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ABSTRACT

The use of flexible materials for primary mover and power takeoff of wave energy converters (WECs) has attracted considerable attention in
recent years, owing to their potential to enhance the reliability, survivability, and wave energy conversion efficiency. Although some reduced
order models have been used to study the fluid–structure interaction (FSI) responses of flexible wave energy converters (fWECs), they are
somehow inappropriate due to their limited accuracy and applicability span. To gain a deeper understanding of the physical mechanisms in
fWECs, a high-fidelity approach is required. In this work, we build up a fluid–structure interaction analysis framework based on computa-
tional fluid dynamics and a finite element analysis method. The incompressible viscous flow is resolved by solving three-dimensional
unsteady Navier–Stokes equations with a finite volume approach. The structure dynamics are solved by a finite element method, taking the
nonlinear behavior of flexible material into consideration. A strong coupling strategy is utilized to enhance the numerical stability and con-
vergence of the iterative process. We demonstrate the present FSI tool is able to provide rich flow field information and structural response
details, such as the velocity, pressure, and structural stress distribution. This is illustrated through several case studies, including two types of
fWECs. The unsteady wave–structure-interaction and the associated nonlinear phenomena are also accurately captured by this tool.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0160328

I. INTRODUCTION

The conventional wave energy converter (WEC) designs using a
rigid-body system with mechanical turbine faces challenges of high
loads and corrosion in the marine environment, resulting in prema-
ture fatigue failures and poor adaptability to the wave climate (Collins
et al., 2021). Recent developments in the WEC design have shifted
toward flexible bodies made of elastomeric composites, which can
change their shape to accommodate the external loading and transfer
the wave energy through an internal working fluid to the mechanical
power takeoff (PTO). Additionally, dielectric elastomer generators
(DEGs) can be integrated into stretchable materials; thus, such WEC
design is greatly simplified by merging the primary mover and PTO.
Compared to conventional rigid WECs, flexible wave energy convert-
ers (fWECs) exhibit superior performance in addressing reliability and

survivability issues while achieving higher energy conversion efficiency
(Sirigu et al., 2020; Zhang et al., 2021).

A variety of fWECs with different shapes and operating mecha-
nisms have been proposed to advance the development of wave
energy. This includes oscillating water column (OWC) WEC [poly-A-
OWC in Moretti et al. (2019; 2020)], flexible tube WECs [Anaconda
and SBM S3 from Farley and Rainey (2011), Chaplin et al. (2012),
Jean et al. (2012), and Babarit et al. (2017)], pneumatic cell based
fWECs [AWS III and Bombora mWave from AWS (2023) and
Leighton et al. (2021)], etc.

A series of wave tank tests and sea trials are conducted to investi-
gate the hydro-elastic responses and power generation performance of
these fWEC designs (Chaplin et al., 2015; Algie et al., 2016).
Numerical analysis has also been applied in parallel to the research

Phys. Fluids 35, 083611 (2023); doi: 10.1063/5.0160328 35, 083611-1

VC Author(s) 2023

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

 03 D
ecem

ber 2024 13:08:01

https://doi.org/10.1063/5.0160328
https://doi.org/10.1063/5.0160328
https://doi.org/10.1063/5.0160328
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0160328
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0160328&domain=pdf&date_stamp=2023-08-30
https://orcid.org/0000-0003-3581-2351
https://orcid.org/0000-0001-8512-5299
https://orcid.org/0000-0001-7832-9509
https://orcid.org/0000-0001-8475-1757
https://orcid.org/0000-0002-9666-6346
https://orcid.org/0000-0001-6765-8593
https://orcid.org/0000-0003-0952-6167
https://orcid.org/0000-0001-8542-933X
mailto:qing.xiao@strath.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0160328
pubs.aip.org/aip/phf


and design of fWECs. The response of fWEC in waves is a highly com-
plex fluid–structure interaction (FSI) problem, requiring multi-
disciplinary technologies, such as fluid mechanics, structural dynam-
ics, and flexible material mechanics. The first attempt to analyze this
FSI phenomena is to use so-called reduced order models, in which a
linear potential flow theory with a boundary element method is used
to solve the surrounding flow, and a modal analysis approach to deter-
mine the structure deformation (Farley et al., 2012; Algie et al., 2017;
Kurniawan et al., 2017; Rosati Papini et al., 2018; McDonald et al.,
2018; 2019; Moretti et al., 2019; 2020; Ancellin et al., 2020; Kelley
et al., 2022; Kelly et al., 2022; and Shabara and Abdelkhalik, 2023).

Farley et al. (2012) proposed a one-dimensional dynamic model
using potential flow theory and tube distensibility equations to study
Anaconda WEC. Accurate predictions of bulge waves inside flexible
tube can be made after considering the influence of surrounding water
loading and PTO’s impedance. Rosati Papini et al. (2018) and Moretti
et al. (2019; 2020) developed a coupled analysis model by combining
the nonlinear potential-flow hydrodynamics and electro-hyper-elastic
theory. This model was utilized to design and evaluate a DEG-based
fWEC. The work of McDonald et al. (2018; 2019) built up a general-
ized modeling tool for fWECs analysis. A quasistatic finite element
analysis is integrated with a dynamic analysis in the frequency domain.
On the basis of this tool, a software named Wave Venture TETM was
further developed (Wave Venture Ltd., 2023). Moreover, Kelley et al.
(2022) developed an open-source software WEC-Sim in MATLAB/
SIMULINK for simulating WECs, which can model devices with
hydrodynamic bodies, joints, constraints, PTOs, and mooring systems.
Using this software, Kelley et al. (2022) examined the performance of
flexible inflatable absorbers in contrast to rigid counterparts within a
small-scale heavingWEC. Shabara and Abdelkhalik (2023) proposed a
dynamic model employing a Lagrangian approach for a spherical
variable-shape buoy (VSB) WEC. This model was integrated with the
open-source boundary element method software NEMOH to explore
the influence incorporating a flexible shape buoy on the trajectory and
power generation of the WEC. The above reduced order models are
characterized by fast computation speed. Therefore, they are widely
used at the early design stage of fWECs.

However, due to the inherent strong nonlinearity and unsteady
flow phenomena in the fluid–structure interaction system with large
interface displacements, the accuracy of the reduced order model is
highly limited. High-fidelity FSI models, which require directly solving
the governing equations for both fluid and solid fields while account-
ing for the strong coupling between structure and fluid, is becoming a
new approach. Within this framework, the Computational Fluid
Dynamics (CFD) method with finite volume approach is used to
model the surrounding flow, and the Finite Element Analysis (FEA)
method is employed to obtain the structure dynamics (Dettmer and
Peri�c, 2006; Bazilevs et al., 2013).

The higher fidelity CFD-FEA can model time-dependent wave–
structure-interaction dynamics which cannot be captured by the
reduced order model. However, it is computationally more expensive
due to the high cost associated with the large number of meshes
imposed around the structure. Additionally, how to deal with the mov-
ing boundaries associated with dynamic motion of device remains one
of the modeling challenges. Commonly used method allows continu-
ous deformation of the mesh while maintaining mesh topology
unchanged (Ryzhakov and O~nate, 2017). The advantage of this

method is that the FSI interface can preserve a good mesh quality
throughout the simulation, but the large deformation may lead to a
grid distortion. Another approach is the immersed boundary method,
which allows for the mesh topology alteration, thus is deemed more
flexible to handle complex geometries (Dettmer et al., 2016; Kadapa
et al., 2018). However, the imposition of boundary conditions inside
the mesh, and the stabilization of cut cells increase computational dif-
ficulty and cost.

The nonlinear behavior of flexible materials is another challenge
for the CFD-FEA model. Usually, the materials used for fWECs are
mostly hyper-elastic, such as natural rubber, styrene-butadiene rubber,
exhibiting strong nonlinear stress–strain characteristics. Although a
variety of hyper-elastic models are available to describe nonlinear
material properties, such as Mooney–Rivlin (Mooney, 1940; Rivlin,
1948) and Yeoh (Martins et al., 2006), an appropriate hyper-elastic
model with the model parameters to be determined from material
mechanical property tests is needed to accurately model the structural
dynamics of fWEC. The coupling strategy between the fluid flow
solver and material structure solver is also a key issue. Partitioned solu-
tion schemes exchange data across the interface boundary and use sep-
arated fluid and structural solvers. These methods are computationally
efficient but can be challenging with regard to numerical stability
(Farhat et al., 2010; Dettmer et al., 2021). On the other hand, mono-
lithic solution schemes solve the fluid-solid system of equations as a
single coupled system, resulting in improved accuracy but requiring a
more computationally intensive approach (Dettmer and Peri�c, 2006;
Ryzhakov and O~nate, 2017).

Due to the aforementioned complexities, there are very few suc-
cessfully high-fidelity simulations of fWECs. King et al. (2016) used a
coupled CFD-FESI model to study the Bombora WEC. In their model,
OpenFOAM was selected to solve the incompressible flow, and a sim-
plified finite element model without considering the inertia term was
used to obtain the membrane deformation. In addition, Zou and
Abdelkhalik (2021) and Shabara et al. (2021) both used ANSYS two-
way FSI approach successfully simulated the dynamic responses of a
VSBWEC.

In this study, we establish a fully coupled FSI analysis tool based
on the CFD-FEAmethod, which provides a powerful numerical analy-
sis tool for simulating the FSI problems of fWECs. With this tool,
detailed flow field information, dynamic response of flexible struc-
tures, nonlinearity of waves, and nonlinear behavior of flexible materi-
als can all be obtained. These results will offer valuable insights for
enhancing the design of fWECs. Several FSI problems are first mod-
eled to demonstrate the accuracy and robustness of the established
tool, then this tool is applied to the modeling of two types of fWECs in
regular waves.

The remainder of this article is organized as follows: we introduce
the establishment of FSI analysis tool including the fluid solver, struc-
ture solver, and coupling approach in Sec. II. Several FSI problems
involving waves, hyper-elastic materials, and fWECs are studied, with
an analysis of the associated case study results in Sec. III. Discussions
and conclusions will be presented in Sec. IV.

II. FSI ANALYSIS TOOL

Several FSI tools at different levels of complexity have been built
up in our previous studies for the fluid–flexible-structure interaction
problems. For example, Liu et al. (2017) combined open-source CFD
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toolbox OpenFOAM (Jasak et al., 2007) with multibody dynamics
analysis software MBDyn (Masarati et al., 2003) to investigate the aero-
elastic response of floating offshore wind turbine with flexible blades.
This tool was also applied to the modeling of a mechanically coupled
WEC array and a floating offshore wind turbine subjected to focused
waves (Zhou et al., 2021; Li et al., 2022). To consider more complex
material and structural characteristics, such as the hyper-elastic mate-
rial and non-uniform stiffness distribution of flexible structure, Luo
et al. (2020c) developed another CFD-FEA based FSI analysis tool for
its application in bio-inspired fish swimming analysis (Luo et al.,
2020c; Luo et al., 2020a; and Luo et al., 2020b). In that tool, an in-
house CFD solver is coupled with an open-source three-dimensional
(3D) FEA code CalculiX (Dhondt, 2017) via an open-source library
preCICE (Bungartz et al., 2016). The present numerical modeling tool
for flexible WEC investigation is a further development from the foun-
dations mentioned above, an integration of OpenFOAM, CalculiX, and
preCICE. Some preliminary studies in fWECs area can be found from
the papers by Li and Xiao (2022) and Huang et al. (2023). More details
will be presented in this section.

A. Fluid solver

1. Governing equations

To predict the flow field around the fWEC, two-phase incom-
pressible viscous flows are solved by the fluid solver. The governing
equations are defined by the following equations:

r � u ¼ 0; (1)

@ quð Þ
@t

þr � q u� ugð Þð Þu
¼ �rpd � g � xrqþr � lruð Þ þ ruð Þ � rlþ fr þ fs; (2)

where all the bold letters indicate a vector field, u is the flow velocity,
ug is the velocity of mesh grid, induced by the dynamic mesh, g is the
gravity acceleration, q denotes the mixture density of the air and water
phases, pd is the pseudo-dynamic pressure, l is the dynamic viscosity,
fr represents the surface tension term, and fs is the source term gener-
ated by the porous media, which will be discussed in Sec. IIID 2.

The volume of fluid (VOF) method is adopted to capture the free
surface (Berberovi�c et al., 2009). In order to describe the movement of
the air and water phases, the following transport equation is required:

@a
@t

þr � uað Þ þ r � uca 1� að Þ½ � ¼ 0; (3)

where a is an indicator phase function that defines the quantity of
water per unit of volume at each cell, r � ½uca 1� að Þ� is called artifi-
cial compression term, used to maintain a sharp interface and make a
conversion (Weller, 2002). ucj j ¼ min½ca uj j;maxð uj jÞ�. ca is a con-
stant that denotes the compressibility of fluid.

The fluid solver uses the finite volume approach to discrete
the above governing equations in fluid domain. The PIMPLE algo-
rithm is employed to for pressure–velocity coupling (Jasak, 1996).
It is noted that the fluid solver provides a variety of turbulence
models, including one-equation and two-equation models, while
this work uses the laminar flow to simulate low Reynolds number
flows in all case studies.

2. Wave generation and absorption

An accurate wave generation is critical for the FSI simulation of
fWECs. In the fluid solver, several boundary conditions are coded
based on OpenFOAM to generate various regular and irregular waves.
According to the selected wave theory and wave parameters, we can
obtain the free surface and velocity at the inlet boundary. For instance,
the free surface (g) and velocity components (u; v;w) are given by
Eqs. (4) and (5) when Stokes 1st order wave theory is selected (Dean
and Dalrymple, 1991),

g ¼ H
2
cos kxx þ kyy � xt þ w

� �
; (4)

u ¼ H
2
x
cosh k hþ zð Þ½ �

sinh khð Þ cos hð Þcos bð Þ;

v ¼ H
2
x
cosh k hþ zð Þ½ �

sinh khð Þ cos hð Þsin bð Þ;

w ¼ H
2
x
sinh k hþ zð Þ½ �

sinh khð Þ sin hð Þ;

8>>>>>>>>><
>>>>>>>>>:

(5)

whereH is the wave height, x ¼ 2p=T , in which T is the wave period,
w is the initial wave phase, b represents the direction of wave propaga-
tion, k is the wave number, kx and ky are the components of k, calcu-
lated by kx ¼ kcosðbÞ and ky ¼ ksinðbÞ, h is the water depth, h is the
total phase angle, and x, y, and z denote the coordinates of the given
point in flow field.

To avoid wave reflections at the boundary and eliminate its
impact on the hydrodynamic calculations, it is necessary to consider
the absorption of waves. There are two widely applied wave absorption
methods, i.e., relaxation zones and active wave absorption. In most of
our previous work, the relaxation zones were used to absorb the
reflected waves (Liu et al., 2019; Zhou et al., 2019; 2021). However,
this technique leads to an increase in the mean water level and requires
a large computational domain and a high number of grids, resulting in
higher computational costs (Wei and Kirby, 1995). The active wave
absorption technique in the simulation of a WEC array proved that it
can directly absorb the waves at boundaries and has no impact on the
water level in the computational domain (Li et al., 2022). Therefore, in
the present study, the active wave absorption approach is used based
on olaFlow (Higuera et al., 2014a; 2014b), which provides three differ-
ent active wave absorption options, in order of applicability from small
to large, i.e., 2D, quasi-3D (Sch€affer and Klopman, 2000) and 3D
(Higuera et al., 2013). Given that the incident waves in the present
study have an angle of 0�, the 2D absorption approach adequately ful-
fills the computational demands. To nullify the reflected waves, the
boundary must generate a velocity of equal magnitude but opposite
direction to the incident waves, as specified by the following equation:

Um ¼ �
ffiffiffi
h
g

s
gr: (6)

The correction velocity (Um) is applied perpendicular to the boundary
and directed toward the domain, ensuring the absence of reflections.
The reflected wave height (gr) is determined by subtracting the mea-
sured elevation at the wavemaker (gm) from the desired target eleva-
tion (gt), according to the expected reflection-free wave generation.
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3. Mesh handling

In FSI simulations, flexible structures deform under the influence
of time-dependent fluid forces, leading to the changes around the
interface between fluid and structure. Therefore, the interface mesh in
the fluid domain needs to be updated. A moving-mesh technique is
employed to handle the mesh deformation. The topology of the mesh
does not change when the interface deforms, but only the spacing
between nodes changes by stretching and squeezing and cell shape
deforms, as shown in Fig. 1. The relationships between adjacent mesh
nodes, edges, and faces are preserved and do not undergo any modifi-
cations during the simulation process.

The position of the mesh points in fluid domain are obtained by
solving a Laplace equation with variable diffusivity,

r � crXg
� � ¼ 0; c ¼ 1

r2
; (7)

where Xg is the displacement of mesh points obtained from the struc-
tural deformation and c represents the diffusivity field, which varies
quadratically with the inverse of the distance r between the cell center
and the deformed interface. It means that the mesh points closer to
the deformed interface will have smaller displacements, therefore
ensuring good mesh quality after deformation.

B. Structure solver

1. Governing equations

The weak form of the balance of momentum written in differen-
tial form is chosen as the governing equation for the flexible structure,

qs
Dv
Dt

¼ r � Sþ fb; (8)

where qs is the density of structure, v represents the velocity vector of
material point, S denotes the second Piola–Kirchhoff stress tensor, and
fb is the body force vector.

In order to have a set of closed-form equations, Eq. (9), an equa-
tion that relates stress and strain is required,

S ¼ C : E; E ¼ 1
2

FTF� dð Þ; (9)

where C is the elasticity tensor, E represents the Green–Lagrange
strain tensor, the “:” symbol represents the contraction of two tensors,
F denotes the deformation gradient, and d represents the unit tensor.

The finite element method is used to discretize the above struc-
ture governing equations. Based on the virtual work approach, Eq. (8)
is discretized into the following algebraic equation system:

M½ � af g þ C½ � vf g þ K½ � xf g ¼ ff g; (10)

where af g, vf g, and xf g represent the displacement, velocity and
acceleration vectors, respectively, M½ �, C½ �, and K½ � denotes the global
mass, damping and stiffness matrix, respectively, and ff g is the global
force vector leading the structure deformation. In addition, the a-
method is applied to discretize the time domain in the present struc-
tural analysis. A detailed description of its implementation can be
found in Luo et al. (2020c).

2. Hyper-elastic model

The flexible materials used in the fWECs are mainly rubber-like
polymeric materials, such as silicone, acrylic, polyurethanes, and natu-
ral rubbers, which exhibit substantial nonlinear stress–strain behavior.
Recent experimental studies indicate that these materials typically pos-
sess viscoelastic properties, illustrated by a time-dependent behavior
and energy dissipation over time (Liao et al., 2020; Collins et al., 2023).
Obviously viscoelastic models offer the most suitable approach for
accurately describing the mechanical characteristics of these materials.
However, implementing viscoelastic models presents considerable
challenges for our existing structural solvers. This involves modifica-
tions to constitutive equations and algorithms, as well as the introduc-
tion of additional parameters to account for time-dependent behavior.
An acceptable alternative while with reasonable accuracy is to employ
a hyper-elastic model to describe the nonlinear stress-strain behavior
of materials while neglecting their time-dependent characteristics.
This approach is acceptable and has been widely adopted in the study
of fWECs (Rosati Papini et al., 2018; Moretti et al., 2019; 2020).

In our current structural solver, the viscoelastic model is not
available, while it provides a variety of hyper-elastic models, including
Mooney–Rivlin, Neo Hooke, Ogden, Polynomial, Yeoh, etc.
(Steinmann et al., 2012; Anssari-Benam and Bucchi, 2021). In these
models, the stress-strain relationship of the flexible material is derived
from a strain energy density function. Taking the Yeoh model as an
example, the material characteristics are defined by the following for-
mula (Martins et al., 2006):

W ¼
Xn

i¼1
Ci0 I 1 � 3ð Þi þ

Xn

k¼1
Ck0 J � 3ð Þ2k; (11)

FIG. 1. Mesh deformation of a flexible plate using the moving-mesh technique: (a) initial mesh and (b) deformed mesh.
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where W is the strain energy density, I 1 ¼ J�2=3I1 and J2 ¼ I3, in
which I1 and I3 are the strain invariants of the Cauchy–Green defor-
mation tensors, and Ci0 and Ck0 are constants related to material prop-
erties. When n¼ 1, the compressible Yeoh model reduces to the Neo–
Hookean model for incompressible materials.

The suitable hyper-elastic model varies for different hyper-elastic
materials, and the corresponding hyper-elastic constants can be
obtained by fitting the stress–strain curves obtained from material
experiments, including uniaxial, planar, and biaxial tests.

C. Fluid–structure coupling

1. Coupling approach

To overcome the challenge of numerical instability in FSI
problems, especially when fluid and structure densities are compa-
rable (Causin et al., 2005; F€orster et al., 2007; and K€uttler and
Wall, 2008), a strong coupling approach is selected in this study,
which means that the fluid and solid are solved simultaneously and
iteratively at each time step. Moreover, a partitioned coupling
scheme is adopted to couple the fluid and structure, which offers
several benefits such as the flexibility to choose different numerical
techniques for each domain, scalability, and the capability to han-
dle complicated geometries.

An implicit scheme is employed in the current FSI simulations to
take larger time steps, while ensuring numerical stability and reducing
computational cost. Two implicit coupling schemes, serial and parallel,
are available in preCICE, corresponding to the staggered and parallel
execution of the fluid and solid solver, respectively. Both schemes lead
to the same physical results, as demonstrated in the study by Mehl
et al. (2016). To improve the calculation efficiency, the parallel cou-
pling is selected. In addition, an improved IQN-ILS method is imple-
mented in preCICE is used to stabilize and accelerate the coupling
iterations (Degroote et al., 2009). A simplified solving procedure of the

FSI simulation adopting the implicit coupling scheme is presented in
Fig. 2.

2. Data exchange

Due to different meshes of fluid and solid, data exchange between
them is achieved through data mapping and interpolating at the inter-
face. Before performing data exchange, specific adapters are required
to process the data from fluid and structure and communicate with
preCICE. In this work, the adapters developed by Chourdakis et al.
(2023) and Uekermann et al. (2017) are designed for the fluid and
solid solvers, respectively. An interpolation method based on radial
basis function (RBF) is employed to transfer node forces from the fluid
to the solid, and vertex displacements in the opposite direction
(Lindner et al., 2017). Two different mapping schemes, conservative
and consistent, are implemented in the RBF interpolation. To ensure
the energy balance over the interface, the conservative scheme that
makes the sum of the data values in both sides equal is applied for the
force mapping, while the consistent scheme is adopted for the dis-
placement mapping (de Boer et al., 2008).

3. Convergence criterion

To quantify the convergence of the partitioned coupling toward
monolithic solution, the discrete l2 norm of the difference of solutions
between two adjacent iterations is calculated, given by the following
formula:

krkþ1k2 ¼
XN

i
rkþ1;i

2
� �1=2

; (12)

where r denotes the residual vector, N is the dimension of r, the sub-
scripts i is the index of r, and the subscripts k represents the interac-
tion number.

FIG. 2. Solving procedure of the FSI simulation adopting implicit coupling scheme.
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In this work, a relative convergence criterion is selected to evalu-
ate the convergence of the solutions, which is defined by

krs; kþ1k2
kdkk2

< ed and
krf ; kþ1k2
kf kk2

< ef ; (13)

where d and f represent the displacement and force vectors, respec-
tively, ed and ef predefined convergence limit for the displacement and
force, respectively. In each time step, the relative residual typically
decreases as the number of sub-iterations increases. The sub-iterations
will continue until the convergence criteria are met or the maximum
iteration number is reached.

III. CASE STUDIES

Based on the established FSI analysis tool, we have investigated
several fluid-flexible-structure interaction problems, including the
bending of a 3D flexible plate in a uniform current and the deforma-
tion of a floating elastic disk in regular waves. To demonstrate the
capabilities of this tool for the study of fWECs, we have simulated the
flexible OWCWEC and flexible tube WEC in regular waves.

A. Case 1: Flexible plate in a uniform current

This topic is derived from an experimental study on the flow-
induced reconfiguration of flexible aquatic vegetation (Abdelrhman,
2007; Luhar and Nepf, 2011). Numerical simulations have been previ-
ously conducted by Tian et al. (2014) and Luo et al. (2020c) at differ-
ent Reynolds numbers.

1. Problem description

As shown in Fig. 3(a), an elastic plate of height h, width b and
thickness t is vertically placed in a uniform crossflow. One end of the
plate is fixed, while the other end is free. The dimensionless parame-
ters are h¼ 5b and t¼ 0:2b. The Reynolds number is defined as
Re¼U0b=�¼ 100, where U0 is the velocity of incoming flow and t
represents the kinematic viscosity. The mass ratio of structure and
fluid equals to m� ¼ qs=qf ¼ 0:678. The stiffness of the plate satisfies
E� ¼ E=qf U0

2 ¼ 19 054:9, and the Poisson’s ratio is �s ¼ 0:4.
A cubic region extending from (–5 b, –8 b, –8 b) to (12 b, 8 b, 8 b)

is generated for the computational domain, as shown in Fig. 3(b). The

center of the plate locates initially at the origin of the computational
domain. To better capture flow details around the elastic plate, a fine
mesh with grid size of 0.02 b(Dx)� 0.02 b(Dy)� 0.04 b(Dz) is adopted
near the plate and in the near-field region. The total grid number is
around 3.14� 106. For the structure analysis, 1000 quadratic brick ele-
ments are adopted to model the flexible plate. No gravity and buoy-
ancy are considered in the present numerical simulation.

2. Grid convergence test

To demonstrate the suitability of the aforementioned grid sizes, a
grid convergence test is initially conducted. Three sets of grids with
varying mesh resolutions are generated. The minimum grid sizes near
the plate for the coarse, medium, and fine meshes are 0.04 b, 0.02 b,
and 0.01 b, respectively. The same time step size of 2� 10�4 s is
employed for different mesh resolutions. A uniform current with
Reynolds number of 100 is chosen for the test. The predicted platform
deformations in different directions are presented in Table I. A com-
parison of the results reveals that the predictions obtained from the
medium and fine meshes differ by less than 1%. Therefore, the numer-
ical results under medium mesh are selected for subsequent analysis of
flexible plate in a uniform current.

3. Plate deformation

Affected by the time-dependent hydrodynamic force, the flexible
plate gradually deviates from the initial position and begins to bend
and eventually reaches an equilibrium position, as shown in Fig. 4.
The drag coefficient (CD) of the plate at its equilibrium position is cal-
culated as CD ¼ Fx=ð0:5qf U0

2bhÞ, where Fx is the total hydrodynamic
force in the x-direction. The comparison with available numerical data
is summarized in Table II. The discrepancy between the present

FIG. 3. Numerical set up for a 3D flexible plate in a uniform current: (a) geometry
model and (b) computational domain.

TABLE I. Plate deformation under different mesh resolutions.

No. Grid number dx=b dz=b

Coase mesh 1.98 2.43 0.73
Medium mesh 3.14 2.38 0.70
Fine mesh 4.62 2.37 0.70

FIG. 4. Time history of the deflection in the x- and z-directions of the center of the
free end. dx and dz represent the deflection in the x- and z-directions of the center
of the free end, respectively.
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numerical simulation and the other published data is less than 5%,
indicating a success of present tool for handling this FSI problem.

4. Flow field and plate stress

To better illustrate the FSI phenomena of this problem, we plot
the pressure and velocity contour in Fig. 5. Due to the blockage effect,
the pressure on the upstream side of plate is significantly greater than
that on the downstream side. From the fixed end to the free end, the
pressure on the upstream side gradually decreases, as well as the pres-
sure difference between the upstream and downstream sides of plate.
Moreover, the fluid velocity decreases rapidly after passing through
the plate, especially in the downstream area of plate, where a signifi-
cant low-speed zone exists, and a clear vortex is formed, as indicated
by the streamlines. With the increase in distance, the downstream flow

velocity gradually recovers, and the vortex gradually dissipates. The
stress distribution on the plate plotted in Fig. 6 reveals a gradually
reduced stress from fixed end to free end. When observing across plate
thickness, it is evident that the stress at the mid-layer of plate is signifi-
cantly lower than that on its surface.

B. Case 2: Floating elastic disk in regular waves

This case study is selected from the wave basin experiments con-
ducted by Montiel et al. (2013), which aims to validate a linear numer-
ical model for predicting the flexural response of floating thin elastic
disks. To ensure consistency between the experimental setup and the
numerical model, the following requirements are applied: horizontal
motions (surge, sway, and yaw) of the disk are restricted; linear motion
is assumed; time-harmonic conditions are imposed; and the plate is
assumed to be homogeneous.

1. Problem description

An elastic disk with a radius of 0.72m and a thickness of 10mm
is selected for the analysis, as shown in Fig. 7(a). This disk is made of
an expanded polyvinyl chloride (PVC) FOREXVR , and the properties of
the PVC are measured experimentally and summarized herein: the

TABLE II. Summary of plate deformation and drag coefficient.

CD dx=b dz=b

Tian et al. (2014) 1.02 2.34 0.67
Luo et al. (2020c) 1.06 2.31 0.68
Present simulation 1.01 2.38 0.70

FIG. 5. Flow field of the flexible plate in a uniform current: (a) pressure contour on three representative horizontal planes, pr ¼ 1 � 104 Pa represents the reference pressure
at the center point of the computational domain and (b) streamlines colored by flow velocity.

FIG. 6. Stress distribution: (a) on the surface of flexible plate and (b) along the centerline on the upstream surface of the flexible plate.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 083611 (2023); doi: 10.1063/5.0160328 35, 083611-7

VC Author(s) 2023

 03 D
ecem

ber 2024 13:08:01

pubs.aip.org/aip/phf


density is 530 kg=m3, and the Young’s modulus and Poisson’s ratio
are 496MPa and 0.3, respectively.

As shown in Fig. 7(b), a hexahedral region with dimensions of
length 15.5m, width 9.5m and water depth 1.9m is generated as the
computational domain for our numerical simulations. The disk is
placed at the center of the domain, with a draft of 5mm. The distances
from the disk to the inlet and sidewall are 7 and 4.75m, respectively.
To avoid the influence of the green water loads on the responses of the
disk caused by flooding events, a barrier with a height of 50mm is
installed around the edge of the disk. To maintain consistency with
the experimental conditions, the horizontal motion of the elastic disk
is restricted, but it is free to move in the vertical direction. A small
wave steepness of 1% and four different wave frequencies of 0.6, 0.8,
1.1, and 1.3Hz are considered in the following simulations.

2. Mesh sensitivity study

To determine the appropriate grid size for the numerical simula-
tion of the elastic disk in waves, a mesh sensitivity study is conducted.
Three sets of grids are generated with varying mesh resolutions. For
the coarse mesh, the minimum grid spacing on the disk is 0.04m,
while for the medium and fine meshes, this value decreases to 0.02

and 0.01m, respectively. The total grid counts for the coarse, medium,
and fine meshes are 0.81 � 106, 1.02 � 106, and 1.58 � 106. The inci-
dent wave used in the study has a frequency of 0.6Hz and an ampli-
tude of 44.6mm. The time step is about 1.2 � 10�3 Tw (wave period).
Figure 8 illustrates the wave elevation and predicted displacement of
the midpoint of the disk. It is observed that the wave elevation and dis-
placement obtained using the medium and fine meshes are very close.
As a result, the medium mesh with a time step of 1.2 � 10�3 Tw is
adopted for subsequent simulations.

3. Displacement of elastic disk

The predicted displacements in z-direction (dz) at the center of
the elastic disk are compared with experiment data, for both time-
dependent curve and non-dimensional amplitudes (A0) as shown in
Fig. 9. It is seen that the time history of dz shows reasonably good
agreement with the experimental data, and the discrepancy of A0 at
different frequencies do not exceed 10%.

4. Wave-elastic disk interaction

To examine the impact of the disk on waves, we plot the wave
surface elevation contours at 4 instants over one wave period, colored

FIG. 7. Numerical setup for an elastic disk in regular waves: (a) geometry model of the elastic disk and (b) computational domain.

FIG. 8. Time history curves with different mesh resolutions: (a) wave elevation and (b) displacement of the midpoint of disk.
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by wave height in Fig. 10. Clearly, due to the presence of the disk,
the incident wave exhibits obvious wave diffraction, with a signifi-
cant decrease in wave amplitude and irregular changes in wave
surface within the fan-shaped area behind the disk as indicated by
the white solid lines. Additionally, the waveform in front of the
disk also has irregular changes due to the radiated waves caused by
the heave motion of the elastic disk. Moreover, the wave surface on
the bottom surface of the disk at different instants is shown in the
upper left corner of Fig. 10. Because of the shallow draft, air is
entrained into the bottom of the disk during the interaction

between the incident wave and the disk, resulting in a significant
pressure reduction on the bottom surface of the disk, as shown in
Fig. 11, which further leads to a non-uniform bending deforma-
tion, as shown in Fig. 12.

C. Case 3: Flexible OWCWEC in regular waves

In this section, the Poly-A-OWC model, studied experimentally
in wave tank and analytically by Moretti et al. (2019), is chosen for the
analysis of flexible OWCWEC.

FIG. 9. Comparison of the displacement at the center of the elastic disk: (a) time history and (b) non-dimensional amplitude (A0 ¼ Ad=Aw, Ad is the amplitude of dz).

FIG. 10. Wave surface elevation at 4 instants over one wave period (the wave surface at the bottom of the elastic disk is displayed in the left upper corner): (a) t¼ 0.1 Tw; (b)
t¼ 0.35 Tw; (c) t¼ 0.6 Tw; and (d) t¼ 0.85 Tw.
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1. Poly-A-OWC model

Poly-A-OWC model consists of an axial-symmetric U-shaped
collector and a circular diaphragm dielectric elastomer generator
(CD-DEG) located at its top. In this design, CD-DEG replaces the tra-
ditional mechanical PTO, which shows its advantages of simple struc-
ture, low cost and high density of converted energy per unit mass
(Falnes, 2004). In our CFD simulations, the CD-DEG PTO is modeled
as a flexible membrane, and the electric field of the PTO is ignored.
More details about the Poly-A-OWCmodel can found in the study by
Moretti et al. (2019).

The computational domain, displayed in Fig. 13(a), has a water
depth of 2m, a width of 2m, and a length of 5m. The Poly-A-OWC
model is placed in the center of the computational domain. The top of
the OWC collector is covered with a flexible membrane with a diame-
ter of dm ¼ 400mm and a thickness of 2mm, which is made of acrylic
VHB 4905. The density and Poisson’s ratio of the membrane are
960 kg=m3 and 0.49, respectively. A hyper-elastic Mooney–Rivlin
model (Mooney, 1940; Rivlin, 1948) defined by a strain energy poten-
tial equation [Eq. (14)] is used to describe the mechanical properties of
the material,

W ¼ C10 I 1 � 3ð Þ þ C01 I 2 � 3ð Þ; (14)

where I 1 and I 2 are the first and the second invariant of the left
Cauchy–Green deformation tensor, respectively, C10 and C01 are

empirically determined by material constants, which are set to 5500
and 570Pa (Moretti et al., 2019). The nonlinear stress-strain behavior
of the flexible material is shown in Fig. 13(b).

It is noted that a large pre-stretch (kp) of 3.5 is applied to the flex-
ible membrane in the experiment, meaning that the membrane is uni-
formly pre-stretched to a diameter dm ¼ kpd0 (where the initial
diameter d0 ¼ 114mm) (Moretti et al., 2019). In our simulation, we
set kp ¼ 1 and d0 ¼ 400mm to ensure numerical stability in the
modeling.

2. Mesh sensitivity study

In order to determine the optimal grid size for simulating the
Poly-A-OWCWEC in regular waves, a mesh sensitivity analysis is first
performed. Three sets of grids with different mesh resolutions are
adopted for the test. The minimum grid spacing on the flexible mem-
brane is set at 6, 4, and 2mm for the coarse, medium, and fine meshes,
respectively. The total number of grids for each mesh category is 1.11
� 106, 1.61 � 106, and 2.27 � 106, respectively. The incident wave
used in the test has a frequency of 0.5Hz and an amplitude of 0.05m.
To accurately capture the wave dynamics, a time step of 1.0 � 10�3

Tw (wave period) is selected. The time history of the generated wave
elevation and predicted displacement of the membrane’s midpoint is
presented in Fig. 14. Upon comparison, it is observed that the medium
resolution setup adequately captures the deformation of the flexible

FIG. 11. Pressure distribution on the bottom surface of the elastic disk at 4 instants over one wave period, where pa represents the standard atmospheric pressure: (a)
t¼ 0.1 Tw; (b) t¼ 0.35 Tw; (c) t¼ 0.6 Tw; and (d) t¼ 0.85 Tw.
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membrane. Hence, the medium grid, along with a time step of 1.0 �
10�3 Tw, is selected for subsequent simulations.

3. Resonant responses

According to the study of Moretti et al. (2019), the Poly-A-OWC
model has a resonant frequency of fr ¼ 0.4Hz when only the OWC
collector is considered, and the adding of the flexible membrane
increases the system’s fr to 0.5Hz. To capture this resonance, we con-
sider a range of wave frequencies, which are summarized in Table III.

In addition, two scenarios are considered: (a) the collector only and
(b) the collector and the membrane.

In addition to the CFD-FEA analysis tool, we also used Wave
Venture TETM (Wave Venture Ltd., 2023) to simulate the Poly-A-
OWC model. The comparison among these three is shown in Fig. 15.
For scenario (a), the calculated response amplitude operator (RAO)
shows fairly good agreement with both the experimental data and
Wave Venture TETM. However, when the flexible membrane is
included in scenario (b), discrepancies between the CFD and experi-
mental results are observed. This discrepancy can be attributed to the

FIG. 12. Deformation of the elastic disk in z direction at 4 instants over one wave period: (a) t¼ 0.1 Tw; (b) t¼ 0.35 Tw; (c) t¼ 0.6 Tw; and (d) t¼ 0.85 Tw.

FIG. 13. (a) Computational domain of numerical simulation and (b) strain–stress curve of the flexible material.
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absence of pre-stretching of the flexible membrane in the CFD model-
ing. Currently, the code can only handle pre-stretch up to 5% due to
numerical instability, while the pre-stretch is as high as 350% in the
experiment. The results also suggest that pre-stretch increases the nat-
ural frequency of the system, as indicated by the higher measured reso-
nant frequency compared to the predicted value by the present CFD
tool [Fig. 15(b)]. It is worth noting that the CFD results are close to
those of Wave Venture TETM when kp ¼ 1, and Wave Venture TETM

results are consistent with the experiment data when kp ¼ 3.5, which
indicates that our numerical simulation results are reasonable.

4. Flow field and membrane stress

To better understand the FSI response of the Poly-A-OWC
model in waves, we plot the wave surface and streamlines in the air
chamber at 4 instants within one wave period, as shown in Fig. 16. In
addition, time-history curves of other variables, such as the wave
height inside OWC collector (g), pressure at the watch point (pA), and

deformation of the flexible membrane (dz), are displayed in Fig. 17.
When the incident waves cause the water elevation in the OWC collec-
tor to rise, the pressure inside the air chamber increases, causing the
membrane to deform outward. Conversely, the membrane deforms
inward when the water level decreases. This phenomenon is consistent
with the instantaneous plots in Fig. 17, reflecting a synchronized varia-
tion of g, pA, and dz.

Furthermore, we estimate the generated power of the Poly-A-
OWC model (Pw) using the power of the water column in the OWC
collector acting on the flexible membrane, which is defined by the fol-
lowing equation:

Pw ¼ pS _g; (15)

where S denotes the cross-sectional area of OWC collector, _g repre-
sents the moving velocity of the water column, p is the space-averaged
pressure above water surface in the collector. As indicated by Fig. 16,
the pressure distribution in the air chamber is almost uniform, thus
the pressure at the watch point is used for the calculation of Pw. As
shown in Fig. 18, Pw periodically varies over time, with a time-
averaged value close to 0, indicating that almost no energy generates.
This is due to the absence of the electric field in the simulation for
CD-DEG. If included, the elastic potential energy stored in the flexible
membrane can be partially converted into electrical power instead of
being entirely dissipated in the flow field.

FIG. 14. Time history curves with different mesh resolutions: (a) wave elevation and (b) displacement of the midpoint of membrane.

TABLE III. Summary of wave conditions.

Wave frequency fw Wave amplitude Aw Wavelength kw

0.2–0.7Hz 0.05 m 3.2–21.0 m

FIG. 15. Comparison of numerical results and experiment data: (a) collector only and (b) collector and flexible membrane, where Am is the displacement amplitude of the mid-
point of membrane in the z-direction.
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In addition, Fig. 19 shows the stress-strain distribution of the
membrane when it is deformed to the maximum point. The strains at
the middle and edge areas are greater than that at other locations, indi-
cating a thinner thickness and higher risk of structure failure in those
areas, therefore reinforcing the structure should be considered to mini-
mize the risk of potential failure. In addition, the uneven distribution
of membrane thickness has an adverse effect on the power generation
efficiency of CD-DEG.

D. Case 4: Flexible tubeWEC in regular waves

A distensible tube wave energy converter namely Anaconda
(Farley and Rainey, 2011) is chosen for the analysis of the flexible tube

WEC in waves. Compared with Poly-A-OWC model, the Anaconda
model requires an external and internal flow coupling by a distensible
tube, resulting in a high challenge FSI dynamic modeling.

1. Anacondamodel

As shown in Fig. 20, we simulate the Anaconda WEC, which is
taken from the study of Mendes et al. (2017). The model consists of
wood bow, flexible rubber tube and stern, whose material properties
are summarized in Table IV. The tube has a length of L¼ 2.44m and
initial radius of R0 ¼ 0.077 15m. The tube thickness is h0 ¼ 2mm. In
the experiment, the tube bow is free to move, while the stern is fixed.

FIG. 16. Wave surface (colored by wave elevation) and streamlines in the air chamber (colored by pressure) at 4 instants within one wave period, where pa is the standard
atmospheric pressure: (a) t¼ 0.1 Tw; (b) t¼ 0.35 Tw; (c) t¼ 0.6 Tw; and (d) t¼ 0.85 Tw.

FIG. 17. Time-history of variables: (a) wave elevation (g) in the OWC collector and pressure at the watch point and (b) pressure at the watch point and displacement of the
midpoint of the flexible membrane (dz) in the z-direction, where pa denotes the standard atmospheric pressure.
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To consider the impedance of the WEC power-takeoff, an orifice plate
is placed on top of vertical tube. In our simulation, the orifice plate is
replaced and modeled by a porous media setting in OpenFOAM,
which can provide adjustable impedances.

2. Porous media model

In OpenFOAM, the porous media is modeled by adding a source
term (fs) to the Navier–Stokes equations [Eq. (2)], where fs is the
source term induced by the porous media, defined by Darcy–
Forchheimer equation (Barree and Conway, 2004),

fs ¼ � lDþ 1
2
q Uj jF

� �
U; (16)

FIG. 18. Time history of the estimated power of the Poly-A-OWC model.

FIG. 19. Structural responses of the flexible membrane when the deformation reaches the maximum (a) strain distribution on the bottom surface of the membrane; (b) strain
distribution on the cross section; (c) stress distribution on the bottom surface of the membrane; and (d) stress distribution on the cross section.

FIG. 20. Schematic diagram of Anaconda WEC model: (a) computational domain and (b) geometric dimensions.

TABLE IV. Summary of material properties.

Material
Density
(kg=m3)

Young’s modulus
(MPa)

Poisson’s
ratio

Rubber 960 0.91 0.5
Wood 700 8100 0.3
Stainless steel 7850 2:1� 105 0.3
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fs is composed of a viscous loss and an inertial loss, which are propor-
tional to the velocity and the square of velocity, respectively. D and F
are coefficients, determined by physical properties of the porous media
material. More detailed information about this model and its imple-
mentation can be referred to Lachaud and Mansour (2014). In this
work, a simple homogeneous porous media with linear damping is
selected; therefore, F¼ 0. In addition, D is set as 2� 1010 to provide
significantly large impedance.

3. Free decay test

A free-decay test is conducted first to determine the natural fre-
quency of OWC in vertical rigid tube (T1) and bulge wave speed in
horizontal flexible tube (T2), as shown in Fig. 20(a). An initial water
column with a height of 0.6m in T1 is allowed to flow into the flexible
tube (T2) with an initial radius of R0¼0.077 15m, causing tube’s con-
traction and expansion with time before the water level in T1 finally

approaches a constant as 0.227m. After reaching the steady state, the
radius of T2 increases to r0 ¼ 0.0827m. The recorded pressure-tube-
cross-sectional area variations (N1 to N6) and water elevation in T1
are shown in Figs. 21(a) and 21(b). With Fig. 21(b), the oscillatory
period of OWC is calculated as 18 s, and thus, the natural frequency of
this OWC is 0.056Hz.

According to the linear theory described in Lighthill (2001), the
bulge wave speed (Cb) of a homogeneous tube can be determined by
water density q1 and the distensibilityDt, namely,

Cb ¼ 1=
ffiffiffiffiffiffiffiffiffiffi
q1Dt

p
and Dt ¼ 1

S
@S
@p

; (17)

where S is the cross-sectional area and p is the pressure difference
across the tube wall. With Eq. (17) and Fig. 21(a), the estimated bulge
wave speed Cb1 is 3.77m/s for a water density of 1025 kg=m3. The
above linear theory was extended by Chaplin et al. (2012) to consider
the distensibility of inhomogeneous tube covered with inextensible
fibers,

Dt ¼ 3R0

2Eh0

r0 r0 � 1þ að Þ2
a� r0 � 1ð Þ2 ; (18)

where, R0, h0, a, E, and r0 are the radius of unstressed tube, wall thick-
ness, the proportion of uncovered rubber in the total circumferential
of the undeformed rubber tube, Young’s modulus, and ratio of the
radius of the tube before and after deformation.

FIG. 21. (a) Tube cross-sectional area-pressure relation along T2 and (b) water surface in T1 (blue points represent the local minima).

TABLE V. Summary of wave conditions.

Wave
frequency fw

Wave
speed Cg

Wave
amplitude Aw

Wavelength
kw

0.2–0.5Hz 3.01–4.10m/s 0.05 m 6–20.5 m

FIG. 22. Responses of Anaconda WEC under a series of wave frequencies: (a) OWC surface elevation in T1, normalized by wave amplitude and (b) capture width, normalized
by the tube diameter.
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The bulge wave speed obtained from Eq. (18) is Cb2 ¼ 3.45m/s.
The discrepancy between Cb1 and Cb2 is 9%, which is within an
acceptable range as pointed out by Pedley (1980) for any “fluid
mechanical and elastic nonlinearities” phenomena study.

4. Resonant responses

The studies conducted by Chaplin et al. (2012) and Farley et al.
(2012) suggested that the resonance phenomenon of the Anaconda
WEC occurs when the external water wave speed matches the tube
internal bulge wave speed. To verify this, we consider a range of wave
speeds, summarized in Table V. Given that Cb1 ¼ 3.77m/s for the cur-
rent setup, we expect to observe the resonant phenomena when exter-
nal wave speed Cg equals to Cb1. According to Stokes wave theory
(Toland, 1996), the wave frequency corresponding to a wave velocity
of 3.77m/s at a water depth of 1.9m is 0.31Hz.

Figures 22(a) and 22(b) display our CFD results for OWC water
surface elevation (g) in T1 and capture width of Anaconda WEC,
respectively. The generated power (We) and capture width (CW) are
defined as

We ¼
ðTw

0
p tð ÞQ tð Þdt and CW ¼ We

1
2
qgAw

2Cg

; (19)

where p andQ are the space-averaged pressure in the air chamber below
the porous media and volume flux across the porous media, respec-
tively. It is seen that a peak value of CW=D is very well captured at
fw ¼ 0.31Hz, and a jump in g=Aw is also observed at fw ¼ 0.31Hz, indi-
cating the resonant response of AnacondaWEC is accurately captured.

It is known that one specific feature of Anaconda WEC is the
bulge wave along flexible tube. Under the resonant condition, the tube
cross-sectional area (Sðx; tÞ) gradually increases along the tube
(Chaplin et al., 2012). To verify this finding, we plot the predicted time
and spatial distribution of S x; tð Þ at fw ¼ 0.31Hz in Figs. 23(a)–23(c).

The periodical variation of S x; tð Þ is observed in Fig. 23(b), and
the time history of S at x=L¼ 0.9 plotted in Fig. 23(c) provides a more
intuitive illustration, implying that bulges generate in the flexible tube.
To indicate the bulge wave’s propagation along the tube, we construct
a dashed line consisting of SmaxðxÞ representing the bulges at different
instants in Fig. 23(b). The forward- (red arrows) and backward-
traveling (blue arrows) bulge waves are observed. Moreover, SmaxðxÞ
reaches its maximum value at the tube end, which is consistent with
the findings of Chaplin et al. (2012).

FIG. 23. Predicted bulge waves along T2 at fw ¼ 0.31 Hz: (a) definition of variables. The red and blue lines represent the envelopes for SmaxðxÞ and SminðxÞ, respectively; (b)
time and spatial distribution of cross-sectional area (normalized by initial area, T¼ 3.23 s is the wave period); and (c) time history of cross-sectional area at x=L¼ 0.9 (normal-
ize by initial area).

FIG. 24. Pressure contour (normalized by qgAw, and ps ¼ 2023 Pa is the hydrostatic
pressure along the central line of the tube) at tube central plane at 4 instants over one
wave period. Solid boundary lines represent the deformed shape of the flexible tube.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 083611 (2023); doi: 10.1063/5.0160328 35, 083611-16

VC Author(s) 2023

 03 D
ecem

ber 2024 13:08:01

pubs.aip.org/aip/phf


Obviously, the generation of bulges is closely related to the pres-
sure distribution in the flexible tube. The predicted pressure contours
at the central plane of the tube, at 4 instants over one wave period, are
displayed in Fig. 24. The forward- and backward-traveling bulge waves
can also be observed. Here, the pressure distribution at a given tube
cross-section is almost the same (Huang et al., 2023).

The advantage of using high-fidelity CFD-FEA modeling for this
problem is that it can provide detailed and accurate fluid and pressure
field information, such as the streamline plots in Fig. 25, in which
reversed fluid flow can be clearly captured, as indicated in the circle. A
reduced order model with one-dimensional assumption is unable to
deal with this. In addition, under some wave conditions, the WEC
tube may float above water surface and break incident wave, thus gen-
erates nonlinear waves, as shown in Fig. 26 from our CFD simulation.
However, it is entirely ignored in the reduced order model. Moreover,
a CFD-FEA tool can provide comprehensive structural deformation
characteristics, such as stress and strain distributions, to ensure the
device’s reliability or optimize it under diverse operating conditions
for the design of WECs. As indicated in Fig. 27, the stress in the vicin-
ity of tube end is significantly larger than the rest parts of tube.
Therefore, reinforcement treatment is recommended to avoid poten-
tial structural failure.

IV. DISCUSSIONS AND CONCLUSIONS

In this work, we establish a numerical analysis tool based on
CFD-FEA method to simulate the FSI problem of fWECs in waves.
Within this framework, the fluid flow around fWEC is predicted
by solving the three-dimensional unsteady Navier–Stokes equa-
tions with finite volume approach. The structure deformation is
obtained by using a finite element method to solve the momentum

balance equations in a weak form. A strong coupling strategy with
an IQN-ILS algorithm is utilized to enhance the numerical stability
and convergence of the iterative process. This tool is successfully
applied to several FSI problems as demonstrated by our case stud-
ies. From the results presented above, in this section, we discuss
the performance of the present FSI analysis tool for simulating
fWECs, focusing on its convergence, computational cost, capabili-
ties, and limitations.

A. Convergence

It is generally accepted that it is hard to reach a convergent solu-
tion for the study of wave-flexible-structure interaction problem, as it
requires a simultaneous convergence of fluid, structure, and coupling
calculation. For a fWEC modeling, the air–water free surface induced
by the incident wave further increases the challenges of FSI simulation.
Although finer meshes, smaller time steps, and tighter convergence
constraints, given by Eq. (13), can improve the convergence, they
require more computational resources. To avoid the breakdown of the
solution, which can be caused by setting up the initial fields that are
far away from final solutions, a ramp scheme is a good choice for the
force mapping from fluid field to solid structure field. In addition, cou-
pling strategies between structure and fluid solvers have significant
impacts on the solution’s convergence and computational time, among
which the acceleration scheme is one example (Mehl et al., 2016;
Haelterman et al., 2016; and Huang et al., 2023).

B. Computational cost

In this study, all numerical simulations are performed using the
Cirrus UK National Tier-2 HPC Service at EPCC. Cirrus standard
compute nodes each contain two 2.1GHz, 18-core Intel Xeon E5–
2695 (Broadwell) series processors. The computational cost for differ-
ent case studies is presented in Table VI in which Tw represents the
wave period.

It is worth noting that the convergence of FSI coupling simula-
tion varies for different physical problems. This means that the num-
ber of sub-iteration steps required to achieve convergence within a
time step may differ. Consequently, even when utilizing the same grid,
time step, and simulation time, the overall computation time may vary
across different problem scenarios. A typical example is case 4, where,
despite having fewer grid number and a shorter simulation time com-
pared to case 3, it requires a longer computation time.

FIG. 27. Instantaneous structural responses of the flexible tube: (a) strain and (b)
stress.FIG. 25. Instantaneous streamline in the central plane colored by flow velocity: (a)

Ux and (b) Uz.

FIG. 26. Instantaneous wave surface colored by wave elevation.
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C. Capabilities

The present analysis tool has been successfully applied to the
analysis of two different types of fWECs, i.e., Poly-A-OWC and
Anaconda, taking into account the nonlinear stress-strain behavior of
hyper-elastic material, the effects of six-degree-of-freedom (6DoF)
motions, and the impedance of PTO modeled by a porous media
model. With the results presented above, we have demonstrated the
tool’s accuracy through comparisons with other numerical results and
experimental data. We can conclude that the FSI analysis tool can pro-
vide rich flow field information and structural response details, such as
the flow field velocity, pressure, and structural stress distribution.
More importantly, this tool is capable of capturing unsteady flows and
nonlinear phenomena, such as the development of vortex wake behind
the deformed flexible plate [Fig. 5(b)], irregular variations of wave sur-
face (Fig. 10), non-uniform bending deformation of the elastic disk
(Fig. 12), non-uniform strain distribution of the deformed membrane
on the top of Poly-A-OWC WEC (Fig. 19) and the bidirectional fluid
flow across the cross section of Anaconda WEC (Fig. 25), which is
unable to deal with using reduced-order models. The detailed informa-
tion provided by the FSI analysis tool is helpful for gaining a deep
understanding of the physical mechanism of fWEC devices and for
enhancing their design. In addition, the tool is able to handle 6DoF
motions and mooring lines, which is important for fWEC’s analysis.

D. Limitations

The limitations of the present tool are mainly in the following
areas: (a) Compared to reduced ordered models, this tool requires
much more computational resources, making it unsuitable at the ini-
tial design stage of fWECs, where a large number of simulations are
needed to determine the proper device geometric and hydrodynamic
parameters. (b) At present, the tool cannot handle a large pre-stretch
of flexible materials, less than 5%. Indeed, in most experimental test-
ing, the materials are subjected to a large pre-stretch deformation over
100% to prevent negative stresses and reduce the risk of structural fail-
ure (Vertechy et al., 2013; Moretti et al., 2019). However, this imposes
significant instability issue in our simulations (Li et al., 2011; Jiang
et al., 2016). (c) Past studies indicated that, for fWECs using direct
PTO with DEGmaterial, the material deformation is also linked to the
electric field imposed on material (Vertechy et al., 2013; Rosati Papini
et al., 2018). However, the present tool is limited to fluid-structure
couple excluding the electric field. This will be covered in our near
future study. (d) Due to the limitations in moving mesh handling tech-
niques, this tool has limitations to handle large structure’s deforma-
tion, which may exist under extreme wave conditions. (e) The
experimental studies suggest that flexible materials used in fWECs,
such as silicone, acrylic, polyurethanes, and natural rubbers, etc., are

typically viscoelastic materials (Liao et al., 2020; Collins et al., 2023).
Therefore, viscoelastic models are required to obtain more accurate
results. However, these models are not available in the present tool.

Nevertheless, the present work provides a powerful numerical
analysis tool for simulating the FSI phenomena of fWECs in waves
and contributes to exploring the complex FSI dynamic response of
fWECs. It is worthwhile to mention that the tool is not limited to
homogeneous materials, instead, it can handle flexible materials with
multi-layer structure or non-uniform stiffness distribution. Further
applications can be extended to the FSI studies on the passive defor-
mation of flexible structures with complex materials, such as hydro-
elastic responses of floating offshore wind turbine’s platform and the
vortex-induced vibration of flexible risers.
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