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ABSTRACT

Flexible tube wave energy converters (WECs) are a novel class of devices utilizing deformable materials, offering structural simplicity, broad-
band energy conversion, and adaptability to diverse wave conditions. While prior studies have examined their hydro-elastic behavior, the
nonlinear coupling between internal and external fluid fields and its impact on fluid-structure interaction (FSI) responses remain insuffi-
ciently understood. This study employs a high-fidelity FSI framework, integrating computational fluid dynamics and finite element analysis,
to investigate the dynamic performance of two flexible WEC designs: S3 and Anaconda. Numerical simulations across varying wave condi-
tions reveal distinct dynamic features. The S3 WEC supports multiple internal standing wave modes, enabling broadband resonant energy
harvesting, whereas the Anaconda exhibits resonance at a single dominant frequency. Internal fluid flows in both devices show complex
three-dimensional motions, challenging conventional one-dimensional flow assumptions. Structural stress distributions also differ, with peak
stresses in the S3 aligning with the anti-nodes of internal standing waves, while in the Anaconda, they concentrate near the stern. These find-
ings enhance the understanding of coupled fluid-structure dynamics in flexible WECs and offer theoretical guidance for their design optimi-
zation and deployment in real-sea environments.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0270834

I. INTRODUCTION and Power Take-Off (PTO) systems to achieve enhanced perfor-
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Among various ocean renewable energy technologies, wave
energy converters (WECs) have long been regarded as a promising
means of harvesting vast ocean energy resources. However, conven-
tional rigid-body WECs face significant challenges, including high
manufacturing and maintenance costs, structural fatigue under harsh
sea conditions, and limited adaptability to varying wave environments,
which hinder their commercial viability.'

Inspired by the adaptive deformation observed in marine organ-
isms, researchers have explored alternative WEC designs that leverage
flexible materials to improve energy conversion efficiency, structural
durability, and operational adaptability. This has led to the develop-
ment of flexible wave energy converters (FlexWECs), which integrate
flexible materials into both their primary energy-absorbing structures

mance.” Various FlexWEC designs have been proposed, including flex-
ible oscillating water column (OWC) WECs, pneumatic cell based
FlexWECs, and flexible tube WECs.”

Among these, flexible tube WECs take inspiration from elongated
marine organisms, such as sea snakes and eels, which utilize body
undulations to efficiently interact with surrounding flows. These
WEC:s feature a long, submerged, pressurized flexible tube that aligns
parallel to incoming waves. As waves propagate over the tube, the
resulting pressure difference across the tube’s wall generates traveling
deformations known as “bulge wave.” This phenomenon further indu-
ces cyclic expansions and contractions of the tube’s cross section, lead-
ing to variations in internal hydraulic pressure. The energy captured in
this process is subsequently converted into internal fluid energy, which
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is then extracted and transformed into electrical power using either
mechanical turbine-based systems or dielectric elastomer generator
(DEG)-based PTO systems.

Currently, two prominent flexible tube WEC designs based on
the bulge wave principle are the Anaconda and the S3, as shown in
Fig. 1.

¢ The Anaconda WEQC, first patented by Farley and Rainey in 2006,
is under development and testing by Checkmate Flexible
Engineering Ltd.” This design relies on a single PTO located at
the tube’s stern, where the bulge wave energy is ultimately
extracted using a mechanical turbine-based system. The flexible
tube acts primarily as a passive energy harvester, converting
wave-induced bulge wave energy into fluid kinematic energy.

e The S3, introduced by SBM Offshore in 2009,"* incorporates
multiple PTOs distributed along the tube’s length, each based on
dielectric elastomer generators (DEGs). In this configuration, the
flexible tube serves as both the primary energy absorber and the
PTO mechanism, directly converting mechanical deformation
into electrical energy.

Both WECs share an elongated, flexible structure but differ in
their internal energy conversion mechanisms and power extraction
methodologies. These distinctions influence their hydrodynamic
behavior, particularly under resonant conditions, which will be thor-
oughly analyzed in Secs. I11-V.

To advance the commercialization of flexible tube WECs, several
physical model experiments” ' and numerical analysis'”'’ have
been conducted.

The Anaconda WEC has undergone several laboratory-scale
hydrodynamic tests, focusing on hydrodynamic responses, PTO effi-
ciency, and fluid-structure interactions (FSIs). Early experiments by
Chaplin et al.”'” demonstrated that the WEC can achieve substantial
energy capture across a range of wave frequencies. Heller et al.'’ fur-
ther investigated wave radiation effects using a scaled model, while
subsequent studies'"'® explored the role of PTO impedance on energy
extraction efficiency. Mendes et al.'”"” analyzed air-compressibility
effects and scale-dependent power output variations through addi-
tional wave tank experiments. Yu et al.'* investigated the effects of rel-
ative hydraulic head and tube length on the system’s hydrodynamic
efficiency through experimental testing.

The S3 WEC, in contrast, has received less experimental atten-
tion. The pioneering work by Jean et al.' demonstrated the first suc-
cessful wave-to-electricity conversion using a submerged electroactive
polymer (EAP) WEC under laboratory wave conditions. Later studies,
such as Babarit et al.,'”” developed a linearized numerical model based
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on potential flow theory and linearized wall equations to predict
hydro-elastic behavior, particularly standing wave formation within
the flexible tube.

Although the above-mentioned studies capture the main features
of flexible tube WECs, due to the nature of existing methodologies, a
deep understanding of the detailed fluid-flexible structure-interaction
phenomena, especially the complex fluid flow inside the deformable
tube and the distributed stress along the tube, is limited. For instance,
the reduced-order models adopted in previous theoretical analysis
often simplify flow field resolution and structural computations, failing
to capture nonlinear response characteristics and flow field evolution
accurately.

To address these limitations, high-fidelity Computational
Fluid Dynamics (CFD)-Finite Element Analysis (FEA) approaches
have been introduced to simulate fluid-structure interaction (FSI)
dynamics in FlexWEC systems. Previous applications of CFD-FEA
frameworks in wave energy studies include the Bombora WEC'®
and Variable Shape Buoy (VSB) WECs.'”*” However, applications
of such high-fidelity models to flexible tube WECs remain unex-
plored, due to high computational costs, instabilities in FSI inter-
face motion, nonlinear behavior of flexible materials, and complex
coupling strategies. While similar research exists in biofluid
mechanics (e.g., blood vessel simulations),”’ *° flexible tube WECs
fall outside their scopes.

This study forms a key component of the “Bionic Adaptive
Stretchable Materials for Wave Energy Converters” research pro-
ject.”” Drawing inspiration from aquatic animals, the project seeks
to develop innovative, flexible material-based wave energy convert-
ers and has already provided significant insight into the perfor-
mance of flexible materials and OWC WECs.”* *” Building on this
foundation, the present work aims to enhance the understanding
of FSI responses in flexible tube-shape WECs, particularly the
complex internal and external flow field characteristics. An
advanced FSI analysis tool”” based on a CFD-FEA approach is
employed to conduct numerical simulations for the Anaconda and
S3 WECs under regular wave conditions at various frequencies.
The results provide a comprehensive analysis of resonant
responses, flow field details, structural responses, and power out-
put. Additionally, a comparative study of the FSI responses of the
Anaconda and S3 WECs is presented.

The structure of this paper is organized as follows: Section II
introduces the FSI analysis tool. Sections I1I and I'V present numerical
results and in-depth analysis of the FSI responses of the S3 and
Anaconda WECs, respectively. Sections V and VI discuss the insights
obtained and provide concluding remarks.

DEG PTO

\ Pressurized water
Flexible tube

FIG. 1. Schematic diagram of flexible tube WECs: (a) Anaconda and (b) S3.
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Il. NUMERICAL METHOD

An FSI analysis tool integrating Open FOAM, CalculiX, and
preCICE was established in our previous work.”" ** Using this tool, we
have addressed various FSI problems, including a three-dimensional
(3 D) flexible plate in uniform current, an elastic disk, a flexible OWC
WEC, and a preliminary study of flexible tube WEC with regular
waves. The results, validated against experimental data and other
numerical findings, demonstrate the reliability and accuracy of the
tool.”’ In the present study, we further extend the tool to enable cou-
pled simulations of the internal flow field, external flow field, and
structural field and employed it to perform numerical simulations of
the S3 and Anaconda WECs under various wave conditions. A brief
overview of the numerical methods is provided in this section.

A. Fluid modeling

A CFD solver developed based on Open FOAM is adopted to
simulate the two-phase incompressible viscous flows around the flexi-
ble tube WECs.”*** The governing equations include continuity equa-
tions and momentum equations, which are defined as follows:

V-u=0, (1)
O(pu)
ot

+ V- (p(u—ug))u=—-Vpg—g-xVp+ V- (uVu)
+(Va) -V +fo + fp, 2)

where u represents the flow velocity, p denotes the mixture density of
the air and water phases, u, is the velocity of mesh grid, induced by
the mesh deformation, pq is the dynamic pressure, g is the gravity
acceleration, y is the dynamic viscosity, f, is the surface tension term,
and f;, is the source term generated by the porous media, representing
the PTO.

The fluid solver employs the finite volume method (FVM) to dis-
cretize the governing equations in the fluid domain. The volume of
fluid (VOF) method is used to capture the free surface. Stoke II wave
theory is used to calculate the incident wave velocity and elevation.
Active wave absorption technique is applied to estimate the effect of
wave reflection.”””* Laminar flow is utilized for low Reynolds number
flows in subsequent simulations. Additionally, mooring lines attached
to the floating structure are simplified as springs. For dynamic mesh
handling, a moving-mesh technique is employed, based on solving a
Laplace equation with variable mesh point diffusivity to manage mesh
deformation resulting from the FSI interface, as formulated in the fol-
lowing equation:

V. (59X,) =0,y = — ©

r2’
where X is the displacement of mesh points obtained from the struc-
tural deformation and y denotes the diffusivity field, which varies qua-
dratically with the inverse of the distance r between the cell center and
the deformed interface.

B. Structure modeling

A three-dimensional (3D) finite element method (FEM) code is
employed to predict the structural dynamics of the flexible tube.’
This code inherently accounts for the geometric nonlinearity of the
structure, and material nonlinearity is also addressed by employing

pubs.aip.org/aip/pof

hyper-elastic material models. The weak form of the balance of
momentum is adopted as the governing equation, which can be writ-
ten as follows:

Dv
PsE:v'S+fb, (4)
where p, denotes the density of structure, v is the velocity of material
point, S represents stress tensor, and fj, is the body force vector.

Based on the finite element method, the governing equations are
discretized into the following algebraic equation system:

[Ml{a} + [Cl{v} + [K]{x} = {f}, )

where [M], [C], and [K] are the global mass, damping, and stiffness
matrices, respectively; {x}, {v}, and {a} denote the displacement,
velocity, and acceleration vectors, respectively; and {f} represents the
global force vector. Additionally, the «-method is employed to discre-
tize the governing equations in time domain.

C. Fluid-structure coupling

A partitioned coupling strategy is employed for strong coupling
between the fluid and solid domains.”® In this framework, the fluid
solver computes the flow field while the structural solver handles the
deformation of the structure. To enable effective data transfer between
solvers using different meshes, radial basis function (RBF) interpola-
tion is utilized for exchanging forces and displacements.”
Convergence is assessed by computing the discrete /, norm of the dif-
ference between solutions from successive iterations. The computation
proceeds to the next time step once the /, norm meets the specified
convergence criterion or when the maximum iteration number (ky) is
reached. A schematic of the simplified sub-iteration loop for the FSI
coupling is presented in Fig. 2. Additionally, an improved interface-
quasi-Newton with inverse Jacobian from a least squares model (IQN-
ILS)"" is used to accelerate the coupling iterations of FSI simulations.

To simulate the coupled interactions among the internal flow,
external flow, and structural fields in the S3 WEC, the FSI framework is
expanded to integrate these 3 distinct physical domains while maintain-
ing the partitioned coupling strategy. As depicted in Fig. 3, the numeri-
cal simulation of the S3 WEC is divided into three distinct domains: the
internal flow field, the external flow field, and the structural field. The
internal flow field, representing the incompressible fluid within the fully
enclosed tube, is modeled using a single-phase flow model since the
tube remains filled with pressurized water. In contrast, the external flow
field, which simulates the fluid motion surrounding the tube and incor-
porates incident waves and free-surface effects, is computed using a
two-phase flow model. The structural field captures both the local defor-
mation and the global motion of the slender, thin-walled tube. Each
domain is independently modeled and meshed, with data exchanged at
the FSI interfaces: the internal and external flow solvers transfer fluid
forces to the tube’s inner and outer surfaces, respectively, while the
structural solver provides the corresponding displacement data. This
bidirectional, strong coupling strategy enables the accurate prediction of
the S3 WEC’s hydro-elastic responses under wave conditions.

I1l. S3 WEC MODELING
A. Physical model

In this study, the S3 model references the work of Jean et al." and
Babarit et al.'” However, due to the limitations of the FSI analysis
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Update fluid mesh L) Data mapping: Displacement
} f
Flow field calculation Sub-iteration loop in time t Structure field calculation
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convergence

i

Data mapping: Force

Update structure force

FIG. 2. Schematic diagram of sub-iteration loop of FSI coupling.

tool,”” a shorter flexible tube is employed to ensure numerical conver-
gence and stability in the simulations.

As illustrated in Fig. 4, the S3 model is positioned near the free
surface and comprises rigid bow and stern sections connected by a
flexible tube. The tube is made of natural rubber, and its stress—strain
behavior under relatively small deformations is described using a linear
elastic model, based on previous studies."'**? Both ends of the tube
are sealed and internally pressurized with water, inducing pre-
stretching. The tube is anchored at both ends by two mooring lines,
allowing for six-degree-of-freedom (6DoF) motion in response to inci-
dent waves. In the numerical simulation, the mooring lines are simpli-
fied as springs. The key physical parameters of the S3 model and
material properties are summarized in Table I.

B. Computational setup

As shown in Fig. 5, a hexahedral computational domain is con-
structed with dimensions of 6.5m (length) x 2m (width) x 6 m
(height). The S3 model is centrally positioned within this domain, sub-
merged 0.15m below the free surface and equidistant (1.5m) from
both the inlet and outlet. The water depth is set to 5 m. Given the rela-
tively short distances between the model and the inlet/outlet bound-
aries, active wave absorption techniques are implemented to directly

dissipate reflected waves."’ This approach eliminates the need for an
excessively large computational domain, significantly reducing the
computational cost of the CFD simulations.

To improve data mapping accuracy in the FSI simulations, a
structured mesh is employed, with local grid refinement around the
tube to enhance the resolution of its motion responses. The minimum
mesh size on the tube’s surface is set to 0.042m (x) X 0.014 m (y)
% 0.014 m (2), resulting in ~1.35 x 10° fluid grid elements. For the
solid domain, 6558 elements are used to compute the structural defor-
mation of the tube.

The boundary conditions are defined as follows: At the inlet, the
velocity is prescribed based on the incident wave parameters. Zero-
gradient conditions are applied at the outlet, front, and back bound-
aries, while the top boundary is defined as a pressure outlet and a no-
slip condition is imposed at the bottom boundary.

To capture the standing wave modes inside the tube, a range of
wave conditions is considered in the simulations, as detailed in Table
II. A geometric scaling ratio of 1:30 between the numerical model and
the full-scale device is adopted in this study. To ensure dynamic simi-
larity between the model and full-scale conditions, the Froude scaling
law is employed, which is widely used in wave-structure interaction
problems where gravity is the dominant restoring force. The Froude
number is defined as

Wave v
e ——
Ls -
Internal flow field
| v
Structu#al field External flow field FSI interface #1

Flexible tube

FSI interface #2

, Force Force — Force Force
Internal FSI Structural [* FSI ® External
fluid field Je interface #1 |« field interface #2 flow field
Displacement Displacement Displacement Displacement

FIG. 3. Partitioned coupling strategy for the FSI simulation of the S3 WEC.
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(b)
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FIG. 4. Schematic diagram of the S3 WEC: (a) front view and (b) top view.

Mooring lines

Fr=U, /\/g_LZ ; (6) TABLE . Physical properties of the S3 model.
where U, is a characteristic velocity and L. is the characteristic length. Name Symbol Value Unit
Accordingly, the wave conditions used in the simulations corre-
spond to full-scale wave periods ranging from 4.9 to 13.4s, which are ~ Tube length L 3.5 m
representative of typical ocean wave environments. Tube thickness t 2x1073 m
Initial inner diameter Dy 0.2 m
C. Grid convergence test Static pressure Ds 8.2 kPa
To determine an appropriate grid resolution, a grid convergence Pre-stretched inner D 0.253 m
test is conducted using three mesh configurations: coarse, medium, diameter
and fine. The minimum grid sizes on the tube surface and the total ~ Mooring stiffness K 100 N/m
number of grid elements for each case are summarized in Table I1I. A Mooring pretension S 57.7 N
regular wave with an amplitude of 0.08 m (Ay) and a period of 1.5s Flexible tube density I 960 kg/m3
(Ty) is selected for the test. The time step size is set to 2 x 107> T, Tube ends’ density Pe 1025 kg/m3
ensuring that the Courant-Friedrichs-Lewy (CFL) number remains Natural rubber: Ex 0.75 MPa
below 1. Based on prior studies, this time step is sufficiently small to Young’s modulus
prevent numerical artifacts from affecting the simulation results.””"' Natural rubber: N 0.49
Figure 6 presents the time history of the heave displacement at Poisson’s ratio
the tube’s bow and the cross-sectional area at x/L;=0.5 under
Phys. Fluids 37, 053104 (2025); doi: 10.1063/5.0270834 37, 053104-5
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FIG. 5. Computational domain for the S3 WEC modeling.

TABLE II. Wave conditions for the S3 WEC modeling.

Wave frequency f,, (Hz) Wave speed C,, (m/s)

Wave amplitude A,, (m) Wavelength A, (m)

0.41-1.11 1.41-3.80

0.08 1.26-9.27

different mesh resolutions. The results show that the heave displace-
ment and tube deformation obtained using the medium mesh closely
match those from the fine mesh, with discrepancies of less than 3%.
Therefore, the medium mesh with a time step of 2x 107> T, is
selected for the subsequent numerical simulations.

D. Resonant responses

1. Resonant conditions

A key characteristic of the S3 WEC’s resonant response is the for-
mation of standing waves of pressure within the flexible tube. This
phenomenon induces periodic radial contractions and expansions
along the tube’s length, resulting in a standing wave pattern in its
cross-sectional area, as illustrated in Fig. 7.

TABLE lll. Mesh Information for the grid independence study of the S3 WEC model.

Total grid
Mesh type Grid size (m) number (x 10°)
Coarse mesh 0.056 (x) x 0.018 () x 0.018 (z) 0.75
Medium mesh  0.042 (x) x 0.014 (y) x 0.014 (z) 1.35
Fine mesh 0.030 (x) x 0.010 () x 0.010 (z) 241

To understand the conditions for standing wave formation in the
S3, an analogy is drawn with the Rubens tube, a classical device used to
visualize standing sound waves in a cylindrical enclosure.’ The S3
bears a resemblance to the Rubens tube, wherein the sound waves of
the Rubens apparatus are supplanted by oceanic pressure waves, and
the flammable gas is substituted with water. In the Rubens tube, the
resonant frequency (f;) and wavelength (/) of standing waves are
expressed as
nc c
=3 B=p &)
where ¢ is the speed of sound waves, n is a positive integer, and L; is
the tube length. However, the dynamics in the S3 WEC are more com-
plex. Unlike the fixed ends of a Rubens tube, both ends of the S3 are
moored, allowing 6DoF motion. This motion alters the distribution of
internal pressure waves and affects the formation of standing waves.
To analyze the standing waves in the S3’s flexible tube, Chaplin
et al'" developed a reduced-order model to characterize the internal
flow, which can be decomposed into three traveling wave components:

fe

(a) A forward-traveling pressure wave at bulge wave speed,

(b) A backward-traveling pressure wave at bulge wave speed,

(¢) A forward-traveling pressure wave at external water wave
speed.
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FIG. 6. Time history curves of FSI simulation results in the grid convergence test: (a) Heave displacement (d;) of the S3 tube’s bow. (b) Cross-sectional area at the S3 tube’s

midsection (S denotes the time-averaged value of the cross-sectional area).

Components (a) and (b) originate from the bulge wave and its
reflection, while component (c) results from external wave penetration
through the flexible tube wall. For a given S3 device, the wavelengths
and periods of components (a) and (b) remain constant. However, var-
iations in external wave conditions alter the internal superimposed
wave, influencing its wavelength. According to the linear model pro-
posed by Babarit et al.,'” the waveforms of standing waves within the
S3 tube can be approximated using sine and cosine functions with a
spatial period of 2L/, leading to the standing wave condition

W=t ®)

n

where /; is the wavelength of the internal superimposed wave.

2. Tube deformation

To capture the standing waves in the S3 WEC, FSI simulations
are conducted under various wave periods. Figures 8 and 9 illustrate
the deformed tube shape and the amplitude variation of the cross-
sectional area S(x,t) for different wave conditions. Despite the rela-
tively small deformation amplitudes, the numerical results successfully
capture the 1%, 2", and 3™ order standing wave modes, corresponding
to Figs. 8(1), 8(e), and 8(a), respectively. However, due to the tube’s
global motion, pure single mode standing waves are not observed,
instead, multiple modes coexist. This phenomenon is consistent with
experimental observations.’

Additionally, the predicted standing wave modes for various
wave conditions are summarized in Table IV and compared with Eq.
(8). As shown, longer wave periods correspond to longer wavelengths
(Aw) and lower standing wave modes, consistent with the expected
relationship in Eq. (8). This indicates that, in the present case, 4; is pri-
marily influenced by A. To verify this, 4, is substituted for A, in

15 order mode

Expansion e

2nd order mode

Eq. (8) to approximate the standing wave mode. The estimated values
(2L;/ /) closely match the predicted standing wave modes (n), as
detailed in Table IV. It should be noted that Eq. (8) is an idealized
empirical equation and does not account for the effects of the tube’s
6DoF motion on standing wave formation.

Furthermore, as indicated by Eq. (8), the tube length (L;) also
affects the formation of standing waves. Specifically, increasing L;
while keeping A; constant leads to a transition from lower to higher
order standing wave modes. To verify this, a 6 m long tube is exam-
ined, with all other geometric parameters and computational settings
kept identical to the previously analyzed 3.5 m tube. Figure 10 presents
the deformation of the 6 m tube at T\, = 1.5s. The results show that,
for the same wave period, increasing the tube length shifts the primary
standing wave mode from first mode to second mode, while the defor-
mation amplitude is nearly halved.

E. Fluid field

In the S3 WEC, the interaction between the flexible tube and the
surrounding fluids is highly complex due to the combined effects of
external water waves and internal pressurized water. The tube under-
goes 6DoF motions along with periodic shape deformations, which, in
turn, significantly influence both the internal and external flow fields.

Figure 11 illustrates the interaction between the tube and the inci-
dent wave at different time instants within one wave period, with wave
elevation indicated by color. It is observed that the tube tends to float
above the water surface due to its lower density relative to water, dis-
rupting the wave profile and causing nonlinear variations in wave ele-
vation, as highlighted by the white dashed circles in Fig. 11(a). This
effect becomes more pronounced for shorter wave periods, as shown
in Fig. 11(b), where the incident wave exhibits strong diffraction and
intensified surface fluctuations. While such phenomena have been

3rd order mode

Contraction| -
—

FIG. 7. Schematic diagram of three modes of radial deformation of the S3 WEC: (a) first order mode; (b) second order mode; and (c) third order mode.
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observed in experimental studies,’ they cannot be accurately captured Regarding the internal flow within the tube, reduced-order mod-
by previously proposed reduced-order models.""'*'” Additionally, the els'"'®!"” typically assume a one-dimensional (1D) flow, where the
radiation waves generated by the tube’s motion are found to be rela- fluid is considered uniform across each cross section, with variations
tively insignificant. allowed only along the longitudinal direction. However, our results
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FIG. 9. Variation amplitude of S3's tube cross-sectional area, As(x), normalized by the time-averaged cross-sectional area S(x): (a) Ty =0.95; (b) Ty, =1.0s; (c) Ty =1.15;
(d) Tw=12s; (e) T,y =1.32s; (f) Ty =14s; (9) Tw=15s; (h) T, =1.625s; () T, =1.7s; () Ty =1.9s; (k) T,y =2.1s;and () T, =2.42s.
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TABLE IV. Primary standing wave modes within S3's tube at various wave periods.

ARTICLE pubs.aip.org/aip/pof

Wave period Ty (s) Wavelength 4, (m) Primary standing wave mode n 2L/ Fny

0.90-1.20 1.26-2.25 3" order mode 3.11-5.54
1.32-1.62 2.72-4.10 274 order mode 1.71-2.57
1.70-2.42 4.51-9.12 1°" order mode 0.77-1.55

reveal a significantly more complex internal flow behavior. As a closed
cavity structure, the tube exhibits internal flow variations primarily
governed by its local deformations and global motion.

Figures 12 and 13 present the predicted velocity and pressure dis-
tributions inside the tube at different time instants within one wave
period, revealing a highly three-dimensional flow field. The internal
fluid motion can be primarily decomposed into two components: a
reciprocating motion along the tube’s longitudinal axis and a local
rotational motion at each cross section. The former results from the
periodic expansion and contraction of the tube’s radial area, while the
latter is mainly induced by the tube’s global heave and sway motions.
Notably, the rotational motion of the internal fluid is observed here for
the first time, to the best of our knowledge. This phenomenon has not
been reported in existing experimental studies, likely due to limitations
in internal flow field measurement techniques. Moreover, reduced-
order models'"'*"” typically adopt one-dimensional flow assumptions,
which are inherently incapable of capturing such rotational behavior.

To further investigate the reciprocating motion, we focus on a
specific location along the tube at x/L; = 0.5, highlighted by a red cir-
clein Fig. 12(a). During 0 < t < 0.5T),, as indicated by the red arrows,
fluid flows toward this region, causing local tube expansion, which is
reflected in the time history of S(x,t) in Fig. 14(b). This expansion
leads to an increase in pressure, as shown in Fig. 13(b). Conversely,
during 0.5T, <t < 1.0T,, fluid flows outward from x/L =0.5
toward both ends of the tube, resulting in contraction and a corre-
sponding decrease in S(x, t) and pressure. This behavior aligns with
the observations of Farley et al.'”

The rotational motion is analyzed in Fig. 12(b), where the cross
section at x/L; = 0.5 is selected, as it exhibits the most significant shape
deformation. The fluid consistently rotates counterclockwise (red
arrows) relative to its center (red triangles). Due to the tube’s global
heave motion, when the tube moves upward, the fluid rotation center

1.10} (@)

—
S
W

S(x,1)/5(x)
g

0.95¢

0.901

00 02 04 06 08 1.0

shifts in the positive y-direction, and vice versa. This rotational flow is
attributed to the asymmetric forces exerted by the tube wall on the
internal fluid, caused by the coupling of heave and sway motions. The
direction of rotation appears to be governed by the phase and direction
of the tube’s global movement; however, the precise mechanism and
its quantitative relationship require further investigation.

A distinct feature of the S3 WEC is its closed-end design. The simu-
lation results clearly demonstrate that fluid movement toward the tube’s
ends generates dynamic interactions with the structure, causing abrupt
changes in fluid velocity and direction. These interactions increase fluid
loading on the bow and stern, potentially raising concerns regarding
structural failure, as indicated by the tube deformation in Fig. 9(1).

F. Structural responses

The structural response of the S3 WEC is analyzed under the
wave condition that induces the maximum radial deformation, specifi-
cally at T\, = 1.5s. Figure 15 presents the strain and stress distributions
along the tube surface at four different time instants within one wave
period. The results indicate that stress and strain levels are relatively
low at both ends of the tube due to minimal deformations, whereas the
central section, experiencing larger deformations, exhibits significantly
higher stress and strain.

In conjunction with the time history of S(x, ) shown in Fig. 14,
the propagation of the bulge wave is clearly observed in Fig. 15(a),
with its peak highlighted by a black circle. As the bulge wave propa-
gates, S(x, t) increases at its peak location, leading to a corresponding
rise in stress and strain levels at that point.

G. Power output

To evaluate the power output performance of the S3 WEC, the
PTO module is introduced in this section. In the S3 WEC, DEG PTO

0.12} (p) |

5
=]
o

A(x)/S(x)
o
K

e
j=3
v

0.00+ 1

I n I n I I

00 02 04 06 08 1.0
x/L.

t

FIG. 10. Deformation of the S3 WEC with a 6m long tube: (a) tube cross-sectional area S(x, t) at different instants within one wave period (T,, = 1.5), normalized by the
time-averaged cross-sectional area S(x). (b) Variation amplitude of tube cross-sectional area, As(x), normalized by the time-averaged cross-sectional area S(x).
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FIG. 11. Interactions between the S3's tube and incident waves at different instants within one wave period: (a) T,, = 1.5s and (b) T, = 1.0s.

units are utilized to harvest energy from tube deformation. As illus-
trated in Fig. 16(a), each DEG PTO can be modeled as a variable
capacitor, with capacitance varying in response to the tube’s expansion
and contraction. When integrated with an external conditioning cir-
cuit, this system enables electrical energy generation. In this study, the
conditioning circuit proposed by Moretti et al.** is adopted to estimate
the power output of the S3 WEC, with relevant parameters summa-
rized in Table V.

It should be noted that the PTO module is not considered in the
present simulations. This omission does not affect the qualitative dis-
cussions and physical insights presented above, while it influences cer-
tain quantitative results, such as the resonant frequency and
deformation amplitude. A more comprehensive evaluation of the
PTO’s impact on the dynamic response of the S3 WEC will be
explored in a forthcoming study.

Figure 16(b) depicts a typical energy conversion cycle, which can
be divided into four phases: (1) expansion, (2) priming, (3) harvesting,
and (4) discharging. The electrical energy output, W, is represented
by the shaded area enclosed by three lines in the figure. Further details
on the DEG PTO energy conversion process and the associated control
circuit can be found in Moretti et al."* The electrical energy generated
by the i th DEG PTO per cycle is given by

1 1 1
We,i:ECBVIﬁ—ECAV§+ECa(V§—V§), )

where C, and Cy are the capacitances of the DEG at different phases,
V4 and Vj are the corresponding voltages, and C, is a constant capaci-
tor charged to a fixed voltage Vj. The total electrical energy (W) gen-
erated by the S3 WEC per wave period and the corresponding time-
averaged power output (P;) are calculated as
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FIG. 12. Fluid velocity distribution at different sections of the S3's tube at different instants within one wave period (T, = 1.55): (a) y

Phys. Fluids 37, 053104 (2025); doi: 10.1063/5.0270834

© Author(s) 2025


pubs.aip.org/aip/phf

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

p (Pa)
6175  7139.  8104.  9068. 10033
(a) | —

7
X t=0.25T,

t=1.0T,
p (Pa)
(b) 6078 7016. 7}9}?}3}1 o |?891. 9829
] .
| .
t=0.125T, t=0.25T, t=0.375T, t=05T,
t=0.625T, t=0.75T, t=0.825T, t=1.0T,

FIG. 13. Pressure distribution at different sections of the S3's tube at different instants within one wave period (T, = 1.55): (a) y =0 and (b) x/L; = 0.5.

Phys. Fluids 37, 053104 (2025); doi: 10.1063/5.0270834 37, 053104-12
© Author(s) 2025

90:2¥:L1 G20z KB L


pubs.aip.org/aip/phf

Physics of Fluids

ARTICLE pubs.aip.org/aip/pof

127 (@) —— T, =0.25-- - -- /T, =0.75
- = =T, ~0.5 ------ VT, =1.0
S
e
5
H1.0f
0.9+ -

SO/L=0.5,1)/S(x)

—
N

Ol B

—
p—
T
L

—
(=]

S
o

000 025 050 075 1.00
x/L,

000 025 050 075 1.00
a

FIG. 14. S3's tube deformation at different instants within one wave period (T,, = 1.5s): (a) 0 < x/L; <1 and (b) x/L;=0.5.

N
Wi=> " Wei, P = Wi/T,, (10)

where N denotes the number of DEG PTO units.

Figure 17 illustrates the variation of W, and P, with the incident
wave period (T). Both parameters initially increase with T,,, reaching
a peak at T,, = 1.5s before gradually decreasing. The power output
remains relatively high within the range of T, =1-2s, which corre-
sponds to typical ocean wave conditions based on a scaling factor
of 30.

For a full-scale device with a tube length of 105 m, P, is estimated
to range from ~131 to 310 kW. This estimation is based on the Froude
similarity principle, following approaches adopted in previous experi-
mental and numerical studies.”'"'” The viscous effects and flexible
material properties may introduce some scale-dependent discrepan-
cies, which is a focus of our next-step study.

It should be noted that these estimations are based on relatively
small tube deformations, without optimization of tube dimensions or
conditioning circuit parameters. Additionally, energy losses through-
out the conversion process have not been accounted for, which may
affect the actual power output.

IV. ANACONDA WEC MODELING
A. Physical model

The Anaconda model analyzed in this study is based on the
experimental setup of Mendes et al,”’ as illustrated in Fig. 18.
The motion of the tube’s bow is constrained by a mooring line, while
the stern is fixed. Notably, the laboratory experimental Anaconda
model differs from the actual device, primarily in the design of the
PTO system at the tube’s stern. In the real device, the PTO typically
consists of a fluid-driven pump or turbine, and the tube’s stern is fully
enclosed. However, for lab testing convenience, a fixed vertical tube
with an orifice plate was used in place of the actual PTO, resulting in
an open-end configuration that is exposed to air. To maintain the nec-
essary pre-stretching of the flexible horizontal tube, the water level
inside the vertical tube was kept higher than the external water level.

Unlike the experiments,1 L3 which introduced PTO via an orifice
plate, the numerical simulations employ a porous media model to rep-
resent PTO. This approach simplifies CFD-FEA mesh generation
while improving numerical stability. According to Eq. (2), the porous
media is modeled as a body force term f,, defined by the Darcy-
Horkheimer equation™

1
o= —(ch+§p|U|Fc> U, (11

where D. and F. are coefficients representing viscous and inertial
losses, respectively. The term D, is proportional to velocity, indicating
viscous losses, while F, is proportional to the square of velocity, repre-
senting inertial losses. These coefficients are determined by the physi-
cal properties of the porous medium. In this study, a homogeneous
porous medium with linear damping is selected, setting F. = 0. The
viscous damping coefficient is set to D, =2 x 10'* to ensure high
impedance.

Additionally, in the numerical simulations, the mooring line is
modeled as a horizontal spring with a length of 1 m and a stiffness of
1 x 10* N/m. Key parameters of the model are illustrated in Fig. 18,
while the material and mooring line properties are summarized in
Table V1.

B. Computational setup

A hexahedral computational domain is employed in this study, as
illustrated in Fig. 19. The Anaconda model is centrally positioned
within the domain, maintaining a 1.2m distance from both the inlet
and outlet boundaries. The water depth is set to 1.9 m. To monitor the
flow field, observation points are strategically placed along the tube
and inside the air chamber.

To accurately capture the FSI responses, a structured mesh is
used to define the interface between the fluid and solid domains. The
minimum grid size on the flexible tube’s surface is set at 0.04 m (x)
% 0.012 m (y) X 0.012 m (z). Additionally, local grid refinement is
applied around the tube and near the free surface to enhance the reso-
lution of hydrodynamic forces and accurately capture the tube’s 6DoF
motion.

The boundary conditions are defined as follows: the inlet
velocity is prescribed based on the incident wave parameters,
while a zero-gradient condition is imposed at the outlet, front,
and back boundaries. A pressure outlet condition is applied at the
top boundary, and a no-slip condition is enforced at the bottom
boundary.

To examine the resonant responses of the Anaconda WEC, simu-
lations are conducted under various regular wave conditions, as sum-
marized in Table VIIL.
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FIG. 15. Structural responses of the S3 WEC at different instants within one wave period (T,, = 1.5): (a) strain distribution and (b) stress distribution.

C. Grid convergence test

A grid independence test is performed to determine an optimal
mesh resolution that ensures a balance between computational accu-
racy and efficiency. Three sets of meshes with varying resolutions are
generated, with the minimum grid sizes on the tube surface and total
grid numbers summarized in Table VIII. A regular wave with a

frequency of 0.65Hz (f,,) and an amplitude of 0.05m (4,,) is selected
for the test. The time step is set to 2 X 10~% T, where T,, = Ufw»
ensuring that the CFL condition is satisfied (CFL < 1).

Figure 20 compares the predicted water elevation in the vertical
tube and the heave displacement at the tube’s midpoint for different
mesh resolutions. The results from the medium and fine meshes show
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FIG. 16. (a) Conditioning circuit for the DEG PTO. (b) Charge-voltage plane and example of conversion cycle.

TABLE V. Conditioning circuit parameters.

Name Symbol Value Unit
Dielectric constant of tube & 5.25
Permittivity of free space & 8.85 1072 F/m
Constant capacitor Ca 3.0x107 F
Voltage applied to constant capacitor Vo 1.5 x 10* \%

close agreement, indicating that further refinement does not signifi-
cantly improve accuracy. Therefore, the medium mesh with a time
step of 2 x 107> T, is selected for the subsequent simulations.

D. Resonant responses
1. Resonant conditions

Unlike the S3 WEC, where resonance occurs due to the forma-
tion of standing waves within the tube, resonance in the Anaconda
WEC requires not only the presence of standing waves but also that
the tube’s stern aligns with an anti-node to maximize power output at
the PTO. Furthermore, the boundary conditions at the tube’s stern

differ between the two devices: in the S3 WEC, a rigid wall at the stern
results in complete reflection of the internal fluid, whereas in the
Anaconda WEC, the boundary condition depends on the impedance
of the PTO. These differences create distinct resonance conditions for
each system.

Experimental studies by Chaplin et al.'" and Farley et al.'® suggest
that resonance in the Anaconda WEC occurs when the external water
wave speed matches the internal bulge wave speed of the flexible tube.
As the bulge wave speed remains constant, the corresponding reso-
nance frequency is denoted as fr;. Additionally, in the present
Anaconda model, the presence of an OWC within the vertical tube
and the heave motion of the tube’s bow introduce two additional reso-
nance frequencies: one corresponding to the natural frequency of the
OWC (fr2) and the other to the natural frequency of the tube’s heave
motion (fg3).

To determine the bulge wave speed in the horizontal flexible tube
(T1) and the natural frequency of the OWC in the vertical rigid tube
(T2), a free-decay test is conducted, as illustrated in Fig. 19. Initially, a
water column with a height of 0.6 m in T2 flows into T1, which has an
initial radius of 0.07715m. This induces periodic contraction and
expansion in T1 until the water level in T2 stabilizes at 0.2271 m. After
reaching a quasi-steady state, the radius of T1 is increased to
0.08268 m. The variations in water surface elevation, pressure, and

5 : 4.0 :
(a) (b)
41 E 3.2¢
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P! 1816}
1+ 1 08¢
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FIG. 17. Power performance of the S3 WEC at different wave periods: (a) electrical energy within one wave period and (b) time-averaged power output.
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FIG. 18. Schematic diagram of the Anaconda model.

tube cross-sectional area at different locations (M1-MS5) are shown in
Fig. 21. Using the data in Fig. 21(a), the OWC oscillation period is
determined to be 19.2s, corresponding to a natural frequency of
fra =0.052 Hz.

TABLE VI. Material properties of the Anaconda model.

Density ~ Young’s modulus  Poisson’s

Component ~ Material ~ (kg/m?) (MPa) ratio
Flexible tube =~ Rubber 960 0.91 0.49
Tube’s bow Wood 700 8100 0.35
Tube’s stern  Acrylic 1190 3030 0.37

® Watch points (pressure and area)
2 @ Watch points (water elevation)
m
=]
Wave T, =
X —>
-— |
M;i=12,..,5 Outlet
Inlet
1.9m
Back
. e
1.2m

1.2m

FIG. 19. Computational domain for the Anaconda WEC modeling.

According to the linear theory proposed by Lighthill,”* the bulge
wave speed (Cp) in a homogeneous tube is related to the distensibility
(Dy) and water density (p,,) as follows:

108
Sop’

G, = and D, = (12)

1
ViD.
where S represents the tube’s cross-sectional area and p denotes the
pressure difference across the tube wall. Using Eq. (12) and data from
Fig. 21(b), the calculated bulge wave speed is 3.78 m/s, assuming a
water density of 1025kg/m’. Resonance is expected when the external
water wave speed (C,,) matches this value. Based on Stokes wave the-
ory,” at a water depth of 1.9 m, the wave frequency corresponding to a
phase velocity of 3.78m/s is determined to be 0.31Hz; thus,
le =0.31Hz.

To determine the natural frequency of the tube’s heave motion, a
second free-decay test is conducted after the tube reaches a quasi-
steady state. In this test, the tube’s bow is displaced 0.15m below its
equilibrium position and then released to oscillate freely. The time his-
tory of the bow’s heave displacement is shown in Fig. 22(a), and a fast
Fourier transform (FFT) is applied to identify the dominant frequency.
As illustrated in Fig. 22(b), the primary peak occurs at 0.65 Hz, indicat-
ing that fg3 = 0.65 Hz.

2. Tube deformation

Further analysis is conducted on the bulge wave formation at the
resonant frequencies of 0.31 Hz (fg;) and 0.65Hz (fr3). Figure 23 illus-
trates the variation of S(x,t) over time and space, where the black
dashed line marks the position of the maximum S(x) at different

TABLE VII. Wave conditions for the Anaconda WEC modeling.

Wave Wave Wave Wavelength
frequency f,, (Hz) speed Cy (m/s) amplitude A, (m) Aw (m)

0.1-1.0 1.56-4.28 0.05 1.56-42.83
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TABLE VIII. Mesh Information for the grid independence study of the Anaconda
WEC model.

Total grid
Mesh type Grid size (m) number (x10°)
Coarse mesh 0.06 (x) x 0.015 (y) x 0.015 (2) 0.78
Medium mesh ~ 0.04 (x) x 0.012 (y) x 0.012 (2) 1.06
Fine mesh 0.03 (x) x 0.008 (y) x 0.008 (z) 1.56

instants, representing the peak of the bulge wave. Within one wave
period, the bulge wave propagates from the bow to the stern (red
arrow) and then reflects toward the bow (blue arrow). Under resonant
conditions, the peak of the bulge wave consistently reaches its maxi-
mum at the stern, aligning with the observations of Chaplin et al."’
Additionally, as shown in Fig. 24, the deformation amplitude at frs is
significantly greater than at fg;.

At both fr; and frs, the tube’s deformation amplitude follows a
pattern of being larger at the ends and smaller in the middle, with the
stern experiencing greater deformation than the bow. This trend is fur-
ther supported by the pressure distribution along the tube’s central
axis, as shown in Fig. 25. The internal pressure exhibits a characteristic

T T T

20! (@) — — = Coarse mesh
’ —— Medium mesh
----- Fine mesh

-

d/4,,

2
tT,

pubs.aip.org/aip/pof

decrease followed by an increase from the bow to the stern, which is
particularly pronounced at f3.

E. Flow field

To better understand the internal and external flow characteris-
tics of the Anaconda WEC, the scenario with the greatest tube defor-
mation (f, = 0.65 Hz) is selected for analysis. Figure 26 illustrates the
interaction between the Anaconda and the incident waves. Similar to
the S3, the Anaconda’s tube, having a lower density than water, tends
to float above the water surface, causing nonlinear variations in wave
elevation, as indicated by the white circles.

As shown in Fig. 27, the internal flow dynamics of the Anaconda
resemble those observed in the S3, with the internal fluid undergoing
reciprocating motion along the tube due to periodic radial expansion
and contraction. However, unlike the S3, the Anaconda’s internal fluid
does not exhibit rotational motion. This difference arises primarily
from the distinct boundary conditions at the stern of the two devices,
as discussed earlier. In particular, the motion of the OWC in the
Anaconda, especially within T2 at the stern, significantly influences the
fluid flow direction inside the tube.

Additionally, the pressure distribution within the Anaconda’s
tube, shown in Fig. 28, closely follows the variation of S(x, t) in Fig. 29,

5.5 : . .
(b) — — = Coarse mesh
—— Medium mesh
e S YOS Fine mesh
2 N

‘\é 4.5
4.0t
3.5

0 1 3 4

2
tT,

FIG. 20. Time history curves of FSI responses in the grid independence study: (a) heave displacement at the tube’s midpoint and (b) water surface elevation in the vertical

tube.
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FIG. 21. (a) Time history of water elevation in T2 (red points represent the local maximum). (b) Anaconda’s tube cross-sectional area varies with pressure at different
positions in T1.
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FIG. 22. (a) Time history of the vertical displacement of the Anaconda tube’s bow during the second free decay test. (b) Results after applying FFT to the time history data.

mirroring the relationship observed in the S3. In this case, pressure is
positively correlated with S(x, ).

F. Structural responses

Figure 30 presents the strain and stress distribution when the
tube deformation amplitude reaches its maximum (f,, =0.65). The
propagation of the bulge wave along the tube is clearly observed, with
regions of high strain in Fig. 30(a) corresponding to the wave’s peak.
During 0T, < t < 0.5T), the bulge wave travels from left to right,
while in 0.5T,, < t < 1.0T,, it propagates in the opposite direction.

The maximum stress is primarily concentrated at the tube’s stern.
This is partly due to the larger deformation amplitude in this region
and partly because, while the tube’s bow can move, the stern remains
fixed. As a result, the bow is positioned higher than the stern, placing
the stern in a stretched state and leading to increased stress. It is
important to note that under real operating conditions, both ends of
the Anaconda WEC are not fixed but instead connected to the seabed
via mooring lines, similar to the S3 WEC.

G. Power output

In this study, a porous media model is employed to simulate the
PTO of the Anaconda WEC. Consequently, the power output of WEC
system is estimated using the following equations:

Tw
p— LJ p(HQ()dt, (13)

0

T,

(a) 1.0
0.8

0.0 05 1.0 1.5 2.0
7

CW = (PTW)/(; ngszcw), (14)

where P represents the cycle-averaged power generated by the WEC,
CW is the capture width, p denotes the space-averaged pressure in the
air chamber below the porous media, and Q is the volume flux across
the porous media.

Figure 31 illustrates the power performance of the Anaconda
WEC across different wave frequencies. A peak in both P and CW /D
is observed at f,, = 0.65 Hz (fr3), driven by the resonance of the tube’s
heave motion. A smaller peak appears at f,, = 0.31 Hz (fg;), resulting
from the resonant response induced by the bulge wave. Comparing the
power outputs at fg; and fgs, it is evident that resonance driven by
tube heave motion generates significantly higher power amplitudes
than that induced by the bulge wave.

To compare the power output of different flexible tube WECs,
the performance of an Anaconda WEC with the same tube length
(105m) as the S3 WEC is estimated using Froude scaling law.
Based on Fig. 31(a), the maximum power output of device is
~78kW, significantly lower than the 310 kW of the S3 WEC. This
highlights the advantages of the distributed PTO system employed
in the S3 WEC.

V. DISCUSSIONS

High-fidelity FSI simulations of flexible tube WECs are particu-
larly challenging. Difficulties arise not only from the slender, thin-
walled nature of the tube but also from the requirement for robust

FIG. 23. Time and spatial variation of the cross-sectional area S(x,t) of the Anaconda’s tube, normalized by the time-averaged cross-sectional area S(x): (a) f, =0.31 Hz

and (b) fy = 0.65Hz.
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FIG. 24. Instantaneous cross-sectional area S(x, t) and its variation amplitude As (x) of the Anaconda’s tube, normalized by the time-averaged cross-sectional area S(x): (a)

fu =0.31Hz, S(x, t); (b) fy = 0.65Hz, S(x, t); (c) fy = 0.31Hz, As(x); and (d) f, = 0.65 Hz, As(x).
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, (ps = 2023 Pa is the hydrostatic pressure) and its variation amplitude Ay (x) at the centerline of the Anaconda’s tube, normalized by
pgAw: (a) fy =0.31Hz, p(x, t)-ps; (b) f = 0.65Hz, p(x, t)-ps; (c) fy = 0.31Hz, A,(x); and (d) fy = 0.65Hz, Ay(x).
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FIG. 26. Interactions between the Anaconda WEC and incident waves at a wave frequency of 0.65 Hz.

bidirectional coupling among the internal fluid, external fluid, and
structural domains. Moreover, simulating the internal flow field driven
by the deformation of a fully two-ends enclosed flexible tube further
increases the complexity. Such simulations impose stringent demands
on the geometric model, mesh quality from both fluid field and struc-
tural field, time step, numerical discretization schemes, and coupling
strategy, as any deficiencies can lead to numerical solution divergence.
Consequently, to ensure simulation stability, the geometry dimensions
of the flexible tube WEC used in this study do not exactly match those
of the experimental setups. Despite these challenges, high-fidelity FSI
simulations provide valuable insight into the intricate internal and
external flow fields and the associated structural stress distributions of
flexible tube WECs.

Building on the FSI responses of the S3 and Anaconda WECs
under regular wave conditions, this section provides a comparative
analysis of these flexible tube WECs. The discussion focuses on four
key aspects: resonant responses, power generation, flow field character-
istics, and structural responses.

A. Resonant responses

Both the S3 and Anaconda WECs rely on bulge wave generation
within the flexible tube as the fundamental mechanism for wave
energy conversion. However, differences in their PTO systems, such as
power generation principles, spatial PTO distribution, and the number
of PTO units, result in distinct resonant conditions.

The resonance of the S3 WEC is associated with the formation of
standing waves inside the tube, governed by the relationship between
the internal superimposed pressure wave’s wavelength and the tube
length, as defined by Eq. (8). Since the wavelength of the internal pres-
sure wave varies with the external water wave, multiple standing wave
modes can form within the flexible tube, as illustrated in Figs. 8 and 9.
This enables the S3 WEC to achieve resonance across a broad fre-
quency range, supporting multiple resonant frequencies.

In contrast, resonance in the Anaconda WEC is achieved when
the pressure amplitude at the stern reaches its maximum, optimizing
power output from the stern-located PTO. This condition requires the

stern to coincide with an anti-node of the standing wave. As demon-
strated by Chaplin et al.,'' resonance occurs when the external water
wave speed matches the bulge wave velocity, which is dictated by the
tube’s distensibility and internal fluid density. Consequently, the
Anaconda WEC typically exhibits a single dominant resonant
frequency.

Moreover, our FSI simulations reveal two additional resonant fre-
quencies for the Anaconda WEC, specifically at 0.052 and 0.65Hz.
These additional frequencies are attributed to the use of an OWC as
the PTO, combined with the fixed stern and free bow boundary condi-
tions applied to the flexible tube.

B. Power generation

Compared to the Anaconda WEC, the S3 WEC’s ability to exhibit
multiple resonant frequencies over a broader spectrum offers a signifi-
cant advantage in power generation. This characteristic allows the S3
to achieve a higher power output capacity across a wide range of wave
frequencies, enhancing its adaptability to diverse sea conditions.
Moreover, the S3 employs DEG material as its PTO, which directly
converts tube deformation into electrical energy, whereas the
Anaconda uses a two-step process that first converts deformation into
mechanical energy and then into electrical energy.

Numerical results [Figs. 17(b) and 31(a)] indicate that, for devices
of equivalent size, the S3 WEC demonstrates greater power generation
potential than the Anaconda WEC. It is important to note, however,
that the PTO system of a flexible tube WEC is highly complex, with
actual power output depending on factors, such as structural design,
material properties, and control strategies. Additionally, fine-tuning
the internal pressure of the tube offers a means to adjust its resonant
frequency, thereby aligning it more closely with prevailing sea wave
conditions and potentially enhancing overall power generation
efficiency.

C. Flow field characteristics

The flow field of a flexible tube WEC is divided into two regions:
the internal flow within the tube and the external flow surrounding it,
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reflecting the complex wave-structure interactions inherent in these
devices. As shown in Figs. 11 and 27, the tube’s buoyancy causes it to
float on the water surface, generating diffraction waves that alter both
the wave elevation and the fluid forces acting on the tube. This effect
has not been captured by previous reduced-order models.'"* >

In the S3 WEC, the internal flow exhibits a complex three-
dimensional velocity distribution, characterized by reciprocating
motion along the tube’s length and localized rotational motion at each
cross section (Fig. 12). These motions are driven by the periodic defor-
mation of the tube’s cross-sectional area and its global heave motion.
In contrast, the internal flow in the Anaconda WEC primarily shows
reciprocating motion along the tube, with no apparent rotational com-
ponent (Fig. 27). This highlights the limitations of one-dimensional
flow assumptions in reduced-order models, which fail to capture the
intricate internal dynamics observed in flexible tube WECs.

Furthermore, the pressure distribution within the tube is posi-
tively correlated with its cross-sectional area and fluctuates with the
tube’s expansion and contraction. Abrupt changes in velocity and flow
direction at the closed ends of the tube, caused by wall boundary
effects, result in significant impact loads. These loads increase the risk
of structural damage to the device and underscore the importance of
accurately modeling and mitigating these effects during the design
process.

D. Structural responses

In flexible tube WECs, periodic deformation occurs due to pres-
sure differences between the internal and external flow fields. This
deformation, manifesting as a bulge wave, evolves over time and is
influenced by external water waves, internal bulge wave reflections,
pressure variations induced by tube motion, and the effects of the
OWC system. Consequently, the radial deformation pattern of the
tube is highly complex, resulting from the interplay of these factors.

The energy conversion mechanism in flexible tube WECs
depends on how this deformation is harnessed, which varies with the
type, number, and placement of PTO units. In the S3 WEC, deforma-
tion along the entire tube is used for power generation, whereas the
Anaconda WEC primarily relies on deformation at the stern. As a
result, the stern of the Anaconda experiences the most significant
deformation and highest stress levels. In contrast, the S3 WEC exhibits

maximum deformation and stress at the anti-nodes of the internal
standing waves. Since the standing wave patterns vary with external
water wave frequency, the locations of peak deformation and stress
shift accordingly.

VI. CONCLUSIONS

In this study, we further expanded an advanced FSI analysis
framework, integrating CFD and FEA, to enable multi-physics
modeling that incorporates internal fluid, external fluid, and struc-
tural fields. This enhancement allows the developed tool to be
applied to a range of bio-inspired problems, such as the passive
deformation of soft-bodied organisms or plants under fluid load-
ing. We then applied this framework to investigate the dynamic
behavior of two bio-inspired flexible tube WECs, e.g., the S3 WEC
and the Anaconda WEC. Through a series of simulations under
regular wave conditions across a range of frequencies, we con-
ducted a comprehensive analysis of their resonant behavior, power
generation efficiency, internal and external fluid field characteris-
tics, and tube’s structural stress distributions.

The results indicate that the S3 WEC exhibits multiple stand-
ing wave modes within its tube, indicating resonant responses over
a wider frequency range, whereas the Anaconda WEC demon-
strates a single dominant resonant frequency. These differences in
resonant behavior have a pronounced impact on power output,
with the S3 WEC, equipped with distributed PTOs, achieving supe-
rior power generation. This finding underscores the potential of
employing distributed PTO systems to enhance wave energy con-
version efficiency. Furthermore, both devices reveal intricate inter-
nal flow dynamics that extend beyond the simplifications of one-
dimensional flow assumptions. Specifically, the fluid within the S3
WEC’s tube undergoes rotational motion at each cross section,
alongside reciprocating motion along the tube’s length. By con-
trast, the fluid motion in the Anaconda WEC is primarily charac-
terized by reciprocating behavior, lacking rotational components.
Regarding structural stress responses, the Anaconda’s peak stress
is localized at the tube’s stern, whereas the S3’s maximum stress
aligns with the anti-nodes of internal standing waves.

This study contributes to advancing the understanding of the FSI
responses of flexible tube WECs, offering valuable insight for their
design, optimization, and practical deployment. However, the scope of
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FIG. 30. Structural responses of the Anaconda WEC at different instants within one wave period (f,, = 0.65 Hz): (a) strain distribution and (b) stress distribution.

this work is limited by the capabilities of the current FSI tool.
Specifically, the tube deformation amplitudes analyzed are modest,
and scenarios involving hyper-elastic materials and irregular waves are
not considered. Additionally, the effects of the electric field on material

stiffness and tube deformation in simulations of the S3 WEC with
DEG PTO systems were not accounted for. These aspects will be
addressed in future research to further refine the modeling and

improve the applicability of the findings.
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