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Abstract

Vortex induced vibration (VIV) is one of the most concerning phenomenon when comes
to the interaction between fluid and solid. It is especially most practical for those that
have a geometrically low aspect ratio, for example skyscrapers and bridges. The study
regarding VIV has a history well over fifty years, but even till this day, the behavior of this
phenomenon is not yet fully defined. This thesis focus on investigating the behavior of
this phenomenon with OpenFOAM with controlled velocity, shape, mass, fluid property,
and natural frequency. With the numerical results obtained, frequency ratio, amplitude
ratio, settling time, and critical value are investigated with a variable mass.

Keywords: vortex induced vibration, vortex shedding, OpenFOAM
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Chapter 1

Introduction

1.1 Basic Principles of VIV

The study of vortex-induced vibration (VIV) can be found useful and practical in many
engineering fields. It represents one of the most concerning issues for bluff bodies in
air and water. In fluid dynamics, VIV occurs when shedding vortices (produced by any
flow passing a body) apply oscillatory force on the body. The shedding vortices generate
pulsating pressure on the body that changes periodically in the parallel and perpendicular
directions of the flow. Suppose the body is elastically supported, or the material is flexible
and allows elastic deformation. In that case, the oscillatory force will trigger periodic
vibration of the body, and this vibration will, in turn, change the wake pattern of the
vortex. Generally, there are three wake patterns close to the "lock-in" range of VIV:
2 singles, 2 pairs, and pair plus single[1][2]. The VIV phenomenon only happens in a
limited range of reduced flow velocity (U∗) and disappears at higher flow velocities. It is
also worth noting that once the Reynolds number is high enough, VIV will not only occur
in cylinders but also on all bluff bodies with oscillating wakes.

The vortex shedding frequency (f) produced by a stationary body encountering a flow
is proportional to the flow velocity (U) and inversely proportional to the characteristic
dimension (D) of the body (for instance, diameter of cylinder)[3].

f = S
U

D
(1.1)

The Strouhal number (St) is the constant of proportionality. However, as the equations
demonstrate, VIV is not a simple linear forced vibration. Since the body is elastically
mounted, a "lock-in" participates in the response of frequency changes. This actively
demonstrates that the body’s vibration is causing f ∗ to stay around 1, causing the reso-
nance range in respect of flow velocity to extend. The phenomenon of "lock-in" generally
means that after the vortex shedding frequency (f) becomes close to the body’s natural
frequency (fN), where f ∗ = f/fN ≈ 1. The shedding frequency will remain close to the
body’s natural frequency as velocity increases in a limited range called the lock-in range.
This phenomenon causes the amplitude of the oscillation to be increasing after f first
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1. CHAPTER. INTRODUCTION

Mass ratio m∗ m
πρD2L/4

Damping ratio ζ c

2
√

k(m+mA)

Velocity ratio U∗ U
fnD

Amplitude ratio Y ∗ y0
D

Frequency ratio f ∗ f
fn

Streamwise force coef. KX
FX

1
2
ρU2DL

Transverse force coef. KY
Fy

1
2
ρU2DL

Reynolds number Re ρUD
v

Table 1.1: Non-dimensional parameters

reaches fN instead of decreasing as the usual should have been. However, considerably
huge multiple times of the natural frequency can be reached for the VIV frequency as
recent study has shown.

To begin the study of VIV and in order to understand the fundamental questions
relating to this subject, we introduce the generally used equation of motion that express
VIV of a cylinder elastically mounted and vibrating in the transverse direction:

my′′ + cy′ + ky = F (1.2)

where c is the structural damping, m is the structural mass, k is the spring constant,
and F is the fluid force in the transverse direction. A well established numerical solution
of the force and the amplitude can be expressed as:

F (t) = F0sin(ωt+ ϕ) (1.3)

y(t) = y0sin(ωt) (1.4)

where ω is 2πf , and f is the body’s oscillation frequency. Having these three equation
defined, the amplitude and frequency of the oscillation can be derived as follow using
non-dimensional parameters[4]:

Y ∗ =
1

4π3

KY sinΦ

(m∗ +KA)σ
(
U∗

f ∗ )f
∗ (1.5)

f ∗ =

√
m∗ +KA

m∗ +KEA

(1.6)

where KA is the potential added mass coefficient (taking the value as 1) and KEA is
the actual added mass coefficient that includes the effect due to the force applied from
the fluid and can be calculated as (of course, KEA is not a mass since there are apparent
force components):
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1.2. CRITICAL MASS

KEA =
1

2π3

KY cosΦ

Y ∗ (
U∗

f ∗ ) (1.7)

With these equations in mind, studies and modeling had been made. A study of the
response for an elastically mounted cylinder was made by Feng[5] and has contributed to
the subject. In his research, he found and defined two different branches for the response,
which he called the "initial" and "lower" branches (as shown in Figure 1.1). Air was
used in the experiment as the fluid, so that it made the mass ratio very big (m∗ ∼ 250).
However, more recent studies have been made with lower mass ratios using water as the
fluid. One of the comparisons was done with research from Khalak and Williamson[6]
between the amplitude in water (m∗ = 2.4) and the highest amplitude that Feng has
plotted in air (Figure 1.1a). This comparison research has a value of m∗ζ, only about 3%
of Feng’s value, which in result yields a much higher peak amplitude. Several studies by
Khalak and Williamson had shown a new category between the initial and lower, a much
higher branch called the "upper response branch". Along with the maximum amplitude
difference due to the much lower mass ratio, another contrasting result was found with
the synchronized frequency during the "lock-in". In the case of a light body in water, the
body vibrates at 1.4 times the natural frequency.

1.2 Critical Mass

From the results discussed above, some may easily conclude that as the object’s mass
decreases, the amplitude of vibration for a given flow velocity will increase. However,
this simultaneity rule tends to reach boundlessly vast when the mass is under a unique
critical value, other than when the mass reaches zero. The critical point is dependent
on the body’s shape that’s under the phenomenon of VIV. Govardhan and Williamson[8]
presented an extensive research for cylinders with low mass damping to determine KEA

that is not changing the whole time with the lower category rule and is independent of m∗.
They found the most suitable representation of KEA in Equation 1.6, where the research
data of their own fits the most (Figure 1.2, which is, KEA = −0.54± 0.02.

Therefore, the lower-branch frequency Equation 1.6 can be deduced as following:

f ∗
Lower =

√
m∗ +KA

m∗ − 0.54
(1.8)

where KA = 1. The expression for f ∗
Lower in Equation 1.8 is mathematically straight-

forward that when the critical mass tends to reach 0.54, the frequency ratio of the lower
branch becomes infinity. This also gives the simplest way of calculating the maximum
frequency in this branch. Therefore Govardhan and Williamson proves that critical mass
ratio is definitely real can can be defined as:

m∗
Critical = 0.54. (1.9)
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1. CHAPTER. INTRODUCTION

Figure 1.1: In (a), Feng’s result of maximum amplitude with high mass ratio is compared
with with Khalak and Williamson’s result with low mass ratio. In (b), the frequency is
not close to the natural frequency as the classic result expected[6][7].

The result is significant, but one thing to notice is that this experiment is carried only
under a certain condition. Where the mass damping is low. In fact they have stated that
this critical mass only valid when the product of mass and damping is lower than 0.05.

For frequency of the upper category, a study had been done by Govardhan and
Williamson[11] following their study of the lower branch. The frequency ratio f ∗ is shown
to increase with the reduced velocity, starting from the reduced velocity of 5 and the
frequency ratio of 1 (Figure 1.3a). It should theoretically stop when it reaches the lower
branch, but as the experiment has shown, it is not clear if the frequency will jump back
to the lower branch. In fact, the ones who actually performed this experiment stated that
the upper branch will continue endlessly. The response curve of the measurement done
with m∗ = 0.52 is shown in Figure 1.3. Although the curve is limited by the equipment,
it is pretty clear that the amplitude of the vibration tends to stay at a high level even
compared to m∗ = 8.63’s case.

Further studies have been made relating the critical mass of a VIV system. Reducing
the mass has a significant effect on how the system will respond. When the mass ratio
has been reduced under the discovered critical value, enormous amplitude and intensive

4



1.2. CRITICAL MASS

Figure 1.2: The oscillation frequency for lower branch represented by the mass ratio m∗.
It is shown that KEA value of 0.54 fits remarkably well. The symbols representing the
data are: •, Govardhan and Williamson[8]; △, Khalak and Williamson[4]; ⊡, Hover, et
al.[9]; ⊙, Anand and Torum[10].

vibration occur. When the system operates within these circumstances, the phenomenon
of VIV may occur at any given velocity, which means that the object will constantly be
vibrating (Figure 1.3b).

There follows other similar studies which focus on the critical mass of different shapes
under VIV. Govardhan and Williamson[11] wrote about how a critical value should lay
on any type of VIV. As Williamson and his colleagues have done more studies throughout
the years, critical masses of many other shapes are found[12][13].

Recent studies have found that critical mass varies with the fluid’s Reynolds num-
bers. A low Reynolds number leads to changes of the critical number. First, Morse &
Williamson[14] found that the increase of Reynolds number is taking the critical mass
also to increase. In their research, it was determined that as the Reynolds number in-
creases from 4,000 to 30,000, the critical mass ratio has constantly been increasing until
0.54, which yields a difference of around 0.18. Although this result has ruled out the
previous studies since none of those considered Reynolds number as a factor, Morse and
Williamson state that Reynolds number is a dependent factor of the vital property of mass
ratio should have been aware of. When the Reynolds number is small, the influence of the
viscous force on the flow field is greater than the inertial force. If the Reynolds number
is large, the influence of inertial force on the flow field is greater than the viscous force.
The change in force significantly affects the behavior of the system. Then, following their
study, Navrose and Sanjay Mittal[15] had made a more comprehensive research on this
phenomenon and plotted the whole response curve (Figure 1.4). The detailed calculation
and experimental process will not be repeated in this article.
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1. CHAPTER. INTRODUCTION

Figure 1.3: In (a), it shows that the frequency ratio has a linear relationship with the
velocity ratio. In (b), when m∗ is below a critical value, the resonance keeps going until
the experiment’s equipment’s maximum capability[8].

1.3 Response Approximation

Putting aside the critical mass, is there a way to estimate the maximum amplitude of
any given body under the phenomenon of VIV? Khalak and Williamson introduced the
’Griffin plot’ in their research paper in 1999[4]. Over years of research regarding VIV, the
’Skop-Griffin’ parameter was introduced to approximate the maximum amplitude. And
it was the most commonly used parameter in many pieces of research. The parameter is
essentially closely related to the mass damping (m∗ζ). In fact, it was found proportional
to it by Griffin et al.[16]. However, it was still an important question if the parameter
could accurately represent the maximum response. Much more research have been done
addressing this subject over almost three decades, and no one was able to express the re-
lationship with accuracy. Although people mainly were using a mass and damping related
parameter to represent their work, they were not precisely the same. For different shapes
of objects, researchers had used several different parameters. Sometimes researchers tend
to use a parameter that fits their work the most, even with the same shape. However, all
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1.3. RESPONSE APPROXIMATION

Figure 1.4: Data collected for cylinders by Mittal and Sanjay[15], plotting the critical mass
change with Reynolds number. Different notations are from various data sets obtained
from previous studies[14]. Under the curve, it shows the area where the phenomenon of
VIV occurs boundlessly.

of the parameters were essentially mass damping related. As more and more studies have
been done on the maximum amplitude, Skop and Griffin[16] defined a new parameter that
combined all of the other research’s data. This parameter SG has been stated to roughly
anticipate the response of any VIV system. It is expressed as[17]:

SG = 2π3S2(m∗ζ) (1.10)

Griffin et al.[18] first introduced SG to conduct the extensive compilation of many
different studies. Since then, the Griffin plot has been used vastly among research repre-
senting the maximum amplitude. Although practical engineers widely use log-log Griffin
diagrams[19], it was still not clear with what conditions of flow and frequency it is best
suitable, which should have then led to a unique curve between peak amplitude and SG.

Sarpkaya since then pointed out several times in his researches that the commonly
applied parameter SG’s legality[20][21][22][23]. He wrote that even from simple mathe-
matical evaluation from Equation 1.1, the peak amplitude of the system is dependent on
both mass and damping separately. Sarpkaya then has also pointed out that the ’Skop-
Griffin’ parameter is only valid for values under 1. This later was found that it rules most
of the plot, as we can see in Figure 1.5.

A study has been done following in 1982, Griffin and his colleague performed a mea-
surement where the ’Skop-Griffin’ parameter was under control[31]. Varying the mass
ratio from 5 to above 40, they then proved that a lower quality ratio results in the
broader synchronization range and expands within a larger normalized speed U∗ range.

7



1. CHAPTER. INTRODUCTION

Figure 1.5: Further analysis of the Griffin plot. In (a), the collected data have a quite
significant scatter along the fitted line, although it was widely accepted by the researchers
at the time. In (b), fitted line is only plotted for a specific geometry and only where the
’Skop-Griffin’ parameter is under 1. Although uncertainty is still high, it has improved
by quite a lot comparing (a)[4][8][9][19][24][25][12][26][27][28][29][5][30][10].

It also demonstrates that even though SG < 1.0, the parameter and response relationship
is not accurate enough, which violates the above-mentioned law stated by Sarpkaya.

For numerous experiments collated by Skop and Balasubramanian[32], Williamson
and Govardhan[7] plotted an extension of the Griffin graph. However, instead of the
traditional log-log, they adopted a transverse axis (as illustrated in Figure 1.5a). The
typical logarithmic relation obscures the dispersion, which is otherwise visible. It appears
absurd to combine the data of so many separate VIV systems in this decentralized setting
(free cylinder, cantilever, pivot cylinder, and et cetera). As a result, only the data relating
to the elastically attached cylinder are shown in Figure 1.5b. Following Khalak and
Williamson[4], the Griffin graph has two separate curves that indicate the peak amplitudes
of the upper and lower branches, respectively.

Peak-response data was assembled from a variety of different experimental setups, re-
sulting in large uncertainty. The reason of such uncertainty is mostly due to the control
method of prior research. However, Govardhan & Williamson[33] used an external active
damper to solve this problem. One of the main findings in the study is that when consid-
ering Reynolds number (Re) in the relationship between amplitude and the SG parameter,
the data collapse very well. From the study of Govardhan & Williamson, with controlled

8



1.4. OTHER RESEARCH RESULTS

damping, They have concluded a equation to predict the amplitude ratio of any given
system within a practical range of Reynolds number as:

Y ∗ = (1− 1.12((m∗ +KA)ζ) + 0.30((m∗ +KA)ζ)
2)log(0.41Re0.36) (1.11)

Govardhan and Williamson[7] drew a comprehensive graph of amplitude data (Y ∗) and
mass damping (ζ) measured over the last 30 years, which reveals a considerable disper-
sion. Because there is no way to differentiate the Re number between each measurement,
it’s not surprising that it’s tough for investigators to verify the data’s unique functional
connection. (In reality, given this wide range of results, the data cannot support conclu-
sions on whether the combined mass damping parameter is valid or invalid in any way.)
However, if the data is now redrawn using "Modified amplitude" Y ∗

M = Y ∗/f(Re), all
preceding data is elegantly folded onto a curve g(α), as shown in Figure 1.6:

Figure 1.6: With the newly defined relationship including Re, the data produced by all the
previous studies collapse elegantly to the fitted line Govardhan and Williamson proposed
in 2006[33]. On the top figure, the data plotted with the original Griffin plot. On the
bottom figure, the amplitude plotted with respect to the new relationship (Equation 1.11).

1.4 Other Research Results

Although many of the fundamental and basic results about VIV have been discussed, there
are undoubtedly much more to discover regarding VIV. Researchers have also been work-
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1. CHAPTER. INTRODUCTION

ing on a variety of topics considering the broad applicants of this phenomenon, including
forced cylinder vibration, laminar VIV, and XY motion of the bodies. The XY motion
here represent flow direction X and transverse Y directions. They will only be mentioned
briefly because they are either a more complex problem or are still in development.

In the case of cylinder forced vibration, one way to predict VIV is to create an experi-
mental force database by testing cylinders in free flow that experience forced or controlled
sinusoidal vibration. Free vibration testing was compared to prediction using controlled
vibration data and hypothetical equations of motion. Hover et al.[34][9] used an inge-
nious and versatile experiment, a novel force-feedback virtual cable tester (VCTA), in
collaboration with Michael Triantafyllou’s research team at the Massachusetts Institute
of Technology, to produce numerous results. One of the many intriguing findings of this
novel device is that, with the exception of the region of maximum amplitude, the im-
pact from both the top and bottom of the object is usually more significant than in the
middle. When it comes to predicting VIV, correlation is crucial. Multi-mode motion,
traveling waves, and structural non-linearity are all visualized using the general force-
feedback system. On the other hand, despite the fact that much work has been done to
control vibration, whether control simulations can accurately represent VIV remains an
open question.

As far as we know, just one free vibration experiment in the range of laminar vortex
shedding was undertaken, which was detailed in Anagnostopoulos & Bearman[35] with a
Re = 90 ∼ 150 range. At Re = 100 ∼ 200, the response amplitude map also matches the
findings of a large number of two-dimensional numerical simulations. It can be inferred
that, even in the simulated situation when the damping may be set to zero, there is an
evident correlation between the lack of free vibration Y ∗ and the wake pattern changing
to one another when response Y ∗ surpasses a certain value.

On the other hand, Sarpkaya found that an XY-moving object does not create an
unexpected change in the predicted maximum resonance amplitude when compared to
a Y-moving object in his research[23]. Later, Jeon & Gharib[36] discovered that even
modest quantities of stream-wise motion can prevent the 2P model of vortex generation
from forming. Indicating that the amplitudes and phases chosen have an impact on the
findings reached. In most situations, cylindrical constructions in the flow direction (X) and
transverse (Y) directions have the same mass ratio and natural frequency. The findings
reveal that the widespread concept of VIV for only transverse direction body motions
has remained tightly linked to the circumstance of two degrees of freedom during the last
35 years. The fluid-structure interaction changes substantially when the mass ratio falls
below m∗ = 6. A "super-upper branch," as described by Jarvis & Williamson[24][12][25],
is a new response branch with considerable stream-wise movement. Three large-diameter
peak-peak (Y ∗1.5) amplitudes result from this branch. Following Williamson & Roshko[1],
this reaction correlates to a novel periodic vortex wake pattern that includes a triple vortex
created in each half-cycle, which is referred to as the "2T" model.
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Chapter 2

Methodology

2.1 OpenFOAM

Vortex induced vibration (VIV) is essentially a fluid dynamic problem. Therefore it can
be simulated and solved using computational fluid dynamics (CFD). CFD uses numerical
methods to solve the control equations of fluid mechanics in the computer to predict the
flow of the flow field[37]. At present, there are many kinds of commercial CFD software
coming out, such as FLUENT, CFD-ACE+ (CFDRC), Phoenics, CFX, Star-cd, and
others. The essential consideration of CFD is to process the continuous fluid in a discrete
manner on the computer. One method is to discretize the spatial region into small cells to
form a three-dimensional grid or grid point and then apply a suitable algorithm to solve
the equation of motion. This process is usually called meshing. Under the consideration
of maximum modifiable variances of the simulation, OpenFOAM has become one of the
best software capable of this task.

OpenFOAM is an open-source field operation software based on the finite volume
method. Its full name is Open Field Operation and Manipulation, and its predecessor
is FOAM. The initial class comes from the doctoral dissertation of Charlie Hill (1993),
the numerical work comes from Henry Weller (1996) and Hrvoje (1998), and the core
of OpenFOAM is a series of high-efficiency C++ module data packages. Based on such
data packages, various effective solvers, pre-processing tools (such as meshing, boundary
setting, et cetera), and library files (for various models) can be built to simulate specific
physical problems and perform pre and post-data processing. At this stage, the plat-
form is mainly used in fluid mechanics or dynamics but has gradually been applied in
solid mechanics, including fluid-solid coupling, contact elastoplasticity, nonlinear struc-
tural analysis. Throughout years of development under open-source, there are now a
considerable amount of solvers, processing tools, and any functionalities available that
create a vast amount of freedom setting up the desired solution of any CFD problems[38].

This research aims to recreate the phenomenon of VIV with a cylinder in OpenFOAM
under a higher mass damping (m∗ζ) condition and investigate the result’s motion be-
havior. To recreate VIV, it is first necessary to first understand that the vibration is

11



2. CHAPTER. METHODOLOGY

essentially caused by vortex shedding, and vortex shedding does not occur at any flow
speed versus the geometry. Therefore, a stationary case of fluid passing by a cylinder that
generates steady vortex shedding is essential for this research.

2.1.1 PimpleFoam

In order to create a simulation case in OpenFOAM, a solver need to be chosen according
to case setup and the desired result. The first and most crucial assumption in this research
is that the fluid passing by the geometry is incompressible. Also, the solver has to be
capable of dealing with turbulence. Therefore, the pimpleFoam solver is chosen under the
incompressible fluid solvers category. PimpleFoam is a large-time-step incompressible flow
transient solver based on the PIMPLE algorithm, which is a merged algorithm of PISO
(Pressure Implicit with Splitting of Operators) and SIMPLE (Semi-Implicit Method for
Pressure Linked Equations). Where simpleFoam is a compressible fluid solver with tur-
bulent flow, while pisoFoam is a transient solver for incompressible flow. Essentially, the
pimple algorithm is a semi-implicit method for solving pressure and velocity couples[39].

A few solver conditions need to be selected, such as the turbulence model and the
controlling of the simulation. There are two commonly used turbulent modeling, RAS
and LES. RAS is a very mature model after development in years. But RAS cannot cap-
ture the small vortex structure in turbulence after averaging the speed. Unlike RAS, LES
examines big vortices while simulating minor vortices at the same time. Large vortices are
thought to be directly impacted by boundary conditions, hence LES investigates them;
however, tiny vortices are isotropic, so they behave similarly and may be modeled. In
this research, the turbulence modeling is set to Large Eddy Simulation (LES). Smagorin-
sky first proposed LES in 1963, and this method is first used by Dcardorff in a straight
calculation field as a numerical simulation. LES separates big vortices and small vortices,
then simulates the big one as the model determines the small one. The reason of LES
being practical is that there exist inertial sub-scale vortices at a high Reynolds number.
The sub-scale vortices can transfer energy in between vortices with energy to those which
consume it. However, these vortices themselves do not contain or consume energy in the-
ory. Furthermore, it is suitable for 3D and transient cases. The control of the simulation
mainly contains the simulation length, the time interval between each calculation, and
the postprocessing methods[40][41].

After the solver has been appropriately set up, the geometry can be easily built. The
basic geometry is shown in Figure 2.1. The simulation field is a cuboid with a width of 0.6
m and a length of 0.8 m with a thickness of 0.02 m. In the middle, there is a cylinder with
a diameter of 0.04 m. Although the case is set up to be a 3D model, it is basically still
a 2D simulation for the reason of mesh distribution that will be mentioned below. The
boundary conditions at the layers are set to those which would not disturb the behavior
of the fluid and therefore cause any unwanted turbulence. It is important to set only the
cylinder boundary to be variable with velocity because this is where the most crucial and
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2.1. OPENFOAM

the main focus of this research.

Figure 2.1: The basic geometry of the simulation setup, the inlet of fluid is on the left
hand side.

2.1.2 Meshing

One of the most important process of fluid CFD is meshing. The idea of grid emergence is
derived from the idea of discretization. Discretization discretizes the continuous solution
domain into many finite sub-regions and solves the physical variables of each sub-region
separately. Each sub-region is adjacent to continuous and coordinated to achieve the entire
variable field (Coordination and continuity). The discrete grid is only a "representation
symbol" of physical quantities. The grid is tangible, but the discrete objects can be
either tangible (all kinds of solids) or intangible (heat conduction, gas). The most critical
core is the mathematical and physical formulae hidden behind the grid. Therefore, to
put it simply, the visible grid dispersion is the form, and the invisible physical quantity
dispersion is the essential core. For a simple geometry like this research has, block mesh
is perfectly competent. The mesh in this simulation is generated so that mesh blocks are
evenly distributed before the cylinder for a more precise and even flow rate before the fluid
hits the cylinder. Even though vortex shedding is an interesting part of this phenomenon,
it doesn’t affect the simulation result of the motion of the cylinder. Therefore the mesh
after the cylinder is increasing in size gradually. Also, it is expected that there will be
no turbulent close to the walls on the side of the geometry, the mesh is also generated in
way that the blocks gradually increase in size from the middle towards the walls. Mesh
close to the cylinder is the most important part of this simulation, therefore the mesh are
generated in a way that the closer to the cylinder’s wall, the finer the blocks are.
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Figure 2.2: A general view of the meshed geometry.

2.1.3 Fluid’s Properties

Before the simulation actually takes place, the last thing that needs to be selected for
the measurement is the fluid property. For convenience and practicality, the property
of water was chosen to be the input values at first, which are ρ = 997[kg/m3] and
kinematicviscosityk = 1 ∗ 10−6[m2/s]. Although for the sake of more straightforward
observation and calculation of the behavior, the final kinematic viscosity is k = 1 ∗ 10−5,
which is ten times more viscous than water. The vortex shedding frequency f is related to
the Strouhal number (St) where the Strouhal number depends on the Reynolds number.
Therefore the Reynolds should be first determined as[3]:

Re =
UD

k
. (2.1)

Since the velocity of the fluid is yet unknown, the Reynolds number is chosen with a
practical manner as 100. According to the study made regarding the relationship between
Reynolds number and Strouhal number by J. P. Den Hartog[42], even though they are
closely related, the Strouhal number varies only between 0.18 and 0.22 in the range of
100 to 100,000 Re. Therefore, the Strouhal number can be first assumed as 0.18 as this
is going to be a low Re system, then the vortex shedding frequency is calculated as

St =
fD

U
. (2.2)

Assuming f = 0.1Hz for convenience and practical results, velocity is calculated as
U = 0.0222m/s. It is then rounded to U = 0.025m/s as a more accurate input. Doing
with the new defined flow velocity U , Re is calculated again with equation 2.1, resulting
Re = 80. The vortex shedding frequency can also be approximate with St = 0.18,
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2.1. OPENFOAM

Figure 2.3: Mesh sizing close to the cylinder’s wall.

resulting f = 0.1125Hz. Here, the velocity ratio should be checked so that it is in a
reasonable range. The calculation is done with:

U∗ =
U

fnD
, (2.3)

assuming that the cylinder’s natural frequency is the same as the calculated vortex
shedding frequency, gives the result of U∗ = 5.556. With the already found relationship
between the maximum amplitude and the velocity ratio by Khalak and Williamson[6],
the velocity is around U∗ = 5 so that the upper branch of the relationship will be visible.

A testing simulation is performed, where the cylinder is fixed in the fluid, to check if the
vortex shedding occurs as expected. Using the data extracted from the force component,
the frequency can be calculated using a Fourier transform. The data collection and
calculation here are performed by the built-in software python3 in Ubuntu. The result
is as expected, although the actual vortex shedding frequency is at f = 0.11Hz (Figure
2.4). This is a reasonable and acceptable error since the Strouhal number was only chosen
numerically. With the actual properties of the vortex shedding, the analytical result of
the Strouhal number then is St = 0.176. Also, note that the vortex shedding is only
visible after around 50 seconds. This is caused by the fluid being static at the beginning
of the simulation. The flow rate of the liquid starts building up until it reaches the set
amount as equilibrium.

Since the vortex shedding is successfully produced, it is the priority to make the
cylinder free in the Y-axis so that oscillation can kick in. To accomplish this, the mesh
needs to be adjusted into a dynamic mesh and then constrain its motion on the X and
Z axis. The dynamic mesh is created so that within 1 mm from the cylinder wall, the
fine mesh will move along with the cylinder itself, giving more accurate calculations.
Any mesh outside of the static mesh is compressible and extendable, creating freedom
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2. CHAPTER. METHODOLOGY

Figure 2.4: The force vs. time plot (top) and the Fourier transform (bottom). The plot
of Fourier transform is zoomed in so that the peak is showed clearly.

for the cylinder to have motion[43]. Vibration is created by oscillation between two
frequencies, therefore it is necessary to give the cylinder a natural frequency. This can be
accomplished by mounting the cylinder elastically with a spring. However, at this point,
it is quite interesting to give the system a test run without giving the cylinder any natural
frequency.

The result is as expected: although the cylinder is receiving transverse force created
by the vortex shedding, it is not tending to move. This result itself is pretty fascinating,
but it is now basically a floating object, which does not go into the consideration of the
VIV phenomenon.

Figure 2.5: With the help of Paraview, the simulation can be seen visibly. The vortex
shedding in this simulation results in a 2S wake pattern.
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2.2. CYLINDER’S PROPERTIES

Figure 2.6: The result of when the cylinder is free to move on the transverse direction
but does not have a natural frequency, since there is no spring nor restoring force from
the cylinder.

2.2 Cylinder’s Properties

To achieve the goal of giving the cylinder a same frequency as the shedding frequency,
a spring is attached onto the cylinder in the transverse direction. Therefore the natural
frequency of a mass∼spring system should be calculated with:

ω =
√

k/m. (2.4)

Where ω is the natural frequency of the body with the unit [radians per second], k
is the spring stiffness and m is the mass of the cylinder. Since the result of a Fourier
transfer is with the unit [Hz], the ω is converted to f with:

f =
ω

2π
. (2.5)

The cylinder’s mass is determined so that the mass ratio of the system is about the
critical mass ratio of m∗ = 0.54. The minimum mass of the cylinder then can be calculated
as

mMin = m∗πρ(D/2)2L = 0.54 ∗ 997 ∗ 0.023 = 0.01353kg (2.6)

With the critical mass defined, a set of different mass is create in order to investigate
in the behavior of the VIV phenomenon. Which is m =1, 0.75, 0.5, 0.4, 0.3, 0.2, 0.1, 0.09,
0.08, 0.075, 0.07, 0.06, 0.05 [kg].

Although, one crucial matter for any object in a fluid is that the fluid gives it an added
mass. It is possible to calculate the added mass mA with the help of equations mentioned
in the introduction, but the process can be easily replaced by a free decay simulation using
OpenFOAM. The free decay simulation is essentially giving the spring that’s attached to
the cylinder a longer rest length at the beginning of the simulation, therefore causing the
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2. CHAPTER. METHODOLOGY

cylinder to vibrate and decay in time due to the fluid damping. The added mass has an
impact on the natural frequency since there clearly is a mass component in the frequency
equation, therefore, using a free decay simulation to approximate the added mass outcome
is practical. The basic process of the free decay simulation is:

1. Using the initial mass as a initial guess.

2. Using the wanted natural frequency to calculate the stiffness of the spring k.

3. Running the simulation and plot the result with Fourier transform.

4. With the frequency result in [Hz], calculate the actual mass (m+mA).

5. Using the new mass as initial guess, then go back to step 2.

Figure 2.7: An example of the free decay simulation with m=1 kg, plotted with Python.

Performing free decay on every mass gives the result in Table 2.1. The natural fre-
quency of each case are regulated with 0.11 Hz with a maximum error of 1%.

To determine the system’s mass damping ((m∗+KA)∗ζ < 0.05), the viscous damping
coming from the fluid needs to be also determined. Viscous vibration refers to the move-
ment energy affected by the obstruction caused by the vibration force of the vibrating
system that is positive but opposite to the speed. Absorption of secretions exists in the
process of internal vibration and shaping. When the fluid vibrates, part of the energy is
consumed. In the thermal resistance of an unstable environment, the vibration-generating
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2.3. TIME STEPS

m[kg] m+mA[kg] k[N/m]
1 1.037 0.4944
0.75 0.7864 0.3757
0.5 0.5346 0.2554
0.4 0.434 0.2073
0.3 0.3313 0.1582
0.2 0.2395 0.1144
0.1 0.134 0.06687
0.09 0.1285 0.0614
0.08 0.1185 0.05662
0.075 0.115 0.05496
0.07 0.109 0.05207
0.06 0.099 0.04279
0.05 0.08913 0.04256

Table 2.1: Free decay results

object is blocked by air or water and converted into energy. With each mass, the viscous
damping can be calculated with [44]:

nδ = ln
xi

xi+n

, (2.7)

ζ =
δ√

(2π)2 + δ2
. (2.8)

Where n is the number of cycle, δ is a logarithmic decrement, xi is the position at the
start of first cycle, and xi+n is the position at the end of the last cycle. With calculations
done, the resulting mass damping of each different mass is shown in Table 2.2.

2.3 Time steps

Time steps give the accuracy of the simulation, and it can be simply explained as the
time interval between each calculation. To determine if a time step is good for the
simulation, the Courant number can be used. Courant number is a parameter that can
give a relative relationship between the time steps and spatial steps. At each calculation,
Courant number is calculated by the solver indicating whether the time step is good
for the calculation. For a good CFD simulation, the Courant number should definitely
stay under 1, and for accurate results, it should be under 0.7 or even lower. During the
first simulation, it was found that the Courant number was at a higher number and can
sometimes even crash the simulation. For all good reasons, in the control dictionary of
the simulation, the maximum allowed Courant number is set to be 0.5. Along with the
max-Courant number, adjustable time steps are also turned on. Therefore, the solver will
make an automatic decrease in the time step once the Courant number reaches 0.5. In
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m[kg] ζ (m∗ +KA) ∗ ζ
1 0.00748 0.309
0.75 0.009585 0.3008
0.5 0.01404 0.2996
0.4 0.01726 0.2989
0.3 0.02247 0.2971
0.2 0.0334 0.3193
0.1 0.0567 0.31676
0.09 0.0594 0.3048
0.08 0.6437 0.3045
0.075 0.06896 0.3166
0.07 0.07134 0.3103
0.06 0.07828 0.3093
0.05 0.08615 0.3064

Table 2.2: Mass damping

general, the Courant number is calculated as[45]:

C = ∆t(
n∑

i=1

uxi

∆xi

), (2.9)

where ∆t is the time step, u is the magnitude of the velocity, x stands for the dimension.
The time step is set to 0.01 seconds in the simulation. However, it is also found that

once the mass is too low, it is good to have consistently smaller time steps due to the
motion solver algorithm. Therefore the time step for mass lower than 0.3 kg is set to
0.001 seconds, giving more accurate results.

With all the parameters of each case properly checked and set up, the simulation is
performed with OpenFOAM’s pimpleFoam solver until each has reached the maximum
amplitude.
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Chapter 3

Data Analysis

3.1 Visualization of the results

Results of the simulation is visualized as plots using Python. For each case with different
mass, three important quantities are visualized: position vs. time, velocity vs. time, and
the Fourier transformation.

Figure 3.1: Results of case m = 1 kg.
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3. CHAPTER. DATA ANALYSIS

Figure 3.2: Results of case m = 0.75 kg.

Figure 3.3: Results of case m = 0.5 kg.
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Figure 3.4: Results of case m = 0.4 kg.

Figure 3.5: Results of case m = 0.3 kg.
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Figure 3.6: Results of case m = 0.2 kg.

Figure 3.7: Results of case m = 0.1 kg.
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Figure 3.8: Results of case m = 0.09 kg.

Figure 3.9: Results of case m = 0.08 kg.
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Figure 3.10: Results of case m = 0.075 kg.

Figure 3.11: Results of case of m = 0.07 kg.
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Figure 3.12: Results of case m = 0.06 kg.

Figure 3.13: Results of case m = 0.05 kg.
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The length of each case is not the same. This is mainly because the calculation process
is considerably long. The result is checked once in a while and stopped when the vibration
has reached a reasonably steady amplitude. The spectral content plotted for each case is
the result of Fourier transformation, and it is zoomed in for better visual.

3.2 Frequency Ratio

The vibration frequencies obtained from the Fourier transformations for each case can be
plotted with respect to the mass ratio with added mass (m∗ +KA), which is simply

m∗ +KEA =
m+mA

πρD2L/4
. (3.1)

m[kg] m∗ +KA f f ∗

1 41.3851 0.11 1
0.75 31.384 0.1132 1.029
0.5 21.3351 0.1133 1.03
0.4 17.3201 0.1132 1.029
0.3 13.2217 0.1155 1.05
0.2 9.559 0.1172 1.065
0.1 5.5863 0.1255 1.141
0.09 5.1291 0.1261 1.146
0.08 4.7304 0.128 1.164
0.075 4.5912 0.1273 1.157
0.07 4.35 0.1271 1.155
0.06 3.9509 0.1153 1.048
0.05 3.557 0.1342 1.204

Table 3.1: Mass damping

Although it seems like the vibration is following a trend where the frequency ratio f ∗

is increasing with a decreasing mass ratio in Figure 3.14, but it is not exactly the case
when the mass ratio hits around 4.5. With the cylinder’s mass of 0.075 kg and 0.07 kg,
it is not clear that the slight decrease of the frequency ratio is caused by uncertainties of
the simulation setup. Although when the mass is decreased once more, with m = 0.06

kg, a significant decrease of the vibration frequency is found, as in Figure 3.15. Then,
at m = 0.05 kg, the cylinder vibrates at a significantly higher frequency. Notice that
even the mass ratio varies quite a lot between all the cases, the mass damping is almost
constant (Table 2.2).
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3.2. FREQUENCY RATIO

Figure 3.14: Frequency ratio is plotted against the mass ratio.

Figure 3.15: A closer look of the plot when mass is under 0.1 kg.
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3.3 Settling Time

One of the varying parameters that is changing with different mass ratios is the settling
time (ts) of the vibration. This has never been investigated in previous studies. Once
the simulation starts, a constant flow rate is given from the inlet, the vortex shedding
phenomenon is only visible after around 50s into the simulation time. The settling time
of each case in this research is determined by the first time that a difference of the two
peak positions is less than 0.5% of the previous peak Or, in the case of lower mass ratio,
the first time that overshoot occurs for the vibration. Overshoot is determined when the
peak reaches a higher value than when the vibration settles. The data collected is shown
in Table 3.2.

m[kg] ts [s]
1 495.588

0.75 405.652
0.5 325.159
0.4 287.823
0.3 242.423
0.2 203.914
0.1 144.155
0.09 143.749
0.08 141.491
0.075 135.771
0.07 137.077

Table 3.2: Settling time

The settling can be plotted against the mass ratio as shown in Figure 3.16. It is
found that there is almost a linear relationship between the two parameter. Therefore a
trend-line is fitted in and gives the function:

ts(m
∗) = 9.893m∗ + 99.439. (3.2)

Data from 0.06 and 0.05 cases are not included in the plot because of the unstable
behavior shown in Figure 3.12 and 3.13. The reason will be analysed in section 3.5
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Figure 3.16: Settling time plotted against mass ratio.

3.4 Amplitude Ratio

The maximum amplitude is take where the settling time is. The overshoot amplitude
is taken into consideration because it is where damage of the structure can potentially
occur. Amplitude ratio is then calculated as

Y ∗ =
y

D
, (3.3)

where y is the maximum amplitude, D is the diameter of the cylinder, which is 0.04
m in this research. This data is collected in Table 3.3 and plotted in Figure 3.17. Note
that the data from 0.06 kg and 0.05 kg cases are not plotted for the same reason as the
frequency ratio.

m[kg] y [m] Y ∗

1 0.01939 0.4847
0.75 0.0202 0.505
0.5 0.02053 0.5132
0.4 0.02081 0.5203
0.3 0.02098 0.5245
0.2 0.02159 0.5397
0.1 0.02238 0.5596
0.09 0.02248 0.562
0.08 0.02259 0.5649
0.075 0.02272 0.5679
0.07 0.02295 0.5737

Table 3.3: Amplitude ratio

31



3. CHAPTER. DATA ANALYSIS

Figure 3.17: Amplitude ratio plotted against mass ratio.

As the mass decreases, the maximum amplitude ratio tends to be increasing rather
than Govardhan and Williamson have predicted with the modified Griffin plot. As they
have stated that the maximum amplitude at a given Reynolds number and mass damping
can be determined regardless of any other parameter with Equation 1.11[33]. Both param-
eters are constant in this research, but a significant increase of the maximum amplitude
can be found with the decreasing mass ratio.

For mass of 0.6 kg and 0.5 kg, the maximum amplitude of the vibration are found to
be 0.035 m (Y ∗ = 0.0875) and 0.224m (Y ∗ = 0.56), respectively. It is interesting that
it seems like after a certain value, the maximum amplitude has gone down again all the
other parameters have increased. Although, it is indeed vibrating at a higher frequency.

3.5 Critical value prediction

With the behavior of settling time, frequency ratio, and amplitude ratio determined and
plotted out, a clear change in the behavior can be found around the range of mass of
0.7∼0.5 kg. As for the frequency ratio, significant differences between mass under 0.7
kg. The cylinder vibrates at a higher frequency than any other cases at m = 0.5 kg may
indicate that the mass ratio is already under its critical value. Looking at its motion from
Figure 3.13 also gives the idea that the vibration starts suddenly even when the fluid’
flow rate has not yet built up. The vibration also suddenly jumps to a roughly stable
amplitude once the velocity is built up to a specific value. This is also another behavior
that matches how the cylinder may act under the critical value, as in the response of the
cylinder jump from an initial branch to a higher branch as Govardhan and Williamson
predicted[8]. For the reasons above, it can be said that the critical mass ratio value of a
cylinder that has a mass damping of 0.3 is higher than 3.5 and approximately under 4.35.
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Chapter 4

Conclusion

This research has focused on investigating a cylinder with various masses under the phe-
nomenon of VIV with OpenFOAM. Most of the research regarding VIV previously are
presented by actual experiments. It is not easy to tell which method is better. For a
CFD software, in order to successfully predict the behavior of this phenomenon, there
requires several conditions. First of all, as mentioned previously, time step and Courant
number are two main parameters that have to be concerned and tested. Secondly, vortex
shedding and vortex induced vibration does not occur at any given flow rate of the fluid
for a given geometry of the solid. Last but not least, a powerful computer is essential
when it comes to extremely small time steps with relatively large motion. However, on
the other hand, CFD software such as OpenFOAM provides the ease of controlling those
controlled variables such as flow rate and natural frequency with high accuracy. Also, the
data is collected efficiently and precisely once the simulation is accurately set up.

The response of the cylinder with a mass of 0.6 kg and 0.5 kg is not accurately shown
with the setup of OpenFOAM presently used. Clear, non-periodic, and random vibrations
are recorded at the beginning of cases 0.6 kg and 0.5 kg. This is because of the time step
is being once again too long against the motion that the cylinder is creating, since the
smaller masses are experiencing larger acceleration with the same force. Therefore the
Courant number has constantly hitting the maximum of 0.5, which it was set to be. To
achieve a more precise simulation result, even lower time steps have to be used. Although,
it is going to take a significant longer time for OpenFOAM to perform the calculations
or requires the computer to have a much higher performance. For the same reason, the
critical value of this research can only be an approximation.

Further study regarding the relationship between maximum amplitude ratio and mass
damping parameter can be investigated as there has been found that the amplitude in-
creases even with a constant Reynolds number and mass damping, violating the modified
amplitude predicted by Govardhan and Williamson in their research in 2006.
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