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Many technologies based on fluid–structure interaction mechanisms are being developed
to harvest energy from geophysical flows. The velocity of such flows is low, and so is their
energy density. Large systems are therefore required to extract a significant amount of
energy. The question of the efficiency of energy harvesting using vortex-induced
vibrations (VIV) of cables is addressed in this paper, through two reference configurations:
(i) a long tensioned cable with periodically-distributed harvesters and (ii) a hanging cable
with a single harvester at its upper extremity. After validation against either direct
numerical simulations or experiments, an appropriate reduced-order wake-oscillator
model is used to perform parametric studies of the impact of the harvesting parameters
on the efficiency. For both configurations, an optimal set of parameters is identified and it
is shown that the maximum efficiency is close to the value reached with an elastically-
mounted rigid cylinder. The variability of the efficiency is studied in light of the
fundamental properties of each configuration, i.e. body flexibility and gravity-induced
spatial variation of the tension. In the periodically-distributed harvester configuration, it is
found that the standing-wave nature of the vibration and structural mode selection plays
a central role in energy extraction. In contrast, the efficiency of the hanging cable is
essentially driven by the occurrence of traveling wave vibrations.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Innovative energy harvesting devices are being developed to extract energy from geophysical flows such as wind or
marine currents. The most common way to extract this energy is to convert it into the rotary motion of a dedicated
structure, as wind turbines or marine turbines (Nishino and Willden, 2012; Bahaj, 2013; Batten et al., 2013). Even if these
technologies are nowmature from an industrial point of view, several other mechanisms to harvest this energy are currently
being studied.

Among them, a specific class is based on flow-induced vibrations (Blevins, 1990; Naudascher and Rockwell, 1990). Energy
harvesting through fluid–elastic instabilities has been investigated, such as galloping (Barrero-Gil et al., 2010), airfoil coupled-
mode flutter (Peng and Zhu, 2009; Boragno et al., 2012) and flutter in an axial flow (Tang et al., 2009; Singh et al., 2012b,a;
chnique.fr (C. Grouthier).
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Michelin and Doaré, 2013). Vortex-induced vibrations (VIV), a strong coupling between the solid dynamics and its fluctuating
wake, are another interesting mechanism to extract energy from geophysical flows (Yoshitake et al., 2004; Barrero-Gil et al.,
2012). Bernitsas et al. (2008) for instance developed the VIVACE device to harvest energy by VIV of elastically-supported rigid
cylinders.

A quantitative criterion is necessary to compare the performances of all these emerging technologies. As in Barrero-Gil
et al. (2010), Bernitsas et al. (2008) or Hobbs and Hu (2012), we define the efficiency of the harvesting, η, as the ratio
between the time-averaged extracted power 〈P〉, where 〈 � 〉 stands for time-averaged quantities, and the energy flux across
the cross-flow section A of the device, P0,

η¼ 〈P〉
P0

¼ 〈P〉
1
2
ρAU3

; ð1Þ

where ρ and U are respectively the fluid density and the flow velocity. There are of course many other ways to define the
efficiency of an energy harvesting device, see for instance Zhu et al. (2009) or Doaré and Michelin (2011). In such
geophysical flows, the energy density ðρU3=2Þ is low, of the order of 500 W/m2 for typical wind speed (10 m/s) or current
speed (1 m/s). A large area A is thus needed to access large quantities of energy. This can be achieved either by considering
many short devices, as in Bernitsas et al. (2008), or one single large structure, as considered in the present paper.

In the specific domain of VIV, such large structures have been extensively studied for offshore engineering issues
(Baarholm et al., 2006; Tognarelli et al., 2008; Mukundan et al., 2009; Modarres-Sadeghi et al., 2010). VIV of long cables
consist of vortex-induced waves, which can be stationary or traveling (Vandiver, 1993). The excitation of the structure
through lock-in, i.e. the synchronization between the vortex shedding and the body oscillation, may occur successively for
each vibration mode of the cable (Chaplin et al., 2005; King, 1995).

Placing long flexible structures, such as cables, in a cross-flow seems like a promising way to harvest energy from low
velocity geophysical flows. Yet the corresponding dynamics is much more complex than that of a rigid body, and it is
necessary to explore how the efficiency depends on the parameters of the system. In the present paper, this question is
addressed through two reference configurations, using a classical reduced-order model, which is validated here in
comparison with Direct Numerical Simulations (DNS) and experiments. The configuration of a tensioned cable with
periodically-distributed harvesters is first investigated to study how the distance between harvesters and their respective
intensity influences the efficiency. To analyze the impact of a single harvester and to show the feasibility of the proposed
energy harvester in practice, the second configuration is a hanging cable with one harvester at its upper extremity, for which
the tension is induced by gravity. Section 2 describes the model used throughout the paper. In Section 3, the case of the
elastically-mounted rigid cylinder is considered. Sections 4 and 5 address the two reference cases of a cable with harvesters,
introduced above.
2. Model

2.1. A reduced-order wake-oscillator model

A comprehensive study of the impact on the efficiency of the system parameters using experiments or DNS would be
very time consuming and computationally expensive. A reduced-order model is therefore used in this study, based on the
ones that have been developed for VIV since Hartlen and Currie (1970). These models have been extended to long cables
(Violette et al., 2007; Xu et al., 2008; Srinil, 2010), and have been proven to predict accurately the main features of their
dynamics, as well as some of their complex features like mode switching (Violette et al., 2010). In these models, the
fluctuating lift exerted by the wake on the bluff body is modeled by a single variable, q¼ 2CL=CL0, where CL is
the instantaneous lift coefficient and CL0 is the lift coefficient if the solid were fixed. In the wake-oscillator considered
here, the evolution of q is assumed to follow a Van der Pol oscillator equation,

€qþεðq2�1Þ _qþq¼ f s; ð2Þ

where _ð Þ stands for the derivative with respect to the dimensionless time t ¼ωf T , where T is the time and ωf ¼ 2π St U=D is
the Strouhal shedding frequency, St is the Strouhal number, U is the flow speed and D is the solid diameter. Eq. (2) is coupled
with the solid equation by the forcing term fs. Facchinetti et al. (2004) showed that an inertial coupling provides an accurate
representation of VIV, using f s ¼ A €y, where y¼ Y=D is the solid dimensionless transverse displacement. In the following, the
values ε¼0.3 and A¼12 are used (Facchinetti et al., 2004), unless otherwise specified.
2.2. Model for the energy harvesters

Energy harvesting induces a loss of energy for the fluid–solid system. It is thus represented in the remainder of the paper
by a local viscous damping force, whose intensity is a key parameter of the problem.
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3. The elastically-mounted rigid cylinder

The efficiency of the energy harvesting by VIV of an elastically-mounted rigid cylinder is first investigated, Fig. 1(a). Let
ms be the mass per unit length of the cylinder. The natural frequency of the cylinder in still fluid may be expressed as
ωs ¼

ffiffiffiffiffiffiffiffiffiffiffi
k=mt

p
, where mt ¼msþρπD2CM0=4 is the total mass per unit length of the cable, including the added inertia. An

added mass coefficient of CM0 ¼ 1 is considered in this paper. Following Facchinetti et al. (2004), the cross-flow dynamics of
the cylinder is governed by

€yþ ξþ γ
μ

� �
_yþδ2y¼Mq; ð3Þ

where δ¼ωs=ωf is the ratio between the solid natural frequency and the vortex shedding frequency. The damping term
includes both the structural damping ξ¼ R=mtωf and the fluid damping γ=μ, where γ ¼ CD=4π St is the stall parameter, CD is
the drag coefficient (Skop and Balasubramanian, 1997; Facchinetti et al., 2004), and μ¼mt=ρD2 is the mass ratio. In Eq. (3),
Mq is the wake forcing with M¼ CL0=16μπ2 St2. Unless otherwise specified, we use CD ¼ 2, CL0 ¼ 0:8, St¼0.17, and μ¼2.79
(Violette et al., 2010).

Following Section 2.2, the harvested energy is defined and computed as the total energy dissipated by the structural
damping ξ. The system of equations (2) and (3) is integrated numerically using finite differences and a centered explicit
scheme. The solid is initially at rest and the lift coefficient q is subjected to a small random initial perturbation. The system
quickly reaches a limit cycle which is used to derive time-averaged quantities such as the efficiency, Eq. (1), which reads as
η¼ 16 μπ3 St3〈ξ _y2〉 in dimensionless variables. The evolution of η with the damping ξ and the frequency ratio δ is shown in
Fig. 2. The maximum efficiency, ηopt ¼ 0:23, is close to the value of 0.22 presented in Bernitsas et al. (2008). It is obtained
under lock-in, which results in high-amplitude vibrations. More precisely, the optimal efficiency is reached for ξopt ¼ 0:16
and δopt ¼ 0:90, in the vicinity of the condition, δ¼ 1. For each frequency ratio δ, the efficiency follows a bell-shaped
evolution with ξ. At low damping parameters, η is proportional to ξ as VIV amplitude saturates (Williamson and Govardhan,
2004). The amplitude is proportional to 1/ξ at high damping parameters (Facchinetti et al., 2004), and so is the efficiency.

We have shown here that the wake oscillator model is a valuable tool to simply derive efficiency maps. Moreover we
have emphasized that high efficiencies are obtained under lock-in condition, in a region of the parameter space where the
frequency of shedding matches the natural frequency of the cylinder. The successive lock-ins of the different vibration
modes of a flexible structure may consequently lead to wider ranges of parameters leading to high efficiencies. Energy
harvesting by VIV of cables is therefore explored in the next sections.

4. A tensioned cable with periodically-distributed harvesters

In this section, the energy harvesting by cross-flow VIV of an infinitely long tensioned cable with periodically-distributed
energy harvesting devices is investigated, Fig. 1(b). This discussion does not aim at describing how to implement these
devices, as obviously infinitely long cables cannot be constructed. The discussion, however, is valuable towards under-
standing the impact on the efficiency of the harvester distribution along a cable. The parameters D, ms, ρ and U have the
same meaning as in Section 3, and Θ is now the cable's uniform tension. The energy harvesting devices are modeled by
Fig. 1. Energy harvesting by cross-flow VIV of (a) an elastically-mounted rigid cylinder, (b) a tensioned cable with periodically-distributed energy
harvesters and (c) a hanging cable with a single energy harvester at its upper extremity.



Fig. 2. Efficiency of the energy harvesting by VIV of an elastically-mounted rigid cylinder, as a function of the damping parameter ξ and the frequency ratio
δ. The white cross locates the optimal harvesting configuration: ξ¼0.16 and δ¼0.90, leading to an efficiency of η¼0.23.
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dashpots of damping coefficient R and the distance between two successive dashpots is denoted by L. The dimensionless
spanwise coordinate is defined as z¼ Z=Zc, with Zc being the wavelength of a wave traveling along the cable with frequency
ωf and phase speed c¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Θ=mt

p
,

Zc ¼
2π
ωf

ffiffiffiffiffiffi
Θ
mt

s
: ð4Þ

The cross-flow dynamics of the cable are described by the dimensionless equation

€yþγ
μ
_y� 1

4π2y
00 ¼Mq; ð5Þ

where ð Þ0 stands for the derivation with respect to z. The force balance at the dashpot locations introduces the local
condition

1
4π2 y0 0; tð Þ�y0 ℓ; tð Þ½ � ¼ ξℓ _y 0; tð Þ; ð6Þ

where y0ð0; tÞ is the right derivative of the displacement y with respect to z at location z¼0, and y0ðℓ; tÞ its left derivative at
z¼ ℓ. The damping parameter reads as ξ¼ R=Lmtωf , and the reduced length is defined as ℓ¼ L=Zc. The motion of the cable
with periodic harvesters, Eqs. (2), (5) and (6), is integrated using centered finite differences on a spatially periodic domain
and the Crank–Nicolson method.
4.1. Comparison with direct numerical simulations

The cable dynamics predicted by the model is first compared with the results of direct numerical simulations (DNS),
Fig. 3. The parallelized code Nektar, based on the spectral/hp element method (Karniadakis and Sherwin, 1999) is used to
solve the coupled fluid–solid dynamics, as detailed in Bourguet et al. (2011). The Reynolds number is set to Re¼300 and the
corresponding lift coefficient CL 0 is obtained by a DNS with a fixed cable. The obtained value of CL0 ¼ 0:61 is consistent with
the experimental results found in Norberg (2003) and is used in this section.

The displacements predicted by the model and the DNS are plotted in Fig. 3, for three different sets of parameters.
In both cases, the vibration modes are identical. A good agreement is also observed between the model and the DNS for
predicting the traveling or stationary behavior of the cable VIV. Fig. 4 shows the evolution of the efficiency
η¼ 16μπ3 St3〈ξ _y2〉 with the two harvesting parameters, ℓ and ξ. For both DNS results and model predictions, the efficiency
η varies rather smoothly with the damping parameter ξ, while its evolution with ℓ exhibits some discontinuities. This strong
influence of the reduced length on the efficiency will be discussed in Section 4.2. These comparisons between DNS and
model predictions confirm the ability of the model to represent the dynamics of cross-flow VIV of a tensioned cable. The VIV
model is consequently an appropriate tool to complete a systematic study of the evolution of the efficiency η with the two
harvesting parameters, ξ and ℓ.



Fig. 3. Cross-flow displacement of the tensioned cable predicted by DNS (left) and by the model (right): ℓ¼0.55 and ξ¼3.65 in (a) and (b), ℓ¼1.50 and
ξ¼3.65 in (c) and (d), ℓ¼1.00 and ξ¼0.04 in (e) and (f).
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4.2. Efficiency map

A full parametric study of the efficiency η is performed, with the same parameters as in Section 3, in particular CL0 ¼ 0:8
contrary to the previous section for which it was adapted to the considered values of the Reynolds number. Fig. 5 shows the
evolution of η with respect to the reduced length ℓ and the damping parameter ξ.

The optimal efficiency ηopt ¼ 0:19, reached for ℓopt ¼ 0:55 and ξopt ¼ 3:65, is close to the value of 0.23 obtained for a rigid
cylinder, Section 3. The efficiency η depends significantly on both harvesting parameters ℓ and ξ. Except for ℓo0:5, where
its variations are rather smooth, the efficiency varies dramatically with the reduced length ℓ. It exhibits discontinuities,



Fig. 4. Left: evolution of the efficiency with the reduced length ℓ for ξ¼3.65; right: evolution of the efficiency with the damping parameter ξ for ℓ¼1.
Model results (solid lines) and DNS results (symbols). The letters (a), (c) and (e) correspond to the DNS results shown in Fig. 3.

Fig. 5. Efficiency η as a function of ξ and ℓ. The white cross locates the optimal harvesting configuration: ξ¼3.65 and ℓ¼0.55, leading to an efficiency of
η¼0.19. The number of the dominant mode, determined by a linear stability analysis, is also indicated and the heavy lines mark the boundaries between
the dominance zones of each mode number.
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which have already been pointed out in Fig. 4 (left), where the high impact of ℓ on η is visible. The high-efficiency zones
correspond to well-defined high efficiency tongues located in the high-damping region of the map; these regions are
analyzed in the following.

4.3. Relation between efficiency and vibration modes

The cross-flow motion of the cable for three sets of parameters leading to very different efficiencies is shown in Fig. 6.
In order to characterize the cable dynamics, the mode number n is defined as

n¼ 2ℓ
λ
; ð7Þ

where λ is the wavelength of the VIV. As the extremities of the cable are not fixed but damped, this mode number may not
necessarily be an integer. In such cases, n is defined as the closest integer to the ratio 2ℓ=λ.

When the harvesting parameters are optimal, the cable displacement corresponds to a mode 1, Fig. 6(a), and to a mode 3
when ℓ¼ 1:50, Fig. 6(c). In both cases, the envelope of the oscillations also shows that the dashpots are moving, leading to
an efficient extraction of energy. On the contrary, the energy harvesters are still when ℓ¼ 1, for which the selected vibration
mode has a mode number of n¼2, Fig. 6(b).

The mode selected by the cable VIV therefore seems to be a key parameter for the system efficiency. The dashpots are
forced by the slope discontinuity between the two strands of the cable on either side of the harvesters, Eq. (6). This slope
discontinuity is much larger when the mode number n is odd compared with when it is even, as shown in Fig. 6(d) and (e).
This explains why the parameters for which an odd mode of vibration is excited lead to a much higher efficiency than the



Fig. 6. Displacement (solid line) and envelope (dashed line) of the cross-flow VIV of the tensioned cable for ξ¼ ξopt ¼ 3:65 and (a) ℓ¼ ℓopt ¼ 0:55,
corresponding to the optimal case for energy harvesting, η¼ ηopt ¼ 0:19 (b) ℓ¼1, η¼0 and (c) ℓ¼1.50, η¼0.07. A magnification of each plot is shown in
(a)–(c) in order to visualize the displacement of the cable in the vicinity of the dashpots, z=ℓ� 1. In each figure, the horizontal gray line shows the location
of one energy harvester. Sketches of the resulting forcing of the cable on the dashpot are also shown, in cases where the excited mode number is (d) odd
and (e) even.
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ones leading to an even mode. It is consequently important to identify the dominance zone of every vibration mode of the
tensioned cable. To this end, a linear approach is used.
4.4. Linear stability analysis and lock-in

Following the work of de Langre (2006), Violette et al. (2010) have shown that a linear stability analysis of the VIV model
provides an accurate prediction of the frequency and wavelength of VIV of a tensioned cable. The non-linear term εq2 _q of
the wake-oscillator, Eq. (2), is neglected and a stability analysis of the coupled linear system is performed. The most unstable
linear mode is determined for each set of parameters ℓ and ξ. The dominance zones of the cable vibration modes are
reported on the efficiency map, Fig. 5. There is a very good agreement between the dominance zones of the linear vibration
modes and the complex structure of the efficiency map. The high efficiency regions of the parameter space correspond
rigorously to the dominance zones of the odd vibration modes. This confirms that in practice, the harvesting parameters ℓ
and ξ should be chosen so that an odd mode number of the cable is excited, for the harvesting to be efficient. As for the case
of an elastically-mounted rigid cylinder, Section 3, the high efficiencies are obtained under lock-in conditions, but for any of
the odd modes.
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The structure of the efficiency map is therefore due to the dominance zones of the different vibration modes of the cable
in VIV. The eigenfrequency of the mode n of a tensioned cable with fixed ends reads as

ωn ¼ nπ
L

ffiffiffiffiffiffi
Θ
mt

s
: ð8Þ

Combining Eq. (8) with the definition of ℓ, Eq. (4), leads to

ℓ¼ n
2

ωf

ωn

� �
: ð9Þ

The dimensionless length parameter, ℓ, corresponds to the ratio between the Strouhal frequency and the successive
eigenfrequencies of the tensioned cable. A match between the vortex shedding frequency, ωf, and the natural frequency of
mode n, ωn, is therefore observed for ℓ¼ n=2. These conditions notably locate the local maxima of η within the dominance
zone of each mode, Fig. 5. The two harvesting parameters have to be chosen so that ℓ ensures that the shedding frequency is
close to the natural frequency of an odd mode while ξ has to be high enough to allow this particular mode to be excited; at
low damping, only even modes develop, as seen in Fig. 5.

The existence of several vibration modes is one of the fundamental characteristics of a flexible structure when compared
to an elastically-mounted rigid cylinder. The cable adapts its VIV dynamics to the wake forcing, through mode selection,
which strongly impacts the efficiency of the harvesting, Fig. 5. Therefore, flexibility modifies the energy harvesting behavior
of the structure dramatically, compared to a rigid one, through this ability to adapt its dynamics via the lock-in of its
successive modes.

5. A hanging cable with a localized harvester

The previous section has shown that VIV of long and flexible structures may be a relevant mechanism to harvest energy
from geophysical flows. It is yet still necessary to look for an appropriate configuration with fewer harvesters. In this section,
a single energy harvester is considered. The cable is hung by an energy harvester at its upper extremity, the lower one being
free, Fig. 1(c). This configuration differs from the previous one by its gravity-induced tension, varying along the span of the
cable, and by the asymmetry of its boundary conditions.

The dimensionless cross-flow displacement y and time t are defined as in previous sections. Following Grouthier et al.
(2013), the dimensionless spanwise coordinate is defined as z¼ Z=Zc where the characteristic length for the spanwise
coordinate is Zc ¼msg=mtω2

f . Given these characteristic dimensions, there are two dimensionless harvesting parameters.
The first one is ℓ¼ L=Zc, the dimensionless length of the hanging cable. The second one is the dimensionless damping
parameter, ξ¼ R=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lmsmtg

p
.

5.1. Experiments

The energy harvesting by VIV of a hanging cable was first studied experimentally; then the results were compared with
the predictions of an appropriate model. Physical properties of the cable were L¼0.65 m, ms ¼ 21 g m�1 and D¼ 2:5 mm.
The cable was placed in uniform flow of constant speed U in the water channel of the Fluid–Structure Interactions laboratory
of University of Massachusetts, Amherst, whose test section dimensions are 38 cm�50 cm�150 cm. The experimental
setup was similar to that used by Grouthier et al. (2013), except for the top dissipative boundary condition. The cable was
hung by nylon strings and fixed to the dashpot, Fig. 7. The viscous damping was generated by a stick, immersed in an
appropriate mixture of water and glycerol. This allowed adjusting the magnitude of the damping parameter by varying the
proportion of glycerol. Most of the uncertainty in the forthcoming results actually came from the uncertainty in the
measurement of the damping parameter ξ, obtained through water–glycerol mixture. The displacement of the upper end of
the cable was measured with a laser displacement sensor Micro-epsilon OptoNCDT ILD1302-20. The acquisition frequency
was 256 Hz. Three flow speeds were tested, corresponding to different values of the dimensionless length parameter:
ℓ¼15.0, 34.1 and 50.0. For each flow speed, measurements were taken for five damping values ranging from 0.1 to 20. The
measured displacement was filtered around its dominant frequency, close to the expected Strouhal frequency (Grouthier
et al., 2013). To avoid noise due to signal differentiation, the numerator of Eq. (1) was estimated as RΩ2Y2

L , with Ω and YL
being the frequency and amplitude of the cable upper end oscillation respectively.

Fig. 8 shows the evolution of the efficiency with the damping parameter ξ, derived from the experiments. For all values
of ℓ, the efficiency shows a maximum, in the vicinity of ξ¼ 1. This configuration is also studied using the wake oscillator
model coupled with a cable equation, as in the previous section, but taking into account the gravity-induced spatial
variations of the tension and the specific boundary conditions. The model reads

€yþγ
μ
_y�ðzy0Þ0 ¼Mq; ð10aÞ

€qþεðq2�1Þ _qþq¼ A €y; ð10bÞ



Fig. 7. Sketch of the experimental setup for the analysis of the energy harvesting by cross-flow VIV of a hanging cable in a uniform flow.
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with boundary conditions

ms €y�mty0 ¼ 0 and y0 �y
h
þ ξffiffiffi

ℓ
p _y ¼ 0; ð11Þ

at the lower end, z¼0, and upper end, z¼ ℓ, respectively. The lower end condition is obtained from the momentum balance
for an arbitrary small end mass, and the upper end condition corresponds to a connection between a massless nylon string
of length h and the damper. The lift coefficient CL0 is adapted to the experimental range of Reynolds numbers, Re� 100,
CL0 ¼ 0:3 (Norberg, 2003; Violette et al., 2007). The coupling parameter A is fitted to amplitude measurements of the
hanging cable VIV in cases where the upper end is fixed, A¼2.5 (Grouthier, 2013), while the Strouhal number is taken from
Grouthier et al. (2013). The model is integrated in space and time using finite differences and the efficiency reads as

η¼ 16μπ3 St3〈ξ _y2〉ffiffiffi
ℓ

p : ð12Þ

The evolution of the efficiency, η, with ξ is plotted in Fig. 8. There is a reasonable agreement between the experimental
results and the numerical predictions. Computational results clearly show the expected bell-shaped evolution of the
efficiency, consistently with the experimental results. Note that the length parameter ℓ has a rather small influence on the
results, contrary to the previous configuration.

5.2. Parametric study

In this section, the VIV model is used to perform a parametrical study of the energy harvesting by VIV of a hanging cable, Fig. 1
(c). The model is that given in Eqs. (10) and (11), but with h¼1, corresponding to the case shown in Fig. 1(c). For the sake of
comparison with the tensioned cable configuration, the model parameters are now the same as in Section 4.2: CD ¼ 2, CL0 ¼ 0:8,
St¼0.17, μ¼ 2:79, A¼12 and ε¼0.3. Note that the coupling parameter A and the Strouhal number differ from Section 5.1, where
lower Reynolds numbers were considered. The efficiency map is given in Fig. 9, in terms of the parameters ξ and ℓ.

An optimal set of parameters, ℓopt ¼ 68:3 and ξopt ¼ 1:1, is identified. The corresponding efficiency reaches ηopt ¼ 0:22,
which is slightly higher than for the tensioned cable, Section 4. The dependence of η on the harvesting parameters is much
simpler than for the tensioned cable, Fig. 5. In particular, maximum efficiency is achieved around ξ� 1, as already noted in
experiments, regardless of the value of the length parameter, ℓ. The fir-tree shape of the efficiency map is due to the
different modes that are successively excited. It is clear that in this case, the mode selection has very little impact on the
efficiency, contrary to the case of a tensioned cable, Section 4.

5.3. Stationary and traveling waves

In order to understand the dependence of the efficiency on ξ, the motion of the hanging cable is plotted in Fig. 10 for
three different damping parameters and ℓ¼ ℓopt . For both small and high dampings, Fig. 10(a) and (c), the motion is
characterized by mainly-stationary waves, as in the case of a fixed upper extremity (Grouthier et al., 2013). The
corresponding mode shape is actually very close to a zero-order Bessel function of the first kind, with either a free-end
condition, y0ðℓÞ ¼ 0 for small ξ, Fig. 10(a), or a fixed-end condition, yðℓÞ ¼ 0 for high ξ, Fig. 10(c). However, when the optimal



Fig. 8. Efficiency η obtained experimentally (symbols) and by the model for VIV of a hanging string (solid line) for (a) ℓ¼15.0, (b) ℓ¼34.1 and (c) ℓ¼50.0.
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damping parameter is considered, ξ¼1.1, Fig. 10(b), traveling waves appear and are oriented towards the top of the cable,
where energy is extracted by the dissipative boundary condition. The local amplitude of oscillations is also more uniform
than for the two other values of ξ, the lower end displacement being much smaller. The modification of the cable cross-flow
dynamics from stationary waves to traveling waves is associated with the high efficiency reached for ξ¼1.1, and more
generally around ξ¼1. In fact, the local conservation of energy for the hanging cable reads as

∂
∂t

1
2
_y2þ1

2
zy02

� �
¼Mq _y�γ

μ
_y2þ zy0 _yð Þ0; ð13Þ



Fig. 9. Efficiency of the energy harvesting by VIV of a hanging cable with a single dashpot localized at its upper end as a function of the damping parameter
ξ and reduced length ℓ. The white cross locates the optimal harvesting configuration: ξ¼1.1 and ℓ¼68.3, leading to an efficiency of η¼0.22.

Fig. 10. Selected instantaneous positions of a hanging cable VIV with a damped upper extremity for ℓ¼ ℓopt and three different damping parameters :
(a) ξ¼ ξopt=100, (b) ξ¼ ξopt and (c) ξ¼ 100ξopt .
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where Mq _y is the energy transferred to the solid by its wake through lift, γ _y2=μ is the energy dissipated by the flow and
ðzy0 _yÞ0 is the instantaneous balance of the energy flux at location z. The energy flux ϕ along the cable consequently reads as

ϕðzÞ ¼ �〈zy0 _y〉; ð14Þ

and its sign indicates the direction of the energy propagation along the structure. This energy flux is plotted in Fig. 11, for the
three cases considered previously. For both small and high damping parameters, the flux is negative everywhere along the
cable, except in the close vicinity of the dashpot, Fig. 10(a) and (c); energy travels downwards and is dissipated by the flow in
regions of high amplitudes of oscillations. Conversely, the flux ϕ is positive and increases linearly along the span of the cable
for the optimal ξ. The energy transferred from the flow to the cable all along its span is then transported towards the energy
harvester by the traveling waves. Note that for an ideal traveling wave of amplitude y0, wavenumber k and frequency ω, the
flux is ϕðzÞ ¼ kωy20=2. This approximation of the energy flux is plotted in Fig. 11(b) and is in very good agreement with
the actual energy flux. This confirms that the high efficiencies are caused by energy transport towards the damped end of
the system, through traveling waves, thanks to the cable flexibility and the gravity-induced tension.



Fig. 11. Energy flux ϕðzÞ for (a) ξ¼ ξopt=100, (b) ξ¼ ξopt and (c) ξ¼ 100ξopt . The dashed-dotted line shows the linear approximation of ϕ on plot (b).
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6. Discussion and conclusion

Two configurations subjected to VIV have been considered in this paper, a tensioned cable with periodic harvesters (PH
in the following) and a hanging cable with a top harvester (TH in the following). In both cases, predictions of efficiency were
presented using a model validated against DNS and experiments. The first important result is that the optimal efficiencies of
both configurations are close to that of an elastically-mounted rigid cylinder with a harvester, η� 0:20. These optimal
efficiencies are found under lock-in, in regions of the parameter space where the vortex shedding frequency is close to the
natural frequency of a structural mode. For these cable systems, the multiplicity of vibration modes allows multiple lock-ins
and thereby multiple high-efficiency regions. This is a clear advantage compared to rigid systems and represents a second
important result. The third main result is that these two configurations behave differently, as illustrated by the shape of the
efficiency maps, Figs. 5 and 9. These maps were analyzed in detail, and the differences shown to be related to the difference
in the selection of waves by the boundary conditions. In the PH case, stationary waves dominate and the key parameter is
the excited mode number, the parity of which is essential. In the TH case, traveling waves allow the transport of energy to
the harvester, provided that the intensity of the harvester is properly selected.

In terms of practical applications, the two configurations behave differently by several aspects. In order to answer the
question of which configuration should be installed in a flow of given velocity U0, the optimal dimensional power generated
by one harvester, 〈P〉, is computed using the optimal parameters identified in Sections 4.2 and 5.2. The mean flow velocity
indeed impacts the optimal dimensional power 〈P〉 through the energy flux ρDU3=2 and the optimal value of L, with L being
the distance between two harvesters for the PH case and L being the length of the system for the TH case. The optimal
harvested power scales differently with the dimensional flow velocity U0,

〈P〉PH �U2
0 and 〈P〉TH �U0: ð15Þ

The TH configuration seems more adapted to lower flow velocities and the PH to higher ones. This is illustrated in Fig. 12, for
a given cable (D¼ 0:04 m and ms ¼ 3:20 kg=m) and a given tension for the PH case (Θ¼10 kN), where the crossing point of
the two configurations is near U0 ¼ 0:1 m=s. Clearly, the systems are more adapted to rather low flow velocities and thus low
generated power, since the optimal power may vary like U3

0 for other energy harvesting systems.
The two configurations differ in terms of their robustness versus possible variations of the flow velocity around the

design point. This appears in the efficiency maps, Figs. 5 and 9, where the PH case shows discontinuities while the TH case
exhibits smoother variations of efficiency with the parameters. Fig. 13 shows the effect on the efficiency of the actual
velocity U, normalized by the reference value at design, U0, for the two cases. The PH case exhibits ranges of zero efficiency,
while the TH case varies more regularly. These evolutions result from the efficiency maps discussed above, knowing that
ℓ� U and ξ� 1=U in the PH case while ℓ�U2 and ξ is independent of U in the TH case. The TH case seems much more
robust. Yet, a simple solution exists to regularize the efficiency of the PH case, by having a tension that is induced by a drag
force, Θ� U2, Fig. 13. In that case, the natural frequencies of the structural modes vary simultaneously with the vortex
shedding frequency and lock-in is preserved on the lowest mode.



Fig. 12. Dimensional power, 〈P〉 (in W), harvested by one harvester for VIV of a tensioned cable with periodically-distributed energy harvesters (solid line)
or a hanging cable (dashed line). For each flow velocity U0 and each configuration, the optimal dimensional parameters are derived and give access to the
optimal power 〈P〉 which is extracted by a single harvester.

Fig. 13. Sensitivity of the efficiency η to flow speed variations for the three flexible devices considered: the tensioned cable with constant tension (solid
line), the tensioned cable with a drag-induced tension (dashed line) and the hanging cable (line and symbols).
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Altogether, VIV of cables with localized harvesters seem a promising way to harvest energy from low velocity geophysical
flows. Considerable work, however, remains to be done to design real harvesters, but the simplicity of the flexible structures
is a clear advantage in terms of building and maintenance.
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