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In this study, the performance of an energy-harvesting device using wake-induced vibration is examined. An experimental
setup was constructed that included a submerged cylinder vibrated by vortex-induced forces and a generator driven by the
motion of the cylinder. We determined the diameter of the cylinder to optimize the range of Reynolds numbers to maximize the
lift force acting on the cylinder and placed a fixed cylinder near the moving one to increase the range of synchronization and
the amplitude. The measurement results showed that these design features can increase the energy conversion efficiency.

INTRODUCTION

The demand to exploit resources such as rare metals and methane
hydrates from the ocean has been growing because obtaining these
resources is expected to become more difficult due to depletion
and reduced trading, and the leading energy resource is predicted
to change from fossil fuels to alternatives that impact the global
environment less. This has stimulated ocean exploration to gain
information on resources, such as their distribution.

Ocean exploration has to be spatially and temporally dense
enough to obtain such information. This can be realized with
autonomous underwater vehicles (AUVs), which can conduct three-
dimensional and consecutive observation in the ocean.

In order to achieve ocean exploration with an AUV, the AUV
needs to be able to cruise over a long distance. Reducing the
resistance of the surrounding water acting on the body of the AUV
or increasing the battery charge available for the thrust of the AUV
can help improve the AUV cruising range. Developing a power
supply can also increase the available time for AUV operations. If
a device for the power supply of an AUV is placed underwater, the
AUV can stay underwater while charging its battery and continue
exploration without surfacing and being craned.

The above argument served as motivation to initiate the present
study. The authors developed a concept for an energy harvesting
system to supply an AUV with driving power. Having an underwater
system that extracts energy from seawater currents allows the
battery of the AUV to be charged in situ with the flow energy
surrounding the device.

In order to realize this system, it must be as spatially compact as
possible and durable in underwater conditions. The system must
have a sufficiently high energy conversion efficiency to fully charge
the battery in a limited amount of time. Based on these demands,
we designed and constructed an experimental apparatus to examine
the system’s properties.

This apparatus harvests flow energy through vortex-induced
vibration (VIV) of a submerged slender body. Energy harvesting
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using VIV has been already proposed by Bernitsas et al. (2008),
who developed a promising and pioneering device called Vortex
Induced Vibration Aquatic Clean Energy (VIVACE). To improve
VIVACE, Lee et al. (2011) constructed a virtual damper–spring
system to evaluate the performance of their experimental setup.
Raghavan and Bernitsas (2011) experimentally proved that the
Reynolds number range from 2–4 × 104 to 1–2 × 105, characterized
by the formation of a fully turbulent shear layer, is optimum for
harvesting energy through the use of VIV. A few other methods of
energy extraction from fluid flow have been proposed. For example,
Barrero-Gil et al. (2010) and Jung and Lee (2011) addressed energy
harvesting using galloping.

Based on the research with VIVACE, we developed our own
design involving several ideas to improve the performance: a power
takeoff with a generator that includes a translation motion and a
tandem arrangement of cylinders. The translation motion requires
few parts with complicated configurations and thus simplifies the
structure of the device, which improves the durability of the device
compared to a rotation motion. In a preceding study by Nishi et al.
(2014), it was found that a tandem arrangement of cylinders can
increase the amplitude of VIV and markedly widen the range of
velocities within which VIV occurs. In the previous work, however,
Nishi et al. (2014) employed a range of Reynolds numbers a few
orders of magnitude less than the range over which the greatest lift
force is exerted by vortices generated behind a moving body. In
this study, we conducted an experiment with the optimum range of
Reynolds numbers.

This study presents the results of that experiment and discusses
them, focusing on the power generation properties. During the
experiment, a cylindrical part fractured; this was probably due to
repetitive loads acting on the part. We considered the reason for
the fracture in order to refine the structural design of the setup.

EXPERIMENTAL SETUP

Our experimental setup (see Fig. 1) included three circular
cylinders: the first and second were movable and supported by
springs, and the third was fixed. The movement of the movable
cylinders was transmitted through frames and springs to a generator
composed of coils and a magnet.

The diameters of the cylinders were designed to set the Reynolds
numbers to 1 × 104 − 1 × 105 which has been reported to be the
optimum range for maximizing the lift force acting on the cylinder
(Raghavan and Bernitsas, 2011) and thus harvesting the flow energy
most efficiently. Table 1 lists the principal specifications of those
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Fig. 1 The left photograph shows the whole experimental setup
installed on a water-circulating channel. The small photographs on
the right show enlarged views of the generator, first cylinder, and
third cylinder.

Diameter [m] Span length [m] Mass [kg]

First 0.1 1.13 9.15
Second 0.1 1.13 8.00
Third 0.1 1.13 –

Table 1 Principal specifications of cylinders

cylinders. Rectangular plates were attached to both ends of the first
and second cylinders to maintain the two-dimensional pattern of
the vortex formation in the longitudinal direction of the cylinders.
The submerged cylinders were painted to prevent corrosion. The
motions of the first and second cylinders were restored by three
kinds of springs supporting the two cylinders: springs 1–3 (Fig. 2).

Figures 3 and 4 schematically illustrate the structure of the
experimental setup and the location of the setup on the circulating
water channel.

The design of the setup is characterized by the fixed cylinder
being placed near the submerged movable cylinder (first cylinder),
i.e., a tandem arrangement. This concept was developed from an
experimental finding in the authors’ previous work (Nishi et al.,
2014): when a fixed cylinder is placed downstream of a movable
cylinder, the vibration of the cylinder substantially grows and
monotonically increases as the reduced velocity increases beyond
9–10. The reduced velocity is defined as Ur ≡ U/4fnd5, where U is
the flow velocity, fn is the natural frequency of oscillatory system,
and d is the diameter of the cylinder.

The second cylinder is inserted between the first cylinder and
generator to increase the output of available power. This idea comes
from the outcome of a theoretical study (Nishi, 2013). In order to

Fig. 2 Photograph showing locations of three kinds of springs

Fig. 3 Side schematic view of experimental setup. The gray bars
are aluminum frames. The black parts show the walls of the water-
circulating channel. The gray rectangle surrounded by black walls
represents water. The third cylinder is placed either upstream or
downstream of the first cylinder.

significantly extract the desirable effect of the second cylinder, the
mass of the second cylinder needs to be regulated. In the present
experimental work, however, we were unable to change the mass
because of time constraints on using the water-circulating channel.
Thus, this paper focuses on the effect of the tandem arrangement
rather than the effect of the second cylinder.

The generator comprises a ring-shaped coil made of enameled
wire and a magnet bar. The oscillatory motion of the cylinder
drives the motion of the magnet, which is periodically inserted into
the coil to induce an electric current in the enameled wire.

The constructed experimental setup was installed in a circulating
water channel (V2-15A, West Japan Fluid Engineering Laboratory
Co. Ltd.), which includes a transparent section for observation
measuring 3.0 m in length, 1.2 m in width, and 0.85 m in depth.
The depth of the water was 0.6 m. The water-circulating channel
has two impellers and is equipped with a surface acceleration device
to maintain the spatial uniformity of flow; measurements at several
points in the channel showed that deviations of flow velocities
from their mean value range from -0.9% to 1.5% of the mean.

To transmit the motion of the submerged cylinder to the motion
of the magnet, some frames had to pass through the water surface

Fig. 4 Front schematic view of experimental setup. The gray bars
are aluminum frames. The black parts show the walls of the water-
circulating channel. The gray rectangle surrounded by black walls
represents water.
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Fig. 5 Photographs showing streamlined attachments covering
frames that penetrate the water surface

and disturb the water flow near the surface; therefore, streamlined
coverages were attached onto the frames to minimize the effect
of surface wave generation on the vortex formation around the
cylinder (Fig. 5).

Some resistors were inserted into an electric circuit that included
the generator to optimize the extracted power. The magnitude of
the resistance was determined by using a mathematical model that
expresses the mechanics and electromagnetics involved in the setup.
The formulation and mathematical representation of the model is
described in the next section.

MODELING FOR OPTIMUM DESIGN

To optimize the design of the experimental setup, we examined
the solution to a theoretical model considering only the dynamics
and electromagnetics of the setup.

In the present model, the rotation of the parallelogram structure
was simplified into the rotation of a rigid bar around a center of
rotation. The rotation angle � was defined as indicated in Fig. 6.
Assuming that the magnitude of � is small, the equation of the
rotation is written as:

I �̈+ cd�̇+ kr2
1� = −Fer2 cos�− Fcr3 cos� (1)

where I denotes the moment of inertia, including the presence
of the cylinders, counterweight, and frames, and cd denotes the
damping coefficient involving the dynamic and electromagnetic
effects. The dot symbol means the derivative with respect to the
time t. Fc denotes the reaction force exerted by electromagnetic
induction in the coil; Fe denotes an external force transmitted from
the vibration of the submerged cylinder. The notations r1, r2, and
r3 denote the straight-line distances between the application points
of the forces and the pivot.

In this study, Fe is assumed to be independent of a resistance
added in the electrical circuit as an electrical load. This means that
the present modeling considers a forced oscillation problem. It is
supposed that the model is able to compute reasonably well the
optimum resistance if the prescribed external force approximates
enough the actual fluid force. In the presented experiment that

Fig. 6 Schematic illustration for rotation of a bar to model the
motion of experimental setup in a simplified manner

primarily focuses on the primary conversion of energy, the treat-
ment of determining the added resistance played a sufficient role.
Nevertheless, it should be noted here that we can apply a more
elaborate modeling that simultaneously involves the electromagnetic
process and dynamics of fluid-induced force, such as the modeling
for energy harvesting using VIV in Nishi (2013) and the one for
energy harvesting using transverse galloping in Vicente-Ludlam
et al. (2014).

Equation 1 can be rewritten in a dimensionless form as:

�′′
+ 2��′

+ � =Me (2)

Me ≡ −
Fer2 + Fcr3

I�2
0

cos�

where the prime means the derivative with respect to dimensionless
time, which is defined as t′ ≡�0t; �0 is the undamped angular
natural frequency, which is expressed as �0 ≡

√

kr2
1 /I . The notation

Me means the dimensionless moment of the external force, and �
is the damping ratio and is defined as � ≡ cd/2I�2

0.
The coupled dynamic and electromagnetic system was analytically

examined to determine the performance of the system when the
motion of the bar was synchronized with the periodic variation in
the external force; therefore, the solution to Eq. 2 is written in
harmonic form as � = Re4�0e

i�t′ 5 and Me = Re4M0e
i�t′ 5. If we use

a linear approximation based on � being small, we can prove the
following relation:

��0�
2

�Me�
2 =

1
41 −�25 2 + 4�2�2

(3)

≤
1

4�2
(4)

The inequality in Eq. 4 holds if �= 1, which corresponds to the
synchronization of the frequency of the external force with the
natural frequency of the rotating system under consideration.

The rotation radius of the moving magnet is denoted by r3.
Following Faraday’s law, we can relate the velocity of the magnet
as r3�

′ to the voltage V induced in the coil:

V = �r3�
′ (5)

The rotation velocity �′ can be expressed as a periodic function
with the frequency � in the following manner:

�′
=�Re4�0e

i�t′ 5 (6)

Then, through the application of Ohm’s law to the electric circuit,
the current i in the coil can be written as:

i =
V

Rc +Rm
=

�r3

Rc +Rm
�Re4�0e

i�t′ 5 (7)

where Rc and Rm denote the resistance at the coil and added
resistance of an electrical load. By using Eq. 7, we can represent
the instantaneous power transferred to the electrical load as:

Pl =Rc i
2
=

�2r2
3�

2Rc

4Rc +Rm5
2

(

1
2
�0e
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1
2
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and its temporal average value as:

P̄l =Rc i
2
=

Rc

2 4Rc +Rm5
2 �

2r2
3 ��0�

2 �2 (9)

where the asterisk denotes the complex conjugate.
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Equation 3 states that the average power P̄l is maximized if
�= 1. The maximum is given as:

max
(

P̄l

)

=
Rc

2 4Rc +Rm5
2
�2r2

3 �Me�
2 1

4�2
(10)

The damping in our experimental setup is due to mechanical friction,
the viscosity of the fluid, and electromagnetic induction. Thus, the
damping ratio is given by � = �mf + �em, where �mf represents the
damping due to mechanical friction and the viscosity of the fluid,
and �em represents the damping due to electromagnetic induction.

To incorporate the electromagnetic induction into the present
model, Coulomb’s, Ampere’s, and Ohm’s laws are applied to
express the reaction force exerted by the electromagnetic induction
in the following manner:

Fc =m
N

l

�r3�
′

Rc +Rm
(11)

If we substitute Eq. 11 into Eq. 2, we can show that the force Fc

acts as a damping force. The electromagnetic damping coefficient
is defined as:

cem ≡m
N

l
�

r2
3

Rc +Rm
(12)

This coefficient has the following relation to the electromagnetic
component of the damping ratio:

2�em ≡
cem

I�0
=

1
√

Ikr2
1

m
N

l
�

r2
3

Rc +Rm
= 2K2 1
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1

2
√
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1

m
N

l
�r2
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where K2 has the dimension of resistance. By using the notation
K2 and the expression for the power consumption (i.e., Joule heat)
in Eq. 10, we can express the power consumption as:

max4P̄l5=
1
8
�2r2

3 �Me�
2 Rc

4Rc +Rm5
2

1
(

�mf +
K2

Rc +Rm

)2 (15)

which depends on the two resistances Rc and Rm. Rc appears in
both the denominator and numerator, which suggests that max

(

P̄l

)

is further enhanced by regulating Rc. Differentiating max
(

P̄l

)

with
respect to Rc and equating the differentiation with zero yields the
following relation:

4Rc −Rm5�m +K2
= 0 (16)

which is the same as the relation derived by Stephen (2006) for an
energy harvesting system using the translation motion of a mass
supported by a spring. Based on Eq. 16, the added resistance Rm

in the experiment is determined.

MEASUREMENT CONDITIONS

We first conducted an experiment without the third cylinder.
Hereafter, this measurement condition is referred to as “single
cylinder.” In the single cylinder experiment, we used three combi-
nations of three strings with different stiffness levels (Figs. 2–4),
which are listed in Table 2.

For each combination, three coil turns (2000, 2500, and 3000)
were used to examine the extent of the effect of the strength of the
power takeoff parameter on the overall performance of the system.

k1 k2 k3

Case A 103 341 523
Case B 103 341 622
Case C 58 473 694

Table 2 List of spring stiffness values (unit: N/m)

The single cylinder experiment was followed by an experiment
with the third cylinder placed near the first cylinder. Hereafter, this
measurement condition is referred to as “tandem arrangement.”
In the tandem arrangement experiment, we employed the spring
stiffness for Case C and 3000 coil turns. The third cylinder was
placed upstream or downstream of the first cylinder with intervals
between the centers of the first and third cylinders of 0.50d, 0.75d,
and 1.00d, where d denotes the diameter of the first cylinder.

DATA PROCESSING

We measured the motions of the first and second cylinders
with laser displacement gauges (Keyence IL-600) and the voltage
induced in the coil with a data logger. The outputs from those
measurement instruments were sent to an electronic storage medium
through the data logger.

We processed the time histories for the displacements of the
two cylinders and the time histories of the voltage to extract
the properties of the vibration in the cylinders and generator.
Fast Fourier transform (FFT) was used to calculate the vibration
amplitude spectra to identify the most predominant component
contained in the vibrations. Figure 7 depicts an example spectrum
calculated for the vibration amplitude of the first cylinder. The
spectra were used to determine the value and frequency of the
highest peak. We analyzed all of the measurement cases in this
manner and plotted those results against the reduced velocity to
determine the relationship between the vibration and the velocity
of the fluid flow.

RESULTS AND DISCUSSION

Free Damping Test

To quantify the damping intensity in the experimental setup, a
free damping test was conducted where the first cylinder began
to vibrate without being subject to a fluid flow from an initial
position that deviated from the rest position. The vibration gradually
decayed because of hydrodynamic, mechanical, and electromagnetic
energy dissipations (Fig. 8). Table 3 lists the damping ratios for the
three cases with different spring stiffness levels obtained from the
free damping test.

Fig. 7 Example spectrum for vibration amplitude of the first
cylinder
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Fig. 8 Time histories for displacement of the first cylinder obtained
from free damping test: (a) Case A, (b) Case B, and (c) Case C.
The closed plots are local maximum points picked up to estimate
logarithmic decrements.

Damping ratio [–]

Case (A) 0.015
Case (B) 0.038
Case (C) 0.015

Table 3 Damping ratio for three cases estimated in free damping
test

Single Cylinder

The first cylinder was placed below the water surface without
neighboring cylinders in order to measure the extent to which
the amplitude of the vibration depended on the Reynolds number.
Figure 9 shows the amplitude of the vibrations obtained in this
study and those of the previous work in Nishi et al. (2014), with
smaller Reynolds numbers.

The amplitudes of the first cylinder in this study markedly
increased to greater than zero when the reduced velocity ranged
from 5 to 9 with a maximum of around 1.0 (Fig. 9a), which was
quite larger than that in the previous work using smaller Reynolds
numbers. This result is qualitatively consistent with that obtained
by Raghavan and Bernitsas (2011).

Note that, because the experimental conditions in this study were
not fully the same as those in the previous study, we could not
strictly compare these two results. Nevertheless, most of the moving
frames for the experimental setup in this study had structures
similar to those in the previous one. Thus, we concluded that the
greater amplitudes in this study were because of the Reynolds
numbers being optimized to maximize the produced lift forces.

The first cylinder had a maximum amplitude of 0.9–1.0, which
is in common for the three combinations of spring stiffness when
the reduced velocity was 5.0–8.0. This corresponds to the upper
branch observed in a typical response of VIV (Williamson and
Govardhan, 2004). Differences in the number of coil turns had
almost no influence on the amplitude. The amplitudes of the second
cylinder were smaller than those of the primary cylinder throughout
the reduced velocity range that was tested.

The vibration of the single cylinder had a frequency less than
the natural frequency when the reduced velocity was less than 5.0
and mostly coincided with the frequency of vortex-shedding behind
the fixed cylinder, i.e., the Strouhal frequency (Fig. 10). When the
reduced velocity was greater than 5.0, the normalized frequency
tended to have an almost constant value that was slightly larger
than unity.

Fig. 9 Amplitude of vibration normalized by the diameter of the
first cylinder against reduced velocity: (a) first cylinder, (b) second
cylinder, and (c) isolated cylinder, according to Nishi et al. (2014)
with Reynolds numbers of 2048 × 103 to 1050 × 104. The three
kinds of plots in (a) and (b) correspond to coil turns of 2000 (•),
2500 (�), and 3000 (×).

Fig. 10 Frequency of most dominant component: (a) first cylinder
and (b) second cylinder. The three kinds of plots correspond to coil
turns of 2000 (•), 2500 (�), and 3000 (×). The long dashed lines
represent the relation between the Strouhal frequency and reduced
velocity for a Strouhal number of 0.2. The normalized frequency of
1.0 depicted by dotted lines corresponds to the natural frequency.

Some of the frequencies of the second cylinder greatly exceeded
the Strouhal frequency when the reduced velocity was 2.0–3.0.
This was due to the fairly low amplitudes of the vibration; the
physical signals from the vibration of the second cylinder were
covered by noise caused by the low amplitude, which reduced the
FFT accuracy. Within the synchronization range, the vibration of
the second cylinder resonated with that of the first cylinder.

The amplitude of the voltage induced in the coil (Fig. 11) had
response curves similar to those of the vibration amplitude. With

Fig. 11 Amplitudes of induced voltage against reduced velocity for
(a) Case A, (b) Case B, and (c) Case C. The three kinds of plots
correspond to coil turns of 2000 (•), 2500 (�), and 3000 (×).
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Fig. 12 Primary conversion efficiency against reduced velocity:
(a) Case A, (b) Case B, and (c) Case C. The three kinds of plots
correspond to coil turns of 2000 (•), 2500 (�), and 3000 (×).

reduced velocities greater than 5.0, the voltage was clearly detected.
The maximum voltage was around 0.6–0.9 V at a reduced velocity
of 6.0–8.0. For Cases A and B, coil turns of 2500 and 3000 tended
to produce voltages greater than those for Case C.

Using the measured amplitude and frequency, we estimated the
primary conversion efficiency, which is defined as the ratio of the
net power with which the fluid force supplies the first cylinder to
the power in the fluid flow through a section with the diameter of
the cylinder (Fig. 12). The efficiency peaked at a reduced velocity
of 5.0 for all cases at about 0.21. The decreased efficiency as
the reduced velocity increased stems from the proportion of the
efficiency to the inverse of the cube of the reduced velocity.

Cylinders in Tandem Arrangement

The tandem arrangement yielded vibration responses quite
different from those of the single cylinder arrangement. While the
responses of the first and second cylinders showed a jump at a
reduced velocity of 5.0–6.0, similar to those of the single cylinder,
the pronounced response was maintained even at reduced velocities
of greater than 9.0–10.0 (Fig. 13). This aspect clearly distinguishes
the response of the tandem arrangement from that of the single
cylinder.

Fig. 13 Amplitudes of vibration of the first and second cylinders
normalized by the diameter of the first cylinder: (a) first cylinder
with third one upstream, (b) first cylinder with third one downstream,
(c) second cylinder with third one upstream, and (d) second cylinder
with third one downstream. The three kinds of plots correspond
to separation distances of L/d = 0050 (•), L/d = 0075 (�), and
L/d = 1000 (×).

Fig. 14 Vibration frequency of the first and second cylinders
normalized by the diameter of the first cylinder: (a) first cylinder
with third one upstream, (b) first cylinder with third one downstream,
(c) second cylinder with third one upstream, and (d) second cylinder
with third one downstream. The three kinds of plots correspond
to separation distances of L/d = 0050 (•), L/d = 0075 (�), and
L/d = 1000 (×).

By looking at the frequency response (Fig. 14), we see that the
vibration frequency remained around unity when the amplitudes
were remarkably large.

The above result encouraged our assumption that the presence
of the fixed cylinder adjacent to the moving cylinder provides a
response that differs from the usual VIV. Bokaian and Geoola
(1984) discussed the hydrodynamic background of the response of
a tandem arrangement: vortices that are shed behind a circular
cylinder interfere with an adjacent body and a strong flow is formed
between the two bodies. Vibration in the tandem arrangement is
influenced by the vortex and current in a wake. This aspect can be
distinguished from VIV in that the strong flow (gap flow) intervenes
with the occurrence of a considerably large response. Assi et al.
(2009) referred to the same kind of vibration as “wake-induced
vibration.” This study also uses this term.

The large amplitudes in the tandem arrangement led to a large
amplitude for the generated voltage (Fig. 15). The voltage could be
detected even when the reduced velocity was greater than 9.0–10.0,
suggesting that this can be used to refine the energy extraction
performance.

The primary conversion efficiency (Fig. 16) showed a jump at a
reduced velocity of 5.0–6.0 and gradually declined as the reduced
velocity increased, similar to the single cylinder case. The peak
value was 0.18–0.20, which was less than the peak value for the
single cylinder case.

We focused on the result that the response of the tandem
arrangement can be sustained for a relatively wide reduced-velocity

Fig. 15 Amplitudes of voltage induced in coil (N= 30005: (a)
third cylinder placed upstream of first one and (b) third cylinder
placed downstream of first one. The three kinds of plots correspond
to separation distances L/d = 0050 (•), L/d = 0075 (�), and
L/d = 1000 (×).
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Fig. 16 Primary conversion efficiency against reduced velocity: (a)
third cylinder placed upstream of first one and (b) third cylinder
placed downstream of first one. The three kinds of plots correspond
to separation distances of L/d = 0050 (•), L/d = 0075 (�), and
L/d = 1000 (×).

Fig. 17 Stored energy for vibration of the first cylinder against
reduced velocity: (a) third cylinder placed upstream of first one
and (b) third cylinder placed downstream of first one. The closed
plots represent Case C of the single cylinder with coil turns of
2000 (•), 2500 (�), and 3000 (Î). The open plots represent the
tandem arrangement with separation distances of L/d = 0050 (4),
L/d = 0075 (�), and L/d = 1000 (�).

range. This means that the magnitude of the energy driving the
generator stays mostly constant in that range, while the energy
conversion efficiency decreases. Energy is supplied from the fluid
flow to the vibratory system and stored as the dynamic energy of
the cylinder vibration. Although the stored energy itself cannot
be consumed by a load, it drives the generator, and part of it is
eventually converted into energy consumed by the load. Thus,
the stored energy was computed to evaluate the power generation
potential involved in the system (Fig. 17).

The stored energy in the tandem arrangement remained high,
while that in the single arrangement was mostly null when the
reduced velocity was greater than 9.0. This shows that the tandem
arrangement can stably harvest fluid energy over a wide range of
reduced velocities.

Fracture of Frame in Experimental Setup

An accident occurred during the measurement: both extremities
of a horizontal aluminum bar moving with the first cylinder
suddenly fractured (Fig. 18). Although that bar was replaced with

Fig. 18 Photographs of the bar fractured during measurement.
Left: a part fractured near an extremity; right: a broken piece.
Fracture also occurred at another extremity that is not shown in
these photographs.

Fig. 19 Schematic illustrations of the parts that fractured during
measurement: (a) those parts are marked with dashed ellipses; (b)
the directions of the drag force acting on the first cylinder and
twisting moment are indicated with arrows.

another one and the measurement continued to complete all of
the scheduled cases, it is necessary to determine what caused the
fracture to improve the structural design or manufacturing method
of the system. We first hypothesized that the experimental setup
constructed in this study may have had a structural failure.

The fractured bar had two roles: to support the weight of the first
cylinder, and to prevent the first cylinder from flowing downstream
along the water channel. The second role seems to be related to the
fracture, because it required the bar to be robust against a twisting
load. The cross-section of the fracture had asperities as if the bar
was wrenched out.

The twisting moment exerted by the drag force acting on the
first cylinder (Fig. 19) was calculated, and then the shearing stress
was calculated considering the polar modulus of the section of
the bar. The resulting shearing stress was 5.954 MPa, which was
considerably less than the shear strength of the aluminum material
employed (A5052), which was 145 MPa. Thus, we concluded
that the twisting moment was unlikely to have caused the fracture.
We have searched for an alternative cause and supposed that the
fracture took place because of insufficient welding around the
parts that broke. We plan to resolve the problem in order to more
smoothly carry out subsequent experiments.

CONCLUSIONS

In this study, we experimentally investigated the performance
of energy extraction from the vibrations of a submerged circular
cylinder as a consequence of vortices generated and shed behind
the cylinder. The size of the cylinder and flow velocity were set
such that the Reynolds number was within the range that produced
the largest lift force. To make the vibration of the cylinder as
large as possible, a fixed circular cylinder was placed near the
vibrating one. The measurement results showed that the presence
of the fixed cylinder, i.e., a tandem arrangement, provided larger
vibration amplitudes than a single cylinder over a wider range of
reduced velocities. This property is useful for energy extraction
using wake-induced vibrations.
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