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ARTICLE INFO ABSTRACT

Direct-forcing immersed boundary method
Synchronization

Lock-in region

Grid refinement

Smagorinsky model

simulate| vortex-induced vibration (VIV) of a one-degree-of-freedom (1-DOF) elastically mounted circular
eylinder in laminar bulent flow regimes. The continuity and Navier-Stokes equations were solved
numerically together with the equation of motion to study the VIV response of the eylinder in 3-D. The results
were analysed and compared with published literature. The importance of conducting a grid independence
study at multiple points inside the lock-in (synchronization) region for VIV simulations has been ascertained

djrecl&g immersed boundary (DFIB) method was used with an in-house parallelized C++ code to

throt tailed comparisons of coarser and finer grids in each of the flow regimes. In addition, for laminar
flows, effect of the grid on the evolution of the vibration response in the lock-in region was discussed.
For turbulent flows, the eff different initial conditions on VIV amplitude was studied, and a hysteresis

phenomenon was observed In the initial and upper branches of the lock-in region. The need for multiple
caleulation methods of vibration amplitudes in turbulent flows was highlighted.

1. Introduction

Flows over incular cylinder have been widely studied
experimental and numerical studies. Despite the simple geometry, the
mation of vortices in the wake of the cylinder leads to unbalanced

orces acti the cylinder. When allowed to move freely, such
forces cause vortex-induced vibrations of the cylinder. When the
frequency of vortices roughly matches one of the natural frequencies
of the system, the cylinder enters into the classical synchronization
or “lock-in" mode, which is characterized by large-amplitude oscil-
lations. Cylinders submerged in fluids are important to several types
of engineering problems, such as submerged structures or industrial
chimneys. Recently, this topic has received renewed interest due to the
potential of harnessing energy from VIV using bladeless wind turbines
and V| E converters (Bernitsas et al., 2008). Such designs typically
focus on the single degree-of-freedom (DOF) transverse vibrations of
the circular cylinder.

One of the earliest studies characterizing the vortex-excited oscilla-

was conducted by Ferguson and Parkinson (1967) fi beritical
eynolds numbers in the range of 15,000 to 41,000 alak and
Williamson (1996, 1997, 199 rried out a series of experiments
to establish benchmark results of vortex-induced vibrations of circular
cylinders at low mass and dampi * = 2.4 and { = 0.0045) in
turbulent flows. They also defined the VIV response near the lock-in
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(synchronization) region and identified @irﬂﬁal, upper and lower
branches. gnostopoulos and Bearman (1992) performed experi-
ments on a circular cylinder undergoing VIV in laminar flow at low
Reynolds numbers with varying mass-damping parameters m*{ = 0.281
- 0.356 for the first time. Several numerical studies of this phenomenon
have also been conducted for laminar ulent flow regimes.

Dettmer and Peri¢ (2006) modelled the vortex-induced oscillations
of a cylinder in laminar flow using a novel, fully-implicit 2-D method
for fluid-rigid body interactions. The Reynolds numbers were changed
from 90 to 130. They conside: ee different grid sizes, and all
of them displayed variations in the onset of the lock-in region as
well the range of Reynolds numbers where the cylinder undergoes the
high lock-in oscillations (Dettmer and Perié, 2006, Figure 6). However,
they did not discuss the significance of this issue. Yang et al. (2008)
used an embedded boundary method to study oscillations in laminar
flow for a single cylinder with one o DOF, as well as multiple
cylinders. Chemn et a 014) used a method with a volume of
solid (VOS) function to model the VIV of a cylinder with m* = 149.1
and ¢ = 0.0012. These investigations used the problem of a cylinder(s)
in VIV to evaluate the robustness of their numerical methods.

Several numerical investigations have also been conducted for the
turbulent flows over a cylinder undergoing VIV. There are two different
approaches to this problem found in the literature. Some studies have

Received 4 April 2022; Received in revised form 22 July 2022; Accepted 12 August 2022

Available online 2 September 2022
0029-8018/© 2022 Elsevier Ltd. All rights reserved.




5.A. Raza gal

attempted to follow the ex ents of Khalak and Williamson (1997)
by conducting simulations over a similar range of reduced velocities
(U3) while also matching the Reynolds numbers of the experiment. This
would require either a gradual refinement of the grid along with
increase in Reynolds numbers or that the grid is fixed at the y* of the
highest Reynolds number used in the study. Guilmineau and Queutey
(2004) used this approach in their RANS study of a low mass-damping
elastically mounted cylinder with m* = 2.4 and m*{ = 0. They
used three sets of initial conditions to simulate this problem: from rest,
increasing velocity and decreasing velocity. The first initial cond

modelled a cylinder initially at rest, which later starts to vibrate at a
fixed reduced velocity. The second type of initial condition starts with
a cylinder at a low reduced velocity, and then its velocity is increased

in small steps. The last condition s th a high velocity, which
is then decreased in ste though the initial and lower branches
were in good agreement with the experimental res Khalak and

Williamson (1997), they were only able to match the amplitude in the
ger branch for the increasing velocity condition. Even in that case,
e width of the upper branch is much smaller than the experimental
results. Since the other initial conditions only exhibit a lower branch,
the authors conclude that a hysteresis phenomenon exists.
In contrast, to avoid the need for successive grid refinement or the
computational cost of a very fine grid at relatively higher Reynolds
numbers, a constant Reynolds number may be used while varying the
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they only consider a single oscillation cycle (in the case of A, ) or the
highest 10% of the vibrations, although using an average of some form
is still preferable.

Since cylinders undergoing VIV are sometimes subject to fluctua-
tions, the duration of observations may also have an impact on the
results, but many past investigations have not discussed the lengths
of their simulations. For their laminar flow investigation, Dettmer and
Peri¢ (2006, Figure 7) have show? complete time histories for
some of their cases. They also note that it takes more than 60 s even
to trigger the higher amplitude stable oscillations at the onset of the
lock-in region. Consequently, the length of the simulation is different
over the range of velocities. In turbulent flow studies, Zhao et al.
(2014) used 40 cycles of oscillation to find the maximum amplitudes,
whereas Pastrana et al. (2018) averaged over 50 cycles of oscillation to
determine A, ) Guilmineau and Queutey (2004, Figures 4 and 5)
represent the time histories of several cases lasting for different periods.

There is no consensus in the published literature on the require-
ments of grid independence fi studies. Zhang and Dalton (1996)
test different mesh sizes using drag and lift coefficients for flow
a stationary cylinder, the results for which were reported in Sun an
Dalton (1 Al-Jamal and Dalton (2004) analysed different domain
sizes using flow past a fixed cylinder. Other researchers have conducted
grid independence tests for flow over an oscillating cylinder but only
at a single point. Guilmineau and Queutey (2004) conducted a grid

reduced velocities only, which implies a change in the cylinder m@ independence test fogll—DOF cylinder undergoing VIV at a point in
e

rather than the upstream flow velocity. Lucor et al. (2005) conducted

NS studies at Reynolds numbers of 1000, 2000 and 3000, each over
a range @fifRtluced velocities with m* = 2.0 and { = 0.0. Their results
were in agreement with the “three-branch response model” found in
earlier experiments (Khalak and Williamson, 1996, 1997, 1999) and
also displayed a large amplitude u branch at all three Reynolds
numbers. However, they concluded that the width and magnitude of
the upper branch are affected by the Reynolds number. This finding
coincides with the assertion of Sarpkaya (2004) that the numerical
results based on varying cylinder mass are difficult to reconcile with
the experimental results based on varying upstream velocity.

Several rese@Bhers have explored different types of hysteresis phe-
nomena related to the VIV of a cylind asanth et al. (2011) and Pras-
anth et al. (2006) attempted to study the effect of blockage on the hys-
teresis of a cylinder undergoing VIV in inar flow region. Navrose
and Mittal (2013) studied hysteresis for Z-DOF vibrations of a cylinder
at Re = 10°.

The methods used to characterize the amplitude of oscillations or
other vibration responses, such as lift and drag forces, are also very
important. A reliable method for amplitude characterization is neces-
sary for the comparison of flows at different Reynolds numbers and
reduced velocities and to draw suitable conclusions about the nature
of fluid—solid interactions under different conditions. It would also
help compare results of similar flows a arious studies conducted
using different approaches. Moreover, the possibility of hamessing
energy from vortex-induced vibrations raises new questions about the
appropriate characterization strategy. For laminar flows over a cylinder
undergoing VIV, almost all past studies have used the maximum ampli-
tude of oscillation (A, ) to represent the vibration of the cylinder in
their results.

By their nature, turbulent flows are highly random phenomena.
Many authors investigating turbulent flows have adopted the same
characterization method of using the maximum amplitude, but others
have opted to find the average of the (!/w)th of the highest amplitudes
(Aavg1/10)) obtained during vibration. An overview of the past studies of
turbulent flows over cylinders undergoing VIV is presented in Table 1.
Except for Lucor et al. (2005}, all the studies conducted for cylinders
in VIV with one DOF characterize the vibration responses using A, ..
Two DOF investigations are more commonly found to use Agyg 10 for
characterization. Considering the potential of cylinders in VIV for har-
nessing energy, both of these characterizations are inadequate because

the upper branch of lock-in region. Similarly, Navrose and Mittal
(2013) and Zhao et {2014) conducted grid independence tests at
reduced velocities in the lower branch of the lock-in region. None of
the mesh dependency studies in these investigations was reported for
m e reduced velocities.

e present study, numerical experiments are conducted in the
laminar (Re = 90-115) turbulent flow (Re = 10*) regimes for a
cylinder undergoing one VIV in the transverse direction. Separate
grid independence tests are conducted in each of the flow regimes
at different reduced wvelocities. elected mesh is then used to
study the variation of amplitudes over a range of reduced velocities
encompassing the initial, upper and lower branches thr the lock-in
region. Later, a finer grid is utilized to observe changes throughout the
lock-in region, and the results are compared with published literature.
Investigation of the complete lock-in region using two different grids is
conducted, each of which was found to be grid independent outside the
lock-in region. As f¥flour literature review, this type of study has not
been done before. In the laminar flow regime, the patterns of cylinder
oscillations for the two different grids at various reduced velocities
are discussed. For the turbulent flow regime, a detailed investigation
is conducted using three different initial conditions: U} from rest,
increasing Uy, and decreasing Uy

2. Mathematical and numerical models

The present study has been conducted rlg an in-house code
in C++ on the Finite Volume Method (FVM). The cylinder is
modelled using a direct-forcif@immersed boundary method as adopted
in Chern et al. (2015), which incorporates a virtual force in the solution
of Navier-Stokes ecqions to represent the solid object. Consequently,
even an oscillating cylinder can be modelled simply using a Cartesian
grid that is generated only once. A subgrid method is utilized to model
the solid edges of the cylinder more precisely. This ap h has
already been tested and described in detail for 3-D spheres In a recent
work by the authors (Raza et al., 2020).

The code developed using the dimensionless continuity and
Navier-Stokes equations for an incompressible Newtonian fluid, which
can be expressed as follows:

V-u=0, )

du +v-(uu)=—vp+Lev2u+f", )

o :

2
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Table 1
The calculation methods used for characterizing the vibration responses
in wrbulent fow in past studies.

Study Cylinder  Type of study  Calculation
DOF method
Khalak and Williamson 1 Experiment Aoy
(1996)
m and Dalton 1 2.D LES A
1]
Khalak and Williamson 1 Experiment Aoy
(1997)
Hover et al. (1998) 2 Experiment A1)
Khalak and Williamson 1 Experiment Aoy
(1999)
Govardhan and 1 Experiment Aoy
Williamson (2000)
Al-Jamal and Dalton 1 -0'LES Aoy
@4)
uillmineau and 1 2-D RANS Aoy
Queutey (2004)
Lucor gt al. (2005) 1 3-D DN§ Augiifto)
Pan et al. (2007) 1 2-D RANS Apae
@ et al. (2010) 2 Experiment Augiif10)
avrose and Mittal 2 3-D DNS Aoy
(2013)
Zhao et al. (2014) 1 3-D DNS . —
Gsell et al. (2016) 2 3-D DN§ Augiif10)
Pastrana et al. (2018) 2 3-D DNS L ———

*Ama [rom 40 cycles of vibration.
A g1 OVer 50 cycles of vibration.

where u, ", and p are the fluid flow velocity, time and pressure,
respectively. R number (Re) is given by U, D/v with U, as the
inlet velocity, D15 the cylinder diameter and v is the kinematic viscosity
of the fluid. f* is used to represent a virtual force accounting for the
direct-forcing due to the solid structure.

The QUICK scheme (Leonard, 1979) has been adopted with the
third-ofFA Adams—Bashforth method for the temporal terms. The pro-
jection method is used to solve the Navier-Stokes equations in steps,
with the first intermediate velocity calculated as

* ] 1 2. "
u =u +AI(E-\'«‘11—\'«‘-(1111)) g (3)
Substituting the continuity Eq. (1), the pressure Poisson equation can

be solved to find the second intermediate velocity, u**,
Wt =t — AV (4)

me pressure Poisson equation is solved at every time step using
near solver bas n Bi-Conjugate Gradient Stabilized Method (Bi-
CGSTAB) method. The second intermediate velocity (u**) and the
volume of solid function, #, (calculation of » is described in Raza et al.
(2020)) are used to calculate the virtual force (f*),

s

. uJ;H—l —u
f =HT . (5)

and the final corrected velocity,

41 41

uH = ™ (1= put (6)

wher ! represents the structure motion velocity, which will be zero

when the structure is stationary. The total force that occurs on the rigid
body at any time is given by

F=- [ fedv . %)
Q,

The cylinder has a shlgle%gree of freedom (1-DOF) and is allowed
to oscillate in the transverse direction@gid-body motion equation for
the transverse cylinder displacement 1s solved u the fourth-order
Runge-Kutta method. The motion of the cylinder needs to be analysed
to determine the velocity and position of the cylinder at every timestep.
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le 2
ensionless variables for rigid-body motion equations. 7, @E free
stream velocity, D is the diameter of the cylinder, d, is its displacement
e y-direction (presumably the direction transverse to flow), and L
axial length extending throughout the computational domain. The
structural parameters are m f the structure, m_, structural damping,
o, structural stiffness, k, and natural freq of the structure, f,.
py is the density of the fluid while F, and F, are the total force in the
x- and y-directions, respectively, where x is the presumed direction of

flow.
Time + Le
o
Transverse displacement &
’ a
Reduced velocity g -l
; rati £
Frequency ratio i 7
Structural damping ratio g lv':'T
Mass ratio n —
g 0L
Drag force coefficient Cp
Lift force coefficient Cp

As discussed in the literature (Chern et al., 2018), with transverse
motion in the y-direction, the governing equation is

m¥ +c¥ +kY = F,. ®)
This equation can be non-dimensionalized as follows:

. 2 .
Y+4m"}"+(?“’r Y=m,

Tm*

©)

where ¥, ¥ and ¥ are the normalized dimensio acceleration, veloc-
ity and displacement of the structure’s centre. The rigid-body motion
is represented by a second-derivative equation. In this equation, ¥ is
the transverse component of the structure velocity repre by !
in Eq. (6). The streamwise and spanwise components of the structure
velocity will be zero for the single DOF cylinder. The dimensionless
variables used in Eq. (9) scribed in Table 2.

This work explores the vortex-induced vibration F circular cylin-
der in both laminar and turbulent flow regimes. Sidebottom et al.
(2015) conducted a detailed parametric study for turbulent flow past
a circular cylinder and tested various cases with and without a wall
model (Spalding’s law) as well as two subgrid-scale (SGS) LES models.
They did n d any conclusive benefit of the wall model and observed
only small erences between the Smagorinsky model and the one-
equation eddy viscosity model, as well as noting that a y* greater than
30 was not ac enough. Therefore, the turbulent flow cases in
the preses rk use the Smagorinsky model (Smagorinsky, 1963) to
model the s smaller than the grid. A typical value of Smagorinsky
constant C, = 0.1 has been used with no specific wall mo nd the y*
for the various grids tested shown in Tables 5-7. This is In agreement

e findings of Sidebottom et al. (2015) as described earlier.

e computational domain offffie cylinder and the associated dis-
tances are represented ‘ig. 1. A non-uniform grid was used for all
the cases inffis study, as shown in Fig. 2. The cylinder is placed inside
a fine grid, whereas a relatively coarser grid is adopted for areas away
from the cylinder. It should be noted that the cylinder is slightly offset
to the upstream direction within the fine grid region so that the wake
immediately behind the cylinder is also modelled more accurately. The
relative lengths of the fine and coarse grid regions remain the same
throughout this study, but the fine grid sizes are varied, as described
in the respective sections on grid independence. The grid is uniform in
the z=-d: jon.

Lei et al. (2001) investigated the effects of spanwise length at
Re = 10° for flow over a cylinder and found that the spanwise length
should be equal to or grea an 2D. Labbé and Wilson (2007) also
conducted a similar study for a range of Reynolds numbers between




S5.A. Raza gal

Ocean Engineering 263 (2022) 112332

> A

X

X2

Fig. 1. Computational domain in !ve present study. The flow occurs in x<direction (streamwise), and g cylinder is allowed to oscillate in the p-direction. The distances for all
the cases in this study are: x, = 100, x, = 25D, y, = y, = 10D, However, z, = 1D for laminar flows and z, = 4D for turbulent flows.

8.5D

—- - -

oD D

23D

!IB 3

Fig. 2. A side-view of a grid chosen for the present study. A fine grid is selected around the cylinder, and a relatively coarser grid is adopted for areas away from the cylinder.
The grid is uniform in the z-direction. The relative lengths of the fine and coarse grid regions remain the same throughout this study, but the fine grid region is adjusted for each
case. In this figure, the inset sub-figure shows a closer view of the fine grid distribution around the cylinder.

40 and 10®. They recommended a spanwise length of four diameters
for Reynolds numbers less than 300 and found that a length between
=01 and x D was sufficient for higher Reynolds numbers. The laminar
flow cases in the present work were conducted in the range of Re =
90-115, where ral researchers have found even 2-D studies to
tisfactory ang and Dalton, 1996; Al-Jamal and Dalton, 2004;
utlmineau and Queutey, 2004; Pan et al, 2007). On conducting
preliminary tests with longer spanwise lengths, the authors did not find
any 3-D fluctuations or any significant effects on the results. Therefore,
a 1D spanwise length was deemed sufficient for the laminar flow cases.
However, to account for the three-dimensional turbulent vortices at
Re = 107, a longer spanwise length of 4D was implemented in the

turbulent flow cases. %
A constant-velocity boundary condition ichlet) is applied at the
€ spanwise and transverse

inflow with a fixed streamwise velocity and
city components set to zero. At the outflow boundary, zero-gradient
undary conditions (N nn) are applied to all the velocity and
pressure components. A symmetry boundary condition is used for the
lateral boundaries, and a periodic boundary condigl is used at the
spanwise boundaries. Using a similar DFIB solver, Faza et al. (2021)
successfully@ipplied the set of boundary conditions utilized in this work
to simulate the physical phenomena of flow through a circular cylinder

in a turbulent flow. In or o simulate 3-D VIV simulation, Liu and
Jaiman (2018), Pastrana et al. (2018), and Wang et al. (2017) also
employed a similar set of boundary conditions.

As discussed, this study was conducted using an in-house solver
developed in C++. The solver was parallelized using OpenMP. The
solver has been used previously to conduct validations for flows over a
stationary sphere, a cylinder as well as a sphere undergoing VIV (Raza
et al., 2020, 2021). Most of imulations for the present work were
conducted in a cluster at the Computational Fluid Dynamics Laboratory
of the National Taiwan University of Science and Technology (CFDLAB
NTUST). It consists o | PowerEdge T630,T640 workstations, with
16, 20 or 32 cores of Intel(R) Xeon(R) (CPU E5-2650 v3 @ 2.30 GHz,
CPU E5-2640 v4 @ 2.40 GHz, Silver 4215 CPU @ 2.50 GHz or Gold

8 CPU @ 2.30 GHz). Some of the simulations were also run on

ational Center for High-performance Computing (NCHC) Taiwania 1,
where the maximum number of cores available on a single machine is
40. Further details of the supercomputer’s architecture are available on
their website (NCHC, 2021).

3. Results and discussion

The present work investigates laminar flows for Re = 90-115 and
turbulent flows at Re = 1(F over a circular cylinder. The cylinder has
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Table 3
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Grid independence test for laminar flow at Re = 96 and U} = 5.345.

Grid Grid spacing near the cylinder L I——" Aoy i
Grid A Ax, = 0200 dy, = 02004z = 0.250 0.000795 0.000801 0.7867
Grid B Ax, = 0050 dy, = 00504z = 0.250 0.008800 0.009300 0.9102
Grid C Ax, = 0015 dy, = 00154z = 0.250 0.007400 0.007700 0.9027
Table 4
Grid independence test for laminar flow at Re = 103 and U} = 5735
Grid Grid spacing near the cylinder Ao Aoy i
Grid A Ac, = 0.200:4y, = 0.200:4: = 0.250 0.0015 0.0015 0.8608
Grid B A, = 0050:4y, = 0.050:42 = 0.250 0.3430 0.3430 0.9955
Grid C Ac, = 00154y, = 001542 = 0.250 0.3671 0.3678 0.9955
(0]
a single degree of freedom (1-DOF) and 1s allowed to oscillate in the Re
transverse direction. 06 90 100 110 120 130
L6

In the laminar flow cases, the cylinder was allowed to oscillate from
the first timestep and the cases were simulated as long as necessary for
the cylinder to ach stable vibration patterns (refer to Figs. 5, 6, 7
and 8). The larger mass ratio m* = 149.1 with a damping ratio { =

12 is used in this investigation. These parameters are similar to
e previous VIV study conducted by Chern et al. (2014). Any re-run
of the cases always gave the same results.

For the turbulent flow cases, the mass and damping ratios are m*
= 2.0 and ¢ = 0.0. Here, the zero damping case is used to achieve
the larger amplitude (Zhao et al., 2 In this investigation, the
vibration response fluctuated rapidly due to the nature of the flow
(refer to Figs. 13 and 14) and needed to be studied over a large number
of timesteps. Zhao et al. (2014) simulated each of the results over
at least 40 cycles while Pastrana et al. (2018) averaged the results
over 50 cycles of cylinder oscillation. During the present investigations
in the turbulent flow regime, in each case, the cylinder was initially
held stationary for 1* = (Ux/p) = 250 and then allowed to oscillate
under VIV. For the u; from rest initial condition, the simulation was
conducted in each case for a total of r* = 1500. Consequently, a larger
number of oscillation cycles were recorded for the low Uy cases, but
for every case, the number of oscillati les was more than 100.
For the increasing Uy, and decreasing U, initial conditions, the cylinder
was allowed to oscillate at each u; for r* = 250. Most of the cases,
especially in the turbulent flow regime, were repeated three to four

&

times to ensure that the results were consistent.
The two sets of investigations about laminar and turbulent
regimes are discussed separately in the following sections.

3.1. Grid independence study for laminar regime

The grid independence tests for laminar flow were conducted at
ced velocities of 5.345 (Re = 96) and 5.735 (Re = 103) and the
results are presented in Tables 3 and 4, respectively. The grid size of the
fine region of the computational grid (as shown in Fig. 2) was refined
successively in the x- and y-directions. As shown later in Fig. 3, the first
case at Uy, = 5.345 occurs in the initial branch, whereas the second case
at Uy, = 5.735 occurs in the lower branch. Separate tests indicated that
the refinement of the grid in the coarse regions and the z-direction did
not affect the results significantly.

Comparing the different grids in Tables 3 and 4, grid A was found
to be inadequate because there is a distinct variation in all of the
considered characteristics as the grid is refined from A to B but grids B
and C have relatively similar results. Based on the grid independence
test and as per conventional practice, grid B could be selected as the
optimum grid spacing based on the results so far.

LI s s e B S B B B By B B ey
Denmer & Peric (2006), 2-D case
Yang et. al. (2008). 2-D case
Chern et, al. (2014), 2-1F case

OO0

0.5

Present study, 3-I) case, coarser grid
———— Present study, 3-D case, finer grid

0.4

A/D

0.2

0.1

%

Fig. 3. Maximum amplimdes @ cylinder undergoing VIV in the laminar flow
regime at various reduced velocities, compared with published smdies.

3.2, Investigation of grid refinement for laminar regime

Despite establishing the grid independence of grid B at two reduced
velocities (as shown in Tables 3 and 4), detailed numerical simulations
were conducted at several other reduced wvelocities throughout the
synchronization/lock-in region using both grids B (coarser grid) and
C (finer grid). The results for maximum amplitude ratio are plotted in
Figs. 3. The grid nement increases the accuracy of upper branch
prediction for VIV of the cylinder, especially at the starting and ending
reduced velocities e upper branch. The maximum vibration am-
plitude throughout the upper branch is very close to the previously
published results e most important observation is that there is a
distinct delay in the onset of the lock-in region for the coarse grid.
The maximum amplitudes for the coarse grid are also lower than the
published results, but after the lock-in region, they are higher than past
results. Despite satisfying the grid independence tests for two different
reduced velocities, the coarse grid does not represent the lock-in region
and VIV phenomenon correctly.

Fig. 4 compares the frequency ratios for the coarse an grids
with previous results. As in past studies, it is based on the vortex
shedding frequency normalized by the structural natural frequency in a
vacuum. Both types of grids sho d agreement with past results.
However, the delay in the onset of the lock-in region for the coarse
grid can also be observed from the frequency ratios, which jump to the
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13F o Dettmer & Peric (2006), 2-D case /s
| o Yang et. al. (2008). 2-D case s
& Chem et, al, (2014), 2-D case @
——h—— Present study, 3-D case, coarser grid e
———— Present study, 3-D case, finer grid o
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Fig. 4. @x shedding frequency ratios for a cylinder undergoing VIV in the laminar
flow regime at various reduced velocities, compared with published studies. Roshlo
(1953, 1954) proposed that the Strouhal number be defined as St=0.212(1 - 21.2/Re).

later than the frequency ratios for the fine grid. Hence, a
sm@ ck-in region is observed for the coarser grid.
e time histories of the displacement amplitudes, lift coefficients
and drag coefficients at various Reynolds numbers are shown in Figs. 5,
6, 7 and 8. The results show that it is not just the value of the highest
amplitude that changes due to grid refinement. The evolution of the
tion to a stable response and the time taken for it also changes.
or the reduced velocities in the upper branch at Re = 99 and 100,
the finer grid achieves a stable vibration much earlier and the ini
beating pattern is much shorter (Fig. 5) or nonexistent (Fig. 6).
the other hand, for reduced velocities in the lower branch at Re =
109 and 110, the fine grid takes much longer to evolve into a stable
oscillation pattem. For Re = 109, the initial beating phenomenon
almost disappears for the coarser grid but exists for a long time in the
fine grid. The difference in time histories also indicates that only using
the maximum amplitude of displacement, lift coefficients and drag
coefficients may not be sufficient to describe these flow phenomena
completely.

fo=1,

3.3. Grid independence study for turbulent regime

Extending the analysis from laminar to turbulent flow, a similar
investigation was conducted at Re = 10°. A single value of the Reynolds
number was chosen to avoid th for grid refinement, which would
be necessary for turbulent flows when increasing the Reynol ber.
Therefore, the effect of the grid size can be analysed over a range of
reduced velocities without being affected by the Reynolds numbers. [t is
suggested ﬂl@e Smagorinsky constant would also need to be changed
for different Eeynolds numbers (Al-Jamal and Dalton, 2004), whereas,
the prese: dy uses a constant value of C, = 0.1. A similar approach
was used by Lucor et al. (2005) and Zhao et al. (2014) who also fixed
the Reynolds number at Re = 10°.

The grid independence study [ carried out at Uy = 20 in
the initial branch and U} = 7.0 in the lower branch of the in
region. Three types of grids were chosen, with the fine grids in the
centre of the computational domain refined in the x— and y—directions
progressively. The results are presented in Tables 5 and 6. Since the
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Table 5

Grid independence test for turbulent flow at Re = 1Y and U7}, = 2.0,
Grid Grid spacing near the cylinder ¥ A g1 10}
Grid D Ax, = 0154y, = 0154z = 02 15.4 0.0282
Grid E Ax, = 0104y, = 0104z = 02 10.3 0.0510
Grid F Ax, = 0054y, = 0054z = 02 5.1 0.0522

Table 6

Grid independence test for turbulent flow at Re = 1Y and U}, =7.0.
Grid Grid spacing near the cylinder ¥ A g1 10}
Grid D Ax, = 0154y, = 0154z = 02 15.4 0.2732
Grid E Ax, = 0104y, = 0104z = 02 10.3 0.6846
Grid F Ax, = 0054y, = 0054z = 02 5.1 0.6761

Table 7

Grid independence test for turbulent flow at Re = 1Y and U7}, = 4.0,
Grid Grid spacing near the cylinder ¥ A g1 10}
Grid D Ax, = 0154y, = 0154z = 02 15.4 0.3560
Grid E Ax, = 0104y, = 0104z = 02 10.3 0.6826
Grid F Ax, = 0054y, = 0054z = 02 5.1 0.7899

cylinder displacement amplitudes for turbul lows do not converge
to a stable pattern, unlike the laminar flows, the average of the highest
(1/10)th of the amplitudes (A,y41/10)) Was calculated and compared for
ea se.

can be seen that for the reduced velocities in both the initial
branch as well as the lower branch, there is a significant increase in
the average (1/10)th amplitude of the cylinder when the grid is refined
from grid D to E. However, further refinement of the grid by decreasing
Ax, and Ay, from 0.1 in grid E to 0.05 in grid F does not cause any major
change in A,y /10- Consequently, the results thus far would suggest
that grid E is sufficient for this study.

However, based on the conclusions of the flow cases, an-
other grid independence study was carried out In the upper branch of
the lock-in region at U, = 4.0. From the results givenin Table 7, grids E
and F lead to significantly different results, unlike for the previous two
cases. Therefore, a more detailed analysis of the discrepancy between
the two grids for the lock-in region was needed.

3.4. Investigation of grid refinement for turbulent regime

A detailed investigation of the rlying reasons is necessary to
see how the grid refinement affects the VIV amplitudes of cylinder.
The grids E and F are used to conduct detailed analyses over a range
of reduced velocities.

Fig. 9 shows the maximum vibration amplitudes for the two grid
sizes, E (coarser grid) and F (finer grid), plotted against pnevim@
published studies with similar parameters. The parameters for
experimental study of Khalak and Williamson (1997) are differe;
the present study. The experiments were performed in water over a
range of R ds numbers as opposed to a single value of Reynolds
number, as in the present case. In order to are the reduced veloc-
ities and dimensionless natural frequencies with the results of Khalak
and Williamso 997}, their results have been scaled for comparison
as described by Zhao et al. (2014). Pastrana et al. (2018) used a similar
conversion for their 2-DOF comparison. Therefore, Figs. 9, 10, 12, 15,
16 and 18 show the scaled results of Khalak and Williamson (1997) for
comparison purposes.

It can be deduced from Fig. 9 that the finer grid size exhibits a
higher A, for most reduced velocities in the lock-in region. Specif-
ically, at U, = 4.0, the resulting amplitudes for the finer grid are
even higher than previously published numerical studies and closer to
experimental results, whereas, for the coarser grid, the amplitude was
much lower.
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Fig. 6. gne histories of displacement, lift coefficient and drag coefficient at Re = 100 for the coarser and finer grids.

Similar results can be observed for the average of the highest
(1/10)th amplitudes (Aaygi/10)) in Fig. 10. The trends of Ay, from
Fig. 9 are maintained but the amplitude values are generally lower,
which is expected. However, even with A,,4/10), the result at U; = 4.0
for the finer grid is still higher than the previously published numerical
results and closer to experimental results, which show A, only.
Moreover, although the values of the finer grid amplitudes in the upper
branch differ from previous numerical studies, a similar upper b
trend can be observed in Figs. 9 and 10. The initial branch has good
agreement with the earlier results, up to the peak value in the upper
branch at U, = 40. However, after that, the present simulations show
a sharp decline, which occurs earlier than in other studies leading to

a narrower upper branch. This sharp decline is similar to the decline
displayed in the numerical results of Guilmineau and Queutey (2004,
Figure 3) for the increasing u; initial condition, which was conducted
for different numerical parameters. However, their upper branch is
much more abrupt and narrow and only attains high amplitudes for
the increasing U, initial condition. The present work can achieve high
amplitudes in the upper branch for both the rest and increasing U
amplitudes in the
lower branch rise again before falling toward the end of the lock-in
region, a trend exhibited by all the past numerical and experimental
studies.

initial conditions, which are discussed later.
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These results suggest that conducting a single grid independence
study for a cylinder undergoing VIV may not be sufficient. Even if the
grid inde nce test at Uy = 2.0 may be dismissed as unimportant
because it occurs at the onset of the lock-in region, even the grid
independence test at Up = 7.0 was not sufficient. Moreover, from
Fig. 10, we may conclude that a grid independence test at U}, =
6.0 or 10.0 would also have led to a similarly misleading result. There-
fore, this analysis establishes the importance of conducting multiple
grid independence tests inside the lock-in region, preferably near the
anticipated maximum amplitudes at the beginning of the upper branch.

As described earlier in Table 1, several previous researchers in-
vestigating turbulent flow over a cylinder undergoing VIV have used

either Ay, OF Agygqi10) to characterize the cylinder’s vibration. For the
present fine grid results, Fig. 11 compares the results of Ay, Agyg1/10)0
Agugitys as well as a simple average of the amplitudes (4,,,) of vi-
bration. A3 averages the highest one- mplitudes. Although
the trends are the same in the lock-in region, a significant difference is
observed between the results in the upper and lower branches of the
lock-in region. Unlike laminar flows, the cylinder vibration does not
usually evolve into a stable pattern for turbulent flow cases. Therefore,
the choice of the type of amplitude presented in the result becomes
important, especially when carrying out parison between dif-
ferent types of studies, as has been don:gze present work. Due
to the highly fluctuating nature of turbulent flows, the maximum




Fox Khalak and Williamson (1997), Exp., Re=2x 10710 12 x 107, 4,
14 o Zhaoetal (2014),DNS. A,
- o Lucor et al. (2005), DNS, A__ .0,
B + Present study, U, from rest, finer grid, A
12 B > Present study, U, from rest, coarser grid, A,
1
Q 0.8 =
0.6
3 o
04
| x
3 x
X
021
i ¥o g
0 N M R
0 10 12

Fig. 9. gmum vibration amplitudes over a range of reduced velocities at Re = 107
with the rest initial condition for the coarse and fine grids, compared with previously
published studies.
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Fig. 10. Ay t[on amplitudes over a range of reduced velocities at Re = 10°
with the rest initial condition for the coarse and fine grids, compared with previously
published studies.

amplitude of vibration is not a sufficient criterion to characterize the
cylinder vibration because the maximum value may only occur once or
twice, even over a long period of observation. Although the maximum
value may be important in structural design to assess the maximum
impact of vibrations, it does not convey enough information about the
nature of oscillations. Moreover, if the energy generation potential of
VIV of cylinders is to be investigated, the simple average of cylinder
amplitudes (Aavg) is the most suitable characteristic. Due to a large
number of previous studies only reporting Ay O Aayg 10, Perhaps
all three or at least A,/ and A,,, both should be reported for
future studies so that the vibrations can be characterized and compared
with previous results, while also allowing for assessment of their energy
generation potential.
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Fig. 11. Comparison of the different types of vibration amplitudes for a cylinder
undergoing VIV at Be = 10" with the rest initial condition.

Fig. 12 shows the cylinder response frequency ratios fo the
grids plotted against published studies. The cylinder response uency
ratio is the actual cylinder oscillation frequency normalized by the
structural natural frequency in a vacuum. Although this frequency ratio
is lower than earlier results shown in the figure, rlier studies are
either experimental or DNS studies. Previous LES studies of turbulent
flow over a eylinder undergoing VIV have also been found to exhibit
frequency ratios of less than one, such as Zhang and Dalton (1996) at
Re = 13 % 10° and Al-Jamal and Dalton (2004) at Re = & x 10°. This
behaviour is known as soft-lock-in, where a slight detuning appears in
the cylinder oscillation frequency. Mittal and Kumar (1999) concluded
that the smaller mass ratio is the reason for this phenomenon. This
conclusion is consistent with this present investigation, where the soft-
lock-in does not appear in the laminar case with a larger mass ratio m*
= 149.1.

3.5. Further analysis of the trbulent regime under other initial conditions

Additional calculations were conducted for the same range of re-
duced velocities at Re = 10° with increasing U}, and decreasing U
initial conditions. For each of the two types of studies, the cylinder
was initially held stationary and then allowed to vibrate at the starting
reduced velocity (U/; = 05 for the increasing Uy initial condition and
U}, =100 for the decreasing U}, initial condition). The reduced velocity
was then varied with each step of AU* = 0.5 after fixed simulation time
intervals.

The results are shown in Figs. 13 and 14. The gradual 1
increase in cylinder amplitudes can be observed through the imifial
branch of the lock-in region until the lower branch. Despite the av-
erage amplitudes showing a consistent variation through the lock-in
region, significant fluctuations can be seen at most reduced velocities,
which strengthens the argument for using either A, g, or 4,,, for
characterizing the amplitudes.

It is interesting to observe that in Fig. 13 for increasing U, initial
condition when U}, is increased from 4.0 to 4.5, the cylinder amplitude
increases abruptly and displays a larger oscillation for a short duration
before reducing to a smaller value. This leads to high values for A,
and Agyg1/10) amplitudes (shown in Figs. 15 and 16), even though A,
would be much lower. Moreover, as discussed later, this short jump in
amplitude is missing from the upper branch simulations for the rest and
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Fig. 12. Cylinder response frequency ratios over a range of reduced velocities at
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previously published studies.
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Fig. 13. Time history Ea cylinder undergoing VIV at Re = 10" with the increasing Uy
initial condition, and AU* = 0.5,

decreasing U, initial conditions. Similarly, in Fig. 14 for decreasing U
initial condition, when the Uy is changed from 4.0 to 3.5, a similar
jump in cylinder amplitude occurs, which is not seen for the initial
branch of the rest and increasing U, initial conditions.

The Ay, and A, amplitudes over the investigated reduced
velocity range are plotted in Figs. 15 and 16, respectively. Although,
Ay for increasing Uy initial condition matches closely with the
rest initial condition throughout the lock-in region, the A, values for
the rest initial condition are generally higher than those for increasing
U, initial condition in the upper branch. This suggests that a situation
may occur when using the rest initial condition. On the other hand, a
comparison between the increasing and decrea U initial conditions
reveals differences in the initial branch of the lock-in region as well as
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Fig. 14. Time history 5 a cylinder undergoing VIV at Re = 10" with the decreasing U,
initial condition, and AL* = 0.5,

in the upper branch. The initial branch amplitudes are slightly higher
for the decreasing U}, initial condition, while the upper branch ampli-
tudes are significantly higher for the increasing U}, initial condition.
Therefore, a hysteresis phenomenon can be observed between the two
types of initial conditions in turbulent flow cases, which is sketched in
Fig. 17. In the prese]@ork, only a single blockage ratio of 5% has
been used. However, Prasanth et al. (2006) investigated the effect of
the blockage ratio for VIV in lamif#§ flows and found that reducing the
blockage from 5% to 1% caused the hysteresis in the initial branch to
disappear, while the hysteresis in the lower branch persisted.| ough
their results are only applicable to low Reynolds numbers, the effect
of the blockage ratio for the present case may also be investigated
in the future to determine if it has any influence on this hysteresis
phenomenon.

The cylinder response frequen tios for the different types of
initial conditions are represented in Fig. 18, which shows that the
frequency ratios remain largely the same throughout the lock-in region.

To confirm the existence of the observed hysteresis phenomena and
to rule out the presence of any numerical artefacts, the cases with
increasing and decreasing initial conditions were re-run with the same
parameters but with the change in reduced velocity, AU*, at fi
simulation time intervals equal to 0.25. The time histories for
increasing and decreasing cases are given in Fig. 19.

The general trends are largely similar to the earlier case, with the
hysteresis erlomerlorl distinguishable because the noticeably large
vibrations at the onset of the lock-in regime in the increasing U ; initial
condition case are absent from the decreasing U} case. However, the
smaller value of AU* = 0.25 leads to higher fluctuations of maximum
amplitudes of vibration, especially during the lock-in region. A compar-
ison of the 4., for the two AU* cases reveals the greater fluctuations
of vibration amplitudes for each of the initial conditions, as shown in
Fig. 20.

Fig. 21 represents the instantaneous flow structures visualized using
Q-criterion (Hunt et al., 1988) at a value of 0.01 for Uy, =40 and
@= 4.25, with both the increasing and decreasing initial conditions.

€ instantaneous vorticity contours for the same flow conditions are
presented in Fig. 22. Since the fluctuations of the cylinder are larger for
the increasing U ; initial condition, the flow is more chaotic with slightly
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larger high vorticity structures. Otherwise, the nature of vortex-induced

aztion is typical for flows in this regime and lock-in region. As shown
n Fig. 22, two single vortices are formed behind the der in every
vibration eycle. This pattern is referred to the 25 mode vortex-shedding
QEm (Govardhan and Williamson, 2000). Previous VIV simulation
at Re = 1000 conducted by Zhao et al. (2014) also observed the same
vortex-shedding pattern.

4. Conclusions

Flow over a circular cylinder undergoing vortex-induced vibration
was investigated for laminar and turbulent regimes. The laminar flow
cases were studied in the range of Re = 90115 while the turbulent flow
cases were conducted at Re = 10°.
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Fig. 18. Cylinder response frequency ratios over a range of reduced velocities at
Re = 10" with different initial conditions, compared with previously published studies.

Multiple conventional grid independence tests were conducted for
both sets of cases, and it was found that a single grid independence test
was not sufficient to study VIV behaviour in the lock-in region, neither
in laminar nor in turbulent flows. In types of flows, there were two
or more reduced velocities at which the coarse grid was able to match
the values of the fine grid parameters sufficiently. However, detailed
analyses revealed that at other reduced velocities, the fine grid led to
more ac te results. For laminar flows, a coarser grid was also found
to delay the onset of the lock-in region. Consequently, the importance
of conducting multiple grid independence tests inside the lock-in region
%established. For turbulent flows, it is preferable to conduct them

e beginning of the upper branch of the lock-in region.

An analysis of the time history of the laminar flow cases revealed
that the grid refinement also affects the evolution of the vibration to
a stable pattern with marked differences in the pattern for coarse and
fine grids. Moreover, a stable vibration was achieved earlier for the
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Fig. 20. Comparison of (4., ) amplitudes over a range of reduced velocities at Re =
values, compared with previously published studies.

finer grid e upper branch of the lock-in region, while it took much
longer in the lower branch as compared to the coarser grid.

On investigating the turbulent flows using different initial con-
ditions, a hysteresis phenomenon was observed. The cases with the

sing U, initial condition led to significantly higher amplitudes
in the upper branch of the lock-in region, while the cases with the
decreasing U}, initial condition exhibited lower amplitudes. However,
in the initial branch, the decreasing Uy initial condition causes the
cylinder to vibrat@th slightly higher amplitudes than the other two
initial conditions. The lower branch of the lock-in region is not affected
by the changes in the initial conditions. The presence of hysteresis at
a blockage ratio lower than 5% may be investigated in the future to
determine its influence, if any.

Based on the investigations in this work, it was observed that A, is
not sufficient for a co te representation of the vibration characteris-
tics of turbulent flow n the lock-in region. For future studies, the use of
multiple calculation methods for vibration amplitudes is recommended
such as Ayy. 1) and Ay, as well as A,

10" for increasing Uz(left) and decreasing U (right) initial conditions with different a07*
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