Flow (2025). 5 E35 H.w CAMBRIDGE

doi:10.1017/f10.2025.10026
UNIVERSITY PRESS

RESEARCH ARTICLE

Tip leakage flow structure and cavitation inception in a
ducted marine propeller

Ayush Saraswat, Chintan Panigrahi, Kirtivardhan Singh and Joseph Katz

Department of Mechanical Engineering, Johns Hopkins University, Baltimore, MD, USA
Corresponding author: Joseph Katz; Email: katz@jhu.edu

Received: 1 March 2025; Revised: 16 August 2025; Accepted: 20 August 2025

Keywords: marine propeller; cavitation inception; particle image velocimetry; tip leakage flow; tip leakage vortex

Abstract

Cavitation inception and the associated flow structure in the tip region of a ducted propeller are investigated experi-
mentally at varying advance ratios (J) using high-speed imaging and stereoscopic particle image velocimetry (SPIV)
measurements in a refractive index-matched facility. At design and higher J values, inception occurs in axially
aligned secondary vortices, located between the blade suction side and the tip leakage vortex (TLV), circumferen-
tially after the trailing edge. With decreasing J, the inception shifts first to the TLV, and then along its core towards
the leading edge. High-resolution SPIV data follow the evolution of TLYV, tip leakage flow, near wake and several
secondary vortices. Time-resolved SPIV at 30 kHz enables calculation of all three mean vorticity components,
hence capturing axial vortices, and identifies the origin of flow structures. At high J values, inception occurs when
quasi-axial vortices are stretched by the circumferential TLV and co-rotating secondary vortices located in the shear
layer connecting the TLV to the suction side blade tip. With decreasing J, inception shifts to the TLV and towards
the leading edge owing to earlier rollup and higher vortex strength, along with earlier breakup, evidenced by high
core turbulence and a decrease in peak vorticity despite an increase in circulation.

Impact Statement

Cavitation on marine propellers has several adverse effects, including performance degradation, erosion and
noise. Hence, prediction of conditions, location and mechanisms of cavitation inception is a crucial part of
the propeller design process. While past studies have shown that cavitation inception in ducted propellers
occurs in secondary vortices associated with tip leakage flows, the origin and mechanism involved are unclear.
Using a unique refractive index-matched facility, high-resolution and time-resolved stereoscopic particle image
velocimetry and high-speed imaging, this study investigates how interacting vortices developing around the
blade tip affect cavitation inception in an acrylic ducted propeller. At design conditions, cavitation inception
occurs within axial vortices originating from the blade suction side near the trailing edge. The pressure minima
in these vortices are caused by axial straining induced by multiple circumferential vortices, including the tip
leakage vortex (TLV) and secondary structures, residing in the shear layer separating the leakage and passage
flows. With decreasing advance ratio, the TLV increases in strength, and the inception site shifts to its core.
The detailed measurements provide a comprehensive view of the underlying phenomena, including, e.g., the
origin of vortical structures, facilitating improved design and modelling.

1. Introduction

In vortex-dominated flows, cavitation inception frequently occurs along the core of vortices owing to
low pressure there (Arndt, 2002). Tip vortices developing around fixed hydrofoils and wings are areas
in which this phenomenon has been studied extensively, both for open configuration, where the tip is
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located far from boundaries (e.g., Higuchi et al., 1989; Fruman and Aflalo, 1989; Arndt et al., 1991;
Stinebring et al., 1991; Ganesh et al., 2014; Brandao et al., 2024) or for cases with a narrow gap between
the tip and an endwall (e.g., Boulon et al., 1999; Gopalan et al., 2002; Russell et al., 2023). Other flows
that involve multiple vortices include turbulent shear layers and separated flows (Katz, 1984; Katz and
O’Hern, 1986; Agarwal et al., 2023), jets (Ooi, 1985; Ran and Katz, 1994; Gopalan et al., 1999), wakes
(Wu et al., 2021) and targeted studies focusing on interactions among vortex pairs (Choi et al., 2003;
Chang et al., 2007, 2012). In several of these cases, stretching of smaller secondary vortices by larger
ones increases their core vorticity, hence reducing their core pressure, and cavitation inception pref-
erentially occurs in the weaker secondary structures. Flow physics becomes more complex in rotating
turbomachines, such as pumps and propellers, owing to the effects of rotation, blade interactions and
large velocity gradients between the blade tip and the stationary endwall in the cases of ducted machines
(Farrell and Billet, 1994; Gindroz and Billet, 1998). While the performance and cavitation characteris-
tics in open propellers have been studied extensively (e.g., Sharma et al., 1990; Felli and Falchi, 2011;
Park et al., 2014), the information about tip leakage flows and cavitation in their ducted counterparts is
limited.

It is well established that encasing a marine propeller affects its tip flow structure and improves
its thrust and efficiency (Thurston and Amsler, 1966; Thurston and Evanbar, 1968; Rajagopalan and
Zhaoxing, 1989). The duct inherently alters the structure and distribution of vortices around the blade
tip, hence the location and condition for cavitation inception. Chesnakas and Jessup (2003) have shown
that cavitation inception in a ducted propeller near design conditions occurs circumferentially down-
stream of the blade trailing edge (TE), in a region where the tip leakage vortex (TLV) merges with a
co-rotating vortex that appears to originate from the blade TE, hence they refer to it as ‘trailing edge
vortex’. Corresponding Reynolds-averaged Navier—Stokes (RANS) simulations by Kim et al. (2006)
and localised direct numerical simulations by Hsiao and Chahine (2006, 2008) have shown that pres-
sure minima indeed appear circumferentially behind the blade TE, but with differences in location and
pressure magnitude. Velocity measurements using two-dimensional (2-D) particle image velocimetry
(PIV) behind the same propeller by Oweis and Ceccio (2005) have shown that, in addition to the TLV,
the flow consists of multiple counter- and co-rotating secondary vortices. The existence of such struc-
tures is characteristic of several ducted axial turbomachines, e.g., waterjet pumps (Wu et al., 2011a), and
aviation compressor rotors (Chen et al., 2017). Subsequently, Oweis et al. (2006) compare the tip flow
with and without a duct for the same propeller and conclude that the duct reduces the strength of the
primary tip vortex relative to that of the secondary structures, and increases the variability in vortex size
and position, as well as the velocity fluctuations. More recently, large eddy simulations, by Leasca et al.
(2024), of the flow around the same propeller show that the low-pressure regions form as secondary
vortices wrap around the primary TLV. However, they do not observe a persistent TE vortex. In another
recent paper, Michael ef al. (2024) introduce and test a new 901.8 mm diameter, two-bladed, ducted
propeller (details follow), which they name P5757. In agreement with the previous studies, they experi-
mentally observe that at design conditions, cavitation inception occurs circumferentially downstream of
the blade TE, but axially upstream of it. Their improved delayed detached eddy simulations also show
the existence of secondary vortices around the primary TLV in the vicinity of the cavitation inception
area, but they do not identify a specific TE vortex or a particular structure causing the cavitation incep-
tion. Tests of a one-third replica of this propeller in our laboratory (Saraswat et al., 2024) also show the
same location for the onset of cavitation at design conditions, shifting to the core of the primary TLV at
lower flow rates.

Obtaining detailed flow data within the rotating blade rows of a ducted turbomachine, especially in
the tip gap, is a challenge because of the limited physical and optical access to this region. As a result,
many of the flow measurement studies focus on the blade wake region (e.g. Chesnakas and Jessup, 2003;
Oweis and Ceccio, 2005). Some studies have also utilised annular cascades with rotating hubs (Doukelis
et al., 1998), and linear cascades with moving walls (Wang and Devenport, 2004) to study the effect of
tip leakage flow in simpler configurations. As discussed later, we have addressed the access problem by
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performing the measurements in a refractive index-matched turbomachine facility, where the refractive
index of the transparent acrylic blades and casing is matched with that of the liquid.

The measurements discussed in this paper have been performed around the abovementioned 300.6
mm diameter replica of the two-bladed P5757 propeller. Our objective is to characterise the location of
cavitation inception and the evolution of the flow structure around the propeller blade tip region under
varying operating conditions. The spatial extent of the flow measurement domain encompasses the duct
boundary layer upstream of the propeller, the entire blade tip, including the areas of TLV rollup and
its interaction with entrained secondary structures, as well as the near wake circumferentially down-
stream of the blade. The data consist of results of high-speed (10-25 kHz) imaging of incipient and
developed cavitation, as well as stereoscopic particle image velocimetry (SPIV) measurements in the
non-cavitating flows. The latter includes two separate datasets, the first having higher-resolution but
phase-locked data, and the second is time resolved (30 kHz) but has a lower resolution. Data have been
acquired at design, near-design, as well as far below design conditions. The high-resolution SPIV dataset
is used for characterising the evolution of mean flow and turbulent kinetic energy (TKE), and the high-
speed dataset allows reconstruction of the entire 3-D mean vorticity field, focusing specifically on the
cavitation inception region. Comparisons of the cavitation visualisations and the SPIV results elucidate
the physical mechanisms governing the onset of cavitation.

While most of the present discussions focus on conditions extending from 5% below to 10% above
the design point, sample results highlighting specific similarities and differences are also presented for
lower off-design conditions. Particular attention is paid to the origin of secondary structures and their
interaction with the TLV near the propeller TE. For example, some of the secondary structures originate
from the entrainment of the suction side (SS) boundary layers, while others originate from the pressure
side (PS) and are entrained into the tip gap. The role of the counter-rotating vortices initiated by the
entrainment of the endwall boundary layer is also discussed. Statistics of flow mechanisms associated
with cavitation inception and examples of instantaneous flow are presented to highlight features that are
‘smeared’ by ensemble averaging. We also present data on the effect of operating conditions on the evo-
lution of the tip leakage flow, and strength and trajectory of the TLV and secondary vortices. While not
a primary focus, we also include the distributions of TKE and discuss the impact of changing operating
conditions on turbulence. The outline of the paper is as follows: the facility, propeller geometry, mea-
surement set-ups and details of the techniques are described in the next section. The results are shown
next, followed by a discussion and conclusions.

2. Experimental facility and measurement techniques

The JHU refractive index-matched turbomachine facility is a horizontal, variable pressure and flow
rate tunnel that has been in use since the early 2000s to study ducted axial turbomachines. It utilises an
aqueous solution of sodium iodide as the working fluid that has a specific gravity of 1.83 and a kinematic
viscosity of v = 1.1 x 107 m? s~!. The salt concentration is adjusted to match its refractive index to that
of acrylic (Bai and Katz, 2014). The general dimensions, pressure, temperature and flow rate controls of
the facility are described in Wu et al. (2011a) and Chen et al. (2017). A couple of sketches illustrating
an isometric and a sectional view of the test section assembly are shown in figure 1(a, b), respectively.
A new transparent housing, with flat external walls and a 304.8 mm diameter, constant area, circular
duct as the internal wall, has been constructed to host the present two-bladed propeller. The flat surfaces
facilitate the attachment of viewing prisms and PIV instrumentation. The propeller is driven by a shaft
connected to an external 60 HP motor (not shown). This shaft is located inside a non-rotating sleeve,
a streamlined transition cone up to the test section, and stationary spacers upstream and downstream
of the propeller. The only rotating parts exposed to the flow are the propeller hub and the blades. The
shaft is supported by ball bearings at both the upstream and downstream ends of the test section. An
additional bearing is located at the transition between the spacer and the hub upstream of the propeller.
The upstream bearings are housed in a stainless-steel honeycomb of depth 22 mm and cell size 3 mm.
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Figure 1. Schematic of the ducted propeller test section assembly: (a) isometric view of the assembly
(connecting rods not shown), (b) sectional view of the assembly.

Two additional honeycombs with central bronze bushings to support the shaft (not shown) are located
upstream of the shown area. Together, they serve as flow straighteners, providing a uniform flow with
negligible swirl upstream of the propeller (shown later). The downstream bearings are installed within
a cylindrical housing supported by five streamlined struts. The test section also has two pairs of wall
static pressure ports located upstream and downstream of the propeller for characterising the pressure
rise and inlet pressure to the propeller. Two additional ports are available for further instrumentation or
drainage.

To control the flow rate, the return line of the facility has a secondary propeller driven by a 20 HP
motor whose speed can be adjusted independently, and a variable resistance valve consisting of perfo-
rated disks that can be rotated relative to each other. The latter has been kept completely open during
the current experiments. The flow rate is calculated by interpolating and integrating the axial velocity
profile measured in the return line by radially traversing a pitot tube, connected to a Setra Model 230
differential pressure transducer, along four diametrical paths aligned circumferentially at 45° to each
other. Once calibrated, the operating condition is fixed and monitored based on the static-to-static pres-
sure rise across the propeller at a given motor speed using another differential transducer of the same
model. Both transducers are calibrated using a mercury manometer before each test. The estimated
uncertainty in the flow rate and pressure rise is 1.7% and 1.2%, respectively (Chen et al., 2017). The
mean pressure at the inlet to the pump, which is measured using a third transducer, is controlled by con-
necting a partially filled overhead tank either to a vacuum pump or to a source of compressed nitrogen
gas. As part of performance measurements, the total torque of the propeller is measured using an inline
(shaft-driven) strain gauge-based torque meter (SensorData® T261-STD-A), which has a manufacturer-
specified uncertainty of 0.1%. The sensor is integrated with the shaft before it enters the facility. The
base torque required to overcome the mechanical resistance of the bearing assemblies is first measured
by running the motor at the same speeds, with the blades removed, and the hub slots filled to create a
complete cylinder. The hydrodynamic torque (Q) is obtained by subtracting the base torque from the
total torque.

The geometric details of Propeller P5757 are provided in Michael et al. (2024). It is a preferentially
tip-loaded propeller with tip edges rounded to prevent any attached surface cavitation before tip leakage
cavitation. For our scaled replica, the chords at the hub and the tip are 150 mm, and the correspond-
ing axial chords are 82 mm and 41 mm. The endwall and hub diameters are 304.8 mm and 117 mm,
respectively, and the through-flow area is 62215 mm?. The resulting tip diameter and nominal tip gap
are 300.6 and 2.1 mm, respectively. However, due to manufacturing tolerances for both blades and the
duct, the measured tip gap, using precision gauge pins, is 1.9 + 0.02 mm throughout the blade tip and
duct circumference. The blades and part of its base are machined out of acrylic blocks and then bolted
to a black-anodised aluminium hub. The axial gaps between the rotating hub and the stationary spacers
on both sides are 1 mm. There is no path for the flow to leak across the propeller hub. The operating
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Table 1. Experimental operating conditions and kinematic parameters

J V. (ms™!) RPM Ur (ms™) Re,=Urclv ur Re-
0.68 1.95 572 9.0 1.23 x 10° - -

0.803 2.30 572 9.0 1.23 x 10° 0.087 2757
0.85 2.30 540 8.5 1.16 x 10° 0.088 2459
0.933 2.30 492 7.7 1.05 x 10° 0.089 2298
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Figure 2. Experimental set-up for visualisation of tip leakage cavitation: (a) view from the downstream
end, (b) blade orientation in the cavitation images.

condition of the propeller is characterised in terms of its advance ratio, J=V /nD, where V. is the spa-
tially averaged axial velocity obtained by dividing the flow rate by the through-flow area of the duct, n
is the rotor speed in r.p.s. and D is the nominal propeller tip diameter. The present study provides data
for the series of advance ratios tabulated in table 1, including the design advance ratio of this machine,
J = 0.85 (Michael et al., 2024). The corresponding blade tip speed Ur, and the blade tip Reynolds num-
ber Rey, are also shown. We refer to J = 0.803, 0.85, 0.933 as the ‘near-design’ conditions. For these
cases, V; is constant, and J is varied by changing the propeller RPM. The lowest advance ratio case of
J = 0.68, which is referred to as the ‘off-design’ condition, is attained by fixing the propeller RPM to
that of J = 0.803 and varying the V.

The set-up used for visualisation of tip leakage cavitation and detection of cavitation inception is
shown in figure 2(a). Both involve the use of a Phantom v2640 high-speed CMOS camera to acquire
1024 x 976 pixels images of the propeller tip region at a rate of 10 kHz to detect incipient cavitation,
and at 25 kHz to visualise developed cavitation. Four continuous halogen lamps placed underneath the
transparent test section are used for illumination. The orientation of the blade in the images is illus-
trated in figure 2(b). To remove the visible nuclei from the facility, it is kept under low pressure for a
prolonged period while the liquid is degassed by deliberately cavitating the secondary propeller. The
larger/visible nuclei are collected using multiple vertical pipes that are located in the return line and
lead to an overhead tank connected to the facility. All the cavitation inception tests are performed at
a total dissolved gas content of 80% saturation at atmospheric pressure, as measured by an InWater
Technologies®, membrane-based, total dissolved gas probe. Before the tests, the pressure is increased
and maintained at about 2-3 atm for at least 10-15 minutes, while observing the bubble population at
the top of the test section. This process results in the disappearance of essentially all the visible bub-
bles, reducing the characteristic nuclei sizes to sub-visual levels (~27 um/pixel). At the onset of data
acquisition, the pressure is reduced within a few seconds, while acquiring high-speed images and syn-
chronously recording the output of the pressure transducer connected to the inlet to the propeller, until
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Table 2. The SPIV parameters

Parameter Phase-locked SPIV High-speed SPIV
Frame rate 2-4 fp.s. 30000 f.p.s.
Interframe time 20 us 33.33 us

Camera pixel size 5.5 um 27 um (binning mode)
Camera resolution 6600 x 4400 pixels (~29 MP) 1024 x 512 pixels (~0.5 MP)
Magnification 94.6 pixels mm™! 24.9 pixels mm™!

Final interrogation window 32 x 32 pixels (50% overlap) 12 x 12 pixels (50% overlap)
Vector resolution 0.17 mm 0.24 mm
Realisations for ensemble averaging 2300-2400 104-120

Number of planes visualised 9 1574-1830
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Figure 3. (a) Experimental set-up for SPIV. (b) Locations of the meridional planes for phase-locked
SPIV relative to the blade. (c) Illustration of the meridional FOV showing the intersection of laser sheet
with the blade.

cavitation appears. For visualisation of developed cavitation, the facility is operated at a constant mean
pressure while acquiring data.

The SPIV set-up is illustrated in figure 3(a). During these measurements, the cavitation is suppressed
completely by increasing the mean pressure of the facility to a sufficiently high level. For the phase-
locked dataset, we use a pair of 6600 x 4400 pixels, Imperx B6640 CCD cameras, each equipped
with a 105 mm lens and a Scheimpflug adapter. Illumination is provided by a 1 mm-thick sheet from
a Quantel Evergreen 200 dual-head Nd:YAG laser. For the high-speed SPIV dataset, we use a pair of
Phantom v2640 cameras equipped with the same lenses and adapters, and a Photonics DMX100-532DH
Nd:YAG laser generating the light sheet. Key parameters of both datasets are compared in table 2. Data
are acquired in meridional (r-z) planes for several blade orientations, defined in terms of s/c, where s
is the chordwise coordinate and c is the blade tip chord (figure 3(b)). The blade tip leading edge (LE)
is located at s/c = 0, and the tip TE is at s/c = 1. The phase-locked data are recorded at nine orienta-
tions spanning s/c = 0 to 1.50, as indicated in figure 3(b). The axial extent of the field of view (FOV)
is 0.1 < z/c, < 1, where ¢, is the axial chord, for planes intersecting with the blade (s/c < 1.0). To
cover the vortical structures circumferentially after the blade, the FOV is shifted axially downstream to
0.2 < 7/c,<1.3. For the high-speed SPIV, the axial extent is 0.35 < z/c, < 1.3, and the dataset covers
the full propeller circumference in steps of s/c ~ 0.002, i.e., the propeller displacement between expo-
sures. The flow is seeded with silver-coated, 13 um diameter hollow glass spheres that have a specific
gravity of 1.6, i.e., slightly lower than that of the working fluid. The image calibration is performed in
two steps. Coarse calibration involves recording images of a target inside a container having the same
fluid outside the test facility by traversing the entire imaging system as a single unit. The fine calibra-
tion (Wieneke, 2005) is based on the SPIV images recorded inside the facility. The SPIV images are
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Figure 4. (a, b) Mean axial and circumferential velocity profiles measured upstream of the propeller
for the three near-design values of J. The location of the blade tip is marked with a dashed line.
(c) Mean axial velocity profile in the upper 50% span, plotted on a semi-log scale. (d) Measured torque
coefficient compared with experimental results and RANS simulations of Michael et al. (2024).

pre-processed using background subtraction and contrast enhancement procedures, some available in-
house (Roth and Katz, 2001), and others as part of the LaVision DaVis® commercial package. Vector
calculations are performed using multi-pass cross-correlation available in the DaVis® 10.2 software,
with the final interrogation window sizes indicated in table 2. For the phase-locked data, ensemble-
averaged flow quantities are based on at least 2300 realisations. For the high-speed data, recorded in
1574-1830 planes depending on the rotor speed, averaging in each plane is based on 104—120 realisa-
tions. The planes are separated by an angular gap of 2 X 1073 radians, corresponding to circumferential
distances of 0.305 mm at the duct and 0.267 mm at »* = 0.8, the bottom of the shown FOV. Since these
values are of a similar order of magnitude as the in-plane vector spacing, 0.24 mm, we use the high-speed
SPIV data for calculating all three components of the ensemble-averaged vorticity. Second-order finite
differencing is used for determining both the in-plane and out-of-plane velocity gradients. The estimated
uncertainty in instantaneous velocity is 2%, assuming that at least 3—5 particles are present in most of
the interrogation windows and that their displacements are within 25%—50% of the final window size.
On averaging over n; = 2300 realisations, the uncertainty due to random errors is reduced by an order
of magnitude to approximately 0.2%, assuming the scaling as ~ 1/ 4/n,. The associated uncertainty in
turbulence quantities is expected to be an order of magnitude higher (Benedict and Gould, 1996), not
accounting for the effects of finite spatial resolution.

In addition to the above datasets, for the J = 0.803, 0.85, 0.933 cases, we have also characterised
the inflow velocity profiles averaged over 500 instantaneous realisations, using SPIV in a meridional
plane and phase-locked to the blade LE. The set-up used is the same as shown in figure 3(a), but with a
60 mm lens. The resulting vector spacing is 0.34 mm. The axial and circumferential velocity profiles at
7z =—2.8¢c, or —0.77¢ are plotted in figure 4(a, b), respectively. Here, and for the rest of this paper, the
radial coordinate is expressed in terms of r* = (r — r)/(r. — rp,), where the subscripts & and c refer to
the blade hub and casing, respectively, i.e., r* varies between 0 and 1. The values are normalised using
U mean, the radially averaged axial velocity. The magnitude of U a0, 2.4 ms~!, is 4.3% higher than the
corresponding value of V_, 2.3 ms™!, presumably owing to circumferential variations and proximity
to the blade. Due to laser reflections from the non-transparent upstream spacer, the measurements do
not extend to the hub. The location of the blade tip, marked with a dashed line, indicates that the tip
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Figure 5. Sample examples of cavitation for J = 0.85: (a) o = 10.6, (b) o = 8.3, (¢) o = 6.5.
Corresponding magnified views of the regions highlighted by blue boxes are shown in the bottom row:
(d—f) time evolution of the inception bubble at o = 10.6, (g) magnified view at o = 8.3, (h) magnified
view at o = 6.5.

is located within the casing boundary layer. For the three cases shown here, the differences in axial
velocity are very small. The circumferential velocity increases from 2% to 4% of U4, With increasing
J, suggesting that the trend is caused by the proximity to the blade LE. The radial variations in each
profile fall within +0.005U ¢4, €xcept near the endwall casing, where each profile has a 0.01U ¢4, dip
atr* = 0.9, and increases again near the endwall. The mean velocity profiles in the outer 50% of the span,
starting from the endwall, are plotted on a semi-log scale in figure 4(c). The present SPIV resolution
is insufficient for resolving the inner part of the turbulent boundary layers, so their profile begins in
the log region. The endwall friction velocities (i), also tabulated in table 1, are estimated by a fit to
the velocity profiles at 30 < y* < 200, with y = 0 being located at the duct endwall, and y* = yu, /v.
Estimates of the boundary layer thickness (¢) based on 99% of free-stream velocity are subjective due
to small non-uniformities in the profile (figure 4(a)). Hence, it is estimated as the point where the outer
wake region profile (y* > 1000) first flattens in figure 4(c). The values of u, and the endwall friction
Reynolds number, Re; = du./v, are also provided in table 1. Consistent with Michael et al. (2024),
Re; increases as the propeller RPM increases and as J decreases. Figure 4(d) compares the measured
torque coefficients of the propeller, 10Kgp =100/ pn?D5, with the results of RANS simulations and
experiments reported by Michael et al. (2024). The present experimental values are shown with their
95% confidence interval and agree with the magnitudes and trends of the simulations.

3. Results and discussion
3.1. Tip leakage cavitation

In this section, we discuss the location of cavitation inception, the magnitude of cavitation inception
indices, and the evolution of cavitation with decreasing pressure as a function of advance ratio. Sample
images of cavitation in the tip region for different cavitation indices (o), all at design J (=0.85), are
shown in figure 5. Here, o = (pi, — pv) /O.5pV12, where p;, is the centre line pressure at the inlet to the
test section, p, is the vapour pressure of the Nal solution at 20-25°C (=1.2 kPa, Patil et al., 1991) and
V. =2.3ms"!. A white line is drawn along the blade tip to highlight its location, and the insets presented
in the second row are enlarged views of the encased areas. As demonstrated by supplementary movie
1 and figure 5(a), at J = 0.85, cavitation inception typically appears as almost axially aligned, 1-2 mm
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long, elongated bubbles that are located circumferentially downstream and axially upstream of the blade
tip TE. Based on their nearly axial orientation (figure 5(a, d—)), these inception events appear to occur
in secondary structures and last less than 1 millisecond (figure 5(d—f)), consistent with observations
reported in Chesnakas and Jessup (2003) for a different propeller. A reduction in o extends the cavitation
to the primary TLV in the region (figure 5(b)). Further reduction in pressure extends the cavitation to
the entire TLV, and then to travelling bubble cavitation within the blade tip gap, and between the SS
of the blade tip and the TLV (figure 5(c)). Figure 5(c) can also be used for visualising the TLV centre,
showing that it rolls up at mid-chord and then migrates away from the blade SS while being aligned
in the circumferential direction. The corresponding video, supplementary movie 2, also demonstrates
the presence of multiple secondary vortices (presumably) that begin to cavitate intermittently only in
the vicinity of the TLV. These vortices are located radially above the TLV and oriented perpendicularly
to it before wrapping helically around the TLV centre. Collectively, figure 5 and the movies confirm
that cavitation inception indeed occurs in the nearly axial secondary structures. Furthermore, as the
secondary structures cavitate only in the vicinity of the TLV, it appears that they are subjected to TLV-
induced stretching, which reduces the pressure in their core. A similar evolution of incipient phenomena
is observed at J = 0.933 (not shown), except for differences in the location of TLV rollup and trajectory,
as demonstrated later.

Figure 6 shows the evolution of cavitation at J = 0.68, an off-design case, with decreasing 0. The
inception bubble (figure 6(a), and its enlarged view in the figure inset) forms in the mid-chord region
and appears to be oriented along the TLV axis, circumferentially and axially upstream of the blade tip
TE. A reduction in pressure expands the cavitation, first to part (figure 6()), and then to the entire TLV
trajectory and secondary vortices entrained by it (figure 6(c)). Compared with design conditions, at this
J, the TLV rollup begins at a lower s/c, and the secondary structures appear circumferentially upstream
as well as downstream of the TE. Travelling bubble cavitation in the tip gap, expansion of the cavitating
secondary vortices and filling of the space between the SS tip and the TLV start to occur at o = 12.2
(figure 6(d)). At this stage, the cavitating TLV is located farther from the blade SS, indicating that cavi-
tation also alters the flow field in the tip region. Further reduction in pressure alters the entire cavitation
structure, with the cavitating TLV disappearing and being replaced by multiple large and violent vortices
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Figure 7. Cavitation inception index for varying J: (a) o; scaled using V,; (b) o; y, scaled using Ur.

extending over a broad area (figure 6(e)). Figure 7 shows the cavitation inception indices for different
J, scaled using V (o, figure 7(a), and Ut (07;,u,, figure 7(b)). The displayed values correspond to the
pressure below which cavitation is first observed at least once every two rotations of the machine. The
error bars account for the uncertainties in pressure, velocity, as well as the standard deviation among
multiple tests involving both blades. With decreasing J, inception occurs at a higher pressure, resulting
in higher o;. However, when scaled with the varying Ur, o y7, flattens at about 0.95 for all the data
obtained at J > 0.80, within the uncertainty level. The current values of o; are 40%, 17% and 7% lower
than those reported by Michael er al. (2024) for J = 0.80, 0.85 and 0.93, respectively, at an order of
magnitude higher Re.

3.2. Ensemble-averaged flow structure at design advance ratio

The section describes the mean flow structure at J = 0.85, as deduced from the phase-locked and the
high-speed SPIV datasets, focusing on the origin and evolution of prominent flow features. Distributions
of the ensemble-averaged circumferential vorticity, {(wg)/Q, where wgy = (du, /dz — du,/0r), in nine
meridional planes (figure 3(b)), calculated using the higher resolution phase-locked SPIV data, are pre-
sented in figure 8. Note the difference in the axial extents of the FOV between the left and right columns.
This figure also contains the in-plane ensemble-averaged velocity vectors (U, U_), with their spacing
diluted by 2:1 in r and 3:1 in z for clarity. Plots of the ensemble-averaged circumferential velocity
(Ug/Ur) at s/c =0.75, 1.00 and 1.13, calculated from the same dataset, are presented in figure 9. At the
LE (s/c = 0.00, figure 8(a)), the flow within the tip gap is still from the SS to the PS, whereas at s/c >
0.25, as tip leakage begins, it is directed from the PS to the SS. Rollup of a TLV begins at around mid-
chord (s/c = 0.50, figure 8(c)), with the appearance of a positive vorticity peak and flow swirling near
the SS tip. At 0.75 < s/c < 1.00, the TLV grows and migrates away from the SS, while remaining ‘con-
nected’ to the blade tip by a shear layer that defines the lower boundary of the backward leakage flow.
Throughout its trajectory, the TLV centre is located in regions of both elevated magnitude and radial
gradients of Ug (figure 9(a—c)), indicating that this vortex is a 3-D swirling jet. Similar phenomena have
been seen for TLVs of axial waterjet pumps (Wu et al., 2011a) and aviation compressors (Li et al., 2019;
Saraswat et al., 2025). The mechanisms affecting the TLV migration, which include flow induced by the
leakage jet during early phases, and by the ‘image vortex’ on the other side of the endwall in the aft part
of the rotor, are characterised in detail by Li et al. (2019).

Starting from s/c = 0.50 (figure 8¢), impingement of the backflow on the forward passage flow, above
and slightly upstream of the TLV, causes boundary layer separation on the duct wall. This phenomenon
results in entrainment of positive vorticity originating from the forward flow boundary layer and negative
vorticity from the leakage boundary layer, away from the wall. Driven in part by the TLV-induced flow,
the negative vorticity layer is entrained away from the endwall and rolls up into a distinct counter-
rotating vortex (CRV), marked with a red arrow in figure 8(f). Similar phenomena have been seen in all
the ducted axial turbomachines that we have tested, including the above-mentioned waterjet pump and
aviation compressors. The locations and strengths of the resulting vortex pairs (TLV and CRV) vary,
depending on the blade loading, operating condition, tip gap size, etc.
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figure 10. Distribution of ensemble-averaged vorticity components for J = 0.85 calculated from the
high-speed dataset at s/c = 0.98 (left), s/c = 1.03 (middle), s/c = 1.08 (right): (a, d, g) {(w,)/ 2, (b, e, h)
(wg)] Q, (c, f, i) {w;)/ Q. Line contours in all panels are of {wg)/ 2 marked in the middle row.

In the forward part of the blade, (wg) < 0 and (wy) > O regions form on the blade SS and PS tips,
respectively (figure 8(a,b)). When the TLV is located near the blade SS, shortly after rolling up, the
induced radially upward flow below the SS tip corner further augments the negative (wg) there (fig-
ure 8(d—e)). However, the effect of TLV diminishes as it migrates away from the blade (e.g., figure 8f).
In the aft part of the blade (0.75 < s/c < 1.00, figure 8(d—f)), elevated positive and negative {(wg) lay-
ers appear along the blade SS and PS surfaces, respectively, and increase in magnitude close to the TE
and in the near wake (figure 8(f)). These vortical layers have signs that are opposite to those at the
blade tips (figure 8(d—e)). At s/c = 1.00 (figure 8(f)), where only the blade tip is visible, the SS con-
tains two opposite-sign vorticity layers. However, circumferentially downstream of the blade (at s/c =
1.13, figure 8(g)), the negative (wg) layers originating from the SS and PS merge and become a single
continuous layer. The shear layer, located under the backward flow, in figure 8(g) also contains two addi-
tional secondary vortices (marked with black arrows), that are referred to as SV1 (on the left) and SV2
(on the right) in subsequent discussions. At higher s/c, these vortices are entrained into the TLV (e.g.,
figure 8(h)). By s/c = 1.50 (figure 8(7)), the distinct secondary vortices and the positive vorticity layer
associated with the wake and the shear layer are all entrained into the TLV. The remaining broad region
with negative vorticity along the upstream periphery of the TLV contains the CRV remnants.

Figure 10 shows sample distributions of all three ensemble-averaged vorticity components, obtained
from the lower resolution high-speed SPIV data, in three selected planes, one before (s/c = 0.98) and
the other two after (s/c = 1.03, 1.08) the blade TE. Here, the distributions of (w,)/Q, where w, =
(r~'0u; /06 — dug/0z), and (w,)/Q, where w, = (Jug/dr — r~*0u, /00 + ug/r), are plotted using the
same colour scale as (wg)/Q. To facilitate comparisons between components, all the plots also show
line contours of specified (wg)/Q. For this dataset, the averaging is based on only 114 realisations,
hence, the distributions are more ‘jittery’. There are also slight differences in the locations of vortices
between the two datasets, e.g., an axial shift of 0.03¢, in the location of the TLV centre at s/c = 1.00,
which can be attributed to dissimilar spatial resolutions, interframe times, number of realisations and
errors in flow rate. The sample snapshots demonstrate the rapid changes to the flow and vorticity fields
near the TE. This evolution is further illustrated in supplementary movies 3-5, which show the mean
radial, circumferential, and axial vorticity components, and supplementary movie 6 that displays the
mean circumferential velocity. This set enables us to examine the evolution of the 3-D vorticity field.
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Starting with the blade surfaces, the pressure gradients between the PS and SS blade tips drive the
flow radially up near the PS tip, and then backward across the tip gap. This process generates positive
{wg) on the PS tip corner, and on the blade tip surface (figure 10()), which becomes the source of the
vorticity in the SS tip shear layer and rolls up into the TLV. The blade tip also has layers of (w,) < 0 along
the SS and the underside of the shear layer, and regions of (w.) > 0 along the PS and the topside of the
shear layer (figure 10(c)). The latter is associated with radial gradients of Uy in the boundary layer along
the tip gap. Near the TE, this component is comparable in magnitude to (wg). The negative (w, ) and the
dominant positive (w, ) layers along the SS surface, and the (w, ) < 0 layer along the PS (figure 10(a)) are
all associated with the blade boundary layer. The primary contributor to the radial vorticity is dUg/dz
(e.g., figure 9(b)). However, due to the slope/tilt of the blade surfaces in the meridional view, part of the
boundary layer vorticity is aligned in the axial direction, contributing to (w,) < 0 in the SS and (w_) >
0 on the PS. In addition, inherently 0 Uy/0r < 0 along the surface of any blade rotating in the negative 6
direction, contributing to {w.) < 0 on both sides. The combined effects of these two mechanisms result
in a slightly positive (w;) on the PS, and a negative (w, ), with a higher magnitude, on the SS. Finally,
(wg) is the smallest near-surface component, but still has positive and negative values on the SS and PS
surfaces, respectively (figure 10(b)), with the PS values being an order of magnitude lower than those
on the SS. The origin of this component is elucidated later.

Just behind the blade, at s/c = 1.03 (figure 10(d—f)), the 3-D vorticity layers originating from the blade
SS and PS surfaces persist in the near wake. The magnitude of (w, ) remains of the same order as that in
the blade boundary layer, but {(wg) increases significantly. As for the vorticity originating from the tip, the
positive (w_ ) layer is still evident (figure 10(f)). Further behind the blade (s/c = 1.08, figures 10g-i), all
three components of the wake vorticity diffuse, especially the SS wake, and the (w, ) > 0 layer originating
from the blade tip gap is advected radially upwards, eventually disappearing at higher s/c. Subsequently
(see supplementary movie 5), the distribution of (w, ) is dominated by the negative layer entrained from
the SS side of the blade wake and, to a lesser extent (shown later), tilting of the radial vorticity originated
from the SS surface (figure 10(d)). The distributions of {(wg) at s/c = 1.03 and 1.08 show the presence
of SV1 and SV2 (figure 10(e, h)), that co-rotate with the TLV. To understand their origin, figure 11 (see
also supplementary movie 4) shows ensemble-averaged distributions of (wg)/€ in closely spaced planes,
focusing on the vicinity of the TE. The origin of SV1 can be traced back to the shear layer separating
the backward leakage flow from the forward passage flow radially inward from it (figure 11(d)). The
source of this vorticity is the blade PS tip corner. In contrast, SV2 starts to roll up circumferentially
downstream of the blade, appearing first in the present results at s/c = 1.02, and its vorticity appears to
largely originate from the blade SS wake (figure 11(f)). The distributions of Uy (supplementary movie
6, or figure 9b-c) indicate that both SV1 and SV2 are located in a flow with elevated negative Uy, which
is entrained from the near wake as well as the blade PS upstream of the TE. Hence, describing them as a
pair of secondary circumferential vortices underestimates the flow complexity. In reality, similar to the
TLV, both SV1 and SV2 are swirling jets.

This paragraph discusses the origin of the (wy) layers on the blade surface (figure 10(b)) that con-
tribute to the formation of SV2. Owing to the no-slip condition, (1/p)dp/0r = ug? [r + vowy/dz on
the blade surfaces. The second term on the right-hand side represents wall-normal viscous diffusion of
vorticity. Since the present geometry is tip loaded by design (Michael ef al., 2024), dp/dr is negative
over a substantial fraction of the blade surfaces, especially the SS (except for the vicinity of the TE),
resulting in dwy /07 < 0 on both sides. Hence, viscous diffusion of vorticity away from the blade surface
should add (wg) > 0 to the PS and (wy) < 0 to the SS, both in contrast to the present observations in
the aft part of the blade (e.g. figure 10(b)). Presumably, either the high-speed SPIV resolution is not
sufficient for resolving the inner part of the boundary layers, or other phenomena are stronger. On the
PS, the broad low magnitude {(wg) < 0 layer starts from the forward part of the blade (figure 8(b, c)).
The primary term contributing to this vorticity, dU,/0z, is negative outside of the PS boundary layer.
In this region, there is radially outward flow, which diminishes away from the blade, as demonstrated
by the velocity vectors in figure 8(c—e). This outward flow is entrained into the tip gap, suggesting that
it is pressure driven. The origin of the negative vorticity is located in the forward part or upstream of
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Figure 11. Distributions of (wg)/ 2 in closely spaced s/c locations near the blade TE tip for J = 0.85,
calculated using the high-speed dataset.

the blade. Considering that similar layers appear in other axial turbomachines with varying load distri-
butions (Li et al., 2019), the mechanism involved apparently occurs in all of them. One of the potential
sources is the axial flow in the hub boundary layer, where (wg) < 0. Shifting to the SS, the origin of
the (wg) > 0 layer involves the tilting of other components by the mean flow, such as the reorientation
of (w,) associated with (w,)0Uy/0z, or tiling of (w,), caused by (w,)0Uy/dr. Figure 12 shows the
distribution of the relevant terms at several s/c. In the aft part of the blade SS, e.g., at s/c = 0.92, the
two tilting terms have opposite signs, but their sum is positive (figure 12(a)). In addition, figure 12(b)
shows that {wy) is subjected to circumferential stretching ({wg)r~10Uy /06 > 0) by the mean flow on
the SS. Being much higher than the tilting terms, such stretching should be a major contributor to the
increase in (wy) near the TE. Finally, there are two possible sources for the (wg) < 0 layer that increase
in thickness near the SS TE. The first is viscous diffusion associated with the radial pressure gradients,
as discussed above. The second is the radial outward flow induced by the TLV near the tip corner, which
occurs only after the vortex rolls up (figure 8(d—e)). Consequently, the SS TE contains two vorticity lay-
ers with opposite signs. Such multi-layered SS vorticity has been observed experimentally by Chesnakas
and Jessup (2003), and computationally by Leasca ez al. (2024) in another propeller, i.e., it is not unique
to the present geometry.
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Figure 12. Distribution of tilting, stretching and advection of vorticity components by the mean flow for
J=0.85at (a, b) s/c = 0.92, (c, d) s/c = 1.00, (e—j) s/c = 1.03. Definitions of each term are provided on
the individual panels. The line contours of {(wg)/ 2 at s/c = 1.03 match those in figure 10(d—f). Colour
scale for panels (a—i) is provided on top, and as a separate inset for (j).

As mentioned before, in the near wake, the (wg) < 0 layers from both sides of the blade merge, leaving
only two distinct layers with opposite signs (e.g. figure 11(f)). Strong circumferential stretching of the
(wg) > 0 layer (figure 12(d, f)) persists up to the region where SV2 first appears, contributing to the
increase in {(wy), and overcoming the opposing effects of tilting (figure 12(e, g—h)). The circumferentially
aligned SV1 and SV2 partially overlap with the perpendicular negative (w,) layer (figure 10(4, 7)). The
latter originates mostly from the blade SS (figure 10(c)), but as demonstrated in figure 12(7), it is also
affected by tilting of the positive (w,) layer generated in the blade SS boundary layer. However, the
peaks of {(wg) and (w.) in these secondary vortices do not coincide, with the latter occurring radially
inward from the former. This lattice of vortices is of particular importance since, as demonstrated later,
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in the high-speed dataset. Locations of four specific radial cuts are indicated.

cavitation inception preferentially occurs in the negative (w,) layer, especially in the region where the
axial vorticity is stretched axially by the flow induced by the TLV as well as by SV1 and SV2. Before
proceeding, it should be noted that figures 10 and 12, and supplementary movies 3—5 show numerous
other phenomena affecting the evolution of the TLV, such as strain-induced reorientations of (w, ) and
{w,) layers, entrainment and merging of vortices, and non-uniform advection by the mean flow (e.g.,
figure 12(j)). Several of these interactions are described in Wu et al. (2011b) and Li et al. (2019) for
other axial turbomachines. While they also occur in the present propeller, they are not repeated here to
maintain brevity, as we restrict ourselves to phenomena affecting cavitation inception.

3.3. Comparison between mean flow structure and cavitation inception at design advance ratio
Aimed at identifying the physical mechanisms governing the onset of cavitation, this section compares
the measured flow field to the observed location of cavitation inception at J = 0.85. By combining
results obtained in the closely spaced meridional planes of the high-speed dataset, one can reconstruct
the flow structure along radial cuts (constant 7*) as illustrated in figure 13. Sample cuts selected for
demonstrating trends are r* = 0.985, which is located radially above the blade tip, as well as r* = 0.974,
0.969 and 0.959, which intersect with the blade tip. For reference, the blade tip extends to »* = 0.979.
Figure 14 shows the distributions of {(wg) and (w;) in the near-TE region of the selected radial cuts.
Above the blade tip, figure 14(a) shows a broad area with elevated (wy) axially upstream of the SS,
which corresponds to the shear layer connecting the SS tip to the TLV (e.g. figure 10()). This layer also
contains two diagonal bands of particularly high {(wg) that corresponds to SV1 and SV2. Both start near
the TE and extend axially upstream and circumferentially downstream of it. The shear layer vorticity
peaks at r* = 0.974 (figure 14(c)) and decreases further inwards. At r* = 0.959, the signatures of SV1
and SV2 diminish, leaving the TLV as the most prominent structure (figure 14(g)). The negative (wg)
layer axially upstream of the TLV, which persists in all the distributions, corresponds to the signature
of the separating duct boundary layer and rollup of the CRV. Prominent features in the distribution of
{w;) include: (i) the positive region associated with the blade tip (figure 14(b)) and PS (figure 14(b, d,
f, h)) boundary layers, which extends to the near wake, (ii) the broad negative region originating from
the blade SS that persists in lower radial cuts (figure 14(f, h)), (iii) the previously discussed negative
vorticity radially inward from SV1 and SV2 (figure 14(d, f)), which is advected radially outwards behind
the blade (figure 14(b)), and (iv) the positive layer along the TLV, which is associated with the alignment
of its trajectory (figure 14(h)).

All the plots in figure 14 also show white markers indicating the measured locations of cavitation
inception events. We have not observed differences between the dataset obtained near the two blades;
hence both are included together. As mentioned earlier, while the radial locations of these events cannot
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Figure 14. Distributions of ensemble-averaged vorticity components for J = 0.85 in reconstructed
radial cuts: (a, c, e, g) (we)/ 2, (b, d, f, h) {w;)/ Q. Panels show (a, b) r* = 0.985, (c, d) r* = 0.974,
(e, f) r' =0.969, (g, h) r* = 0.959. The black lines are of {wg)/ 2=40. The white markers denote the s/c
and z/c, locations of inception events. An outline of the blade tip is overlaid on panels (a) and (b).

be ascertained based on the image recorded by a single camera (figure 2(a)), supplementary movie 2
indicates, based on how the cavitating secondary structures wrap around the TLV, that they are located
radially outward of the TLV centre. Most of the events appear to be clustered in two different regions.
The first group, subsequently referred to as Cl;, is mostly located at 0.98 < s/c < 1.1 and 0.70 < 7/c, <
0.80, and the second (CI,), at 1.09 < s/c < 1.16 and 0.75 < 7/c,<0.85. These ranges agree with those
reported for the larger propeller in Michael et al. (2024). The left column of figure 14 clearly indicates
that these regions do not coincide with the peaks of (wy) associated with SV1 and SV2. They partially
overlap with the region of elevated negative (w, ) (figure 14, right column), but also do not coincide with
the regions of peak vorticity magnitude. In contrast, the right column of figure 15 shows that both CI;
and CI; appear to be concentrated in regions with high magnitude of axial stretching of (w,) by the mean
flow, i.e. (w;)0U, /07, but generally do not agree with the location of elevated circumferential stretching
of {wg), i.e., {wg)r 10Uy /06, shown in the left column. Although, away from the blade, the magnitude
of (wg) is larger than that of (w ) (figure 14), AU, /8z is significantly larger than r 19Uy /38, especially
in the cavitation inception region. More specifically, group CI, appears to be co-located better with the
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Figure 15. Distributions of vorticity stretching by mean flow terms for J = 0.85 in reconstructed radial
cuts: (a, ¢, e, g) we)r 10Uy/00)/ 22, and (b, d, f. h) (w,)Y0U, /0z)] Q>. Panels show (a, b) r* = 0.985,
(c, d)r*=0.974, (e, /) ¥ =0.969, (g, h) r* = 0.959. Colour contours are 3 X 3 median-filtered for display.
The black lines are of {we)/ 2=40. White markers denote the s/c and z/c, locations of inception events.
An outline of the blade tip is overlaid on panels (a) and (b).

stretching peak at r* = 0.985 (figure 15(0)), i.e., above the blade tip, and CI; is better co-located with
the stretching peak at r* = 0.974 and 0.969 (figure 15(d, f)).

Further clarification of the mechanisms involved is provided in figure 16. This plot highlights
{(wz)AU, [0z in only those regions where it and (w,) are negative, i.e., where the negative axial vor-
ticity is stretched axially, and compares them with contours of (wg), showing where the TLV, SV1 and
SV2 are located, as well as to the area where the magnitude of negative (w;) is high. The vertical lines
in figure 16(a) indicate the axial boundaries of the CI; area at s/c = 1.05, and those in figure 16()
bound the CI, region at s/c = 1.13. The four grey horizontal lines correspond to the r* of the radial cuts
presented in figures 13, 14 and 15. As is evident, the peak vorticity stretching in the CI; area is located
between SV1 and the TLV, and the axial stretching is caused by the opposite axial velocity induced by
two vortices. At s/c = 1.13, SV1 is already being entrained into the TLV, and its remnants are located
above the TLV centre, while SV2 is still distinct. The CI, region is now located between SV1 (or the
TLV under it) and SV2. In this case, the stretching is induced by the opposite axial flow induced by SV2
on the right, and TLV + SV1 on the left. In summary, both CI; and CI, regions are stretched axially by
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Figure 16. Distributions of ((w;)0U,/0z)/Q? in regions where {w.) < 0 and {(w,)0U, [0z < O for
J=0.85: (a) s/c = 1.05, (b) s/c = 1.13. Line contours: magenta- {wg)/ 2 = 45, purple- (wg)/ 2 = 30,
yellow- (w;)/ Q2 = —20. Grey horizontal lines mark r* = 0.985, 0.974, 0.969, 0.959. The black vertical
lines bound the axial extent of CI; in (a) and CI in (b). The superimposed in-plane velocity vectors (U,,
U;) are diluted 2:1 in both r and 7 for clarity.
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Figure 17. Samples distributions of 3 X 3 median-filtered instantaneous circumferential vorticity
(wg/ L) for J =0.85: (a) s/c = 1.05, (b) s/c = 1.13. The black vertical lines bound the axial extent of CI;
in (a) and CI in (b). The solid and dashed black lines are of (0u;/0z)/ 2 = 20 and 5, respectively.

multiple vortices that are largely aligned in the circumferential direction, but the structures involved are
different. As both C1 and C2 regions also have significant magnitude of {wg), the vortices undergoing
stretching are ‘quasi-axial’ in orientation. Finally, one should keep in mind that figures 14, 15 and 16
still show ensemble-averaged quantities. While one cannot obtain the instantaneous w, from the present
results, it is still possible to examine the axial straining in the cavitation inception regions. Figure 17
presents sample distributions of 3 x 3 median-filtered instantaneous wy with superimposed contours of
Ouy/0z. The regions where SV1 and SV2 are located contain multiple (circumferential) vorticity peaks,
which induce high axial straining in the CI; (figure 16(a)) and CI, (figure 16(b)) regions. Similar to
the trends of vorticity, the instantaneous axial straining is 3—5 times larger than the ensemble-averaged
values. These observations provide motivation for performing volumetric 3-D velocity measurements
of straining, 3-D vorticity and pressure, as performed in the regions of cavitation inception, e.g., of a
turbulent shear layer by Agarwal et al. (2023).

3.4. Effect of advance ratio on the flow structure

This section describes the effect of varying operating conditions on the mean flow features and the result-
ing changes to the location of cavitation inception in the tip region. Figure 18 compares the distribution
of (wy)/Q at s/c = 0.98 in the left column, (wy)/Q at s/c = 1.03 in the middle column and {(w,)/Q at
s/c = 1.03 in the right column, for different J values. Figure 19 provides quantitative data on the evolu-
tion of several tip flow parameters, all calculated using the high-resolution phase-locked dataset. As is
evident from figure 18, the strength and location of the TLV and the CRV vary significantly with J. The
mechanisms affecting these trends, which occur to varying extents in all the ducted axial turbomachines
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Figure 18. Distributions of ensemble-averaged vorticity components calculated using the high-speed
dataset: (left) — (wg)/ Q2 at s/c = 0.98, (middle) — (wg)/ L2 at s/c = 1.03, (right) — {(w;)/ 2 at s/c = 1.03.
(a—c)J =0.933, (d—f) J = 0.85, (g—i) J = 0.803 and (j—1) J = 0.68. Black lines denote the specified values
of (we)/ 2.

that we have tested, are associated with differences in blade loading. Consistent with the computational
results of Michael er al. (2024) and Leasca et al. (2024), the latter for a different propeller, with decreas-
ing flow rate, (i) the magnitude of blade loading, hence the strength of the TLYV, is expected to increase,
and (ii) the point of peak loading, hence the location of TLV rollup, is expected to move closer to the
LE. For the present data, at s/c < 1.00, calculations of the total positive circulation on the blade SS (I,
figure 19(a)) include regions of positive (wg) around the TLV and the shear layer, at 0.8 <r* < 1. At
s/c > 1.00, SV1, SV2 and the vorticity in the blade SS wake are also included as they are continuously
entrained into the TLV. An appropriate threshold, ranging between 2.5% and 5% of the maximum vor-
ticity, is applied to avoid regions associated with the duct boundary layer, as part of it is also entrained
into the TLV (figure 8(d—e)). To obtain the TLV circulation (I'rpy, figure 19(d)), the shear layer, SV1
and SV2 are not included. Prior to entrainment, these secondary vortices are identified using the local
vorticity maxima in their core and the minima between them. Once entrained, these secondary vortices
are considered part of the TLV. The expected increase in blade loading with decreasing J agrees with
the present distributions of I'ys, I'rzv and the peak (wg) in the TLV (figure 19(c)).

Figure 19(d) shows that as the TLV evolves, its centre, identified based on the peak of (wgy), migrates
away from the blade SS (see also figure 8) at a rate that increases with decreasing J. The point of
backflow boundary layer separation also follows similar trends (not shown). To understand the effect
of operating conditions, it is shown in Li et al. (2019) for an axial compressor that the TLV migration
shortly after rollup is dominated by the tip leakage jet, and during later phases, by flow induced by the
TLV’s ‘image vortex’ on the other side of the endwall. The present extent of leakage is characterised by
radially averaging the velocity across the SS of the tip gap. Figure 19(f—h) show the evolution of the axial
and circumferential velocity components in the laboratory reference frame (U, jeqk, Us,icak ), as well as
the chord-normal velocity component relative to the blade (U}, leak)- Tespectively. As is evident, except

for the vicinity of the TE, the magnitude of U, j.qx and Un’ leak increase significantly with decreasing J,
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Figure 19. Effect of advance ratio on the evolution of ensemble-averaged tip flow parameters and TLV
location, determined from the phase-locked dataset: (a) total positive circulation shed from the blade
SS, Tpos/Urc; (b) circulation within the TLV, I'tpy [Urc; (¢) maximum circumferential vorticity in the
TLV, ((we)] 2)max,TLv; (d) axial location of the TLV centre, (z/cq)TLv; (€) radial location of the TLV
centre, (r*)rrv, (f) radially averaged magnitude of axial velocity at the SS of the tip gap, Uy jear /Ur;
(g) radially averaged magnitude of circumferential velocity at the SS of the tip gap, Ug jcak /Ur; (h)
radially averaged magnitude of chordwise normal velocity component relative to the blade at the SS of
the tip gap, U* leak/UT

a trend consistent with the increase in blade loading. AtJ =0.68, U, | . reaches 80% of the Ur at mid-
chord, considerably earlier than the ~ 70% peak measured at higher J values. Hence, the earlier and faster
leakage jet at the lowest J is expected to push the TLV farther away from the blade. Furthermore, the
corresponding higher TLV strength implies that the flow induced by its image is also stronger, affecting
the TLV migration in later stages. These observations are consistent with the trends depicted in the left
column of figure 18. Figure 19 shows several other interesting phenomena. First, along the blade, the
TLV centre migrates further radially inward with decreasing J (figure 19(e)). As discussed in Li et al.
(2019), the likely causes for this trend include flow induced by the negative CRV originating from the
separated endwall boundary layer, growth of the TLV, and flow induced by the secondary vortices in the
shear layer. The only exception is the trend at J = 0.68, where the centre turns radially upwards at 1.0 <
s/c < 1.5. As supplementary movie 9 and figure 18(k) demonstrate, this motion occurs while entrained
secondary vortices and the shear layer wrap around the TLV, and are located axially upstream of its
centre. Hence, the upward motion might be induced by secondary vortices. Once they are entrained, at s/c
> 1.5, the radial motion of the TLV centre changes again away from the endwall. Second, for all J values,
except near the TE, Up jcqk is positive, i.e., opposite to the direction of blade rotation (figure 19(g)).
Furthermore, Up,jcqx increases with s/c until the chordwise location of TLV rollup (figure 19(a—c)),
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and decreases thereafter. The sign of Uy ;.4 is counterintuitive since one would expect that the blade
tip motion would induce a flow in the same direction within the narrow tip gap. Such a phenomenon
could only be driven by pressure gradients, with the region of PS high pressure located close to the LE,
and the SS minimum pressure located at higher s/c, consistent with the results of numerical simulations
of this blade (Michael et al., 2024).

Circumferentially downstream of the blade (figure 18, middle column), at least the two co-rotating
secondary vortices, referred to earlier as SV1 and SV2, are visible in the shear layer for all the present J
values. The mechanisms involved in their formation are similar to those described for J = 0.85 and are
not repeated here. At s/c = 1.03, i.e., close to the TE, vortex SV1 travels slightly further upstream with
decreasing J, while the location of SV2 essentially remains unchanged. Their entrainment into the TLV
occurs earlier with increasing J (supplementary movies 4 and 7-9), most likely owing to the shorter
distance to travel. For the case with the largest distance, J = 0.68, both secondary vortices start to break
up while still located in the shear layer (supplementary movie 9). Their peak vorticity, which could be
used for assessing their strength, appears to have the highest values at design J, and the lowest values
occur at J = 0.68. The effect of their entrainment into the TLV can also be observed in the evolution
of I'rrv (figure 19(b)). While I',,, decreases at s/c > 1.00, I'rzy continues to increase for the three
higher J values, as the TLV entrains the secondary structures. A similar increase in TLV circulation
circumferentially downstream of the blade of ducted propellers has been reported in Chesnakas and
Jessup (2003) and Oweis et al. (2006). At J = 0.68, I'ry decreases at 1.0 < s/c < 1.25, as the TLV
begins to break up and spread, but increases again at s/c > 1.25, owing to the delayed entrainment of the
shear layer and the secondary vortices. The impact of TLV breakup, especially at J = 0.68, can also be
observed in the rapid reduction of peak (wg) (figure 19(c)) starting from mid-chord, despite the overall
increase in TLV circulation caused by the continued entrainment of the shear layer. It should also be
noted that the earlier formation, breakup, as well as higher circulation of the TLV with decreasing flow
rate have been seen in several other axial turbomachines tested in our facility (Li ef al., 2019; Saraswat
et al., 2025). With decreasing J, the earlier and stronger TLV also enhances the formation and radially
inward entrainment of the CRV originating from the endwall boundary layer (figure 18, left and middle
columns). Before concluding this discussion, the right column of figure 18 demonstrates the effect of J
on the distributions of (w,)/Q circumferentially downstream of the blade. All the distributions contain
the signature of the positive layer originating from the blade tip and the PS wake, and the negative layer
originating from the blade SS which contains the quasi-axial vortices. The peak magnitudes of negative
{w,) are present in the vicinity of SV1 and SV2, but do not coincide with their (wy) peaks. Hence, the
previously discussed axial stretching of negative (w,) is expected to occur in all cases.

Figure 20 shows a comparison between locations of cavitation inception and the ensemble-averaged
flow structure for J = 0.933. In contrast to design J, most of the events are clustered in a single region
located at 1.05 < s/c < 1.14 and 0.80 < z/c, < 0.90 (figure 20(a—c)). This circumferential extent is
in between the CI; and CI, regions of design J but is axially closer to the blade TE. Here again, the
locations of inception appear to have a better agreement with regions of negative (w.) and high negative
{(w,)dU, |0z (figure 20(a—c)). The perpendicular view (figure 20(d—f)) highlights the evolution of the
stretched negative (w;) in the relevant areas. At s/c = 1.06, as SV1 is getting entrained into the TLV,
the regions containing peaks of both negative {(w,), highlighted through a yellow line contour, and its
stretching are located around both SV1 and SV2, and coincides with the cavitation inception domain
highlighted through black vertical lines. At s/c = 1.09, the cavitation inception region partially overlaps
with the region of peak axial stretching and elevated {(w ), and the structures involved are the same as
those for CI, at the design J. At s/c = 1.12, SV2 is located radially above the TLV, and the stretched
axial vorticity, located to the right of both, still partially overlaps with the inception range. Note that the
radial location of peak stretching also changes, implying that events appearing in the same cluster do
not necessarily occur at the same r*.

The locations of cavitation inception for J = 0.803 and 0.68 are compared with those observed for
higher J values in figure 21. At J = 0.803, while some events still appear as axially aligned bubbles at
s/c > 1, they mostly occur within the TLV, and have a dominant scatter in the range 0.60 < s/c < 0.90
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Figure 20. First row: colour contours of 3 x 3 median-filtered ({w,Y0U,/0z)/ Q% for J= 0.933: (a) r* =
0.972, (b) r* = 0.974, (c) ¥ = 0.977. In panels (a—c), black lines are of (wg)/ 2 = 40, and white markers
indicate cavitation inception events. Second row: colour contours of ({w)0U, |0z)/ Q2 in regions where
(w;)<0and{w,)0U, [0z < 0:(d) s/c = 1.06, (e) s/c = 1.09, (f) s/c = 1.12. In panels (d—f), line contours:
magenta- {(wg)/ Q2 = 45, purple- (wg)/ 2 = 30, yellow- {w, )/ 2 = —-20. Grey horizontal line: r* = 0.977.
The black vertical lines bound the axial extent of cavitation inception events shown in panels (a—c). The
superimposed in-plane velocity vectors are diluted 2:1 in both r and 7 for clarity.
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Figure 21. Distribution of the location of cavitation inception events for various advance ratios.

along its path. At J = 0.68, all the inception events occur along the TLV centre, most of them at 0.45
< s/c < 0.7, with the highest concentration centred around s/c ~ 0.6. The earlier rollup and higher TLV
strength (higher blade loading) with decreasing J appear to shift the location of cavitation inception
further circumferentially upstream. The most likely location of inception along the TLV is close to
the point of peak {(wg) (figure 19(c)), and does not occur at higher s/c, despite the increase in TLV
circulation (figure 19(d)). This trend is presumably associated with the breakup of the TLV core and its
fragmentation into multiple vortices along the aft part of the blade. Upon reduction of the mean pressure
below the inception level, cavitation also expands to the secondary structures near the TE, in agreement
with the persistence of the secondary vortices under all operating conditions (figure 18).

3.5. Discussion

The mean pressure around the blade tip TE is affected by the flow around the blade and the presence
of the TLV. The RANS-predicted mean surface pressure distribution reported in Michael ef al. (2024)
shows that the SS blade pressure starts increasing from mid-chord to the aft of the blade. Furthermore, as
the pressure increases with increasing distance from the TLV centre, the secondary vortices developing
in the vicinity of the blade TE, but away from the TLV, are in a region of elevated mean pressure. This
observation implies that the formation of localised regions with very low pressure outside of the TLV
core can only occur owing to vortex stretching, and the resulting reduced radius and increased vorticity.
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Figure 22. Probability density functions: (a) axial strain rate du,/0z; (b) surrogate axial vorticity
Oug/0r; and (c) surrogate axial vortex stretching, Ou, [0z(0ug/0r), computed in the region of cavitation
inception for J = 0.85. The sampling areas are r* > 0.95 with 0.7 < 7/c, < 0.8 at s/c = 1.05, and r* >
0.95 with 0.75 < z/c, < 0.85 at s/c = 1.13. The upper horizontal axis shows dimensional values, and the
lower horizontal axis shows the same data normalised using Q (for panels a and b) or Q (for panel c).

We have already demonstrated that cavitation first occurs in regions where quasi-axial secondary vortices
are stretched axially by the flow induced by the circumferentially aligned TLV and secondary vortices
located in the shear layer separating the leakage flow from the main passage flow. This vortex stretching-
induced cavitation inception, where a small, weak vortex is elongated by several larger and perpendicular
vortices, is not unique to the present propeller flow. Therefore, it is instructive to compare the axial strain
rates and vortex stretching magnitudes measured here with those reported in other flows exhibiting the
same mechanism, such as turbulent shear flows (Katz & O’Hern 1986; Agarwal et al., 2023). For a
turbulent shear layer behind a backward-facing step, Agarwal et al. (2023) show that at a flow speed
of the same order of magnitude as the current U, cavitation first occurs in quasi-streamwise vortices
that are stretched by the much larger and stronger spanwise vortices. Their most probable magnitude
of axial strain rate is 500-1000 s~! but extends to more than 2500 s~! in extreme cases. The most
probable vortex stretching term magnitude, along its axis, is of the order of 10°. For this propeller,
statistics of axial vortex stretching for design J, in the cavitation inception region, i.e., r* > 0.95, and at
s/c = 1.05, z/c, = 0.7 t0 0.8; and s/c = 1.13, z/c, = 0.75 to 0.85, are provided in figure 22. Probability
density functions (PDFs) of the instantaneous axial straining, du, /0z, are presented in figure 22(a). The
most probable value of ~500 s~! and the peak value of ~3000 s~! are similar in magnitude to those
reported in Agarwal et al. (2023). Unfortunately, we have not measured the instantaneous w,, but the
ensemble-averaged data obtained from the time-resolved measurements indicate that the magnitude of
(w;) is dominated by Uy /0r, i.e. dUy/0r > (0U, [r08 + Uy /r). Hence, we use dug/0r as a surrogate
for the instantaneous axial vorticity and presents its PDF in figure 22(b). As is evident, the magnitude
of the negative values is larger, extending to —4000 s~/. Furthermore, the negative surrogate vorticity
at s/c = 1.13 has a higher magnitude than that at s/c = 1.05, as one would expect because of axial
vortex stretching. The PDF of the surrogate axial vortex stretching term (Qug/dr)0u,/0z, shown in
figure 22(c), reaches peak negative values of 10% which is an order of magnitude higher than the shear
layer results of Agarwal et al. (2023). This difference explains the higher o; ¢/, (~0.95) for the present
propeller than those measured in the shear layer (~0.5).

The following discussion attempts to understand the shift in the location of cavitation inception below
design conditions. As shown in the previous sub-section, changing the operating conditions alters the
strength of the TLV, as well as the location of its rollup and breakup. Fragmentation of tip leakage
vortices and the associated increase in turbulence have been seen in essentially all the ducted axial
turbomachines tested in our facility (Wu et al,, 2012; Li et al., 2017, Saraswat et al., 2025). The mech-
anisms affecting the breakdown of vortices under the influence of adverse pressure gradients have been
investigated in a variety of flows (e.g., Hall, 1972; Escudier, 1988; Lucca-Negro and O’Doherty, 2001).
Inherent to all axial pumps and compressors, there are adverse pressure gradients in the aft part of the
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Figure 23. Effect of advance ratio on the distribution of TKE, k/U2, calculated from the phase-locked

dataset at: (left) s/c = 0.75, (middle) s/c = 0.88, (right) s/c = 1.13. (a—) J = 0.933, (d—f) J = 0.85, (g—i)

J =0.803 and (j—1) J = 0.68. Line contours, solid black: {(wg)/ 2 = 30, dashed black: {(wg)/ 2 = —20.

rotor passage. As the TLV migrates to this region, it contracts along its axis, making it unstable and prone
to breakdown. Once the so-called “spiral-type vortex breakdown” occurs (Lucca-Negro and O’Doherty,
2001), the TLV starts meandering, and its core fragments into multiple filaments that occupy a grow-
ing area. Consequently, the mean vortex size increases and its peak vorticity magnitude decreases. This
effect becomes more pronounced below design conditions, where the blade’s peak loading and the point
of TLV rollup shift towards the leading edge, and the adverse pressure gradients start earlier and become
stronger. Consequently, the TLV breakdown occurs earlier, appears to increase in intensity and mani-
fests as an increase in the vortex core’s turbulence level. Other mechanisms that affect the breakdown
include migration of the TLV to the PS of the neighbouring blade, a phenomenon that is more prominent
in multi-blade compressors and pumps, and flow non-uniformities caused by, e.g., other co-, counter-
rotating, and even inclined secondary vortices (Lim, 1998; Le et al., 2011). A detailed discussion on
the evolution of turbulence is beyond the scope of this paper. However, to demonstrate the effect of
TLV breakup, figure 23 compares the distributions of TKE, calculated using the high-resolution, phase-
locked dataset, at s/c = 0.75, 0.88 and s/c = 1.13. Circumferentially upstream of the TE (s/c = 0.75 and
0.88), there is strikingly high turbulence at J = 0.68 in comparison with the other advance ratios, which
is associated with earlier breakdown of vortices. With decreasing J, the regions of elevated turbulence
expand from only the shear layer at J = 0.933 to the CRV and the vicinity of the TLV at J = 0.85, then
to the centre of the TLV at J = 0.803, and finally to a broad area with much higher values at J = 0.68.
For J = 0.68, the TKE is particularly high in the shear layer, the TLV centre and the entrained separated
backflow boundary layer. At s/c = 1.13, the areas with elevated turbulence expand in all cases, with
additional peaks appearing in the vicinity of SV1, SV2 and the blade wake. The regions of cavitation
inception at J = 0.933 and 0.85, which are between the TLV and SV1, and between SV1 and SV2, are
not characterised by particularly high turbulence. This observation indicates that the onset of cavita-
tion preferentially occurs in regions where the flow structure is at least ‘quasi-coherent’. For the cases
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where the vicinity of SV1 and SV2 becomes turbulent, i.e., the lower two J values, the cavitation incep-
tion events shift to the TLV. These observations are also consistent with measurements of cavitation
inception in turbulent shear layers (Agarwal et al., 2023), where the likely inception site is in a domain
where secondary vortices are quasi-coherent, upstream of the regions with maximum turbulence level.
A similar trend is observed along the TLV core, where inception occurs closer to the TE at J = 0.803,
but at J = 0.68 shifts further upstream along the TLV, circumferentially before the TLV breakdown, as
indicated by a reduction in peak (wg) (figure 19(c)) and elevated turbulence near its centre.

4. Conclusions

The present study characterises the onset of cavitation and the associated flow structure in a ducted pro-
peller at varying advance ratios. At design and higher advance ratios, cavitation inception appears as
axially aligned intermittent cavities that form axially between the blade SS and the TLV, and circum-
ferentially at 0.98 < s/c < 1.16, i.e., downstream of the blade TE. Further reduction in mean pressure
reveals that the inception occurs in secondary vortices aligned perpendicularly and radially above the
TLV. With decreasing advance ratio, the cavitation inception indices defined using the mean axial veloc-
ity increase, and their most probable location shifts first to the TLV, and then along its core towards the
blade leading edge. Scaling the cavitation inception indices with the blade tip speed gives a value of
~0.95 for all near-design conditions. Two SPIV datasets are used for characterising the evolution of the
non-cavitating flow structure around the blade tip. Higher-resolution data covering the entire blade axial
chord are obtained in discrete meridional planes, starting from the leading edge and extending beyond
the TE, encompassing the entire cavitation inception area. This dataset captures the formation and evolu-
tion of the tip leakage flow, the blade near wake, the TLV and several counter- and co-rotating secondary
vortices that remain distinct in the ensemble-averaged data. The second SPIV dataset is recorded at 30
kHz, but at a lower spatial resolution and smaller sample area. Owing to the closely spaced meridional
planes, this dataset enables calculation of all three mean vorticity components in the vicinity of the TE,
hence captures the axial vortices causing cavitation inception.

The prominent flow features in the tip region include the leakage flow, the rollup, evolution and
breakup of the TLV, and the formation of circumferentially aligned secondary vortices in the near wake.
These secondary vortices, referred to as SV1 and SV2 in the mean flow, co-rotate with the TLV and are
eventually entrained into it. Vortex SV1 rolls up in the shear layer that connects the TLV to the SS tip
and separates the passage flow from the backward leakage flow. The source of its vorticity, like the TLV,
is the blade PS tip corner. In contrast, vortex SV2 starts to roll up circumferentially downstream of the
blade. The vorticity in SV2 largely originates from the blade SS wake due to realignment of the axial
vorticity generated on the blade surface and is subsequently stretched circumferentially near the TE. In
addition, positive and negative quasi-axial vortices originating from the blade pressure and suction sides,
respectively, are continuously shed and entrained into the vicinity of the shear layer. At high advance
ratio, including the design conditions, cavitation inception occurs in the region where the negative quasi-
axial vortices are stretched axially by the flow field induced by the circumferential TLV, SV1 and SV2.
The straining mechanisms are qualitatively similar to the axial stretching of quasi-streamwise vortices
in a 2-D shear layer by the opposite induced flow of the primary spanwise vortices. The extent of vortex
stretching observed in the tip region is an order of magnitude higher than that measured in the 2-D shear
layer studies. Several mechanisms contribute to the shift of the cavitation inception site to the TLV and
towards the leading edge with decreasing advance ratio. First, with increasing blade loading, the TLV
rolls up earlier and increases in strength. Hence, its core pressure is likely to decrease, resulting in higher
cavitation inception indices. Second, the TLV breaks up earlier in the aft part of the blade, resulting in
its fragmentation and loss of its distinct dominant core. The signature of this breakup in the mean flow
structure appears as a sharp decrease in peak vorticity, despite a continued increase in overall circulation,
and an increase in turbulence level along the vortex core. Finally, a comparison of the TKE distributions
demonstrates that, at all conditions, cavitation inception preferentially occurs in regions located away
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from the peaks in turbulence level, i.e., where the flow structure is at least ‘quasi-coherent’, even in the
case of off-design condition. Owing to the flow complexities, the present findings motivate shifting the
focus to volumetric time-resolved measurements, which will enable us to characterise the evolution of
instantaneous vorticity and the dynamic pressure field in the regions of cavitation inception.

Supplementary material. The supplementary material for this article can be found at https://doi.org/10.1017/f10.2025.10026.
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