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ABSTRACT

The thesis deals with active control of fluid-structure interaction. Five inter-
rérlated subtopics are addressed.

1-). A novel perturbation technique, creating a local perturbation on a cylinder
surface using piezo-ceramic actuators, was presented to perturb fluid-structure
interaction on the cylinder and subsequently to simultaneously control both vortex
shedding and its induced vibration.

2). The open-loop control of resonant fluid-structure interaction was

experimentally studied when the vortex shedding frequency f, synchronized with the

natural frequency, f, , of the dynamic system. A square cylinder, flexibly supported at

both ends, was allowed to vibrate only in the lift direction. Three.actuators were

"embedded undemeath one side, parallel to the flow, of the cylinder. They-we're |

simultaneously activated by a sinusoidal wave, thus causing the cylinder surface to

oscillate. As the normalized perturbation frequency f p lied outside the possible
synchronization range ( f p' = (.11 ~ 0.26), structural vibration"'-Y, vortex circulation
(7) and mean drag coefficient (Eu) were reduce effectively, especially at f p' of 0.1
while as f p fell within the synchronization range, the three quantities we_re enhanced,

especially at f, of 0.13.

3). The same technique was extended to include closed-loop control. The control
action of the actuators was controlled by a Proportional-Integral-Derivative (PID)
controller. Three control schemes were investigated using different feedback signals,

including flow velocity », Y and a combination of both. It was observed that the
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control scheme based on the feedback of the coupled } and « led to the almost

complete destruction of the Karman vortex street and a significant reduction in ¥, [~

and Cp , outperforming by far an open-loop control as well as the other two closed-

loop schemes. The alteration in the phase shift between ¥ and u (¢,,) from in phased

to anti-phased, the impaired spectral coherence (Cohy,) and effective damping might
be responsible for this.
4). Vortex shedding from a fix-supported rigid cylinder was manipulated by the

perturbation technique, based on a feedback flow signal via a PID controller. It was

observed that I u, lift and drag coefficients and Co may be effectively decreased or
increased, corresponding to aﬁti-phased or in-phased perturbation and flow,
respectively. Similar effects were obtained as the Reynolds number vanied. The
; felatio'r_lship between the befturbation and force apting on fluid was also eXaming_:d.l

5). Experiments on the closed-loop control of the vortex-induced flexible

[}

"\
cylinder vibration was finally conducted under resonance-and non-resonance case.
‘Five control schemes were investigated based on the feedback from either individual
or combined responses of Y and wu. For resonance case, f; coincided with the first-

mode natural frequency of the fluid-structure system. The best performance was

achieved using the feedback signal from a combination of u and Y. Vortex shedding

was almost completely destroyed, resulting in a great reduction in I ¥, and Cp . Non-
resonant cases were also briefly discussed, leading to similar observations in terms of

control effects.
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NOMENCLATURE

Mean drag coefficient.

Flu;tuating drag and lift coefficient. Cp = F, ./(O..SpUihl). Cr =
F,/(05pUh).

Root mean square value of Cp and C;.

Cospectrum of ¥ and w.

Spectral coherence between Y and u.

Differential gain.
Electric field (C).

Power spectrum density function of ¥ and u, respectively.
Power spectrum density function of g, |
i

Power spectrum density function of F; and Fp, respectively.

Energies of Y and u associated with £, (n=1),its second (# = 2) and
third (n = 3) harmonics.

Energies in Ey anq Es, associated wjth the vibl;ation corresponding
peaks at f,,2 f,and £, , respect.ively. m=1,2,3.

Energies in E, associated with the vibration corresponding peaks at f;,

2 f; and 3f;, respectively. n =1, 2, 3.

Frequency (Hz).
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A ~ Normalized f (= fh / Us).

fs Vortex shedding frequency (Hz).

f Normalized f; (= /4 / Ux).

2fs Second harmonic of £; (Hz).

2/ Normalized 2 f; (Hz).

3f Third harmonic of f; (Hz).

3/ Normalized 3 f; (Hz).
e First natural frequency of cylinder (Hz).

f. First mode resonance frequency of cylinder/fluid system (Hz).
£ Normalized f, (=f,h/ Us).

ja - Third mode resonance frequency of cylinder/ﬂujd system (Hz).
Jo Perturbation frequel;lcy (.Hz): | ‘ | |
!, Normalized £, (= fht / Us). \

Fi, Fp Fluctuating lift and drag forces (N).

F Fluctuating force on fluid due to cylinder osciilation (:’:‘—Z': F; + F: )

(N).

Fr Fluctuating force due to flow ‘separati.on (N).

Fp Fluctuating force due to perturbation (N).

Fyo Fy, F; Three components of a dynamic or quasi-static force (N).

h Height of cylinder (m).

Ly, 1, Integral gain.

I Cylinder length (m).
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" | Mass per unit length of cylinder (kg/m).
n, Fibre refractive index.

p Stress field (N).

P, Py, P, Proportional gain.

ﬁ,ﬁ Gain coefficient in amplitude between the output and input of the
controller.

:_op, Optimal P

In’;l , ﬁy , Ey Gain coefficient using u;, ¥ and g, for feedback signals.

Own Quadrature spectrum of Y and u.

Re Reynolds number= U_hk/v.

u (us, u2), v Fluctuating flow velocities along x and y direction, respectively (m/s).

U2, rms "~ Root mean square value of u; (m/s)
Uimss Vims Root mean square value of u and v (m/s). R _
u,. Normalized v (= thems / Us).

u® , v, uv Reynolds stress, normalized with U .

u,v Mean velocities along x and y direction, respectively (im/s).
5' ~ Normalized “(j(= U/ Us).

U, Reduced velocity =U, / f,h.

Us Free stream velocity (m/s).

Vo Perturbation voltage (volts).

Vp. tms Root mean square value of V), (volts).
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w - Control energy (= V; /- R) (W). R represents the resistance of the

actuators. A
¥,z Coordinates 1in _the stream-wise, lateral and span-wise directions,
respectively.
Y Displacement of cylinder oscillation (rhm).
Y Cylinder oscillation velocity (m/s).
Ymax Maximum Y (mm).
Yims * Root mean square value of ¥ (mm).
Y, Normatized Yyms (&Yims 7 ).
Y, Perturbation displacement (mm).
Yy, rms Root mean square value of ¥, (mm).
7‘ Y, - Perturbation velbpity (m/s).
-\..
Greek Symbols '
I Vortex circulation (m*/s).
r | Nomalized C(=1h/ U
A Bragg grating pitch {(nm).
£ Straip.
& Fluctuating strain of the cylincier along y dire.ction.
& rms Root mean square value of &.
Pv. Spectral phase between Y and u.
Py, Spectral phase between Y, and ;.
r.c, Spectral phase between ¥, and (.
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a , :ﬁq Phase shift between the output and input of the controller {deg).
By opr Optimal ¢ .

‘ $u, ,$, .4, Phase shift using u;, g, Y for feedback signals.

| Ay Bragg resonance wavelength (nm).
C A4, Shift in 4, (nm).
Aso Bragg wavelength of the grating under strain-free condition (nm).
v The fluid kinematic viscdsity (m?/s).
0 Air density (kg/m>).
o, Spanwise vorticity (s ).
@, Nommalized @, (= @,k / Us).
_a):m - Maximum @,
w;, Cutoff level of @, . i\‘-‘
¢ Damping ratio.
¢, Effective damping ratio.
a4 Effective damping ratio associated with f," and .f, . k= i, 3.
¢, - Fluid damping ratio. |
& Fluid dampi.ng I‘E.lﬁo associafed with £ and f, .k=1,3.
¢, Damping ratio of first mode structural vibration.
i Structural damping ratio associated with f,” and f, . k=1, 3.
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CHAPTER 1

INTRODUCTION

1.1 Background '

When a two-dimensional bluff body is subject to a cross flow, the boundary
layer will separate from each side of the body beyond a critical Reynolds number Re
(Re =-Uszh /v, where Us is the free-stream velocitry, h is the characteristic height of
structu-re, and vis the kinemétic viscosit-y), aﬁd cén.tinﬁe oﬁ iﬁ the'mz-iin flow as a free
vortex layer which separates the fluid in the- wake from\}he main flow. Under this
unstable condition, the free vortex layer begins to roll up in such a way that a Karman
vortex is formed at its end. The vortex is then shed altemately with the one on the
opposite side and continues its 'winding up motion as it moves downstream. This
process is controlled by the dynamics 'ir_i the negative baselpressure region and
feedback from the ﬂuctuatihg wake (Gérrard, 1966; Bearman; 1967 Naudaécher,
1987; and Unal & Rockwell, 1988a). The asymmetrical arrangement of vortices is
accompanied by an alternating pressure which creates the fluid excitation forces,
causing the structure to vibrate. The resultant structural motion alters the flow pattern,
vortex strength, vortex shedding frequency or mean drag et al., giving rise to highly

nonlinear fluid-structure coupling. This kind of fluid-structure interaction has been
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widely investigated in the past (e.g. Bishop & Hassan, 1964; Tanida et al. 1973;
Griffin & Ramberg, 197;5; Davies, 1976, Sarpkaya, 1979; Bearman, 1984; Ongoren &
Rockwell, 1988; and Williamson & Roshko, 1988).

| In practice, people often pursﬁe.c.leslired changes in vortex shedding or vortex-
induced structural vibration to satisfy the actual requirement of engineering. In most
cases, vortex shedding needs to be impaired to contro!l the vortex-induced structural
vibration, noise, lift or drag force for the design of aircraft, automobile, bridge or
high-rise building etc.; while in some other engineering applications, such as mixing,
combustion or heat transfer, it needs to be enhanced to obtain a better performance
(Ghoniem & Ng, 1987; Ottino, 1989; Viswanath, 1996; Wu & Pemg, 1995; Gau et al.
1999; Morgenthal & McRobie, 2002; Valencia & Paredes, 2003; and Konstantinidis
et al. 2003). By the same token, although .the vortex-induced structural vibration may
bo..e utiiized ih some engineering "‘applic.a'tions such as bffsfloré‘ drilling, marine "
hydrodynamics or underwater acoustics, it should be sugpressed in most cases, for
example, civil and wind engineering, nuclear and conventional power generation, and
electric power transmission, and so on. This is because the excessive vibration may '
cause tile deformation, fatigue or eveﬁ damage in engineering structures in the long
run, which has become the research topics of some papers (Ware & Shah, 1988;
Yamane & Qri'ta, 1994; Guerout & Fisher, 1999; Taylor & Pettigrew, 2000; Goyder,_ '
2002; and Pettigrew & Taylor, 2003). The impact will be intensified under resonance
or synchronization since it is often accompanied by a relatively large vibration
amplitude, large deformation and stress that may exceed the allowable safe values of
design (Gniffin & Hall, 1991). Typical examples include the collapse of the Tacoma

Narrows Bridge due to a sustained steady wind producing vortex shedding at
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resonance frequency of the bridge over a long period and the damége of piling during
the construction of an oil terminal on the Humber estuary of England in 1960s
(Griffin & Ramberg, 1976). These incidents fully justify the necessity of suppressing
' ~ the occurrence of resonance and ;synchronization of structures in cross flow. As a
result, the control of the vortex shedciing and its induced structural vibration has

always attracted the interests of many researchers for many years.

1.2 Literature Review

1.2.1 Mechanism of vortex shedding and wake

Understanding the mechanism of the vortex shedding from bluff bodiés has
'attracted the attention of many researchers. Provansal et al. (1987) and others
.e‘xperimerita-lly sﬁowed that vortéx shedding wﬁs’ a‘résult of an initially 1inea; wake .
instability. The interest in considering the absolute-\and convective nature of
instabilities in wakes originated from the concepts develéped in the field of plasma
physics, and has been applied to free shear flows by Huerre & Monkewitz (1985,
1990). It is now widely accepted that the observed Kamén vortex street is the
nonlinear limit cycle of a self-excited global instability. The behavior has been related
to the existence of a finite region of absolute instability in the near wake. Schumm
(1‘991) presented some experifnental évidence for this by showing that' transiént
behavior closely follows the tendency predicted by the Landau equation.

Wakes in a stream of constant velocity are only asymptotically self-preserving.

In addition they don’t seem to reach a universal equilibrium state, developing instead

in a way which depends on characteristics of the wake producing body: e.g. its shape
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and solidity, as was shown by Wygnanski ef al. (1979). Wake flow is charactenized by
periodicity (Berger & Wille, 1972), where typical (coherent) structures are similar to
those in the jet, with a multitude of modal development in the axisymmetric case. In
t‘he two-dimensional casé the two dominating modes—.the sinusoidal and. varicose-are
of comparable strength and probability, showing a tendency towards early developing
of three dimensionalitics. Wakes can be both absolutely and convectively unstable,
depending on the reglion under consideration. The near wake with its characteristic
recirculation is clearly the producing body {Fuchs ez al. 1979; and Strykowski, 1986).
The far wake is convectively unstable, shown by Oster and Wygnanski (1982).

Wake behind a square cylinder and a circular cylinder has some fundamentally
different behaviors in terms of flow separation and Re dependence. For example, a
square cylinder wake _is characterized by a fixed se_paration point. In contrast, the
separation point on a.circular cylinder -variés. Howevei, the physics associated with
vortex-induced vibrations on a bluff body in a cross floy is in essence the same,
irrespective of the cross-section shape of the bluff body; implying that a control
technique applicable for one bluff body, say a circular cylinder,_' should be workab-le
for another such as a square cylinder, or vice versa. This is perhaps why. most of
previous attempts for the control of vortex-induced vibrations were made based on a

circular cylinder model.

1.2.2 Previous control methods review

A variety of control ‘techniques have been developed in the past, which can be
roughly classified as passive and active control methods (Dorf & Bishop, 1995; and

Gad-el-Hak, 2001).
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1.2.2.1 Passive control methods

A considerable amount of research has been conducted using passive control
methods, which require no external energy input to the flow-structure system, to
(;,ontrol flow and subsequently suppress the flow-induced vibration. Zdravkovich
(1981), Every et al. (1982) and Wilson & Tinsley (1989) manipulated the vortex
shedding and drag force by passively modifying the geometry of structures, resulting
in an alteration of the pressure gradient around the structure. Another typical passive‘
method was to place longitudinal grooves or riblets on the surface of structures. By
doing so, irregularities were introduced into the shear wake of the structure, which
{nhibited the vortex shedding. This technique has proved successful particularly in
offshore explorations and marine hydraulics (Hwang & Chao, 2000; andl Owen et al.
2001). AOth,er pa_ssive methods consist in controlling the ﬂow-separatior_l behind
cylinders by ﬁlacihg ﬁxéd mechéﬁi;al 'vorte).( generators, sucﬁ as ’another ‘cylir.lder ora
platc in the shear region. It was observed that by opt‘i‘Mizing the position of the
secondary structure, a reduction in vortex shedding was obtained (Unal & Rockwell,
1988b; Sakamoto, 1997; Bouak & Lemay, 1998; and Alam et a/. 2002). The |
effectiveness of these passive techniques lies in its partially impeding the global mode
instability of wake behind the structure. Provansal et al. (1987) demonstrated that von
Karman vortex VshAedcviing was a limit-cycle oscillation of the near wake, resulted from
a global mode instability. Using passive methods, the zone of absolute convective
instability in the near wake can be sufficiently shrunk and the phenomenon‘ of Hopf
bifurcation happens in the wake, thus causing the impairment of the global mode
instability (Huerre & Monkewitz, 1985; and Chomaz et a/. 1988). The passive control

‘methods, drawing energies directly from the flow to be controlled, are often of
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technical simplicity, practicability and reasonably cheap, which warrants their wide
application in many kinds of nowadays engineering. However, these methods may not
be properly described by the term ‘flow control’ but rather by ‘flow management’
becauee they only disturb the normal development of flow instead of ﬂow_itse]'fl. Thus
it is not easy for the passive disturbance to obtain a significant effect on vortex
shedding. In addition, adding surface protrusions to structural surface or modifying
the cross section of structure may influence the stiffness and integnty of the structure,

which may cause problems in some cases.

1.2.2.2 Open-loop control methods

In contrast, active contro! methods involve the input of energies via actuators to
bring about desirable changes to the flow-structure system, using either independent
external,. disturbance “or -feedbeck-signal eontrolied system. The fo_n'nef is often
referred to as the open-loop control, whereas the lager is called the closed-loep

‘ ' \
control or feedback control. In both cases, one of the key points to ensure a successful
control is that actuators used should create significant effects on physical parameters
to be controlled. This is the problem of controllability, whien is one of the most
crucial issues to be addressed in designing a control system. In the case of flow-
-induced vibration control,‘a possible actuation mechanism should warrant significant
effects on vortex ehedding or structural vibration. |

Most of the open-loop control methods reported in the literatures aimed at
controlling the vortex shedding using different techniques. Blevins (1985) explored

the influence of a transverse sound wave on vortex shedding from cylinders at Re

from 20000 to 40000. The acoustic wave was given out from two loudspeakers
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mounted on each side of the wind tunnel. He found that the sound introduced in this
passive way could increase the coherence of vortex shedding along the cylinder axis
and cause lock on to occur. In another word, the normal evolution of vortex shedding
-:could be controlled under aqogstic excitation. inspired by this idea, Hsiao and’ Shyu
(1991) and Fujisawa and Takeda (20035 used acoustic waves emitted continually from
a slot on the surface of a cylinder and demonstrated that a local perturbation near the
shear layer instability frequency and around the flow separation point caused an
‘increase in lift but a reduction in drag and the vortex scale at Re from 420 to 34000
and at Re of 9000, respectively. Under this condition, the upper surface pressure of
the cylinder was greatly reduced, especially near the slot, as compared to the 1owér
suiface pressure, resulting in the eﬁhancement of the upward lift. At the same time,
the destruction of Karman vortices due to the brgak in the normal vortex shedding
decreased the mofnenfﬁm loss and the drag on the éylindér was' élsd reduced
accordingly. Similarly, Bera et al. (2000} deployed a pulégd acoustic signal to obtain
an enhancement of lift force and an impairment of flow seplflration and drag force (Re
=1.33 x 10°).
Another approach reported in the literatures is to disturb the flow field by
blowing and sucking flow through the holes or slots on the surface of the cylinder,
v.which is often called surfgce bléeding technique. Williams ef .'al. (17992) introduced
symmetric and anti-symmetric forcing into a water flow (Re = 470) at a frequency of
about two times of vortex shedding frequency {f;) through two rows of holes located
at *45°, respectively, away from the forward stagnation line of the cylinder. Like
Hsiao and Shyu (1991), introducing disturbances into the boundary layer before

separation proved to have a large effect on the vortex evolution. In their work, they
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observed a modified behavior of f; and the flow structure at high bleed coefficient.
Here the bleed coefficient represents the momentum induced by the unsteady bleed
jets relative to the momentum in the undisturbed free stream. Likewise, Ghee and
Leishman (1992) blew the air periodically from a narrow .spranwise slot of a cylinder
and thus controlled the vortex circulation.and improve the fluctuating lift force at Re
of 3 x 10°,

Koopmann (1967) affected the natural wake by transversely oscillating the
cylinder at various driving frequencies. Above a determined threshold oscillation
amplitude (about 10% of cylinder diameter), the transverse vibration of a cylinder
driven at f; induced coherence of the separation points along its span, causing a
reduction in the lateral spacing of the vortices. By rotating a circular cylinder at a
frequency of Sj} and Re = 130, Protas and Wesfreid (2002) modified the distnbutlon
of Reynolds stresses and decreased their magmtudes resultmg in a25% reduction in
the mean drag. This was associated with control which dﬂ?ve the mean flow toward
the unstable sysmmetric state (the basic flow).

Based on the electromagnet actuators, Henoch and Stace-(1995) and Kim and
Lee (2000) locally applied the Lorentz force on the structural surface in the range of
70-130" from the stagnation point along the cylinder circumference in both clockwise
and counterclockwise .dir'ections. The -results showed tl‘iat_ uride.r positive Lorentz
force, the separation point was moved rearward in such a drastic manner that the
vortex shedding process was almost diminished and the drag force was effectively
reduced.

On the other hand, some people tried to directly control the vortex-induced

structural vibration by setting the tuned mass dampers on the structures. The structural
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damping could be changed by tuning the mass of the damper. Results from both
numerical simulations and experiments indicated that the structural vibration was
effectively attenuated when adding certain amount of mass to the damper and this
technique hasr been successfully used to suppress the oscillafic_m of some actual
engineering structures, for example, bridge deck and chimney (Ricciardelli, 2601; and

Strommen & Hjorth-Hansen, 2001).

1.2.2.3 Closed-loop control methods

Controls using either passive or open-loop method cannot always lead to
satisfactory performance because the control signal is not directly related to the
responses from fluid field or structural vibration and therefore cannot fully affect the
nonlinear fluid-structure interaction. This problem maybe -solved by utilizing closed-
loop control rﬁethods, under which fh_e .input tothe ﬁctu.ators',fop gontroiling fluid field -
or structural vibration is continuously adjusted based on the corresponding feedback

. \
signals acquired by sensors. A suitable choice of the feedback signal is crucial for
ensuring the good performance of a closed-loop system. Two basic schemes are
widely adopted in the literatures: feedback from flow measur;ment and feedback
from structural vibration measurement.

Previous closed-loop techniques involving flow control mostly have their
feedback signaié from flow, typically hot wire signals. This scheme should work duite
well provided only flow is to be controlled. Berger (1967) was probably the first to
introduce the feedback control to suppress the wake instability. He used a hot wire

signal obtained in the wake to actuate a bimorph cylinder transverse to the oncoming

flow and reported the possibility of avoiding vortex shedding at a Re of 80. Compared
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with the condition without control, the separation point of vortices was moved
oppositely by the control, which attenuated the rofl-up motion of the vortex shedding.
Likewise, Warui and Fujisawa (1996) managed to reduce the vortex strength using
electromagnetic actuators, installed‘i‘at both ends of a circular cylinder, to create é.
lateral oscillation, which was controlled by a feedback hot wire signal from the
turbulent wake (Re = 6700). Tokumaru and Dimotakts (1991) and Filler et al. (1991)
created a rotary oscillation of a cylindér to produce regulated injection of circulation
into the wake. The cylinder was activated by the hot wire feedback signal from
. fluctuating velocities in the wake. By doing so, they managed to attenuate both vortex
strength and drag force at Re of 15000 and within Re range from 250 to 1200,
respectively. Shiels and Leonard (2001) numerically investigated the underlying
physics Qf the observation made by Tokumam et al. and concluded that rotational.
oscillation t-riggered @ultiple vorticity struc;ures, whicﬁ led to a ti.rne-ave.rage'c.l '
separation delay and subsequent drag reduction. “\'

Like open-loop methods, some researchers also deployed the acoustic excitation
technique into the closed-loop system. Ffowcs-Williams and Zh_ao (1989) used a hot
wire signal to provide a feedback control into a loudspeaker mounted on the wind
tunnel wall. The acoustic excitation from the loudspeaker suppressed vortex shedding
from a cylinder at Re = 400. Roussopoulos (1993) revisited the: problem and
concluded that the onset Reynolds number for vortex shedding could be increased by
20% as a result of the control. The transient instability mode of vortex shedding
induced by the feedback actuation was responsible for the control effect, which only
took effect within a downstream region of 9 diameters distance from the cylinder.

This was because the transient instability mode was not global in the downstream
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direction, in the sense of the mode strength at all locations being instantaneously
correlated. Lewit (1992) used a feedback hot wire signal to activate sound waves
inside a circular tube. The sound waves interacted with flow through two rows of
‘holes, arranged at * 90° away from the forward stagnation line of the tube,
respectively, so that the sound waves through the two rows of holes were anti-phased,
thus suppressing vortex shedding from the tube up to Re = 10*, as observed by a hot
wire probe at one point in the wake and by a remote microphone for the overall
assessment. Huang (1996) also introduced sound, again generated inside a cylinder
and activated by a feedback hot wire signal from the wake, into flow through a thin
slit on the cylinder surface. The position of the slit was located near the separation
point of vortices. He found that the vortex shedding on both sides of the cylinder
could be suppressed up to a Re range between 4 x _103 and 1.3 x 10*. This showed that
' -t'.he vortex ‘.sheddi-ng was not ;)nly a growing of iﬁitizil perturbations but also a result of .
the instabilities involving two parallel shear flows. The ‘é{fect of the feedback sound
was probably to break the interaction between the two shear flows, and consequently
stopped the voriex shedding. Recently, using a similar actuation mechanism as
Huang, Wolfe and Ziada (2003) reduced the response of tandem cylinders, with one
being located in the downstream of the other one. Meanwhile the lift force on the
downstream cylindér was decreased down to 70%.

Gunzburger and Lee (1996) employed surface bleeding technique to investigate
the feedback effect on vortex shedding from a cylinder at low Re (< 80). Two
pressure transducers, placed at £ 7n / 32 from the leading edge, were used as sensors.
The position of the actuators could be adjusted. When fluid was sucked through two

slots on the cylinder .surface centered at + 237 / 32 and blown through another slot
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centered at m, they obtained a maximum reduction in the vortex strength and the lift.
The amount of fluid injected or sucked through orifices was determined through a
simple feedback law from pressure measurements at stations along the surface of the
cylinder. Min and Choi (1999) further developed a subbptimal feedback control
algorithm for surface bleeding technique by numerical simulation at Re = 100 and
160. The location of feedback sensors was limited to the cylinder surface, and the
control output from actuators was the blowing and suction on the cylinder surface.
The mean drag and drag/lift fluctuations significantly decreased ﬁsing the cost
function defined as the square of the difference between the target pressure and real
flow pressure on the cylinder surface. They attributed the reduction in drag to a
decrease of pressure near the stagnation point and a significantly increase of base
~ pressure.

'Liéprﬁann and 'lNose[i;:huck (1982) tested two heating c'ylinders in tandem and
experimentally demonstrated that a delay of the transitior‘i\g)f the instability waves on
the downstream cylinder to turbulent motion was achieved if the relative phase shift
between the two driving voitages for heating cylinders was properly tuned by the
feedback controller.

The aforementioned existing work all concerns the impairment of vortex
shedding. On the contrafy, under closed-loop control, the vortex _shédding can also be
reinforced by surface bleeding or oscillating cylinder technique for transport
enhancement in heat transfer or combustion (Tsutsui ef al. 2001; and Wang et al.
2003).

" A different kind of control scheme requires the structural vibration signal to be

fed back to controllers for the control of vortex-induced structural vibration. Baz and

-12-
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Ro (1991) used an electromagnetic actuator installed inside a rigid cantilevered
cylinder to exert a force on the cylinder. The actuator was driven by a feedback
velocity signal of structural vibration measured on the cylinder, thus increasing
damping to the cylinder and effectively reducing the vortéx—induced vibration at the
occurrence of resonance (Re = 17160 ~ 26555), when the vortex shedding frequency,

f., coincided with the natural frequency, f,, of the system. Baz and Kim (1993)

further investigated the same problem using a cantilevered flexible cylinder. Based on
the information of the cylinder vibration and an independent finite element model
controller, the piezoelectric actuators generated a control action to attenuate the
vortex-induced first mode oscillation. As a result, the amplitude of vibration reached a
40% reduction 6ver a Re range between 5500 and 7500. Using similar setup as Baz
and Kim, Tani et al. (1999) developed a gu-synthesis theory ba,sed robust controller
and also effectively suppresAséd- the first mode oscillation bjf eﬁlafging the damping of |
the structure. Bonding electromagnetic actuators on a\'hlate surface to excite the
structure, Sébastien ef al. (2003) attempted to actively alter the modal damping of a

~ flexible tube bundle in a cross flow using velocity feedback to attenuate the structural

vibration at high flow velocities.

1.3 Motivations and ObjeCtives

Previous literature review shows some commonalities among the existing work,
which motivate the present research. 1). Most of existing work focused on a separate
control of either fluid field or structural vibration. In fact, a large majority of them
dealt with suppressing vortex shedding from rigid structures. A few papers which

aimed at controlling structural vibration in a cross flow considered the flow only as a
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disturbance, rather than a control target. Many engineering applications, however,
require a simultaneous control of both flow and its induced vibration. A simultaneous
control of both elements would probably be more effective. 2). Most of existing work
used rigid cylinders, with either rigid or flexible suppt.:’ns. Controlling v.ibrétions of
flexible structures have seldom been considered. Flexural vibrations of the structure,
however, are responsible for many engineering problems such as the fatigue,
instability and noise generation. Considering the practical importance and the
technical difficulties involved, the issue is worth investigating. 3). There is a lack of
information on comparisoﬁ among different sensing techniques for providing
feedback signals. A simultaneous contrc-nl of both vortex shedding and structural
vibration certainly requires more advanced and sophisticafed sensing schemes. 4). The
rapid development in new intelligent materials, computing and control technology 7.
pfovidcs new poss.ibil'ities and therefore sheds new ligilt' on this probleﬁ of particlular'
importance. Research is needed to take advantage;’\: of the most up-to-date
technologies.

The general objective of this work is to establish, implement and assess a novel
technique using piezoceramic actuators of new generation to achieve a simultaneous
control of flow and its induced structural vibration. In the pursuit of this general
objective, the following issucs are addressed:

1) To propose a so-called perturbation technique, together with implementaﬁon
details.
2) To assess the effectiveness of the technique using different configurations and

control schemes.
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3) To reveal the underlying physics involved, via simultaneous measurement and
analysis of both flow and vibration signals.

4) To assess the adaptivity of the controller.

1.4 Outline

The thesis is organized in seven chapters. Chapter 1 introduces the background
of tho_f: present work. At the same time, some related previous work are reviewed.
Motivations and objectives of this investigation are presented.

In Chapter 2, the concept of the perturbation technique is put forward.
Characteristi‘cs of the THUNDER actuators used to implement the technique are
described. Experimental setup is introduced. Major facilities, such as particle image
velocimetry (PIV) and laser Doppler anemometer (LDA) are briefly described.

Using opén-lobp ineihod, the perturbed interaction between. ;rc;rte'x shelddihg
from a flexibly supported rigid cylinder and vortex—induczéd resonant vibration on the
cylinder is experimentally investigated in Chapter 3. The control effects on the fluid
field and structural vibration are shown by the results from PIV, flow visualization,
LDA, hot wire and laser vibrometer measurements. The preliminary mechanism is
discussed by investigating the change in phase shift and spectral coherence between
flow and cylinder oscillation.

- In Chapter 4, resuits obtained in Chapter 3 are refined and improved using
closed-loop control based on proportional-integral-derivative (PID) controllers. Three
control schemes, utilizing feedback signals from flow, structural vibration or a

combination of both, are considered and compared. The performances of the control

schemes are assessed through measurements using a PIV, flow visualization, and
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LDA. To understand the underlying physics, changes in spectral phase and coherence
between flow and structural vibration due to the deployment of the control are
investigated, along with the varying fluid damping of the fluid-structure system,
evaluated from structural oécillation signals.using an auto-regr;ssive moving average
(ARMA) technique.

In order to better understand the effect of the perturbation on the flow, Chapter 5
presents results obtained using a closed-loop control system with a simplified PID
controller to control the vortex shedding from a fixed supported rigid cylinder. In
addition, the adﬁptivity of the controlter is also assessed when varying Re. The control
effects on fluid field are shown with the results of PIV, flow visualization, LDA and
single hot wire, respectively. The modification of lift and drag coefficients are
assessed through the measurement of a load cell system. To understand the control
mechamsrh conversions in spectral phase shlﬂ: betwecn the perturbatlon signal and
the fluctuating flow velocity signal or lift force simultané‘qusly sampled with a laser
vibrometer, the monitor hot wire and load cell, respectively, are discussed in detail.

The closed-loop control of the perturbed interaction between vortex shedding
and vortex-induced vibration on a flexible cylinder is studied in Chapter 6. Five
control schemes, utilizing feedback signals from streamwise flow velocity u measured
by a single hot wire, stru-cturarll .vibrat_io.n Y by a laser vibrometer and dynamic strain in
the transverse direction & by an optical fiber Bragg grating (FBG) sensor, and a
combination of u and & or u and Y, are conducted and compared. The control
performances on the structural oscillation are evaluated in both time domain and
frequency domain in terms of Y, & and «, respectively. To understand the physics, the

modification of fluid field is documented using PIV, flow visualization, and LDA. At
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the same time, changes in spectral phase and coherence between » and Y, along with
the varying fluid damping of the fluid-structure system calculated using ARMA
technique, due to the deployment of the control, are also investigated.

Chapter 7 summarizes the conclusions drawn from the present work. -

-17-



CHAPTER 2

PERTURBATION TECHNIQUE AND
MAJOR EXPERIMENTAL FACILITIES

2.1 Introduction

As stated in Section 1.3, although quite a number of techniques have been
successfully applied to control vortex shedding or its induced structural vibration,
rthere is a lack of methodé'addressing simﬁltaﬁeous control of both élerﬁentsl In -
practice, however, when a bluff body is subject to a cros's-\‘flow, the generation of the
vortex shedding from the body and structural vibration are dependent on each other,
which has been extensively demonstrated in many occasions. Thus controlling one
targc;,t without considering the other cannot always satisfy the actual requirement of
engineering. In order to solve the problem, the present work aims at establishing a
novel technique to break the fluid-structure interaction usirig a local st;ué_tural surface
perturbation with a view to alter both vortex shedding and its induced structural
vibration at the same time. The perturbation generation is implemented using
actuators made of smart materials.

In the last decade, technologies using smart materials have become the enabler

that cuts across traditional boundaries in material science and engineering. Smart
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technology has given rise to a broad spectrum of research and applications. The
perturbation technique proposed in the present work is based on the use of an
advanced pizeoceramic actuator, called THUNDER (THin layer composite
UNimorph piezoelectric Driver -and sEnsoR), which is newly_( developed _by 'NASA
Langley research center. THUNDER actuator is superior to traditional pizeoceramic
actuatofs in many aspects, such as large displacement and reasonably good load-
bearing capacity.

The main aim of this chapter is to introduce the characteristic of THUNDER and
investigate the possibility of applying the perturbation technique into flow and flow-
induced vibration control. To this end, the idea which motivates the perturbation
iechnique is firstly explained. Then characteristics of THUNDER and its installation
method are. described. Based on these, the embodiment of the perturbation technique,
Ainclucvli‘ng the deéign of lhééhanical' cbnfigﬂraﬁon and conirol system,vis introduc':éd. In-‘
addition, major experimental facilities used, such as partic‘:{c‘a image velocimetry (PIV)

and laser Doppler anemometer (LDA), are briefly described for those unfamiliar.

2.2 Perturbation Technique

Steady flow incident on a bluff body is a common occurrence. When the
Reynolds nﬁmber' exceeds. a criﬁcal value, the boundary layer on each side of the
body will separate from the body to form an unsteady flow pattern, that is, a staggered
vortex street. Periodic forces on the structures are generated as the vortices alternately
shed from each side of the structure, which causes the structure to vibrate. The
resultant structural vibrations may' in turn influence the flow field, giving rise to fluid-

structure coupling and even resonance. The frequency of the forces/vortex shedding
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can be appreciably modified and the structural vibration can be grossly amplified. The
coupling is in general a highly non-linear function of both structural motion and flow
velocity.

In fact, steady flow incident on bluff bodies is. usually ‘unstable gn,d de*;/elops
into an unsteady wake. Vortex shedding is a result of the initially linear wake
instability. Thus the mature vortex structure depends on its infant form. On the other
hand, small local perturbations into flow will grow exponentially when they are small
enough to conform to the linear theory (Provansal, 1987). This implies that very small
local perturbations to the flow may exert -significant %nfluence on the unsteady
Karman vortex structure. Although the physics involved is not fully known, there 1s
strong evidence that weak perturbations do influence the normal vortex shedding in
the highly non-linear unsteady wakc, and that influence can sometimes be dramatic.
Some examples on vortex shedding im’pa.iired by 'sma-l.l local per‘tﬁrbation have l:.»eén
mentioned in Section 1.2 (Hsiao & Shyu, 1991; Willia‘rqs et al. 1992; and Huang,
1996). On the top of that, Den Hartog (1947) and Parker (1\966) introduced small local
perturbation to flow by transversely oscillating cylinder and em_ittiné acoustic waves
inside the cylinder, respectively. By doing so, they all discovefed the enhancement of
vortex shedding.

The fact that vc_;rfex s_hédding is sensitive to local perturbation may also -
indirectly influence the vortex-induced structural vibratilon since the fénner is the
excitation source of the latter. A direct alteration on both or either clement may
change the nature of fluid-structure interaction. In other words, if an appropriate tocal
perturbation is created to modify the fluid-structure interaction, both vortex shedding

and its induced vibration may be affected at the same time. Based on this idea, 2 novel
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technique, referred to as the perturbation technique, is conceived to provide a possible
_control of both flow and structurat vibration. The local perturbation is imposed on the

structural surface using piezoelectric actuators.

2.3 Piezoelectrib Effect and Piezocerainic Actuat‘or

The piezoelectric phenomenon was first discovered in 1880 by Pierre and
Jacques Curie who demonstrated that when a stress field (p) was applied to certain
crystalline materials, an electrical charge was produced on the material surface (Jaffe
et al. 1971). It was subsequently demonstrated that the converse effect was also true;
when an electric field (£) was applied to a piezoelectric material it changed its shape
and size. This effect was found to be due to the electrical dipoles of the material
spontaneously aligning in the electric field. Figure 2-1 shows a schematic graph
‘illusfrartinég the précess. | |

Due to the internal stiffness of the material, piezoelé'bﬁﬁc elements were further
found to generate displacement and force to some extent when their natural expansion
was constrained. This observation ultimately led-to their use as actuators in many
engineering applications. The actuator made of Lead Zirconate Titanate (PZT) 1s a
typical example. The piezoelectric actuator has many advantages, for instance,
relative temperature insensitivity, linear response at low excitation levels, lightweight,
flexibility and broadband frequency response, and so on. Traditional piezoelectric
actuators, however, suffer from some inherent drawbacks. First, they have very
limited displacement and load capacity. As mentioned in Yoon ef al. (2.002)’

monolithic piezoelectric actuators can gencrate massive stress (~ tons/in’) but only

nimiscale strain (~ 107). A proper design of mechanical amplification system is
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usually needed to increase the displacement generation at the expense of reducing the
loading capacity. Second, they have significant hysteresis and creep at large electric
field level. Third, piezoclectric effect generated through poling may decay, thus

leading to aging effe_cts and performance degradations.

2.4 THUNDER Actuator and its Installation

The perturbation technique proposed in the present work is based on the use of a
type of advanced pizeoceramic actuators, called THUNDER (THin layer composite
UNimorph piezoelectric Driver and sEnsoR), which overcome the aforementioned
drawbacks related to conventional piezoele;:tric actuators. THUNDER was developed
by NASA Langley research center. It can provide larger displacement and load
capamty, smaller dlmensmns more rehabllxty, strength and flexibility than the
traditional ones. This owes to a partlcular fabncatlon process (Copeiand et al. 1999)
THUNDER is a layered composite in which individual mé;erials are layered on top of
cach other to form a “sandwich”, comprising a metal base layer, a piezoelectric layer
at the middle and an aluminum foil on the top; LaRC™.-SI.adhesive is applied
between the layers (Figure 2-2(a)). The entire assembly is placed into an autoclave for
processing. During the autoclave cycle, the “sandwich” is heated and squeezed,
allowed to cook and ‘lchen cooled to room témperature. During the cool down cyclé, A
the mismatch in coefficients of thermal expansion causes the metal and ceramic layers
to contract at different rates, and they begin to work against one another, putting the
ceramic in compression at room temperature. However, the strength of the adhesive
bond holds everything together. The result is a “pre-stress” internal to the individual

layers, which results in the characteristic bend or curvature of the finished product
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(Figure 2-2(b)). As illustrated in Figure 2-2(c), under an applied voltage, the actuator
- deforms out of plane. To our knowledge, various applications using THUNDERSs
have been explored by several researchers. Typical examples include vibration
isolation (Marouzé & Cheng, 2002), ;irecision positioning (Horner' & Taleghani,
2001), airfoil shaping (Pinkerton & Moses, 1997) and active noise control
(Jayachandran et al. 1999), etc.

Two appealing features motivate the choice of THUNDER actuators in the
present work. The first is its high displacement and high load capacity within a wide
range of frequency. This feature may ensure the actuator to impose sufficient effect to
the flow-structure system. The second is its small size, which makes it possible to be
placed inside a structure in a much easier and less intrusive way than many
conventlonal actuators such as loudspeakers and electromagnet actuators.
THUNDERS (model TH 8-R) manufactured by Face International Co. were selected
as the actuator in this work. Specifically, without anj}\}oading, this actuator may
vibrate at a maximum displacement of about 2 mm and a frequency up to 2 kHz. It
has small dimensions, with a length, width and height of 63.5 mm, 12.7 mm and 3.83
mm, respectively, and has a maximum force capacity of 67 N.

A proper installatien of the THUNDER actuators is a key factor to fully explore
its hi'gh-' displacement feature. Various experiments were conducted to find the most
suitable installation method of the actuator inside a structure. In all tests, a
THUNDER, without any loading, was driven by a sinusoidal signal generated by a
signal generator (HP-DS345) and amplified by a dual-channel piezo driver amplifier
(Trek PZD700-2). The excitation voltage and frequency of the signal were adjusted

within the range from 0 to 200 volts (root mean square value) and from 0 to 2 kHz,
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respectively, during experiments. The apex displacement of the THUNDER in the
vertical direction was measured using a Polytec Series 3000 Dual Beam Laser
Vibrometer (Polytec Series 3000) and the output was analyzed using a personal
- ~ computer with a 12-bit A/D board at a sampling frequehcy of 3.5-kHz per channel.
The ideal working condition for a THUNDER is to have both ends free, since
the vertical displacement at the midpoint of the apex is generated by a change in the
radius of curvature. However, practical consideration requires at least one rigid
supported end, that is, the displacement as well as the slope should be fixed at the end.
Then there are three possible methods for installing 2 THUNDER into a structure as
illustrated in Figure 2-3: (1) cantilevered; (2) rigid supported at one end and free at
the other end; (3) rigid supported at both ends. Experimental results showed that,
under the excitation frequency and voltage, the apex displacements of the actuator
' wel;e similar using the first two 'mouniing cases,v wh.ich were ;nuch large‘r'than_éas'e'
(3). Considering the practical aspects, the second metﬁqfi was finally used in this
work. There were different ways to implement a ngid éupport at one end of the
actuator, such as screw, clamp or silicone-glue, as discussed b){l_Marouzé and Cheng
(2002). In the present work, an adhesive tape was used to fix the actuator at one end

whilst the other end could move freely along the structural surface (Figure 2-4).

' 2.5 Embodiment of Perturbation Technique

The mechanical configuration of the preferred embodiment of the technique can
be described by way of a schematic, shown by Figure 2-5. A structure with a
rectangular cross section being subject to cross flow represents a typical bluff body.

Under normal operating conditions and normal installation, one structural surface is
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activated and controlled by a plurality of actuators embedded underneath the surface
to move generlally and substantially orthogonal to the direction of cross flow. By this
way, a local perturbation is created to counteract the fluid excitation induced by the
flow and subsequently its induced vibration. _Notelthe movemcht of Fhe movable
structural surface is independent of the structure, particularly represented as Y.

Specifically, a square cylinder of a height of # with various stiffness and
boundary conditions is selected as test model in this work. Figure 2-6 shows one
typical design used in thié work. Three THUNDERS are embedded in series in a slot
on one side of the cylinder to support a thin plastic plate, which is installed flush with
the cylinder surface. The length of the plastic plate is 493 mm, 2./ 3 of the cylinder
length. One end of each actuator is adhesive tape-fixed on the bottom side of the slot,
_ while the other is free. The actuators and the walls of the slot around the actuators are
well lubricated to reduce contact friction. ;i"o minimiZ(; the asymmetry of the. dynarnic
system, the opposite side of the cylinder is identicalif‘\qonstmcted. Driven by the
actuators, this plate will oscillate to create the local perturbation of the cylinder
surface. This experimental setup is implemented in a wind tqg_mel. The root mean
square (r.m.s.) value of ¥, ., i.e. Y rms, measured using a laser vibrometer, is the same at
different spanwise locations along the cylinder, suggesting a uniform oscillation of the
surface. Fu&hembre, the movément of .the surface in the streamwise or spanWise
direction is essentially negligible. Thus, the perturbation is unlikely to cause any
significant three-dimensionality of the flow.

The actuator is a dynamically nonlinear component. Its dynamic response may
vary with the activating frequency, even though the imposed voltage is maintained at

a constant. In order to demonstrate this, a test using the structure shown in Figure 2-6
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was conducted under no-flow conditions and the root mean square value of activating
voltage (¥,), i.e. ¥, ms (= 141.4 volts) on the actuators. The cylinder was fix-
supported at both ends and could be approximately considered to be rigid as a whole.
The deformation of the activated actuators caused a displaéement Y, on the pla;tic
plate. The Y, ms varied with the perturbation frequency f» (Figure 2-7), showing a
maximum of 0.0214. The actuators have been designed such that the peak in Ypms
occurred around the region of interest.

A control system is needed to control the moﬁon of the actuators. Two methods
can be deployed: open-loop and closed-loop. For open-loop control, the actuators are
directly excited us.ing a signal with controllable frequency and amplitude generated by
a signal generator, while for closed-loop control, they are activated by the signal from
a feedback system. The feedback control system takes the instalntaneous signals from
stfuéfufal vibraﬁon' or/and the 'ﬂowl velocity béhind the st?ucture as .:its- input. Tﬁe
structural vibration may be detected by vibration s‘e\psing means disposed on
appropriate parts of the structure and the flow velocity may be measured using the
flow velocity sensing means. Based on the feedback signals .meas;lred by the two
sensing means, the controller of the feedback control system generates the excitation
signals to drive the actuators and thus control the movement of the movable structural
sur.facé along Y, direction.

To further illustrate the closed-loop scheme, Figure 2-8 supplies a schematic
block diagram of a typical feedback control system used in the present work. It can be
seen that the vibration characteristics of the structure are detected by a laser
vibrometer as input to a conditioner. The conditioned signal is used either as input to

the feedback controller or to monitor the modification of structural vibration. The
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flow velocity is detected by a first and a second detection means which can be, for
example, tungsten hot wires. In the present example, the first detection means (hot
wire @) is for monitoring the downstream flow velocity when the flow passes the
structure and the second détection means (hot wire @) is for acquinng the feedback
signal of the vortex shedding. The two flow information are fed into a CTA (Constant
Temperature Anemometer), which is an amplifier used for amplifying the flow
velocity signal. The structural vibration and flow velocity can be used as feedback
signals either separately or simultaneously. After that they are fed into a low-pass
filter and then are input into an analogue-to-digital converter (ADC) for processing by
a controller. In the present work, a digital Proportional-Integral-Denvative (PID)
controller is used. Proportional gain (P), integral gain (/) and derivative gain (D) of
_the PID controller can be tuned to generate an output signal, which is converted by a
7 digital-to- analogue converter (DAC) mfo an analogue stréam of signals. The analog
signals are low-pass filtered again before they are ampliﬁéd to activate the actuators.
The signals monitoring structural vibration and flow velocity can be recorded by a PC
for further analyses.

The controller used in this work is developed and implemented based on a
dSPACE system installed in a computer, which is an open software platform and has
a -realftimg system for rapid control prototyping, production code geheration and
hardware-in-the-loop tests. Specifically, the model of the controller is first &esigned
using SIMULINK function of MATLAB 6.0 and simulated off-line. The accessory
software (ControlDesk 2.0) of dSPACE system is run to activate the Real-Time
Interface (RTI) file. The RTI is the link between dSPACE's real-time systems and the

MATLAB/SIMULINK. It extends Real-Time Workshop (C code generator) for the
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seamless and automatic implementation of SIMULINK models on the present
dSPACE real-time hardware, digital signal processor (DSP) system. The DSP system
performs mathematical operations to digitally represent signals and used for sampling
: and processing feedba_ck signals. In addition, the parameters of 'the controller can be
conveniently tuned using the virtual instruments editor within ControiDesk software
providing friendly dialog and property pages that customize the instrument’s common
properties. As an example, Figure 2-9 displays the interface of a PID controller used

in this work (the upper window). A SIMULINK model is shown in the lower window.

2.6 Major Experimental Facilities

In the present work, all experiments were conducted in a closed circuit wind
-thnel with a square worlging section (0.6 m x 0.6 m) of 2.4 m in length. Using an
| :axial fan ﬁnd .an. AC powér (380 vlots, 60 Hz, 3(15, 60 Hp), the clontfaction ratio is 9:1.

The wind speed of the working section is up to 50 m/ls\, which is controlled by a
Dynagen inverter (S36-4060-686 90Amps) with a resolution of 0.3 rpm/60 Hz. The
streamwise mean velocity uniformity is about 0.1% and the turbulence intensity is
less than 0.4%. Some advanced experimental facilities, such as particle image
vglocimetry (PIV) for the measurements of iso-contours of spanwise vorticity and
-flow visualization and laser Doﬁpler anemometer (LDA) for the measurement of flow
velocity profiles as well as some conventional facilities, such as laser vibrometer and
hot wire, etc, were thoroughly used in the measurements of this thesis.

The velocity field is measured using a Dantec standard PIV2100 system. Figure

2-10 illustrates a PIV system. Flow is sceded by smoke, which is generated from

Paraffin oil, of a particle size around 1 gm in diameter. Flow is illuminated in the
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plane of mean shear by two New wave standard pulsed laser sources of a wavelength
of 532 nm, each having a maximum energy output of 120 mJ. Digital particle images
were taken using one CCD camera (HiSense type 13, gain x 4, double frames, 1280 x
1024 pixele). The CCD used is 1k by 1.3K cooled one with 12 bits and 9 Hz. A bantec
FlowMap Processor (PIV2100 type) is used to synchronize image taking and
illumination. The processor, with a capacity of 32 GB and a bandwidth of 133 MB/s,
has 4 channels plug and play camera kits. Using 100 Mbit Ethernet and optional
Gigabit Ethernet under TCP/IP protocol, the processor may communicate with
application PC. In addition, the processor has 4 BNC channels for analogue reference,
4 25-pin D-sub channels for TTL output, 3 BNC channels for Triggers and Trigger
enable and one laser synchronization cable for laser trigger. A wide-angle lens is used
S0 that each 1mage covered enough area for observatlon An optical filter is used to
allow only the green light (the wavelength = 532 nm) generated by a laser source to
pass. | t'\,_

The flow visualization measurement is conducted using the flow visualization
function of the PIV system. The same smoke as used In the.__P[V measurement 1is
introduced through eight injection pinholes (diameter = 1 mm), symmetrically
distributed at the mid-span of the leading side (normal to the flow direction) of the

cylinder. The C_CD' camera is used on the single-exposure mode. A wide-angle lens is
also used to enlarge the view-field.

The mean velocities, U and V , and fluctuating velocities, v and v, along
longitudinal and lateral direction, respectively, in the wake are measured using a two-
component laser Doppler anemometer (LDA) system (Dantec Model 58N40 with an

enhanced Flow Velocity Analyzer signal processor), shown by the photo in Figure 2-
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11. The laser is SP2017 argon ion with 5 W power output. The measuring volume has
a minor axis of 1.18 mm and a major axis of 2.48 mm. Thus, the measured mean
velocity is estimated to have an error of less than 3% and the corresponding error for
the méasured r.m.s. values, urmsrand Vems, 18 1€SS thaﬁ 10%. The maximum velocity of
measurement is close to velocity of sound and the measurement distance ranges from
10 millimeters to severai meters. The frequency response range is from 2.23 Hz to
100 MHz. The seeding is provided by smoke, the same as used in the PIV and flow
visualization measurements. The focus of the optics system, being placed horizontally
or vertically, may be flexibly adjusted and the length of its optical fiber may extend
up to more than 20 meters. In addition, the software and hardware of the LDA system

are controlled by an advanced FVA system control platform, for result display.

2.7 Conclusioﬁs

L}

The concept of the so-called perturbation technique"‘i.s introduced in this chapter.
Practical means are also provided to implement the technique using piezoceramic
actuators, i.c., THUNDER. Major facilities that will be used inthe following chapters
are briefed. It is shown that

1) The essence of the proposed perturbation technique is to generate a local
perturbation on the cylinder surface to perturb the interaction betwéen thc- flow
and structural vibration. Both open- or closed-loop control methods should be
investigated.

2) Due to its superior characteristics over conventional actuators, such as high
displacement range, high loading capacity and small dimensions, THUNDER

is a promising candidate and is selected to implement the technique. Details
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regarding its installation are important to ensure a maximum performance of

the actuators.

-31 -



PERTURBATION TECHNIQUE AND MAJOR EXPERIMENTAL FACILITIES

Applied
field, E

Electrode

Figure 2-1 Principle of piezoelectricity
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Metal
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Zero
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(c)

Figure 2-2 Description of THUNDER actuators: (a) cross sectional view; (b) photo
of THUNDER; (c) typical deformation vs. applied voltage.
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Rigid
supported end Free end

(a)
Rigid ted end Movable
supporte en‘ supported end

Rigid

ngld
supported end

Figure 2-3 Schematic of THUNDER installmient methods: (a) cantilevered; (b) rigid

supported at one end and movable supported at the “other end; (c) rigid

supported at both ends.
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Cylinder

Figure 2-4 Photo of THUNDER using adhesive tape to fix one end.
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Perturbation
surface

THUNDER
Actuator

Figure 2-5 A partially exploded view of a structge under cross flow.
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Figure 2-6 Photograph (a) and schematic arrangement (b) of THUNDERS installed in

the square cylinder.
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Figure 2-7 Dependence of the perturbation amplitude on the perturbation frequency

under a constant voltage (no flow).
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Figure 2-8 Schematic block diagram showing an exemplary feedback control means

_ of perturbation technique.
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Figure 2-9 Typical interface of PID controller used in this work.
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Figure 2-10 Typical PIV measurement using Dantec standard PIV2100 system.
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SP2017 (P - - Dantec 58N40 Host
EVA Processer Computer

Figure 2-11 Typical LDA measurement using Dantec standard 58N40 FVA system.
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CHAPTER 3

OPEN-LOOP CONTROL
OF FLUID-STRUCTURE INTERACTION
ON A FLEXIBLE-SUPPORTED CYLINDER

3.1 Introduction

F luld ﬂowmg over a bluff body is often seen In engmeenng Examples include
:ﬂow past heat exchangers offshore structures, power transmission lines, and hlgh rise
buildings. Beyond a critical Re, a pair of staggered-\ vortex streets forms and
subsequently their alternating shedding happens behind tﬁe body. When the vortex
shedding frequency is near to the natural frequency of thcE _‘body, resonance or
synchronization will occur (Griffin and Hall, 1991). Under rlesonance, the vortex
shedding and its induced structural vibration will be greatly enhanced. The resonant
structural vibration could have significant impact on _the fatigue life of structures,
even leading to disﬁstrous consequences. The painful lessons include the collapse of
the Tacoma Narrows Bridge due to a sustained steady wind producing vortex
shedding at resonance frequency of the bridge over a long period and the damage of
piling during the construction of an oil terminal on the Humber estuary of England in

1960s (Griffin & Ramberg, 1976). So this kind of vibration should be effectively
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suppressed. On the other hand, the enhancement of vortex shedding is desired for
some engineering applications, such as combustion and heat transfer (Gau et al. 1999;
and Konstantinidis ef al. 2003). As mentioned in Section 1.3, in order to obtain the
satisfactory results for these engineering, prob_lerns, “both .v0rtex snedding ‘and
structural vibration should be controiled simultaneously by modifying the rnsonant
fluid-structure interaction using control methods. This issue is discussed in this
Chapter using & flexibly-supported cylinder undergoing resonance in a cross flow.
The perturbation technique described in Chapter 2, together with an open-loop control
scheme, is applied. Both impaired and enhanced cases are considered.

Experiments use techniques such as flow visualization, PIV, laser vibrometer
and hot wire, to measure the perturbation effect on structural vibration and vortex
. strength. Furthermore, to discuss the preliminary mechanism, the perturbed fluid-
structure interaction 1s ‘investigated by a sirnultaneous measurement of ﬂoxlv and
structural vibration using laser vibrometer and hot vﬁre. ﬁcq‘ditionally, the variation in
the cross-flow distribution of Reynolds stresses is also measured using a two-

component LDA system. 5.

3.2 Experimental Setup .

Experiments were conducted in 2 closed ci.rcuit“ winci tunnel. Scé the
corresponding part in Section 2.6 for more information. An aluminum alloy square
cylinder of side A = 0.0152 m was mounted horizontally in the midplane, 0.2 m
downstream of the exit plane of the contraction, and spanned the full width of the
working section, resulting in a blockage of about 2.53%. The cylinder, supported on

springs at both ends, was allowed to vibrate laterally (Figure 3-1). The spring system
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is outside the wind tunnel. Each spring is supported by a wide base which has the
same length as the cylinder height and connects the spring with the cylinder. Durnng
experiments, when the cylinder is subject to the rocking vibration excited by the flow,
the four springs may exert an- oppo'site moments to the cylinder by the spring base.
Then the rocking vibration may be constrained automatically. Therefore the rockiﬁg
vibration was negligible, which was checked using laser vibrometer. On the other
hand, using laser vibrometer, the along-wind movement was measured to be less than
0.1 mm, much less than the structural displacement in the transverse direction (~ 1.2
mm). Thus the along-wind movement was also found to be negligible. Mcasurements

were carried out on the resonant condition of the fluid:structure system when the
vortex shedding frequency (f;) was very near to the natural frequency ( f, =30 Hz) of

* the. cylinder. By tuning the st1ffness of the springs, the natural frequency of the

‘cylmder could be set to be 30 Hz, which was determmed from the frequency response
of the cylinder vibration when excited with an elcctrom‘é\:hanical shaker under no
flow condiltion. The corresponding reduced velocity, U, (= U,/ f.h), was about 7.8,
Re was 3500.

Using the half-power technique, the structural damping ratio, ¢, was estimated
‘to be 0.034, giving a reduced damping or Scruton number, 2m(27¢)/ ph’, 0f 15.2 in

the synchronization range, where m 1s the mass per unit length of cylinder; £ the

damping factor and p the air density. The Scruton number is a very important
parameter, which governs the synchronization between vortex shedding and induced
vibration. This number is in this case well below the critical value, i.e. 64, as

proposed by Blevins (1990), implying an oscillation of significant amplitude. The
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normalized root mean square value (r.m.s.), Yms/ A, of Y versus the reduced velocity

U, (Ux! f, h) is given in Figure 3-2. Yoms/ h shows its maximum, about 0.055, at U, =

7.8 (Re = 3500), where the resonance occurs. The corresponding maximum
displacement of the cylinder was about 1.2 mm, or 0.084. The comespondence
between the measured ¥ / # and the Scruton number at resonance is in good
agreement with the data given in Figure 3-21 of Blevins (1990).

Three THUNDER actuators were embedded in series in a slot on one side of the
cylinder to support a thin plastic plate of 3 mm thick which was instatled flush with
the top cylinder surface. The actuators were activated by a signal generated from a
signal generator (HP-DS345) and amplified by 4 dual channel piezo driver amplifier
(Trek PZD 700-2). Driven by the actuators, this plate would oscillate to create the
local perturbatlon of the cylmder surface The detalled installation arrangement and‘
geometry dlmenswn of 'the actuators were descnbed n Flgure 2-6.

A Dantec standard PIV2100 system introduced n\; Section 2.6 was used to
measure the perturbation effect on velocity field. Digital particle images were taken
using one CCD camera (HiSense type 13, gain x 4, double frames, 1280 x 1024

pixels). A wide-angle lens was used so that each image covered an area of 150 mm x

120 mm of the flow field, i.e., x /hA~ 0.8 ~ 108 and y / h = -2.7 ~52; the x and y
‘coordinates and their origin are deﬁned in Figure 3-1. The longitudinal and lateral
image magnifications were identical, i.e., 0.12 mm/pixel. Each laser pulse lasted 0.01
us. The interval between two successive pulses was typically 50 us. Thus, a particle

would only travel 0.179 mm (1.53 pixels or 0.0118k) at U, = 3.576 m/s, which was

used for measurements. In the image processing, 32 x 32 rectangular interrogation
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areas were used. According to the PIV manual, the optimal pixel distance corresponds
to 1 / 4 interrogation length for good two-dimensional PIV measurement. Specifically,
1 / 4 interrogation length, i.e. 8 pixels distance, seems to be optimal in the present
work. However, optimél_pixél distance, adjusted by the time between two successive
pulses, is enslaved to two factors: orientation precisioﬁ and the number of effective
particles. The large optimal pixel distance corresponds to high orientation precision
and small effective particles and vise versa. To balance the two factors and
subsequently obtain good PIV results, the interval between two successtve pulses was

set to be 50 us, corresponding to a 1.53 pixels distance at U, = 3.58 m/s. In addition,

each interrogation area included 32 pixels (= 0.254) with 25% overlap with other
areas in cither the longitudinal or laferai- direction. The ensuing in-plane velocity
vector ﬁeld consisted of 53 x 42 vectors. Spanwise vorticity component, @, , Was
approximately obtainécl bésed oﬁ panicle velocities using a .central ‘différénce scheme.
The spatial resolution of vorticity estimate depends on gnH spacing, about 2.9 mm or
0.19A.

The control effect on flow pattern was conducted using the flow visualization
function of the PIV system. The same smoke as used in the PIV measurement was
introduced through cight injection pinholes (diameter = 1 mm), symmetrically
distributed af the mid-span of the leading side (normal to the flow direction) of the
cylinder. The CCD camera was used on the single-exposure mode. A wide-angle lens
was also used to enlarge the view-field so that each image covered an area of
approximately 165 mm x 125 mmorx /A~ 033 ~11.2 and y /h=~-4.1~4.1inthe
flow field. The recording interval between successive images was 0.143 s. Other

configuration parameters were similar with the PIV measurement.
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In order to investigate the underlying physics of the perturbation technique, a
Polytec Series 3000 Dual Beam Laser Vibrometer (Zhou et al. 1999) and a 5 um
tungsten hot wire were used to measure simultaneously the structural displacement
and ﬂéw velocity, Tespectively. The hot wire, placed at x /h=2andy/h =15, was
operated at an overheat ratio of 1.8 with a constant temperature anemometer. Signals
from both the laser vibrometer and the hot wire were conditioned and digitized using
a 12-bit A/D board at a sampling frequency of 3.5 kHz per channel. The duration of

each record was about 20 s.
In addition, the mean flow velocities, U and ¥, and fluctuating velocities, u
and v, along the x and y direction, respectively, in the wake (x / A =3 ~ 25) was

measured before and after perturbation using a LDA system described in Section 2.6.

33 Tuiling of Péi‘turbafidn Amplitude and Fre(jue'ncy

Tests were conducted to document the tuning of ;\)‘érturbation amplitude and
frequency, ¥, and f,, on the resonance. The aim of parameters tuning is to find the
appropriate values for the perturbation voltage (¥pms) or ¥p and f5» under which the
structural vibration ¥ and fluctuating flow velocity u can be effectively controlled. To
this end, experiments were first carried out to determine the optimal ¥, ms by keeping
f» constant. It was found that a Higher Vs NECessarily léads to a better result. Since
the amplitude voltage exerted on the actuator must be less than 200 volts, the ¥ ms is
set to be 141 volts. Figure 3-3 presents the variation of the r.m.s. displacement, Yrms,
of the cylinder and the r.m.s. streamwise velocity, ums, With f,. A constant voltage,
whose r.m.s. value was 141volts, was applied on the actuators as f, varied. The broken

lines indicate Yms and tms Without perturbation. ¥ms and i,ms exhibit similar variation
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with f,. The maximum attenuation occurs at f, = f,2/U,, = 0.1, resulting in Yo =
0.0144 and ugn = 0.12U,_ . Unless otherwise stated, the asterisk in this chapter

denotes normalization by 4 and U . For f p < 0.1, both Y and uqms are smaller than
those without perturbation, but appreciably larger than thosc at S p =0.1. It is
worthwhile recalling that ¥, m; displays a broad peak between f p =0.1 and 0.13, and

reduces substantially for fp' <Qior fp' > 0.13 (Figure 2-7). The variation in Ypms
will have an impact on Yoy Figure 3-4 shows the variation in Yrs With r.m.s. voltage
(¥,.mms), imposed on the actuators, at a fixed f, p (= 0.1). The voltage and Y, ms are

correlated, though not linearly (Wilson & Tinsely, 1989). As the V), ms increases from

0 to 141 volts, ¥, ms should increase and hence ¥Yans decrcases from 0.0564 to 0.0144.
‘Therefore, the small ¥, oms for f, <0.08,as compared with that at f, , =0.1 (Figure 2-

7), may partially account for the less effective attenuation in ¥rms and also tims (Figure

A

3-3).

A pronounced peak in Y and ums occurs at f p = 0.13’__1 coinciding‘with the
frequency of vortex shedding from a square cylinder (Vickery., 1966; Lyn & Rodi,
1994; and Zhou & Antonia, 1995), namely, f, = f, = f, . Both Y and wms are
doubled, corﬁpared with the unperturbed one. Apparently, perturbation leads _to a
much more violent resonance, acting as an ‘amplifier’. As f, > f = f,, the
resonance is less ‘amplified’, but in general more violent than that without

perturbation. Again, the decreased Ypms for f| p' > 0.13 may be partially responsible

for the less effective amplification than that at fp =(.13.
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Note that both ¥, and ums exhibit local peaks at f* = 0.065 and 0.26, namely
at the sub-harmonic and the second harmonic of f, = 0.13. This is probably due to a
partial synchronization between f p and f,". The observation suggests that, in order

to avoid violent resonance, perturbation should be avoided at a sub-harmonic or

harmonic frequencies of the system natural frequency.

3.4 Perturbation Effects on Flow and Structural Vibration

3.4.1 Impaired effect

" In Figure 3-3, it is .obvious that when the synchronising flow excitation and
structural vibration were perturbed at f; = 0.1 (¥pms = 0.02h) and fp= 0.13 (¥p.rms
-=0.02 l.'h),- ¥rms and s reached t.he'm-inirr-lurn éhdkm_aj)gimum value; kq_s‘gqctiv__eiy_.__ Her.e
V,.ms is about 141 volts. The results were examined and .Qompared with those without
perturbation. So in order to exhibit the most signiﬁcan\t; effect of the perturbation
technique on Y and u, experiments were first carried out under the two cases.
Figure 3-5 shows the photograph taken using the flow v};ualization technique
when the fluid-structure system was under the resonance condition, i.e., f, =f,'=
- 0.13(Re = 3.500, U, = 7.8), without any external perturbation. The solid square in the
figure indicates the cylinder pos.itio-n. The Karman vortex street 1s ev.ideht. 'i‘he 150-
contour (Figure 3-6) of the normalized spanwise vorticity, w.= ®,h/U,, from the
PIV measurement show similar flow pattem. The uncertainty of the vorticity

measurement was estimated to be about 9%. The flow visualization and PIV results

presented in this thesis are all instantaneous instead of phase-averaged. Two reasons
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may explain this. First, the maximum rate of the present PIV2100 system for flow
visualization and PIV measurement is about 4 photos/sec and subsequently it is
impossible to capture photos at almost the same phase within each cycle. Second, in

each chapter many results like time histories, power spectra and- LDA measurement
and so on, arc enough to verify the effectiveness of the control. Thus flow
visualization and PIV measurements are only used to provide additional evidence
instead of very accurate quantitative measure. During experiment, hundreds of flow
visualization and PIV photos were taken before and after control and the results were
found to be repetitive to som'e extent. Finally, the typical one with averaged vorticity

value and flow pattern was selected to represent the corresponding eontrol case.

Once a perturbation was introduced at f p = 0.1, however, the flow structure
changed drastically, as shown in Figure 3-7. The quantltatlve information on the
1mpa1red vortex street may be gamed from the contour of @, (Flgure 3 8) The

bl
.

of the maximum @, drops by about 5’0%. Furthermore, the size

magnitude, l i

2

of vortices also shrinks signiﬁcantly. The circulation around a vortex may be
estimated by the following numerical integration (Cantwell & Coles, 1983):

I
U Z 7- i hZ ! . (3“1)
i.f . . '

where (a);)‘.j is spanwise vorticity over area Ad= AxAy with Ax and Ay being the

integral step along x and y directions, respectively. Integration was conducted over an

area enclosed by the cutoff level ‘w;ci = 0.4, about 10% of |@ ml , as used by Sumner

et al. (2000). The error associated with the estimation of I"is about 15%. Evidently,
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the estimation error of /"mainly attributes to the measurement uncertainty of spanwise
vorticity ((a);)‘}.). In Sumner ef al. (2000), a uniform rotation was applied to one

digital image taken by the PIV system to create another digital image. Then based on
this image pair, a crosg-donelation PIV aigorithrrl was used. to -compute the vorticity .
field. Since the applied rotation was known, the theoretical vorticity was easy (o be
calculated. Thus the measurement uncertainty could be estimated by comparing the
experimental and theoretical vorticity value. In addition, this approach only estimates
the error in the cross-correlation and subseqﬁent calculations. Errors due to particle
seeding, number of particles, particle image size, light sheet thickness, etc., had to be
assessed and accounted for separately. The decrease in I” exceeds 50%, compared

with the case without perturbation (Figure 3-6).

Flgure 3 9 shows the typical time histones of the perturbed and unperturbed o

signal Y. Before the cylinder was perturbed its VIbratlon amphtude Y along the y
direction was 1.2 mm or 0.08h. There is a drastic change; Y drops from a maximum of
0.08% in the absence of the perturbation to about 0.02/ after being perturbed, about
75% attenuation. Furthermore, the perturbed signal is signiﬁqantl)%* less periodical than
that without perturbation. A similar observation is made of the u signal. The

fluctuating velocity amplitude was reduced due to perturbation by about 68%,

suggesting a substantial decline in the strength of fluid excitation (Figure 3-10).

3.4.2 Enhanced effect

As the perturbation frequency was increased to f, p = (.13, which coincided with

the natural frequency of the fluid-cylinder system, the vortex shedding (Figure 3-11)

was enhanced. The vortices appear better organized and larger in size when compared
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with that without perturbation (Figure 3-5). This is more evident in the contour'of o,
(Figure 3-12). The magnitude of the maximum @, experiences a jump of 38%; the

size enclosed by |(uc' =0.4 increases drastically (c.f., Figure 3-6). Accordingly, a

a);cl =0.4 was outside the

conservative estimate of I~ (part of the area enclosed by

PIV image) doubles that in Figure 3-6. Considering a relatively small perturbation
amplitude, Ypms 7/ b = 2.1% (Ymar / b = 8%), the variation in the vortex street is
astonishing, implying a great change in fluid-structure interactions during the vortex
shedding process.

It is noteworthy that the surface perturbation was imposed only on the upper
side of the square cylinder, but both sides of the wake centerline (Figures 3-5 to 3-8
and Figures 3-11 to 3-12) appear equally affected. The_ observation suggests that the
local perturbatioh haé changed-thé global intérac.tion.bétwcen fluid and structure. _

“:;
3.5 Perturbed Fluid-structure Interaction

It has been seen from Section 3.4 that f :: is crucial invhow the perturbation
would influence the near-wake and implicitly on the fluid-structure interaction. In
order to thoroughly understand the f, effect on fluid-structure interactions when

synchronization ( f =/ ) occurs, the structural oscillation and stréamwise

fluctuating flow velocity were simultancously measured using the laser vibrometer

and a single hot-wire (the hot-wire was located at x /A = 2 and y / h = 1.5),

respectively, as f, varied from 0 to 0.34.
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Figure 3-13(a) and Figure 3-13(b) display the power spectral density functions,

Ey and E,, of Y and u, respectively. The spectrum of fluctuation & ( @ represents

0

either ¥ or 1) has been normalized so that ,[E“ (f)df =1. At f,=0, a pronounced

peak occurs at f;-—— 0.13 in both Ey and E,, the number (0.91 in Ey and 0.59 in £,)
near the peak indicating the peak magnitude at f. . The second harmonic is also
evident at f "= 0.26. Once the perturbation is introduced, both £y and E, show an
additional spike at f,. For f, < 0.1, the peak value at f. is attenuated for both Ey
and E,,. The attenuation effect is the most si gl%iﬁcant at f, p = 0.1 where the peak value
- in Ey and E, is only 25% and 40%, respectiVely, of its counter part at f p = 0. The

result is con51stent with the ﬂow visualization and PIV measurements (Flgure 3 7 and

F 1gure 3- 8) Note that the peak at the second harmomc is also apprecnably reduced. As

f, exceeds 0.13 but not beyond the second harrnonic, 026‘ of /7, the peak at f, in
Ey and E, is more pronounced than at f p = (; the maximum occurs at f ; =0.13,
where f, = f, = f. and the peak value in both Ey and E,, is .i;lore than twice the
value at f p' = (), agreeable with the flow visualization and PIV data (Figure 3-11 and
Fié;ure 3..-12). BVUt once f p reaches 0.3 and beyond, the peak value drops below that at

f p = 0. Evidently, the influence of the perturbation depends on the interrelationship

between f, and f, or f,.

The spectral coherence between Y and u, calculated by
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2 2
Cohyu — COYH +Ql’u , . (3-2)
EYEu

provides a measure of the degree of correlation between the Fourier components of ¥
and u, where Coy, and Q':yi, are the cospectrum and quadrature spéctrum-of Y and u,

respectively. Here, the cross-spectrum is computed from the Fourier transform of the
correlation _f@+—r)u_(r) See Zhang et al. (2000) for more details. Figure 3-14
presents Cohy, at f, as f; varies. The perturbation causes an increase in Cohy, at
f, , compared with that at fp' =0, for 0.1 < fp' < .26 and otherwise a decrease. The

enhanced .Cohy, range may result from synchronization between vortex shedding and

induced vibration. Based on experimental data, Gowda (1975) suggested that for bluff
bodiesl with fixed separa.tionrpoints the schhronization phenomenon began at f; =
" 0.8 f and ended when fs w2 fn This éicirréSpé'}fas presentl'y-.to a ﬁequéﬁéy range of |
f, =0.11~0.26, coinciding well with the range of enhar;‘éb_d Cohy.

To gain a better insight into the réiationrship between the Y and u signals, Coy, is
examined in Figuré 3-15. A strong peak occurs at £, , which is raggative for0O< f p' <
0.1, positive for 0.1 < f, < 0.26, and negative again for f, > 0.26. The peak
indicates a_good coi*relatic'm between Y and # at f, , while the positive and negative
sign correspond to in-phased and anti-phased Y and_t; at f., réspectively. Thé

average phase shift between Y and u may be quantified by the spectral phase angle

(Figure 3-16), defined by

—ant Pn .
¢y, (= tan CO,,H)‘ (3-3)
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This angle is zero at £~ =0, close to - for 0 < f, < 0.1 and fluctuating about zero
& P )

for f p > 0.1. In a turbulent near-wake, vortices are highly coherent. As a matter of

fact, the phase lag at f; between lateral velocity signals is approximately zero across
the wake even at x / d = 10 (Zhou ét al. 2002). Speculatively, the phase at £ of th(;,
measured streamwise velocity, u, at x /b =2 and y / h = 1.5 could be the same as that
of u at x / h = 0 because of the strong coherence of the shear-layer separating from the
cylinder. Note that the lateral velocity component, v, leads u within the Karman
vortex by about 7/ 2 for y / d > 0 (Zhou & Antonia, 1993). This implies that the
measured u could be about 7/ 2 lagging behind that of v at x / & = 0. On the other
hand, given the cyrlinder oscillates harmonically, the measured Y is 7/ 2 lagging

behind the cylinder velocity ¥ . Therefore, the phase relationship between u and Y

could represent that between. vand ¥ which couldn’t be diréctly measured due to the . . .

present experimental condition. At zero phase, v and Y\ synchronize, re-enforcing
each other, causing the enhancement of the vortex strength V:(Figure 3-11 and Figure 3-
.12). At the phase of -m, v and Y are opposite in direction, impl)gng that the flow and
structural vibration now act against each other, thus resultir;-g in the drastically
reduced vibration amplitude and vortex strength (Figures 3-7 to 3-10). A better
understanding of physics behind the observation perhaps requires the knowledge of
the 3-D aspects of tﬁe flow, which are not measured presentiy.

An interpretation is now proposed for the enhancement and impairment of

vortex shedding. As fp falls within the possible synchronization range, the

perturbation will not break the synchronization between vortex shedding and

structural vibration; instead, the perturbation is more likely to increase the strength of
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synchronization or resonance. Notably, at f, = 0.13 where f.=f. = fa Cohy, at f;

reaches the maximum, 0.90. However, when f p is beyond the synchronization range,

the perturba;ion changes the phase relationship between synchronizing structural
oscillation and.vonex's;neddi.ng from zero to near -z . This implies an alteration in -'th‘e
nature of fluid-structure interactions, the in-phased fluid excitation and structural
oscillation turning into anti-phased interactions against each other, which dissipates
each other in energy and results in drastic weakening vortex shedding and structural
oscitlation.

It is pertinent to comment that Cohy, at f; drops to the minimum at fp' = (.1 and
reaches the maximum at f, p = 0.13. The perturbation effect is dependent on ¥pms as
well as f;. The Y, ms peak is pre__sently set at fp' =0.1 ~0.13 (Figure 2—7). This may
éxﬁlain why the perturbafion effect is particﬁlériy émin'eﬁt in'.this f, range. 'fhe small

Ypoms for f, = 0.02 ~ 0.07 and f, 2026 is at least piirtially responsible for the

relatively weak perturbation effect over these frequencies (Figure 3-14).

by

3.6 Downstream Evolution of Perturbed Flow

It may be of fundamental interest to estimate how far downstream of the .

cylinder the perturbation effect could persist. This is investigated by examining the

. ]

cross-flow distribution of mean velocity U and Reynolds stresses u” , v and uv ,

obtained from the LDA measurement. Figure 3-17 presents a comparison in U, ul

V2 and uv at x / h = 3 between the cases without perturbation and the impaired
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(f = 0.1) or enhanced vortex street (f = (.13). For f = (.1, the maximum of U

2

uoo, ;T and ; at x / & = 3 shows a considerable decrease, down to 85%, 85%, 88%

and 78% of that unperturbed, respectively. On the other hand, for f, p' = (.13, the four

quantities increase by 16%, 13%, 10% and 22%, respectively. The results are in line
with the flow visualization and PIV measurements. Note that the perturbation on the
upper side of the cylinder has the equal effect on either side of the wake centerline, as
qualitatively seen from the vortex street (Figures 3-5 to 3-8 and Figures 3-11 to 3-12).
The difference is still discernible at x / # = 20 but vanishes at x / h = 25, shown by

Figures 3-18 to 3-20.

One remark is due to the perturbation effect on the drag coefficient, Cp, which

may be estimated based on 7 ,u> and v’ (Antonia & Rajagopalan, 1990), viz.

Co=

2[ﬂUU -U

Ze o pd(X )+ 2[“( )d( )N, (3-4)

Without perturbation, Cop is 1.88, falling in the range (1.7 ~ 2.0) reported previousty
(Knisely, 1990; Zhou & Antonia, 2002; and Lee, 1975). Co dropped about 21.0%,

for the case of impaired vortex shedding (f; = 0.1), but jumped by 35.1% when

vortex shedding was enhan'ced-(fp' =0.13).

3.7 Conclusions

The proposed perturbation technique using THUNDER actuators in an open-

loop scheme was deployed to generate a periodic perturbation of controllable
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frequency and amplitude on the surface of a flexible-supported square cylinder in a

cross flow. This perturbation altered the interaction between synchronising cylinder

motion and vortex shedding. Subsequently, both vortex shedding and its induced

" vibration were modified. The following conclusions can be drawn.

1)

2)

When the perturbation frequency f, P is outside the possible synchronization

fange of the fluid-cylinder system (0.11 ~ 0.26 or 0.8 £~ 2 f), the fluid-

structure interaction has been altered so that vortex shedding and structural

oscillation are anti-phased. The maximum attenuation occurs at a perturbation
frequency of fp' = 0.1, where the perturbation amplitude is very large (Figure
2-7). The spectral coherence at f; drops from 0.66 (fp'.= 0) to 0.15 (fp'= 0.1).

Correspondmgly, it 1s observed that, with a perturbation at amphtude of
0.0284, the maximum structural displacement at resonance was’ reduced from

0.084 to 0.02h. Meanwhile, the vortex strength (éi\rculationj reduces by 50%.

The drag coefficient C o decreases 21.0%.

When f p falls within the synchronization range of the fluid-cylinder system

where f, = f,, perturbation could not break the bond in the synchronization

between structural displacement and vortex shedding; rather it tends to

reinforce the resonance. The spectral coherence at f; increases substantially

from 0.66 at f,= 0 to 0.90 at f, = 0.13. As a result, the vortex strength
exceeds twice that at f p' = (. There is an increase of 35.1% in Co. Two
factors are probably responsible for the performance at f, p' = ().13. First, at this

/5, f, is identical to the natural vortex shedding frequency; the resonance
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without perturbation is likely to be strong. Second, the perturbation amplitude

is largest (Figure 2-7).

The perturbation also alters considerably the cross-flow distribution of u ,

— -_—

» —_—

u? v’ and wv . The maximum U , u* , v’ and uv values at x / 4 = 3

drop by 14.6%, 15.2%, 12.1% and 22.0% respectively, in the attenuated vortex
shedding case, and increase by 16.2%, 13.0%, 9.46% and 21.7%, respectively,
in the enhanced vortex shedding case. The perturbation effect persists up to x /

h~=25.
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Figure 3-1 Experimental Setup.
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Figure 3-2 The rms displacement, Y./, of the cylinder versus the reduced velocity,
U =U_Ifh.
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Figure 3-3 The effect of the perturbation frequency on the cylinder displacement and
the flow velocity (a constant voltage was applied). The broken lines

indicate the level without perturbation.
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Figure 3-4 Variation of the cylinder displacement with voltage applied on actuators.
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Figure 3-5 Typical photograph from flow visualization measurements of unperturbed

vortex shedding (fp' =0, [/, = 7.8, Re = 3500). Flow is right to left.
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Figure 3-6 The iso-contour of spanwise vorticity w, =w. h/U, from PIV

measurements of unperturbed vortex shedding ( f, F =0, U =178, Re=

| 3500): the pdntou; increment A, = 0.4, the cutoff level |a);cl =0.4. Flow

is right to left.
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Figure 3-7 Typical photograph from flow visualization measurements of impaired

vortex shedding (fp' = 0.1 is beyond the synchronization range, U, = 7.8,

Re =3500). Flow is right to left.
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Figure 3-8 The iso-contour of spanwise vorticity @, =w,h/U_, from PIV
measurements of impaired vortex shedding ( f, = 0.1 is beyond the
synchrorﬂzaﬁon range, U, = 7.8, Re = 3500): the contour increment Aa): =

0.4, the cutoff le\}el

w,,|=0.4. Flow is right to left
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Figure 3-9 Typical time histories of the cylinder displacement Y with (lower trace)

and without (upper trace) perturbation. The time origin is arbitrary.
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Figure 3-10 Typical time histories of the streamwise flow velocity u with (lower

trace) and without (upper trace) perturbation. The time origin is arbitrary.
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Figure 3-11 Typical photograph from flow visualization measurements of enhanced

vortex shedding (fp' = (.13 is within the synchronization range, U, =

7.8, Re = 3500). Flow is right to left.
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Figure 3-13 Power spectra of cylinder displacement Y (a) and fluctuating flow

velocity u (b) at various perturbation frequency ( /).
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) Figure 3-14 The f;ffect of the perturbation frequency on the spectral coherence Cohyu

at f, = 0.13 between the ¥ and u signals.
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Figure 3-15 Cospectrum between the Y and w signals at various perturbation

frequency ( £, ).
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Figure 3-16 The effect of the perturbation frequency on the phase shift gy, at f;g

"0.13 between the Y and u signals.
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Figure 3-17 Cross-flow distribution of mean velocity, Reynolds stresses at x/h=3:
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Figure 3-18 Cross-flow distribution of mean velocity, Reynolds stresses at x /4 = 10:
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Figure 3-19 Cross-flow distribution of mean velocity, Reynolds stresses at x / 2 = 20:
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CHAPTER 4

CLOSED-LOOP CONTROL
OF FLUID-STRUCTURE INTERACTION
ON A FLEXIBLE-SUPPORTED CYLINDER

4.1 Introduction

As stated in Chapter 3, under open-loop method, a novel perturbation technique
using THUNDER ‘actuatcrs embedded Liﬁdemeath tﬁe surface of a square éylindér to
alter interactions between a flexibly supported cyii‘qder and cross flow was
established. Given a properly set perturbation frequency, both vortex shedding and
vortex-induced vibratioﬁ were significantly reduced as a result of perturbation.
However, the open-loop control, without the feedback of either flow or structural
vibration information, suffered from two major drawbacks. First, the perturbation
frequency fange_fo achieve desired performance was felatively narrow. Second, the
required perturbation amplitude was rather lérge,- about 2.8% of the cylinder height or
25% of the vibration amplitude of the cylinder. These problems may be resolved if a
closed-loop system 1s developed.

The choice of the feedback signal is crucial for the performance of a closed;loop

system. Previous closed-loop techniques involving flow or flow-induced vibration
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control mostly have their feedback signals from flow, typically hot wire signals. See
Ffowes Williams er al. (1992), Roussopoulos (1993), Huang (1996), Berger (1967),
Warui and Fujisawa (1996), Tokumaru and Dimotakis (1991} and Filler et al. (1991)
for examples. This scheme should work quite.well _provided only.ﬂow 15 {0 be
controlled. By the same token, one may consider the structural vibration signal to be
ideal for the only control of structural vibration. Two examples are Baz and Ro (1991)
and Tani et al. (1999). This begs the question: which is the best feedback signal, flow
or structural vibration or something else?

The present chapter pursues two objectives: first, to improve the performance of
the previous open-loop control systém using closed-loop control system and find an
optimum scheme to control fluid-structure interactions; second, to shed light upon the
underlying physics _of ﬂov_v-struc_ture interaction u1_1der external perturbation. Three
. control schemes, utiiiziné feedback'signals fmﬁi"ﬂow méasﬁred with.a shigle' hot
wire, structural vibration measured with a laser vibrom;\fqr or a combination of both,
are considered and compared. The performances of the control schemes were assessed
through measurements using PIV, flow visualization, LDA, singﬂ_!e hot wire and laser
vibrometer. To understand the underlying physics, changes in spectral phase and.
coherence between flow and structural vibration due to the deployment of the control
were again invéstigated,. along with the varying fluid damping of the fluid-structure
system, which was evaluated from structural oscillation signals using an auto-

regressive moving average (ARMA) technique.

4.2 Experimental Details

All experiments were performed in a closed-circuit wind tunnel with a square
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working section of 0.6 m x 0.6 m and 2.4 m long. More details of the tunnel were
described in Section 2.6. The unperturbed condition was kept the same as that in
Chapter 3. The previously used square cylinder of height # = 15.2 mm, flexibly
'suppOrted on springs at both ends, was placed 0.2 m-downstrearﬁ of the exit plane of
the tunnel contraction and allowed to vibrate laterally, as shown in Figure 4-1. The
free-stream velocity (U) was adjusted to be about 3.58 m/s, corresponding to a Re =

3500. At this Re, resonance occurred, that is, the vortex shedding frequency f;
coincided with the natural frequency f, (= 30 Hz) of the fluid-cylinder system, the

maximum cylinder displacement, ¥, being still about 1.2 mm or 0.084.

Details about the installation of ihe cylinder and characteristics of the actuators
were introduced in Section 2.5. As shown in Figure 4-1, three THUNDER actuators
were embedded in se_ries in a. slqt undemeath the plate. Und_er an applied- voltage, the

actuator deformed out of plane, driving the thin plate up_}and down and generating the
desired surface perturbation. '

- The lateral structural displacement (¥} was measured by a laser vibrometer,
which has a measurement uncertainty of about 0.5%. The laseé‘?beam was split into
two, one monitoring the control performance and the other providing the feedback
signal. The streamwise fluctuating velocity (1) was measured by two 5 gm tungsten
hot wires, placed atx./h =2,y/h= 1.5A, z/h =0 (hot wire @ in Figul;e 4-1)and x/h
=1.6,y/h =-2.5and z/h = 0 (hot wire @ in Figure 4-1), respectively. The x, y and z
coordinates and their origin are defined in Figure 4-1. Hot wires ® and @ were used
to monitor the control performance and feedback signals, respectively. The choice of
the feedback hot wire location may impact on the control performance. The

fluctuating flow velocity measured with hot wire for feedback signal is required to be
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highly coherent with vortex shedding and has little noise. Specifically, different
locations along the streaﬁxvise and transwise directions were tested in the near wake.
Locations near x /A= 1.6,y /h =% 25 and z/ h = 0 were found to be the most
appropriate. To avoid the monitor hotlwire placed atx/h=2,y/h =1.5 and z--/ h =1,
the feedback hot wire was finally putatx /A= 1.6,y /h=-25andz/ 4 =0. The
constant temperature circuit was used for the operation of the hot wires at an overheat
ratio of 1.8. The feedback signals were low-pass filtered at a cut-off frequency of 200
Hz and then sent to a proportional-integral-derivative (PID} controller built in with a
16 bit AD aﬁd DA converter, The signals were low-pass filtered again to remove the
high frequency electronic noise ((cut—off frequency = 200 Hz) and amplified by two
dual channel piezo driver amplifiers (Trek PZD 700-2} in order to drive the
THUNDER;. rThe signgls, be they used for monitoring or feedback purposes, were
. co‘r.ldiiioned and digifizea usmg a.i2-ll)it AD 'b-oéfd ata sarﬁi)]ing frequc.encly'of 3.5 kHz
per channel. The duration of each record was about 20 s. ‘-‘"\

The flow visualization and PIV measv;lrements were conducted using a Dantec
standard PIV2100 system. A wide-angle lens was used so that each image covered an
area of 165 mm x 125 mmorx/h =033 ~112andy/h ~-4.1 ~ 4.1 of the flow
field for flow visualization and 155 mm x 140 mm, i.e., x/h=0.6 ~10.8, y/h=~-4.8
~ 44 for PIV measurements. Thel profiles of mean velocities in the x direction and
Reynolds stresses along y direction in the wake (x /h = 3) were measured using a two-

component LDA system. The detailed information about these techniques could be

found tn Section 2.6.
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4.3 Control Scheme and Controller Design

Three control schemes were considered depending on feedback signals used,
namely, PID-¥, PID-u and PID-Yu, referring to PID control using the Y signal
measured by laser vibrometer, the signall measured by hot wire @ and the
combination of the two signals, respectively. The controller waé developed and
implemented based on a dSPACE system (see Section 2.5 for more details).

As illustrated in Figure 4-2, the output of a PID controlier is proportional to the
sum of the input signal, its integral and its denivative. The proportional gain (F),
integral gain (/) and differential gail_l (D) of a PID controller can be individually or
simultaneously adjusted. Each combination of the three quantities results in a different

type of control. P control deploys a proportionally amplified input signal and has a

limited success in obtaining a good.performance in terms of steady-state errors,. . . ...

disturbance rejection and transit response. PI controller,,\\includes the integral of the
input signal, and the steady-state error is eliminated a\t the expense of a larger
transient overshoot and thus a further deterioration of the dynamic response. Once the
derivative of the input signal is added, forming PID controller, the system is able to
provide an acceptable degree of error reduction along with an acceptable stability
(Franklin et al. 1998). Note that the time delay caused By the control loop can be
apprehended by propérly tuning the controller parametersi For each control sche;nelof
PID-Y, PID-u or PID-Yu, gain coefficients should be adjusted during experiments to
achieve a maximum reduction in the amplitudes of ¥ and u. The tuning procedure was

first to keep I = D = 0 and vary P until the rm.s. values, ¥ and i, of ¥ and u

reached the minimum. Then / and D were successively added and adjusted until the
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optimal performance‘ was achteved. The same procedure was followed for the three
schemes, i.e. PID-Y, PID-u and PID-Yu. Figure 4-3 shows the control performance
versus each gain coefficient under different schemes. In the figure, the dash line and
dotted line corresponded to unperturbed s/ Uw and Yoms/ h, resp__ective!y.’ Note that,
for Yu-control, two sets of coefficients, (Py, Iy, Dy) and (P,, I, D.), are involved. It is
eviaent that the PID controller outperforms the P and PI controllers. For all
controllers, the Yu-contro! has the best performance in terms of the reduction in Vi
and ﬁmﬁ, followed by the u-control and then the Y-control. The difference in the
control performance using different schemes is linked to the physical effect of each
scheme on the fluid-structure system, which will be discussed in Section 4.5. It can
also be seen that, irrespective of control schemes, P is much more effective than [ or .
D in contro!lipg vortex shedding and vortex-induced vibratiop. That is, ‘compared
with P C(.)ntrol, thé reduction in 'Y"and u éanndt be effectivel;/ improved after
successively adding 7 and D to the controller. P control gc‘e‘fierates a control action that
is proportional to structural oscillation velocity (Y) or flow velocity, thus physically
causing a change in the system damping. Theoretically, the resonant flow-structure
system was surely very sensitive to any damping variations. On the other hand, 7 and
D controls are physically linked to displacement and acceleration feedback,

respectively. The former has an impact upon the system stiffness, whereas the latter
influences the effective mass. Both may in principle alter the natural frequency, f,, of

the system to some extent. However, this slight change in f " is probably not enough

to generate any considerable effect on the strongly coupled vortex and structure

synchronization, which occurs over the lock-on frequen