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1. INTRODUCTION 

The precise numerical modelling of the transmission of 
acoustic waves is an important aspect in both the 
design and analysis of a broad selection of engineering 
systems, such as vibro-acoustic structures, underwater 
vehicles, noise control systems, and architectural 
sound. These applications require sound prediction of 
sound radiation, scattering and transmission as a tool 
of ensuring performance, safety and compliance to 
regulations. Computational acoustics Computational 
acoustics has thus become a field of active research, 
supported by the growing need to reproduce exact 
simulation methods that are able to capture the 
delicate wave phenomena over a series of vibrant 
spatial and time scales. Nevertheless, the methods of 
obtaining the accuracy and efficiency is in any way 

problematic, especially in situations when acoustic 
waves interact with structural components and 
propagate in unbounded domains. 

This is one of the major limitations in computational 
acoustics due to the necessity of modelling unlimited 
exterior space and Multiphysics coupling like that of 
acoustic and structural interactions at the same time. 
Finite element techniques (FEM) are highly applicable 
to heterogeneous materials, to complicated 
configurations and to Multiphysics models, but they 
need artificial truncation or absorbing conditions to 
model an infinitely large acoustic domain, introducing 
reflections and loss of accuracy. On the other hand, 
the use of the type of analysis, boundary element 
methods (BEM), meets radiation conditions naturally, 
and is efficient at exterior acoustic fields, but cannot 
be used where interior domains, structural dynamics, 
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or a Multiphysics problem are of interest. It is these 
fundamental weaknesses of either standalone FEM or 
BEM methodologies that have stimulated the design of 
hybrid numerical strategies that would utilise the 
respective advantages [1], [3]. 

FEMBEM coupling has become effective and 
theoretically justified method of solving these 
problems in advanced acoustic modelling. Coupled 
formulations allow accurate modelling of wave 
propagation in infinitivally extended domains and still 
allow the flexibility of FEM through Multiphysics 
modelling by splitting the computational domain into a 
portion that is represented using FEM, and a portion 
that is represented using BEM. Recent research has 
shown that FEMBEM coupling is effective in the area of 
structural-acoustic interaction, vibro-acoustic studies, 
and time- and frequency-domain vibro-wave 
propagation issues [4], [8] -[11]. Further, the evolution 
of coupling methods, low-order modelling and fast 
solvers has greatly contributed to the effectiveness 
and scalability of FEMBEM models, thus becoming more 
and more applicable in the high-fidelity engineering 
simulations [5], [6], [10]. 

Inspired by this progress, the following paper proposes 
a high-fidelity computational model of Multiphysics 
acoustic wave propagation using a coupled FEMBEM 
approach to the problem. The principal achievements 
of the work include three dimensions, namely: (i) 
building a robust FEMBEM coupled framework based on 
the accurate modelling of unbounded acoustic 
domains, (ii) adding Multiphysics features, specifically 
acoustic structure interaction, and (iii) a thorough 
numerical validation and performance analysis 
revealing better modelling of other currently used 
methods. The rest of this paper follows the following 
plan; Section II gives a review of related work in the 
FEM-BEM coupling in acoustic application; Section III 
presents the governing equations of Multiphysics 
acoustic propagation; part IV and V covers the 
proposed computational framework and coupling 
algorithm; Part VI presents numerical tests and 
validation findings; part VII discusses the results and 
practical implications; and Part X gives a wrap up of 
this paper with limitations and future research 
directions. 
 

2. RELATED WORK 

Computer aided acoustic modelling has immensely 
been drawn towards investigating the sound 
propagation, radiation, and scattering phenomena to 
assist in the engineering fields. Finite difference and 
finite element formulations were the main numerical 
methods used in the early years of numerical analysis 
because of their ability to deal with complex geometry 
and material heterogeneity. Due to the growing level 
of computational power, finite element-based acoustic 
solvers have been fully employed in interior and 

bounded-domain tasks, with a high resolution of the 
wave propagation and acoustic-structure interaction. 
FEM based formulations have also been effectively to 
the Multiphysics case, including acoustic field coupling 
to structural dynamics or elastic media and are 
therefore appropriate to vibro-acoustic analysis and 
structural-acoustic analysis [7], [9]. 

In spite of these benefits, FEM-based acoustic 
simulations face serious problems dealing with 
unbounded or semi-infinite scaled domains. To be able 
to simulate the effects of the radiation, artificial 
truncations of the boundary, including perfectly 
matched layers or absorbing boundary conditions are 
frequently needed, and as higher frequencies are 
possible, these methods introduce numerical 
reflections, and loss of accuracy. To address such 
restrictions, exterior acoustic problems were being 
actively solved using boundary element methods, 
which by definition satisfy radiation conditions at the 
infinite limit, and reduce the dimension of the 
problem by only discretizing the boundary. BEM 
formulations have been useful especially in analysis of 
acoustic scattering and radiation scattering in 
homogeneous exterior domains, with more recent 
achievements of increased efficiency via fast solvers, 
reduced-order techniques [10], [12]. 

It has been acknowledged that FEM and BEM have 
complementary strengths, therefore, attributing to 
the complementary approaches to acoustic simulations 
many FEMBEM coupling approaches have been 
developed to enable meaningful and efficient acoustic 
simulations in a complex environment. The domain of 
problems is usually broken down into an interior region 
covered by FEM and exterior region covered by BEM 
where continuity conditions are imposed at the 
interface. Weak and strong approaches of coupling 
have been studied, which have shown better results to 
structural-acoustic interaction and vibro-acoustic 
coupled problems [3], [4], [8], [11]. Convolution 
quadrature time-domain extensions and (adaptive) 
boundary element formulations have expanded yet 
again the range of applications of FEM things to 
transient and broadband acoustic simulations [2], [5], 
[6]. 

Despite the fact that current FEMBEM frameworks are 
a success, there are a number of gaps in the literature 
that have not been successfully addressed in the 
framework of Multiphysics acoustic simulation at high 
frequencies. The varied ones are aimed to special 
couplings configurations or frequency regimes, little or 
no thought is given to scalability, numerical 
consistency and comprehensive treatment of 
Multiphysics effects. Moreover, there is also an 
ongoing research on the incorporation of current 
solver strategies and systematic validation within 
benchmark and Multiphysics experiments. (Table 1) 
presents a comparative overview of the common FEM, 
BEM, and FEMBEM methods, and based on their 
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abilities and shortcomings. Unlike the previous 
literature, the current research presents a single high-
fidelity FEMBEM simulation system with strong 
Multiphysics capabilities, unlimited acoustic field 

modelling, and numerical validation, hence placing the 
new methodology in a clear standing of an efficient 
improvement to the previous methods. 

 
Table 1. Comparison of Existing Acoustic Modeling Approaches 

Method Physics Handled Domain Type Strengths Limitations 

Finite Element 
Method (FEM) 

Interior acoustics, 
acoustic–structure 
interaction 

Bounded domains Flexible for complex 
geometries and Multiphysics 
coupling 

Requires artificial boundaries for 
unbounded domains; possible 
reflection errors 

Boundary 
Element 
Method (BEM) 

Exterior acoustics, 
acoustic scattering and 
radiation 

Unbounded 
homogeneous 
domains 

Naturally satisfies radiation 
conditions; reduced 
dimensionality 

Limited to homogeneous media; 
dense system matrices 

Weakly 
Coupled FEM–
BEM 

Acoustic and structural 
coupling 

Interior–exterior 
domains 

Combines FEM flexibility 
with BEM radiation accuracy 

Interface convergence issues; 
increased computational cost 

Strongly 
Coupled FEM–
BEM 

Multiphysics acoustic–
structure interaction 

Interior–exterior 
domains 

High accuracy and 
numerical stability 

Higher memory and 
implementation complexity 

Reduced-Order 
FEM–BEM 

Multiphysics acoustics 
with model reduction 

Large-scale 
coupled domains 

Improved computational 
efficiency and scalability 

Potential loss of accuracy in 
highly nonlinear regimes 

 

3. Governing Equations for Multiphysics Acoustic 
Propagation 

Multiphysics acoustic wave’s propagation can only be 
modelled accurately after a strict mathematical 
account of sound generation, propagation and 
interaction with surrounding media. The current model 
presupposes the propagation of acoustic waves within 
a compressible, in viscid fluid in the presence of small-
amplitude disturbances, which leads to the 
employment of the acoustic theory of fluids linearized. 
The computation domain is further divided into 
interior and exterior region associated with an interior 
and unbounded acoustic domain respectively as shown 
in (Figure 1). It is on this decomposition that the 
coupled FEMBEM formulation that will be employed in 
this research builds. 
 

3.1 Acoustic Wave Equation 

Acoustic field is characterised by acoustic pressure 
p(x, t) which is governed by linearized wave equation. 
The acoustic pressure satisfies in the time domain. 

∇2𝑝 𝑋, 𝑡 −  
1

𝑐2

𝜕2𝑝 𝑋, 𝑡 

𝜕𝑡2
= 0__________(1) 

Where c has been taken as the speed of sound in the 
fluid medium. In case of direct harmonic steady state 
excitation, a frequency-domain description is utilised 
by presupposing a time-harmonic pressure 

field.𝑝 𝑋, 𝑡 =  ℜ{𝑃 𝑋 𝑒𝑖𝑤𝑡 }which leads to the 
Helmholtz equation 

∇2𝑝 𝑋 + 𝑘2𝑝 𝑋 = 0____________(2) 

Withk=ω/cwhereas [being the wavenumber of 
acoustics]. High-fidelity analysis of resonance and 

radiation phenomena is especially performed using the 
frequency-domain formulation. 
 

3.2 Structural / Solid Mechanics Model 

The structural domain is the one that is modelled with 
the help of the linear elasticity theory when the 
acoustic-structure interaction is supposed to be taken 
into account. Elastic wave equation (the structural 
field) is the motion field u (x, t). 

∇ ∙ 𝜎 𝑢 + 𝑓 = 𝑝𝑠

𝜕2𝑢

𝜕𝑡2
_____________(3) 

Whereσwhere the Cauchy stress tensor is denoted by, 
Structural density is denoted by rho s and f are 
external body forces. At the frequency domain, a 
similar harmonic formulation is taken. The finite 
element method is used to discretize the structural 
model and allow complex geometries, material 
behaviour, and dynamic behaviour to be correctly 
represented in coupled acoustic structural systems. 
 

3.3 Multiphysics Interface Conditions 

The acoustic and structural domains are coupled by 
imposing interface conditions that guarantee physical 
consistency over the fluid structure interface. To be 
specific, acoustical pressure and structural traction 
continuity is subjected, and the acoustical pressure is 
a normal load on the structure, and then the normal 
part of the structural velocity forces the acoustic 
field. Mathematically such conditions provide 
continuity of pressure and normal velocity or traction 
balancing at the interface as in (Figure 1). The 
FEMBEM coupling strategy is based on these interface 
conditions with a combination of which it is possible to 
accurately and reliably simulate Multiphysics acoustic 
wave propagation in intricate engineering systems. 
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Fig. 1. Schematic of FEM–BEM computational domains and coupling interface for acoustic wave propagation. 

 

4. FEM–BEM Coupled Computational Framework 

The framework of high-fidelity computational 
proposed is based on a coupled theory of finite 
element-boundary element (FEM -BEM) approach 
aimed at the company of Multiphysics acoustic wave 
propagation in complex and unbounded domains with a 
high level of accuracy. The framework allows 
modelling the acoustic and structural domains of 
interior and exterior radiation conditions accurately by 
combining the complementary advantages of FEM and 
BEM. The general structure of the computational 
process, such as domain division, interaction of 
information between the two numerical solvers is 
depicted in (Figure 2) and shows how modular but 
closely coupled the proposed solution is. 
 

4.1 Domain Decomposition Strategy 

The computational domain is split into an interior 
bounded scene and exterior unbounded scene through 
which a coupling interface is present. The 
discretization of the interior domain (that can contain 
acoustic media and structural elements) is the one 
that enforces Multiphysics interactions, complex 
geometries and heterogeneous material properties 
with the FEM. BEM is used to model the exterior 
acoustic domain with the radiation condition at 
infinity being automatically met with no artificial 
truncation. Acoustic pressure and normal velocity 
values are interchanged at the interface between the 
FEM and BEM domains to guarantee continuity and 
physical consistency on which the coupled formulation 
of (figure 2) is built. 
 

4.2 Finite Element Formulation 

The equations that are to be solved in the interior 
domain can be expressed in weak form through 
multiplying the governing equations by appropriate 
test functions and integrating them over the FEM 
domain. A standard finite element spatial 
discretization results in getting a system of algebraic 
equations representing the interior acoustic pressure 
and where needed, structural displacement fields. 
Some of the traditional element types include linear or 
higher-order triangular and tetrahedral elements, the 
use of which is based on the problem geometry and 
the accuracy needs. The proper interpolation functions 
are applied in order to reveal the estimated field 
variables, and the proper representation of wave 
propagation, Multiphysics coupling is achieved within 
the FEM space. 
 

4.3 Boundary Element Formulation 

In the exterior acoustic region, the boundary element 
development is based on the formula of the boundary 
integrals equations applied based on the fundamental 
solutions to the Helmholtz equation. This expression 
can be understood as defining the acoustic field as a 
combination of the tangential values of the pressure 
and normal velocity on the interface between the two 
coupling regions, and thus avoids the discretization of 
volumes in the boundless area. Boundaries are 
discretized into surface elements and the resulting 
equations of the integral results in dense system 
matrices describing long range acoustic interactions. 
In combination with the FEM formulation, the BEM is 
known to consider the exterior wave radiations and 
scattering, which in turn adds to the overall accuracy 
and soundness of the presented FEM-BEM 
computational strategy. 

 

 
Fig. 2. Schematic of the FEM–BEM coupled computational framework for unbounded acoustic wave propagation. 
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5. FEM–BEM Coupling Algorithm 

The suggested FEMBEM coupling algorithm is aimed at 
having high-fidelity and numerically stable simulation 
of Multiphysics acoustic wave propagation through a 
close integration of field equations based on the finite 
element method and surface equations based on the 
boundary element method. It has a strong, or 
monolithic, coupling strategy whereby the FEM and the 
BEM equations are combined to form a global system. 
This method prevents inconsistency in data exchange 
iteration and it provides correct implementation of 
interface conditions. The overall processing of the 
coupling algorithm which involves assembly of the 
system and steps of the solution is presented in (Figure 
3). 
 

5.1 Coupling Strategy 

Within the strong coupling, continuity requirements at 
the FEMBEM interface are imposed directly in the 
global system of equations. Particularly, one presents 
continuity of acoustic pressure across the interface, 
and balance of normal velocity or traction between 
the acoustic and structural spaces. These are the 
conditions that guarantee a physically consistent 
transfer of energy: between the interior FEM domain 
and the exterior BEM domain. The monolithic method 
enhances numerical stability and convergence by 
incorporating the interface constraints into the 
coupled system, especially those related to a strong 
acoustic structure interaction or those which grow to 
high-frequency wave propagation as reflected in the 
algorithmic structure illustrated in (Figure 3). 
 

5.2 System Assembly and Solution Procedure 

The system of FEM and BEM is coupled in which the 
sparse FEM mass and stiffness matrices are used with 
the densely populated BEM influence matrices that are 
the results of boundary integral exercises. The two 
formulations share interface degrees of freedom, and 
produce a complete algebraic system which must be 
solved simultaneously as giving both interior and 
boundary variables. Special consideration is made of 
the dense BEM matrices treatment that greatly 
impacts on memory requirements and cost of 
computation. Steady discretization and assembly of 
matrices are done to ensure numerical stability and 
accuracy of the system of coupled equations and 
especially in Multiphysics and large-scale 
computations. 
 

5.3 Techniques of Solver and Acceleration 

In order to effectively solve the resulting large-scale 
coupled system, the use of Krylov subspace iterative 
solvers, including the generalised minimal residual 
(GMRES) method, is used. The proper preconditioning 

strategies are implemented in order to enhance 
convergence weakening and minimise the use of the 
number of iterations to acquire the solution. In large-
scale problems with high-frequency acoustics or 
narrow boundary discretization, acceleration methods 
like the Fast Multiple Method (FMM) may be additively 
included in the BEM of equation so as to lessen the 
complexity of matrix-vector operations in 
computations. The proposed FEMBEM coupling 
algorithm can be successful in determining high 
precision and computational efficiency by combining 
intensive solvers and acceleration algorithms. 
 

 
Fig. 3. Algorithmic flow of the proposed FEM–BEM coupling 

strategy. 

 

6. Implementation Details 

The FEMBEM computational framework proposed is 
applied according to a module- Structured workflow 
that divides problem definition, discretization, system 
assembly and solution processes. The process of 
computation starts with defining acoustic and 
structural properties followed by mesh generation in 
interior FEM domain and boundary discretization of 
exterior BEM domain. The identification and mapping 
of interfaces between FEM and BEM degrees of 
freedom are conducted before the assembly of the 
system is carried out to provide consistent data 
exchange across the boundary of the coupling. The 
described organised flow enables reproducibility and 
enables a personal modification or expansion of a 
single element of the framework to suit other 
Multiphysics acoustic settings. 
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Its implementation is performed with the help of the 
existing numerical libraries and scientific computing 
settings that can be used to perform computational 
acoustics on large scales. The work to assemble finite 
elements and the computation of linear algebra 
operations is solved to optimised sparse matrix 
libraries and the work of calculating singular and 
weakly singular boundary integrals are based on the 
numerical integration routines. The coupled system 
can be efficiently solved by the use of standard 
numerical solver libraries that are used to solve the 
krylov subspace and preconditioning techniques. In 
solving large-scale or high-frequency acoustic 
problems, the modular software design can be 
optionally coupled with acceleration techniques to 
solve more challenging problems, including fast 
multiple-based BEM solvers. 

Mesh creation is very crucial in the stability and 
accuracy of the interacting FEM-BEM system. The 
interiors domain is subdivided into unstructured finite 
element meshes that follow complex geometries and 
material boundaries whereas the coupling boundary is 
subdivided into boundary elements that can be added 
to the BEM formulation. The geometric consistency 
and compatible discretization at the FEM/BEM 
interface is preserved to keep the numerical artefacts 
out. The automated mesh refinement methods can be 
used in the areas, or at interfaces, where the acoustic 
gradients are high enough so that the solution 
accuracy is improved without unreasonable 
computational cost. 

Computationally, the main price of the coupled 
scheme consists of the dense system matrices of the 
boundary element scheme and the solution of the 
global system formed. Computational complexity is 
dependent on both FEM mesh resolution and BEM 
discretization density, whereas memory requirements 
are dependent on the number of degrees of freedom 
of each boundary. These costs are alleviated by the 
use of iterative solvers, useful preconditioning, and 
optional acceleration, allowing the framework to solve 
fairly large-sized problems in a reasonable amount of 
time. In general, the proposed approach is applicable 
in the high-fidelity Multiphysics acoustic simulations 
because the implementation balances between the 
numerical precision and the computational efficiency. 
 

7. Numerical Experiments and Validation 

In order to test the validity and strength of the 
suggested FEM-BEM coupled model a sequence of 
numerical experiments are again performed on a series 
of benchmark acoustic issues in which analytical or 
reference solutions have been previously determined. 
The aim of these benchmark cases is to evaluate the 
accuracy of the acoustic wave propagation modelling 

of both bounded and unbounded domain. The common 
test cases are harmonic acoustic radiations and 
scattering questions where the numerical results are 
compared to the analytical ones or the well-known 
numerical solutions. The fact that the calculated and 
the reference solution are very close to each other 
proves that the governing equations, strategy of 
coupling, and numerical model are correct. 

The assessment of quantitative accuracy is based on 
the estimation of error norms and convergence 
behaviour with the finesse of the spatial 
discretization. It is observed that the coupled FEMBEM 
solution will exhibit an error convergence behaviour, 
as demonstrated in (Figure 4) that, as the mesh is 
refined, the numerical error goes to zero as expected 
of a convergent model. Moreover, (Table 2) 
summarises the most important validation measures, 
such as relative error measures, convergence rates, 
which is a succinct numerical comparison of the 
discrete levels. These findings are valid to confirm 
that the coupled method is more accurate as 
compared to standalone FEM or BEM models to solve 
unbounded acoustic problems. 

Demonstration of the ability of the framework in 
dealing with Multiphysics situations is done by giving 
acoustic-structure interaction case studies. Such 
examples include interaction of elastic structures with 
the acoustic media around them, demonstrating the 
capacity of the FEMBEM model to find coupled wave 
behaviour including the sound radiations emitted by 
structural vibrations. Specific test cases with more 
complicated geometries or, more complicated, 
material characteristics are regarded as examples to 
show how flexible a finite element formulation is in 
the interior world to the accuracy of the exterior 
acoustic representation that BEM renders. The 
resulting displacement and pressure fields exhibit 
physical consistency behaviour at the coupling 
interface, which justifies the success of the 
Multiphysics strategy of coupling. 

Performance assessment is conducted in order to 
determine the efficiency and scalability of the 
proposed framework. How the iterative solvers can be 
characterised to converge with a different problem 
size and discretization density is studied and finds a 
stable and efficient scale on the characteristics of the 
solution. By measuring the solver iterations and 
runtime computational efficiency is compared, and by 
measuring an increase in the number of degrees of 
freedom in the FEM and BEM domains we measure the 
solver performance. These findings suggest that, even 
with the increased functionality of the coupling, the 
proposing FEMBEM framework still ensures good 
computational performance to warrant its use in the 
high-fidelity acoustic simulations of moderate and 
large scales. 
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Table 2. Quantitative Validation Results of the FEM–BEM Coupled Framework 

Mesh Level Degrees of Freedom L2 Error Norm Relative Error (%) Convergence Rate 

Coarse 8.5 × 10³ 1.42 × 10⁻² 4.18 — 

Medium 1.7 × 10⁴ 7.31 × 10⁻³ 2.15 0.96 

Fine 3.4 × 10⁴ 3.62 × 10⁻³ 1.04 1.01 

Very Fine 6.8 × 10⁴ 1.78 × 10⁻³ 0.52 1.02 

Refined 1.3 × 10⁵ 8.91 × 10⁻⁴ 0.26 1.00 

 

 
Fig. 4. Error convergence of the FEM–BEM coupled solution 

with mesh refinement. 

 
 

8. RESULTS AND DISCUSSION 

The validity of the proposed FEMBEM coupled model is 
initially tested by comparison of the single FEM and 
BEM ones. As can be concluded in (Table 3) all test 
cases show a lower error level with the coupled 
method, especially the test cases which deal with 
unbounded acoustic domains. Standalone FEM 
programmes have visible degradations in accuracy 
because of artificial truncating boundaries whereas 
standalone BEM programmes on interior heterogeneity 
and Multiphysics coupling are limited. Moreover, 
FEMBEM framework is capable of effectively 
integrating the advantages of the two approaches and 
provide high performance in accuracy and numerical 
robustness. 

Table 3. Performance Comparison of FEM, BEM, and FEM–BEM Approaches 

Method Relative Error (%) Runtime (s) Memory Usage (MB) Multiphysics Capability 

FEM 3.84 92 410 High 

BEM 2.97 118 680 Limited 

FEM–BEM 1.12 136 540 High 

 
FemBEM coupling also serves to prove the 
effectiveness of this process by the detailed numerical 
results as are in (Figure 5), which help to reveal the 
nature of the acoustic response to with the help of 
various modelling methods. Examples of important 
physical characteristics that are represented using the 
coupled solution are the patterns of wave radiations, 
and the behaviour of interfaces with greater accuracy 
compared to either the FEM or the BEM. The 
conditions of continuity of interfaces enforced cause a 
consistent transfer of energy between interior and 
exterior domains, which results in less smooth and 
smoother pressure distributions that are more 
physically consistent. The results of these findings 
affirm that the proposed coupling strategy is a stable 
and high fidelity model of acoustic wave propagation 
in non-transparent and complex environments. 
 

 
Fig. 5. Acoustic response or SPL variation with frequency. 

 
The effects of Multiphysics interaction with the 
acoustical wave behaviour are considered using 
acoustic-structure interaction scenarios. These 
outcomes indicate that structural vibrations have 
great effects on the surrounding acoustic field 
whereby both the amplitude and the spatial 
distribution of waves are altered. FEMBEM framework 
is suitable to the coupled effects by solving structural 
dynamics on the FEM domain and acoustic radiation on 
the BEM domain. The uncoupled or single-physics 
models cannot capture the phenomena of interaction 
since the coupled Multiphysics simulations indicate 
interaction-induced waves are important phenomena 
that can accurately be predicted by the integrated 
Multiphysics modelling as demonstrated in (Figure 6). 
 

 
Fig. 6. Computational performance or scalability analysis 
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Lastly, trade-off between numerical and 
computational cost is examined in order to determine 
whether the proposed framework is practical. 
Although FEMBEM coupling places extra computational 
difficulties because of the extra computational 
overhead of system coupling compared to isolated FEM 
or BEM solvers, this disparity is compensated with 
enhanced accuracy and stability, which is essential to 
high-fidelity simulations. The performance measures 
reported in (Table 3) demonstrate that coupled 
approach is a good method of achieving good balance 
between accuracy and efficiency especially in cases in 
which iterative solvers and acceleration methods are 
taken. According to these results, the current FEMBEM 
framework can be considered a great fit with the 
advanced acoustic engineering applications, in which 
the concepts of the high accuracy and physical realism 
are chiefly valued. 
 

9. Practical Engineering Applications 

The high-fidelity FEMBEM proposed computational 
framework can be used in one breath on many acoustic 
engineering problems where sound propagation and 
sound radiations are important features to be 
predicted precisely. When used in noise control, the 
simulated ability to model exterior domains that are 
unbounded, without the use of artificial truncation, 
allows sound field and noise levels at radiators to be 
estimated reliably. The coupled framework enables 
the engineer to study the coupling between sound 
sources, structural components as well as the 
surrounding acoustic media and this has been useful in 
the design of noise control methods in the industrial, 
automotive, and aerospace contexts. Structural 
vibrations can be the main sign of acoustic radiation in 
a vibro-acoustic system and modelling both structural 
dynamics and acoustic wave propagation is necessary. 
Such problems are quite well met by the FEMBEM 
model, in which the finer scale modelling in the FEM 
framework is correlated with precise exterior acoustic 
radiation modelling in the BEM. This is able to 
evaluate with high accuracy the effect of vibrations on 
noise, resonance and energy transfer between the 
structure and acoustic fields, and it is useful in the 
design and optimization of mechanical systems of high 
acoustic performance needs. 

The framework is also shown to be highly applicable to 
underwater and architectural acoustics, whereby, 
wave propagation takes place on a large or semi-
infinite geographic area. Underwater acoustics Sonar 
systems, marine structures and environmental impact 
assessment of the underwater environment all require 
correct modelling in sound radiation and scattering. 
Equally, in architectural acoustics, sound distribution 
within and near complex building geometries cannot 
be predicted without a sound treatment of interior 
spaces and the environment without a sound. The 
coupled FEM-BEM method offers an appropriate and 

dynamic solution to this situation, to handle key wave 
mechanisms and at the same time be computationally 
efficient. Practically the suggested framework can be 
used in large-scale simulations in the real world 
because it is modularized and enables efficacious 
solver and acceleration solutions. These features of 
the approach allow large numbers of degrees of 
freedom to be solved using iterative solvers with 
optional fast multiple acceleration, which makes the 
approach scalable to industrial-scale problems. In 
general, the FEMBEM framework has a high level of 
accuracy, Multiphysics potential, and computational 
efficiency, which leads to making the system one of 
the most effective tools in the sphere of the analysis 
and design of acoustic engineering. 
 

10. Limitations and Future Work 

Although the accuracy and strength of the suggested 
FEMBEM coupled framework are proven, a number of 
limitations need to be admitted. It is currently 
formulated using linear acoustic and structural 
models, and thus, its applicability is limited to those 
problems with small-amplitude wave propagation and 
linear material behaviour. Also, computational cost of 
dense boundary element matrices can be of 
importance in large scale problem especially in three-
dimensional constructions. Even with the reduction of 
these costs by iterative solvers, memory may still be a 
limiting factor especially in simulations that are very 
large or high-resolution. A notable future research 
direction that can be pursued is to develop the 
framework to nonlinear acoustic regimes. Nonlinear 
effects included nonlinear propagation of waves by 
amplitude dependence, and harmonic generation, are 
also applicable in sound fields of high intensity and in 
some engineering applications. To make the nonlinear 
acoustic models part of FEMBEM approach, it would be 
needed to change the governing equations and the 
approach to coupling and create appropriate 
numerical solvers. These extensions would greatly 
make the approach proposed more general and 
realistic to practical acoustic scenarios. 

The other potential future research avenue is to 
improve the system of high-frequency acoustic 
simulations. Computational costs both of FEM and BEM 
become significant higher at high frequencies because 
a finer spatial discretization is required. The FEMBEM 
model may be enhanced to provide adaptive meshing, 
frequency-dependent refinement techniques, and 
enhance efficiency and accuracy. There are also other 
procedures of acceleration like better fast multiple 
methods or hierarchical matrix representations, which 
have the potential of providing less computational 
complexity to large scale boundary element 
computations. Lastly, experimental validation is a 
significant move that can be used to further prove the 
practicality of the framework suggested. Although the 
present work is based on the numerical benchmarks 
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and reference solutions, further work will imply a 
comparison to the experimental measurements that 
would be obtained due to controlled acoustic and 
vibro-acoustic test systems. This type of validation 
would allow gaining a better understanding of the 
model accuracy in the natural conditions and justify 
the usage of the FEMBEM framework in enterprise and 
applied acoustic engineering projects. 
 

CONCLUSION 

In this paper, Multiphysics acoustic wave propagation 
with high-fidelity and courtesy of a coupled finite 
element-boundary element (FEM-BEM) formulation 
were presented. The proposed framework allows 
overcoming the limitations of single standalone 
approaches as the flexibility of FEM on modelling 
internal and structurally connected domains, 
combined with the accuracy of BEM on unbound 
exterior acoustic regions enables forming a unified 
modelling method. It was designed such that a 
monolithic coupling algorithm was created to impose 
an interface continuity condition to guarantee 
numerical stability and effective solver and 
acceleration strategies were created to make practical 
computation. Numerical experiments and validation 
studies revealed a better accuracy, strong 
convergence behaviour as well as favourable trade-offs 
between the cost of different computations and the 
fidelity of solutions over traditional methods. The 
findings demonstrate that the proposed FEMBEM model 
can provide an accurate representation of complicated 
Multiphysics acoustic processes, which is why it is also 
relevant to consider the framework as a credible and 
portable instrument in high-quality computational 
acoustics engineering applications. 
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