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Abstract11

In the present work, we develop a new methodology to investigate12

the propagation of acoustic noise originating from a naval propeller,13

in a bounded marine environment. The propagation in a realistic envi-14

ronment is achieved by coupling the Ffowcs-Williams and Hawkings15

(FW-H) equation with the acoustic wave equation, overcoming some16

intrinsic limitations of the FW-H equation. First, the FW-H equation17

applied to the hydrodynamics field obtained from Large Eddy Sim-18

ulation, accurately characterizes the propeller source in the acoustic19

near-field. Then, the propagation in the acoustic far-field is evalu-20

ated in an arbitrary domain by solving the acoustic wave equation.21

After validating the new proposed methodology, we investigate the22

propagation of the linear part of the noise generated by a naval pro-23

peller within a canal. The results show complex interaction between24

the noise source and the environment: the decay rate of the acoustic25

energy is strictly related to the distance of the source from the bound-26

aries of the canal; local maxima and minima of the acoustic energy27

are observed resulting from the superposition of direct and reflected28

waves; the water-air interface introduces a peculiar asymmetry of the29

acoustic field associated with the interaction between the acoustic waves.30

Keywords: Propeller, FW-H, FDTD, Noise propagation, Marine Environment31
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1 Introduction32

The noise level in the ocean is mainly affected by commercial shipping (Hilde-33

brand 2009) and causes danger to the marine fauna (Weilgart 2007; Erbe et al.34

2019). More stringent regulations (Committee et al. 2012) on noise emission35

have led the shipbuilding companies to design silent class ships, to reduce their36

environmental impact. Numerical and physical experiments have revealed that37

in the low-frequency region (< 200Hz), the primary source of noise produced38

by a ship is the propeller. However, predicting how the noise source inter-39

acts with the marine environment is still challenging due to the difficulties in40

performing numerical and physical experiments in real scenarios. Therefore,41

there is a need to develop numerical tools that accurately describe noise gen-42

erated by complex systems and its propagation in the marine environment, as43

suggested by IMO (2014).44

In laboratories for hydroacoustics experiments, increasingly sophisticated45

techniques have been developed, see for example (Felli et al. 2013) where a46

novel wavelet-based filtering procedure is adopted to investigate the near-field47

pressure fluctuations on a rudder at different deflection angles. The laboratory48

experiments are suitable to evaluate the acoustic signature of the propeller49

only in the vicinity of the noise source. Therefore, they are not suitable for50

obtaining realistic estimations for marine environments.51

Experiments of the noise generated by ships in operational conditions have52

been performed, but typically these experiments are opportunistic, such as53

the measurements conducted in the Santa Barbara Channel (McKenna et al.54

2012). Furthermore, the experimental conditions, such as the type of ship55

and the state of the environment, may be substantially different from case to56

case. Therefore, this type of measurements are suitable for acquiring broad57

estimations of the noise generated but are not suited to acquiring a better58

understanding of the interaction between the environment and the source.59

Among the possible computational approaches, the acoustic analogy is60

widely in use in the scientific community. The acoustic analogy consists of61

a hybrid method where the computation of the acoustic field is decoupled62

from that of the hydrodynamic field. First, a hydrodynamic field is obtained63

using a computational method and, successively, the hydrodynamic data are64

given as input to the acoustic model. The hydrodynamic field is usually eval-65

uated using unsteady Reynolds-averaged Navier-Stokes (RANS), Detached66

Eddy Simulations (DES), or Large-Eddy Simulation (LES) (see the review of67

Wang et al. (2006)). The acoustic reconstruction is obtained using the acoustic68

model of Lighthill (Lighthill 1952), Ffowcs-Williams and Hawkings (FW-H)69

(Ffowcs Williams and Hawkings 1969), and Curle (Curle 1955). Among the70

acoustic models, the FW-H equation is suitable for characterizing the noise71

generated by an immersed body in motion, and is of common use in the scien-72

tific community for the evaluation of propeller noise, see among others (Broglia73

et al. 2020; Bensow and Liefvendahl 2016; Keller et al. 2018). Specifically, for a74

ship propeller or, in general, a rotor, the noise associated to pressure and veloc-75

ity over the blade surfaces peaks at Nn and n, where N and n are respectively76
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the number of blades and the revolution rate, whereas the noise associated with77

the wake is broadband and confined in the low-frequencies (see Wang et al.78

(2006) and Cianferra et al. (2019b) and literature therein reported). Among79

the available methods, LES and DES represent the best compromise between80

effectiveness and efficiency to resolve correctly the flow unsteadiness responsi-81

ble of noise production (Muscari et al. 2013; Ianniello and De Bernardis 2015;82

Posa et al. 2022).83

The main limitation of the acoustic analogy is the domain of applicabil-84

ity. For example, the propagation of the acoustic pressure given by FW-H is85

assumed to occur in an infinite homogenous domain, namely variation of the86

density field and associated spped of sound cannot be considered along with87

the presence of boundaries. The only remarkable exception is the presence of88

the free-surface, which can be simulated considering the half-space Green func-89

tion within the solution of the integral terms composing the FW-H equation90

(see Cianferra and Armenio (2021) for a detailed discussion and application).91

Therefore, if the noise propagation in a realistic water basin is requested the92

literature acoustic analogy cannot be used. At this purpose, to overcome the93

FW-H limitations, a new methodology is herein proposed, which couple the94

acoustic analogy with a propagation model based on the numerical solution of95

the wave equation.96

Among propagation models, two possible strategies are available: the first97

is to solve the Helmholtz equation, and the second is to solve the acoustic98

wave equation. The propagation of a simple acoustic source in a heterogeneous99

environment can be evaluated by considering the wave equation recast in the100

frequency domain, thus solving the Helmholtz equation, the first available101

strategy. In marine acoustics, several important applications of this method102

are found in the literature, such as Sturm (2005), where the authors studied103

the effect of complex morphology seabed on the propagation of a broadband104

pulse. Solving the Helmholtz equation has a low computational cost when105

the numerical domain is two-dimensional, but it has some limitations on the106

source’s complexity (especially when complex directivity patterns are present).107

Therefore, over the years, problem-oriented methods have been proposed in108

literature since the suitability of a mathematical model may depend on the109

marine environment and the type of source. Three different aspects have to110

be considered: frequency of the source, depth of the water column, and the111

range-dependent environment, as discussed in the review paper of Etter (2012).112

The second strategy is to solve the wave equation directly in the physical113

space-time domain, using discretization techniques to integrate the partial dif-114

ferential equations. This method is suitable for low-frequency sources in 3D115

domains of limited extension, up to a few kilometers, by far less than the dis-116

tance covered when solving the Helmholtz equation in 2D slice. Consequently,117

the use of the wave equation in the physical domain was somewhat abandoned118

in the past due to the high computational cost and the interest in the propa-119

gation of the noise at very large distances, of the order of hundred kilometers.120

However, nowadays, interest has raised in the analysis of near-field acoustics121
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because of the anthropogenic noise (marine vessel, geophysical exploration,...)122

in in confined regions, such as canals, ports or fjords. In this case, the main123

advantage of the wave equation solution in the physical domain consists in124

the possibility of treating complex sources together with the environment’s125

variability. However the use of this methodology in the marine environment is126

still unexplored, and few references are available, such as the work on marine127

hydrokinetic power devices by Hafla et al. (2018). Very recently, Petris et al.128

(2022) have investigated on the solution wave equation in the physical space129

using a Finite-Difference-Time-Domain (FDTD), validated the approach for130

simple archetypal sources (monopole, dipole, and quadrupole), considering the131

presence of boundaries, such as the free surface and the sea bottom.132

On the other hand, extensive literature is available on room acoustics,133

which clearly deals with different conditions and applications, but shares some134

issues with underwater noise research. Taking advantage of methods developed135

initially for room acoustic, here we perform a nesting of the FW-H method136

within the FDTD algorithm discussed above, arriving at the development137

of this new methodology. This coupling allows the use of the two methods138

in their domains of applicability and to obtain the noise generated by, for139

example, a marine propeller and its propagation in a complex inhomogeneous140

environment.141

The paper is organized as follows. In Section 2, we describe the novel142

methodology. In Section 3, we present a verification of the new coupled method-143

ology. In Section 4, we study the problem of noise generated by a ship propeller144

and its propagation in the ambient fluid and discuss the results. In Section145

5, we discuss the effects of the free surface on the propagation of noise gen-146

erated by the propeller. Finally, Section 6 contains concluding remarks and147

suggestions for future work.148

2 Methodology149

The approach herein proposed aims to overcome the limitations of the FW-H150

equation by nesting its solution within the acoustic wave equation. The wave151

equation can evaluate the propagation in any-shaped bounded domains and152

inhomogeneous medium, considering the spatial variation of the density and of153

the speed of sound. The acoustic response of a complex marine environment is154

thus obtained by solving the differential wave equation in the physical space-155

time domain.156

The methodology is illustrated in the flowchart in Fig. 1 and consists of157

three main steps: CFD Simulation, Acoustic Characterization of the source158

and Propagation Model.159

In the first step, a computational hydrodynamic simulation is performed,160

which reproduces the fluid flow that generates the noise. We may notice that,161

at this stage, laboratory measurements could be used as well. The acoustic162

analogy allow to consider incompressible solvers for reproducing sources char-163

acterized by low Mach number. The accuracy of the numerical simulation must164
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CFD Simulation
The hydrodynamics fields of

pressure p and velocity u of the
case of interest are computed.

p u

Acoustic Analogy
The FW-H (fwh) equation is used to

compute the acoustic (ac) pressure pfwh
ac .

pfwh
ac

Propagation Model
The propagation of the acoustic pres-
sure in realistic domain pwac is com-
puted with the wave equation (w).

pwac

Fig. 1 Flowchart of the proposed methodology.

ensure that the fluid flow structures that can convert kinetic energy into acous-165

tic energy (Lighthill 1952) are finely reproduced. The hydrodynamic pressure166

p and velocity u fields, which are the output of the CFD Simulation, are nec-167

essary to evaluate the acoustic pressure generated by fluid flow. In the present168

study, we use the hydrodynamic field obtained with an incompressible LES169

of an open-water propeller, discussed with details in Cianferra et al. (2019b);170

Cianferra and Armenio (2021) (Section 2.1).171

In the second step, we use the integral form of the FW-H equation (Eq.172

1), which enables the computation of the sound generated by an immersed173

moving body. The hydrodynamics field is used as input to compute the acoustic174

pressure pfwhac at specific microphones arranged in a lattice surrounding the175

noise source. Therefore, the FW-H is used to characterize the noise generated176

by a complex source which exhibits a pronounced directivity pattern, in this177

case, a marine propeller in open-water (Section 2.2).178
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In the third step, the acoustic pressure signals collected at the FW-H179

microphones are given as input to the propagation model, where the environ-180

ment’s response is computed by solving the acoustic wave equation. Precisely,181

the acoustic signal pfwhac collected in a lattice of microphones surrounding the182

noise source is used as a source (imposed boundary condition) within the183

FDTD algorithm (Section 2.3 and (Petris et al. 2022) for in-depth details on184

the algorithm implementation). The differential wave equation is solved over a185

numerical grid representing the propagation domain of interest. Hereafter we186

describe the three steps and their coupling.187

2.1 The Hydrodynamic Solution188

The present acoustic study relies on the CFD simulation of the five-blade SVA-189

VP1304 (2011) benchmark propeller, described in the paper of Cianferra et al.190

(2019b) and also used in Cianferra and Armenio (2021).191

The propeller is evaluated in open-water condition behind uniform flow in
pull-condition; the advance ratio of the propeller and the Reynolds number of
the numerical experiment are:

J =
U0

nD
= 1.0683, Re =

U0D

ν
= 889680,

where U0 = −4m/s is the advance velocity, n is the rotational velocity in
revolutions per seconds (rps) and D = 0.25m is the diameter of the propeller.
Defining the thrust S and the torque Q, the nominal values of the thrust (KT )
and the torque (KQ) coefficients provided by the propeller with a advance
ratio of J = 1.0683 are:

KT =
S

ρn2D4
= 0.3538, KQ =

Q

ρn2D5
= 0.09096,

where ρ = 1000Kg/m3 is the water density. The numerical domain of the192

CFD simulation is a cylindrical mesh, as depicted in Fig.2.193

 

7D
 

3D 7D 
D 

In
le

t  

Fig. 2 Schematic of the numerical domain of the propeller CFD simulation.

The LES simulation was conducted in a rotating frame of reference, as194

proposed in the article of Kumar and Mahesh (2017). The incompressible195
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Navier–Stokes equations were rewritten as a function of the absolute veloc-196

ity vector, taking into account the rotation effect and adding the Coriolis197

and centrifugal body force terms. The numerical experiment was performed198

within the OpenFOAM 2.3.0 framework, where the incompressible Navier-199

Stokes equations were solved using the Pressure-Implicit with Splitting of200

Operation (PISO) algorithm. The numerical schemes adopted were a second-201

order linear upwind scheme in space and a backward time integration, thus202

ensuring a second-order overall accuracy. The SGS stress tensor was modelled203

using the Dynamic Lagrangian model developed by Meneveau et al. (1996). A204

wall model was utilized, which allowed locating the first grid point off the wall205

at a distance of about y+ = 40. The relative error of the integral quantities206

obtained with the numerical simulation were eKT
= 3.5%, and of eKQ

= 0.5%.207

In Figure 3, coherent structures are visualized using the Q-Criterion (iso-208

surface Q = 20000 ) coloured with normalized x−component of the vorticity209

vector. Both the tip vortex and the shaft vortex are visible, being the latter210

more intense and persisting downstream. Indeed, due to the pull-condition a211

strong vortex rolls-up on the shaft, which was also considered an important212

source of noise, at very low frequencies (see Cianferra et al. (2019b) for details).213

Fig. 3 Isosurface of the Q-Criterion (Q = 20000) coloured with normalized value of the
x− component vorticity between the range [−500, 500].

For the purpose of this study, the hydrodynamic fields of pressure p214

and velocity u were collected every 0.0018546 s , corresponding to 10 degree215

rotation angle.216

2.2 Ffowcs-Williams and Hawkings Acoustics Model217

The acoustic pressure field generated by the computed fluid flow and its inter-218

action with the propeller is obtained by the numerical integration of the FW-H219

acoustic analogy. The acoustic pressure pfwhac originated by a moving source220

within a fluid is evaluated with the following FW-H equation:221

pfwhac (x, t) =
∂

∂t

∫
S

[
ρuin̂i

4πr|1−Mr|

]
τ

dS +
1

c0

∂

∂t

∫
S

[
p̃n̂ir̂i

4πr|1−Mr|

]
τ

dS (1)
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+

∫
S

[
p̃n̂ir̂i

4πr2|1−Mr|

]
τ

dS +
1

c20

∂2

∂t2

∫
W

[
Trr

4πr|1−Mr|

]
τ

dW

+
1

c0

∂

∂t

∫
W

[
3Trr − Tii

4πr2|1−Mr|

]
τ

dW +

∫
W

[
3Trr − Tii

4πr3|1−Mr|

]
τ

dW

where Tij = ρuiuj +
(
p̃− c20ρ̃

)
δij is the Lighthill tensor, p̃ = p − p0 denotes222

the fluid dynamic pressure perturbation with respect to the reference value p0,223

ρ is the bulk density, p̃ − c20ρ̃ is deviation from an isentropic behaviour, n̂ is224

the (outward) unit normal vector to the surface element dS, dW is the volume225

element, r = |x− y| is the source-observer distance, being x the coordinate of226

the position of the microphone and y the coordinate of the source, r̂i is the227

i-component of the unit vector (x− y)/r, ui is the i-component of the surface228

velocity vector, Mr = uir̂i/c0 is the local Mach number in the source-observer229

direction, with c0 the speed of sound.230

The integral terms have to be evaluated at the emission time τ which, in231

the present case, is assumed equal to the observer time t. This assumption is232

valid since the rotational speed is much lower than the speed of sound and the233

source extension is such that the Maximum Frequency Parameter MFP > 1234

(for details see Cianferra et al. (2019a)). A more detailed description of the235

propeller’s acoustic compactness here considered is reported in Cianferra et al.236

(2019b).237

The three surface integrals, referred to as linear terms, are associated with238

the noise generated by the rigid surface immersed in the flow. The first (thick-239

ness) term is related to the body motion, while the second and third terms240

(loading) are related to the unsteady pressure loads over the propeller blades.241

The volume terms evaluate the contribution of the fluid flow displaced by the242

body in the region surrounding the source. The primary contribution arises243

from the wake, where persistent turbulent flow structures develops. These244

terms are defined as non-linear. The present study focuses on the linear terms245

contribution only; thus, we evaluate the acoustic pressure through the FW-H246

equation (1) considering only the surface integrals. However, the non-linear247

terms can be retained and evaluated directly with the original FWH equation248

(Eq. 1). The analysis of the contribution given by the wake is currently under249

investigation and topic of a successive paper In principle, the methodology250

remains the same as described in the flowchart in Fig. 1, apart the fact that251

the equation used to evaluate the source acoustic pressure in the second step252

is different. Specifically the noise reproduced by all terms of (Eq.1) must be253

considered. For the evaluation of the noise associated to the wake, for example,254

one can use the porous formulation proposed by Di Francescantonio (1997) or255

the more robust volume method discussed in Cianferra et al. (2019a).256

2.3 Wave equation and FDTD257

The acoustic wave equation (2) is solved with the FDTD method to obtain the
acoustic pressure propagation in a three-dimensional medium, with variable
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density and speed of sound:

1

c(x)2
∂2pwac(x, t)

∂t2
= ρ(x)∇

(
1

ρ(x)
∇pwac(x, t)

)
, (2)

where c(x) is the speed of sound of the medium, pwac is the acoustic pressure,258

ρ(x) is the density of the medium. The equation is solved using a second-order259

in time and space explicit scheme.260

The algorithm is stable when the following condition is satisfied:

∆t ≤ (1/c∗) ∗ (1/∆x2 + 1/∆y2 + ∆z2)−1/2, (3)

where c∗ must be larger or equal to the maximum speed of sound in the261

medium. The physical meaning is that the information at each time step can-262

not travel further than the underlying grid cell. The Von Neumann stability263

analysis has been used to obtain this relation, which is valid for the second-264

order in the time and space explicit scheme. The stability condition imposes265

an upper bound on the time step of the simulation. Therefore it limits the266

maximum distance advanced by the acoustic waves at each time step. Differ-267

ent values of c∗ in the interval 1500ms−1−2000ms−1 have been utilized with268

negligible differences in the results, enabling us to consider media other than269

water in the numerical domain without losing precision. For all the numerical270

experiments we use c∗ = 2000ms−1.271

The boundary conditions have to be specified to solve the differential wave272

equation. Three different conditions can be implemented in general cases: the273

Dirichlet, the Neumann, and the open-boundary conditions. The Dirichlet274

boundary condition is applied at the water-air interface, where the pressure275

is set to zero. The effect is that all the acoustic energy is reflected into the276

domain with a phase shift of 180◦ (a discussion on this issue is in Cianferra277

and Armenio (2021)). The Neumann boundary condition is used to mimic the278

presence of perfectly reflecting walls, which are typically present in the marine279

environment at the bathymetric surfaces. Finally, the open-boundary condi-280

tion, which allows mimicking an unlimited domain, is here implemented using281

a Perfectly Matched Layer (PML) (Chern 2019).282

The PML is a region adjacent to the open boundaries of the numerical grid283

where the acoustic waves are damped out, which allows the avoiding spurious284

reflection in the numerical domain where the propagation of the acoustic signal285

is computed. We tested the implemented FDTD method (Petris et al. 2022)286

considering simple sources, like monopole, dipole, and quadrupole sources, for287

which analytical solutions are available. We found that the PML is very effec-288

tive in canceling out spurious boundary reflections, primarily for homogenous289

media; in the case of a non-homogeneous medium, we observed very small spu-290

rious reflections, located at the interface between the two media (the case of291

a two-density medium was considered).292
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Two different methods can be used to implement the propeller signal: the293

hard source and the soft source, both of them discussed in (Petris et al. 2022).294

These methods derive directly from room acoustics research, and the imple-295

mentation details are described in Murphy et al. (2014). In this study, we296

consider the hard source method, as in Petris et al. (2022). The source pres-297

sure is imposed as a time-varying Dirichlet boundary condition at specific grid298

nodes of the FDTD numerical grid, where equation (2) is not solved. In gen-299

eral this method is suitable for low-frequency sources. The main limitation of300

the hard source method is that the source nodes act as a perfect wall where301

the incident acoustic waves are reflected into the domain. However, this does302

not constitute a severe limitation in our applications. In fact, the source has303

a very limited physical extension compared to the propagation domain and to304

the main wavelength associated with the rotation frequency.305

In the present paper the medium is considered quiescent and the source306

nodes are fixed in time; thus, the fact that the source moves with a constant307

velocity is not taken into account in the propagation of the acoustic wave.308

Although, in principle, the source velocity should be considered, due to the309

small propeller’s advance velocity compared to the speed of sound and to the310

dimension of the propagation domain, our assumption of fixed source point311

does not introduce appreciable errors. In fact, in the canal case (Section 4)312

simulation’s time window, the propeller advances less than 4m in a domain313

400m long, where the speed of sound is 1500m/s. Since the cell size is 1m314

(see the next Section) this means that the propeller should have moved by four315

cells along the x-direction during the simulation. However, in order to arrive316

to a general methodology, the advance velocity of the body will be considered317

in the upcoming future.318

2.4 FW-H and FDTD coupling319

The essence of coupling the FW-H solution with the acoustic wave equation320

consists in using the FW-H acoustic pressure pfwhac , evaluated at specific micro-321

phones, as a forcing term for the acoustic wave equation. The detail of the322

coupling is discussed hereafter.323

The propeller is placed at the center (0, 0, 0) of the numerical FDTD324

domain, which has a constant grid spacing ∆x = ∆y = ∆z = 4D, where325

D = 0.25m is the propeller diameter. The schematic of the frame of refer-326

ence together with the position of the propeller is depicted in Fig. 4. The327

propeller rotates counter-clockwise, and the wake develops along the negative328

x−direction.329

The acoustic pressure is computed with the FW-H equation at the specific
microphones illustrated as red dots in Fig. 4, also representing the grid nodes
where the time-varying Dirichlet boundary conditions for the wave equation
(hard source method) are imposed:

pwac(x, t) = pfwhac (x, t), x ∈ Λ, (4)
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where Λ is the ensemble of grid nodes illustrated as red dots in Fig. 4. The330

microphones where FW-H acoustic pressure is computed are chosen in such331

a way to correspond with the grid nodes of the FDTD. This approach avoids332

an interpolation procedure in space. The grid nodes that define the outer box333

vertexes are (−6D,−6D,−6D) - (6D, 6D, 6D). The cubic box, where the334

grid nodes (microphones) are distributed, is large enough to retain the source’s335

directivity. In this case, these grid nodes are the second nearest grid nodes336

from the source center; since in these nodes the acoustic wave equation is not337

evaluated but imposed as a forcing boundary condition, all the nodes within338

the box are not considered for the solution of the wave equation while the grid339

nodes outside the box the acoustic wave equation (Eq.(2)) is solved.340

The rationale of this choice stands on the fact that that the acoustic pres-341

sure gradient increases moving toward the source. Therefore, to evaluate the342

Laplacian correctly, two options are available: the first one is to increase the343

grid’s spatial resolution which consequently increases the computational cost;344

the second one consists in applying the FW-H acoustic signals at grid nodes345

positioned at larger distances from the source, where the gradients of the acous-346

tic pressure are less severe. Therefore, the choice of the dimension box has to347

be made to reach the following compromise: the box must be large enough to348

resolve the pressure gradient correctly and capture the directivity of the source349

correctly; the box has to be small enough to avoid spurious reflections in the350

presence of reflected waves (due for example to the free surface).351
 

y

z

(2D,-6D) (-2D,-6D) (-6D,-6D)(6D,-6D)

(-6D,2D)

(-6D,-2D)

(-6D,6D)

z

x

(-2D,6D) (2D,6D)

(6D,-6D)

(-6D,6D)

(6D,2D)

(6D,-2D)

(6D,6D)

Fig. 4 Schematic of the grid nodes used to implement the propeller acoustic source on two
different planes: left panel, x = 2D; right panel y = 2D. The hard source nodes are depicted
in red.

Because of the LES computational cost, the available FW-H signal is lim-352

ited to a period of T = 0.8 s, corresponding to about 12 revolutions. Linear353

interpolation in time is needed since the time step of the FDTD is typically354

less than the interval between two consecutive available measures of acoustic355

pressure computed with the FW-H equation. In addition, the FDTD method356

requires a more extended signal since the acoustic field needs to reach a sta-357

tistically steady-state before calculating the root-mean-square of the acoustic358

pressure.359
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The time needed to reach a steady state solution depends on the size of the360

domain. The recommended time window to collect the results obtained with361

the wave equation was found by Petris et al. (2022) to be at least three times362

the time needed by the waves to reach the most distant boundary from the363

source of the numerical domain. If the time required by the FDTD method364

exceeds the available FW-H time signal, it is extended by repeating a copy365

several times until the time required by the FDTD method is obtained. This366

procedure may introduce errors in the range of the highest frequencies, which367

may be out-of-phase when the signal is truncated. A comparison of the sound368

Spectrum Level (SL) of the original FW-H signal (limited to a period T =369

0.8 s) and the same signal extended to T = 2.4 s is shown in Fig. 5. The370

original signal has been collected at the point (−6D,−6D,−6D) and the SL371

is evaluated as SL = 20 log10(A/pref), where A is the amplitude of the Fast372

Fourier Transform of the acoustic pressure pfwhacs and pref = 1µPa. Fig. 5 shows373

no evident difference in the spectral content between the two acoustic signals.374

Moreover, it must be pointed out that the energy-containing frequencies are the375

lowest (< 20Hz); consequently, the possible differences in the higher frequency376

ranges are of minor importance and can be neglected.377

Fig. 5 Comparison of the original FW-H signal ( labeled T = 0.8 s ) and the same signal
extended up to T = 2.4 s at the point (−6D,−6D,−6D).

3 Verification378

The validity of the methodology herein proposed is evaluated by considering379

the case of a propeller in a unconfined and homogeneous medium and checking380

that the acoustic results in the far-field obtained by solving the wave equation381

are consistent with those obtained using the FW-H equation. Indeed, we point382

out that computing FW-H is equivalent to solving the wave equation in the383

case of unbounded and homogeneous domains.384

We consider a homogenous infinite domain with ρ = 1000Kg/m3 and385

c = 1500m/s. The FDTD domain is a square box, 404D (101m) wide, and386

the cell’s width is set to 4D (1m). The open boundary conditions, applied in387
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all directions, ensure that the acoustic waves can leave the numerical domain388

without reflections. Accordingly, the numerical experiment mimics an infinite389

domain. The propeller is placed at the center of the domain (0, 0, 0). The390

propeller axis is along the x−direction, the wake develops along the negative391

x−direction, and the propeller blade plane is over the y−z plane.392

The linear terms of the FW-H equation (1), propagated with the FDTD393

method in Figures 6 and 7, generate an acoustic pressure that is not evenly dis-394

tributed in space. A specific directivity pattern arises from these linear terms,395

and it is related to the rotation of the source, as evidenced by, among the oth-396

ers, Ianniello (2016). The linear terms of the FW-H equation generate most397

acoustic energy over the propeller blade plane, as evident from the compar-398

ison of Figures 6 and 7. In the Figures, the Sound Pressure Level (SPL) is399

used to evaluate the acoustic energy distribution in space and is calculated400

as SPL = 20 log10(prms/pref ), where pac,rms is the root-mean-square of the401

acoustic pressure pac, and pref = 1µPa. The numerical experiment is con-402

ducted for 8 t̂, where t̂ is time made nondimensional as t̂ = t ∗ V0/D, with403

V0 = 4ms−1 the advance velocity of the propeller of the LES simulation and404

D the propeller’s diameter. The results are then collected for 6 t̂ starting from405

2 t̂. This time, 2 t̂, is sufficient to enable the acoustic waves generated from the406

propeller to reach the furthest boundary. Then, the 6 t̂ time window ensures407

that a statistically steady state is reached.408

Fig. 6 Contour of sound pressure level of the marine propeller in the open-water case on
the x−z plane at y = 2D, computed with the FDTD method.

Fig. 6 shows the SPL on the x−z plane with an offset of 2D (0.5m) in409

the y−direction. The plane passing through the propeller axis is not available410

since the propeller is located at the center of the grid cell (see Fig. 4). This411

holds for all numerical experiments herein discussed. The linear terms do not412

contribute to the acoustic energy along the propeller axis (x−direction) since413

the SPL decays rapidly below zero in this direction. Indeed, in this plane, the414
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acoustic energy exhibits an axial-symmetrical dipole-like pattern. Fig. 7 shows415

that the SPL in the y−z plane passing through x = 2D is axisymmetric.416

Consequently, the acoustic pressure is evenly distributed in these planes. The417

combined analysis of Fig. 6 and Fig. 7 shows that a large part of the acoustic418

energy is contained in the y−z planes close to the propeller.419

Fig. 7 Contour of sound pressure level of the marine propeller in the open-water case on
the y−z plane at x = 2D, computed with the FDTD method.

In Fig. 8 we compare the acoustic pressure computed through the FW-420

H equation (1) with that obtained with the methodology proposed in this421

paper. The analysis is made by comparing the signals along the y-line x =422

2D, z = 2D contained in the y−z plane since it contains the most acous-423

tic energy. The results from the FW-H equation are labeled FW-H, and the424

results from the wave equation are labeled WAVE. The acoustic pressure eval-425

uated with the FW-H method is recorded at probes positioned every 4D (1m)426

between 6D (1.5m) and 42D (10.5m) and then every 40D (10m), along the427

y−direction. The acoustic pressure evaluated with the FDTD method is428

recorded at the same points reported above, along the y−direction It is col-429

lected for 8 t̂ for both methods, and then the quantity prms is evaluated. The430

decay of the SPL is the same for both method, and the relative error is below431

1% at all probes.432

The pressure signal is then evaluated at a single probe, placed at433

(2D, 202D, 2D) from the source to verify that the acoustic pressure’s spec-434

tral component is propagated correctly. The comparison between the SL of the435

two signals obtained with the two methods is shown in Fig. 9. The results are436

shown up to 100Hz since the FDTD method has a limitation on the maxi-437

mum frequency which can be propagated without dispersion error, as discussed438

in Petris et al. (2022). However, since most of the acoustic energy generated439

by marine propellers is concentrated in a low-frequency range, the FDTD440

method is suitable for this purpose. The coupled method correctly reproduces441
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WAVE
FW-H

Fig. 8 Comparison of sound pressure level on the line x = 2D, z = 2D evaluated with the
FW-H equation (FW-H) and with the wave equation (WAVE) for an unbounded domain
and homogeneous medium.

the peak frequency at 15Hz, which corresponds to the propeller’s revolution442

frequency (n = 15 rps), and the relative error between the two amplitudes is443

less than 1.5%. The secondary peak that typically occurs at blade frequency444

nN is not observed in this case, due to the distance from the source. Indeed,445

it is observable in the acoustic near-field up to few diameters (∼ 6D, see Fig.446

5 and (Cianferra et al. 2019b)). The low-frequency region is similar between447

the two methods, and only minor discrepancies in the high-frequency region448

are observed.449

WAVE
FW-H

Fig. 9 Sound spectrum level of the marine propeller evaluated with the FW-H equation
(FW-H) and the wave equation (WAVE) at the point (2D, 202D, 2D) for an unbounded
domain and homogeneous medium.
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4 Propeller noise propagation in a confined450

canal451

In this section, the coupled method is used to evaluate the propagation of452

the propeller-generated noise in a confined, realistic environment. Here, we453

analyze sound propagation in a canal that exhibits interesting differences from454

the open-space case.455

The domain considered herein is a simplified perfectly reflecting canal456

with a free surface at the top boundary. The canal is 200D (50m) deep,457

412D (103m) wide and 1612D (403m) long. Along the x−direction open458

boundary conditions are imposed, mimicking a canal infinite in length.459

The analysis conducted is devoted to quantifying the effect of confinement460

on the composition of direct and reflected acoustic waves generated by the461

propeller. Therefore, the dimension of the channel is not crucial for the main462

scope of our research. However, we may note that the dimensions we have463

chosen are comparable with those of the Suez Canal which has a depth of464

' 25m, a width of ' 300m and a length of the order of tens of kilometers.465

At z = 0 we set the free surface boundary condition p = 0, mimicking466

the interface between water and air. At z = 200D (50m), the bottom wall467

is considered as a perfect reflecting surface so as the two lateral boundaries,468

and it is obtained by imposing the Neumann boundary condition. This can469

be considered an approximation of the reflection occurring at the interface470

between water and a medium much denser than water. The water has a con-471

stant density (ρ = 1000Kg/m3) and speed of sound ( c = 1500m/s). As in the472

previous case, the numerical experiment is conducted on a grid with a cell’s473

width of 4D (1m) and in a time window of 8 t̂. Then, in order to compute474

the root-mean-squares, the acoustic pressure is collected in the time interval475

2 t̂−8 t̂. The propeller and the coupling procedure are the same as described476

in the previous section. The propeller in this numerical experiment is located477

at the center of the canal at a depth 22D (5.5m). It is representative of an478

underwater vehicle passing through the canal.479

The acoustic pressure signal imposed at the nodes of the FDTD is the480

superposition of the direct and image signal computed with the FW-H481

equation. With the image method applied to the FW-H equation through the482

use of the half-space Green function, we consider the reflected waves by the483

nearest boundary to the source, in our case, the free surface. In Petris et al.484

(2022), the authors showed that with the hard image method, which consid-485

ers the source signal as the composition of direct acoustic waves and reflected486

ones from a free surface, a more accurate estimate of the propagated acoustic487

field is obtained.488

In Fig. 10 we show the contour of the SPL of the marine propeller in489

the canal case, extracted on plane y = 2D, close to the propeller axis. The490

characteristic dipole-like pattern observed in Fig. 6 for the open-water case is491

still observed in this case with substantial differences; the main difference is492

lack of symmetry with respect to the horizontal plane containg the axis of the493
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Fig. 10 Contour of sound pressure level of the marine propeller in the canal case on the
x−z plane at y = 2D, computed with the FDTD method.

propeller, due at large extend to the presence of the free surface and, also,494

to the presence of the lateral walls. The zero sound emission line, namely the495

propeller axis in the open water case, is now bent towards the free surface. A496

shadow zone, meaning an insonified region of the domain, is noticed along the497

free surface and spans the whole channel’s length, deepening with the distance498

from the source. This shadow zone is the result of scattering of the acoustic499

waves incident on the free surface (Harrison 1979; Jensen et al. 2011). The500

SPL is symmetric along the x−direction, whereas regions of higher and lower501

SPL are identified on the plane. In particular, a region of increased SPL is502

observed attached to the bottom from about 200D (50m) to the end of the503

channel due to bottom reflections. A region of lower SPL is observed between504

this region and the source, spanning from the free surface to the bottom wall.505

These effects result from the superposition of different acoustic waves reflected506

from the domain boundaries. Indeed, the canal’s acoustic energy is constrained507

inside the canal compared to the open-water case, as shown in Fig. 11.508

Fig. 11 Comparison of the sound pressure level of the marine propeller in the canal case
and the open-water case along the line y = 2D, z = 2D, computed with the FDTD method.

Specifically, in Fig. 11, we compare the SPL of the marine propeller, in the509

canal case and in the open-water case, computed along the line y = 2D, z =510

2D. In the open-water case, the SPL monotonically decays below zero because511

the decay of the acoustic pressure is governed by the geometrical spreading512

of the acoustic waves. This not holds in the canal case, where three different513

rates of decay of SPL with the distance from the source are detected: in the514

very near field, the decay rate is the same as in the open-water case; the515

difference appears precisely at a distance equal to the depth of the source.516

This is because the spherical spreading of the acoustic waves is interrupted517
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by the presence of the free surface and resulting reflection. Moving farther,518

the decay rate changes and remains constant almost up to the distance from519

the bottom, 178D (44.5m); even farther from the source, the acoustic energy520

remains constant along the canal’s length since it is trapped inside the canal521

by the lateral and bottom walls and by the free surface. The change of decay522

appears mostly related to the presence of the upper and lower horizontal walls,523

whereas the nearly constancy of the signal in the far field has to be associated524

to the confinement of the acoustic signal in the cross-stream plane.525

Fig. 12 Contour of sound pressure level of the marine propeller in the canal case on the
y−z plane at x = 2D, computed with the FDTD method.

The presence of the four boundaries affects the distribution of acoustic
energy also over the blade’s plane, as shown in Fig. 12, where the contour of
SPL of the marine propeller in the canal case is shown on the plane x = 2D.
Similar to the x−z plane, regions of relative maxima and minima of SPL are
identified. At the bottom corners, large maxima of SPL are observed, but the
SPL level is not the same at the two corners since the distribution of the acous-
tic energy is not symmetric with respect to the plane y = 0, where the propeller
is located. This aspect is discussed further in Section 5. Between the corners
and the source, a zone of minimum SPL at an angle of 53◦ to the bottom is
observed. As discussed, the inhomogeneity of the SPL is due to the superpo-
sition of the acoustic waves reflected by the boundaries. Da Costa Campos
et al. (2021) examined these effects for a very simple configuration; specifically,
the authors provided a framework to evaluate the impact of a simple corner
boundary on the acoustic field generated by a monochromatic monopole. We
extend the mentioned work to highlight that the geometric characteristics of
the domain are essential to understand the acoustic response for more complex
cases. The total acoustic pressure at a point close to a corner is obtained as

ptot = F pdir = F
1

r
exp(ikr), (5)

where ptot is the total pressure, F is the multipath factor , pdir is the pressure of526

an open-water monopole, k = 2π/λ is the wavenumber with λ the wavelength527

of the source, and r is the distance from the source. The multipath factor F528
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is then evaluated as (Da Costa Campos et al. 2021):529

F = 1 +RhRv
q−s
q+sexp(i2ks) + exp [ik(s− q)] (6)

×

{
Rh|cos2α+

(
q−s
q+s

)2
sin2α|−1/2

× exp
(
ik
√

(q + s)2sin2α+ (q − s)2cos2α
)

+ Rh|sin2α+
(
q−s
q+s

)2
cos2α|−1/2

× exp
(
ik
√

(q + s)2cos2α+ (q − s)2sin2α
)}

,

where Rh and Rv are, respectively, the reflection coefficients of the horizontal530

and vertical wall, that constitute the corner (Rh = 1 and Rv = 1 in our531

case), q is the distance of the source from the corner, s is the distance of the532

corner from the observer (the distance from the source to the observer is then533

r = q − s), and α is the angle between the observer and the horizontal wall534

(α = 0.722 rad in our case ). In our case, the multipath factor F is function of535

the distance between the source and the observer only.536

Here, we consider a monopole with k = 0.0628m−1, which corresponds537

to a pressure signal oscillating at the revolution frequency of the propeller538

(15Hz), positioned at the same distance from the corner as the propeller in539

the canal case. We refer to this case as the Ideal Corner Case. In Fig. 13 we540

compare the pac,rms computed through equation (5) with that obtained using541

the FDTD method, considering both the canal case (Fig. 12) and the ideal542

corner case. Pressure is computed along a straight line connecting the source543

with the corner from kr > 0 to kr = 4.27, where r is the distance from the544

source.545

The ideal corner case mimics the case computed with Eq.(6), but is546

obtained by solving the acoustic wave equation with the FDTD. Therefore547

Neumann boundary conditions are imposed at the lateral walls that constitute548

the corner, while all other boundaries are treated as open. The pac,rms is then549

collected in a time window sufficient to reach a steady state, and the grid cell550

dimension is 1m.551

As expected, the multipath factor and ideal corner case pac,ms mostly over-552

lap. Minor differences are observed near the minimum and near the source.553

The differences can be attributed to the assumption utilized in the evaluation554

of the multipath factor and the fact that the line in the ideal corner case is555

interpolated from the results over the numerical grid. Nevertheless, the loca-556

tion of the minimum of pac,rms is correctly computed. We point out that the557

minimum of the pac,rms of the canal case is located at the same distance as558
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Fig. 13 Comparison of the pac,rms along the line connecting the source and the corner
from kr > 0 to kr = 4.27 computed with equation (5), and the FDTD method in the ideal
corner case and the canal case. The pac,rms of the canal case is multiplied by a factor of 103.

the other two cases. A contour plot of the SPL, in Fig. 14, shows the acous-559

tic field in the two cases, ideal corner case and canal case. The location of the560

minumum is highlighted with a dashed line.561

Fig. 14 Contour of SPL of the ideal corner case a) and the canal case b) (Fig.12). Equation
(6) is evaluated along the white line and the intersection with the perpendicular dashed line
represents the position of the minimum at kr = 2.0489 (' 32.6m) from the source.

The multipath factor F formula represents a simpler case than the canal562

case since it does not consider all the others reflecting boundaries and a source563

with a specific directivity pattern. In spite of the simplification, the multipath564

factor F exhibits a minimum of pressure at a distance of about kr = 2.0489 ('565

32.6m) and a relative maximum close to the corner, similarly to the canal case.566

This simple analysis clearly shows that the presence of the corner definitely567

affects the acoustic energy distribution, and justify relative minima of SPL, as568

observed in Fig. 12.569

A relative minimum is then also clearly identified in Fig.15, where a com-570

parison of the SPL of the marine propeller in the canal case and the open-water571



Springer Nature 2021 LATEX template

Marine Propeller Noise Propagation within Bounded Domains 21

case, computed along the line x = 2D, z = 2D (the source depth), is shown.572

In Fig.15 we observe that two cases share the same decay near the source, up

Fig. 15 Comparison of the sound pressure level of the marine propeller in the canal case
and the open-water case along the line x = 2D, z = 2D, computed with the FDTD method.

573

to a distance equal to the depth of the source 22D (5.5m). Then, relative min-574

ima are observed in both positive and negative y−direction at approximately575

124D (31m), where a clear asymmetry is detected. At the edges of the canal,576

an increase of SPL is observed. For the canal case, the measured SPL on the577

blade plane is lower than in the open-water case, and apparently this is in con-578

trast with Fig. 11, which shows that the SPL of the canal case is always greater579

than the open-water case. This occurs because less energy is transmitted in580

the blade plane for the canal case due to the boundedness of the cross sectional581

area, and most of the reflected energy is propagated along the canal’s length.582

In this sense, the boundedness of the cross sectional area provides the only583

direction of propagation of the acoustic signal over the unlimited dimension.584

In Fig.16 we compare the spectra of the acoustic signals, regarding open-585

water case and canal case, evaluated at the point (2D,−126D, 2D), where586

the absolute minimum of sound pressure level of Fig. 15 is observed. The SL is587

evaluated from a pressure signal collected for 12 t̂. The numerical experiment588

has been extended only to collect the acoustic pressure at this microphone to589

obtain more data for the Fourier Transform analysis. The boundedness of the590

domain dramatically modifies the signal, the main differences between the two591

cases being the complete absence of the primary peak frequency at 15Hz and592

the damping of the pressure signal in the low-frequency range. To be noted that593

the low frequencies are those primarily affected by the boundaries, whereas594

the high frequency part of the signal feels the boundaries as placed “in the far595

field”.596
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Fig. 16 Comparison of the sound spectrum level of the marine propeller in the canal case
and the open-water case along the line (2D,−126D, 2D), , computed with the FDTD
method, where the absolute minimum of sound pressure level of Fig. 15 is observed, computed
with the FDTD method.

Fig. 17 Contour of sound pressure level of the marine propeller in the canal case on the
x−y plane at z = 104D, computed with the FDTD method.

Regions of minima of SPL other than those discussed above are present597

in other regions, as highlighted in Fig.17, where the contour of SPL of the598

horizontal plane at z = 104D (26m) depth is shown. Four minimum SPL599

spots are located at the corner of a square of 100D (25m) side, enclosing600

the propeller’s horizontal position, creating a region of insonification in this601

particular case. The distance at which the insonification occurs is comparable602

with the relative minimum evaluated with equation (5), and these effects are603

related to the presence of the lateral walls. It is clear that the effects are related604

to the lateral wall since, since in Fig. 11 we do not observe the presence of605

a minimum along the x − direction. Compared to the y−z plane, where the606

path of the direct and the multiple reflected acoustic waves are analyzed on607

the same plane, in the x−y plane, the multiple reflected waves lay on different608

planes than the one connecting the source and the minima. Consequently, an609

analytical estimation of a correct multipath factor is more complicated. Then,610
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along the y−direction, a higher SPL near the lateral walls is observed, as in611

Fig. 12. The asymmetry of the SPL along this direction is even more evident.612

In conclusion, the presence of boundaries generates strong inhomogeneity613

of the acoustic field compared to the open-water case.614

5 Symmetry breaking rotating acoustic source615

Within an unbounded domain, it is impossible to determine the rotor’s direc-616

tion of rotation by measuring the acoustic field of a rotating source at a single617

point in space. A rotor that turns clockwise or counterclockwise with respect618

to the single observer will produce the same acoustic field. As observed in619

Fig. 7, the acoustic energy is perfectly symmetric in any plane orthogonal to620

the propeller axis. However, if a free surface bounds the propagation domain621

the symmetry is broken. We perform an additional simulation, considering the622

presence of the free surface while considering all other boundaries open. In623

this case the marine propeller is placed 22D (5.5m) below the free surface as624

in the previous case and the acoustic pressure has been collected in the time625

window 2 t̂ − 8 t̂. The effects of the free surface are evident in Fig. 18, where626

we show the contour of SPL, on the plane x = 2D, which corresponds to a627

location upstream the propeller.628

The effects of the free surface on the acoustic field, i.e. the asymmetry, are629

independent of the hydrodynamics effects that would occur if the propeller630

were placed in the proximity of the surface. Indeed, at the depth considered,631

the hydrodynamics of the propeller is not affected by the free surface, and the632

open-water condition of the LES simulation is valid.633

Fig. 18 Contour of sound pressure level of the marine propeller in the free surface case on
the y−z plane at x = 2D, computed with the FDTD method.

In the SPL contour, the shadow zone near the free surface is present as in634

the canal case, but a clear asymmetry of the acoustic energy distribution in635

the plane is detected. The propeller turns counterclockwise, and an increase of636

SPL is observed in the direction of the fourth quadrant of a frame of reference637

centered at the propeller axis.638

The asymmetric distribution of the acoustic energy was also verified by639

placing the propeller near the bottom; the latter was treated as a free sur-640

face. In this case, an increase in SPL was observed in the direction of the641
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second quadrant. (The results are not shown). Consequently there is a relation642

between the direction of rotation and the free-surface location.643

a) c)

Fig. 19 Instantaneous unsteady pressure field visualization in the transversal plane at
∼ 1R behind the propeller plane for a) co-rotating and b) counter-rotating top-in propellers.
Figures taken from Chirico et al. (2018). Courtesy of Chirico et al. (2018).

An asymmetry of the acoustic pressure field is also observed in Fig. 19644

(Figure 8 in Chirico et al. (2018)), where the authors showed the acoustic field645

generated by two top-in propellers, which are co-rotating in Fig. 19 a) and646

counter-rotating in Fig. 19 b). This latter condition mimics our experiment,647

where a vertical plane passing through the airframe center replaces the role of648

the free surface. In Fig. 19 a), the acoustic pressure is asymmetric with respect649

to the airframe plane. The asymmetric acoustic pressure distribution in the650

space is related to the different directions of rotation of the blade relative to651

the airframe (direction of rotation of the marine propeller with respect to the652

free surface in our case). On the other hand, in Fig. 19 b), the propellers rotate653

specularly with respect to the airframe, producing the same reflected field. In654

Fig. 19 c) the asymmetry is clear also with respect to the z − direction, as in655

our case (Fig. 18). Indeed, the two propellers of Fig. 19 c) can be interpreted656

as the real and the imaginary sources, where one is a mirror reflection of the657

other.658

In order to further verify the correctness of the methodology, we evaluate659

the asymmetry using the FW-H equation (Eq.1) and compare it with the660

results obtained with the wave equation.661

Fig. 20 Comparison of the sound pressure level of the marine propeller in the free surface
case on the line x = 2D, z = 84D between the FW-H equation and the wave equation
(WAVE)



Springer Nature 2021 LATEX template

Marine Propeller Noise Propagation within Bounded Domains 25

In Fig. 20, the comparison of SPL between the FW-H equation (label FW-662

H) and the wave equation (label WAVE) is shown on the line x = 2D, z =663

84D. The FW-H results are obtained using the method of the image. The664

imaginary source is equivalent to a propeller which rotates in a specular way665

with respect to the real one. The two methods show the same asymmetry across666

the y−direction, confirming the ability to use the wave equation instead of the667

image method to obtain correct estimate of the noise propagation. The SPL668

difference at the two opposite point of the line, see Fig. 20, at about y = ±20m,669

is of 3 dB. A minor difference is observed between the FW-H equation and the670

wave equation, however the maximum relative error is less than 1%.671

Fig. 21 Acoustic pressure of the marine propeller on the plane x = 2D relative to the
source position: a) open water case b) free surface case, computed with the FDTD method.

We show in Fig. 21, a snapshot of the acoustic pressure of the marine672

propeller on the plane x = 2D for the open water case (a) and the free surface673

case (b). In both cases, the range of acoustic pressure is limited in the range674

from −5 × 10−4 Pa to 5 × 10−4 Pa to better highlight the acoustic pressure675

far from the source. Results are shown at the same time instant from the start676

of the simulation. In the open water case, Fig. 21 a), the dipole-like pattern677

of the acoustic waves is clear near the source. Two lobes with an opposite678

value of pressure are identified. Far from the source, the pressure level lines679

bend, assuming the shape of a spiral, following the propeller’s rotation. At680

this distance from the source, in the acoustic far-field, we cannot visualize681

the acoustic waves originating from the single blades but only a superposition682

of acoustic waves, which give rise to a signal characterized by the revolution683

frequency. In the near field, as discussed by Chapman (1993), it is possible684
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to visualize the transition from the near field (blade region) to a intermediate685

field, where the shape of the acoustic waves still “remember”the blades.686

The free surface breaks the spiral symmetry of the acoustic waves, Fig.687

21 b). The two lobes of the dipole pattern are still present, but they do not688

have the same shape as in the unbounded domain. At this instant, the positive689

pressure lobe is similar to Fig. 21 a), while the free surface affects the nega-690

tive pressure lobe, deforming it compared to the unbounded domain case. So691

in the vicinity of the reflecting surface, negative and positive pressure lobes692

deform, alternating with the rotation. Indeed, the dipole-shaped pressure field693

rotates following the rotation of the propeller. The acoustic wave’s wavefront,694

impacting the free surface, generates the asymmetry of the acoustic pressure695

field.696
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Fig. 22 Schematic of the acoustic pressure field of Fig.21. The propeller is rotating coun-
terclockwise, and we observe the figure from upstream.

It is easier to understand the phenomenon from Fig. 22, where we show697

a schematic of Fig. 21. The two wavefronts generated from the dipole are698

displayed with a solid line, and as the propeller rotates, the normal of the699

wavefront turns toward the direction of rotation. The dotted black line in700

the air region represents the wavefront if the free surface was absent, as in701

Fig. 21 a). In this case, the wave’s wavefronts are symmetric, and the overall702

acoustic pressure field is symmetric, as observed in Fig. 7. If the interface703

between air and water is present, the wavefronts impact the interface always704

from the right side of the Figures 21 and 22. Then, the reflected acoustic705

wavefront, displayed in a dash-dotted red line, consistently originates from706

the right side. The superposition of the reflected wavefront and the direct707

one, which is continuously generated by the rotation of the two-lobes pressure708

field, leads to an increase in acoustic pressure on the right side of Fig.21 (b).709

Therefore, more acoustic energy is observed in the negative y-direction of Fig.710

18 or Fig. 21 b).711
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6 Conclusion712

In the present paper, we develop a methodology for evaluating the noise713

propagation of an arbitrary source in confined domains. The methodology is714

composed of three main steps: in the first two steps the acoustic analogy is715

applied which uses a CFD hydrodynamic solution together with the integral716

form of the FW-H equation to characterize the noise source; as third step717

the methodology solves the wave equation in the physical domain, using the718

acoustic solution obtained with the FW-H equation as forcing boundary con-719

ditions. The methodology couples the advantages of the acoustic analogy with720

the flexibility given by the wave equation, which allows to calculate the noise721

propagation in a realistic domain, characterized by the presence of boundaries722

and fluid inhomogeneity. The implementation of the acoustic signals obtained723

by means of the FW-H equation in the wave equation is carried out using724

the hard-image method already discussed in Petris et al. (2022), particularly725

suited when a free surface is present. Although the methodology is of general726

use, here it is applied to a marine propeller, whose fluid-dynamic field and727

acoustic characterization were discussed in Cianferra et al. (2019b). Verifica-728

tion of the methodology has been carried out in open-water conditions and in729

presence of a water-air interface. We successively study the case of a propeller730

emitting noise in a canal, bounded by the free surface and by three reflecting731

walls, namely lateral and bottom surfaces. It is shown how the boundaries in732

the marine environment largely affect the propagation of acoustic waves. The733

noise distribution loses the typical shape that characterizes the open water case734

and exhibits a complex pattern with local minima and maxima, depending on735

the combination of direct and reflected waves. The spatial decay of the acous-736

tic field is similar to that of the open water case in the near field only; with737

increasing distance from the source, the decay rate changes, and the change738

of slope occurs at specific distances from the source related to the distance of739

the source from the boundaries and to the dominant wave lengths.740

The rotation of the propeller, combined with the presence of the free sur-741

face, gives rise to an asymmetric distribution of the acoustic signal over the742

planes parallel to the propeller axis. This is attributed to the fact that rota-743

tion modifies the composition of the direct and reflected waves increasing the744

overall signal by one side of the propeller.745

The results of this study may be helpful for the analysis of signals746

propagated in real-scale confined regions, as well as for the analysis of747

laboratory-scale experiments carried out in water tunnels.748

Finally, we highlight the fact that the present methodology in the upcom-749

ing future will be improved in several aspects. Specifically, the present work750

focuses on the linear part of the FW-H equation, not including the non-linear751

terms representative of the noise produced by the wake; also, the propeller752

displacement is not considered in the propagation model. Considering the con-753

tribution of the wake poses additional modeling issues and will be addressed754

in the future, along with a more realistic scenario, where density and speed755

of sound variations are addressed. In addition, more work on the proposed756
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methodology is needed to address the propeller’s forward motion. This aspect757

may be relevant in case of high speed marine vehicles.758

Finally, regarding ship propellers, an important aspect is the possible occur-759

rence of cavitation, which enhances the production of noise. This aspect will be760

handled in the first two steps of the presented methodology, i.e., the fluid flow761

simulation and the subsequent application of the FW-H equation. The third762

step, i.e., coupling with the acoustic analogy and propagation model, remains763

valid as it is.764
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