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ABSTRACT

An experimental study of the vortex-induced vitwat of a
rigid square cylinder, mounted flexibly, in a wirtdnnel is
presented. Special attention is paid to keep thectstal
damping as low as possible. Structural supportsassemed to
behave linearly through out
Experimental data comprises of amplitude curvesteamkient
slopes. The experimental procedure was repeatstutly the
cylinder behaviour both under the memory effect aitdout it.
The classical mode switch can be pointed out ih ltiod cases.
Hysteresis is however found only in the former case

Measurements consist of the time histories of ladiihs
using laser displacement sensors. Structural paeasnere
estimated without airflow. Time evolution of energy the
square cylinder is recorded and later manipulatedaiculate
the growth rate of oscillation amplitude in thensgnt regime.

INTRODUCTION

Vortex shedding excitation of a cylinder is prohyabhe of
the most studied problems in flow induced vibradioif his
mechanism, referred to as Vortex-Induced Vibrat{®iV),
occurs when the vortices which develop in the wede couple
with the dynamics of the cylinder. It can be seeuaghly as a
resonance mechanism appearing when the frequendheof
vortex shedding, controlled by the fluid flow, itoge to the
natural frequency of the cylinder. However the jtyof the
interaction between the flow and the cylinder tw@nse motion
is not simply linear. Mathematical modeling of tipioblem in
order to predict the amplitude of the cylinder rontihas
become a widely studied problem in engineering.

Wilkinson (1974), Otsuki et al (1974) and Nakamataal

(1975) presented some experimental data on theedorc

oscillations of square section cylinders. Sarpkdya(1979)
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the amplitude envelope.
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presented a selective review of the then existingwtedge
bank about vortex induced oscillations. Bearman Ba§aju
(1982) studied the pressure fluctuations on boxedfi and
forced oscillating square cylinders. They determiriat the
amplification of the fluctuating lift coefficientof a square
cylinder at lock-in was much less than that ofrawdar cylinder
subjected to similar conditions. Ongoren et al @)98&ave
studied the effects of cylinder inclination withspect to the
mean free stream, using a forced circular cylindea water
channel. Williamson et al (1988) provided the meisa of

vortex formation and the underlying physics for maoghifts.

Parkinson G. (1989) resumed the phenomenology &ed
theoretical modeling tools available to understaimel vortex
induced oscillations and the galloping instabilitycase of flow
past bluff bodies. Brika et al (1993) studied aldwlslender
cylinder in a wind tunnel and showed that the agdirs steady
response was hysteretic. Each branch in the hgsel@op is
associated to either the 2S or the 2P mode of watiedding.
Abrupt change in the amplitude curve is attributethe sudden
mode shift. Govardhan et al (2000) presented thestrerse
vortex induced oscillations of an elastically madtrigid

cylinder in a fluid flow. The authors point out tha a classical
high mass ratio system the initial and lower araght branches
can be distinctly identified due to a discontinuoode

transition. In case of lower mass ratio systemarthér upper
amplitude branch is clearly identifiable attributeda second
instance of mode transition. Hemon et al (2002)nstibd

experimental and numerical results on the aerdelashavior
of slender rectangular and square cylinders sudgjetct a cross
flow. Morse et al (2009) discovered the,2R, mode using
high resolution data from a forced oscillating ogler at a fixed
Reynold's number.

As catalogued above, vortex induced oscillations aof
cylinder are being investigated with great zealcNaisms of
vortex shedding and phase jump at lock-in are baitensely
scrutinized. However, almost all of the work beidgne is
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largely focused on forced oscillations of circutadinders in
setups with lower mass ratio. Very little attenttwas been paid
to bluff bodies with cross sections other thenwac Ongoren
et al (1988) conducted some experiments with sq@ene
triangular cross section cylinders. Their experitakrsetup
involved all the cylinders being vertically submedgn a water
channel. Some other
experimental findings on forced square sectionndgrs in
[12], [15] and [18]. We would liked to point ouelte that
almost all the experimental data on square cylsdeas either
been obtained with lower mass ratio configurati@mswith
forced oscillations mechanisms. Brika et al [3] d@ubmitted
experimental findings of a freely oscillating helloslender
cylinder. We strongly feel that the present knowgkethase lacks
sufficient experimental evidence regarding cyliredesith non-
circular cross sections allowed to oscillate freiayjhigh mass
ratio configurations. This experimental study shaldd
considerable value to the already expanding séienti
knowledge in this field. This work contributes alsathe sense
that we submit experimental results for a realistiofiguration
which relays directly to practical real life, civé@ngineering
projects for example. Also, experimental data camicg
transient regime is virtually non-existent to thant.

The objective of this paper is to present new erpamtal
results obtained in a wind tunnel for an elastjcatiounted
rigid square cylinder restrained to move in thexgreerse-wind
direction. Such measured data can serve for vadidabf
predictive models. The behavior of the vortex-inetlic
oscillation is studied using two configurations.tihe first case,
the cylinder was brought to rest and then allonedscillate
freely for each increment in velocity. In the setonase
however, the cylinder was not brought to rest fioy aelocity
increment so as to study the memory effects oncttieder
amplitude.

When the cylinder experiences vortex shedding lasicihs,

its response z(t) exhibits a transient regime, where the

oscillations amplitude increases exponentially arlanit cycle

oscillations regime (LCO), where the amplitude remmalmost
constant. Experimental data are presented in tefmalues of
the main characteristics of the vortex-inducedations,i.e. the

growth rate of the oscillations amplitude in thensient regime,
the amplitudeZ of the LCO, and the associated frequeh@s

a function of the reduced velocity.

EXPERIMENTAL SETUP
Wind Tunnel and Flexibly Mounted Cylinder

Experiments are performed in a small vertical Eiffpe
wind tunnel with a closed circular test sectionda@meter 200

mm. A rigid square cylinder of span-wise length 1150 mm
and breadth (cross section dimension) D=20 mmastiehlly

authors have also submittedr the

mounted (see Fig. 1) using four linear springs nedimutside
the test section. Specific chord wiring is alsoduse order to
restrain the cylinder to move transverse to thes flsee Fig. 1).
This specific arrangement is suitably fitted in @rdo produce
very low structural damping.

Mean-velocity and turbulence intensity distribusoof the
on-coming airflow have been measured. Over thecitgloange
of the experiments (ranging from 1.5 to 6 m/s) wadl-region
of strong mean-velocity gradient is less than 15. ivatording
to the length L of the cylinder (150 mm) compared the
diameter of the test section (200 mm) the cylindesubmitted
to the flow in this core region where the non-umidy of the
mean-velocity is less than 5% and the turbulentensity is
less than 1 % over the velocity range of the expents.

No endplates have been used in the experimentstdthe
aspect ratio of the cylinder (L/D=7.5) flow aroutite end of
the cylinder could then have a significant effentthe vortex
dynamics, the correlation of the induced fluid &scon the
body and thus the vibrations. Meanwhile the proginoif both
the ends of the cylinder with the test section wallld reduce
the effect of end condition. Indeed, as reportedVloyse et al
[10] for a circular cylinder the vortex-induced kaltions for
attached and un-attached endplates are nearlathe. s
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Figure 1. Sketch of the Experimental Setup

M easurement System

A nozzle is mounted down-stream of the test section
order to accurately measure the reference veladithe wind
tunnel by using two sets of four static pressupstane in the
test section and the second in the lowest sectarh @f the
nozzle. Mean flow velocity in the test section eddced with
Bernoulli's law between the two sections. Corrattitue to air
temperature variation is performed using a therrapta This
technique allows to measure very low velocitiestiegein these
experiments with accuracy better than 1 %.
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The transverse displacemertt) of the cylinder is
measured by a laser displacement sensor. The reeasr
resolution is 4Qum and the accuracy is better the¥ over the
full-scale range £ 10mn). The output signals are digitized with
a 24 bits resolution acquisition system provided Nyller-
BBM. The sampling resolution i$024Hzand the duration of
the acquisition is typically 60 seconds.

Parameter s of the Experiments

Structural parameters are estimated without aitflow
Structural supports are assumed to behave lindandyigh out
the amplitude envelope. Parameters of the expetimare
resumed in Table I. Pertinent non dimensional patara are
also reported in Table Il. One can notice thatdygtem has a
high mass ration* = 905 associated with a very low damping
ratio 7 = 0.0828 % Very low damping leads to a relatively
small Scruton numbefc= 1.5 which is the key parameter in
the observation of vortex shedding vibrations.

Unsteady wake measurements have also been perfanmed
order to measure the Strouhal number of the cytiadleest. It
was found to beé).127 over the velocity range of the vortex
shedding oscillation regime, which is in accordansih
Norberg’s data for low Reynolds number, [13].

RESULTS

Reduced RMS amplitude of the limit cycle oscithati
7" = Z/D is presented in Fig.2 as a function of the reduced

velocity for a cylinder starting from rest for eatttremental
value of velocity. No significant oscillations occior reduced
velocity below6. However, a typical VIV amplitude response
can be observed fdd, ranging from6 up to 13. At higher
reduced velocity galloping oscillations appear Wwhere not
studied here. Hysteretic transition cannot be oleskin this
case. However, long time analysis of the limit eycegime
clearly showed mode switching between the upper tued
lower branches fotJ, ~ 10. Different symbols in the figure
signify different experimental runs conducted dtedént times
to ensure repeatability of the experimental procedépart
from the obvious dispersion of experimental poiatshigher
reduced velocities we can safely assume that tlseneat
frequencies lie approximately in the same reducebbcity
range for each experimental run.

In the VIV regime the amplitude data shown in Figr2
very similar to those carried out by Feng [6] forciacular
cylinder in airflow. Results obtained by Feng (1p8Bow two
amplitude branches, which were later named as‘itiigal”
and thée'lower” branch by Khalak & Williamson [9].

The maximum oscillation amplitude occurs on thdiahi
branch for a reduced velocity closelt® which is significantly
above the pure resonant point expected for a reldiiequency
close to8 (~ 1/S).
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Figure 2. Reduced RMS amplitude of the limit cyaseillations
versus reduced velocity, cylinder starting frontres

For the “starting from rest” configuration, Fig.2he
transient behaviour of the cylinder oscillation hagen
characterized by measuring the growth rate of s$allations
amplitude. Results are reported in Fig.3 wheregtoath rate is
presented (as percentage of the cylinder critieahging) as a
function of the reduced velocity. It must be notdwt the
growth rate values have not been corrected byahepihg ratio
of the cylinder motion in still fluid. To do so and express a
growth rate due to pure aerodynamics effect onedasabtract
the damping ratio valug = 0.0828 % to the growth rate data
presented in Fig.3.

Results show a sharp increase at the beginninigeolbtk-
in, with a maximum slightly beloWw.2%for a reduced velocity
corresponding to the matching of the oscillationsgfiency
with the vortex shedding frequendy, = 1/St= 8). Beyond, the
growth rate then decreases in a slightly smoothay. Whis
growth-rate behavior can be highlighted using atassouple
mode-flutter analysis between the cylinder dynanzog the
wake dynamics. This has been theoretically repokigdde
Langre [5] using linearized VIV dynamic modeling.
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Figure 3. Reduced growth rate of the oscillatioesus reduced
velocity, cylinder starting from rest (percentadéehe critical
damping)

A second series of experiments were conducted wihere
cylinder was not brought to rest so as to study rttemory
effects on the cylinder amplitude. Results are regbin Fig.4,
where circular points represent experimental daeonded
while increasing the velocity by a fixed incremetd cross
points represent data accumulated while decreasiagfree
stream velocity using a fixed decrement.

Results, obtained from the experiments which altbwes
memory effect, exhibit an upper and a lower brandth an
abrupt transition for a reduced velocity9-3. Williamson and
Roshko (1988) used visualisations attributing thedden
change in magnitude to an abrupt mode switch whicturn
can be explained by the abrupt shift in phase abgtereen the
vortex shedding frequency and the cylinder osailat
frequency. They showed that the fluid stream jusiblw the
critical reduced velocity is extremely sensitivedanvery small
disturbance is enough for the system to go fromemnélibrium
state to another thereby causing an abrupt chanfgrmation
named as ‘the mode-jump’. Brika & Laneville (1998)nd that
these amplitude branches correspond to differemttspnized
vortex wake patterns. The ‘upper’ branch in the l&oge
response lies in the von Karman ty®S mode of the
Williamson-Roshko map of wake patterns. The ‘lowsanch
however lies in theP mode regime in which two vortices of
opposite sign are shed from each side of the ogfirad every
oscillation cycle. The probability of the existencB2S mode
decreases ag, is increased. A slight hysteretic effect can be
observed forU, ~ 9.5. Following the circular points as the
reduced velocity is increased by a fixed incremantelatively
smooth mode switch to the lower branch can be edtior a
reduced velocity slightly abov@.5. Following the cross points
while decreasing the free stream velocity using beedf
decrement, an abrupt mode switch takes place aiceed
velocity slightly lower than9.5. The maximum oscillation
amplitude found in this case is clearly less tla20OD. This
maximum amplitude is smaller than the maximum augé
predicted for a circular cylinder in air flow by iBa &

Laneville (1993) and later catalogued by Khalak &limson
(1999). The amplitude levels presented in Fig.4 also
significantly lower than for the starting from resinfiguration.
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Figure 4. Reduced RMS amplitude of the limit cyaseillations
versus reduced velocity showing hysteretic effiecteasing velocity
(0), decreasing velocity (x).

CONCLUSION

An experimental study on the vortex-induced transve
oscillations of a flexibly mounted rigid square iogler in a
uniform airflow has been presented. Unlike much tbé
experimental data already available as pointedeadier, our
system allows the cylinder to oscillate freely inhigh mass
ratio configuration. Structural damping was kept law as
possible. New experimental data is provided in terof
amplitudes of the limit cycle oscillations and gtbwate of the
oscillations amplitude in the transient regime.

Growth-rate results show a sharp increase at thmiag
of the lock-in, with a maximum for a reduced vetgci
corresponding to the matching of the oscillationsgfiency
with the vortex shedding frequencyr(= 1/St= 8). Upper and
lower branches have been highlighted in the angsitaf the
limit cycle oscillations with a mode switch betwedre two
branches, similar to the experimental findings sittech by
Feng [6] and later Brika et al (1993), [3]. A slighysteretic
effect has also been highlighted in the mode swatela, i.e. for
a reduced velocity closed 5. Moreover a higher amplitude
of the LCO is achieved with the cylinder startimgnh rest for
each increment in velocity.
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SYSTEM PARAMETERS

TABLE I. PHYSICAL PARAMETERS OF THE EXPERIMENTS

Diameter of the D 20 Mm

cylinder

Length of the L 150 Mm

cylinder

Stiffness of the setup K 597.6 35 N/m

Mass of the cylinder M  0.0654 +0.004 Kg
12.5+0.75 N.s/m

Critical damping cc

0.0104 + 0.0008 N.s/m

(o]

Structural damping

Natural frequency fo 15.21875 + 0.01563 Hz

wind tunnel velocity Y 1.5-6.0 m/s

Air density p 1205 kg/m
15 e-6 s

Kinematic viscosity =~V

TABLE Il. NON DIMENSIONAL PARAMETERS

Reynolds number Re U D/v 2000 — 8000
Mass ratio m* m/pD?L 905

. . 0.000828 +
Damping ratio n c/ce 0.000014
Scruton number Sc 2nm* 1.498
Strouhal number st f,D/U 0.127
Skop-Giriffin
parameter SG 4m® St Sc 0.954
Reduced velocity Ur U/fy D 6-20
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