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

Efficient Prediction of Cavitation-induced Underwater Noise in Ducted
Propulsors via Vortex-Particle and Semi-Empirical Modeling

Suraj R. Kashyap1, Zhi Cheng3, Waltfred Lee2, Giorgio Burella2, Brendan Smoker2, Rajeev
K. Jaiman3,∗

1SimBlue Marine Solutions Inc., Vancouver, BC, Canada
2Robert Allan Ltd., Vancouver, BC, Canada

3Department of Mechanical Engineering, The University of British Columbia, Vancouver, BC, Canada

ABSTRACT

Cavitation on marine propellers is a dominant source of
underwater radiated noise (URN) and a key design con-
straint for modern low-noise vessels. High-fidelity nu-
merical simulations can accurately predict cavitation dy-
namics and noise, but they remain too expensive for rou-
tine design iterations, especially when ducted propulsors
and large parameter spaces are considered. In this work,
we present an efficient workflow that combines vortex-
particle hydrodynamics for ducted marine propellers with a
semi-empirical cavitation-noise model. The hydrodynam-
ics are obtained using the open-source solver FLOWUN-
STEADY, originally developed for aerodynamic rotorcraft
applications and here adapted and coupled with the surface-
panel solver FLOWPANEL to analyze a ducted Kaplan
propeller in a 19A duct. The framework is first validated
against canonical test cases, including flow past an ellipti-
cal hydrofoil and the PPTC P1790 propeller in open water.
Hydrodynamic outputs such as blade circulation, section
loading, and tip-vortex properties are then used as inputs
to an in-house semi-empirical noise tool (PROPCAL) that
implements established broadband and tonal cavitation-
noise models. The resulting source-level spectra are com-
pared against sea-trial measurements for a full-scale ducted
propulsor, showing good agreement across the cavitation-
dominated frequency range while requiring computational
resources several orders of magnitude lower than large-
eddy simulations. The proposed workflow provides a prac-
tical and accurate tool for propulsor design and noise-
mitigation studies in the early stages of the design.
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Cavitation noise; Ducted marine propeller; Vortex particle
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1. INTRODUCTION

Underwater Radiated Noise (URN) has become a signif-
icant concern in recent decades with increasing shipping
traffic worldwide. It poses a threat to the marine ecosystem
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and affects the comfort of crew and passengers. Within
the frequency range of 10 Hz to 1 kHz, shipping-induced
URN has particularly adverse effects on marine mammals.
Seagoing vessels produce a complex noise signature con-
sisting of various components such as rotating machin-
ery noise, hydrodynamic flow noise, and radiated propeller
noise. Cavitation on the propeller blades contributes both
tonal and broadband noise and can dominate the URN
spectrum once inception occurs, with significant content
extending into the high-frequency range. Consequently,
extensive research has been conducted to understand and
mitigate propeller noise.
Current state-of-the-art prediction approaches rely on high-
fidelity multiphase computational fluid dynamics (CFD)
combined with acoustic analogies [18, 26]. Large-eddy
simulations coupled with cavitation models and Ffowcs–
Williams–Hawkings (FW–H) acoustics can resolve the de-
tailed dynamics of sheet and tip-vortex cavitation and pro-
vide accurate URN predictions [11, 12]. However, these
require substantial high-performance computing resources,
the coupling of multiple computational tools, and signifi-
cant user expertise. Such approaches are therefore too ex-
pensive for routine design iterations or for broad paramet-
ric studies of propeller and duct geometry. Thus, there is
strong demand for computational frameworks that enable
accurate, yet cost-effective parametric design studies.
Early work such as that of Brown [9, 10] focused on purely
empirical approaches to describe the broadband noise gen-
erated by cavitation. These models were based on ex-
perimental observations and provided useful insights into
the scaling of noise with operating conditions and pro-
peller/hull geometry. However, they lacked a direct con-
nection to the underlying physics of cavitation dynamics
and were limited in their applicability to specific cases. The
development of semi-empirical methods incorporated the-
oretical aspects into the cavitation modeling, and different
strategies were applied to model the tonal and broadband
noise sources. Tonal noise from cavitating propellers has
largely been associated with cavitating tip vortices shed
from the blade tip and to some extent oscillating sheet cavi-
ties on the blade surface, whereas broadband noise has gen-
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erally been attributed to the collapse of vortices and bubble
clouds from shedding sheet cavitation. Matusiak [20] in-
troduced a theoretical method to model the collapse of free
bubbles due to sheet cavitation. The volumetric change
in the unsteady sheet cavity was correlated with the quan-
tity of cloud shedding. The model estimated the number
and size distribution of the cavitation bubbles in the shed
cloud, and the bubble dynamics equations were used to
obtain the broadband URN levels. Models for tonal noise
from tip vortex cavitation were developed by Raestad [24],
Maines and Arndt [19] and Bosschers [5, 7, 8]. In partic-
ular, the Empirical model for Tip Vortex cavitation noise
(ETV-model) proposed by Bosschers has undergone mul-
tiple iterations, including coupling with a Boundary Ele-
ment Method (BEM) code and a 2D vortex model to predict
cavity size [7]. The cavity size and natural frequency are
then used as input to predict the characteristic hump-shaped
tonal noise spectrum produced by tip vortex cavitation.
In recent work, Kalikatzarakis et al [15] combined the
broadband noise model of Matusiak[20] and the ETV
model of Bosschers[6, 8] to predict the total spectrum of
cavitating marine propellers. Both models contain mul-
tiple tuning parameters, and Kalikatzarakis et al. used a
dataset of 432 experiments for calibration and prediction
of URN. Other recent work [16, 21, 22, 23] explores the
combination of Data-Driven Models (DDMs) with Physi-
cal Models (PM), such as the semi-empirical models dis-
cussed above to learn and predict characteristic features of
the URN spectrum. This enhances the predictive accuracy
of the semi-empirical models but necessitates training on
large experimental datasets.
While semi-empirical acoustic models have matured con-
siderably, their predictive capability ultimately depends on
the quality of the hydrodynamic inputs. Recent develop-
ments in computational methods for aerial propulsors have
focused on efficient vortex methods that can capture the
unsteady aerodynamics of propellers and their wakes at a
fraction of the cost of full CFD. The reformulated vortex
particle method (rVPM) implemented in the open-source
FLOWUNSTEADY code has shown promise for rotorcraft
applications [2, 1], and its adaptation to marine flows could
provide a powerful tool for propeller noise prediction when
coupled with semi-empirical acoustic models.
In this work, we develop and apply an accurate and low-
cost workflow to predict cavitation-induced URN of ducted
marine propulsors. The key idea is to combine an efficient
vortex-particle method (VPM) for propeller hydrodynam-
ics with a semi-empirical noise model in a modular man-
ner. The framework consists of three main components:
(i) adaptation of the open-source VPM code FLOWUN-
STEADY to marine applications and validation for canoni-
cal test cases; (ii) coupling of FLOWUNSTEADY with the
panel code FLOWPANEL to analyze a ducted Kaplan pro-
peller in a 19A duct; and (iii) development of an in-house
Python-based semi-empirical noise tool, PROPCAL, which
implements established models for broadband and tonal
cavitation noise. The overall objective is not to introduce
new acoustic theory but to demonstrate that an appropri-

ately coupled VPM–Panel-Semi-empirical framework can
deliver reliable URN predictions for ducted propellers at
a fraction of the computational cost of full CFD. The
present contribution is therefore primarily engineering- and
application-oriented, with emphasis on the workflow in-
tegration and validation against experiments and sea-trial
data.
The remainder of this paper is organized as follows. Sec-
tion 2 describes the coupled numerical framework, includ-
ing the vortex-particle hydrodynamic solver, the panel-
based duct representation, and the semi-empirical acoustic
modeling approach, as well as the data transfer between hy-
drodynamic and acoustic components. Section 3 presents
a hierarchical validation of the hydrodynamic solver, pro-
gressing from a canonical elliptical hydrofoil to an open
propeller benchmark and finally to a ducted propulsor con-
figuration. Section 4 applies the complete workflow to full-
scale conditions and compares the predicted cavitation-
induced source levels with sea-trial measurements, fol-
lowed by a discussion of model limitations. Finally, Sec-
tion 5 summarizes the main findings and outlines directions
for future work.

2. NUMERICAL FRAMEWORK

This section describes the numerical workflow developed
for the prediction of cavitation-induced underwater radi-
ated noise from ducted marine propellers. The framework
consists of two tightly integrated components: (i) a hydro-
dynamic solver combining a vortex-particle method and a
potential-flow panel method to compute the unsteady blade
loading and wake, and (ii) a semi-empirical acoustic model
that uses the resulting flow quantities to predict broadband
and tonal cavitation noise. The emphasis is on modular
coupling and computational efficiency while preserving the
physical mechanisms governing cavitation dynamics.

2.1 Hydrodynamic solver

The hydrodynamic solution is obtained by coupling a re-
formulated vortex particle method (rVPM) for the propeller
blades with a boundary-element panel method for the duct
and hub. The combined solver provides the time-resolved
circulation, velocity and pressure fields required by the
acoustic model.

2.1.1 Reformulated Vortex Particle Method Solver

The hydrodynamic loading on the propeller blades and
the associated wake are computed using the open-source
framework FLOWUNSTEADY [1], which implements the
reformulated vortex particle method developed by Alvarez
and Ning [2]. The rVPM is a meshless large-eddy simu-
lation (LES) method derived from the LES-filtered incom-
pressible Navier-Stokes equations written in vorticity form.
In what follows, all flow quantities are understood to be
spatially filtered, and the overbar notation is omitted for
clarity. The reader is referred to [1] for a detailed deriva-
tion.
The LES-filtered vorticity equation solved by rVPM is

d!

dt
= (! � r)u+ �r2! �Eadv �Estr; (1)
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where! = r�u is the filtered vorticity field, � is the kine-
matic viscosity, and Eadv and Estr denote the subfilter-
scale (SFS) contributions arising from vorticity advection
and vortex stretching.
In the vortex particle method, the unfiltered vorticity field
is first discretized using singular vortex particles located at
positions xp with vortex strengths �p. Application of the
filter operator results in a regularized, continuous vorticity
field approximated as

!(x; t) �
X
p

�p(t) ��p
(x� xp(t)) ; (2)

where ��p is a radially symmetric filter kernel of width �p
(Gaussian in the present implementation). The parameter
�p represents the particle smoothing radius (core size) and
evolves dynamically in the reformulated VPM to reinforce
local conservation properties.
The velocity field is reconstructed from the particle distri-
bution using a regularized Biot–Savart relation consistent
with the chosen filter kernel,

u(x) = � 1

4�

X
p

g�p
(x� xp)

x� xp
jx� xpj3

� �p; (3)

where g�p
is the regularization function associated with

��p
. This meshless formulation preserves coherent vorti-

cal structures and enables accurate resolution of propeller
tip vortices without the need for a volumetric grid.
In the present work, FLOWUNSTEADY is used in an
actuator-line/lifting-surface configuration. Bound vortex
particles are embedded on the blade surfaces on the basis
of sectional airfoil data, whereas free vortex particles are
shed into the wake. The resulting bound circulation distri-
bution �(r; t) and the resolved wake vorticity field provide
the blade loading and local flow quantities required by the
semi-empirical cavitation-noise model.

2.1.2 Panel Method Solver

The duct and hub are modelled using the open-source
boundary-element solver FLOWPANEL [2]. The method
assumes incompressible, inviscid, and irrotational flow in
the fluid domain 
, such that the velocity field can be ex-
pressed in terms of a scalar potential � as

u = r�; r2� = 0 in 
: (4)

The total potential is written as the sum of a freestream
component �1 and a disturbance potential �b.
On the solid surface S, the impermeability condition en-
forces zero normal velocity,

n � r� = 0 on S; (5)

where n is the outward unit normal.
Following classical boundary-element theory, the solution
of Eq. (4) subject to Eq. (5) is obtained through a surface in-
tegral representation derived from Green’s second identity.
The geometry is discretized into planar panels that carry

constant-strength source (�) and vortex-ring (doublet) ele-
ments. For a constant-strength source panel, the potential
induced at a field point x is given by

�(x) = � �

4�

Z
S

1

r
dS; r = kx� �k; (6)

where � denotes a point on the panel surface. The doublet
contribution is evaluated using the gradient of the funda-
mental solution.
By assembling the influence of all panels and enforcing the
impermeability condition at the collocation points, a lin-
ear system is obtained for the unknown source and doublet
strengths. The surface velocity is then computed from the
potential gradient, and the corresponding pressure distribu-
tion is recovered using the Bernoulli equation within the
limits of the potential-flow theory.
In the present work, FLOWPANEL is used as part of
an actuator-surface model for the duct. The panel so-
lution provides the surface vorticity distribution required
to satisfy the no-flow condition; this vorticity is subse-
quently immersed in the vortex-particle LES domain de-
scribed in Section 2.1. The induced velocity field in the
propeller plane is extracted and supplied to FLOWUN-
STEADY, which accounts for the influence of the duct on
the loading of the blade and the development of the wake.
The underlying potential-flow formulation follows the im-
plementation documented in [2].

2.1.3 rVPM–Panel coupling strategy

The ducted-propeller simulations employ a loosely cou-
pled, partitioned interaction between the vortex-particle
/ lifting-surface solver in FLOWUNSTEADY and the
potential-flow panel solver in FLOWPANEL. Both solvers
are treated as modular components within a common time-
marching framework, with the coupling strategy imple-
mented in the present work.
The vehicle object in FLOWUNSTEADY contains (i) a
VLM/rotor system describing the propeller blades and (ii)
a FLOWPANEL MultiBody object representing the 19A
duct and hub. A dedicated panel solver is generated within
FLOWUNSTEADY. During initialization, the panel influ-
ence matrix is assembled, and its LU decomposition is
computed once. Provided the relative geometry of the pan-
eled bodies remains fixed, this factorization is reused at ev-
ery time step, reducing the cost of the boundary-element
solve.
At each aerodynamic time step, the coupling proceeds se-
quentially in an explicit manner. The panel solver is first
invoked. The velocity boundary condition imposed on the
duct surface includes contributions from the freestream,
rigid-body motion, and the velocity induced by the exist-
ing vortex-particle field (including blade wake, panel wake,
and bound circulation representations). The panel system
is then solved for the surface strengths, and the induced ve-
locity field from the duct is evaluated at the propeller plane.
The blade solver subsequently advances the lifting-
surface/VPM solution using an inflow that combines the
freestream, the duct-induced velocity, and the velocity in-
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duced by the complete vortex-particle field. After updat-
ing the blade circulation, both the propeller and the duct
shed vorticity into a common vortex-particle field, which is
then convected and diffused according to the rVPM formu-
lation described in Section 2.1. No sub-iterations between
the solvers are performed within a time step. The resulting
time-marching procedure is summarized in Algorithm 1.

Algorithm 1 Explicit partitioned VPM–Panel coupling

Require: Initial vortex fieldW0, blade circulation �0

Ensure: Updated fields f�n;Wng at each time step
1: for n = 0 to Nlast do
2: Update kinematics (rigid-body motion and rotor

position)
3: Panel solve (duct)

1. Evaluate velocity on duct surface:

unS = u1 + unmotion + unVPM

2. Solve boundary-element system for duct surface
strengths

3. Evaluate induced velocity at propeller plane:

unD!P = r�nD

4: Steady wake shedding
1. Shed blade trailing-edge vorticity

2. Shed duct trailing-edge vorticity

3. Update vortex-particle fieldW
5: Blade solve (VLM/VPM)

1. Form blade inflow:

unin = u1 + unD!P + unVPM

2. Solve for updated blade circulation �n+1

6: Unsteady shedding and VPM advance
1. Shed additional unsteady loading contributions

(if enabled)

2. Convect and diffuse vortex particles to obtain
Wn+1

7: end for

This scheme constitutes an explicitly partitioned two-way
velocity coupling with a one-time-step lag. The duct mod-
ifies blade loading through its induced velocity, while the
blade and wake modify the duct solution through the veloc-
ity field entering the panel boundary condition. Because no
inner iterations are performed, the coupling remains com-
putationally efficient while capturing the dominant mutual
interaction between duct and propeller within the limits of
potential-flow and vortex-particle modelling.

2.2 Semi-empirical acoustic model (PropCal)

The underwater radiated-noise predictions are obtained us-
ing the in-house Python framework PROPCAL. The model
combines two semi-empirical components: a broadband

cavitation-noise model based on the formulation of Matu-
siak, and a tonal tip-vortex cavitation model following the
empirical framework of Bosschers. Both components oper-
ate on time-resolved hydrodynamic inputs supplied by the
coupled VPM–panel solver.
The acoustic model does not introduce new acoustic theory.
Instead, it implements established semi-empirical relations
and uses the computed circulation, cavitation extent, and
inflow quantities to determine bubble generation, vortex-
cavity resonance, and the resulting source-level spectrum
at a reference distance of 1 m from the propeller.

2.2.1 Broadband noise

Broadband noise is attributed to the collapse of free cavi-
tation bubbles generated by the break-off of unsteady sheet
cavitation. The formulation follows the semi-empirical ap-
proach described by Matusiak[20], which combines the
Geurst sheet-cavitation theory with a bubble-generation
and collapse model.

Sheet cavitation model. The propeller blade is divided
into radial strips and treated locally as a two-dimensional
cambered hydrofoil. For each strip and blade azimuthal
position, the cavitation number �(�; �), effective cam-
ber �0(�), and instantaneous angle of attack �(�; �) are
evaluated from the unsteady blade loading. The Geurst
method[14] is then used to compute the non-dimensional
cavity length lc and area Ac for both partially and fully
cavitating regimes. A spline matching procedure ensures a
smooth transition between the two regimes.

Bubble generation. Free bubbles are assumed to be gen-
erated when the sheet-cavitation volume decreases, i.e. for
dAc=dt < 0. The vapour/gas continuity relation yields

d

dt

 X
i

Vi

!
= �� dAc

dt
d�; (7)

where � is the gas/vapour volume fraction and d� is the
radial strip width. Assuming a constant mean bubble vol-
ume V over a time step �t, the number of newly generated
bubbles is

�n = ��Ac(t+ �t)�Ac(t)
V

d�: (8)

Initial bubble size distribution. The initial bubble ra-
dius is distributed according to a beta-type density function

fx(x) = m(1� x)m�1 ; x =
R

0:5 �c
; (9)

where �c is the maximum sheet-cavitation thickness at
break-off, approximated by

�c = Cb
Ac
lc
; (10)

where Cb is a model constant that governs the cavity thick-
ness estimate. Following Matusiak, m = 9 is adopted. The
corresponding initial bubble radii are

R0 = x
�c
2
: (11)
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Bubble collapse. Bubbles are convected downstream and
subjected to a linearly increasing external pressure,

p1 (t) = pv +
t

t�
(p0 � pv); (12)

where t� = (c � lc)=U is the travel time from break-off
to the trailing edge. Bubble dynamics are computed us-
ing the Gilmore equation [17], which accounts for liquid
compressibility. Surface tension and vapour compression
are included through the Plesset boundary condition at the
bubble wall.
The volumetric acceleration of each bubble produces an
acoustic pressure contribution at the observer location. The
acoustic pressure signal of each bubble is retained for up to
35 collapse-and-rebound periods to capture the oscillatory
decay. Assuming negligible bubble interaction, the broad-
band noise spectrum is obtained by superposing the pres-
sure signals of all collapsing bubbles and evaluating their
power spectral density.

2.2.2 Tonal noise

The tonal noise associated with tip-vortex cavitation is
modeled using the Empirical Tip-Vortex (ETV) framework
of Bosschers, following the formulation of Kalikatzarakis
et al. [15]. The model consists of (i) a vortex model
to determine the cavitating core radius and (ii) a spectral
model describing the characteristic hump-shaped source-
level spectrum.

Vortex model. The azimuthal velocity distribution in the
tip vortex is described using the Proctor vortex model [25],
which provides an analytical representation of the swirl ve-
locity v�(r) as a function of vortex strength �1 and vis-
cous core radius rv . The vortex strength �1 is extracted
directly from the VPM solution by averaging the bound
circulation at r=R � 0:995 over one rotor revolution. The
viscous core radius rv is extracted from the VPM solution
as a post-processing quantity.
Given v�(r), the radial pressure distribution is obtained
from the axisymmetric radial momentum equation,

dp

dr
= �

v2
�(r)

r
: (13)

The cavity radius rc is defined as the radial location where
the local pressure equals the vapour pressure pv . In nondi-
mensional form, this corresponds to solving

Cp(rc) = ��n; (14)

where �n is the local cavitation number.

Resonance frequency. The resonance frequency of the
vortex cavity is estimated as

fc
fbpf

= �
D
p
�n

rcZ
; (15)

where fbpf is the blade-passing frequency, D is the pro-
peller diameter, Z is the blade number, and � is a calibra-
tion constant.

Spectral model. The tonal source-level spectrum is con-
structed from two components:

• A hump function centred at fc,

Hh(f) = 20 log10

����sinc

�
f � fc

�f�6dB

����� ; (16)

• A slope function describing the asymptotic behaviour,

Hs(f) = 10 log10

�
2(f=fc)

al

1 + (f=fc)al�a h

�
; (17)

where �f�6dB , al, and ah are empirical parameters.
The maximum spectral level is evaluated as

Lp;max = ap + 20 log10

��
�
rc
D

�kp p
Z

�
; (18)

with calibration constant ap, and kp = 3 following the
recommendation of Kalikatzarakis et al. [15] based on the
findings of Bosschers [8].
The full tonal source-level spectrum is obtained as

SL(f) = Lp;max

+ 10 log10

h
�s10Hh(f)=10

+ (1� �s)10Hs(f)=10
i
;

(19)

where �s is a blending parameter.
Table 1 summarises the numerical values adopted for the
empirical and calibration constants in the broadband and
tonal models. The baseline values are taken from the opti-
mised parameter set reported by Kalikatzarakis et al. [15]
and from the original formulation of Matusiak [20], with
minor directional adjustments to selected parameters. No
case-specific tuning against the sea-trial data presented in
Section 4 was performed.

Table 1: Semi-empirical acoustic model parameters adopted
in PROPCAL.

Parameter Value
Broadband noise [20, 15]
m 9
� 0.6
Cb 3.8
Tonal noise [8, 15]
� 0.92
�f�6dB 13.8
al 3.85
ah �2
ap 118
�s 0.65

2.2.3 Implementation notes

The broadband model requires the time-resolved evaluation
of sheet-cavitation dynamics for all radial strips and blade
positions, followed by the generation and collapse simula-
tion of a large number of bubbles.
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Bubble collapse is computed by numerically integrating
the Gilmore equation for each initial radius using a fourth-
order Runge–Kutta scheme. To manage the large computa-
tional cost associated with millions of bubble-collapse sim-
ulations, several measures are implemented:

• Vectorized operations are used wherever possible for
strip-wise and azimuthal evaluations of Ac(�; �; t).

• Bubble-collapse solutions are cached for repeated
combinations of initial radius and pressure-gradient
parameters, avoiding redundant ODE integrations.

• Parallel execution is employed for independent bubble
groups to exploit multi-core architectures.

The �nal broadband spectrum is obtained by assembling
the time-domain pressure signals from all bubbles and
computing their power spectral density via a discrete
Fourier transform. The implementation enables simula-
tion of realistic bubble-cloud populations within practical
computational time while preserving the physical structure
of the underlying semi-empirical models. The PROPCAL

framework also supports automated calibration of all semi-
empirical constants via Bayesian optimisation against ex-
perimental datasets, enabling systematic tuning for speci�c
propulsor con�gurations; however, no such calibration was
performed for the cases presented in this work.

The reliability of the proposed work�ow depends critically
on the accurate resolution of hydrodynamic quantities that
directly enter the semi-empirical acoustic models, includ-
ing bound circulation, vortex strength, core radius, sec-
tional loading, and wake development. Rather than pro-
ceeding directly to full-scale noise prediction, we adopt a
hierarchical validation strategy. The VPM-based hydrody-
namic solver is �rst assessed on a canonical elliptical hy-
drofoil to verify tip-vortex core resolution. It is then val-
idated against an open-water propeller benchmark to con-
�rm integral performance and wake topology under rotat-
ing conditions. Finally, the solver is applied to a ducted
propulsor con�guration to evaluate blade–duct interaction
effects. This progressive validation ensures that the �ow
features governing cavitation-induced tonal and broadband
noise are resolved with suf�cient �delity before coupling
to the acoustic model.

3. VALIDATION CASES

3.1 Elliptical hydrofoil

As an initial validation of the vortex-particle hydrodynamic
solver in a marine-�ow context, we consider �ow over a
stationary elliptical hydrofoil. The ability to accurately re-
solve tip vortices is critical for cavitation-noise prediction,
as the strength, core structure, and convection of the tip vor-
tex directly in�uence the tonal noise components associ-
ated with tip vortex cavitation. Flow over an elliptical wing
therefore provides a canonical benchmark for assessing the
capability of the present VPM framework to capture the
detailed vortex dynamics relevant to propeller noise mod-
elling before proceeding to rotating propellers.

The numerical con�guration replicates the experimental
conditions of Amini et al.[3] on cavitating �ow over an el-
liptical hydrofoil. Figure 1 illustrates the experimental con-
�guration and the corresponding numerical discretisation.
The experimental geometry consists of an elliptical plan-
form with a NACA 16–020 cross-section, a half-span of
S = 90 mm and a root chord of C0 = 60 mm. The incom-
ing �ow velocity is U1 = 10 m s�1 at an angle of attack
� = 12 � , corresponding to a chord-based Reynolds num-
ber Re = U1 C0=� � 6 � 10 5. In the numerical model,
the full wing is simulated in order to avoid modelling wind-
tunnel walls and associated vorticity boundary conditions.

The wing is discretized into 120 spanwise sections. Each
section contains embedded bound vortex particles that act
as discrete horseshoe vortices, enabling the computation of
sectional circulation and loads using a vortex-lattice formu-
lation within the VPM framework. Unsteady wake vortic-
ity is shed from the trailing edge and subsequently evolved
in a Lagrangian manner using the reformulated vortex par-
ticle method. A uniform time step of �t = 5 � 10 �5 s
is used, and the turbulence effects are represented through
a sub-�lter-scale LES model. The simulation is run until
the tip vortices reach a quasi-steady state, achieved after
approximately 0:05 s of physical time.

(a) Experimental setup and LDV measurement locations
(reproduced from Amini et al. [3]).

(b) Elliptical wing
geometry used in the

numerical study.

(c) Spanwise discretisation
of the wing with embedded

vortex particles.
Figure 1: Elliptical hydrofoil validation case: (a) experi-
mental con�guration and measurement locations reported by
Amini et al. [3], (b) numerical wing geometry, (c) spanwise
discretisation used in the VPM solver.

Figure 2 shows a snapshot of the particle �eld and vor-
ticity structure in the wake at t = 0:01 s. The particle
�eld consists of both embedded particles on the wing sur-
face, which represent the bound circulation, and shed par-
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ticles that form the unsteady wake. Iso-contours of the Q-
criterion clearly reveal the formation of the starting vortex
and the coherent tip vortices shed from the wing tips. De-
spite the three-dimensional nature of the �ow, the simu-
lation remains computationally ef�cient, as only vorticity-
bearing regions are discretised.

(a) Vortex-particle �eld consisting of embedded particles
on the wing and shed particles in the wake.

(b) Iso-contours of Q-criterion coloured by streamwise
vorticity, highlighting the starting vortex and tip vortices.

Figure 2: Wake structure of the elliptical hydrofoil at t =
0:01 s obtained from the VPM simulation.

A key metric for assessing the suitability of the solver for
cavitation-noise applications is its ability to resolve the
�ow �eld in the vicinity of the tip-vortex core. In particu-
lar, the tangential (azimuthal) velocity distribution is a criti-
cal input for semi-empirical tip-vortex cavitation and tonal-
noise models. Figure 3 compares the numerically predicted
axial and tangential velocity components across the vor-
tex core with laser Doppler velocimetry measurements re-
ported by Amini et al., taken at a downstream location of
x=C0 = 0:33.

The numerical results show excellent agreement with the
experimental data for both velocity components. In par-
ticular, the predicted peak tangential velocity lies within
the experimental uncertainty bounds, and the sharp velocity
gradient across the vortex core is accurately captured. The
axial velocity de�cit and its downstream recovery are also
well reproduced, with the minimum core velocity falling
within the LDV measurement error bars. These results
demonstrate that the chosen particle resolution and numer-
ical parameters are suf�cient to resolve the detailed vortex-
core structure, providing strong con�dence in the use of
the VPM solver to supply reliable hydrodynamic inputs for

subsequent semi-empirical cavitation-noise modelling.

(a) Numerical axial and tangential velocity distribution
across the vortex core.

(b) Axial velocity
comparison with LDV

measurements.

(c) Tangential velocity
comparison with LDV

measurements.
Figure 3: Tip-vortex velocity pro�les at x=C 0 = 0:33: com-
parison between VPM predictions and LDV measurements
reported by Amini et al. [3].

3.2 Open propeller P1790

Following validation of the vortex-particle method for a
stationary lifting surface, the second case considers a bare
marine propeller in open water. The well-known Pots-
dam Propeller Test Case (PPTC) P1790 is selected, as it is
widely used by the ITTC to assess the accuracy of numer-
ical methods for predicting propeller hydrodynamic per-
formance and wake characteristics. This case provides a
stringent benchmark for evaluating both the prediction of
integral loads and the resolution of the tip-vortex system,
which is central to cavitation-noise modeling.

The P1790 propeller is a �ve-bladed, �xed-pitch design
with a diameter of D = 0:25 m and a hub ratio of 0.3. The
principal geometric parameters provided by SVA Potsdam
are summarised in Table 2.

Table 2: Principal geometric parameters of the PPTC P1790
propeller.

Parameter Value
Number of blades 5
Propeller diameter D [m] 0.25
Hub ratio 0.30
Pitch ratio at r=R = 0:7 1.635
Chord at r=R = 0:7 0.417
Skew [� ] 18.837
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For input to FLOWUNSTEADY, the blade geometry is re-
constructed by extracting radial hydrofoil sections from
the reference CAD data and preserving the radial pitch
and skew distribution. The pitch angle, chord length and
leading-edge position of each section are supplied to the
solver, and the corresponding hydrofoil polars are gener-
ated using XFOIL. The propeller blades are discretised
using multiple radial stations, with progressively re�ned
spacing towards the tip to ensure adequate resolution of the
tip vortices.

(a)

(b)
Figure 4: PPTC P1790 propeller: (a) Reconstructed geome-
try used in the rVPM solver, (b) Spanwise blade discretisation
with re�ned resolution towards the blade tip.

A series of open-water simulations is performed over a
range of advance coef�cients J 2 [0:0; 1:6] at a constant
rotation speed of n = 10 s�1 . The advance coef�cient and
the non-dimensional performance coef�cients are de�ned
as

J =
U1

nD
; K T =

T
�n 2D 4 ;

K Q =
Q

�n 2D 5 ; � =
TU1

2�nQ
; (20)

where U1 is the in�ow velocity, � the liquid density, and
T and Q the propeller thrust and torque, respectively.

A preliminary grid and time-step sensitivity study was con-
ducted to ensure convergence of the integral coef�cients.
The time step is chosen such that each propeller revolution
is resolved by approximately 180 time steps, correspond-
ing to two degrees of rotation per step. At higher advance
coef�cients (J > 1:2), the time step is reduced to maintain
temporal resolution. Each operating condition is simulated
for fourteen propeller revolutions to reach a periodic state,
and the performance coef�cients are averaged over the �nal
three revolutions.

For the rotating propeller simulations, the actuator-line
representation is employed. Compared with the actuator-
surface model used for the stationary hydrofoil case, this
approach signi�cantly reduces computational cost while re-
taining the ability to capture the unsteady blade loading and
the formation of coherent helical tip vortices in the wake.

Figure 5: Open-water performance of the PPTC P1790 pro-
peller: comparison of numerically predicted thrust coef�cient
K T , torque coef�cient K Q and propulsive ef�ciency � with ex-
perimental data reported by SVA Potsdam.

Figure 5 shows good agreement between the predicted and
experimental open-water characteristics across the range
of advance coef�cients. The numerical model accurately
captures the trends and magnitudes of KT , K Q , and �, in-
cluding the location of the peak ef�ciency and the slope of
the thrust and torque curves. At low advance coef�cients
(J < 0:5), an under-prediction is observed. This behavior
is attributed primarily to the actuator-line representation of
the blades and to the neglect of viscous effects associated
with blade thickness and the hub. These modelling choices
are consistent with the objective of maintaining low com-
putational cost for use in design-oriented studies. In par-
ticular, the solver is numerically robust at low advance co-
ef�cients, which are of primary interest for heavily loaded
propellers and are often challenging for numerical meth-
ods. The computational cost per operating point is approx-
imately 20 minutes on a standard workstation.

In addition to integral performance coef�cients, the wake
structure and tip-vortex development are examined. Fig-
ure 6 shows a qualitative comparison between the exper-
imentally observed tip vortices, visualized by cavitation,
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