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ABSTRACT

As a key efficient transportation equipment in oil-gas extraction, vane-type multiphase pumps face
significant performance limitations due to extensive vortex formation in flow channels. This study
systematically investigates strong-weak vortex evolution in impellers using vorticity decomposition,
secondary flow diagnosis, and rigid vorticity vector analysis. It examines how inlet gas volume fraction
and flow rate affect axial vortices, circumferential vortices, and pressure pulsation. Key findings include:
1) Tip leakage vortex (TLV) in these pumps demonstrates fracture zones, leading to a proposed “front-
middle-rear leakage vortex” structure; 2) TLV diffusion and shedding represent strong-weak vortex
transitions, with mutual compression between front and middle vortices directly causing fracture; 3)
Blade geometry correlates with fluid potential rotor enthalpy evolution to predict vortex patterns; 4)
Circumferential vortex intensity increases with gas accumulation, while rapid axial vortex development
influences gas distribution. Time-frequency analysis shows gas phase presence amplifies pressure
pulsation and low-frequency disturbances in TLV regions, with axial vortex proliferation being the
primary contributor to enhanced pulsation intensity. High-flow conditions intensify peripheral pulsa-
tions through unbroken TLV, while reduced front leakage vortex and rear vortex shedding attenuate

Computational fluid dynamics .
pressure fluctuations.

© 2026 Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The global coastline and vast land areas are rich in oil and
natural gas resources, making their efficient extraction an urgent
priority. However, extracting these resources from deep-sea and
inland underground locations is challenging and time-consuming.
Selecting appropriate extraction and transportation equipment
can significantly improve efficiency. Current equipment mainly
includes screw pumps (Cao et al., 1999) and vane-type multiphase
pumps (Cheng and Chen, 1999; Ling, 2000). Compared to con-
ventional screw pumps, vane-type multiphase pumps offer ad-
vantages such as longer service life, easier maintenance, and
higher transportation capacity. In particular, enclosed gathering
and transportation technology has greatly simplified the trans-
portation process, effectively reducing maintenance costs. The
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research and design of vane-type multiphase pumps have long
been a focal point of study worldwide. Over the past decade,
continuous optimization and improvements by researchers have
led to significant performance enhancements (Yao et al., 2020).
However, there remain numerous challenges to be addressed in
the practical operation of vane-type multiphase pumps, particu-
larly the large-scale vortices that form in the flow channels of the
pressure-boosting unit, which significantly impact pump perfor-
mance (Zhang et al., 2014; Li et al., 2013; Ling, 2000). In a vane-
type multiphase pump, the impeller is a rotating component,
and there must be a certain gap between the blade tip and the
inner wall, known as the tip clearance. The fluid leaking through
this gap forms a jet driven by the pressure difference on both sides
of the blade, which then interacts with the main flow and evolves
into a TLV. The TLV not only intensifies unstable flow within the
pump but also induces hazards such as cavitation, vibration, and
noise. Additionally, secondary flows and leakage vortices in the
flow channels collide, merge, and dissipate, leading to significant
energy losses and further reducing the pump’s work capacity and
efficiency. Meanwhile, vortex-induced disturbances generate
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noise, vibration, and intensified pressure pulsations in the
pressure-boosting unit, profoundly affecting the safe and stable
operation of the entire system. Therefore, it is essential to study
the characteristics of unstable vortices and pressure pulsations in
the flow channels.

From a theoretical research perspective, Nayak and Das (2021)
and Wu et al. (2020) identified the physical foundations of un-
stable flows and provided detailed explanations regarding the
velocity field theory of fluid parcels. Li et al. (2023) demonstrated
that malignant cavitation serves as the primary cause of head
reduction and operational instability in mixed-flow pumps by
inducing increased energy dissipation and impairing impeller
workload capacity. Ye et al. (2024) demonstrated that the stress
blended eddy simulation model achieved superior accuracy in
predicting the vortex core velocity field while maintaining
computational efficiency for TLV analysis in axial liquid hydrogen
pumps. Turgut and Daly (1987) demonstrated that shear flow
within the flow field causes vortex deformation and explicitly
stated that unstable flows in weak turbulence are associated with
sinusoidal instability, while in strong turbulence, unstable flows
manifest as vortices. Yu et al. (2020) pointed out that vorticity
cannot precisely represent vortices. Due to the presence of strong
shear forces in boundary regions that amplify vorticity, this does
not align with the physical definition of vortices. Therefore, they
concluded that high vorticity does not necessarily indicate strong
vortex intensity. Gao et al. (2019); Liu et al. (2018) and Dong et al.
(2019) proposed that a vortex must simultaneously satisfy six
defining criteria: absolute strength, relative strength, rotational
axis, vortex core center, vortex core size, and vortex boundary.
They clearly demonstrated that second-generation vortex identi-
fication criteria fail to meet these requirements, whereas third-
generation vortex identification methods can define the bound-
aries of rotational vortices based on the condition that the anti-
symmetric tensor exceeds the symmetric tensor, thereby avoiding
contamination by shear vorticity. Lu and Gao (2003) employed a
combination of helicity equations and vorticity to reveal that the
time-varying rate of helicity in vortex structures within the flow
field is closely related to the magnitude of vorticity. Scheeler et al.
(2017) discovered that helical vortices exhibit twisted and coiled
characteristics. Through experiments, they validated the helicity
conservation theory in viscous fluids and noted that in real fluids,
vortex rings mutually induce one another, causing their coiled
characteristics to gradually weaken while the overall helicity re-
mains conserved.

In experimental research, Long et al. (2024) demonstrated that
cavitation development significantly altered the TLV structure and
intensified pressure pulsation within the tip clearance region.
Muthanna and Devenport (2004) conducted an in-depth study
on the mean flow and turbulent kinetic energy downstream of a
compressor cascade. They concluded that the turbulent kinetic
energy of the blade wake vortex structure is generated by velocity
gradients. Zhang et al. (2016) visualized experiments on vane-type
multiphase pumps and found that a large number of vortices are
generated in the guide vane flow passage. These vortices exhibit
strong entrainment capacity and exacerbate gas-liquid separation.
Liu et al. (2019) also noted that there are roughly four types of
vortices in the impeller flow passage: leading-edge vortices,
leakage vortices, separation vortices, and wake vortices. Shi et al.,
2020a, 2020c summarized the characteristics of vortices such as
separation vortices and leakage vortices in the tip clearance and
experimentally observed the trajectory of leakage vortices. The
high-speed PIV (Particle Image Velocimetry) technique used in
these studies has been widely applied to observe flow patterns in
the rim region, including various vortices such as wake vortices
(Zhang et al., 2014, 2021). Using SPIV (Stereo Particle Image
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Velocimetry), Wu et al. (2021, 2012) observed leakage vortices
induced by tip clearance in jet pumps and identified the formation
of wake vortices near the blade trailing edge. Shi et al., 2020d
captured the evolution of vortex motion in a swirl pump using
high-speed cameras and demonstrated the trajectory of particles
following vortex changes. Lee et al. (2020) employed velocity
measurement and visualization techniques to study the wake
characteristics of axial-flow turbines. They explicitly stated that
the vortex intensity of wake vortices is a key factor determining
the stability of the core region. Ma and Devenport (2006, 2007)
investigated the influence of tip clearance on the unsteady char-
acteristics of compressor tip leakage vortices and other vortex
systems. The results showed that leakage vortices form shedding
circulations near the trailing edge, which is one of the important
transient evolution forms of TLV systems. Additionally, Liu et al.
(2018) clearly identified wake vortices at the trailing edge of
multiphase pump impeller blades through modal analysis and
discussed the impact of unsteady flows such as vortices on flow
blockage. Cavitation phenomena in the tip clearance region also
present a challenging issue worthy of in-depth study. Shi et al.
(2017) and Shen et al. (2021) focused on the adverse effects
caused by cavitation flow in axial-flow pump tip leakage vortices.
Under severe cavitation conditions, vertical cavitation vortices
were captured in the wake region of leakage vortices, and their
evolution process can be divided into three stages: generation,
shedding, and dissipation. In terms of numerical simulation, Zhang
et al. (2020) analyzed the influence of tip clearance on flow char-
acteristics and performance in mixed-flow pumps through nu-
merical calculations, summarizing the effects of clearance on
channel vortices under different operating conditions. Their
research revealed that leakage vortices and vorticity near the blade
tip are significantly affected by clearance size and flow rate, with
increased flow rate effectively improving vortex intensity and
energy loss across different clearance sizes. Shu et al. (2021a,b)
using the SST turbulence model, found that the gas phase sub-
stantially influences the generation and collapse of tip leakage
vortices. Zhao et al. (2014) employed large eddy simulation (LES)
to demonstrate a strong correlation between vortex shedding at
hydrofoil trailing edges and cavitation intensity. Zhang et al.
(2015a,b) identified that tip leakage vortices result from the
interaction between leakage jets and the main flow. Yan et al.
(2020) applying a population balance model to centrifugal pump
simulations, observed that higher gas volume fractions lead to
increased vortex generation on blade suction surfaces, exacer-
bating gas-liquid separation and potentially causing flow blockage.
Zhao et al. (2022) numerically demonstrated that fewer vortex
structures at impeller inlets/outlets correlate with higher mixed-
flow pump efficiency. Shi et al. (2014) adopted vortex intensity
methods to numerically analyze flow fields and leakage vortex
trajectories in axial-flow pump tip regions. Their results showed
that expanding operational flow ranges and larger tip clearances
intensify leakage vortex entrainment, simultaneously elevating
cavitation risks near blade walls. Zhang et al. (2015a,b) utilized
large eddy simulation (LES) to demonstrate that leakage flows
predominantly concentrate near blade trailing edges, forming tip
wake vortices. These wake vortices migrate toward pressure sur-
faces of adjacent blades, interacting with walls to induce multi-
scale vortex generation. Li et al. (2022) highlighted that in rotary
machinery, higher rotational speeds intensify channel vortices due
to increased radial velocity gradients. Peng and Gregory (2015)
combined PIV with numerical methods to prove blade-vortex in-
teractions significantly modify vortex morphology and strength,
with vortices splitting into fragments during collisions while
gradually dissipating. Ji et al. (2020, 2021) identified that tip
leakage vortices, secondary flow vortices, and stall vortices in
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mixed-flow pump impellers all contribute to high energy dissi-
pation. Both intensity and scale of tip leakage vortices grow with
clearance size, causing sharp rises in entropy generation.
Furukawa et al. (1999) investigated transient vortex variations in
compressors, observing vortex collapse in mid-to-rear tip regions
that distorts local vortex structures, alters intensity, and amplifies
pressure pulsation amplitudes.

Numerous scholars have investigated vortex mechanisms to
enhance the performance of hydraulic rotating machinery and
analyze the correlation between vortices and pressure pulsations.
Among them, Li et al. (2019) demonstrated that the shape of the
blade trailing edge significantly influences pressure fluctuations.
Through numerical simulations, they found that modified blade
trailing edges effectively reduce vortex intensity in the surround-
ing area, leading to a notable decrease in pressure pulsation
amplitude within the pressure-boosting unit. Sun et al. (2020)
highlighted the substantial impact of vortices generated at blade
leading and trailing edges on centrifugal compressors. Adjusting
blade thickness was proposed as an effective method to mitigate
the influence of these vortices. Cui et al. (2020) employed LES to
analyze the flow field in the rear section of a centrifugal pump
impeller. Their results showed that modifying the blade trailing
edge cutting angle effectively reduces unstable flow and helps
lower pressure pulsations. Rashidi et al. (2016) reviewed applica-
tions for vortex shedding suppression and wake control. One
effective method for controlling wake turbulence involves
installing small airfoil sections at the trailing edge, which can
significantly inhibit vortex shedding. Additionally, understanding
the relationship between internal pressure pulsations and unsta-
ble vortices in hydraulic rotating machinery remains a critical
challenge. Several scholars have proposed valuable insights into
this correlation. Shu et al. (2021a, 2021b) utilized the Q-criterion
to reveal the relationship between tip leakage vortices and pres-
sure pulsation intensity in vane-type multiphase pumps. Zhao
et al. (2021) employed numerical simulations to demonstrate a
strong correlation between the development of trumpet-shaped
vortices and pressure pulsation coefficients in axial-flow pumps.
Feng et al. (2016) found that tip clearance vortices exacerbate
pressure pulsation amplitudes from the hub to the shroud in axial-
flow pumps.

In summary, while significant progress has been made in vortex
research for hydraulic machinery, investigations specifically target-
ing the destabilization mechanisms of vortices in vane-type multi-
phase pumps remain notably scarce. This study addresses this critical
gap by systematically examining strong-weak vortex evolution
through an integrated theoretical framework combining vorticity
decomposition, secondary flow diagnosis, and rigid vorticity vector
analysis. The research uniquely reveals the “front-middle-rear
leakage vortex” structural concept and establishes the correlation
between blade geometry and vortex evolution patterns. Further-
more, it quantitatively demonstrates how gas accumulation and flow
conditions govern vortex transitions and pressure pulsation char-
acteristics. These findings provide both theoretical foundations for
understanding vortex-pulsation interactions and practical insights
for optimizing multiphase pump stability under complex gas-liquid
transport conditions, representing an advancement in managing
unstable flows in multiphase pumping systems.

2. Theoretical foundation
2.1. Governing equations
In numerical simulations of flow fields within hydraulic

rotating machinery, although the fluid motion state is complex, it
still adheres to three fundamental conservation laws: the
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continuity equation, momentum conservation, and energy con-
servation. For this study, which does not consider heat transfer or
liquid-phase compressibility, the primary governing equations
employed are the continuity equation and momentum equation,
expressed as Eqgs. (1) and (2) respectively.

7]

5P +V(pV)=0 (M
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here, p is the density of the medium, P denotes the pressure, t
represents time, V indicates the velocity vector, u;, u; (where the
subscripts i and j take values of 1, 2, 3) correspond to the velocity
components in the x, y, and z directions, f; stands for the body force
term, and y is the dynamic viscosity.

2.2. Turbulence model

In actual operation of the vane-type multiphase pump, the
two-phase flow exhibits complex turbulent motion, making the
selection of an appropriate turbulence model crucial for studying
internal flow characteristics. In engineering numerical simula-
tions, the primary methods include direct numerical simulation
(DNS), Reynolds-averaged Navier Stokes (RANS), and LES. While
DNS and LES demand high computational resources and extended
simulation times, the RANS model offers lower computational
requirements while adequately capturing turbulent flow behavior.
This study adopts the SST k- turbulence model, which excels in
simulating wall shear stress and secondary flows near boundaries
while maintaining computational efficiency.

2.3. Multiphase flow model

The working medium in this study is gas-liquid two-phase flow.
In recent years, the selection of multiphase flow models has pre-
dominantly focused on homogeneous and heterogeneous ap-
proaches. Homogeneous model assumes identical velocity and
pressure fields for both phases in flow field calculations, implying
no interphase velocity slip or pressure gradients. Heterogeneous
model allows independent velocity and pressure fields with
explicit consideration of interphase forces, requiring coupled two-
phase momentum equations. While the homogeneous model of-
fers advantages in computational efficiency (faster convergence
and lower resource demands), the heterogeneous model achieves
higher accuracy by resolving phase interactions and interfacial
dynamics, albeit at increased computational cost. To ensure fi-
delity in simulating gas-liquid interfacial phenomena, this study
adopts the heterogeneous model. Its capability to capture phase
separation and momentum exchange aligns with the complex flow
patterns observed in vane-type multiphase pumps.

2.4. Potential rothalpy theory

Wang et al. (2021a, 2021b) proposed a rigid vorticity transport
equation as a new theoretical tool for analyzing and describing the
evolution of vortical structures in hydro-energy machinery and a
general alternate loading technique, which aims to control the
potential rothalpy theory by adjusting the blade loading distri-
bution, thereby effectively suppressing typical secondary flows.

The vorticity decomposition theory separates vorticity into
rotational vorticity and deformational vorticity. From an engi-
neering application perspective—particularly concerning vortex
stall characteristics—the potential rothalpy approach, as a
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secondary flow diagnostic theory, can effectively quantify vortices
and other secondary flows, thereby uncovering the underlying
causes of unstable flow patterns. In the pressure-boosting unit of a
vane-type multiphase pump, when fluid flows parallel to the blade
profile (i.e., the fluid’s trajectory aligns with the blade’s geometric
contour), the impeller blades operate with high efficiency, and the
total rothalpy I remains conserved along the streamline. The
expression is as follows:

I=1Ip + I (3)

In Eq. (3): Ip represents the potential rothalpy, Ix denotes the
kinetic rothalpy.

Here, since the kinetic rothalpy is always perpendicular to the
relative velocity vector direction, it does not participate in flow
modifications. Therefore, the potential rothalpy gradient (PRG) is
considered the primary factor affecting fluid flow stability.

The expression for potential rothalpy is:

P 1,

;' T
p 21!

2

Ip= (4)

In Eq. (4): r represents the radial coordinate, w; denotes the
impeller angular velocity.

The PRG is expressed by Eq. (5), which quantifies the magni-
tude of the PRG within the flow passage and serves as a diagnostic
metric for secondary flows. Taking the divergence of both sides of
Eq. (5) yields the Poisson equation for the velocity field, given as

Eq. (6).

V.VV = -VIp2w-V (5)

Al —20-VV = 2Qr (6)
where Q; represents the second invariant of the velocity gradient
tensor vortex formation VV is considered to occur when the rigid
vorticity significantly dominates the deformational vorticity, when
the relative vortex intensity Qg in Liutex-Omega theory exceeds
0.5. Here, Q; > 0 is equivalent to Qr > 0.5, which further demon-
strates that the magnitude of the PRG governs the generation of
secondary vortices.

As a diagnostic function for flow stability assessment, the SI
value can effectively quantify the intensity of secondary flows
within the flow domain. Its expression is given by:

PRG || =VIpll2

SI= =
Fe |l —ox V]2

(7)

For vane-type multiphase pumps, when the geometric config-
uration of the blades is fixed, the flow demonstrates higher sta-
bility when the PRG is lower than the coriolis force F.. The PRG
arises from the interaction between the blades and the fluid.
Identifying an appropriate PRG to balance the coriolis force F.
enables the fluid to maintain stable flow along the blade profile.
Zhao et al. (2023) found that in axial-flow vane pumps, the flow
becomes highly unstable when the SI exceeds 1.

The analysis based on rigid vorticity provides clearer charac-
terization of the macroscopic generation mechanism of secondary
flows within the impeller, which facilitates more definitive un-
derstanding of the intrinsic flow characteristics in the impeller
passage.

2.5. Vector decomposition principle of rigid vorticity

The expression for rigid vorticity wg can be simplified as Eq. (8),
Aci represents the imaginary part of the complex conjugate

4299

Petroleum Science 23 (2026) 4296-4319

eigenvalues of the velocity gradient tensor, o denotes the vorticity
vector, r indicates the vortex axis direction.
wR = |:a1'rf (w-1)? 74@1% (8)
Assume the Cartesian coordinates (x, y, z) are rotated by an

angle ¢ about the z-axis, resulting in new coordinates (x;, ye, z;),
the corresponding coordinate transformation is given by:

cos¢ —sing O X Xe
—sing —cos¢ O ||y|=]ye (9)
0 0 1 z Ze

Assume the rigid vorticity vector at a certain point in the fluid
domain is (Ry, Ry, R;). Taking the z-axis as the rotation axis, it can be
decomposed in cylindrical coordinates as (R, Ry, R;). The rigid
vorticity components can thus be obtained as follows: circumfer-
ential component from Eq. (10), the radial component from in Eq.
(11), the axial component from Eq. (12).

Rc=Ry sind — Ry cos 6 (10)
Rr= —Rxsin@— Ry cos 6 (11)
Rc=R; (12)

2.6. Pressure pulsation theory

To investigate the correlation between vortex flow and pressure
pulsations in vane-type multiphase pumps, this study introduces
calculations for both pressure pulsation amplitude and pressure
pulsation intensity, represented by Egs. (13) and (14), respectively.

Cp:ﬂ (13)
0.5,;U§ip
N _
§ 21 (P —P)
Ipp="—2 (14)
P 0.5pU%,

In the analysis of pressure characteristics, Eq. (13) defines the
pressure coefficient C,, where P; represents the instantaneous
pressure, P denotes the time-averaged pressure, p is the fluid
density, and Uyp indicates the impeller inlet velocity. Eq. (14)
quantifies the pressure pulsation intensity Ipy.

3. Numerical calculation method
3.1. Physical model and mesh generation

Fig. 1 shows the schematic diagram of the main flow compo-
nents of a single-stage vane-type multiphase pump, including the
impeller, guide vanes, pump casing, and inlet/outlet pipelines.
Among these components, the pressure-boosting unit (impeller
and guide vane) serves as the core of the vane-type multiphase
pump. The design philosophy follows the “three-dimensional flow
theory” of fluid machinery. The guide vane structure references
compressor design principles, which helps break up gas bubble
accumulation. The impeller blades feature a large wrap angle to
increase the single-flow-passage area, while longer blades are
more conducive to energy transfer to the fluid. Table 1 presents the
structural parameters of the pressure-boosting unit in the studied
vane-type multiphase pump.
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Fig. 1. Schematic diagram of flow passage in single-stage vane-type multiphase
pump.

To enhance computational convergence and obtain high-
quality mesh, structured meshes were adopted for all four fluid
domains within the pump. Specialized mesh refinement was
implemented at the 1.0 mm tip clearance region with 30
boundary-layer meshes to achieve high-resolution capture of TLV
spatial distribution patterns and transient vortex evolution char-
acteristics. The y™ on the impeller and diffuser blade surface is
0-65 and 0-90, which meets the demand of the turbulence model
and scalable wall function. Fig. 2 shows the computational domain
mesh schematic of the pressure-boosting unit in the studied vane-
type multiphase pump.

3.2. Boundary conditions and solver settings

This study involves both steady-state and transient numerical
simulations of the single-stage pump operating at 3000 r/min. Air
and water were selected as the gas-phase and liquid-phase media,
with their phase states configured as dispersed and continuous,
respectively. The SST k-o turbulence model was applied to the
liquid phase, while the dispersed phase zero-equation model was
adopted for the gas phase. A heterogeneous flow model was cho-
sen to characterize the interphase drag forces between the gas and
liquid phases.

The impeller speed of the vane-type multiphase pump was set
to 3000 r/min. Based on the inlet flow rate (100 m>/h), the
boundary conditions were configured as follows: velocity inlet at
2.689 m/s and pressure outlet at 7 atm. The walls of the pressure-
boosting unit were set to no-slip conditions, with the rotor-stator
interface employing a frozen rotor approach for steady-state
simulations. To accelerate convergence and reduce computa-
tional time in transient simulations, the steady-state results were
used as initial values, while the transient frozen rotor method was
applied to the rotor-stator interface. Numerical convergence was
determined by monitoring either the RMS residuals (set to 107°) or
the stabilization of the inlet-outlet pressure difference.

Table 1

Design parameters of the pressure-boosting unit in vane-type multiphase pump.
Parameter Impeller Guide vane Unit
Rim diameter 161 161 mm
Inlet hub diameter 113 126 mm
Outlet hub diameter 126 113 mm
Blade inlet angle 9°/6° 0
Blade outlet angle 27°[24° 35°
Axial length 60 66 mm
Number of blades 3 11
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3.3. Mesh independence verification

Table 2 presents the mesh independence verification scheme
for the computational domain. The first mesh scheme serves as the
baseline, while beyond the third mesh scheme, the relative hy-
draulic efficiency and relative head of the multiphase pump
exhibit minimal variations. Therefore, considering both accuracy
and computational economy, the third mesh scheme was adopted
for the simulations. Table 2 shows the mesh independence veri-
fication under water conditions.

Fig. 3 displays the velocity streamline distribution and y* value
distribution on the pressure-boosting unit walls. Shi and Wang
(2019) and Shi et al, 2020b) demonstrated that for high-
Reynolds-number conditions, the y* values for the SST model
should remain below 100, whereas for low-Reynolds-number
conditions, y™ values should range between 1 and 9. As evident
from Fig. 3, most regions on the impeller walls correspond to high-
Reynolds-number zones, with only localized areas on the blade
surfaces representing low-Reynolds-number regions. The corre-
sponding y™ values in these areas meet the specified requirements.
In summary, the simulated y* values satisfy the SST model’s
criteria across different Reynolds number regimes.

Fig. 4 shows the monitoring points set in the flow passage of the
pressure-boosting unit of the vane-type multiphase pump, aiming
to measure pressure variations at these points and further verify
the reliability of the simulation. To validate the unsteady calcula-
tion reliability, five points each were arranged in the impeller and
guide vanes, designated as IP1~IP5 and DP1~DP5 respectively.

Fig. 5 presents the pressure variation at monitoring point DP3
over one rotation period, calculated using three time-steps
(5.56 x 107>, 1.11 x 1074 and 1.67 x 10~ s) corresponding to 1°,
2°, and 3° of impeller rotation respectively. The results demon-
strate good agreement among all three time-steps, indicating
excellent mesh stability in transient calculations with minimal
sensitivity to time step variations. Considering computational
resource allocation, the second time step (111 x 10~ s) was
selected for numerical analysis as the optimal choice. For transient
calculations, the converged steady-state results served as initial
conditions. To ensure accuracy, each operating condition’s tran-
sient simulation duration was set at 0.46 s, with analysis con-
ducted on the periodic evolution during the final revolutions.

4. Numerical calculation and experiment
4.1. Experimental system

Fig. 6 shows the physical components of the pressure-boosting
unit in the multiphase pump, including the impeller, guide vanes,
and pump casing. The impeller, manufactured from stainless steel,
serves as the primary energy conversion component. The blade
count, wrap angle, and inlet/outlet angles of both the guide vanes
and impeller correspond to the specifications in Table 1, with a
1.0 mm clearance between the impeller blades and outer casing. To
facilitate observation of flow patterns and their transient evolution
within the impeller, the surrounding casing was constructed from
transparent glass. The experimental investigation included mul-
tiple operational conditions, focusing on performance character-
istic testing and flow pattern visualization. The flow visualization
employed high-speed photography to capture flow dynamics in
the impeller passages, using purified water and air as the two-
phase media.

During the experimental process, the following procedures
were primarily implemented: First, water from the tank and air
from the gas reservoir were thoroughly mixed through pipelines
and then delivered to the pressure-boosting unit. After stable
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(b)

(d)

Fig. 2. Schematic of computational domain mesh: (a) Impeller mesh; (b) Guide vane mesh; (c) Hub-region mesh of impeller; (d) Magnified view of the blade surface boundary

layer mesh refinement.

Table 2
The grid independence verification scheme for the computational domain.

Case Number of meshes (x 10%) Relative head Relative efficiency
1 221 1.0 1.0

2 334 1.019 1.024

3 456 1.062 1.042

4 598 1.048 1.041

operation of the vane-type multiphase pump was achieved,
experimental data including inlet/outlet pressure and torque were
recorded using measurement instruments. Second, when oper-
ating under different flow rates or gas volume fraction conditions,
adjustments were made by regulating the inlet opening or
adjusting the air intake valve, followed by observation and
recording of experimental data. Finally, high-speed cameras were
employed to capture flow patterns within the passage. The
equipment test bench for the vane-type multiphase pump is
shown in Fig. 7.

4.2. Comparison between numerical and experimental results

Fig. 7 shows a photograph of the self-built multiphase-pump
test platform. This consists of four main parts: the gas trans-
mission system, infusion system, gas-liquid mixing system, and
multiphase pump test system. Fig. 8 shows a schematic diagram of
this experimental system. To facilitate visualization of the internal
flow of the multiphase pump, the shell material of the booster unit
was made from transparent polymethylmethacrylate. Under
working conditions of 3000 rpm with pure water (flow rate
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60-120 m>3/h) and gas-liquid two-phase condition (GVF = 5%),
external-feature tests were conducted on a pump with tip clear-
ance of 1.0 mm. Figs. 9 and 10 show characteristic curves sum-
marizing the test outcomes along with the numerical calculation
results. The errors in the head, efficiency, and output power be-
tween the test results and the calculations are all less than 5%. Due
to the complex energy loss in the work of the multiphase pump,
the numerical calculations can only predict part of the loss, so the
values produced by the numerical calculations are greater than
those measured in the tests, and this systematic error is un-
avoidable. In short, the numerical-calculation approach chosen
herein was demonstrated to be reliable.

5. Results and analysis
5.1. Characteristics of TLV structures

Fig. 11 shows the distribution of tip leakage vortices in a single
flow passage of the vane-type multiphase pump (IGVF = 10%). The
leakage vortices are observed to extend from the suction side of the
blade leading edge to the mid-region of the adjacent blade pressure
side, primarily concentrated near the shroud. Three distinct leakage
vortex types are identified: front leakage vortex, located near the
passage inlet; main leakage vortex, found at the leading edge (LE) of
the adjacent blade pressure side; rear leakage vortex, formed in the
mid-region of the pressure side. Fig. 10 reveals two instability zones
(Regions A and B) at the leading edge of Blade 2: region A, shows
vortex filament breakage tendencies; region B, exhibits clear vortex
shedding phenomena. The vortex stability progressively decreases
from the main to rear leakage vortex, with the vortex core enlarging
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and eventually dissipating at the pressure side mid-region. Exper-
imental visualization in Fig. 12 confirms the presence of vortex
breakage zones in the impeller passage, with the shedding region
matching Region A in Fig. 11.

This analysis indicates two inherent instability zones in the
leakage vortex development. The spiral blade geometry is

4302

hypothesized as the primary contributor to this unique vortex
distribution pattern. To investigate the instability mechanisms, the
following section provides preliminary analysis of the vortex for-
mation process.

Fig. 13 shows a schematic of the TLV evolution process from
formation to diffusion, featuring simplified 2D-to-3D vortex
modeling. In rotating machinery flow passages, vortex formation is
fundamentally influenced by circumferential and axial velocity
components or more precisely, its morphology is intrinsically
linked to these directional velocities. Within the impeller passage
of the vane-type multiphase pump, the TLV emerges through the
combined action of axial and circumferential velocities. The rota-
tional effect of the impeller further drives circumferential velocity
to promote vortex diffusion throughout the passage, ultimately
forming the elongated TLV structure. This supports the hypothesis
that circumferential velocity plays a dominant role in both the
formation and diffusion of leakage vortices.

To validate the aforementioned hypothesis, this study numer-
ically partitions the rigid vorticity based on vorticity decomposi-
tion theory. Computational results reveal that the vortex core
region exhibits high rigid vorticity concentration, termed as Strong
Vortex Flow (SVF), while the peripheral vortex region with lower
vorticity magnitudes is classified as Weak Vortex Flow (WVF). The
classification between SVF and WVF is achieved through threshold
selection of rigid vorticity isosurfaces. It should be noted that this
threshold-based demarcation is not absolute but serves primarily
for vortex component categorization. This section aims to uncover
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(c) Pump casing

Fig. 6. The physical components of the pressure-boosting unit in the multiphase pump.

Fig. 7. Experimental test system (left) and high-speed camera setup (right).

the underlying mechanisms of leakage vortex “instability-frag-
mentation-shedding” through SVF/WVF analysis.

Fig. 13 shows the vortex distribution in the vane-type multi-
phase pump under pure water conditions, including SVF, Middle
Vortex Flow (MVF), and WVF. To facilitate the investigation of
leakage vortex trajectories, ten vortex core points (P1—P1g) were
extracted along the vortex axis. As shown in Fig. 14, the front and
main leakage vortices primarily consist of SVF, whereas the rear
leakage vortex is mainly composed of WVF.

In the pump flow passage, a low peak of rigid vorticity appears
at the junction between the front and main leakage vortices.
Theoretically, this region is prone to vortex dissipation and is
therefore identified as the first breakage point of the leakage
vortex. In the rear leakage vortex region, significant vortex shed-
ding is observed, with the presence of gas phase notably
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amplifying the shedding scale. Consequently, the leakage vortex
exhibits two primary dissipation zones, both predominantly con-
sisting of WVF.

To further reveal the intrinsic causes of flow instability in the
vane-type multiphase pump, a direct comparison was made be-
tween the circumferential velocity and vortex distribution at
vortex core points. Fig. 15 shows the circumferential velocity dis-
tribution of leakage vortices and vortex cores under pure water
conditions.

From Fig. 15(a), it is observed that from Py to Ps, as the SVF
decreases, the circumferential velocity along the vortex axis
gradually declines, particularly reaching a low peak at point Ps.
This region primarily consists of WVF and corresponds to the first
instability zone of the leakage vortex. A similar trend is observed in
the Ps—P1g range, where the circumferential velocity at vortex core
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Fig. 8. Schematic diagram of the experimental system for the multiphase pump. 1: Water tank; 2: regulating valve; 3: booster pump; 4: flow meter; 5: gas-liquid mixing tank; 6:
pressure sensor; 7: multiphase pump; 8: torque meter; 9: electric machine; 10: gas flow meter; 11: regulating valve; 12: gas pressure meter; 13: air compressor.
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The gas phase further enlarges the vortex scales in the instability
zones near P5 and Pqg.

These findings demonstrate that in the main leakage vortex
region, the reduction in circumferential velocity along the flow
direction leads to gradual vortex destabilization. As the circum-
ferential velocity decreases, the leakage vortex continuously ex-
pands and diffuses, with SVF progressively transforming into MVF
and WVFE. Ultimately, vortex shedding occurs in the rear section of
the flow passage. The gas phase facilitates the conversion of more
SVF into WVF, thereby increasing the overall vortex scale within
the flow passage.

Taking the IGVF = 10% condition as an example, this section
focuses on analyzing the transient evolution process of leakage
vortices within the flow passage. Fig. 16 illustrates the spatio-
temporal evolution of TLV in the multiphase pump flow passage at
10% gas volume fraction.

From Fig. 16, it can be observed that during [To+ 1/20T, To+ 4/
20T], as the SVF of the front leakage vortex gradually diffuses cir-
cumferentially and the SVF of the main leakage vortex diffuses in
the opposite circumferential direction, the strong vortex flow
(SVF) regions in both areas progressively expand. This significantly
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enhances their ability to entrain surrounding fluid, marking this
phase as the growth stage for both the front and main leakage
vortices. Simultaneously, the SVF of the front leakage vortex and
the SVF of the main leakage vortex converge and compress toward
each other. At Top + 4/20T, the leakage vortex undergoes strong
vortex-induced torsion, leading to instability in this region and
resulting in vortex breakage.

During [To+ 4/20T, To+ 6/20T], the SVF of the main leakage
vortex gradually transforms into MVF (Middle Vortex Flow). By
To+7/20T, the front leakage vortex dissipates into thin filamentary
structures. In the phase [To+ 5/20T, To+ 8/20T], both MVF and SVF
in the main leakage vortex successively diminish, completely
dissipating by To+ 8/20T.

Additionally, from [To+ 1/20T, To+ 8/20T], vortex shedding in
the rear leakage vortex gradually decreases, primarily due to the
rapid reduction of SVF during the transition from the main to the
rear leakage vortex. Theoretically, weak vortex flow (WVF) should
destabilize first. However, before WVF can fully dissipate, SVF has
already converted into WVF, leading to an observed phenomenon:
within a specific time frame, the intensity of the leakage vortex
decreases while its spatial scale progressively enlarges.
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Fig. 16. Unsteady evolution of TLV under gas-liquid two-phase conditions (IGVF = 10%).

Fig. 17 presents high-speed photographic sequences of TLV
evolution at 10% gas volume fraction. The images demonstrate that
during [Ty, T3], the front leakage vortex progressively diffuses
while the main leakage vortex region expands, with their inter-
facial zone gradually developing instability that ultimately causes
vortex breakage. Particularly at T4, the breakage region becomes
distinctly visible, and by Tg, the marked TLV area exhibits an
extensive fracture zone.

5.2. Secondary flow mechanisms in vane-type multiphase pumps

Fig. 18 shows the PRG distribution on the blade surfaces of the
vane-type multiphase pump. According to the governing equa-
tions, the PRG serves as the primary driver of relative motion
within the impeller. Under ideal conditions, the potential rothalpy
(Ip) contours should align with the streamlines (V; x ds = 0). When
the I, contours closely follow the blade geometry, secondary flows
are less likely to develop in the flow passage.

From Fig. 18, it is evident that the PRG on the blade suction side
is significantly lower than that on the pressure side. Additionally,
the I, contours on the suction side exhibit better conformity with
the blade profile, which explains the rapid increase in vortex in-
tensity of the main leakage vortex downstream of the breakage
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point on the pressure side. Meanwhile, the I, contours deviate
more noticeably from the blade geometry near the leading and
trailing edges, indicating that parameters such as blade angle and
profile significantly influence fluid flow.

This section examines the potential rothalpy distribution on the
suction and pressure sides at 10% gas volume fraction. Fig. 18(b)
and (d) reveal that Part (1) and Part (2) are regions where sec-
ondary flow occurs. Near the trailing edge, the I, contours show a
distinct angular deviation from the blade shape, resulting in a high
PRG that readily induces secondary flows. Fig. 18(e) and (f) provide
magnified views of Part (1) and Part (2), respectively. On the suc-
tion side trailing edge, the mismatch between the blade angle and
streamlines leads to a sharp increase in the potential rothalpy
gradient, causing flow disturbances and the formation of multiple
vortices. In contrast, the I, contours on the pressure side trailing
edge align more closely with the blade profile, resulting in fewer
vortices in this region.

Therefore, blade profile design profoundly impacts flow sta-
bility. Establishing a correlation between blade geometry and
secondary flows, such as leakage vortices, is crucial for effective
flow control.

Fig. 19 identifies the front, main, and rear leakage vortex re-
gions as primary instability zones, where the I, contours on both
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suction and pressure sides significantly deviate from the blade with the suction-side leading edge, aligning precisely with the
profile—a key factor in vortex destabilization. Fig. 19(a) and (b) onset of I, contour deviation and a locally high potential rothalpy
show that the initiation point of the front leakage vortex coincides gradient. Elsewhere along the leading edge, well-distributed I,
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contours correlate with minimal vortex activity, demonstrating
effective flow control through blade profile design.

Fig. 19(c) and (d) reveal severe I, contour distortion near the
pressure side, spatially coinciding with the main leakage vortex. As
the tip-region I, contours progressively deviate from the blade
geometry, the leakage vortex forms and diffuses into the passage.
Conversely, when I}, contours realign parallel to the blade profile in
the rear section, the vortex dissipates into fine-scale turbulent
structures.

Fig. 20 displays the transient evolution of leakage vortices and
SI values (ratio of PRG to Coriolis force, directly indicating flow
stability) under pure water conditions. The S distribution on blade
surfaces synchronizes with vortex spatiotemporal evolution.
During 0.414-0.42 s (vortex growth phase), the main leakage
vortex expands while adjacent blades exhibit rising SI values, both
propagating toward the outlet. By T = 0.42 s, the rear leakage
vortex evolves into a spiral pattern in the passage rear section.
Under gas-liquid conditions, the leading-edge suction side shows
intensified leakage vortices and SI values. Gas phase enlarges inlet
instability zones, amplifies vortex scales, and accelerates dif-
fusion—evidenced by prominent vortex shedding at T = 0.42 s.
Despite gas-induced secondary flow enhancement, the blade rear
section maintains stable SI values, proving that the long-wrap-
angle helical blades effectively adapt to multiphase flows by sup-
pressing vortex diffusion at design conditions.
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5.3. Influence of gas volume fraction on flow characteristics and
hydraulic performance

Fig. 21 presents the average distributions of turbulent dissipa-
tion rate, potential rothalpy gradient, and pressure boost values
across the pump’s inlet/outlet under varying gas volume fractions
(IGVF). The data reveal that as IGVF increases from 0% to 20%,
turbulent dissipation rate surges from 2332 to 7965 m?/s>, pres-
sure boost declines from 80,640 to 56,135 Pa. A sharp rise in PRG
occurs beyond 10% IGVF, accompanied by rapid deterioration of
pressure-boosting performance. The most pronounced changes in
turbulent dissipation, potential rothalpy gradient, and pressure
differential emerge during the 15%-20% IGVF transition. These
trends demonstrate that rising gas content intensifies flow insta-
bility, elevating turbulent dissipation and energy losses while
degrading pressure-boosting capacity.

Fig. 22 shows the distribution of SI values at the impeller and
guide vane outlets under different flow rates at IGVF = 10%. It can
be observed from Fig. 22 that as the flow rate increases from 0.6Q
to 1.0Q, the SI value at the impeller outlet of the vane-type
multiphase pump decreases from 0.98 to 0.58, indicating a
gradual reduction in overall secondary flow within the passage. At
the low flow rate of 0.6Q, the average SI value at the impeller outlet
approaches 1, suggesting poor flow uniformity under extreme
operating conditions, which readily induces unstable vortices such
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Fig. 19. TLV and PRG characteristic distributions (IGVF = 10%): (a) Distribution of the I,; (b) F-TLV; (c) Distribution of the I,; (d) Streamline of the M-TLV and the B-TLV.
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as secondary flow. Furthermore, as the inlet flow rate increases
from 0.6Q to 1.0Q, the SI value at the impeller outlet gradually
decreases to 0.59. At 1.2Q, the SI value at the impeller outlet in-
creases to 0.68, while the SI value at the guide vane outlet de-
creases to 0.52. When the flow rate increases to 1.4Q, the SI value
at the impeller outlet rises to 0.77, and the SI value at the guide
vane outlet increases to 0.6.

It can be seen that the inlet flow rate significantly affects the
flow characteristics in the vane-type multiphase pump, and
adjusting the flow rate can effectively control the internal flow of
hydraulic machinery. In practical operation, the secondary flow
diagnostic theory can effectively identify the flow stability state of
the vane-type multiphase pump under different operating condi-
tions. It is found that under gas-liquid two-phase conditions, the
outflow condition at the design flow rate is relatively the most
stable, and the total energy loss at the outlet of the pressure-
boosting unit is the lowest. This also provides a more accurate
theoretical basis for the optimized operation of the vane-type
multiphase pump.
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5.4. Vortex decomposition and energy loss in the vane-type
multiphase pump

Fig. 23 shows the distribution of axial vortices, circumferential
vortices, radial vortices, and tip clearance streamlines under pure
water conditions. From Fig. 23, it can be observed that the tip
clearance streamlines flow out from the leading edge of the tip
clearance and move circumferentially along the passage to the
outlet position, forming a long strip of TLV. Among the compo-
nents of the TLV, the circumferential vortex accounts for the
largest proportion compared to the axial and radial vortices,
making it the main component of the TLV. At the same time, in the
front TLV region, the vortex components are mainly
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circumferential vortices, while axial vortices begin to appear in the
middle breakage region of the leakage vortex, where the kink
degree of the jet streamlines is relatively low. In addition, near the
shear band of the leakage vortex, the jet from the adjacent passage
flows in through the clearance and intertwines with the main flow,
forming the middle part of the leakage vortex. Axial vortices are
mainly concentrated near the leading edge of the blade pressure
side and the tail region of the leakage vortex. Circumferential
vortices account for the largest proportion of the leakage vortex
and are therefore the main component, while radial vortices ac-
count for the smallest proportion and are mainly distributed in
local regions near the leading and trailing edges of the blade.
Furthermore, when the fluid passes through the narrowest part of
the passage, the axial vortices in the passage are relatively severe.
At the same time, when the tail of the leakage vortex experiences
flow separation and dissipation, the proportion of the axial
component of the vortex is also large, which fully indicates that
the axial component plays a certain driving role in the generation
and collapse of the vortex.

Fig. 24 shows the distribution of axial vortices, circumferential
vortices, radial vortices, and tip clearance streamlines at an inlet
gas volume fraction of 10%. From Fig. 24, it can be seen that under
gas-liquid two-phase conditions, the leakage jet streamlines are
more densely distributed in the passage, and there are relatively
fewer jets in the shear band. Near the clearance in the shear band
region, obvious gas accumulation occurs, and in most regions near
the trailing edge clearance of the blade, the gas volume fraction is
very high. It can also be seen from Fig. 24 that compared to the
pure water condition, the distribution of axial vortices at the tail of
the leakage vortex gradually increases under gas-liquid two-phase
conditions, meaning that the axial component gradually increases
when the vortex sheds and dissipates. In the front and rear sec-
tions of the leakage vortex, the vortex scale of the circumferential
vortex is significantly larger, but the vortex intensity of the
circumferential vortex begins to decrease in local regions in the
middle of the leakage vortex. This is caused by local gas blockage in
the clearance, which reduces the velocity of the clearance jet at
this position and prevents it from forming strong convection with
the main flow on the pressure side, thereby affecting the diffusion
of the circumferential vortex to some extent. It can be concluded
that axial and circumferential vortices are the main components of
the vortex, and the presence of gas significantly increases the
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21
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distribution of axial and circumferential vortices throughout the
impeller region.

The preceding analysis has identified the core positions of tip
leakage vortices in the vane-type multiphase pump. The following
section will conduct an in-depth analysis of the correlation be-
tween energy loss and vortex intensity at the vortex core, with
quantitative analysis revealing their relationship patterns.

Fig. 25 shows the distribution of circumferential vortices, axial
vortices, and energy loss along the vortex core under 10% gas
volume fraction. From Fig. 25, it can be observed that along the
vortex axis of the TLV, the variation patterns of rigid vorticity for
both circumferential and axial vortices at different spatial posi-
tions correspond with energy loss distribution.

In the P1-P4 interval, the rigid vorticity of both circumferential
and axial vortices gradually decreases from 7844 s~ and 666 s~
to 1187 s~ ! and 491 s~ ! respectively, while the entropy production
rate at the vortex core correspondingly drops from 13,783 to
4665 W/(m>-K). During the P4Pg interval, both axial and circum-
ferential vortices at the vortex core begin to increase, with axial
vortices showing the most rapid growth. Concurrently, the entropy
production rate rises to 18,711 W/(m?K), indicating that the axial
vortex growth at Pg contributes significantly to energy loss. Point
Pg is located at the leading edge of the blade suction side, where
both axial and circumferential vortices are most densely distrib-
uted—the primary reason for its maximum energy loss. In the
Ps—Pg interval, the rigid vorticity of both axial and circumferential
vortices gradually decreases, accompanied by a substantial
reduction in energy loss. However, from Pg to Py, as the leakage
vortex enters the rear leakage vortex stage, large-scale vortex
shedding occurs in the flow passage, leading to significant energy
loss and consequent increase in entropy production rate.

5.5. Transient characteristics of TLV and gas phase in vane-type
multiphase pump

Fig. 26 shows the distribution of circumferential vortices, axial
vortices, and gas phase in the impeller passage under different flow
rates at an inlet gas volume fraction of 10%. From Fig. 26, it can be
observed that at 0.8Q flow rate, the leading edge of the blade suction
side fails to form a stable structure, and the pressure side is domi-
nated by circumferential vortices. The inlet circumferential velocity
is relatively low, but vortex and gas phase concentrations increase

N }—— Shear band

(a) Circumferential vortex and leakage streamline distribution

(b) Radial vortex and leakage streamline distribution

(c) Axial vortex and leakage streamline distribution

Fig. 23. Axial, circumferential, and radial vortices with tip clearance streamlines (IGVF = 0%).
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Fig. 24. Spatial distribution of axial/circumferential/radial vortices and tip clearance streamlines (IGVF = 10%).
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near the passage outlet. When the flow rate increases to 1.0Q, the
leakage vortex at the suction side leading edge gradually forms, but
breakage occurs near the pressure side leading edge. At this stage,
axial vortices become more prominent at the pressure side leading
edge and mid-region, while both circumferential and axial velocities
increase. Notably, at the passage inlet, the circumferential velocity
decreases toward the tip region across all cross-sections. This ve-
locity gradient-induced shear effect significantly enlarges the scale
of circumferential vortices. Under 1.2Q flow rate, axial vortices in
the passage gradually diminish, and the distribution of circumfer-
ential vortices shifts toward the suction side. Concurrently, the
leakage vortex no longer exhibits significant breakage, and the
circumferential vortices near the pressure side leading edge closely
approach the suction side of adjacent blades.

The above analysis reveals that at low flow rates, circumfer-
ential and axial vortices are constrained by the shear effects of
circumferential and axial velocities, resulting in smaller vortex
scales of the leakage vortex, with distribution limited to the vi-
cinity of the blade pressure side leading edge. At the design flow
rate, the distribution of axial vortices gradually increases in the tail
region of the leakage vortex, while circumferential vortices
become significantly more concentrated near the suction side
leading edge. However, distinct breakage and instability zones
emerge under these conditions. At high flow rates, the inlet ve-
locity increases, but the circumferential velocity variation near the
suction side leading edge remains minimal. The initiation position
of the leakage vortex shifts downward, with circumferential
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vortices predominantly distributed along the suction side, effec-
tively preventing breakage in the mid-region of the leakage vortex.

These findings demonstrate that flow rate significantly in-
fluences vortex distribution and gas-liquid separation character-
istics. At low flow rates, the TLV remains relatively small, whereas
at design and high flow rates, the TLV becomes more pronounced.
Furthermore, the degree of gas phase accumulation in the flow
passage is strongly affected by vortex behavior. Therefore, this
section focuses on analyzing the transient evolution of the TLV and
gas phase at design and high flow rates.

Fig. 27 illustrates the three-dimensional spatiotemporal evolu-
tion of vortices and the gas phase at a flow rate of 1.0Q. From Fig. 27,
it can be observed that at 1.0Q, the distribution of circumferential
vortices in the impeller passage aligns with the gas phase at
different time instants. At 0.4131 s, circumferential vortices form
near the blade suction side, while axial vortices, radial vortices, and
gas phase distribution remain minimal. By 0.4164 s, the circum-
ferential vortices gradually shift toward the pressure side, and the
vortex regions of the front and middle leakage vortices begin
compressing toward the mid-region, forming a breakage zone. The
vortex axis in the circumferential direction moves in opposite di-
rections, ultimately leading to breakage at 0.42 s.

During the period T = [0.4131 s, 0.42 s], axial vortices diffuse
from the leading edge toward the outlet. As the breakage zone de-
velops, both circumferential and axial vortices progressively in-
crease in the flow passage, accompanied by a growing
concentration of gas phase within the vortices. This indicates that
vortex diffusion and growth intensify gas phase accumulation in the
passage.

Fig. 28 shows the three-dimensional spatiotemporal evolution of
vortices and gas phase at a flow rate of 1.2Q. From Fig. 28, it can be
observed that compared to the 1.0Q flow rate, the variation of
vortices in the flow passage over time is smaller at 1.2Q. The initial
position of circumferential vortices is relatively delayed. During the
period T = [0.4131 s, 0.4164 s], circumferential vortices gradually
diffuse toward the middle of the flow passage, with their scale
significantly increasing. Meanwhile, the gas phase exhibits a tubular
distribution and is entrained by the vortices toward the outlet. At
0.42 s, the scale of circumferential vortices gradually decreases, and
the distribution area of the gas phase also reduces. However, the
structure of the TLV remains stable without breakage. Fig. 28 also
reveals that at 1.2Q flow rate, axial vortices are less distributed, and
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Fig. 26. Distributions of circumferential/axial vortices and gas phase (IGVF = 10%).
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Fig. 27. 3D spatiotemporal evolution of vortices and gas phase at 1.0Q flow rate (IGVF = 10%).

their increase is slow during T = [0.4131 s, 0.42 s]. Circumferential
vortices exhibit an elongated distribution, and vortex shedding in the
rear leakage vortex region is minimal, which is related to the slower
development of axial vortices in the flow passage.

In summary, as the inlet flow rate increases, both the circum-
ferential and axial velocities in the shroud region of the flow
passage also increase, thereby influencing the positional changes
of the TLV. The continuous dissipation and regeneration of axial
and circumferential vortices over time further entrain the gas
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phase toward the outlet, demonstrating that the spatiotemporal
evolution characteristics of vortices significantly affect gas-liquid
two-phase transport.

5.6. Pressure pulsation characteristics in vane-type multiphase
pump

In studies concerning pressure pulsations in vane-type multi-
phase pumps, Wen et al. (2022) found a strong correlation between
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Fig. 28. 3D spatiotemporal evolution of vortices and gas phase at 1.2Q flow rate (IGVF = 10%).

Fig. 29. Monitoring points in impeller flow passage.

tip leakage vortices and pressure pulsations. Therefore, the following
analysis takes monitoring points at the core positions of tip leakage
vortices at different locations to examine the relationship between
pressure pulsations and circumferential/axial vortices.

Fig. 29 shows monitoring points (IM1~IM5) in the core region
of the TLV under one operating condition. These points will vary
with changes in the vortex core center under different

IM5

M4

M3

M2

M1

0.444 0.450 0.456
Time, s
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conditions. All five points are located along the vortex axis of the
TLV, with IM2 in the front leakage vortex region, IM3-IM4 in the
middle leakage vortex region, and IM5 in the rear leakage vortex
region. This section conducts an in-depth analysis of pressure
pulsations at these five points to reveal patterns in frequency
and time domain variations under different operating
conditions.
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Fig. 30. Time-domain diagrams of monitoring points under pure water and two-phase conditions.
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Fig. 31. Time-domain diagrams of monitoring points at different flow rates.
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Fig. 32. Frequency-domain diagrams of monitoring points under pure water and two-phase conditions.

Fig. 30 shows the time-domain diagrams of monitoring points
in the impeller under pure water and gas-liquid two-phase con-
ditions. From Fig. 30(a), it can be observed that under pure water
conditions, the maximum pressure pulsation amplitudes at
IM1~IM5 are 0.0264, 0.03093, 0.02723, 0.01666, and 0.0489,
respectively. IM1 and IM2 represent two positions in the front
leakage vortex, with IM2 located in the vortex diffusion region,
exhibiting relatively higher pressure pulsation amplitudes. IM3 is
near the pressure side leading edge of the blade, where both axial
and circumferential vortices are densely distributed, resulting in
higher pressure pulsation amplitudes. IM5 is situated in the region
where large-scale shedding of the TLV occurs, corresponding to the
highest pressure pulsation amplitude.
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From Fig. 30(b), under gas-liquid two-phase conditions, the
maximum pressure pulsation amplitudes at IM1~IM5 are 0.04521,
0.06642, 0.125, 0.041, and 0.124, respectively. The presence of the
gas phase significantly increases the pressure pulsation ampli-
tudes at the same vortex core positions, particularly at IM3 and
IM5, which are located near the suction side leading edge and mid-
region.

Fig. 31 shows the time-domain diagrams of monitoring points
in the impeller under different flow rates. From Fig. 31(a), it can be
observed that compared to the design flow rate, the pressure
pulsation amplitudes at monitoring points IM2~IM5 are lower at
0.8Q flow rate, which is attributed to the relatively fewer vortices
in these four regions. However, the maximum pressure pulsation
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amplitude at IM1 is higher, resulting from the elevated SI value at
the impeller inlet under low flow rate conditions.

From Fig. 31(c), at high flow rates, the maximum pressure
pulsation amplitudes at IM1~IM5 are 0.02357, 0.04352, 0.22902,
0.07462 and 0.03918, respectively. The pressure pulsation ampli-
tudes at IM3 and IM4 are notably higher, with IM3 exhibiting the
highest amplitude, as it is located in a vortex-concentrated region.
IM3 is situated near the pressure side leading edge of the blade,
where both axial and circumferential vortices are densely
distributed, leading to higher pressure pulsation amplitudes. In
contrast, IM1, IM2 and IM5 are positioned in regions dominated by
circumferential vortices with fewer axial vortices, resulting in
relatively lower pressure pulsation amplitudes. Additionally, un-
der high flow rate conditions, the variation of vortices in the
impeller passage over one cycle is minimal, and the overall fluc-
tuation in pressure pulsation amplitudes is smaller.

Fig. 32 presents the frequency-domain analysis of monitoring
points under design flow rate conditions for both pure water and
10% inlet gas volume fraction. From Fig. 32, it can be observed that
under pure water conditions, the pressure pulsation amplitudes at
monitoring points IM1~IM6 are concentrated at 6 times the rota-
tional frequency, with IM4 and IM5 exhibiting the minimum and
maximum pressure pulsation amplitudes, respectively. The sec-
ondary high-amplitude pressure pulsation frequencies at IM1~IM5
are rare, indicating that high-amplitude pressure pulsations under
pure water conditions have short durations.

Under gas-liquid two-phase conditions, the dominant fre-
quency at IM1 occurs at 7 times the rotational frequency, while
IM2 and IM3 show dominant frequencies at 3 times, and IM4 and
IM5 at 5 times the rotational frequency. This demonstrates that
pressure pulsations under gas-liquid conditions are concentrated
in low-frequency ranges, meaning the gas phase intensifies low-
frequency disturbances in the impeller region.

Fig. 33 shows the frequency-domain analysis of monitoring
points under different flow rates at 10% inlet gas volume fraction.
From Fig. 33, it can be seen that at 0.8Q flow rate, the dominant
frequencies at IM1, IM2, and IM3 are 4, 5, and 3 times the rota-
tional frequency, respectively, while IM4 and IM5 are concen-
trated at 5 and 2 times the rotational frequency. Compared to the
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Fig. 34. Correlation between TLV and pressure pulsation intensity under two-phase
conditions.

design flow rate, the dominant frequencies at IM1 and IM5 are
lower at 0.8Q. When the flow rate increases to 1.2Q, the dominant
frequencies at IM1, IM2, and IM3 all occur at 4 times the rota-
tional frequency, while IM4 and IM5 are concentrated at 8 and 7
times, respectively. The pressure pulsation amplitude at IM3 in-
creases, whereas the amplitudes at other points decrease
significantly.
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Fig. 33. Frequency-domain diagrams of monitoring points at different flow rates.
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Fig. 35. Vortex/streamline/pressure pulsation intensity distributions at different flow rates.
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Fig. 36. Pressure pulsation intensity distributions at cross-sections under different flow rates (IGVF = 10%).

This indicates that at low flow rates, the dominant and sec- which is closely related to the distribution of leakage vortices in
ondary frequencies at all five monitoring points are below 19 times the impeller passage. Under low flow conditions, the pressure
the rotational frequency, and their amplitudes are notably lower amplitudes near the suction side inlet of the impeller are higher
than those under the other two flow conditions except for IM1, and concentrated in low frequencies, which can cause significant
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damage to the vane-type multiphase pump. As the inlet flow rate
increases, the pressure pulsation amplitudes at the suction side
inlet gradually decrease.

Fig. 33 also reveals that at 0.8Q, the pressure pulsation ampli-
tudes at the dominant frequencies of the other four points
(excluding IM1) are generally low, which is associated with the
reduced presence of tip leakage vortices in the flow passage. In
contrast, at 1.0Q and 1.2Q, the pressure pulsation amplitudes are
higher and concentrated in regions with dense leakage vortex
distributions, demonstrating an inseparable link between vortex
distribution and pressure pulsations. Adjusting the flow rate to
control tip leakage vortices, thereby reducing pressure pulsations
in the flow passage, provides valuable guidance for improving the
performance of multiphase pumps.

In summary, under off-design operating conditions, pressure
pulsations at the core of the TLV are mostly concentrated in low
frequencies with smaller amplitudes at low flow rates, whereas at
high flow rates, local regions exhibit larger low-frequency pressure
pulsation amplitudes. This phenomenon is strongly correlated
with the evolution and distribution of leakage vortices.

5.7. Correlation between TLV and pressure pulsation intensity

Fig. 34 shows the distribution of tip leakage vortices and
pressure pulsation intensity under gas-liquid two-phase condi-
tions. From Fig. 34, it can be observed that during the front leakage
vortex stage, the distribution of pressure pulsation intensity aligns
with that of circumferential vortices. At the impeller inlet, the TLV
primarily consists of circumferential vortices, which exhibit an
elongated distribution, while axial vortices appear as fragmented
strips. From cross-section S; to Ss, as axial vortices emerge, the
pressure pulsation intensity eventually forms two concentrated
regions at cross-section S3. The high-pressure pulsation region
gradually expands along the flow direction, primarily due to the
increasing scale of circumferential vortices. This expansion is
closely linked to the growth of vortex structures and their inter-
action with the surrounding flow field. The results highlight the
significant influence of circumferential vortices on pressure pul-
sation characteristics in multiphase pumping systems.

Fig. 34 further reveals that during the middle leakage vortex
stage, both circumferential and axial vortices coexist. Here,
circumferential vortices concentrate near the shroud, entraining
the medium toward the outlet. At cross-section Ss, the scale of
axial vortices begins to increase, accompanied by an expansion of
high-pressure pulsation intensity regions, which are distributed
closer to the hub.

At cross-section Sg, the TLV appears in a shedding form. In this
region, circumferential vortices gradually decrease while axial
vortices increase in both distribution and volume. Concurrently,
pressure pulsations intensify in the terminal region of the middle
leakage vortex, exhibiting a diffusion trend consistent with axial
vortices. Under conditions of 1.0Q flow rate and 10% inlet gas
volume fraction, the growth of axial vortices indicates vortex
shedding in this area. Such shedding exacerbates secondary flow
disturbances and further influences pressure pulsation variations.

The analysis demonstrates that different vortex types dominate
pressure pulsation intensity at various locations in the vane-type
multiphase pump impeller. The front leakage vortex region is
primarily influenced by circumferential vortices driving pressure
pulsation changes, while the middle leakage vortex region is
mainly affected by axial vortices causing pressure pulsation
variations.

Fig. 35 displays the distribution of vortices, streamlines, and
pressure pulsation intensity under different flow rates at 10% gas
volume fraction. At 1.2Q flow rate, the tip leakage streamlines
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concentrate along the mid-section of the blade suction side.
Compared to the design flow rate, pressure pulsation intensity is
notably lower during the front leakage vortex stage. In the middle
leakage vortex section, however, the pressure intensity of clearance
streamlines remains significantly high. Axial and circumferential
vortices in Part I show distinct behavior: axial vortices reduce
substantially at high flow rates, while circumferential vortices
maintain structural integrity without breakage—key factors un-
derlying the region’s pronounced pressure pulsation intensity.
Conversely, at the design flow rate, pressure pulsation intensity
peaks at both the front and rear sections of the leakage vortex. The
front section shows dominance of circumferential vortex compo-
nents, while the rear section experiences large-scale vortex shed-
ding with dramatically multiplied axial vortices. These findings
underscore how flow rate modulates vortex morphology and its
cascading effects on pressure pulsation characteristics, providing
critical insights for operational optimization of multiphase pumps.

Fig. 36 shows the distribution of pressure pulsation intensity at
various cross-sections within the impeller passage under different
flow rates. From Fig. 36, it can be observed that at high flow rates,
the pressure pulsation intensity from cross-section S to Ss3 is
lower than that at the design flow rate. At cross-section S4, the
pressure pulsation intensity concentrates near the shroud in the
middle of the flow passage, where it increases due to vortex in-
fluence. At cross-section Ss under high flow conditions, the
concentrated region of pressure pulsation intensity shrinks from
circular to small patches and distributes near the blade tip. Com-
bined with Fig. 35, it is evident that this region has fewer axial
vortices and less vortex shedding.

In summary, when both axial and circumferential vortices in-
crease simultaneously, the pressure pulsation intensity rises.
Adjusting the flow rate can effectively control vortex intensity,
thereby reducing pressure pulsation intensity in localized regions.

6. Conclusions

(1) In vane-type multiphase pumps, the TLV breaks into seg-
ments at design flow rates, forming front, middle, and rear
leakage vortices. Vortex strength weakens along the core
path and dissipates through shedding. Circumferential ve-
locity governs both vortex instability and strong-weak
transition during development.

(2) At 10% gas content, mutual compression between strong
vortices causes leakage vortex breakage. The blade pressure
side shows higher potential rothalpy gradients, triggering
limited secondary flows. Increasing gas content (0-20%)
raises turbulent dissipation but reduces pressure boost.
Flow rate changes (0.6Q-1.4Q) cause SI values at outlets to
first drop then rise, with poor flow uniformity under off-
design conditions.

(3) Under pure water, axial and circumferential vortices domi-
nate, with circumferential vortices being primary in leakage
structures. Both correlate with energy loss. Gas presence
intensifies both vortex types, especially axial vortices near
the pressure side leading edge, causing significant energy
loss. Higher flow rates amplify velocity gradients, altering
vortex evolution. Circumferential vortex strength increases
with gas accumulation, while axial vortex development af-
fects gas distribution.

(4) Gas-liquid operation generates stronger low-frequency
pressure pulsation at vortex cores than pure water. Pulsa-
tion patterns vary with flow rates: low rates yield smaller
amplitudes, while high rates enhance pulsation in middle
leakage regions. Circumferential vortices dominate front
leakage pulsation, while axial vortices control middle
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leakage pulsation. High flow rates reduce pulsation in front/
rear regions due to fewer vortices and suppressed shedding,
except where unbroken vortices persist.
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Nomenclature

p Density of the medium, kg/m>

p Pressure, Pa

t Time, s

Vv Velocity vector, m/s

u; Velocity components in the x, y, and z directions, m/s
u; Velocity components in the x, y, and z directions, m/s
fi Body force term

u Dynamic viscosity, Pa-s

1 Total rothalpy, m?/s?

Ip Potential rothalpy, m?/s?

I Kinetic rothalpy, m?/s?

wj Impeller angular velocity, rad/s

Qr Second invariant of the velocity gradient tensor, s2
wR Rigid vorticity, s

2R relative vortex intensity, s~

Aci Imaginary part of the complex conjugate eigenvalues of

the velocity gradient tensor, s~
Vorticity vector, s~

r Vortex axis direction

G Pressure coefficient

P; Instantaneous pressure, Pa
P Time-averaged pressure, Pa
Utip Impeller inlet velocity, m/s
Lot Pressure pulsation intensity
Subscript

TLV Tip leakage vortex

PRG Potential rothalpy gradient
DNS Direct numerical simulation

RANS Reynolds-averaged Navier-Stokes
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