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ABSTRACT

In this paper, we focus on methodologies to inject a noise source in a numerical model of noise propagation in confined domains. This is a
problem of primary importance when dealing with propagation of fluid-dynamic induced noise in confined basins, like ships at sea or wind
farms. We first assess the performance of the literature hard source (HS) and transparent source methods; successively, we propose a novel
method named the non-reflective HS (NRHS) method. It takes advantage of the linearity of the equation governing the propagation of acous-
tic waves in fluids and is based on the decomposition of the total signal in the sum of direct and reflected signals. It presents the advantages
of the hard source method removing the main drawback consisting of the well-known problem of spurious reflections. To check the reliability
of the HS vs the NRHS, a non-dimensional parameter (the encumbrance) has been defined, which gives a measure of the extension of the
generation domain with respect to the propagation domain in relation to the principal wavelength of the acoustic waves and the presence of
reflecting surfaces. The method herein developed gives accurate results in the case of a single-point source, where the literature methods
behave well; more importantly, the NRHS method maintains its own accuracy when a noise source needs to be represented by a large number
of points in space, situations of very practical importance where the standard methods may exhibit inaccuracy. This is a point of importance
since the use of large generation domains is in favor of the accuracy of the source characterization, which can exhibit a complex directivity.
The new method has been tested in a number of archetypal situations characterized by the presence of a reflecting plane, a scattering body
close to the source location, and two sources placed side by side. In all cases, the method has shown its own superiority with respect to the
standard HS method, still preserving the flexibility and simplicity of the latter.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0187929

I. INTRODUCTION

Characterization and prediction of noise propagation in the envi-
ronment is an active area of research due to the impact of noise pollu-
tion on humans and biological species.'” The transportation of people
and goods is responsible for most of the noise pollution emissions, on
land by road networks, in air by air traffic, and at sea by shipping
lanes.” The electrification of transportation to reduce the environmen-
tal impact of the transportation network does not eliminate the need
to evaluate noise emissions. In addition, the growing need for green
electricity is driving the construction of wind turbines and the develop-
ment of new power generators, such as hydrokinetic turbines, which
are known to emit noise. For these reasons, mitigating the noise levels
and collecting more accurate data for noise mapping are some of the
topics discussed in the report of the European Environment Agency in

evaluate noise generation and propagation. Therefore, there is the
need to develop accurate numerical tools for sound propagation, espe-
cially for anthropogenic sources and in realistic environments. The
characterization of anthropogenic noise induced by fluid-dynamic
sources (wind turbines, propellers, etc.) is generally obtained using a
hybrid approach, where the evaluation of the fluid dynamics field is
decoupled from the noise computation. In fact, a popular technique to
evaluate the acoustic pressure is the acoustic analogy, where the acous-
tic signal is extracted from computational fluid dynamics (CFD) simu-
lations and then propagated in the environment.”” An extensive
review on this topic is in Ref. 10. The study of noise propagation in
bounded domains is of great practical relevance since the directivity
pattern generated by a complex source in a real domain, characterized
by topography, lateral walls, and air-water interface is not trivial and
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2020" and also on the global scale.”’
When physical measurements of noise emissions are either com-
plex or costly, it is possible to rely on numerical experiments to

not obtainable using the standard acoustic analogy that relies on the
assumption of homogeneous and unbounded propagation domains
(PDs).
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In cases where the generation domain (GD) is much smaller than
the propagation domain, usually, the propagation models rely on the
point source assumption.'' However, the majority of anthropogenic
noise emissions is characterized by a complex directivity, which cannot
be represented by simple omnidirectional sources, and impact signifi-
cantly the near field. Moreover, there are a number of applications
where the domain of generation overlaps the domain of propagation.
This is the case of noise generated in machinery and, in general, in a
closed or semi-closed domain. Therefore, there is the need to under-
stand how to evaluate and model spatially extended sources partially
embedded within the propagation domain. Solving the wave equation
in the physical space-time domain leads to the advantage of dealing
with both the complexity of the sources and the environmental inho-
mogeneity at once. This is possible by using discretization methods,
and among them, the simplest choice is to use the finite-difference-
time-domain (FDTD) method.'”

The central problem in solving the wave equation in the physical
domain consists in embedding flow-induced noise sources into a dis-
cretized domain mainly for two issues, namely, the complex directivity
pattern and the physical extension of the noise source. A methodology
widely in use for the placement of the source in the computational
domain is the hard source (HS) method.'”'° It consists in the imposi-
tion of the acoustic pressure function (PF) characterizing the acoustic
source, as a time-varying Dirichlet boundary condition of the problem;
in spite of its own simplicity, this technique implies spurious reflec-
tions associated with the presence of a source imposed as boundary
conditions in the interior of the propagation domain, particularly if the
source is located near a scattering surface.

In literature, different methods are available to avoid these unde-
sired effects, namely, the soft and the transparent source (TS) meth-
0ds.”> In the soft source method, the source term is added directly to
the acoustic wave equation, leading to an inhomogeneous wave equa-
tion. This results in a modified wave equation that avoids the scattering
phenomena since the acoustic pressure is solved at every point of the
domain, allowing reflected waves to pass through the source points."”"*
The soft source method requires setting the acoustic source in all the
points characterizing the source. However, when considering flow-
induced noise and using an acoustic analogy” to obtain the acoustic
pressure generated by the immersed moving body and its wake, it is
impossible to compute the acoustic pressure within a volume containing
the fluid dynamic source (see, for example, Refs. 19-21). This is also true
when a permeable surface is identified to evaluate and then to propagate
the acoustic pressure.””*’ Therefore, the definition of a source term in
the noise generation region using the soft source method is impossible.

A possible alternative is to characterize the source with a spherical
harmonic expansion.”* However, a significant problem with this
approach is that the source must be enclosed in a sphere of fixed radius
to compute the spherical harmonic expansion, and, typically, flow-
induced noise is characterized by a wake that extends by several
characteristic lengths behind the wake generator. Therefore, the corre-
sponding sphere would be very large compared to the actual size of the
source and may encroach on the domain boundaries (the free surface
for propellers or the terrain for wind turbines). Another point to con-
sider is that flow-induced sound sources are characterized by being
continuous in time with broadband spectrum (<200 Hz); on the other
hand, the soft source method is especially suited for monochromatic
and very high-frequency sources.”
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The transparent source method makes use of an auxiliary func-
tion, named grid impulse response function, to eliminate the spurious
effect of the source imposition within the grid. A convolution between
the grid impulse response function and the source driving function is
performed and then subtracted from the acoustic wave equation. The
transparent source method is computationally expensive and can be
applied on single-point sources or to multi-node, two-dimensional,
screens. An example of the latter case, in the context of
Electromagnetism, is present in Ref. 26, where a transparent screen
source was used to excite a confined waveguide. However, to the best
of our knowledge, there are no applications of the transparent source
method to physically extended three-dimensional sources, at least, in
fluid-acoustic.

The research carried out in this paper is oriented toward the
development of a novel methodology to estimate the propagation of
noise generated by spatially extended acoustic sources in bounded
domains and in the presence of scattering bodies. It relies on the sim-
ple hard source method but avoids the spurious reflection associated
with the classical implementation. We focus on the hard source for its
own advantages compared to the soft and transparent source methods.

The spatial extension of the source plays a crucial role on the
choice of the method best suited to consider the presence of a noise
source in the propagation domain (PD). Specifically, we define as gen-
eration domain (GD), the portion of the computational domain in
which the acoustic perturbation is triggered and then propagated out-
ward into the PD. Depending on the relative extension of the GD with
respect to the PD three different situations arise driving the choice for
the best-suited method to consider the source in the computational
domain. If the GD is very small compared to the PD, the source may
consist of a single-point, and spurious reflections, although present,
are negligible. At the opposite side, we find the case when the GD and
the PD coincide; for example, this is the case of noise generated by tur-
bulent flows within cavities (like machinery) or small size basins,
where the observer/receiver is submerged within the fluid itself where
noise is generated. In this context, the acoustic equation involves
directly the noise source, resulting in the non-homogeneous wave
equation, which is modeled by using the soft source method since the
hard source method is not suitable for this scenarios. In between we
find several applicative situations where the GD is in a configuration
such to generate spurious reflections, and the correct coupling of the
noise generation signals with the propagation features strictly depends
on the relative extension between the two domains.

In the present paper, we discuss the reliability of two existing
methods to set an acoustic sources in a PD in conjunction with the
numerical solution of the wave equation in the physical domain. Here,
we do not focus on the non-homogeneous case, the case where the GD
coincides with the PD and the source is given in the form of hydrody-
namics quantities. Rather, we consider the case where the source is
given in the form of acoustic pressure function available in some
defined parts of the domain. We limit the investigations to point-like
sources, such as a monopole, dipole, and quadrupole, since the analyti-
cal solutions are readily available. The approach presented can be
straightforwardly extended to more complex sources such as rotor,
propeller, or any flow-induced noise problem, where the acoustic
source is contained in a GD, and the acoustic pressure function can be
computed in the external surfaces of the GD, with any acoustic analogy
(see Ref. 27 for a recent application). The literature standard
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methodologies herein assessed are the hard and the transparent source
methods, respectively. The reliability of the methods is tested for cases
characterized by different sizes of the GD compared with the PD,
quantified by a non-dimensional parameter defined in a Sec. IL
Furthermore, we develop a novel methodology, defined as non-reflec-
tive hard source method (NRHS), that overcomes the problems
encountered by the standard methods.

The new methodology takes advantage of the linearity of the
wave equation and consists of considering separately the direct wave
originated by the source and the reflected wave produced by the solid
or, in general, reflective boundaries of the PD. The sum of these two
solutions satisfies the wave equation and represents the total acoustic
pressure field. The decomposition of a field into the sum of simple sol-
utions is not new in science; for example, it has been widely used in
the past for the propagation of linear surface waves in the presence of
obstacles and seabed topography, and, to the best of our knowledge,
has not been used for fluid-acoustic applications. We validate the
method comparing the numerical results with available analytical data,
obtained for single-point sources. Then, we evaluate the performance
of the hard source method and the new method as a function of the
proposed non-dimensional number for physically extended sources.
We individuate a threshold of the non-dimensional number above
which the new method performs better than the standard hard source
method since the scattering effects of the extended source are absent.

The new methodology makes it possible to evaluate the propaga-
tion of flow-induced noise in complex environments characterized by
interfaces and scattering bodies, avoiding the spurious reflection effects
of the classical hard source method. As an example, it is possible to
evaluate the noise generated by a marine propeller considering both
the hull and the free surface, improving the acoustic results typically
obtained in an infinite unbounded domain. Another possibility is to
evaluate the noise generated by arrays of wind turbines (wind farms)
considering the effects of the free surface if the turbines are placed at
sea or of infrastructure if they are placed on the ground. Then, the
acoustic pressure generated by any flow-induced noise source, such as
any immersed body (car, building, train, shading system, etc.), can be
evaluated in a complex environment.

The paper is structured as follows. In Sec. 1I, we define a non-
dimensional parameter identifying the relative dimension of the gener-
ation and propagation domains. In Sec. IT], we recall the mathematical
model and the numerical implementation of the acoustic wave equa-
tion, addressing the problem of source modeling. Section I'V contains
the formulation and the implementation of the source injection
method herein proposed. In Sec. V, we compare and evaluate the
selected source injection methods in a semi-infinite domain for a
single-point source. In Sec. VI, we introduce the concept of extended
GD and we compare the hard source method and the non-reflective
hard source method in different situations, quantified by the new non-
dimensional number. In Sec. V1I, the applicability of the new source
method in the presence of a scattering body embedded into the
domain is discussed. Section VIII contains the analysis of the new
method’s performance in the presence of two extended sources
together with the comparison with the hard source method, and Sec.
[X contains concluding remarks.

Il. GD VS PD: THE ENCUMBRANCE

In order to quantify the extension of the GD compared to the PD
in an homogenous domain, we consider the characteristic length scales

ARTICLE pubs.aip.org/aip/pof

FIG. 1. Schematic representation of a problem defined by three-dimensional param-
eters: L, the extension of the GD; D, the distance between the GD and the nearest
boundary in the PD represented by a scattering plane (black line); 4, the wave-
length of the tonal frequency of the source.

of the problem and define a non-dimensional parameter, based on the
combination of these parameters. The non-dimensional parameter is
independent of the numerical implementation of the propagation
model, and, rather, it depends only on the physical and geometrical
properties of the problem. The dimensional parameters of the problem
are the characteristic length of the GD (L), the distance D between GD
and the nearest reflecting boundary in the PD, and the characteristic
wavelength A of the tonal frequency of the source. In Fig. 1, we show a
schematic representation of a problem defined by these parameters.

Using these dimensional parameters, we can define a non-
dimensional number, the encumbrance

EN = L*/(JD).

The EN is a measure of the region occupied by the source with
respect to the distance over which the propagation of the acoustic sig-
nal travels before hitting a reflective surface, and the source character-
istics. It describes the scattering effects of the GD on the overall
acoustic field and can be used to check the reliability of the various
source injection methods. A small value of EN informs on the fact that
significant spurious scattered waves from the source are not expected,
while, for high values of EN, significant scattering effects on the acous-
tic field are likely to occur. Considering the individual parameters of
the EN number, we can expect larger scattering effects by increasing
the dimension of the source (L) and decreasing the distance from the
source to the nearest interface (D). When evaluating the influence of
the principal wavelength of the source on the total acoustic field and
the relation with the EN number, we understand that a short wave-
length (or high frequency) can be scattered by the source, and, on the
other hand, a long wave can pass through the source with minimal
scattering effects.

It is to be noted that, even in the case of a GD very small com-
pared to the PD, if the noise generator is placed very close to a reflect-
ing surface (namely, when D is very small) for short acoustic waves
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(when 4 is very small), the parameter EN can be very large indicating
the possibility of non-negligible spurious scattered waves. The GD is
not necessarily composed of solid boundaries, and, in fluid acoustics, it
is mostly composed of a fluid region, where the noise is, from one side
generated and, from the other side, propagated. As an example, in
fluid-dynamic problems characterized by the presence of a longitudi-
nally extended wake (the cases of ship propellers, submarines, wind
turbines, rotors, etc.), the solid surfaces (blades or other bodies) repre-
sent a very small portion of the GD, the latter mostly composed of a
fluid region (the wake) where broadband noise is generated. In Sec.
VIA, we use the parameter EN to identify the appropriate range of
application of the various source injection methods for the modeling
of the source.

When the acoustic waves propagate in a medium characterized by
continuous variations of density and speed of sound, we can expect
minimal reflection, and the EN number is computed as in the homoge-
neous case. However, if the acoustic waves propagate in a heterogeneous
medium characterized by sharp variations in density and speed of
sound (e.g., seabed, sediment later), this interface is a refractive/reflective
boundary. If we are interested in the propagation of the acoustic waves
only in the fluid region, we can model the interface as a boundary con-
dition and compute the EN number as in the homogenous case.

The evaluation of EN is characterized by the identification of a
characteristic frequency. If the signal is monochromatic, this procedure
is straightforward; conversely, when broadband sources are consid-
ered, the definition of a characteristic frequency is not trivial. If the
broadband spectrum is overshadowed by a single frequency carrying
most of the acoustic energy (tonal signal), it is possible to select this
frequency as the characteristic one. On the other hand, if the broad-
band spectrum is smooth so that the acoustic energy is carried by a
range of frequencies, it would be beneficial to select the maximum fre-
quency as the characteristic one.

I1l. THE MATHEMATICAL MODEL

The equation of acoustics can be obtained as first-order approxi-
mation of fluid dynamics laws. In this section, we briefly summarize
the equations involved and the numerical algorithms used for its solu-
tion in a fluid medium.

A. The acoustic wave equation
The three-dimensional wave equation for an homogeneous
fluid is
19°p(x,t)
¢ o
where p is the acoustic pressure, ¢ is the speed of sound, x is the coordi-

nate vector, and ¢ is time. We refer to Ref. 28 for a rigorous derivation
of the homogenous wave equation.

= V’p(x,1), (1)

B. FDTD numerical implementation of the acoustic
wave equation

The partial differential equation (1) is here solved in a Cartesian
three-dimensional domain by using finite-difference schemes for both
time and space derivatives. In particular, the time integration is carried
out using an explicit centered algorithm and the spatial derivatives are
discretized using centered second-order finite differences. Overall, the
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algorithm is second-order accurate. For the sake of clarity, here we
write down the discrete form of Eq. (1) in the one-dimensional space;
the extension to the 3D case is straightforward:

2
pr= —pr24oprl 4 (CAA;) (Pt —2Ppt 4P, (2)
where P} is the acoustic pressure evaluated at the point defined by the
index i at the iteration time # in the numerical grid. At and Ax are the
time step of the simulation and the distance between two consecutive
points of the numerical grid, respectively. The upper indexes n — 1 and
n — 2 denote variables evaluated at the two previous time steps, respec-
tively. In order to mimic an unconfined domain, we use open-boundary
conditions that allow the acoustic waves to leave the numerical domain
avoiding spurious reflections. These types of boundary conditions are
implemented with the perfectly matched layer (PML) method of Ref.
29. The 3D version of Eq. (2) has i, j, k indexed for space location and
the Laplacian term also contains the derivatives in the y and z direc-
tions. For details on the algorithm, the reader is referred to Ref. 30.

C. Classical source injection methods

The noise source must be nested into the solution of the wave
equation. Most studies on acoustic source characterization come from
room acoustics research,”'® which typically deals with point sources
in a closed domain. In this section, we recall two methods available in
the literature for the implementation of a noise source; therefore, they
evaluate the acoustic pressure directly, without considering a source
function. Specifically, the two source injection'” methods are the hard
source and the transparent source, respectively.

1. Hard source

The hard source method (HS) consists in setting the acoustic
pressure function PF(x;, t) known from previous analysis (either ana-
lytical, numerical, or experimental) at the source points x; as time-
varying Dirichlet boundary conditions; the acoustic wave equation is
not solved at the point sources that are treated as boundaries in the
computational domain. As an example, in one dimension for a single-
point hard source, over a discrete time interval n = 2, ..., Nj, the dis-
crete equation is

2
cAt
P} =—P 7 +2P" + (E) (Prl —2Pr '+ Pr), Vi,

P! =PFY,
(©)

where i is the source index, x; = i;Ax is the source position, and the
pressure function PF(x;, t) is discretized as PF(i;Ax, nAt) = PF}'. In
one dimension, PF(i;Ax, nAt) is a scalar quantity, which is a function
of time. In multi-dimensional problems, PF(x;, nAt) is still a scalar
quantity, function of time, to be imposed over a cloud of points. The
ensemble of points over which the PF is computed and consequently
imposed as a Dirichlet boundary condition belongs to a surface enclos-
ing the GD. Here, PF is computed for classical point-like sources such
as monopole, dipole, and quadrupole from the available analytical
forms. For cases of flow-induced noise, such as a propeller, a wind
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turbine, or a body immersed in a turbulent flow, an acoustic analogy,
such as the Ffowcs Williams and Hawkings equation,” can be used to
estimate the PF function.

The extension of the method to the three-dimensional (3D) space
is straightforward (see Ref. 27 for an application relative to a marine
propeller).

The laws of mass and momentum conservation are not satisfied
at the source nodes, which means the hard source does not comply
with a superposition constraint and the acoustic pressure at the source
node is not affected by that at the surrounding nodes. To avoid sharp
discontinuities, the difference in pressure between the source point
and its neighbor points may be reduced by spatially distributing the
source over a finite number of nodes (extended GD)."”

A well-known problem of the HS method is that a wave incident
on the source, for example because of reflections by boundaries or bod-
ies, is scattered.'” The scattering effect is a numerical artifact of the
source implementation and not a physical effect of the source on the
PD, like, for example the presence of a free surface in the physical
domain."" Furthermore, this scattering effect is increasingly relevant as
the distance between the source and the reflecting surface decreases.
The consequence is an error on the estimation of the pressure field,
which can be amplified in time leading to a deterioration of the solu-
tion in the entire PD.

In the recent work,”’ an enhanced way of implementing the HS
method for specific cases is discussed, namely, when a single free sur-
face is present. The method relies on setting both the acoustic pressure
of the source together with the contribution of the image source (the
image method is discussed in Appendix A). However, this method
does not preserves from spurious reflections of the acoustic waves.

2. Transparent source

The transparent source method (TS) generates the same signal as
the HS method, and, at the same time, does not act as a signal scatterer
(it is transparent to an incident wave). For acoustic purposes, it was
implemented for the first time in Ref. 14 in conjunction with the
decoupled velocity-pressure acoustics equations. In Ref. 16, the
authors provide an equivalent formulation of transparent source exci-
tation, that is, a modification of that considered first in Ref. 14 and suc-
cessively in Ref. 13. This is the formulation herein considered and it is
defined for the acoustic wave equation rather than for the velocity-
pressure system; it is obtained by the following procedure:

(1) Use the HS method to impose at the source location position x;,
the Kronecker-d impulse pressure function. The purpose is to eval-
uate the grid impulse response (I) function at the source point,

1, n=0,
Pz,hurd_(sn_{o 1’1750

(2) Evaluate the grid impulse response I, which is a polynomial in
C= CAA; defined recursively for n = 2, ..., N, as

0= 0,
-—_— 0 0
I':=26 + o (Pg—l,hard —26 +P2+Lhard>’

is+1,hard

(4)

"= PZThilrd = 75"72 +25V1*1 + c (PZ:i.hmd - 25”71 +P‘y171 )
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For a better understanding of the polynomial form, we report
the first iterations, taking into account that the initial condition
of the sound pressure perturbation is zero in the domain but at
the source node,

I'=20"+¢C <Pg—1,hmd -20"+ Pl(':Jrl,hard)
=2+4+C*0—-2+40)=2(1-C%,
= =042+ C (Pl s =20 4 Pl )
= -1+ C*(2C?) = —1 +2C*,
P=...=4CY1-C).

(3) Subtract the convolution of the grid impulse response I" with
the pressure function PF]; at the source node,

Pl = =P 4 2P C (Pt - 2P 4 PIY) + PR

n
> PR o (5)

m=1

The transparent formulation provides the advantages of the HS
method in terms of imposing the correct excitation signal on the grid.
In fact, the convolution of the grid impulse response I" with the pres-
sure function PF} allows obtaining the same pressure function as it
were obtained with the HS method, avoiding any normalization for a
single-point source. At the same time, the point is transparent to inci-
dent waves, avoiding scattering. Nevertheless, a few adjustments are
necessary to define the grid impulse response function I. First, the spa-
tial and the temporal domains need to be sufficiently large such that
possible reflections from the boundaries should not interact with the
source node."” This is because the driving function is an impulse and
the grid impulse response function is easily disrupted by spurious
reflections from the boundaries. Terminating the grid with artificially
absorbing boundary conditions could be not adequate and can lead to
false reflections.*

Second, the need of large domains results in an increase in the
global computational costs of the two combined simulations.

When considering an extended source (Sec. V1), the TS method
must be reformulated; the grid impulse response function must be
defined for all grid points that compose the extended source and not
just for a single-point source. A possible solution was presented in Ref.
26 in the context of electromagnetism for a two-dimensional screen
inside a confined waveguide; however, an extension to finite three-
dimensional sources was not presented. An extension of the methodol-
ogy might be possible and worth of investigation in the future. It is to
be noted that since the extended source is composed of a number of
individual sources, the TS method suffers from the same issue as the
soft source one (as already discussed in the Introduction). Indeed, it is
impossible to impose the acoustic pressure over internal points of the
GD that generates the acoustic pressure, since the acoustic pressure is
unknown.

IV. NON-REFLECTIVE HARD SOURCE METHOD

In this section, a new method called non-reflective hard source
method (NRHS) is presented. The aim is to find an implementation
equivalent to the HS method, thereby allowing the use of readily avail-
able pressure functions (PFs), which, at the same time, produce a
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pressure field not affected by numerical scattering. The main idea of
the methodology is to evaluate separately the wave propagating from
the source in an unbounded domain, referred to as the direct wave,
and the wave scattered at the boundary, referred to as the reflected
wave. This can be done taking advantage of the linearity of the wave
equation. The sum of these two pressure fields in the PD Q represents
the total pressure field,

plx,t) = p(x, 1) +p(x,1), VxeQVE>0.  (6)

Specifically, since both direct and reflected pressure fields represent a
solution of the wave equation, the function p(x, t) is still a solution of
the wave equation and represents the total pressure field in the domain
Q. This strategy avoids generating spurious reflections in the acoustic
field, which constitutes the disadvantages of the HS method when
applied to the case of bounded domains.

A schematic of the solution technique is shown in Fig. 2 for a
monopole source in a semi-infinite homogenous domain bounded by
the top, where we observe the p®" (x,t) in an infinite virtual domain
[Fig. 2(a)], the reflected acoustic waves p'¥ (x, t) generated at the top
reflecting boundary [Fig. 2(b)], and the resulting total acoustic pressure
p(x,t) [Fig. 2(c)]. To make the solution technique consistent with the
original mathematical formulation of the problem, the boundary con-
ditions of the original problem are reformulated in order to get an
equation for the reflected pressure field, which depends on the direct
wave evaluated at these boundaries. In this way, the reflected waves
originate at the boundaries of the domain, acting as a source.

When multiple GDs are located inside the domain, the methodol-
ogy requires the solution of M+ 1 wave equations, where M is the
number of sources present in the domain: namely, one equation is
required for each direct wave associated with the presence of a GD
[pfr(x,t), m = 1,...,M] and one equation must be solved for the
reflected waves p'¥ (x, t). The resulting total acoustic pressure is a nat-
ural extension of Eq. (6)

M
plxt) = pir(x,t) +p7(x,1), VxeQVt>0 (7)
m=1

that couples the direct and the reflected pressure fields. Each wave
equation where the source is injected using the HS method after defin-
ing a GD, is solved in a homogeneous virtual infinite domain with

z/A\ z/A

(a) Direct wave.
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(b) Reflected wave.
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open-boundary conditions. The equation for the reflected waves does
not contain any of the m sources (and their associated GDs), and it
includes the boundary conditions of the original physical domain,
where the reflected waves are generated as hard sources. It is clear that,
in unbounded domains, the solution of the wave equation for the
reflected waves is not required unless the domain contains scattering
bodies. Hence, solving the M + 1 wave equations together with Eq. (7)
allows calculating the acoustic field generated by M different non-
reflective sources in a bounded domain. It is to be noted that we stated
that the sources do not constitute a reflecting surface. This is not a lim-
itation of the methodology for a number of reasons. In fact, in the
presence of multiple sources, for example rotors (wind turbines or pro-
pellers), the solid part of the source (e.g., blades, foils, etc.) occupies a
region of very limited extension within the GD. Moreover, considering
the grid adopted to propagate the acoustic waves, the solid surfaces
typically stand at the subgrid level. On the other hand, in case the
source contains reflecting bodies (like the hull of the ship), they can be
easily considered within the computational domain (see Sec. VII).

As we will see in Secs. VIA and VIB, the presented method
allows the use of a large number of points to describe the source (in
favor of accuracy) without incurring in problems of spurious reflec-
tions typically occurring in the presence of extended sources simulated
using the hard source method.

The methodology is exact for homogeneous domains and can be
applied, with some limitations, to heterogeneous ones. Indeed, for
physical domains characterized by continuous variation of density and
speed of sound, the direct acoustic waves are reflected by these inho-
mogeneities, and will eventually be scattered by the GD introducing an
error. The refracted waves will exit the domain without limiting the
correctness of the results. The reflected/diffracted acoustic waves prop-
agating in the reflected field are not subject to any error since the GD
is absent in the reflected PD. Therefore, only for the direct waves, the
NRHS method behaves like the classical HS method. However, the
fraction of energy reflected by a stratified water column is minimal
compared to energy reflected by a solid surface. Therefore, for a con-
tinuous stratified medium, the new methodology is expected to per-
form similarly to the homogenous case. In the presence of sharp
interface, as discussed in Sec. 1, it is also possible to evaluate the non-
dimensional number EN for a heterogeneous domain and, since the
NRHS behaves like the HS method, consequently to estimate the error
introduced.

130

z/\

(c) Total wave.

FIG. 2. Sound pressure level (SPL) over the vertical x-z plane for a monopole source (frequency 100 Hz) in a semi-infinite homogeneous domain: (a) direct wave (open bound-
aries), (b) reflected wave, and (c) total wave. This figure here is for illustrative purpose, see Sec. VI A for details.
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A. Mathematical formulation of the non-reflective
hard source method
Consider the initial boundary value problem wave equation for

the total pressure (in 1D) in the presence of multiple sources (M) and
with Dirichlet (Qp) and Neumann (Qy) boundary conditions given by

1Pp(x,t) p(x,t)

2 o o2 =0, x€Q,t>0,

P(%O)*Ov er,

px,t) =0, x€0Qp, t>0, (8)
ot X €, >0,

on

plxs,t) = PF(x,t), x€Q,se{l,....m,....M}

In equation system (8), x,,, is the position of the mth source, each source
is represented by the pressure function PF(x;, t), and the system is sub-
ject to homogeneous Dirichlet boundary condition on the Q, boundary
and Neumann boundary condition on the Qy boundary. Then, we can
identify an equivalent formulation composed of a set of M+ 1 wave
equations plus Eq. (7). We introduce a set of M equations, one for each
mth source, where the external boundary conditions are replaced by
open-boundary conditions, effectively placing each of the mth sources
in an unbounded domain Q;, defined in 1D form = 1,....M

1 9°piir(x, 1) OPpiir(x, t)
2 o Ox2
Pl (%,0) =0,

prdy:r(xmv ) PF,, (xrm ):

=0, x€Qu,x#xy, t>0,

x € QU7 X 7é Xmy
Xm € Q,t > 0 (hard source),
)

where the suffix dir defines that we solve only for the direct acoustic
pressure emitted by the m source. To the M set of wave equations, we
add a single wave equation for the reflective acoustic pressure p¥ (x, t)
that contains the boundary conditions of the physical domain €; in
1D, it is given as follows:

1 Ppd(x,t)  9p(x,1)
sz {)tZ — 8}(2 = 0, X € Q, t> 07
¥ (x,0) =0, xeQ,
P () = E}W’ x€dQp, t>0, (10
8pref (X, t) M apdlr( )
£z = > 0.
5 n; S X €0y, 120

The system is completed by Eq. (7), which yields the total pressure.
Notice that in the set of M wave equations (9), the source is imple-
mented using the classical HS method. Equation (10) solves the propa-
gation of the reflected waves without any of the m sources inside the
domain and with specific boundary conditions that are function of the
M direct waves which mimic the original boundary conditions.

B. Numerical implementation of non-reflective hard
source method

The equation set (9) and (10) is here solved following the numeri-
cal implementation presented in I1I B, which uses a standard FDTD

ARTICLE pubs.aip.org/aip/pof

method. Note that implementation techniques other than the one used
can be employed, such as finite volume or finite element methods on
unstructured grids. In a 1D domain, the equation for the total acoustic
pressure [Eq. (7)] is discretized as follows:

M
= pinrapt, e, (11)
preet

which is just the summation of the m direct and the single reflected
pressure fields at all internal points i of the domain Q at the nth time
step.

Successively, we need to treat explicitly the two types of boundary
conditions considered, the Dirichlet and the Neumann boundary con-
ditions. For simplicity, we consider a Dirichlet homogeneous boundary
condition on the plane x = 0, which is representative of a free surface;
in the 1D system, the discrete form of the total field is given by

pr=0 Vi:(x)e€{x=0} (12)

meaning that the acoustic pressure of the total field is zero at the
boundary. Consequently, the reflected acoustic pressure is obtained
from the direct acoustic pressure of the m sources imposing the condi-
tion (12) in Eq. (11), and it reads as

P =~ }:ﬁ” Vi: (x) € {x=0}. (13)

Therefore, the sum of the m direct pressure fields is used as a Dirichlet
boundary condition for the reflective pressure field.

For the Neumann boundary condition, special attention must be
paid to the external normal vector of the surface 0Qy. In 1D, the
Neumann boundary condition at x = 0 reads as

Ip(x,1) _
ox
Then, applying Eq. (7) to Eq. (14), we obtain the conditions for the
reflected acoustic pressure p'¥ (x, t),

x=0,t>0. (14)

op' (x,t) N

M 8pdir (x7 t)
Ox Z

Ox

=0, x=0,t>0. (15)

m=1

The value of the direct acoustic pressure is known at all times and
within the domain, consequently, we can directly obtain the value of
the reflected acoustic pressure. The following is the discrete form of
Eq. (15) for the numerical approach described in Sec. I11 B:

ref ,n ref ,n dir,n dir,n

Piv1 —Pina _ pmt+1 pmz 1 .. ) -
72Ax = ZizAx Vi: (x;) € {x =0}, (16)

m=1

where i is the grid discretization index i 1n the direction x, and such that

= iAx, and the only unknown is pl . The implementation of the
Neumann boundary condition is second order accurate in space to be
consistent with the overall order of the algorithm and uses the concept
of ghost points, since the point i — 1 is an auxiliary point defined out-
side the real domain Q. In multi-dimensional problems, to obtain the
correct value of the reflected acoustic pressure at the Neumann bound-
ary, we rely on using multiple ghost points and imposing directly the
reflected acoustic pressure obtained from Eq. (16) computed in all
directions.
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The presence of open-boundary conditions does not pose prob-
lems since all the direct m equations p%'(x,t) already have open-
boundary conditions in all directions. Therefore, for any open-boundary
conditions in the real domain Q, we only need to impose the open-
boundary conditions for the reflected waves p'¥(x, t), consequently
allowing the reflected wave to leave the domain without artificial reflec-
tion at these boundaries. In our model, open-boundary conditions are
imposed following the PML method briefly described in Sec. III B.

The numerical cost associated with the NRHS method is similar
to that of the TS method, since both require two simulations on the
same domain. The difference is that in the TS method, the evaluation
of the grid impulse response can be performed separately from the
evaluation of the problem under investigation, while in the NRHS
method, the computation of the direct and reflective fields is per-
formed simultaneously. In the presence of multiple sources, the com-
putational cost may rise due to the increasing number of equations.
However, considering that the equations are hyperbolic in nature, this
does not constitute a serious issue. Moreover, in the perspective of con-
sidering flow-induced noise sources, where the acoustic pressure is
computed with an acoustic analogy directly from hydrodynamic fields,
the computation of the propagation of the acoustic pressure has the
lowest computational cost compared to a CFD simulation and in some
cases also to the application of the acoustic analogy to a large fluid-
dynamic dataset.

V. SINGLE-POINT SOURCE IN A SEMI-INFINITE DOMAIN

In this section, we compare the performance of the source injec-
tion methods discussed in Secs. III C and IV to evaluate the propaga-
tion of the acoustic pressure generated by a single-point source in a
semi-infinite domain. A single-point source is defined as a finite ampli-
tude PF located at a single-point that radiates the acoustic waves in all
directions so that EN — 0. The comparison is aimed at demonstrating
that under special circumstances the HS method can be as accurate as
the TS method and that the NRHS is as accurate as the TS.

The experiment is conducted in a semi-infinite homogeneous
water domain topped by a free surface, mimicking the air-water inter-
face. The free surface interface is modeled imposing the homogeneous
Dirichlet boundary condition p=0."" The density of water is set to
p = 1000kg/m> and the speed of sound to ¢ = 1500 m/s. The finite
amplitude PF is as follows:

p(t) = V2sin(wt)

with frequency set to f = 100Hz, angular frequency equal to
o = 2nf, giving a wavelength 4,00 = 15 m. The numerical domain is
a cube of size 4 4 and the source is placed at its center. Considering the
top of the cube as a free surface, the source is located at a depth of 2 /.
The grid spacing is homogeneous and set to Ax = Ay = Az = 0.033 4
in order to have 30 points per wavelength and to minimize the numer-
ical dispersion of the discrete equation.”” The EN parameter in this
specific case can be computed taking L = Ax = 0.033 4, 4 =15m,
and D = 2 /; consequently, EN = 0.002 178.

We compare the sound pressure level (SPL) for the three source
injection methods, HS, TS, and NRHS, respectively. The SPL is evalu-
ated as

SPL = 201log,, <p > (17)
Po
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where

N;
P (x) = NLZ p(x, nAD P, xeQ (18)
L =1

is the root mean square value of the pressure over a time window and
Po is the reference pressure value, that, for underwater propagation,
which is equal to py = 1076 Pa. The time record for the p™ is col-
lected starting after quadrupling the time needed for the wave to travel
from the source to the farthest boundary of the numerical domain. We
collect the acoustic signal for a total of eight complete periods, after
checking that it is sufficient to achieve statistically steady results.

In Fig. 3 we show the SPL over the x-z plane passing through the
source, for each method. We observe that the Dirichlet homogeneous
boundary condition is correctly represented and all methods produce
the same SPL pattern. The interaction between the source and the free
surface results in a sequence of minima and maxima of the SPL,
located between the free surface and the source along the vertical direc-
tion. This is a physical phenomenon called the Lloyd’s Mirror effect.””

In Fig. 4 we show the SPL along a line at a depth of 24 (red
dashed line in Fig. 3). Due to the symmetry of the acoustic field, we
show only the positive x direction. The signals predicted by the three
methods overlap. However, the HS method still scatters the acoustic
waves incident to the single-point source since the acoustic pressure is
imposed at the source node. Nonetheless, the distance of the source
from the reflecting surface and the width of the source (Ax) renders
the scattered acoustic signal negligible compared to the direct acoustic
field. It should be noted that if a single-point source were placed a few
grid points from the nearest interface, the acoustic waves scattered by
the HS could influence the acoustic fields, showing the advantages of
using either the TS or the NRHS method. To summarize, in this sec-
tion, we limited the analysis to a single case to show that, under specific
circumstances, namely for single-point sources (with L = Ax) placed
far from reflecting surfaces, the HS method can be as accurate as the
TS; also we showed that, for single-point sources, the NRHS method is
equivalent, in terms of accuracy, to the TS method. Section VI deals
with the relevant case of extended sources.

VI. EXTENDED SOURCE AND GENERATION DOMAIN
FOR THE HS AND NRHS METHODS

In the case of a point-like source with directivity more complex
than an omnidirectional one or of a physically extended source, the
pressure function must be imposed in a cloud of nodes. For example, a
quadrupole source needs at least four points to define the directivity
correctly, and if we take the sound generated by a rotor, constituted of
blades, the source points need to be distributed around the physical
body since the complex source cannot be collapsed into a single node.
The application of the HS method to a physically extended source is
straightforward. The acoustic PF characterizing the source obtained
either by analytical solution, acoustic analogy or measurements, is
imposed as a Dirichlet boundary condition on grid points surrounding
the physically extended source. The ensemble of these grid points, con-
sequently, defines a GD and characterizes the source. Note that the
acoustic source is not defined within the GD since only the acoustic
pressure generated by the source at these external points is known.
Imposing the acoustic PF on these points has an important conse-
quence; the GD acts as a scattering volume for the incoming waves
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FIG. 3. SPL over the vertical x-z plane for
a single-point source at frequency 100 Hz
in a semi-infinite homogeneous domain:
(@) HS method, (b) TS method, and (c)
NRHS method. The red dashed line is the
reference line along which the SPL is
taken for comparison in Fig. 4.

FIG. 5. Extended source defined by the ensemble E = {—1,0, 1}. The red dot is
the source and the gray dots represent the computational grid points where the
pressure signal is imposed with the chosen source injection method.
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FIG. 4. Sound pressure level at a depth of z = 2 2 m computed using the HS, the
TS, and the NRHS method, for a single-point source at frequency 100 Hz in a semi-
infinite homogeneous domain.

since the acoustic waves cannot propagate throughout the surfaces of
the GD, within which the acoustic pressure is not evaluated. The
NRHS method removes the scattering problems of the GD, since it
allows the imposition of the correct value of the acoustic PF with the

HS method for the direct wave and simultaneously avoids the scatter-
ing effects of the extended source by evaluating the reflection
separately.

A physically extended source (GD) is represented by a cloud of
points surrounding the source location. In Fig. 5, we show a simple
cubic set of points used to define a GD. Setting the source center at
(x5, ¥s, 25), we can define a cubic extended GD of dimension L with
the set of points (x; + EAx, ys + EAy, z; + EAz), where E € Z is an
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integer and Ax, Ay, Az are the grid spacing along the respective direc-
tions. With this approach, when the dimension L of the extended GD
is set and the grid spacing A is defined according to the requirements
of the numerical experiment, we can determine the number of grid
points E needed to construct the extended GD. Therefore, L is a physi-
cal property of the problem and E is a numerical property associated
with the grid spacing of the numerical experiment. For example, in
Fig. 5, we define and extended GD with E = {—1,0, 1}. Then, if the
grid spacing is equal to A = 0.5m, we obtain an extended GD of
L = 1 m composed of a total of 27 grid points. Increasing the dimen-
sion of the source to L =2m, keeping the same grid spacing, it
requires a total of 128 grid points to define the GD, being
E={-2,-1,0,1,2}. We choose a cubic array of grid points for sim-
plicity, but a spherical or rectangular extended source can also be used,
the difference standing in the function used to define the ensemble of
the source grid points.” It is to be noted that the increase in the num-
ber of points used to define the source produces a more accurate
description of the acoustic signal to be propagated in the fluid region.

Using a physically extended source and the full acoustic analogy
method outlined in Ref. 27, one can impose a realistic source, such as a
marine propeller, on an ordered array of nodes, taking advantages of
the NRHS method.

A. Reference problem for the analysis of the extended
generation domain

Here, we investigate the possibility to eliminate the scattering
problem associated with an extended GD placed in the proximity of a
boundary, using the NRHS method. The reference problem is propa-
gation of noise in a semi-infinite homogeneous water domain,
generated by a monopole source. The physical parameters are
p = 1000kg/m? and ¢ = 1500 m/s; the domain is bounded at the top
by a free surface; the source pressure function is as follows:

P91 t) = Asin (k: — wt) 7 (19)
where r is the distance from the source point, w = 27f is the angular
frequency giving wavelength A = ¢/f, k = 2n/4 is the wavenumber.
For simplicity, the amplitude A of the monopole is set to 1. In order to
validate the new methodology in a semi-infinite homogeneous water
domain, we use the concept of image method, which allows to obtain
the analytical solution (see Appendix A). In Secs. VI A and VIB, we
describe the results for the monopole source since it is the simplest
analytical solution available. A similar analysis is then conducted with
more complex sources, namely, dipole and quadrupole, respectively,
and is reported in Appendix B. It is to be noted that the three types of
sources considered are archetypal of the noise generated by a large
number of devices.

In the numerical experiment, we progressively increase the physi-
cal extension of the GD surrounding the source, thus increasing the
number of grid points over which the pressure function [Eq. (19)] is
imposed, to evaluate the scattering effects of the HS method and the
differences with the new NRHS method. In this reference case, the
parameters characterizing the problem are the extension L of the GD,
the minimum distance D between the reflecting boundary and the GD,
and the wavelength / associated with the frequency of the monopole.
We evaluate the scattering effects as a function of the non-dimensional
number EN, keeping constant the distance D and progressively
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TABLE 1. Parameters of the simulations and values of EN for the analysis of noise
generated by a monopole and propagated in the semi-infinite domain.

EN

L (m) D (m) 20Hz 100 Hz 200 Hz 300 Hz

1 29.5 0.0005 0.0023 0.0045 0.0068
2 29 0.0018 0.0092 0.0184 0.0276
4 28 0.0076 0.0381 0.0762 0.1143
8 26 0.0328 0.1641 0.3282 0.4923
12 24 0.0800 0.4000 0.8000 1.2000
15 22.5 0.1333 0.6667 1.3333 2.0000

increasing L; in this way, EN increases for each of the frequencies con-
sidered. The latter are f=20, 100, 200, 300 Hz, respectively, corre-
sponding to wavelengths A =75, 15, 7.5, 5m. For the sake of
simplicity, the numerical simulations are performed over a PD com-
posed of a cube of 60 m side, and the grid spacing is homogeneous and
set to Ax = Ay = Az =0.5m. Notice that the grid spacing of
Ax = 0.5m is suitable for the first three frequencies, but not adequate
for the 300 Hz one, because of the numerical dispersion effect of the
finite difference method.”” Hence, for the latter frequency a refinement
of the spatial grid is performed, using a uniform grid with Ax = Ay
= Az = 0.25m (labeled 300 Hz refi). The position of the GD center
(corresponding to the monopole center) is set to a depth of 30 m;
therefore, the distance D from the free surface varies with L. Six cases
are considered for each frequency to cover a range of values of EN
spanning from ~0 to 2. The values of EN together with the main
parameters for each case are shown in Table 1.

B. HS vs NRHS

An omnidirectional source placed below a free surface produces
an axial-symmetric pressure distribution over planes passing through
the source and normal to the free surface. Therefore, the error analysis
is performed along one among the possible planes, and we chose the
x-z plane. The quantity used to measure the performance of the meth-
ods with respect to the analytical solution is

N,

&

N,
1 X
s mem — pieen] >

<prms, num __ Prms‘an>2
5
Nx NZ =1 k=1

ik ik

(20)

where j, is the index of the source location in the y-direction, N, and
N, are the number of grid points in the x-direction and the z-direction,
respectively, and P™ is evaluated from Eq. (18) for both the numerical
and the analytical solution, over the vertical plane x-z passing through
the source center with coordinate (x;, ys, z;). Since the acoustic pres-
sure is not evaluated at the grid points within the GD, we assume that
the error at these points is zero, and for simplicity, we average over the
entire x-z plane. The time record for the P™™ is collected starting after
quadrupling the time needed for the wave to travel from the source to
the farthest boundary of the numerical domain, and we collect the
acoustic signal for a total of eight complete periods for each frequency.

In Fig. 6, the error is reported as a function of the non-
dimensional number EN defined above, at different frequencies, for
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FIG. 6. Comparison of the error [Eq. (20)] between the numerical solutions and the
analytical solution over the vertical plane passing through the source center, as
function of EN = L?/(2D), using the HS method (red scale) and NRHS method
(blue scale) for a monopole source in a semi-infinite homogeneous water domain.
Note that the x-axis scale is logarithmic to provide clear visualization.

the HS method (orange-to-red lines) and for the NRHS method (blue-
to-green lines). The difference between the two methods is evident: the
error of the HS method increases with EN, and, on the other hand, the
error of the NRHS method remains nearly constant, below 0.2%. In
detail, we observe that in all cases, except for the 300Hzrefi, the error
decreases from L =1 to L =2 (see Table I for the value of EN), due to
the fact that in the case L = 2 a larger number of discrete points is used
to characterize the source. The need to use a refined grid for the
300Hz allows to minimize the dispersion error of the employed
numerical method (see Appendix C). The increasing error with increas-
ing values of EN for the HS method confirms the barrier effect created
by the presence of the GD; the acoustic waves are scattered by the GD
and partially trapped in the zone between the GD and the free surface.
On the contrary, the new method, due to the superposition property of
the wave equation, allows the reflected waves to pass through the GD,
guaranteeing a correct solution of the problem. We identify a threshold
value of EN=0.04 beyond which the error of the HS method rapidly
grows. From the present results, we may argue that the HS method can
be used without significant loss of accuracy for EN < 0.04, whereas the
NRHS is better suited for larger values of the EN.

Although these findings are relative to the case of a single mono-
pole source, in the case of more complex sources, like dipoles and
quadrupoles, we observed the same threshold of EN=0.04 (see
Appendix B).

This threshold has been assessed for a source located in proximity
of a reflecting surface, so its value may be different in other cases.
Indeed, we can expect a different threshold value when the source is
located in a domain with multiple scattering bodies (Sec. VII) or if
there is a need to evaluate the acoustic pressure generated by multiple
sources (Sec. VIII). In these more complex cases, the NRHS method
should be used.

C. Additional analysis at f=100 Hz

In order to show with details the quality of the results obtained
with the two methods, we show more detailed results for the case
f = 100Hz(4;00 = 15m). We show the SPL difference from the ana-
Iytical solution for three out of the six simulations conducted for each
of the two methods over a plane and, successively, the relative error of
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the SPL over a single line for the six simulations. The relative error is
evaluated as follows:

|SPL™" — SPL"|
RelErr(SPL) = SPL™ : (21)

Figure 7 shows the difference between the numerical and the ana-
lytical SPL (in dB), for the HS method (panel a) and the NRHS method
(panel b) over the x-z plane for three representative cases out of the
six herein considered. Namely, they are L = 1, 8, 15 m, corresponding
to EN = 0.0023,0.1641, 0.6667, respectively. Overestimation of SPL
takes place in red areas and underestimation in blue areas. Remarkable
is the presence of a shadow cone obtained with the HS, within which
we observe an underestimation of the reflected waves, leading to an
overestimation of SPL behind the GD; also, the HS produces an under-
estimation of the SPL on the edge of the cone. These undesired effects
are associated with the presence of the GD; specifically, the source scat-
tering effect of the hard source is evident and it increases with the
extension of the GD. We also observe a larger mismatch in correspon-
dence of the minima of the Lloyd’s mirror effect, in the region between
the source and the free surface. These errors derive intrinsically from
application of the HS method. The application of the NRHS method
improves significantly the results, the error now being one order of
magnitude smaller than in the case of the application of the HS
method (note the different scale of panels b with respect to that of pan-
els a). More importantly, for the NRHS method, the error slightly
decreases with the extension of the GD, because of a better description
of the source. Indeed, we observe that the relative error slightly varies
from EN = 0.0023 (L = 8m) to EN = 0.6667(L = 15m). It is to be
noted that in many cases characterized by complex directivity patterns,
the choice of large GDs allows to supply an accurate description of the
source, required for an accurate evaluation of the noise propagated
outward. The SPL error patterns of the new method observable in
(panel b) are due to a minimal effect of numerical dispersion that
affects all methods based on difference equations for the discretization
of the PDEs.”” This can be deduced from the comparison of the overall
error on the x-z plane of the 200 Hz and the 300Hzrefi cases, shown
in Fig. 6. Indeed, the simulation of the 300Hzrefi case, which is carried
out on a refined mesh, exhibits lower error compared to the 200 Hz
case.

In Fig. 8 we show the relative errors for the GDs herein consid-
ered for the two methods and significant differences are observed. The
error given by the HS method increases with the extension of the GD;
in particular when EN is smaller than 0.04, the error remains confined
within 0.5%, whereas a further increase in EN causes a substantial
growth of the error up to 4% (for EN > 0.04). On the other hand, the
error given by the NRHS is below the 0.2% and independent of the
extension of the GD, quantified by the parameter EN. Overall, the rela-
tive error given by the two methods differs by about one order of
magnitude.

VII. ACOUSTIC PROPAGCATION IN PRESENCE OF A
SCATTERING BODY

In this section, we investigate the performance of the NRHS
method in the evaluation of the acoustic field produced by a spatially
extended GD and propagated in a PD that contains a submerged rigid
rectangular body. This problem is archetypal of real engineering appli-
cations. Among the others, we mention the relevant case of noise
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method. The SPL scale of the NRHS method is one order of magnitude lower than for the HS method. The red dashed line is the reference line along which the SPL is taken

for the comparison of the relative error of Fig. 8.
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generated by a ship propeller at sea, in the presence of the hull, which
constitutes a scattering body.

Here we consider a fully reflecting rigid body. It must be men-
tioned that a body immersed in a fluid may reflect and diffract sound
waves depending on the material’s physical properties in terms of den-
sity and speed of sound. At this phase, the material composing the
object is considered of infinite density so that we approximate its
response to an incident wave, with the Neumann boundary condition
over its entire surface, mimicking a perfectly reflecting medium. This
simplification can be considered acceptable for materials very dense
compared to the density of the propagation medium. Overall, the new
methodology allows us to investigate the scattering effects of immersed
bodies, similar to Ref. 35, where the scattering effects of a small ocean
vehicle in the presence of a noise generated by flapping thrusters have
been investigated using the Helmholtz equation.

The objective of this numerical experiment is to prove the effec-
tiveness of the new methodology in the presence of an immersed body;
therefore, we limit the analysis to plane surfaces. Considering more
complex reflective bodies characterized by nonplanar boundaries, such
as a ship’s hull, as studied in Ref. 36, introduces complexity only in the
numerical implementation of the boundary conditions of the propaga-
tion model, not on the methodology itself, which remains unchanged
and valid. For example, a propagation model based on the finite differ-
ence method can implement approximations for curved Neumann
boundary conditions as discussed in Ref. 37. Also, complex geometry
problems can be solved by implementing the model on unstructured
grids. This is the topic of upcoming research.

A. Settings

An acoustic source is placed in a semi-infinite homogeneous
water domain, with a free surface on the top boundary (planez = 0).
The density of water is set to p = 1000 kg/m? and the speed of sound
is set to ¢ = 1500 m/s. The PD is a cube of side 60 m and the source
point is located at the center of the cube. The reflecting rectangular
body is positioned at a distance of 8 m in the x direction from the
source point and its dimensions are 12 x 36 x 36 m>, respectively,
along the x, y, z directions. The center of the rectangular body is placed
at the same depth of the acoustic source (Fig. 9).

The objective is to test the performance of the HS method and of
the NRHS method in a case where the body is very close to the source.
We assume the rectangular body to be an acoustically hard boundary
so that we apply the Neumann boundary condition over the sides of
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the rectangular body. As in previous cases, the free surface is treated by
imposing a homogeneous Dirichlet boundary condition. Therefore,
the initial boundary value problem for the acoustic wave equation has
Dirichlet-Neumann mixed boundary conditions [Eq. (8)] with M=1.

B. HS vs NRHS

The numerical experiment is conducted using a monopole source
[Eq. (19)] represented through an extended GD and the data are col-
lected for eight complete periods, starting after quadrupling the time
needed for the wave to travel from the source to the farthest boundary
of the numerical domain. In this section, we compare the HS method
and the NRHS method. Setting the frequency of the monopole to
100Hz (4190 = 15m), the GD extension of the source is
L =0.5334(8m), D=0.5331(8m), giving EN=0.54. This value
exceeds the threshold EN = 0.04, indicating that the NRHS method is
expected to perform better than the HS method.

In Fig. 10, we report the SPL generated by the monopole obtained
with the two methodologies, over different planes. We observe differ-
ences between the HS and NRHS acoustic patterns, even in the vicinity
of the GD, where for the HS case, the SPL resembles the results of a
monopole placed in an unbounded domain. Major differences are pre-
sent in the region between the source and the rectangular body, and
between the source and the top free surface; in these regions, we
observe different intensities and positions of the relative maxima and
minima of the SPL, similar to the cases discussed in Sec. VI A. Figure
11 shows the differences, in terms of dB, between the HS and the
NRHS. Red and blue zones denote overestimation and underestima-
tion of the acoustic signal with respect to the NRHS results, which are
taken as a reference. The maximum difference amounts to about 15 dB
(~10%). In these figures we observe the shadowing effect that the GD
of the HS method creates in the direction of the reflections from the
free surface and from the rectangular body, particularly in the zone
below the source and behind the rectangular body. There are two sharp
angles of reflection, roughly at 45° from the center of the box and sur-
rounding the source, where the two zones of overestimation and
underestimation of the HS method reach their maxima and minima,
respectively. These planes are in correspondence of the minima
observed in Fig. 10, due to the Lloyd’s mirror effect revealing the draw-
backs of the HS method. Overall, we can observe that the new method-
ology allows the waves reflected by the body to cross the GD, thus
eliminating the spurious shadowing effects and achieving more accu-
rate results.

X air y air
z l water 2 l water

B - 1 - FIG. 9. Schematic representation of the
D ] : position of the rectangular body (gray) in
; the water domain with respect to the free
s I EE - ny sE ny surface and the source (in red): (a) longi-
Ee © i “ E © i~ tudinal vertical plane x-z and (b) transver-
: : sal vertical plane y-z. The red square is
: : the GD for the implementation of the

e e 30y monopole source with L = 8m.

n. ¥ na ¥

(a) Vertical plane z-z

(b) Transversal plane y-z.
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FIG. 10. SPL over different planes containing the source, for a monopole source at frequency 100 Hz in the presence of a rectangular body and a top free surface in a water
domain: (a) HS method and (b) NRHS method. From left to right: vertical plane x—z, horizontal plane x-y, and transversal plane y~z. The boundaries of the GD are highlighted

with the dashed red line.
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FIG. 11. SPL difference (SPLHS — SPLNR") on the three orthogonal planes of Fig. 10, for a monopole source at frequency 100 Hz in the presence of a rectangular body and a
top free surface in a water domain. The boundaries of the GD are highlighted with the dashed red line.

since the two sources are in an unbounded domain the reflected equa-
tion (10) is not evaluated. As a result, the total sound pressure is given
by the superposition of the two direct waves.

VIII. MULTIPLE GENERATION DOMAIN

Finally, in this section, we investigate the accuracy of the HS and
NRHS methods to evaluate the acoustic field obtained in the presence
of two sources placed in an unbounded domain. For example, this is
the case of the wakes of two immersed bodies or of two wind turbines
placed side by side. The test is performed considering two monopole
sources represented with two physically extended GDs; the results are
compared with the analytical solution. The mathematical formulation
for this specific case is contained in Sec. IV A, with M = 2. In this case,

A. Setting

Two acoustic sources are placed in an infinite homogeneous
water domain. The density of water is set to p = 1000 kg/m® and the
speed of sound in water is ¢ = 1500 m/s. The frequency of the two

Phys. Fluids 36, 037115 (2024); doi: 10.1063/5.0187929 36, 037115-14

Published under an exclusive license by AIP Publishing

#0:8€:L L ¥20T Uote L1


pubs.aip.org/aip/phf

Physics of Fluids

N

16 m

FIG. 12. Schematic representation of the two monopole sources placed in an
unbounded domain.

monopoles is set to 100 Hz, giving wavelength 4,90 = 15m. The
numerical domain is a cube of side 44 (60m) and the sources are
located symmetrically with respect to the center of the cube. The dis-
tance between the two source center is 1.066/4 (16 m), as shown in
Fig. 12. The monopole sources are placed in the PD by using a GD
with an extension of L = 0.5334 (8 m) for each source, consequently,
the effective distance between the two GD is D = 0.5331 (8 m), and
the non-dimensional number for this case is EN = 0.53.

The use of the NRHS method eliminates the spurious scattering
effects associated with the HS method, as we will observe in the follow-
ing analysis. The time record for the p”™ is collected over a time win-
dow of eight complete periods, starting after quadrupling the time
needed for the wave to travel from the source to the farthest boundary
of the numerical domain.

Note that the analytical solution of the initial value problem
involving two monopole sources of amplitude A is obtained by the
superposition principle and given by

P, ) = Asin (kr; — ot) N Asin (kr, — ot) ’ 22)

r r

where r,, is the distance of the observer, placed at x, from the m source
center (m=1,2),and A is set to 1.

Ny
C

-2 -1 0 1 2
y/A

(a) Analytical
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B. HS vs NRHS

Figure 13 shows the SPL in a plane passing through the source
center for the three solutions: analytical, HS and NRHS, respectively.
The analytical solution displays two regions of high SPL values,
bounded by two diagonal planes of minima. The results of the NRHS
method compare satisfactorily to the analytical solution. On the other
hand, when using the HS method, the SPL values along the y-direction
are more square-shaped than those of the analytical solution, and the
minima obtained along the two diagonal planes are lower than the
analytical values. A clear picture of the difference between the numeri-
cal results and the analytical values is shown in Fig. 14. Here, we notice
that the monopole minima are significantly underestimated by the HS
method [Fig. 14(a)], with a difference rising up to 30 dB. Moreover,
the HS method tends to overestimate the SPL in the central region
between the sources up to 6dB. In contrast, the NRHS method
[Fig. 14(b)] displays differences on the position of the minima but with
remarkably lower values, about two orders of magnitude less than the
difference with the HS method.

The numerical error observed in Fig. 14(b) is correlated with the
numerical dispersion of the discretization method of the equation and
not with the NRHS method. As a proof, we carried out two additional
numerical experiments. The first test consists in evaluating the numeri-
cal error increasing the extensions of the GD, and the second test con-
siders the same size of the GD with increasing refinement of the
numerical grid. In the first numerical experiment, we consider a small
GD of L = 0.4 (6 m) and a wide one with L = 0.664 (10 m) in addi-
tion to the previous L = 0.533/ (8 m) case. The numerical error evalu-
ated with Eq. (20) over the y-z plane containing the sources is shown
in Fig. 15(a) as a function of the GD extension. The error slightly
decreases increasing the extension of the GD, as for the cases discussed
in Sec. VIB. Once more, this test shows that enlarging the GD, thus
increasing the number of grid points used to represent the two sources,
results in slightly better results. The numerical error observed is, there-
fore, not associated with the NRHS method but rather with the intrin-
sic dispersion error of the numerical scheme.

To verify this statement, we perform the second numerical experi-
ment. The numerical error is evaluated using three different grid refine-
ments, namely, Ax = 0.0164(0.25m), Ax = 0.0331(0.5m), and
Ax = 0.0664 (1 m), so that we add to the previous simulation a coarse
and a refined grid, keeping the GD dimension constant to

- N

SPL (dB)
z/A
SPL (dB)

-2 -1 0 1 2
y/A

(c) NRHS
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FIG. 13. Analytical and numerical SPL for the two monopole sources (f = 100 Hz) implemented with a GD extension of L = 0.533/ (8 m) each; the distance between the two
source centers is 1.0664 (16 m).
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FIG. 15. Panel (a): Error [Eq. (20)] over the y~z plane for increasing GD dimension L = 0.44,0.53324, 0.66. Panel (b): Error [Eq. (20)] over the y~z plane for increasing grid

dimension Ax = 0.0164,0.033/, 0.066.

L =0.533A(8m). The error as a function of the grid refinement
[Eq. (20)], shown in Fig. 15(b) and evaluated over the y-z plane, grows
with the increased width of the cells with slope equal to 2 in the log -log
plot, indicating the second-order accuracy of the discretization scheme.
This result confirms that the error observed in Fig. 14(b) is associated
with the numerical scheme and not to the NRHS methodology.

IX. CONCLUDING REMARKS

In the present paper, we presented the NRHS method, developed
to overcome the intrinsic limitations of the commonly adopted source
injection methods dealing with propagation model based on the solu-
tion of the wave equation in the physical space. The goal is to improve
the accuracy of noise propagation models in confined regions, in the
presence of obstacles or reflective boundaries near the sources, or
when multiple sources are present in the fluid basin. The numerical
investigations were carried out in water domains although the applica-
tion of the method is independent of the fluid properties.

The propagation model herein implemented relies on the finite-
difference, time-domain method to solve the wave equation in space
and time, using second-order centered differences and the perfectly
matched layer (PML) method for the open-boundary conditions in

order to minimize the spurious reflection of the acoustic waves. First,
we focused on the source injection methods and tested two strategies
available in the literature: the hard source and the transparent source
ones. Successively, a new source injection method was proposed that
improves the accuracy of the results in a number of situations, among
them in the case of presence of a free surface (water—air interface) and
in the presence of an immersed scattering bodies.

Our analysis regards the possibility to generalize the original
single-point source injection methods to physically extended genera-
tion domains and, thus, being able to use a cluster of points to repre-
sent different directivity patterns of the acoustic pressure field. This is
of crucial importance when the fluid dynamics fields constitute the
main noise source.

We used a monopole source as a benchmark since an analytical
solution of the wave equation is available, and we extensively com-
pared the analytical results with the numerical solutions in a semi-
infinite homogeneous water domain. The hard source method is
greatly affected by numerical scattering, especially close to a solid
boundary, and even in cases where the generation domain is large
compared to the propagation domain. We analyzed the dependency of
the numerical scattering on the dimension of the GD, the distance
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from a reflecting boundary, and the characteristic frequency of the
source, defining a non-dimensional parameter, the encumbrance EN,
ruling the applicability of the HS method. Specifically, we found a
threshold value of the EN beyond which the HS method is not reliable
for the estimation of the propagation of the acoustic wave. Therefore,
we introduced a new method that overcomes all these issues, allowing
it to adapt to different configurations, physically extended sources, and
reflecting bodies. The new method (NRHS) can handle an extended
GD, which favors the accurate description of the source, without incur-
ring in problems of spurious reflections typically associated with the
HS method. The increase in the GD does not influence the quality of
the results, which depend only on the discretization method employed
for the solution of the wave equation. Rather, we proved that using a
large GD in the NRHS method allows a better description of the source
without the inconvenience of spurious reflections. The extended GD
herein considered are shaped as a cubic arrays of grid nodes for sim-
plicity since the propagation model employed solves the acoustic wave
equation on a structured Cartesian grid. However, it should be noted
that the geometry of the GD is independent of the shape of the acous-
tic source, which is contained within the GD. The methodology was
also successfully tested considering more complex, still archetypal
sources, namely, a dipole and a quadrupole. It is to be noted that these
sources are representative of a large class of fluid dynamic sources. In
the next future, the NRHS methodology will be implemented in the
framework of unstructured grid solvers, to be applied to cases of realis-
tic topography and geometry.
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APPENDIX A: IMAGE METHOD

The method of image consists in placing an image source spec-
ular to the real source point with respect to the free surface, so that
the sum of the acoustic pressure generated by the real source

pubs.aip.org/aip/pof

air
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zl water

FIG. 16. Schematic of the monopole source location (red) with the corresponding
image source (dotted blue).

and the image source gives the correct pressure inside the real
domain. The sign of the image source is opposite to that of the real
source, in order to obtain the correct value of pressure (p=0) at
free surface,”’ as shown in Fig. 16.

Hence, the analytical solution reads as

_ Asin (kr —wt)  Asin (k' — ot)
N r - r’

p*(r.1)

. (A1)

where r = \/|x — x>+ |y — 3> + |z — z|* is the distance of the
observer from the origin of the monopole with coordinate
(x5, ¥s,25), while " is the distance of the observer from the image
source symmetric to the real source with respect to the plane z=0,
which is the point of coordinate (s, ys, —z;). Note that the solution
(A1) is used for the analytical comparison of the numerical values
obtained in Sec. VI.

APPENDIX B: HS VS NRHS: THE EN STUDY FOR A
DIPOLE AND A QUADRUPOLE SOURCE

Here we show the comparison of the error of HS and NRHS
methods as a function of the EN number for dipole and quadrupole
sources. The same domain described in Sec. VI A has been used
(semi-infinite homogenous domain), considering the cases reported
in Table 1. Indeed, while the pressure function that describes the
acoustic source changes, the other physical parameters of the
numerical tests remain the same. The analytical solution is com-
puted with the image method and the error is computed with Eq.
(20). The results show that the NRHS method performs better than
the classical HS method above the threshold value EN = 0.04, even
for dipole and quadrupole sources.

1. Dipole source

The dipole is representative of the noise generated by the
blades of rotors. The dipole pressure function p&" used to define the
acoustic source is the following:

_Asin (kry —wt)  Asin (kr, — ot)

Pt == B

where the distance between the two monopoles composing the
dipole is d = r; — r, = 0.4 m. The two monopoles are placed at the
center of the domain as shown in Fig. 17(a).

The results are (Fig. 18) consistent with those of Sec. VIB and
show that above the threshold of EN=0.04, the error of the HS
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method increases whereas the error of the NRHS decreases. Below
the EN =0.04, the results obtained with HS and NRHS are compa-
rable with each other.

2. Quadrupole source

The quadrupole is representative of the noise generated by a

d/2 d/2] ‘@.

(b) Quadrupole
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where the distance between the four monopoles that constitute the
lateral quadrupole is d = r; — r; = 0.4m. The four monopoles are
placed as shown in Fig. 17(b).

The results (Fig. 19) of the quadrupole case are consistent with
the monopole and dipole case, the NRHS performs better above the
threshold value EN=0.04. In comparison to monopole and dipole
results, we observe that the error associated with the smallest GD is
higher (for details, see Sec. VIB). Indeed, the increase in the com-
plexity of the source directivity needs a corresponding increase in
the length L to achieve acceptable accuracy. We observe that for
L =2, the magnitude of the error is comparable with that of the
monopole and dipole cases.

FIG. 19. Comparison of the error [Eq. (20)] between the numerical solutions and
the analytical solution over the vertical plane passing through the source center, as
function of EN = L2/(2.D), using the HS method (red scale) and NRHS method
(blue scale) for a quadrupole source in a semi-infinite homogeneous water domain.

APPENDIX C: HS VS NRHS: THE EN STUDY FOR GRID
REFINEMENT

The non-dimensional number EN is derived from physical
parameters of the problem and it is independent of the numerical
discretization. In Fig. 6, we utilized a refined numerical grid for the
highest frequency (300 Hz) to obtain an error of the same order of
magnitude of the cases of lower frequencies. In this regard, in this
appendix, we show the error as a function of the EN comparing the
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FIG. 18. Comparison of the error [Eq. (20)] between the numerical solutions and
the analytical solution over the vertical plane passing through the source center, as
function of EN = L2/(2.D), using the HS method (red scale) and NRHS method
(blue scale) for a dipole source in a semi-infinite homogeneous water domain.

FIG. 20. Comparison of the error [Eq. (20)] between the numerical solutions and
the analytical solution over the vertical plane passing through the source center, as
function of EN = L?/(4D), using the HS method (red scale) and NRHS method
(blue scale) for a monopole of 300 Hz. Triangles and circles, respectively, refer to
fine (refi) and coarse grid simulations.
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coarse and fine grid considering the domain described in Sec. VI A,
and for the cases reported in the last column of Table I (300 Hz
case). The fine grid results are labeled refi. Figure 20 shows that the
behavior of the NRHS method is independent of the grid
refinement.
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