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ABSTRACT

When a vessel reaches a specific speed, the circulating pump in the cooling system stops driving. It relies only on the kinetic energy its speed
generates to provide cooling seawater for the condenser. This cooling strategy is known as natural flow cooling. Under natural flow
conditions, the impeller rotates passively due to flow impact, and the circulating pump serves as a significant resistance component in the
cooling system. The unstable flow within a pump is primarily attributed to the varying scales of stall vortex, which can induce vibration and
potentially result in severe damage to components. To investigate the generation of stall vortex and vibration characteristics under natural
flow conditions, the numerical simulation method was employed to study the structure and motion characteristics of stall vortex in multi-
stage pumps at different flow rates. Moreover, vibration signals were collected through a natural flow experiment, and the obtained data were
analyzed using empirical mode decomposition with singular value decomposition and wavelet transform methods. The result indicates that
natural flow conditions can be categorized into impeller stuck and passive rotation. During passive rotation, the speed increases linearly with
the flow rate. Thus, the blade inlet’s attack angle remains consistent at different flow rates, making the internal flow features similar. The
stretching and bending of the stall vortex structure primarily cause the variation of the vorticity. Additionally, the internal structure and
motion pattern of stall vortex exhibit similarities. The excitation force increases continuously with the flow rate and is related to the effects of
flow losses and turbulent kinetic energy. Vibration energy caused by stall vortex and rotor-stator interference is mainly concentrated in the
low-frequency band.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0160366

I. INTRODUCTION

Modern high-speed vessels and nuclear-powered submarines com-
monly employ a natural flow cooling strategy. This approach utilizes the
kinetic energy generated by vessel’s own speed to provide cooling seawa-
ter to the condenser when the sailing speed meets the minimum require-
ments for natural flow cooling. Under natural flow conditions, the

consumption and vibration noise caused by the motor drive. However,
the energy conversion mechanism in the circulating pump under natural
flow conditions is significantly different from standard pump conditions,
resulting in the generation of stall vortexes with different scales and num-
bers inside the pump. The unstable flow caused by stall vortexes during
the development, shedding, and dissipation process, as well as the rotor-
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cooling system circulating pump is in the form of a non-driven resistance
element. The natural flow exerts a torque on the rotor, enabling it to
overcome mechanical resistance and passively rotate at a speed that
varies with the inlet flow rate. This strategy effectively reduces energy

stator interference, excites the pump structure vibration, negatively
impacting its operational reliability of the pump and shortening service
life."” Moreover, the structural vibration of the pump generates noise,
which compromises the acoustic stealth performance of the vessel.
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Many scholars have conducted extensive research on the charac-
teristics of stall vortex inside the flow field of rotating machinery.
Sinha et al.” employed particle image velocimetry (PIV) and pressure
pulsation measurements to investigate the onset and development of
rotational stall in a centrifugal pump. Liu ef al.” studied the transmis-
sion mechanism of rotating stall vortex inside the impeller using a
refractive index matching experimental bench and high-frequency
PIV system. They found that the stall vortex frequency is inversely
proportional to the rotational speed and positively proportional to the
flow rate. Feng et al.” identified that the prominent pressure pulsation
between the two sides of the blades generates a stall vortex on the suc-
tion side of the inlet diffuser, and the stall cell rotates in the opposite
direction to the impeller with f,/600. Additionally, when the number
of guide vanes is a multiple of the stall cell number, an alternate stall
occurs, and the large-scale vortex in the flow channel appears to
sway.” As the stall cells grow, they obstruct the flow channel, move
toward the pressure side, and decay. Li et al.”* accurately calculated
the stall cells and circumferential propagation velocity under different
conditions based on the pressure fluctuation characteristics, and pro-
posed that the blocking effect of stall cells on flow channels would
affect the flow structure in rim flow. Ji et al.” utilized entropy produc-
tion analysis to investigate the distribution of high energy loss regions
inside the pump and revealed that the tip clearance size significantly
impacts the hydraulic loss in the stall region. Zhao et al.'’ studied the
relationship between the unsteady spatiotemporal evolution of the
stalled vortex structure and the kinetic energy conversion and found
that the critical stall condition has a greater kinetic energy dissipation.
Jia et al."" " investigated the pressure pulsation characteristics caused
by the tip leakage vortex (TLV) in the pump under unpowered drive
conditions and proposed that the compression-expansion term deter-
mines the strength of the TLV core.

Unstable flow phenomena, such as stall vortex and backflow, can
increase vibration in the pump sets. Regarding the research on pump
vibration, Luo et al."* proposed that the abnormal vibration frequen-
cies caused by backflow and rotational stall are mainly concentrated in
the low-frequency band, approximately 0.23-0.25 times the rotational
frequency. Bai et al'” established that flow rate significantly affects
pump inlet and outlet vibration, with main vibration frequencies rang-
ing from one to four times the blade passing frequency (BPF). Khalifa
et al.' found a strong correlation between vibration and the pressure
pulsation behavior of the pump, particularly at high speeds and off-
design flow rates, which excite stronger vibrations. Furthermore,
Wang et al”’ presented that rotor-stator interaction (RSI) induces
strong unsteady flow and pressure pulsation in the pump, causing
severe vibration. Pu et al.'® developed a method to analyze vibration
utilizing the Euler head density function (EHDF) by quantifying the
vorticity and local Euler head, which can predict the structural location
of the low-speed vortex and vibration level. Cui et al."” found that the
interaction between the tail vortex core and the volute produces signif-
icant pressure pulsation and radial force, tightly related to the pump
shaft vibration. The impeller’s complex vortex, consisting of tip leak-
age vortex (TLV), reverse flow vortex, passage vortex, and tip separa-
tion vortex, causes unstable flow inside the pump. Wang et al.”’
analyzed the vibration characteristic frequency with high amplitude
caused by unsteady flow based on the vorticity transport equation
(VTE) and the vortex identification method. Moreover, vibration sig-
nals are widely used to predict and diagnose pump faults. As cavitation
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develops, the random formation and rapid collapse of the cavitation
bubble can cause the pump to vibrate unsteadily.”’”” Al-Obaidi
et al”>”" demonstrated that the vibration signal’s peak, root mean
square, crest factor, and spectrum can efficiently detect the incipient
and development of cavitation. Zhou et al.” investigated the effect of
vibration measurement point distribution on cavitation fault diagnosis.
They concluded that the vibration signals on the inlet flange and
pump body are more sensitive to cavitation. Luo et al.” proposed that
mechanical seal wear causes a high-frequency vibration signal in
pumps, and the energy of the vibration signal is related to the operat-
ing condition. The unstable flow induces a stronger vibration when
the flow rate is low.

The natural flow of pumps is a particular condition applied in
military vessel cooling systems, yet there is limited literature on the
stall vortex features and the vibration mechanism under natural flow
conditions. It is worth noting that the internal stall vortex features
have a direct impact on the flow state of the cooling system’s pump
and have a close correlation with the pump set vibration, which, in
turn, significantly affects system noise. Therefore, this work combined
experimental measurements and numerical simulations to investigate
the stall vortex and vibration characteristics of a multi-stage pump
operating under natural flow conditions. The formation and motion
characteristics of the stall vortex were studied using the Q-criterion
and the vorticity transport equation. Furthermore, the experimental
vibration signals were processed and analyzed using the empirical
mode decomposition with singular value decomposition (SVD-EMD)
and wavelet analysis methods. A detailed analysis was conducted on
the low-frequency vibration characteristics resulting from stall vortices
and unsteady flow. The results of this study provide significant theo-
retical support and technical guidance for improving the performance
of circulating pumps in vessel cooling systems. This research offers
insights into reducing equipment vibration and noise, and extending
the service life of the equipment.

Il. EXPERIMENTAL AND NUMERICAL SIMULATION
STRATEGIES

A. Research subject

This study utilized a two-stage pump with guide vanes as the sub-
ject of investigation. The pump’s design parameters include head of
Hy=20m, flow rate Q4= 82m>/h, rated rotational speed nq=960
r/min, and specific speed ng= 94. For each stage of the pump, an iden-
tical impeller and guide vane structure was employed, with the
number of impeller blades Z; = 3, the blade wrap angle ¢; =110°, the
number of guide vanes Z,=4, and the guide vane wrap angle
(@, = 80°. The impeller and guide vane were made of polymethyl meth-
acrylate (PMMA), which exhibits reliable chemical properties and out-
standing mechanical characteristics, as shown in Figs. 1(a) and 1(b).
The three-dimensional structure assembly diagram of the pump is
presented in Fig. 1(c) for reference.

B. Experimental method and signal processing
method

1. Natural flow experimental equipment

The experimental equipment comprises a tested main pump,
auxiliary pump, circulation piping system, and data acquisition sys-
tem, as shown in Fig. 2. The schematic diagram of the control system
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FIG. 1. Pump model structure.
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FIG. 2. Actual experimental system.

Main pump Test bench system Auxiliary pump

is displayed in Fig. 3. To simulate the impact of natural flow on the

. s - Valve Flowmeter Valve
main pump, an auxiliary pump was employed as a booster device in
the experimental system. The system’s flow rate was controlled by {§_<} ® {>—|_<}
adjusting the frequency of the auxiliary pump motor and the opening |
of the outlet valve. The pump’s rotational speed, inlet and outlet pres-
sure, and vibration signals were recorded at different flow rates. A
PDH200-55 horizontal pump was selected as the booster equipment Main Pump
to achieve the maximum flow rate for the experiment, with a rated
flow rate of 250 m> h™", rotational speed of 1470 rpm, and power of
55 kW. This auxiliary pump was sufficient to provide stable energy for {>‘|’<}
simulating the impact effects under diverse natural flow conditions.

The vibration signal acquisition system utilized INV9821 vibra-

tion acceleration sensors with a 10 mv/(m/s) sensitivity. The vibration
acceleration was measured at two stages of the main pump and three
times the pipe diameter of the inlet and outlet pipes, as illustrated in FIG. 3. Schematic diagram of system control.

Liquid Storage

Auxiliary Tank

Pump
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FIG. 4. Measurement points of vibration acceleration.

Fig. 4. Before the experiment, the mechanical seal cooling system of
the main pump and the fan of the auxiliary pump motor were initi-
ated. Furthermore, an inverter was employed to adjust the auxiliary
pump motor’s operating frequency, ensuring a stable and adequate
power output to meet the maximum flow rate requirements.
Additionally, potential experimental errors due to the adjustment of
the auxiliary pump were minimized. The rated flow rate of the main
pump under ordinary pump conditions Qq=82m?>/h served as the
reference standard. Sampling was conducted five times at 0.1 Qq inter-
vals from 0.1 Qq to a maximum flow rate of 2.5 Qg, with 1-min inter-
vals between each sample. The sampling frequency of the vibration
signal is 10 240 Hz, with each sampling lasting for 10s.

2. Experimental reliability analysis

In this study, the hydraulic loss and rotational speed were used as
benchmarks to assess the experimental accuracy. The uncertainty of
the results under each condition was computed by Eq. (1) separately,
and the average error of the entire experiment was determined to ver-
ify the reliability of the experimental results

5= x 100%, (1)

. n
xn
where x; means the experimental result of the ith measurement, x rep-
resents the average of the experimental results, and n denotes the
number of repeated measurements. The error of hydraulic loss was
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calculated to be about +0.281%, the passive speed of the impeller
under natural flow condition was about +0.497%, and the uncertainty
of the experimental results was small and satisfied the accuracy
requirement.

3. Vibration signal processing

The operation of the auxiliary pump generates vibration that
transmits through the pipeline structure and fluid medium to the
main pump, resulting in high noise interference in the sampled signal.
In particular, the interference signal may obscure the characteristic
components of the main pump signal in the high-frequency region,
leading to inaccurate analysis results. Therefore, it is necessary to
employ appropriate measures to mitigate the interference induced by
the auxiliary pump’s vibration before signal analysis.

Singular value decomposition (SVD) and empirical mode
decomposition (EMD) methods were utilized to preprocess the sam-
pled signals. Specifically, the SVD was used to reduce the interference
of the auxiliary pump vibration signal. Then, the EMD method was
employed to decompose the signal into a set of intrinsic mode func-
tions (IMF), which significantly decreases mutual interference of sig-
nals in different spectrum bands, thus improving the pertinence and
accuracy of signal analysis.

a. Singular value decomposition. Singular value decomposition
(SVD) is a basic matrix decomposition technique that decomposes the
feature components of a signal into different orthogonal subspaces.
Assuming a real matrix A of order NxM with two orthogonal matri-
ces UeRV*N, U.UT=TI and VeR™M V.V'=] and a diagonal matrix
% = [diag{oy, 03,..., 0,}:0], p=min(N, M). The singular value decom-
position takes the following form:

A=UY VI, )

where U and V are orthogonal matrices of order N x N and M x M,
respectively, and set A =diag(a,, 05,..., ap) be a diagonal matrix
arranged in descending order, and elements on the diagonal are called
singular values. The essence of SVD decomposition is to project matrix
A into a series of uncorrelated subspaces. The number of singular val-
ues of the matrix reflects the number of independent row (column)
vectors of the matrix, and all diagonal elements of the diagonal matrix
are not zero when the noise exists.

b. Empirical mode decomposition. Empirical mode decomposi-
tion (EMD) is a signal decomposition method based on data-adaptive
multiresolution techniques. It can decompose the nonlinear and non-
stationary time-domain signal x(f) into a superposition of a finite
number of intrinsic mode functions (IMF). Each IMF reflects the local
vibration pattern of the signal at different frequencies and time scales,
thus providing a wealth of signal information. The expansion is as
follows:

n

x(t) =D imfi(t) + ra(0), ®)

i=1

where imf{(t) is the ith intrinsic mode function obtained from the
EMD, and r,(t) is the trend term of the signal.
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FIG. 5. Signal comparison.

Figure 5(a) displays the spectrum characteristics of the main
pump under normal operating conditions, where the primary and sec-
ondary frequencies are at the rotational frequency frr = 16 Hz and the
blade passing frequency fzpr = 48 Hz, respectively. In addition, there is
also a high amplitude at the guide vane passing frequency
Jfover= 64 Hz, and the resonance appears at the multiples of the rota-
tional frequency and the blade passing frequency. Figure 5(b) presents
the original vibration signal collected under a natural flow condition of
2.0Qq. It can be observed that the peak at the blade passing frequency
of the auxiliary pump fzpr ap is three times higher than that of the
main pump. The amplitude at the rotational frequency frr ap and its
harmonics are also significantly higher than the nearby main pump
signal. Consequently, some vibration signal characteristics of the main
pump are overlooked in the spectrum analysis.

Based on the SVD method, it is possible to effectively filter out the
noise signal caused by the auxiliary pump, as demonstrated in Fig. 5(c).
It allows a more comprehensive capture of the vibration signal charac-
teristics of the main pump under natural flow conditions. Furthermore,
the comparison between the design and natural flow conditions reveals
differences in the vibration signal characteristics. Under the design con-
dition, the vibration signal energy is more concentrated at the frr, and
the resonance frequency consists of multiple fyz. However, under the
natural flow condition, the characteristic frequencies are mainly at the
fepr and its multiples, while the signal at the frr is not prominent.

The fspr generated by the rotor-stator interference is a primary
source of pump vibration. Meanwhile, the vibration energy at the fxr
reflects the unbalance force induced by deformation and eccentricity
of the shaft or impeller. The rotational frequency is more likely to
appear when the pump is driven by a motor, while it is not as apparent
under natural flow conditions.

C. Numerical simulation methods
1. Computational domain geometry

The computational domain of the main pump fluid body was
established by Creo modeling software. Sufficiently lengthy pipelines
were established at the inlet of the first-stage impeller and the outlet of
the secondary guide vane to ensure adequate flow development. The
three-dimensional computational domain of the main pump is shown
in Fig. 6.

2. Grid generation

This study adopted ANSYS ICEM software to generate struc-
tured multi-block hexahedral grids for impellers, guide vanes, and inlet
and outlet pipelines, as shown in Fig. 7. Due to the complex geometric
features of pump components, multiple block splitting methods were
employed to achieve the topology of the mesh structure. For the
import and export channels, the “O” block method was employed.
However, for complex computational domains such as impellers and
guide vanes, it is necessary to first cut an individual flow channel. Then,
topology is established by stretching, splitting, and “Y” blocking. The
refinement of specific regions, such as blades, gaps, and boundary layers,
was carried out based on geometric features to ensure that the maxi-
mum y+ value was less than 80. Based on the same grid topology and
with high-quality grid, five different sets of grids were established for
grid independence verification, as shown in Fig. 8. The error of hydrau-
lic loss under natural flow conditions is less than 2% as the judgment
criterion, and grid case 3 is finally selected as the simulation grid.

3. Boundary conditions

The ANSYS CFX commercial code was utilized to simulate the
flow field characteristics under different natural flow conditions. The
shear stress transport (SST) k-« model was used to describe the turbu-
lent flow. The fluid medium was clean water at 25 °C, with a relative ref-
erence pressure of 0. The inlet was set as pressure-inlet, and the outlet
was mass-flow. The rotational speed was set according to the experi-
mental measurements obtained under different natural conditions. The
impeller blades, shroud, and hub were set up as rotating walls, and the
rest as non-slip walls. The general grid interface (GGI) method was

Stage I r Guide vane

Inlet Pipeline 1

] 1

! t

I Outlet Pipeline

r
Impeller Stage 11

FIG. 6. Computational domain of main pump.
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(b) Impeller flow channel (¢) Guide van flow channel

FIG. 7. Computational domain grid.

adopted to define the dynamic and static domains interface. The total
time was 1.0's, and the time step was 2 x 10™* s. The maximum itera-
tion per time step was set to 10, and the convergence criterion was set
t010 x 10°°.

lll. ANALYSIS AND DISCUSSION OF RESULTS
A. Accuracy verification

Figure 9 illustrates the trends in rotational speed and hydraulic
losses with varying flow rates under natural flow conditions and com-
pares the errors between the hydraulic losses obtained from numerical
simulations and experimental measurements. Notably, the numerical
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FIG. 8. Grid independence verification.
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FIG. 9. Variation of hydraulic loss and rotational speed.

simulation neglects the volumetric losses, mechanical friction losses,
and heat transfer losses in the experimental measurements, leading to
relatively low results than the experiments. However, the average error
is within 8%, which is comparatively low. The variation trend remains
consistent, and the hydraulic loss increases exponentially with the flow
rate. In addition, the impeller is stuck when the flow rate is below
32m>/h. The force of the incoming flow on the impeller is insufficient
to make the impeller overcome the mechanical resistance and rotate
passively. When the flow rate is higher than 48 m*/h, the rotational
speed increases linearly with the flow rate.

B. Analysis of stall vortex characteristics

The generation mechanism of stall vortex in rotating machinery is
a complex phenomenon influenced by various factors, including blade
geometry, rotational speed, flow rate, and blade attack angle. One signif-
icant factor to stall vortex is the increase in the inlet attack angle and the
flow separation phenomenon on the blade surface. Under ordinary
pump conditions, the impeller speed remains stable, and the circumfer-
ential velocity w inside the impeller remains relatively constant.
However, if the flow rate falls below the design condition, the relative
inlet velocity v decreases, resulting in an increase in the attack angle
between the combined velocity ¢ and the inlet blade edge. When the
attack angle reaches a specific value, flow separation and stall vortex will
be formed near the blade surface, as shown in Fig. 10(a).

Under natural flow conditions, the impeller rotates passively due
to the impact of natural flow, and its rotational speed increases linearly
with the flow rate. The relative inlet velocity v and circumferential
velocity w compose a similar triangle of velocity vector. Consequently,
the inlet attack angle of the blade remains constant at different flow
rates, as illustrated in Fig. 10(b).

Under natural flow conditions, the two-stage pump is prone to
generating stall vortex, leading to a decline in hydraulic performance.
This phenomenon increases the flow resistance and produces detri-
mental vibration and noise. The effects of stall vortex on the perfor-
mance curve differ significantly from that of the pump under ordinary
operating conditions. To illustrate this, Fig. 11 compares the
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FIG. 10. Principle of stall vortex generation.

streamline characteristics inside the impeller at various flow rates.
Under the ordinary condition, although vortexes exist on the blade
pressure side in some partial impeller channels, the vortex sizes are rel-
atively small, and the structure is stable. It does not obstruct the flow
channel causing severe hydraulic losses.

Under natural flow conditions, the impeller motion can be classi-
fied into two modes: stuck and passive rotation. As shown in

Velocity
110

IMPII

(a) Ordinary condition

(¢) 1.00q natural flow condition

pubs.aip.org/aip/pof

Fig. 11(b), when the flow rate is less than 0.4Qq, the force exerted by
the incoming flow on the impeller is insufficient to overcome the
mechanical impedance, causing the impeller to remain stationary.
The fluid flow into the impeller lacks circumferential velocity and
flows along the blade suction side toward the impeller outlet. Due to
the mismatch between the inlet liquid flow angle and the blade angle,
a larger area of stall vortex forms at the blade pressure side.
Additionally, the stall vortex structure is unstable and influenced by
the high velocity—pressure difference in the impeller flow channel. It
undergoes a cyclic process of initiation, splitting, and integration
within a rotation cycle. However, when the flow rate exceeds 0.4Qy,
the impeller rotates passively, and its rotational speed increases line-
arly with the flow rate. Therefore, the blade attack angle remains
almost constant at different flow rates, resulting in similar streamline
figures at various flow rates. Figures 11(c) and 11(d) present that the
stall vortex regions under natural flow conditions of 1.0Qq and
2.0Qq are mostly the same, consisting of stall cells with different
scales and directions. These stall cells primarily gather near the blade
leading edge. It is noteworthy that there are significant distinctions
in the internal flow patterns of the first-stage and second-stage
impellers under ordinary conditions, with larger vortex scales on the
blade pressure side of the first-stage impeller. However, under natu-
ral flow conditions, there are greater similarities between the impel-
lers of both stages.

The flow instability and related factors lead to the formation of
various scales and directions vortex in the pump under natural flow
conditions. The vortex identification theory is based on the velocity
and pressure gradient of the fluid. The Q-criterion is a widely used
application of vortex identification theory, defined as follows:

Velocity
TS

IMP1 IMP II

A\
IMPI IMP II

(d) 2.004 natural flow condition

FIG. 11. Streamlines under different conditions.
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1
Q=—3 (S — QiQy), (4)

where S;; is the strain rate tensor and €;; is the vorticity tensor, respec-

tively, defined as
1 814,‘ 8uj
P e A 5
S" 2 <8xj + Bx,-) ( )

- 1 8u,~ Buj
Qij_5<a—)cj—a—m>. )

In the Q-criterion, a positive value of Q, indicates a region in the
flow field where the vorticity dominates. In contrast, a negative value
indicates that the strain rate or viscous force dominates.

Figure 12 shows the distribution of the internal vortex structure
for the natural flow conditions of 0.4Qg, 1.0Qq, and 2.0Qg, and com-
pares it with the ordinary condition. The internal vortex structure and
motion track inside the impeller evolve under different conditions. In
the ordinary condition, the center of the first-stage impeller channel
has a stable primary passage vortex that extends from the inlet to the
outlet, with a small amount of vortex shedding near the impeller out-
let. The second-stage blade inlet exists more intensive vortex mass,
with the primary vortex flowing toward the blade’s suction side.
Additionally, significant tip leakage vortex is observed at the impeller
outlet.

Under the natural flow condition of 0.4Qq, the impeller remains
in a stuck state, leading to a significant deviation in the inlet angle of
attack from the design, resulting in a more intricate vortex structure.
The stall vortex, generated by flow separation, may obstruct a portion

IMP
(a) Ordinary condition

0

[W m*-3 KA-1] IMP I IMPII

(c) 1.0Qq natural flow condition
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of the flow channel, resulting in the formation of numerous small-
scale split vortex at the blade’s leading edge. Moreover, the movement
toward the impeller outlet may induce low-frequency oscillations. A
stable stretched vortex also exists near the impeller suction side, while
some small-scale vortex masses merge within the second-stage
impeller.

Under the natural flow condition of 1.0Qy, the impeller takes pas-
sive rotation in response to the flow impact, and the internal vortex be
primarily distributed on the blade pressure side. The stall vortex is
shed into multiple cells of different scales flowing downstream.
Furthermore, due to the influence of outlet rotor—stator interference,
more intricate tip leakage vortex is observed. As the flow rate rises, the
stall vortex mass gathers at the 1/2 blade pressure side at a flow rate of
2Qq, obstructing the impeller flow channel. The vortex evolution
inside the second stage becomes more complex, involving processes of
vortex decay, splitting, merging, and development.

C. Mechanism of stall vortex generation

To further investigate the mechanism of stall vortex generation
inside the pump under natural flow conditions, and estimate the incip-
ient, developmental, and dissipation stages of the stall cell, this work
employed the vorticity transport equation to investigate the direct
interaction between the stall vortex and the internal structure of the
pump, which is expressed as follows:

= (@-V)V =GV V) 2V x (0 V) 4 L2 T2
m

+ V20, )

[W m"-3 K~-1] IMP1 IMP II
(b) 0.4Qq natural flow condition

EPR

900

[W 3 KA1 IMPI
(d) 2.0Qq natural flow condition

FIG. 12. Vortex features under different conditions.
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where O represents the vorticity, V denotes the relative velocity of the
flow field, w stands for the rotational angular velocity, and v represents
the fluid kinematic viscosity. The formation of vorticity involves five
main terms. The first of term is the vortex stretching (VS) term, char-
acterizing the stretching and tilting of the vortex caused by the velocity
gradient. The second term represents the vortex dilatation, reflecting
the effect of fluid compressibility on the vortex volume. The third is
the Coriolis force (CF) term, which describes the contribution of the
inertial forces within the reference frame of impeller rotation. The
fourth term is the baroclinic torque term, which indicates the variation
of the vortex caused by the deviation of the pressure gradient and the
density gradient of the medium. The last term is the viscous dissipa-
tion (VD) term, primarily influenced by the viscous dissipation of the
fluid. However, in the case of considering the medium as an incom-
pressible fluid, the effects of the vortex dilatation and the baroclinic
torque terms are neglected.

In this study, three typical sets of natural flow conditions, 0.4Qy,
1.0Qq, and 2.0Qq, were selected to investigate further the influence
characteristics of vortex stretching, Coriolis force, and viscous dissipa-
tion on the stall vortex evolution of pumps based on the vorticity
transport equation. The Span coefficient defines the dimensionless dis-
tance (from 0 to 1) between the shroud and the hub of the impeller. A
smaller value of the Span coefficient indicates closer proximity of the
surface to the impeller hub and the guide vane inner wall. Blade-to-
blade surfaces with Spans of 0.01 (near the hub), 0.2, 0.5, 0.8, and 0.99
(near the shroud) were established to further analyze the mechanism
of vortex generation under natural flow conditions. The position of
blade-to-blade surfaces is shown in Fig. 13.

Figure 14 shows the influence of the vortex stretching on the vor-
tex field under different natural flow conditions. The distribution of
the local high VS region is primarily affected by the internal stall vor-
tex structure and velocity gradient, resulting in noticeable variations.
At a flow rate of 0.4Qy, the high VS region is mainly concentrated at
the leading edge of the blades at each stage, specifically at a Span of
0.01 and 0.2 blade-to-blade planes. It then extends along the pressure
side toward the outlet and accumulates at impeller and guide vane
clearance. As the impeller is in a static state, the liquid flow leaving the
impeller shocks the backside of the guide vane, causing the formation
of a large-scale stall vortex in the guide vane flow channel near the
working surface. Consequently, the high VS region is mainly located
near the guide vane’s backside and the stall vortex’s outer ring. At a
Span of 0.5, VS is chiefly distributed in the blade flow separation and
tip clearance. Additionally, at Spans of 0.8 and 0.99, a high V'S region

FIG. 13. Position of blade-to-blade surface.
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appears near the suction side of the first-stage impeller blade. This
region exhibits a relatively stable band-shaped distribution and
extends into the guide vanes. The VS distribution in each channel of
the second-stage impeller shows some variations, but the pattern is
similar to that of the first stage.

Under the conditions of 1.0Q, and 2.0Qq, the inlet flow angle is
similar, resulting in comparable features of the internal flow field, with
the primary difference being in the magnitude of velocity and pressure.
At a Span of 0.01 and 0.2, the high VS region is mainly distributed
near the blade’s leading edge and pressure side of the first stage,
extending to the 1/2 channel of the impeller. The high VS region at the
inlet of the second-stage impeller splits during the flow downstream,
coinciding with the disruption region of the vortex core. The distribu-
tion is more uniform in the guide vane flow channel, but high VS
exists near the flow separation and the trailing edge. At a Span of 0.5,
0.8, and 0.99, the high VS is primarily located near the leading edge of
the blade and the region of the stall vortex dynamic separation. With
an increase in flow rate, the region of local high VS between the impel-
ler and guide vane expands, and the intensity of tip leakage vortex
becomes relatively stronger. The distribution of VS effectively reflects
the primary characteristics of the formation and evolution of stall vor-
tex and tip leakage vortex. Furthermore, the stretching and bending of
the vortex structure inside the pump are the fundamental reason for
the variation of vorticity.

Figure 15 illustrates the effect of the Coriolis force on the vorticity
field inside the impeller for 1.0Q, and 2.0Qq natural flow conditions.
Since the Coriolis force is related to the rotational motion and the
impeller is stationary at 0.4Qg, the Coriolis force has no effect in this
case. The high CF region is closely associated with the stall vortex
structure within the impeller. At a flow rate of 1.0Qy, a high CF region
is observed at the blade leading edge and pressure side at a Span of
0.01, with small-scale stall cells appearing at the outlet of the second-
stage impeller. At a Span of 0.2, a large-scale vortex emerges near the
blade pressure side and within the flow channel of both stages. The
high CF region in the first stage is primarily distributed in the wake
region of the stall vortex. In contrast, in the second stage, it is primarily
distributed on the pressure side of the front half of the blade, with par-
tial splitting in the wake and dissipation toward the outlet. At Span of
0.5, 0.8, and 0.99, the high CF region is located in the flow separation
at the leading edge of the blades. When the flow rate rises to 2.0Qq, the
relatively high CF region expands and tends to move toward the
shroud. The pattern of high CF within the impeller exhibits similarities
at both stages. In the state of impeller passive rotation, the Coriolis
force analysis can effectively reflect the internal structure and motion
characteristics of the stall vortex.

Figure 16 shows the distribution characteristics of the viscous dis-
sipation term. The generation of viscous forces is attributed to the
interaction between turbulent flows and is closely linked to the evolu-
tion and interference of the stall cells. Moreover, the dissipation of the
stall cell is caused by the viscous shear force, leading to the inhibitory
effect of the viscous force on vortex evolution. At the operating condi-
tion of 0.4Qy, the regions with high VD are mainly located near the
blade inlet, flow separation region, tip clearance region, and high
velocity gradient region at the back of the second-stage guide vanes.
These regions also exhibit high VD in the 1.0Q4 and 2.0Qq flow condi-
tions. Moreover, when the impeller undergoes passive rotation, dis-
crete regions with high VD also appear inside the stall vortex and in
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FIG. 15. Effect of the Coriolis force term.

the wake. These regions indicate the energy dissipation generated by At a flow rate of 2.4Qy, the axial force on Imp II is 5.2% higher than
friction and viscous effects in stall cells of different scale. Although the  that of the first stage, while the axial force on Gui II is relatively

value of the viscous dissipation term in the natural flow condition is reduced by 35.4%.

relatively small, its effect on the vorticity field should not be disre- This phenomenon can be attributed to the effect of natural flow
garded. Meanwhile, a relatively strong correlation exists between the ~ shock on the axial forces of the components under low flow rates. The
viscous force and the evolution of the vortex. first-stage experiences a large shock force from the incoming flow

while buffering the second-stage components, resulting in a relatively
smaller axial excitation force. Moreover, at high flow rates, the flow

D. Excitation force characteristics analysis state inside the pump deteriorates stage by stage due to the impeller

Figure 17 shows the variation of the axial excitation force under speed and flow rate not matching the design situation. The stall vortex
different natural flow conditions. Overall, the axial excitation force of  and backflow phenomenon in the flow channel of the second-stage
the two-stage impellers exhibits a gradual increase as the flow rate impeller are intensified, and the turbulent kinetic energy is increased,
rises. The first-stage guide vane (Gui I) experiences a slight increase in which leads to the increase in the axial force.
axial excitation force, while the second-stage guide vane (Gui II) shows Figure 18 shows the variation of the radial excitation force of the
a significant decreasing trend. At flow rates ranging from 04Qq to  impeller and guide vane at each stage with flow rate. The radial excita-

1.2Qq, the axial force on the first-stage impeller (Imp I) is the highest,  tion force of each component increases with the flow rate rises.
and the axial force on the second-stage impeller (Imp II) is slightly However, the total radial force for each component remains relatively
lower than Imp I, with the difference between both is gradually ~ small, reaching a maximum of about 26 N. At a flow rate of 0.4Qq, the
decreasing. Specifically, at a flow rate of 0.4Qq, the axial force of Imp I impeller is stationary, and the radial force shows an increasing trend
is 3.8% higher than that of the second stage, while at a flow rate of from Imp I to Gui IL. The radial force of Gui II is approximately 2.5
1.2Qq, it is only 0.43% lower. For flow rates higher than 1.4Qq, the times higher than that of Imp L
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axial force on Imp II gradually exceeds that of Imp I. Meanwhile, the When the flow rate is between 0.6Q4 and 1.4Qq, the impeller
difference between both stage guide vanes also increases significantly. begins to rotate passively due to the impact of the incoming flow, and
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FIG. 17. Variation of axial excitation force at different flow rates.

its rotational speed increases continuously. The radial force of the sec-
ond stage is higher than that of the first stage, and the radial force on
Imp II is the largest. However, the difference between the two stages
gradually decreases. At a flow rate of 0.6Qq, the radial forces of Imp II
and Gui IT are about twice as high as those of the first stage. While at a
flow rate of 1.4Qy, the radial force of Imp II rises by 37.8%, and Gui II
increases by only 11.9%. For flow rates higher than 1.6Qq, the radial
excitation force on Gui II starts to be lower than that of the first stage,
and the radial force difference becomes more pronounced as the flow
rate rises. At 2.4Qq, the radial force on Gui II decreases by about
14.3% compared to the first stage.

The main reason for this phenomenon is that the radial excita-
tion force is generated from the static pressure at the wall and the
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n
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Flow rate

FIG. 18. Variation of radial excitation force at different flow rates.
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dynamic pressure caused by the turbulent flow. The static pressure at
the wall decreases stage by stage due to increased flow loss, while the
dynamic pressure increases by stage, influenced by the rise of turbulent
kinetic energy. At low flow conditions, the effect of turbulent kinetic
energy on the radial excitation force dominates, resulting in a higher
radial force on Gui II compared to the first stage. Under high flow
conditions, the influence of wall static pressure is stronger, and the
increase in radial force caused by turbulent kinetic energy is relatively
small. Therefore, the radial force on Gui I is more significant. In addi-
tion, the turbulent kinetic energy within the impeller is more intense
compared to the guide vane, and the difference of wall static pressure
between the two-stage impellers is lower, making the radial force of
Imp II consistently higher than that of the first stage.

Figure 19 displays the spectral characteristics of the radial excita-
tion force generated by impellers and guide vanes at different stages
under different natural flow conditions. Due to the passive rotation of
the impeller under the impact of the incoming flow, the energy signal
is primarily composed of the stall vortex frequency and the blade pass-
ing frequency (BPF). Thus, the characteristic frequency is mainly con-
centrated in the low frequency.

At a flow rate of 0.4Qy, the impeller is stationary. The radial exci-
tation energy is mainly concentrated within the 40 Hz frequency
range. The magnitude of this energy reflects the intensity of stall vortex
frequency at different scales. The overall performance exhibits a broad-
band feature. As the flow rate increases, the fluid flow drives the impel-
ler to rotate passively, and the spectrum of the radial excitation force
shows prominent discrete characteristics. The radial forces on the
impeller and guide vane exhibit some diversity in the y and z direc-
tions. The main frequency inside the impeller is the guide vane passing
frequency (GVPF), and the second frequency is twice GVPE. In con-
trast, the main frequency inside the guide vane is the blade passing fre-
quency (BPF), and there are harmonics at triple BPF.

The above phenomenon is primarily attributed to the rotor-sta-
tor interference. During one rotation cycle of the impeller, each guide
vane rotates relative to the static impeller for one cycle. As a result,
four guide vanes interact with each blade four times, transmitting pul-
sations to the impeller and producing the main frequency of GVPE.
Similarly, the generation of the characteristic frequency on the guide
vane can be explained. The main frequency of total radial excitation
force occurs at the quadruple BPF (triple GVPF), representing the har-
monic frequency between BPF and GVPF.

E. Vibration characteristics analysis

In order to better analyze the variation of vibration intensity with
flow rate under natural flow conditions, it is necessary to consider the
significant difference in vibration acceleration between low and high
flow rates. Therefore, this study introduces the vibration acceleration
level (VAL) to evaluate the average energy of vibration, which allows a
more intuitive comparison of vibration levels at different measuring
points at different flow rates. The expression for the VAL is as follows:

z|=

Zl |an?
VAL = IOIg—; : 8
0

where a,, is the vibration acceleration value of the nth time point, # is
the total number of sampling points, and aj is the reference vibration
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FIG. 19. Radial excitation force spectrum characteristics.

acceleration, which is 1 x 107° m/s>. The VAL reflects the energy level
of the vibration signal, and its higher value indicates the higher energy
level of the vibration signal.

Figure 20 illustrates the variation of the VAL at each experimen-
tal measuring point under different natural flow conditions. For the 0-
0.5Qq condition, the average VAL initially increases and then
decreases. However, for flow rates ranging from 0.5-2.5Qq, the VAL
rises continuously with an overall increment of about 35dB.
Additionally, for each 0.1Qq increase in the average flow rate, the VAL
increases by 2.5 dB.

At flow rates below 1.4Qq, the pump components™ contribution
to the VAL is ordered as follows: first-stage pump, outlet pipe, inlet
pipe, and second-stage pump. Nevertheless, when the flow rate
exceeds 1.4Qq, the contribution of the pump components undergoes a
significant change. Specifically, the second-stage accounts for the larg-
est proportion, followed by the first-stage pump, while the inlet and
outlet pipes contribute equally. As the flow rate increases, a distinct
correlation arises between the vibration of the two stages and the axial

excitation force. The internal flow and operating conditions of the
pump significantly affect the intensity of the vibration. The increase in
flow rate produces more shock force, resulting in increased turbulence
and pressure pulsation, which in turn causes more intense unsteady
excitation force acting on the hydraulic components. Moreover, the
rotor-stator interference increases as the rotational speed rises, which
is a crucial factor for the increased vibration.

Since the original signal spectrum of vibration under natural flow
conditions is almost covered by broadband signals, except for the
main frequency signal and the first few orders of sub-frequency sig-
nals, the EMD method was utilized to decompose the vibration signal.
The first 15 IMF components were subjected to fast Fourier transform
(FFT) to analyze their frequency characteristics. Each IMF component
reflects the signal’s characteristics within a specific frequency band.
IMF 1-2 exhibit high-frequency components above 2000 Hz. IMF 3-5
represent middle- to high-frequency components ranging from 200 to
2000 Hz. IMF 6-11 are middle- to low-frequency components from
20 to 200Hz. Finally, IMF 12-15 represents the low-frequency
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FIG. 20. VAL under different natural flow conditions.

components below 20Hz. This decomposition allows for a more
detailed analysis of the vibration signal within different frequency
bands.

Figure 21 displays the differences in the characteristics of the
vibration signal measured by the experiment at each frequency band
as the flow rate increases. At 0.4Qq working condition, because the
impeller is stationary, it avoids the high-frequency vibration caused by
the poor condition between the mechanical seal and bearing, and the
imbalance of impellers or shaft swirl. Moreover, there is no rotor-sta-
tor interference between impeller and guide vane inside the pump,
which reduces the vibration in the middle and high frequency band.
Furthermore, the pump’s stall vortex and backflow structure have large
scales but relatively low energy, leading to slight vibration frequency
fluctuation and amplitude.

When the flow rate increases to 1.0Qq, the impeller undergoes
passive rotation, which may result in problems such as impeller imbal-
ance, rotating shaft whirling, and poor mechanical seal operation.
These factors can contribute to an increase in middle- to high-
frequency vibrations. However, the low rotational speed makes the rise
in vibration less intense. The effects of the rotor-stator interference
and harmonics can be observed in IMF 10-11, which display the BPF
and GVPF signals, respectively. The low-frequency band of IMF 12-
15 mainly characterizes the stall vortex structure with high energy
inside the pump.

Under the natural flow condition of 2.0Qy, the significant
increase in both rotational speed and flow rate leads to sharp fluctua-
tions in the high-frequency band, accompanied by noticeable increases
in amplitude. The effects of the rotor-stator interference and harmon-
ics are primarily concentrated between IMF 9-10. Moreover, the low-
frequency vibration characteristics become more complex due to the
influence of the more severe splitting and merging processes of the
stall vortex inside the pump.

In order to further analyze the energy distribution characteristics
of the vibration signal under natural flow conditions, a half-box plot
analysis method was employed to examine the range, mean value, and
localization of the vibration energy. Figure 22 presents the IMF-RMS
energy distribution characteristics of the vibration signals at each

measurement point for 0.4Qq, 1.0Qq, and 2.0Qq natural flow condi-
tions. At 0.4Qy, the impeller is in a stuck state, and its vibration energy
primarily results from the impact of the natural flow. However, influ-
enced by the flow loss, the average vibration energy decreases progres-
sively stage by stage. The vibration level on the second stage of the
pump is lower than the first stage by approximately 14.3%, and the
interquartile range (IQR) of IMF-RMS is reduced.

When the flow rate is 1.0Qq, the liquid flow drives the impeller to
passively rotate, resulting in increased vibration levels due to the
rotor-stator interference. However, as the flow rate and rotational
speed are relatively low, the vibration energy at the BPF is weak. In
comparison with 0.4Qy, the vibration at the outlet experiences the larg-
est increase, around 3.2 times. It can be attributed to the transfer of
vibration energy from the pump body to the downstream region, as
well as the turbulent pulsation effect caused by the outlet elbow struc-
ture. Moreover, the vibration increment on the inlet pipeline is pri-
marily influenced by the natural flow impact boost, resulting in a rise
of approximately 1.5 times. The vibration levels of both pump stages
increase about 2.6 times, and the vibration level difference between the
two stages decreases. The second stage is approximately 12.7% lower
than the first stage, and the interquartile range of IMF-RMS increases.

At a flow rate of 2.0Qy, the rotational speed rises by 2.2 times rel-
ative to 1.0Qq. The overall vibration acceleration of the pump increases
significantly, mainly due to the effects of the rotor-stator interference
and the enhanced turbulent excitation force at high flow rates. The
influence of turbulence intensity and stall vortex inside the pump
increases stage by stage, making the vibration energy of the second
stage about 1.5 times higher than that of the first stage. In contrast, the
vibration level on the import and export pipeline is relatively close. In
addition, during the rapid passive rotation of the impeller, potential
problems such as imbalance of the impeller, swirl of the rotating shaft,
and poor operation of the mechanical seal also lead to a rise in the
intensity of medium- and high-frequency vibrations.

To investigate the effect of stall vortex and unsteady flow on the
vibration time-frequency characteristics under natural flow condi-
tions, the wavelet analysis is performed on the signals in the low- to
middle-frequency bands after EMD decomposition. Figure 23 presents
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FIG. 21. EMD decomposition of vibration signal.
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FIG. 22. IMF-RMS of the vibration under natural flow conditions.
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the wavelet transform results of the vibration signal of the two-stage
pump at different flow rates under natural flow condition. The energy
of the vibration signal in the low- and middle-frequency bands is
mainly concentrated within the 100 Hz frequency range. The average
energy value increases with the rise in flow rate, and a significant peak
modulus is observed in the time-averaged wavelet spectrum curve.

At a flow rate of 0.4Qy, the frequency range of the energy for the
first stage is concentrated between 3 and 93 Hz, with the peak modulus
at 42.5 Hz. It is wider than the 3-80 Hz range in the second stage, and
the peak modulus frequency for the second stage pump is reduced to
35 Hz. When the flow rate increases to 1.0Qy, a portion of the kinetic
energy is converted to mechanical energy required for the passive rota-
tion of the impeller, and the overall vibration energy rises slightly. The
time-averaged wavelet spectrum curve becomes steeper, and the
energy frequency range narrows to 6-82 and 6-77 Hz for each pump
stage. The peak modulus frequencies are 16 and 19 Hz, respectively.
This is mainly due to the low-frequency disturbance caused by the
internal stall vortex and the interference between the impeller and the
guide vane.

At a high flow rate of 2.0Qq, significant differences are observed
in the wavelet energy spectrum, with the vibration energy of the
second-stage pump being more intense compared to the first stage.
The wavelet energy in the low-frequency band increases, and the spec-
trum range extends to higher frequencies. The range of each stage is
0-101 and 0-115Hz, and the peak modulus frequencies are 14 and
20Hz, respectively. The time-averaged wavelet spectral curve is
smoother compared to the lower flow rates.

IV. CONCLUSIONS

This research investigated the correlation between stall vortex
and vibration characteristics of a two-stage pump under natural flow
conditions based on numerical simulations and vibration experiments.
The Q-criterion and vorticity transport equation were employed to
examine the structure and motion characteristics of the stall vortex
under different natural flow conditions. Furthermore, the vibration
signals were processed and analyzed by combining singular value
decomposition, empirical modal decomposition, and wavelet analysis
methods. The main conclusions are as follows:

(1) Under natural flow conditions, the impeller’s motion state can
be categorized into two modes: stuck and passively rotating.
Due to the inlet flow angle not matching the blade angle, a large
region of stall vortex is formed near the blade’s pressure side.
The rotational speed increases linearly with the flow rate during
passive rotation, resulting in a relatively invariant inlet attack
angle at different flow rates, making the internal flow features
similar. The stretching and bending of the stall vortex structure
primarily cause the variation of the vorticity. The effect of
Coriolis forces caused by passive rotation is closely correlated
to the stall vortex structure inside the impeller. Moreover, the
viscous force inhibits the vortex evolution, but its viscous dissi-
pation effect is relatively weak.

(2) The excitation force of each stage increases continuously with
the natural flow rate. At low flow rates, the excitation force is
affected equally by the wall static pressure and the turbulent
kinetic-induced dynamic pressure. While as the flow rate
increases, the influence of static pressure on the excitation force
plays a dominant role. The main frequency inside the impeller
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FIG. 23. Wavelet mode spectrum of vibration signals under different natural flow conditions.
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is at the GVPF, and the secondary frequency is twice GVPF.
Furthermore, the main frequency inside the guide vane is BPF.
The main frequency of the total radial excitation force is pri-
marily distributed at the quadruple BPF (triple GVPF), which is
the harmonic frequency between BPF and GVPF.

At a flow rate of 0.4Qq, the impeller remains in a stuck condition,
leading to the formation of a large-scale stall vortex structure
inside the pump. The vibration energy is mainly concentrated in
the low-frequency band and decreases stage by stage. As the flow
rate rises to 1.0Qq, the impeller transitions into passive rotation,
giving rise to certain issues such as rotating shaft whirling and
poor mechanical seal operation. It leads to an increase in the
middle- to high-frequency vibration. However, this increase is
moderate due to the relatively low rotational speed. At a high
flow rate of 2.0Qy, the turbulence level and the impact of the stall
vortex inside the second-stage pump gradually increase stage by
stage, resulting in significantly higher vibration energy in the sec-
ond stage compared to the first stage. The vibration signal exhib-
its sharp fluctuations in the high-frequency band, with a
significant increasing amplitude.

The vibration energy caused by the stall vortex is in the middle-
to low-frequency band below 100Hz. The average vibration
energy increases with the rise of flow rate, and the time-
averaged wavelet spectrum curve exhibits a distinct peak modu-
lus. The low-frequency disturbance caused by the stall vortex
and the rotor-stator interference is the main reason for the
intense variation of the wavelet energy with time. At a flow rate
of 0.4 Qg, the vibration energy of the first-stage pump is

concentrated within the frequency band of 3-93 Hz, with the
peak modulus at 42.5Hz. The peak modulus frequency of the
second-stage pump is 35Hz. When the flow rate increases to
1.0 Qq, the vibration energy experiences a slight increment.
However, the time-averaged wavelet spectral curve becomes
steeper, and the peak modulus frequency decreases to 16 and
19 Hz. At a flow rate of 2.0Qq, the wavelet energy in the low-
frequency band increases, expanding the spectral range toward
high-frequency. Additionally, the time-averaged wavelet spec-
tral curve is flatter than the low flow rate.
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