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ABSTRACT

The underwater radiated noise (URN) from tug vessels op-
erating in coastal waters poses regulatory and environmen-
tal challenges, particularly due to propeller—hull interaction
and cavitation-induced broadband emissions. This study
investigates these issues through a combined numerical and
experimental analysis of the hydrodynamic and hydroacous-
tic performance of ducted propeller systems in tugboats.
Focusing on a Kaplan 4-70 propeller inside a 19A noz-
zle, we employ large-eddy simulations with mixture-theory-
based cavitation modeling, complemented by the Ffowcs-
Williams—Hawkings acoustic framework for noise predic-
tion. Our findings show that non-uniform wakefield struc-
tures generate irregular pressure loading on the propeller
surface, producing periodic oscillations in hydrodynamic
coeflicients. Full-scale sea trials recorded broadband source
levels approaching 180 dB re 1 yPa @ 1 m, with promi-
nent tonal components at blade-passing frequency and addi-
tional machinery-related harmonics. The nozzle effectively
reduces blade-tip vortex cavitation, while hull-induced up-
stream disturbances intensify turbulence and broadband
acoustic emissions. Numerical predictions closely match
full-scale observations at low frequencies, particularly those
linked to blade-passing behaviors and cavitating-broadband
components. These results highlight the mechanisms gov-
erning the propeller-nozzle interactions and provide guid-
ance for noise reduction strategies and sustainable tugboat
design.

Keywords: Ducted propeller, Underwater radiated
noise, Cavitation, Large-eddy simulation, Turbulent
wake

1. INTRODUCTION

Underwater radiated noise (URN) from marine propulsion
systems is increasingly constrained by environmental reg-
ulation and operational requirements [1, 2], particularly
for vessels operating in shallow coastal waters where ma-
rine ecosystems and human activities co-exist [3, 4]. The
URN signature of a tug vessel typically contains contri-
butions from machinery tones, propeller-induced hydrody-
namic loading, and broadband turbulence and cavitation
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processes. Hydrodynamic flow noise, caused by the rel-
ative motion of the ship hull and the surrounding water,
is generally weak and is usually masked by other noise
sources [5], while mechanical and propeller hydronoises
are the dominant sources. The sources of mechanical noise
usually contain the supporting structures, such as bearings.
However, hydrodynamic noise induced by operating pro-
pellers is usually characterized by tonal noise at varying
blade passing frequencies and broadband noise originating
from wake vortices, cavitation structures, and collapsing
bubbles. With the inception of cavitation, the noise from
the propeller will potentially dominate the URN [6]. A
quantitative understanding of the relative contributions of
bluemachinery noise and flow-induced noise is therefore
essential for propulsion design and URN mitigation strate-
gies.

While a large body of work has investigated cavitation and
underwater radiated noise (URN) at model scale [7-9], stud-
ies that explicitly account for hull-propeller interaction and
non-uniform wake effects remain relatively limited. Com-
prehensive overviews can be found in the reports of the
International Towing Tank Conference (ITTC) committees
[10]. Recently, the industry’s attention to marine noise
has shifted from large ocean-going vessel ships to smaller
craft in shallow coastal waters. The previous sea trial test
[11] with acoustics measurements of a pilot boat and a
rigid inflatable boat shows that the general sound pressure
level (SPL) close to sources could achieve 166-173 dB and,
specifically, the mechanical engine noise plays a dominant
role. From the hydrodynamics phase, the heading orien-
tations relative to the prevailing waves are a larger deter-
mining factor for noise levels than ship speed. Smith et
al. [12] conducted sea trial tests and tried to investigate
how cavitation develops in small boats and how this con-
tributes to the overall levels of underwater noise radiation.
The sound level has been shown to increase significantly
with the emergence of cavitation. Tip vortex cavitation will
appear while the boat speed achieves 5 knots. Cloud cavi-
tation has been shown to contribute more to the generation
of high-frequency noise than tip vortex cavitation. Aktas
et al. [2] performed cavitation tunnel tests on the Princess
Royal model and used the data to estimate URN at full-scale
conditions. Sea-trial measurements provide representative



URN data, but cannot directly isolate hydrodynamic source
mechanisms from machinery tones and environmental prop-
agation effects. In contrast, high-fidelity CFD can resolve
detailed flow structures and cavitation dynamics, but val-
idation against full-scale measurements remains limited.
BC Ferries and Schottel [13] also conducted some valu-
able work on the simulations and sea trial tests of the noise
generated by the shuttle ferry and also provided strategies
for noise monitoring and prediction using machine learning
based on the MariHub system. Structural vibration sensors
are used to locate mechanical noise sources.

Some other valuable works are on the calculations of ma-
rine noise generated by marine ships and propellers. Kim
and Kinnas [14] numerically investigated the underwater
noise induced by multi-propulsor systems on a flat hull, and
the cavitation effect was not considered. The boundary el-
ement method is applied to solve flow dynamics to provide
noise sources, which are then used by the FW-H method
for acoustics prediction. This work also indicates that the
noise sources from only structure surfaces do not consider
the non-linear effects from the turbulent wake. As cavitation
is considered the main source of noise from marine vessels,
there are some simulation works [15—18] considering the ef-
fect of cavitation. However, those works lack attention to the
potential effects of physical scenarios. The above analysis
indicates that although there have been many computational
as well as experimental works on hydroacoustic generated
by marine vehicles in the past, none of them have carried
out both computational and experimental noise prediction
and measurement work for offshore tugboats considering
cavitation. Noise measurements in real-world scenarios are
bound to include some interfering factors, and the compu-
tational case should involve some simplification, and the
results will not take into account some of the practical fac-
tors. The combination of the two studies can provide some
insight into the mechanism of underwater noise generation
ships and propellers and provides guidance for future de-
sign. In addition, unlike other types of vessels, the tugboats
subject to this study have special characteristics such as
relatively large propeller sizes and slow rotational speeds.

Building on the foundation of our previous work [19], this
study expands the scope of investigation from the analysis
of the performance of individual propellers to a comprehen-
sive examination of the entire hull of the tug in interaction
with the ducted propellers. This broader perspective en-
ables us to capture the complex hydrodynamic and acous-
tic phenomena resulting from the coupled behavior of the
propulsion system and hull. Moreover, the cases analyzed
in this paper are supported by experimental data, allowing
robust cross-comparison and validation of the numerical
simulations. Specifically, the research leverages sea trial
data conducted by RAL engineers, who measured under-
water noise levels of a state-of-the-art diesel azimuthing
stern drive tug during operational conditions. This integra-
tion of experimental and numerical approaches provides
a more detailed understanding of the interplay between
propulsion systems and hull dynamics, offering valuable
insights for noise reduction and performance optimization
in modern maritime applications. Unlike previous stud-

ies focused on isolated propellers or model-scale tunnels,
this work resolves full hull-nozzle—propeller coupling and
directly compares LES—-FW-H predictions with full-scale
sea-trials data.

The paper is structured as follows. Section 2 presents the
numerical methodology for our tug-propeller modeling and
the hydroacoustic analysis. Section 3 describes the com-
putational details and the problem setup along with some
validation studies. In Section 4, the flow dynamics for the
present configurations with cavitation effects are analyzed.
Section 5 introduces the sea-trial measurements and also
numerically investigates the hydroacoustics performance of
the present configurations. The hydroacoustics model ap-
plied in this section is validated in the Appendix. In Section
6, the key results of this study are summarized.

2. NUMERICAL METHODOLOGY

2.1 Fluid dynamics and solid body motion

The fluid domain consists of liquid and vapor phases which
are assumed to exist as a continuous homogeneous mixture.
The phase indicator a;(x.t) represents the phase fraction
of the liquid phase in the fluid mixture, where x and ¢
are spatial and temporal coordinates. The density p and
dynamic viscosity u of the fluid are obtained as a linear
weighted combination of the liquid and vapor phases:
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where p; and p, are the densities of the pure liquid and
vapor phases, respectively, with y; and yu, as the corre-
sponding dynamic viscosities.

In the present work, we model the unsteady, incompressible
Newtonian flow of the fluid. The standard dynamic large-
eddy simulation (LES) model [20] is applied here, and the
unsteady Navier—Stokes equations (subjected to the Favre
filtering operation) describing the conservation of momen-
tum and mass are expressed as
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where the over-bar ‘~’ denote filtered quantities. x; is the
i-th component of a Cartesian coordinate vector x with i,
J =1, 2, 3 corresponding to the x-, y- and z-directions,
respectively; p is the pressure; and, u; represents the i-
th component of fluid velocity. Although the pure liquid
and pure vapor phases are considered incompressible, the
density of the mixture varies with the volume fraction of the
immiscible phases, and thus the local divergence of velocity
is non-zero as seen in the continuity equation (Eq. 3). m
is the mass transfer rate between the phases due to the
cavitating process and has been elaborated further in Section
2.2. 7;j in Eq. 4 are the Sub-Grid Scale (SGS) stresses
defined as

Tij = il — il o)



the Boussinesq hypothesis is used to model the SGS
stresses

1 —
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where Ty is the isotropic part of the SGS stresses and y; is
the SGS turbulence viscosity. S;; is the rate-of-strain tensor
for the resolved scale defined by
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2.2 Cavitation modelling
We simulate the effect of cavitation using a transport equa-
tion for the liquid phase fraction a;:
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The source terms #1. and 1, model the mass transfer rates
during the condensation and vaporization processes, respec-
tively, as a result of cavitation. . and i, in the present
work are predicted based on the original work by Schn-
err and Sauer [21]. The Schnerr-Sauer cavitation model is
derived from a simplification of the Rayleigh-Plesset equa-
tion for spherical bubble dynamics and has been used ex-
tensively in the literature for a variety of cavitating flow
configurations [22, 23]. r1. and 1, are thus expressed as
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where C. and C, are the coeflicients of the condensation
and vaporization models, respectively, and p, is the vapor
pressure of the fluid under saturation conditions. ap,. and
Rp are the volume fraction and radius of the bubble nuclei
in the fluid and are given as
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where ng is the number of nuclei per unit volume and d ¢

is the corresponding diameter of the nuclei. Following our
previous work [24], C., C,, anyc and dy e are user input
into the cavitation model. In the present study, these inputs
have been set to C, = 1.0, C, = 1.0, anue = 1.6 x 1013
and dnye = 6 X 1079m. It is noted that the normalized
time step tUy/D applied to the flow calculation is 8 x 1075.
The flow simulations were performed using OpenFOAM.
The propeller rotation was resolved with a time step corre-
sponding to 1/3600 of one shaft revolution, i.e. 0.1° per
time step. In total, 100 revolutions were computed. The ini-
tial transient stage was discarded, and the flow field reached
a periodic equilibrium state before data collection. The
spectra presented in this work were obtained from the last
10 revolutions.
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2.3 Acoustic modelling
Following a previous body of work applying the FW-H
method to predict underwater hydroacoustics [25, 26], this
work also considers the FW-H equations as the modeling
basis for underwater noise prediction. The FW-H method
could be used to predict the noise generated by the solid
surface with arbitrary motion. The noise sources of the
wave equation in the FW-H method contain three terms,
namely quadrupole source (noise due to turbulent shear
stress), dipole source and monopole source [27]. The tur-
bulence term (quadrupole source) requires volume integra-
tion in the FW-H equations, which will make it challenging
to determine the integration area and integrate within the
flow region surrounding the target structure [28]. How-
ever, as stated by lanniello [29], the destabilization and
breaking-down of the tip vortex and the accompanying po-
tential cavitation will increase the wake turbulence and re-
quire a complete (nonlinear) solution of the FW-H equation
to consider the quadrupole term. In this case, the FW-
H method with a permeable control surface is an improved
acoustic radiation model that builds permeable surfaces and
adds some reasonable assumptions so that the combination
of loading and thickness terms on permeable surfaces will
cover the sources caused by quadrupole terms within the
control surface [30], and detailed information refers to our
previous work [27]. The predicted loading and thickness
noise based on permeable surfaces will lose their original
physical meanings and could be regarded as pseudo-loading
and pseudo-thickness terms, respectively [25, 26].
Having accompanied the FW-H method, gradually regarded
52 theoretical basis for industrial sound prediction, many
méthods have been proposed to solve the FW-H equations.
The present study considers the Farassat 1A formulation
[31-33] to solve the FW-H equations. For the noise gen-
erated by the moving source, the sound pressure p’ at the
monitor location x and recording time ¢ in the Farassat’s
formulation 1A is:
p’ (x,1) = p7 (x,1) + pp (x,1) (13)

where the index 7 and L correspond to the thickness
and loading terms for impermeable control surfaces (i.e.,
pseudo-thickness and pseudo-loading terms for permeable
control surfaces), which can be expressed as:
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TABLE 1: Geometric parameters of VP 1304 propeller and rel-
evant operating conditions for original and scaled configura-
tions.

Properties Original ~ Scaled
Vessel length (m) 28.2 1.41
Moulded Depth (m) 5.3 0.265
Number of blades 4 4

Pitch (m) 2.456 0.1228

P/D 0.877 0.877
Propeller diameter (m) 2.8 0.14
Traveling speed (m/s) 5.14 1.15
Advance coeflicient J 0.565 0.565
Rotational speed (1/s) 3.25 14.53
Cavitation number o, 2.36 2.36
Py (pa) 3100 95155

viscosity (Ns/m?) 9%x10™*  1x1073

Here, M; = v;/co with i = 1,2, 3 are the components of the
Mach vector where ¢ is the speed of sound underwater; M
is the length (magnitude) of the Mach vector, and - above
a parameter represents the time derivative. Other terms in
the above equation are represented as:
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in which Q,, and L; are defined as
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here, v; is the surface (f) moving velocities, and the summa-
tion convention is used for the repeated index. The moving
surface is described by f (x,¢) = O such that /i = Vf is the
unit outward normal to the surface. P;; = (p — po) 6i;—Tij
is the compressible stress tensor, and ¢;; is the Kronecker
delta. In general, the viscous term in P;; could be seen as
negligible. Then, the stress tensor is P;; = (p — po) 51“1
Additionally, in the region away from the source area, the
perturbation of density is also small, and ¢* (p — py) is re-
placed by the sound pressure p’. The index ret represents
the integrand at the time of emission:

g =Trer — 1+ —, (18)
o

in which, r = |x — y (7,¢;)| represents the space distance
from the sound source to the monitor location. Epikhin ez al.
[34] implemented the Farassat 1A formulas in OpenFOAM
[35] and we further developed a customized solver for the
present study. The validation work for the present modeling
can be found in Appendix A.

3. PROBLEM DESCRIPTION AND VALIDATION
3.1 Model scaling

In the present work, a modern diesel azimuth stern drive tug
(ASD) is considered in the Seaspan fleet with Kaplan 4-70

(c)

FIGURE 1: Problem set-up for tugboat: (a) A modern diesel
azimuthing stern drive (ASD) tug in Seaspan fleet with Kaplan
4-70 propellers surrounded by MARIN’s Nozzle No. 19A, (b)
Computational domain for the calculation of overall flow field
passing the whole tug, and (c) Simplification process for the
computation domain.

propellers surrounded by MARIN’s Nozzle No. 19A [36].
The actual full-size tugboat studied in this paper is shown
in Fig. 1 a, with a hull length of 28.2 m and a propeller
diameter of 2.8 m. The important features of the propeller
geometry and operating conditions are summarized in Ta-
ble 1. The thruster housing was not included in the present
computational model. This simplification was made to fo-
cus on the ducted-propeller flow, cavitation dynamics, and
their associated acoustic sources. We acknowledge that the
housing can disturb the inflow field and may influence the
propeller loading and radiated noise. Therefore, including
the full thruster housing and the resulting non-uniform in-
flow will be an important extension of the present model in
future work. However, since the propeller rotation speed, as
well as the incoming flow rate, of the original experiment,
are very small, if the same values as those are used in the
simulation it will make the time-consuming unacceptable.
Therefore, computational efficiency needs to be improved
by scaling the model. The following contents introduce the
properties we consider in the scaling process. The Froude
similarity, representing the ratio of inertia to gravity force, is
normally considered as the scaling criterion for processing



the dynamics of a ship and propeller.

U
Fr = _0,
vgD

with Uy as incident flow velocity (m/s), g as gravity (m
/ s*) and D as propeller diameter (m). The present work
considers a scale ratio k, of 20, with k, = D /D, in which
D and D represent the original and scaled diameters of
the propeller, respectively. The parameters representing
the original geometry are marked with ‘~’ in the following
content. In this case, Uy = Up/ V20. Additionally, in order
to ensure that the scaled models of the propellers have a
similar flow field structure, it is necessary to consider the
same advance coefficient J:

19)
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with n as the propeller rotating rate (1/s), and n = V207.
Moreover, in numerical calculations, we can adjust the vis-
cosity u of the fluid to obtain a Reynolds number consistent
with the experimental tests:
UoDp

Re = s
u

@n

and p = 3/(20V20).
For the cavitation analysis, the key non-dimensional opera-
tional parameter is the cavitation number defined as
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where p, is the vapor pressure (Pa). To keep the cavitation

number consistent between experiments and simulations,
we modified the vapor pressure p, in the scaled situation
from 3100 pa to 95155 pa. The vapor pressure was ar-
tificially adjusted in the scaled configuration to preserve
the cavitation number under Froude scaling. Although this
approach maintains o, similarity, it does not preserve the
thermodynamic cavitation scaling and may alter bubble dy-
namics timescales. Table 1 summarizes the parameters
considered in the original and scaled modeling.

3.2 Geometry and boundary conditions

In order to save computational time, we consider only half
of the geometric structure. Figure 1b shows the geometry of
the hull-propeller and the corresponding numerical domain
for the configuration scaled in the present model. The upper
surface of the computational domain represents the draft
line. To further reduce the computational domain, as shown
in figure. 1c, we first perform the steady-state computation
for the full computational domain with the nozzle-propeller
removed. After obtaining the flow field for the full domain,
the red-marked y — z interface atx =-1.8 D is selected as the
new inlet boundary, and the parameter values at the above
interface are listed as conditions on the inlet boundary of the
new computational domain shown in the bottom panel in
figure lc. This simplification may introduce errors because
the velocity field is variable in the real scenarios. The views
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FIGURE 3: Visualization of cavitation patterns (a) obtained
by present modeling and (b) provided by other experimental
study [37] for the cavitating VP 1304 propeller.

of the specific computational domain in this work are shown
in figure 2.

As indicated in figure 2, the length in the stream (x—) and
two lengths in the cross-stream (y—, z—) of the computa-
tional domain are 4.5D, 3D and 3D. The position of the
center of the propeller hub is located in a location with coor-
dinates of (x, y, z) = (0, 0, D) distance 1.8D downstream of
the inlet boundary in the x—direction. A Dirichlet bound-
ary condition was prescribed for the incident flow velocity
u = (Uyx,Uy,U,) on the inlet face (i.e., a single upstream
patch) in Fig. 2 with the value chosen based on the diagram
shown in figure lc. A Neumann boundary condition is
imposed on the velocity at the outflow (outlet) boundaries,
i.e., the single downstream patch of the domain, symmetri-
cal boundary conditions are applied to four side patches to
avoid blockage effects.

3.3 Model validation and mesh convergence study

In this subsection, the key factor, tip vortex cavitation,
which is highly sensitive to numerical modeling, is exhib-
ited here with a preliminary comparison between simulation
and measurement situations. The cavitation contour with
the volume fraction of 0.5 for the present modeling is shown
in Fig. 3 a and b, respectively. In terms of cavitation dy-
namics, it is indicated that the LES model applied herein



FIGURE 4: Mesh setup (mesh 3) used in the present simula-
tion. (a) Domain showing the overall mesh in the streamwise
orthogonal x — y plane, (b) expanded view on the propeller
surface, (c) view close to the hull-nozzle-propeller geometric,
and (d) expanded view of the immediate vicinity of the nozzle
surface.

exhibits good agreement with the experimental observa-
tion. The appearance and structure of root cavitation, sheet
cavitation, and tip vortex cavitation remain consistent with
experimental observations. In addition, the double-helical
pattern of the tip-vortex cavitation is also clearly captured.
Detailed information for the validation of the present mod-
eling refers to our previous work [19] on the PPTC VP 1304
propeller.

The mesh convergence study is conducted via the 3-D sim-
ulation of the present configuration. The corresponding
thrust and torque coefficients are calculated at different
mesh resolutions and the associated results are summarized
in Table 2. The performance of the propeller in the form of
thrust and torque coeflicients is defined as
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where T and Q are the propeller thrust and torque, respec-
tively. It could be observed that the relative differences of
each parameter between mesh 1 to mesh 2 are considerable,
but all decrease to a smaller value as the mesh is refined to
mesh 2 (fine) and mesh 3 (very fine). In the following, we
use mesh 3 to calculate the present configuration to achieve
the best balance of calculation time and accuracy. Fig-
ure 4a shows the overview of the mesh domain used in the
present study, with the expanded/close-up views of mesh on
the propeller surface shown in Fig. 4b. Additionally, two
intuitive diagrams of mesh view in the immediate vicin-
ity of the duct, propeller, and mesh sliding interface are
shown in Fig. 4c and d. Having established the numerical
framework and scaling assumptions, we now examine the
resolved flow structures governing cavitation and wake dy-
namics. Particular emphasis is placed on vortex topology,
pressure loading distribution, and nozzle-induced modifi-
cations to tip-vortex evolution, as these directly influence
acoustic source mechanisms.

4. FLOW DYNAMICS

Figure 5 displays the vortices that appear downstream of
the nozzle and rotating propeller. Due to the relatively
low rotational speed of the propeller, the vortices caused
by the propeller are not very pronounced. Additionally,
a fair amount of vortex occurs in the aft portion of the
tug hull. The fluid entering the area between the hull and
the nozzle is squeezed and accelerated, which can be seen
more clearly in the Q contour of Figure 6. Q is the second
invariant of the velocity gradient tensor under a Galilean
transformation. It should be noted that Q represents the
difference between the rotation rate and the strain rate, and
its positive value indicates that the vortex structure is rapidly
forming at a correlated location. There are a large number
of regions with positive and negative values of Q on the
propeller downstream, especially surrounding the hub, in-
dicating abundant vortex structures herein. In addition, it
could be found that there are abundant vortex structures
shedding from the pressure surface immediately adjacent
to the inside of the nozzle.



TABLE 2: Thrust and torque coefficients for different mesh conditions. The overall mesh refinement level is adjusted by

changing the base cell scale on the input/output patches.

Total cells
(millions)

Rotor region
(millions)

KT,rms 101{Q,rms y

Mesh 1
Mesh 2
Mesh 3

9.9
17.2
29.8

5.1
8.8
10.9

0.461
0.538
0.549

0.542 34
0.498 22
0.492 5
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FIGURE 5: Vorticity isosurface contours
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FIGURE 6: Instantaneous isopleths of the second invariant
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FIGURE 7: Power spectrum of thrust and torque fluctuating
components K7 and 10K, ms-

The operating conditions for all configurations considered
in the present work are indicated in Table 1. The Root Mean
Square (rms) values of the thrust and torque coefficients (i.e.
Kt and 10K) for the propeller in the present tug unit are
0.549 and 0.492, as indicated in Table 2. The spectrum of
the fluctuating components in the variation of K7 and K¢
for the present configurations is shown in Fig. 7. Since
both K7 and K originate from the pressure on the surface
of the propeller, their spectra are identical and differ only
in amplitude. The intense peaks of the spectrum are ob-
served to be located mainly at the blade passage frequency
Sfop- The broadband components in the high-frequency
range are also very complex, but the amplitude is not strong
enough. This is associated with the cavitation collapse and
vortex behaviors on the surfaces of the propeller. While the
spectral analysis provides a global view of the dominant fre-
quencies in the thrust signal, it does not explicitly reveal the
phase-dependent variation of blade loading. As suggested
in previous studies, the variation of the thrust on an individ-
ual blade as a function of its azimuthal position can provide
more direct insight into the effects of non-uniform inflow,
as well as the variability between blade passages and suc-
cessive revolutions. This will be considered in future work
to complement the spectral results presented here.

Cavitation is an important consideration in wake mechanics
as well as in the underwater noise of marine propellers.
The contour of the volume of fraction on the x — y plane
through the propeller center is shown in figure 8. Figures 8
(a,d) show that cavitation is mainly generated surrounding
the leading edges of the blades. When we enlarged the
contour in Fig. 8 (b), it was observed that the addition



FIGURE 8: Cavitation contours.

of the nozzle suppressed the generation of cavitation at
the tip of the blade. This is owing to the presence of the
nozzle pressurizing the fluid around the blades. However,
surrounding the blade tip near the trailing edge, the tip-
vortex cavitation appears again. It is important to note
that cavitation is not very pronounced in the configurations
considered herein due to the low forward speeds of the tug
and the low rotational speeds of the propeller during the
trial tests. In Fig. 8 (c), it is found that cavitation occurs at
the edge of the windward side of the propeller hub because
of the low pressure region formed here.

The limited variation of sheet cavitation with blade posi-
tion is consistent with the controlled inflow conditions and
the absence of the thruster housing. Moreover, the duct
constrains the flow near the blade tip and suppresses the de-
velopment and shedding of tip-leakage vortices. As aresult,
no clear evidence of persistent cavitating tip-leakage vortex
structures is observed. A qualitative inspection of the vor-
ticity and low-pressure regions supports this observation.
Further analysis under more realistic inflow conditions will
be considered in future work.

Figure 9 shows the instantaneous contour of the Q con-
tour, magnitude velocity mag(U/Up), cavitation number
oy, and kinetic energy k for cavitating configuration. Pan-
els (a, b) indicates that the serrated high-speed flow pattern
is generated after the rotating blades, accompanied by the
low-pressure area formed surrounding the tip vortex region.
This is also indicated in panel (c), which shows the distri-
bution of the cavitation number. The cavitation number
values are lower in the hub wake as well as near the blade
surface. In panel (d), the vortex is presented to shed from
the blade tip and hub center in the near-wake region, and the
thin trailing edges wake generated by the rotating blades.
In addition, the tip vortex becomes unstable and extends
further downstream, which will lead to the enhancement of
broadband noise components. In Fig. 10a, we further show
the streamlines that flow over the bottom of the hull and
through the nozzle. It can be seen that the fluid is pressur-
ized as it passes the gap between the hull and the nozzle,

resulting in enhanced vorticity. In addition, the streamlines
are also twisted due to the rotation of the propeller.
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FIGURE 9: Present geometric accompanied by x — y planes,
on which (a) second invariant Q, (b) normalized velocity mag-
nitude mag(U /Uy), (c) cavitation number o,, and (d) kinetic
energy k are depicted.

Following from our past work on single propellers, here we
use the Lamb vector as an indicator to study noise sources in
the flow field. The magnitude of the lamb vector indicates
the strength of the noise source at that location. We show
in Fig. 10b the Lamb vector contour in the y — z planes
at x = 0, 0.5D, D. In the plane at x = 0, the periphery
of the nozzle, i.e. the suction side, generates regions with
strong Lamb vector, especially in the region close to the
hull. In addition, strong values of the Lamb vector also
appear in the wake after the trailing edge. As can be seen
from the slice of x = 0.5D, a ring structure with a strong
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FIGURE 10: (a) Velocity streamlines, and (b) Contour of lamb
vectors on y — z planes at x/D =0, 0.5, 1.

Lamb vector is generated downstream of the location where
the nozzle and the blade tip joint. This shows that the tip
vortex reappears after the wake extends outside the nozzle.
As the wake vortex further extends downstream, the Lamb
vector gradually weakens and dissipates, indicating that the
noise sources also become weaker.

In summary, the above analysis of the flow downstream
of the ducted propeller revealed complex interactions be-
tween the hull, propeller, and nozzle. The nozzle notably
suppressed tip vortex shedding, reducing the formation of
cavitation in those regions. However, new vortex struc-
tures emerged downstream due to nozzle-induced flow dis-
turbances. Visualizations demonstrated significant vortic-
ity and turbulence near the hull and nozzle interface, with
wake field instabilities contributing to pressure fluctuations.
Cavitation was concentrated mainly around the propeller’s
leading edges and the hub’s upstream flat surface. These re-
gions experienced low-pressure zones caused by the hull’s
flow dynamics. The leading-edge cavitation dominated the
flow features, influencing hydrodynamic noise levels.

5. HYDROACOUSTICS ANALYSIS

Following up on the above discussion of fluid dynamics, we
will discuss in the following contents the underwater noise
propagation of the tugboats studied in this paper. This
section is divided into two parts of experiments and sim-
ulations, whereby the experiments are carried out by the

co-authors of this paper at Robert Allan Ltd.

5.1 Measurements

The test range and underwater listening station (ULS) were
set up according to the specifications contained in the guide-
lines of the American Bureau of Shipping for underwater ra-
diated noise (URN). The vessel travels in a constant course
over the ground at predetermined low, medium or high
speeds, transverse between the north and south endpoints
of the test ranges. The experimental tests were carried outin
Indian Arm, northeast of Vancouver, and the experimental
route is shown in figure 11.

The trial period begins and ends within the test range. After
retrieval of the ULS, quality assessments, background noise
correction, sensitivity adjustment, and distance correction
were performed. Each type of test and its specific opera-
tional condition were repeated multiple times to obtain av-
erages for the URN. Additional processing was performed
to derive averaged URN source levels from the trials.

As you can see in figure 11, we arranged three microphones
during the sea trial. In subsequent processing, we averaged
the sound pressure fluctuations captured at the three mi-
crophone locations and did further spectral analysis. The
results obtained are shown in Fig. 12. For the experimental
data, RNL is the radiated noise level and is calculated as fol-
lows: the measured sound pressure level is back-propagated
from the measuring device to the acoustic source using the
spherical spreading law. MSL is the monopole source level
and is calculated as follows: by adding the measured sound
pressure level plus the propagation loss over the source-
recorder path, which is estimated by a model that accounts
for the effects of the local environment on sound propaga-
tion (i.e., sea surface reflection, water column refraction and
absorption, and bottom loss). It can be seen that the exper-
imental results have a peak at the blade passing frequency
by, r, however, the spectrum has other peaks at high frequen-
cies, and these components originate from the mechanical
noise during the ship’s operation.

In addition to blade passing frequencies, the noise compo-
nents mainly include the sources of the main engine firing
rate (MEFR), genset cylinder firing rate (GCSR), lower gear
meshing frequency (LGMF) and the upper gear meshing
frequency (UGMF). We summarize in Table 3 the frequen-
cies of the first harmonics of the various types of noise
that appeared in the experiment. While MEFR corresponds
to the frequency at which fuel combustion occurs in the
cylinders of the main engine, GCSR refers to the firing
frequency of the cylinders in the auxiliary generator en-
gine (genset). In the engine transmission system, LGMF
and UGMF correspond to the frequency of mechanical in-
teraction between the teeth of the lower and upper gears,
respectively. As noted in figure 3, the black arrows mark
the blade passing frequency and its harmonics, while the
blue, red, and yellow arrows are associated with GCFR,
LGMF, and UGMEF, respectively. The detailed diagram ex-
plaining the mechanism underlying the above mechanical
noise can be found in Fig. 13. The appearance of mechani-
cal noise implies that it improves the overall sound pressure
level, especially in the high-frequency range. Inevitably, in
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TABLE 3: Normalized frequencies of different mechanical
noise: Main Engine Firing Rate (MEFR); Blade Passage Fre-
quency (BPF) ; Genset Cylinder Firing rate (GCSR); Lower
gear meshing frequency (LGMF); and Upper gear meshing
frequency (UGMF).

Sources MEFR BPF GCFR LGMF UGMF
flfop 1503 10 460 925  30.08
Upper Gear Pinion 1 [\

Upper Gear Wheel l
P

-

/\ 1/ Lower Gear Pinion

J

Lower Gear Wheel

=
!
!
~

FIGURE 13: Diagram indicating the sources of different me-
chanical noise.

the actual experimental test, there must be a large amount of
background noise, which also greatly enhances the energy
of the broadband components in the spectrum.

5.2 Simulation

Based on the pressure information provided by the CFD
calculation in section 4, we further apply the porous FW-H
method to obtain the noise level. The control surfaces used
in the FW-H calculations consist of a permeable surface
(which spatially encloses the nozzle and propeller) and an
impermeable surface (the hull). The permeable FW-H sur-
face used for the acoustic analysis was a cylindrical surface
centred at the propeller centre. Its diameter was 1.1 times
the outer diameter of the duct, and its length was 1.0 times
the outer diameter of the duct. The cylinder was aligned
with the propeller axis, corresponding to an angle of attack
of 0°. The acoustics information is collected via the FW-
H method every 5 time steps in resolving the flow field.

Consistent with the microphone locations set up during
the conduct of the sea-trail experiment, in the calculation,
we set up three acoustic monitor points along the vertical

TABLE 4: SPL value obtained at three monitor locations in
the present simulation.

Hydrophone 1 2 3
SPL (dB) 1579 1564 154.0

direction (y-direction) at the corresponding locations in ac-
cordance with the scaling ratio. We extracted the SPL at
the three locations of the monitor and displayed them in
Table 4. It can be seen that the sound pressure values grad-
ually decrease as the collection points become closer to the
gearbox-propeller unit.

Consistent with the processing of the experimental data, we
averaged the time histories of the sound pressure at the three
acquisition points and further obtained its frequency spec-
tra. The comparison with the experimental data is shown in
figure. 14. To begin with, similar to the experimental data
of the narrow band, the simulation also captures the domi-
nating peak of blade passing frequency, and harmonics are
also well resolved. However, it is shown that the power of
the measurement spectrum is higher than that of the sim-
ulation data. As discussed above, this is due to the fact
that the mechanical and marine background noise charge a
significant ratio here.

Furthermore, the spectrum obtained by the simulation ex-
hibits relatively stronger power in the high-frequency range.
Those high-frequency components involve the turbulence
noise generated from the vortex, cavitation, and broken
bubbles resolved by the calculation. However, it is also ex-
pected that the FW-H tools we chose here may overpredict
the turbulence-induced noise due to the involvement of the
spurious signal. However, the simulation could reasonably
capture the features of noise generated by the phase of flow
dynamics.

When comparing the present numerical predictions with
sea-trial measurements, it should be noted that several en-
vironmental and operational factors inherent to full-scale
experiments are not explicitly represented in the numerical
model. In particular, the current simulations focus on iso-
lating the dominant hydrodynamic noise sources and there-
fore neglect secondary propagation effects such as acous-
tic reflections from the sea bottom. In sea trials, these
mechanisms can modify the measured sound pressure lev-
els through interference, amplification, or attenuation, de-
pending on the operating conditions and sensor locations.
Although a quantitative assessment of each contribution
is beyond the scope of the present study, their combined
influence may lead to deviations in absolute noise levels
compared to experimental data. Nevertheless, the numer-
ical framework captures the primary flow-induced noise
generation mechanisms, and the qualitative trends in the
spectral content and relative noise levels remain meaning-
ful for physical interpretation and comparative analysis.

In summary, our simulations using the LES and the FW-H
models could capture the BPF and associated harmonics,
which are also displayed in the experimental results. Nev-
ertheless, certain uncontrollable and unknown factors in
the experiment can affect the final comparisons. In the fu-
ture, when an opportunity arises, we will carry out some
underwater visualization experiments.

It is also noted that, for comparison with sea-trial or full-
scale measurements, appropriate scaling corrections are re-
quired. In particular, established procedures such as those
recommended by the International Towing Tank Confer-
ence (ITTC) provide formulations to extrapolate model-
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FIGURE 14: Figure 14: Narrowband sound pressure level (SPL) spectrum of the model-scale underwater radiated noise,
expressed in dB re 1 uPa at a reference distance of 1 m. No scaling to full-scale conditions or MSL correction is applied.

scale noise to full-scale conditions, including corrections for
frequency scaling and source level adjustments. In addition,
the present results are shown in narrowband form, whereas
comparisons in standardized bandwidths (e.g., deci-decade
or one-third-octave bands) are often preferred for experi-
mental validation. Such representations will be considered
in future work. For model-scale computations, the Lloyd-
mirror effect differs from that in full-scale sea-trial condi-
tions due to differences in geometry and observation setup.
Established standards such as ISO 17208-2 provide correc-
tion procedures to account for this effect and obtain MSL
values. These corrections are not applied in the present
study but will be incorporated in future work for direct
comparison with full-scale measurements.

6. CONCLUDING REMARKS

This study presented a combined full-scale experimental
and high-fidelity numerical investigation of cavitation dy-
namics and underwater radiated noise for a tug equipped
with a Kaplan 4-70 propeller operating inside a 19A noz-
zle. Through sea trials, underwater noise levels of up to
180 dB were recorded, reflecting the complex interplay of
fixed-frequency mechanical noise, high-frequency oceanic
background noise, and hydrodynamic noise from propeller
operation. The numerical simulations, employing a dy-
namic LES model, the Schnerr-Sauer cavitation model, and
the Ffowcs-Williams-Hawkings acoustic framework, pro-
vided complementary insights by isolating the hydrody-
namic noise contributions. Agreement between numeri-
cal predictions and measured spectra in the low-frequency
range, particularly at BPF and its harmonics, demonstrates
that the dominant hydrodynamic source mechanisms are
captured by the present framework.

Flow-field analysis revealed that cavitation predominantly
forms near the blade leading edges and hub region, while
the nozzle locally suppresses blade-tip vortex cavitation by
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increasing pressure near the tip within the duct. While the
nozzle suppressed tip vortex shedding, it facilitated the re-
emergence of lobe-tip vortices in the wake. Cavitation was
also observed on the flat side upstream of the hub, with
additional noise sources identified at the trailing edge of the
propeller and the nozzle pressure surface. Furthermore, the
hull geometry induced a negative pressure zone at the stern,
which contributed to the generation of cavitation.

These results highlight the dual role of the nozzle: bene-
ficial in reducing in-duct tip-vortex cavitation, yet capable
of modifying downstream shear-layer dynamics that influ-
ence broadband URN. Future work will extend the anal-
ysis to transient maneuvers, steering conditions, and op-
erational variability and will further quantify the relative
contributions of machinery and hydrodynamic sources in
full-scale URN assessments. Overall, the combined nu-
merical-experimental dataset provides propulsion-relevant
guidance for the design and optimization of quieter ducted
marine propulsors operating under realistic full-scale con-
ditions.

ACKNOWLEDGMENT

The present study is supported by Mitacs, Transport
Canada, Clear Seas through a Quiet Vessel Initiative (QVI)
program, and Innovative Solutions Canada (ISC) from
Transport Canada’s Innovation Centre. The current study
was partially supported by Robert Allan Ltd. through an
Innovative Solutions Canada (Phase 2) grant from Trans-
port Canada’s Innovation Centre. We greatly acknowledge
Seaspan for their support over the URN data collection pro-
gram. We also acknowledge the Computing Facilities of
Advanced Research Computing (ARC) at the University of
British Columbia, Shared Hierarchical Academic Research
Computing (SHARCNET), and Compute/Calcul Canada.


http://www.sharcnet.ca

APPENDIX A. VALIDATION OF HYDROACOUSTICS
MODEL
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FIGURE 15: (a) Experimental configuration, (b) diagram of
present calculation domain for the validation case consisting
of flow passing stationary circular cylinder in the water tun-
nel, and (c) comparison between the experimental data [38]
and present simulation results for the acoustics spectrum.

To validate the present hybrid acoustics model, we compare
the experimental data [38] and present simulation results
for the noise generated by the configuration of water flow
passing a stationary circular cylinder inside the water tunnel
(cf. with Fig. 15a). The width and height of the section
of the water tunnel are 600 mm and 600 mm. The incident
water flow has a uniform velocity Uy of 5.0 m s~ with
Re=UyD/v =1x 10, in which v is the water kinematic
viscosity. The cylinder rod is 600 mm in length L and 20
mm in diameter D. The cylinder’s aspect ratio, which is
the ratio of its spanwise length to diameter, is 15.0. As a
result, the aspect ratio of the rod is high enough to enable
the assumption of 2-D uniform flow at its midspan location.
The center of the rod is 300 mm away from a hydrophone.
Figure 15b depicts the domain of the present calculation,
which is consistent with the experimental setting. Specif-
ically, for the incident flow velocity, Dirichlet boundary
conditions were established on the left patch. A pressure

outlet boundary condition with the pressure set to the stan-
dard (ambient) atmospheric pressure was imposed at the
right plane of the computational domain. The no-slip wall
boundary condition is applied at the spanwise boundaries.
The mesh-generation strategy and y* of the first-layer mesh
close to the wall surface are consistent with those applied in
the present propeller simulation. AT is automatically mod-
ified to maintain the CFL value smaller than 0.8 for each
time step.

Figure. 15c compares the spectrum of the sound pressure
level (SPL) obtained on the monitor between the present
results and the numerical and experimental data provided
by Choi et al. [38]. SPL (dB) = 20log(p;...s /Ph,ref)
where p’ is the acoustics pressure fluctuation and pj, .5 is
the hydroacoustics reference pressure of 1 x 107% Pa. As
introduced by Choi et al. [38], several peaks with corre-
sponding frequencies larger than 70 Hz are generated due
to electronic devices (not flow dynamics) in the experi-
mental data. It could be observed that, for both the tonal
and broadband noise features, the prediction of the present
modeling exhibits high conformity with other simulation
and measurement data. Tonal noise components originate
from the vortex-shedding behaviors of the water past the
cylinder herein. Therefore, the present hybrid acoustics
modeling is proven to be correct and reliable in providing
the hydroacoustics prediction of underwater devices.
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