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Abstract

Fluid-structure interaction (FSI) is a highly intricate phenomenon that arises when a fluid interacts with a flexible
solid. Accurately predicting FSI behaviour holds immense significance across multiple engineering domains, encom-
passing the design of aircraft and wind turbines, as well as the development of biomedical implants and cardiovascular
modelling. Finite element modelling serves as a formidable tool for simulating FSI problems due to its capacity to
precisely depict both the fluid and solid domains, as well as their intricate interplay. This comprehensive review aims
to present an overview of the utilization of finite element modelling in tackling FSI problems. It encompasses an ex-
ploration of the governing equations, numerical methodologies, and diverse applications in various fields. Additionally,
notable advancements in FSI modelling, such as the integration of reduced order models and machine learning tech-
niques, will be emphasized. Lastly, this paper will delve into the challenges faced and future prospects in the realm of

FSI modelling, emphasizing the pressing need for more accurate constitutive models.
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1 Introduction

Fluid-structure interaction (FSI) refers to the intricate in-
terplay between fluid flow and deformable structures, a phe-
nomenon prevalent in various engineering and scientific dis-
ciplines. Understanding and accurately modeling F'SI is cru-
cial for predicting the behavior and performance of systems
such as aircraft wings, offshore structures, biomedical im-
plants, and environmental flows. Finite element modeling
(FEM) has emerged as a powerful computational technique
for analyzing FSI problems, offering a flexible and efficient
approach to simulate and analyze complex fluid-structure
interactions. The primary objective of this structured re-
view is to provide a comprehensive overview of the current
state of FEM for FSI modeling and explore the future scope
of its applications. By examining the fundamental princi-
ples of FEM, discussing key FEM techniques for FSI mod-
eling, and addressing the challenges and limitations, this
review aims to shed light on the advancements and poten-
tial areas of improvement in this field. The finite element
method (FEM) is a numerical technique used to approxi-

mate the solutions to partial differential equations govern-
ing the behavior of fluids and structures. It divides the
problem domain into smaller subdomains called finite ele-
ments, enabling the modeling of complex geometries and
variable material properties. FEM has gained popularity
in FSI due to its ability to handle nonlinearities, adaptiv-
ity, and the incorporation of fluid and structural mechanics
into a unified framework. The review will delve into differ-
ent FEM techniques commonly employed for FSI modeling,
including the partitioned approach, monolithic approach,
and immersed boundary method (IBM). The partitioned
approach treats fluid and structure separately, exchanging
information through an interface, while the monolithic ap-
proach considers fluid and structure as a single system, solv-
ing the coupled equations simultaneously. The IBM com-
bines the advantages of both approaches by employing an
overlay grid to represent the fluid-structure interface. While
FEM offers promising capabilities for FSI modeling, it is not
without challenges and limitations. The review will address
key issues such as fluid-structure coupling methods, mesh
generation and remeshing techniques, computational costs,
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and validation against experimental data. Understanding
and overcoming these challenges will be crucial to advance
the accuracy, efficiency, and reliability of FEM for FSI sim-
ulations.

2 Fluid-Structure Interaction

Fluid-structure interaction (FSI) refers to the mutual in-
fluence between a fluid and a neighboring solid structure as
they interact and affect each other’s behavior. FSI problems
have significant implications in various engineering applica-
tions, including aerospace, civil engineering, and biomed-
ical engineering (I)). Finite element modeling (FEM) has
emerged as a widely adopted approach for simulating and
analyzing FSI phenomena. (2) emphasize that FEM pro-
vides a robust and effective tool for investigating complex
interactions between fluids and structures, enabling suc-
cessful applications in diverse FSI scenarios. Throughout
the 1980s and 1990s, FEM for FSI continued to progress,
with an increasing emphasis on practical applications (I} [2).
FEM facilitates the accurate discretization of both fluid and
structural domains and enables the coupling between these
domains, making it well-suited for FSI modeling. The de-
velopment of FEM for FSI has a rich historical background.
Early applications of FEM to FSI can be traced back to the
1960s when researchers utilized FEM to analyze fluid-filled
containers subjected to external pressure (3). Subsequently,
in the 1970s, FEM was further refined for FSI problems,
with significant contributions from researchers like Bathe
and Wilson (4) and Donea and Huerta (5). These early
works focused on developing numerical methods for solv-
ing FSI problems and demonstrating the potential of FEM
in modeling FSI. FEM was successfully applied to diverse
FSI problems, including aeroelasticity, biomechanics, and
civil engineering. Recent years have witnessed notable ad-
vancements in FSI modeling, with researchers introducing
novel methods and tools to enhance the accuracy and ef-
ficiency of FSI simulations. Tian et al. (6]) reported a
method for three-dimensional FSI simulations combining
an existing immersed-boundary flow solver with a nonlinear
finite-element solid-mechanics solver. Both geometric and
material nonlinearity are incorporated in the solver, while
the FSI is handled through a coupling and partitioned ap-
proach. Griffith and Patankar (7)) reviewed immersed meth-
ods using integral operators connecting the Eulerian and
Lagrangian frames for structures The jump conditions along
fluid—structure interfaces are considered in the formulations
of immersed methods. The immersed method formulations
demonstrate their effectiveness in applications of biologi-
cal simulations at Reynolds numbers up to approximately
20,000. Gholampour (8)) evaluated the details of the hy-
drodynamic parameters changes of the cerebrospinal fluid
(CSF) flow during the treatment process of the NCH pa-
tients. The 3D fluid-structure interaction (FSI) modelling
was utilized for simulation to evaluate the biofluid parame-
ters of CSF returns after non-communicating hydrocephalus
(NCH) patients’ healing to the normal conditions. Qiao et
al. (9)) evaluated the efficacy of thoracic endovascular aor-
tic repair (TEVAR) for acute type B aortic dissection. It
has been demonstrated that the coverage of left subclavian
artery (LSA) has a considerable impact on the hemody-
namic parameters. A single-phase non-Newtonian model

is coupled with fluid—structure interaction (FSI) technique
to simulate blood flow in an acute type B aortic dissec-
tion. Emerging trends such as multi-physics and multi-scale
modelling, integration with machine learning and optimiza-
tion techniques, advancements in parallel computing and
GPU acceleration, and the application of FEM to specific
domains like biomedical, aerospace, and civil engineering
will be discussed. These areas present exciting opportuni-
ties for researchers and practitioners to push the bound-
aries of FSI modelling and unlock new insights. In con-
clusion, this structured review aims to provide a compre-
hensive understanding of FEM for FSI modelling, address-
ing its current state, advancements, challenges, and future
scope of application. By synthesizing existing knowledge
and identifying areas for further research and development,
this review seeks to contribute to the continued progress in
fluid-structure interaction modelling and its practical appli-
cations in diverse fields.

3 Modelling
3.1 Fluid Modelling

The several approaches to modelling fluids include inviscid
and viscous models. In general, inviscid models neglect the
effects of viscosity in fluids, while viscous models include
these effects.

1. Inviscid models: Inviscid models (10} [1I)assume
that fluids are perfect and do not exhibit any viscos-
ity. These models are often used to study the flow of
fluids at high speeds or in situations where viscosity
is negligible. One example of an inviscid model is the
Euler equations, which describe the conservation of
mass, momentum, and energy in a fluid without con-
sidering viscosity. However, inviscid models can be
limited in their ability to accurately model fluid flow
in situations where viscosity plays a significant role.

2. Viscous models: Viscous models (11} [12) take into
account the effects of viscosity in fluids, and are typ-
ically used to study fluid flow at lower speeds or in
situations where viscosity is important. Examples of
viscous models include the Navier-Stokes equations,
which describe the motion of viscous fluids, and the
Reynolds-averaged Navier-Stokes (RANS) equations,
which are commonly used in turbulence modelling.
Viscous models are generally more accurate than in-
viscid models, but can be computationally expensive
and may require additional simplifying assumptions
to make them tractable.

3. Hybrid models: Hybrid models (I0; [I2) combine
aspects of both inviscid and viscous models, and are
often used to balance computational efficiency and ac-
curacy. One example of a hybrid model is the Lattice
Boltzmann method, which uses a simplified model of
fluid dynamics to simulate viscous effects in a compu-
tationally efficient manner. However, hybrid models
can be limited in their ability to accurately capture
complex fluid flow phenomena. [I] describes different
approaches to modelling fluids, along with their ad-
vantages and disadvantages.
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Table 1: Approaches and their Merits and Demerits

Model type Advantages

Disadvantages

Inviscid models

Computationally efficient.

Cannot accurately model flows with signif-
icant viscosity.

viscosity.

Accurate for flows with negligible | Limited in their ability to capture complex

flow phenomena.

Viscous models
els.

More accurate than inviscid mod- | Can be computationally expensive.

viscosity.

Can model flows with significant | May require simplifying assumptions to

make them tractable.

Hybrid models
and accuracy.

Balance computational efficiency | Limited in their ability to accurately cap-

ture complex flow phenomena.

Can capture some viscous effects in -
a computationally efficient manner.

Overall, research on FEM implementation in fluid modelling
has made significant progress. Researchers continue to re-
fine and enhance FEM techniques to improve the accuracy,
efficiency, and applicability of fluid simulations. The choice
between inviscid, viscous, or hybrid models depends on the
specific requirements of the problem at hand, including the
desired accuracy, computational resources, and the impor-
tance of capturing complex flow phenomena accurately.

3.2 Turbulence Modelling

Turbulence is a complex and chaotic phenomenon that can
significantly impact fluid flows. Turbulence modelling is the
process of using mathematical models to represent the ef-
fects of turbulence in fluid flows. In the context of finite
element modelling, turbulence models are typically used
to provide closure for the Reynolds-averaged Navier-Stokes
(RANS) equations, which are a set of equations that de-
scribe the motion of viscous fluids (I3]). There are several
types of turbulence models, including eddy viscosity models,
Reynolds stress models, and large eddy simulation (LES)
models. Eddy viscosity models are the simplest and most
commonly used type of turbulence model. These models
assume that turbulence can be represented as a turbulent
viscosity, which is added to the molecular viscosity in the
RANS equations. Reynolds stress models are more com-
plex than eddy viscosity models, and explicitly model the
effects of turbulent fluctuations on the fluid flow. LES mod-
els are the most computationally intensive type of turbu-
lence model, and directly simulate the larger-scale turbu-
lent structures while modelling the smaller-scale structures
(I3 [14).

3.3 Structure Modelling

1. Linear models: Linear models assume that the re-
lationship between inputs and outputs is linear. The
advantage of linear models is their simplicity and ease
of use. However, they may not accurately capture
nonlinear behaviour and material properties.

2. Nonlinear models: Nonlinear models allow for more
accurate representation of nonlinear behaviour and
material properties. Chan et al. (15) presented a
review and summary of the non-linear analysis and
design of steel frames formed by joining together one-
dimensional members Buyukozturk (16) developed

the generalized yield and failure criteria for the non-
linear finite element analysis. The incremental stress-
strain relationships of nonlinearity are established and
the method is applied on sample reinforced concrete
analysis. The advantage of nonlinear models is their
accuracy and ability to capture complex behaviour.
However, they can be computationally intensive and
require more advanced modelling techniques.

. Plasticity models: Plasticity models are used to

analyse the behaviour of structures under large defor-
mations and yielding. Chen and Han (I7) discussed
the use of plasticity models for structural analysis.
The advantage of plasticity models is their ability
to accurately capture plastic deformation behavior.
However, they can be computationally intensive and
require advanced numerical techniques.

. Fibre-reinforced models: Fibre-reinforced models

are used to simulate the behaviour of structures con-
taining fibre reinforcement. Anas et al. (I8) reviewed
the effects of the addition of fibers on the performance
of concrete. The demand to upgrade the concrete
with high strength and crack resistance led to the de-
velopment of fiber-reinforced concrete. Poon et al.
(19) presented the effects of elevated temperatures on
the stiffness and toughness of high-performance con-
cretes. Due to the elevated temperatures, the loss of
stiffness was much quicker than the loss in toughness.
The steel-fiber-reinforced concretes showed the higher
toughness compared to polypropylene-fiber-reinforced
concretes after the high-temperature exposure. The
advantage of fibre-reinforced models is their ability to
improve the tensile strength and toughness of materi-
als. However, they can be more expensive and difficult
to work with than traditional materials.

. Iterative solvers: Iterative solvers are used to solve

the large system of equations that arise in structural
analysis. Wohlmuth (20) dealt with relatively new
discretization techniques for the numerical approxi-
mations. The amenability to high performance com-
putations have led to the use of powerful and flexi-
ble tools in many interesting large-scale applications.
The advantage of iterative solvers is their ability to
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solve large systems of equations efficiently. However,
they may not always converge to a solution and re-
quire careful tuning. Overall, the choice of modelling
approach depends on the specific problem and the
level of accuracy required. Linear models are sim-
ple and easy to use, but may not capture complex
behavior. Nonlinear models, plasticity models, and
fibre-reinforced models offer more accuracy but can
be computationally intensive. Iterative solvers can be
used to solve large systems of equations efficiently, but
require careful tuning.

3.4 Structural Damping

Structural damping is an important factor to consider in
finite element modelling of structures. It represents the
ability of a structure to dissipate energy through internal
friction and other mechanisms. In this answer, we will
discuss the implementation of structural damping in finite
element modelling based on the research papers provided
earlier. Argyris and Symeonidis (2I) presented stability
behaviour of elastic structures subject to nonconservative
forces using nonlinear finite element analysis. Wong et
al. (22) highlighted that a proper choice of the time in-
tegration schemes in addition to material and its geometric
properties influence the condition of fluid-structure interac-
tion (FSI) coupling stability. Onate (23)) discussed the use
of viscoelastic damping models in finite element analysis.
These models incorporate a frequency-dependent damping
function that varies with the material properties and ge-
ometry of the structure. Viscoelastic damping models can
provide a more accurate representation of damping behavior
than the Rayleigh damping model, but can be more com-
putationally intensive. Another approach to implementing
structural damping in finite element models is to use modal
damping models. Modal damping models assume that the
damping forces are proportional to the modal displacements
and velocities of the structure. Modal damping models can
provide a more accurate representation of the damping be-
haviour of complex structures, but can also be more compu-
tationally intensive than simpler models. Overall, the choice
of damping model depends on the specific problem and the
level of accuracy required. The Rayleigh damping model
is simple and easy to use, but may not accurately capture
the damping behaviour of real structures. More advanced
damping models, such as viscoelastic and modal damping
models, can provide more accurate representations of damp-
ing behaviour, but can be more computationally intensive.
It is important for researchers and engineers to carefully
consider the trade-offs between accuracy and computational
efficiency when selecting a damping model for finite element
analysis.

3.5 Governing Equations

Belytschko et al. (24]) provide an overview of nonlinear fi-
nite element methods for continua and structures, which
can be used to solve fluid-structure interaction problems.
The authors discuss the governing equations of solid me-
chanics, including the equations of motion and constitutive
relations, as well as the equations of fluid mechanics, in-
cluding the Navier-Stokes equations. They also describe
methods for coupling the equations of fluid and solid me-

chanics, such as the arbitrary Lagrangian-Eulerian method.
Bathe and Zhang (25) describe finite element developments
for general fluid flows with structural interactions, includ-
ing fluid-structure interaction problems. They discuss the
equations governing the fluid dynamics and structural me-
chanics, as well as the methods for coupling these equa-
tions. The author describes several numerical techniques
for solving fluid-structure interaction problems, including
the finite element method and the smoothed particle hydro-
dynamics method. Donea et al. (26]) present an arbitrary
Lagrangian-Eulerian finite element method for transient dy-
namic fluid-structure interactions. They mention the equa-
tions governing the motion of fluids and solids, including
the Navier-Stokes equations and the equations of motion
for solids. The authors also discuss the coupling between
fluid and solid mechanics, and present numerical results for
several fluid-structure interaction problems. Felippa et al.
(27)) reviewed the use of partitioned analysis for the analysis
of coupled dynamical systems including fluid-structure in-
teraction problems. They describe the equations governing
the motion of fluids and solids, as well as the methods for
coupling these equations. The authors also discuss several
numerical techniques for solving fluid-structure interaction
problems, including the partitioned coupling method and
the iterative sub structuring method. Jayanti (28) derived
the basic equations and examined the appropriate bound-
ary and initial conditions that govern the flow of fluids. The
equations that govern fluid and solid mechanics are funda-
mental to understanding fluid-structure interaction prob-
lems. In general, the equations of motion for fluids and
solids can be written in the form of partial differential equa-
tions (PDEs) Bathe and Zhang (25).

For fluid mechanics, the Navier-Stokes equations are a set of
PDEs that describe the motion of viscous fluids. They are
based on the conservation of mass, momentum, and energy
(26} 29)). For solid mechanics, the equations of motion can
be written in terms of the stress-strain relationship of the
material. The equations generally take the form of second-
order PDEs.

In fluid-structure interaction problems, the equations of
motion for fluids and solids need to be coupled to ac-
count for the interaction between the two media. There
are several methods for coupling these equations, includ-
ing the Arbitrary Lagrangian-Eulerian (ALE) method, the
Smoothed Particle Hydrodynamics (SPH) method, and the
Partitioned Method. The ALE method involves a trans-
formation of the fluid mesh from the Eulerian to the La-
grangian frame of reference. This allows for the fluid to de-
form along with the structure, while the equations for the
solid remain in the Eulerian frame. The ALE method is par-
ticularly useful for problems involving large deformations or
complex geometries. The SPH method is a meshless tech-
nique that uses particles to represent both the fluid and the
solid. The equations of motion are solved for each particle,
and the forces between particles are computed to account
for the fluid-structure interaction. The SPH method is par-
ticularly useful for problems involving free surfaces or fluid
fragmentation (30).

Based on these works, we can observe that there is a com-
mon focus on understanding and modeling the governing
equations for fluid and solid mechanics in FSI. Various
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numerical techniques, such as the finite element method,
SPH, ALE method, and partitioned method, are discussed
to solve FSI problems. Differences arise in the specific
approaches, such as the emphasis on nonlinear finite el-
ement methods, transient dynamic interactions, or parti-
tioned analysis. The choice of method depends on factors
like the complexity of the problem, accuracy requirements,
and computational efficiency.

Overall, these works collectively contribute to the under-
standing and advancement of FSIT modeling using finite ele-
ment methods, providing researchers with valuable insights
and techniques to simulate and analyze complex FSI prob-
lems.

In finite element modelling, turbulence models can be im-
plemented using a variety of techniques. One common ap-
proach is to use a standard k-epsilon model, which is an
eddy viscosity model that uses two transport equations to
model the turbulent kinetic energy and dissipation rate.
Another approach is to use a Reynolds stress model, which
requires the solution of additional transport equations for
the Reynolds stresses. LES models can also be used, but
these models are typically only used for simulations where
resolving the large-scale turbulence structures is necessary.
The Reynolds-averaged Navier-Stokes (RANS) equations:
Turbulent flows are generally described using the RANS
equations. The Navier-Stokes equations can be approxi-
mated with the help of these equations using approxima-
tions based on understanding of the characteristics of flow
turbulence. These equations can be stated in Einstein no-
tation in Cartesian coordinates for a stationary flow of an
incompressible Newtonian fluid (31)).

The Reynolds stress tensor captures the turbulent stresses
in the flow and depends on the modelling approach used.
It is important to note that these equations provide a
mathematical representation of the flow and are typically
solved numerically using appropriate discretization tech-
niques, such as finite difference, finite volume, or finite ele-
ment methods. In addition, turbulence models are required
to close the system of equations and provide closure for the
Reynolds stress tensor. Various turbulence models, such as
the Reynolds-averaged Navier-Stokes (RANS) models, are
available to approximate the turbulent flow behaviour based
on the understanding of turbulence characteristics. These
equations, along with suitable boundary conditions and tur-
bulence models, form the basis for simulating and analysing
turbulent flows in engineering applications, allowing engi-
neers to understand and predict complex fluid behaviour
for various practical scenarios.

1. The k-epsilon model: The k-epsilon model is a
popular eddy viscosity turbulence model that uses
two transport equations to model the turbulent ki-
netic energy and the rate of dissipation of turbulent
kinetic energy (32). The transport equation for tur-
bulent dissipation rate describes the rate at which tur-
bulent kinetic energy is dissipated in the flow. It also
considers advection, diffusion, production, and dissi-
pation terms. The production term is related to the
turbulent kinetic energy and represents the transfer of
energy between different scales of turbulence. The dis-
sipation term represents the dissipation of turbulent

energy at small scales and is influenced by the local
flow conditions. These equations, along with suitable
initial and boundary conditions, form the basis of the
k-epsilon turbulence model. By solving these trans-
port equations, engineers can estimate the distribu-
tion of turbulent kinetic energy and turbulent dissi-
pation rate within a flow field, allowing for predictions
of turbulence characteristics and improved modelling
of turbulent flows in various engineering applications.

2. Reynolds stress models: Reynolds stress models
are more complex than eddy viscosity models, and
explicitly model the effects of turbulent fluctuations
on the fluid flow. They require the solution of addi-
tional transport equations for the Reynolds stresses,
which are the products of the fluctuating velocity com-
ponents. Reynolds stress models provide a more de-
tailed representation of turbulence by explicitly mod-
elling the correlations between velocity fluctuations.
They can capture complex flow phenomena and are
particularly useful for flows with strong anisotropy or
complex geometries. However, they are more compu-
tationally expensive than eddy viscosity models due
to the additional transport equations that need to be
solved. By solving the Reynolds stress transport equa-
tions along with the governing equations of fluid flow,
engineers can obtain more accurate predictions of tur-
bulent flows and better understand the effects of tur-
bulence on various engineering systems and processes.

3.6 Boundary Conditions

Implementing appropriate boundary conditions and load
transfer at the fluid-structure interface is crucial for accu-
rate modelling of fluid-structure interaction problems. In
this answer, we will discuss the implementation of boundary
conditions and load transfer at the fluid-structure interface
based on the research papers provided earlier. Boundary
conditions specify the behaviour of the fluid and the struc-
ture at the interface. The type of boundary condition used
depends on the nature of the problem and the character-
istics of the fluid and the structure. For example, pres-
sure and velocity boundary conditions are commonly used
for fluid domains, while displacement and force boundary
conditions are used for structural domains. To accurately
model the fluid-structure interface, it is important to en-
sure that the boundary conditions are consistent between
the fluid and the structure domains. One way to achieve
this is to use a coupling approach that allows for two-way
transfer of information between the fluid and the structure
domains. This ensures that the boundary conditions at the
interface are updated at each time step to reflect the chang-
ing behaviour of the fluid and the structure. Several ap-
proaches have been proposed in the literature for coupling
fluid and structure domains. One common approach is to
use a partitioned coupling method, in which the fluid and
the structure domains are solved separately using different
numerical methods and then coupled at the interface. An-
other approach is to use a monolithic coupling method, in
which the fluid and the structure domains are solved to-
gether using a single numerical method. Load transfer at
the fluid-structure interface is also an important considera-
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Table 2: Modelling Approach and Their Advantages and Disadvantages

Modelling
proach

ap- | Advantages

Disadvantages

Linear models Simplicity, ease of use

May not capture nonlinear behaviour and ma-
terial properties

Nonlinear models
behaviour

Accuracy, ability to capture complex

Computationally intensive, requires advanced
modelling techniques

Plasticity models
behaviour

Accurately capture plastic deformation

Computationally intensive, requires advanced
numerical techniques

Fibre-reinforced

models of materials

Improve tensile strength and toughness

More expensive, difficult to work with than
traditional materials

Damping models

Accurately capture damping behaviour

More computationally intensive than simpler
models

tion in modelling fluid-structure interaction problems. The
load transfer refers to the transfer of forces and stresses be-
tween the fluid and the structure domains at the interface.
To accurately model load transfer, it is important to en-
sure that the fluid and the structure domains are properly
meshed and that the mesh sizes are compatible at the inter-
face. One common approach to ensuring proper mesh com-
patibility is to use a conformal meshing technique, in which
the fluid and the structure meshes are matched at the in-
terface. Another approach is to use a non-conformal mesh-
ing technique, in which the fluid and the structure meshes
are not matched at the interface, but are instead coupled
using interpolation functions. In summary, accurate mod-
elling of fluid-structure interaction problems requires careful
consideration of boundary conditions and load transfer at
the fluid-structure interface. Coupling approaches, such as
partitioned and monolithic methods, can ensure that the
boundary conditions are consistent between the fluid and
the structure domains. Proper meshing techniques, such as
conformal and non-conformal meshing, can ensure proper
load transfer between the fluid and the structure domains
at the interface. The modelling approach, their advantages
and disadvantages are shown in Tabl

4 Numerical Methods

There are various numerical techniques for solving fluid-
structure interaction problems, each with its strengths and
weaknesses. Here, we will discuss three common methods:
finite element methods, smoothed particle hydrodynam-
ics, and iterative sub structuring. Finite element method
(FEM): The FEM is a widely used numerical technique for
solving fluid-structure interaction problems. It involves dis-
cretizing the problem domain into smaller subdomains, or
elements, and approximating the solution within each ele-
ment using piecewise polynomial functions. The resulting
system of equations is then solved using numerical meth-
ods to obtain the solution for the entire domain. The FEM
is a versatile method that can handle complex geometries
and boundary conditions, and can be easily extended to in-
clude other physics, such as heat transfer or electromagnetic
fields. The finite element method (FEM) is a numerical
technique for solving partial differential equations (PDEs)
governing fluid and solid mechanics in the context of fluid-
structure interaction problems. The FEM involves the dis-

cretization of the domain into a finite number of elements,
where each element has a simple geometry and is described
by a set of nodal points. The PDEs are then approximated
over each element using piecewise polynomial functions.

Solution of
global
equations

Formulation
of element
equations

Assembly of

Discretization global

equations

Figure 1: The Steps of FEM

The FEM can be broken down into four main steps.

Discretization

Formulation
of element
equations

Solution of
global
equations

Assembly of global
equations

Figure 2: The Four Main Steps of FEM

The FEM is a versatile method that can handle complex
geometries and boundary conditions. It can be used to
solve a wide range of fluid and solid mechanics problems,
including fluid-structure interaction problems. Idelsohn et
al. (33) used particle method to solve the continuous fluid
mechanics equations. The particle methodology is used
to solve fluid—structure interaction problems including free-
fluid-surfaces and fluid particle separation. Krysl and Be-
lytschko (34) presented the analysis of Kirchhoff shells by
the Element-Free Galerkin (EFG) method. The discretiza-
tion is independent of the geometric subdivision of “finite
elements” as the method is meshless. The FEM has been
successfully applied to a range of engineering problems, such
as aircraft design, ship hydrodynamics, and biomedical sim-
ulations (35)). Frei et al. (36) discussed modeling, adaptive
discretisation and the numerical solution of fluid structure
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interaction. A comprehensive overview on innovative dis-
cretisation, efficient numerical solution and recent advances
in the application fields is presented. However, the accuracy
of the FEM solution depends on the number and quality of
the elements used to discretize the domain. A large num-
ber of elements may result in an accurate solution but can
be computationally expensive. Additionally, the FEM re-
quires significant expertise in finite element analysis, which
can be a barrier to its adoption in some fields. The FEM
is a powerful numerical technique that has found extensive
application in solving FSI problems. FEM allows for the
accurate discretization of both fluid and solid domains, as
well as the coupling between the two, making it well-suited
for modeling FSI. Here, we provide a detailed description
of the application of FEM in FSI.

1. Discretization: The domain is discretized into a fi-
nite number of elements, where each element has a
simple geometry (e.g., triangle, quadrilateral, tetrahe-
dron, etc.) and is described by a set of nodal points.
The nodal points are used to approximate the solution
over each element. The first step in applying FEM to
FSI is to discretize the problem domain into a finite
number of elements. Each element is described by a
set of nodal points and has a simple geometry, such as
triangles or tetrahedra in 2D or 3D domains, respec-
tively. The nodal points are used to approximate the
solution within each element.

2. Formulation of element equations: The govern-
ing equations are approximated over each element
using piecewise polynomial functions. This involves
defining a set of shape functions that satisfy the in-
terpolation requirements at the nodal points. The
element equations are then obtained by substituting
the approximated solution into the governing equa-
tions. Once the domain is discretized, the governing
equations for fluid and solid mechanics are approxi-
mated over each element using piecewise polynomial
functions. This involves defining shape functions that
satisfy the interpolation requirements at the nodal
points. By substituting the approximated solution
into the governing equations, element equations are
obtained for each element.

3. Assembly of global equations: The element equa-
tions are assembled into a system of global equations
that describe the behavior of the entire domain. This
involves applying the boundary conditions and assem-
bling the element equations into a global system of
equations. The element equations are then assembled
into a system of global equations that describes the
behavior of the entire FSI domain. This step involves
applying boundary conditions and assembling the ele-
ment equations into a global system of equations. The
global equations capture the interactions between the
fluid and solid domains.

4. Solution of global equations: The global system
of equations is then solved using numerical methods
to obtain the solution for the entire domain. The final
step is to solve the global system of equations using

numerical methods to obtain the solution for the en-
tire FSI problem. Various numerical techniques, such
as direct solvers or iterative methods, can be employed
to solve the system of equations efficiently. The so-
lution provides information about the behavior of the
fluid and solid domains and their interactions.

The application of FEM in FSI offers several advantages.
Firstly, it allows for the modeling of complex geometries
and boundary conditions, which are often encountered in
real-world FSI problems. The flexibility of FEM in han-
dling irregular and non-uniform domains makes it suitable
for simulating diverse FSI scenarios. Secondly, FEM en-
ables accurate representation of the fluid and solid behavior
by employing high-order polynomial approximations within
each element. This accuracy is crucial for capturing the
intricate interactions between the fluid and solid domains,
such as fluid-induced deformations or solid-induced flow dis-
turbances. Thirdly, FEM provides a versatile framework for
incorporating additional physics beyond fluid and solid me-
chanics. It can be extended to include other physical phe-
nomena like heat transfer, electromagnetic fields, or chem-
ical reactions, enabling comprehensive simulations of Mul-
tiphysics FSI problems. The successful application of FEM
in FSI has been demonstrated in various engineering fields.
For example, in aerospace engineering, FEM has been uti-
lized to study the aerodynamic forces acting on aircraft
structures and their effects on flight dynamics. In civil en-
gineering, FEM has been applied to analyze the behavior
of buildings or bridges under fluid forces, such as wind or
water loads. In biomedical engineering, FEM has proven
valuable in simulating the interaction between fluids and
biological tissues. This includes studying blood flow in ar-
teries and the impact of fluid forces on cardiovascular health
or modeling the flow of cerebrospinal fluid in the brain to
understand conditions like hydrocephalus. Overall, the ap-
plication of FEM in FSI provides a robust and versatile nu-
merical framework for investigating complex fluid-structure
interactions. It enables engineers and researchers to gain
valuable insights into the behavior of coupled fluid-solid
systems, contributing to the design and analysis of various
engineering applications.

1. Smoothed Particle Hydrodynamics (SPH): The
SPH method is a meshless numerical technique that
uses particles to represent the fluid and solid domains.
The equations of motion are solved for each parti-
cle, and the forces between particles are computed
to account for fluid-structure interactions. The SPH
method is particularly useful for problems involving
free surfaces or fluid fragmentation, and can handle
large deformations and complex geometries.

2. Iterative sub structuring: The iterative sub struc-
turing method is a partitioned approach that involves
solving the fluid and solid domains separately, and
then coupling the solutions using interface conditions.
This method is computationally efficient and can
handle problems with multiple materials or complex
boundary conditions. The iterative sub structuring
method involves partitioning the domain into smaller
subdomains, or substructures, and solving each sub-
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structure independently using a chosen solver. The
solutions from each substructure are then coupled us-
ing interface conditions, and the process is iterated
until convergence.

These numerical techniques have been applied successfully
to a range of fluid-structure interaction problems, includ-
ing ship hydrodynamics, wind turbine aerodynamics, and
cardiovascular fluid mechanics. Each method has its ad-
vantages and disadvantages, and the choice of method will
depend on the specific problem being solved and the avail-
able computational resources. The different types of finite
elements used in fluid-structure interaction problems are
shown in Tabld3| (37; 38; [39; [40).

The choice of meshing strategy depends on the specific prob-
lem and the desired trade-off between accuracy, stability,
and computational efficiency. Common meshing strate-
gies include structured, unstructured, hybrid, and adap-
tive meshing, each with its own advantages and disad-
vantages. Mesh quality metrics can be used to evaluate
the quality of a mesh and identify areas that require re-
finement. Refinement techniques such as local refinement,
adaptive refinement, and error estimation can be used to
improve the accuracy of a mesh and reduce computational
cost. Different types of finite elements can be used in
fluid-structure interaction problems, each with its own ad-
vantages and disadvantages, including Lagrangian, Fule-
rian, Arbitrary Lagrangian-Eulerian (ALE), Smoothed Par-
ticle Hydrodynamics (SPH), and Immersed Boundary (IB)
methods. Overall, the key takeaway is that meshing and fi-
nite element selection are important considerations in fluid-
structure interaction problems, and a careful evaluation of
the specific problem and available resources is necessary to
determine the optimal approach. The turbulence models
are described in Tabl (37 38 [39% [40). Tabl refers to
the material models (4I) while Tabldf| refers to the bound-
ary conditions (38} [39; [40).

5 Meshing and Discretization

Meshing strategies for fluid and structure domains are criti-
cal for accurate simulations of complex engineering systems.
Here are some of the commonly used meshing techniques
and metrics:

1. Structured meshing: In structured meshing, the
mesh is generated with a regular grid pattern, which
can provide high-quality meshes and accurate results.
This technique is particularly useful for simpler ge-
ometries, such as rectangular or cylindrical shapes
(“1).

2. Unstructured meshing: Unstructured meshing is a
technique that generates meshes with arbitrary shapes
and sizes, making it more flexible than structured
meshing. This technique is particularly useful for
complex geometries, such as those encountered in fluid
dynamics simulations (37)).

3. Hybrid meshing: Hybrid meshing combines struc-
tured and unstructured meshing techniques, allowing
the generation of high-quality meshes in both simple
and complex geometries (38).

4. Mesh quality metrics: Mesh quality metrics are
used to assess the quality of a mesh, which can af-
fect the accuracy of simulation results. Common met-
rics include aspect ratio, skewness, orthogonality, and
smoothness (39)).

5. Refinement techniques: Mesh refinement tech-
niques are used to improve the resolution of the mesh
in specific regions of interest, such as boundary lay-
ers or regions with high gradients. Common refine-
ment techniques include h-refinement, p-refinement,
and adaptive mesh refinement (40).

Overall, the choice of meshing strategy and refinement tech-
niques depends on the specific application and geometry of
interest, and a careful assessment of mesh quality metrics
is essential to ensure accurate simulation results. Miranda
et al. (38) presented a methodology for adaptive gener-
ation of 3D finite element meshes using geometric mod-
elling. This methodology is applied in the simulation of
stress analysis of solid structures and is applicable to other
types of 3D finite element simulation. Oberkampf et al.
(B9) presented viewpoint of the state-of-the-art in verifi-
cation and validation (V&V) in computational engineering
and physics. Verification is the assessment of the accuracy
of the solution to a computational model, while validation
is the assessment of the accuracy of a simulation solution
in comparison with experimental data. Babuska and Suri
(@0) discuss the fundamental theoretical ideas, basic prop-
erties and characteristics of the p version and h-p version
of the finite element method. Mittal and Iaccarino (42)
review immersed boundary methods, while Tezduyar (43)
discusses the computation of moving boundaries and inter-
faces. Mittal and Iaccarino (42) review immersed boundary
methods for fluid-structure interaction, and highlight their
advantages in simulating complex and moving geometries.
The authors explain the concept of the immersed bound-
ary method, which involves the use of a body-conforming
grid to represent the fluid domain and an immersed bound-
ary to represent the solid domain. They discuss the dif-
ferent types of immersed boundary methods, such as the
direct forcing method, the immersed boundary projection
method, and the immersed interface method, among oth-
ers. The authors (42)) also present several applications of
immersed boundary methods in fluid-structure interaction
problems, such as flow past a flapping wing, flow through
heart valves, and flow-induced vibration of structures. Tez-
duyar (43) discusses the computation of moving boundaries
and interfaces in fluid-structure interaction, and presents
a stabilization technique for improving the accuracy and
stability of the solution. The author explains the difficul-
ties associated with moving boundaries and interfaces, and
highlights the importance of using a stabilized formulation
to prevent numerical instability. The author also presents a
stabilization technique called the characteristic-based split
(CBS) method, which is designed to reduce the numerical
error and improve the accuracy of the solution. The paper is
a valuable resource for researchers and practitioners work-
ing on fluid-structure interaction problems involving moving
boundaries and interfaces (43). The comparative statement
of meshing strategies, mesh quality metrics, and refinement
techniques are described in Tabl (38} [39; [40} 42).
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Table 3: Different Types of Finite Elements Used in Fluid-structure Interaction Problems (37} [38} [39} [40])

Eulerian (ALE)

proaches, where the mesh moves
with the structure but is also al-
lowed to deform with the fluid.

ometries, does not require
remeshing.

Finite Element | Description Advantages Disadvantages

Type

Lagrangian The mesh moves with the structure, | Accurate representation of | Mesh distortion can
and the fluid is discretized with a | material properties, good for | cause numerical
Eulerian approach. large deformations. instability, requires

remeshing.

Eulerian The mesh is fixed, and the fluid and | Stable for large deforma- | Difficulty represent-
structure are discretized with a Eu- | tions, does not require | ing material proper-
lerian approach. remeshing. ties accurately, more

computationally ex-
pensive.

Arbitrary A hybrid approach that combines | Can handle large defor- | Can lead to mesh dis-

Lagrangian- the Lagrangian and FKEulerian ap- | mations and complex ge- | tortion and numeri-

cal instability, more
computationally ex-
pensive than FEule-
rian.

Smoothed Parti-
cle Hydrodynam-
ics (SPH)

The fluid is discretized using parti-
cles, with the interpolation function
used to calculate properties at any
point in space.

Handles free surface flows
and large deformations well,
does not require remeshing.

Difficult to accu-
rately represent
viscous effects and

boundary conditions,
requires large num-
ber of particles.

Immersed Bound-
ary (IB)

A method where the fluid is dis-
cretized using a fixed mesh, but the
structure is not necessarily coinci-
dent with the mesh, and a force is
applied to the fluid from the struc-
ture.

Can handle complex geome-
tries and large deformations,
does not require remeshing.

Can introduce nu-
merical errors from
force interpolation,
more computation-
ally expensive.

Table 4: Turbulence Models (37} 38} [39))

Model Type

Description

Eddy Viscosity Models

Single turbulent viscosity representing turbulence effects

Reynolds Stress Models

Explicitly model correlations between velocity fluctuations

Large Eddy Simulation (LES)

Resolves large turbulent structures and models smaller scales

Direct Numerical Simulation (DNS)

Solves Navier-Stokes equations without turbulence modelling

Table 5: Material Models: (41))

Model Type

Description

Newtonian Fluid Model

Linear relationship between shear stress and strain rate

Non-Newtonian Fluid Model

Nonlinear relationship between shear stress and strain rate

Elastic Material Models

Describes solid materials’ behaviour considering elastic properties

Table 6: Boundary Conditions: (38} [39} [40])

Boundary Condition

Description

Dirichlet Boundary Condition

Prescribes value of the dependent variable at the boundary of the domain

Neumann Boundary Condition

Prescribes gradient of the dependent variable at the boundary of the domain

Inlet and Outlet Boundary Conditions

Specify flow properties at the domain’s inlet and outlet boundaries

Wall Boundary Condition

Models interaction between fluid flow and solid walls

Symmetry Boundary Condition

Assumes symmetry about a specified plane, reducing computational domain
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Table 7: Comparative Statement of Meshing Strategies, Mesh Quality Metrics, and Refinement Techniques
(38 [39; 40 42)

Technique

Description

Pros

Cons

Structured meshing

Mesh generated with a regu-
lar grid pattern

High-quality meshes, accurate re-
sults

Limited flexibility for com-
plex geometries

Unstructured mesh-
ing

Mesh generated with arbi-
trary shapes and sizes

Flexible for complex geometries

Lower quality meshes in cer-
tain regions

Hybrid meshing

Combination of structured
and unstructured meshing

High-quality meshes in both simple
and complex geometries

Increased
complexity

computational

Mesh quality metrics

Metrics used to assess the
quality of a mesh

Allows for assessment of accuracy of
simulation results

Different metrics may be
more appropriate for differ-
ent applications

Refinement tech- | Techniques used to improve | Increased accuracy in regions of in- | Increased computational
niques resolution of mesh in specific | terest complexity
regions
Table 8: Different Coupling Methods
Coupling Method Description Advantages Disadvantages
Monolithic Solves the fluid and structure | Accurate and efficient for strongly- | Limited flexibility in choos-
equations simultaneously | coupled problems ing different solvers for fluid
within a single solver and structure
Partitioned Solves the fluid and structure | Flexibility to choose different | May introduce artificial nu-

equations separately using
different solvers, and commu-
nicates information between
them at each time step

solvers for fluid and structure,
and can handle more complex
geometries

merical errors at the in-
terface and require careful
treatment of communication
between solvers

Loosely Coupled

Solves the fluid and struc-
ture equations separately us-
ing different solvers, and up-
dates the solution iteratively

Allows for even greater flexibility in
choosing different solvers for fluid
and structure, and can handle very
large-scale problems

May require many iterations
to converge, and may not be
suitable for strongly-coupled
problems

until convergence

6 Coupling Strategies

Overall, research suggests that the choice of coupling
strategy depends on the specific problem being solved,
and that each approach has its own benefits and chal-
lenges. Monolithic coupling is preferred for problems
with strong fluid-structure interactions and for prob-
lems where accuracy is critical. Partitioned coupling
is preferred for problems with weak fluid-structure
interactions and for problems where computational
efficiency is important. Loosely coupled coupling is
preferred for problems where flexibility is important
and for problems where the fluid and structural do-
mains have very different time scales. It is impor-
tant to carefully consider the coupling strategy when
solving fluid-structure interaction problems to ensure
accurate and efficient results. The different coupling
methods are presented in Tabld8] Hou et al. (44)
presented a review of numerical methods for comput-
ing fluid-structure interaction problems, with a goal
to categorize the methods and assess their accuracy.
The challenges faced in this field, the importance of in-
terdisciplinary effort for advancing the fluid-structure
interactions was emphasized. Gonzalez and Park (45))

proposed a fluid—structure interaction computational
framework by means of the method of localized La-
grange multipliers (LLM). The approach of localized
Lagrange multipliers facilitates connecting the fluid
and the structure modules to a third interface sys-
tem, thus preserving the modularity. Piperno et al.
(@6) presented partitioned procedures to predict the
dynamic response of a flexible structure in a fluid flow.
A one-dimensional piston model problem with a com-
pressible flow is solved to analyze the results. The
insights gained from the analysis of the coupled pis-
ton problem are confirmed with the numerical simu-
lations.

7 Applications

FSI plays a vital role in various engineering fields,
ranging from aerospace and automotive to biomedi-
cal applications. Understanding the complex inter-
action between fluids and deformable structures is
crucial for optimizing designs, predicting behaviour,
and ensuring safety and performance. FEA has
emerged as a powerful tool for simulating FSI prob-
lems, allowing for accurate modelling of fluid and
solid domains and their interaction. In this context,
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Table 9: Different Applications

Field Description

Civil Engineering | This study analyzed a finite element model of the bridge and sub-track
(Shaikh and Nallasi- | system to predict the static behavior and free vibration responses. The
vam [(51))]) goal was to help designers improve the dynamic analysis of the bridge

model.

Marine Engineering | ”In this study structural analysis of composite ship structures using fluid
(Ma and Mahfuz | structure interaction (FSI) is developed by coupling FEA and CFD. A
[(B2)]) comprehensive failure analysis of the ship hull was performed.”

Oil and Gas (Zou et
al. [(B3)])

The study focused on the analysis of fluid-induced vibration of lami-
nated composite pipeline systems. The vibration responses of supported
pipeline systems were also compared with FEA using ANSY'S software.

Renewable Energy
(Kulkarni et  al

[(GA)])

A review on FSI optimisation in Tidal Turbines including modelling
methods based on computational fluid dynamics and structural analysis
is presented. The tidal turbine airfoils and tidal turbines are also high-
lighted using F'SI optimisations.

Nuclear Engineering
(Park et al. [(53)])

The study utilized finite element analysis to investigate the fluid-
structure interaction in nuclear reactors. It aimed to assess the struc-
tural seismic responses of the reactor vessel internals (RVIs) of a nuclear

reactor system considering the influences of coolant flow loads.

this overview highlights notable studies that employ
FEA to investigate FSI phenomena in different in-
dustries. These studies include prediction of noise
due to sloshing in fuel tanks, echocardiographic di-
agnosis and assessment of chronic ischemic mitral re-
gurgitation, wind turbine blade interaction, tire hy-
droplaning, and influence of fluid—structure interac-
tions on the structural changes of brain tissue after
injury. By examining these diverse applications, we
gain insights into the significance of FEA in modelling
and analysing fluid-structure interactions across var-
ious disciplines. (44 [47; [48}; [49; 50). Fluid-structure
interaction problems are encountered in various fields,
including aerospace, automotive, and biomedical ap-
plications, and can be solved using finite element mod-
elling. These simulations can help optimize the de-
sign of structures, predict their behaviour, and inform
treatment decisions. These studies highlight the di-
verse range of applications for finite element analysis
in various fields, demonstrating the importance of un-
derstanding and modelling fluid-structure interaction
phenomena to optimize designs, improve performance,
and ensure structural integrity.

8 Conclusion

The review paper provides a comprehensive overview
of finite element modelling for fluid-structure interac-
tion (FSI) problems. It discusses the governing equa-
tions, numerical methods, recent advances, challenges,
and future directions in F'SI modelling. Finite element

modelling offers a powerful approach to accurately
simulate FSI, considering both fluid and solid domains
and their interactions. It enables handling complex
geometries, nonlinear material properties, and achiev-
ing high accuracy. However, challenges exist, includ-
ing the need for robust numerical methods, accurate
constitutive models for soft tissues, and handling large
deformations and complex fluid flow patterns. Recent
advances, such as reduced order models and machine
learning techniques, show promise in enhancing effi-
ciency and accuracy. The future of FSI modelling re-
lies on developing more accurate and efficient numer-
ical methods, integrating experimental data and clin-
ical imaging, and exploring new applications in soft
robotics and bioinspired design. The review paper
serves as a valuable resource for researchers and prac-
titioners, providing insights and identifying key areas
for future research and development in FSI modelling.
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