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The Anaconda wave energy converter (WEC) is a novel category within flexible material WECs. Its simple
structural design, ease of transportation and installation, and adaptability to diverse sea conditions have
attracted significant attention. Although previous studies have included several wave tank experiments and
numerical analyses on the Anaconda WEC, a systematic investigation of its hydroelatic response under different
configurations is still lacking. To address this gap, a series of wave tank tests were conducted at the Kelvin
Hydrodynamics Laboratory in the United Kingdom using five scaled physical models with variations in tube
geometry, material properties, excess pressure, and power take-off (PTO) damping. Measurements of tube
deformation and PTO response were employed to evaluate the device’s hydroelastic performance. The results
reveal that resonance occurs not only when the external water wave phase speed aligns with the free bulge wave
speed inside tube, but also at the natural frequencies associated to the tube’s heave and surge motions, as well as
the PTO dynamics. Tube stiffness, geometry, and excess pressure emerged as critical factors influencing these
resonant conditions, while increases in PTO damping and wave amplitude further amplified the response and
energy capture. Moreover, the spatial deformation of the tube displayed distinct modal patterns under different
resonant conditions. These findings provide essential insights into the hydroelastic behaviour of flexible WECs,
laying a robust foundation for optimizing design and validating future numerical models.

1. Introduction

The increasing global demand for renewable energy has driven
extensive research into ocean wave energy, a vast and largely untapped
resource. Among the various available technologies, wave energy con-
verters (WECs) have emerged as promising candidates for sustainable
energy production (Guo and Ringwood, 2021; Mwasilu and Jung, 2019;
Ang et al., 2022). Traditional WECs typically rely on one or more
interconnected rigid bodies as primary wave absorbers. However, due to
their rigidity, these structures experience significant forces and stress
concentrations under real sea conditions, making them more susceptible
to structural damage. This, in turn, increases operation and maintenance
costs and ultimately raises the overall cost of energy production
(Aderinto and Li, 2018; Falcao, 2010; Uihlein and Magagna, 2016).

To address these limitations, flexible WECs have been proposed,
incorporating flexible components as the primary wave absorbers and/
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or within the power take-off (PTO) system (Collins et al., 2021; Moretti
et al., 2020). The inherent compliance of flexible structures enables a
more uniform stress distribution, mitigating fatigue damage and
enhancing long-term reliability. Additionally, their lightweight nature
reduces material costs and facilitates transportation and installation.
Their ability to deform under extreme wave conditions improves sur-
vivability, minimizes structural damage, and ultimately lowers main-
tenance costs while extending operational lifespan (Jean et al., 2012).
A representative example of a flexible WEC is the Anaconda WEC
(Farley and Rainey, 2011; Farley et al., 2012), as shown in Fig. 1. It
consists of a water-filled horizontal elastic tube floating just beneath the
sea surface and a PTO system. Due to its fully submerged, compliant, and
streamlined design, the device can avoid direct wave impacts and adapt
to varying sea states through its inherent flexibility. These features
contribute to reduced structural loading and enhanced durability under
extreme environmental conditions. Moreover, the survivability of the

Received 11 March 2025; Received in revised form 25 April 2025; Accepted 12 May 2025

Available online 23 May 2025

0029-8018/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-3581-2351
https://orcid.org/0000-0003-3581-2351
https://orcid.org/0000-0001-8512-5299
https://orcid.org/0000-0001-8512-5299
https://orcid.org/0000-0002-9666-6346
https://orcid.org/0000-0002-9666-6346
https://orcid.org/0000-0001-8542-933X
https://orcid.org/0000-0001-8542-933X
mailto:qing.xiao@strath.ac.uk
www.sciencedirect.com/science/journal/00298018
https://www.elsevier.com/locate/oceaneng
https://doi.org/10.1016/j.oceaneng.2025.121554
https://doi.org/10.1016/j.oceaneng.2025.121554
http://creativecommons.org/licenses/by/4.0/

Y. Huang et al.

system can be further improved by increasing the ballast water, allowing
the device to submerge deeper and stay farther from the free surface
during harsh sea states.

The working principle of the Anaconda WEC can be briefly described
as follows: As ocean waves propagate over the device, they exert a time-
varying pressure on the tube walls, causing periodic expansion and
contraction of the tube structure. This wave-induced deformation,
driven by fluid pressure fluctuations within the flexible tube, generates a
bulge wave, a traveling wave that propagates along the tube’s axis. This
mechanism converts wave energy into the kinetic energy of the internal
fluid, enabling efficient energy transfer within the system. To convert
this harvested energy into useful electricity, the device employs a hy-
draulic PTO system. The bulge wave-induced fluid motion is directed
toward the stern of the tube, where it passes through a set of hydraulic
valves and accumulators. These components absorb flow fluctuations
and store pressure energy, which is subsequently used to drive hydraulic
turbines that generate electricity. The hydraulic PTO’s ability to effi-
ciently extract energy from oscillatory internal flow, while maintaining
compactness and durability in harsh marine environments, makes it a
good choice for such flexible, enclosed systems.

Several experimental and numerical studies have been conducted on
the Anaconda WEC. Chaplin et al., 2007a, 2007b performed the first
wave tank test on a small-scale 2.5 m-long Anaconda WEC, demon-
strating significant capture width over a range of incident wave fre-
quencies. Heller et al. (2010) later conducted a series of experiments on
a 1:25 scale model (a 7 m-long rubber tube) at the Danish Hydraulic
Institute, finding that the capture width is maximized when the free
bulge wave speed matches the external water wave phase speed. Sub-
sequently, Chaplin et al. (2012) and Farley et al. (2012) carried out
additional experiments using the same 1:25 scale model in the towing
tank at Southampton Solent University. These tests, employing a linear
pneumatic PTO with adjustable impedance, provided insights into the
effect of PTO impedance on the WEC’s efficiency. Concurrently, a
reduced-order numerical model based on potential flow theory and tube
distensibility equations was developed, showing good agreement with
experimental bulge wave behaviour. However, it is important to note
that these reduced-order models assume the tube remains fully sub-
merged, which may not accurately reflect real operating conditions.
Additionally, in these experiments, both ends of the Anaconda WEC
were fixed, a constraint that deviates from actual deployment scenarios.

Further investigations were conducted by Mendes et al. (2014), who
tested a 1:100 scale Anaconda WEC equipped with a nonlinear pneu-
matic PTO system (an orifice plate). In these experiments, the bow was
connected to an anchor chain, allowing the Anaconda WEC to float
freely, while its stern was fixed. These tests examined power output and
energy capture efficiency across varying PTO damping conditions in
deep and intermediate regular waves. Mendes et al. (2017) also con-
ducted additional wave tank tests on a 1:50 scale model, focusing on the
impact of air compressibility of the pneumatic PTO on power output and
assessing scale-dependent performance variations. Furthermore, Yu
et al. (2024) investigated the influence of relative hydraulic head of the
pneumatic PTO on the WEC’s hydrodynamic efficiency using a 4 m-long
model.

Despite the above valuable experimental studies, previous research
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has primarily focused on the working mechanism of the Anaconda WEC
and the influence of PTO damping on its efficiency. However, there
remains a lack of systematic investigation into the effects of tube ge-
ometry (length, diameter, thickness), material properties, wave condi-
tions, excess pressure, and PTO damping on the hydroelastic response of
the Anaconda WEC.

To address this gap, this study presents a series of towing tank ex-
periments conducted at the Kelvin Hydrodynamics Laboratory (KHL),
University of Strathclyde (Kelvin Hydrodynamics Laboratory, 2025),
investigating the performance of the Anaconda WEC under varying tube
geometries, material properties, internal excess pressures, PTO damping
levels, and wave amplitudes. The experimental data are analysed to
assess the influence of these parameters on the device’s hydroelastic
response and power output.

This work aims not only to deepen the understanding of the fluid-
structure interaction (FSI) mechanisms governing the Anaconda WEC,
particularly its resonance behaviour, but also to generate a high-quality
dataset for future model development. The resulting data are expected to
serve as a benchmark for validating numerical hydroelastic models and
to support the design, optimization, and eventual real-world deploy-
ment of flexible wave energy converters.

The remainder of this paper is structured as follows: Section 2 de-
scribes the experimental setup, including the wave tank facilities, WEC
model design, measurement techniques, and data processing methods.
Section 3 details the material characterization of different flexible ma-
terials. Section 4 presents and discusses the experimental results, with a
focus on resonance responses and the effects of key design parameters.
Finally, Section 5 summarizes the main findings and outlines directions
for future research.

2. Experimental overview
2.1. Wave tank

In this study, all wave tank tests for the Anaconda model were con-
ducted in the towing tank at the KHL, University of Strathclyde. The
tank, measuring 76 m in length, 4.6 m in width, and 2.0 m in water
depth, is equipped with a four-flap active absorbing wavemaker capable
of generating regular waves exceeding 0.6 m and irregular waves over
0.75 m in height. A 14 m-long passive slope type beach, installed at the
wavemaker’s opposite end, facilitates wave absorption and offers a
maximum wave reflection coefficient less than 5 % within the interested
wave frequencies. Fig. 2 illustrates the main features of the towing tank.

2.2. Physical model

The experimental Anaconda model and its primary configuration are
adopted from the work of Mendes et al., 2014, 2017, with notable
modifications in geometric dimensions, materials, and experimental
setup. As illustrated in Fig. 3, the primary mover of the Anaconda model
is a slender, flexible tube filled with pressurized water. The tube bow
features a bullet-shaped structure that exhibits natural buoyancy and is
connected to a fixed anchorage point via a horizontally positioned
mooring line. In the experiments, an elastic rope served as the mooring.

Y Elastic tube
#Mooring line

,@/ Seabed

Pressurized water

Mechanical PTO

Fig. 1. Schematic diagram of the Anaconda WEC.
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Fig. 2. Photos of (a) KHL wave tank; (b) wave maker.
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Fig. 3. Schematic diagram of the Anaconda WEC model: (a) overview of Anaconda model; (b) vertical tube; (c) orifice plate; (d) elbow tube; (e) tube bow.

The tube’s tail is attached to an elbow tube, which is further connected
to a vertical PVC tube capped by an orifice plate. This orifice plate acts as
a simplified surrogate for the PTO system in the experimental setup. In a
real Anaconda WEC, the PTO typically consists of a hydraulic system
comprising valves, accumulators, and hydraulic turbines. The adoption
of an orifice plate in this study, following previous experimental prac-
tices (Mendes et al., 2014, 2017), is intended to provide a practical and
simplified means of emulating the energy dissipation behaviour of the
actual PTO. Table 1 presents the main dimensions of all components of
the Anaconda model, excluding the flexible tube.

To investigate the influence of the flexible tube’s geometrical di-
mensions, including tube length, wall thickness, and diameter, on the
hydroelastic responses of the Anaconda WEC, five flexible tubes with
varying geometrical parameters were tested. The detailed dimensions of
these tubes are summarized in Table 2. Additionally, two different ma-
terials, NR45 (natural rubber with a 45° shore hardness) and NR70
(natural rubber with a 70° shore hardness), were examined to assess the
impact of material properties on the WEC. It is worth mentioning that

Table 1
Geometry dimensions of the Anaconda model (Unit: mm).
Component Symbol Meaning Value
Vertical tube D; Diameter of the vertical tube 300
Hy Height of vertical tube 1400
H; Thickness of the orifice plate 50
Orifice plate D, Diameter of hole on orifical plate 42
Ws Distance between holes 172
Elbow tube Ry Inner radius of elbow tube 100
R, Outer radius of elbow tube 400
Ws Length of the horizontal transition tube 100
H; Length of the vertical transition tube 50
Nose w; Length of the nose 430
W Thickness of the solid plate 50
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Table 2

Material and geometrical parameters of flexible tubes.
No. Length L; Diameter Dy Thickness ty Material
Tube 1 2.8m 165 mm 2.6 mm NR45
Tube 2 6.7 m 165 mm 2.2 mm NR45
Tube 3 6.8 m 165 mm 3.5 mm NR45
Tube 4 5.0m 200 mm 1.5 mm NR70
Tube 5 50m 200 mm 3.0 mm NR45

although Tubes 1-3 and Tube 5 are all made from NR45, their material
properties may vary due to differences between production batches. The
stress-strain behaviours of these tubes are described in the subsequent
section.

It is notable that the parameters of the five flexible tubes do not
strictly adhere to the single-variable principle. This is attributable to
several factors. On one hand, manufacturing a long, large-diameter,
uniform thickness, and thin flexible tube is inherently challenging.
The tubes employed in this study are obtained through a combination of
customization by Checkmate Flexible Engineering Ltd. (Checkmate
Flexible Engineering Ltd, 2025) and borrowing tubes from previous
experiments. Consequently, due to manufacturing constraints and the
limited availability of tubes, it is not feasible to ensure that any two
tubes differed in only one parameter. Therefore, the effect of an indi-
vidual variable cannot be isolated by comparing the experimental re-
sults of any two tubes. While this variability may introduce additional
uncertainties in the quantitative analyses, it does not compromise the
validity of the qualitative insights derived from the study.

Fig. 4 presents a schematic diagram of the wave tank tests for the
Anaconda model. The model is positioned at the centre of the tank, with
its stern secured to a carriage spanning the width of the towing tank via a
wooden bracket and its bow connected to a fixed platform through a
mooring line. Thus, while the bow of the Anaconda WEC exhibits six-
degrees-of-freedom (6DoF), the stern remains fixed. Moreover, the top
surface of the tube is located 5 cm below the free surface. An experi-
mental snapshot is provided in Fig. 5.

It is important to highlight that although the same type of rope is
used as the mooring line in all tests to restrain the motion of the tube’s
bow, the mooring line length and pre-tension vary, as listed in Table 3.
Unfortunately, the exact pre-tension values were not directly measured
during the experiments. However, based on the known pre-stretch
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lengths applied in each case, the relative levels of mooring pre-tension
were qualitatively estimated and categorized as small, medium, and
large. This enabled us to examine the influence of different pre-tension
levels on the system’s dynamic response. Notably, Tube 5 was tested
with two different mooring lines and varying pre-tension levels. This
adjustment was necessary because, when Tube 5 was subjected to an
excess pressure of 6854 Pa with a shorter mooring line and higher pre-
tension, the mooring line failed. To prevent mooring line failure in
subsequent tests, a longer mooring line with reduced pre-tension was
used.

2.3. Data acquisition and analysis

2.3.1. Measurement sensors

A series of sensors were installed on the WEC system to acquire the
interested physical quantities. As indicated in Fig. 4(a), a resistance type
wave probe (WP1) was positioned near the mooring point to measure
the incident wave height and period. In addition, an Ultrasonic wave
probe (WP2) and a differential pressure transducer (PG1) were installed
on the orifice plate (see Fig. 6(a)) to measure the OWC elevation within
the vertical tube and the pressure fluctuation in the air chamber,
respectively.

To investigate the material behaviour, custom-made strain gauges
were uniformly distributed along the flexible tube by monitoring its
time-varying cross-sectional area. As shown in Fig. 6(b), the gauges are
affixed circumferentially, perpendicular to the tube’s length. As illus-
trated in Fig. 7(a), each strain gauge consists of a silicone deformable
tube filled with liquid metal. The gauge is later connected to a bridge
amplifier, variation in the gauge resistance can thus be determined by
measuring the voltage across the gauge. As the silicone tube is elongated
with the expansion of the Anaconda tube, the effective length and
diameter of the liquid metal varies accordingly, leading to a linear
change in electrical resistance and, consequently, a change in the
voltage measured across the gauge. By measuring this voltage and using
a calibrated voltage-length relationship, the extension of the strain
gauge can be determined. The custom-made strain gauges, as shown in
Fig. 7(b), each has a length of 265 mm. Moreover, as depicted in Fig. 3,
seven strain gauges (SG1~SG7) are distributed along the tube, with
their specific positions provided in Table 4.

Due to variations in the mass of liquid metal among different strain

38m

|| Absorbing bench

Wave probe: WP

Wooden support (SG1~SG7)

2.3m
Strain gauges

Mooring plate
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@n | [T T 1D =
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Fig. 4. Schematic of the experimental setup on a flexible tube WEC device: (a) plane view; (b) side view.
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Flc:gi\blc tube

Fig. 5. Photos of (a) orifical plate on OWC hull; (b) Anaconda WEC model; (¢) mooring structure.

Table 3
Configuration of mooring lines for different Anaconda models.

No. Excess pressure (Pa) Length (m) Pre-tension

Tube 1 4896 1.5 Medium (0.15 m)
Tube 2 4896 2.0 Medium (0.15 m)
Tube 3 4896 3.0 Medium (0.15 m)
Tube 4 4896 2.0 Large (0.20 m)
Tube 5 4896 2.0 Large (0.20 m)
Tube 5 6854 3.5 Small (0.10 m)

gauges, calibration tests were conducted prior to their application to
determine the linear relationship between voltage change and gauge
extension. Specifically, each strain gauge was sequentially stretched to
predetermined lengths, and the corresponding voltage was measured.
The data were then fitted to the linear equation:

Ay=kV+b (€]
where k is the slope, b is the intercept, Ay is the extension, and V is the
measured voltage.

For instance, Fig. 8(a) depicts the relationship between the extension
(x) and voltage (V) for Strain Gauge 1 (SG1) along with its linear fitting
coefficients. Furthermore, Fig. 8(b) presents the uncertainty analysis for
SG1, demonstrating that the measurement errors lie within the 95 %

Table 4

Positions of strain gauges on flexible tubes.
Position Tube 1 Tube 2 Tube 3 Tube 4 Tube 5
Axp, 0.57 m 0.7 m 0.6 m 0.4m 0.4m
Ax 0.3 m 0.9 m 0.9 m 0.7 m 0.7 m
Axg 0.43m 0.6 m 0.8 m 0.4 m 0.4 m

Strain gauge

Fixtures

Copper wire

<

Fixtures

Copper wire

Flexible tube

Fig. 6. (a) Photos of the pressure gauge and wave probe mounted on the orifice plate; (b) schematic diagram of strain gauge on the flexible tube.

A /m—
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]
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Fig. 7. (a) Schematic diagram of a strain gauge; (b) Photograph of a strain gauge.
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Fig. 8. Calibration results of the strain gauges: (a) voltage-displacement curve; (b) uncertainty analysis.

confidence interval. The linear fitting parameters, including the coeffi-
cient of determination (R?), for all strain gauges are summarized in
Table 5, confirming that all gauges exhibit a linear relationship between
output voltage and applied extension.

2.3.2. Data analysis

To better characterize the deformation of the flexible tube’s cross-
section and the power output of the Anaconda WEC, the experimental
data were processed as follows. As indicated by Fig. 6(b), the length of
the strain gauge, [, is less than the circumference of the flexible tube’s
cross-section (with diameter Dj). The measured strain gauge length
exhibits periodic variations with an amplitude Al. Thus, the amplitude
of the diameter variation, ADy, is given by:

ADq = (Do - AL) / (2)

In addition, a wave probe located on the orifice plate measured the time-
varying OWC elevation, 7,(t), while a pressure gauge at the same loca-
tion recorded the time-varying air pressure in the chamber, p,(t). Based
on these measurements, the instantaneous power output of the
Anaconda WEC, P(t), can be estimated as (Ning et al., 2019; Orphin
et al., 2022):

P(t) =pa(t)-Ar-ij(1) &)

where p,(t)-A; is the force applied at the orifice plate, A; = 0.25 D12 is
the area of the orifice plate, 7, is the velocity of the OWC. Furthermore,
the average power output (P) of the Anaconda WEC over one wave
period is given by:

2.4. Test conditions

In the present experiments, regular waves with varying parameters
were investigated, with wave periods ranging from 1.11s to 6.67 s and
wave amplitudes from 0.01m to 0.06 m. Detailed wave parameters are
summarized in Table 6.

The experimental setup followed Froude similarity, which is widely
accepted for problems involving wave-structure interaction (Bispo et al.,
2022; Amouzadrad et al., 2024; Mohapatra and Soares, 2024; Moha-
patra et al., 2025). This approach ensures that the dominant inertial and
gravitational forces governing the hydroelastic response are properly
scaled. The selected wavelengths and tube dimensions yield
non-dimensional wave parameters and slenderness ratios that are
consistent with those of typical full-scale Anaconda WEC systems.
Therefore, the trends observed in hydroelastic behaviour and resonance
characteristics are expected to be qualitatively applicable to full-scale
implementations.

Assuming a geometric scale of 1:30, the corresponding prototype
wave periods range from 6.08 s to 36.5 s, which encompasses most
realistic ocean wave conditions. The full-scale wave amplitudes range
from 0.3 m to 1.8 m, corresponding to small wave steepness values
commonly encountered in operational sea states.

The PTO system is simplified to an orifice plate. By varying the
number of open holes, specifically using configurations with 1, 2, 3, and
6 open holes, different levels of PTO damping were simulated. As the
number of open holes increases, the PTO damping gradually decreases.

In the actual Anaconda WEC, the flexible tube is filled with

p_We [ Table 6
P=—"=— P(t)dt “4)
Tw Twlio Detailed parameters of the Anaconda models in the experimental tests.
. . No. i hol b E
where W, is the total energy absorbed by the Anaconda WEC during one © Wave period  Wave Open holes number - Excess
8 R Ty (s) amplitude A, (PTO damping) pressure pe
wave period, and T,, denotes the wave period. (m) (Pa)
To evaluate the efficiency of WEC system in utilizing wave energy,
. ] Tube  1.57-5.97 0.04 1,236 4896
the capture width (CB) is calculated as follows: 1
- = Tube  1.05-6.67 0.01-0.06 1,23 4896
CB— P 8zf,P ©) 9
P, pgH,* Tube  1.11-6.67 0.04 1,23 4896
3
where P, represents the incident wave power, g is the gravitational Tube  1.11-4.00 0.04 1,23 4896
acceleration, p denotes the water density, Hy, is the wave height, and f,, 4
Tube  1.25-5.00 0.01-0.06 1,23 4896; 6854
represents the wave frequency. 5
Table 5
Summary of calibration results for the strain gauges.
SG1 SG2 SG3 SG4 SG5 SG6 SG7
k 248.86 24.679 391.98 237.89 185.46 167.91 465.97
b 7.9821 10.495 8.9073 7.8635 7.8535 9.2147 8.8300
R? 0.9946 0.9915 0.9949 0.9939 0.9950 0.9945 0.9900
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pressurized water to enhance its deformation potential. To simplify the
experimental setup, we adopted the approach used in previous studies
(Chaplin et al., 2012; Mendes et al., 2014, 2017) by injecting water into
the vertical tube at the stern. This procedure elevates the free surface of
the vertical tube above the external free surface, thereby generating
excess pressure within the horizontally oriented flexible tube in the form
of hydrostatic head. According to Chaplin et al. (2012), this excess
pressure significantly influences the propagation velocity of bulge waves
within the flexible tube, which in turn affects the hydroelastic response
of the Anaconda WEC. Thus, two levels of excess pressure were
considered in this study: 4896 Pa and 6854 Pa, corresponding to hy-
drostatic heads in the vertical PTO tube that are 50 mm and 70 mm
above the external free surface, respectively.

The selection of key design and operating parameters, including tube
geometry, material properties, excess pressure, PTO damping, and wave
amplitude, is guided by their expected influence on the hydroelastic
response of the Anaconda WEC. Among these, bulge-wave-induced
resonance is a unique dynamic feature of the Anaconda system and is
primarily governed by the distensibility of the flexible tube (Chaplin
et al., 2012). Variations in material properties, tube diameter, wall
thickness, and internal excess pressure directly affect the tube’s
distensibility, thereby altering the bulge wave propagation speed and
shifting the associated resonant frequency.

In contrast, parameters such as tube length are more closely related
to the overall mass and inertia of the system, and thus primarily influ-
ence the natural frequencies of surge and heave motions, as well as the
internal oscillation of the OWC. It should be noted, however, that several
parameters affecting bulge-wave behaviour, such as tube diameter, wall
thickness, material properties, and excess pressure, also contribute to
the system’s total mass and stiffness. As a result, these parameters may
indirectly influence the resonance characteristics associated with heave,
surge, and OWC modes, although their dominant effects pertain to
bulge-wave resonance.

Furthermore, PTO damping and wave amplitude are included to
examine their influence on the amplitude and energy capture capacity of
the resonant responses. PTO damping governs the rate of energy
extraction and the magnitude of internal pressure oscillations, while
wave amplitude determines the strength of external excitation.

These parameters were prioritised due to their direct relevance to
system dynamics and energy conversion performance. Other secondary
factors, such as wave directionality and mooring system configuration,
were excluded from the current test matrix in order to isolate the
fundamental fluid-structure interaction mechanisms. This parameter
selection framework underpins the experimental design and provides a
necessary basis for interpreting the observed resonance phenomena in
the subsequent analysis.

3. Material characterization
3.1. Uniaxial tensile test

Two rubber materials, NR45 and NR70, were used to fabricate the
flexible tubes for the experiments. To characterize their material prop-
erties, uniaxial tensile tests were performed for both materials. Test
specimens were extracted from spare material at one end of the flexible
tubes, with dimensions of 25 mm in width, 200 mm in length, and 1.5
mm in thickness. Each specimen was marked with two reference lines
spaced 100 mm apart. Representative specimens are shown in Fig. 9(a).
Subsequently, the specimens were mounted in a tensometer (Fig. 9(b))
and gripped at the 100 mm marks.

The tensometer was programmed to perform three cycles of exten-
sion and relaxation. The tests commenced at a 50 % strain, followed by
an additional 100 % extension, resulting in an overall strain range from
50 % to 150 %, which is considered a practical working range for natural
rubber compounds. The grip separation rate was maintained at 100 mm/
min.
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Fig. 9. (a) Specimens cut from flexible tubes; (b) Specimen mounted in the
tensometer (Checkmate Flexible Engineering Ltd, 2025).

3.2. Load-extension behaviour

Fig. 10 presents the tensile test results for samples extracted from
Tube 4 (NR70) and Tube 5 (NR45). The load-extension curves for the
NR45 specimens nearly overlap during both loading and unloading,
exhibiting an almost linear response with little hysteresis. In contrast,
the NR70 specimens follow a distinct curve, showing a lower force
during unloading and indicating a higher degree of hysteresis. More-
over, the NR70 specimens demonstrate increased stiffness at lower
strains compared to the NR45 specimens, a difference attributable to the
additives in the compound. Based on these data, the Young’s modulus of
the NR45 and NR70 materials are calculated. The Young’s modules for
the various tubes are summarized in Table 7, where the values for Tubes
1-3 were obtained previously by Checkmate Flexible Engineering Ltd.
(Checkmate Flexible Engineering Ltd, 2025) via uniaxial tensile testing,
and those for Tubes 4-5 were determined in the present study.

4. Results

In this section, we analyse and discuss the experimental results ob-
tained from wave tank tests of the Anaconda model under regular wave
conditions, with a particular focus on the device’s resonant responses.
First, the fluid-structure interaction behaviour under a representative
wave condition is presented to provide a general understanding of the
system’s hydroelastic characteristics. Subsequently, we examine how
various structural and hydrodynamic parameters influence the resonant
frequencies and response amplitudes associated with different

120 ' : '
—NR45
-l NR70, loading path
PES A | T NR70, unloading path . |
z
3
5 40+ |
il |

40 60 80 100 120 140 160
Extension (mm)

Fig. 10. Load-extension curves of flexible material samples obtained from
tensile test: (a) NR45; (b) NR70.
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Table 7

Detailed parameters of the Anaconda models in the experimental tests.
No. Tube 1 Tube 2 Tube 3 Tube 4 Tube 5
Young’s modulus E (MPa) 0.65 0.65 0.65 1.50 0.80

resonance modes of the device.

The system structural parameters, such as tube diameter, wall
thickness, Young’s modulus of the tube material, and internal excess
pressure, directly affect the tube’s stiffness, mass, and distensibility, and
are primarily responsible for tuning the bulge-wave-induced resonance.
These parameters modify the bulge wave speed, which governs the
coupling between internal and external wave motions. On the other
hand, tube length is more closely associated with the mass distribution
and plays a significant role in determining the natural frequencies of
surge and heave modes.

Additionally, the effects of PTO damping and wave amplitude are
analysed. Although these parameters do not alter the resonance fre-
quencies, they have a significant impact on the magnitude of the
hydroelastic responses. PTO damping affects energy extraction effi-
ciency and internal pressure dynamics, while wave amplitude controls
the excitation input from the wave field. Together, these analyses pro-
vide insight into the dynamic response characteristics and energy cap-
ture performance of the Anaconda WEC under varying operating
conditions.

4.1. FSI responses

To gain an intuitive understanding of the Anaconda WEC’s operating
mechanism, we selected a wave condition in which the interaction be-
tween the tube and the incident wave was pronounced (wave height A,
= 40 mm, wave frequency f,, = 0.8 Hz). In this experiment, model Tube
5 was employed under an excess pressure of 4896 Pa, and PTO damping
was provided by an orifice plate with three open holes.

As illustrated in Fig. 11, where a transient experimental snapshot of
the Anaconda model under regular waves is presented. Fig. 11(a) shows
the oscillating water column (OWC) within the vertical tube at the de-
vice’s stern, Fig. 11(b) provides an above-water view depicting the

Kelvin 5
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Laboratory
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interaction between the tube and the incident wave, and Fig. 11(c) offers
an underwater perspective of the tube’s deformation.

When the wave passes over the tube, a pressure differential develops
between its interior and exterior, inducing localized deformation and
the formation of bulge waves. Notably, Fig. 11(b) reveals that the tube
emerges above the water surface, a phenomenon not captured in
reduced-order models (Farley et al., 2012; Chaplin et al., 2012; Babarit
et al.,, 2017), while has been observed in our recent high-fidelity nu-
merical studies (Huang et al., 2023, 2025). Moreover, the interaction
between the tube and the incident wave generates distinct diffraction
and radiation waves, and reflections from the sidewalls introduce
additional nonlinear deformations of the wave surface. These com-
plexities in the flow field around the Anaconda WEC warrant deeper
investigation in numerical models.

As indicated in Fig. 11(c), the underwater view shows expansion and
contraction of the tube’s cross-sectional area. This structural deforma-
tion drives internal fluid motion, leading to oscillations in the OWC
within the vertical tube at the stern (as seen in Fig. 11(a)), which in turn
actuates the PTO (represented by the orifice plate) to produce power
output.

Additionally, Fig. 12 presents the time histories of measured vari-
ables, including the incident wave elevation (1,,), the variation in tube
diameter (AD,) obtained from SG2, the OWC elevation (1,), and the air
chamber pressure (p,). Under regular wave conditions, the tube’s cross-
sectional radius, the OWC height, and the air chamber pressure exhibit
distinct periodic variations that align with the wave period.

4.2. Resonant responses

For the WEC system, the resonance response represents the condition
under which power generation is maximized and the hydroelastic
response is most pronounced. According to the studies by Farley et al.
(2012) and Chaplin et al. (2012), the typical resonance response of the
Anaconda WEC occurs when the external water wave phase speed (cy)
matches the free bulge wave speed (c,) within the tube.

It is noted that the free bulge wave is a special case of bulge waves,
referring to those that propagate naturally within the tube without
external forcing, such as incident water waves or external excitations. Its

Fig. 11. Responses of the Anaconda WEC model under regular wave conditions: (a) OWC; (b) above water view; (c) underwater view.
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Fig. 12. Time history of different variables: (a) incident wave; (b) deformation of tube’s diameter (SG 2); (c) water elevation in OWC hull; (d) air-chamber pressure.

speed is determined solely by the intrinsic properties of the flexible tube
and the internal fluid, including its material, diameter, wall thickness,
excess pressure, and fluid density.

According to LLW theory (Lighthill, 1978) and under the assumption
that the bulge wave is non-dispersive and undamped, c;, is given by:
e =1//pD: ®)
where p is the fluid density, D; is the tube’s distensibility. Assuming that
the tube is incompressible with a Poisson’s ratio of 0.5, D; can be esti-
mated by (Chaplin et al., 2012):

3Dy p(p—1+a)
=220 A 7

4Ety o — (f—1)°
where a denotes the proportion of the tube’s circumference that un-
dergoes deformation, f# = D/D, (with D denoting the expanded diameter
under excess pressure), E is the Young’s modulus of the tube.

Furthermore, based on Linear Long Wavelength (LLW) theory
(Lighthill, 1978), the phase speed of gravity-driven waves on a fluid
layer is given by:

8 tanh (2—ﬂh)

2 A ®

Cyw =

where h is water depth, and 4 is the wavelength.

Using above formulas, we estimated the free bulge wave speeds for
five models and compared them with experimental measurements, as
summarized in Table 8. In most cases, the theoretical predictions deviate
from the experimental data by less than 10 %, an accuracy consistent
with previous research (Heller et al., 2010; Pedley, 1980). Given the
uncertainties in the uniformity of the tube material which significantly
influences D; and consequently cp, the discrepancy is considered
acceptably small. This good agreement between theory and experiment
also serves as a validation of the accuracy and consistency of the
experimental results. It is worth noting that for Tube 5 under an internal
excess pressure of 6854 Pa, the theoretical prediction indicates the free

Table 8
Comparison of theoretical predictions and experimental measurements of free
bulge wave speeds.

No. Excess Theory value Experimental data Discrepancy
pressure (Pa) (m/s) (m/s) (%)

Tube 4896 2.361 2.229 —5.59
1

Tube 4896 2.096 2.311 10.24
2

Tube 4896 2.801 2.803 0.07
3

Tube 4896 2.653 2.589 —2.31
4

Tube 4896 2.846 3.034 6.60
5

Tube 6854 2.045 - -
5

bulge wave speed is lower than the minimum wave phase speed
generated during testing where wave frequencies ranged from 0.15 Hz
to 0.70 Hz. As a result, no bulge wave resonance response was observed
for this configuration.

Besides the resonance induced by the bulge wave, our experiments
also revealed additional resonant frequencies for the Anaconda WEC.
Fig. 13 illustrates the Response Amplitude Operator (RAO) of the OWC
in the vertical tube at the device’s stern, where RAO is defined as A,/ Aw
(with A, representing the amplitude of the OWC). The RAO is plotted
over a range of wave frequencies for various tested models. In these
tests, the wave height was maintained at 40 mm, and PTO damping was
provided by an orifice plate with one open hole (strong damping). The
observed RAO peaks correspond to the resonant frequencies of the
Anaconda WEC system.

The resonant frequencies, induced by the bulge wave (fgp), the surge
(frs) and heave (fz,) motions of the tube, and the OWC (fg,), are sum-
marized in Table 9. It is clear that when the incident wave frequency
approaches the natural frequency of the tube’s heave motion, surge
motion, or the OWC, the Anaconda WEC resonates, resulting in peak
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Fig. 13. RAO of OWC for various Anaconda WEC models under different wave frequencies (A,, = 40 mm, PTO damping: one hole).

Table 9
Summary of resonant frequencies in the Anaconda WEC System.
No. Excess OWC fro Bulge Heave Surge
pressure p; (Hz) wave frp motion frp motion frs
(Pa) (Hz) (Hz) (Hz)
Tube 4896 0.415 0.700 0.900 -
1
Tube 4896 0.200 0.675 0.475 0.850
2
Tube 4896 0.200 0.550 0.400 0.780
3
Tube 4896 0.300 0.600 - -
4
Tube 4896 0.250 0.500 - -
5
Tube 6854 0.225 - 0.425 0.625
5

energy output. Notably, these resonance phenomena have not been re-
ported in previous studies but were clearly observed in our experiments.
Moreover, the RAO peaks due to the tube’s heave and surge motions
were greater than those induced by the bulge wave, with the maximum
RAO observed at the OWC’s natural frequency.

Furthermore, Fig. 14 presents the deformation profiles along the
tube length for various Anaconda models at different resonant

10

frequencies. The variation in tube diameter (ADy/Dy) quantifies the
bulge wave amplitude induced by both internal and external fluid
loading. At frequency fro, the amplitude is highest in the bow region and
gradually decreases along the tube length towards the stern. In contrast,
at frequency fgrp, the amplitude increases linearly along the tube,
reaching its maximum in the stern region, in agreement with the ob-
servations by Farley et al. (2012) and Chaplin et al. (2012). Similarly, at
frequency fzn the amplitude increases along the tube, attaining its
maximum in the stern region. However, at frequency fgs, the deforma-
tion behaviour deviates from this trend. Along the tube length towards
the stern,the amplitude variation is nonmonotonic and exhibits multiple
peaks.

4.2.1. Impact of geometric dimensions

The geometric dimensions of the flexible tube, including its length,
diameter, and wall thickness, are critical in determining the hydroelastic
response and power output of the Anaconda WEC. To investigate these
effects, we compared experimental data from various tested models.
Although experimental constraints prevented the fabrication of identical
tubes with only a single varying parameter, this does not preclude a
meaningful qualitative analysis.

Tubes 1, 2, and 3 share the same material, diameter, PTO damping,
and wave conditions, differing only in tube length and wall thickness. As
tube length increases, the mass of water contained within the tube rises
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Fig. 14. Variation amplitude of tube diameter for various Anaconda WEC models under different resonant frequencies (A,, = 40 mm, PTO damping: one hole): (a)
Tube 1; (b) Tube 2; (c) Tube 3; (d) Tube 4; (e) Tube 5, p. = 4896 Pa; (f) Tube 5, p. = 6854 Pa.

significantly, leading to a marked reduction in fz, from 0.415 Hz in Tube
1 to 0.2 Hz in Tube 2. Similarly, fzp decreases from 0.9 Hz in Tube 1 to
0.475 Hz in Tube 2. It is important to note that mooring line tension,
which was not measured in our experiments, also affects fz, and requires
further investigation in the future. According to Egs. (6) and (7), tube
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length does not affect fg;,. The differences in fz;, between Tubes 1 and 2
are mainly attributable to the differences in wall thickness, which will be
discussed subsequently. Fig. 15 shows the energy absorbed (W.) within
one wave period and the time-averaged power output (P) for Tubes 1-3
across various wave frequencies. Comparison between Tubes 1 and 2
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Fig. 15. Power output of Anaconda WEC models across different wave frequencies (A,, = 40 mm, PTO damping: one hole): (a) energy generated within one wave

period; (b) time-averaged power output.
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indicates that increasing tube length enhances W, at fg,, although P
decreases due to the longer period. Additionally, the power performance
at fro and fry, is clearly superior to that at fgs and fgp.

The influence of wall thickness is primarily observed in frp. As
indicated by Egs. (6) and (7) and corroborated by the theoretical pre-
dictions of ¢, in Table 8, an increase in wall thickness leads to a higher
cp, thereby reducing frp. For instance, when the wall thickness increases
from 2.2 mm (Tube 2) to 3.5 mm (Tube 3), fp;, decreases from 0.675 Hz
to 0.55 Hz. However, despite Tube 1 is thinner (2.6 mm) than Tube 2, its
resonant frequency fr, (0.7 Hz) is higher. This discrepancy may be
attributed to the small difference in wall thickness combined with un-
certainties in experimental measurements. Under the current configu-
ration, our general observation is that wall thickness appears to have
little effect on fre, with both Tube 2 and Tube 3 exhibiting an fg, of 0.2
Hz.

In contrast, the surge (fzs) and heave (fgy) resonant frequencies are
influenced by the mooring line. The differences in fzs and fz;, between
Tubes 2 and 3, as listed in Table 9, are primarily due to variations in
mooring line length. Although both tubes used rope moorings, tube 3
has a longer mooring line, resulting in lower stiffness in the surge and
heave directions. This reduction in stiffness leads to greater motion
amplitudes, which in return significantly increases the OWC’s RAO for
Tube 3 at fgs and fpy, as shown in Fig. 13(b)~(c), which in turn led to
higher energy generation and power output at these frequencies, as
presented in Fig. 15. Notably, the performance of Tube 3 indicates that
the power output at fgy is significantly higher than at other resonant
frequencies, underscoring the importance of accurately predicting frp
for improving numerical models of the Anaconda WEC.

Regarding the influence of tube diameter, although the diameters of
Tubes 1-3 differ from those of Tubes 4-5, the accompanying differences
in other parameters (e.g., Young’s modulus) prevent an isolated dis-
cussion of diameter effects. However, according to Egs. (6) and (7), an
increase in tube diameter leads to a decrease in c,, and a consequent
increase in fRp.

4.2.2. Impact of flexible material

The impact of flexible material properties was investigated by
comparing Tube 4, constructed from NR70, and Tube 5, made from
NR45. Both models operated under the same excess pressure (p.) of
4896 Pa, with identical PTO damping (one hole) and wave conditions
(Aw = 40 mm). It should be noted that the thickness of Tube 5 is twice
that of Tube 4.

In the perspective of resonant frequencies, when the flexible material
is changed from NR70 to NR45, both fr, and f, decrease. This occurs
because the Young’s modulus of NR45 is only 53 % of that of NR70.
Given the same p., Tube 5 deforms more, leading to an increased in-
ternal water volume and, consequently, a greater mass, which results in
a lower fgo. In addition, Egs. (6) and (7) show that an increase in Young’s
modulus results in a higher ¢, and a decrease in fr},, which is similar to
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Fig. 16. Power performance of Anaconda WEC models under different wave frequencies (A,, = 40 mm, PTO damping: one hole):

wave period; (b) time-averaged power output.
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the effect of tube thickness. Although Tube 5 has twice the thickness of
Tube 4, its Young’s modulus is lower. Considering both factors, c}, in-
creases, thus fg;, decreases. Furthermore, Tube 5 has lower stiffness and
exhibits more pronounced deformation, which leads to a higher RAO for
the OWC. As a result, both the energy generated (W.) and the time-
averaged power output (P) at fr, and fy, are greater for Tube 5 than
for Tube 4, as indicated by Fig. 16. In addition, the shorter mooring line
and higher pre-tension for Tube 4 and 5 under p. = 4896 Pa increased
the system’s stiffness in both surge and heave directions, resembling
conditions observed in previous experiments with the bow fixed (Farley
etal., 2012; Chaplin et al., 2007a, 2007b, 2012; Heller et al., 2010). This
configuration resulted in natural frequencies for surge and heave mo-
tions that exceeded the wave frequency range wave frequency range
generated during the experiment. Consequently, these resonance phe-
nomena were not captured.

4.2.3. Impact of excess pressure

To investigate the effect of excess pressure, we compared the
experimental results for Tube 5 under two conditions, p. = 4896 Pa and
6854 Pa, while keeping all other parameters, including PTO damping
and wave conditions, constant.

An increase in p. leads to larger initial tube deformation, which in
turn increases the mass of the OWC. As a result, fr, decreases, as sum-
marized in Table 9. Furthermore, the overall mass of the Anaconda
model increases with higher pe, leading to reduced natural frequencies
for both surge motion (fgs) and heave motion (fgy). This phenomenon
explains the occurrence of surge- and heave-induced resonances at p,
6854 Pa, in contrast to their absence at p. = 4896 Pa. Another
contributing factor is that at p. = 4896 Pa, the mooring line was rela-
tively short and under high pre-tension, resulting in its failure during
testing. In contrast, the tests at p. = 6854 Pa employed a longer mooring
line with lower pre-tension to prevent such failures.

Excess pressure also significantly affects frp. According to Chaplin
et al. (2012) for a flexible tube made of homogeneous, deformable
material, the relationship between internal excess pressure and tube
deformation is given by:

_ 2Et0 (D — Do)

= @)

Combining this equation with Egs. (6) and (7) reveals that as p. in-
creases, c, decreases, thereby reducing fz,. Specifically, when p,. in-
creases from 4896 Pa to 6854 Pa, the predicted c;, decreases from 2.846
m/s to 2.045 m/s. Since this predicted value is lower than the water
wave phase speeds generated during the experiments, bulge wave-
induced resonance was not observed at p. = 6854 Pa.

Furthermore, as shown in Fig. 16, increasing p. significantly en-
hances the energy generation (W,) and time-averaged power output (P)
of the Anaconda WEC system at frequencies fro, frn, and fgs. Notably, the
power output at fr, exceeds that at fg,, indicating that allowing freedom
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in the bow motion contributes positively to power generation. This
finding highlights the importance of considering motion-induced reso-
nant responses when evaluating the performance of the Anaconda WEC
system.

4.3. Influence of PTO damping

The variation in PTO damping was achieved by altering the number
of open holes in the orifice plate, as seen from Fig. 5(a). Four configu-
rations were considered: 1 hole, 2 holes, 3 holes, and 6 holes. As the
number of open holes increases, the PTO damping gradually decreases.
All models operated under an excess pressure of 4895 Pa and a wave
height of 40 mm.

Fig. 17 compares the OWC’s RAOs and the energy generated per
wave period (W.) at different frequencies for the five models with four
PTO damping conditions. The results indicate that while PTO damping
does not affect the resonant frequency of the Anaconda WEC, the
amplitude of the RAO decreases as PTO damping increases. In addition,
the energy output increases with increasing PTO damping, which sug-
gests that the PTO damping values used in these tests are lower than the
device’s optimal damping. These observations were consistent across all
models and were independent of variations in tube geometrical di-
mensions or material properties.

4.4. Influence of wave amplitude

The influence of wave amplitude on the Anaconda WEC system is
also investigated. We analysed the dynamic responses for Tube 2 at the
frequency fgo (0.2 Hz) and for Tube 5 at the frequency fgy, (0.5 Hz) under
different wave amplitudes; the detailed test conditions are summarized
in Table 10.

Fig. 18 presents the deformation profiles along the tube length for
various Anaconda models at different wave amplitudes. While the wave
amplitude does not affect the deformation mode of the tube, the
deformation magnitude gradually increases as the wave amplitude
increases.

Additionally, as wave amplitude increases, viscous damping also
increases, leading to greater energy dissipation and, consequently, a
reduction in the RAO of the OWC, as illustrated in Fig. 19(a). Moreover,
the amplitude of the air-chamber pressure (p,) also increases with wave
amplitude, as shown in Fig. 19(b). Notably, this increase is nonlinear.
Table 11 quantifies this nonlinearity by comparing the relative increase
in wave height and air-chamber pressure amplitude, demonstrating that
pressure amplitude grows disproportionately faster than wave height.
This implies that under the current configuration, doubling the wave
height results in a more than twofold increase in air-chamber pressure
amplitude.

Furthermore, both the time-averaged power output (P) and the
capture width (CB) of the WEC system increase with wave height, as
shown in Fig. 19(c) and (d). It is important to note that the nonlinear
increase in air-chamber pressure amplitude is the primary reason for the
observed increase in CB with wave amplitude.

Notably, these phenomena remain consistent regardless of the
selected frequency (0.2 Hz and 0.5 Hz) or the specific Anaconda model
(Tube 2 and Tube 5).

5. Discussions
5.1. Mode coupling effects and nonlinear interactions

The dynamic behaviour of the Anaconda WEC involves multiple
interacting response modes, including bulge waves, heave and surge
motions, and oscillations of the OWC. While the present analysis pri-
marily focuses on identifying the resonant characteristics associated
with variations in system parameters, several experimental observations
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suggest the presence of modal coupling and potential nonlinear in-
teractions among these modes.

For instance, the OWC RAO at the bulge wave resonant frequency is
noticeably larger for Tube 3 than for Tube 2, as shown in Fig. 13(b) and
(c). This enhancement is likely attributable to the stronger heave motion
observed in Tube 3, which may have amplified the bulge wave reso-
nance through dynamic coupling. Furthermore, Fig. 13(a), (b), and (e)
indicate that when the bulge wave resonant frequency lies close to the
natural frequency of the OWC, the RAO under bulge wave excitation
tends to increase significantly. These findings suggest that cross-modal
coupling between bulge wave and OWC modes may occur under
frequency-aligned conditions and large response amplitudes.

Although the experiments were not specifically designed to quantify
nonlinear effects, no evident bifurcations or harmonic distortions were
observed in the time histories. Most test configurations demonstrated a
proportional relationship between wave amplitude and system response,
indicating that the WEC generally operated within a near-linear dy-
namic regime.

That said, even though the wave and structural conditions were
carefully selected to represent full-scale sea states, real-world deploy-
ment scenarios may involve higher hydrodynamic loads, long-term
material degradation, and additional environmental forces (e.g., cur-
rents, irregular waves). These could push the system further into
nonlinear response regimes. Under such conditions, interactions be-
tween bulge wave dynamics and global 6DoF motions may lead to
complex coupled responses that are not fully captured in the present
experimental campaign.

Moreover, although no distinct lateral deformation patterns, such as
snaking modes, were observed during testing, their potential presence
and associated energy dissipation mechanisms may become more
prominent in longer systems or under oblique wave incidence. All ex-
periments in this study were conducted under head wave conditions,
which predominantly excite axial modes. The finite length of the
experimental model and the constraints imposed by the mooring system
may also have suppressed higher-order lateral responses. These aspects
will be further investigated in future work through targeted numerical
simulations and extended experimental configurations.

5.2. Experimental uncertainties

Despite the careful design and execution of the experimental
campaign, various sources of uncertainty inevitably influence the ac-
curacy and repeatability of the measured results. Although the primary
focus of this study is on the qualitative trends and comparative analysis
across different model configurations, it is important to acknowledge
and assess the main sources of experimental uncertainty.

One major source arises from the calibration of the strain gauges
used to measure the tube’s circumferential strain and, by extension, its
cross-sectional deformation. Sensor drift and calibration errors may
introduce deviations in the reconstructed tube geometry, especially
under low strain conditions. In addition, minor inconsistencies in the
material properties and fabrication quality of the elastic tube may affect
its local stiffness, leading to slight variations in deformation response
along the tube length.

Another source of uncertainty stems from the internal excess pres-
sure applied within the flexible tube. During testing, minor leakage was
observed in some tube models, which required periodic water refilling to
maintain the desired internal pressure. While pressure levels were
closely monitored, small variations may still have occurred between
repeated runs, potentially affecting the bulge-wave propagation speed
and the associated resonant frequency.

Variations in wave conditions also contribute to uncertainty. These
include small inconsistencies in wave amplitude and phase due to
wavemaker precision and the presence of wave reflections or residual
disturbances in the tank. Such variability may influence the repeat-
ability of the measured tube response and the calculated RAOs.
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Table 10
Test conditions for the analysis of the impact of wave amplitudes.
No. Wave Wave Open holes Excess
frequency fi, amplitude A,, number (PTO pressure pe
(Hz) (m) damping) (Pa)
Tube 0.20 0.01-0.06 1 4896
2
Tube 0.50 0.01-0.06 3 4896
5

Although a full uncertainty quantification is beyond the scope of this
work, we estimate that the combined effect of these factors may intro-
duce uncertainties of less than 10 % in the measured deformation and
internal pressure data. These factors have been taken into account in the
interpretation of results, particularly in the comparative analysis across
different model configurations.

16 ; . : .
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5.3. Experimental and analysis limitations

While the present study provides valuable insights into the hydroe-
lastic performance of the Anaconda WEC, several limitations of the
experimental setup and analysis should be acknowledged.

First, due to manufacturing constraints and the limited availability of
tubes, it was not feasible to vary individual design parameters inde-
pendently across different test models. As a result, the current test ma-
trix does not follow a strict single-variable approach, limiting the ability
to isolate and quantify the influence of each parameter. The analysis
therefore focuses on identifying dominant response trends and qualita-
tively evaluating the sensitivity of the system to combined design and
operational changes.

Secondly, the stiffness and pre-tension of the mooring lines were not
directly measured during testing, which further limits the ability to
quantify the mooring system’s influence on the hydroelastic response.
Although mooring effects were observed to significantly affect the sys-
tem’s dynamic behaviour with certain configurations, the present
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Fig. 18. Variation amplitude of tube diameter for various Anaconda WEC models under different wave amplitudes: (a) Tube 2, f,, = 0.2 Hz, PTO damping: one hole;

(b) Tube 5, fiy = 0.5 Hz, PTO damping: three holes.
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Table 11
Variation of air-chamber pressure amplitude with amplitude.
Anaconda i Wave Pressure Ry = Ry, = Ry /Ry
model amplitude amplitude Awi/ Api/
Ay (mm) Ap;i (Pa) Awi1 Api1
Tube 2 1 10 4.84 - - -
2 20 18.48 2.00 3.82 1.91
3 30 38.72 1.50 2.10 1.40
4 40 57.69 1.33 1.49 1.12
5 50 78.49 1.25 1.36 1.09
6 60 93.17 1.20 1.19 0.99
Tube 5 1 10 0.90 - - -
2 20 4.19 2.00 4.67 2.34
3 30 11.90 1.50 2.84 1.89
4 40 21.10 1.33 1.77 1.33
5 50 31.39 1.25 1.49 1.19
6 60 41.96 1.20 1.34 1.12

analysis remains qualitative in this regard.

Finally, while we acknowledge the utility of non-dimensional anal-
ysis for enhancing the generality and scalability of experimental find-
ings, the strong coupling between geometric, material, pressure, and
wave-related parameters made it difficult to construct meaningful
dimensionless groups that fully capture the system’s dynamics. As such,
results are presented in dimensional form to preserve clarity and avoid
potentially misleading interpretations. Nevertheless, we recognize the
importance of developing a unified non-dimensional framework in
future work. This will be pursued through the ongoing development of a
high-fidelity numerical model, which will enable systematic parametric
studies and the formulation of appropriate scaling relationships to
support the generalized interpretation and design optimization of flex-
ible wave energy converters such as the Anaconda WEC.

6. Conclusions

In this study, the hydroelastic responses of the Anaconda WEC sys-
tem were systematically investigated through scaled model testing. A
series of wave tank experiments were conducted using five scaled
models, each with variations in tube geometry, material properties,
excess pressure, and PTO damping. Measurements of tube deformation
and PTO response were used to assess the device’s hydroelastic perfor-
mance. Furthermore, the FSI responses of the Anaconda WEC were
examined, with a particular focus on the influence of key parameters,
including tube geometry, flexible material properties, excess pressure,
PTO damping, and wave amplitude, on the resonant responses of the
WEC.

Our observations indicate that resonance in the Anaconda WEC
system occurs not only when the external water wave phase speed
matches the free bulge wave speed but also at the natural frequencies
associated with the tube’s heave and surge motions, as well as the
OWC’s natural frequency The primary factors influencing the bulge
wave resonant frequency are the intrinsic properties of the flexible tube
and the excess pressure. For instance, increasing the tube material
stiffness or thickness, or reducing the tube diameter and excess pressure,
raises the free bulge wave speed, thereby requiring a higher external
wave phase speed for resonance and ultimately lowering the bulge
wave-induced resonant frequency. In contrast, the mass of the Anaconda
model, affected by parameters such as tube length and excess pressure,
plays a critical role in determining the resonant frequencies associated
with the tube’s surge and heave motions, as well as the inherent reso-
nance of the OWC; increases in these parameters result in a greater
system mass and lower resonant frequencies. Moreover, the spatial
deformation of the tube, characterized by the bulge wave amplitude,
exhibited distinct modal patterns under different resonant conditions. At
the bulge wave-induced resonant frequency and heave motion-induced
resonant frequency, the amplitude increases along the tube length,
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whereas at the natural frequency of the OWGC, it decreases, and at surge
motion-induced resonant frequency, the deformation displays higher-
order modal characteristics rather than a monotonic variation.
Although PTO damping and wave amplitude did not alter the resonant
frequencies, increasing PTO damping (within a suboptimal range) and
wave amplitude amplified the resonant response, thereby enhancing the
device’s power output. Notably, under the current configuration, the
resonant response amplitudes and power outputs at the natural fre-
quencies of OWC, heave and surge motions exceeded those at bulge
wave-induced wave frequency, underscoring the importance of ac-
counting for motion- and OWC-induced resonances when evaluating the
performance of the Anaconda WEC system numerically. Also provides a
design guide on how to maximise the power capture performance of
Anaconda WEQC, i.e. less restriction in the bow motion leads to a wider
capture bandwidth.

This study advances our understanding of the hydroelastic behaviour
of the Anaconda WEC system under various configurations, which is
critical for optimizing its design, particularly in terms of adjusting
resonant frequencies to better accommodate the wave conditions at
potential deployment sites and improve device efficiency. In particular,
the investigation of resonance behaviour and hydroelastic responses is
intended to serve as a reference for validating numerical models and
informing the design of full-scale systems. Furthermore, the extensive
experimental data provide a solid foundation for the development and
calibration of future simulation tools.

However, due to practical limitations, such as the simultaneous
variation of multiple parameters across different models, the current
results do not support precise quantitative analysis of individual
parameter effects. In addition, the influence of the mooring line on
resonance behaviour is not anticipated during the initial experimental
design. Future tests will include a more systematic assessment of indi-
vidual parameter effects, including the contribution of the mooring
system. Moreover, while this study primarily focuses on identifying
qualitative trends, we acknowledge the importance of developing a
unified non-dimensional framework to better characterize the coupled
hydroelastic behaviour of the Anaconda WEC. This will be addressed in
future work through the validation of a numerical model, enabling the
construction of physically meaningful dimensionless groups to support
more generalized interpretation and full-scale design optimization.

It is also important to acknowledge two inherent engineering chal-
lenges associated with the Anaconda WEC system. First, scaling up the
flexible thin-tube structure while maintaining its hydroelastic perfor-
mance poses significant difficulties, particularly in preserving geometric
stability and dynamic similarity at larger scales. Second, optimizing the
hydraulic PTO system remains a complex task, as it involves balancing
efficiency, reliability, and responsiveness to unsteady internal flows
within a compliant structure. These challenges warrant further investi-
gation to ensure the practical viability of the Anaconda WEC in large-
scale deployments.
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