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ABSTRACT

Understanding radiated noise from marine propellers is of
interest from the point of view of mitigating sound pollution and avoiding detection. At the design stage this can be
achieved using acoustic tools such as the Ffowcs WilliamsHawkings (FW-H) acoustic analogy. However, these have
not yet been widely adopted and thoroughly tested for realistic configurations in the marine context. The current work
presents a systematic study of applying the porous FW-H
method, coupled with a viscous RANS solver, to the INSEAN E779A propeller in a wake field, in both cavitating
and non-cavitating conditions. The aim is to understand
sensitivity of the analogy to the definition of the porous
data surfaces and key simulation parameters, such as time
step and grid resolution. These will in turn provide baseline guidelines to be used in subsequent work devoted to
fully appended ship predictions. The results indicate that
particular care must be taken to define the porous data surfaces in such a way so as to minimise the amount of upstream vorticity penetrating them while ensuring the effect
of noise-generating flow features is aptly captured.
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INTRODUCTION

Increased awareness of the harmful environmental effects
induced by marine traffic (Hildebrand, 2009; Frisk, 2012)
has led the International Maritime Organisation (IMO) to
issue guidelines on mitigating underwater radiated noise
from commercial vessels. This has also resulted in the introduction of noise limits by several classification societies.
At present, full-scale tests remain the most accurate method
for estimation of radiated noise from ships, making it difficult for designers to make informed decisions and perform
trade-off studies during the design stage when meaningful
noise-mitigation steps could still be taken. Therefore, reliable numerical tools for noise predictions during the design phase are required, including semi-empirical models
and computational fluid dynamics codes.
In order to address this issue, several authors have recommended the use of acoustic analogies as the most
promising analysis methods which could be used for de-

tailed propeller design, with the porous Ffowcs WilliamsHawkings (FW-H) analogy being the most common choice
in the literature (Ffowcs Williams & Hawkings, 1969; Di
Francescantonio, 1997). Using this approach, the acoustic prediction results from post-processing of an unsteady
incompressible viscous flow solution. Although some limitations of this method in marine propeller hydroacoustics
context have been identified (Lloyd et al., 2015b; Bensow
& Liefvendahl, 2016), it represents an efficient approach
for far field noise prediction.
While prediction of low-frequency pressure fluctuations is
reasonably well established (Vaz et al., 2015), translating
the nearfield flow information into farfield radiated noise is
not yet as widely adopted in practical applications. A major
obstacle in this respect is the prohibitively expensive cost of
scale-resolving simulations necessary to resolve flow features at frequencies much higher than the blade rate (Hynninen et al., 2017; Guilmineau et al., 2015; Ianniello & De
Bernardis, 2015). Another limitation is the lack of comprehensive guidelines on how to best apply acoustic tools to
achieve reliable pressure predicitons in the farfield.
This is addressed presently using a well-known test case,
the E779A propeller behind a wake generator (Salvatore &
Testa, 2009), seen in Figure 1. The case exhibits a strong
wake peak and includes a significant amount of unsteadiness in the inflow conditions, making it suitable for evaluating acoustic analogy before applying it to a fully-appended
ship. Presented results focus on understanding how the
placement of the porous data surfaces inside of the complex
flow field affects the predicted farfield noise. Two different
approaches for extracting the fluid dynamic data and feeding it into the acoustic solver are also examined, as are the
effects of spatial and temporal discretisation. The sensitivity studies are summarised to yield what is seen as the most
suitable set up which is then used to compare farfield noise
predictions for cavitating and non-cavitating conditions.
2 METHODOLOGY
2.1 Flow solution

The governing flow equations were solved using the finitevolume code ReFRESCO, developed by MARIN in collaboration with various universities worldwide. Specifically, unsteady incompressible Reynolds-averaged Navier-

a volume integral outside of it, in order to completely describe radiated pressures induced by the flow at an arbitrary
receiver location. In the current implementation the source
and receiver are assumed to be stationary.
The acoustic analogy may be written as a summation of
five terms yielding the total pressure at the receiver,
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Figure 1: Photograph of the experimental set up used by
Pereira et al. (2016). Locations of the in-flow hydrophones
(H1-H4) and pressures sensors at the tunnel walls (P1-P4,
only the latter shown) also highlighted.

2.2

Acoustic analogy

Following previous work on open-water propeller acoustics
(Lloyd et al., 2015b,a), current results rely on the Ffowcs
Williams-Hawkings (FW-H) acoustic analogy (Ffowcs
Williams & Hawkings, 1969) in order to infer farfield radiated pressures from the near-field hydrodynamic solution. This is done using the so-called porous FW-H fomulation originally derived by Di Francescantonio (1997). For
a problem posed in this way, the acoustic analogy involves
defining a porous data surface (PDS) assumed to surround
the region of the flow in which noise sources are present,
and solving surface intergrals on said surface, as well as
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equations were used in conjunction with the k −
√
kL model proposed in work by Menter et al. (2006).
Its main advantage over the k-ω SST model, more commonly used in the maritime community, is the introduction
of a scale adaptive property through a length-scale defined
as Lvk . This reduces the modelled eddy-viscosity, typically
over-estimated in a RANS approach, while preventing the
model from becoming directly grid-dependent as is the case
for DES methods, for instance.
In order to model cavitation, the Sauer & Schnerr (2001)
mass-transfer model was used. This relies on formulating a source term that correlates destruction and creation of
vapour with the local pressure predicted by the flow solver.
The model relies on two constants. The first, n0 , is the
volumetric density of nucleation bubbles and is considered
constant and equal to 108 m−3 . The second is the nucleation bubble radius that contributes to the ambient value of
the vapour volume fraction, αv . This is also assumed constant and equal to 10 µm. The source term appears in both
the mass and momentum conservation equations. More detail on the model implemented in ReFRESCO is given, for
instance, in Hoekstra & Vaz (2009).
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Quadrupole volume integral outside of PDS

In Equation (1), c0 is the speed of sound and ρ0 the undisturbed density. H(f ) is the Heaviside function equal to
R
1 outside of the porous data surface S, S [...]dS denotes
integration over the PDS and subscripts r and n refer to
the dot product of the quantity in question with the normal
unit vector along either radiation or surface normal directions, respectively. The dot notation refers to a source time
derivative, consistent with the 1A formulation by Farassat
(2007) which differs from the expression originally proposed by Ffowcs Williams & Hawkings (1969) involving
a receiver time derivative in front of the integrals.
It is also important to note that, for a porous formulation,
the quadrupole term, p0Q (x, t), denotes the non-linear contributions from the volume not enclosed by the porous surface and is described by a volume integral (Di Francescantonio, 1997). Thus, if the porous data surface is defined to
intersect a region where turbulence or other noise sources
exist, solution of the volume integral is still required if an
accurate representation of the noise source is to be obtained
(Ianniello et al., 2013). This term is often ignored, however,
as it adds a significant computational overhead (Ianniello
et al., 2013). In some cases, this can be done without a significant loss of accuracy for open-water propellers (Lloyd
et al., 2015b), but such a simplification may have significant implications for practical hydroacoustics problems involving vorticity generation upstream, as will be discussed
later in this article.
Furthermore, each term in Eq. (1) is evaluated at the retarded time, denoted by [...]τ . This accounts for the fact
that the sound propagating from different elements of the
discretised data surface will take a finite amount of time to
reach the receiver (Lyrintzis, 2002). Thus, the contribution
of an individual located at y(τ ) element at the emission

(retarded) time τ will affect the receiver at x(t) at time
t=τ+
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3 TEST CASE
3.1 The INSEAN E779A propeller

This test case has been selected for the current study as it
constitutes a well-established test case (Salvatore & Testa,
2009; Vaz et al., 2015). Presence of realistic inflow conditions and unsteady cavitation patterns makes the test case
a suitable choice for investigating best practices applied to
practical hydroacoustics problems. Additionally, experimental results report near-field pressure measurements carried out at the tunnel walls as well as in the wake of the
propeller, as shown in Figure 1. Despite these data having been recorded in the near-field, they yield valuable validation material. As the main purpose of this study was
to investigate sensitivity of the acoustic analogy, it was
decided to confine the analysis to a single experimental
condition corresponding to the experimental results. Key
parameters of the simulated propeller and chosen experimental conditions are given in Table 1. Two key nondimensional quantities describing the chosen condtions are
the advance coefficient, J = U∞ /(nD), and cavitation
number, σn = (p − pref )/( 12 ρn2 D2 ).
Table 1: Key parameters of the investigated test case.
Parameter

Value

Unit

Diameter, D
No. blades
Pitch ratio, P/D

0.22727
4
1.1

m
-

Rotation rate, n
Inflow speed, U∞
Advance coefficient, J
Cavitation number, σn

30.50
6.22
0.897
2.50

s−1
m s−1
-

Water temperature
Water density, ρw
Water viscosity, µw
Vapour density, ρv
Vapour viscosity, µv
Saturated vapour pressure, pvap

20.0
998.0
1.008 · 10−3
0.017
1.020 · 10−5
2337

deg C
kg m−3
N s m−2
kg m−3
N s m−2
Pa

3.2

Numerical set up

To model the experimental conditions as closely as practical, the geometry of the cavitation tunnel working section was resolved in the computations, including the inflow
generators and the upstream shaft. The static part of the domain was meshed using an unstructured hex-dominant grid,
while the rotating propeller sub-domain was discretised using a structured hexahedral mesh. The domain and grid
were originally created as part of the study discussed by

Vaz et al. (2015). Table 2 summarises the two different grid
resolutions used to study the effect of spatial discretisation
on the unsteady flow solution. For the propeller blades and
the wake generator a wall-resolved approach was followed
while wall functions were applied on the tunnel walls, shaft
and hub in order to control the total number of grid cells.
Table 2: Number of grid cells in millions for the used grids.
Grid level
Coarse
Medium

Propeller

Domain

Total

4.52
7.53

7.87
12.61

12.39
20.14

Due to a strong unsteadiness of the problem, a time step
sensitivity study was carried out with ∆t values corresponding to rotation of 6, 1, and 0.25◦ . For each case these
were applied in succession, meaning the run with a finer
time step was initialised from a previously computed and
converged flow field, thus reducing the time needed to establish a fully-developed flow.
The convective term of the momentum equation was discretised using the second-order QUICK scheme The convective terms of the vapour volume fraction and turbulence quantities were discretised with a first-order upwind
scheme while a central scheme was used for all diffusive
terms. A second-order backwards implicit time scheme
was applied to the time derivatives. During each time step
a maximum of 60 outer loops of the SIMPLE algorithm
were used with convergence of the L2 norm of 10−4 typically obtained.
3.3

Acoustic analogy set up

In order to allow quantitative validation of the pressures
computed directly from the near-field flow solution, sample
points were placed at the same locations used in the experiments. Furthermore, three arrays of receivers were placed
outside of the numerical domain at a distance of 100 propeller diameters from the propeller centre at equal angular
increments around the principle axes (see Figure 2). This
illustrates one of the strong arguments supporting the use
of the acoustic analogy, namely that it permits the flow solution to be carried out in the near-field only, thus reducing
the computational expense for farfield noise prediction.
One of the key factors dictating the efficacy of the acoustic
analogy is the definition of the porous data surfaces, which
form the bridge between the hydrodynamic and hydroacoustic solutions. One aspect of this that has received attention in the literature is the issue of end caps placed downstream of a propeller contributing to spurious noise originating from the quadrupole source volume integral commonly being ignored (Ianniello et al., 2013; Lloyd et al.,
2015a), which has also been reported for other categories
of problems where strong vortical structures are present far
downstream of an object of interest (Rahier et al., 2004). It
has been shown in the literature, however, that omitting the

a) Small interpolated

Figure 2: Locations of the farfield receiver arrays placed
at equal angular intervals by revolving around x-axis (red),
y-axis (yellow), and z-axis (green). Distance from the propeller has been scaled down by a factor of 10 in the figure
for readability.
downstream part of the porous data surfaces does not bear
a significant negative effect on the predicted noise, provided the remaining part of the PDS remains long enough
to enclose as much of the relevant flow regions as possible
(Ianniello et al., 2013; Lloyd et al., 2015a).
In the present scenario, however, vorticity is also generated
upstream of the propeller. By analogy, one could therefore
be tempted to also exclude the upstream cap of the FWH integration surfaces to mitigate the spurious noise source
originating from them. This may not be sufficient, however,
as vortical structures may also penetrate the axial part of
the porous data surface enclosing the shaft, propeller, and
its slipstream, potentially corrupting the acoustic solution.
Both of these factors are investigated in the present study in
order to provide information on how best to perform a complex simulation of a propeller in a wake with minimum
computational effort while minimising spurious noise. This
is done by utilising two sets of porous surfaces: the first one
with diameter of 1.32 propeller diameters is placed close
to the propeller in the fine mesh region and directly in the
wake of transverse rods, and is henceforth referred to as
the small PDS; the other porous data surface, termed the
large PDS, is placed further away with its diameter being
equal to 1.76 propeller diameters. Both porous surfaces
extend far enough upstream to enclose the wake generators but the small PDS is truncated in the fine mesh region
while the large variant extends 3 propeller diameters downstream, as seen in Figure 3. The analysis is also performed
with both sets of the porous data surfaces being closed or
open at the upstream and downstream ends. Finally, two
distinct approaches are used to feed the acoustic analogy
with flow-field data. The first approach relies on construct-

b) Small face-based

c) Large face-based
Figure 3: Comparison of the different porous data surfaces
used. Parts downstream and upstream of the rotating subdomain coloured in blue and green, respectively. End caps
not shown for clarity. Also showing a slice through the
centreline of the background stator grid.
ing each PDS directly from the faces of the numerical grid,
thus avoiding interpolation but increasing the cost overhead
of the acoustic computations due to higher face count; these
are referred to as face-based data surfaces. The second category interpolates the flow data onto a grid of quadrilateral
panels, yielding an interpolated PDS. All of the considered
configurations are summarised in Table 3.
4 RESULTS
4.1 Grid and time step sensitivity

The most fundamental integral flow quantities that may be
compared to the experimentally measured values are the
mean force coefficients, presented in Table 4 for the wetted
flow conditions. Results reveal that while the torque coefficient is predicted within approximately 12%, the average
thrust coefficient is under-predicted by 16% compared to
the experiment. The same trend was observed in results

Table 3: Properties of the used porous data surfaces.
# PDS

Size

Type

End-cap

D [m]

L [m]

1
2
3
4
5
6
7
8

Small
Small
Large
Large
Small
Small
Large
Large

Face-based
Face-based
Face-based
Face-based
Interpolated
Interpolated
Interpolated
Interpolated

Open
Closed
Open
Closed
Open
Closed
Open
Closed

0.3
0.3
0.4
0.4
0.3
0.3
0.4
0.4

0.6
0.6
1.5
1.5
0.6
0.6
1.5
1.5

of six other groups of authors who predicted thrust coefficient values between 0.139 and 0.154 and torque coefficient
values between 0.0289 and 0.0303 for the same test conditions, as described by Vaz et al. (2015). Present results
also indicate worsening of agreement with the experiment
as more refined discretisation becomes employed. The exact origin of this discrepancy was not clear in the aforementioned set of comparative calculations and the same is
true for the present results.
Table 4: Mean values of force coefficients and magnitude
of the 1st harmonic of KT in non-cavitating conditions
computed using different grid densities and time steps.
Case

|KT |

|10KQ |

|K̂T, 1 |

Experiment
Coarse, 6 deg
Medium, 6 deg
Coarse, 1 deg
Medium, 1 deg
Coarse, 0.25 deg
Medium, 0.25 deg

0.175
0.153
0.151
0.152
0.150
0.150
0.148

0.334
0.302
0.299
0.299
0.296
0.297
0.293

0.0158
0.0158
0.0178
0.0172
0.0178
0.0168

A noteworthy observation is that while the predicted mean
values are relatively independent of the grid refinement and
time step, their fluctuations vary significantly with increasing fidelity of the simulations, as evident from the change
of the 1st harmonic of the thrust coefficient. One of the explanations for it is the fact that the wake field generated by
the upstream rods is highly unsteady, even when modelled
with RANS, and hence grid and time step have a significant
effect on how it interacts with the passing blades.
As the presence of unsteady cavitation becomes included in
the calculations, its effect on the time history of forces generated by each blade may be clearly distinguished, as seen
in Figure 4. In the cavitating conditions, the peak of the
thrust signal is reduced by approximately 3% of the maximum value and fluctuations are introduced into the signal
as the blade leaves the wake peak. The latter may be associated with sudden wrapping of the original sheet cavity into
the tip vortex and subsequent rapid shift of the fluid-vapour
interface, as seen in Figure 5.

Figure 4: Thrust coefficient computed for a single blade
plotted as a function of angular position, with 90 degrees
corresponding to the wake peak (top position). Results
computed with a time step of 0.25 degrees.
No experimental measurements of force coefficients are
available for the cavitating condition. However, the predicted values may still be used to assess the effect of spatial
and temporal discretisation on the unsteady force histories,
shown in Figure 6. Differences between the different cases
are quite subtle, but it may be seen that refining the time
step leads to lower force coefficient values and reduction
of the blade angle corresponding to the minimum loading.
The effect of cavitation is also dependent on the discretisation, which is shown for the total cavity volume variation in Figure 7. Time traces predicted for the two grids
experience what amounts to an almost constant DC-shift
for a given time step. However, refining the latter leads to
a significant increase in the maximum predicted cavity volume. It also reveals the presence of more complex cavity
dynamics occurring once the blade has passed the deepest
part of the wake, as evident from a secondary peak in the
cavitation volume predicted at approximately 140 deg.
4.2

Porous data surface selection

The choice of time step and grid density also affects the
farfield acoustic predictions. Because the flow solution was
affected by the time step to a greater extent, it was decided
to focus on the results obtained with the finest ∆t. Consequently, Figure 8 presents farfield pressures computed for
the cavitating flow conditions on coarse and medium grids
using several of the considered

 data surfaces and presented
prms
as SP L = 20log10 pref . The reference pressure was
1 µPa. For both mesh densities, all of the FW-H surfaces
yield similar directivity patterns. Refinement of the grid
leads to differences in average SPL not exceeding 0.5 dB
for the interpolated porous surfaces. However, it appears
to have affected the face-based PDS located in the coarser
mesh region by up to 1 dB and the one in the fine mesh
region by as much as 3 dB.
Figure 9 examines the effect of including or excluding the

Figure 6: Time traces of thrust coefficient in non-cavitating
conditions for different time steps and grid resolutions.

Figure 5: Instantaneous snapshots showing the cavity extent using a series of vapour volume fraction iso-contours
with value of 0.5.
data surface end caps during the acoustic analysis. This is
done for the face-based PDSes only for the sake of clarity but, based on results from Figure 8, the same trends
are expected for the interpolated PDSes, provided they remain free of significant interpolation errors. The results
show that with end caps included in the computation, mean
source levels increase by between 2 and 4 dB. Building
on the understanding of the problem derived from previous work on open-water propellers (Lloyd et al., 2015a),
this is attributed to the effect of the spurious noise source
induced by the wake generator and propeller slipstream affecting the acoustic predictions.
Figures 10 and 11 present instantaneous contours of p00 and
p02 FW-H source term values on two face-based porous surfaces for a farfield receiver above the propeller. Both of the
terms show clearly how the vorticity shed from the transverse wake generating rods induces localised high noise
contributions at the receiver. This is also observed for the
larger PDS but to a much smaller extent due to it being
placed in a region of coarser mesh resolution and, consequently, experiencing lower local velocity fluctuations.
This indicates a second potential mechanism of spurious

Figure 7: Total cavity volume present in the simulation domain as a function of grid density and time step.
noise generation that will be present if the downstream and
upstream end caps are excluded from the PDS. Final examination of differences stemming from porous surface definition may be seen in Figures 12 and 13 showing a breakdown of the predicted total radiated pressure into the individual terms of the FW-H equation, (see Eq. (1)).
It may be seen that the smaller PDS exhibits an increased
amplitude in the p00 term involving normal fluid velocity
when compared to its larger counterpart. This is consistent
with the instantaneous distributions of the FW-H terms on
the porous surfaces in Figures 10 and 11. The data also
reveal that the relative role of the ”pseudo-monopole” (p00 )
and the farfield ”pseudo-dipole” (p03 ) terms becomes more
dominant when the receiver moves to the farfield. This
clearly indicates why they cannot be associated with the existence of particular types of noise sources inside the fluid,
unlike in the case of a classical, non-porous version of the
analogy (Ianniello et al., 2013).
4.3

Near-field pressure fluctuations

Figure 14 presents a comparison of pressures computed
directly from the RANS solution with experimental data
for a wall-mounted pressure transducer on the port-side of
the propeller (P1). These are compared by analysing blade
passing frequency (BPF) harmonics of predicted wall pres-

a) Small

b) Large
Figure 8: Sound pressure levels computed for the cavitating case with time step of 0.25 deg in the xz-plane. Openended PDSes only.

Figure 10: Instantaneous distribution of the p00 term
[Pa m−2 ] from Eq. (1) computed for the cavitating case
with time step of 0.25 deg on the face-based porous data
surfaces for a farfield receiver directly above the propeller.

a) Small

b) Large

Figure 9: Sound pressure levels computed for the cavitating
case with time step of 0.25 deg in the xz-plane. Face-based
data surfaces only.
sures and comparing them against the values reported in
the experimental study. Both the coarse and medium grid
solutions over-predict the first harmonic by approximately
20%. Finer spatial discretisation appears to slightly reduce
the comparison error for all harmonics. Current results offer similar observations to those of several participants of
previous comparative CFD studies (Vaz et al., 2015).
4.4

Cavitating and non-cavitating noise

Figure 15 compares directivity patterns predicted in the
propeller plane for cavitating and non-cavitating conditions. As cavitation dynamics are included in the simulation, they induce a change of the dominant noise radiation

Figure 11: Instantaneous distribution of the p02 term
[Pa m−2 ] from Eq. (1) computed for the cavitating case
with time step of 0.25 deg on the face-based porous data
surfaces for a farfield receiver directly above the propeller.
direction. This moves from approximately 90 degrees (top
position) in wetted conditions to 315 degrees (lower-port).
The magnitude of the asymmetry on either side of the propeller shaft also increases from about 1 dB to between 3
and 4 dB. This is an unexpected result as one might expect more noise to be generated towards the top-starboard
quadrant where most of cavitation dynamics occur, as also
seen in the nearfield harmonics. Closer examination of the
results at the receiver below the propeller (P4 in the experiments) reveals that the pressures at that location are overestimated by the CFD even though good agreement was
observed for the first blade pass harmonic at other receiver

a) Small face-based PDS
Figure 14: Blade-pass harmonics of pressure fluctuations
on the port-side wall of the tunnel (receiver P1) computed
in cavitating conditions with time step of 0.25 degrees on
the coarse and medium grids.

b) Large face-based PDS

positions. This matches the observed trend in the FW-H results. The data also reveal that a mean increase of 5 dB is
observed for all receivers as cavitation becomes included.
This difference is expected to increase if improved prediction of the higher harmonics is achieved.

Figure 12: Breakdown of individual terms of the FW-H
equation (1) contributing to receiver at the experimental
sensor P2 position. Porous surfaces open at the ends.

a) Small face-based PDS
Figure 15: Farfield pressure at receivers placed around the
propeller plane in cavitating and non-cavitating conditions.
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b) Large face-based PDS
Figure 13: Break-down of individual terms of the FW-H
equation (1) as contributing to a farfield receiver directly
above the propeller. Both porous surfaces open at the ends.

DISCUSSiON

Current results have indicated that grid refinement has led
to reduced cavity volumes and nearfield pressure amplitudes. The same trend was also observed in term of farfield
pressures predicted by the face-based porous data surfaces.
However, the interpolation-based surfaces have proved to
yield pressure amplitudes almost independent of the level
of grid refinement.
Analysis of individual FW-H term distributions has shown
that for a propeller operating in a wake, upstream vorticity
may have a similar effect in terms of spurious noise gener-

Figure 16: Blade-pass harmonics of pressure fluctuations
on the port-side wall of the tunnel (sensor P4) computed in
cavitating conditions with time step of 0.25 degrees on the
coarse and medium grids.
ation as inclusion of the end caps crossing the slipstream.
This is a direct consequence of the volumetric integral of
the Lighthill stress tensor being excluded from the current
FW-H implementation. As a result, the implied assumption is that no vorticity penetrates the porous data surface,
which is not the case at present, as schematically depicted
in Figure 17.
The magnitude of this spurious noise is difficult to discern
from the current data due to there not being a reference result uncontaminated by the upstream vorticity. While the
larger control surface has shown to be less affected by the
wake of the upstream plates, it did yield farfield pressures
between 0.5 and 1 dB lower than its smaller counterpart.
The origin of this discrepancy could be attributed to the
spurious noise source but current analysis does not provide
definite arguments supporting this hypothesis. Another explanation could also be that the smaller surface placed in
the finer grid region simply captures more noise information, yielding higher farfield noise amplitudes.

Figure 17: Sketch of the FW-H analogy applied to a propeller in a wakefield, showing how the presence of upstream vorticity invalidates the typical p0Q → 0 assumption.

The spurious noise issue could be avoided by applying the
full FW-H equation, including the volume integral outside
of the porous data surface. Doing so, however, would incur additional computational cost to the already relatively
challenging simulations. Alternative approaches have been
proposed in the literature but they typically concern themselves with removing spurious noise from downstream
parts of the data surface. As these methods usually employ various forms of axial averaging or reformulating the
volume integral, they are not necessarily readily applicable
to the problem at hand. Finally, one could attempt to move
the porous data surfaces well away from the region of the
flow in which vorticity exists, similarly to using the large
surfaces presented in this study. However, this bears the
risk of loss of information due to discretisation errors and
numerical dissipation.
Finally, comparison of nearfield pressure amplitudes to the
experimentally reported values indicated that while satisfactory agreement was reached for receivers on the sides
and above the propeller, induced pressures were grossly
over-estimated in the downward direction. The acoustic
solution was found to be similarly affected in terms of predicted directivity.
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CONCLUSIONS

A series of simulations have been carried out to simulate cavitating and non-cavitating flow over the INSEAN
E779A propeller behind a wake generator. The hydrodynamic solver has been coupled with a hydroacoustic one in
the form of the porous Ffowcs Williams-Hawkings acoustic
analogy. Presented results have shown that deriving consistent and well-founded guidelines for carrying out hydroacoustic simulations is necessary to allow quantitative assessment of marine propeller noise using CFD. In this study
differences of up to several dB were found in the farfield
depending on the exact definition of the porous data surface
and flow field sampling scheme. One of the main difficulties associated with this issue from a practical perspective
is the need to balance the desire to place the porous data
surfaces as close to the propeller as possible, therefore minimising dissipative and dispersive losses, and avoiding spurious noise caused by incident vorticity shed by upstream
geometries.
It is expected that as more advanced turbulence modelling
techniques are used on finer grids, the issue will worsen
due to better capture of turbulence in the wake. This could
make it extremely difficult to predict broadband noise accurately for practical test cases, and represents one of the key
differences between most hydro- and aero-acoustic problems, where uniform inflow conditions often apply.
Future work will focus further refinement of the presented
simulations in order to achieve better resolution of the
tip vortex dynamics, primarily through the use of scaleresolving modelling approaches and adaptive grid refine-

ment. It is also necessary to achieve better prediction of
the nearfield cavitation-induced pressures with the hydrodynamic solver in order to arrive at realistic underwater radiation noise directivity predictions.
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