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Figure 2.7. (a) Amplitude and (b) frequency for 1D(� ) and 2D( ) oscillations,
plotted over the range of flow velocities tested.

oscillation reached a maximum of 1.2 mm (corresponding to a dimensionless amplitude

A/D= 1), beyond which it decayed with increasing flow velocity. The frequency of

these oscillations continued to grow monotonically with increasing flow velocity. The

2D flexible cylinder oscillations began at Ucrit 2D = 5.7 mm/s and quickly reached a

plateau with increasing flow velocity at 0.8 mm (A/D=0.67). The amplitude of these

oscillations consists of a vector addition of the x and y displacement components,

A=
p

(∆x)2 + (∆y)2. The frequency of these oscillations increased at a rate that is

approximately half of the rate of increase in the frequency of 1D oscillations. As the

natural frequency of the cylinder, fN =1.4 Hz, was found to be larger than the highest

frequency of oscillations observed in the experiments, no lock-in region was observed

for the system. However, if the natural frequency of the cylinder was modified or

the oscillation frequency changed by choosing a different fluid with a lower relaxation

time, lock-in might by observed for these systems.

2.3.2 Particle Image Velocimetry

Velocity vector fields were constructed using particle image velocimetry during

the flexible cylinder oscillations in order to study the flow field during both cylinder
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Figure 2.8. Sequential PIV images of the flow around the flexible cylinder at U =
7.15 mm/s (Wi = 280) for a symmetric flow field. The ’+’ represents the position of
the flexible cylinder at the start of a run while the ’ ’ represents the location of the
cylinder within the flow field at the time of the oscillation. The flow is from left to
right. Each image represents a time step of 0.06 s.
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Figure 2.9. PIV image sequence of the flow around the flexible cylinder at U = 11.5
mm/s (Wi = 450) for an asymmetric fluid rupture in the flow field. The ’+’ represents
the position of the flexible cylinder at the start of a run. The flow is from left to right.
Each image represents a time step of 0.06 s.
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displacements. Velocity fields for a representative 1D oscillation cycle occurring at

U=7.2 mm/s (Wi = 280) are presented in Fig. 2.8 in a series of four images, taken at

a time interval of ∆t = 0.06 s. In the first image, the flexible cylinder is on its inline

deformation path while the wormlike micelle solution is flowing past it just prior to

the onset of the elastic instability. At this moment, the cylinder appears to have

reached a steady-state deformation induced by the flow. In the second image, the

fluid downstream of the cylinder shows the onset of the viscoelastic flow instability

resulting from the local breakdown of the wormlike micelle solution in the region of

the flow with the largest extensional stress. At this moment, the micelles, which are

under a significant elastic tensile stress in the wake of the cylinder, as seen in the

birefringence images presented in the next section, have reached the maximum stress

that can be supported. As the micelle network breaks down and the stored elastic

energy is restored to the fluid resulting in a flow reversal downstream of the cylinder

and a retraction of the cylinder to a position back upstream. From the PIV, one

can see a stagnation point developed just downstream from the cylinder, a jet of fluid

forming downstream of the stagnation point, and two strong vortices forming between

the jet of fluid and the walls of the flow cell. In all the PIV images, conservation of

mass was checked and confirmed by integrating cross-sections of the velocity profile

in the y direction. Here the back-flow of the vortex balances the increase in mass flux

from the high velocity jet to conserve mass in each snapshot in time. In the third

image, there is an intensification of the fluid jet in the wake of the flexible cylinder

and the vortices as the flexible cylinder recoils back sharply. This image is close to the

maximum recoil rate for the cylinder as seen in the displacement versus time histories

of Fig. 2.6(b). In the fourth image, the stagnation point, the high speed jet and

the vortices have convected downstream towards the end of the flow field visualized

within this PIV image. At this moment, the flexible cylinder has completed its recoil
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path and is ready to start the next oscillation cycle with the flow of new undeformed

wormlike micelle solution introduced from upstream.

In Fig. 2.9, a second 1D oscillation cycle occurring at U=11.5 mm/s (Wi = 450)

is illustrated through a series of four PIV vector fields taken ∆t = 0.06 s apart.

Unlike the 1D oscillations in Fig. 2.8 which were symmetric in y, with the oscillations

all occurring at a cylinder position of y= 0, the oscillations at the higher velocity

shown in Fig. 2.9 are 1D, but they are asymmetric. The oscillations in Fig. 2.9

occur along a line, but follow a path that is approximately 10◦ below the centerline

of the flow cell. In the first image, the elastic flow instability can be seen to initiate

just downstream of the flexible cylinder. Due to the asymmetry in the flow, the

onset of the elastic flow instability results in an asymmetric flow response. The

stagnation point appears to develop below the centerline of the channel, the jet forms

at an angle to the horizontal axis and the subsequent vortex formation shows the

development of a stronger vortex towards the top of the channel. Rapid acceleration

of the fluid occurs as seen in the second image while the flexible cylinder begins to

recoil sharply. As the vortices are convected downstream, the exiting fluid in the

third and fourth images maintains the asymmetry in the flow field. As the vortices

convect downstream, the asymmetry in the jet can be observed to drive the vortex in

the bottom half of the channel into the wall where it is quickly dampened out leaving

only the vortex in the upper half of the channel having a positive vorticity behind

to convect downstream. Note that this asymmetry in the elastic flow instability can

occur on either the top or bottom of the downstream flow field. The amplitude

of flexible cylinder oscillations decreases slightly at higher flow velocities where the

oscillations are 1D, but asymmetric. A cause of this asymmetric breakdown of fluid

would be the shifting of the elastic flow instability from a global incident to a local

one as the instability has been observed to occur at localized regions along the span

of the cylinder instead of at the central midsection that was observed at low flow
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Figure 2.10. Contour map of transient velocity vectors along the flow field centerline
starting at the flexible cylinder center (0 mm) upto 35 mm downstream mapped over
the start to the end of the sudden breakdown of wormlike micelle solution in the wake
of the flexible cylinder at U=7.2 mm/s (Wi = 280).

velocities. This transition was visualized through FIB for rigid cylinders [96] and was

also observed for viscoelastic fluid-structure interactions of a flexible sheet [41].

The stages of the elastic flow instabilities that lead to rapid acceleration and

deceleration of the fluid occurring in the wake of the flexible cylinder during a 1D

oscillation have been illustrated using a contour map in Fig. 2.10 for the flow visualized

in Fig. 2.8. The data is color coded to represent the magnitude of the fluid velocity

along the centerline of the flow field from a point at x = 0 representing the center

of the flexible cylinder to a distance x = 35 mm downstream. The y axis illustrates

32



the variation of velocity with time starting at t= 0 where the cylinder is stretched to

its maximum and running through a time interval of 1.3 s. This represents several

cycles of the elastic flow instability and the cylinder oscillation. At t = 0.25 s, the

elastic flow instability results in the formation of a strong jet 6 mm or roughly 5D

downstream of the cylinder and the formation of a stagnation point just upstream of

the jet. This was clearly observed in the PIV results of Fig. 2.8. What is interesting

is that after the formation of the initial jet, the flow velocity behind the cylinder is

found to oscillate between positive and negative with time. These oscillations are a

clear manifestation of the elasticity and the recoverable elastic energy that is stored

both in the structure and, more importantly, in the fluid itself. Similar effects were

seen in the settling of spheres in these wormlike micelle solutions. After the micelle

structure broke down and the sphere accelerated, it was seen to bounce up and down

with time as if attached to an elastic band [32].

In Fig. 2.5, the flexible cylinder was shown to rotate about its long axis and shift

from a deformed position that was inline to the flow direction to an off-the-centerline

position. This caused a change in the pattern of x and y displacements of the flexible

cylinder leading to a 2D oscillation about this new position. The process of the

cylinder rotating about its long axis to reach a new position is illustrated in a set

of velocity vector field images collected at U = 11.5 mm/s (Wi = 450), each taken

in a time interval of 0.06 s and also in a contour map of the flow velocity across

a slice of the flow channel at the flexible cylinder midsection. In Fig. 2.11(a), the

flow field is asymmetric with the flexible cylinder stretched at a slight declination

to the flow direction. This asymmetry is typical for oscillations observed at these

higher flow velocities. The degree of asymmetry in the flow field continued to grow

with time as the flexible cylinder can be seen to move further from the centerline

of the flow cell. When the cylinder approaches a y displacement of y = 2.5 mm, a

dramatic flow transition very different from the 1D oscillations is observed. At this
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