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Abstract

This paper deals with the quenching problem of vortex-induced vibrations by using devices composed of
Hula-Hoops and generators. These devices are also able to generate electricity. The experiment was made
concerning the quenching problem of the vortex-induced vibrations of towering structures with the devices.
Moreover, a numerical analysis was also carried out using the Runge—Kutta—Gill method. An optimum
approach for quenching the vortex-induced vibrations of low and high flexural rigidity directions are
discussed. As a result, the following was made clear: (1) The vortex-induced vibrations of both flexural
rigidity directions were well quenched for a wide range of wind velocities and the different wind directions
by using four devices simultaneously. (2) The optimally quenched vibration was a chaos of intermittency.
(3) A condition of maximum power generation was not equal to that of the optimum vibration quenching
of the main system. (4) The experimental and the analytical results were in good qualitative agreement with
each other.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The vortex-induced vibration of structures is an important engineering problem and has been
researched for many years. Many mathematical models of vortex-induced vibration of structures
have been proposed comparing experimental results. Birkhoff [1] proposed the wake oscillator
model first, and it was developed by Funakawa [2], Hartlen and Currie [3], Skop and Griffin [4],

*Corresponding author. Tel.: +81-95-847-1111; fax: +81-95-843-7464.
E-mail address: yoshitak@st.nagasaki-u.ac.jp (Y. Yoshitake).

0022-460X/03/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/S0022-460X(03)00304-3



22 Y. Yoshitake et al. | Journal of Sound and Vibration 272 (2004) 21-38

Iwan and Blevins [5], Dowell [6] and so on. Hartlen and Currie, Skop and Griffin, and Dowell
used the lift coefficient in their models. In the model of Hartlen and Currie and that of Skop and
Griffin, the consideration for the interaction between the structure and the lift force is not enough.
Dowell’s model is a little complex. Iwan and Blevins used the average transverse component of
fluid velocity, and it is considered that the interaction between the structure and the lift force is
suitable in the model. In recent years, many studies about the quenching of vortex-induced
vibration were also performed. These are divided into two categories, namely, passive control by
eliminating the vortex shedding and using a dynamic absorber, and active control by using an
actuator. Concerning the first category, there is the research by Hanko [7], Walshe and Woolton
[8], and Andersen et al. [9]. In the latter, there is the research by Nishioka et al. [10], Baz and Ro
[11], Venkatraman and Narayanan [12], and Gattulli and Ghanem [13]. However, in the active
control, external power is needed to move the actuator.

On the contrary, the authors have studied the vibration quenching and power generating device
[14]. In the previous paper [14], the quenching problem of self-excited vibration generated in a
machine or a structure, such as a frictional vibration and a vortex-induced vibration, was treated.
The vibration quenching and power generating device which consists of a Hula-Hoop and a
generator was designed, and fundamental research about quenching the one-degree-of-freedom
self-excited system and generating electricity using the vibration energy was performed. As a
result, it was clarified that it can quench vibration and simultaneously generate electricity by using
this device, and that the oscillating state at the time of optimum quenching was chaos. Moreover,
the design conditions of this device, when the optimum quenching of self-excited vibration was
prior to generation, were clarified.

The vortex-induced vibration of the structure is treated in this paper. As the wind velocity and
the frequency of vortex-induced vibration may change depending on the direction of the wind
because of the anisotropic flexural rigidity, it is necessary to perform the measure. Moreover, the
validity of the quenching device in a wide range of wind velocities also needs to be checked.
Therefore, in this report, considering the model of a towering structure near an actual structure,
the problem about quenching vortex-induced vibration and generating power more efficiently
using two or more of these devices, is dealt with. Here, the vibration control is the first purpose
and generating electricity is the second. Considering the model of a towering structure whose two
flexural rigidities are different from each other as a two-degree-of-freedom system and adopting
the vortex-induced model by Iwan and Blevins [5], the validity of this device to the wide wind
velocity range and the change of wind direction is investigated.

2. Experimental result

In this section, the possibility of quenching a vortex-induced vibration of a towering structure
and electricity generation using the devices consisting of Hula-Hoops and generators is shown by
experimentation.

The experimental apparatus is shown in Fig. 1. The measurement section of a wind tunnel with
a height x width=400mm x 300 mm is used. The main system is composed of an aluminum
cylinder and a vertical steel beam fixed to the center axis of the cylinder, and the lower end of the
beam is fixed to the bottom of the wind tunnel. The length, its outer diameters and the thickness of
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Fig. 1. Experimental apparatus.

the cylinder are 365, 83, and 0.2 mm, respectively. The length of the beam is 450 mm and its cross-
section is rectangular with 3 mm x 4 mm dimensions. Therefore, the flexural rigidity of the beam is
anisotropic. The mass M of the main system is 0.200kg. The lower rigid direction of the two
bending directions of the main system is defined as x and the higher rigid direction is defined as y.
The measured natural frequency of the x direction is f, = 4.9 Hz and that of the y direction is
fy = 6.0Hz.

In order to quench the vortex-induced vibration efficiently, four passive vibration-quenching
and electricity-generating devices are installed in the main system. Each device is composed of a
Hula-Hoop and a generator. The reason for using these four devices is as follows: if only one
device is attached in a towering structure which can vibrate not only in the perpendicular direction
to the wind but also in the same direction of the wind, the structure may vibrate along the
direction of the wind by the centrifugal force of a Hula-Hoop. Therefore, if one set composed of
two Hula-Hoops is attached in a position parallel to the wind direction and rotate mutually in a
reverse direction, the wind direction ingredients of the centrifugal forces generated by the rotation
of two Hula-Hoops may be negated by each other, and the vibration of the wind direction does
not arise. Moreover, when the wind blows from a different direction, if this device operates as one
pair similarly, the ingredients in the wind direction of the centrifugal forces can be cancelled. For
these reasons, two or more of these devices of the completely same structure are used. As an
example, the four devices that are the minimum number needed in the towering structure with
rectangular sections are adopted in the experiment.

In a previous report [14] concerning the problem of quenching self-excited vibration with only
one device, the optimum values of the device are as follows:

w=m/M=0.06, i=I/mA*)"*=02-03, 6=1/4=0.5,
y=c/(MwA*) = 0.7 x 107°=0.9 x 107,

where, as shown in Table 1, m is the mass of the Hula-Hoop, I is the inertia of moment about the
center of gravity of the Hula-Hoop, / is the length from the center of gravity of a Hula-Hoop to
the rotation center (henceforth, it is called stem length), 4 and w are the amplitude and the
angular velocity of vortex-induced vibration, ¢ is the damping coefficient of the Hula-Hoop. In
this report, five kinds of Hula-Hoops, types A—E are used in the experiment. Hula-Hoop C is
designed referring to the above optimum values. Generators are direct-current motors rated
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Table 1

Figure of the Hula-Hoops

Hula-Hoop m (kg) I (kg/m?) I (m)

A 3.00 x 107% 3.66 x 1077 7.71 x 1073

B 8.00 x 10~ 231x 1078 1.02x 1072

C 2.00 x 1073 2.14x 1078 7.50 x 1073

D 2.00x 1073 9.34x 1078 1.30 x 1072

E 3.40x 1072 1.71 x 1077 1.67 x 1072
30
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Fig. 2. Wind response curve (experiment: low rigidity direction).

7500 rpm and 0.078 W (TYPE 6CH-1201WL-00 by Namiki Motor Company). The coefficient of
viscous damping corresponding to the load torque for power generation was measured from the
deceleration of free rotation of the Hula-Hoop. The result is ¢ = 7.5 x 107" Nm/s. The
displacements of the x, y directions of the main system are measured using two laser displacement
meters and two small reflective plates as shown in Fig. 1. Resistance of Ry = 1.0Q is connected to
both terminals of each generator and the voltage Ei(}) between terminals are measured
(i=1,...,4). The amount of power generation P(W) is calculated as follows using the average
value Ei(V) (i =1, ...,4).

4
P=Y"E/Ry. (1)
i=1

At first, the vortex-induced vibration generated in the low flexural rigidity direction of the
structure was considered. The relation between the wind velocity and the amplitude of the main
system is shown in Fig. 2. The relation between the wind velocity and the amount of power
generated is shown in Fig. 3. In the aperiodic vibration, the averaged values from sufficiently long
data (for 80s) are adopted. Namely, the amplitude of displacement is calculated as one half of the
difference of the averaged value of the local maximum and the averaged value of the local
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Fig. 3. Electric power (experiment: low rigidity direction).
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Fig. 4. Experimental waveform of a main system without Hula-Hoops.

minimum. In Figs. 2 and 3, the kinds of Hula-Hoops are expressed with A—E. The marks coated
inside mean the cases where Hula-Hoops continue to stand still, and this is shown as “Rest” in the
figures. The marks not-coated inside mean the cases where Hula-Hoops do not continue to stand
still. About the latter cases, ““C” and “R” in the figures mean the chaos and the steady state
rotation of a Hula-Hoop, respectively. When the Hula-Hoops are not attached, the lock-in region
is the region of wind velocity 1.95-2.15m/s and the maximum amplitude of displacement is
26.0 mm in the wind velocity U = 2.05m/s. Its waveform is shown in Fig. 4. It appears from Fig. 4
that a vibration of a high rigidity direction arises very slightly when a Hula-Hoop is not equipped.

In Fig. 2, although the amplitude of a main system changes depending on the wind velocity, the
main system is quenched by the vibration and rotation of the Hula-Hoops in some ranges of wind
velocity where the amplitude of the main system becomes larger than some value. Hula-Hoop C is
the best one among the five Hula-Hoops in Fig. 2, and the amplitude is quenched less than 25% of
the maximum amplitude in case of having no quenching device over the wind velocities.
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In Hula-Hoop C which is the optimum for quenching, the amount of power generation is slight
as shown in Fig. 3. On the other hand, the amount of power generation is large in Hula-Hoops A
and B which have a smaller quenching effect. The amount of power generated is large in
U =2.00-2.10m/s of Hula-Hoop A and U = 2.00m/s of Hula-Hoop B because Hula-Hoops
rotate steady in these wind velocities.

The typical waveforms in Figs. 2 and 3 are shown in Fig. 5. These are the waveforms at the
maximum amplitude of displacement in the wind response curves. From the top in order, these are
waveforms of the displacement of x direction of the main system, that of y direction, and the
waveforms of generating voltage of the four Hula-Hoops. One set of two pieces of Hula-Hoops
indicated by the subscripts 1 and 2, and the other set indicated by the subscripts 3 and 4 are
attached parallel to the wind direction. Also, if a Hula-Hoop rotates regularly and a descent of the
brush contact voltage of a generator is approximated with zero, there is the following
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Fig. 5. Experimental waveforms with Hula-Hoops: (a) periodic solution (Hula-Hoop B, U = 2.00m/s); (b) chaos
(Hula-Hoop C, U = 1.95m/s).
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proportional relations between the rotational angular velocity 0; of a generator and voltage
between terminals E; (i =1, ...,4) [15].

E; = Ki,R0:/(R,, + Ry), 2)

where K, and R,, are the reverse electromotive power constant of a generator, and coil resistance,
respectively. If this proportional relation between the measured voltage E; and the rotational
angular velocity 0; of a generator is considered, it is thought that each measured voltage E; in
Fig. 5 is approximately proportional to the angular velocity of a Hula-Hoop 0;. Although every
Hula-Hoop rotates in one direction in Fig. 5(a) and generates electricity steadily, it remains in
about 40% reduction of amplitude as a quenching effect. Waveforms of Fig. 5(b) show an
unsteady motion where Hula-Hoops repeat aperiodically stand still, vibration, and rotation. The
correlation dimension calculated using the waveform of the main system is shown in Fig. 6.
The inclination converges when the embedding dimension is more than three in the figure, and the
correlation dimension occurs with D.=1.87. As the correlation dimension D, is a non-integer, it
becomes evident that Fig. 5(b) is chaos. The lock-in is degenerated by the chaotic motion of the
Hula-Hoops and the averaged amplitude of a main system becomes small. Although one set of
two pieces of the Hula-Hoops may rotate in the opposite direction, or in the same direction as
shown in Fig. 5(b), it is found that the vibration amplitude of the main system in the direction of
the wind velocity produced by the motion of Hula-Hoops is small. However, by using one set of
two units rather than one unit, the averaged amplitude of the main system in the direction of the
wind still becomes small, and it is possible to have some quenching effect even if one of these
devices is breaking down. Consequently, it is thought that using one set of the two units is
advantageous from these viewpoints.

When the direction of the wind changes, the vortex-induced vibration in the directions of high
flexural rigidity generates. It is possible to quench the vortex-induced vibration in the directions of
high rigidity by using four Hula-Hoops as it is. Here, the relation about the position between the
four Hula-Hoops and the main system is as it is, and the experiment about quenching of vortex-
induced vibration generated in the direction of high rigidity when the direction of the wind is

0 T
A1k
O 21
D
=)
3+
Eo ' n : Embedding
C dimension
4 s | 1 | 1
-2 -1 0 1

log r

Fig. 6. Correlation dimension.



28 Y. Yoshitake et al. | Journal of Sound and Vibration 272 (2004) 21-38

30
—><— Without Hula-Hoop
L --®-- A (Rest), --O-- A (R)
--A-- B (Rest), -~ B (CR)
--@-- C(Rest), --<- C(C)
E 20 M- D (Rest),--- D(C)
£ ¥+ E (Rest), --v-- E(C)
° | C: Chaos
s R: Rotation
é—
< 10 ; p
Y il sias S AR AN TELRIY SSSSYTRN
21 22 2.3 24 25 2.6 2.7

U m/s

Fig. 7. Wind response curve (experiment: high rigidity direction).

changed 90° is carried out. The wind velocity response curve and the amount of power generation
are shown in Figs. 7 and 8, respectively. Hula-Hoops C-E quenched the vortex-induced vibration
well in Fig. 7. If Hula-Hoop C is used, the amplitude in every wind velocity has become 25% or
less of the maximum amplitude in the case without a quenching device. Furthermore, as shown in
Fig. 8, the amount of power generation is more than that in the case of a direction of low rigidity
of Fig. 3. This is because the natural frequency of high rigidity direction is higher than that of low
rigidity direction and Hula-Hoops rotate and vibrate at a higher speed. Moreover, the vibration
amplitude of the direction of wind velocity was slight.

In addition, when the direction of the wind is in the middle of a direction of low rigidity
and a direction of high rigidity, the measured amplitude of vortex-induced vibration is
smaller than that of both vortex-induced vibrations. In such a case, the amplitude of about 7mm
or less was realized by using the set of four devices which consists of Hula-Hoops C and
generators.

As mentioned above, it is made clear from the experiment that even if the direction of the
wind and wind velocity changed, the quenching vibration and the power generation can be
effectively performed by using four sets of devices which consist of Hula-Hoops C and generators
as it is.

3. Theoretical analysis

In order to verify the result of quenching the vibration and power generation which is shown
experimentally in Section 2, numerical analysis was performed using the Iwan and Blevins’s model
of vortex-induced vibration [5]. Because the cylinder used in the experiment is considered rigid
and the steel beam fixed inside the cylinder performs a bending motion, this model can be used
approximately in the analysis.
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Fig. 9. Iwan and Blevins’s model of vortex-induced vibration.
3.1. Iwan and Blevins’s vortex-induced vibration model

The vibration of the cylinder by the Karman vortex is explained according to the Iwan and
Blevins’s model [4] shown in Fig. 9. According to the experiment, the direction of low flexural
rigidity where the natural frequency of the main system is low is defined as the x direction, and the
direction of high flexural rigidity where the natural frequency is high is defined as the y direction.
At first, the vortex-induced vibration that generates in the direction of low rigidity is considered.
The balance of the forces for the control volume shown in Fig. 9 becomes as follows:

jx:Px_Sx_Fm (3)

where J, is the momentum in the direction of x within the control volume, P, is the upward
pressure force acting on the fluid, and it originates in the difference of pressure which acts on
sections III-1V and the pressure which acts on sections I-II. F. is the force acting on the fluid from
an object, namely this is the reaction force acting on an object from the fluid. S, is the increasing
ratio of the difference of the momentum, which flows in through sections I-IV and the
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momentum, which then flows out through sections II-III; it mainly expresses the momentum
change by vortex discharge. These values become as follows:

Jy =bopD?z, P,=0, F.=bypDU(Z— X),
Sy = KpUwyDz — bipUD:z + (bypD/U)Z,
ws; =2nS,U/D, 4)

where Z is a weighted average of the transverse component of the flow within the control volume,
U is the wind velocity, p is the air density, D is a cylindrical diameter, w; is the angular velocity of
vortex shedding, S; is the dimensionless Strouhal number, K, by, b1, by, by are constants, and x is a
velocity of the cylinder.
The following equation is obtained if Eq. (4) is substituted for Eq. (3).
bzpD
U

bopD*s — by pUDz + 2 + KpUwyDz = —F.. (5)

Moreover, when the direction of the wind changed to 90° in Fig. 9, the vortex-induced vibration
of the direction of high rigidity generates and the following equation is realized:

F: = bypDU(z - p). (6)

Next, the elastically supported cylinder is considered. In a vortex-induced vibration of the
direction of low rigidity, as the fluid force F. of Eq. (4) acts on a cylinder with the length L, F.L
becomes the fluid force of the direction (x direction) of low rigidity. At this time, the equation of
motion is expressed with the following equation:

M3 + cxx + kxx =Fy, (7)
Mj+ ¢,y + kyy = F,, (8)

where
Fy =b4ypDUL(z — %), F,=0. 9)

However, M is the mass of the cylinder, ¢\, ¢,, ky, k,(k <k,) are the damping coefficients and the
spring constants of x, y direction of a main system, respectively. From Egs. (7) and (8), it turns
out that the cylinder is vibrated only in a perpendicular direction to the wind by Fy in the model of
Iwan. On the other hand, in the case of vortex-induced vibration of the direction of high rigidity,
where a wind blows from the upper part of Fig. 9, the right side of Eqgs. (7) and (8) serve as the
following equation:

Fo=0, F,=bipDUL(: ). (10)

3.2. Equation of motion in quenching vibration

The vibrating model shown in Fig. 10 was considered. Namely, the model of the towering
structure used in the experiment was approximated by the two-degree-of-freedom system that can
move within a level plane. The plane consists of the direction of the wind and the perpendicular
direction to the wind. Four quenching devices are installed and those consist of the same
Hula-Hoops and the same generators as each other.
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Fig. 10. Analytical model of a vibrating system.

Motion on the level surface of the system of Fig. 10 was considered. x, y and 0;(i= 1, ..., 4) are
the displacement of the direction of low rigidity of the main system, the displacement of the
direction of high rigidity, and the angle displacement of a Hula-Hoop, respectively. Mand m are
the mass of the main system and that of the Hula-Hoop, respectively. Moreover, the stem length is
[, the inertia moment of the Hula-Hoop about the axis of the center of gravity is I, the viscous
damping coefficient of the Hula-Hoop resulting from power generation is ¢. In addition, the mass
of the generator is included in the mass of the main system.

The equation of motion becomes as follows:

bypD
bopD*: — bipUD: + 22P= 23 L KpUw,Dz = —F,, (11)
4 .. .
(M + 4m)% + cxX + kex + Y mi(0; sin 0; + 67 cos 0;) = F,, (12)
i=1
4 . .
(M +4m)j + ¢, 9+ kyy + > ml(0; cos 0; — 07 sin 0;) = F,, (13)
i=1
(I +m*)0; + cb; + ml(%sin0; + jcos0) =0 (i=1,...,4). (14)

Egs. (11)—(14) are explained briefly below. Eq. (11) means the self-excited generation of vortex,
although the vortex is influenced throw F. by the structure. On the contrary, Egs. (12) and (13) are
the equations of motion of the structure for the directions x and y, respectively, and the structure
is influenced by F, and F,. Moreover, Eq. (14) means that the Hula-Hoop is affected by the
structure parametrically. As a result, the structure is quenched by the fourth terms of the left sides
of Eqgs. (12) and (13) which show the influence of the Hula-Hoops.
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3.3. Numerical computation method and values of parameters

The system expressed with Egs. (11)—(14) is a non-linear seven-degree-of-freedom system. Since
not only periodic solutions but also aperiodic solutions exist mostly in this system, the numerical
integration of Eqs. (11)—(14) is carried out for a long time from a suitable initial condition by
using the Runge—Kutta—Gill method and the converged values after a long integration is adopted
as a numerical solution. The values of the used parameter correspond to those of the experiment,
the mass of a main system is M = 0.200 kg, damping coefficient in the direction of x and y of
the main system, and the spring constants of each direction are ¢, =3.4x 107> Ns/m,
¢y = 4.7 x 1072 Ns/m, k, = 197.4 N/m, k,, = 284.2 N/m, respectively. The diameter and the length
of the cylinder are D = 0.083 and L = 0.365m, respectively. The air density is p = 1.226 kg/m°,
and the viscous damping coefficient of the Hula-Hoop is ¢ = 7.5 x 107 N'm/s. Each parameter of
Iwan and Blevins’s vortex-induced vibration model was decided as follows. To make the
maximum amplitude and its wind velocity in the case of having no quenching device agree with
those of the experimental results, S, = 0.2030, K = 0.38, by = 0.30, b; = 0.35, b, = 0.11, b4, = 0.13
are used for the vortex-induced vibration in the direction of low rigidity, on the other hand,
S; =0.2035, K = 0.68, by = 0.53, by = 0.49, b, = 0.10, b4 = 0.10 are used for the vortex-induced
vibration in the direction of high rigidity.

4. Results of numerical analysis

First, the quenching of the vortex-induced vibration in the direction of low rigidity was
considered. In the case of having no quenching device, the vibration amplitude in the direction of
high rigidity obtained numerically was zero. On the other hand, the vibration amplitude in the
direction of high rigidity was measured slightly in the experiment. This difference originates on
Iwan and Blevins’s vortex-induced vibration model that considers only the vibration of the main
system transverse to the wind direction. When the quenching and power generation devices are
installed, the obtained solutions by the numerical computation are classified into periodic
solutions and aperiodic ones. The typical waveforms of the vortex-induced vibration in the
direction of low rigidity are shown in Fig. 11. These are the waveforms that have almost the
maximum amplitude of displacement and have a round number of wind velocity in the wind
response curves as shown in Fig. 13 later. From the upper row in order, they are a displacement
waveform of x direction of the main system and that of y direction, and angular velocity
waveforms of four Hula-Hoops. In Fig. 11(a), the main system is a periodic vibration of 4.9 Hz
and Hula-Hoops rotate to one direction, although those angular velocities deviate. In Fig. 11(b),
each Hula-Hoop repeats standstill, vibration, and rotation aperiodicaly, while the main system
vibrates like a beat according to the motion of Hula-Hoops. The Poincaré map corresponding to
this motion is shown in Fig. 12. The abscissa and the ordinate of the figure are the displacements
of the main system at the maximum points in its time history, namely # times and n + 1 times one,
respectively (n = 1,2, ...,2000). A narrow channel can be seen between the straight line of the unit
inclination and the Poincaré map. It turns out that this motion is the intermittent chaos. The
numerically calculated maximum Lyapunov exponent of this solution is 0.0201. This intermittent
chaos is generated by the interaction between the main system and the Hula-Hoops. The
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Fig. 11. Calculated waveforms with Hula-Hoops: (a) periodic solution (Hula-Hoop B, U = 2.00m/s); (b) chaos
(Hula-Hoop C, U = 2.00 m/s).

Hula-Hoops absorb the vibration energy from the main system by rotating. After the amplitude
of the main system decreases, the Hula-Hoops are not able to maintain the rotation and become
still. Then the amplitude of main system increases slowly and the Hula-Hoops start to vibrate and
shift to a rotation. In this way, the Hula-Hoops repeat standstill, vibration, and rotation. This is
the mechanism of intermittent chaos. In the numerical analysis, when the same suitable initial
conditions were given for the four Hula-Hoops, the motion of each Hula-Hoop was completely in
agreement even in the case of chaos. On the other hand, if the initial conditions of the four
Hula-Hoops are different each from the other, the motion of each Hula-Hoop was not in
agreement. In a rotational solution, as shown in Fig. 11(a), the four Hula-Hoops may rotate in an
opposite direction mutually. In the solution of chaos, if the averaged value in a sufficient period of
time is taken, the difference between the quenched amplitude in the cases where it calculates from
the same initial conditions and that from the different initial conditions was several percent, and
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Fig. 13. Wind response curve (low rigidity direction).

the difference in the power generation was also several percent. Consequently, the different initial
conditions are adopted for the four Hula-Hoops in the numerical analysis, and the results
obtained after a sufficient period of time numerical integration are shown.

The wind velocity response curve of the vortex-induced vibration generated in the direction of

low rigidity is shown in Fig. 13 and the amount of power generated is shown in Fig. 14. The
definitions of the marks in the figures are the same as those of Figs. 2 and 3. However, since the
solutions that the Hula-Hoops did not rotate but vibrate existed slightly, these solutions are
shown by “V”. The displacement amplitude in the case of chaos is calculated by (average value of
local maximum—average value of local minimum)/2 as in the experiment. The amount of power
generation per unit time (W) shown in Fig. 14 is calculated as follows. If the load for power
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Fig. 14. Electric power (low rigidity direction).

generation is considered to be a viscous damping force, the sum of the power generation P’ (J)
generated in the generators for a certain number of seconds 7 (s) is defined by the next equation
using the coefficient ¢ (kgm?/s) and the rotating angular velocity 6; of a Hula-Hoop (i = 1, ..., 4):

4 4 T
P’:Z/O cB,-d@,-ch/O 02 dz. (15)

i(0)
Therefore, the amount of power generation per unit time P (W) is expressed as follows:

Pl 4 c T'
P=—=> — [ #dw. 1
T Z;T/o 2 dr (16)

The time T of the upper equation is a period of periodic solution, or if the solution is chaos, it is a
sufficient period of time like that used in calculating the average amplitude.

The Hula-Hoop C has the greatest quenching effect in Fig. 13 and this Hula-Hoop is considered
the optimum one. It turns out that the quenched amplitudes are 25% or less of the maximum
amplitude in the case without the quenching device (about 26 mm in U = 2.05m/s) over all of the
wind velocity ranges in Fig. 13. The results about quenching vibration obtained by numerical
computation are qualitatively in agreement with the experimental result. However, the motion of
a Hula-Hoop does not correspond in part, namely, the vibrating solution is obtained in
calculation.

In addition, many cases were calculated, as examples, several pieces of the Hula-Hoops were
replaced with those which were not optimum, or combinations of longer stem length and shorter
one than the optimum one were tried. However, those results were not better than the optimum
case where the same four optimum Hula-Hoops were used. The motion in the optimum quenching
is chaos not only in the experiment but also in the numerical computation. On the other hand,
when the Hula-Hoops are not optimum, there is a possibility that the motion becomes vibration

0:(T)
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or rotation. This result is the same as that of the previous paper that dealt with the quenching
problem of a one-degree-of-freedom self-excited system [14].

Next, it is seen that Hula-Hoop B generates the greatest amount of power in Fig. 14. Although
the vibrating state at the time of optimum quenching is chaos, the regular rotation of the
Hula-Hoop is better for power generation. Therefore, the condition of optimum quenching is
different from the condition of the maximum amount of power generation. The amount of power
generation in the experiment is smaller than that in the numerical computation of Fig. 14. This is
because the efficiency of the motor used as a generator is very low in the low rotational speed.

Referring to Fig. 11, the quenching effect of the Hula-Hoops shown in Fig. 13 and the amount
of power generation shown in Fig. 14 are explained as follows. At first, the vibration energy of the
main system is absorbed by the kinetic energy of the Hula-Hoops and the damping energy for
power generation of the generators. For example, since the masses of the Hula-Hoops are small in
Fig. 11(a), the kinetic energies of the Hula-Hoops are small and the vibration energy of the main
system is not absorbed fully, but the regular rotation of the Hula-Hoops is possible and the
amount of power generation is large as shown in Fig. 14(a). On the other hand, since the masses of
the Hula-Hoop are large in the example of Fig. 11(b), the vibration energy of the main system can
be absorbed enough as the kinetic energies of the Hula-Hoops as shown Fig. 13(b). If the
amplitude of a main system becomes small by the rotation of the Hula-Hoops, the Hula-Hoops
are stopped also. If the Hula-Hoops stand still, the quenching effect is lost and the amplitude of
the main system increases slowly. Since the amplitude of the main system becomes large to some
extent for a while, the Hula-Hoops begin vibrating and shift to a rotation. Hula-Hoops repeat
these motions of rotation, stillness, and vibration aperiodically, and the mean amplitude of the
main system becomes small as a result. However, since power generation is impossible in a state
when the Hula-Hoops are standing still, the average value of the amount of power generation per
unit time is small as shown Fig. 14(b). Concerning the vibration of the main system in the
direction of the wind velocity, the amplitude is very small and is smaller than that in the
experiment as shown in Fig. 11(a) and (b).
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Fig. 15. Wind response curve (high rigidity direction).
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Moreover, the numerical computation of the vortex-induced vibration in the direction of high
rigidity is performed, where the direction of the wind velocity is changed 90° from the direction
where the vortex-induced vibration of low rigidity is generated. The wind response curve is shown
in Fig. 15. This figure shows that the optimum Hula-Hoop is type C as in the case of the vortex-
induced vibration in the low rigidity direction. The amount of power generation is shown in
Fig. 16. Those amounts are larger than those in the case of a direction of low rigidity. These
numerical computation results are well in agreement with the experimental results qualitatively.

As mentioned above, it became clear that it is possible to quench the vibration of a towering
structure effectively and to generate electric power simultaneously by using four pieces of
quenching and power generating devices from the experiment and numerical computations.

5. Conclusion

The research about quenching the vortex-induced vibration of a towering structure and power
generation by using four pieces of quenching and power generating devices made of Hula-Hoops
and generators were performed, the results of this research are summarized as follows:

(1) It is confirmed that these devises were able to quench the vibration of a structure over a wide
range of wind velocities where the vortex-induced vibration was a problem and were also
effective for the case when the direction of the wind velocity changed.

(2) This quenching problem is a quenching utilizing chaos while the optimum quenching
conditions are not necessarily in agreement with those of a maximum power generation
condition.

(3) The amplitude of the vibration of the main system in the direction of the wind velocity, which
is generated by the centrifugal force of the Hula-Hoops was small and did not become a
problem compared with the amplitude in the transverse direction of the wind velocity.
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