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Abstract
Effect of the Wake Structure on Drag Coefficient for a Thin Flexible Wire
Harika Gurram
Advisor: Chelakara Subramanian, Ph.D., P.Eng (UK), FIIE.
The present research work focuses on investigating the effect of wake structure on the drag
coefficient of a thin flexible wire. Previous researchers have investigated the flow
characteristics around the cylinder and estimated the drag coefficient for different Reynold’s
number range. The flow transition characteristics in the boundary layer and its effect on the
drag coefficient were described. These studies were performed on a non-deformable
cylinder. The present work focuses on the drag characteristics of thin flexible cylinders
whose diameter is on the order of microns. The results showed up to 30% lower value than
reported literature drag coefficient values for a non-deformable cylinder.
Experiments such as wake survey using pitot static measurement and hot wire experiments
were conducted for thin flexible wires. The range of Reynolds number consider is from 150
to 1250 (laminar boundary layer). The Reynolds number is varied based on both diameter of
the flexible wire (i.e. diameter 500 microns to diameter 1000 microns) and velocity (i.e. v =
5 m/s to 18 m/s). The pitot static and hot wire measurements are used to estimate the drag
coefficient and turbulence parameters in the wake.
To further investigate the cause of the drag reduction with the flexible wire and the flow field
around the wire, computational fluid dynamics simulation is used. The Direct numerical
simulation for structured grid around the cylinder was performed for the similar range of
Reynolds number as the experiments. The computation simulations for a rigid wire were
performed using ANSYS 17.0 commercial code and ICEM – CFD was used for grid
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generation. The grid independence study was performed in order to choose an appropriate
number of grid elements for the batch simulations. All the results showed around ten percent
lower drag coefficient values compared to the experiments. A case setup including the
structural deformation was simulated to match with the actual experimental setup and Fluid
Structural Interaction coupled simulations (FSI) were performed using ANSYS 17.0 and the
results matched the experimental results with an uncertainty of ±3%.
The investigation observed a subcritical laminar boundary layer drag dip which is
hypothesized as due to wake flow transition phenomenon. This is confirmed by the near
wake flow transition structures. The effect of the flexible wire deformation on the wake
structure, which also effects the drag coefficients of the thin flexible wire are also explained
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Chapter 1
Introduction
The flow over the bluff body has been an intensive research topic since early 90’s, several
experiments and computational work are reported by researches to explain the behavior of
the flow at different flow conditions. The study on the flow over the bluff body is still a topic
of the center of attention because of its various applications in different engineering fields
as well as the biomedical field. The behavior of the flow around the cylinder changes
dramatically when the Reynolds number changes, the Reynolds number is defined as the
ratio of inertial forces to viscous forces. The variation of the drag coefficient of the cylinder
with respect to Reynolds number is described into three distinct flow regimes known as
subcritical, supercritical and transcritical.
The type of flow on the cylinder is defined based on the Reynolds number, for the Reynolds
number less than one the flow is dominated by viscosity, where the inertial forcers are
negligible. Because of the complete viscous effect, the flow has no velocity gradients and
this kind of flow is known as creeping flow or Stokes flow. For creeping flow, the
streamlines are attached to the wall symmetrically fore and aft of the cylinder as shown in
the Figure 1(a). As the Reynolds number increases a pronounced asymmetric streamlines are
observed on the fore and aft of the cylinder. For Reynolds number less than 41, a wake with
recirculation zone is developed behind cylinder which is symmetric along the centerline of
the cylinder as shown in Figure 1 (b). For the Reynolds number in the range of 100 to 200 a
broad wake with alternate vortex formation is observed. In this range of Reynolds number,
small perturbations are developed in the flow which triggers these alternate vortices in the
downstream as shown in the Figure 1 (c) These vortices shed periodically in an alternative
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pattern and also are symmetric along the centerline behind the circular cylinder. This
phenomenon is first theoretically explained by von Karman. The vortex shedding in the wake
starts near the flow separation point. A swirling in the fluid is observed near the flow
separation point which are known as eddies, theses eddies shed in the downstream behind
the cylinder and a thin boundary layer forms on the surface of the cylinder. For the Reynold
number in the range of 400 to 3 x 105 a vortex forms behind the separation point on one side
and the corresponding vortex breaks away from the cylinder and moves downstream in the
wake. In this range, laminar boundary layer separation is observed which has a wider wake
and the separation angle is less than 90o, this flow is also known as subcritical flow.
The Figure 1(d) shows the wide wake for the flow in the Reynold number range 400 to 3 x
105. The laminar to turbulent transition occurs for Reynolds number around 3 x 105, and the
flow persists of laminar boundary layer separation and turbulent vortex. The separation angle
for the transition flow is approximately 90o also known as critical flow. In this region, due
to the adverse pressure gradient, the form drag is predominant and contribution of the skin
friction drag is negligible. Around the vicinity of this Reynolds number, the boundary layer
undergoes transition immediately after the separation (shown in Figure 1 (e)). This increased
mixing re-energies the separated flow, causing it to reattach as a turbulent boundary layer,
thereby forming a separation bubble. At this critical stage, the reattaching property of the
turbulent layer leads to form a narrow wake and a sudden decrease in total cylinder drag.
Reynolds number at the transition is known as critical Reynolds number. As the Reynold’s
number further increases, the separation point slowly moves upstream around the rear
surface of the cylinder and the total drag continues to increase steadily because of increase
in both pressure and skin friction drag, which later tends to become a constant value about
0.6 for Reynolds number 1.3x 106 (approximately). The separation bubble disappears around
Reynolds number less than 3 x 106 and coefficient of drag increases slowly with respect to
increasing Reynolds number (shown in Figure 1 (f)). The flow separation angle for this flow
is greater than 90o, this regime of the flow is known as supercritical flow. The range of
Reynolds number and the different regimes of flow around the cylinder is explained based
on the rigid cylinder, i.e. the cylinder does not deform structurally due to the induced force
2

from the flow. Researchers previously investigated the behavior of the flow around cylinder
for different range of Reynolds numbers and also explained the effect on drag coefficient
due to the variation in the flow patterns behind the cylinder. Whereas, a limited work is
published for the flexible cylinders i.e. the cylinder structure deforms due to the force
induced on the cylinder by the flow. The properties of the flow around the cylinder evidently
changes when the structural deformation is considered. The alteration in the shape of the
cylinder leads to the change in the flow distribution around the cylinder and wake behind the
cylinder, which effect the drag coefficient. To study the flow properties of the thin flexible
wire the present research is conducted. The thin flexible wire is used on applications such as
under water fiber –optic cables, electric transmission lines, and mooring buoys, tethering
objects, in convention heating and cooling and also in the biomedical field. Initially, the
experiments were performed to estimate the drag coefficient, around 30% drag reduction is
observed for the flexible wires for the Reynolds number in the range 150 to 1250. The reason
for the drag reduction is investigated and observations are discussed in this Thesis.

Figure 1: Illustrating the flow over rigid circular cylinder
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1.1 Literature Review
Researchers have reported their observations from the experimental and computational study
conducted to explain the properties of flow over a circular cylinder namely flow patterns,
vortex shedding, wake etc. The behavior of flow on a circular cylinder is elusive to
understand, hence this section gives a brief review of the literature corresponding to the fluid
dynamics and flow patterns of the circular cylinder in different flow regimes.
Roshko, [1] has performed experiments and measured the drag coefficient on the flow past
a circular cylinder at very high Reynolds number in the range 106 and 107. He has reported
that for high Reynolds number the drag coefficient increases form low supercritical value to
0.7 at Re = 3.5 x 106 and also observed vortex shedding with Strouhal number 0.27 for
Reynold number greater than 3.5 x 106. The Strouhal number is a dimensionless parameter
which involves the vortex shedding frequency and it is expressed as S = nd/U∞ where n is a
vortex shedding frequency.
Williamson and Roshko [2], have studied vortex formation in the wake of an oscillating
cylinder. They have explained the synchronization of vortex formation frequency with a
body motion frequency when a body oscillates laterally (cross- flow) in a freestream. And
also observed for every half – cycle of acceleration of the oscillating cylinder induces rollup of two shear layer in the near wake. A coalescence of a pair of vortices and Karman wake
is observed each half cycle below critical wavelength. As the wavelength increases the
alternative vortices convict in the downstream away from the centerline. This process of
paring caused a sudden transition in the modes. Similar is explained by Bishop and Hassan.
This study performed by the above authors are conducted on large diameters on the order of
centimeters for a wide range of Reynolds number. The vortex shedding patterns are shown
in the Figure 2 where ‘P’ means a pair of vortex and ‘S’ means a single vortex and encircles
around the pattern shows the vortices in one complete cycle.
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Willamson [3] have studied oblique and parallel modes of a vortex shedding in the wake of
a circular cylinder at low Reynolds numbers to explain the existence of discontinuities in the
Strouhal – Reynolds number relationship and also explained the existence of oblique vortex
shedding. He explained the reason for discontinuity is due to changing the vortex shedding
mode. If the shedding mode behind the cylinder does not match to the shedding frequency
in the boundary it is quoted as oblique shedding. If the boundary shedding frequency
matched to the shedding near the cylinder is quoted as parallel shedding. He also explained
the parallel shedding can be induced by manipulating the end boundary conditions. The
Strouhal frequency of parallel shedding is collapsed by transforming the parallel shedding
with an oblique shedding angle and proved it through his experiments.
Fey et al. [4] have conducted experiment for a circular cylinder in the Reynolds number
ranging 47 to 2x105 and proposed an empirical relationship for Strouhal – Reynolds number
which holds good for the entire region except in the wake transition region as shown in
Figure 3
Carmo et al., [5] studied wake transition in the flow around two circular cylinders in
staggered arrangements. They have arranged the cylinders fixed stream separation by
varying the cross stream separation and studied the wake transition on the isolated cylinder
using Direct Numerical Simulation using Floquet theory and linear stability analysis. They
have reported a mode C shedding apart from mode “A” mode “B”.
Zhang et al., [6] studied the transition of wake on a circular cylinder by conducting an
experiment in the water channel and also performed numerical simulation using the finite
differences scheme. For low Reynolds number range from 160-230, they have observed
vortex adhesive mode of vortex shedding and instabilities in the near wake.
Prakash and Mittal [7] conducted a numerical study on the unsteady flow of over a circular
cylinder to explain the energy spectra in the boundary layer transition they have observed
that the energy spectra in the boundary layer transition have a structure similar to 2D –
isotropic turbulence.
5

Lemkhul et al., [8] have numerically studied the pressure distribution in the boundary layer
transition, reported an asymmetric variation with respect to Reynolds number. These
variations are due to the recirculation bubble. And also discussed the velocity fluctuating
spectrum.
Williamson and Govardhan [9] have reviewed the results of different studies performed on
vortex induced vibrations and energy transfer which leads to different modes of vibrations
and explained the relationship between the force and vorticity.
Tong et al., [10] studied oscillatory flow regimes around four cylinders in a square
arrangement under small Keulegan–Carpenter numbers and Re in the range of 20-200, he
reported an oscillatory flow around a single cylinder from the arrangement. Six types of
reflection symmetry regimes to the axis of flow oscillation, two types of spatio-temporal
symmetry regimes and a series of symmetry-breaking flow patterns. He also observed for a
small gap in the cylinder the four cylinders behave like a single body and flow field is similar
to the flow around the circular cylinder with a large diameter. As the distance increases the
flow fields of each cylinder starts effecting on the other cylinders and shows a variety of
symmetry and asymmetry patterns as a result of vortex and shear layer interactions. They
have reported that the wake interference is dependent on the hydrostatic forces.
Previously researchers have focused on the influence of the boundary layer instability on the
drag coefficient of the cylinder near critical Reynolds numbers. A drag crisis occurs when
the boundary layer transits at critical Reynolds number. The general understanding of this
flow is, at subcritical Reynolds number the laminar boundary layer separation occurs earlier
than at the supercritical Reynolds numbers, resulting in reduced wake width and pressure
drag. This appears as the drag crisis in the coefficient of drag versus Reynolds number plot
as shown in Figure 4 (adapted from Ref. [11]).
Singh et.al., [12] performed a numerical study on the flow over a circular cylinder for a range
of Reynolds number between 100 to 107 to investigate a relationship between the drag loss
due to boundary layer transition and the shear layer instabilities in the laminar region. They
6

have explained that at critical Reynolds number the flow shear layer eddies cause mixing
which energizes the boundary layer and the flow re attaches to the body and a narrow wake
is formed which resulted in the low drag coefficient. Also the shear layer vortices plays a
vital part in the transition of the boundary layer.
Fornberg, [13] conducted a numerical study of steady viscous flow past a circular cylinder
at Reynolds number up to 300. He developed an iteration numerical scheme based on
Newton’s method to compute the drag coefficient of the cylinder and reported around low
drag coefficient compared to the literature drag coefficient for a circular cylinder. Figure 5
shows the coefficient of drag versus Reynolds number comparing Fornberg results to
literature. The earliest wake flow instability study was performed by Williamson [14], who
observed a dip in the base pressure coefficient of a 2D cylinder (see the dip between B-C in
Figure 6) for a similar range of Reynolds numbers. He attributes this to the wake
unsteadiness.
Finn [15] used a fine wire suspended as a pendulum in a uniform stream of air flowing at a
known rate and measured the wire drag force from the amount of deflection He also
observed around 8% reduction in the drag coefficient at low Reynolds numbers compared
the cylinder literature values.
Barklely and Henderson [16] have conducted a numerical study on three dimensional
circular cylinder using Floquet stability analysis for the Reynolds number in the range 140
to 300. They have observed a periodic wake around the two dimensional cylinder gets
unstable linearly because of the three dimensional perturbations around 188.5. They have
studied the characteristics of the instability and discussed the mode of instability by
providing the stability spectra for neutral stability curves.
Whereas Newman and Karniadakis [17] have used direct numerical simulations to compare
forced cable vibration with flow induced vibration at Reynolds numbers 100-300. The cables
are assumed to be infinitely long and the vibration periodic, the fineness ratio,
(length/diameter) = 12.6 and 45 were tested. They have examined the flow structure in the
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wake of vibrating cable and observe a breakdown of a time-periodic cable and wake response
going from Re=100 to Re=200. At Re=100 they also observed relatively similar responses
comparing the forced vibration case with the flow-induced vibration case, but at Re=200
differences become larger. They examined the dynamics of the cable, concentrating on lift
forces and the power produced by these lift forces but did not measure the variation in the
drag force.
Bourguet et al., [18] numerically studied the vortex induce vibrations of the long tensioned
beam for Reynolds number in the range 110 to 1100. Fluid structure interaction study was
performed using direct numerical simulation, they have observed a local synchronization
between vortex shedding frequency and cross flow structural frequency for a cylinder with
a fineness ratio of 200. They have also observed that the amplitude of the frequency is
dependent on the Reynolds number and the structure asymmetrically deforms to the force
induced. All these results do not consider the interactions between the boundary layer and
wake flow which could explain the mechanism behind the reduction of drag coefficient of
small diameter cylinder at low subcritical Reynolds numbers.

Figure 2: Sketches of the vortex shedding patterns
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Figure 3: Strouhal number–Reynolds number dependency for the Reynolds number in the
range 47 to 2x105

Figure 4: Drag coefficient vs Reynolds number for smooth rigid circular cylinder
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Figure 5: Comparing Fornberg’s coefficient of drag vs Reynolds number data to the literature

Figure 6: Illustration of the wake instability by Williamson
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1.2 Objective and Statement of Work
The drag crisis in the transcritical region caused due to the boundary layer transition and the
wake instabilities in the low Reynolds number range are evidently explained in the literature
for rigid cylinders. But no work is published to compute the effect of wake transition on the
drag coefficient for a thin flexible cylinder. The objective of the present work is to analyze
the effect of the wake structure on the coefficient of drag for a thin flexible wire. A thin
flexible wire is geometrically similar to the circular cylinder with a small diameter and large
fineness ratio. The Reynolds number is varied based on both velocity and diameter. A total
of four wires of diameter 500 microns, 760 microns, 790 microns and 1000 microns are used
for the experimental study and the same wire diameters and flow conditions are used for
numerical study, the Table 1 shows the test matrix. The details of experiments and
computations performed are as following:
Experiments:
1. The mean dynamic pressure is measured using pitot static tube and a momentum
balance is performed on the upstream and the downstream of the flow to calculate
the total drag for the Reynolds number in the range 150 to 1250.
2. To analyze the wake structure and measure the mean and RMS velocity profile
variation in the wake, hot wire anemometer is used to perform wake survey for the
above mentioned Reynolds number range. The wake survey is performed for three
different downstream locations behind the cylinder.
Computations:
1. A grid independent study is performed to choose the appropriate grid size to
minimize the computational cost and uncertainty in the coefficient values due to the
different sizes of the grid.
2. Time dependent Direct Numerical Simulation (DNS) were computed for three
dimensional circular cylinder for the Reynolds number in range 150 to 1250
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3.

Transient Fluid - Structure interaction simulation is performed to match the
experimental setup case and analyze the vortex structure for the above mentioned
range of Reynolds number.

Table 1: The range of Reynolds number based on varying velocity and diameter

Diameter
(microns)

500

760

790

1000

Velocity
(m/s)

Reynolds
number (Re)

5

161

10

323

15

484

18

581

5

245

10

490

15

735

18

883

5

255

10

510

15

765

18

917

5

323

10

645

15

968

18

1161
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Chapter 2
Experimental Study
2.1 Experimental Facility and Setup
The experiments are conducted in the Florida Tech low speed wind tunnel facility. It is an
open circuit wind tunnel with 15 kW motor and 5 aluminum blades fan. Figure 7 shows the
schematic of the wind tunnel facility [19]. The cross section of the test section is 0.54 m x
0.54 m wide and 1.72 m long and the maximum speed at which the wind tunnel can operate
is 18 m/s. The experiments were conducted for thin flexible wires and the Reynolds number
is calculated by varying both the diameter (i.e. 500 microns, 760 microns, 790 microns and
1000 microns) and the velocity (i.e. 5 m/s, 10 m/s, 15 m/s, 18 m/s). To perform the wake
survey the wires are stretched across the test section vertically without any slack, and the
fineness ratio (l/d) is 508, 334, 321 and 254 for wire diameter 500 microns, 760 microns,
790 microns and 1000 microns respectively are achieved. The following section describes
the test setup used to determine the drag coefficient and the turbulence measurements in the
wake.

Figure 7: Schematic of low speed wind tunnel facility at Florida Tech
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2.1.1

Wake velocity measurements

The setup is shown in Figure 8. A pitot static tube is used to measure the mean dynamic
pressure in the wake region for different freestream velocities. A semi hemispherical pitot
static tube with a tip diameter of 3 mm connected to the pressure transducer is used. The
dynamic pressure is calculated using Equation 1, to calculate the velocity the Bernoulli’s
equation is used as shown in the Equation 2.
Stagnation pressure = Static pressure + Dynamic pressure…….…Equation 1
𝑝𝑡 = 𝑝𝑠 + (

𝜌𝑢2
)
2

…………………………………Equation 2

The flow velocity is:
2(𝑝𝑡 −𝑝𝑠 ) 0.5
) …………………………………Equation
𝜌

𝑢=(

3

The average velocity variation in the wake is calculated using the Equation 3. A manual
traverser is used to traverse the pitot static tube in the wake as shown in Figure 9.

Figure 8: The schematic of experimental setup for measuring the drag using pitot static tube
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(a)

(b)

(c)

Figure 9: (a) Pitot static tube with manual traverser (b) Pitot static tube (c) Pressure
transducer

Drag determination using momentum balance:
The total drag for the circular cylinder is determined by calculating the momentum balance
between the upstream and the downstream section. The longitudinal momentum reduction
in the wake is a result of the viscous and pressure drag (adapted from [20]).
To derive the drag relation with the wake velocity profile, consider the control volume (abcd)
around the circular cylinder as shown in Figure 10, the fluid is assumed to incompressible
and steady for which the total forces are equal to sum of surface forces and viscous
forces [21].
The integral momentum equation is given by
⃗⃗⃗ 𝑛̂)𝑉
⃗ 𝑑𝐴 = ∬ −𝑝𝑛̂𝑑𝐴 + ∭ 𝜌𝑔̂𝑑𝑉 + 𝐹𝑣𝑖𝑠𝑐𝑜𝑢𝑠 ………Equation 4
∬ 𝜌(𝑉.
Consider the height ‘h’ of the cylinder from the ground, ∇ℎ is the unit vector, then the gravity
acceleration vector can be written as a gradient
𝑔 = 𝑔. 𝛻ℎ…………………………………..Equation 5
⃗⃗⃗ 𝑛̂)𝑉
⃗ 𝑑𝐴 = ∬ −𝑝𝑛̂𝑑𝐴 + ∭ 𝜌𝑔. 𝛻ℎ𝑑𝑉 + 𝐹𝑣𝑖𝑠𝑐𝑜𝑢𝑠 ………….Equation 6
∬ 𝜌(𝑉.
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Using the Gradient theorem to convert the gravity-volume integral is converted to surface
integral.
⃗⃗⃗ 𝑛̂)𝑉
⃗ 𝑑𝐴 = ∬ −𝑝𝑛̂𝑑𝐴 + ∬ 𝜌𝑔ℎ𝑛̂𝑑𝐴 + 𝐹𝑣𝑖𝑠𝑐𝑜𝑢𝑠 ………….Equation 7
∬ 𝜌(𝑉.
⃗⃗⃗ 𝑛̂)𝑉
⃗ 𝑑𝐴 = ∬ −(𝑝 + 𝜌𝑔ℎ)𝑛̂𝑑𝐴 + 𝐹𝑣𝑖𝑠𝑐𝑜𝑢𝑠 ………….Equation 8
∬ 𝜌(𝑉.
The corrected pressure is defined as P= 𝑝 + 𝜌𝑔ℎ, the integral equation reduces to,
⃗⃗⃗ 𝑛̂)𝑉
⃗ 𝑑𝐴 = ∬ −𝑃𝑛̂𝑑𝐴 + 𝐹𝑣𝑖𝑠𝑐𝑜𝑢𝑠 …………..…….Equation 9
∬ 𝜌(𝑉.
Momentum is a vector, it has three x, y, z component of equation which are solved
independently. The volume boundary layer along the streamline and solid surface has a -p𝑛̂
contribution. The viscous shear 𝜏 contribution if viscous effects are significant. The surface
integrals can be divided into individual parts i.e. the outer surface of the control volume
‘abcd’ and body surface ‘efg’ and the wake surface ‘eh’ and ‘gi’. The surface ‘eh’ and ‘gi’
has the same flow variable with opposite 𝑛̂ vectors, hence the contribution is equal to zero.
The control volume ‘abcd’ gives the reaming integrals as follows:
⃗⃗⃗ 𝑛̂)𝑉
⃗ 𝑑𝐴 + ∮ 𝑃𝑛̂. 𝑖̂𝑑𝐴 = − 𝐷′………..……….Equation 10
∮ 𝜌(𝑉.
In the above equation, the resultant forces on the body is given as drag/span, and considering
the x component. The momentum-flux integral of the on the top and bottom walls of the
control volume i.e. ‘ab’ and ‘cd’ has pressure equal to freestream pressure which leaves a
zero value for the integral. Only momentum flux on for the inflow and outflow remains:
𝑐

𝑑

∫𝑏 𝜌2 𝑢22 𝑑𝐴2 − ∫𝑎 𝜌2 𝑢12 𝑑𝐴2 = −𝐷′…………….….Equation 11
For a stream tube the mass flow rate is equal,
𝜌2 𝑢2 𝑑𝐴2 = 𝜌1 𝑢1 𝑑𝐴1 ……………………….Equation 12
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Hence the momentum equation further reduces to,
𝐷′ = ∫ 𝜌2 𝑢2 (𝑢1 − 𝑢2 )𝑑𝐴2 ……………….…….Equation 13
The drag force for the entire solid body can be written as:
1

𝐹𝐷 =𝑏 ∬ 𝜌2 𝑢2 (𝑢1 − 𝑢2 )𝑑𝐴2………………..….Equation 14
1

𝐹𝐷 = 𝑏 ∫ 𝜌2 𝑢2 (𝑢1 − 𝑢2 )𝑠𝑑𝑙…………………….Equation 15
The coefficient of the drag is given by
𝐹

𝐶𝑑 = 𝑞 𝐷𝑆…………………………….Equation 16
1

On substituting the FD in the coefficient of the drag equation it gives
𝐶𝑑 =

2
2

𝜌1 𝑢1 𝑆𝑏

{∫ 𝜌2 𝑢2 (𝑢1 − 𝑢2 )𝑠𝑑𝑙}…………..….Equation 17

The density is assumed to be constant 𝜌2 = 𝜌1
2

𝐶𝑑 = 𝑢2 𝑏 {∫ 𝑢2 (𝑢1 − 𝑢2 )𝑑𝑙}………….…….Equation 18
1

2

𝑢1 𝑢2
𝑢12

𝐶𝑑 = 𝑏 {∫(

𝑢2

− 𝑢22 )𝑑𝑙}……….………….Equation 19
1

The dynamic pressure is given by
1
2

𝑞1 = 𝜌1 𝑢12………………………….Equation 20
Velocity can be derived from the dynamic pressure as,
𝑢1 = √2𝜌1 𝑞1………………………….Equation 21
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On substituting the dynamic pressure value in the coefficient of drag equation reduces to,
2

𝑞

𝑞2

𝐶𝑑 = 𝑏 {∫(√𝑞2 − 𝑞22 )𝑑𝑙}………………………..Equation 22
1

1

The wake profile is shown in the Figure 11 and the q1 = q∞ and qi is the dynamic pressure
for each traverser step in flow behind the cylinder. The freestream velocity for the flow is
given by

q 

N

1  1 M1
1
q

qi  ………………….…Equation 23



i
2  M1 i 1
M 2 iN M 2 

And the coefficient of total drag (cdT) is given by

2 N 1 
 q  qi 1 
   i

c i 1  2q 
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cdT

where

 qi  qi 1  


   yi  yi 1 
 2q  


……Equation 24

N = total number of data points
M1= first few numbers of data points in potential region (constant qi)
M2= last few numbers of data points in the potential region
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Figure 10: The schematic control volume around the cylinder

Figure 11: The nomenclature of the velocity profile in the wake
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2.1.2

Turbulence measurements

The hot wire anemometry is used to measure the mean and RMS velocity in the wake flow.
For the present study a Dantec, Inc. L-shaped single 5 𝜇m bend tungsten wire coated with
Platinum hotwire operated by a constant temperature (CTA). This type of anemometer is
advantageous because has high frequency response and produces low noise. Shows the CTA
circuit.
Consider a thin wire mounted to supports and exposed to a velocity U. When a current is
passed through the wire, heat is generated (I2Rw). In equilibrium, this must be balanced by
heat loss
𝑑𝐸
𝑑𝑡

= 𝑊 − 𝐻 ………………………..………Equation 25

where,
E = thermal energy stored in wire,
W = power generated by Joule heating,
H = heat transferred to surroundings
The prongs sensors of the bend wire are right angled and perpendicular to probe axis to
minimize the influence of a probe body. The hotwire is connected to an automatic traverses
with a 0.1 mm step size to traverse in the wake region. The wire is calibrated in the potential
flow region of the wind tunnel for speeds ranging between 5m/s to 18 m/s. A linearized
calibration constant is used to convert the measured voltage data to velocity. A total of
twenty thousand instantaneous velocity samples are collected at 10,000 samples per second
Nyquist frequency. The National Instruments data acquisition system (Compact DAQ) with
two different LabVIEW programs (one for the Pitot - static tube survey and one for hotwire
survey) are used for the data processing. The wake surveys are performed at 5d, 10d and 13d
downstream locations from the rear stagnation point of the wire as shown in Figure 13 .
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Figure 12: The constant temperature anemometer circuit diagram

Figure 13: The schematic of experimental setup for wake survey using hot wire anemometer

21

2.2 Experimental Results
2.2.1.

Drag measurement results

The Reynolds number is calculated by varying both velocity and diameter of the thin flexible
cylinder. The drag coefficient is calculated based on the velocity deficit measured at 5d
downstream location for Reynolds number in the range 150 to 1250. The Figure 14 shows
the drag coefficient values calculated for four wires with diameter i.e. 500 microns, 760
microns, 790 microns and 1000 microns. The maximum reduction of 30% (approximately)
in coefficient of drag is observed compared to the reported literature values for the rigid
cylinder (adapted from [11]). The maximum reduction is observed for the diameter 500
microns and minimum for the 1000 microns when compared to literature values. This figure
also compares the drag coefficient values from the wake survey to Fornbergs [13]
computation results.
To analyze the wake characteristics for different diameters, the velocity in the wake at every
traverse point is normalized with respect to the freestream velocity. The Figure 15 shows the
wake defect of the wire diameter 500 microns for velocity varying in the range 5 m/s to 18
m/s. The near wake for the diameter 500 microns shows that wake width and the velocity
deficit decrease slightly with increasing Reynolds number. The maximum wake width and
velocity deficit is observed for the Reynold number 161. Approximately 7% and 5% of
reduction in the velocity deficit and the wake width, respectively, is observed for Reynolds
number 581. As the wake width decrease the drag coefficient values also decreases, the wake
results compliment the drag coefficient measured for the wire diameter 500 microns.
The Figure 16, Figure 17, Figure 18 shows the normalized velocity distribution for the wire
diameters 760 microns, 790 microns and 1000 microns. To describe the definite trend of the
wake width and the maximum velocity deficit based on the Reynolds number for these
diameter is elusive. But the maximum variation measured in the wake width for the diameter
760, 790and 1000 microns is approximately 10%, 6% and 4%. Whereas the maximum
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velocity deficit variation is approximately 5% 12% and 25% for diameter 760 microns, 790
microns and 1000 microns.
To further analyze the diameter effect on the wake, the normalized velocity for different
Reynolds numbers are calculated by varying freestream velocity for all the diameters, as
shown in Figure 19 to Figure 22 . There is approximately 25% of the maximum magnitude
of wake width difference between 1000 microns and 500 microns wire.

Figure 14: Coefficient of drag vs Reynolds number (Pitot static wake survey)
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Figure 15: Normalized velocity distribution in the wake vs Reynolds number for wire
diameter 500 microns (Pitot static measurements)

Figure 16: Normalized velocity distribution in the wake vs Reynolds number for wire
diameter 760 microns (Pitot static measurements)
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Figure 17: Normalized velocity distribution in the wake vs Reynolds number for wire
diameter 790 microns (Pitot static measurements)

Figure 18: Normalized velocity distribution in the wake vs Reynolds number for wire
diameter 1000 microns (Pitot static measurements)
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Figure 19: Normalized velocity distribution in the wake vs Reynolds number for
freestream velocity 5 m/s (Pitot static measurements)

Figure 20: Normalized velocity distribution in the wake vs Reynolds number for
freestream velocity 10 m/s (Pitot static measurements)
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Figure 21: Normalized velocity distribution in the wake vs Reynolds number for
freestream velocity 15 m/s (Pitot static measurements)

Figure 22: Normalized velocity distribution in the wake vs Reynolds number for
freestream velocity 18 m/s (Pitot static measurements)
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2.2.2.

Wake structure results

The hot wire anemometer provides the turbulence measurements in the wake. The velocity
variation in the wake is measured at 3 different downstream locations i.e. at 5d, 8d and 10d.
The hot wire results have better resolution than the pitot static measurement as the hot wire
measurements were taken with an automatic traverser of step size 0.1 mm. The constant
temperature anemometer gives an output of the voltage variation in the wake. The King’s
law gives a relation between voltage and velocity which is used to calculate the velocity
fluctuation in the wake. The Figure 23 shows the calibration for single bend wire used to
acquire the measurement, the calibration is performed for the freestream velocities in the
range 5m/s to 18m/s.
To analyze the velocity profile, the mean velocity in the wake is normalized with respect to
the freestream velocity and plotted against the traverse scale (z), which is normalized with
respect to wake width. Figure 24 shows the normalized mean velocity for wire diameter 500
microns for varying velocity in the range 5m/s to 18m/s. In this plot, the wake width
decreases with increasing Reynolds number, the maximum magnitude increase in wake
width is 5% whereas the maximum variation of velocity deficit is 4% (approximately).
Figure 25 shows the normalized mean velocity for diameter 760 microns for varying
velocity, the wake width is maximum for the Reynolds number 245 and 490 and higher
velocity deficit is for Reynolds number 735 and 883. This combination of wake width and
increasing maximum velocity deficit gives rise to increasing in the velocity gradients which
eventually leads to wake instability and transition. And the similar trend is observed for the
diameter 790 and 1000 microns in Figure 26 and Figure 27, respectively.
The root mean square velocity fluctuation are normalized based on the freestream velocity
and plotted against the traverse scale normalized with respect to the wake width. The Figure
28 shows the normalized root mean square velocity fluctuations for the wire diameter 500
microns for varying velocity it shows the two peaks on either side of the centerline behind
the cylinder. Generally, RMS velocity peaks are more symmetrical for the laminar regions
and the RMS peaks distinctly different from those associated with the laminar region and the
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two rows of laminar vortices laminar vortices travelling in the downstream with different
magnitude is observed. The RMS velocity fluctuations show varying decay rates in the
downstream for given range of Reynold number and a similar trend is observed for diameters
760 microns, 790 microns and 1000 microns as shown in Figure 29, Figure 30, respectively.
The researchers in the past [14] have reported the wake transition due to the small
perturbation developing into a street of wakes and these instabilities are predominant for the
Reynold number in the range 150 to 300 and this flow region pronounced with intermittent
low frequency irregularities.

Figure 23: Calibration for single L bend hot wire
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Figure 24: Normalized velocity distribution in the wake vs Reynolds number for wire
diameter 500 microns (Hot wire measurements)

Figure 25: Normalized velocity distribution in the wake vs Reynolds number for wire
diameter 760 microns (Hot wire measurements)
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Figure 26: Normalized velocity distribution in the wake vs Reynolds number for wire
diameter 790 microns (Hot wire measurements)

Figure 27: Normalized velocity distribution in the wake vs Reynolds number for wire
diameter 1000 microns (Hot wire measurements)
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Figure 28: Normalized root mean square velocity for Reynolds number for wire
diameter 500 microns (Hot wire measurements)

Figure 29: Normalized root mean square velocity for Reynolds number for wire
diameter 760 microns (Hot wire measurements)
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Figure 30: Normalized root mean square velocity for Reynolds number for wire
diameter 790 microns (Hot wire measurements)

Figure 31: Normalized root mean square velocity for Reynolds number for wire
diameter 1000 microns (Hot wire measurements)
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The normalized mean velocity variation is also analyzed for the Reynolds number based on
the velocity for each diameter of the wire i.e. 500 microns, 760 microns, 790 microns and
1000 microns. Figure 32 shows the normalized mean velocity for the Reynolds number based
on velocity 5 m/s and it is observed that the diameter 100 microns show the maximum wake
width and the wire with diameter 500 microns shows the maximum velocity deficit. The
similar trend is observed for the velocity 18 m/s as shown in Figure 35. Whereas for
velocities the 10 m/s and 15 m/s the maximum wake width is shown for wire diameter 500
microns. And the maximum velocity deficit is shown for the diameter 760 and 790 microns,
respectively. The normalized RMS peaks compliment with the mean velocity variation and
show an unstable wake region for the given range of Reynolds number. Figure 36 to Figure
39 shows the normalized RMS velocity for the velocity of 5/s, 10m/s, 15m/s, 18m/s
respectively. The row peaks are observed for the range of the Reynolds number and the
maximum magnitude of RMS is shown for 1000 microns diameter for velocities 5 m/s and
10 m/s whereas for velocities 15 m/s and 18 m/s diameter 790 microns shows the maximum
magnitude. It is observed that the wake instabilities persist for the given entire range of
Reynolds number and the variation of the velocity profile in the wake depend on the
diameter, fineness and velocity range.

Figure 32: Normalized velocity distribution in the wake vs Reynolds number for
freestream velocity 5 m/s (Hot wire measurements)
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Figure 33: Normalized velocity distribution in the wake vs Reynolds number for
freestream velocity 10 m/s (Hot wire measurements)

Figure 34: Normalized velocity distribution in the wake vs Reynolds number for
freestream velocity 15 m/s (Hot wire measurements)
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Figure 35: Normalized velocity distribution in the wake vs Reynolds number for
freestream velocity 5 m/s (Hot wire measurements)

Figure 36: Normalized root mean square velocity for Reynolds number for freestream
velocity 5 m/s (Hot wire measurements)
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Figure 37: Normalized root mean square velocity for Reynolds number for freestream
velocity 10 m/s (Hot wire measurements)

Figure 38: Normalized root mean square velocity for Reynolds number for freestream
velocity 15 m/s (Hot wire measurements)
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Figure 39: Normalized root mean square velocity for Reynolds number for freestream
velocity 18 m/s (Hot wire measurements)

Figure 40 shows the normalized mean velocity in the downstream for wire diameter 500
microns at velocity 5 m/s, the downstream locations are 5d, 8d and 10d. Approximately same
magnitude of velocity deficit and wake width for the different downstream locations are
observed, which distinctly shows highly unstable wake in the downstream distances. Figure
41 to Figure 43 shows the mean velocity variation in the downstream distances for wire
diameter 500 microns at velocity 10m/s, 15m/s, and 18m/s. It is observed that the wake width
and velocity decrease in the downstream direction. Similar trend is observed for the
diameters 760 microns, 790 microns and 1000 microns. The Figure 44 shows the drag
coefficient vs Reynolds number and the drag coefficient is calculated by integrating the
momentum deficit profile in the wake at 5d downstream with respect to the undisturbed
upstream profile. It is observed that for Reynolds number below 500 the experimental values
are noticeably lower than the literature values and this difference gradually diminishes for
Reynolds number greater than 1000.
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Figure 40: Normalized mean velocity in the downstream of 5d, 8d and 10d for wire
diameter 500 microns at freestream velocity 5m/s (Hot wire anemometer results)

Figure 41: Normalized mean velocity in the downstream of 5d, 8d and 10d for wire
diameter 500 microns at freestream velocity 10 m/s (Hot wire anemometer results)
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Figure 42: Normalized mean velocity in the downstream of 5d, 8d and 10d for wire
diameter 500 microns at freestream velocity 15m/s (Hot wire anemometer results)

Figure 43: Normalized mean velocity in the downstream of 5d, 8d and 10d for wire
diameter 500 microns at freestream velocity 18m/s (Hot wire anemometer results)
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Figure 44: Comparing the coefficient of drag (hot wire) vs Reynolds number based to the
Literature and Fornberg’s data

Power Spectral Density Analysis:
To analyze the exchange of the kinetic energy associated with different sizes of eddies in the
wake the spectral analysis is performed. The RMS velocity profile in the near wake exhibits
two peaks which evidently shows the presence of strong fluctuations downstream of the
flexible wire. The spectral analysis is performed at locations where these RMS peaks are
observed. The Figure 45 shows a rendition of periodic vortex shedding behind the cylinder,
due to the wake instabilities, where L1 and L2 corresponds to the location of vortices in the
vortex street. A unique relationship exists between the Reynolds number and a dimensionless
parameter involving the vortex shedding frequency known as Strouhal number. The Strouhal
frequency (fundamental) and its harmonics are characterized by distinct sharp peaks in the
spectra. The Strouhal frequency increases with the increase in Reynold’s number and the
lowest Strouhal frequency of 0.27 occurs at Reynold number 255, which is close to the
frequency in transcritical flows as reported by Roshko [1]. The lower Strouhal number
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corresponds to the lower vortex shedding frequency as the drag coefficient approaches to
minimum value [22]. The frequency spectrum also shows broadband energy which indicates
the shear-layer turbulent fluctuations occurring downstream where the narrowband peak
vanishes. This kind of large fluctuating energy is also observed in the flow spectra by Roshko
[1]. The power spectral data for the flexible wire is normalized with respect to spectra peak
and are measured at (L1), above, and (L2), below the mean centerline behind the cylinder.
These are plotted as a function of for different Reynolds numbers. The Figure 46 to
Figure 49 shows the normalized power spectral analysis for the flexible wire diameter 500
microns, at freestream velocity 5 m/s, 10 m/s, 15 m/s and 18 m/s, respectively. These plots
show the broadband frequencies with narrowband peaks similar to 2D isotropic homogenous
turbulence as observed in the shear layer transition in the boundary layer. Similar trend is
observed for the diameters 760 microns, 790 microns and 1000 microns, the plots are
available in appendix. The Figure 50, Figure 51 and Figure 52 shows the power spectral
distribution for the downstream locations 5d, 8d and 10d for diameter 500 microns wire at
velocity 5 m/s the broadband frequency with narrow peaks is observed for all the three cases.
It is also observed the amplitude of the frequencies decreases in the downstream and the
narrow peaks also minimized and a stretch of broadband frequency is shown at 10d
downstream location which shows a turbulent wake.

Figure 45: The vortex shedding caused due to the wake instabilities.
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Figure 46: The normalized power spectral density for Reynolds number 161

Figure 47: The normalized power spectral density for Reynolds number 323
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Figure 48: The normalized power spectral density for Reynolds number 484

Figure 49: The normalized power spectral density for Reynolds number 581
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Figure 50: The power spectral density and amplitude variation in the wake vortex for
Reynolds number 161 at downstream 5d

Figure 51: The power spectral density and amplitude variation in the wake vortex for
Reynolds number 161 at downstream 8d
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Figure 52: The power spectral density and amplitude variation in the wake vortex for
Reynolds number 161 at downstream 10d
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Chapter 3
Computational Study
3.1 Introduction
The computational fluid dynamics is used to simulate the physics for a set of boundary
conditions. To solve the flow, a set of governing equations should be solved, such as
conservation of mass, momentum (Newton’s second law) and energy (First law of
thermodynamics) [23]. Appropriate boundary conditions are defined for different flow
domains as explained later.
Conservation of mass: It can also be expressed as rate of mass inflow is equal to rate of
outflow,
𝜕
(𝜌𝛿𝑥𝛿𝑦𝛿𝑧)
𝜕𝑡
𝜕𝜌
𝜕𝑡

+

𝜕𝜌𝑢
𝜕𝑥

𝜕𝜌
𝜕𝑡

+

=

𝜕𝜌
(𝛿𝑥𝛿𝑦𝛿𝑧)……………………Equation
𝜕𝑡

𝜕𝜌𝑣
𝜕𝑦

+

𝜕𝜌𝑤
𝜕𝑧
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= 0……………..………Equation 27

+ 𝑑𝑖𝑣(𝜌𝑢) = 0 ……………….…………Equation 28

Conservation of momentum: The momentum is conserved, i.e. the rate of change of
momentum equals to the sum of forces. For a given particle in the fluid, the rate of change
of x-momentum is (Du/Dt) given as the sum of the forces due to surface stresses and body
forces which are lumped in source term Sm.
𝜌

𝐷𝑢
𝐷𝑡

=

𝜕𝜏
𝜕(−𝑝+𝜏𝑥𝑥 )
+ 𝑦𝑥
𝜕𝑥
𝜕𝑦

+

𝜕𝜏𝑧𝑥
𝜕𝑧

+ 𝑆𝑚𝑥 ………………Equation 29

Where p is compressive stress and 𝜏𝑥𝑥 is a tensile stress, 𝜏𝑦𝑥 and 𝜏𝑧𝑥 are shear stresses.
Similar equations for y- momentum and z-momentum are given a shown below.
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𝜕𝜏𝑥𝑦

𝐷𝑣

𝜌 𝐷𝑡 =

𝜌

𝐷𝑤
𝐷𝑡

𝜕𝑥

=

𝜕𝜏𝑥𝑧
𝜕𝑥

+

+

𝜕(−𝑝+𝜏𝑦𝑦 )
𝜕𝑦

𝜕𝜏𝑦𝑧
𝜕𝑦

+

+

𝜕𝜏𝑧𝑦
𝜕𝑧

𝜕(−𝑝+𝜏𝑧𝑧 )
𝜕𝑧

+ 𝑆𝑚𝑦 ……………………Equation 30

+ 𝑆𝑚𝑧 ……………………Equation 31

Conservation of Energy: It states that the rate of change of energy of a fluid particle is equal
to the rate of the heat addition plus the rate of work done. The total derivative of the energy
equation is given below:
𝜌

𝐷𝑤
𝐷𝑡

𝜕(𝑢𝜏𝑦𝑥 )
𝜕(𝑣𝜏𝑥𝑦 )
𝜕(𝑣𝜏𝑦𝑦 )
𝜕(𝑣𝜏𝑧𝑦 )
𝜕(𝑢𝜏𝑥𝑥 )
𝜕(𝑢𝜏𝑧𝑥 )
𝜕(𝑤𝜏𝑥𝑧 )
+
+
+
+
+
+
+
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑥
𝜕(𝑤𝜏𝑧𝑦 )
𝜕(𝑤𝜏 )
+ 𝜕𝑧𝑧𝑧 ] + 𝑑𝑖𝑣(𝑘 𝑔𝑟𝑎𝑑 𝑇) + 𝑆𝐸 ……………………Equation 32
𝜕𝑦

= −𝑑𝑖𝑣(𝜌𝑢) + [

The source term SE includes sources like potential energy source due to heat production from
chemical reactions etc. For the Newtonian fluid, the Navier – Stokes equations are derived
as follows:
x – Momentum:
𝜕(𝜌𝑢)
𝜕𝑡

+ 𝑑𝑖𝑣(𝜌𝑢𝑢) = −

𝜕𝑝
𝜕𝑥

+ 𝑑𝑖𝑣(𝜇 𝑔𝑟𝑎𝑑 𝑢) + 𝑆𝑀𝑥 ….………Equation 33

y- Momentum:
𝜕(𝜌𝑣)
𝜕𝑡

+ 𝑑𝑖𝑣(𝜌𝑣𝑢) = − 𝜕𝑦 + 𝑑𝑖𝑣(𝜇 𝑔𝑟𝑎𝑑 𝑣) + 𝑆𝑀𝑦 ……..Equation 34

𝜕𝑝

𝜕(𝜌𝑤)
𝜕𝑡

+ 𝑑𝑖𝑣(𝜌𝑤𝑢) = − 𝜕𝑧 + 𝑑𝑖𝑣(𝜇 𝑔𝑟𝑎𝑑 𝑤) + 𝑆𝑀𝑧 ……Equation 35

z- Momentum:
𝜕𝑝

48

3.1.1

Direct numerical simulation

In fluid dynamics solving the turbulence problems is elusive. So, turbulence models are
commonly used. The turbulent flows are characterized by eddies with a wider range of time
scales and length scales. The largest eddies are typically comparable in size to the
characteristic length of the mean flow. The smallest scales are responsible for the dissipation
of turbulence kinetic energy. Different turbulence models are applied to capture the time and
length scales. It is possible to directly resolve the whole spectrum of turbulent scales using
an approach known as direct numerical simulation (DNS).
Only sub-grid modeling is required in DNS. Therefore, DNS is not feasible for practical
engineering problems involving high Reynolds number flows because of fine grid
requirement. The cost required for DNS to resolve the entire range of scales is proportional
to Ret3, where Ret is the turbulent Reynolds number. Clearly for high Reynolds numbers, the
cost becomes prohibitive.
The basic equations governing a turbulent flow are precisely the same as for a laminar flow;
however, the solution is clearly much more complicated in this regime. Direct numerical
simulations (DNS) use the speed of modern computers to numerically integrate the Navier
Stokes equations, resolving all of the spatial and temporal fluctuations, without resorting to
modeling. In essence, the solution procedure is the same as for laminar flow, except the
numeric for turbulent flow must contend with resolving all of the fluctuations in the velocity
and pressure. DNS remains limited to very simple geometries (e.g., channel flows, jets and
boundary layers).
The alternative to DNS found in most CFD packages (including FLUENT) is to solve the
Reynolds Averaged Navier Stokes (RANS) equations. RANS equations govern the mean
velocity and pressure. Because these quantities vary smoothly in space and time, they are
much easier to solve; however, as will be shown below, they require modeling to “close” the
equations and these models introduce significant error into the calculation [24].
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3.2.1

Structural analysis

A static structural analysis determines the displacements, stresses, strains, and forces in
structures or components caused by loads that do not induce significant inertia and damping
effects. Steady loading and response conditions are assumed; that is, the loads and the
structure's response are assumed to vary slowly with respect to time. A static structural load
can be performed using the ANSYS, Samcef, or ABAQUS solver. The types of loading that
can be applied in a static analysis include [24]:


Externally applied forces and pressures



Steady-state inertial forces (such as gravity or rotational velocity)



Imposed (nonzero) displacements



Temperatures (for thermal strain)

For the present study a linear static structural analysis, the displacements {x} are solved for
in the matrix equation below:
[K]{X}= {F}
Assumptions: –


[K] is constant,

o

Linear elastic material behavior is assumed

o

Small deflection theory is used

o

Some nonlinear boundary conditions may be included



{F} is statically applied,

o

No time-varying forces are considered

o

No inertial effects (mass, damping) are included
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3.2 Simulation Setup
3.2.1 Rigid cylinder case setup


Geometry:

For the present study, the four thin flexible cylinder dimeters of 500 microns, 760 microns,
790 microns and 1000 microns are simulated. A commercial CAD modeler knows as
SolidWorks 2012 [25] is used to generate geometric models of the wires. The length of the
wire is 10 inches. A box fluid domain of total length 100d is modeled for the simulations as
shown in Figure 53.

Figure 53: The three dimensional CAD model of the wire in the fluid domain



Mesh:

The mesh around the cylinder is generated using the ICEM-CFD 17 [26] commercial code.
It provides an advanced mesh generation and optimization tools to meet the requirement of
different types of solvers. The mesh number significantly increases if a uniform node size is
used to capture both length and diameter of the wire because of the large fineness ratio. The
surface mesh refinements are given for the wire to generate an optimized mesh and reduce
the computational time. This method of grid generation is known as adaptive mesh
generation technique.
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The geometry from the SolidWorks is saved in a Parasolid format (*.X_T) imported into the
ICEM – CFD. Once all the surfaces are imported the name selection is created for different
boundary conditions like inlet, outlet, wall, and then create a fluid volume. After defining
the name selections a body fitted structural ‘O’ grid is generated for the wire with minimum
element size as 0.1 microns on the wire surface. For direct numerical simulation, no turbulent
models are used to capture the flow properties and the turbulence scales a very fine mesh is
required. A density box with a mesh size of 0.1 mm is created in the vicinity of 12d behind
the cylinder to capture the vortex shedding. To create boundary layers an ‘Exponential 1’
type of mesh distribution with a growth rate of 1.22 is generated and the first boundary layer
mesh size of 1 micron is used. After the grid generation, the boundary conditions should be
specified to all the name selections.
Boundary conditions are given as follows:


Velocity Inlet [26]: For the inlet, the velocity boundary conditions are used to define the
flow velocity, along with all relevant scalar properties of the flow. Only the velocity in
given as an input the pressure is not fixed but it will rise in response to computed static
pressure.



Pressure Outlet [26]: for an outlet the pressure outlet condition is given with a static
pressure at the outlet boundary.



Wall: The wall boundary condition is applied to the wire.

Fluent is an unstructured solver, after assigning the boundary condition the mesh is converted
to unstructured format with structured grid shape and exported to Fluent,. Figure 54 shows
the boundary conditions for the fluid domain.
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Figure 54: The Boundary condition for the fluid domain



Solve:

The mesh exported from ICEM-CFD is imported into the Fluent ANSYS solver. After
importing the mesh, a mesh check is performed to check for bad cells or negative volumes
in the mesh. If the bad cells are present in the mesh the solution diverges. The pressure based
steady state analysis is performed. The operating pressure condition, velocity, and
temperature inputs need to be provided in the boundary conditions and the geometry details
namely the reference length and reference areas also should be provided in the reference
values section, these values are used to calculate the coefficients of forces on the wall. For
direct numerical simulations the conservation of mass, momentum, and energy are solved
using the explicit method. The solution initially is solved for first order upwind, once the
flow parameters converges the second order upwind is solved, this method is used for a better
convergence.
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3.2.2

Flexible cylinder case setup

To solve the flexible cylinder a Fluid Structure Interaction (FSI) case setup is used. The fluid
structure analysis involves the coupling of fluid dynamics and structural mechanics. The
fluid flow exerts forces on a structure and a structure deforms or translates, due to the
deformation the fluid dynamic properties alter. The FSI is classified into 3 modes:


Rigid body FSI – For this mode, no flow induced structural deformation is considered.
Which is similar to a simple fluid flow simulation.



One –Way FSI – This case setup is for small structural deformation. The fluid
simulations are performed and the total pressure acting on the structure is exported to
the structural solver to find out the deformation. The deformed structure is simulated for
the same fluid boundary conditions to find the impact of the deformation in the fluid
field. There is no data stream flow required from fluid to the fluid to recalculate flow.



Two – Way FSI – For two way FSI the large structural deformations are considered and
solver iterates between CFD and FEA codes. For example the oscillating plate in a flow
field. The transient fluid and structural simulation are coupled to update the flow field.

For the present case of thin flexible cylinder one-way FSI simulation setup is used to find
the effect of deformation on the wake structure and it’s in turn effect on the coefficient of
drag. The setup is shown in Figure 55. The FSI is solved using ANSYS workbench 17.0

Figure 55: The one way FSI case setup for thin flexible wires

54



Geometry

The geometry for FSI simulation is created using SolidWorks CAD modeling software [25].
For FSI simulation the geometry should have both the fluid domain and solid structure.
Generally for rigid fluid simulations the impression of the solid body is taken in the fluid
domain i.e. the wall is subtracted from the fluid domain, hence leaving one single water tight
solid body to simulate. But for One way FSI the geometry is shared between the fluid flow
and static structural so it should have both the solid and fluid domain. The geometry is then
exported into Parasolid format (*.X_T) from SolidWorks. The workbench also has a
geometry modeler which can be used for generating the 3D model.


Mesh

The geometry is shared with the fluid flow simulation as well as the static structural
simulations, the fluid analysis is performed first and the pressure forces are transferred to the
static structural simulation. ANSYS meshing is used to generate the mesh around the thin
wire. Before generating the mesh the solid domain should be suppressed for fluid simulation
case. The structured mesh is created with fine resolution and with the minimum surface
element size 0.01 mm and the boundary layer inflation is also generated with 1 micron height
of the first layer and mesh growth rate of 1.22. The boundary condition is given similar to
the rigid cylinder case setup. For the static structural analysis, the mesh is generated on the
solid domain i.e. the wire for which the fluid domain should be suppressed and a fine mesh
is generated on the wire. The mesh size for the static structural simulation is small i.e. 15000
elements (approximately) when compared to the mesh size of the fluid simulation, which
1500000 (approximately). Figure 56 shows the structural grid on the solid domain.


Solve

The fluid simulations are performed first, a time averaged direct numerical case setup is
used. The pressure based unsteady solver is used. The boundary conditions for inlet, outlet
and wire are given as velocity inlet, pressure outlet, and wall. The reference length and area
are given to calculate the coefficient of forces. For solving a transient case initially, full
multigrid solution is determined and a steady state second order upwind simulations are
performed. After results converge to the steady state, the analysis of the transient simulation
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starts with a time size 0.001s and 20s of maximum flow time. When flow reaches its
maximum flow time the solution is transferred to the static structural simulation. To proceed
with structural simulations, the input for the isotropic properties of the solid material like
Young’s modulus and the Poisons ratio values are input. For the thin flexible wire, the
material type is close to optic cable with Young’s modulus of 1.9 x 106 and Poison’s ratio is
0.3. After providing the material inputs the boundary condition should be specified. The
pressure input is transferred from the fluid solution and the fixed end conditions are given
for both the ends of the cylinder. And solved for the maximum deformation.
The Figure 57 shows the end boundary conditions. Figure 59 and Figure 59 show the
pressure load distribution on the wire and the deformation pattern due to the pressure loads,
respectively. The deformed structure is exported in the *.STL (STereoLithography) format.
This geometry file is imported in the ICEM-CFD and the fluid domain is created and similar
grid parameters are used to generate the grid on the deformed surface. The mesh is imported
into the fluent solver and transient simulation is performed to estimate the unsteady
parameters and capturing the vortices. Averaging is used for computing the drag coefficient
for the deformed wire.

Figure 56: The Structural grid for the solid domain.
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Figure 57: End boundary conditions for the static structural analysis

Figure 58: Imported pressure on the wire from fluid simulations
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Figure 59: Structural deformation pattern of the flexible wire

3.3 Grid Independence study
The grid independent study is really important before drawing conclusions based on the
simulations. Especially for the direct numerical simulation, the grid plays a vital role. If the
grid is not fine enough, the small eddies will not be captured and the results will have high
uncertainties. The grid independence was studied on a smooth cylinder with a 1 inch
diameter to compare with literature values. A total of four different 2D-structured grids are
computed and the fluid domain of length 100d. The details of the grid resolution are as
follows:


Grid 1 (coarse):

o

The minimum element size 2 mm

o

The first layer (y+) = 0.001mm

o

A total of 5 boundary layers is given.

o

Number of grids 10000 (approximately).
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Grid 2 (medium):

o

The minimum element size 0.5 mm

o

The first layer (y+) = 0.0001mm

o

A total of 10 boundary layers is given.

o

Number of grids 50000 (approximately).



Grid 3 (fine):

o

The minimum element size 0.1 mm

o

The first layer (y+) = 0.0001mm

o

A total of 15 boundary layers is given.

o

Number of grids 150000 (approximately).



Grid 4 (very fine):

o

The minimum element size 0.01mm

o

The first layer (y+) = 0.00001mm

o

A total of 20 boundary layers is given.

o

Number of grids 450000 (approximately).

Figure 60 shows the coarse, medium, fine and very fine grids respectively. The Figure 61
shows the coefficient of drag with respect to Reynolds number for all the four grids. The
cylinder drag coefficient literature values are compared with simulated values for the 25 mm
diameter cylinder and Reynolds number in the range from 200 to 1000. The simulation
results for the Grid 3 gave the most satisfactory agreement, hence this grid size is used to
simulate. Figure 62 shows the smooth convergence of the residuals for the Grid 3.

Figure 60: Shows (a) Coarse grid, (b) Medium grid, (c) Fine grid, (d) Very fine grid
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Figure 61: The coefficient of drag vs Reynolds number comparing the results from different
grids to the literature values

Figure 62: The convergence of residuals for Grid 3 (fine)
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3.4 Computational simulation results
3.4.1

Rigid cylinder simulations results

The rigid cylinder simulations were performed to compare with the experimental coefficient
of drag for the wires of diameter 500 microns, 760 microns, 790 microns and 1000 microns
and for velocity range 5 m/s to 18 m/s. The 5 level full multigrid analysis with hybrid
initialization is used for initial solution and first order upwind is solved. As the solution
converges for the first order upwind, the simulation using second order upwind is performed
for better convergence. A total of 10000 iterations were calculated to achieve convergence
on the order of 10-6. The computational results are compared with the literature values in
Figure 63. It is observed that the computational results show a trend similar to the
experimental results.
On further analysis, it is observed that the computational results show 8% (approximately)
lower drag coefficient values than the experimental results. The velocity vector field around
the rigid circular cylinder for diameter 500 microns is shown in Figure 64, a narrow wake
with supercritical flow separation is seen. The wall shear forces are zero at separation points,
the flow separation angles for the wires are calculated by converting the Cartesian
coordinates of the zero wall shear location on the cylinder to polar coordinates. Figure 65
shows the flow separation angles calculated around the rigid cylinder for the entire range of
Reynolds number. These flow separation angles corresponds to the rigid cylinder, to account
the deformation, the fluid structure interaction simulations are computed.
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Figure 63: Comparing the coefficient of drag for the rigid cylinder to the literature and
Fornberg’s data as a function of Reynolds number.

Figure 64: The velocity vectors around the rigid cylinder of diameter 500 microns at Reynolds
number 255. (dw is the wake width)
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Figure 65: The flow separation angles vs Reynolds number for rigid cylinder

3.4.2

Flexible cylinder simulations results

This section shows the results of deformed wire similar to the experimental setup. Figure 66
shows the comparison of the drag coefficient to the literature and Fornberg’s data. Figure 67
shows the comparison of experimental data with the fluid structure interaction (FSI) drag
coefficient values. The FSI results of magnitude of the drag reduction are similar to that
observed in the experiments.
The thin flexible wire deforms symmetrically due to the flow induced forces and the
maximum deformation is observed in the mid plane of the flexible cylinder. The structural
deformation increases with increasing Reynolds number for all the diameters. The ratio of
maximum to minimum deformation of the flexible wire in the given range of Reynolds
number is 3% (approximately). For flow past large fineness (l/d) ratio cylinder having a thin
wake region, the drag forces are largely due to skin friction, i.e. the shear stresses of the wire
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boundary layer. For bluff bodies (or small l/d ratio), due to the pressure gradient on the
boundary layer, the flow usually separates near points of maximum cross-section and forms
a broad wake. The difference in stream wise component of the pressures in the fore and aft
parts of the cylinder results in the pressure drag, which is a predominant portion of the total
drag.
The flow separation angles, as shown in Figure 70, are calculated for all the range of
Reynolds numbers. To find the separation angles the wall shear stresses are calculated on
the wire in the mid plane where the wire has maximum deformation. The Figure 68 shows
the wall shear stress calculated on the cylinder mid plane for diameter 500 microns at
velocity of 5 m/s.
Figure 70 shows the flow separation for the wire diameters 500 microns, 760 microns, 790
microns and 1000 microns, for the entire range of the Reynolds numbers. For the low values
of Reynolds number, the flow separation angle is greater than 90o which implies narrow
wake behind the cylinder and lower drag coefficients.
To further analyse the flow separation in the span wise direction for the thin flexible wire,
two other sections in the span wise direction are taken on either side of the mid plane.. The
flow separation angle for the 3 different cross sectional planes are estimated at length of 63.4
mm (0.25L), 127 mm (0.5L), and 190.5 mm (0.75L).. Figure 71 shows the flow separation
angle for different span wise direction for diameter 500 microns. The plots for diameters
760, 790 and 1000 microns are shown in Figure 72, Figure 73 and Figure 74, respectively.
The flow separation angle increases moving the separation point aft on the cylinder forming
a narrow wake. The entire narrow wake structures in the span wise direction on the cylinder
results in a reduced coefficient of drag. The similar trend is observed for all the wires.
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Figure 66: Comparing the coefficient of the drag from FSI simulations to the Literature and
Fornberg’s data.

Figure 67: Comparing the drag coefficient vs Reynolds number for the experimental and
FSI results.
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Figure 68: The schematic of the flow direction and separation points for the diameter 500
microns at Re = 161

Figure 69: The wall shear stress for upper and lower surface of the cylinder illustrating the
separation points for diameter 500 microns at Re =161
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Figure 70: The flow separation angle vs Reynolds number for wire diameter 500, 760, 790 and
1000 microns.

Figure 71: The flow separation angles in span wise direction vs Reynolds number for wire
diameter 500 microns
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Figure 72: The flow separation angles in span wise direction vs Reynolds number for wire
diameter 760 microns

Figure 73: The flow separation angles in span wise direction vs Reynolds number for wire
diameter 790 microns
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Figure 74: The flow separation angles in span wise direction vs Reynolds number for wire
diameter 1000 microns



Velocity Magnitude contours

The velocity contours are analyzed for different diameter wires at varying velocities. Figure
75 shows the velocity contours at the mid plane of the wire diameter 500 microns. The vortex
shedding oscillations in the wake gradually decreases with increasing velocity. The velocity
magnitude contours in the wake for velocity less than 15 m/s shows alternating vortices with
equal strength and approximately equal vortex separation distance. Whereas, for the velocity
greater than 15 m/s the vortex shedding occur with weak vortices in the downstream wake..
The Figure 76, Figure 77 and Figure 78 shows the velocity contours for diameter 760
microns, 790 microns and 1000 microns. The velocity range less than 15 m/s shows the
vortex shedding similar to wire diameter 500 microns and the strength of the vortices
gradually decreases for the velocity greater than 15 m/s.
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Figure 75: The velocity magnitude contours for different Reynolds number for diameter 500
microns

Figure 76: The velocity magnitude contours for different Reynolds number for diameter 760
microns

70

Figure 77: The velocity magnitude contours for different Reynolds number for diameter 790
microns

Figure 78: The velocity magnitude contours for different Reynolds number for diameter 1000
microns
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Vorticity Magnitude contours

At lower Reynolds number, the wake narrows down in the span wise direction as explained
in the earlier section for all the wire diameters. To further analyze the pattern of the vortices
in the span wise direction for a deformed wire, the vorticity contours are plotted. Figure 75
shows the vorticity contours for 500 microns diameter and Reynolds number 161 (velocity
5 m/s) at 0.25L, 0.5L and 0.75L locations. The contour for location 0.5L shows two vortices
in opposite direction, one behind the separation point and the other vortex moves in the
downstream of the wake. The attached vortex breaks down and turns its direction, this
distinctly shows the highly unstable wake whereas for the location 0.25L and 0.75L shows
a narrow wake with vortices of weak strength. Figure 80 shows the vorticity magnitude for
the 500 microns diameter at Reynolds number 323 (velocity 10 m/s) for the above mentioned
locations. The vortex structure similar to Reynolds number 161 is observed but for the
location 0.25L it shows the formation of the vortex with strong strength compared to the one
at 0.75L. Figure 81 shows the vorticity contour for the wire 500 microns diameter at
Reynolds number 484 (velocity 15 m/s), at the location 0.5L, it shows two vortexes similar
to the previous discussion, but at the location 0.75L, it shows the maximum vortex strength
than at 0.25L. For 500 microns diameter, Reynolds number 581 (velocity 18 m/s), shows a
narrow wake, but no vortices aregenerated in the near field wake. The similar trend is
observed for all the wire diameters.

Figure 79: The vorticity magnitude for the locations 0.25L, 0.5L and 0.75 L respectively,
diameter 500 microns and velocity 5 m/s
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Figure 80: The vorticity magnitude for the locations 0.25L, 0.5L and 0.75 L respectively,
diameter 500 microns and velocity 10 m/s

Figure 81: The vorticity magnitude for the locations 0.25L, 0.5L and 0.75 L respectively,
diameter 500 microns and velocity 15 m/s

Figure 82: The vorticity magnitude for the locations 0.25L, 0.5L and 0.75 L respectively,
diameter 500 microns and velocity 18 m/s
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Coefficient of Pressure Magnitude contours

The coefficient of pressure contours for the deformed body is also analyzed for different
diameters of the wire at varying freestream velocity. The adverse pressure gradient on the
surface of the cylinder causes the separation. The figure shows small symmetric recirculation
bubbles on the surface of the cylinder at low velocity which is changes to asymmetric bubble
at the highest velocity. Figure 83 shows the pressure contours for wire diameter 500 microns
for velocities ranging between 5 m/s to 18 m/s. The contours show small recirculation zones
on the either sides of the mean centerline, and this recirculation zones moves forward with
increasing Reynolds number. Whereas, for the velocity at 18 m/s the asymmetric pressure
distribution is observed. The similar trend is observed for the diameters 760 microns, 790
microns and 1000 microns as shown in Figure 84, Figure 85 and Figure 86.

Figure 83: The pressure magnitude contours for different velocities for diameter 500 microns
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Figure 84: The pressure magnitude contours for different velocities for diameter 760 microns

Figure 85: The pressure magnitude contours for different velocities for diameter 790 microns
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Figure 86: The pressure magnitude contours for different velocities for diameter 1000 microns
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Chapter 4
Results and Discussions
This section gives a summary of the experimental and computational results from the study
performed at different Reynolds numbers by varying the wire diameter and velocity. Up to
about 30% reduction in the coefficient of drag is observed with respect to the literature values
for the cylinder. This reduction is observed when all the results of the experiments and
computations are combined as shown in Figure 87. The maximum of reduction is noted for
the rigid wire simulations. The FSI simulation results, accounting for the flexibility of the
wire, show a smaller reduction in the drag coefficient but matching with that observed in the
experiments.
For flow past large fineness (l/d) ratio cylinders with a thin wake region, the drag forces are
largely due to skin friction, i.e. the shear stresses of the wire boundary layer. For bluff bodies
(or small l/d ratio), due to the pressure gradient on the boundary layer, the flow usually
separates near points at the maximum cross-section and creates a broad wake. The difference
in stream wise component of the pressures in the fore and aft parts of the cylinder results in
the pressure drag, which is a significant part of the total drag. The flow separation regions
and the boundary layer instabilities for relatively large cylinders are described by several
other researchers. Their substantial dip in the drag coefficient occurs when the boundary
transition occurs. This work, on the other hand, highlights the effects of wake flow
instability and transition affecting the drag of thin flexible cylinders at much lower Reynolds
numbers.
The drag coefficient is calculated by integrating the momentum deficit profile in the wake at
5d downstream with respect to the undisturbed upstream profile. It is observed that for
Reynold’s number less than 500 the experimental values are noticeably lower than the
literature values and this difference gradually diminishes for Re greater than 1000. The
combination of non-changing wake width and increasing maximum velocity deficit gives
rise to increasing velocity gradients which eventually leads to wake shear layer instability
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and transition. The velocity measurements are taken in the transitioning wake and the
downstream decay of normalized RMS velocity fluctuations shows different rates of decay
for the measured range of Reynolds numbers.
The flexible wire simulations have the same wake width similar to the hot wire experiment
whereas the rigid wire simulation shows narrow wake width, which results in lower drag
coefficient value. Figure 88 shows a comparison of the normalised mean velocity profile for
the 760 microns diameter wire and velocity 5 m/s . It shows the same wake width for hot
wire experiment and FSI simulation. Therefore, flexible wire simulation matches with the
hot wire data, hence the wake flow field is further analysed using the simulation results. The
flow separation angle for the flexible wire is calculated using the zero wall shear stress
criteria from the FSI simulation for all the Reynolds number range.
Assuming a rigid cylinder wake flow transition to occur about 200 Reynolds number, for the
subcritical Reynolds numbers the wake is laminar and separation occurs on the fore end of
the cylinder. Upon transition the separation point moves aft of the laminar separation point.
Now the deformation of the wire triggers an early wake transition and delays separation and
smooths the pressure gradient, with a consequent decrease in the drag coefficient. This
observation is consistent with Williamson’s [14]results which show that there is a slight dip
in the base pressure due to unsteady wake beyond Reynolds number of about 200.
To further analyse the wake structure and calculate the frequency of vortices, power spectra
in the wake region is obtained. The Strouhal frequency and its harmonics are seen by distinct
sharp peaks in the wake spectra. The Strouhal frequency increases with the increase in
Reynold’s number and the lowest Strouhal frequency is calculated at Reynolds number of
260 is 0.269, which is approximately equal to the frequencies in transcritical flows as
reported by Roshko [27]. This frequency peak is accompanied by broadband frequency
fluctuations. The shear-layer vortices occurring in low frequency range and the broadband
fluctuations at higher frequencies vanishes in the downstream wake regions. These results
suggest the origin of the large low-frequency irregularities in wake transition which are due
to the growth of large vortical structures in the wake. The flow induced deformation causes
turbulent separation and the flow detaches forming trailing vortices of equal strengths but
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alternating senses and this shedding decrease with increasing Reynolds number.Figure 89
shows the velocity contour plots for comparison of the shedding modes for the wire before
and after deformation, (a) and (b) shows the cross sectional view with flow vectors for an
un-deformed and deformed wire respectively. The rigid wire has a narrow wake compared
to the flexible wire and it also shows a pair of vortices are released from the un-deformed
wire which is also known as ‘P’ mode. The deformation alters the shedding mode to a pair
vortex combined with single vortex also know an P+S mode and this variation in the wake
contributes to the drag reduction [2]. Figure 90 shows the span wise velocity magnitude for
the un-deformed wire which shows uniform shedding and strong normal velocity gradients
in the near wake. Figure 91 shows the span wise velocity magnitude to be almost uniform
witless strong normal velocity gradient in the near wake. These observations and results
encourage further investigation of the nature of the wake and its interaction with the
boundary layers. It is believed that the wake in the downstream is altered due to the
deformation which significantly effects of wake transition effecting the coefficient of drag
for the experiments and computations.

Figure 87: Comparing the coefficient of drag vs Reynolds number from the pitot-static wake
survey, hot wire survey, and FSI computation
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Figure 88: Normalised mean velocity for rigid, flexible wire simulation and hot wire
experiment at Re =260, diameter 760 microns

Figure 89: The mode of vortices for un-deformed and deformed wire
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Figure 90: The span wise velocity magnitude distribution for the un-deformed wire of
diameter 760microns and Re 255

Figure 91: The span wise velocity magnitude distribution for the deformed wire of diameter
760microns and Re 255
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Chapter 5
Error and Uncertainty analysis
Any measured or computed quantities have uncertainties, the sources of uncertainties depend
on the method and instruments used. In this research, the experiments were performed to
calculate the drag coefficient and to measure the mean velocity and RMS velocity in the
wake. The sources of uncertainties for drag measurement come from the pressure transducer,
pitot-static tube, manual traverser used to traverse the pitot static tube in the wake, the
Vernier calipers used to measure the diameter of the wire has an uncertainty of ±0.01 mm.
Whereas for the turbulent measurements location of the automatic traverser in the
downstream is manually moved.
There are also changes in the standard atmospheric parameters (density, temperature) during
the pitot static measurement and hot wire measurements. Instead of estimating the individual
uncertainties, in this research the experimental uncertainties are estimated by repeating the
measurement and finding the experimental scatter. The experiments for the diameter of 760
microns are repeated 3 times to calculate the uncertainty of the drag coefficient. The Figure
92 shows the coefficient of drag for three different experiments and it is observed a
maximum of ±3% of the variation is observed for the freestream velocity 5 m/s to 18 m/s.
No wind tunnel corrections were used for the measured drag coefficient because the wire
size was very small compared to the wind tunnel test section size.. For the present research
the drag is calculated using the momentum balance, the end interference effect and other
blockage effects are neglected.
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Figure 92: The uncertainty analysis for experimental results of wire diameter 760 microns
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Chapter 6
Conclusion and Future Work
6.1 Conclusion
The drag coefficient of thin flexible cylindrical wire in a cross flow is investigated for
Reynolds numbers in the range of 150 to 1250. Experiments using pitot static tube and single
hotwire anemometer and, the DNS simulations using 0.15 million grid elements are used for
the study. Compared to the generally accepted details of the wake structure this study
suggests up to 30% reduction in the drag coefficient at Reynolds numbers between 150 and
1250. The evidence of unsteady wake flow structure leading to turbulence in the wake
nearfield is believed to be responsible for the drag reduction.
There is very little wake growth with increase in velocity in the nearfield. Semblance of
periodic narrowband unsteadiness (vortex shedding) is noticed for low Reynolds numbers.
As the Reynolds number increases, the periodic unsteadiness changes to a broadband random
unsteadiness, leading to a fully turbulent wake. The fluid structure interaction result suggests
small deflection values and a weak shear and vorticity in the wake when compared to the
rigid wire.
Consequently, less fluctuation in velocity and wake mixing is expected. This gives rise to
somewhat lesser reduction in the drag coefficient for flexible thin wire than the rigid wire.
But the variation in wake structure due to the deflection for large diameter wires are not
investigated.
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6.2 Future Work


To investigate the 3D structure of the wake by conducting a 3 dimensional hot

wire experiment


The flow visualization using high speed camera to capture the structural

deformation of the wire and compare with the computational results.


The present investigation is limited to only one flexible material, experiments on

different materials with low stiffness should be performed.
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Appendix
Table 2 Coefficient of drag for different Reynolds number

Diameter
(microns)

500

760

790

1000

Velocity
(m/s)

Reynolds
number
(Re)

5

161

Drag coefficient values (Cd)
Pitot
Hot
CFD
CFD
Static
Wire (Rigid Wire)
(FSI)
0.991
0.981
0.893
0.931

10

323

1.190

1.018

0.918

0.876

15

484

0.872

0.862

0.816

0.856

18

581

0.853

0.843

0.772

0.842

5

245

1.180

0.880

0.823

0.997

10

490

1.000

1.000

0.921

0.973

15

735

0.900

0.793

0.722

0.819

18

883

0.898

0.849

0.769

0.891

5

255

0.910

0.882

0.859

0.864

10

510

0.800

0.900

0.821

0.885

15

765

0.837

0.737

0.684

0.787

18

917

0.730

0.844

0.813

0.788

5

323

1.098

0.817

0.744

0.878

10

645

0.866

0.898

0.827

0.843

15

968

0.875

0.722

0.651

0.785

18

1161

0.892

0.817

0.764

0.844
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Power spectral plots

Figure a-93: The normalized power spectral density for Reynolds number 245

Figure a-94: The normalized power spectral density for Reynolds number Re 490

91

Figure a-95: The normalized power spectral density for Reynolds number 510

Figure a-96: The normalized power spectral density for Reynolds number 645

92

Figure a-97: The normalized power spectral density for Reynolds number 735

Figure a-98: The normalized power spectral density for Reynolds number 765
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Figure a-99: The normalized power spectral density for Reynolds number 883

Figure a-100: The normalized power spectral density for Reynolds number 917
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Figure a-101: The normalized power spectral density for Reynolds number Re 968

Figure a-102: The normalized power spectral density for Reynolds number Re = 1161
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