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------------------------------------------------------------------------***------------------------------------------------------------------------Abstract: It is well known that when a flexible or flexibly-mounted structure is placed perpendicular to the flow of a
Newtonian fluid, it can oscillate due to the shedding of separated vortices at high Reynolds numbers, if the same flexible
objects are placed in non-Newtonian flows; however the structure’s response is still unknown. The main objective of the work
is introduce a new field of viscoelastic fluid-structure interactions by showing that the elastic instabilities that occur in the
flow of viscoelastic fluids can drive the motion of a flexible structure placed in its path. In this work are the results of an
investigation of the interaction occurring in the flow of a viscoelastic wormlike micelle solution past a flexible rectangular
sheet. The structural geometries studies include: flexible sheet inclination at 20°, 45°, 90° and flexible sheet width of 5mm and
2.5mm. By varying the flow velocity the response of the flexible sheet has been characterized in terms of amplitude and
frequency of oscillations. Steady and dynamic shear theology and filament stretching extensional theology measurement are
conducted in order to characterize the viscoelastic worm like micelle solution.
1.

Introduction:

When a flexible or flexibly mounted struct u re is placed in the path of fluid flow, the fluid exerts a force on the
structure which causes the structure to deform. This deformation of the structure in turn modifies the fluid forces
exerted by the fluid flow. This leads to a coupling between structural motion and the fluctuating fluid forces. This
constitutes a fluid-structure interaction (FSI). The field of FSI has many applications in harnessing wind energy,
novel energy extraction methods and biomedical engineering. The fundamental studies on FSI for Newtonian fluid
have been collected in the form of several books and review papers. Of all these studies, here we will focus on a
model FSI problem Vortex-Induced Vibration (VIV).
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2.

Literature:

The case of a long flexible cylinder in a cross-flow has been considered only re-cently due to its complexities. These
complexities are associated with the distributed interaction between the fluid and the flexible body, including the
difficulty to pin-point the region where the fluid excites the body, and identifying the mechanisms of energy redistribution
along the span. Detailed laboratory experiments on flexible structures placed in flow have provided information on the
amplitude of vibration, excited frequencies and structural wave numbers [6]. For long flexible cylinders, contrary to the
case of rigid cylinders, the phase difference between the in line and cross flow displacement scan vary along the span,
leading to diverse t rajectories along the structure [7-9]. A dominant mechanism has been identified in the interaction
between a flexible circular cylinder undergoing free vibrations in sheared cross flow and the vortices forming in its wake
energy is transferred from the fluid to the body under a resonance condition, which occurs within a well-defined region of
the span, dominated by counter clockwise, figure-eight orbits [4]. In all the ca.ses of FSI described above, the fluid was
Newtonian and the flow was at moderate to high Reynolds numbers, Re>50.In these inertial-dominated flows, the motion
of the cylinder was driven by the shedding of vortices which separate from the cylinder and shed from its wake . There
·are however, a whole class of flows in which the Reynolds number is vanishingly small, inertia plays essentially no role
and yet the flows can become unstable. In these cases, the presence of high molecular weight polymers or wormlike
micelle scan makes the fluids elastic. The combination of fluid elasticity and mean curvature of t he stream lines has been
shown to destabilize the flow and lead to the onset of elastically-driven How instabilities [10]. In this study, we present
results that show that these instabilities can drive the motion of a flexible structure placed in its flow path.
3. Objective of the study:
The goal of this work is to study fluid-structure interaction (FSI) phenomena in which the fluid is a non-Newtonian
viscoelastic fluid and the structure is flexible. FSI has been studied extensively for structures in contact with Newtonian
fluid where the shedding of separated vortices at high Reynolds numbers can drive the motion of a flexibly- mounted or
flexible structure. An exam pl e is the use of carbon fiber reinforced polymer composites. With the push to higher fuel
economy standards, reducing the weight of cars and airplanes while maintaining their structural integrity is highly
desirable. Carbon fiber reinforced composite parts are formed by driving a polymer resin through a woven carbon fiber

© 2018, IRJET

|

Impact Factor value: 7.211

|

ISO 9001:2008 Certified Journal

|

Page 1845

International Research Journal of Engineering and Technology (IRJET)

e-ISSN: 2395-0056

Volume: 05 Issue: 10 | Oct 2018

p-ISSN: 2395-0072

www.irjet.net

mat. At the high flow rates desired to make this process economically competitive, the viscoelastic polymer in fluid can
experience elastic flow instability. This flow instability can drive the motion of the car bon fiber matrix even failure of the
fibers. Here the FSI Between a flowing viscoelastic fluid and one or more elastic solid fibers is critically import ant to the
success of an injection mold ed part.
4.

Experimental Setup:

4.1 Flow-induced birefringence (FIB):
The refractive index of a wormlike micelle varies depending on whether the light passes parallel or normal to the micelles
backbone. By passing light of a known polarization state and frequency through a fluid sample and measuring the
resulting change in polarization state, flow-induced birefringence takes advantage of this fact to measure the deformation
of the micelle. Under all flow conditions, this technique can at least qualitatively elucidate the regions of large stress in a
flow. In the limit of small deformations, an optical train can be built up using Mueller calculus, and a value of the micelle
deformation can be calculated from as tress- optic coefficient. Flow- induced birefringence measurements have been used
quite extensively to examine both steady and transient How so flows and wormlike micelles [16- 19]. A mono chromatic
light source was used to illuminate the How between crossed polarizers. A Nikon D70 digital camera was used to capture
the birefringent patterns in the wormlike micelle solution generated by the flow for each linear polarizer configuration.
Due to the extreme deformation the micellar network undergoes at high Deborah numbers, data analysis becomes
impractical because the birefringence quickly gum through orders. The full field FIB technique is used only qualitatively to
highlight the deformation. It is a visualization tool to aid the observer.
5. Result & Discussion:
5.1 Flow-induced birefringence (FIB):
Full-field flow-i nd uced birefringence measurements were made using the crossed polarizer technique described
in [28]. The areas of large micellar deformation are clearly seen in Fig.3.6 at a flow velocity of U =4.3mm/s. The
polarizers have been oriented at 45° and 135° and the regions of extensional deformation are high-lighted.

Light source
Polarizer at 45 'Flow cell Polarizer at35° Camera
Figure 1. Schematic diagram of the setup used to obtain flow induced birefringence images in this study
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Figure 2 (a) Time history of the center line deflection of the sheet for one period of oscillation. Together with bright field
images of deformed sheet (left), and the extensional birefringent patterns obtained by setting the crossed polarizers at
45" and 135° (right) at U=4.3mm/s and for (b) t 1=0, (c) t2=3.45s, (d) t:1=7.2s, and (e) t 4=7.95s. The dashed lines
highlight the difference in the extensional birefringence patterns and deformations of the sheet between each time
interval.
It is known that in flows with stag nation points, that that a norrow region of high polymer or micelle deformation known
as birefringent strands can from in the strong extensional flow just downstream of the stagnation point (29,30]. These
birefringent strands appear as bright areas or fringes directly in the wake of the flexible sheet. These fringe patterns are in
excellent agreement with the patterns observed in both experiments [31] and numerical simulations [32, 33]. In Fig. 2 the
birefringence quickly goes through orders, here seen as rain bow fringe patterns, indicating a substantial amount of
deformation and thus stress accumulated by the fluid as it flows past the flexible sheet. Because of this, it is impossible as a
practical matter to obtain a quantitative value of the extinction and retardation angles from which to calculate a value of
stress. Additionally, under such large deformations, the linear stress-optic rule no longer holds, and thus the birefringence
data is used only as a qualitative tool to guide the eye. However it is still qualitatively an excellent tool to examine the
stress and deformation fields generated by the flow around the flexible sheet during it time dependent fluctuations. As
seen in Fig.2 , a narrow region of micelle deformation, known as a birefringent tail, form sin the strong extensional flow
region just downstream of the stagnation point. In the wake, the fluid must accelerate from rest along the trailing edge of
the sheet to the maximum flow velocity Um.ru: over a short distance slow stream of the flexible sheet. This extensional
flow results in strong micelle alignment and deformation as seen in Fig. 2 (b). As the flow velocity is increased, a stable
birefringence tail grows both in length and intensity until the onset of the viscoelastic flow instability. After the set of the
flow instability, the maximum extent of the birefringent tail approaches an asymptotic limit. A series of dashed lines have
been added to Fig. 2 to graphically illustrate the magnitude and direction of the changes to the birefringence pattern with
time during 01w oscillation cycle. A similar line has been added to slow the deflection of the sheet in the bright field
images to the left of the FIB. At the start of an oscillation (Fig. 2 (b). the wormlike micelle solution already xhibits a
significant amount of extensional stress in its wake. The birefring entail grows in length and intensity with time (Fig. 2 (c)
resulting in still further stretching of the flexible sheet. A tits maximum extent (Fig. 2 (d). the bire fringence has grown by
approximately 30% beyond its minimum extent (Fig. 2 (b) to nearly lOH down-stream, whileth C' deflection of the sheet
has in Teachd by roughly 12% from 8mm to 10mm. When the displacement of the sheet reaches 10mm, a nabrupt break
down of the wormlike micelles in the high stress wake is observed resulting in arapid loss of extentional stress in the
wake. This can be seen in Fig. 2 (e) as a significant reductionin the lengt hand extent of the birefringeng tail. The start of
then extoscillat or cycle corresponds not the flow of new unaffected wormlike micelles from upstream of the flexible sheet
into its wake where they begin to stretch and deform the flexible sheet again. Similar FIB patterns were observed at all
flow velocities where the flow of wormlike micelle solution was found to become unstable.

Figure 3 The span wise deformation of the flexible sheet during the oscillation cycle
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5.2 Flexible sheet deformation and extensional fluid stresses:
It can observe that the flexi ble sheet does not only undergo as pan wise deformation but also a complex' C' shaped
curvature seen in the cross section. Thus, in order to correlate the extensional stress developed in the fluid in the wake to
the total stress applied on the flexible sheet ,it is important to take into consideration the total deformation of the flexible
sheet in line and also cross How to the flow direction. To simplify calculations, we have estimated the stress experienced
by the flexi ble sheet in separate cases, that is, in the in line and cross flow directions, even though the resulting
deformation occurs simultaneously and thus is quite a complex occurrence. The stress required for the in-line sheet
deformation can be calculated by assuming the sheet to be a simply supported became with a 'C' cross section profile and
using Euler's beam theory to estimate the maximum force applied in the mid section at the maximum observed
displacement of the sheet. Thus, the force at the midsection of the flexi ble sheet for only in line deformation is given by.
(1)

P=Y.ma

Where P is the load acting on the midsection , Y ma,1 = 11mm is the maximum midsection flexible sheet
displacement, E=0.1x106 Pa is the elastic modulus of the flexible Sheet and I=0.48mm4 is the second area
moment of inertia of the' C' shaped cross section of the flexible sheet.

Figure 4 The assumed semicircul across section profile of the flexible sheet during the oscillation cycle
Times, the stress experienced due to an in line force acting on the flexible sheet can be found,
(2)
Where LxB is the area of the flexible sheet exposed to the incoming time In addition to bending, there is a tensile stress
which results from the sheet stretching from its initial uncle formed state to its deformed elongated contour length at
maximum deflection. By calculating the strain, E, from the images of the deformed sheets, this stress was found to be
approximately
σtensile= Eє =13kPa
The stress required to bend the flexible sheet cross section into a 'C' profile results in tensile elastic force acting on the
outer layer of the sheet. This tensile stress on the flexible sheet is estin1ated below.
Distance from neutral axis, c=0. 15mm
Єneutral = =
Tcrossflow= EЄneutral = 9 kPa
From filament stretching extensional rheology measurements, the wormlike micelle solution was found to rupture and fail
at an extensional stress of 7kPa. Thus, these calculations appear to confirm that the viscoelatic fluidic stresses needed to
deform the sheet are large enough to resulting break down of viscoelastic wormlike micelles in the wake of the sheet
resulting in a time-dependent flow field, which in turn drives the observed time-dependent oscillations of the sheet. It is
important to note that this is a simplified explanation of the oscillation mechanism. As the cross flow and in line
deformation occur together, it can lead to changes in the sheet properties like the area moment of inertia and the cross
section of the flexible sheet does not stay a shape across the sheet span t hroughout a period of oscillation.
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Conclusion:
For a stable velocity, the extensional stresses produced by the wormlike micelle solution in the wake of the flexible sheet
produced a static deflection of the flexible sheet. Beyond a critical flow velocity while at an infinitesimal Re, the fluid was
found to show elastic instabilities, resulting in periodic fluctuating stresses in the wake of the flexible sheet. These periodic
elastic instabilities have been observed in a number of studies using this test fluid [28, 34]. However, in this study these
elastic instabilities occur in the wake of a flexible sheet which imparts a periodic fluctuating stress on the structure too.
The flexible sheet was found to have periodic oscillations with a saw tooth-like pattern seen in a time history plot. A
bifurcation diagram is presented to show the progressing of the amplitude of the flexible sheet oscillation about its mean
center line deflection. From the amplitude and frequeuny plots, it is found that amplitude of oscillation grows linearly until
a maximum. This trend has been attributed to the varying difference between the growth rate of stresses in the fluid which
is dependent on the two velocities and the recoil, Rate of the flexible sheet which is a structural property. A long with this
transition comes the change in the dominance of local fluid elastic instabilities instead of a global central instability with
increasing tow velocity flow induced birefringence images show the transition of slow growth and rapid decay of
extensional stresses in the wake of the flexible sheet in terms of the changing length and intensity of the birefringent tail
observed in the wake. Additionally, there is no vortex shedding observed during the oscillation cycles as is common in
Newtonian FSI studies. The complex deformation that the flexible sheet undergoes during each cycle of oscillation has
been highlighted in the bright field images. These images indicate the in line and cross-flow deformation that occur
simulationsly with increasing extensional stresses produced by fluid flowing past the sheet. An analysis of the stresses
required to produce the sheet deformation has been conduct. In order to correlate the extensional stress in the fluid with
the stress required to produce the observed deformation of the flexible shed. 11. Has been shown that the tensile stress
and needed for the in-line stretching of the flexible sheet all the stress are found to be of the flexible sheet into a complex
·c· shape is many times greater than that required for the in-line bending of the sheet span. These stresses are found to be
close to the magnitude of the maximum elastic normal stresses that can be supported by the fluid before the stretched and
deformed micelles in the solution fail. We are able to conclude that there is a strong relation between the observed
magnitude of flexible shed deformation and the maximum elastic tensile stresses reached before filament failure studies
through filament· stretching extensional rheology measurements performed on this solution.
In conclusion, we have shown, for the very first time. That pure elastic flow instabilities occurring in a viscoelastic fluid
flow can drive the motion of a flexible structure placed in its path. The oscillations of the flexible structure, which develop
at infinitesimal Reynolds numbers and in the absence of vortex shedding, have been presented for three inclinations and
two width variations of a flexible sheet.
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