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ABSTRACT

As underwater radiated noise emission from shipping
has been acknowledged as an environmental pressure to
the ocean, implementation of mitigation measures is in
progress. To do this effectively, there is need to improve
our methods to assess the effect of different measures, from
the aspect of a regulating body as well as for ship owner
and technical supplier. This paper will start by briefly
reviewing studies on different measures and methods to
assess the noise emissions. We will then focus on com-
putational prediction methods and highlight some of the
potential capabilities and issues in doing CFD-based as-
sessment of ship noise. The radiated sound from cavitation
on a sphere has been computed using both incompressible
and compressible flow models, comparing different Ffowcs
Williams and Hawkings (FW-H) set-ups, analysing the im-
pact of neglecting flow compressibility and the choice of
surfaces for sound source sampling. Attention is then
shifted to the prediction of cavitation noise from a ship in
full scale, again looking at different FW-H set-ups; instead
of comparing with direct compressible predictions, sea-
trial and model scale experimental data are available. For
both studies, we note a high sensitivity to how the simula-
tion is performed and the FW-H set-up towards predicted
noise emissions. This sensitivity needs to be carefully con-
sidered when assessing different mitigation techniques.
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1 INTRODUCTION

Ambient underwater radiated noise from commercial ship-
ping has increased over the past decades (McDonald et al.,
2006; Frisk, 2012; Jalkanen et al., 2022) and is interfer-
ing with critical life functions of marine fauna (Erbe et al.,
2019; Duarte et al., 2021). Continuous underwater noise
emission from shipping is recognized as an environmental
hazard and global initiatives push for mitigation of ship-
ping noise (IMO, 2024). With the large variety in ship
design and operation, mitigation measures need to be tai-
lored to each case, forming a strong demand on accurate

methods to assess the noise emission for vessels, during de-
sign, for the new built ship, during operation, and through
maintenance over time. For most operation of merchant
vessels, cavitation noise will typically dominate the noise
spectrum (Cruz et al., 2021). Typical methods for this as-
sessment include semi-empirical models, CFD predictions,
model scale tests, and sea trials measurements. However,
given the complex and demanding physics of the problem,
neither accuracy or in general even precision in these meth-
ods are yet sufficient to make well-informed decisions on
mitigation measures for general operation; relative rank-
ing with the same method and team performing the anal-
ysis could however be expect to have a higher degree of
reliability. Further, with the changing conditions the ship
experiences during operation, e.g. with respect to adverse
weather conditions, fouling, or varying bathymetry, there’s
a need to better understand and monitor underwater noise
emissions continuously.

Dedicated sea trial measurements have been shown to give
reasonably consistent results, but lack in control of the en-
vironmental properties governing the propagation from the
ship to the measurement location. Further, they are natu-
rally not suitable for early evaluation and choice of miti-
gation measures. Model scale tests are a common practice
to obtain measurements of underwater radiated noise lev-
els. However, such measurements are affected by uncer-
tainties related to scaling, reverberations, and water quality
(Tani et al., 2019, 2020). In addition, depending on the ratio
between the cavitation tunnel size and ship model, block-
age may influence both the flow and cavitation dynamics
(Khraisat et al., 2026b).

Computational methods have been investigated for predict-
ing underwater radiated noise, mainly through the use of
semi-empirical or hybrid methods. Semi-empirical tech-
niques are computationally cost-effective and suitable for
early stage URN assessment (Lloyd et al., 2024a; Bossch-
ers, 2018), though their predictive capability is often lim-
ited. Hybrid methods refer to the coupling of Compu-
tational Fluid Dynamics (CFD) with acoustic analogies,
which have gained significant popularity in the maritime
community. For bodies in motion such as a rotating pro-
peller, the Ffowcs Williams and Hawkings (1969) (FW-H)
acoustic analogy is most widely used. Due to the different



length and time scales in the acoustic problem compared
with the flow problem, the coupling of CFD to an acous-
tic solver poses complications and direct computation of
sound propagation in CFD, considering an accurate com-
pressible flow description, is too costly. But as the FW-H
analogy is originally developed for single-phase aeroacous-
tics, its application for multiphase cavitating flows has not
been theoretically investigated and introduces additional
challenges.

This paper will review some of the limitations of the FW-
H approach and discuss different ways on how to increase
the reliability of its CFD predictions on cavitation and the
potential to use it to assess mitigation measures for under-
water radiated noise emissions. First, a study of the canon-
ical case of cavitation on a sphere will be presented, where
high resolution simulations can be performed considering
wave propagation, supporting the analysis of different FW-
H approaches. Next, the study is extended to cavitating
propeller operating in-behind condition, where we’re lim-
ited to incompressible flow modelling and relaxed resolu-
tion in time and space. We will use this ship case to discuss
the possibilities to assess the effect of different mitigation
techniques.

2 REVIEW OF STUDIES ON URN MITIGATION MEA-
SURES

Due to the negative impact of shipping noise on marine
life, mitigation measures have been proposed in both lit-
erature and by global initiatives. The International Mar-
itime Organization published a report in 2014 with rec-
ommended mitigation measures, pushing for quieter ship
designs, optimal operational measures, standardized mea-
surement procedures, and the evaluation of various imple-
mentation strategies (Cruz et al., 2021; IMO, 2024). Fo-
cusing on cavitation noise, from an intuitive understanding
of the noise generating mechanisms, one can make the fol-
lowing notes:

• A speed reduction will yield reduced noise emissions
as the power requirement reduces and the propeller
gets unloaded. Exceptions may occur just above in-
ception speed where cavitation may become more in-
termittent and dynamic, and if the propeller comes to
operate at severe off-design conditions. An example
of the latter is a CPP at pitch settings generating pres-
sure side cavitation.

• Measures that allow for a more lightly loaded pro-
peller will reduce noise emissions. This includes dif-
ferent energy saving technologies and maintenance
efforts, such as hull cleaning.

• Creating a wake that is circumferentially homoge-
neous, minimizing cavitation dynamics, will reduce
noise emissions.

However, in a typical propeller design task, there will natu-
rally be a trade off between noise emissions and efficiency;
the above comment on energy saving must be considered
for the whole propulsion system.

de Jong et al. (2025) presented a framework for manage-
ment of different environmental pressure with a focus on
noise emissions, and found that vessel slow-down and hull
and propeller cleaning are measures that have a potential to
be effective and possible to implement on large scale. They
found that technical mitigation measures are difficult to as-
sess as they are dependent on the implementation on each
individual vessel. The latter was discussed also by Ander-
sson et al. (2023), where the Baltic strait was used for a
case study and it was noted that during the year considered,
more than 4000 vessels passed, thereby concluding that the
general impact of implementing technical measures will be
slow.

One of the earlier undertakings on noise mitigation was
demonstrated by the port of Vancouver through the ECHO
project. The project evaluated two different implementa-
tion strategies for ships approaching the harbor. One strat-
egy by giving discount to vessels using certain underwa-
ter noise reducing technologies, and the other to asking
vessels to reduce their speed (Vancouver Fraser Port Au-
thority, 2018). Veirs et al. (2016) reported an approxi-
mate linear relation between speed and the source level.
Similar reduced noise emissions with speed was noted by
MacGillivray et al. (2019). While a reduction in speed
increases the exposure time, the benefits of reducing the
intensity outweigh the increased exposure time (Williams
et al., 2019a; Andersson et al., 2023; Findlay et al., 2023).
However, for certain vessels, like the coastal ferries studied
by McIntyre et al. (2021), certain operating conditions at
slow speed may lead to higher noise emissions. With re-
spect to rerouting, Lalander et al. (2022) studied the effect
of a change in shipping lane positions (due to traffic rea-
sons) leading to a reduction in habitat quality for the marine
wildlife. Other than these, practical studies on operational
measures are rare, while a few hypothetical modeling stud-
ies have been performed (Williams et al., 2019b; Findlay
et al., 2023).

Several technical solutions targeting propellers and cavita-
tion have also been proposed and tested, but primarily at a
low TRL level. Experimental studies have been performed
to investigate the potential of propeller surface coatings as a
mitigation measure (Korkut and Atlar, 2012; Bagheri et al.,
2017). While results show noise reductions at certain fre-
quencies due to delayed cavitation inception, the influence
of scale effects is not considered as coating may have lim-
ited impact on cavitation at large scales. Other types of
propeller blades surface texturing have been proposed with
the aim of controlling tip vortex cavitation. Studies pre-
sented in (Asnaghi et al., 2021; Li et al., 2024) demonstrate
the effectiveness of such techniques at reducing the vortex
strength and delaying the onset of cavitation. A similar
technical solution is the use of pressure-relief pores near
the blade leading edge and tip to weaken vortex formation.
While the experimental work by Aktas et al. (2020) indi-
cates a reduction in noise levels at low-mid frequencies, ad-
ditional mechanisms may increase broadband levels. The
above techniques however come at a performance penalty
that is non-negligible.



Blade design modification exploring winglets or optimized
tip blade geometries have been investigated and presented
in the literature. Moderate rake angles oriented towards the
pressure side have been shown to effectively reduce tip vor-
tex cavitation through numerical and experimental studies
(Gao et al., 2019; Amini et al., 2019). Contracted and Tip
Loaded (CLT) propellers have similarly been shown to be
effective in reducing cavitation extent and pressure pulse
levels compared with conventional designs (Gaggero et al.,
2016). In practice however, many such designs suffer from
dynamic and noise cavitation.

Wake improvement/modification devices have the potential
to serve as a noise mitigation technology. The idea here is
to obtain a more uniform distribution of the wakefield to
and reduce the magnitude of the induced pressure fluctua-
tions. A study on Pre-Swirl Stators, an energy saving de-
vice mainly intended to modify the wake vertical velocity
component, is presented by Bensow (2015). The numeri-
cal results show that not only did the propeller performance
improve, but the fluctuations of the propeller thrust are re-
duced. Similar potential has been reported for other energy
saving devices, such as vortex generators (Saydam et al.,
2018). In the SATURN project, a pump jet thruster was
tested that showed improved noise performance (Grassi
and Felli, 2024), where the gain can be expected to be a
combination of the stator and the duct.

Injection-based systems have also been investigated as cav-
itation control or underwater radiated noise masking mea-
sures. The experimental study reported by Lee et al. (2018)
showed that water injection through pores located at the
blade tip suppresses tip vortex cavitation and reduces noise
level by up to 20 dB. Similarly, Lloyd et al. (2024b) investi-
gated air injection systems targeting both propeller and ma-
chinery noise through model scale experiments, and later
application to full scale showed an overall noise reduction
across the whole frequency range. Although many of these
studies presented in the literature show promising results,
quantitative studies on underwater radiated noise levels in
real operation are scarce.

One useful component in mitigation of shipping noise
could be through real-time onboard measurements of URN,
which requires the estimation of the source-level using on-
board sensors. Implementing an accurate tool for live-
monitoring of URN would enable shipping crew to assess
noise emissions continuously and adapt the operation of
the ship when navigating in noise sensitive areas. Since
cavitation typically dominates the noise spectrum at design
speed, most research is focused on estimating the noise
from cavitation, with various approaches. One approach
is to use pressure sensors mounted on the hull above the
propeller to estimate the source-level using beamforming
(Jeong et al., 2021; Foeth and Bosschers, 2016). This ap-
proach is however sensitive to sensor placement and is less
ideal for long term measurements due to build up of fouling
on the pressure sensors. Another approach is to use hull
mounted accelerometers and correlate onboard vibration
levels to the cavitation source-level. Bosschers et al. (2023)
estimated the source-level empirically through a transfer

function based on the structural response of the aft hull.
Other studies have proposed linear regression approaches,
such as non-negative least squares and average quadratic
velocity source level correlations (Larsen et al., 2021; Cin-
tosun and Gilroy, 2021; Schottel, 2024).

There are many suggested mitigation measures that are
still to be tested in practice. This includes hull cleaning
techniques, energy saving measures, such as wind assisted
propulsion, or technical measures. A missing aspect in lit-
erature is also the instantaneous operation of the vessel,
where e.g. weather conditions and bathymetry affect the
noise emissions; modelling aspect typically consider only
ideal conditions in open water. Some of these are currently
studied by the authors and will be presented in the future.
A common aspect in all these is the need for accurate pre-
dictive tools to assess the effect of various techniques.

3 COMPUTATIONAL METHODS

3.1 Challenges in cavitation noise predictions

A prerequisite for predicting cavitation noise from shipping
is to correctly model the cavitation extent and dynamics.
Significant advances in simulation of cavitating flows have
been made over the last two decades, ranging from inter-
face resolving compressible simulations of bubble dynam-
ics, through hybrid bubble-mixture models, to simplified
models for engineering applications. For the usage consid-
ered here, one is limited to the latter, considering the scales
of a ship in full scale. The mechanisms governing cavita-
tion dynamics for cavitation erosion has been detailed by
Bark and Bensow (2013), valid to a large extent also for
noise emissions; some discussion related to sheet-tip vortex
cavitation interaction was extended by Bosschers (2018).
In short, four aspects need to be captured in the simulation:
(1) the global cavity growth and collapse; (2) the devel-
opment of re-entrant flow; (3) sheet-tip vortex cavitation
interaction, and (4) tip vortex cavity dynamics. The first
primarily affects first order blade passing frequency (BPF)
harmonic and can be expected to be quite well predicted.
The second and third influence largely the lower BPF har-
monics, say up to the fifth BPF, but also some broadband
content; provided wall normal resolution is good enough
and the mesh around the initial part of the tip vortex is re-
fined these mechanisms can be captured. Tip vortex cavity
dynamics, in combination with an unsteady hull wake, is
critical for the major broadband components in the signa-
ture; this has not yet been successfully predicted.

Early CFD predictions of cavitation on full-scale propellers
are presented by Ji et al. (2010) using RANS modelling,
managing predicting the first order pressure pulses. In
model scale, Bensow and Bark (2010) showed well cap-
tured cavity dynamics, including reentrant flow and early
tip vortex development using implicit LES. Using the same
modelling technique, Lu et al. (2014) studied the require-
ments on wall resolution to capture the reentrant flow, how-
ever also only in model scale. Further studies in full scale
were presented by, e.g., Li et al. (2018) and Sezen and Atlar
(2023), using sufficient mesh resolution to capture mecha-



nisms (1)-(3) above. The tip vortex evolution is extremely
challenging, modeling and mesh resolution issues are pre-
sented by Asnaghi et al. (2020); some dynamics of the tip
vortex cavitation have however been captured and analysed
in model scale by Ge et al. (2022) and in full scale by
Khraisat et al. (2026b).

To compute the radiated noise generated by the predicted
cavitation, further approximations and modeling is needed.
Sound wave propagation is a compressible medium phe-
nomena and follow different length scales compared with
the cavitating flow. Thus a direct computation of the ra-
diated noise within the flow solver is not feasible for ship
applications. Also, extracting sound sources directly from
the flow solver and propagate these directly in an acoustic
solver is rare. Instead, propagation has been done through
acoustic analogies via the Ffowcs Williams and Hawkings
(FW-H) approach (Ffowcs Williams and Hawkings, 1969).
As cavitation forms a volume source, an artificial integra-
tion surface commonly known as Permeable Data Surface
(PDS) have been used without the need of computationally
intensive volume integrals (Di Francescantonio, 1997). Us-
ing the hybrid acoustic approach for cavitation noise has
two major unresolved issues. The first is that the FW-H
method was developed for single phase flows and thus do
not consider the dynamics of gas bubbles. It could be ar-
gued that using a PDS placed in pure liquid encompassing
all sources one in practice applies the method to a single
phase condition, but there are no theoretical exposition on
this matter, nor detailed numerical studies; this argument
relies on correctly capturing the pressure and velocity field
inside the PDS. Secondly, using incompressible flow mod-
eling leads to erroneous development of the pressure fields
inside the PDS and the lack of a velocity perturbation in the
FW-H terms, as shown numerically by Ahmed (2020) and
Ge et al. (2022). Further studies by Vikström et al. (2022)
showed that the prediction of cavitation noise by FW-H is
heavily dependent on the PDS shape, with spherical sur-
faces indicating more consistent results. Previous studies
on single-phase flow noise, e.g. Cianferra et al. (2019),
indicate that the size and mesh resolution inside the PDS
is critical for prediction quality. Care needs to be taken
to avoid influence of numerical artifacts, from the cavita-
tion modeling or mesh complications (e.g. Khraisat et al.
(2026a)). All these issues are still not fully understood, nor
always acknowledged. A possibly more robust approach
was proposed by Wang et al. (2022), using the direct for-
mulation of FW-H, considering the multiphase aspects of
the problem, but this method has not been widely adopted.

3.2 Flow models

Cavitation flow simulations have here been performed with
both compressible and incompressible solvers. The latter
approach uses a transport equation based mixture approach
with an explicit model for the mass transfer between liquid
and gaseous water; here the Schnerr-Sauer model (Schnerr
and Sauer, 2001) has been used. Depending on the case
studied, both OpenFOAM and STAR-CCM+ have been
used. Turbulence has been modeled with either RANS, us-
ing the SST k − ω model (Menter et al., 2003), or ID-

DES, using the Spalart-Almaras model (Shur et al., 2008).
For the RANS simulations, the ad hoc Reboud correction
(Reboud et al., 1998) was used in order to allow for dy-
namic cavitation behavior. This correction reduces the
eddy viscosity in the mixture, effectively creating a hy-
brid RANS/LES method locally, allowing reasonably accu-
rate cavitation predictions within an overall RANS frame-
work. Further, the Boussinesq approximation is extended
using a Quadratic Constitutive Relation (QCR) to account
for turbulence anisotropy (Spalart, 2000) with non-linear
terms for strain and vorticity rate tensors. The compressible
simulations were conducted using the dbnsCavitatingFoam
solver in OpenFOAM (Arabnejad and Bensow, 2020). This
is a density-based solver that adopts the thermodynamic
equilibrium mixture approach to model the presence of and
phase transitions between liquid and vapor phases. Second-
order convection schemes for velocity and turbulence are
used.

3.3 Hydroacoustic modelling

The Ffowcs Williams and Hawkings (1969) acoustic anal-
ogy is an extension of Lighthill (1952) and Curle (1955) ap-
proaches, which accounts for sound sources from surfaces
in motion. An inhomogeneous wave equation is derived by
reformulation of the continuity and momentum equations,
and uses the concept of generalized derivative and Heav-
iside function H(f) to define the surfaces of the moving
bodies.

□2p′ =
∂

∂t
[ρovnδ(f)]−

∂

∂xi
[pniδ(f)]+

∂2

∂xi∂xj
[H(f)Tij ]

(1)

where □2 is the wave operator, ρo is the density of undis-
turbed medium, vn is the velocity component normal to
the surface, p is the gauge pressure on the surface, Tij is
the Lighthill stress tensor, ni is a unit normal vector to the
moving surface. The first term on the right-hand side of the
equation represents the monopole (thickness) contributions
and is dependent on the normal velocity component vn to
the surface. In the example of a non-cavitating rotating
propeller, the thickness noise contribution is generated by
pressure disturbances caused by the displaced fluid due to
the blade rotation. The second term accounts for the dipole
(loading) contributions, which are dominated by pressure
disturbances p on the surface. The final term is the quadru-
ple (volume) contributions which accounts for non-linear
effects within the fluid volume. The quadruple term is com-
putationally expensive, and in cases of low mach number
flows, this term is typically dropped under the assumption
that the contributions are small.

In the case of cavitating multiphase flows, the noise gener-
ated by cavitation is typically dominant, and one must ac-
count for these volume contributions. As discussed above,
a virtual permeable data surface (PDS) is constructed in an
attempt to avoid this complication. In this formulation, the
FW-H equation can be written as,



□2p′ =
∂

∂t
[ρoUn]δ(f)−

∂

∂xi
[Liδ(f)]+

∂2

∂xi∂xj
[H(f)Tij ],

(2)

where,

Un =

(
1− ρ

ρo

)
vn +

ρun

ρo
, (3)

Li = pδijnj + ρui(un − vn). (4)

With this formulation, the monopole contributions now
represents the mass flux across the permeable surface,
while the dipole term represents the momentum flux across
the surface and the local pressure forces acting on it. How-
ever, it is important to emphasizes that this formulation is
problematic when combined an incompressible solver due
to reasons discussed previously.

Given the limitations of the permeable FW-H formulation
when applied to hydroacoustic applications, an alternative
prediction methodology is considered in which cavitation
volume dynamics are modelled as a monopole source. The
solution of the wave equation in an unbounded domain for
linear waves generated by a pulsating monopole source,

p(r, t) =
ρ

4πr
V̈ (t− r

c
), (5)

where p is the acoustic pressure, r is the distance between
the source and receiver, V̈ is the second order derivative of
the cavitation volume. In the numerical simulation, time
history data of the cavity volume evolution is collected
at each time step. The data is then used to compute the
second-order derivative central differencing scheme. How-
ever, as the cavity volume signal is discret, the numeri-
cal differentiation may introduce spurious fluctuations that
contaminate the acoustic pressure signal. Therefore, to
reduce these artificial fluctuations, the Locally Weighted
Scatterplot Smoothing (LOWESS) method is applied to the
vapor volume data before differentiation.

4 CASE STUDIES

4.1 Cavitating sphere

4.1.1 Motivation and objectives

The cavitating flow around a sphere is chosen as an ide-
alized canonical benchmark case to investigate the rela-
tion between cavitation dynamics, collapse-induced pres-
sure fluctuations, and the resulting acoustic response, as
well as different approaches to compute the radiated sound.
Owing to its simple geometry, the configuration allows the
underlying physical mechanisms of cloud cavitation to be
analyzed while minimizing geometric complexity, it’s pos-
sible to consider an effectively open-domain configuration,
which is advantageous for studying pressure-wave propa-
gation with reduced confinement effects. Further, it’s fea-
sible to do high resolution compressible simulations that
may provide a numerical reference avoiding measurement

uncertainties related to near field measurement locations
and reverberation characteristics of the test facility. Thus,
the case will be used to perform systematic comparisons
between compressible simulations that directly compute
the acoustic wave propagation and acoustic predictions ob-
tained from permeable FW-H formulations. Both incom-
pressible and compressible flow solutions can be consid-
ered as inputs to the FW-H analysis in order to evaluate
the influence of flow compressibility and PDS shape on the
predicted acoustic response.

4.1.2 Case set-up

The numerical configuration reproduces the cavitating flow
around a sphere in a water-tunnel environment under devel-
oped cloud-cavitation conditions, with a cavitation number
of σ = 0.4. The sphere has a diameter of 0.15 m and the
inflow velocity is 10 m/s, resulting in Re = 1.5×106. The
computational domain consists of a rectangular tunnel sec-
tion with uniform inflow velocity and pressure-controlled
outlet conditions defining the cavitation number. Slip-wall
boundary conditions are applied at the lateral boundaries,
while the sphere surface is treated as a non-slip wall. For
compressible simulations, the computational domain is ex-
tended in the downstream and lateral directions to allow
the propagation of collapse-induced pressure waves and to
reduce artificial reflections.

Unstructured oct-tree type meshes were created with a
body fitted prism layer extruded from the sphere surface.
A mesh resolution study has been performed, varying both
the refinement zones behind the sphere and the wall normal
distribution in the prism layer. The results presented below
are generated with a fine wake resolution and y+ ≈ 30,
total cell count is around 44.5 million cells.

For acoustic analysis, several PDSs of different shapes and
spatial extents are defined around the cavitation region as
shown in Figure 1. Pressure signals are recorded at selected
near- and far-field receiver locations and subsequently ana-
lyzed in the frequency domain; in this paper results from a
receiver point 10 m downstream of the sphere are shown.

(a) (b)

(c) (d)
Figure 1: The four PDSs that are used in the acoustic analy-
sis: (a) Ellipsoid, (b) short cylinder, (c) long cylinder, and (d)
wide cylinder.



4.1.3 Results and discussion

To validate the numerical framework, the predicted cavi-
tation dynamics are compared with available experimental
visualizations of cloud cavitation around the sphere. The
numerical results reproduce the main stages of the cavita-
tion cycle, including cavity growth, cloud shedding, and
downstream collapse. The overall cavity extent and tem-
poral evolution show good qualitative agreement with the
experimental observations.

Figure 2: Comparison of experimental high-speed visual-
izations (left, reproduced from Brandner et al. (2010)) and
numerical predictions (right) fo3 vapor volume fraction iso-
surfaces over one cavitation cycle at σ = 0.4.

Here, we briefly present just the predicted power spectral
density (PSD) at the chosen receiver point. Figure 3 in-
cludes results derived from all four PDSs based on both
compressible and incompressible solutions, as well as from
the vapour volume acceleration. We remark that the com-
pressible simulation, at this stage, is not run long enough
to have fully converged statistics so the results should be
interpreted with care.

For the simulated condition, the cavitation is very dynamic
and a regular shedding of the main cavity is not clearly
seen. The acoustic signal is thus of a rather even broadband
character. Still, it’s clear that the results depend highly on
simulation approach and choice of PDS. The main conclu-
sion is that there is a spread in predicted PSD from the
incompressible simulation between the different PDSs; in
some frequency ranges this amounts to several orders of
magnitude. This is not the case for the compressible sim-
ulation, where all permeable data sampling surfaces yields
very similar results. These results indicate that it will be
difficult to judge an analysis of mitigation measures from
incompressible FWH-results unless the set-ups are iden-
ticals, while comparisons to measurements or regulations

will be questionable. Also, the analysis based on the vol-
ume acceleration show results that overall are of the right
order of magnitude; there is one sharp dip at 800 Hz which
is believed to be related to the LOWESS treatment of the
cavity volume signal although a similar drop is present in
the compressible simulation result as well.

Noteworthy is also that the compressible simulation leads
to much smoother spectra, while the incompressible sim-
ulations show much more jagged curves. This is indepen-
dent of the PDS. The reason for this is unknown. We have
previously noted that the pressure field may show seem-
ingly spurious peaks when simulating cavitating flows us-
ing an incompressible flow model. This has not been a
noted problem in this simulations, but potentially it exists
at a lower intensity and show up only in the acoustic signal.

(a)

(b)

Figure 3: Comparison of FW-H predicted acoustic spectra for
different PDS surfaces. Panel (a) shows results based on com-
pressible simulations and panel (b) shows incompressible sim-
ulations; black lines computed from the cavity volume accel-
eration term.

4.2 Coastal tanker

4.2.1 Motivation and objectives

A fully appended ship of a modern cargo vessel is nu-
merically investigated. The vessel is equipped with a sin-
gle controllable-pitch, four-bladed propeller with moder-
ate skew. Measurements on underwater radiated noise
are available from sea trial measurements performed by
the Swedish Environmental Research Institute (IVL) and
Kongsberg Maritime. Model scale tests have also been car-
ried out at the Research Institutes of Sweden (RISE). The
vessel will be used for extensive studies related to noise
emissions in several ongoing projects, including effects of
slow down, wind assisted propulsion, propeller pitch con-
trol, and on-board noise monitoring; this concerns both
measurements and computations. In this paper we will fo-
cus on the baseline configuration and the predictive accu-
racy of the ship signature, while new results for the dif-



ferent mitigation techniques will be published as they be-
come available. The full description of the analysis of the
baseline case is presented by Bensow et al. (2025) and the
detailed computations in Khraisat et al. (2026a).

4.2.2 Case set-up

The ship geometry is placed in a computational domain
with dimensions defined based on the ship length between
perpendiculars (Lpp). Standard boundary conditions are
applied with a velocity inlet, a pressure outlet, and slip
walls on the remaining domain boundaries. Simulations are
performed using the commercial software package Simcen-
ter STAR-CCM+/2410 (double-precision). Propeller rota-
tion is modelled using the sliding mesh approach, where
the computational domain is divided into subdomains con-
nected with an interface, and are discretized with the built-
in meshing tools. A mean y+ distribution below 1 is main-
tained on the propeller blades and hub to resolve the bound-
ary layer. For the hull and rudder surfaces, the wall function
approach is used for numerical stability reasons. The all-
y+ formulation is applied, which uses blending functions
for turbulent kinetic energy production and dissipation. In
the transient computations, the time step size corresponds
to 0.25◦ of a propeller revolution with 15 inner iterations
per time step.

Three different PDSs are considered for comparison.
Based on the conclusions of Vikström et al. (2022), only
spherical surfaces are used with radii 1.4R, 2R, and 5R
respectively, where R is the propeller radius; the smallest
is defined centered around the shaft line location and the
the two larger at the blade tip at top position, the approx-
imate sound source location. In total 410 receiver points
have been analysed at various distances and positions, cir-
cumferentially, radially, and longitudinally.

4.2.3 Results and discussion

First, the influence of the choice of PDS on the predicted
radiated noise level (RNL) is presented. Figure 4 presents
results for all three surfaces, both as closed and with the
section of the sphere where the propeller slip passes the
surface, denoted as end-cap, removed. Two observations
can be made: The first is that the primary effect of the
end-cap is a general shift in the RNL, with only minor fre-
quency dependence. The second is that, in some frequency
ranges, there are significant differences between the predic-
tion based on the different surfaces. The dramatic differ-
ence is in the high frequency range, where the two smaller
surfaces give an un-physical increase in RNL above around
300 Hz. The behavior is similar to what was noted by Ge
et al. (2022) and Vikström et al. (2022), but was here due
to different reasons, at least partly; high frequency numeri-
cal disturbances were noted in the FW-H source terms that
could be deduced to come from the sliding interface around
the rotating propeller. The discrepancy just below 100 Hz,
however, is related to the radiation from the imprinted pres-
sure field on the hull above the propeller, which forms an
important contribution as will be further commented be-
low; the smaller PDSs do not fully enclose this noise source

and thus not captured in the FW-H based on these surfaces.
For the rest of the discussion, thus only the 5R PDS will be
considered.

100 101 102 103

Frequency (Hz)

R
N

L
1/

3 [
 d

B
 r

e 
17

 P
a2 /H

z 
@

1m
 ]

10 dB

PDS 5R (Total)
PDS 5R (End-Cap Removed)
PDS 2R (Total)
PDS 2R (End-Cap Removed)
PDS 1.4R (Total)
PDS 1.4R (End-Cap Removed)

Figure 4: Radiated noise levels from all permeable data sur-
faces with and without end-cap.
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Figure 5: Sound pressure spectral density level from the 5R
PDS for all receivers. Distance normalization is applied as-
suming spherical spreading losses.

We now remark that the predicted RNL show a dependence
on the receiver location. Combining the predictions from
all receivers yields Figure 5. The physical directivity is
unfortunately not known. Cavitation develops on the pro-
peller only close to the top position in the hull wake, but the
collapse dynamics, forming the main noise source, occurs
somewhat to the port side of the vessel. The predictions
show a spread of up to 20 dB between different receivers
in the range between the 3rd and 5th BPF, and then around
5 dB across the range of higher frequencies. If this large
spread would be physical, it shows both that the simple ho-
mogeneous source models often used for sound maps can
be severly erroneous and that care most be taken in choos-
ing receiver location, in measurements as well as in numer-
ical predictions. We believe however it is mainly due to
numerical artefacts with the FW-H approach.

To better understand the source contribution, the different
terms in the FW-H integrals can be analysed. For the per-
meable FW-H analysis, the thickness and loading terms are
computed from the 5R PDS. As shown in the top plot in
Figure 6, the thickness term is dominant for the harmonic
contribution at the first threee BPF, while the loading term
dominates in the broadband range. To explain this, also the
contributions from the solid FW-H, i.e. when evaluated on
the different ship surfaces, are shown in the bottom plot.
For this cavitating condition, we note that the RNL from
the propeller surface is not correct, due to that parts of the
blades are cavitating. The rudder gives a very minor contri-



bution, but the hull show a significant level above 300 Hz;
a further split of the hull surface show that it’s only the aft
surface that contributes. Thus, the aft hull surface radiates
sound as a dipole, given that this source shows up as a load-
ing term, and stems from the transient pressure field on the
hull due to the propeller rotation.

Finally, in Figure 7 we present the source level (SL) as pre-
dicted in sea trials, model tests (RISE) and simulations, us-
ing both the permeable FW-H and the cavity volume accel-
eration analogy; the latter is combined with the solid FW-H
prediction on the aft hull surface and denoted A-N + S-
FWH in the following. Also results from model scale (MS)
simulations in two domains are shown in the figure. Over-
all, the accuracy is disappointing. During the sea trials,
engine vibrations were registered and it can be concluded
that large discrepancy below 50 Hz is due to engine noise
contribution. There are up to 20 dB differences for several
frequency ranges, where only in some cases an explanation
can be given.
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Figure 6: Thickness and Loading terms as computed from the
permeable data surface 5R (top). RNL predictions using dif-
ferent solid impermeable data surfaces under cavitating con-
dition (bottom).

Figure 7: Source Noise Level from experimental measure-
ment and the hybrid A-N method for model and full scale con-
ditions.)

5 CONCLUSIONS

The objectives of this work have been to understand the
complications of predicting cavitation noise, and improve
the accuracy and precision of engineering CFD assessment
of mitigation measures for ship generated noise emissions.
This has unfortunately not been met, yet, and the studies
are still in progress. The cavitating sphere case is believed
to be a suitable canonical case for continued analysis of
computational hydroacoustics, and the results will be fur-
ther expanded beyond the scope of this paper, including
comparisons between direct acoustic predictions, using the
compressible flow model, with FWH-predictions.

Considering the tanker case, we believe that no absolute
prediction of the effect of mitigation techniques can be
done with any method today, possibly with the exception
of deep water sea trials. We have high hopes that carefully
performed CFD simulations will have the precision to at
least rank different measures, be it of technical or opera-
tional types. Given the reported sensitivity to how the sim-
ulation is performed and to the shape and size of the PDS,
comparing results from different organisations or studies
are deemed problematic. More studies are needed to be
able to formulate best practice guidelines that reduces this
sensitivity and increase the reliability in numerical predic-
tions of radiated underwater noise emissions.
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PUB-TVÅ), the Swedish Transportation Agency (project
BOUB), the EU Sustainable Blue Economy Partnership
(project BluEcho), and Kongsberg Maritime AB (through
the UTC in Computational Hydrodynamics at Chalmers).

The computations were enabled by resources provided by
Chalmers e-Commons at Chalmers and by the National
Academic Infrastructure for Supercomputing in Sweden
(NAISS) at NSC partially funded by the Swedish Research
Council through grant agreement no. 2022-06725.

REFERENCES

Ahmed, S. (2020), “On the noise generated by a ship pro-
peller,” PH.D. dissertation, UNSW Sydney.

Aktas, B., Yilmaz, N., Atlar, M., Sasaki, N., Fitzsimmons,
P., and Taylor, D. (2020), “Suppression of Tip Vortex
Cavitation Noise of Propellers using PressurePoresTM
Technology,” Journal of Marine Science and Engineer-
ing, 8(3).

Amini, A., Reclari, M., Sano, T., et al. (2019), “Suppress-
ing tip vortex cavitation by winglets,” Experimental
Fluids, 60, 159.

Andersson, M., Bensow, R., Glebe, D., Hassellöv, I.-M.,
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