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Time-resolved particle image velocimetry (TR-PIV) measurements were conducted to
analyze the unsteady flow field developing in a centrifugal pump. The flow structures in the
impeller passage under different flow rates were investigated. The overall statistical
characteristics of the flow were obtained with the study of relative phase-averaged
flow field, phase-averaged turbulent kinetic energy (TKE), and the analysis of
frequency. Through the study of the first few proper orthogonal decomposition (POD)
modes of the flow field, the coherent flow structures under several flow rates were
revealed, consequently, the flow fields were reconstructed by the POD modes. Results
show that the main flow structures could be reflected by the first few modes of the flow
field: when the fluid follows the blade contour well, the first fewmodes corresponded to the
“jet-wake” structures; when the large-scale flow structures appear in the passage, the 1st
and 2nd modes were associated in pairs and corresponded to the stall cells, the 3rd and
4th modes corresponded to the “jet-wake” structures, and the 5th and 6th modes
corresponded to the passage vortexes or the “jet-wake” structures (for the extreme
part-load conditions). The flow structures that were reflected by the first few modes
change as the decrease of flow rate, especially, at the extreme part-load condition, not only
the shapes of the flow structures changed, but also the flow direction is reversed. This
indicates that the generation mechanism of turbulent kinetic energy in the flow passage
changed at the extreme part-load conditions.
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1 INTRODUCTION

Centrifugal pumps consume about 20% of the total generated energy in the world due to their
extensive usage in petrochemical, chemical, coal, chemical, pharmaceutical, and other process fields
(Arun Shankar et al., 2016; Bozorgasareh et al., 2021). Improving the efficiency and stability of
centrifugal pumps is an urgent request for sustainable development (Krause et al., 2005; Keller et al.,
2014; Zhang et al., 2020; Zhang et al., 2021). While unsteady flow structures is the core technical
problem to centrifugal pumps’ improvement.

Numerous studies have revealed the relationship between the pump operation instability and the
unsteady flow structures. Tan et al. (2017) investigated the role of blade rotational angle in the energy
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performance and pressure fluctuation of a mixed flow pump and
found that the maximum amplitude of pressure fluctuation in the
impeller at a blade rotational angle of 4° is greater than that of a
blade rotational angle at 0°and 4°, the performance was caused by
the strong vortex intensity. Santolaria Morros et al. (2011)
explored operation characteristics of a pump in reverse mode
involved in unsteady flow pattern and forces. These results
demonstrated that fluctuations derived from blade-tongue
interactions possess up to 25% of steady component,
constituting a serious risk of fatigue failure. Xia et al. (2014)
investigated the rotating stall of a pump-turbine in pump mode,
and they concluded that under rotating stall condition, the
enforced rotating non-uniform pressure distribution on the
circumference acting on the impellers can result in a stronger
sub-synchronous fluctuation of radial force, which leads to rotor-
dynamic instabilities and strong vibrations. Moreover, the
difference of pressure fluctuations on both sides of the guide
vanes induces torque variations, which may have adverse
influence on the machine operation. Kaupert (1999) and
Kaupert and Staubli (1999) investigated the unsteady pressure
field within a high specific speed centrifugal pump impeller, and
they found that the hysteresis loop of the pump may be caused by
the backflow at the runner outlet and recirculation at the
runner inlet.

The analysis of energy loss within a pump reveals that
turbulent dissipation could cause the energy loss. Ghorani
et al. (2020) studied the irreversible energy losses within the
pump as turbine (PAT), and they found that the blade inlet shock,
flow deviation at the blade outlet, flow separation, backflow, and
vortices in flow passages were categorized as the main reasons for
irreversible hydraulic losses within the PAT components. Their
results indicate that the turbulent entropy generation is the
dominant mechanism for hydraulic losses. Shi et al. (2020)
investigated the velocity distribution in the tip clearance of a
multiphase pump, their results show that the flow separation
phenomenon occurred at the radial coefficient of 0.97 and led to
the increase of the turbulent energy loss of the pump. Li et al.
(2018a) analyzed the hydraulic loss and flow field in a PAT, their
results show that the increase in hydraulic loss in the runner is
caused by the backflow and accompanying vortices at the runner
inlet near the shroud. On the other hand, the increase in hydraulic
loss in the stay/guide vanes is caused by the flow separation and
separation vortices near the hub or the shroud. In order to further
enrich the theory of rotational stall, Li et al. (2020a) and Li et al.
(2020b) explored the mechanism of internal energy loss in the
mixed-flow pump under stall conditions. They found that the
high-value region of turbulent kinetic energy was basically
corresponding to the backflow region of the impeller outlet
and the separation region of the boundary layer near the
suction surface, which led to a great increase of energy loss in
the impeller.

The aforementioned investigations reveal that unsteady flow
structures are responsible for the operation stability and energy
loss. The flow structures inside the turbomachines are very
complicated, including stall sell, flow deviation, flow
separation, backflow, and vortices in flow passages, etc. These
flow structures overlap and interact with each other, and it is

difficult to obtain the characteristics of a single flow structure and
the losses. However, when designing the pump, structural
optimization is mainly to suppress the main flow structure
that produces instability and loss. Therefore, it is necessary to
extract these main flow structures from the flow field and analyze
their characteristics. Nowadays, the PODmethod has been widely
used to identify the most important and energetic structures
dominated in the flow field. Li et al. (2018b) analyzed the airflow
characteristics of thermal plumes inside a small space with POD,
and the spatial and temporal characteristics of thermal plumes
were identified. Lim et al. (2019) extracted POD modes of flow
field about the free jets issued from V-notched nozzles, and the
results showed that there was energy redistribution from low-
order modes to higher-order modes along both PP- and TT-
planes of both notched nozzles. Zhou et al. (2021) implemented
the POD analysis to reveal the dominant modes of the flow field
near the trailing edge of a pitching NACA 0012 airfoil. Tang et al.
(2020) used a POD method to decompose the flow structures
downstream of a dynamic cylindrical element in a turbulent
boundary layer. Yang et al. (2019) applied the POD method to
uncover the relation of the instantaneous energetic large-scale
turbulent structures to the dominant POD modes. Moreover,
POD has also been used to analyze the coherent structures in
turbomachines. Han and Tan (2020) used a POD method to
decompose the tip leakage vortex in amixed flow pump as turbine
at pump mode and found that POD could capture the main
coherent structures of tip leakage vortex. Semlitsch and Mihăescu
(2016) applied POD on the analysis of the flow structures
appearing in a centrifugal turbocharger compressor. However,
the focus of all recent studies has been made on the volute or
diffuser, and little research has been done on the flow field
characteristics inside the impeller.

In the present work, a TR-PIV system was utilized to measure
the flow fields in a special voluteless centrifugal pump. The phase-
averaged relative velocities, TKE, and frequency analysis were
obtained to analyze the overall statistical characteristics of the
flow. The POD method was used to decompose and reconstruct
the passage flow. The contributions to the overall energy and the
spatial/temporal behavior of the large-scale flow structures were
analyzed in detail, and the dynamic and kinematic energy
characteristics of the coherent flow structures that were in the
impeller were revealed. Understanding the dynamic and energy
dissipation characteristics of the unstable flow structure in the
pump would allow inventing improved design methods for
delaying or suppressing the unstable flow structures.

2 METHODOLOGY

2.1 Experimental Setup
The pump was subjected to a closed loop (containing a variable
frequency drive system, two pressure sensors, three discharge
valves, and an electronic flowmeter), which have been already
described by Li et al. (2020c). The test pump is a special voluteless
centrifugal pump. The impeller and pump casing are made of
transparent plexiglass to visualize the flow. Figure 1 shows the
test rig and test pump. The main characteristics of the impeller
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are listed in Table 1. Water was used as working fluid in
the pump.

2.2 Time-Resolved Particle Image
Velocimetry
A TR-PIV system from Lavision was used to obtain a 2D velocity field.
The main components are a laser, a laser guiding arm, a high-speed
CMOScamera (PhantomMiro320), anda synchronizer. A commercial
software package (DaVis 10.1.2, LaVision) was used to control the
image acquisition timing and obtain the velocity fields. The flow was
seeded with glass hollow spheres, the diameters ranged from 9–13 μm,
and the density is 1050 kg/m3. During the test, the particles were
scattered well in the pump. The laser guiding arm and light sheet optics
system forms a light sheet of 1mm thickness and directed along the
mid-plane of the impeller. The CMOS camera with 1920 × 1200 pixels
was used to acquire images, a Nikkor f = 50mm, f/1.4 objective from
Nikon Corporation was used and an optical filter with a 527-nm high
passfilter was installed in front of the camera in order to increase signal-
to-noise ratios. The camera was aligned perpendicularly to the laser
sheet. The acquisition area contains a complete flow path with a
resolution of 0.13 mm/pixel. The maximum frame rate of the
camera is 1380Hz at full resolution, and the minimum frame

interval is 1.4 μs. A triggering system (shaft encoder) was used on
the rotating shaft, and images were acquired in the same phase of each
cycle. The images were processed by the LaVisionDavis 10.1.2 software.
Themultiple interrogationmethodwas used to process the images. The
interrogation windows decrease in size in successive iterations: 64 × 64
pixelswith 50%overlap, and32×32pixelswith 75%overlap.According
to Wernet (2000) the associated uncertainty in the instantaneous PIV
velocity estimateswas of 1%of themeasured velocity, and the remaining
particle lag errors arising from non-uniform particle seeding or particle
lag are also assumed to be less than 1%, so the relative uncertainty in
particle displacement was estimated as 2%.

2.3 Proper Orthogonal Decomposition
The idea of the POD approach is to find themaximized projection of
the collected velocity fields onto an orthogonal basis. Moreover, it
was introduced into turbulence analysis by Lumley (1967) and
Holmes et al. (1997). In the present study, implementation of the
POD analysis was based on the mathematical procedure described
by Sirovich (1987). A summary of the method is reported here. In
the 2D measurement plane, the instantaneous PIV snapshots are
arranged into a matrix V:

V �

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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M

v11 v21 / vN1
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.

v1M v2M / vNM

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(1)

whereM is the number of spatial nodes in a single snapshot, N is
the total number of time steps, u denotes the horizontal velocity
component, and v is the vertical velocity component. The
fluctuating matrix, V′, is then calculated by subtracting the
mean velocity field, �V, from V.

FIGURE 1 | Test impeller.

TABLE 1 | Impeller geometry.

Parameter name Symbol Value

Inlet diameter (mm) D1 71
Outlet diameter (mm) D2 142
Blade height at inlet (mm) b1 7
Blade height at outlet (mm) b2 7
Blade number Z 5
Inlet angle of blade (°) β1 28
Outlet angle of blade (°) β2 34
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Next, the auto-covariance matrix is formed as follows:

CNXN � V′TV′ (2)
The eigenvector Ai and eigenvalue λi can be solved as follows:

CAi � λiAi (3)
The solutions are ordered according to the magnitude of the

eigenvalues:

λ1 > λ2 >/> λN ≥ 0 (4)
The spatially orthogonal POD mode may be obtained by:

ϕi � V′Ai (5)
The fluctuating part of the instantaneous velocity field can be

calculated with the POD modes by:

V′recon � ϕaT (6)
where a is the corresponding temporal coefficient.

2.4 Measurements Conditions
The measurements were carried out at a pump rotation speed of
1200 rpm, which corresponds to fBP = 20Hz and a blade tip speedUtip

of 8.92m/s. The best efficiency point (BEP)was observed at aflow rate
of QBEP = 2.4m3/h. In addition, the experiments were carried out at
four flow rates: 0.2 QBEP, 0.4 QBEP, 0.6 QBEP, and 1.0 QBEP. For each
flow rate, successive double images were taken every impeller rotation.
Therefore, the image collection frequency is 20Hz. The passages have
been numbered from 1 to 5 as presented in Figure 1B. A convergence
analysis at four reference points (Figure 1B) showed that convergence
starts at about 150 double images (results not shown). Nevertheless, at
least 200 double images were obtained for all the results reported
herein. Since the development trend of the fluid inside each flow
passage is relatively similar with the change of flow rate, the study
focuses on the passage 1 shown in Figure 1B. Since the state of the
fluid before entering the impeller directly affects the flow state inside
the impeller, the study area includes the flow area between the impeller
and the shaft, as shown in Figure 1B.

3 RELATIVE PHASE-AVERAGED FLOW
FIELD AND STATISTICS

3.1 Relative Phase-Averaged Flow Field
A preliminary view of the influence of flow rate on the impeller
passage can be gained by the time averaged flow field. The

FIGURE 2 | Phase-averaged in-plane relative velocity.
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relative phase-averaged flow field of an impeller passage has
been widely described in previous publications (Westra et al.,
2010; Li et al., 2020d). Figure 2 shows the phase-averaged
relative velocity maps for different flow rates. The contour
maps are colored by the vector magnitude, which is
normalized by Utip. The relative velocity is obtained by
W � U − ωr, where U is the absolute velocity and ωr is the
local velocity of the impeller. When the flow rate is 1.0 QBEP,
the fluid at the inlet near the suction side enters the flow
passage along the blades with a high velocity, and the fluid
follows the blade contour very well. Nevertheless, ‘jet-wake’
phenomenon is still present. When the flow rate is 0.6 QBEP,
the fluid near the suction side deviates from the suction side
due to the increase of the attack angle, resulting in blockage.
Then the fluid entering the passage is greatly reduced, its
velocity is also significantly reduced, resulting in the
appearance of a vortex at the suction side. When the flow
rate is 0.4 QBEP, the inlet fluid deviates from the suction
surface more severely, causing the suction side of the vortex
to increase in size, and a smaller vortex appears at the
pressure side. When the flow is further reduced to
0.2 QBEP, the scales of the two vortexes are further
increased. From the average relative velocity field, the
deviation of the inlet fluid is a key factor that causes the
instability of the flow in the passage. In addition, for all flow
rates, the ‘jet-wake’ phenomenon at the outlet intensifies as
the flow rate decreases.

3.2 Phase-Averaged TKE Distribution
It is of particular interest to observe the mean TKE distribution of
the velocity field as it is the component responsible for the total
energy distribution of injected momentum over the flow field.
Figure 3 shows the normalized phase-averaged TKE distributions
for different flow rates. Because of the limitations of 2-D
measurements, the phase-averaged TKE is calculated through
fluctuating components of velocity as shown below:

Kp
2D � 1

2
· u′u′ + v′v′

U2
tip

(7)

As shown in Figure 3, a global view on the flow field shows
that the high TKE values are observed at the passage inlet and
outlet, which is consistent with Pedersen (2000). For the flow rate
1.0QBEP, the high TKE area is located at the passage outlet, which
is probably due to the “jet-wake” phenomenon. In addition,
compared with other flow rates, the maximum value of TKE is
the smallest when the flow rate is 1.0 QBEP due to the relatively
uniform flow in the flow channel. For the part load flow rates,
high TKE values at the passage inlet near the suction side become
maximum, and the other turbulence sheet with less TKE can be
observed at the middle of the passage outlet. For the flow rate
0.6 QBEP, flow instability causes blockage at the inlet, making the
inlet fluid accelerate, causing a larger shock effect at the inlet, and
therefore, generating the maximum turbulent energy. As the flow
rate decreases, the flow velocity at the inlet decreases gradually

FIGURE 3 | Normalized phase-averaged TKE distributions.
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due to the increase of the inlet blockage. Therefore, the maximum
value of TKE in the passage decreases gradually. In addition, the
deterioration of the internal flow field causes a gradual increase in

the area with high TKE values. The high value area located at the
inlet extends toward the pressure side, and the high value area
located at the outlet extends toward the pressure side, the suction
side, and the inlet direction, respectively.

3.3 Velocity Spectra
According to the distribution characteristics of the relative
phase-averaged velocity and TKE field, four points (marked
with a black dot in Figure 1B) are selected for velocity
spectrum analysis. Points 1 and 3 are located in the high
TKE values area, and points 2 and 4 are located in the core
area of the two vortexes, respectively. For this analysis the fast
Fourier transformation (FFT) was used within a MATLAB
2014 algorithm. Because there is no unsteady flow generated
at the flow rate of 1.0 QBEP, the spectral analysis is only
performed for the flow fields of 0.2 QBEP, 0.4 QBEP, and
0.6 QBEP. Figure 4 reveals that the dominant frequencies at
flow rates of 0.6 QBEP, 0.4 QBEP, and 0.2 QBEP are 2.2, 3.3, and
6 Hz, respectively. All PSDs were normalized by the maximum
peak amplitude value (for the point 1, at the flow rate of
0.2 QBEP). These frequencies lie in the range of 11–30% of the
rotor speed, which is known as a typical propagation speed of
a stall cell (Pedersen et al., 2003; Krause et al., 2007). As shown
in Figure 4A, for the flow rate of 0.6 QBEP, the second and
third peaks at point 2 are at 5.0 and 5.9 Hz, respectively. At
point 4, the second peak is at 3.1 Hz, and some other peaks are
at 4.0 Hz, 5.0 Hz, and so on, meaning the existence of other
second flow structures in the vortex region near the suction
and pressure side. The highest peak at point 3 is at 3.1 Hz, the
second and third peaks are at 3.28 and 4.8 Hz, respectively.
These frequencies do not coincide with the main frequencies
but are equal or close to the other frequencies at points 2 and
4, probably due to the mixing of the upstream flow at the
outlet. As shown in Figure 4B, for the flow rate of 0.4 QBEP,
the second peak at point 2 is at 6.5 Hz. At point 3, the highest
peak is at 6.5 Hz, which is consistent with the second peak at
point 2. At point 4, the second and third peaks are at 5.7 and

FIGURE 4 | Spectra of the velocity fluctuationsmeasured at three points,
(A) 0.6 QBEP, (B) 0.4 QBEP, and (C) 0.2 QBEP.

FIGURE 5 | Eigenvalue convergence as a function of ensemble size.
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4.0 Hz, respectively. As shown in Figure 4C, for the flow rate
of 0.2 QBEP, the highest peaks are at 6.0 Hz at points 1, 2, and
4. But the highest peak for point 3 is at 8.2 Hz. Point 2 has a
second peak at 8.1 Hz and a third peak at 6.7 Hz, indicating
that the suction side appears to have the small-scale
structures.

4 PROPER ORTHOGONAL
DECOMPOSITION RESULTS

For each flow rate, 200 instantaneous vector fields are used to
perform the POD analysis by the POD code in MATLAB. The
sensitivity of the POD analysis in relation to the number of
the vector fields is studied for the flow rate of 0.4 QBEP. The
results obtained for the first six eigenvalues are plotted in
Figure 5. The magnitude of the first four largest eigenvalues
does not change significantly when the number is larger than
150. This indicates that the number of velocity fields 200 is
sufficiently large for providing statistically converged results.

4.1 Flow Energy Distributions
The distribution of the relative TKE content (λi/∑N

1 λ
i) associated

with the individual mode is shown in Figure 6A, and the values
for the first 10 modes are shown in Table 2. The cumulative
energy contents (∑m

1 λ
i/∑N

1 λ
i) for different numbers of the POD

modes are shown in Figure 6B. For the flow rate of 1.0 QBEP, the
cumulative energy content is 53.35% for the first 10 modes and
21.8% for the first 2 modes. As for the other flow rates of
0.2–0.6 QBEP, their cumulative energy content for the first 10

modes is 77.09, 81.2, and 83.98%, respectively. For the first two
modes, it is 47.45, 55.58, and 62.98%, respectively. These
distributions indicate that there is significant energy
redistribution to POD modes for different flow rates. It
suggests that for the flow rate of 1.0 QBEP, the large-scale and
coherent flow structures that are associated with lower POD
modes are the most incoherent and minimum. For the other flow
rates, the large-scale and coherent flow structures are being
rendered more incoherent and smaller scale as the decrease of
flow rates. Which indicates the energy is redistributed to the
higher POD modes and the flow structures are more complex as
the flow rate decreases. This trend is consistent with the mean
flow characteristics described earlier. For all the flow rates, the
energy content does not show classical distribution: the energy
content for the first mode is much higher than that for the second
mode, and also the following modes do not look like they are in
pairs. Furthermore, the largest energy content reduction occurs
for the first mode as the decrease of flow rate, which would
correspond to the change of the large-scale coherent flow
structures.

4.2 Analysis of POD Modes 1 and 2
4.2.1 Vector Plots
Figure 7 shows the vector plots for the first two modes, the
contour maps are colored by the vector magnitude which is
normalized by Utip. For the flow rate of 1.0 QBEP, the large flow
structures are detected at the passage outlet that is near the
pressure side for both modes. In addition, the area is consistent
with the high TKE area that is shown in Figure 3. Both modes
display similar structures as shown in Figure 7, which illustrates
the presence of alternate counter-rotating vortexes, reflecting the

TABLE 2 | Specific values for the first 10 modes.

Mode 1 (%) Mode 2 (%) Mode 3 (%) Mode 4 (%) Mode 5 (%) Mode 6 (%) Mode 7 (%) Mode 8 (%) Mode 9 (%) Mode 10 (%)

0.2 QBEP 32.82 14.63 7.4 6.52 3.86 3.19 2.61 2.34 2.0 1.69
0.4 QBEP 41.32 14.26 7.03 5.57 2.97 2.68 2.32 1.94 1.57 1.52
0.6 QBEP 49.50 13.48 5.35 4.96 2.48 2.33 1.68 1.5 1.37 1.29
1.0 QBEP 13.83 7.98 5.73 4.74 4.49 4.07 3.47 3.22 3.05 2.77

FIGURE 6 | (A) Energy contribution of each mode and (B) cumulative energy contents.
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mutual interaction process occurring between the backflow and
the outflow. As for the flow rate of 1.0 QBEP, the fluid in the
passage follows the blade very well, thus no large-scale coherent

structures in the passage have been observed. However, due to the
complexity of the flow in the passage, the low energy fluid has
been swept toward the suction side, and the high-energy fluid has

FIGURE 7 | The vector plots of the first and second modes for different flow rates. (A) First mode, (B) second mode.
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been forced toward the pressure side. Therefore, the “jet-wake”
structure is taken place at the outlet of the impeller, and the high-
energy fluid near the pressure side results in a jet region (Pedersen
et al., 2003). The first two modes are the reflection of the mixing
of the “jet-wake” (Pedersen et al., 2003), which means that the
energy losses are mainly from the “jet-wake” structure for the
flow rate of 1.0 QBEP.

As for the flow rates of 0.2 QBEP to 0.6 QBEP, large flow
structures are detected in the passage. For the first mode, at the
flow rate of 0.6 QBEP, the kinetic energy is concentrated near
the suction side along the passage, a large-scaled anticlockwise
vortex structure near the pressure side is observed at the
impeller inlet, and an anticlockwise vortex with the same
scale is downstream this vortex. The upstream vortex blocks
the passage inlet, since the vortex is closer to the pressure side,
the fluid near the suction side is accelerated. As the fluid flows
downstream, the accelerated fluid bends and forms the second
vortex at the leading edge of the pressure side. As the flow rate
further decreases to 0.4 QBEP, the kinetic energy is

concentrated at the passage inlet, and the downstream
vortex disappears, the scale and strength of the upstream
vortex increase, due to the stronger blocking effect. When
the flow rate decreases to 0.2 QBEP, the upstream vortex turns
rotating clockwise, and the flow direction in the passage begins
to reverse. Indicating the vortex dynamics is different from
that at 0.4 QBEP, and the turbulent kinetic energy is mainly
caused by reverse flow. For the flow rates of 0.2 QBEP to
0.6 QBEP, the position of accelerated area is consistent with
the high TKE area that is near the passage inlet.

For the second mode, at the flow rate of 0.6 QBEP, the
kinetic energy is concentrated at the middle of the passage, a
large-scaled clockwise vortex structure near the suction side is
observed at the impeller inlet. In addition, an anticlockwise
vortex with the same scale near the pressure side downstream
the vortex is observed. Both vortexes are induced by the inlet
fluid that is near the pressure side. At the passage outlet, a
small-scaled vortex is observed downstream the anticlockwise
vortex. At the flow rate of 0.4 QBEP, the scales of the two large-

FIGURE 8 | Temporal characteristics of mode 1 and mode 2. (A) Temporal coefficients of the first two modes; (B) FFT distribution of the first two modes.
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scaled vortexes are smaller than that at 0.6 QBEP, but the scale
of the vortex near the passage outlet is much larger than that
at 0.6 QBEP. At the flow rate of 0.2 QBEP, the kinetic energy is
concentrated near the pressure side at the outlet of the
passage, and an anticlockwise vortex is detected. For the
flow rates of 0.2 QBEP to 0.6 QBEP, the positions of the
vortexes that near the outlet are consistent with the high
TKE area that nears the passage outlet.

4.2.2 Temporal Characteristics
Although there is no classical paired distribution between the first
and second modes from the energy content distribution, the flow
structures for the first two modes are complementary. To further
investigate this observation, the corresponding temporal
characteristics are determined. The normalized temporal
coefficients (normalized by the maximum value for 0.6 QBEP)
of the first two modes are shown in Figure 8A, their normalized
frequency spectra (normalized by the maximum peak amplitude
value for 0.6 QBEP) are shown in Figure 8B. The cross-
correlations between the coefficients are shown in Figure 9.
All cross-correlation values are normalized by the same peak
amplitude value of cross-correlation values. At the flow rate of

1.0QBEP, the temporal coefficient for both modes does not exhibit
regular variation, and no prominent spectral peak has been
found, meaning that no regular vortex shedding persists.
Therefore, the structures in the “jet” region might be small-
scale fluctuations, or the vortex shedding processes could not be
resolved due to the limited time resolution. For the sake of
simplicity, the temporal coefficients, the frequency, and the
spectra cross-correlations are not shown in the figures.

At the flow rate of 0.6 QBEP, the temporal coefficients for the
first two modes have the same variation properties except that the
variation strength for the second mode is smaller than that for the
first mode, and the cross-spectrum showed that the two modes
have 0.2 s time lag led by the second mode. Furthermore, a well-
defined peak frequency for bothmodes corresponding to 2.2 Hz is
identified. This is consistent with the frequency of stall cell
described in Section 3.1. The distinct single peak indicates
that there is a single flow phenomenon described by the first
two modes at the flow rate of 0.6 QBEP. All the above temporal
characteristics for the first and second modes display excellent
matches, indicating that the first two modes are different phases
of the stall phenomenon.

At the flow rate of 0.4 QBEP, the matching degree for the two
modes is smaller than that at 0.6QBEP. The variation properties
of temporal coefficient for the two modes are different; a
distinct single peak is identified at 3.3 Hz for the first mode,
whereas for the second mode, two peaks are identified, the
dominant peak occurs at 3.3 Hz and the other peak occurs at
6.5 Hz with a small amplitude. Furthermore, the cross-
spectrum showed less correlation between the two modes.
The frequency 3.3 Hz is consistent with the frequency of the
stall cell described in Section 3.1. In addition the frequency of
6.5 Hz is consistent with the frequency corresponding to the
highest peak of point 3 in Section 3.1. From the vector plots of
mode 2 as shown in Figure 7B, the position of point 3 is exactly
in the small-scale vortex area at the outlet. Therefore, it can be
concluded that the frequency of this small-scale vortex
structure is 6.5 Hz. In addition, the second peak of point 2
is also at 6.5 Hz, so it can be inferred that this small-scale
vortex is caused by the backflow structure that is induced by
the suction side vortex at the outlet. It is precisely because of
this small-scale vortex structure that the correlation between
the first mode and the second mode is reduced. However, they
still mainly reflect the characteristics of the stall phenomenon.

At the flow rate of 0.2 QBEP, the flow structures become more
complex, the vector plots and temporal coefficients do not show
obvious correlation between the two modes. But the spectral
peaks for the two modes both correspond to 6 Hz, the cross-
spectrum also shows some correlations between the two modes,
suggesting the possibility of limited matches between the
two modes.

4.2.3 Analysis of Higher POD Modes
Figure 10 shows the vector plots for the third and fourth
modes. The kinetic energy at different flow rates is
concentrated at the passage outlet, and the flow structures
are very similar to the first and second modes at 1.0 QBEP,
indicating that both the third and fourth modes mainly reflect

FIGURE 9 | Cross-correlation between the first mode and the second
mode. (A) 0.6 QBEP, (B) 0.4 QBEP, (C) 0.2 QBEP.
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FIGURE 10 | The vector plots of the third and fourth modes for different flow rates. (A) Third mode, (B) fourth mode.
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the characteristics of the ‘jet-wake’ structures. The flow
structures extend toward the suction side along the outlet
with the decrease of flow rate. For all the flow rates, the
distributions of temporal coefficients and cross-spectrum
between the third and fourth modes show that there is no
obvious correlation between them. Therefore, only the
frequency spectra are presented in Figure 11. The
frequency spectra distributions are very noisy and multiple
peaks at relatively low amplitudes can be observed. The peak
frequency situations are also very intriguing. At the flow rate of
0.6 QBEP, the peak frequencies ranked in terms of amplitudes
are detected at 3.06, 5.24, 7.32, and 4.0 Hz for the third mode,
and 3.82, 8.4, 5.4, and 3.06 Hz for the fourth mode. At the flow
rate of 0.4 QBEP, the peak frequencies occur at 4.26, 6.33, and
8.1 Hz for the third mode and 3.25, 2, 6.5, and 5.5 Hz for the
fourth mode. While at the flow rate of 0.2 QBEP, the peak
frequencies ranked in terms of amplitudes are detected at 6.0,
3.5, 8.1, and 2.1 Hz for the third mode, 6.0 and 8.2 Hz for the
fourth mode. In addition, some of these frequencies coincide
with those detected in Section 3.1. This suggests that at the
outlet, the interaction between the upstream flow structure and
the outlet flow structure creates the ‘jet-wake’ structures.

Figures 12–14 show the vector plots, the temporal frequency
spectra, and the cross-correlations between the coefficients for the
fifth and sixth modes. At the flow rates of 1.0 QBEP and 0.2 QBEP,
the kinetic energy is concentrated at the outlet of the passage, very
similar to the “jet-wake” structures, and no obvious peak can be
identified for their frequency spectra. Therefore, the results for
the flow rates of 0.6 QBEP and 0.4 QBEP are analyzed. At the flow
rate of 0.6 QBEP, the kinetic energy for both modes is almost
evenly distributed in the whole passage, and three large-scale
vortexes can be seen for both modes. In addition, there are some
other small-scale structures. For the frequency spectra, the
maximum amplitude peaks are distinct and occur at 5.0 Hz for
both the fifth and sixthmodes. The cross-spectrum shows that the
two modes have 0.1 s time lag led by the sixth mode. So that the
dominant structures that are described by the two modes
represent the same flow phenomenon, we introduce the
passage vortexes. The frequency about 5.0 Hz is consistent

with the frequency corresponding to the second peak of point
1 and the third peak of points 2 and 4 that were detected in
Section 3.1, indicating that the passage vortexes are induced by
the stall cell. At the flow rate of 0.4 QBEP, the main flow structures
for both modes are also passage vortexes in the passage, but the
energy in the outlet area is more concentrated. The frequency
spectrum for both modes is also very similar. The maximum
amplitude peaks for both modes occur at 6.5 Hz, which is also
consistent with the frequency corresponding to the second peak
of point 2 and the highest peak of point 3 that were detected in
Section 3.1. But their cross-spectrum shows that their correlation
decreases a lot. This is due to the appearance of the flow structures
corresponding to the next highest peaks: 6.45 and 6.78 Hz
correspond to the fifth and sixth modes. This means that the
dominance of passage vortexes has been affected by the passage
outlet structures. For the seventh mode, the vector plots exhibit
smaller and irregular structures. In addition, no obvious peak can
be identified for their frequency spectra, too. After the seventh
mode, the structures of the higher modes become increasingly
random and irregular; the details will not be repeated for the sake
of brevity.

4.2.4 Mode Reconstruction
Figure 15 shows the reconstructed vector plots using mean
velocity and a few lower modes at an arbitrary time at 0.6 QBEP

and 1.0 QBEP. At the flow rate of 0.6 QBEP, it is evident that the
first two modes are sufficient to capture the largest-scale vortex
which has been marked with a red rectangle in Figure 15A.
The general structure of the other two vortexes (also marked
with a red rectangle) can also be described, but their shapes
and scales are significantly different from the raw flow field. As
the number of modes considered in POD flow reconstruction
increases, the structure of the two vortexes is closer to the raw
flow field. When the first seven modes are used, the other two
vortexes are basically the same in scale as those in the raw flow
field, except for their different shapes. In addition, the flow
reconstructed from 20 modes appears identical to the raw data
in terms of vector plots. At this time, the energy occupied by
the first 20 modes is more than 90% of the total energy. This is

FIGURE 11 | FFT distribution of the third mode and the fourth mode. (A) 0.6 QBEP, (B) 0.4 QBEP, (C) 0.2 QBEP.
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FIGURE 12 | The vector plots of the fifth and sixth modes for different flow rates. (A) Fifth mode, (B) sixth mode.
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another indication that the chosen sample size for the number of
flow fields is adequate. In addition, the large-scale structure in the
flow field can be well displayed by the first seven modes, which
means that the coherent structures in the flow field are mainly
composed of the stall structure at the inlet, the “jet wake” structure
at the outlet, and the passage vortex structure in the passage.
Therefore, during the design of centrifugal pumps, it is suggested to
consider suppressing these three types of flow structures, especially
the stall structure caused by inlet blockage. This can provide
guidance for the design of centrifugal pumps.

At the flow rate of 1.0 QBEP, the deviation trend of the fluid
from the pressure blade near the outlet is captured by the first two
modes. As the number of modes considered in POD flow

reconstruction increases, the deviation degree of the fluid
increases slowly (the deviation area has been marked with a
red rectangle in Figure 15B), and the flow structure is closer to
the raw flow field. When the flow is reconstructed from 20modes,
the deviation degree is obviously smaller than that of the raw field.
At this time, the energy occupied by the first 20 modes is 71.2% of
the total energy. This means that more energy is allocated to
higher-order modes when the flow field is without a large-scale
flow structure. Therefore, the flow field reconstructed from the
first few modes is not enough to express the flow characteristics.

5 CONCLUSION

The unsteady behavior of flow structures in a centrifugal pump is
investigated by means of TR-PIV measurements. Four cases with
different flow rates, e.g., 0.2QBEP, 0.4QBEP, 0.6QBEP, 1.0QBEP, are
chosen for investigation. The POD method is employed to
decouple and reconstruct the coherent structures of flow fields.
The main conclusions can be drawn as follows:

1) The mean results show that the decrease of the relative
velocity and the deviation to the suction side of the inlet
fluid are the main causes of unstable flow. The TKE statistical
results show that at the flow rate of 1.0 QBEP, the highest TKE
value area is located at the passage outlet due to the “jet-wake”
phenomenon; for the part load flow rates, the highest TKE
values are concentrated at the passage inlet near the suction
side due to the larger shock effect of the inlet flow. The
velocity spectra results show that the dominant frequencies
for part load flow rates reveal a typical propagation speed of a
stall cell.

2) For the best efficiency point (1.0 QBEP), the fluid follows
the blade contour very well. In addition, the main POD
modes show that the coherent structures are located at the
passage outlet and are shown as alternate counter-rotating
vortexes, which is due to the mixing of the “jet-wake”
structures.

FIGURE 13 | FFT distribution of the fifth mode and the sixth mode. (A) 0.6 QBEP, (B) 0.4 QBEP.

FIGURE 14 | Cross-correlation between the fifth mode and sixth mode.
(A) 0.6 QBEP, (B) 0.4 QBEP,
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3) For the medium part-load condition (0.4 QBEP to 0.6 QBEP),
the first and second modes are found to be associated in pairs
corresponding to the stall cells. However, the flow structures
of the first two modes change as the flow rate decreases,
resulting in the weakening of the correlation between the first
and secondmodes, and the increase of stall cell frequency. The
third and fourth modes are found to be associated with the

‘jet-wake’ structures; some of the frequencies for the third and
fourth modes are consistent with the frequencies of the
velocity spectrums, indicating that the interaction between
the upstream flow structure and the outlet flow structure
creates the “jet-wake” structures. The fifth and sixth modes are
found to be associated with the passage vortexes, and the
passage vortexes are induced by the stall cell.

FIGURE 15 | Comparison of vector plots between the raw and reconstructed fields. (A) 0.6 QBEP, (B) 1.0 QBEP.
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4) For the extreme part-load condition (0.2 QBEP), the
characteristics of the stall cells are different from that at
medium part-load condition: the stall cells shown in the first
and second modes are reverse flow, the rotation directions of the
stall cells are opposite to that of the medium part-load condition,
indicating the turbulent kinetic energy of the internal flow is
mainly caused by the reverse flow; furthermore, the third to sixth
modes are all displayed as jet-wake characteristics.

5) POD can reconstruct the flow structures when large-scale flow
structures appear in the flow field. The large-scale structures
can be reconstructed by the first two high-energy modes and
the phase-averaged approach; the reconstruction of the
smaller scale structures required at least six POD modes
when a large-scale coherent structure appears. This
suggests that most of the turbulent kinetic energy is
manifested in the first few modes; therefore, the inlet

FIGURE 15 | (Continued)
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region and outlet region should be optimized to suppress the
generation of stall cells and “jet-wake” structures.
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NOMENCLATURE

ω Impeller rotation angular velocity

Kp
2D phase-averaged turbulent kinetic energy

ϕ spatially orthogonal POD mode

A eigenvector

b blade height, mm

D diameter, mm

fBP rotation frequency of the impeller

M the number of spatial nodes in a single snapshot

QBEP design flow rate, m3/h

r radius, mm

U absolute velocity, m/s

u horizontal velocity component

Utip blade tip speed

V the matrix of velocity

v vertical velocity component

W relative velocity, m/s

Z number of blades

β blade angle, °

λ eigenvalue
1
parameters are related to fluctuating valueimpeller inlet

Subscripts
1 parameters are related to fluctuating valueimpeller inlet

2 impeller outlet
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