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ABSTRACT
In the context of propeller underwater radiated noise
(URN), cavitation-induced noise represents the principal
source of acoustic emissions, particularly when the pro-
peller is heavily loaded. Fast and reliable numerical pre-
diction of cavitation-induced noise is important in order
to incorporate URN aspects in the early design stage of a
propeller. DoLPHiN is one such numerical tool with low
computational cost — using potential flow to determine the
hydrodynamic flow field and cavitation behavior around
the propeller and coupling it with the Ffowcs Williams–
Hawkings acoustic analogy to define equivalent acoustic
sources. One of the major strengths of DoLPHiN is its ca-
pability to quantify the individual contributions of distinct
noise-generation mechanisms that collectively determine
the overall propeller noise.

This paper presents an extensive validation study of the
URN prediction capabilities of DoLPHiN, through compar-
isons with a full-scale noise measurement campaign and
a high-fidelity, viscous, Navier–Stokes solver. Near-field
predictions are compared against pressure-pulse measure-
ments from a hull-mounted pressure sensor. Far-field pre-
dictions are validated against hydrophone measurements.
The validation study demonstrates potential applicability
to other propeller designs under similar conditions, though
caution is advised when encountering cavitation types be-
yond the scope of the current model.
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1 INTRODUCTION
The maritime industry is facing growing pressure to ad-
dress the environmental impacts of ship operations, and un-
derwater radiated noise (URN) has emerged as a key area
of concern. As new regulatory frameworks and guidelines
begin to take shape — driven by the International Maritime
Organization (IMO 2024), national authorities, and envi-
ronmental organizations — ship designers and operators
are increasingly expected to limit acoustic pollution in sen-
sitive marine environments. At the heart of this challenge
lies the ship’s propeller, which is widely considered as the
dominant source of URN, particularly when operating un-
der cavitating conditions (Wittekind & Schuster 2016).

Cavitation, while often unavoidable in practical propeller
operation, is a complex phenomenon that generates broad-

band noise and may cause long-term blade erosion. De-
signing propellers for reduced noise is a multi-objective
trade-off: reducing cavitation often means unloading the
propeller and/or altering geometry (skew, pitch, tip shape),
with clear implications for propulsive efficiency. There-
fore, propeller designers need reliable, early-stage predic-
tion tools that are fast enough for iterative work yet suffi-
ciently physics-based to give correct trends across operat-
ing conditions.

Computational hydroacoustics tends to be cost-intensive
since an accurate solution requires the solving of the com-
pressible Navier-Stokes equations. Numerical modeling of
sound propagation in water requires a small time-step size
in order to adhere to the Courant–Friedrich–Lewy (CFL)
condition (Courant et al. 1928). Therefore, acoustic anal-
ogy methods, which are based on the decoupling of the
noise-generation and noise-propagation simulation prob-
lems, have been of great interest in the recent years (Ian-
niello & De Bernardis 2015; Göttsche 2020; Ge 2021;
Tomy 2024). In such methods, the Ffowcs Williams–
Hawkings (FW-H) equation (Ffowcs Williams & Hawk-
ings 1969) is typically used as a numerical model of the
noise-propagation problem; whereas, the noise-generation
is modeled through an incompressible flow solver where
the time-step size need not be small enough to account for
acoustic wave propagation.

However, the computational cost for the incompressible
flow solution using viscous Navier-Stokes equation solvers
remains sufficiently high such that it is impractical to be
used in propeller design optimization for underwater ra-
diated noise. Potential flow based numerical simulation
methods provide an attractive alternative in this scenario.
The potential theory in hydrodynamics enables a descrip-
tion of the three-dimensional, inviscid flow around a body
by using an appropriated distribution of point singularities
over its surface. Consequently, the pressure distribution
and velocity field around the blade can be determined at
a low computational cost, thereby making the method at-
tractive for a propeller design-optimization workflow.

Although potential flow based methods provide a computa-
tionally efficient alternative to numerically model the pro-
peller noise-generation process, their underlying assump-
tions and simplifications must be carefully examined be-
fore they can be relied upon in practical applications. The
impact of these simplifications on the accuracy of hydroa-
coustic noise prediction is typically performed through val-



idation studies, where the potential flow based results are
compared against those from experimental measurements
(Göttsche 2020; Tomy 2024). The complex physical na-
ture of the hydroacoustic phenomenon however, creates a
large degree of uncertainty in the validation process. Even
in relatively controlled environments, such as in the case
of model scale measurements, the uncertainty levels are in
the order of 3 to 5 dB (ITTC 2017b). For full-scale mea-
surements, the measurement uncertainty in one-third oc-
tave bands is around 5 dB (ISO 2016, Section 7); but there
are much higher uncertainties when attempting to numer-
ically recreate the full-scale measurement scenario (Tomy
2024, pp. 150–154). Nevertheless, validation of potential
flow based propeller URN prediction against experimental
measurements is a vital step in ensuring that such methods
can be reliably utilized for propeller design applications.

The current paper focuses on the validation of one such
potential flow based propeller URN prediction tool —
DoLPHiN — with full-scale noise measurements. DoLPHiN
is an acoustic solver based on the Ffowcs Williams–
Hawkings (FW-H) acoustic analogy, tailored to marine
propeller applications (ibid., Chapter 4). Various noise-
generating mechanisms of the propeller (such as non-
cavitating noise, sheet cavitation-induced noise, tip vor-
tex cavitation-induced noise) are treated as separate noise
sources in DoLPHiN, which helps to identify dominant
noise sources and incorporate these aspects in the propeller
design process. The aim of the paper is to ascertain the
validity of propeller noise predictions using DoLPHiN for
near-field and far-field hydroacoustic prognoses.

2 VALIDATION BENCHMARKS
In previous work, the numerical implementation in
DoLPHiN has been verified through evaluation of its acous-
tic predictions for known analytical cases of elementary
shapes (ibid., Chapter 5). Validation studies have also been
performed for model scale propellers and for the 0.75 m di-
ameter, full-scale propeller of the Princess Royal research
vessel (ibid., Chapter 7). In the current paper, the valida-
tion studies are further extended to a full-scale commercial
propeller, which presents the case of a larger diameter and a
contemporary blade geometry. The controllable-pitch pro-
peller (CPP) provides the case of a different type of blade
loading distribution, and hence different types of dominant
noise-generating mechanisms. The applicability of the de-
sign tool DoLPHiN for commercial propeller designs is as-
sessed through the current validation study.

The benchmark results used in the validation study are (i)
the noise measurements from an experimental campaign
and (ii) full-scale simulations using a viscous, Navier–
Stokes equation solver. Details about these benchmarks are
given in the following subsections.

2.1 Full-scale Measurements
The measurement dataset used as the validation benchmark
is from the holistic full-scale measurements conducted for
the fishery research vessel Tarajoq operating with a con-
trollable pitch propeller (CPP), performed in Søgnefjord,
Norway (Steden et al. 2026). These measurements pro-
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Figure 1: Example Radiated Noise Level (RNL) spectrum
from the experimental measurement campaign (Steden et al.
2026) for trial condition B90out. Tonal noise due to the pro-
peller and machinery, as well as the characteristic broadband
hump are marked.

vide detailed noise data linked to distinct cavitation types
at multiple operating conditions. Visual cavitation observa-
tions from dual perspectives are included in the described
case, enabling the differentiation of cavitation types at
both, pressure side and suction side of the blade. The mea-
surements include far-field radiated noise data using a hy-
drophone, which is post-processed to obtain the distance-
normalized Radiated Noise Levels (RNL), with a reference
value of x µPa m (ibid., Section 3). In addition, the mea-
surements also include pressure-pulse data, obtained from
a hull-mounted pressure sensor, which allows for validation
of near-field noise predictions.

In the current study, the focus is on trial conditions where
tip vortex cavitation is observed. A summary of these trial
conditions is given in Table 1. The absence of any signifi-
cant sheet cavitation makes these conditions ideally suited
to validate the tip vortex cavitation-induced noise model
in DoLPHiN. An example RNL spectrum from the exper-
imental campaign is shown in Figure 1. A characteristic
feature of the noise spectrum due to a cavitating tip vor-
tex is seen in Figure 1, in the form of a distinct broadband
hump at (fΛ, RNLΛ), and a broadband noise spectrum on
either side of this hump.

2.2 Viscous solver setup and methodology
High-fidelity viscous-flow simulations are performed us-
ing the Improved Delayed Detached-Eddy Simulation (ID-
DES) framework of Simcenter STAR-CCM+. The mod-
eling approach follows previously validated procedures
for propeller cavitation and unsteady hydrodynamics in
behind-hull conditions (Shin & Andersen 2019; Shin &
Andersen 2020), and is here extended to full-scale condi-
tions for the present controllable-pitch propeller. Trial con-
ditions B90out, EC10in, and N70in are simulated using the
viscous flow solver.



Table 1: Simulated trial conditions. Vship is the measured speed through water of the ship, N is the measured shaft
rotation speed, P/D is the set propeller pitch ratio, σn is the rotational-speed-based cavitation number calculated
from the measured ship draught, KQ is the torque coefficient calculated from the measured shaft torque. All data
indicated are time-averaged data for the duration of the run where steady inflow conditions are observed.

A70in A70out B65in B65out B75in B75out B90in B90out EC10in N70in N70out N85in

Vship[kn] 11.24 11.10 10.00 9.67 10.94 10.68 12.26 12.00 10.52 11.76 11.65 12.96
N [rpm] 139.9 139.9 130.1 130.1 130.1 130.1 130.1 130.1 114.3 147.2 147.2 147.2
P/D [-] 0.738 0.738 0.685 0.675 0.780 0.780 0.949 0.939 0.896 0.738 0.738 0.886
σn[-] 4.029 4.032 4.719 4.719 4.698 4.698 4.670 4.660 6.055 3.631 3.627 3.602
10 KQ [-] 0.189 0.194 0.169 0.172 0.215 0.219 0.297 0.305 0.271 0.194 0.197 0.274

Figure 2: Computational domain used in the IDDES sim-
ulations, including the domain dimensions. A rotating
sub-domain, implemented using a sliding-mesh approach, en-
closes the propeller, while the stationary region includes the
rudder and upstream wake-reconstruction zone. The zoomed
view highlights the geometric arrangement of the rudder and
the propeller within the rotating region.

2.2.1 Simulation domain and geometry
The computational domain is constructed as a cylindrical
volume enclosing both the propeller and the rudder, fol-
lowing recommended practices for minimising blockage
effects in propeller simulations (Shin et al. 2013). The
domain extends 3.6D upstream and 13.4D downstream,
with a radial extent of 4.4D, as seen in Figure 2. A ro-
tating sub-domain is defined around the propeller using the
sliding-mesh approach with rigid-body motion. The shaft
is extended to the inlet boundary and treated as a slip wall,
consistent with standard full-scale simulation practice.

2.2.2 Spatial resolution
The stationary region uses a trimmed hexahedral mesh,
while the rotating subdomain uses an unstructured poly-
hedral mesh. Surface resolution on the blades and hub is
refined according to established best practices for cavita-
tion modeling (Shin & Andersen 2020), with additional re-
finement along the leading and trailing edges where cavita-
tion inception is expected. Boundary layers are represented
by 10 prism layers with a growth rate of 1.2, resulting in
30 < y+ < 100, consistent with the All-y+ wall treatment.
Upstream refinement is applied to minimize dissipation of
the imposed wake. The final mesh count is approximately
54 million cells.

Figure 3: Local mesh resolution on the suction side of the pro-
peller blades in the IDDES setup. The view illustrates refine-
ment near the leading and trailing edges and increased resolu-
tion at the blade tip to accurately capture cavitation inception
and unsteady pressure fluctuations, which are essential for hy-
droacoustic predictions.

2.2.3 Wake field reconstruction and boundary conditions
The inflow is prescribed using the nominal model-scale
wake field of the vessel, scaled to full-scale. The scaling
procedure follows the ITTC78 effective-wake methodol-
ogy (ITTC 2017a). The transverse wake components are
reconstructed using momentum-source regions located up-
stream of the propeller, following the method of Shin et al.
(2015). Their strengths are iteratively calibrated in precur-
sor simulations to reproduce the desired inflow distribution.

Static pressure is imposed at the outlet, the domain sides
are treated as slip walls, and the rudder, shaft, and propeller
surfaces are treated as no-slip walls. Hydrostatic pressure
is imposed based on the measured full-scale draft to ensure
realistic pressure loading, in line with established practices
for cavitation modeling (Shin & Andersen 2019).

2.2.4 Numerical schemes and time stepping
The segregated flow solver is used for pressure–velocity
coupling. Spatial convection is discretized using
the Hybrid-BCD second-order upwind/bounded-central
scheme suitable for DES/IDDES simulations, and time in-
tegration uses a second-order implicit scheme. A time-step
study was performed to ensure stable resolution of cavi-
tation dynamics, following the approach recommended in
earlier studies of cavitating flows (ibid.). The time step
is progressively reduced: the initial revolutions use 4◦ per



Table 2: Summary of viscous-flow solver settings in
Simcenter STAR-CCM+.

Category Setting
Turbulence model SST k–ω IDDES
Multiphase model VOF + Schnerr–Sauer
Temporal scheme Second-order implicit
Spatial scheme Hybrid-BCD (second-order)
Rotation modeling Sliding mesh in rotating subdomain
Domain extents 3.6D upstream; 13.4D downstream; 4.4D radial
Mesh type Hexahedral (stationary), polyhedral (rotating)
Blade resolution 0.1%D–0.3%D; 0.01%D–0.05%D (LE/tip)
Boundary layers 10 prism layers; 30 < y+ < 100
Cell count ∼ 54 million
Time-step strategy 4◦ → 2◦ → 0.5◦ → 0.25◦ per step
Final timestep ∆t ≈ 3.21 × 10−4 s
Simulation length 25 propeller revolutions
Simulation time ∼ 70 hours per operating condition
FW-H formulation Farassat 1A

time step, while the final revolutions use 0.25◦, correspond-
ing to ∆t ≈ 3.21×10−4 s for the condition B90out. A total
of 25 propeller revolutions is simulated for each operating
condition. A summary of the viscous-flow solver settings
can be found in Table 2.

2.2.5 Hydroacoustic reconstruction
Far-field noise is reconstructed using the impermeable
FW-H acoustic analogy based on the Farassat 1A for-
mulation (Brentner & Farassat 2003), as implemented in
Simcenter STAR-CCM+. The FW-H integration surface co-
incides with the propeller blades and hub. Since the im-
permeable FW-H surface only captures the thickness and
loading terms associated directly with the blade surfaces,
the predicted acoustic field primarily reflects these tonal
features, with broadband contributions stemming from un-
steady surface pressure fluctuations on the blades only. Un-
steady pressure and velocity are exported to a .simh file
and evaluated at the hydrophone position following stan-
dard Simcenter STAR-CCM+ procedure for defining re-
ceiver locations in the post-processing model. A Discrete
Fourier Transform over two propeller revolutions is used to
extract the spectral components.

3 POTENTIAL FLOW BASED NUMERICAL MODELING
As introduced previously, the URN prediction tool used
in the current study is DoLPHiN, which defines equiva-
lent acoustic noise sources based on inputs from a hy-
drodynamic flow solver. In simulations presented in this
paper, the hydrodynamic flow data related to blade rota-
tion and tip vortex cavitation is input from a potential flow
solver ESPPRO, an in-house potential flow code developed
at the Technical University of Denmark (DTU) and cur-
rently owned by Everllence SE. Sheet cavitation model, al-
though available in ESPPRO (Regener 2016), is not used in
the current numerical simulations because fully-developed
sheet cavitation was not observed during the experimental
campaign, for the simulated conditions in Table 1 (Steden
et al. 2026, Section 4).

3.1 Solver setup
The underlying theory and numerical setup, for the hydro-
dynamic flow solver ESPPRO and the hydroacoustic solver
DoLPHiN, are briefly described in this subsection.

3.1.1 Flow model for the rotating propeller
In ESPPRO, unsteady propeller simulations are performed
by applying the Boundary Element Method (BEM) on a
two-dimensional, discretized propeller blade surface, rotat-
ing in a spatially non-uniform velocity field. A brief outline
of the potential flow implementation in ESPPRO is available
in existing literature (Tomy et al. 2024a, Appendix B).

When trying to reproduce full-scale propeller flow in nu-
merical computations, one of the biggest challenges is en-
suring that the blade loading distribution (pressure loading
from root to tip) resembles the real, full-scale condition.
The blade loading determines the induced velocities and
local circulation — the former being the input to the blade
noise model and the latter defining the tip vortex cavita-
tion dynamics. Therefore, a torque identity method (ITTC
2017a) is used in the present simulation to achieve the same
torque coefficient KQ as measured during the full-scale
measurement trials. The torque coefficient is an integral
scalar value that encapsulates the load distribution on the
blade along the radial direction. The torque identity also
accounts for numerical inaccuracies of potential flow in re-
producing the full-scale blade loading distribution.

Since full-scale inflow measurements are not available,
and because the model-scale wake field does not perfectly
scale, a direct reconstruction of the full-scale wake field is
impossible. The nominal model-scale wake field, as seen
in Figure 4, is used in ESPPRO simulations, along with an
iterative adjustment of the axial wake fraction wax in order
to attain the torque identity for the given full-scale operat-
ing condition. The rationale behind this procedure is that
the wake fraction in the measurement conditions is uncer-
tain, but the torque is measured precisely. The propeller
torque is also highly sensitive to the inflow velocity field,
so adjusting the axial wake fraction to match the torque is
physically justified. The same wake field is used for all
operating conditions, with a uniform scaling to achieve the
wake fraction.

3.1.2 Flow model for tip vortex cavitation
The hydrodynamic flow model in ESPPRO for the cavitating
tip vortex is based on the definite integral solution to the
two-dimensional Rayleigh-Plesset-like equation:(

ΥΫ + Υ̇2)
ln

(
ΥD

Υ

)
+ Υ2Υ̇2

2

(
1

Υ2
D

− 1
Υ2

)
=

1
ρ̄

(pc − pvtx) ,

(1)

where Υ is the unsteady cavitation radius of a tip vortex
segment, ΥD is the finite value of the domain radius used
for numerical integration, ρ̄ is the water density, pc is the
pressure inside the cavity and pvtx is the pressure due to
the vortex. Details of the equation and its numerical imple-
mentation are available in Franc & Michel (2005, pp. 226–
227) and Berger (2018, pp. 68–71). The implementation in



Figure 4: Blade discretization and inflow velocity field in
ESPPRO simulations.

Figure 5: Illustration showing the representation of noise-
generating mechanisms in DoLPHiN. Reflected noise sources
represent those included in the numerical simulation to ac-
count for acoustic reflections from the water free-surface.

ESPPRO is further elaborated in Mirsadraee (2019, pp. 15-
28). The finite value of the domain radius ΥD can be used
as a calibration factor that influences the dominant fre-
quency range of tip-vortex cavity dynamics (Tomy 2024,
pp. 146–147). In the current validation study, a domain ra-
dius factor KD (domain radius ΥD expressed as a multi-
ple of the equilibrium cavity radius Υeqm) of 45 is chosen,
after calibrating for the trial condition B90out. The same
domain radius factor is chosen for all the other operating
conditions. The time-dependent characteristics of the cavi-
tating tip-vortex flow model serves as input for the acoustic
model in DoLPHiN.

3.1.3 Acoustic model for radiated noise
DoLPHiN converts the hydrodynamic flow data from
ESPPRO, i.e. the pressure and velocity field on the blades
and tip vortex cavitation dynamics, into equivalent acous-
tic monopoles and dipoles. An illustrative representation
of the acoustic sources for marine propeller flow is given
in Figure 5. Blade-displacement noise sources are com-
puted based on the Farassat 1A formulation of the Ffowcs
Williams–Hawkings equation (Brentner & Farassat 2003).
Tip vortex cavity noise sources are computed based on the
idealization of the helical cavity into an elongated cylinder
(Tomy 2024, Section 4.6). Effects of acoustic reflections
from the water free-surface are considered by implement-
ing mirrored sources, as seen in Figure 5. DoLPHiN uses
the time-history data from ESPPRO for the last 4 propeller
revolutions, during which the cavity dynamics is consid-
ered to be sufficiently converged (see Mirsadraee 2019,
Figure 3.8).

3.2 Sensitivity Studies
The potential flow approach in computational hydrody-
namics is based on the assumption that the viscous ef-
fects in the flow can be neglected, which simplifies the
flow physics and reduces the computational effort. It is
important to identify the impact of this simplification on
the specific simulation scenario under consideration here,

i.e. prediction of radiated noise from the propeller. The ac-
curacy of the acoustic solver DoLPHiN is directly related to
an accurate representation of the pressure fluctuations on
the blade and cavity surfaces in the flow solver ESPPRO.
Therefore, sensitivity studies of the spatial and temporal
resolution in ESPPRO are evaluated to ensure that the best
possible recreation of the pressure fluctuations in the flow
field is achieved.

The spatial and temporal resolution for the simulations are
decided based on respective sensitivity studies for the sim-
ulation case ‘B90out’. The evaluation parameters used are
the Radiated Noise Level (RNL) predictions at the blade
harmonics (RNLq for the qth harmonic) for the blade-
displacement noise sources, and the predicted broadband
hump frequency fΛ in the RNL spectrum for the tip vor-
tex cavity noise sources. For the latter, the acoustic sig-
nal from a single blade passage is considered so that
the spectral hump is clearly distinguishable (Tomy 2024,
p. 146). The error metric used (e.g. ∆RNLq) for the sensi-
tivity studies is the difference between the predicted values
(e.g. RNLq) and that of a fine-resolution reference solution
(e.g. ∆RNLq (reference solution)), i.e.

∆RNLq = RNLq − RNLq (reference solution) , (2)

∆fΛ = fΛ − fΛ (reference solution) . (3)

3.2.1 Angular step-increment
Proper selection of the angular step-increment is crucial to
avoid significant loss of information along the cavitating
vortex line in the flow model (Mirsadraee 2019, p. 36). The
angular step-increment also decides the number of wake
panels used in ESPPRO simulations (Regener 2016, p. 31)
and also influences the calculation of the velocity potentials
on the blade surface. Therefore, the sensitivity study on an-
gular step-increment includes both the blade-displacement
noise sources and the tip vortex cavity noise sources.

The results for the angular step-increment sensitivity study
is shown in Figure 6a, which has been conducted on a blade
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Figure 6: Sensitivity studies, showing the difference in calculated Radiated Noise Levels (RNL) from that of a reference solution.
RNL1 to RNL6 are the RNL due to the blade displacement noise sources at the respective blade harmonics. fΛ is the calculated
value of the broadband hump center-frequency due to tip vortex cavity noise sources, considering single-blade passage. Free-
surface reflected noise sources are also included in the evaluation for all cases.

mesh density of 15 × 20. The reference solution uses an
angular step-increment of 0.20°. The Radiated Noise Level
predictions at the blade harmonics show a consistent behav-
ior, approaching a very small difference from the reference
solution for decreasing angular step-increments. Similar
trend is also seen for the center-frequency of the broadband
hump. The Radiated Noise Level at the broadband hump
frequency, RNLΛ, is not used as an evaluation parameter
because the difference in sampling rate (for different angu-
lar step-size) affects the maximum frequency component in
the Discrete Fourier transform, and hence has an influence
on how the spectral energy is distributed along the broad-
band hump.

The sensitivity study suggests that an angular-step size of
1.0° is sufficient to restrict the numerical error in Radiated
Noise Level predictions at blade harmonics to 1 dB and in
the broadband hump frequency to 0.01 Hz. Nevertheless,
an angular step-size of 0.5° is used for the numerical sim-
ulations. This is because a larger angular-step size restricts
the maximum frequency in the acoustic signal that can be
sampled without any loss of information, according to the
Nyquist–Shannon sampling theorem (Shannon 1949).

3.2.2 Spatial resolution
The spatial resolution refers to the mesh density used
to discretize the propeller blade in ESPPRO simulations,
i.e. number of mesh elements in the spanwise and chord-
wise directions. This has a direct impact on the computed
velocity potentials on the blade surface, and hence the im-
pact of blade mesh density on Radiated Noise Level pre-
dictions at the blade harmonics is investigated. The blade
mesh density also has an indirect impact on the tip vortex
cavity dynamics, because a denser mesh at the tip improves
the resolution of the circulation distribution calculated by

ESPPRO. However, this impact is not considered in the cur-
rent study because the numerical simulations use the cali-
bration factor KD to arrive at the known broadband hump
frequency fΛ for one given operating conditions (see Sec-
tion 3.1.2). Hence, any sensitivity on the computed circu-
lation is transformed into a change in KD, which remains
the same for all simulations.

In Figure 6b, the sensitivity study with respect to the blade
mesh density is shown, where an angular step-increment
of 0.5° is used. The reference solution is based on a
blade mesh density of 50 × 50, i.e. 4900 elements per
blade. The mesh densities used in the sensitivity study
are 10×15, 15×20, 20×25, 25×30, 30×35, 35×40, and
40×40. From the results, a mesh size of 20×25 restricts the
mesh-resolution numerical error in Radiated Noise Level
predictions at blade harmonics to 1 dB, except for the third
harmonic. It is likely that the reason for the high errors,
only for the third harmonic, comes from the numerical im-
plementation, but the exact reason has not been scientifi-
cally ascertained. Considering the practical constraints on
computational time, a blade mesh density of 20×25 (960
elements per blade) is selected for the numerical simula-
tions, while acknowledging the relatively large errors as-
sociated with the prediction of third-harmonic noise levels.
The selected blade mesh resolution can be seen in Figure 4.

4 VALIDATION IN THE NEAR-FIELD
Prior to validating the noise-prediction capabilities of
DoLPHiN with full-scale radiated-noise measurements, a
validation study is conducted with respect to the predic-
tion of near-field pressure-pulses. This is a useful first-step
for validation because the near-field pressure-pulse mea-
surements using hull-mounted pressure-sensors has rela-
tively lower uncertainties than the far-field pressure mea-
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Figure 7: Comparison of root-mean-square (RMS) pressure-pulse levels from different prediction methods at multiples of
the propeller blade-passing frequency. The pressure-sensor is mounted to the ship hull, at coordinates x = 0.149 m, y =
−0.15 m, z = 2.96 m. A solid boundary factor of 1.8 is applied to all numerical predictions. In order to maintain parity with
ESPPRO and Simcenter STAR-CCM+ results, which do not include the water free-surface, DoLPHiN pressure-pulse predictions do
not include the contribution of the free-surface reflected noise sources.

surements using the hydrophone. Environmental factors
such as acoustic reflections from multiple surfaces, vari-
ation of water density and salinity, and background noise
from other ambient noise sources are some of the factors
that contribute to the higher uncertainty in the hydrophone
measurements. Moreover, the acoustic pressure measured
in the far-field is of a very small magnitude as compared
to near-field pressure pulses, which means that the rela-
tive effect of measurement device error is much higher in
the case of the former. In addition to the pressure-sensor
measurements in the full-scale trials, hydrodynamic predic-
tions from a higher-fidelity Navier-Stokes solver (as given
in Section 2.2) is also used to aid in the verification study
for pressure-pulses.

In Figure 7, the predicted pressure-pulse levels at harmon-
ics of the blade-passing frequency are compared against
the full-scale measurements. The predicted pressure-pulse
levels from Simcenter STAR-CCM+ show a generally good
agreement with those from the measurements, thereby con-
firming its suitability to be used as a validation bench-
mark. There is a discrepancy between the higher-order
harmonic prediction of Simcenter STAR-CCM+ and the
measurements for the condition N70in - this is likely due
to a slight under-prediction of the torque coefficient in
Simcenter STAR-CCM+ simulations for N70in.

Comparing the ESPPRO potential flow simulation results
against the validation benchmarks, the first harmonic is pre-
dicted within a deviation of ± 1 dB and the second har-
monic within ± 5 dB. For higher harmonics, the potential
flow solver under-predicts the pressure-pulses. This may
be attributed to viscous effects which are not considered in
the potential flow solver. Large-scale eddies due to flow
separation, as well as the influence of the rudder, are some
of the factors that could contribute to the under-prediction
of the higher harmonics. This is a direct consequence of the
inviscid flow assumptions inherent to potential flow theory.

The accuracy of pressure-pulse prediction from DoLPHiN
depends on the accuracy of the hydrodynamic flow input
that is fed into it. Hence, it is along expected lines that
the near-field pressure-pulse prediction of DoLPHiN fol-
lows the same trend as that is observed for the potential
flow solver ESPPRO. The pressure-pulses at the third har-
monic and beyond are slightly higher than that predicted by
ESPPRO, but the viscous effects are not captured.

5 VALIDATION IN THE FAR-FIELD
Validation of the far-field radiated noise predictions by
DoLPHiN is done in comparison with the results from the
full-scale measurement campaign (see Section 2.1). In the
numerical computations, the amplitude of pressure fluctu-
ations are computed for a far-field point, approximately
100 m away from the propeller center. The resultant Sound
Pressure Level (SPL) is converted to Radiated Noise Level
(RNL) assuming a spherical transmission loss function TL
such that TL = 20 log10 (r), where r is the distance of the
far-field point from the propeller center.

Figure 8 shows the Radiated Noise Level (RNL) spectra
predicted by DoLPHiN for the 12 operating conditions in-
vestigated in this paper (see Table 1), and their compar-
ison with respective full-scale measurements. The con-
tributions from the blade-displacement noise sources and
tip vortex cavity noise sources (without free-surface reflec-
tion) are separately shown, along with the total predicted
RNL. As the hydrodynamic flow input from ESPPRO does
not contain any statistical model to account for flow turbu-
lence, the noise predictions from DoLPHiN are of a periodic
nature with noise components only at multiples of blade-
passing frequency. While comparing the noise predictions
with full-scale measurements, one needs to be aware that
the uncertainty estimates can be of the order of ±10 dB if
the uncertainties in the measurements and the numerical
setup are all taken into account (see Section 7.2.4 of Tomy
2024, for further discussion).
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Figure 8: Comparison of narrowband Radiated Noise Level (RNL) spectra predicted by DoLPHiN with experimental measure-
ments. The horizontal axis shows frequency in Hz and the vertical axis shows RNL in dB, re x µPa m.
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Figure 9: Predicted broadband hump characteristics (fΛ, RNLΛ) compared with those calculated from the experimental noise
spectra. Slope and regression-fit coefficient (R2) for each dataset are indicated in their respective colors. The respective oper-
ating conditions are indicated as small text inside each marker.

A direct comparison of the numerical prediction of the
noise spectra with those measured in the experimental cam-
paign provides only a partial understanding of the capabil-
ities of the simulation tools. One of the major strengths
of the acoustic model in DoLPHiN is its ability to sepa-
rate the noise predictions from different noise-generating
mechanisms. Hence, the noise-predicting capabilities of
each module, i.e. tip vortex cavity noise sources and blade-
displacement noise source, are analyzed in isolation in the
following subsections.

5.1 Radiated Noise due to Tip Vortex Cavity
Regarding the prediction of the broadband hump in the
noise spectra, it can be seen that the approach based on
the combination of a simplified Rayleigh–Plesset equation
for tip-vortex cavity dynamics and spherical noise source
along the cavity axis (Model 1D mentioned in Tomy et al.
2024a) provides a good estimate. The variation in the cen-
ter frequency of the broadband hump across different oper-
ating conditions is well-predicted, using the same value of
the domain radius factor KD in all simulations.

Apart from a qualitative evaluation of the prediction of the
broadband hump based on visual interpretations, a quan-
titative evaluation is done using proportionality relation-
ships that relate the broadband hump on the noise spectrum
to propeller operating conditions. Bosschers (2018, Sec-
tion 7.5.3) provides such theoretical relations between the
broadband hump characteristics in terms of the cavitation
number σn and the thrust coefficient KT . In the present
work, the torque coefficient KQ is used in the proportion-
ality relations instead of KT , with a reasonable assumption
that they are linearly related. This is because the propeller
torque is measured precisely in the experimental campaign
(Steden et al. 2026). Accordingly, the proportionality rela-
tions are:

fΛ

fbp
∝ σn

τtipKQ
, (4)

RNLΛ ∝ 20 log10

(
τtipKQ√

σn

)κ1

, (5)

where κ1 is an empirical exponent and τtip is a non-
dimensional tip loading parameter that depends on the
propeller geometry. These proportionality relations are
graphed in Figure 9, for the measurement dataset and
DoLPHiN predictions.

According to Figure 9a, the experimental dataset shows
a good regression-fit for the proportionality relationship
in Eq. (4). This dataset includes the operating conditions
where local tip vortex cavitation that convects downstream
into a trailing vortex is observed (ibid.). The same param-
eters are plotted for the numerical predictions by the tip-
vortex cavity noise model in DoLPHiN, where the predicted
center frequency fΛ is always an integer multiple of the
blade passing frequency fbp owing to the periodicity in the
simulated flow dynamics. The exact prediction of the cen-
ter frequency is slightly different, but the same trend is ob-
served in terms of the regression-fit and the slope of the
best-fit line. This validates the approach used in DoLPHiN
in predicting the location of the broadband hump for full-
scale applications.

It may be noted that the regression-fit for DoLPHiN in
Figure 9a does not include the data-points for B65in and
B65out. This is because the trailing vortex in these con-
ditions dissipate into the downstream flow field within a
quarter-period of blade rotation, as seen from the visual
observations from the experimental campaign. The same
behavior is observed for ESPPRO numerical simulations,
where significant fluctuations of the cavity volume are ab-
sent. Hence, these data points are excluded from the data-fit
for DoLPHiN; nevertheless, they are retained in the plot for
the sake of completeness.

The comparison for the proportionality relationship is
shown in Figure 9b. The linear fit is not as clear here;
hence, no regression-fits are included in the plot. This is
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Figure 10: Comparison of far-field Radiated Noise Levels (RNL) from different prediction methods at multiples of the propeller
blade-passing frequency. For all numerical simulations, a solid boundary factor of 1.8 is considered to account for hull reflec-
tions. ‘DoLPHiN Blade Noise’ refers to the computed RNL due to blade-displacement noise sources, without any free-surface
reflected noise sources. ‘DoLPHiN Total Noise’ includes the contribution of all noise sources, i.e. blade displacement, tip vortex
cavity, and their free-surface reflections.

due to the larger uncertainties surrounding the Radiated
Noise Level values in the predictions, as well as the mea-
surements (similar observations are made in Tomy 2024,
Section 7.2.2). Moreover, the validity of the assumptions
that τtip is constant across different pitch settings and that
KQ is linearly related to KT , would also influence the na-
ture of this proportionality relationship.

The predicted peak Radiated Noise Level RNLΛ from
DoLPHiN is higher than that from the experimental mea-
surements for all cases. This is because the numerical pre-
diction model currently has no mechanism to distribute the
spectral energy in between tonals. It would be necessary to
include such a broadband tip-vortex model, similar to the
implementation by Bosschers (2022), before a reasonable
validation with respect to RNLΛ can be performed.

The predicted distribution of the spectral hump shows a de-
cent agreement for the ‘right-side’ of the hump (i.e. f >
fΛ), but the spectral energy distribution on the ‘left-side’
of the hump is under-predicted. Further investigation is re-
quired to determine whether this is a limitation of the nu-
merical model for tip-vortex cavity dynamics or the real-
world effects of other noise-generating mechanisms. Such
an investigation is beyond the scope of the current work.

5.2 Radiated Noise due to Blade Displacement
The prediction of noise levels at blade harmonics is an im-
portant aspect of a propeller noise-prediction tool, as a sig-
nificantly large part of the spectral energy is concentrated
at these frequencies. From Figure 8, it is clear that the
blade-displacement noise sources form the dominant noise-
generating mechanism at lower blade harmonics, whereas
the tip vortex cavity noise-sources are more prominent at
higher harmonics. A more detailed comparison between
the predicted noise levels at the lower harmonics and the
corresponding experimental measurements is presented in
this subsection. The acoustic computations in the viscous
solver Simcenter STAR-CCM+, performed using an imper-
meable FW-H surface defined around the propeller blades,

are also used to aid in the validation process for the blade-
displacement noise sources in DoLPHiN.

The Radiated Noise Level (RNL) predictions for the first
5 blade harmonics from the validation benchmarks and
DoLPHiN computations are compared in Figure 10. Com-
paring the predicted noise from Simcenter STAR-CCM+
and the blade-displacement noise from DoLPHiN, it can
be seen that the first harmonics for the conditions B90out
and EC10in are predicted within a discrepancy of 1.5 dB.
The discrepancy increases for the higher-order harmonics,
which is attributed to the same reason previously identified
in the near-field validation (Section 4), i.e. viscous effects
in the flow that are not captured by the potential flow solver.
For a purely periodic noise source, such as in the case of
the numerical simulations using ESPPRO, the fundamental
frequency (i.e. first harmonic of blade-passing frequency)
has the largest amplitude, and the amplitudes of higher har-
monics typically decrease with increasing harmonic num-
ber. However, this is not entirely true in real-world situa-
tions where viscous effects such as flow separation and the
interaction between different noise-generating mechanisms
affects the noise levels at higher harmonics.

For the operating condition N70in, larger discrepancies
are found between the predictions from DoLPHiN and that
from Simcenter STAR-CCM+. It is hypothesized that this
discrepancy arises because flow phenomena such as pro-
nounced pressure gradients near the leading and trailing
edges of the blade are difficult to accurately resolve using
a potential flow solver. Based on the cavitation observa-
tions from the experimental campaign (Steden et al. 2026,
Section 4.1), a leading-edge vortex along with a local-tip
vortex is observed for the trial condition N70in, both of
which contribute to the cavity dynamics of the trailing vor-
tex. For the conditions B90out and EC10in, only a local-
tip vortex is observed. While the leading-edge vortex cav-
ity itself is not included in neither the impermeable FW-
H computations in Simcenter STAR-CCM+ nor the blade-
displacement noise model in DoLPHiN, the flow solver for



the former better captures the pressure drop at the leading-
edge which leads to its formation. A rigorous validation of
this hypothesis would necessitate the examination of more
operating conditions, which is beyond the intended scope
of the present study.

6 CONCLUSION
Underwater radiated noise (URN) prediction is an emerg-
ing and increasingly critical challenge in propeller hydro-
dynamics. Integration of URN simulations into routine
propeller design process is often limited due to the sub-
stantial computational cost typically associated with them.
In this context, the potential flow based URN prediction
capability of DoLPHiN provides significant value for in-
dustrial applications in propeller hydroacoustics. For in-
stance, the acoustic-analogy computations performed us-
ing the viscous-flow solver in Simcenter STAR-CCM+ re-
quired about 70 hours on 512 high-performance computing
cores. In contrast, the equivalent ESPPRO–DoLPHiN sim-
ulation was completed in roughly 2 hours on a standard
workstation equipped with 128 GB of RAM. The computa-
tional savings become even more substantial when multiple
operating conditions or design variants must be assessed.

Although the potential flow based approach provides a
computationally efficient alternative, its applicability de-
pends on the consistency with which it can approximate
noise predictions for real, full-scale, operating conditions.
This aspect is addressed in this paper, through numerical
investigations for a broad range of operating conditions.
The general outcomes from the validation study, with re-
spect to the noise-predicting capabilities of DoLPHiN, are:

(i) The tip vortex cavitation noise model is able to pre-
dict the center-frequency of the broadband hump with
a good accuracy, provided it is calibrated with known
results from one operating condition. When the vali-
dation process is repeated for multiple blade geome-
tries, it is anticipated that a more generic value of the
calibration coefficient KD can be arrived at.

(ii) The noise level prediction at the broadband hump is
conservative and falls within an acceptable deviation
range, which is consistent with expectations given the
absence of a statistical model for spectral energy dis-
tribution between tonals.

(iii) The noise level at the first two blade harmonics is pre-
dicted with a good accuracy, and the accuracy is linked
to the pressure distribution and cavitation predicted by
the flow solver. The case of tip vortex cavitation has
been validated in the current study, and that of sheet
cavitation has been investigated previously (Tomy et
al. 2024b; Tomy 2024). However, the case of leading-
edge vortex cavitation still remains difficult to simu-
late using a potential flow solver.

(iv) The noise level at higher harmonics seem to be in-
fluenced by factors other than the periodic pressure
fluctuations predicted by unsteady potential flow sim-
ulations in a spatially varying ship wake field. This
could be due to the influence of viscous effects such
as flow separation or the interaction with appendages
such as the rudder.

The future prospects of the practical application of
DoLPHiN follow directly from the outcomes mentioned
above. Incorporating a statistical model for distributing the
spectral energy of tonal components would significantly
enhance the current tip-vortex cavitation noise model.
Moreover, extending the capabilities of the potential-flow
solver remains essential for improving the fidelity of noise
predictions. In particular, accounting for modifications to
the blade-surface pressure distribution arising from flow
separation at both the leading and trailing edges would
enable more realistic acoustic simulations. Collectively,
these developments would further strengthen the utility of
DoLPHiN as a comprehensive and practical tool for pro-
peller design and optimization.
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NOMENCLATURE

Greek symbols

ρ̄ Water density, 1025.86 kg m−3

σn = pamb − pv + ρ̄gzhub
1
2 ρ̄n2D2 , cavitation number based

on rotational speed

ΥD Domain radius used in the integration of the two-
dimensional Rayleigh-Plesset equation

Υeqm Equilibrium cavity radius

Latin symbols

D Propeller diameter in m

fΛ Center-frequency of broadband hump

fbp Blade-passing frequency

KD = ΥD

Υeqm
, Domain radius factor

KQ Propeller torque coefficient

N Propeller rotation speed in rpm

n Propeller rotation speed in rps

pamb Ambient pressure, 1.013 × 105 Pa

pv Vapour pressure of water, 1668.9 Pa

RNL Radiated Noise Level, in dB, re x µPa m

RNLΛ Radiated Noise Level at fΛ



wax Axial wake fraction

x Reference value used to normalize radiated noise
and pressure-pulse levels

zhub Immersion of propeller hub-center from water sur-
face
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