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Abstract

Fluid structure interactions have been thoroughly studied in the past few decades due to their high
importance in engineering applications. This phenomenon plays an important role for example in
offshore risers, high slender buildings, chimney stacks, heat exchangers, etc. The vortices
shedding from the bluff body can induce high-amplitude oscillations. This phenomenon is known
as vortex-induced vibrations (V1V). In this thesis, a numerical study has been performed to better
understand the impact of mass ratio and surface roughness on vortex induced vibrations. The work
concentrates on vortex induced vibration in a 2D circular cylinder having different mass ratios and
surface roughness at a high Reynolds Number (Re) = 10*4. The cylinder was elastically mounted
on a mass-spring-damper system, with 1 degree of freedom (dof). The numerical solution is
calculated using Reynolds-averaged Navier—Stokes (RANS) equations with computational fluid
dynamic (CFD) tools. All the calculations were performed with kw-sst model. The study results
concluded that VIV phenomenon is strongly affected by the mass ratio and surface roughness.
Higher mass ratios result in shortening of lock-in region with a decrease in amplitude response. It
was concluded from the study that rough cylinders have smaller amplitude response and a
narrower lock-in region as compared to smooth cylinders. Vortex modes of 2S, 2P, P+S and 2T

were observed in this study which agree well with the amplitude response.

Keywords: Flow induced vibrations, reduced velocity, surface roughness, mass ratio
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Chapter 1: Introduction

1.1Background

Fluid flow over rigid bodies is such a common phenomenon, that it can be encountered in
almost every aspect of our worldly experience. This fluid structure interaction is of great importance,
as the fluid flowing past the structure can induce VIV phenomenon. Vortex induced vibrations can be
extremely destructive in nature, they affect many engineering applications such as skyscrapers, power
transmission lines, underwater pipelines and bridge decks. Offshore industry is one of the most
vulnerable fields to VIV due to the extensive constructions in flowing water. Drilling risers,
catenaries, marine cables and underwater pipelines are a few examples that are highly susceptible to
Vortex induced vibrations. A cylinder undergoing vortex induced vibrations can be seen in figure 1.

VIV phenomenon is highly dependent on the physical properties (such as mass, shape and
condition of the surface) of the bluff body. Surface roughness plays an important role in physical and
chemical phenomena and is, therefore, of great importance in science and engineering. Flow past a
bluff body with some degree of surface roughness behaves differently in comparison to that of a
smooth body. Thus, affecting the flow characteristics and VIV phenomenon. In real life every surface
is rough up to some extent. In addition to surface roughness, mass ratio has significant impact on the
flow characteristics and vortex formation.

The purpose of the study is to validate the available experimental data and build the confidence
on numerical analysis to reduce the cost of studying the VIV phenomenon. The study will result in
better understanding of the impact of surface roughness and mass ratio on the VIV phenomenon and
flow characteristics.
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Figure 1. Schematic diagram of a cylinder undergoing VIV

1.2 Literature Review

Feng [1] in 1969 conducted experimental works to develop understanding of VIV phenomenon in
terms of the response amplitude, phase angle, wake velocity and frequencies for varying reduced
velocities and levels of damping. Feng’s work covered the ‘lock-in’ region, where vortex shedding
frequency becomes equal or close to the natural frequency of the body. Lock-in region is an area of
major interest as amplitude response reaches maximum value. Blevins [2] conducted a study to find
that the vortex shedding happening around the cylinder generates time-dependent drag and lift forces
over a certain Reynolds number range. In case of a flexibly mounted cylinder these forces can induce
vibrations in the cylinder. The lift induces cross-flow (CF) vibrations, and the drag induces inline (IL)
vibration, combination of CF vibrations and IL vibrations is known as vortex-induced vibration (VIV).
Breuer [3], Sarpkaya [4] and Bearman [5] performed extensive study and has cleared many ambiguities
regarding the restrictions faced during numerical solutions. Breuer [3] performed a numerical study at
Re=3900 using large eddy simulation (LES) for flow past a circular cylinder. The results show good
agreement with experimental data. The reviews conducted by Sarpkaya [4] and Bearman [5] elucidated
that amplitude response is highly susceptible to Reynolds number which is well documented at low

Reynolds numbers more research is required to understand its effect at high subcritical values and



through the critical range since many practical applications are found in these flow regimes. Large-
eddy simulation, Reynolds averaged NS and Direct-numerical simulations are mainly used in case of
turbulent flow. RANS is emerging technique due to its low computational cost and acceptable results.
Studies on VIV in circular cylinders at higher Reynolds Number are still scarce whereas low Re and
low mass ratios have been covered many times in numerous studies. Placzek et al. [6] performed a
numerical study using 2D (2 Dimensional) RANS code to investigate VIV phenomenon at low mass
ratio and low Reynolds number (RE=100). The vortex shedding mode was effectively captured by 2D
RANS code at low RE (RE = 100).

By utilizing 3-dimensional Navier-Stokes equations Zhao et al. [7] studied the VIV in Re range of Re
=150 to 1000. From these studies it was realized that 2D Navier-Stokes are not suitable for the solution
VIV in turbulent flows. On the other hand, using 2D (2 Dimensional) Rans code gave reliable results.
Niaz et.al [8] performed a study at Re = 3900 around a fixed structure using LES code along the
Smagorinksy—L.lly subgrid-scale model to develop a better understanding of the impact of spanwise
length and mesh resolution on calculating recirculation length and angle of separation. Khalak and
Williamson [9] performed experimental studies at low mass ratio in the Reynolds number range of Re
=1,700 to 12,000 for the comprehension of VIV phenomenon. Guilmineau and Queutey [10], Pan and
Cui [11] and Wei Li et al. [12] conducted numerical studies to validate their results with expermintal
results obtained by Khalak and Williamson [9] but despite predicting the vortex-shedding mode and
the transition among different modes, their studies couldn’t compute the maximum amplitude response.
Nguyen V-T and Nguyen HH [13] performed a study by using detached-eddy simulation (DES) [which
is hybrid of RANS and LES] at low mass ratio and high Reynolds number, to validate their results with
experimental work done by Hover [14]. And it did show good agreeability with experimental results.
Niaz et.al [15] performed a numerical study using computationally less expensive RANS shear—stress-
transport (SST) k-w turbulent model at high Reynolds number (1074) and low mass ratio, the results
agreed well with the experimental studies and 3-dimensional DES.

Mass ratio of a bluff body is an important parameter, which significantly affects the flow characteristics
and VIV phenomenon. In a review study by Williamson and Govardhan [32], a thorough analysis was
performed on the effect of mass and damping ratios. Their review showed that how mass ratio
influences, the dominant frequency in synchronization conditions, the maximum amplitude response
in upper and lower branches, and the upper limit of Ur of the synchronization region. B. Stappenbelt

et al. [22] conducted a physical experiment to find out that with decreasing mass ratio lock-in region
3



widened and traverse amplitude response increased. Bahmani and Akbari [39] analyzed the effect of
mass and damping ratios via 2D simulations in the laminar regime with Reynolds number ranging from
80 to 160 and the mass ratios are m*=74.5, 149, 298. They found that the results agreed well with the
literature, increase in m*C (by either varying m* or () decreased the maximum amplitude response and
the reduced velocity range over which lock-in occurs. Alireza modir et al. [23] performed an
experimental study for an elastically mounted rigid circular cylinder within Reynolds numbers (1.7 X
104 <Re <7 x 104 ) in a high damping system for mass ratios of (m* = 1.6, 2.3 and 3.4) and concluded
that the maximum amplitude of oscillation and the range of synchronization strongly depend on mass
ratio. As m* decreases, the maximum VIV response increases and the synchronization range widens
and shifts towards the higher Reynolds numbers.

Pigazzini, R. et al. [38] conducted a study on an elastically mounted circular cylinder by using URANS
code at Reynolds number in order of 1074 for three different mass ratios (m+=1.2, 2.4, 3.6) to
investigate the effect of mass ratio on VIV response of 1DOF multi-frequency cylinder system in
traverse direction. The study gave a profound insight into the characteristics of vortex-induced lift
force. For specific combinations of (Ur, mx), ultra- and sub-harmonic terms are observed to take the
control of the VIV process, both at lock-in and in desynchronization regions. This study focused only
on limited number of mass ratios and 1DOF vibrating system. J. Zhao et al. [37] conducted an
experimental study for an elastically mounted square cylinder in the Reynolds number range
of 1000<Re<12300 to investigate the effect of mass ratio (ranging from m*=2.64 to 15) on the
crossflow VIV response for three angles of attack, a= 0°, 20° and 45°. It was found that at a= 0° the
VIV galloping response decreased with an increase in mass ratio, for m* > 11.31 it completely
diminished. For a= 45°, there was only marginal reduction in the peak response & for o= 20°, after
critical mass ratio m*=3.5 there were no higher branch subharmonic VIV. Z. Tang et al. [40] analyzed
the effect of spring stiffness and mass ratio (2 < m*< 10) on flow-induced vibration (FIV) of a square
cylinder placed at four different incidence angles, o= 0°, 10°, 22.5° and 45°. The results showed that a
critical mass ratio exists (m*it=2.8) below which galloping disappears. Chen et al. [41] analyzed the
VIV response of a circular cylinder with low mass ratio (m*=2.39) and moderate Reynolds numbers
(within the range 1155 through 6934) through a nonlinear energy sink (NES) using RANS code and
kw-SST model. The results showed that placing NES inside of the low mass ratio cylinder affected the

distribution of three branches, narrowed the lock-in region and shifted it towards left.



Various studies have been conducted to study the effects of surface roughness on vortex induced
vibrations of a circular cylinder as shown in Table 1, Okajima et al. [16] performed a study of a flexible
cylinder in air whereas Allen & Henning [17]; Bernitsas et al. [18]; Kiu et al. [19]; Gao et al. [20]),
performed studies of flexible cylinders in water. Okajima et al. [16] performed a study in the subcritical
Reynolds number range and the amplitude response of a rough cylinder is smaller in comparison to a
smooth cylinder. Whereas, VIV amplitude of the rough cylinder is higher in comparison to a smooth
cylinder, in the critical Reynolds number range. At present, there are many experimental studies on the
rough cylinder in the air, but few on the characteristics of the rough cylinder in the water. Allen &
Henning [17] performed a study within the critical and supercritical Reynolds number to investigate
the effects of surface roughness on the cylinder VIV. There was no significant effect on the VIV
response due to the surface roughness. Which is due to the fact that smooth cylinder has low resistance
in the critical range and the smooth cylinder has no amplitude response.

Bernitasas et al. [18] performed an experimental study in the range of 8 x 10"3 < Re < 2.0 x 10”5 to
investigate the VIV phenomenon of an elastically mounted circular cylinder with rough bands. The
study concluded that the flow characteristics of the fluid near the cylinder are highly sensitive to the
roughness grit size, width and location of the rough bands. The study showed that roughness magnitude
and distribution can be utilized to control or maneuver the VIV response and the range of lock-in
region. Kiu et al. (19) performed an experimental study in the range of 1.7x10"4 to 8.3x10”"4 on an
elastically mounted rigid cylinder and found that with the increasing roughness, the maximum VIV
amplitude and the mean drag coefficient decrease, tending toward constant values. The Strouhal
numbers of rough cylinders are higher in comparison to smooth cylinders. Gao et al. [20] designed a
physical experiment method to study the influence of surface roughness on VIV response of a riser,
and compared the resistance, lift force, tension, vortex shedding frequency, vibration frequency and
displacement response of the risers with different surface roughness.

The VIV lock-in phenomenon occurs earlier in the streamwise direction in comparison to transverse
direction, so the VIV amplitude response is higher for streamwise direction as compared to transverse
direction at the low reduced velocities. The rough riser had a smaller VIV amplitude response, higher
vortex shedding frequency and a narrower “Lock-in” region, in comparison to that of smooth riser. Y.
Gao et al. [21] performed a study with 2D RANS approach and a SST k—o turbulence model at
RE=5000 for a smooth cylinder and a rough cylinder with different degrees of roughness, and found

that reduced velocity could be divided into four parts: initial branch, upper branch, lower branch and
5



desynchronization region based on the VIV. Rough cylinders have smaller VIV response and lock-in
region compared to smooth cylinders.

N A S Ramazi et al [33] performed an experimental study on a short rigid cylinder to investigate VIV
phenomenon and dynamic responses in cross-flow direction at different surface roughness. The
experimental study was performed in the range of 1m/s to 8m/s of wind speed, the experimental setup
used an accelerometer and LMS TestXpress software for recording and processing of amplitude
response readings respectively. The study found that the higher surface roughness resulted in higher
amplitude response reductions. Mohd Kushairi Mohd Ghazali et al. [34] performed an experimental
study in subcritical range of Reynolds number from 4.9 x 1073 to 1.5 x 1074 for a cylinder with
roughness coefficient varying from 0.19 x 107-3 to 5.10 x 107-3. The study found that as the surface
roughness increases the amplitude response of the structure decreases, due to the formation of narrow
wake regions. In addition to this, the frequency of the vibration also increased with an increase in
surface roughness whereas amplitude response was found to be small. Y. Gao et al. [35] performed a
numerical study at RE=5000 with 2D URANS and SST k—w turbulence model for rough oscillating
cylinder in the vicinity of a plane wall. On the basis of amplitude response in cross-flow direction, the
reduced velocity range can be divided into three regions; pre-lock-in, lock-in, and post-lock-in. The
results showed that the VIV trajectory of the cylinder is highly sensitive to the reduced velocity but not
to the surface roughness. Cylinder with initial small gap displayed a coalescing effect with formation
of weak 2S vortex mode, while there was no coalescing effect for cylinder with large initial gap and
asymmetric 2S vortex mode was found in the wake region.

X. Han et al. [36] performed a numerical study for a 2DOF vibrating cylinder system in the Reynolds
number range of 1500 to 10500 with 2D RANS and SST k—w turbulence model for varying surface
roughness. It was found that the rough cylinder VIV also has SS branch, AS branch, initial branch,
super upper branch and lower branch. The rough cylinder also has 2S, 2T and 2P wake vortex shedding
patterns just like smooth cylinders, in the range of reduced velocity Ur = 2.0-14.0. Different from
smooth cylinder, rough cylinder also produces 2P wake vortex shedding pattern in the low reduced
velocity range, but in the high reduced velocity range, when the surface roughness Ks/D = 0.005 and
0.01, the surface roughness of cylinder will suppress the generation of 2P wake vortex shedding pattern
which changes to 2S wake vortex shedding pattern.

One of the objectives of the study is to build confidence in the RANS kw-sst model for predicting VIV

phenomenon of a circular cylinder. This study was conducted on a smooth cylinder (Ks/D = 0, where
6



Ks is the diameter of a hypothetical grain of sand) and on a rough cylinder with roughness value (i.e.,
Ks/ D=2 x 10-2) with mass ratios of 2.4 and 11. For each surface roughness and mass ratio, 6 different
reduced velocities ranged from 2 to 14 were selected for the study. Therefore, there were 24 simulation
cases in total.

Table 1. Analyses of flexible cylinders having different degrees of surface roughness.

Author Year Reynolds Number Surface Roughness
In air

Okajima et al. [16] 1999 2.5x10%— 3.2x10° 5x10° — 3.8 x107

In water

Allen and Henning [17] 2001 1.8x10°— 6.5x10° 5.1x10° - 5.8 x10®
Bernitsas et al. [18] 2008 8.0x10%— 2.0x10° 1.4x10° — 4.2 x10°®
Kiu et al. [19] 2011 1.7x10% - 8.3x10* 2.8x10% - 1.4 x1072
Gao et al. [20] 2015 2.5x10% - 1.8x10° 1.1x10* - 1.2 x107?
Objectives:

This research work includes following objectives:
» To study the impact of mass ratio on vortex shape, crossflow amplitude and lock-in region.
» To study the impact of surface roughness on vortex shape, crossflow amplitude and lock-in region.

» To assess the capability of RANS model.



Chapter 2: Numerical approach

This chapter demonstrates the numerical approach used for a rigid cylinder undergoing vortex induced
vibrations with one degree of freedom in crossflow direction. All the simulations are performed at a
subcritical Reynold’s Number of 10000 and will be carried out at reduced velocities in the range of 2
<Ur<14.

2.1 Incompressible Navier-Stokes Equations

In this current study, the fluid flow past a cylinder is considered an incompressible, two dimensional

and unsteady flow. The unsteady Reynolds—Averaged—Navier-Stokes (RANS) equations can be

written as:
ou;
— =0 1
axi ’ ( )
ou, , oy, 1 0p 2 6u{u5
—t—=———4+vVu ——-, 2
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where ui and u;j represent the instantaneous velocity components in the i and j directions, respectively;
for example, u and v are velocity in the x and y directions, respectively; ui and u; are fluctuation
velocity components in the i and j directions, respectively. Furthermore, Xi and x; are Cartesian
coordinates in the 1 and j directions, respectively; t is time; p is pressure; p and v are the density and

kinematic viscosity of fluid, respectively; vt is the turbulent viscosity and k is the turbulent energy.



The SST k—w turbulence model was proposed by Menter [24] which is an improved version of the
standard k—® model combining the pros of both k-w model and k-epsilon model. In comparison to
direct numerical simulation (DNS) and large eddy simulation (LES), numerical simulation using the

SST k—m model consumes much less computational cost.

2.2 Simulation model

The schematic diagram of the elastically mounted circular cylinder for 2D flow simulation in cross
flow direction can be seen in Figure 2. For simulation of vibrating cylinders, the cylinder is considered
as a mass-spring damping system consisting of mass (m), stiffness (K) and damping (c).

The motion generated in the cylinder in the crossflow direction as a results of acting fluid forces can

be expressed mathematically as:

my'+cy+Ky=Fy @)
Fl)y, m___ wt)
/ D _»\
U —» { s }
e A
\/ /
T
< e

Figure 2. Schematic diagram of the elastically mounted circular cylinder in cross flow



2.3 Numerical Method for 1-DOF system

An option in ANSYS Fluent, named as Six degree of freedom method (SDOF), is utilized for the
investigation of the VIV phenomenon in transverse direction. The relevant properties of the moving
objects are specified using the Macro, (DEFINE_SDOF_PROPERTIES) for the SDOF solver in
ANSYS Fluent. SDOF can be utilized for 1 degree of freedom by constraining motions in 5 other
directions, by utilizing a command line in the User-Defined Function file. (Appendix )

The acceleration of the cylinder is calculated by solving all the external elastic forces acting on it. The
velocity and displacement in the time domain can be calculated accordingly. The motion of the center

of gravity is mathematically expressed as:

Vg =%Zfo ()

where v is the accelration, m is the mass and f¢ represents all forces acting on the body.

After applying on the rigid cylinder:

s A _Fy—cy—ky
Fe by (6)

where y, y, y'are the displacement, velocity and acceleration of the cylinder at the same timestep, Fy
is the fluid force and cy and ky are the elastic forces acting on the system. The position of rigid body

is calculated and updated at each timestep by dynamic mesh method from velocity.

The velocity at each time step is given by:

Vn = Vn-14t (7)
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2.4Non-dimensional parameters:

All the parameters in this study are non-dimensional and are defined as below.
Mass ratio
The mass ratio of a cylinder is defined as the ratio of mass of the oscillating cylinder (mosc) to the
mass of fluid displaced (my).

It is given as

m* - mosc (8)
Where m; = 1pnD’L

where p, D and L represent the density of fluid, diameter of cylinder and submerged length of
cylinder, respectively.

Reynolds number (Re)

The ratio of inertial force to viscous force within the fluid is known as Reynolds number and is
given by;

Re = — 9)

where U, D and v represent the inlet velocity, characteristics length and kinematic viscosity,
respectively

Reduced velocity

Reduced velocity (Ur), which is mean velocity normalized by diameter of cylinder and natural
frequency of structure, is an important parameter when the structure begins oscillation due to the

VIV phenomenon. This parameter is defined by
U =5 (10)
Where U, D and f, are velocity of fluid, diameter of cylinder and natural frequency of structure,

respectively.
11



Some of the other non-dimensional terms that have been used in this study are shown in Table 2.

Table 2. Definitions of non-dimensional parameters and variables

A A/D Amplitude ratio
my %pDzL The displaced fluid mass
Meylinder Mass of cylinder
mg Comy Added mass
my Mg + Meylinder Oscillating system mass
m* m,/my Mass ratio
ke 1 K System natural frequency
2n mcylinder
o Oscillating frequency of the
cylinder
f* fo Frequency ratio
fn
ik u Reduced velocity based on
oD natural frequency
c 4nd{mf, System damping

12




Chapter 3: Design & Development Methodology

3.1 Problem Statement

The aim of this project is to analyse the effect of mass ratio and surface roughness on vortex induced

vibrations using ANSY S/fluent. This research work will focus on three main parameters:

e Cylinder amplitude Response
e Vortex mode

e Hydrodynamic force coefficients (Cd, Cl)
The study is divided into two sections:
Section 1: Impact of mass ratio on vortex induced vibrations
Section 2: Impact of surface roughness on vortex induced vibrations

This study was conducted on a smooth cylinder with Ks/D = 0, where Ks is the diameter of a
hypothetical grain of sand) and on rough cylinders with roughness value (i.e., Ks/ D =2 x 10-2) For
both smooth and rough cylinder mass ratios of 2.4 and 11 were used. For each surface roughness and
mass ratio, 6 different reduced velocities ranged from 2 to 14 were selected for the study. Therefore,
there were 24 simulation cases in total. The change in Ur is achieved by changing the natural

frequency of the cylinder.

3.2 Flow requirements/ Computational domain
Fluid flow is highly dependent on the size of the flow domain. In literature different domain sizes have
been used.
e Shao [25] performed a numerical study using RANS code with the domain size of 30D x 16D
for flow around cylinder.
e Fang and Han [26] used a domain size of 8D in traverse direction, for the numerical study of
the hydrodynamic performance.

e Franke J, Frank W [27] performed a numerical study using LES model with the domain size of

25D x 20D for flow around a circular cylinder.

13



In many previous studies, it was observed that smaller domain size significantly effects the formation
of vortices in the wake region, so, a sufficiently large domain size is preferred to avoid the disturbances
caused by boundary conditions.

Zdravkovich [28], Navrose [29] and Zhao [30] concluded from their work, that 5% of the blockage
ratio (which is the ratio of cylinder diameter to the domain width) is assumed to be adequate to
minimize the effects of on cylinder response. Therefore, a computational domain size of 45D x 20D is
used in this study which meets the criteria (Fig 2).

The inlet boundary, which is on the left side of the domain, is placed at a distance of 15D from the
cylinder; the outlet boundary, which is at the right side of the cylinder, is placed at a distance of 30D
from the cylinder. Upper and lower walls of the flow domain are maintained at a distance of 10D from
the center of cylinder. A uniform velocity of 0.3149 m/s is applied at the domain inlet, corresponding
to the Reynold’s Number of 1074 (where D = 1 m, density = 1000 kg/m3 , and viscosity = 0.03149
kg/m-s). In this research work, all the important physical parameters like Re, m, z and frequency ratio,
are non-dimensional in nature. All the dimensionless parameters used in this study are similar to those
used by Hover [14] (Experimental study) and Nguyen et al. [13] (Numerical study) which is done by
adjusting the values of D, U, p, v, k, m and z.

3.2 Ansys/Fluent

For this numerical study, Ansys Fluent has been selected for the solution of flow around the cylinder.
As this software contains the broad physical modeling capabilities needed to model flow, turbulence.

From the design of the flow domain to the solution of the fluid flow, all steps have been completed in
Ansys Fluent. The summary and setup of the complete process has been explained below:

3.2.1 CAD Model
The CAD model for flow around cylinder is generated using design modular (Ansys Fluent).

Figure 3 shows the details of CAD model generated for this study.

14
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Figure 3. CAD Model with boundary conditions

3.2.2 Mesh:
In all case studies, the computational domain is divided into two zones, to control the stability of the

cylinder, the area around the cylinder is meshed using structured quadrilateral elements and the rest is
meshed using triangular elements. The mesh is developed in such a way that the region around the wall
of the cylinder has a very fine mesh whereas as the region far away from cylinder has a coarse mesh.
Figure 4 (a) and (b) represents the mesh and mesh detail section view near cylinder.

The non-dimensionless distance between the first mesh node and cylinder, known as the y+ value, is
very important in accurately solving the flow. According to ANSY'S [29], the y+ value should be less
than or equal to unity to ensure the adequate resolution of the grid near the cylinder in simulation. To
ensure the y+ value at unity, the 1% mesh layer height was place at 1.4e-3 from cylinder. Table 3. Shows

the mesh details. In the current study, y+ = 1 is maintained in all cases with Ur ranging from 1 to 14.

15



Figure 4. Mesh

Fige .() esh closup view near cylinder

Table 3. Mesh details

First layer height 1.4e-3

Total No. of mesh elements 51094

16



3.3 Grid Independency

The grid independency tests were performed at Re = 10000, m =11, Ur =5.84, z =0.001 and Ks/D
= 0 for the results of the maximum cylinder response amplitude (Ay/D) [Table 3]. These grid
independency tests were performed at different grid resolutions. Results obtained from these
simulations for maximum cylinder response amplitude were validated against the experimental [14]
and numerical study [13] performed by Hover and Nguyen respectively. Table 3 presents the results
for four different meshes. It was observed that M3 was able to achieve acceptable value of maximum
response amplitude and further mesh refinements had negligible impact on the cylinder response.
Therefore, M3 was finalized because it provided acceptable results and was even less time consuming
than the M4.

Table 4. Grid independency tests with RANS kw-sst Model

Mesh No. of elements | Maximum Ay/d Experimental Numerical Ay/d
Ay/d [14] [13]
M1 28050 0.52 1.003 0.9230
M2 34980 0.581
M3 51094 0.6702
M4 64364 0.6771

17



3.4 Boundary Conditions

To meet the requirements for this study, SST k-omega model has been used for pressure based transient
flow. It combines the best of the both worlds. The use of a k-® formulation in the inner parts of the
boundary layer makes the model directly usable to the wall through the viscous sub-layer and the SST
formulation switches to a k-g behaviour in the free-stream. Figure 5 shows working of SST k-omega.

An average static reference pressure of 0 Pa is applied at the outlet boundary. A symmetric wall
condition is applied to the both upper and lower walls of flow domain. To investigate the boundary
layer separation and vortex generation phenomenon, a No-slip condition is assigned to cylinder wall.
The result of applying No-slip condition is that the velocity near the cylinder wall would be zero and

moving away from the cylinder it will increase to the freestream velocity.

bbb

Slip Wall No-Slip Wall

Figure 5. SST k-omega

Dynamic Mesh

In Ansys fluent, an option called dynamic mesh is used for simulation of problems with boundary
motion. By the use of a User Defined Function (UDF) the motion of the circular cylinder can be
calculated from the integrated forces and stress exported from Fluent Solver. The UDF calculates the
new position of the cylinder and exports back to the solver and a new iteration start. Diffusion-based
smoothing method is used here for dynamic. Diffusion produces better quality mesh and allows

cylinder oscillations of high amplitude without any limitation on the direction of motion.
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Pressure-Velocity coupling

ANSYS Fluent provides four types of Pressure-Velocity coupling algorithms: SIMPLE, SIMPLEC,
PISO, COUPLED and for time-dependent flows using the Non-Iterative Time Advancement option
(NITA) Fractional Step (FSM). A considerably high amount of computational power is required for all
these algorithms, therefore, Non-Iterative Time Advancement option (NITA) Fractional Step (FSM)
scheme is used mostly for the unsteady flow simulation.

The details of all the input boundary conditions are shown in Table 5.

Table 5: Input boundary conditions

Solver type /time Pressure based /transient
Models SST k-omega
Materials Density = 1000 kg/m3
Viscosity = 0.03149 kg/m-s
Cell zone condition Operating pressure=0
Boundary conditions (Inlet) Velocity Inlet
Velocity=0.031
Boundary conditions (Outlet) Pressure outlet
Pressure=transient tabular data
Dynamic Mesh Mesh method=

Smoothing/Diffusion
Diffusion parameter=1.5

6-DOF
Solution method Coupling = Fractional step
Formulation = First order
NITA
Solution control Courant number is
mmaintained below 1
Monitors Coefficient of lift and coefficient
of drag
Solution initialize Standard
Run calculation Step size=0.004
(Smooth Cylinder)
Step size=0.1

(Rough Cylinder)
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Chapter 4 Oscillating cylinder

4.1 Smooth cylinder

4.1.1 Mass ratio 11
The smooth cylinder is allowed to oscillate in the transverse direction only where its displacement is

induced by vortex shedding from the cylinder. The cylinder is constrained by a spring—damper system
with spring constant k and damping coefficient ¢ as shown in Fig 2. A uniform velocity of 0.3149 m/s
is applied at the domain inlet, corresponding to the Reynold’s Number of 104 (where D = 1 m, density
= 1000 kg/m3, and viscosity = 0.03149 kg/m-s). All the parameters used in this case study are just the
same as used by Hover [14] and Nguyen [13]. All the simulations are performed at a subcritical
Reynold’s Number (Re) = 10”4, mass ratio = 11, damping z = 0.001 and are carried out in the reduced
velocities range of 2 < Ur < 14. The change in the reduced velocity is achieved by changing the natural
frequency f, of the cylinder.

Results & discussion
At mass ratio=11, 6 simulations were performed for reduced velocities of Ur=2.5, 3.78, 5.84, 7.52, 8.77

& 11, corresponding amplitude responses, vortex shapes and force coefficients were recorded. The
fluctuating lift force acting on the cylinder from vortex shedding induces periodic displacement,
possibly resulting in generation of various wake patterns as reported by Williamson and Govardhan
[32]. The time histories of non-dimensional amplitude response and force coefficients are shown in Fig
8 and Fig 13 respectively. At reduced velocity of Ur=2.5 which lies in the initial branch, it was observed
that amplitude response of the cylinder is very small. In addition to that, very small values of drag force
were observed.

As the reduced velocity is increased to Ur=3.78, a significant increase in amplitude response (Ay/D =
0.22) was measured which is high in comparison to the results reported by Hover [14] and Nguyen
[13] as shown in Fig 6. A 2S vortex mode was observed in the wake region at Ur=3.78, comprising of
two single vortices per cycle into the wake region as shown in Fig. 9. Which agrees well with the
literature and it has been validated by Niaz [15]. The maximum value of amplitude response was
observed to be Ay/D = 0.67 at Ur = 5.84 which lies in the upper branch. In the wake region, 2P mode
of vortex shedding comprising of two vortex pairs per cycle into the wake region was observed. It can
be seen in Fig. 10. Which corresponds to high amplitude response and is observed in upper branch at
peak amplitude response as reported by Williamson and Govardhan [32]. This 2P vortex mode has
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already been recorded by Nguyen [13] and Niaz [15]. In the upper branch, higher values of drag were
observed which can be seen in Fig 13. This agrees well with literature and has been reported by Bishop
and Hassan [42].

At Ur=7.52, the amplitude response was observed to be very small (Ay/D = 0.15) in comparison to the
results reported by Hover [14]. With an increase in reduced velocity to Ur=8.77, the amplitude response
decreased to a small value of Ay/D = 0.1 which is also a little lower in comparison to the results
reported by Hover [14] and Nguyen [13]. Vortex mode of 2S was observed in the wake region at both
Ur=7.52 and Ur=8.77 which agrees well with the literature as recorded by by Niaz [15]. Vortex modes
for both Ur=7.52 and Ur=8.77 can be seen in Fig 11 and fig 12 respectively. At Ur=11, the amplitude
response was observed to be very small (Ay/D = 0.04) which agrees well with the results reported by
Hover [14]. It was observed that at initial branch and lower branch where amplitude response is very
small, drag forces also appear to be very small values. Which agrees well with the literature. It has
been reported by Bishop and Hassan [42] that during lock-in region drag forces are high and out of

lock-in region drag forces are low.

1.2
1
0.8
D .
=06 Smooth m*11 (sst kw)
<L
Hover[14]
04
Nguyen DES [13]
0.2

ur

Figure 6. Comparison of amplitude response (m* =11, {=0.001, Re = 10000)
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Figure 8. Time history of amplitude responses at reduced velocities (Ur=2.5, 3.78, 5.84, 7.52,

8.77 & 11)
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Figure 11. Vorticity contour at Ur=7.52

Figure 12. Vorticity contour at Ur=8.77
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Conclusion
The study was performed for investigation of the VIV phenomenon, for an elastically mounted rigid

cylinder free to oscillate in traverse direction direction at mass ratio (m* = 11), z = 0.001 and Ur = 2
to 14 with Reynolds number fixed at Re = 10"4. The study was conducted to test the capability of 2d
RANS approach and kw-SST model. The results were validated against the results of a 3-dimensional
numerical study using DES model and an experimental study. It was found from the study that kw-
SST was successful in capturing all three branch responses (Initial branch, Upper branch and lower
branch) and it also successfully captured 2S & 2P vortex modes for the corresponding amplitude
responses and their branches. However, peak amplitude responses were a little lower in comparison to
the numerical (DES model) and experimental study which could be explained due to lower aspect ratio
of mesh. But comparatively, the study was computationally less expensive and was also less time
consuming, which concludes that 2D RANS approach and kw-SST turbulent model is quite reliable

and capable for the resolution of complex fluid flow problems.

4.1.2 Mass ratio 2.4
All the parameters used in this case study are just the same as used in previous study except mass

ratio, which in this case is m*=2.4. A uniform velocity of 0.3149 m/s is applied at the domain inlet,
corresponding to the Reynold’s Number of 10"4 (where D = 1 m, density = 1000 kg/m3, and viscosity
= 0.03149 kg/m-s). All the simulations are performed at a subcritical Reynold’s Number (Re) = 10"4,
mass ratio = 2.4, damping z = 0.001 and are carried out in the reduced velocities range of 2 < Ur <
14.

Results & discussion
The study for mass ratio=2.4 has been performed at reduced velocities in the range of 2 < Ur <14. The

time histories of non-dimensional amplitude response and force coefficients are shown in Fig 14 and
Fig 19 respectively. In the initial branch at reduced velocity of Ur=2.5, the amplitude response of the
cylinder was observed to be (Ay/D = 0.23) which is relatively very small. In addition to that, drag
forces acting on cylinder were also observed to be small.

With an increase in reduced velocity to Ur=3.78, a significant increase in amplitude response (Ay/D =
0.62) was measured which is relatively very high in comparison to the response observed for m*=11
in the previous case. Pan et al. [11] reported amplitude response of Ay/d=0.30 and a 2s vortex shedding

mode at m*=2.4 (Ur=3.93, Re=3400). But a higher amplitude response and P+S vortex mode was
25



observed in the wake region at Ur=3.78, Re=10000 comprising of one pair and one single vortex
shedding into the wake occur during each half cycle, as shown in Fig 15. A very high drag response
was observed which agrees well with the literature as reported by reported by Bishop and Hassan [42].
At Ur = 5.84, the maximum value of amplitude response was observed to be Ay/D = 0.73, which lies
in the upper branch, the amplitude response was very high in comparison to the case study at m*=11.
This behavior shows good agreement with the literature and has been already reported by B.
Stappenbelt [22] and Alireza modir [23]. The maximum amplitude response for Ur=5.84 can be seen
in Fig 14. In the wake region, 2P mode of vortex shedding comprising of two vortex pairs per cycle
into the wake region was observed. It can be seen in Fig 16. Which corresponds to high amplitude
response and is observed in upper branch at peak amplitude response as reported by Williamson and
Govardhan [32]. In the upper branch, higher values of drag were observed which can be seen in Fig
18. This agrees well with literature and has been reported by Bishop and Hassan [42].

At Ur=7.52, the amplitude response was observed to be (Ay/D = 0.53) which is very high in comparison
to the amplitude response at m*=11. Vortex mode of 2P was observed in the wake region at Ur=7.52
as shown in Fig, which is due to high amplitude response as suggested by Williamson and Govardhan
[32]. With an increase in reduced velocity to Ur=8.77, the amplitude response decreased to a small
value of Ay/D = 0.165. Vortex mode of 2T was observed in the wake region at Ur=8.77 which agrees
well with the literature. Williamson and Govardhan [32] found that 2T vortex mode is also known to
cause free vibration, at moderate Re, for mass ratios, m* < 6. This vortex mode, consists of triplet
vortices that form in each half cycle as shown in Fig 18. High drag forces were observed at both
Ur=7.52 and Ur=8.77 as shown in Fig 19. At Ur=11, the amplitude response was observed to be very
small (Ay/D = 0.058). It was observed that at reduced velocities where amplitude response is very
small, drag forces also appear to be very small values. Which agrees well with the literature. It has
been reported by Bishop and Hassan [42] that during lock-in region drag forces are high and out of
lock-in region drag forces are low. In comparison with mass ratio (m*=11), it was found that with
decrease in mass ratio the lock-in region widened and there was a significant increase in the cylinder
amplitude response as shown in Fig 20. This behavior has been reported by B. Stappenbelt [22] and

Alireza modir [23]. The results show good agreement with literature.
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Figure 14. Time history of amplitude responses at reduced velocities (Ur=2.5, 3.78, 5.84,
7.52,8.77 & 11)
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Figure 18. Vorticity contour at Ur= 8.77
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Figure 20. Comparison of amplitude response for smooth cylinders at (m* =11 & m* = 2.4)

Conclusion
The study was performed to investigate the impact of mass ratio on vortex shape, crossflow amplitude

and lock-in region. The study was performed at mass ratio, m*=2.4 with the same 1-DOF vibrating
system and parameters. The results obtained from this study were compared with results obtained at
m*=11 and literature review. It was found that with decrease in mass ratio the lock-in region widened
and there was a significant increase in the cylinder amplitude response. This behavior has been reported
in literature in previous numerical and experimental studies. With decrease in mass ratio, vortex modes
of P+S, 2P & 2T appeared at reduced velocities ranging from Ur = 2 to 14. These vortex modes
correspond to high amplitude responses and their appearance in wake region at low mass ratios and

high Reynolds number has been reported in literature. The results show good agreement with literature.

4.2 Rough Cylinder

The VIV phenomenon for rough cylinder is studied at 2 different mass ratios (m*=2.4 & 11). For this
study the roughness height (Ks) 0.02D is used. Fig 21 shows the schematic diagram of equivalent sand
model. For Ansys to incorporate this roughness height, the size of roughness element should be less
than the centroid of first mesh node as shown in Fig 22. To incorporate this roughness height first layer
height for mesh is changed from 1.4e-3 to 0.006. The adjusted mesh for rough cylinder can be seen in
Fig 23.
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Figure 21. Schematic diagram of equivalent sand model

Figure 22. SchematicLéIiagram for Roughness height

Figure 23. Adjusted mesh
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4.2.1 Mass ratio 2.4

This case study was performed for a rough cylinder with a roughness height (Ks) of 0.02D rare at mass
ratio, m*=2.4. A uniform velocity of 0.3149 m/s is applied at the domain inlet, corresponding to the
Reynold’s Number of 10" (where D = 1 m, density = 1000 kg/m3, and viscosity = 0.03149 kg/m-s).
All the simulations are performed at a subcritical Reynold’s Number (Re) = 104, mass ratio = 2.4,

damping z = 0.001 and are carried out in the reduced velocities range of 2 < Ur < 14.

Results & discussion
The study for the rough cylinder at mass ratio, m*=2.4 has been performed at reduced velocities in the

range of 2 < Ur < 14. The results are compared with that of smooth cylinder at mass ratio, m*=2.4. Fig
21 shows the comparison of amplitude responses for a smooth cylinder and a rough cylinder at m*=2.4.
The time histories of non-dimensional amplitude response and force coefficients are shown in Fig 22
and Fig 27 respectively. At reduced velocity of Ur=2.5, the amplitude response of the cylinder was
observed to be (Ay/D = 0.08) which is relatively small in comparison to that of smooth cylinder. Drag
forces and lift forces acting on cylinder were also observed to be small.

As the reduced velocity is increased to Ur=3.78, a significant increase in amplitude response (Ay/D =
0.64) was measured which is almost the same as observed for smooth cylinder at m*=2.4 in the
previous case. A similar 2P vortex mode was observed in the wake region as observed for the smooth
cylinder, comprising of one pair and one single vortex shedding into the wake occur during each half
cycle, as shown in Fig 23. A lower cd and a higher cl response were observed in comparison to smooth
cylinder. At Ur = 5.84, the value of amplitude response was observed to be Ay/D = 0.51, which is
relatively lower in comparison to that of smooth cylinder. 2T vortex mode was observed in the wake
region as shown in Fig 24. Whereas 2P vortex mode was observed for smooth cylinder. Which agrees
well with the literature, formation of 2T vortex mode in the wake region of rough cylinders was also
reported by X. Han [36] at m*=2.6 and moderate RE regimes. In the lock-in region, higher values of
drag were observed which can be seen in Fig 27. This agrees well with literature and has been reported
by Bishop and Hassan [42].

At Ur=7.52, the amplitude response was observed to be (Ay/D = 0.021) which is very small in
comparison to the amplitude response at m*=2.4 for smooth. The formation of 2T was inhibited at
higher reduced velocities due to surface roughness. 2S vortex mode was observed in the wake region

at Ur=7.52 as shown in Fig 25. With an increase in reduced velocity to Ur=8.77, the amplitude response
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decreased to a small value of Ay/D = 0.015. Vortex mode of 2S was observed in the wake region at
Ur=8.77 as shown in Fig 26. At Ur=11, the amplitude response was observed to be very small (Ay/D
=0.013). During lock-in region drag forces were found to be high and out of lock-in region drag forces
were low. Which agrees well with literature and it has been reported by Bishop and Hassan [42]. It was
found that surface roughness narrowed the lock-in region and decreased the cylinder amplitude
response. Which agrees well with the literature and has been reported by Y. Gao [21], Mohd Ghazali
[34] & X. Han [36]. It was found from the study that besides narrowing of the lock-in region, the lock-
in region was shifted towards lower reduced velocities, a similar trend has also been observed in the
numerical studies of Y. Gao [21] & X. Han [36].

Rough m*2.4

smooth m*2.4

ur

Figure 21. Comparison of amplitude responses for a smooth cylinder and a rough cylinder
(i.e., Ks/ D=2x10-2) at m*=2.4
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Figure 22. Time history of amplitude responses at reduced velocities (Ur=2.5, 3.78, 5.84,

7.52,8.77 & 11)
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Figure 24. Vorticity contour at Ur= 5.84

Figure 25. Vorticity contour at Ur=7.52

Figure 26. Vorticity contour at Ur= 8.77
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Conclusion
The study was performed to investigate the impact of surface roughness on vortex shape, crossflow

amplitude and lock-in region. The study was performed for a rough cylinder (i.e., Ks/ D=2x10-2) at
mass ratio, m*=2.4. The results obtained from this study were compared with that of smooth cylinder.
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All the parameters in both cases for kept same. It was found that rough cylinder had a narrower lock-
in region and reduced amplitude response. As a result of surface roughness, the lock-in region was
shifted towards low reduced velocities. 2P & 2T vortex modes at low reduced velocities at high
amplitude responses. Formation of these vortex modes have also been reported in literature for rough
cylinder. At higher reduced velocities, low amplitude response was observed with the formation of 2S
vortex mode in the wake. It was observed lift forces decreased with increase in reduced velocity, drag

forces were found to be high in lock-in region & low in out of lock-in region.

4.2.2 Mass ratio 11
This case study was performed for a rough cylinder with a roughness height (Ks) of 0.02D rare at

mass ratio, m*=11. A uniform velocity of 0.3149 m/s is applied at the domain inlet, corresponding to
the Reynold’s Number of 104 (where D = 1 m, density = 1000 kg/m3, and viscosity = 0.03149 kg/m-
s). All the simulations are performed at a subcritical Reynold’s Number (Re) = 1074, mass ratio = 11,

damping z = 0.001 and are carried out in the reduced velocities range of 2 < Ur < 14.

Results & discussion
The study for the rough cylinder at mass ratio, m*=11 has been performed at reduced velocities in the

range of 2 < Ur < 14. The results are compared with that of smooth cylinder at mass ratio, m*=11. Fig
28 shows the comparison of amplitude responses for a smooth cylinder and a rough cylinder at m*=11.
The time histories of non-dimensional amplitude response and force coefficients are shown in Fig 29
and Fig 34 respectively. At reduced velocity of Ur=2.5, the amplitude response of the cylinder was
observed to be (Ay/D = 0.0065) extremely small in comparison to that of smooth cylinder at m*=11.
Drag forces and lift forces acting on cylinder were also observed to be small.

As the reduced velocity is increased to Ur=3.78, a significant increase in amplitude response (Ay/D =
0.53) was measured which is high in comparison to smooth cylinder at m*=11 in the previous case. 2P
vortex mode was observed in the wake region as shown in Fig 30. Whereas 2S mode of vortex shedding
was observed for the smooth cylinder at m*=11.The values of cd and cl were found to be very high at
this peak amplitude response. In the lock-in region, higher values of drag were observed which can be
seen in Fig 34. This agrees well with literature and has been reported by Bishop and Hassan [42].

At Ur = 5.84, the value of amplitude response was observed to be Ay/D = 0.015, which is extremely

small in comparison to that of smooth cylinder. 2S vortex mode was observed in the wake region as
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shown in Fig 31. Whereas 2P vortex mode was observed for smooth cylinder (m*=11) at Ur= 5.84,
formation of 2P vortex mode was inhibited due to surface roughness. Which agrees well with the
literature, such inhibition phenomenon has also been reported by X. Han [36] at m*=2.6 and moderate
RE regimes.

At Ur=7.52, the amplitude response was observed to be (Ay/D = 0.0092) which is very small in
comparison to the amplitude response at m*=11 for smooth cylinder. 2S vortex mode was observed in
the wake region at Ur=7.52 as shown in Fig 32. With an increase in reduced velocity to Ur=8.77, the
amplitude response decreased to a small value of Ay/D = 0.0074. Vortex mode of 2S was observed in
the wake region at Ur=8.77 as shown in Fig 33. At Ur=11, the amplitude response was observed to be
very small (Ay/D = 0.0064). It was found that surface roughness narrowed the lock-in region and
decreased the cylinder amplitude response. Which agrees well with the literature and has been reported
by Y. Gao [21], Mohd Ghazali [34] & X. Han [36]. It was found from the study that besides narrowing
of the lock-in region, the lock-in region was shifted towards lower reduced velocities, a similar trend

has also been observed in the numerical studies of Y. Gao [21] & X. Han [36].

Ay/D

03 Rough m*11

smooth m*11

ur

Figure 28. Comparison of amplitude responses for a smooth cylinder and a rough cylinder
(i.e., Ks/ D=2x10-2) at m* =11
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Figure 29. Time history of amplitude responses at reduced velocities (Ur=2.5, 3.78, 5.84,

7.52,8.77 & 11)
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Figure 30. Vorticity contour at Ur= 3.78

Figure 31. Vorticity contour at Ur= 5.84

Figure 32. Vorticity contour at Ur=7.52

Figure 33. Vorticity contour at Ur=8.77
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Figure 34. Time history of force coefficients (cd & cl) at (Ur=2.5, 3.78, 5.84, 7.52, 8.77 &
11)
Conclusion

The study was performed to investigate the impact of surface roughness on vortex shape, crossflow
amplitude and lock-in region. The study was performed for a rough cylinder (i.e., Ks/ D=2x10-2) at
mass ratio, m*=11. The results obtained from this study were compared with that of smooth cylinder.

All the parameters in both cases for kept same. It was found that rough cylinder had a narrower lock-
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in region and reduced amplitude response. As a result of surface roughness, the lock-in region was
shifted towards low reduced velocities. 2P vortex mode was found at peak amplitude response at a low
reduced velocity of Ur=3.78. At higher reduced velocities, low amplitude response was observed with
the formation of 2S vortex mode in the wake. Lift forces & drag forces were found to be high in lock-

in region & out of lock-in they were found to be low for rough cylinder at m*=11.
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Chapter 5: Conclusion and future work

5.1 Conclusion

The study was performed for investigation of the VIV phenomenon, for an elastically mounted rigid
cylinder free to oscillate in traverse direction direction at reduced velocities in the range of Ur = 2 to
14 with Reynolds number fixed at Re = 10°4. One of the objectives of the study was also to test the
capability of 2d RANS approach and kw-SST model. The work concentrates on the impact of mass
ratio and surface roughness on VIV phenomenon in a 2D circular cylinder having different mass ratios
and surface roughness at a high Reynolds Number (Re) = 1074,

For smooth cylinder with m*=11, it was found from the study that kw-SST was successful in capturing
all three branch responses (Initial branch, Upper branch and lower branch) and it also successfully
captured 2S & 2P vortex modes for the corresponding amplitude responses and their branches.
However, peak amplitude responses were a little lower in comparison to the numerical (DES model)
and experimental study which could be explained due to lower aspect ratio of mesh. But comparatively,
the study was computationally less expensive and was also less time consuming, which concludes that
2D RANS approach and kw-SST turbulent model is quite reliable and capable for the resolution of
complex fluid flow problems.

For smooth cylinder with m*=2.4, the results obtained were compared with results obtained at m*=11
and literature review. It was found that with decrease in mass ratio the lock-in region widened and
there was a significant increase in the cylinder amplitude response. This behavior has been reported in
literature in previous numerical and experimental studies. With decrease in mass ratio, vortex modes
of P+S, 2P & 2T appeared at reduced velocities ranging from Ur = 2 to 14. These vortex modes
correspond to high amplitude responses and their appearance in wake region at low mass ratios and
high Reynolds number has been reported in literature.

To investigate the impact of surface roughness on vortex shape, crossflow amplitude and lock-in
region, the study was performed for a rough cylinder (i.e., Ks/ D=2x10-2) at mass ratio, m*=2.4 and
11. The results obtained from this study were compared with that of smooth cylinder. It was found that
rough cylinders had a narrower lock-in region and reduced amplitude response. As a result of surface
roughness, the lock-in region was shifted towards low reduced velocities. For rough cylinder with
m*=2.4, 2P & 2T vortex modes were found at low reduced velocities with high amplitude responses.

Formation of these vortex modes have also been reported in literature for rough cylinder. At higher
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reduced velocities, low amplitude response was observed with the formation of 2S vortex mode in the
wake. It was observed lift forces decreased with increase in reduced velocity, drag forces were found
to be high in lock-in region & low in out of lock-in region.

For rough cylinder with m*=11, 2P vortex mode was found at peak amplitude response at a low reduced
velocity of Ur=3.78. At higher reduced velocities, low amplitude responses were observed with the
formation of 2S vortex mode in the wake. Lift forces & drag forces were found to be high in lock-in

region and out of lock-in they were found to be low.

5.2 Future work

In this project, we found that amplitude response of the cylinder was less compared to that of
experimental studies and Numerical DES model. So, a different mesh configuration and tweaking
the dynamic meshing parameters can result in better values. This study can be performed at
transient formulation of First order, but transient formulation of 2" order would give more
accurate results but it is considerably more computationally expensive as compared to the first
order but it

This study was performed on very limited values of mass ratio and surface roughness. This study

could be further expanded by utilizing a range of values for both mass ratio and surface roughness.
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Appendix

User Defined Function (UDF File)

Hinclude "udf.h"

DEFINE_SDOF_PROPERTIES(stage, prop,dt, time, dtime)
{
real cg;
real vel;
real mass = 1884;
real md = 785;
real fn = 0.0833;
real wn = 2*3.14*fn;
real z = 0.001;
real k = mass*wn*wn;
real ¢ = 2*mass*wn*z;

prop[SDOF_MASS] = 1884;
prop[SDOF_ZERO_TRANS_X]
prop[SDOF_ZERO_TRANS_Z]

TRUE;
TRUE;

prop[SDOF_ZERO_ROT_X]
prop[SDOF_ZERO_ROT_Y]
prop[SDOF_ZERO_ROT 7]

TRUE;
TRUE;
TRUE;

cg = DT_CG(dt)[1];
vel = DT_VEL_CG(dt)[1];
prop[SDOF_LOAD_F_Y] = -k*cg - vel*c;

Message("\nNew Location = %g", DT_CG(dt)[1]);
Message("\nNew Velocity = %g", DT_VEL_CG(dt)[1]);
Message("\nNew Force = %g", -k*cg - vel*c);
printf ("\nstage: updated 6DOF properties");

¥
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