
Ninth International Symposium on Marine Propulsors
smp’26, St. John’s, Canada, July 2026

Volumetric analysis of the near wake of a lightly-loaded propeller
under oblique inflow

Gunnar Jacobi1, Daniele Fiscaletti1

1Department of Maritime & Transport Technology, Technische Universiteit Delft, Delft, The Netherlands

ABSTRACT
The wake dynamics of marine propellers operating un-
der off-design conditions are highly three-dimensional and
sensitive to inflow perturbations. In the context of wind-
assisted propulsion, aerodynamic thrust from sails or rotors
can strongly reduce propeller loading and move the operat-
ing point close to the transition toward windmilling. In this
study, the near-wake topology of a four-bladed fixed-pitch
propeller is experimentally investigated in the towing tank
at Delft University of Technology using volumetric La-
grangian particle tracking with the Shake-the-Box method.
The propeller is operated at J = 1.0 for shaft inclination
angles of 0◦, 5◦, and 10◦. The volumetric measurements
provide access to the three-dimensional organization of the
tip, hub, blade-trailing, and junction vortices, as well as
to derived quantities such as vorticity, vortical structures,
and tip-vortex circulation. The results show that shaft in-
clination produces an azimuthally non-uniform near-wake
topology. At 10◦ inclination, the tip-vortex circulation in-
creases near the 90◦ sector and decreases near 270◦, consis-
tent with the expected azimuthal variation in effective blade
loading. The wake topology is additionally affected by the
shaft and dynamometer wake, which influences the upper
sector of the propeller disk. The results demonstrate the
feasibility of volumetric particle tracking for characteriz-
ing the full near-wake topology of lightly-loaded propellers
under inclined inflow conditions.

Propeller wake, WASP, volumetric PIV, Shake-the-Box

1 INTRODUCTION
The hydrodynamic behavior of the wake generated by a
marine propeller operating under off-design conditions is
governed by a complex interplay of coherent vortical struc-
tures, including tip vortices, hub vortices, and blade trail-
ing wakes. These structures evolve in a highly three-
dimensional and unsteady manner, and their dynamics are
strongly influenced by the inflow characteristics and load-
ing conditions.
In the context of wind-assisted propulsion, the presence of
aerodynamic thrust generated by sails or rotors modifies the
operating point of the propeller, resulting in reduced load-
ing and oblique inflow due to leeway. These conditions
are characterized by high advance ratios and small drift

angles, which alter the inflow velocity distribution across
the propeller disk and induce non-axisymmetric wake fea-
tures. The resulting wake topology is expected to exhibit
asymmetries in the tip-vortex trajectories and strength dis-
tribution, as well as fluctuations in blade loading due to the
phase-dependent inflow velocity.
The mechanisms governing wake evolution under such
conditions have been the subject of previous experimental
and numerical investigations. Felli & Di Felice (2005) ana-
lyzed the wake of a propeller under non-uniform inflow us-
ing Laser Doppler Velocimetry (LDV) and phase-sampling
techniques, revealing significant asymmetries in the veloc-
ity and vorticity fields. Their results highlighted the in-
fluence of hull-induced perturbations on tip-vortex coher-
ence and wake deformation. However, the study was lim-
ited to planar measurements and did not resolve the three-
dimensional topology or transient behavior of the wake.
Felli & Falchi (2018) extended this line of research to
oblique inflow conditions using planar Particle Image Ve-
locimetry (PIV), identifying the role of the junction vor-
tex and the onset of tip-vortex instability. Their findings
showed that increasing inclination angles lead to earlier
destabilization of the wake and a pronounced asymmetry
between the windward and leeward sides.
A similar more recent study was conducted by Abbasi et
al (2023), which investigated the wake field of a propeller
with inclined shaft by using LDV. Di Mascio et al (2014),
using numerical simulations, demonstrated that secondary
vortex structures originating from the inflow perturbation
can induce breakdown of the tip vortices prior to the onset
of mutual inductance instability. Complementary to this,
Dubbioso et al (2013) conducted a systematic numerical
analysis of propeller performance and wake behavior under
oblique inflow, providing further insight into the influence
of oblique inflow on wake topology and blade loading.
These studies underscore the sensitivity of wake evolu-
tion to loading conditions and inflow non-uniformity. In
wind-assisted scenarios, the propeller operates under re-
duced thrust and oblique inflow, leading to deviations from
the basic helical wake structure. The resulting flow field
is characterized by altered vortex trajectories, asymmetric
vorticity distribution, and phase-dependent blade loading.
Resolving these mechanisms requires diagnostics capable



of capturing both the spatial and temporal evolution of the
wake.
To investigate these phenomena, a range of experimental
techniques has been employed. LDV has historically pro-
vided high-resolution, phase-resolved measurements of ve-
locity fields in the wake of ships and marine propulsors
during model tests. Its application to non-uniform inflow
conditions revealed key features of wake asymmetry and
tip vortex deformation (Felli & Di Felice 2005). However,
LDV is inherently limited to pointwise measurements and
lacks volumetric and time-resolved capabilities.
Planar PIV and Stereoscopic PIV have since become a
widely used technique for measuring two and three veloc-
ity components, respectively, in a 2D plane (see Calcagno
et al 2002 and Felli et al 2011). While effective for cap-
turing phase-locked wake structures, planar methods re-
main constrained in their ability to resolve the full three-
dimensional nature of the flow. To overcome these limi-
tations, volumetric approaches such as Tomographic PIV
have been introduced. Elsinga et al (2006) demonstrated
the feasibility of tomographic reconstruction for capturing
three-dimensional velocity fields, and Felli et al (2015) ap-
plied this technique to propeller wake analysis, identify-
ing vortex pairing and the coalescence of leading-edge and
tip vortices. Their results also highlighted that vortex tra-
jectories are not necessarily aligned with the measurement
plane, underscoring the need for volumetric diagnostics.
More recently, Lagrangian particle tracking methods such
as Shake-the-Box (STB) have emerged as powerful tools
for volumetric and time-resolved flow diagnostics. Schanz
et al (2016) developed the STB algorithm to enable high-
density particle tracking across multiple frames, enabling
the reconstruction of instantaneous three-dimensional ve-
locity fields. Friedhoff et al (2021) demonstrated the ap-
plication of STB in towing tank experiments on a ducted
propeller, focusing on time-averaged flow fields. While the
study confirmed the feasibility of STB in large-scale facili-
ties, phase-averaged or time-resolved evaluations of the full
wake volume were not performed.
In the present study, the near-wake topology of a fixed-
pitch propeller operating under wind-assisted conditions
is investigated experimentally. The objective is to assess
the influence of oblique inflow and reduced loading on the
structure and evolution of the wake, with particular empha-
sis on asymmetries in the tip-vortex trajectories and blade
loading variability. Measurements are conducted at small
inclination angles and at a very low loading condition close
to the transition to windmilling, characteristic of wind-
assisted operation. The investigation is performed using
volumetric Lagrangian particle tracking via the Shake-the-
Box technique.

2 TEST CASE
The experimental campaign was conducted in the towing
tank facility at Delft University of Technology, which has
a total length of 142 m, a width of 4.22 m, and a water
depth of 2.3 m. The propeller under investigation is a
four-bladed, fixed-pitch propeller with a diameter (D) of
217 mm, a pitch-to-diameter ratio (P/D) of 1.0, and an

expanded area ratio (Ae/A) of 0.669. The propeller ge-
ometry is similar to that of the INSEAN E779A propeller,
which has been used in previous experimental and numer-
ical studies on propeller wake dynamics and cavitation
behavior (see Felli & Falchi 2018, Dubbioso et al 2013,
and Felli et al 2006). The geometric similarity would allow
a meaningful comparison with prior datasets and supports
the generalization of observed wake features. An overview
of the geometrical characteristics of the present propeller
and the INSEAN E779A is presented in Table 1.

Table 1: Geometrical characteristics of the present propeller
and the INSEAN E779A.

present
propeller

INSEAN
E779A

Propeller diameter [mm] 217 227
Number of blades 4 4
Pitch ratio 1.0 1.1
Expanded area ratio 0.669 0.689
Hub diameter (at prop. ref. line) 43.00 45.53

The propeller was mounted in a push-type arrangement
on a submerged dynamometer, following the configuration
adopted by Felli et al (2015). Although this setup intro-
duces inhomogeneous inflow conditions due to wake shed-
ding from the dynamometer and shaft, it was preferred over
the pull-type arrangement, in which the shaft interferes di-
rectly with the propeller wake and significantly alters its
characteristics.
Oblique inflow conditions were imposed using a six-
degree-of-freedom hexapod platform to which the dy-
namometer was mounted. While yawing the gondola
would have more closely replicated leeway-induced inflow
in wind-assisted propulsion, this configuration would have
resulted in excessive blockage of the upstream flow. In-
stead, the gondola was pitched to achieve the desired inflow
angle. As shown by Felli and Falchi, the inflow becomes
increasingly inhomogeneous with pitch angle. However,
for angles below 15◦, the influence on the upstream flow
was found to be not significant (Felli & Falchi 2018).
The propeller submersion was maintained at a constant
depth of 2D, independent of the pitch angle. This ensured
that the wake evolution was not influenced by free surface
effects. Measurements were conducted at an advance ratio
of J = 1.0, representative of strongly reduced loading con-
ditions in wind-assisted operation, where the advance ratio
is defined as

J =
Vp

nD
. (1)

In this study, the carriage speed was kept constant at Vp

= 1.5 m/s, while the rotation rate of the propeller (n) was
set to 414 rpm. Figure 1 shows the open-water diagram
of the propeller used in the present study, which was ob-
tained from measurements in the towing tank. The dashed
vertical line indicates the test condition for the present in-
vestigation, i.e. J = 1.0. Note that at this advance ratio the
propeller operates close to windmilling.



Figure 1: Open water diagram of the tested propeller; dashed
line indicates the test condition at J = 1.0.

3 LAGRANGIAN PARTICLE TRACKING MEASURE-
MENTS

3.1 Measurement Setup
Volumetric flow measurements were conducted using the
Mini Shaker Underwater system developed by LaVision.
The Mini Shaker is a compact, watertight, four-camera de-
vice designed for time-resolved volumetric particle track-
ing velocimetry (PTV) in submerged environments such as
towing tanks. The cameras are pre-aligned within a rigid
stainless steel housing, ensuring fixed geometry and elim-
inating the need for repeated alignment during multi-run
campaigns. An overview of the setup is shown in Figure 2,
indicating the position of the camera housing and the illu-
mination unit relative to the propeller.
Each of the four cameras is equipped with a 7.8 mm lens
and features a sensor resolution of 896×656 pixels at 10-
bit depth. The cameras are arranged in a single plane
with a fixed working distance of 600 mm to the measure-
ment volume. The two outermost cameras are angled at
±28◦ relative to the optical axis, enabling accurate three-
dimensional triangulation. Under optimal lighting condi-
tions, the resulting measurement volume is approximately
300×220×150 mm3. The camera housing, with a length
of 730 mm and a diameter of 100 mm, is supported by
a vertical tube that also serves as a cable conduit. Both
the MiniShaker and the LED illumination unit were rigidly
mounted to the towing carriage to ensure mechanical sta-
bility throughout the measurement campaign.
Illumination was provided by a LaVision LED-Flashlight
array consisting of 45 high-power LEDs in a 5×15 con-
figuration, encapsulated in an IP68-rated housing. The ar-
ray, measuring 100×350 mm2, was submerged and posi-
tioned 1.4 m downstream of the propeller to illuminate the
wake region. Seeding was performed using 50 µm Orga-
sol polyamide particles. Due to the particle tracking nature
of the method, a lower seeding density was used compared
to typical correlation-based PIV, ensuring optimal particle
separation and minimizing tracking ambiguities. The seed-
ing density presented small variations within the tank, with

an average particle density of approximately 0.02 particles
per pixel (ppp).

Figure 2: Schematic overview of the propeller configuration
and the flow field measurement instrumentation.

Figure 3: Photograph of the open water dynamometer
mounted to the hexapod for pitch angle adjustment.

3.2 Calibration and Volume Stitching
Calibration was performed using a two-level 320× 320
mm2 calibration plate that was inserted into the field of
view. To ensure optical access for all four cameras, the
calibration plate was mounted perpendicular to the pro-
peller plane and fixed to a custom holder aligned with the
dynamometer axis, ensuring accurate and repeatable posi-
tioning. To minimize surface reflections, the propeller hub
cap was coated with matte black acrylic paint.
Following geometric calibration, a Volume Self-
Calibration procedure was applied to refine the mapping
function using particle images captured simultaneously by
all cameras (Wieneke 2008). The volume of interest was



subdivided into 5 × 5 × 3 sub-volumes, and the calibra-
tion was iteratively improved using 500 images. The final
average disparity was below 0.1 voxel, indicating a valid
volumetric calibration (Elsinga et al 2008). To account
for diffraction effects and improve particle localization, an
Optical Transfer Function (OTF) was computed for each
sub-volume (Schanz et al 2016). The OTF was derived
from averaged particle images and used during STB pro-
cessing to model the particle image shape as a function of
position within the measurement volume.
To capture the full extent of the propeller wake, the mea-
surement domain was divided into four overlapping sub-
volumes, each recorded separately. The MiniShaker and
LED unit remained fixed on the carriage, while the pro-
peller dynamometer was repositioned using a hexapod
platform to shift the region of interest. Figure 4 illustrates
the arrangement of the individual measurement volumes
and the full volume obtained through stitching of slightly
overlapping regions.

Figure 4: Schematic overview and optical configuration of the
volumetric measurement setup using LED based illumination
and the compact Mini Shaker.

3.3 Acquisition strategy
Images were recorded in a time-resolved manner at a con-
stant acquisition frequency. This approach enables the re-
construction of Lagrangian particle tracks and the extrac-
tion of instantaneous velocity fields, providing access to
both time-averaged and phase-averaged flow statistics from
a single dataset. To ensure uniform angular sampling and
compatibility with phase-locked analysis, the acquisition
frequency was chosen as a multiple of the blade pass-
ing frequency. Recordings were made at 386.4 Hz for
414 rpm, resulting in angular increments of 6.4◦, respec-
tively, between successive frames. This strategy allows the
same dataset to be used for both time-resolved and phase-
locked evaluations, maximizing the information content of

each measurement run. The time-resolved nature of the
recordings would enable the identification of transient flow
features and coherent structures, which are not accessible
through traditional double-frame PIV techniques. For each
test run, a set of 5500 images was acquired.

3.4 Data processing
Prior to particle tracking, raw images were pre-processed
to enhance particle images and suppress background noise.
A sliding minimum subtraction with a 7×7 pixel kernel
was applied to remove background variations, followed by
local intensity normalization over a 256-pixel window. A
combination of Gaussian smoothing and sharpening filters
was then used to optimize particle image contrast for sub-
sequent tracking.
Particle trajectories were reconstructed using the Shake-
the-Box (STB) algorithm, following Schanz et al (2016).
Unlike correlation-based PIV methods, which estimate ve-
locity fields from interrogation windows, STB operates in
a Lagrangian framework: individual particle positions are
triangulated in three dimensions from multi-camera images
and iteratively refined (“shaken”) to achieve the best match
across all camera projections. Linking positions over con-
secutive frames yields particle trajectories with sub-pixel
accuracy, enabling high-resolution reconstruction of the
flow field.
During the experiments, between 4500 and 5000 active par-
ticle tracks were identified per measurement volume. After
individual trajectory evaluation, all tracks were merged to
reconstruct the complete near-wake topology. In contrast
to PIV, where spatial resolution is constrained by the in-
terrogation window size, the effective resolution of STB is
determined by the local particle number density. To ob-
tain velocity fields on a Cartesian grid, particle tracks were
interpolated using a bin-averaging approach, where the ve-
locity at each grid point was computed from nearby parti-
cle tracks, weighted by their distance via a Gaussian ker-
nel. Figure 5 illustrates the effect of bin size on the average
number of particles per evaluation volume.

Figure 5: Influence on bin size on number of valid bins and
average number of particles contributing to the interpolation
at each bin.



At 64 voxels, approximately 50 particles contribute to each
velocity vector, whereas at 24 voxels, only about 3 par-
ticles contribute on average. Although reducing bin size
increases nominal resolution, it also decreases the number
of valid vectors due to non-uniform particle distribution,
resulting in gappy data sets. For phase- or time-averaged
analysis, this limitation can be alleviated by increasing the
number of acquired images, thereby increasing the particle
count per bin without sacrificing resolution. For the present
study, evaluation volumes of 24×24×24 voxels with 75%
overlap were used, yielding a final grid spacing of 6×6×6
voxels (corresponding to 1.74 mm). In the analysis of the
results, we introduce a coordinate system where the towing
direction is identified with the x-axis while the pitching of
the propeller was made around the y-axis. Figure 6 presents
an example of the interpolated velocity field at two planes
slicing through the measurement volume.

Figure 6: Instantaneous snapshot of interpolated velocity field
at two selected slices and identification of the main vortex
structures.

The volumetric nature of the dataset provides access to the
complete velocity gradient tensor, which enables the di-
rect evaluation of derived flow quantities such as vortic-
ity and vortex-identification criteria. Time-averaged fields
were obtained from the full dataset of 5500 images, while
phase-averaged fields were reconstructed from subsets of
200 images per blade position.

3.5 Vortex identification and circulation evaluation
The gridded volumetric velocity fields were used to com-
pute the velocity-gradient tensor, from which vorticity was
obtained as

ω = ∇× u. (1)

In addition to vorticity, the Omega-Liutex criterion, based
on the Liutex/Rortex vortex-identification framework (Liu
et al 2018; Tian et al 2018; Liu et al 2019a,b), was
evaluated from the local velocity-gradient tensor to iden-
tify coherent vortical regions while reducing the influ-
ence of shear-dominated structures. In the present analy-

sis, Omega-Liutex was used to isolate the tip-vortex cores,
while the associated Liutex/Rortex vector provided the lo-
cal vortex-axis direction. An Omega-Liutex isosurface is
included in Figure 6.

The tip-vortex centerline was extracted from connected
regions of high Omega-Liutex value in the expected tip-
vortex region. The resulting core positions were ordered
along the vortex trajectory. For each selected core posi-
tion, the local vortex-axis unit vector, r, was obtained from
the direction of the Liutex/Rortex vector. This direction
was used as the normal vector of the circulation-integration
plane.

Circulation was evaluated in a local plane perpendicular to
the vortex axis. For each selected centerline position, the
circulation was computed as the vorticity flux through an
area Ac surrounding the core,

Γ =

∫
Ac

ω · r dA. (2)

This definition accounts for the local orientation of the tip
vortex and avoids projecting the circulation onto a fixed
Cartesian plane. The integration radius was selected from
the accumulated circulation Γ(R) by choosing the region
where the circulation reached an approximately constant
value before neighbouring vortices or blade-wake struc-
tures affected the integral.

For comparison between cases, circulation was normalized
as

Γ∗ =
Γ

nD2
, (3)

where n is the propeller rotation rate and D is the propeller
diameter.

4 RESULTS
The results are discussed for J = 1.0, corresponding to
a working condition of low loading, close to windmilling
(see Figure 1), and for shaft inclination angles of 0◦, 5◦,
and 10◦. The inflow is directed along the negative x-
direction, while the propeller axis is inclined by pitching
the dynamometer. Two mechanisms contribute to the ob-
served wake asymmetry: the azimuthal variation of ef-
fective blade incidence caused by the inclined propeller
axis, and the increasing interaction between the propeller
disk and the shaft/dynamometer wake in the upper sector.
The latter cannot be fully avoided in the present push-type
configuration, where the supporting structure remains up-
stream of the propeller.

Figure 7 shows the time-averaged streamwise velocity
field, ux, in three orthogonal planes. Shaft inclination pro-
duces a non-axisymmetric redistribution of streamwise mo-
mentum already within the measured near wake. Com-
pared with the reference case at 0◦, the velocity-deficit re-
gion becomes progressively distorted at 5◦ and 10◦, broad-
ens unevenly, and is accompanied by asymmetric shear-
layer development.



Figure 7: Time-averaged streamwise velocity field ux at J = 1.0 for shaft inclination angles of 0◦, 5◦, and 10◦. The columns
correspond to increasing shaft inclination. The rows show transverse and longitudinal slices through the reconstructed volume.

This asymmetry originates from the azimuthal variation of
the local inflow angle experienced by the rotating blades.
When the propeller axis is inclined relative to the incom-
ing flow, the effective blade incidence varies over one rev-
olution. In the present configuration, this produces higher
loading near the 90◦ azimuthal sector and lower loading
near the 270◦ sector. The higher-loading sector is ex-
pected to generate stronger tip-vortex circulation and more
pronounced coherent wake signatures, whereas the lower-
loading sector produces weaker vortex structures. The

time-averaged velocity field, therefore, represents the inte-
grated effect of this phase-dependent loading over the blade
revolution.
The shaft and dynamometer wake additionally affect the
upper sector of the propeller disk as shaft inclination in-
creases, contributing to the local inflow deficit near 0◦.
The measured wake asymmetry should therefore be inter-
preted as the combined result of inclined-axis kinematics
and installation-induced inflow non-uniformity.



Figure 8: Phase-averaged vortex topology at J = 1.0 for shaft inclination angles of 0◦, 5◦, and 10◦. The upper panels show
coherent structures identified using the λ2 criterion. The lower panels show phase-averaged out-of-plane vorticity in selected
transverse and longitudinal slices.

Figure 8 presents the corresponding phase-averaged vortex
topology. The upper panels show coherent structures iden-
tified using the λ2 criterion, while the lower panels show
phase-averaged out-of-plane vorticity in selected slices.
The columns correspond to 0◦, 5◦, and 10◦ shaft inclina-

tion. In the transverse y-z plane, the top, right, bottom,
and left sides correspond to azimuthal positions of 0◦, 90◦,
180◦, and 270◦, respectively. In the x-z plane, the upper
and lower parts correspond to 0◦ and 180◦, while in the
x-y plane they correspond to 90◦ and 270◦.



At zero-angle of shaft inclination, the phase-averaged field
shows a comparatively regular distribution of tip-vortex,
hub-vortex, blade-trailing-wake, and junction-vortex struc-
tures. With increasing inclination, this organization be-
comes strongly azimuth-dependent. At 10◦, the most com-
pact and intense structures occur in the 0◦–90◦ sector, vis-
ible in the transverse plane as concentrated vorticity in the
upper-right quadrant. The opposite sector, especially near
270◦, exhibits substantially weaker vortex signatures.
The longitudinal planes clarify the spatial development of
this asymmetry. In the x-z plane, structures associated with
the 0◦ sector become prominent as inclination increases,
consistent with the local velocity deficit induced by the
shaft/dynamometer wake and the resulting increase in lo-
cal blade loading. In the x-y plane, the 90◦ sector retains
compact and regularly identifiable vortex footprints, while
the 270◦ sector weakens substantially. This is consistent
with the expected reduction of effective blade incidence
and bound circulation at 270◦, producing a weaker tip vor-
tex at formation. The progressive loss of the 270◦ tip-
vortex signature becomes more evident farther downstream
within the measured volume, indicating both weaker vortex
generation and reduced persistence of the coherent struc-
ture.
Shaft inclination also modifies the spatial position of the
tip-vortex footprints. At 0◦, the tip-vortex signatures fol-
low a nearly regular helical arrangement. With increas-
ing inclination, their trajectories become skewed and no
longer remain symmetric with respect to the propeller axis.
This indicates changes not only in vortex strength, but
also in convection path and apparent helical pitch within
the measured near wake. The blade-trailing wake follows
the same trend, showing an increasing inclination and az-
imuthal non-uniformity with shaft angle.
The hub and junction-vortex regions show related changes.
The hub-vortex shortens markedly from 0◦ to 5◦, while the
further change from 5◦ to 10◦ is comparatively small. The
junction vortices, originating near the blade-root/hub junc-
tion, become prominent near the upper-sector azimuths,
particularly between 0◦ and 90◦. Over the opposite sec-
tor, especially between 180◦ and 270◦, the junction-vortex
signatures become weaker and less coherent.
Figure 9 quantifies the azimuthal loading asymmetry in-
ferred from the vortex topology. For the 0◦ case, the circu-
lation remains comparatively uniform over the blade rev-
olution, with only moderate variations and a small peak
near 0◦, likely associated with the dynamometer strut wake.
In contrast, the 10◦ case shows a pronounced azimuthal
dependence. The circulation increases strongly over the
0◦–135◦ sector, with maximum values close to the 90◦

azimuth, while it decreases substantially over the oppo-
site side of the disk, particularly near 270◦. This distri-
bution supports the interpretation derived from the phase-
averaged vorticity fields. The high-circulation sector corre-
sponds to the azimuthal range where the vortex structures
remain compact and intense, whereas the low-circulation
sector corresponds to the region where the tip-vortex sig-
natures are weaker and less persistent. Since tip-vortex cir-
culation is linked to bound circulation near the outer blade

region, the polar distribution indicates a strong azimuthal
variation in outer-blade loading under inclined-shaft oper-
ation. The elevated circulation near 90◦ is consistent with
increased effective blade incidence, while the reduced cir-
culation near 270◦ reflects the lower-loading part of the
revolution.

Figure 9: Azimuthal distribution of normalized tip-vortex cir-
culation, |Γ|/(nD2), for the 0◦ and 10◦ shaft inclination
cases. Circulation is evaluated in a local plane perpendicu-
lar to the tip-vortex axis.

Overall, the results show that small shaft inclination angles
produce a strongly three-dimensional and azimuthally non-
uniform near-wake topology close to the windmilling tran-
sition. The time-averaged velocity fields reveal the global
redistribution of streamwise momentum, while the phase-
averaged vorticity fields identify changes in the formation,
position, and persistence of the coherent vortex structures.
The circulation analysis further quantifies this asymme-
try by showing that the tip-vortex strength is redistributed
around the blade revolution, with the strongest outer-blade
loading near 90◦ and the weakest near 270◦. These near-
wake distortions may affect the inflow to downstream ap-
pendages, including the rudder, and may therefore be rel-
evant for maneuvering and yaw-stability considerations in
wind-assisted ship operation.

5 CONCLUSIONS
Volumetric Lagrangian particle tracking was applied to in-
vestigate the near wake of a four-bladed propeller operating
close to the transition toward windmilling (see Figure 1).
The measurements show that small shaft inclination angles
are sufficient to produce an azimuthally non-uniform near-
wake topology under very low-loading conditions. For
wind-assisted ship operation, this highlights the sensitivity
of the propeller wake to combined leeway-like incidence
effects and installation-induced inflow non-uniformity.
The observed wake response is governed by an azimuthal
imbalance in vortex formation. Shaft inclination strength-



ens the coherent structures generated in the 0◦–90◦ sec-
tor, while the structures associated with the opposite side,
particularly near 270◦, weaken and lose coherence. Tip-
vortex identification and circulation evaluation confirm this
interpretation quantitatively, showing increased normalized
circulation near 90◦ and reduced circulation near 270◦.
This indicates that near the windmilling transition the wake
topology is still highly sensitive to relatively small az-
imuthal variations in effective blade loading.
The experimental configuration was selected to impose in-
clined inflow while avoiding the larger upstream blockage
that would have resulted from yawing the complete dy-
namometer arrangement. Pitching the propeller axis there-
fore provided a controlled compromise for studying incli-
nation effects in the towing-tank setup, while retaining a
compact measurement configuration suitable for volumet-
ric wake reconstruction.
The Shake-the-Box approach proved well suited for identi-
fying the three-dimensional organization of the near wake.
Although the spatial resolution of instantaneous snapshots
is lower than that typically achievable with planar PIV,
it provides simultaneous volumetric access to the relative
arrangement of tip, hub, blade-trailing, and junction vor-
tices. This topological information is difficult to infer
reliably from isolated planar measurements, particularly
when vortex trajectories are inclined or leave the measure-
ment plane. The compact underwater multi-camera system
also offers an experimentally economical route to phase-
averaged volumetric wake measurements in a towing-tank
environment.
Future work should further refine the quantitative vortex
analysis by extending tip-vortex core tracking, circulation
estimates, effective core-radius evaluation, and blade-wake
inclination measurements over additional operating condi-
tions, including also lower advance ratios. These quanti-
ties would provide a more direct link between the observed
wake topology, the underlying azimuthal loading variation,
and numerical validation datasets for lightly loaded pro-
pellers.
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