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Investigation of flow instability
characteristics in a low specific speed
centrifugal pump using a modified
partially averaged Navier–Stokes model

Weixiang Ye1 , Xianwu Luo1, Renfang Huang2, Zhiwu Jiang3,
Xiaojun Li3 and Zuchao Zhu3

Abstract

In this study, a modified partially averaged Navier–Stokes (MPANS) model is applied to investigate the flow instability

characteristics in a low specific centrifugal pump. In MPANS model, the unresolved-to-total ratio of kinetic energy fk is

determined according to the local grid size and turbulence length scale. The numerical results by MPANS model are

compared with that simulated by SST k-! model and the available experimental data. It is noted that MPANS model shows

better performance for investigating the unstable flow in the current pump under part-load operation conditions. The time-

averaged internal flow and flow incidence in the pump impeller depicts that with the decreasing flow coefficient, flow

separation develops in the impeller. Owing to the strong separation flow as well as vortex evolution, incidence angle is large

and varies remarkably at the entrance of blade-to-blade passage in the pump impeller. The evolution dynamics of rotating

stall is further discussed in detail based on vorticity transport equation. During the evolution of rotating stall, the vortex

stretching term has an important effect on vorticity transport under the part-load conditions. The analysis of the pressure

fluctuations excited by periodic evolution of rotating stall shows that the rotating stall cell propagates along the rotational

direction, and identifies the rotating stall frequency (fstall), which is much lower than the rotational frequency of the impeller,

fn (fstall¼ 8.76% fn). Finally, two-dimensional Lagrangian coherent structure (LCS) is used to reveal the separation flow in

blade-to-blade passages of the pump by monitoring the trajectory of the particles. Both LCS and vortex structure by k2 can

clearly demonstrates the passage blockage and flow separation under the part-load operation conditions, depicting that the

separation flow occurs at blade suction side and develops from the leading edge to the main passage in the impeller.
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Introduction

Much attention has been paid to the flow instability
such as rotating stall, rotating cavitation, surge, etc. in
fluid machinery for decades.1 As one of the flow
instability phenomena, positive slope is quite common
when pumps or pump-turbines at pump mode are oper-
ated under off-design conditions. It is acknowledged
that the formation of positive slope is caused by rotating
stall, which induces flow separation, reverse flow and
flow blockage in vane passages. Usually under the oper-
ation condition with positive slope, there will be strong
pressure fluctuations in pumps. Up to now, many
researches have been conducted to investigate such
flow instability extensively. Comprehensive reviews on
this topic have been given.2,3

In the past years, numerous experiments had
been conducted to investigate the rotating stall and
pressure fluctuations especially in a pump or a
pump-turbine. Ran et al.4 studied the pressure
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fluctuations in a pump turbine under large partial
flow conditions by model test and found that there
were two separated positive slopes at the characteris-
tic curve of the pump turbine at pump mode. By mea-
suring the pressure fluctuations located at guide
vanes, the authors found the pressure fluctuations at
the unstable operating points had a dominant compo-
nent with the lower frequency than the shaft rotation,
i.e., 0.2 times of shaft rotating frequency, which was
induced by the rotating stall in the flow passage.
Ullum et al.5 analyzed the rotating stall based on
experimental data. The results indicate that nearly
identical frequencies of rotating stall can be observed
in both velocity and pressure power spectra. Krause
et al.6 investigated different stages of the developing
rotating stall in a radial pump by using particle-image
velocimetry (PIV), and a spatially stable rotating stall
cell was observed under certain flow discharge, which
started to rotate inside the impeller if the flow rate
decreased further.

With the development of the computation technol-
ogy and computational fluid dynamic, it becomes pos-
sible to study flow instability by numerical simulation.
For the simulations of flow instability, the turbulence
modeling method is crucial because the flow in posi-
tive slope regions is inevitably unsteady, and the
complicated flow structure is hard to capture accur-
ately. Reynolds average Navier–Stokes (RANS)7,8

model is popular, which has been widely utilized in
many engineering applications. Since RANS method
always over-estimates the viscous effect, some modifi-
cations are necessary to improve the prediction accur-
acy.9 On the other hand, large eddy simulation
(LES)10,11 can capture unsteady details during rotat-
ing stall occurrence, and is preferable for some engin-
eering applications. Nevertheless, the cost of
computing resource and the requirement for mesh
quality are not affordable in most engineering appli-
cations. As a bridge from RANS to Direct numerical
simulation (DNS), partially averaged Navier–Stokes
(PANS) has been introduced and applied.12–14 For
better accuracy, PANS model has been modified
by controlling two parameters, i.e., the unresolved-
to-total ratios of kinetic energy fk and dissipation fe.
Girimaji and Abdol-Hamid proposed a two-stage
PANS model with fk varying in space throughout an
unsteady flow simulation.15 In order to make turbu-
lence model suitable for the complicated applications,
a modified partially averaged Navier–Stokes model
(MPANS) is proposed to solve the industrial flows
in turbo-machines that often encounter with flow sep-
aration, recirculation and reattachment.16

Although a lot of researches have been focused on
the structure of rotating stall cells and the evolution,
most of them are based on the Eulerian perspective.
In recent years, some applications of Lagrangian
coherent structure (LCS) show interesting perform-
ance to depict the flow structure. LCS was first uti-
lized by Haller and Yuan,17 who defined LCS as

ridges of the Finite-Time Lyapunov Exponent
(FTLE) field to visualize the complicated flow.
These ridges are adopted to describe the fluid dynam-
ics phenomenon in a fully developed turbulence flow.
Franco et al.18 analyzed the structure of flow field
around a cylinder under low Reynolds number. The
results showed that LCS had a better performance
in capturing the unsteady vortex region compared
to the Eulerian system. Green et al.19 calculated
the 3D turbulent flow using LCS method, which indi-
cates that LCS is possible to define the flow details
and vortex structures. In addition, LCS has been
used in many engineering cases, such as the flows
around a circular cylinder20 and 2D hydrofoil.21,22

Long et al.23 adopted three-dimensional LCS to
reveal the influence of U-type structures on local
flow, and their results showed that there was a close
relationship between flow separation and vortex
structures.

Inspired by the previous work, the present paper
aims to analyze the instability characteristics of a cen-
trifugal pump with low specific speed to investigate
the mechanism of the positive slope phenomenon
by using MPANS model. For comparisons, the simu-
lation by SST k-! turbulence model and PIV test are
also performed. Further, two-dimensional LCS is
introduced to analyze the internal flow so as to reveal
the mechanism of flow separation during positive slope
phenomenon. This paper is organized as follows. The
governing equations and partially averaged Navier–
Stokes approach are introduced first. Problem setup,
mesh and boundary conditions are described next.
Then, hydraulic performance and internal flow simu-
lated by a modified PANS model are illustrated, fol-
lowed by various aspects of the unsteady flow
predicted by the modified PANS model.

Governing equations and MPANS model

The mass and momentum conservation equations for
the unsteady flow can be expressed as
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where q is the density, p is the pressure. ui is the vel-
ocity in the i-th direction, while uj is the velocity in the
j-th direction. � and �t represent the laminar and tur-
bulence dynamic viscosity.

In MPANS model with standard k-e model as the
parent model, the eddy kinematic viscosity �u is for-
mulated by �u ¼ C�k

2
u="u, where the unresolved tur-

bulent kinetic energy ku and turbulent dissipation rate
eu are determined by two parameters, i.e., the unre-
solved-to-total ratios of kinetic energy fk and
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dissipation fe respectively. The two parameters are
defined in equation (3).

fk ¼
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k
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ð3Þ

The governing equations for kinetic energy and dis-
sipation are described in equations (4) and (5).

@ku
@t
þUj

@ku
@xj
¼ Pu � "u þ

@

@xj
�þ

vu
�ku

� �
@ku
@xj

� �
ð4Þ

@"u
@t
þUj

@"u
@xj
¼ Ce1

Pu"u
ku
� C�e2

"2u
ku
þ
@

@xj
�þ

vu
�"u

� �
@"u
@xj

� �
ð5Þ

where Pu is unresolved production term. The model
constants are Ce1¼1.44, Ce2¼1.92, �k¼1.0 and
�e¼1.3. Other coefficients are

�ku ¼ �k
f 2k
f"

; �"u ¼ �"
f 2k
f"

;

C�e2 ¼ Ce1 þ
fk
f"
ðCe2 � Ce1Þ

For the flows with high Reynolds number, fe is
generally set to 1.0, since there is a clear separation
between the energy containing and dissipation
ranges.16 The unresolved-to-total kinetic energy fk,
can be expressed as equation (6).
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where C� is model coefficient. � is the Taylor turbu-
lence length scale, which is defined as �¼k1.5/e. D
stands for the local grid size, defined as D¼(Dx*
Dy*Dz)1/3.

In the present analysis, the equations are solved by
using the commercial CFD code CFX 15.0.

Problem description

Computation domain

The test pump with specific speed of
39.12m�min�1�m3s�1 has a shrouded centrifugal
impeller. Some specifications of the pump are list in
Table 1. Figure 1 shows the computation domain
including inlet pipe, impeller, casing, outlet pipe,
pipe extension, etc. Because there is a clearance with
2mm width between pump cover and impeller hub/
shroud, a zone is formed and named as ‘‘gap’’, which
is rotating domain shown in Figure 1.

Mesh generation and independence test

For each flow component shown at Figure 1, struc-
tured meshes are generated.

Five mesh resolutions were tested by monitoring
head coefficient (C) and hydraulic efficiency (g) of
the pump, which are defined as equations (7) and
(8), respectively.

 ¼
H

u22 2gð Þ
ð7Þ

�¼
�gQH

Pin
ð8Þ

where H is pump head, and Q represents flow rate. u2
is the peripheral speed at impeller exit. Pin represents
the power input to the pump shaft.

For PANS method, lower value of fk could reach
more accurate results. Once the mesh yields a mesh-
independent solution for the case of fk¼0.2, which is

Figure 1. Computation domain.

Table 1. Specifications of the test pump.

Parameter Value

Impeller inlet diameter D1 56 mm

Impeller exit diameter D2 142 mm

Blade width at impeller exit b2 7 mm

Blade number N 5

Shaft rotational speed n 1000 r/min

Flow rate at design point Qd 1.8 m3/h

Pump head at design point Hd 2.67 m

Ye et al. 3



the smallest fk value in this study, it can support any
simulation with higher fk (fk>0.2) resolution. Thus,
five sets of mesh schemes are performed for mesh
independence test using fk¼0.2. The relations of
head coefficient and hydraulic efficiency versus mesh
number are shown in Figure 2. Note that the mesh of
totally 3.34 million grid points results in the similar
predictions as the mesh of 3.7 million grid points. It
should be noted that any further grid refinement leads
to relatively more complex vortex structures, which
will require more computational resources. Thus, the
mesh of totally 3.34 million grid points was employed
as the final mesh scheme in the following simulations.

The mesh scheme with 3.34 million grid points is
shown in Figure 3. The refined mesh near the impeller
blade is carefully treated to satisfy the requirement of
yþ value. The values of yþ at the wall surface for
impeller blade, hub and shroud are listed in Table 2.

It is noted that the largest value of yþ is below 200,
which meets the requirements of MPANS model.

Figure 4 displays fk-field with the mesh resolution
of 3.34 million grid points. It is clear that the value of
fk is larger near the wall surface, and that is smaller in
the main stream of blade-to-blade passage. The min-
imum fk is 0.2. For better accuracy, the simulation
results with fk¼ 0.2 has been used for mesh independ-
ence test.

Simulation setup

The time-dependent governing equations were discre-
tized spatially and temporally. The high order reso-
lution scheme was used for the advection term, and
the second-order backward Euler method is used for
transient simulation. Water at 25 �C is selected as the
fluid. A rotational coordinate system is set for the
area of pump impeller and the gap, and a stationary
system is set for the stationary components. Interfaces
between those connecting faces are introduced, where
the sliding mesh strategy is applied. For boundary
conditions, a mass flow rate is designated at the
inlet of computation domain, and total pressure is
set at the domain outlet. No slip boundary conditions
are imposed on all solid walls. The simulations have
been conducted based on MPANS turbulence model
with k-e model as the parent model. The time step is

Figure 3. Mesh generation for different components.

Figure 2. Mesh independence test (fk¼ 0.2).

Table 2. yþ Distribution near wall surfaces.

Component Maximum Minimum Average

Blade 176.46 2.69 56.82

Hub and shroud 165.94 0.76 67.82
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3.3� 10�4 s, corresponding to a runner-rotating angle
of 2� per time step.

Results and discussions

Comparison between simulation and experiment

The simulations in the current paper aim to analyze
flow instability under several part load operation con-
ditions. For comparison, the simulation with SST k-!
turbulence model has also been carried out. Further,
the experimental measurements were conducted to
obtain the pump performance and internal flow at
Key Laboratory of Fluid Transmission Technology

of Zhejiang province, China. For the pressure sensors,
the uncertainty is �0.5% at pump inlet and �0.1% at
pump outlet. For the flow meter, the uncertainty is
�0.1%. The uncertainty of pump efficiency is less
than 1%.

For convenience, flow coefficient � is defined in
equation (9) to express the characteristic curve of
the test pump

� ¼
Q

�R2b2u2
ð9Þ

where R2 stands for the impeller exit radius.
Figure 5 shows characteristic curves of the test

pump. For better understanding, Figure 5(b) shows
the characteristic curve from �¼ 0.008 to �¼ 0.018.
It is clear that hydraulic performance is unstable when
the pump is operated under �¼ 0.0087–0.018. Note
that for the numerical results, the averaged data
are applied to show the head coefficient under each
operation condition. The vertical bar under each
operation condition presents head variation during
the calculation. The comparison indicates that
the predicted pump head is larger than the experimen-
tal value under each operation condition. For the
averaged head prediction, the maximum relative
error is 4.13% under the operation condition
of �¼ 0.0051 and the minimum relative error is
2.24% under design point of �¼ 0.0225 with
MPANS model. The comparison shows good agree-
ment between the present numerical simulation and
the experimental data.

Because the flow coefficient at best efficiency point
i.e. �bep is 0.0225, the range of unstable operation
i.e. �¼ 0.0087–0.018 is located under part load
region for the test pump. Based on the experimental
results of Figure 5, three unstable operation ranges
can be clearly divided: the first at 0.39�bep
(�¼ 0.0087)–0.55�bep (�¼ 0.0124), the second at

Figure 5. Characteristic curves of the test pump. (a) Overall discharge; (b) Part load discharge.

Figure 4. fk-Field by the mesh with 3.34 million grid points.

Ye et al. 5



0.55�bep–0.66�bep (�¼ 0.0150), and the third at
0.66�bep–0.78�bep (�¼ 0.0175). As shown in Figure
5(b), the prediction with MPANS model almost cap-
tured three breakdowns of pump head according to
the experimental results. However, the prediction with
SST k-! turbulence model only captured two break-
downs of pump head. At two breakdown points of
�¼ 0.0138 and �¼ 0.0163 according to the experi-
mental data, the simulation with SST k-! turbulence
model estimated two local peaks respectively, and
showed the different tendency of head drop. Thus,
MPANS model predicts better tendency than SST k-
! model for the characteristic curves. In conclusion, it
is applicable for MPANS to capture the unstable
physics under part load conditions than SST k-! tur-
bulence model.

To make clear the differences between two turbu-
lence models, the time-averaged contours of turbu-
lence kinetic energy (k) and eddy viscosity (�t) at
�bep on mid-span section of the impeller are shown
for two turbulence models in Figure 6. It is noted
that both turbulence kinetic energy and eddy viscosity
of the main flow in blade-to-blade flow passage using
SST k-! turbulence model are much larger than that
using MPANS model. It is acknowledged that the
conventional RANS approach usually overestimates

the viscous effect of the turbulent flow, and is difficult
to accurately predict the flow separation and other
unstable flow phenomena.9 The overestimate of the
viscous effect would be one important reason why
SST k-! model could not suitably capture the
unstable flow in the test pump.

Figure 7 shows the time-averaged streamlines on
mid-span section of the impeller by using MPANS
model and SST k-! turbulence model. For compari-
son, the available experimental images by PIV test are
also supplied. Calibration has been conducted before
the PIV test. In the figure, 3-part load conditions and
1 stable operation condition are chosen, and marked
as OP1–OP4 as shown at Figure 5, where OP1 repre-
sents the operation at �¼ 0.4�bep, OP2 represents the
operation under �¼ 0.6�bep, OP3 represents the oper-
ation under �¼ 0.75�bep, and OP4 represents the con-
dition of �¼ 1.2�bep.

As observed in the PIV experiments, vortices occur
when the flow coefficient is lower than 0.75�bep. The
vortices are located at the impeller exit near both suc-
tion and pressure side of the blades. As the decrease of
flow rate, the flow instability develops and the vortices
expand in size. At OP1 (�¼ 0.4�bep), each blade-
to-blade passage is blocked off by two vortices, one
is near the suction side of the blade while another is

Figure 6. Turbulent kinetic energy and viscosity on mid-span section for two turbulence models. (a) Turbulence kinetic energy;

(b) Eddy viscosity.
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near the pressure side of the blade. Note that MPANS
model performs well and captures the similar flow
features with the experiments results, while the vor-
tices are only observed in blade-to-blade passage A,
C, E by SST k-! model. Additionally, there are some
differences in the size and location of the vortices
using SST k-! model from the experimental data.
Similar phenomena can be also observed under
other part load conditions. At OP4 (�¼ 1.2�bep), the
streamlines are generally smooth as observed in the
experiments. However, there is a small flow separ-
ation region near the blade pressure side of the
blade-to-blade passage D predicted by SST k-!
model, while two small flow separation regions
occur near the blade suction side in the blade-to-
blade passage A and B based on the simulation by
MPANS model. Therefore, numerical simulation
with both MPANS model and SST k-! model can
partly reproduce the complicated flow in the test
pump. For the flow under the part-load conditions,
MPANS model is preferable and helpful to depict the

flow behaviors and reveal the mechanism of flow
instability.

Thus, MPANS model is applied to investigate the
internal flow in the test pump under part-load oper-
ation conditions in the following text.

Time-averaged internal flow

Figures 8 and 9 show the time-averaged internal flows
by using MPANS model under four typical operation
conditions.

Time-averaged vorticity in z-direction distributed
on the mid-span section of impeller blade is displayed
in Figure 8. It is noted that under the operation con-
dition of �¼ 1.2�bep (OP4), the flow seems smooth
within each blade-to-blade passage with no vortex
blocked between two neighboring blades, though
there are the zones with large value of vorticity near
the leading edge of blade suction side due to slight
flow separation. Further, the vorticity distribution is
similar for each passage. For those part-load

Figure 7. Time-averaged streamlines on mid-span section of the impeller among (a) experiments; (b) MPANS model;

(c) SST k-! model.
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conditions, the vortices attached to blade suction side
at OP3 start to separate and develop to the main flow
passage of the blade-to-blade channel. With the
decrease of flow rate, the vortices with the reverse
direction at the impeller exit become stronger, and
extend to the flow passage inside the impeller.
Under the condition of �¼ 0.4�bep (OP1), the high-
vorticity area almost blocks the inlet of all blade-to-
blade passages while the reverse vortices almost
occupy the passages near impeller exit.

The vortex structures are illustrated by the iso-sur-
face of k2-criterion colored with velocity magnitude as
shown in Figure 9. As the velocity gradient tensor
(rU) can be decomposed into symmetrical part
(S¼ (rUrUþrUT

rUT)/2) and asymmetric part
(O¼ (rUrU-rUT

rUT)/2), k2 is defined as the
second largest eigenvalue of S2

þO2. Note that if the
value of k2 is below zero, the location in the flow field
is a vortex core.24 In the current study, the flow sep-
aration induces rotating stall cell, which exhibits
highly intensive vortex. In Figure 9, the value of k2
on the iso-surface is �10200 s�1. Under the part-load
condition, such as �¼ 0.4�bep (OP1), lots of vortex
cores can be observed at the entrance of blade-to-
blade passage, pressure side of the blade and the
impeller exit. In contrast, there is no strong vortex
at the entrance of blade-to-blade passage under the
operation condition of �¼ 1.2�bep (OP4), which is
accordance with the former results, i.e., no clear

flow blockage at impeller inlet in Figure 7. Further
discussion will be conducted at the section of
Vorticity transport analysis.

The existence of large incidence angle (IA) plays a
significance role in flow separation in a pump impeller
as well as positive slope.25 Note that IA is calculated
according to the blade angle and the relative flow dir-
ection at the blade leading edge. Figure 10 shows the
distributions of time-averaged IA at the circumference

Figure 8. Time-averaged vorticity Z contours on mid-span section of the impeller under four typical conditions.

Figure 9. Iso-surface of k2-criterion on mid-span section of the impeller under four typical conditions.

Figure 10. Incidence angle (IA) distributions under four typ-

ical conditions.
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of impeller inlet on mid-span section at different oper-
ation conditions. It is remarkable that the value of IA
is near 9� even at the condition of �¼ 1.2�bep (OP4).
At the operation condition of �¼ 0.4�bep (OP1), the
distribution of IA ranges from 14.5� to 17�, which is
large enough to cause flow separation at the leading
edge of impeller blade. Further, for those part load
conditions, IA has larger magnitude of vibrations.

In order to capture the characteristic of flow
instability phenomenon, the variation of IA at a
monitoring point in blade-to-blade passage E on the
mid-span section are obtained as shown in Figure 11
in one shaft rotation period at the operation condition
OP3. Note that the monitoring point for IA variation
is marked by a red crosshair in Figure 12. The data at
Figure 11 indicate that IA distributions range from
11.9� to 17.1� within one rotation period of pump
shaft. The large variation may reflect the obvious
vortex evolution accompanying with rotating stall,
i.e. growth, mergence, development and shedding.
For more details about the vortex evolution, three
instants i.e., instant I, instant II and instant III are
selected to reveal the relationship between the internal
flow and vortex evolution in the impeller as shown in
Figure 12.

Figure 12 shows the streamline at three typical
instants under the operation condition OP3. It is
remarkable that the flow exhibits significant IA vari-
ation even at the same location owing to the evolution
of rotating stall. At instant I where IA is 13.2�, the
half of blade-to-blade passage E near suction side
of a blade is occupied by the separation flow, and
the flow seems fluent at the other part of the passage.
At instant II, IA has the peak value of 17.1�. As
demonstrated in the streamline distribution, the vor-
tices merge and a larger separation zone forms in the
blade-to-blade passage. At instant III, the value of IA
reaches the minimum value, indicating the flow at the
entrance of the passage is relative smooth among
three instants. The result shown at Figure 12(c) can
confirm this tendency. Therefore, it is evident that the
obvious variation of IA will disturb the flow stability,
which contributes to the flow separation in the flow
passage, thus results in great energy loss and positive
slope for pump performance. The great change of IA
indicates the revolution of flow separation in blade-to-
blade passage is due to the movement of rotating stall.

Vorticity transport analysis

In order to achieve a deep insight into the mechanism
of rotating stall, which is related with the movement
of vortices in impeller passage, the vorticity transport
equation is employed to analyze the internal flow as
follows

D !!

Dt
¼ !!� r
� �

V
!
� !! r � V

!	 

þ
r�m �rp

�2m

þ �m þ �tð Þr2 !!

ð10Þ

In equation (10), the first term on the right-hand-
side (RHS) is the vortex stretching term by the vel-
ocity gradients, which represents the stretching and
tilting of a vortex. The second term on the RHS is
the vortex dilation owing to volumetric expansion/
contraction. Note that this term comes to zero when
the fluid is incompressible. The third term on the RHS
is the baroclinic torque due to the misaligned between

Figure 12. Streamlines on mid-span section under the condition OP3. (a) Instant I; (b) Instant II; (c) Instant III.

Figure 11. IA distributions in one rotation period of pump

shaft under the condition point OP3.
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density and pressure gradients. This term is negligible
owing to no density change in the flow field. The last
term on the RHS is the viscous dissipation due to
viscous diffusion of the vorticity, which can be neg-
lected owing to its smallest effect on the vortex trans-
port equation in high Reynolds number flow.26 Thus,
only the first term on the RHS is necessary for the
analysis in the current study.

Figure 13 presents the predicted streamlines, iso-
surface of k2-criterion and contours of vortex stretch-
ing term on the mid-span section of the impeller
within one rotating cycle under the operation condi-
tion OP3. The results show that there are strong
vortex movement and great change rate of vortex in
the pump impeller. As the overall feature, there are
large vorticity intensity and vortex stretching term at
the impeller exit and at blade leading edge. In the
blade-to-blade flow passage D, the streamlines are
entangled and the passage is almost blocked off
within the entire rotating circle. A large vortex is
located at the center of the passage and attaches to
both blades. Further, near the impeller exit there is a
vortex cloud in the passage, corresponding with large
vortex stretching term. It is also noted that this blade-
to-blade passage is always blocked off, though there
are vortex oscillations at the inlet and outlet of the
passage. Within this rotating circle, the rotating stall
is located in the blade-to-blade flow passage D. Since
the blade-to-blade flow passage D is blocked off, the
flow is pushed toward the next blade-to-blade pas-
sage. It is clear that the blade-to-blade flow passage
E has larger velocity, especially near the blade pres-
sure side according to Figure 13(a).

In the blade-to-blade passage C, for t¼ 1/6T, a
small flow separation occurs at the blade suction side,
while a vortex near the inlet of the impeller moves
downstream and begin to merge with the larger
vortex. The same vortex cores are also observed by
using iso-surface of k2-criterion. A low-speed vortex
core is located near the impeller exit, which is due to
the flow separation as shown by the streamline distri-
bution. At the same location as the low-speed vortex
core, the vortex stretching term has large magnitudes
along the impeller exit as shown in Figure 13(c).
For t¼ 2/6T to t¼ 3/6T, the flow separation turns to
be a small vortex splitting from the large one, and
moves to the pressure side of the impeller. The vortex
at inlet of the impeller merges with the large one in the
blade-to-blade passage. Meanwhile, a small flow sep-
aration occurs at the pressure side of the blade with an
increase magnitude in vortex stretching term shown in
Figure 13(c). For t¼ 4/6T to t¼ 5/6T, the split vortex
moves to downstream and decays gradually as demon-
strated in Figure 13(a). Near the pressure side of the
outlet, the vortex stretching term decreases dramatic-
ally, with low magnitudes corresponding to the smooth
streamlines. At the same time, a newly born flow sep-
aration seems to develop at the inlet of the impeller.
At t¼ 6/6T, a small flow separation begins to develop

at suction side of the blade and is going to split as
displayed at t¼ 1/6T.

Based on those vortex behaviors, the propagation
process of vortices in the impeller denotes strong
flow separations occur in the blade-to-blade passage,
and the vortices generate, merge with each other and
split. The propagation of rotating stall makes the flow
redistribution in blade-to-blade passages of the pump
impeller. Furthermore, in the transient vortex flows,
the distribution of vortex stretching term is of great
accordance with the vortex cores, which has an
important effect on vorticity transport.

Pressure fluctuations

The mechanism for the pressure fluctuations being
excited by the rotating stall can be observed by
means of setting pressure monitoring points in the
impeller. The arrangement of three monitoring points
is shown in Figure 14. Note that the monitoring point
P1 is near the blade suction side and leading edge, and
P3 is near the blade pressure side and trailing edge.

The non-dimensional parameter i.e. pressure coef-
ficient is defined in equation (11).

Cp ¼
pi � p

0:5�u22
ð11Þ

where pi presents the instantaneous value of static
pressure at a monitoring point, and �p is the averaged
pressure.

It is acknowledged that the pressure will oscillate
dramatically as the stall cells move close a monitoring
point. Figure 15 denotes pressure history at three
monitoring points under the operation condition of
�¼ 0.75�bep (OP3) where rotating stall cell can be
observed. Note that parameter ‘‘T’’ stands for one
rotating cycle of the pump impeller.

Frequency spectrum analysis has been carried out
to capture the rotating stall characteristics. Based on
FFT (fast Fourier transform) method, the typical
pressure oscillations with different frequencies are
recognized as shown in Figure 16. At three monitor-
ing points, two main peaks can be obtained with dif-
ferent frequency, i.e. f¼ 1.46Hz and f¼ 16.67Hz. The
component at f¼ 16.67Hz is the rotational frequency
of the impeller (fn). The dominant component is
regarded as the pressure oscillation due to rotating
stall, whose frequency (fstall) is f¼ 1.46Hz, much less
than the rotational frequency. The result confirmed
that the evolution cycle of rotating stall was approxi-
mately 12 times the period of shaft rotation i.e., T, as
depicted in our previous study.27 At the monitoring
points P1 and P2, the fstall component has much larger
amplitude than the fn component, and at the monitor-
ing points P3 there is identical amplitude for fstall and
fn component. It is also noted that fstall is much lower
than fn, i.e., fstall¼8.76% fn. That means rotating stall
cells propagate in the impeller with a much slower
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Figure 13. Flow on mid-span section of the impeller under the condition point OP3: (a) streamlines, (b) iso-surface of k2-criterion,

(c) vortex stretching term.
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speed. Thus, the period of the rotating stall is 11.4
times of impeller rotating circle. As shown at
Figure 13, the rotating stall cell always stays within
the blade-to-blade passage D in one impeller rotating
circle.

Lagrangian coherent structure

It is clear that Lagrangian coherent structure (LCS) is
helpful to depict the separation flow.22 In the study of
LCS, Finite-Time Lyapunov Exponent (FTLE) refers
to the averaged separation rate of particle trajectories
during a finite time interval, and LCS is defined as the
ridge of the Finite-Time Lyapunov Exponent (FTLE).
In two-dimensional flow, for a fluid particle with

initial position (x0, y0) at time instant t¼ t0 and final
position (xT, yT) at time instant t¼ t0þT, Haller and
Yuan17 defined the FTLE as

�x ¼
1

Tj j
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lmax ’T � ’ð Þ

p	 

ð12Þ

where kmax(’
T
�’) is the maximum eigenvalue of

Cauchy–Green deformation tensor, which represents
the maximum extension of the particle. And ’ is
defined as the deformation gradient tensor which
can be written as

’ ¼

dxT
dx0

dxT
dy0

dyT
dx0

dyT
dy0

2
664

3
775 ð13Þ

In addition, ’T is the transpose of ’.

Figure 14. The location of the monitoring points.

Figure 16. Pressure fluctuations in frequency domain at

three monitoring points.

Figure 15. Pressure history distribution at three monitoring

points.

Figure 17. FTLE distribution on mid-span section.
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Figure 17 presents FTLE distributions in one stall
cycle, which indicates the boundary of the flow sep-
aration on mid-span section of the impeller under the
operation condition of OP3. As shown in Figure 17,
the value of FTLE near blade leading edge and the
impeller exit is relatively high, which indicates strong
separation flows are likely to occur at the entrance
and the impeller exit for each blade-to-blade passage.
The entrance of blade-to-blade passage D is closed by
the cluster of FTLE with large magnitude. Those

results have good agreement with that shown at
Figure 13(c).

Details about LCS on the mid-span section are
shown in Figure 18, where iso-surface of k2-criterion
is also included for blade-to-blade passage C. The
value of FTLE near blade leading edge and impeller
exit is higher than that in blade-to-blade passage. It is
noted that rotating stall induces large-scale separation
in entire region of the pump impeller. In blade-to-
blade passage C, LCS is located near the passage
entrance, the middle of blade pressure side and the
impeller exit. For LCS originated from the blade suc-
tion side, it develops toward the center of the main
stream, and almost attaches to the blade pressure side.
Among five blade-to-blade passages, the flow separ-
ation is the most severe in blade-to-blade passage D,
where the entrance and the exit of the passage are
closed by LCS.

To present the flow separation phenomenon and
transient process of the vortex dynamic, tracer par-
ticles are initially set at leading edge of the impeller
blade and the impeller exit as shown in Figure 19.
Different colors represent the tracer at different time
instant. Basically, the flow in the passage is not fluent.
Near the blade leading edge, five tracer particles are
set as shown in Figure 19(a). ‘‘track 1’’ seems stag-
nant and no clear displacement with 12T; ‘‘track 2’’
and ‘‘track 3’’ move slowly and reach near the
blade finally; ‘‘track 4’’ and ‘‘track 5’’ flow along the
blade suction side, and still in the passage even after
the long period of 12T. As illustrated in Figure 19(b),
tracer particles set at the impeller exit move with very
slow velocity, and almost flock near the blade pressure
side. The tracer distribution shows the history of the

Figure 19. The movement of tracer particles at different locations. (a) Near blade leading edge; (b) Near impeller exit.

Figure 18. LCS on mid-span section.
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fluid particles, indicating the flow blockage due to
the strong separation as well as the vortex movement
in the present passage.

Concluding remarks

In this paper, modified partially averaged Navier–
Stokes (MPANS) turbulence model based on the
standard k-e model is performed to predict the
flow instability in a low specific speed centrifugal
pump. The time-averaged internal flow, flow inci-
dence at the entrance of blade-to-blade passage,
vortex evolution and pressure fluctuations due to
rotating stall, etc. are discussed for different operation
conditions. Furthermore, based on Lagrangian view-
point, two-dimensional FTLE and LCS are used to
analyze the separation flow in blade-to-blade passages
of the pump impeller. Conclusions can be drawn as
follows:

(1) Both characteristic curves and time-averaged inter-
nal flow predicted by the modified PANS model
are in good agreement with the available experi-
mental data. When compared with the SST k-!
model, MPANS model shows better performance
for investigating the flow in the current pump
under part-load conditions.

(2) The flow exhibits significant incidence angle vari-
ation at the entrance of blade-to-blade passage in
the pump impeller owing to the strong separation
flow as well as vortex evolution. In addition, the
evolution period of the rotating stall is around 11.4
times of the pump rotation period.

(3) During the evolution of rotating stall, the separ-
ation flow occurs at blade suction side and develops
from the leading edge to the main passage in the
impeller. The mechanism of strong separation in the
flow passage is originated from the transition of
rotating stall, which is associated with vorticity
transport. It is also noted that the vortex stretching
term has an important effect on vorticity transport
under the part-load operation conditions.

(4) Two-dimensional FTLE and LCS are helpful to
show the flow separation in blade-to-blade pas-
sage. Both LCS and vortex structure by k2 can
clearly depict the passage blockage and flow sep-
aration due to rotating stall under part-load oper-
ation conditions.

(5) Pressure fluctuations are excited by the periodic
evolution of rotating stall. According to the fre-
quency spectrum analysis, the rotating stall fre-
quency (fstall) is much lower than the pump
rotation frequency (fn), i.e. fstall¼8.76% fn.
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Appendix

Notation

bep best efficiency point
Cp pressure coefficient
Ce1, Ce2 turbulence model constants
C� model coefficient
fk unresolved-to-total ratio of kinetic

energy
fn frequency of the impeller
fstall frequency of rotating stall
fe unresolved-to-total ratio of dissipation
H pump head
k, ku total and unresolved turbulence kinetic

energy
M the torque of the rotating shaft
p mixture pressure
pi, �p instantaneous and averaged value of

static pressure
Q flow rate
R2 radius at impeller exit
T one rotating cycle of the pump impeller.
ui velocity in the i-th direction
uj velocity in the j-th direction
u2 peripheral velocity at impeller exit

D the local grid size
eu unresolved turbulence dissipation
� Taylor turbulence length scale
� laminar dynamic viscosity
�t turbulence dynamic viscosity
� laminar kinematic viscosity
�t turbulence kinematic viscosity
qm mixture density
o angular speed
rU, rUT velocity gradient tensor and its

transpose
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