the high energy loss dissipating area shown
above. At 50% span surface of large eccentricity impeller,

the pressure coefficient curve does not change much which
illustrates that the impacted region by the non-uniform tip
clearance concentrated on the upper half part of impeller
channels. Therefore, the eccentricity of impeller would also
lead to the wider impacted region of flow fields in impeller
channels, which makes more energy losses in the upper flow
fields of impeller.
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Fig. 19 The streamline and
swirling strength distribution
of different monitoring sections
at small gap. The left column
is the results of e=0.3 mm,
and the right is the results of
e=0.5mm

[sn-1)

190 285 380 475 570 €65 760 855 950

Velocity.Swirling Strength
95

0

6 Conclusions

In this study, based on the simulation and experiment,
the internal flow fields of a mixed-flow pump with eccen-
tric impeller are investigated. The MRF with the DSMR
method is employed, and some findings are as follows:
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The error of head and efficiency meets the requirements
of simulation under designed flow rate condition, which
indicates the accuracy of energy performance prediction.
At designed flow rate condition, the efficiency drops
about 20% and head drops about 10% when e=0.5 mm,
compared with the results of e=0 mm. The uniform
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Fig. 20 Circumferential distri- Turbulence Kinetic Energy [m"2 s-2]
butions of turbulence kinetic
energy with different eccentrici-
ties
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tip clearance of impeller would cause the increase in
hydraulic losses of mixed-flow pump, and it is propor-
tional to the eccentricity.

2. The circumferential pressure distribution of impeller
inlet and outlet is influenced greatly by the eccentric
impeller, but the middle part of impeller suffered lit-
tle effects as a result of the rotation effect of impeller.
The turbulent energy dissipation within tip clearance
in circumferential direction also increases because of
non-uniform velocity distribution, which causes the
increase in hydraulic losses as well. Thus, the emergence
of eccentricity is the main reason for the head drop and
efficiency reduction.

3. When the impeller is eccentric, the strength of TLF and
TLV increases at large tip clearance, which makes the
angle between the TLV core and blade rim larger simul-
taneously. Further, more small secondary vortexes gen-
erate from the breaking component of TLV and block
the impeller flow channel. However, the strength of TLF
and TLV shrinks at small tip clearance, and the angle
between the TLV core and blade rim decreases. Those
trends become more severe with the increase in eccen-
tricity.

4. The highest energy loss area exists in front of the blade
where it is located at smallest tip clearance, which could
also account for the decrease in TLF of that blade. The

energy losses along the blade decrease which indicates
much energy has dissipated in the first half part of
impeller channel. The impacting depth of TLF increases
with the increase in eccentricity, but it concentrates on
the upper half part of impeller channels. The inlet flow
fields of impeller at tip region, which is corresponding
to the high energy loss area, would also been affected
severely at large eccentricity.

In the near future, studies will be focused on the non-
linear dynamic behavior of shaft system in the mixed-
flow pump induced by the eccentric impeller. Besides,
some effective method should be applied to the mixed-
flow pump to improve the performance and reliable oper-
ation of mixed-flow pumps and widen its application as
well.
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