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Abstract

This paper describes measurements of the flow-induced vibration of an instrumented
model cable in a lazy wave configuration immersed in unidirectional currents in the 2
m deep FloWave Facility at the University of Edinburgh. The cable model, designed
to represent a dynamic power cable used in offshore renewable energy structures for
electricity transmission, has an external diameter (D) of 31 mm and a mass ratio of
1.22. The current speed was varied from 0.1 to 0.9 m/s and its direction was set at 0,
90, and 180 degrees relative to the initial longitudinal axis of the cable. An underwater
Qualisys motion capture system measured the in-line (IL) and cross-flow (CF)
displacement components at 36 locations along the length of the submerged cable.
Local displacements, response frequencies, and travelling wave modes are
determined for reduced velocity U € (5.29, 47.69), and Reynolds number Re € (103,
104). It is found that the root mean square (RMS) values of the displacement
components exhibited an increasing trend with reduced velocity reaching 0.40D in the
in-line direction and 0.45D in the cross-flow direction. For reduced velocity in the range
from 5.29 to 10.58, the cable exhibited single frequency vibrations. For U, > 10.58, the
cable experienced broad-banded, multi-frequency responses. Along the cable, certain
locations were found to execute distinct circular, elliptical, nearly linear, and figure-of-
eight orbits at low U,. A sudden phase shift was observed along the cable length,
related to unsteady vortex-induced vibration (VIV), which effectively prevented lock-in
occurring at high U..

Keywords: Dynamic power cable, Vortex-induced vibration, Lazy wave, Hydro-elastic
cable, Unidirectional current, Reduced velocity

Highlights:
e Cable RMS displacement components increase progressively with reduced
velocity.
e Cross-flow displacement is larger than in-line displacement at the same
frequency.

e At higher Re, cable vibration shifts from mono- to multi-frequency response.
¢ Local cable displacement trajectories include non-stationary chaotic
oscillations.
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1. Introduction

Marine power cables play a crucial role in transmitting electricity from ocean-based
renewable energy devices to onshore power grids. Such cables are particularly
susceptible to fatigue damage due to dynamic loading from ocean currents, waves
and vessel motions. Of particular concern is vortex-induced vibration (VIV), which can
promote cable failure. VIV is caused by alternating vortex shedding in the near wake
of a cable, which leads to transverse and in-line vibrations relative to the flow direction.
It is well known that VIV becomes amplified when lock-in occurs as the cable natural
frequency synchronises with the vortex shedding frequency, leading to increased drag
and reducing the fatigue life of the cable. Hydrodynamically, VIV due to currents
stands out as a leading cause of marine power cable failure, as distinct from
installation errors(Rentschler et al., 2019). An understanding of VIV is therefore an
essential prerequisite in the design and maintenance of marine cables.

Extensive investigations (see e.g., Vandiver, 1993; Blevins, 1990; Vandiver, 1993;
Sarpkaya, 2004; Williamson & Govardhan, 2004, 2008) have revealed that certain
non-dimensional parameters, including the Reynolds number, Strouhal number,
aspect ratio, damping ratio, mass ratio, amplitude ratio, frequency ratio, and force
coefficients, are key to the vortex-induced vibration dynamics of long, flexible
cylinders. At lock-in, complicated vibrational patterns can occur along the length of a
slender hydro-elastic cylinder. Historically, research into the flow-induced dynamics of
slender cables has focused on top-tensioned members in uniform and sheared
currents (see e.g., Chaplin et al., 2005; Govardhan & Williamson, 2006; Huera Huarte
et al., 2006; Huera-Huarte & Bearman, 2009; Sarpkaya, 2004). Many studies have
examined the VIV of flexibly mounted rigid vertical, inclined, straight and curved
cylinders when the flow direction was perpendicular to the longitudinal axis of the
cylinder (Jain & Modarres-Sadeghi, 2013; Lie & Kaasen, 2006; Vandiver et al., 2009;
Xu et al., 2018). Morooka & Tsukada (2013) conducted physical model tests on a
catenary marine riser that rested on the bed and was connected to a fixed support at
the top. Due to laboratory constraints, the cable diameter was 8 mm and the resulting
Reynolds number of 500-600 was far below the site value of 10°. Fan et al. (2015)
recorded bending strains at six locations on a catenary flexible cylinder riser of
diameter 20 mm. In both studies, the risers were positioned concave to the incoming
current. Chaplin & King (2018) explored the behaviour of a nontensioned catenary
riser configured in both convex and concave orientations relative to an incoming
steady current; the riser comprised a low-bending-stiffness cylinder of diameter 56 mm
and length 5.6 m, achieving Reynolds number up to 7x10°.

Consistent scaling of power cables is a major challenge in physical modelling.
Govardhan & Williamson (2006) observed that, within the subcritical regime, larger
amplitude responses occurred at higher Reynolds numbers, often reaching values
twice those predicted by modified Griffin plots, despite the presence of high damping.
This dependence on Reynolds number has prompted further research on the forces
acting on marine power cables at high Reynolds numbers, especially for cables with



a lazy wave configuration. Raghavan & Bernitsas (2011) investigated the dependence
of VIV on Reynolds number, spanning laminar to turbulent flow regimes (10* < Re <
10°), using rigid circular cylinders with elastic supports. Their analysis revealed
substantial differences in VIV behaviour occurred between low and high Reynolds
numbers, with peak amplitude responses observed at high Reynolds numbers. In a
study of long flexible risers in uniform and sheared currents, Resvanis et al. (2012)
found the amplitude of vibration and the lift coefficient were sensitive to Reynolds
number, and that the Strouhal number reduced with increasing Reynolds number.

It has proved difficult to achieve high Reynolds number flows in scaled physical
experiments involving cables, given that both global and local dynamics require careful
consideration. Nevertheless, to obtain reliable data by which to validate theoretical
models, it is important to ensure that the scaled model tests effectively represent
dynamic behaviour. Numerous studies (Franzini et al., 2016; Morooka & Tsukada,
2013; Pereira et al., 2013; Pesce et al., 2017; Trim et al., 2005) have highlighted the
difficulties encountered in setting the correct diameter and aspect ratio in physical
model tests, especially when a relatively large diameter is necessary to reach high
Reynolds numbers. Unconventional approaches have therefore been used to achieve
both dynamic and geometric similarity in experimental setups, as discussed by Chaplin
et al. (2005). Rateiro et al. (2016) carried out a detailed review of the dynamic
characteristics and non-dimensional parameters required to scale catenary riser
models. They used a silicone tube filled with stainless steel microspheres to achieve
dynamic similarity with a cylinder of largest outside diameter. While matching the exact
properties of a full-scale model is often impractical due to facility limitations, it remains
vital that the global geometry and bending responses are accurately represented in
marine power cable tests at high Reynolds numbers.
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Figure 1: Schematic representation of a Lazy wave power cable configuration
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In offshore practice, there is growing preference for the lazy wave configuration of
marine cables (see Figure 1) given its superior performance compared against the
catenary configuration regarding maximum tension and fatigue failure. The lazy wave
configuration has further benefits owing to its ease of installation, lower buoyancy
requirements, and reduced need for subsea hardware, making it a cost-effective and
streamlined option (Martinelli et al., 2010) . The integration of buoyancy modules
serves to decouple platform motions from the touchdown point, thereby reducing the
risk of failure in the touchdown zone.

The vortex-induced vibration (VIV) response of a cable with a lazy wave profile differs
significantly from that of its straight and catenary counterparts. Important factors that
alter the dynamic response are the geometric nonlinearity introduced by the curved
surface of the cylinder and the presence of larger diameter buoyancy modules in the
buoyancy section. For example, Assi et al. (2014) and Zhu & Lin (2018) identified
higher response amplitudes for rigid cylinders in a concave configuration compared to
a convex one, with sustained responses occurring beyond the usual synchronization
region. Similarly, Chaplin & King (2018) observed distinct vortex shedding patterns
and forces in catenary profiles based on the concave or convex curvature of the cable.
The structural flexibility of the buoyancy section allows the cable to respond
dynamically to fluid forces, introducing multiple vibration modes with varying curvature,
resulting in complicated fluid—structure interactions (Srinil et al., 2009). For highly
inclined cables, the amplitude of displacement oscillations increases, and the lock-in
region, the maximum oscillation amplitude, and normalized reduced velocity all deviate
from the corresponding normal-incidence cases (Jain & Modarres-Sadeghi, 2013).
Moreover, interference effects from hydrodynamic coupling cause vibrations in one
section of the cable to influence vibration responses elsewhere along the cable, similar
to the wake-induced vibrations of tandem cylinders (Assi et al., 2006, 2009, 2014). For
VIV, while vibration amplitudes tend to decrease at higher reduced velocity, the wake-
induced vibrations display an opposite trend, with their amplitude increasing as the
reduced velocity decreases. In fact, the difference in behaviour between convex and
concave configurations is partly due to such wake interference.

The lower bending stiffness of marine power cables, compared to risers, means that
they have quite different natural frequencies and lock-in phenomena which are
particularly sensitive to the mass ratio. Cheng et al. (2016) and Yin (2022) conducted
experimental studies on steel lazy wave configuration risers, focusing on VIV response
characteristics and associated displacements. In comparing their measured data
against numerical predictions by OrcaFlex, Chang et al. and Yin reported some
discrepancies due to varying hydrodynamic coefficients. More recently, experimental
investigations byJara-Bravo et al. (2024) on cylinders with buoyancy modules yielded
intriguing results, highlighting differences in drag, added mass, and lift coefficients
compared to those observed in infinite cylinder scenarios. Despite numerous
numerical studies estimating VIV for lazy wave cable configurations (Rentschler et al.,
2019; Thies et al., 2012; Zhao et al., 2021), experimental validation remains vitally
important, especially as attention shifts from marine risers towards dynamic power



cables. Unlike steel risers used in offshore oil installations(Quéau et al., 2013; Zhu et
al., 2020), marine power cables possess unique characteristics such as the absence
of internal fluid, lower bending stiffness, and increased flexibility — all of which require
targeted research. To the authors' knowledge, no extensive experimental results have
previously been presented in the literature for lazy wave marine power cables,
particularly at higher Reynolds numbers.

In this study, we present an experimental investigation into the dynamic behaviour of
a marine power cable in lazy wave configuration under varying current conditions. We
employ a distorted scale model with an increased cable diameter to maintain the
Reynolds number (Re) in the range of 102 to 104, ensuring realistic dynamic behaviour
akin to the sea. This work provides new insight into the response of the cable to
different current speeds and directions (0°, 90°, and 180° relative to the longitudinal
orientation of the initial lazy wave cable). Measured displacements in three
dimensions, in-line and cross-flow amplitude responses, frequency responses, and
cable displacement trajectories, are analysed and discussed in detail in the following
sections. We believe that this study contributes to a deeper understanding of the
dynamic behaviour of a marine lazy wave cable.

2. Experimental Setup - FloWave

The physical tests were conducted at the FloWave Ocean Energy Research Facility
(https://www.flowavett.co.uk/) in the University of Edinburgh. FloWave comprises a
circular basin of 25 m diameter and 2 m water depth, and is capable of generating a
unidirectional current. The currents are produced by 28 flow-drive units controlling
1.7 m impellers that independently drive flow anywhere at speeds of up to 1.6 m/s in
any direction from 0 to 360°. For ease of model installation, the 15 m diameter central
section of the tank floor can be raised above still water level. Figure 2 presents a plan
view of the FloWave testing tank, showing the cable (from above) and the current
directions considered herein.

2.1 Cable Model Setup and Instrumentation

To achieve a relatively high Reynolds number, low mass ratio, and low bending
stiffness, the model cable had an outer diameter of 31 mm and was of length 5 m. It
is important to note that part of the cable was inserted into the top and bottom
connections at the FloWave tank, which reduces the effective length to 4.93 m. Table
1 lists the dimensions and material properties of the constituent elements of the cable
construction. The cable had an inner flexible dummy core fabricated from a 3-core
HO7RN-F power cable of diameter 9.8 mm (see Figure 3(a)). A total of 28 IP68-rated
strain gauges, sourced from Techni Measure Ltd (Doncaster UK), were connected in
full bridge configurations at seven strategic locations (4 strain gauges affixed at each
location) along the core cable at 0.5 m intervals. The strain gauge wires were threaded
through four-chambered spacers (see Figure 3(b)-(d)). These spacers, measuring 20
mm in length and 24 mm in diameter, were spaced at 20 mm intervals along the length
of the cable. The core, strain gauges, and spacers were then sealed in a silicone tube
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of 25 mm inner diameter and 31 mm outer diameter. The spacers, crafted from 3D
printed material (Polylactic acid), were then securely bonded to the outer platinum-
cured silicone tube, preventing any relative movement. The final model consisted of a
5 m long smooth-walled flexible cable Figure 3(e), with steel tubes at both ends to
ensure proper fixation to the tank floor and the top of the load cell. Its interior was filled
with water to eliminate kinks in the wall and ensure the cable functioned as a single
entity. Note that the strain measurement analysis will not be reported in this paper;
instead, part of the analysis is given by Moideen et al. (2024).
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Figure 2: FloWave test facility: (a) schematic plan view showing cable model (not to
scale) and (b) an image of FloWave basin.



Table 1: Cable model dimensions and material properties

Scale model

Length (m)
The total mass of cable

5 m (effective length is 4.93 m)
5.157 kg (excluding end
connections is 4.526 kg)

Outside diameter (m)

0.031

Inner core cable

HO7RN-F 3-core rubber cable

Inner core cable diameter (m) 9.8 mm
Inner core cable mass per unit length 134 g/m
(g/m)
Mass ratio of cable 1.22
Submerged length of cable in water 416 m
Touchdown zone 1.35m
Buoyancy section 1.12m
Top section 2.279 m

Buoyancy modules
Outside diameter 70 mm
Inside diameter 31 mm
Length 40 mm
Density 100 kg/m?
No. of modules 5

3D printed bobbins

Number of bobbins 118
Mass (g/piece) 4.4
Total mass 519.2 g
Silicon tube mass per m 250 g/m
Mass of strain gauges wires 461 g
Mass of water filled + dummy wires 1108.2 g

To achieve the lazy wave configuration, buoyancy modules were used to elevate the
hogging section. The modules were manufactured from Divinycell PVC foam material
of density 100 kg/m? (see Figure 4). Table 1 lists their dimensions. The top of the cable
extended above the water surface (0.77 m above SWL) and was connected to a six-
component load cell, which was secured to the main gantry in FloWave (see Figure
5(a)). The bottom end of the cable was anchored to the tank floor. The load cell
measured the force and moment components of the cable; note that these
measurements are not presented herein for brevity. Upon lowering the tank floor to its
operating level, the cable then formed a lazy wave configuration (Figure 5 (b)). The
bending stiffness of the cable was evaluated by means of a structural bending test.
Table 2 presents the structural properties, including the natural frequency and
damping ratio obtained from a free decay test. Further details of the free decay test in
air may be found in Moideen et al. (2025). A scaling factor of 1:50 was adopted for



the study, except for the cable diameter. All other structural parameters and input
current conditions adhere to Froude scaling. The experiments were conducted at 1:50
scale, with current speeds varying from 0.1 to 0.9 m/s, corresponding to full-scale
current speeds of 0.707 to 6.36 m/s. This range is consistent with real-world tidal
currents observed at sites of the European Marine Energy Test Centre
(https://www.emec.org.uk/) in the Orkney and Pentland Firth regions in Scotland,
where typical values range from approximately 1 m/s in general coastal regions to 3.5—
4.5 m/s in high-current areas.

Table 2: Measured and estimated cable properties.

Property Value
Bending stiffness, E/ (Nm?) 0.217 Nm?
Natural frequency in air, f, (Hz) 0.61 Hz
Damping in air 0.0048

Figure 3: Model cable: (a) inner core dummy cable; (b) 3D printed spacers; (c) inner
cable inserted through spacers and secured; (d) strain gauges affixed to the inner core
cable with integrated strain gauge wires, and (e) cable model encased in a platinum-
cured silicone tube.



Figure 5: (a) Photograph of model cable with one end fixed at the top to the load cell
on the tank gantry and the other end fixed onto the tank floor; and (b) cable profile
captured by the underwater camera.

To estimate the natural frequency and damping characteristics in air, the cable,
configured in a catenary profile with buoyancy modules and fixed at both ends, was
subjected to free decay tests in the FloWave facility. The tests yielded a natural
frequency in air of 0.61 Hz. The cable was then submerged in water to achieve the
lazy wave profile, and free decay tests were conducted in different directions. The
measured natural frequency in water for the lazy wave configuration ranged from
0.125 Hz (in-plane) to 0.141 Hz (out-of-plane). However, the free decay response in
water exhibited very strong damping to the detriment of further analysis.

Numerical simulations also were performed using OrcaFlex (https://www.orcina.com/)
based on the measured structural properties of the cable model. Given the relatively
low mass of the cable (i.e., 0.919 kg/m), the simulation results proved to be highly
sensitive to parameter variations. For comparison purposes, OrcaFlex simulations of



additional free decay tests were conducted in a catenary configuration (without
buoyancy modules as including buoyancy elements will alter the shape from catenary)
in water, yielding a natural frequency in water of 0.451 Hz.

Using the measured value of natural frequency in air and assuming an added mass
coefficient of 1.0, we estimated the natural frequency in water of the cable in catenary
configuration from Equation (1)

fvw = fnall + (T[Ca/él’ﬂ)]_()'s (1)

where, fy, is the natural frequency of the cable in water, where fy, is the natural
frequency of the cable in air, C, is the added mass coefficient, and u is the mass ratio
(Vandiver, 1993).

Table 3 lists the modal frequencies obtained by OrcaFlex for both the in-plane and
out-of-plane directions. The results indicate that the natural frequencies in the lazy
wave configuration are significantly lower than those in the catenary configuration.
This reduction is attributed to the absence of tension in the lazy wave setup and its
geometric arrangement.

Table 3: Modal frequencies (fn) catenary vs Lazy wave

Mode number | Catenary Profile Lazy wave Plane
profile

1 0.23 0.09 Y-plane
2 0.45 0.13 X plane
3 0.47 0.19 Y-plane
4 0.64 0.27 X plane
5 0.73 0.30 Y-plane
6 0.97 0.40 X plane
7 1.01 0.52 Y-plane
8 1.07 0.64 X plane
9 1.32 0.73 Y-plane
10 1.41 0.91 X plane
11 1.66 0.99 Y-plane
12 1.67 1.22 X plane
13 2.02 1.29 Y-plane
14 2.04 1.58 X plane
15 2.39 1.64 Y-plane

Using Table 3, we selected the second-mode natural frequency (fmz) = 0.127 Hz) to
normalize the in-plane response and the third-mode frequency (fmz) = 0.1857 Hz) to
normalize the out-of-plane response. Figure 6 presents the corresponding mode
shapes providing additional insight into the structural response of the cable under
different configurations.
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Figure 6: Mode shapes in X, Y and Z corresponding to modes1 to 10.

A Qualisys motion capturing system measured local cable displacements in global X,
Y, Z coordinates. Six cameras tracked the motion of the cable, with a sampling
frequency of 128 Hz. The camera positions were carefully selected to optimize the
performance of the motion-capturing system in evaluating the movement of the flexible
cable. Reflector ball markers (the white balls in Figure 4) of diameter 16 mm were
placed at a further 37 locations to represent accurately the movement of the cable
(see Figure 6). Marker 1 on the cable was positioned at a water depth of 1.5 m from
the tank bottom, while Marker 37 was located 0.15 m from the cable’s bottom end. It
should be noted however that the method had a limitation in that the markers could
alter the vortex shedding pattern; an aspect that merits further attention. In future work,
we intend to replace the markers by thin reflector tapes wrapped around the cable to
assess the impact of the markers. Despite these challenges, we believe the cable
displacement measurement system provided valuable data, even when the current
was of relatively high speed.



3. Results and Discussion

Figure 7 shows the displacement profile in the X-Z plane of the cable in still water. The
black squares show the position of each marker. The red markers at the top and
bottom show the cable's connection points. Figure 7 illustrates the configuration of the
cable in the FloWave tank.
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Figure 7: Lazy wave cable profile in still water with Qualisys markers (black
squares).

3.1 Cable Displacement

Marker displacements were measured for the lazy wave cable in currents of speed
0.1,0.2,0.3,0.4, 0.5, 0.6, 0.7 and 0.8 m/s, and direction 0, 90, and 180° relative to
the longitudinal axis of the cable (Figure 8). At 0 and 180 degrees the current is parallel
to the plane occupied by the cable when in still water. At 90 degrees it is normal to it
(i.e., along the Y direction) as seen in Figure 8. Table 4 presents the current speed
and the corresponding reduced velocity (U, = U/ f,D), where f, is the natural frequency
of the cable and D is its outer diameter. For our analysis, we have chosen U, based
on f, in air for subsequent presentations. All displacement results presented in this
paper are normalized by the cable diameter, D = 31 mm. As shown in the previous
table, the lower modal frequencies of the lazy wave profile are relatively small and
exhibit minimal variation within a narrow range. Moreover, whereas the first mode of
reduced velocity is commonly applied for rigid or straight members, this approach may



be misleading for a flexible cable where higher modes could drive the response
frequency. Mode decomposition becomes particularly challenging as the flexible cable
moves in three dimensions, and so we believe that use of the natural frequency in air
as a constant provides a more pragmatic approach. However, the values obtained
using fm in water (Table 4) remain relevant for comparative analysis, as the added
mass effect in water can influence the dynamic response.
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Figure 8: Schematic diagram showing Lazy wave configuration and directions of
current in FloWave tank

Table 4: Current speed U and associated reduced velocity Ur

U (m/s) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Ur (fn in air) 5.28 10.57 15.86 21.15 26.44 31.7 37.01 4230 47.59

Ur(fninwater) 2481 49.63 7444 9926 124.07 148.88 173.70 198.51 223.35

The flexible cable in the lazy wave configuration underwent increasingly large
amplitude motions between its fixed ends as the current speed was progressively
increased. Figure 9 depicts the position of the displaced cable in the vertical X — Z
and horizontal X — Y planes for different current speeds and directions, along with the
original cable profile in still water.

For current direction 8 = 0°, the cable alters its shape from a lazy wave (U =0.11t0 0.4
m/s) to an inclined straight profile (U = 0.7 to 0.8 m/s) in the vertical X — Z plane as the
current speed increases (Figure 9 (a)). The cable also undergoes transverse
movement that is roughly linear but of smaller amplitude in the horizontal X — Y plane



(Figure 9 (b)). An offset in the Y-direction of 10-15 cm is observed in the zero profile
in Figure 9(b) and is attributed to the weight imbalance caused by the buoyancy
modules and the inherent self-twisting of the cable assembly when installed in the
FloWave tank. As a result, the cable was not perfectly normal to the current at all
locations. For currents of direction 6 = 90°, the cable again straightens out in the
vertical plane but with a much more pronounced gradient (see results for U = 0.7 and
U = 0.8 m/s in Figure 9 (c)). In the horizontal plane, the cable increasingly bows
outwards in the Y-direction as the current speed is increased (Figure 9 (d)). For U =
0.7 and U = 0.8 m/s, the amplitude of the horizontal deflection in the X —Y plane for 6
= 90° far exceeds that for 8 = 0°. For 6 = 180°, the cable is pushed in the streamwise
direction (Figure 9 (e)) compared to the 8 = 90° results; here the cable appears to be
very steeply, even vertically, inclined as it touches the bed, and shifted a short distance
horizontally (Figure 9 (f)). Thus, for all the current speeds considered, the cable is
oriented at varying angles to the incident flow rather than being uniformly normal to
the current at all locations. This is in contrast to a straight member subjected to a
uniform flow perpendicular to its axis, where vortex shedding and hydrodynamic
loading follow a well-defined pattern. In the case of the flexible lazy wave configuration,
the varying orientation along the span results in spatially non-uniform hydrodynamic
forces, influencing the vortex-induced vibration (VIV) response differently across
different segments of the cable.

The cable profiles in Figure 9 display the movement of the cable, which has been
filtered to isolate the vibration component. To examine local displacements of the
cable, we have removed low-frequency components below 0.2 Hz, which is likely
emanate from low frequency oscillations of the current. The filtered signal helps us
visualize the flow-induced vibrations, and so the filter was applied to all displacement
data considered from here on. The displacement time histories presented in Figure 10
are normalized with respect to the cable outside diameter.

Figure 10 (a, b, & c) presents the normalized raw displacement time history obtained
using the Qualisys system at marker location M30 in the X, Y, and Z directions (X/D,
Y/D, and Z/D) for current speed of 0.1 m/s and current directions 8 = 0°, 90°, and 180°.
To analyse the motion relative to the current direction, the displacement components
in the X, Y, and Z directions were transformed into in-line and cross-flow
displacements using direction cosines, as detailed in Appendix A. The results indicate
that the in-line displacement is very small for current directions of 0° and 180°, but
significantly higher in the X-direction when the current is at 90°. This is consistent with
expected behaviour given that the cable exhibits greater response in the direction
perpendicular to the incident flow. Figure 10 (a, b, & ¢) shows the IL (xi/D) and CF
(ycr/D) displacement components obtained after applying the transformation
equations from Appendix A. A distinct beating behaviour is observed in the time
histories presented in Figure 10, particularly evident for the current direction 6 = 90°,
with the strongest manifestation at the bottom marker location, M30. This behaviour,
characterised by a modulated amplitude envelope arising from closely spaced



frequency components, reflects the interaction of multiple structural vibration modes.
However, it is not shown here, as the response propagates upward along the cable,
similar beating patterns are observed at all marker location with the amplitude
diminishes progressively from bottom to top.
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Figure 9: Lazy wave cable profiles in unidirectional current of speeds from 0.1 to 0.8
m/s: (a) vertical X-~Z plane, 6 = 0°; (b) horizontal X-Y plane, 6 = 0°; (c) vertical X-Z
plane, 68 = 90°; (d) horizontal X=Y plane, 6 = 90°; (e) vertical X—Z plane, 6 = 180°; and
(f) horizontal X-Y plane, 6 = 180°.
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Figure 10: Normalised displacement time histories (X/D, Y/D and Z/D) at marker
location M30 for current speed of 0.1 m/s. For original measured signals; (a) 6 = 0°;
(b) 8 =90°; (c) 8 =180° and converted signals to In-line and cross-flow directions; (d)
6 =0°(e) 6=90° and 6 = 180°.

In the Figure 11, the left column depicts the normalized cross-flow displacement
(vcr/D) time history, and the right column depicts the same displacement time history
for 10 seconds to identify the fluctuations with increasing current speed. For brevity,
we consider the in-line and cross-flow displacements at a single marker location of
M21. Subplots (a) to (g) correspond to increasing current speed from 0.1 to 0.7 m/s.
For a current speed of 0.1 m/s (Figure 11 (a)), the cross-flow displacement time
histories are relatively smooth and exhibit low amplitude fluctuations. As the current
speed increases to 0.2 m/s (Figure 11 (b)), there is a slight increase in the amplitude
compared to U = 0.1 m/s, but the regularity seen in the cross-flow direction for U = 0.1



m/s starts to disappear. For U = 0.3 m/s (Figure 11 (c)), the displacement amplitudes
have increased significantly. The motion is more irregular and contains higher
frequency components. This trend continues with U = 0.4 m/s (Figure 11 (d)), where
the amplitude and irregularity of oscillations increase markedly, indicating stronger
interactions between the current and the cable. The displacement patterns transition
from smooth and periodic (U = 0.1 m/s) to highly irregular at higher current velocities
(U = 0.5 to 0.7 m/s). The displacements appear chaotic for U = 0.5 to 0.7 m/s,
indicating strong and complex interactions between the current and the cable
dynamics.
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Figure 11: Time histories of normalised in-line cross-flow displacements of the cable
at marker location M21 for varying current speed: (a) U= 0.1 m/s(b) U= 0.2 m/s (c) U
=0.3m/s, (d)U=04m/s, (e) U=0.5m/s, (f) U=0.6 m/s, and (g) U = 0.7 m/s. (right
hand side shows the crossflow displacement for 10 seconds)

Further to analyse the effect of marker location, Figure 12 shows the variation of
normalized in-line and cross-flow displacement components at selected marker
locations and for a current speed of 0.4 m/s acting in the longitudinal direction of the
cable (6 = 0°). The in-line displacement component has higher magnitude in the
midsection of the cable, from M14 to M19. Notably, marker M15 to M19 (Figure 12 (c))
exhibits a higher in-line displacement for the same current speed. M19 is situated at
the start of the buoyancy section immediately after the first buoyancy module, where
the cable diameter increases due to the presence of the buoyancy modules.
Interestingly, the displacements reduce from M20 (Figure 12 (f)) towards the bottom



of the cable, where higher cross-flow displacements are observed. Overall, the
vibration amplitude increases progressively as the current speed increases, with
cross-flow displacements typically exceeding in-line displacements. However, this
behaviour can vary depending on the marker location. For example, at marker M19,
the in-line displacement occasionally exhibits larger magnitude. This can be attributed
to the marker being located near a node of the excited cross-flow vibration mode,
where cross-flow (CF) motion is suppressed. Additionally, the current is not uniformly
normal to the cable along its entire length, resulting in spatially varying hydrodynamic
forces. As the orientation of the cable relative to the current varies along the length of
the cable, its displacement response exhibits spatial non-uniformity. Certain regions
of the cable experience minimal motion due to local hydrodynamic shielding and
structural stiffness, while others undergo significant displacement, influenced by flow-
induced excitation and varying distribution of tension in the cable.
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Figure 12: Time histories of normalised in-line and cross-flow displacements of the
cable in a current of speed 0.4 m/s and direction 90° at markers: (a) M12, (b) M14, (c)
M15, (d) M16, (e) M19, (f) M20 (g) M22 (h) M25 (i) M29 (j) M31 and (k) M35.

3.2 Cable Displacement Trajectories

Figures 13 illustrate a selection of typical trajectories obtained in-line and cross-flow
displacements for current directions of 0°, 90°, and 180° at top, sag region, buoyancy
section and bottom markers along the cable, under current speed of 0.1 m/s. Each
trajectory covers a time interval of 40 to 50 s. The shape of the displacement



trajectories varies significantly depending on the marker location along the cable and
the direction of the approaching current.

The displacement trajectories of the lazy wave cable, as shown in Figure 13, vary
significantly depending on marker location and current direction. Unlike the repeatable
figure-eight patterns observed in catenary cables (Morooka et al., 2013), these
trajectories are highly non-stationary and chaotic, influenced by cable geometry,
hydrodynamic forces, and local tension and buoyancy variations.

For a 0° current direction (inline flow), the top markers (M3, M10) display compact,
near-vertical loops, indicating minimal excitation in the upper span. Moving downward,
sag-region markers (M16, M25) develop elongated elliptical trajectories, suggesting
increased inline (x;.) and cross-flow (ycr) motion due to greater flexibility. The bottom
section markers (M30, M36) show even more pronounced elongation, likely driven by
vortex-induced vibration (VIV) and buoyancy-induced restoring forces. When the
current is perpendicular (90°) to the cable, cross-flow displacement dominates. The
top markers (M3, M10) exhibit irregular, scattered trajectories, indicative of chaotic
vortex shedding with weak coupling between inline and cross-flow motion. In contrast,
the bottom section (M30, M36) displays an elongated trajectory, while the sag-region
markers (M16, M25) form moderately elliptical but unstructured loops, highlighting the
complex, non-repetitive nature of the response. For a 180° current direction (opposing
inline flow), the displacement patterns become increasingly irregular. The top markers
(M3, M10) show small, distorted loops, suggesting reduced flow separation effects.
The sag-region markers (M16, M25) exhibit elliptical or distorted paths, likely
influenced by unsteady vortex shedding and fluctuating cable tension. A distinct
boomerang-like trajectory is observed for M30 and M36, indicating intermittent
synchronization between inline and cross-flow oscillations. Overall, the inline
displacement magnitude remains relatively low compared to the cross-flow
displacement for 0° and 180° current directions. In contrast, for 90° current direction,
both inline and cross-flow motions exhibit higher amplitudes, indicating a stronger
coupling between the two displacement components, likely driven by vortex-induced
forces and cable dynamics.
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Figure 13: Trajectories drawn with the original signals for a current of 0.1 m/s acting in
(a) 0°, (b) 90° and (c)180°.

Variational Mode Decomposition (VMD) is performed to separate the signal into
intrinsic modes that represent the frequency components of each signal. VMD
decomposes the signal into modes arranged in decreasing frequency order. Figure 14
(i) shows the inline and crossflow displacement time history (Figure 14(i): a) split into
six intrinsic modes (figure 14 (i): b, c, d, e, & f), where the first few modes represent
high-frequency components (figure 14 (i): b, ¢ & d). The fifth and sixth modes exhibit
frequencies of interest, identified as IMS and IM6 (Figure 14(i): f & g). The trajectories
of these modes (Figure 14(ii): f & g) are plotted along with their respective mode
frequencies (Figure 14(iii): f & g), highlighting that the total component (Figure 14(a))



also contains periodic components (Figure 14(ii): f) and chaotic components (Figure
14(ii): g). Notably, the spectral frequencies of IM5 (Figure 14(iii): f) reveal that the inline
frequency is about twice that of the cross-flow (CF) frequency. The original signal also
shows an inline frequency component that is double the CF frequency, but with very
low energy (Figure 14 (iii): a). This decomposition of signals provides clear insight into
the frequency components present in the signal. It is also important to note that the
magnitude of the inline displacement is very small. For the time history corresponding
to a velocity of 0.1 m/s, the peak response frequencies in both inline and cross-flow
directions are the same, corresponding to the 6th modal frequency of the structure.
As the current magnitude increases, the signals become increasingly chaotic (Figure
14 (ii): g). The frequency variation at higher current speed will be discussed in the next
section.
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3.3 RMS displacements
We next examine the variations in root mean square (RMS) displacement, normalized

by the cable diameter, at different locations along the cable. The largest RMS
displacement typically occurs in the power-in region, where energy input from the flow



is highest and displacements most pronounced. Figure 15 depicts the variation in
normalized RMS displacements for current directions of 0°, 90°, and 180° as the
current speed increases. When the flow direction is aligned with the cable longitudinal
axis (6 = 0°), the normalized in-line displacement (x;/D) gradually increases with
escalating current speed, as shown in Figure 15 (a). The normalised displacement is
notably higher in the buoyancy section of the cable, due to its enlarged diameter which
is not accounted for when normalizing displacements. At lower current speeds up to
and including 0.4 m/s, the normalised cross-flow displacement (ycs/D) is significantly
larger, about 0.2D (Figure 15 (b)), compared to in-line displacements of approximately
0.12D (Figure 15 (a)). This suggests that the cross-flow vibrations prevail over in-line
vibrations at lower current speeds when the flow direction is aligned with the cable.
For 6 = 90°, where the incident current is normal to the cable, the RMS displacements
exhibit distinct patterns as shown in Figures 15 (c) & (d). As observed in Figure 15 (c),
xi./D is generally higher at the top and bottom sections of the cable compared to the
middle section. This indicates that regions of the cable furthest from the midsection
are more susceptible to in-line motion when the cable orientation is perpendicular to
the current direction. As the current speed increases, the in-line displacements
become more pronounced near the ends of the cable, indicating a stronger response
to the increased magnitudes of vortex shedding and associated drag force component
acting along the length of the cable. Figure 15 (d) displays the normalised cross-flow
displacement (yce/D), which also peaks near the top of the cable. Notably, the
normalized cross-flow displacements are significantly larger than the in-line
displacements, with the ycre/D values near the top and bottom of the cable being
roughly twice those of x,/D observed for the same current direction. This indicates
that the cable experiences stronger lateral forces, causing it to oscillate more
vigorously in the cross-flow direction when the current is oriented perpendicular to the
longitudinal axis of the cable. For 8 = 180°, where the flow is aligned with the cable
but in the opposite direction to 6 = 0°, the RMS displacements have distinct
characteristics, as depicted in Figures 15 (e) & (f). In Figure 15 (e), xw/D the
displacement is more pronounced in the buoyancy section, as also observed for 6 =
0°, and there is a noticeable shift in the displacement peaks along the length of the
cable. This could be due to two mechanisms: the reverse flow direction altering the
cable profile; and changes in the way vortices interact with the cable structure. Figure
15 (g) The cross-flow displacement (ycr/D) is higher, particularly towards the ends of
the cable. The displacement profiles suggest that the cable experiences different
vortex shedding and wake interactions when the flow is reversed, leading to shifts in
the points of maximum vibration. At a reduced velocity (Ur) of 5.28, there is a marked
increase in CF displacement at specific points on the cable: at the bottom for 6 = 0°
(Figure 15 (b)), at the middle for 6 = 90° (Figure 15 (d)), and at both the top and bottom
for 8 =180° (Figure 15 (g)). This suggests that U, = 5.28 is a critical point regarding the
vortex-induced vibrations (VIV) of the cable.
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Figure 15: RMS normalised in-line and cross-flow displacements of all markers in
currents of different speeds: (a) IL, 6 = 0°; (b) CF, 6 = 0°; (¢) IL, 6 = 90°; (d) CF, 6 =
90°; (e) IL, 6=180°; (f) CF, 6 = 180°.
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Figure 16 presents the root mean square normalised in-line (x;;, rms/D) and cross-flow
displacements (ycr rms/D) as functions of reduced velocity (Ur) for all marker locations
along the cable. Unlike observations reported in the literature for short rigid cylinders,
where synchronization zones or lock-in regimes are typically identified, the results
obtained here do not exhibit such distinct regimes. While this trend may superficially
resemble the "infinite lock-in" phenomenon described in the literature for critical mass



ratios (e.g. Govardhan & Williamson, 2002 and Horowitz & Williamson, 2010), it is
important to note that the cable in this study has a high mass ratio and does not exhibit
classical lock-in behaviour, which typically occurs at lower mass ratios (e.g., 0.542).
The main reason for this is the geometry of lazy wave cable which is free to move in
all six degrees of freedom, unlike the more constrained configurations considered in
previous studies. Variations in displacement exhibit stepwise increases and irregular
reductions which may be attributed to synchronization occurring for Urin the range 5
to 15, followed by transition to a second-order synchronization for U, 2 20. Unlike
previous studies, we find no significant reduction in displacement at higher U:. This
contrasts with previous findings for cylinders of low mass ratio in uniform currents,
which generally exhibit a broader lock-in range than their high mass ratio counterparts
(as noted by Vandiver, 1993). Previous studies of uniform and sheared flows (Trim et
al., 2005; Chaplin et al., 2005) have reported drastic displacement drops during mode
switches and monotonically increasing displacement groups, neither of which were
observed for our lazy wave model. Fluctuations in displacement levels along the length
of the cable occurred at specific values of reduced velocity. Peak RMS values of the
in-line and cross-flow displacement amplitudes ascribed to vortex-induced vibrations
(VIV) observed herein are 0.39D (at M17) and 0.41D (at M12) for 6 = 0°, 0.40D (at
M35) and 0.45D (at M7) for 6 = 90°, and 0.26D (at M18) and 0.35D (at M13) for 6 =
180°. As would be expected, the maximum displacement varies along the lazy wave
cable. For 6 = 0° (Figure 16 (a & b)), the RMS normalized in-line and cross-flow
displacements remain relatively consistent along the cable length up to a reduced
velocity of 15. Beyond this threshold, the RMS displacement magnitudes diverge
significantly among the different markers. This behaviour can be correlated with the
displacement plots in Figure 9, where higher current speeds induce more pronounced
changes in the response of the cable. Thus, the flow is not incident normal along the
cable length, causing differences in the hydrodynamic loading at each marker location.
Additionally, the stiffness and tension of the cable vary along its length, which can
further explain the observed divergence in displacement magnitudes. At certain
locations, where the cable may be slack, the displacement tends to be larger due to
reduced restoring forces. On the other hand, sections of the cable under higher tension
are stiffer, and their displacement is more constrained. This combination of varying
hydrodynamic forces, stiffness, and tension along the cable contributes to the
observed differences in displacement response at higher velocities.

The cross-flow displacement shows a non-monotonic trend with reduced velocity,
characterized by an initial increase, a drop, and then another increase, implying the
onset of different vortex shedding modes and transitions between them. For 6 = 90°
(Figure 16 (c & d)), both in-line and cross-flow RMS displacements exhibit consistent
variations across the markers as the reduced velocity increases. As with the 6 = 0°
results, the displacements generally increase with reduced velocity, though with more
pronounced scatter, indicating a more complicated response when 6 = 90°. For 6 =
90° (Figure 16 (e)), the in-line displacement tends to increase with Ur, though with
greater variability than for 6 = 0° and 180°. This variability is most likely caused by the



reversed flow direction, leading to different force distributions and displacement
variations along the cable. Conversely, for 6 = 180° (Figure 16 (f)), the cross-flow
displacement behaviour is narrower across the markers, indicating a more uniform
structural response, particularly at higher Ur. For all current directions, the cross-flow
displacements exhibit non-monotonic behaviour, suggesting complex interactions
between the cable and the flow, possibly due to varying vortex shedding modes or
resonant frequencies excited at different reduced velocities. The differences in
displacement patterns obtained for 6 = 0°, 90°, and 180° imply that the angle between
the flow direction and cable axis has a significant influence, intensified by asymmetry
in the structural properties of the cable. The scattered displacement data imply the
excitation of different vibration modes along the cable length, which have a knock-on
effect on the responses. The cable may be experiencing a combination of bending and
torsional modes, which are contributing to its complex dynamic behaviour. These
observations accord with findings from studies of long flexible cylinders with higher
aspect ratios (Swithenbank et al., 2008) and of flow-induced oscillations of circular
cylinders arranged in tandem (Assi et al., 2006). Our results highlight the effect of flow
interference along the length of the lazy wave cable.

3.3 Cable Response Spectra

Spectral analysis was performed on the normalized in-line and cross-flow
displacement time signals to identify the peak frequencies of vibration of the cable in
different current directions. Figures 17, 18 and 19 display the in-line and cross-flow
displacement spectra obtained for the cable in currents of direction 8 = 0°, 90°, and
180° and speed U = 0.1, 0.3, 0.5 and 0.7 m/s. Each spectrum is plotted as a function
of normalized frequency f/fm, where fis the IL (fi.) or CF (fcr) frequency and fr is the
modal frequency obtained from OrcaFlex. The inline frequency is normalized by fm(2)
= 0.127 Hz in the X-plane and crossflow normalized by fm3) = 0.1857 Hz in the Y-plane.
Each plot includes spectra from all available marker locations, with peak frequencies
highlighted. The spectral peak frequency is denoted as f,. In multi-peaked spectra, we
have considered the peak frequencies obtained from the spectra, with all marker
locations being indicated. Although some fluctuations in frequency occur, the peaks
consistently repeat, as seen in the spectra.

Figure 20 further illustrates the relationship between the peak in-line and cross-flow
frequency ratios, fiLp/fm2) and fcrp,/fm3), and the reduced velocity Ur across the three
current directions. The superimposed black dashed lines correspond to the natural
frequencies (fm(1) to fm2s)) computed using modal analysis for modes 1 to 25 as shown
on Table 2 (for up to 15 modes). Frequency curves corresponding to Strouhal number
(St = f«tD/U) values of 0.1, 0.15 and 0.2 are also superimposed to identify regions
where VIV and/or modal response may be activated. The aim is to determine which
frequencies are excited at each U, value and how they match with the modal
frequencies.



We first consider the displacement spectra obtained for the cable in the current
directed at 6 = 0° (Figure 17). For a low current speed of U = 0.1 m/s, the cross-flow
(CF) and inline (IL) displacement spectra exhibit multiple peaks. The primary energetic
peak frequency in CF occurs at fce/fn = 3.03, with secondary peaks at 2.19 and 1.35
(Figure 17b). Similarly, the IL spectrum shows dominant peaks at fi./frn, = 1.92, 3.12,
and 4.33 (Figure 17a). The higher peak frequencies at f/f, = 3 and 4 indicate the
excitation of vibration modes that are approximately 3 to 4 times the structure's natural
frequency. The consistency of peak locations across marker positions indicates that a
fundamental vibration mode is dominant along the entire length of the cable. At U =
0.3 m/s, the highest peak at fi./fn. = 4.33 in the IL spectrum disappears, and the primary
peak shifts to fi/fm = 1.68 (Figure 17c), which corresponds to the 5th modal frequency
in the inline direction (Table 3). In CF (Figure 17d), the primary peak shifts to fcr/fm =
1.18, with a secondary peak at fcr/fm = 3.53, which is likely a VIV component. For U =
0.5 m/s, both the IL and CF spectra display multiple frequency peaks, indicating
complex vibrational behaviour. The primary peak in IL occurs at fi./fn = 1.92, while CF
exhibits a dominant peak at fcr/fr = 1.35, with additional peaks at 1.68, 2.52, 3.03, and
3.87 (Figure 17e & f). These frequencies suggest mode interactions and potential
energy transfer between vibration modes. At U = 0.7 m/s (Figure 17g & h), the IL
response remains dominated by fi./fn = 1.68, while the CF response shows a strong
peak at fcr/fm = 1.35, with smaller peaks at 2.86 and beyond.

Examining the frequency variation with reduced velocity (Figure 20 a & b), the first
peak frequencies correspond to the 4th inline modal frequency and the 13t cross-flow
modal frequency. Additionally, fi./fm remains nearly constant across different current
speeds, indicating strong modal influence and limited dependence on reduced
velocity. However, the primary peak frequency ratio shifts towards fcr/fm = 4.33 and
fi/fm = 3.03 for Ur < 15, aligning with vortex-induced vibration (VIV) behaviour. At lower
reduced velocities (Ur < 11), the higher Strouhal number (St = 0.1-0.15) and the
growth of the third spectral peak in CF displacement suggest enhanced vortex
shedding contributions.

For 8 =90° and U = 0.1 m/s (Figure 18 (a, b)), a sharp, dominant peak appears at /fm
= 3.61 and 2.52 in both the in-line and cross-flow displacement spectra, indicating
strong resonance at a single frequency across all markers. As the flow speed
increases to U = 0.3 m/s (Figure 18 (c, d)), the spectra start to exhibit multiple peaks.
In the in-line direction, the primary peak shifts to fi./fn = 1.92, with additional peaks at
fu/fn = 8.65 and fi/fn = 10.82, indicating the onset of more complex oscillatory
behaviour. Similarly, the cross-flow displacement spectrum shows a dominant peak at
fcr/fm = 1.18, along with secondary peaks, reflecting a broader frequency response. At
U = 0.5 m/s (Figure 18 (e, f)), the spectral complexity increases further. The in-line
displacement spectrum maintains a primary peak at fi/fn = 1.92, but with significant
secondary peaks at higher frequency ratios (fi/fn = 6.49 to 16.35). In the cross-flow
direction, the dominant peak occurs at a similar frequency ratio, but the energy
distribution broadens, with notable peaks at fcr/fm = 8.08 to 13.13. For U = 0.7 m/s
(Figure 18 (g, h)), the in-line and cross-flow displacement spectra continue to show



dominant peaks at f/fm = 1.92 and 1.18 respectively, while additional peaks spread
across a wide frequency range. Notable secondary peaks appear at fcr/fm = 2.88,
11.44, 13.94, and 17, suggesting that at higher velocities, flow-induced vibrations
become more chaotic. The multiple peak frequencies in both displacement spectra
(Figure 20b) arise because the entire length of the cable is perpendicular to the current
direction. This is in contrast to 6 = 0°, where the cable aligns longitudinally with the
current, potentially causing slight blockage effects. Multiple peak frequencies appear
for Ur=15to 21 in both the in-line and cross-flow response spectra. Figure 20b shows
how the first four vibration modes of fi./fm and fcre/fm increase with rising Ur, following
trends in Strouhal numbers (Sty, St, = 0.1 to 0.15). This provides evidence of prevalent
vortex shedding with increasing reduced velocity. The CF frequencies are associated
with a higher Strouhal number than the IL components. However, no components
exceed a Strouhal number of 0.15 in these cases.

For 6 =180° and U = 0.1 m/s, the in-line and cross-flow displacement spectra exhibit
dominant peaks at fi/fm = 3.20 and fcr/fm = 2.19, with small secondary peaks at some
marker locations (Figure 19 (a, b)). As the current speed increases, multiple peaks
emerge, particularly in the cross-flow displacement spectrum, indicating a more
complex oscillatory response (Figure 19 (c, d, e, f)). By U = 0.7 m/s (Figure 19 (g, h)),
the spectrum reveals a broad energy distribution across several frequencies, as flow-
induced vibrations become increasingly chaotic. The relationship between reduced
velocity and frequency ratio at 8 = 180° (Figure 20 (c)) differs from the 6 = 0° case,
due to the angle of attack of the current with respect to the cable's longitudinal axis.
At 6 =180°, the top portion of the cable is exposed first, and the bottom part is pushed
backward later as the current speed increases. Multiple frequencies are present in the
in-line and cross-flow responses up to Ur =21 (Figure 20 (c)), but at higher Ur values,
the response shifts to a lower frequency range. The peak normalized frequencies in
the in-line direction for Ur < 21 correspond to St values between 0.12 and 0.14.
Similarly, the peak frequencies in the cross-flow direction increase with Ur, aligning
with St values around 0.10.

As the flow speed increases from 0.1 to 0.7 m/s, the spectral analysis reveals a shift
in the dominant frequency and the emergence of multiple peaks, reflecting increased
complexity in the system's dynamic response. At lower current speeds, the system
exhibits a strong resonance near a single frequency, particularly in the cross-flow
direction where the magnitude of the response is of higher magnitude. However, as
the flow speed increases, the spectra become increasingly complex, with energy
distributed across a broader range of frequencies in both the inline and cross-flow
directions, indicating the propensity toward chaotic flow-induced vibrations. This
transition is particularly evident in the cross-flow direction, where the spectral peaks
become more pronounced and diverse, highlighting the sensitivity of the cross-flow
response to changes in flow speed. High damping of the lazy wave cable in water
could also contribute to the low VIV response. It should be noted that the lazy wave
configuration can itself introduce additional damping. The slack sections and varying



curvature in the cable can absorb and dissipate more energy than a taut, straight
cable.
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Figure 17: Measured in line and cross-flow displacement spectra at all marker
locations for current at 6 = 0°: (a) IL, U= 0.1 m/s; (b) CF, U=0.1 m/s; (c) IL, U=0.3
m/s; (d) CF, U=0.3m/s; (e) IL, U=0.5m/s; (f) CF, U=0.5m/s; (g) IL, U= 0.7 m/s;
(h) CF, U=0.7 m/s.
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(h) CF, U=0.7 m/s.



1.5

10+
05 g
0.0 | Al | |
o 5 10 15 5 10 15
05
C
04l © (@
0.3}
0.2} g —
55 - e m
"3 01F T w02 O
S ol aii S A &
N 0.0 10 15 1‘0 15
T 15
10 15 0 5 10 15
fi/fn2) for/fme)

Figure 19: Measured in line and cross-flow displacement spectra at all marker
locations for current at 6 = 180°: (a) IL, U = 0.1 m/s; (b) CF, U=0.1 m/s; (c) IL, U =
0.3 m/s; (d) CF, U=0.3m/s; (e) IL, U=0.5m/s; (f) CF, U=0.5m/s; (g) IL, U=0.7
m/s; (h) CF, U= 0.7 m/s.
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Figure 20: Dependence of in-line (fi./fm2)) and cross-flow (fcr/fm(3)) frequency ratios
on reduced velocity (U;) for current directions: (a) IL, 6 =0°; (b) CF, 8=0° (¢c)IL, 8=
90°; (d) CF, 6=90°; (e) IL, 8 =180°; (f) CF, 6 = 180°. Superimposed curves
correspond to Strouhal numbers of 0.1, 0.15, and 0.2.

The results indicate that at lower reduced velocity, when the cable experiences
minimal deflection, the response is dominated by higher value of peak frequency. As
the current speed increases and the cable begins to deflect from its lazy wave shape,
the response transitions from being dominated by pure vortex-induced vibration (VIV)
to modal excitation, where the flow stimulates the cable’s inherent structural modes.
However, small-magnitude VIV contributions remain present, as highlighted in the
Variational Mode Decomposition (VMD) analysis. Although alignment of peak
frequency with the first natural frequency is evident, lock-in is not strictly evident.



Instead, the response exhibits a range of frequency components, leading to the cable
undergoing a highly chaotic and non-stationary trajectory. This complexity makes it
challenging to definitively conclude whether frequency lock-in has occurred or not.
While lock-in might be present intermittently, the response lacks stationarity and
repeatability, distinguishing it from more tensioned riser systems where VIV lock-in is
more pronounced (Chaplin, 2005). This behaviour is characteristic of the lazy wave
configuration, which facilitates greater flexibility and multi-modal interactions
compared to taut or catenary risers. Increased structural compliance leads to a
broader spectrum of excited frequencies rather than distinct, persistent lock-in events.
Overall, these findings highlight the complex interplay between VIV and modal
excitation in lazy wave configurations. Unlike tensioned risers, where VIV lock-in is
more distinct, the flexible nature of the lazy wave system results in a dynamic response
that varies across different flow conditions.

It is important to note that the reduced velocity values presented here are based on
the global current velocity magnitude. In practice, the effective forcing on each cable
segment depends on the local velocity component normal to the cable. As such, the
method used to calculate velocity can influence the results. While projecting the
velocity onto the local normal vector and iteratively computing normalized quantities
would improve accuracy, such an approach demands significantly more detailed
spatial resolution and computational effort. This refinement is acknowledged as a
valuable direction for future work to improve the fidelity of VIV and modal interaction
characterization in Lazy wave cable configurations.

4. Conclusions

The primary objective of this study was to examine the effects of flow-induced
vibrations on a dynamic power cable model configured in a lazy wave arrangement at
a laboratory scale. To achieve this, comprehensive laboratory measurements were
conducted with currents of varying magnitudes and flow directions. The tests involved
a meticulously chosen model cable with a diameter of 31 mm, characterized by low
bending stiffness and a mass ratio of 1.22. The experimental investigation covered
Reynolds numbers ranging from 102 to 10*. Displacements at 36 locations along the
cable length were measured by a motion-capturing camera and analysed in the paper.
The results bring to light the intricate behaviour of the lazy wave power cable, offering
valuable insights.

The maximum RMS displacements of the cable were found to be around 0.45 D for
increasing current velocities across three current directions considered. Spectral
analysis revealed a mono frequency response at lower reduced velocities and a
multiple frequency response with distributed energy at higher reduced velocities. The
peak frequencies normalized with the natural frequency in air showed an increasing
pattern for current direction of 90° but decreased below fy/f, < 1 for current directions
0° and 90°. Frequency synchronization was evident in both in-line (IL) and cross-flow
(CF) directions. The Time-frequency analysis indicated that the low-frequency peak



was not continuous over time but instantaneous, with higher frequencies
corresponding to higher Strouhal numbers present throughout the time, confirming the
presence of Vortex-Induced Vibrations (VIV).

Low frequency vibrations were observed at higher reduced velocities, though vortex
shedding corresponding to a Strouhal number of 0.12 was also present. However,
there was a lack of periodicity and no clear lock-in phenomenon was observed, with a
higher likelihood of lock-in occurring at lower reduced velocities of 5-10. At higher
Reynolds numbers, structural modal instability becomes the dominant cause of vortex-
induced vibrations (VIV), rather than resonance caused by lock-in. Despite the
absence of mechanisms to observe the shedding patterns directly, it was inferred that
the shed vortices were influenced by the profile of the cable and the presence of
buoyancy modules, which contributed to damping the frequency components. The
findings provide a detailed characterization of the dynamic responses of lazy wave
configurations under varying flow conditions, emphasizing the complex interplay
between structural dynamics and fluid forces.
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APPENDIX A: Computation of in-line (x.) and cross-flow (ycr)
displacements of the cable in a current

The Qualisys system provides displacements of target points on the cable, on a frame
of reference (X, Y, Z) that is fixed in space. Calculations set out below transform such
measurements into in-line (IL) and cross-flow (CF) displacements, with reference to
the local mean incident velocity. Time-averaged displacements due to the current are
first subtracted from the measured time series. Time-dependent in-line and cross-flow
displacements are described by the trajectory of the cable axis where it intersects the
plane perpendicular to the mean local orientation of the cable. Cross-flow
displacements lie in this plane, and are measured in the direction at right angles both
to the cable axis and to the projection of the current. In-line displacements, also traced
out on the normal plane, are perpendicular to both the cylinder’s axis and the cross-
flow direction.



Direction cosines are used to identify the orientations of the various axes involved in
this transformation. The direction cosines of a line in space joining the points (X7, Y7,
Z1) and (X2, Y, Z>) are

Il =X, —Xy)/d, m =, —-Y)/d, n = (Z, —Z;)/d (A1)
where
d= \/(Xz - X1)2 + (Yz - Y1)2 + (Zz - Zl)z- (A.2)
It follows that
P+m2+n?=1 |, (A.3)

and the angle between two intersecting lines with direction cosines /1, m+, n1 and /I,
mo, nz2is

cos® = L1, + mym, + nyn, . (A.4)

The direction cosines of the axis of the cable between two adjacent Qualisys target
points are known from their time averaged coordinates (X, Y, Z) and are denoted by
I, me, ne. Those for the direction of current are denoted by /, m, and 0 (since the
current has no vertical component). The FloWave experiments are identified by the
current direction (8) which is defined in Figure 6 and thus lv = —cosf,m,, = sinf. The
direction cosines of the cross flow and in-line directions, denoted Icr, mcr, ncr and /i,
my, ni, respectively are initially unknown. They are found from the geometrical
relationships imposed through applications of equations (A.3) and (A.4)
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Finally, displacements in (X, Y, Z) coordinates can be transformed into the cross-flow
and in-line directions by

Yer = lepX + mepY + nepZ



XL = llLX + mILY + nILZ (A6)

where x;. and ycr represent displacements in the in-line and cross-flow directions
respectively.



