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Flow around bluff bodies and the associated flow-induced oscillation phenomena have
numerous practical engineering applications in addition to their importance in a fundamental
physical sense. With lighter and thinner materials being used in modern structures, the failure of
structures caused by flow-induced vibrations is experienced in a wide range of industries. The
low-speed instability and its associated fluid-dynamic and fluid-elastic characteristics are
particularly important in the sense that it occurs at low speed condition under which the damages
are not expected to but actually do occur due to fatigue failure. Therefore, the studies on low-
speed instability and its fluid-dynamic and fluid-elastic characteristics of an oscillating rectangular
cylinder, which is the basic structural component of a lot of engineering structures, become
more and more important.

While Chapter 1 is an introduction to the present studies, Chapter 2 gives an intensive
review on previous studies in the area of flow-induced vibrations of circular and rectangular
cylinders under both free- and forced-vibrations in transverse, streamwise and rotational directions.

Fluid-dynamic forces acting on, fluid-elastic characteristics of and flow patterns around
a rectangular cylinder with cross-sectional side ratios of 1, 2 and 3 under forced transverse and
in-line oscillation are studied intensively in this paper in both experimental and numerical methods.

Chapter 3 addresses the experimental results of force measurements and visualization
on the flow around a rectangular cylinder with cross-sectional side ratios of 1, 2 and 3 under

forced transverse oscillations. The cylinders were forced to oscillate transversely in a uniform
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flow at different frecjuencies and at amplitudes of 3.5%,14% and 28% of the shorter side H.
Measurements were made on the lifts, drags and phase angles of lift forces with respect to body
displacements of the rectangular cylinder. Force measurements show that there exist peaks ih
C,and C, curves respectively as St_increases. The C, values of oscillating square cylinder after
the peak are almost constant and much smaller than the values before the peak, while those of
rectangular cylinders with B/H=2 and 3 after the peak remain almost the same values as before
the peak. The C, values after the peak reaches a minimum value and then increases gradually
due to the inertia forces of flow. Measured phase angles show that, for square cylinder, there
exists alow-speed instability in low speed range centered at about St =0.26 other than the galloping
and vortex excitation instabilities in high speed ranges. As St_further increases, the low-speed
instability gradually disappears with phase angles approaching zero. For B/H=2 and 3 cylinders,
there exist also such low-speed instabilities in low speed ranges centered at about St =0.2 and
0.18 respectively. It gets further assured that the low-speed instability occurs at a smaller St_
with increasing the side ratio of rectangular cylinders. The region of low-speed instability is
narrow when the Reynolds number is small, and it is much wider and phase angles much larger
for a smaller amplitude. It agrees well with free-oscillation tests, in which the low-speed instability
range is wider with smaller free oscillation amplitude. The low-speed instability is
aerodynamically featured by sharp decreases of C, and C, values after passing over their peaks.

Flow visualization shows that the wake flow of an oscillating rectangular cylinder goes
through three stages with increasing forced oscillatory frequency, i.e. full-separation, alternate-
reattachment and full-reattachment. At the full-separation stage, the shear layers roll up
downstream in a way far from the trailing edges of afterbody. There is no reattachment of shear
layers to the afterbody. The shear layers from upper and lower leading edges interact directly
with each other and form a vortex street in the wake. Here we emphasize the strong interaction
of upper and lower shear layers and refer the vortex street formed after such interaction as
strongly-interrelated type. As St_increases, the shed shear layers get curved and finally it comes
the alternate-reattachment stage at which the shear layers will reattach with one trailing edge but
separate from the other trailing edge in one typical oscillatory circle. In this stage, the shear
layers are deflected to shed further downstream by tailing edges of afterbody, but they still
interact strongly with each other and form strongly-interrelated type of vortex street in the near
wake. With further increase of Sz, , the alternate-reattaching point gets more and more upstream
and it comes the third stage, i.e. full-reattachment stage where shear layers over both upper and
lower sides get reattached with side faces of the oscillating cylinder. The two shear layers from
upper and lower sides do not interact or only have very weak interaction with each other in the

near-wake. They shed their own vortices independently, with each vortex street being parallel
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and almost on the extension line of each side surface. We term this vortex street as weakly-
interrelated type.

The flow feature of vortex excitation is that the shear layers of strongly-interrelated
vortex shedding interacts with the afterbody of cylinder, which performs most strongly at the
initial stage of alternate-reattachment flow. regime, whereas the flow feature of low-speed
instability is the weakly-interrelated vortex street at the stage of full-reattachment. It should be
emphasized that for B/H=3 cylinder, there is no vortex excitation and galloping instabilities.
Some researchers regarded the instability range centered at about Sz =0.18 as vortex excitation
instability. But it is actually low-speed instability, because visualization shows that there are no
full-separation and alternate-reattachment flow patterns for B/H=3 cylinders at the present
Reynolds numbers.

Chapter 4 addresses the experimental results of force measurements and visualization
on the flow around a rectangular cylinder of B/H=1, 2 and 3 under forced in-line oscillations.
Here also, force measurements were made on the lifts, drags and phase angles of lift forces with
respect to body displacements of the rectangular cylinder. It is shown that C;, doesn't have great
increases which are experienced by a circular cylinder under in-line oscillation; instead, the C,
values only show some small increases corresponding to the AVL region. C; also only increases
a little at very high forced frequencies, in contrast to the great increases at transverse oscillations
due to large inertia forces.

Also addressed are the frequencies of vortex shedding. It is found that, as Stc increases,
the vortices can shed in three different frequencies, based on which the wake flow features can
be divided into three kinds. One is the Natural Vortex Shedding (NVS) region, where dominant
shedding frequency is the natural frequency. The other is the Symmetric' Vortex shedding Lock-
in (SVL) region, in which the vortex shedding is synchronized with or locked into the forced
oscillation in such a way that the vortices shed almost symmetrically in near-wake and in the
same frequency with the forced one. The third is the Alternate Vortex shedding Lock-in (AVL)
region, where the vortex shedding is locked into half of the forced frequency, i.e., each side of
the cylinder sheds one vortex every two vibration cycles and forms alternate vortex street in the
near-wake. The AVL region of square cylinder is centered at about double the natural Strouhal
number St . The vortices can also shed sometimes in different combinations of natural shedding
frequency f, and forced oscillatory frequency f,, as shown by the second or the third peaks of the
spectrum analyses. The vortex shedding can be easily locked into forced oscillations both in
AVL and SVL regions.

Visualization shows that for all cases, a pair of symmetrical vortices forms along the

side surfaces and rolls up to shed downstream symmetrically. The symmetric wake finally
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develops into antisyinmetn'c vortex street. With the increase of forced Strouhal number, the
symmetric part of wake keeps longer. Furthermore, the width of wake becomes apparently narrow
as the St_of oscillation increases. As well known, the flow passing a stationary cylinder, either
circular or rectangular cylinder, has an inherent or natural tendency to form an asymmetric
mode of vortex shedding. On the other hand, when a cylinder is forced to oscillate in-line with
the incident flow, the in-line motion imposes a symmetric perturbation to the flow. The interaction
of these two effects is responsible for the dynamic characteristics and flow structures. Whether
or not the symmetric modes of vortex shedding will prevail in the wake depends on whether or
not the effect of forced perturbation on flow can overwhelm the inherent tendency of flow.
Therefore, at high ratios of St_/St, (or £, [f), the wake tends to become more symmetric and more
narrow. As St _/St, increases, the change of flow structures from antisymmetric to symmetric is
in such a way that the symmetric part of the wake increases gradually although the far wake is
still antisymmetric. More important is that the wake flow is very unsteady, with the two vortex
shedding models always appearing intermittently. Even at high forced frequencies, although the
vortex shedding keeps symmetric in the near wake, the intermittent appearance of symmetric
and antisymmetric vortex street is observed in the middle or far wake.

Chapter 5 presents numerical simulations of the flow around an oscillating rectangular
cylinder of side ratios of B/H=1, 2, and 3 under both transverse and in-line oscillations. The
Direct Simulation method is used. For transverse oscillation, both two- and three-dimensional
simulations were conducted. For in-line oscillations, only two-dimensional simulations were
conducted. Both two and three dimensional simulations successfully captured the main
aerodynamic and aeroelastic characteristics of the flow around an oscillating rectangular cylinder,
although relatively larger discrepancies are found for two dimensional simulations. The
numerically simulated lift and drag coefficients, frequencies of vortex shedding, flow patterns,
and angle phase differences between the lifts/drags and cylinder displacements agree with those
of experiments. It is confirmed that three dimensionality accounts a large component for the
discrepancies between the two-dimensional simulations and experiments of transverse oscillations,
as the three-dimensional simulations do narrow the discrepancies between the computations and
experiments. Other components of the discrepancies may result from the turbulences of flow in
experiments. To remove these parts of discrepancies, turbulent simulation model is needed.

Chapter 6 deals with the effects of wall confinement on the aerodynamic characteristics
of an oscillating rectangular cylinder. The experiments were conducted in the same open water
tunnel as in Chapter 3 and Chapter 4 at different blockage ratios up to 37.5%, with rectangular
cylinders of side ratios of B/H=0.5, 1, 2, 3 and 4 being forced to oscillate at different frequencies

and amplitudes. It is found that the drag forces acting on oscillating B/H=1 and 2 cylinders
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decrease to certain values at first and then increase with increasing blockage ratios, while those
acting on B/H=3 and 4 cylinders do not behavior so. The lift forces don't show much changes
along the blockage ratios especially at middle and low forced oscillatory frequencies, although
the lift forces at high forced frequencies show some changes especially for long-afterbody cylinder
at large oscillating amplitudes. The effects of wall confinement on phase angles behavior in
such a way that, on one hand, a higher blockage ratio results in a right-oriented shift of phase
curve (velocity effect), and on the other hand, it also results in a left-oriented shift of the phase
curves due to the easy reattachment (flow-pattern effect). The final effects are combination of
velocity effect and flow-pattern effect. For the effects of wall confinement on vortex shedding
Strouhal number, as long as it is locked into the forced frequencies, it keeps the same as the
forced frequencies and never changes with blockage ratios. When it is not locked into the forced
oscillatory frequencies, however, it will increase with blockage ratios and can be corrected with
the described method.
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