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ABSTRACT

Commercial ship propellers are a major contributor to
underwater radiated noise, primarily through vortex
dynamics and cavitation in the propeller wake. While many
energy-saving devices (ESDs) are designed to improve
propulsive efficiency by suppressing wake structures
associated with noise generation, their acoustic benefits
remain insufficiently explored. This study investigates the
hydrodynamic and acoustic impacts of two wake-
modifying ESD concepts: tubercled leading-edge rudders
(TLERs) and propeller boss cap fins (PBCFs). Large-Eddy
Simulation (LES) with cavitation modelling was
conducted in OpenFOAM for the INSEAN-E779A
propeller operating at its design advance ratio. Results
show that TLERSs can delay separation and improve rudder
lift at high deflection angles, leading to a modest reduction
in overall sound pressure level, though their effectiveness
is limited at low rudder angles. Boss cap fins suppress the
cavitating hub vortex and replace it with non-cavitating
helical vortices, resulting in reductions of several decibels
in sound pressure levels within the propeller wake without
affecting thrust or torque. However, when paired with an
undeflected rudder, PBCFs are not very effective in
reducing noise levels.
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1 INTRODUCTION

Marine propellers are a major anthropogenic source of
underwater noise, driven primarily by vortex dynamics,
cavitation, and their interaction (Merchant 2019; Smith &
Rigby 2022; Chou et al. 2021; Hildebrand 2009; Seol et al.
2002; Wu et al. 2018; Pendar et al. 2024). Operational
mitigation strategies such as slow steaming can reduce
noise but often incur economic penalties, motivating the
development of retrofit hydrodynamic solutions.

Energy-saving devices (ESDs) designed to modify wake
structures may therefore provide both efficiency and
acoustic benefits.

A wide range of flow control devices aimed at modifying
the flow structures in the vicinity of marine propellers have
been proposed as ESDs, whose primary purpose is to
improve propulsive efficiency. Several studies have
demonstrated the effectiveness of ESDs, especially in the
propulsion system (Kawamura et al. 2012; Hansen et al.
2011). Examples of ESDs that modify the wake
hydrodynamics of the ship include Propeller Boss Cap Fins
(PBCFs) (Mizzi et al. 2017), bow modifications
(Szelangiewicz et al 2021), energy-saving ducts (Wu et al.
2022), and propeller/rudder system enhancements (Pendar
& Oshkai 2025; Pendar & Roohi 2021). Many of these
devices use geometric features to disrupt or delay the
formation of major vortical structures, reducing the energy
lost to inducing the circulation of the fluid in the wake and
thus increasing the portion of the energy used to generate
thrust. The same highly energetic vortical structures that
contribute to propulsive losses also generate underwater
noise pollution, both via the creation of vortex-generated
sound and by promoting cavitation within the low-pressure
cores of the vortices. Energy-saving devices targeting
vortical structures in the propeller wake, therefore, may
also be effective in reducing propeller-radiated noise.

Among hydrodynamic control surfaces, the fins of the
humpback whale are notable for the effect of the tubercles
(bumps) on the leading edge. Analysis of these tubercles
has shown that they enhance both lift and flow control by
delaying stall (Aftab et al. 2016). The influence of these
tubercles on cavitating flow has also been investigated in
the literature (Li et al. 2020; Pendar et al. 2020). The
Tubercled Leading Edge Rudder (TLER) is a conceptual
technology intended to modify rudder dynamics, yet its
interaction with complex propeller wake structures remain




largely unexplored. In the presence of a rudder, the
structure of a turbulent propeller wake differs significantly
from that of a propeller in isolation. The rudder disrupts the
coherent vortex structures, which in turn modifies both the
cavitation behaviour and the acoustics. Depending on the
angle of the rudder, the wake becomes shortened, and the
evolution of chaotic structures is enhanced. These effects
have significant implications for underwater noise, and,
therefore, a TLER may be expected to have a similarly
significant effect.

Some propeller designs generate powerful vortices from
their central hub known as hub vortices. These vortices are
often sufficiently powerful to sustain a large vapour cavity
in their core and can be a notable source of both noise and
propulsion loss. The PBCF was developed to disrupt the
formation of these vortices to improve the propulsive
efficiency and has been found to reduce both the hub
vorticity and associated cavitation (Mizzi et al. 2017).
However, existing studies have not fully evaluated their
effectiveness in reducing noise, nor the influence of fin
geometry.

We present a series of numerical simulations that
investigate the propulsive and acoustic impacts of different
energy-saving devices: tubercles leading-edge rudder
(TLER), and propeller boss caps with fin-foils (PBCF). In
the present work, we demonstrate the effect of these
devices on the performance and acoustics of an INSEAN
E779A propeller using Large-Eddy Simulation (LES)
solutions. Our numerical studies were carried out with the
open-source CFD platform OpenFOAM.

2 METHODOLOGY

The present work employed a numerical framework
developed for propeller solutions within the open-source
platform OpenFOAM. It has previously been applied to
study both model- and full-scale flow around propellers
and their associated acoustics (Pendar et al. 2024; Pendar
& Oshkai 2025), providing more comprehensive details
than those presented here. The method uses the LES
equations to ensure accurate resolution of the free vorticity
in the propeller wake, while wall models are employed to
reduce computational expense near the surface of the
propeller. Cavitation is represented using a volume-of-
fluid (VOF) approach, with the liquid—vapor transition
modeled via the Schnerr—Sauer cavitation model, derived
from a simplified form of the Rayleigh—Plesset equation
(Schnerr & Sauer 2001; Sauer 2000). Acoustic analysis in
the present work is based on direct analysis of the near-
field pressure fluctuations from LES, as the application of
an acoustic analogy has provided limited additional
information in previous studies using the same methods.

3 PROBLEM DESCRIPTION AND VALIDATION

The rapid increase in anthropogenic underwater noise from
high-speed marine vessels poses significant ecological
concerns. Propeller—rudder systems operating under
cavitating and turbulent wake conditions generate discrete
tonal components at the blade-passing frequency and its
harmonics, in addition to broadband noise. Figure 1

presents the characteristic ocean ambient noise spectrum,
highlighting contributions from natural, biological, and
anthropogenic sources (Wenz 1962). The low- to mid-
frequency band (~10 Hz—-1 kHz), increasingly dominated
by shipping, overlaps with the communication ranges of
baleen whales, increasing masking risk. Within this
framework, the present mitigation approach targets the
reduction of coherent low-frequency propeller-induced
energy through cavitation control and wake conditioning,
enabling hydrodynamic optimization aligned with

biologically relevant acoustic criteria.
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Figure 1: Characteristic Ocean ambient noise spectrum
highlighting natural, biological, and anthropogenic
contributions.

3.1 Geometry Description and Boundary Conditions
All configurations studied employed the INSEAN-E779A
propeller, which was developed at the Research Council-
Institute of Marine Engineering and the subject of
numerous numerical and experimental investigations in the
literature (Felli et al. 2011; Wang et al. 2021). The
propeller is model-scale and has a diameter of 0.227 m. The
propeller was studied under uniform inflow conditions on
a cylindrical domain, as shown in Figure 2. All present
results were obtained under a single set of inflow
conditions such that the advance ratio was | = U, /nD =
0.71 and the diametral Reynolds number was
approximately 1.8 million, corresponding to a moderately
loaded regime near the propeller’s designed operating
point.

For relevant cases, a hydrofoil with a chord of 1.05
propeller radii was positioned downstream of the propeller
to act as a rudder analog. This rudder was considered with
three different configurations: a Straight Leading-Edge
Rudder version (SLER), a Tubercled Leading-Edge
Rudder (TLER) version with a wavelength equal to 50% of
the rudder’s chord, and a TLER version with a wavelength
of 25% of the chord. For both TLERs the amplitude of the
tubercles was 5% of the chord. The rudder configurations
are shown in Figure 3. The rudder was studied at angles of
a=0", 10", and 20",

For cases with PBCFs, a fin was added to the propeller hub.
This cap was fitted with fins based on two different foil
geometries, namely the NACA 4412 and E63.
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Figure 2: Three-dimensional view of the computational domain with the associated boundary conditions.
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Figure 3: Rudder configurations. Right to left: Straight
Leading-Edge Rudder (SLER), Tubercled Leading-Edge
Rudder (TLER) with A= 0.5 x the rudder chord,
Tubercled Leading-Edge Rudder (TLER) with A= 0.25 x
the rudder chord

Fluctuating pressure data were acquired from virtual
hydrophone locations distributed along three lines on the
horizontal mid-plane of the propeller, as shown in Figure
4.
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Figure 4: Locations of virtual hydrophones in the domain.

3.2 Numerical Grid

The simulations were conducted on a fully hexahedral grid
generated using the snappyHexMesh algorithm. Propeller
rotation was handled with the Arbitrary Mesh Interface
(AMI) technique, enabling non-conformal coupling
between rotating and stationary domains. Local mesh
refinement was used in regions of high flow gradients,
particularly in the blade tip and wake regions, to ensure an
optimal balance between numerical accuracy and
computational cost. The mesh configuration is shown in
Figure 5.

3.3 Grid Convergence and Validation of the Numerical
Scheme

Validation of the numerical scheme and a mesh
convergence study were performed for the baseline
propeller configuration without a rudder or ESDs. A
qualitative comparison between vortex structures in the
wake is shown for the present numerical results and the
published experimental measurements of Felli et al. (2011)
is shown in Figure 6. A quantitative comparison in terms
of propeller thrust and torque coefficients also shown in
Figure 7. Both comparisons show good agreement with
experiments.
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Figure 5: Key mesh features of the mesh, including

refinement regions and the interface between the rotating

and stationary domains. This specific mesh shown for the
purposes of demonstration includes both a finned boss cap
(blue) and a rudder at 0° (red).




The numerical predictions demonstrate good agreement
with the experimental data, thereby confirming both the
accuracy and grid independence of the adopted numerical
framework.

The grid convergence study was performed on four
systematically refined grids ranging from 8 to 17 million
cells. The corresponding results are summarized in Table
1. Based on the convergence analysis, the medium—fine
grid containing approximately 14 million cells was
selected for all subsequent simulations, as it provided a
suitable compromise between numerical accuracy and
computational efficiency.
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Figure 6: Qualitative validation of wake reproduction.
Bottom: experimental snapshot (Felli et al., 2011). Top:
present LES methodology. The growth of tip vortex
instability and the effects of mutual inductance are
reproduced by the numerical framework.
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Figure 7: Quantitative validation of dynamic predictions:
Comparisons of predicted thrust, torque coefficients, and
efficiency for the E779A propeller against experimental
data (Felli et al., 2011) at different advance coefficients.

Table 1: Grid convergence study as reported previously by
Pendar and Oshkai (2025)

Grid Nodes Ky 10K,  Error
(million) (%)

Coarse 8.1 0.228 0.449 7.660

Medium-Coarse 10.6 0.229 0444 6.070

Medium-Fine 14.1 0.231 0440 4418

Fine 17.4 0.231 0.439 4.183
Experimental - 0.237 0.431 -

(Felli et al 2011)

4 RESULTS AND DISCUSSION

4.1 Tubercled Leading Edge Rudder

Figure 8 and Figure 9 show isosurfaces of the Q-criterion
(the second invariant of the velocity gradient) obtained
from solutions of selected simulations involving the
straight and tubercled rudder configurations. These
isosurfaces represent vortices, and reveal the dominant
topological features of the wakes. In each case, the
evolution of the wake reveals three distinct regions
characterized by distinct behavioural regimes: a stable
near-wake region, a transitional region, and an unstable far-
wake region.

In the stable region, tip and hub vortices maintain their
coherence over a considerable downstream distance,
whereas the trailing-edge vortices destabilize more rapidly.
During transition, short-wave instabilities and helix pairing
induce the formation of secondary vortex structures that
wrap around the tip vortices as they propagate. Vortex
breakdown and merging continue through transition,
generating gradually smaller scale structures until large-
scale coherence is eventually lost. The unstable region is
characterized mainly by a combination of small-scale
vortices and stochastic meandering.

At increased rudder deflection angles, the extent of the
stable region decreases, and denser, more chaotic wake
structures develop, thereby extending the transitional
region. Simultaneously, a rudder tip vortex is induced,
enhancing turbulence and contributing to wake instability.

Figure 10 shows isosurfaces of zero streamwise velocity
over the suction side of the three rudder configurations at a
deflection angle of a = 20°. These isosurfaces delineate the
boundary between flow separation and reattachment. The
TLERs exhibit thinner regions of separation, whereas the
SLER does not exhibit reattachment at all. This resulted in
higher lift and more controlled flow at higher rudder angles
for the TLERs than the SLER.
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Figure 8: Visualization of the vortical structures using
iso-surfaces of the second invariant of the velocity
gradient tensor (Q= 10,000 s2), colored by vorticity
magnitude. Comparison of SLER and TLERs with A= 0.5
and A= 0.25 at deflection angle a. = 0°.

The changes to the Overall Sound Pressure Level (OSPL)
at centreline hydrophone locations with the introduction of
a TLER, computed from LES, are presented in Figure 11.
The values present decibel differences between the
specified TLER configuration and the SLER case at the
same rudder angle. At low rudder deflection angle, where
the effects of the TLER on separation are minimized, the
TLERs slightly increased OSPL throughout the domain.
However, at high rudder deflection angles, acoustic
pressures were substantially reduced. Despite producing a
slightly larger separated flow region on its pressure side,
the A = 0.5 TLER exhibited superior acoustic performance
across most measurement locations compared to the A =
0.25 TLER.

In summary, TLERs alter separation behavior and wake
coherence. At high rudder angles, they delay flow
separation, reduce large-scale unsteady loading, and lower
overall sound pressure levels. At low angles, the additional
geometric perturbations introduce small-scale
unsteadiness, leading to a slight increase in sound pressure.

4.2 Boss Cap Fins

Q-criterion isosurfaces showing the vortical wake
structures for cases related to the performance of the boss
cap fins are presented in Figure 12. In the immediate
vicinity of the base propeller, four coherent sets of vortical
structures are visible and coherent: tip vortices, trailing
edge vortices, root vortices, and a single hub vortex. The
hub vortex exhibited a cylindrical structure and persisted
downstream throughout the simulation domain, developing
an increasingly helical structure as the wake transitioned to
instability. Tip vortices were helical with a round cross-
section. They persisted approximately six propeller

diameters downstream, and began to transition to
instability after three diameters. During the transition to
instability, pairs of tip vortices merged, becoming ragged
and irregular in diameter, before losing coherence. Root
vortices were helical with elliptical cross-sections and
persisted approximately one and one third diameters
downstream of the propeller. Trailing edge vortices had
nearly flat cross-sections and persisted approximately a
single diameter downstream of the propeller.

The introduction of boss cap fins effectively redirected
energy that, in the unmodified propeller, would sustain the
hub vortex toward the generation of four new vortices. This
suppression of the hub vortex also prevented the formation
of a hub vortex cavity, as shown in Figure 13. Functioning
as vortex generators, the boss cap fins produced a quartet
of helical vortices that entirely replaced the hub vortex,
clearly visible in the 2-dimensional slices of out-of-plane
vorticity presented in Figure 14. Importantly, these newly
formed vortices did not cavitate.
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Figure 9: Visualization of the vortical structures using
isosurfaces of the second invariant of the velocity gradient
tensor (Q = 10,000 s2), colored by vorticity magnitude.
Comparison of deflection angles o = 0°, 10°, and 20° for
the TLER with A = 0.25.
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Figure 10: Isosurface of zero streamwise velocity on the
suction side of the SLER, TLER with A = 0.5, and TLER
with L =0.25 at a = 20-.
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Figure 11: Change in Overall Sound Pressure Levels (OSPL)
with the introduction of a tubercled leading edge on a
rudder behind the E779A propeller. Values are presented
relative to values extracted from simulations of the same
conditions with an identically oriented rudder that has a
straight leading edge.
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Figure 12: Visualization of the vortical structures using
isosurfaces of the second invariant of the velocity
gradient tensor (Q = 10,000 s2), colored by vorticity
magnitude, for the baseline case without a rudder and the
cases involving boss cap fins.

Figure 13: Isosurfaces of 50% vapour fraction for three
propeller configurations without rudders.

The influence of the boss cap fin-induced vortices on other
wake structures was minimal; there was no significant
change in the persistence of the tip, root, or trailing-edge
vortices, and the wake transitioned to the unstable regime
at approximately the same downstream location as
observed for the unmodified propeller.
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Figure 14: Two dimensional slices of axial vorticity from
the cases related to boss cap fins. Blue represents co-
rotation of the flow with the propeller, while red
represents counter-rotation.



The NACA fins generated vortices that retained their
circular cross-sections well into the transition to instability.
These vortices merged further downstream into the
unstable wake region than the tip vortices and, similar to
the tip vortices, formed pairs upon merging. In contrast, the
vortices produced by the E63 fins diffused more readily,
expanding in diameter significantly before the wake
transitioned to instability. Consequently, the FE63-
generated vortices eventually merged into a single coherent
structure resembling the hub vortex of the unmodified
propeller.

Despite their original purpose being to improve propulsive
efficiency, the boss cap fins had no significant impact on
thrust or torque in the simulations, as shown in Table 2.
However, the changes to the propeller wake and cavitation
patterns did result in significant changes to the OSPL
measured at different points in the domain, as shown in
Figure 15.
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Figure 15: Change in Overall Sound Pressure Levels (OSPL)
with the introduction of boss cap fins. Top to bottom:
hydrophones on the propeller centreline, hydrophones 0.9
radii from the centreline, and hydrophones 1.8 radii from
the centreline.
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OSPLs on the propeller centerline primarily highlight the
local effect of suppressing the hub vortex, as both fin sets
reduce OSPL in the near-wake by approximately 25 dB.
Elsewhere in the wake the effects of the fins were less
pronounced. The hydrophones at a lateral location of 1.8R
provided the most interesting data, as those were located

immediately outside the main wake. This region is likely
to be taken as an input for far-field calculations using
porous surface acoustic analogy calculations, as is
therefore of the greatest interest in the context of predicting
radiated noise. The fins generally resulted in modest but
significant reductions in OSPL of a few dB just outside the
wake.

Notably, the introduction of boss cap fins greatly increased
overall sound pressure when paired with a rudder at 0°.
This is likely the result of the strong interactions between
the new fin-tip vortices and the undeflected rudder.

Table 2: Thrust and torque coefficients with and without
boss cap fins in the absence of a rudder

Case K; 10K,

Base 0.332  0.673
NACA 4412 Fins  0.331 0.666
E63 Fins 0.330 0.666

Overall, PBCFs were found to suppress the cavitating hub
vortex and redistribute rotational energy into multiple
non-cavitating helical vortices, significantly reducing
near-wake acoustic levels without altering thrust or torque.
Strong vortex—rudder interaction at zero rudder angle can,
however, increase noise.

5 CONCLUSIONS

An exploration of tubercled rudders (TLERs) and boss cap
fins was carried out using LES to examine their effects on
propeller wake dynamics and sound generation.
Simulations of the model-scale INSEAN-E779A at a
typical advance ratio yielded the following key findings:

e TLERs increased lift-to-drag ratio and promoted
reattachment at high rudder angles.

e TLERs slightly reduced overall sound pressure
levels in the propeller wake at high angles (=2
dB) but increased them at low angles.

e  Boss cap fins had no significant effect on thrust or
torque.

e Boss cap fins eliminated cavitating hub vortices
and replaced them with non-cavitating fin
vortices.

e Overall sound pressure levels in and near the
propeller wake were reduced by between 0 and 8
dB at most locations when boss cap fins were
implemented in the absence of a rudder.

e Boss cap fins reduced overall sound pressure
when a rudder at a high deflection angle was
present.

e Boss cap fins resulted in very large increases in
sound pressure, upwards of 20 dB, when an
undeflected rudder was present.

The acoustic impact of retrofit wake-control devices is
governed primarily by how they modify coherent vortical
structures and the associated cavitation dynamics, rather
than by changes in global thrust or torque. For TLERs,
delayed separation and enhanced reattachment at high



deflection angles can reduce large-scale unsteady loading
and weaken convecting pressure fluctuations, leading to
modest OSPL reductions; at low deflection angles, where
separation control is limited, the tubercled geometry can
introduce additional small-scale unsteadiness and increase
OSPL. For PBCFs, suppression of the cavitating hub
vortex removes a dominant cavitation-noise mechanism by
redistributing rotational energy into multiple non-
cavitating helical vortices, yielding meaningful acoustic
reductions when adverse rudder interactions are avoided.
The large noise increase observed when PBCFs were
paired with an undeflected rudder highlights the
importance of propulsion—rudder configuration effects
when evaluating ESDs for noise mitigation.

This work suggests that ESDs that modify propeller wake
structures should be considered as retrofit options for
reducing underwater noise from propellers, in addition to
improving their efficiency. Rudders with leading edge
tubercles are an interesting technology in contexts where
steering is nearly constant, but further work should be done
to improve their performance at a 0° angle. Boss cap fins
show promise for propellers that suffer from significant
hub cavitation, particularly in contexts where a propeller
operates without a rudder downstream.
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