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Abstract: A multi-region dynamic slip method was established to study the internal flow characteris-
tics of the mixed-flow pump under the Alford effect. The ANSYS Fluent software and the standard k-ε
two-equation model were used to numerically predict the mixed-flow pump’s external characteristics
and analyze the forces on the impeller and guide vane internal vortex structure and non-uniform
tip gap of the mixed-flow pump at different eccentric distances. The research results show that
the external characteristic results of the numerical calculation are consistent with the experimental
measurement. The head error of the design flow operating point is about 5%, and the efficiency
error is no more than 3%, indicating the high accuracy of numerical calculation. Eccentricity has a
significant influence on the flow field in the tip area of the mixed-flow pump impeller, the distribution
of vortex core in the impeller presents obvious asymmetry, the strength and distribution area of the
vortex core in the small gap area of the tip increase obviously, which aggravates the flow instability
and increases the energy loss. With the increase of eccentricity, the strength and number of vortex
core structures in the guide vane also increase significantly, and obvious flow separation occurs near
the inlet of the guide vane suction surface on the eccentric side of the impeller. The circumferential
distribution of L1 and L2 values represents the friction pressure gap in the eccentric state, and the
eccentricity has a more noticeable effect on L1 and L2 values at the small gap; With the increase of
eccentricity, the values of vorticity moment components L1 and L2 increase, and the Alford moment
on the impeller increases. The leading-edge region of the blade is the main part affected by the
unstable torque of the flow field. With the increase of eccentricity, the impact degree of tip leakage
flow deepens, and the change of the tip surface pressure is the most obvious. The impact area of tip
leakage flow is mainly concentrated in the first half of the impeller channel, which has an impact on
the blade inlet flow field but has little impact on the blade outlet flow field.

Keywords: mixed-flow pump; eccentricity; vortex structure; Alford effect

1. Introduction

The Alford effect is the rotor dynamics effect caused by the fluid flow in the gap area
between the blade tip and the stationary shell of the turbo-machinery. This effect is due to
the irregular force on the blade and the eccentric operation of the impeller, which produces
a diagonal fluid excitation force and acts on the impeller, thus aggravating the whirl of the
rotor subsystem [1–4]. As a typical hydraulic machine, the mixed-flow pump inevitably
has mass eccentricity [5] due to poor quality control, manufacturing error, assembly error,
uneven material, and other reasons during the processing of rotor parts, which leads to the
Alford effect and induces rotor vibration instability. Therefore, it is of great significance
to study the hydraulic characteristics of mixed-flow pumps under the Alford effect and
explore the essence of the vortex flow field of mixed-flow pumps.
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At present, some achievements have been made in the research of the eccentricity of
rotating machinery. Brennen [6] theoretically analyzed the generation mechanism of an
exciting fluid force in the blade tip clearance of an axial-flow pump, gave the theoretical
calculation formula of Alford force, and discussed the influence of vortex direction on
Alford force. With the rapid development of computer technology, in the field of pump
research, CFD calculation gradually replaces real machine tests to simulate the pump’s
external characteristics and internal flow field, which significantly reduces the product test
and production cycle of the pump and reduces the processing cost. Moore [7] established a
three-dimensional calculation model of an eccentric impeller of centrifugal water pump
using three-dimensional CFD technology and analyzed the excitation force of a zero
static eccentric vortex rotor shroud and mainstream under different precision frequency
ratios. Shinichiro [8] experimentally studied the fluid force during eccentric rotation of
the centrifugal impeller under different tip clearance, measured the unsteady pressure
in the end wall area, and analyzed the internal flow field of the pump based on CFD. Li
Wei [9], based on RNG k-ε, designed a model that simulates the internal flow field of the
mixed-flow pump under the eccentricity of 0 mm, 0.3 mm, and 0.5 mm, and revealed
the flow characteristics of the non-uniform tip clearance flow field of the mixed-flow
pump. Shoji [10] and Adkins [11] respectively analyzed the fluid excitation force in the
centrifugal impeller vortex by using the potential flow theory and pure dynamics models.
The research shows that the fluid excitation force acting on the impeller outlet is dominant
when the vortex rate is relatively low and studied the vortex of the open centrifugal impeller.
However, the above documents judge the quality of the flow field through the pressure
distribution of the conventional flow field [12–15], which cannot fully reveal the generation
and development of vorticity in the eddy flow field and its interaction mechanism with
the object wall. Chuochua [16] solved the three-dimensional transient flow in the seal
clearance during whirling by using a dynamic grid and unsteady method and extracted the
frequency-related rotor dynamic characteristic coefficient. Zhang Liang et al. [17] applied
the vortex dynamics theory to the study of the internal flow of Francis turbine runners.
They predicted the flow separation on the blade suction surface under low flow conditions
according to its internal vortex core distribution. Li Fengchao [18] introduced the theory of
boundary vorticity dynamics to simulate the whole channel three-dimensional turbulence
of guide vane and blade profile, analyzed the distribution state of boundary vorticity
flow on the surface of guide vane and blade, and found the parts with poor local flow.
Xu Zhaohui [19] used the BVF method to diagnose the surface flow field of high-speed
centrifugal pump blades and captured the drastic changes of BVF at the corresponding
positions where cracks appear. Fan Honggang et al. [20,21] carried out BVF analysis on
the surface flow field of the reversible runner by using the eddy dynamics method, which
provides a diagnostic basis for runner design. However, up to now, the vortex dynamics
research on the internal flow field of mixed-flow pumps under the Alford effect has not
been reported publicly. Especially under the Alford effect, due to the vortex of the impeller,
it is not suitable to divide the calculation domain of the impeller section by using the static
grid. Although the moving grid method can effectively solve the problem of boundary
movement with time, the technology is not mature enough to effectively simulate the
internal flow field structure under impeller whirl [22–25]. Therefore, it is necessary to
explore a new model to calculate the impeller vortex under the Alford effect.

Taking the mixed-flow pump as the research object, based on the previous study
of its internal flow and shafting vibration [26–29], the numerical calculation method of
a mixed-flow pump under the Alford effect is established, and the vortex structure of
non-uniform blade tip clearance is identified by using the Q-criterion method. Based on
the vorticity moment theorem, the stress of non-uniform blade tip clearance is analyzed,
and the internal flow of the mixed-flow pump under the Alford effect is explored.
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2. Simulation Model
2.1. 3D Solid Modeling

The research model is a guide vane mixed-flow pump. The design parameters are
flow Q = 380 m3/h, head H = 6 m, rotating speed n = 1450 r/min, specific speed ns = 480,
number of blades Z = 4, and number of guide vanes Zd = 7. The inlet diameter of the pump
is 250 mm, the outlet diameter is 200 mm, and the blade top clearance is 0.8 mm. Pro/E
software is used to model the inlet section, impeller, guide vane, volute chamber, and outlet
section of the model, respectively. After assembly, the three-dimensional solid modeling of
the whole flow channel of the mixed-flow pump is obtained. The calculation area is the
whole device section from the inlet section of the pump to the outlet section of the annular
volute chamber, as shown in Figure 1.

Figure 1. Mixed-flow pump model. (a) Inlet Section; (b) Impeller Section; (c) Guide vane Section;
(d) Annular cochlear chamber; (e) Outlet section.

2.2. Impeller Vortex Model

Under the Alford effect, there is an eccentricity between the central axis of the mixed-
flow pump impeller and the central axis of the runner chamber. Therefore, there will
be forward or reverse whirl (or precession) rotation in the process of rotation while the
impeller rotates [30]. Therefore, when simulating the flow field, considering that the
impeller has rotation and whirl, it is necessary to introduce the impeller whirl model [31],
as shown in Figure 2, where e is the eccentricity; in this paper, the eccentricity of the
mixed-flow pump impeller is 0 mm, 0.3 mm, and 0.5 mm, respectively.

In the vortex model, the resultant external force acting on the rotating impeller can
be decomposed into standard component Fn and tangential component Ft. When solving,
the standard component Fn and tangential component Ft are usually used as the vortex
frequency ratio ω/n The dimensionless form of the function of n is as follows:

Fn = M
(ω

n

)2
− c
(ω

n

)2
− K (1)

Ft = −m
(ω

n

)2
− C

(ω

n

)2
+ k (2)
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where M, m, c, C, K, and k are eddy characteristic coefficients used to analyze the influence
of fluid force inside the impeller on rotor dynamic characteristics [32]. M is the directly
added mass coefficient; m is the added mass coefficient of cross-coupling; C is the direct
damping coefficient; c is the cross-coupling damping coefficient; K is the direct stiffness
coefficient; k is the cross-coupling stiffness coefficient. To simplify the research, the vortex
frequency ratio of the mixed-flow pump impeller is (ω/n) set to 0, 0.2, 0.4, 0.6, 0.8, and
1.0, respectively.
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3. Dynamic Sliding Multi-Region Method
3.1. Governing Equation and Turbulence Model

At present, in the numerical calculation of mixed-flow pumps, the standard k-ε two-
equation model is widely used in engineering, and its numerical prediction results match
well with the test results [33,34]. The k-ε model with the enhanced wall treatment option
activated is suitable for jet impact calculation, rotating flow, high-pressure gradient, and
recirculation flow. Therefore, this turbulence model is used to study the unsteady flow
characteristics in mixed-flow pumps under the Alford effect [35]. Standard k-ε is the close
of Reynolds time-averaged N-S equation. The two-equation model introduces an equation
about the turbulent energy dissipation rate, continuity equation, and momentum equation
to form a control equation group. Assuming that the fluid is incompressible, in standard k-ε
in the two-equation model, turbulent kinetic energy k, and dissipation rate ε, the constraint
equation is

∂

∂t
(ρk) +

∂

∂xj
(ρkui) =

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
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)
∂ε

∂xj

]
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ε

k
(Gk + C3εGb)− C2ερ

ε2

k
+ Sε (4)

The expression of turbulent viscosity coefficient is

µt = ρCµ
k2

ε
(5)

where Gk represents the generation of turbulent kinetic energy caused by the average
velocity gradient; Gb is the turbulent kinetic energy generated by buoyancy; YM represents
the effect of wave expansion on the total dissipation rate incompressible turbulence; Cµ,
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C1ε, C2ε, and C3ε are constant; σk and σε are k and ε turbulent Prandtl numbers; Sk and Sε

are user-defined source items; C1ε = 1.44, C2ε = 1.92, Cµ = 0.09, σk = 1.0, and σε = 1.3.

3.2. Establishment of Dynamic Sliding Multi-Region Method

Although the dynamic mesh method can solve the movement of the grid boundary
caused by the impeller vortex, the existing dynamic mesh technology requires further
improvements. When the mesh reconstruction model in the dynamic mesh model (DM)
is used to simulate the clearance flow field of the eccentric impeller, the mesh updating
speed cannot keep up with the impeller rotation speed, resulting in mesh distortion and
suspension of calculation. Therefore, to load the vortex effect of the eccentric impeller on
the eccentric impeller, this paper draws lessons from the “dynamic sliding region (DSR)”
proposed by Wang Leqin and Li Zhifeng [36,37] when simulating the transient flow field
at the runner start-up. A “dynamic sliding multi-region (DSMR)” method is proposed
to simulate the three-dimensional eccentric rotating impeller. The multi-region dynamic
sliding method divides the simulation region into three regions, as shown in Figure 3. The
water domain of the impeller is the inner domain, the region loaded with the vortex effect is
the middle domain, and the boundary layer region is the outer domain; the relative motion
reference of the inner region is set as the middle region through the mesh motion mode
in ANSYS fluent 15.0. A slip interface connects each region, and the data transmission
between non-coincident grid nodes is realized by interface flux interpolation.
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Since the tip clearance of the mixed-flow pump is 0.8 mm, the water area clearance in
the inner area under the 0.3 mm eccentricity parameter is set to 0.1 mm. The water area
clearance in the inner area under the 0.5 mm eccentricity parameter is set to 0.3 mm. Under
the two eccentricity parameters, the minimum gap between the middle and outer areas is
set to 0.1 mm, as shown in Figure 4.
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Figure 4. The position of the interface when eccentricity e is 0.3 mm. (a) The position of the domain
and interface; (b) The detail of blade tip.

3.3. Mesh Generation and Boundary Conditions

Since the physical model of the mixed-flow pump includes an inlet section, impeller
section, guide vane section, annular volute chamber section, and outlet section, therefore,
in the meshing, the inlet section, impeller, guide vane, volute chamber, and outlet section of
the mixed-flow pump model are discretized, respectively. ICEM software is very convenient
for the meshing of complex geometry. It can use J/O and H/O topology for structural
meshing, so ICEM software carries the hexahedral structure meshing of different waters.
Due to the multi-region dynamic sliding method, the impeller is divided into three water
areas for grid division and finally assembled into an integral impeller section grid. In the
simulation, it is necessary to consider the influence of the boundary layer mesh on the
blade surface, so, we encrypt the grid on the blade surface and adopt J/O topology in the
water area in the impeller section to make the grid close to the blade. To ensure enough
grids in the blade tip gap, the two boundary layer water areas are densified by controlling
the grid nodes in the middle and outer areas. The grid y+ value in the gap area is controlled
to change within 100, which meets the requirements of the turbulence model for y+ near
the wall; the y+ value of the blade tip is shown in Figure 5 [38]. Similarly, the grid near
the guide vane is encrypted. Since the guide vane structure is more straightforward than
the blade structure, the guide vane water area adopts H/O topology, and the structured
grid of the mixed-flow pump is shown in Figure 6. The inner region of the impeller water
region is set as the rotation region, the middle region is set as the revolution region, and the
outer region is set as the boundary layer region, which realizes the eccentric vortex rotation
of the mixed-flow pump. Set the boundary conditions for numerical calculation, as shown
in Table 1.

Table 1. Boundary conditions.

Main Conditions ANSYS Fluent Computing Platform

Hypothesis Steady, incompressible
Algorithm Simple

Inlet Velocity inlet
Outlet Outflow
Wall No-slip

Near wall region Standard Wall Fuction
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3.4. Grid Independence Analysis

In this paper, the independence of the grid number of the mixed-flow pump under the
design condition and steady flow is tested, and the calculated speed is 1450 r/min. Using
the same grid topology, the grid quality is consistent by changing the number of grid nodes
on the topology line and adjusting the corresponding nodes. Figure 7 shows the head
when the eccentricity is 0.3 mm calculated using the same control equation and boundary
conditions. It can be seen from the figure that when the number of global calculation
grids reaches 1.68 million, the change of calculation head by increasing the number of
grids is minimal, and the error is within ±5%, which meets the requirements of the grid
independence test.
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4. External Characteristic Test Verification
4.1. Test Device and Test Method

To verify the accuracy of the numerical simulation, a test device, as shown in Figure 8,
is built to measure the mixed-flow pump’s external characteristics and compare them
with the numerical calculation results. The ZJ torque and a speed measuring instrument
with an accuracy of 0.2 is used for the torque measurement of the model pump, an LWGY
turbine flowmeter with an accuracy of 0.5 is used for the flow measurement, and a WT-
1151 pressure transmitter with an accuracy of 0.2 is used for the inlet and outlet pressure
measurement. The test bench meets the accuracy requirements of level 1, and the change of
working conditions is realized by adjusting the opening of the regulating valve on the outlet
pipeline. The energy data collected by the HSJ2010 hydraulic machinery comprehensive
tester is transmitted to the computer, and the obtained data are sorted and post-processed.
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In the test, it is difficult to adjust the eccentricity of the mixed-flow pump rotor directly,
and the existence of eccentricity and its rotation will produce significant circumferential
unbalanced force during the rotation of the mixed-flow pump. This force is challenging to
measure dynamically, which can lead to instability during the operation of the mixed-flow
pump, and there are significant potential safety hazards. Therefore, to ensure the test
safety and the stability of mixed-flow pump unit operation, the eccentricity can be adjusted
by changing the relative position of the impeller and impeller cavity axis. Figure 9 is
the installation diagram of the impeller and impeller chamber. For example, when the
eccentricity is 0 mm, the axis of the impeller and the impeller chamber coincide. When the
eccentricity is 0.3 mm, the axial distance between the impeller and the impeller chamber
is adjusted to 0.3 mm. Adjust the installation position of the center of the processed
transparent runner chamber to a distance of 0.3 mm in the horizontal direction relative to
the axial line of the impeller. At this time, the maximum and minimum dimensions will
appear when measuring the tip clearance in the horizontal direction. The tip clearance in
the vertical direction should be the same size. In this case, the eccentric adjustment is the
most accurate. When the eccentricity is adjusted to 0.5 mm, carry out the same steps.
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Before the test, first, adjust the opening of the outlet valve of the test bench to the max-
imum, start the frequency converter, and adjust the frequency of the frequency converter
to stabilize the speed of the mixed-flow pump at 1450 r/min; then, gradually reduce the
opening of the outlet valve, and successively record the energy performance parameters
of the mixed-flow pump under different flow conditions. When the outlet valve is closed,
stop the motor and repeat the above test after the fluid in the pipeline is stabilized. After
measuring the inlet and outlet pressure of the pump, the pump head can be calculated
by Equation (6). In the test, the pump is installed horizontally, and its inlet and outlet
heights are at the same horizontal height, so Z2 = Z1. The diameters of the pump inlet and
outlet are known, and the average flow rate v2 and v1 at the pump inlet and outlet can be
calculated by the following formula:

H =

(
p2 − p1

ρg

)
+ (Z2 − Z1) +

(
v2

2 − v2
1

ρg

)
(6)

where H represents the head, m; p2 and p1 represent the pump outlet and inlet pressure, re-
spectively, Pa; ρ is water density, ρ = 998 kg/m3; g is gravitational acceleration, g = 9.8 m/s2;
v2 and v1 are the average flow rate of the pump inlet and outlet, respectively, m; Z2 and Z1
are the installation height of the pump inlet and outlet, respectively, m.

The shaft power P can be calculated from the following formula:

P =
n · (M−M0)

9552
(7)

where M is shaft torque, N·m; M0 is no-load torque, N·m; n is rotating speed.
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The model pump efficiency η can be calculated from the following formula:

η =
ρg
(

Q
3600

)
1000P

× 100% (8)

where Q is the flow rate, m3/h; P is the shaft power, kW.

4.2. Comparison of External Characteristics

When the eccentricity e = 0.3 mm is obtained, the comparison curve between the
predicted external characteristic results of numerical calculation and the test external
characteristic results is shown in Figure 10. It can be seen from the figure that the external
characteristic results of the numerical calculation are consistent with the trend of test
measurement results. Under different flow conditions, the numerical calculation results
are in good agreement with the test data. However, because the numerical calculation
considers the whirl of the eccentric impeller, and the test only sets the physical eccentricity,
the test head is greater than the calculated head. However, under the condition of low flow,
the calculated head is slightly higher than the test head, the head error at the design flow
condition point is about 5%, and the efficiency error is no more than 3%.
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5. Vortex Dynamics Analysis of Flow Field under Alford Effect
5.1. Streamline of Tip Region with Different Eccentricities

Figure 11 shows the three-dimensional streamline at the tip clearance under different
eccentricities. The tip leakage flow is almost the same at the tip clearance of each blade. In
the part near the tip suction surface, the initial leakage flow intensity is high, andthe speed
is significant. Then, the intensity gradually weakens, the speed decreases, and a low-speed
zone appears near the tip pressure surface of the next blade. When the impeller is eccentric,
the leakage flow characteristics of each blade tip are quite different. In the eccentric state,
the low-speed region formed by tip leakage flow at blade A and blade B at the maximum
clearance is the largest. The low-speed region at the maximum clearance becomes more
significant with the increase of eccentricity. At the minimum clearance, the tip leakage flow
at blade C and blade D is the smallest, and the low-speed zone at the minimum clearance
decreases with the increase of eccentricity. In general, the eccentricity will have a significant
impact on the leakage flow in the impeller clearance. The greater the eccentricity, the more
pronounced the non-uniformity of the leakage flow in the impeller clearance.
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5.2. Vortex Core Extraction in Eddy Flow Field

The vortex structure in the flow field determines many properties of the flow field and
plays an essential role in hydrodynamics. It is vital to judge the vortex structure from such
complex data. In this paper, the Q-criterion method is used to identify the vortex structure
of the flow field under the Alford effect.

The Q criterion defines the second matrix invariant Q of velocity gradient tensor ∇V
in the flow field. The region with a positive value is the vortex, and the pressure in the
vortex region is lower than the surrounding pressure.

Q =
(
(∇·V)2 − tr(∇V2)

)
·1
2

(9)

For incompressible flow, ∇·V = 0, the above formula can be rewritten as

Q =
1
2

(
(‖Ω‖)2 − (‖S‖)2

)
(10)

where Ω and S are the antisymmetric and symmetric parts of the velocity gradient tensor
matrix, representing the deformation and rotation of a point in the flow field, respectively,
S is the strain rate tensor, and Ω is the rotation tensor. It can be seen from the above formula
that the Q criterion reflects a balance between the rotation and deformation of a fluid micro
cluster in the flow field. Q > 0 reflects the dominance of rotation inflow. In addition, the Q
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criterion requires an additional condition that the pressure at this point is the minimum
value of the nearby region. According to the N-S equation, the Poisson equation of pressure
can be written as follows

∇2 p = 2ρQ. (11)

According to the extreme value theorem, Q > 0 makes the maximum pressure only on
the boundary, but it cannot guarantee that the minimum pressure is in the region.

5.2.1. Vortex Identification in Impeller

Figure 12 shows the distribution of vortex cores in the impeller under three eccentricity
parameters under design conditions, and the lower side of the impeller is the side of the
impeller. It can be seen from the figure that the vortex core distribution in the internal flow
field of the non-eccentric impeller is stable, the vortex core is attached to the tip of each
blade, and the leakage vortex formed by the leakage flow is symmetrically distributed in
the impeller channel. At the same time, at the leading edge of the blade suction surface,
a specific region of separation vortex is generated due to flow separation. Under the
eccentricity of 0.3 mm and 0.5 mm, the distribution of the vortex core in the impeller is
asymmetric. Under the small tip gap, the strength and distribution area of the vortex core
increase significantly, and the flow field in the impeller channel becomes more unstable.
In addition to the vortex generated by leakage flow and flow separation, there is also a
vortex structure formed by secondary flow in the channel. Under the large tip gap, the
strength and influence region of the vortex core is reduced. Compared with the small
eccentricity parameter, under the significant eccentricity parameter, the vortex structure
in the impeller channel and at the blade outlet increases significantly, indicating that
the increase of eccentricity makes the flow in the impeller flow field more unstable, and
the fluid energy loss increases, so the lift and efficiency corresponding to the external
characteristic curve decrease.
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5.2.2. Vortex Identification in Guide Vane

Figure 13 shows the vortex core distribution in the guide vane under three eccentricity
parameters under design conditions. It can be seen from the figure that there is little
difference in the distribution of vortex cores in the guide vane under the three eccentricities.
Still, the vortex strength in the guide vane is small without eccentricity parameters. There
are some scattered vortex structures at the guide vane inlet under eccentricity, which is
different from the impeller flow field under non-eccentricity. At the same time, with the
increase of eccentricity parameters, the strength of the vortex core structure gradually
increases, and the number also increases obviously. Obvious flow separation occurs near
the inlet of the guide vane suction surface on the eccentric side of the impeller, and the
vortex structure is attached to the guide vane tip. At the same time, the vortex structure
scattered from the impeller outlet appears in the channel at the guide vane inlet, which
blocks the guide vane channel. However, due to the rectification effect of the guide vane,
there are few vortex structures at the guide vane outlet. In general, under the three
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eccentricity parameters, the distribution of vortex cores in the guide vane increases with
eccentricity. Still, due to the geometric structure and action of the guide vane, the vortex
structure at the outlet of the guide vane decreases obviously in each state.
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5.3. Stress Analysis of Vortex Flow Field

Based on the vorticity moment theory and the finite domain theory reflecting the local
hydrodynamic characteristics of the near-field fluid, the stress of blade under non-uniform
blade tip clearance is analyzed, and the key parameters affecting blade thrust and hydraulic
efficiency are studied. The internal of the mixed-flow pump is complex turbulent flow.
According to the idea of eddy viscosity model in turbulence model theory, the influence of
turbulent Reynolds stress is expressed by turbulent viscosity coefficient, and considering
the absence of acceleration motion of a solid wall, the simplified formula of the dynamic
vorticity moment is:

M =
∫
∑

µeffr× (n×ω)dS +
1
2

∫
∑

r2n× (∇× µeffω)dS (12)

The hydrodynamic moment is mainly composed of two parts, the first-order moment
of tangential vorticity and the second-order moment of tangential vorticity flow, which
respectively reflect the effect of surface shear stress and pressure, which are called L1 and
L2, respectively.

L1 = µeff(n×ω) (13)

L2 = µeffr× (n× (∇×ω)) (14)

Figure 14 shows the contour map of the distribution of friction L1 in the end wall area
of the impeller blade under three eccentricity parameters under design conditions (the
left side is the eccentric impeller biased to one side). It can be seen from the figure that
under different eccentricity parameters, there is a high L1 value at the rim of the impeller
blade, indicating that the shear force in this area is apparent. The area with a high L1 value
distribution of rim clearance of the non-eccentric impeller is distributed in a thin strip
shape, with a long circumferential size and symmetrical circumferential direction, covering
almost the whole blade rim. However, under the eccentricity of 0.3 mm and 0.5 mm, the
area with high L1 value distribution is significantly reduced; it is basically located in the
middle and rear of the blade, and the distribution width increases slightly, the whole is
an elliptic ring with a long axis. At the same time, in the eccentric state, the value of L1
at the small gap is significantly higher than that at the large gap, and the area of high L1
distribution at the small gap is wide, but the length is reduced. It can be seen that under the
eccentric state, the impeller tip is the area where the fluid high shear stress is concentrated.
At the same time, at different gaps, the distribution difference of the L1 value representing
friction is significant, and the impeller is affected at small gaps.
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Figure 15 shows the distribution contour map of pressure L2 in the end wall area of the
impeller blade under three eccentricity parameters under design conditions (the left side
is the eccentric impeller biased to one side). It can be seen from the figure that compared
with the distribution of L1 in the end wall area, the difference of the L2 distribution contour
map is more apparent, and the value distribution range of L2 in the end wall area is also
increased. However, similar to L1 distribution, the value distribution of blade tip clearance
L2 of the non-eccentric impeller is circumferential symmetrical. In contrast, under the
eccentricity of 0.3 mm and 0.5 mm, the value of L2 varies significantly at the blade tip of
left and right impellers. Under the two eccentric states, the L2 value distribution in the
end wall area is similar, but the high L2 value area at the small gap is more significant
than that at the large gap. At the same time, the range of this area also increases slightly
under the significant eccentricity parameter. It can be seen that eccentricity increases the
fluid pressure in the impeller, in which the fluid in the clearance area is greatly affected. In
contrast, the increase of eccentricity significantly increases the pressure effect of unsteady
fluid in the end wall area of the impeller, and the Alford force in the tip clearance increases.

Water 2021, 13, x  15 of 21 
 

 

 

   
(a) (b) (c) 

Figure 15. L2 distribution of runner end wall area with uneven tip clearance (span = 0.99). (a) e = 0 mm, (b) e = 3 × 10−1mm, 
(c) e = 5 × 10−1 mm. 

To compare the distribution of L1 and L2 in the impeller passage along the span di-
rection of the blade, the cloud diagram distribution of the blade along the span direction 
on the eccentric side and non-eccentric side of the impeller under different eccentricity 
parameters under the design condition is intercepted, as shown in Figures 16 and 17. It 
can be seen from the figure that under the design flow condition, the distribution of L1 
and L2 at different gaps in the eccentric impeller is different, while the flow field of the 
non-eccentric impeller is also symmetrically distributed due to the circumferential sym-
metry of the impeller blade tip gap. The values of L1 and L2 at the small blade tip clearance 
are significantly higher than those at the ample clearance, indicating that the large torque 
caused by the flow field is the root cause of abnormal vibration of the impeller at the small 
clearance. At the ample clearance, the values of L1 and L2 are low, and the extreme value 
is far away from the blade pressure surface, which has little impact on the blade. At the 
small blade tip clearance, L1 and L2 values increase significantly with the increase of ec-
centricity. Along the blade span direction, the values of L1 and L2 under different eccen-
tricity parameters decrease. At the small blade tip clearance, the areas with the high-value 
distribution of L1 and L2 deviate from the blade pressure surface. The areas along with the 
span direction decrease, indicating that the areas before the blade inlet and the middle of 
the blade are greatly affected by the eccentricity parameters. 

In contrast, the flow field at the blade outlet is less affected by the eccentricity. The 
leading edge region of the blade is the central part affected by the unstable torque of the 
flow field. In summary, the flow field in the impeller is stable without eccentricity, and 
the values of the components L1 and L2 of the vorticity moment are small. However, in the 
eccentric state, the values of L1 and L2 at the slight gap increase with eccentricity. The 
Alford moment on the impeller increases; the values of L1 and L2 gradually decrease along 
the blade span. The blade’s leading edge is the main force part, and the torque of the ec-
centric flow field has little effect on the blade outlet. 

  

Figure 15. L2 distribution of runner end wall area with uneven tip clearance (span = 0.99). (a) e = 0 mm, (b) e = 3 × 10−1 mm,
(c) e = 5 × 10−1 mm.

To compare the distribution of L1 and L2 in the impeller passage along the span
direction of the blade, the cloud diagram distribution of the blade along the span direction
on the eccentric side and non-eccentric side of the impeller under different eccentricity
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parameters under the design condition is intercepted, as shown in Figures 16 and 17.
It can be seen from the figure that under the design flow condition, the distribution of
L1 and L2 at different gaps in the eccentric impeller is different, while the flow field of
the non-eccentric impeller is also symmetrically distributed due to the circumferential
symmetry of the impeller blade tip gap. The values of L1 and L2 at the small blade tip
clearance are significantly higher than those at the ample clearance, indicating that the
large torque caused by the flow field is the root cause of abnormal vibration of the impeller
at the small clearance. At the ample clearance, the values of L1 and L2 are low, and the
extreme value is far away from the blade pressure surface, which has little impact on the
blade. At the small blade tip clearance, L1 and L2 values increase significantly with the
increase of eccentricity. Along the blade span direction, the values of L1 and L2 under
different eccentricity parameters decrease. At the small blade tip clearance, the areas with
the high-value distribution of L1 and L2 deviate from the blade pressure surface. The areas
along with the span direction decrease, indicating that the areas before the blade inlet and
the middle of the blade are greatly affected by the eccentricity parameters.

In contrast, the flow field at the blade outlet is less affected by the eccentricity. The
leading edge region of the blade is the central part affected by the unstable torque of the
flow field. In summary, the flow field in the impeller is stable without eccentricity, and
the values of the components L1 and L2 of the vorticity moment are small. However, in
the eccentric state, the values of L1 and L2 at the slight gap increase with eccentricity. The
Alford moment on the impeller increases; the values of L1 and L2 gradually decrease along
the blade span. The blade’s leading edge is the main force part, and the torque of the
eccentric flow field has little effect on the blade outlet.
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5.4. Impacting Depth of TLF with Different Eccentricities

The impact depth of tip leakage flow under different eccentricities is compared and
analyzed by monitoring the pressure values of different span curves. To eliminate the
influence of location factors on the value, the pressure coefficient Cp is used to process the
pressure data dimensionless, which is shown as Equation (15),

Cp =
p− p∞

p0 − p∞
(15)

where p is the static pressure at the point of the calculated pressure coefficient; p∞ is the
independent static pressure away from any disturbance; p0 is the independent stagnation
pressure away from any disturbance.

To more intuitively show the change of pressure data, the pressure coefficient Cp is
numerically averaged. Figure 18 shows the mean pressure coefficient curves of 50% span,
75% span, 95% span, and the blade tip surface under different eccentricities, and Z in the
figure represents the distance along the axis. When the eccentricity e = 0 mm, the pressure
coefficients on the four blades are the same. The mean pressure coefficient curve changes
significantly when eccentricity occurs, especially in the mean pressure coefficient curve on
the blade tip surface. When the eccentricity e = 0.3 mm, the pressure coefficient of the blade
B tip surface decreases significantly, but the pressure coefficient of 50% span, 75% span and
95% span surface changes little, which indicates that the impact depth of the tip leakage
flow is shallow and only has a significant impact on the tip surface area. However, when
the eccentricity reaches e = 0.5 mm, the pressure coefficient curves of blade D at 75% span,
95% span surface, and tip surface change, indicating that the impact depth of tip leakage
flow is deepened, which has a particular impact on the blade inlet flow field, the 50% span
surface pressure coefficient has little change, indicating that the impact area of clearance
leakage flow is mainly concentrated in the first half of the impeller channel, which has little
impact on the blade outlet flow field, which is the same as that shown in Figures 16 and 17.
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6. Conclusions

(1) A multi-region dynamic sliding method is established, and the numerical simula-
tion of the three-dimensional eccentric rotating impeller of the mixed-flow pump is
carried out. They were comparing the results of numerical simulation and external
characteristics of the test, when the eccentricity e = 0.3 mm, the numerical calculation
results are in good agreement with the test data. The head error of the design flow
operating point is about 5%, the efficiency error is no more than 3%, and the accuracy
of numerical calculation is high.

(2) With the increase of eccentricity, the vortex structure in the impeller channel and at
the blade outlet increases significantly, and the strength and number of vortex core
structures in the guide vane also increase significantly, the increase of eccentricity
makes the flow in the impeller flow field more unstable, and the energy loss of fluid
increases. Apparent flow separation occurs near the inlet of the guide vane suction
surface on the eccentric side of the impeller, and the vortex structure is attached to
the guide vane tip.

(3) The values of vorticity moment components L1 and L2 increase with the increase of
eccentricity, and the Alford moment on the impeller increases. Along the blade span
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direction, the values of L1 and L2 gradually decrease. The leading edge of the blade
is the main force part, and the Alford effect is significant, while the torque of the
eccentric flow field has little effect on the blade outlet.

(4) With the increase of eccentricity, the impact degree of tip leakage flow deepens, the
surface pressure of each span changes in varying degrees, and the change of tip surface
pressure is the most obvious. At large eccentricity, the impact area of tip leakage flow
is mainly concentrated in the first half of the impeller channel, which will impact the
blade inlet flow field and have less impact on the blade outlet flow field.
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