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Abstract: This study presents a numerical methodology for analyzing hydroacoustic noise
generation and its propagation in a homogeneous domain using Lighthill’s analogy, the
finite volume method, and hybrid-Higdon boundary conditions. The approach consists
of three key steps: performing an eddy-resolving Large Eddy Simulation to capture the
unsteady fluid dynamics, extracting the turbulent field to compute the acoustic source
term via Lighthill’s analogy, and solving a homogeneous wave equation to propagate
the noise in an open domain. The methodology is applied to a turbulent plane channel
flow, simulating the acoustic field for a fluid with water-like density at a Mach number
of 0.1. The results reveal the spatial distribution of the acoustic pressure, highlighting the
dominant noise sources and their spectral characteristics. The acoustic domain extends
beyond the turbulent region, enabling the study of pressure propagation outside the flow.
The findings demonstrate that noise generation is strongly linked to turbulent structures
near the walls, with significant acoustic radiation occurring in the low-wavenumber range.
This framework provides a powerful tool for modeling noise propagation in marine and
industrial applications, offering insights into turbulence-induced sound in underwater
environments. Future work could extend the approach to more complex geometries, higher
Reynolds numbers, and heterogeneous domains, further advancing its applicability to
real-world acoustic challenges.

Keywords: hydroacoustic; finite volume method; Lighthill’s analogy

1. Introduction

The propagation of noise in fluids has become a critical area of research in recent
decades due to its adverse effects on both human and animal populations. Underwater
radiated noise, for example, has been the subject of numerous international and interdisci-
plinary studies, as it negatively impacts intra-species communication, biological processes,
and physiology [1]. Similarly, fluid-dynamic noise in other contexts is recognized as a
significant factor affecting human mental and physical well-being. In marine engineering,
for instance, noise from ship propellers and bow thrusters reduces passenger comfort
during travel [2].

Industrial environments also face challenges from noise pollution. Acoustic emissions
from machinery, which propagate through the air, influence workplace conditions and
can serve as diagnostic tools for equipment performance. For instance, acoustic signals
are often used to detect operational anomalies such as cavitation in pumps and turbines.
A notable example is the work of [3], which analyzed the correlation between acoustic
signals and cavitation in a Kaplan turbine. They demonstrated that the modulation and
intensity of cavitation generate predictable acoustic patterns, enabling the development of
a semi-empirical model linking cavitation to noise and vibration.

It is crucial to develop accurate numerical methods for modeling acoustic wave
propagation, particularly in complex and dynamic environments. Recent advancements
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in spatial-temporal prediction and deep learning-based feature extraction have shown
promise in improving computational efficiency and predictive accuracy in related fields.
For instance, ref. [4] proposed a spatial-temporal attention mechanism for predicting
electric bus charging station loads, demonstrating the potential of time-series modeling
in dynamic systems. Similarly, ref. [5] introduced a rotation feature decoupling network
for ship detection, highlighting the importance of orientation-aware feature extraction in
signal processing. Inspired by these approaches, this study explores advanced modeling
techniques for acoustic wave propagation, leveraging spatial-temporal frameworks and
feature-aware computational methods to enhance accuracy and efficiency.

To address the challenges of noise evaluation, Lighthill’s acoustic analogy [6,7] has
become a widely adopted and computationally efficient method. Lighthill’s theory models
fluid flow as a distributed field of acoustic sources (quadrupoles), enabling the decoupling
of the fluid-dynamic and acoustic fields. This hybrid approach allows the two problems
to be solved independently, making it less computationally demanding than full Compu-
tational Aeroacoustics (CAA) simulations [8]. The equation derived by Lighthill is based
on mass and momentum conservation laws, with source terms directly linked to the flow
velocity field. However, the accuracy of the method depends on the underlying fluid-
dynamic model. Traditional Reynolds-Averaged Navier-Stokes (RANS) simulations are
often inadequate for hydroacoustic analysis, as their time-averaged formulation captures
only mean flow features, neglecting the turbulent spectrum responsible for broadband
noise [9].

Despite this limitation, hybrid RANS/CAA techniques, which combine RANS sim-
ulations with statistical noise models, remain widely used in industrial applications due
to their low computational cost [10]. However, for more accurate noise source charac-
terization, state-of-the-art experimental techniques [11] or eddy-resolving computational
simulations [12,13] are recommended.

In recent developments, Mohring proposed an alternative acoustic analogy based
on the compressible Euler equations to account for convection and refraction effects in
unsteady flows [14]. While this analogy provides valuable insights into noise propagation
in dynamic media, it is less suitable for incompressible flows. In the low-speed regimes
considered in this study, Lighthill’s analogy remains an appropriate choice for addressing
hydroacoustic and subsonic problems. A notable limitation of Lighthill’s analogy, as well
as its extension by Ffowcs-Williams and Hawkings [15], is its inability to account for certain
complexities in noise generation and propagation, particularly when detailed source charac-
terization is required. To address this, the present work employs the finite volume method
(FVM) combined with hybrid open boundary conditions to study the hydroacoustic noise
generation in a plane channel flow at Re; = 180. This methodology combines the strengths
of both approaches. The Lighthill analogy is correctly applied, and hydroacoustic noise is
considered. Finite Volume Methods (FVM), in turn, enable the modeling of reflections and
refractions in complex geometries and domains. The methodology involves performing an
eddy-resolving fluid-dynamic simulation to compute the unsteady flow field. The fluid-
dynamic field is then evaluated as an acoustic source using Lighthill’s analogy. Finally,
the acoustic source is propagated by solving the wave equation within the computational
domain. This approach effectively models the hydroacoustic problem in a homogeneous
domain and demonstrates its utility in capturing the essential dynamics of noise generation
and propagation in channel flows. By focusing on a well-defined and controlled setup, this
study provides insights into turbulence-induced noise mechanisms without introducing
complexities such as layered media or heterogeneous domains.

Underwater acoustics plays a crucial role in a variety of marine applications, ranging
from stealth technology in submarines to noise reduction in underwater structures. Several
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recent studies have explored different aspects of underwater acoustic phenomena, includ-
ing target strength, metamaterials, cavitating vortex dynamics, and acoustic radiation from
stiffened structures. Understanding these concepts is essential for improving the design
and efficiency of underwater vehicles, communication systems, and marine propulsion
technologies. One study investigates the acoustic target strength of submarines, which is
critical for stealth and detection. Through numerical simulations, factors such as submarine
shape, material properties, and insonification angles are analyzed to understand their
impact on acoustic reflections. These findings contribute to advancements in sonar stealth
technology and the development of low-observable underwater vehicles [16]. The study
of underwater acoustic metamaterials presents another area of interest. These engineered
materials manipulate underwater sound waves in unique ways, exhibiting properties such
as negative refraction, wave focusing, and acoustic cloaking. Their applications span sonar
stealth, underwater noise control, and enhanced underwater communication. Recent devel-
opments have explored tunable and broadband designs to enhance adaptability in dynamic
marine environments [17]. Cavitating tip vortex dynamics also play a significant role in
underwater acoustics, particularly in marine propulsion systems. The numerical investiga-
tion of cavitation effects on tip vortices provides insights into hydroacoustic signatures and
noise emissions. Understanding these interactions is crucial for designing quieter and more
efficient propulsion systems, ultimately leading to reduced acoustic disturbances in marine
environments [18]. Finally, another relevant study explores the vibro-acoustic behavior of a
submerged stiffened cylindrical shell under multiple excitations. Using both experimental
tests and numerical simulations, the research examines how structural reinforcements
influence sound radiation and vibration characteristics in underwater environments. By
analyzing frequency responses and pressure distributions, the study provides insights into
noise control strategies for applications such as submarine stealth technology and under-
water pipelines [19]. These studies collectively enhance our understanding of underwater
acoustics and contribute to the advancement of marine technology. It is therefore evident
that a model capable of performing open-field propagation of noise generated by various
sources is of fundamental importance. In this work, a novel numerical model is proposed
to address these gaps by enabling the simulation of open-field noise propagation from
multiple sources. The model integrates Lighthill’s equation with the hybrid absorbing
boundary conditions developed by Liu and Sen [20], ensuring an accurate and stable
representation of noise radiation in an unbounded domain. Unlike previous studies that
focus on localized effects, this approach explicitly considers the full-field propagation of
turbulent noise, offering a more holistic and physically realistic framework for hydroacous-
tic analysis. Additionally, the implementation of hybrid absorbing boundary conditions
mitigates artificial reflections, enhancing the fidelity of numerical simulations.

This study introduces a novel computational framework for hydroacoustic noise
simulation in a turbulent plane channel flow at Re; = 180. The methodology integrates
Large Eddy Simulation (LES) to solve the fluid dynamics, Lighthill’s analogy to characterize
the acoustic source, and the finite volume method (FVM) to propagate acoustic waves in a
homogeneous medium. A key innovation is the adoption of hybrid absorbing boundary
conditions, based on a combination of Higdon’s approach [21] and two-way classical
wave equation [20], effectively minimizing spurious reflections at domain boundaries.
Compared to prior studies, traditional approaches often relied on Reynolds-Averaged
Navier-Stokes (RANS) simulations, which, while computationally efficient, failed to resolve
the fine scale turbulence responsible for broadband noise generation [9]. The approach also
extends prior channel flow investigations by capturing acoustic wave propagation outside
the fluid domain, providing deeper insights into turbulence-induced noise mechanisms.
By applying this refined methodology, the study successfully characterizes the spatial
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distribution of acoustic pressure and validates the spectral behavior of the noise, aligning
with the Kolmogorov power law in the inertial subrange. This research paves the way
for further advancements in hydroacoustic modeling, particularly for higher Reynolds
numbers and complex boundary conditions. This research contributes to advancing the
field of underwater acoustics by providing a robust tool for analyzing the spatial and
spectral characteristics of noise in open environments. Future work will further refine the
model through experimental validation and the inclusion of additional physical effects to
improve predictive capabilities.

This paper is structured as follows: Section 2 describes the methodology in detail,
including its numerical implementation and theoretical basis. Validation of the proposed
approach against analytical solutions and benchmark models from the literature is pre-
sented in Section 3. In Section 4 the application of the model to a suitable case and the
results of the simulation are presented. In Section 5, the results are analyzed, and potential
directions for future development are outlined.

2. Material and Methods
2.1. The Wave Equation Discretization

Lighthill wave equation is given by Equation (1):

10%p 02 ’
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where p is the acoustic pressure, f is the time variable, c is the speed of sound, p is the fluid
density, ¢ is the pressure tensor, and ;; is the Kronecker’s delta. The right-hand term is
known as the Lighthill tensor. It allows the evaluation of the acoustic source based on the
fluid dynamic fields of pressure and velocity, facilitating the analysis of noise generation
and propagation within the domain by applying Lighthill’s analogy. The finite volume
method (FVM) has been adopted to solve the wave equation in homogeneous domains.
The main advantages of FVM are related to its conservative nature. This ensures that
physical quantities, such as mass, momentum, and energy, are conserved within each
control volume and, consequently, throughout the entire computational domain. This
conservation property is crucial for accurately simulating physical phenomena, especially
those involving fluid flow and acoustics, where imbalances in conserved quantities can lead
to significant errors. Furthermore, FVM'’s flexibility in handling arbitrary control volumes
makes it well-suited for complex geometries, allowing for accurate representation of curved
boundaries and intricate domain shapes. This geometric adaptability, combined with its
inherent conservation properties, makes FVM a powerful tool for solving a wide range of
problems in computational fluid dynamics and acoustics. In this study, we concentrate on
structured grids comprising hexahedral elements. The computational domain is discretized
into elementary control volumes, and the wave equation is integrated over these volumes:
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where the last term represents the source term, referred to as the Lighthill tensor in the
context of the acoustic wave equation. Applying the divergence theorem to the second
term transforms the equation into:
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where ¥; denotes the surface bounding the control volume, and n is the outward normal
vector to the surface.

To approximate the value of a quantity within an elementary control volume, we
assume it varies linearly inside the volume, an assumption that is second-order accurate.
The surface integral of the pressure gradient can then be expressed as the sum of the
surface integrals over the faces of the cell. By further assuming that the integrand’s value is
approximated at the midpoint of each face, the equation becomes:

19%p 6 pi—pi
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where h represents the distance from the cell center to the face centroid. Applying a second-
order discretization for the temporal and spatial derivatives, the equation evolves into:
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Finally, solving for p?“, the pressure update equation is:
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This equation provides a second-order approximation of the generic wave equation
under the assumptions of a homogeneous medium with constant sound speed and density
over time, and a fluid at rest. A similar discretization of the wave equation for FVM and
finite element methods has been detailed in previous work by [22], where it was applied to
problems related to room acoustics. The stability condition for Equation (6) is determined
by the Courant condition, expressed as ¢ - dt/dx < 1.

2.2. The Hybrid Absorbing Boundary Condition

To prevent spurious reflections at the boundaries of the domain, it is necessary to
employ specific boundary conditions known as open boundary conditions or absorbing
boundary conditions. Various types of such conditions exist, but in this work, we adopt
the approach proposed by [23], referred to as hybrid absorbing boundary conditions
(hybrid ABS).

This method introduces a transition zone between the physical domain’s boundaries,
where the solution will be evaluated free of reflections, and the complete computational
domain’s limits. Within this transition zone, a wave equation that results from a weighted
average of the classical wave equation, as discussed in Section 2.1, and the one-way wave
equation derived from second-order Higdon conditions is solved [21]. Specifically, the
second-order Higdon equation is expressed as:

2 2 2
(cos 0y + cos@z)ca—p + cza—;7 =0, (7)

cos 61 cos 0 ox 922
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where 61 and 6, are angles defining the directionality of the absorbing conditions, c is the
wave velocity, and p represents the acoustic pressure field. Physically, it mimics the behavior
of a perfectly non-reflecting boundary, allowing waves to pass through the boundary as if
the domain extended infinitely. The previous equation considers the space derivative in just
one direction for the nature itself of one-way wave equations. Different studies have already
validated the Higdon boundary condition [24]. Thanks to the adoption of varying angles
in its formulation, it offers improved absorption of grazing waves. However, this type of
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ABC is not sufficient on its own to provide adequate absorbance for waves characterized
by large wavelengths. To overcome this limitation, Liu et al. in [23] formulated a new
absorbing boundary condition, the Liu hybrid condition, which effectively combines the
strengths of both the Higdon condition and a perfectly matched layer (PML) approach. This
hybridization allows the Liu condition to handle both grazing waves and long wavelengths
efficiently, resulting in significantly reduced reflections across a wider range of frequencies
and incidence angles as seen in other literature works [20,25]. The wave equation solved in
the absorbing zone is given by [23]. The combined wavefield p is expressed as:

P = WiPtwo + (1 - wi)pone/ (8)

where piwo represents the two-way wavefields, pone represents the one-way wavefields, and
the weight is a linear function that goes from 1 to 0 expressed by w; = % Here, i denotes
the layer index, and N is the total number of layers used in the hybrid absorbing boundary
conditions (hybrid ABC). This approach ensures that reflections are effectively reduced,
providing more accurate solutions within the domain of interest. The discratization of the
wave equation in the transition domain is given by:
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In Equation (9) the two-way wave equation is solved with the classical finite volume
approach. The one-way wave equation is discretized instead with the finite difference since
the derivative has to be evaluated in only one direction.

3. Validation

To perform the validation of the model, a comparison between the analytical solution
of a monopole field and the numerical solution of the wave equation is shown. The
monopole field is given by Equation (10):

lkpCQm i(wt—kr
pm(r,t) = _We( ), (10)

Here, k denotes the wavenumber, i is the imaginary unit, p represents the medium
density, ¢ is the wave speed, Qy, signifies the monopole’s strength, r is the distance from the
monopole’s center, w denotes the angular frequency, and ¢ represents time. The monopole
is applied as a Dirichlet boundary condition across nine cells (a 3 x 3 cube) located at the
center of the domain. This method of applying the source is referred to as a hard source.
Refer to Figure 1 for a visual representation.

For this simulation, the cells are cubic with an edge length of A/30, where A is the
wavelength of the monopole source. The monopole frequency is equal to 50 Hz and the
density and speed of sound of the medium are the same of the water one, p = 1000 kg/m?
and ¢ = 1500 m/s. The computational domain consists of a cube of edge equal to g)\,
(50 cells). The physical domain, where only the two way wave equation is solved, is
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contained within a cube whose edge measures A (30 cells). Absorbing boundary conditions
are applied in all three directions, occupying ten cells in each direction, as illustrated in
Figure 1. Here the hybrid wave Equation (9) is solved. For this simulation Higdon's angles
are taken equal to 6; = 0 and 6, = 71/6 as suggested by [24] to minimize the reflections of
grizzling waves and a total of 10 layers have been used.

Figure 1. Schematic of the numerical domain used to validate the method. The red cells represent the
position of the monopole, the white cells are the physical domain where the simulation is carried out
and the cyan cells represent the absorbing domain where the Equation (9) is solved, the green cell is
where the microphone is placed and the solution is sampled.

The results in Figure 2 demonstrate that the numerical solution is sufficiently accurate
to be regarded as a reliable numerical method. While the hybrid absorbing boundary con-
ditions are less accurate than perfectly matched layers (PML), they are faster to implement
and less computationally expensive. For these reasons, the authors chose to adopt a hybrid
ABC for the proposed model.

0.3

0.2r¥

0.1F

p/pc?

0 0.5 1 1.5 2 25 3
N
Figure 2. Comparison between the analytical (continuous line) and numerical (circle markers)

solution of the monopole. Pressure has been non-dimensionalized with density and speed of sound
squared, Nt represents the number of periods of the signal.

4. Simulation and Results

A fluid dynamic simulation has been carried out on a plane channel flow characterized
by a Reynolds number equal to Re; = uh/v = 180, being u, the shear velocity of the



Water 2025, 17, 553

8of11

flow, h the semi-height of the channel and v the kinematic viscosity. After the channel
reached convergence the fluid dynamic fields were used to compute the acoustic source
given in Equation (1). Only the first term of the Lighthill tensor has been considered in
this study, as supported by the literature [6]. The remaining terms are negligible for small
Mach number values. The channel flow simulation has been validated by comparing its
statistical properties with the results of [26] (validation not shown here).

To obtain the fluid dynamic fields, a Large Eddy Simulation (LES WALE model) was
performed. The dimensions of the channel are defined as Ly = 276 in the streamwise
direction, L, = 26 in the wall-normal direction, and L, = 74 in the spanwise direction,
where ¢ is set to one. The channel is discretized using a grid of 63 x 96 x 47 elements.

In non-dimensional wall units, the grid spacing is:

o dxT =dxu;/v=18,
o dzt =dzu./v=12,
e y" =1 at the wall, with a growth rate of 1.07 in the wall-normal direction.

The simulation was run until convergence was achieved. Once the stationary condition
was reached, velocity fields were sampled every 0.01 non-dimensional time unit over a
total duration of 3 non-dimensional time unit. The Lighthill source was computed for each
sampled timestep on the fluid dynamic grid and subsequently mapped onto the acoustic
grid. The acoustic grid consists of uniform hexahedral elements without any stretching
applied in any direction. This approach is justified by the distinct requirements of the
two simulations: in the acoustic problem, there is no necessity for a refined grid near the
walls, whereas, in the fluid dynamic simulation, grid resolution is critical for capturing the
essential features of the flow. Therefore, the acoustic grid spacing is set equal to the fluid
dynamic grid spacing in the streamwise and spanwise directions, while a different spacing
is adopted in the wall-normal direction, where dy = ¢/40. The geometric dimensions of the
acoustic problem are similar to those of the fluid dynamic domain, with the exception of
the wall-normal direction, where the total height is extended. Specifically, for the acoustic
simulation, L, = 36. This extension allows for the sampling of the pressure propagated
outside the channel.

The acoustic simulation is conducted in a fluid with a density equivalent to that of
water, p = 1000kg/m?, and a speed of sound set to ten times the mean flow velocity of the
channel, ¢ ~ 153 m/s. This results in a Mach number of M = 0.1. The choice of this speed
of sound, instead of the actual speed of sound in water, is made to enable faster simulations
while maintaining the same Courant number, C = 0.9.

The results presented in Figure 3 are reported in terms of the non-dimensional pressure
signal and its Fast Fourier Transform (FFT). The signal was sampled within the acoustic
domain at various heights, providing insights into the pressure field at different locations
relative to the channel.

The pressure signal measured near the wall exhibits the highest noise levels among
the three sampling points. This can be attributed to the strong influence of the acoustic
source in regions where turbulence is highly anisotropic. On the other hand, in the center
of the channel, the source’s impact on the final pressure signal diminishes slightly, resulting
in a moderately reduced pressure amplitude, as shown in Figure 3a. Finally, the signal
sampled outside the channel is unaffected by the direct influence of the acoustic source,
leaving pressure propagation as the sole mechanism contributing to the recorded signal.

Figure 3b shows the FFT of the pressure signals. Notably, the purple dashed line
represents the Kolmogorov power law. For the two signals sampled within the channel, the
pressure spectrum follows the Kolmogorov power law over a non-dimensional frequency
range of approximately 20 to 50. This behavior indicates that, in this frequency range,
the noise is generated by the inertial subrange of turbulence, which exhibits dynamics
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consistent with the Kolmogorov law. Conversely, the pressure signal recorded outside the
fluid domain deviates significantly from this behavior. This deviation is likely due to the
reduced influence of the source at this location, where propagation effects dominate.

-5
P x10 108
18
7
10
16 <
N, 14 =
< 2 108
Q1.2 &~
iy i LL;

06 ‘ 1070
0 0.5 1 15 2 2.5 3 10' 102
t+ f+
(a) (b)

Figure 3. Solution of the acoustic simulation in three domain points. The blue continuous lines refer
to the signal of the non-dimensional pressure near the wall (y = §/20). The red dashed lines refer
to the pressure signal in the center of the channel (y = J) and the yellow dotted lines refer to the
pressure outside the channel (y = 2.56). In Figure (b) the point-continuous purple line represents the
power law f=°/3,

5. Conclusions

The analysis of the results demonstrates the effectiveness of the proposed methodol-
ogy in capturing the acoustic field generated and propagated by turbulent channel flow.
Sampling the pressure at different heights provided key insights into the influence of the
acoustic source and the propagation characteristics.

The highest noise levels observed near the wall suggest a direct link between acoustic
source strength and turbulence anisotropy. The slight reduction in pressure amplitudes at
the channel center indicates that the turbulence’s isotropic regions have a comparatively
weaker influence on the acoustic signal. Outside the channel, the source’s direct influence
vanishes, and propagation effects solely determine the pressure signal. This highlights the
importance of accurately modeling both source generation and propagation mechanisms
to predict the acoustic field effectively.

The FFT analysis further supports these findings by demonstrating adherence to the
Kolmogorov power law within the inertial subrange for signals sampled inside the channel.
The absence of this behavior in the signal sampled outside the domain underlines the
reduced influence of turbulence-induced sources at greater distances.

The method has demonstrated good robustness when applied to broadband signals,
such as those generated by a turbulent channel. However, the model has some limitations,
primarily related to the time-step resolution required for mapping fluid dynamic fields
from the fluid grid to the acoustic grid. This process involves storing the acoustic source
field in memory and subsequently mapping it conservatively onto the acoustic grid. More-
over, to ensure high accuracy, multiple layers of the absorbing boundary condition are
required, which significantly increases the computational cost of the simulation. Moreover,
the Lighthill equation presented in this work can be applied to homogeneous materials,
therefore, modifications are necessary to account for variations in density. Finally, applying
Lighthill’s analogy necessitates the use of complex turbulence models such as Large Eddy
Simulations (LES), which further add to the computational burden.

To overcome these limitations, future work could focus on optimizing the mapping
process between the fluid and acoustic grids, potentially by implementing parallel mapping
between the fluid dynamic simulation and the acoustic one. Alternative absorbing bound-
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ary conditions with improved efficiency could be explored to reduce the computational cost
while maintaining accuracy. Additionally, this study could be extended by exploring how
the acoustic field behaves under varying flow conditions, such as higher Reynolds numbers
or non-periodic boundary conditions. Additionally, investigating the effects of different
source configurations or material properties in multi-layered propagation media could
provide valuable insights for practical applications in hydroacoustics and aeroacoustics.
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LES Large Eddy Simulation

RANS  Reynolds-Averaged Navier-Stoke
CAA Computational Aeroacoustic
ABC Absorbing Boundary Conditions
FVM Finite Volume Method
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