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ABSTRACT

This study presents an experimental investigation into the cavitation flow
structures within a water-jet pump, conducted using high-speed photography on
a closed-loop test platform. The study captures the temporal evolution of
cavitation structures and identifies five typical types: Sheet Cavitation, Cloud
Cavitation, Tip Clearance Cavitation, Tip Vortex Cavitation, and Perpendicular
Cavitation Vortex (PCV). The evolution of these cavitation structures under
varying Net Positive Suction Head available (NPSHa) conditions is analyzed in
detail. Based on a combined analysis of cavitation performance curves and flow
visualizations, the study reveals that increased cavitation causes the expansion
and interaction of PCVs, which block blade passages and result in significant
flow separation, ultimately leading to substantial reductions in head and
efficiency. Furthermore, the study establishes a quantitative correlation between
cavitation vortex structures and pump performance, thereby providing a
scientific basis for predicting cavitation-induced degradation. Based on
binarized high-speed photography images, the study quantitatively measures
vapor volume fractions at various cavitation stages, revealing the relationship
between cavitation region expansion and pump performance degradation. It
thereby provides visual evidence of cavitation development. This work offers
valuable insights into the mechanisms of cavitation evolution and provides
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engineering guidance for improving the performance of water-jet pumps.

1. INTRODUCTION

Cavitation is a phenomenon of cavitation of vapors or
gases inside a liquid or at a liquid-solid interface due to
low pressure in a liquid (Pearsall, 1974), which can be
studied experimentally and numerically (Dehghan et al.,
2024). Preventing cavitation, which can seriously damage
fluid machinery, is a key focus for hydraulic machinery
designers. High-speed photography experiments are a
common means of studying cavitation (Pearsall, 1957).
Laberteaux et al. (1998) used high-speed photography to
observe the fluid structure within a confined region of
attached cavitation. Cavitation flow is characterized by a
complex unsteady two-phase turbulence featuring mass,
momentum, and energy exchange between the bubbles
and the fluid. Therefore, it is essential to study cavitation
flow in jet pumps and formulate effective strategies for
cavitation mitigation. Accurate prediction and simulation
of cavitation vortices remain a significant challenge to
computational fluid dynamics (CFD) techniques. In

recent years, with advances in CFD, numerical simulation
of cavitation flow based on appropriate cavitation models
has attracted growing interest (Liu et al., 2011; Shao et al.,
2010; Westra et al., 2010; Wu et al., 2011; Zhang et al.,
2019). Tong et al. (2023) proposed an early cavitation
diagnosis method combining vibration signal neural
networks and high-speed photography to improve energy
efficiency and mechanical reliability of centrifugal water
pumps moved closer to “centrifugal water pumps. Recent
work by Dehghan et al. (2024) has highlighted the
importance of evaluating measurement uncertainties in
experimental cavitation studies, particularly in the
assessment of head and efficiency. Quantitative
uncertainty estimation not only improves the credibility of
experimental findings but also ensures reproducibility
across different testing systems. This approach provides a
methodological reference framework for the present
study.

The water jet propulsion pump plays a critical role in
marine propulsion systems, requiring high efficiency and
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Nomenclature
(0] volumetric flow rate Vi, Wi absolute / relative velocity
H pump head, defined as the energy increase Bk hydraulic loss between points ¢ and k
per unit weight of liquid
H hydraulic efficiency NPSH, Net Positive Suction Head available
N shaft power input to the pump NPSH,  Net Positive Suction Head required
N rotational speed of the impeller ns Tip Leakage Vortex
Dj impeller inlet diameter TLVC  Tip Leakage Vortex Cavitation
P, P; static pressure at impeller inlet /guide vane SC Sheet Cavitation
outlet
vs, va  flow velocity at impeller inlet /guide vane cc Cloud Cavitation
outlet
z,, zg  elevation at impeller inlet /guide vane outlet ccrv Cloud Cavitation Vortex
Dy saturated vapor pressure of the fluid PCV Perpendicular Cavitation Vortex
Pe pr surface pressure /local pressure near N4 Tip Separation Vortex
leading edge

strong anti-cavitation capabilities. The water jet pump's
design primarily emphasizes achieving high-speed output
via impeller and diffuser optimization while catering to
specific operational requirements such as cavitation
resistance, low noise, and minimal vibration. Cavitation in
water jet pumps causes a rapid decrease in efficiency and
an increase in noise levels. Prolonged cavitation results in
progressive damage to hydraulic components. The erosion
of hydraulic surfaces reduces the efficiency of energy
transfer and results in costly maintenance (Li et al., 2019).
In light of the aforementioned factors, it is imperative to
improve the cavitation resistance of pumps.

Extensive research has been conducted on the
development of cavitation. Willard (1953) utilized a
pulsed ultrasonic generator to produce high-intensity
ultrasonic pulses in the water. The formation and
evolution of bubbles were recorded by employing a high-
speed camera. Four stages of cavitation in water were
identified: an initial stage in which microscopic bubbles
emerged in the water; a development stage where the
bubbles expanded and contracted intermittently in
reaction to shifts in ultrasonic pressure; a rupture stage
where the bubbles burst rapidly once they reached a
critical radius, releasing high-temperature, high-pressure
gases; and a subsequent stage during which the rupture
of the bubbles created secondary bubbles and shock
waves. Zhao et al. (2022) analyzed the hydrodynamic
load variations of the impeller using time-frequency
analysis under various cavitation states. In addition, the
evolution of the tip leakage vortex (TLV) in the near and
far fields was further examined under the influence of
cavitation. It was discovered that cavitation promotes
TLV formation and enhances its downstream intensity.
Cavitation bubbles further expedite the instability of the
TLV, leading to earlier breakdown and interaction with
the shedding vortices formed by adjacent vortex lines
and cavitation on the blade surface. Long et al. (2021)
employed high-speed photography to capture the
cavitation flow structure in a water jet pump to reveal the
dynamics of cavitation evolution. The interaction
between cavitation and vortex was further investigated
via numerical simulations. The research exposed the
flow characteristics in high-velocity regions under
varying cavitation stages. The isosurface vortex structure
analysis summarizes the primary factors that impact the

development of vortex structures in high-velocity
regions.

In our previous studies (Long et al., 2021). On the
cavitation flow structures in water-jet propulsion pumps
under various operating conditions, we characterized
multiple cavitation forms and detailed the formation,
development, and dissipation processes of cavitation
vortices, as shown in Fig 1. Building on these findings,
the present study focuses on a mixed-flow water-jet
propulsion pump with a shrinkage guide vane, aiming to
elucidate the evolution mechanism of cavitation flow
structures and their impact on pump performance.

This paper investigates a water jet propulsion pump,
specifically, a mixed-flow pump equipped with a
shrinkage guide vane, designed to reduce hull space
while maintaining high energy density. The experimental
study aimed to elucidate the evolution mechanism of
cavitation flow structures in the water jet propulsion
pump. High-speed photography was employed on a
comprehensive performance test platform, we obtained
the characteristics of the cavitation vortex during the
onset and development of cavitation. This allowed us to
analyze the evolution patterns of cavitation flow
structures.

2. CAVITATION TEST

2.1 Pump Cavitation Basic Equations

According to the principle of cavitation based on
saturated vapor pressure, when fluid pressure drops to its
saturated vapor pressure (p,), water transforms into vapor
bubbles. This transformation is described by Eq. (1),
which outlines the fundamental equation for pump
cavitation analysis (Pan & Yuan, 2013).

UZ
[(ZC +p_c+_c>_ZK_hC_K_p_V

2
+(p_v_pf_K)_g i pg .
pg pg)  “lt2g TZ2g

In this equation, p, is the fluid’s saturated vapor
pressure, p; denotes the pressure at point K near the
leading edge, and p. is the suction fluid surface pressure.
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The cavitation flow structure and its evolution law at different times
in the critical cavitation condition
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Fig. 1 Cavitation analysis of pumps under different conditions (Long et al., 2021)

Other terms include v, the suction fluid surface velocity
(m/s),z., the height of the fluid surface, z;, the height at
point K, A, representing hydraulic loss from point ¢ to £,
vy, the absolute velocity, and w;, the relative velocity, both
in meters per second.

The Available Net Positive Suction Head (NPSH,)
represents the available energy of the liquid at the pump
inlet, relative to the energy required to overcome vapor
pressure. This value, is typically computed based on the
hydraulic parameters, is derived from the terms on the left
side of the square brackets. The same formula for NPSH,
is given in Eq. (2):

pe , V& pv
NPSH, = (z. + Ly Z) — 2 —he_ =2 )

In contrast, the Required Net Positive Suction Head
(NPSH,), determined by the pump’s internal flow,
addresses terms on the right side:

v? w?
NPSHT =K15+K25 (3)

By combining Egs. (1), (2), and (3), we obtain the
physical expression for cavitation conditions in the pump,
recognized as the foundational equation for pump
cavitation:

NPSH., + (& -p—Kj = NPSH. o
g Pg

The term ‘Head’ (H), defined as the energy increase
per unit weight of liquid from the pump inlet (point 2 D;
before the impeller flange) to the outlet (point 2 Dy after
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the guide vane outlet), is measured in meters. This
relationship is provided in Eq. (5):

H: pd _ps +V§ _v52
Pg 2g

+2z,—2z, (5)

where ps is the static pressure of 2Dj in front of the
impellerinlet flange, in Pa; pd is the static pressure of 2Dd
behind the guide vane outlet flange, in Pa; vs is the
velocity of 2Dj in front of the impeller inlet flange, in m/
s; vd is the velocity of 2Dd behind the guide vane
outletflange, in m/s; zs is the distance from the reference
surface 2Dj in front of the impeller inlet flange, in m; zd
is the 2Dd position behind the guide vane outlet flange to
the reference plane Distance in m.

2.2 High-Speed Photographic Acquisition System and
Pump Comprehensive Performance Test Loop

As shown in Fig. 2, the experimental test loop and the
high-speed imaging system are schematically illustrated.
The detailed parameters of both the test loop and the high-
speed imaging system are provided in Fig. 2, while the
design parameters of the pump and the imaging system are
listed in Table 1.

The flow rate in this study was measured using a
calibrated electromagnetic flow meter installed upstream
of the pump, ensuring high accuracy and stability under
various operating conditions. The differential head was
determined by recording the static pressure at the suction
and discharge flanges of the pump using high-precision
pressure transducers. According to standard practice in
cavitation performance evaluation, the onset of cavitation
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Table 1 Technical Specifications of the Water-Jet Pump is typically defined as the point at which the total dynamic
Test Rig head drops by 3% from its non-cavitating baseline value.
Paramecter Unit Value This criterion provides a quantitative basis for identifying
Flow rate, O s 0.46 incipient cavitation and is widely adopted in both academic
Head, H m 13 and industrial studies (Dehghan & Shojaeefard, 2022).
Rotational speed, r/min 1450
Impeller inlet diameter, D; mm 270 3. RESULT ANALYSIS
Impeller outlet diameter, D, mm 250 L. L.
Tip clearance mm 1 3.1 Cavitation Performance Curves and Cavitation
Impeller blade inlet hub mm 120 Structures
diameter, Dy Prior to conducting the analysis, it is important to
Guide vane outlet rim mm 260 define and categorize the typical cavitation types observed
diameter in jet pumps, based on relevant literature and monographs,
Shaft power, N kW 70 as illustrated in Fig 2.
Specific speed, ny - 524.3 o ) ,
System accuracy % 02 . (1) Sheet cavitation typically occurs near the blade’s
Max frame rate Fps 4467 leading edge and manifests as a thin vapor layer adhered
Resolution pixels | 10081008 to the blade surface (Franc & Michel, 2006).. Its location
Camera-to-glass distance m 05 is closelly relgted to the an.g.Ie qf at.tack: it tends to form on
Image interval per rotation ° B the suction side under positive incidence angles and on the

pressure side under negative incidence angles.

Hob Fairing  lmpelier Difhcr

Fig. 2 High-speed photographic acquisition system and Pump Comprehensive Performance Test Loop

“ﬁolfvakage Sh%r_layer Tip leakage t Casl in%ayer
\ ca\{ﬂy vortex cavity 7
Blade

Fig. 3 Flow structures around vane tip clearance in an axial pump (Luo et al., 2016)
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(2) Cloud cavitation typically results from the breakup
of developed sheet cavitation and manifests as unsteady,
cloud-like or misty structures. The cavity interface is
characterized by fluctuations and turbulence, exhibiting
strong instability. This leads to significant oscillations in
cavitation length (Franc & Michel, 2006).

(3) Tip Clearance Cavitation: This form of cavitation
typically occurs and remains within the blade tip clearance.
It is caused by the high-speed leakage flow between the
pressure and suction sides of the blade due to blade
rotation, leading to the formation of a tip separation vortex
(TSV).

(4) Tip Leakage Vortex Cavitation: The high-speed tip
clearance flow interacts with the main flow along the
suction surface, forming a tip leakage vortex. The low-
pressure core of the vortex induces cavitation within the tip
clearance vortex (Rains, 1954). Additionally, this vortex
may entrain vapor bubbles from sheet cavitation on the
suction side into the high-speed jet within the tip clearance,
further enhancing cavitation in the blade tip region.

3.2 Cavitation Structures and the Evolution at Non-
Cavitation Condition

During high-speed imaging, images were captured for
every 2° rotation of the impeller, and 180 images are taken
in one rotation of the impeller. In general, transient
cavitation analysis focuses on flow structures within the
rotation of a single blade. The impeller used in this study
has five blades, so the rotating angle of a single blade is
72°. Six images are equally spaced to show the cavitation
flow structures, corresponding to a 12° interval between
successive images.

Figure 4 depicts the cavitation flow structures and
associated flow field features at specific time steps under
the Non-Cavitation Condition corresponding to Point A.
Results indicate that although the performance curve of the
pump exhibits no significant deviation during this stage, tip
vortex cavitation is observed in the blade tip region. This
occurs because the vortex core pressure of the Tip Leakage
Vortex remains low, leading to cavitation in the vortex core
region. Influenced by the vortex produced by the tip
separation, Tip Clearance Cavitation develops occurs in the
tip clearance of the blade. Simultaneously, a vortex
filament forms near the blade's tip. The Tip Leakage Vortex
Strip rotates counter to the impeller's rotation. When the
impeller rotates 12°, the Tip Leakage Vortex Cavitation
starts to detach and migrate toward to the adjacent blade.
The bubbles separate from the blade and are entrained into
the main flow. Between the linear boundary of Tip Leakage
Vortex Cavitation and the suction surface of the blade,
numerous vortex filaments are observed in the frontal
section of the blade. At a rotation angle of 24°, the vortex
cavitation collapses in the rear section of the blade, and at
36° rotation, the TLVC progressively collapses toward the
middle region of the blade channel. At 48 and 60 degrees,
no cavitation bubbles are observed on the blade's pressure

surface, and the TLVC exerts minimal influence on the
adjacent blade's pressure surface. Consequently, the
pump's performance curve remains largely unaffected
under these conditions.

3.3 Cavitation Structures and the Evolution at
Cavitation inception condition

Figure 5 shows the cavitation flow structures and the
evolution of the water-jet pump at the Cavitation inception
condition Point B. It can be seen that at the onset of
cavitation, there is a prominent Tip Vortex Cavitation
(TVC) in the tip region. Compared with the cavitation state
of point A, the cavitation at point B is considerably more
intense. This is primarily attributed to the low pressure at
the vortex core of the Tip Leakage Vortex (TLV). As the
vacuum pump continues to operate, the pressure in the
entire system environment is decreasing. The pressure in
the vortex region is reduced, further promoting bubble
formation in the vortex core. Consequently, the Sheet
Cavitation (SC) develops along the suction surface near the
leading edge of the blade, and the TLV causes the Sheet
Cavitation to be entrained into the Tip Leakage Vortex
strip. A triangular cloud cavitation structure has developed
in the region between the suction surface and the Tip
Leakage Vortex boundary. The Tip Clearance Cavitation is
generated at the tip clearance, and a vortex structure is also
observed at the suction surface near the tip of the blade.
The TLV strip extends linearly and rotates counter to in the
direction opposite to the impeller rotation. From Fig. 5, the
cloud cavitation of the last adjacent blade can be observed.
The vortex cavitation perpendicular to the blade is
observed near the pressure surface of the blade, referred to
as the Perpendicular Cavitation Vortex. The PCVs occur in
isolated regions on the blade surface, thus exerting minimal
influence on pump performance. As the pressure is reduced
and cavitation gradually covers the suction surface of the
blade, the interaction begins to occur between cavitation
zones of adjacent blades. The Perpendicular Cavitation
Vortex extends from the suction surface of the initial blade
to the pressure surface of the adjacent blade. When the
Perpendicular Cavitation Vortex extends between the
blades, Cavitation breakdown condition is triggered,
causing blockage in the upper region of the blade passage
(Tan et al., 2015). This large-scale cloud cavitation vortex
structure leads to a rapid decline in pump performance. At
the same time, it induces mutual interference between
adjacent blades within adjacent blades, resulting in flow
separation, particularly along the pressure surface and
resulting in the flow instability in the pump (Shi, 2016).

After the impeller rotates 12°, under the entrainment
effect of the TLV, the Cloud Cavitation Vortex (CCV) near
the tip triangle’ s trailing edge is initially formed. The
Cloud Cavitation Vortex is mainly affected by Sheet
Cavitation, the main flow, and the Tip Leakage Flow. It
begins to detach at the trailing edge of the triangle. The
direction of rotation is gradually shifting from being
counter to impeller rotation to aligning perpendicular to the
adjacent blades. When the impeller rotates 24°, at the rear
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Fig. 5 Cavitation flow structures and its evolution at different times at the B point

edge of the tip cavitation triangle, the detachment the cloud
cavitation at the beginning of the last moment can be found,
and the significant shedding boundary becomes distinct
occurs at this moment, with vortex rotation extending from
the suction side of the blade toward the leading edge of the
adjacent blade. Downstream of the large-scale cloud
cavitation, cavitation vortices with opposite rotation
directions are observed adjacent to the suction surface. The
cavitation vortex is primarily induced by the tip flow, the
main flow, and shedding cloud cavitation. Downstream of
the aforementioned vortex structures, the cloud cavitation
has fully detached and advected toward the adjacent blade.
The rotation direction of the cavitation vortex is consistent
with the upstream large-scale cloud cavitation, but the
cavitation vortex structure and the upstream reverse
cavitation vortex exhibit structural continuity. When the
impeller rotates 36°, the cloud cavitation tail begins to
break up into numerous discrete bubbles. The detached
cavitation moves towards the adjacent blade. Some
portions migrate toward the blade pressure surface, while
others move toward the tip clearance. The bubbles move
toward the pressure surface of the blade, which leads to the
blockage of the blade passage and causes flow separation
near the pressure surface. When the impeller rotates 48°,
the cavitation bubbles undergo rapid collapse during
advection during the movement. The detached cavitation
vortex continuously oscillates, and the oscillating vortex
lacks a stable low-pressure core. The reverse pressure
gradient induces rupture of the vortex structure, leading to
its dissipation. Bubbles migrating toward the tip clearance
are entrained by the Tip Leakage Flow of the adjacent
blade. These bubbles initially move perpendicular to the
pressure surface and are gradually deflected toward the
pressure surface of the adjacent blade. Subsequently, the
Perpendicular Cavitation Vortex (PCV) is subjected to
shear and fragmentation by the blade geometry, with a

portion entering the tip clearance and the remainder
collapsing near the blade tip’s pressure surface.

Given its formation near the blade tip shear layer and
its nsteady rupture behavior and absence of a stable vortex
core, the PCV is most plausibly attributed to Kelvin—
Helmholtz instability, originating from the velocity
gradient between the tip leakage flow and the main stream.
In contrast, Taylor—Gortler-type vortices, which typically
develop under conditions of sustained boundary layer
growth over concave surfaces, are less consistent with the
transient and spatially localized characteristics observed
here.

3.4 Cavitation Flow Structures and the Evolution at
Cavitation development transition condition

Figure 6 illustrates the cavitation flow structures and
their progression in the water-jet pump under the
Cavitation development transition condition at Point C.
From Fig. 6, it is evident that a prominent Tip Vortex
Cavitation has developed in the tip area. Compared to the
cavitation observed at Point B, the cavitation intensity at
Point C is significantly higher. This is particularly
evidenced by denser cavitation in the triangular tip region
and larger-scale cavities extending from its trailing edge.

At the initial stage of rotation, cloud cavitation is observed
forming on the pressure surface of the adjacent blade. A
Perpendicular Cavitation Vortex (PCV) appears near the
blade’s pressure surface and begins interacting with the tip
clearance flow. As detailed earlier, the PCV undergoes
shearing and fragmentation induced by blade-surface
interactions, with part of it entering the tip clearance and
the remainder collapsing near the tip region of the pressure
surface. Influenced by the main flow, the PCV is carried
downstream in a rolling motion. As shown in Fig. 6(b), at
12° of impeller rotation, the Cloud Cavitation Vortex
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Fig. 6 Cavitation flow structures and its evolution law at different times in the C point

trailing the triangular region begins to detach. By the time
the impeller rotates 24°, the vortex rotation direction shifts.
The rotation transitions from the suction side of one blade
to the leading edge of the adjacent blade, accompanied by
the emergence of cloud cavitation. At 36° of rotation, the
cloud cavitation tail starts fragmenting into larger bubble
clusters. These detached cavitation regions migrate toward
the neighboring blade, with some moving to the blade’s
pressure surface and others toward the tip clearance.

At 48° of impeller rotation, the detached bubble
clusters undergo rapid collapse and reduction in volume
during their movement, leaving only a few smaller bubbles
while the detached cavitation vortex continues to oscillate
without stabilizing. The bubbles migrating toward the tip
clearance are entrained by the adjacent blade’s tip leakage
flow. Their direction gradually aligns perpendicular to

perpendicular to the pressure surface, eventually reaching
the adjacent blade's pressure surface. Subsequently, the
PCV is once again subjected to shear and fragmentation by
the blade by the blade, with part of it entering the tip
clearance and the remaining portion collapsing at the tip
region of the pressure surface.

3.5 Cavitation Flow Structures and the Evolution at
the I critical Cavitation Condition

Figure 7 shows the internal cavitation flow structures
at the I critical Cavitation Condition (Point D). A
significant Tip Vortex Cavitation is formed in the tip
region. Cavitation at Point D is markedly more intense than
at Point C. Larger scale cavitation bubbles also appear in
the entrained tip leakage vortex.
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Compared to the previous condition, the trailing edge
of the triangular region extends towards the main flow
direction, and the scale of shedding cavitation at the
trailing edge of the triangular region is larger.

At first, Cloud Cavitation is initially observed the
Cloud Cavitation from the nearby blade of the pressure
surface. This cloud cavitation is denser and broader than
that observed at Point C. In addition, due to the
mainstream effect, the Perpendicular Cavitation Vortex is
advected downstream by the main flow. In Fig. 7(b), it is
evident that when the impeller rotates 12°, there is an
intense cavitation development, and there is no shedding
of cloud cavitation vortex as seen at the previous condition
at the trailing of the triangle. When the impeller rotates at
12° and 24°, larger cavitation bubbles are clearly visible
within the entrained Tip Leakage Vortex. In addition,
cloud cavitation gradually weakens at the trailing edge of
the tip triangle of the tip triangle during impeller rotation.
When the impeller turns at 36°, the blade pressure surface
the PCV becomes visible on the blade pressure surface,
which enters the tip clearance flow. The detached

cavitation moves toward the adjacent blade, with a portion
moving toward the blade pressure surface and the other
portion moving toward the tip clearance. When the
cavitation moves toward the pressure surface of the blade,
it induces blockage within the flow passage, and leads to
flow separation along the pressure surface. As for the
cavitation moving toward the tip clearance, it is entrained
by the tip leakage flow of the adjacent blade, and its
direction initially aligns perpendicular to the pressure
surface. When the impeller rotates to 48 degrees, it is
observed that the vortex separating from the cloud
cavitation undergoes disruption and large bubbles undergo
rapid collapse, with only a few small remnants remaining.
The detached cavitation vortex exhibits continuous
oscillation and is advected toward towards the adjacent
pressure surface. This phenomenon persists from 48 to 60
degrees. The blade shears and fractures the PCV during
interaction with the main flow. The strength of the
Perpendicular Cavitation Vortex (PCV) has increased
compared to the previous state, but its rapid collapse
results in a noticeable degradation in pump performance.
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3.6 Cavitation Flow Structure and its Evolution Law
at Critical Cavitation Condition

Figure 8 depicts the cavitation flow structures
observed at the Critical Cavitation Condition Point E. Fig.
8 highlights the presence of distinct tip cavitation in the
blade tip region. In comparison to the cavitation state
observed at point D, the cavitation at point E exhibits
greater intensity with significantly larger bubble clusters
within the entrained Tip Leakage Vortex in the entrained
Tip Leakage Vortex. The trailing edge of the triangular
region extends to the mainstream. The shedding of
cavitation at the trailing edge of the triangle occurs at a
larger scale, resulting in more intense entrainment and
tumbling.

At the early stage of cavitation development, cloud
cavitation is noticeable, originating from the pressure
surface of the adjacent blade and extending further into the
main flow region beyond point D. When the impeller
reaches a rotational angle of 12° a Perpendicular
Cavitation Vortex emerges close to the pressure surface,
accompanied by intensified cavitation within the Tip

Leakage Vortex within the Tip Leakage Vortex. As the
process progresses, large bubbles are consistently
observed at the trailing edge of the triangular tip region.
Upon the impeller's rotation to 36°, the cloud cavitation
tail undergoes collapse, fragmenting into multiple smaller
cavitation zones, which then migrate toward the
neighboring blade. This movement begins on the suction
side of the blade and proceeds toward the pressure surface
of the adjacent blade.

By the time the impeller rotates to 48°, the detached
cloud cavitation reorients, aligning perpendicular to the
pressure surface due to interactions between the Tip
Leakage Flow and the main flow. At 60° of rotation, the
cloud cavitation further fragments, causing the main body
of the triangular cavitation region to detach and the PCV
to be entrained into the tip clearance while rolling with
the main flow. At this stage, significant cavitation prevails
in the upper region of the flow channel, with detached
cavitation clouds occupying a substantial portion of the
domain. This severe cavitation disrupts the flow passage,
leading to severe flow separation near the blade surface.
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Consequently, pump performance is adversely affected,
resulting in a 3% reduction in the pump head.

3.7 Cavitation Flow Structures and the Evolution at
Cavitation Breakdown Condition

Figure 9 shows the internal cavitation flow structures
and the evolution at the Cavitation breakdown condition
point F.

As shown in Fig. 9, a severe tip cavitation has
developed in the tip region. Compared to Point E,
cavitation at Point F is more severe. In addition, there are
still more large bubbles in the Tip Leakage Vortex, the
cavitation at the trailing of the triangle extends further into
the main flow direction, and it is close to the adjacent
blade pressure surface. The trailing edge cavitation
impinges upon and collapses near the pressure surface
before migrating into the tip clearance of the neighboring
blade. This process accelerates and facilitates the initiation
and progression of cavitation within the adjacent blade
region. At the initial stage, cloud cavitation emerges from
the pressure surface of a neighboring blade. This
cavitation cloud gradually expands across the central flow
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region toward the pressure surface of the blade. When the
impeller reaches a rotation of 12°, a Perpendicular
Cavitation Vortex forms near the blade's pressure surface,
triggered by the collapse of the cloud cavitation. This
vortex develops as a result of the entrainment caused by
Tip Leakage Flow (TLF) and the turbulence generated by
the main flow within the blade passage, resulting in
detached cloud cavitation oriented perpendicular to the
pressure surface. Within the Tip Leakage Vortex, large-
scale bubbles are observed undergoing intense rolling
motion, with these bubbles subsequently trailing the tip
triangle.

At a 24° rotation of the impeller, large detached
bubbles migrate toward the blade’s pressure surface and
enter the tip clearance, forming a more concentrated
cavitation layer. Simultaneously, at the trailing edge of the
tip cavitation triangle, rolling bubble clusters within the
cloud cavitation begin to detach. When the impeller
rotates to 36°, the cavitation covering the tip clearance
becomes part of the Tip Leakage Cavitation Vortex, and
merges with the existing leakage vortex. Detached
cloud cavitation is also observed forming at the rear of the
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cavitation triangle, with the downstream cavitation
undergoes collapse as it approaches the blade’s pressure
surface.

As the impeller rotates to 48°, the detached cloud
cavitation at the blade tip moves toward the neighboring
blade in the tip region, contributing to flow separation near
the pressure surface and causing a marked decline in pump
performance. At 60° of rotation, cloud cavitation on the
blade’s pressure surface undergoes complete collapse,
driven by the combined effects of tip leakage flow and
turbulence within the blade-to-blade flow. The detached
cloud cavitation reorients perpendicularly to the pressure
surface, giving rise to a Perpendicular Cavitation Vortex.

3.8 Cavitation Flow Structure and Its Evolution Law
of Different Devices Under Npsh. Conditions

To provide a clearer visualization of how cavitation
flow structures vary under different NPSH conditions, Fig.
10 presents the internal cavitation flow structures of the jet
pump impeller at the same rotational position (36°) for
various NPSH values along the cavitation performance
curve. At NPSH = 12.15 m, the pump head remains stable.
Numerous detached vortex filaments appear at the leading
edge of the blades. The tip-leakage vortex cavitation
begins to detach early and collapses near the mid-passage.
At NPSH = 9.33 m, the pump head exhibits noticeable
fluctuations. The blade tip becomes fully covered with
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vapor bubbles, and a triangular cavitation region starts to
form. Large vapor bubbles begin to shed from the tail of
the cloud cavitation and migrate toward the adjacent
blade’s pressure surface. Some bubbles migrate toward the
pressure side of the blade, while others move toward the
tip clearance. Bubbles moving toward the pressure side
obstruct the flow passage, leading to flow separation.
Their collapse on the pressure surface also contributes to
surface erosion and material damage. At NPSH = 8.64 m,
the pump head is affected, indicating a transitional stage
of cavitation development. Vapor bubbles at the blade tip
become increasingly dense, and the triangular cavitation
region extends further downstream, covering a larger
portion of the blade tip. Large-scale detached cloud
cavitation migrate closer to the pressure surface. At NPSH
= 7.90 m, cavitation reaches the I critical condition. Large
vapor bubbles shed from the tail of the cloud cavitation
and move toward adjacent blades. Some bubbles move
toward the pressure side, obstructing the flow and
inducing flow separation. Their collapse contributes to
erosion on the blade surface. Others enter the tip clearance
and are entrained by the tip leakage flow from adjacent
blades, and reorient nearly perpendicular to nearly
perpendicular to the pressure surface, forming distinct
vertical cavitation vortices. At NPSH = 7.57 m, the blade
tip triangular cavitation region extends further
downstream along the main flow direction along the main
flow. Entrainment by tip leakage flow and agitation by the
mainstream lead to the formation of large, rolling vapor
bubbles at the blade tip. The detached cloud cavitation
begins to reorient perpendicularly and migrate closer to
the pressure surface. Overall, cavitation fully envelops the
blade tip region, and the pump head corresponds to a 3%
drop in pump head on the performance curve. This
condition is defined as critical cavitation. At NPSH =7.22
m, cavitation fills the tip clearance and directly enters the
tip leakage vortex, and is transported downstream under
the suction effect of the vortex. Simultaneously, cloud
cavitation begins to shed from the end of the triangular
cavitation region. The detached vapor clouds rupture and
collapse as they move downstream and toward the
pressure surface. A a significant decline in pump head is
observed on the performance curve, indicating cavitation
breakdown. As the pressure decreases and sheet cavitation
progressively covers the suction surface of the blades,
inter-vortex interference occurs in the overlapping regions
of two adjacent blades. The vertical cavitation vortex
extends from the suction surface of the initiating blade to
the pressure surface of the neighboring blade. As the
vertical cavitation vortex stretches between blades,
cavitation breakdown occurs, effectively obstructing the
upper region of the rotor passage. This vortex structure is
primarily associated with tip clearance leakage. The
leakage flow alters the velocity distribution near the blade
tip, generating a velocity gradient corresponding to the
pressure-side cavitation vortex (PCV), which in turn
induces a vorticity distribution oriented along the vortex
axis.

As shown in Fig. 11, the vapor volume fraction in the
impeller region is quantified via binarization of
cavitation images. Quantitative measurements confirm
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that the cavitation area ratio grows monotonically from
2.737% at stage A to 10.678% at B, 15.883% at C,
16.455% at D, 28.518% at E, and 30.019% at F. This
increasing trend indicates that, as NPSH is reduced and
pump head correspondingly drops, a larger fraction of the
blade passage becomes occupied by vapor. Notably, the
relatively small increase from C to D (15.883% to
16.455%) suggests a modest expansion of the cavitation
pocket of the cavitation pocket, whereas the large jump
from D to E signals the onset of critical cavitation. This
sharp expansion coincides with crossing the NPSH3
threshold (the 3% head loss criterion), implying that pump
head will undergo substantial degradation beyond this
point. As the cavitation region extends to nearly one-third
of the passage in stages E and F, its interference with the
flow becomes highly disruptive. The enlarged cavity
likely blocks a significant portion of the suction flow,
inducing flow separation and significantly increasing
blade drag. This blockage and separation explain the
pronounced performance deterioration observed at very
low NPSHa.

4. CONCLUSION

This study presents a comprehensive experimental
investigation into cavitation flow structures in a water-jet
pump, with particular focus on the dynamic evolution of
cavitation under varying operating conditions. It addresses
a critical gap in the literature—namely, the absence of
detailed flow visualizations that directly correlate specific
cavitation modes with pump performance degradation. By
employing high-speed imaging, the study establishes a
clear connection between internal flow behavior and the
onset of cavitation-induced performance losses. The major
findings are quantitatively presented and supported by
performance curves, image binarization, and vapor
volume analysis. The observed phenomena are thoroughly
interpreted through the lens of vortex dynamics and
internal flow instabilities, and these interpretations are
well supported by experimental data, ensuring that all
conclusions are solidly based on experimental evidence.
To visualize the cavitation zones and vortex structures
during cavitation development, high-speed visualizations
of cavitating flows across various NPSH conditions are
provided and summarizes the following key conclusions:

1. The cavitation patterns observed in the pump under
varying NPSHa conditions include Sheet Cavitation,
Cloud Cavitation, Tip Clearance Cavitation, Tip Leakage
Vortex Cavitation, and Perpendicular Cavitation Vortex.

2. High-speed visualizations under various cavitation
conditions were used to analyze the cavitation vortex
structures in the water-jet pump, revealing distinct spatial
distributions and development paths for each type.

3. Analysis of cavitation performance curves and flow
field evolution shows that, as cavitation intensifies, vortex
structures—particularly Perpendicular Cavitation
Vortices (PCVs)—expand and interact across adjacent
blade passages, resulting in flow blockage, separation, and
a sharp decline in head and efficiency during the
breakdown stage.



Y. Longetal / JAFM, Vol. 19, No. 1, pp. 3429-3443, 2026.

(d) NPSHa=7.90m

() NPSHa=7.5Tm

(fy NPSHu=7.22m

§ Sl I Vapor volume fraction
S5 E ' | D
E20 | F g B
g5 | 4
= F A
S0 |
25 T
= 0 1 1 1 1 1 ]
7 8 9 10 11 12 13
NPSH, (m)

Fig. 11 Vapor volume fraction (Tip region

4. The study provides a detailed characterization of
the development and evolution mechanisms of sheet
cavitation, cloud cavitation, tip clearance cavitation, tip
leakage vortex cavitation, and vertical cavitation vortices.
It is observed that vertical cavitation vortices extending
between neighboring blades can block flow passages.
Furthermore, it is confirmed that tip leakage vortex
cavitation intensifies under severe cavitation conditions.

5. The study proposes practical engineering
strategies to mitigate cavitation effects. These include
optimizing blade-tip geometry and guide-vane design
to suppress destructive vortex formation, as well as
adjusting operational parameters to delay cavitation onset,
thereby improving pump performance and reliability.
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