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Abstract 

 

Vortex-Induced Vibration (VIV) is a major concern in design of slender 

structures exposed to the wind flow, such as high-rise buildings and bridges, or water 

currents, such as offshore structures, marine risers, mooring elements and free spanning 

pipelines. Many researchers have investigated VIV of circular and rectangular cross-

sections. However, flow characteristics and VIV of hexagonal cylinders have received 

limited attention so far. Vortex-induced vibration of infinitely long hexagonal cylinders 

with corner and face orientations are investigated herein using two-dimensional 

Computational Fluid Dynamics (CFD). The numerical model is based on the solution of 

two-dimensional Reynolds-Averaged Navier–Stokes (RANS) equations in ANSYS 

Fluent. The RANS equations are solved in a moving mesh system using the Arbitrary-

Lagrangian–Eulerian (ALE) approach, which allows the cylinder to move as a rigid 

body in the cross-flow direction. Turbulence is incorporated using the Shear Stress 

Transport (𝑆𝑆𝑇) 𝑘– 𝜔 model. The numerical model and results are validated against 

published experimental and numerical results on VIV of a circular cylinder for a 

Reynolds number (𝑅𝑒) of 1000. Using the validated model, VIV of hexagonal cylinders 

with corner and face oriented configurations are studied at reduced velocities (𝑉𝑟) 

between 2 and 12. In all models the non-dimensional mass ratio (𝑚∗) of 2, and 𝑅𝑒 of 

1000 are adopted. Results are presented in the form of drag and lift forces, vortex 

shedding patterns, flow velocities, pressure distributions around the cylinders, 
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frequency of vibrations, Strouhal numbers and amplitude of vibrations. Results show 

that, the cross-flow amplitudes of vibration of both corner and face-oriented hexagonal 

cylinders are much lower than that of a circular cylinder of the same diameter. The 

vortex shedding frequencies of the hexagonal cylinders are smaller than the circular 

cylinder.  
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Chapter 1: Introduction 

 

1.1 Background Information 

Flow around bluff bodies is encountered in a variety of engineering applications 

and is the topic of fundamental fluid mechanics because of the potential destructive 

forces that can result from the interaction between a moving fluid and a structure. 

Vibrations may lead to fatigue damage in structures that are exposed to dynamic loads 

or flow-induced instabilities. In the case of vortex-induced vibration, vibrations are due 

to time-dependent drag and lift forces, as the vortices are shed from the bluff body. As 

the flow passes around the bluff body, vortices are created in the wake regime. These 

vortices generate pressure fluctuations that cause bluff bodies to vibrate—a 

phenomenon known as ‘vortex shedding’. The lift force oscillates at the vortex shedding 

frequency, while the drag force oscillates at twice the vortex shedding frequency 

(Griffin, Skop, & Ramberg, 1975). If the cylinder is flexibly mounted, these forces may 

induce vibration of the cylinder. The lift force may induce cross-flow vibrations and the 

drag force may induce in-line vibrations. This phenomenon is called ‘vortex-induced 

vibration’ (VIV) (Bearman, 1965; Williamson & Govardhan, 2004). 

The VIV of slender structures is one of the key concerns in structural and marine 

engineering designs. The phenomenon of VIV not only increases the dynamic load to 

the structure, but also influences the structural stability. The vibrations may cause 

structural failure or accelerate fatigue failure. These factors may result in an increase in 

the capital investment required for the structure and increase the expenses involved in 
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maintenance and replacement. Thus, the ultimate objective of studies on VIV is to 

understand, predict and prevent VIV, preferably without drag penalty. However, given 

that the VIV phenomenon involves a very complex model, prediction is always 

challenging and experiments are expensive and time consuming (Bearman, 2011a; 

Williamson & Govardhan, 2008). However, during the last couple of decades, the 

availability of high-performance computers has offered researchers the opportunity to 

perform simulations to obtain optimum results, and to numerically model VIV. 

Therefore, numerical modelling in fluid dynamics has become popular, and is called 

‘computational fluid dynamics’ (CFD). CFD is increasingly used in the modelling and 

design process within the aerodynamics and hydrodynamics industries. CFD simulation 

provides an attractive time- and cost-effective alternative to experimental investigation. 

Independently from the laboratory studies in characteristic of VIV in cylinders, 

CFD and numerical simulations have also been demonstrated to be a powerful tools for 

studying VIV of cylinders as well. The numerical models based on the Reynolds-

averaged Navier-Stokes (RANS) and SST k–ω equations have provided satisfactory 

numerical results of VIV of cylinder at low-mass ratios. It is demonstrated that two-

dimensional simulations of VIV at low Reynolds numbers, will provided deep insights 

into the mechanisms of VIV of cylinders. The complicated effects of the three-

dimensionality are removed in two-dimensional studies (Wang et al., 2019; Zhu et al., 

2018). 

Characteristics of the flow regime around a hexagonal cylinder and resultant 

forces are of importance in various engineering applications where fluid-structure 

interaction is considered such as; wind and offshore engineering. Studying the 

behaviour of the vortices, the pressure and the friction distribution and in-line and cross-

flow forces on the cylinder are of great practical importance because of their destructive 
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effects such as fatigue failure caused by vortex-induced vibration. Extensive studies 

have been performed on analysing the unsteady wake around circular and square 

cylinders, using numerical methods such as Computational Fluid Dynamics (CFD), 

which is the process of numerically solving fluid dynamics equations to predict 

resultant flow fields, and experimental testing in wind tunnels or tow-tanks.  

The wake flow behind a circular cylinder firstly becomes unstable beyond a 

critical Reynolds numbers and then a periodic flow regime known as a Von Karman 

vortex street develops. The point of flow separation varies depending on the upstream 

flow parameters such as the Reynolds number (Re), surface roughness and the angle of 

attack. The VIV can be suppressed by modifying either the structure or the flow. 

Therefore, it is valuable to consider different geometrical configurations. 

In contrast to circular cylinders, the study of the flow region behind hexagonal 

cylinders has received only limited attention. The flow detaches from the hexagonal 

cylinder at the sharp corners of the leading or rear edges, forming the vortex region on 

either side of the geometrical symmetry plane of the cylinder. This study is concerned 

with behaviour of the vortex regime in the wake of two-dimensional hexagonal 

cylinders with face and corner orientations as well as lift and drag forces and 

frequencies. 

 

1.2 Methodology 

In this study the behaviour and characteristics of the flow regime around an 

infinitely long hexagonal cylinder and resultant hydrodynamic forces are evaluated 

using CFD simulations.  The two-dimensional face and corner-oriented hexagonal 

cylinder with a diameter of D is vertically aligned in the fluid. A rectangular 

computational domain with dimensions 40D (cross-stream) by 50D (stream-wise) is 
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used for the numerical simulations. The Cartesian coordinate system is located at the 

centre of the hexagonal cylinders and the cylinder is located 20D from the inlet 

boundary and 30D from the outlet boundary. In addition, a constant Reynolds number 

of Re = 1000 which is defined as 𝑅𝑒 = 𝑈𝐷 ν⁄  and a constant mass ratio of 𝑚∗ = 2  

which is defined as the ratio of the cylinder to the displaced mass of the fluid [𝑚∗ =

2𝑚/(3√3𝑎2 𝐿𝜌)] are adopted in all the simulations in this study. Moreover, the range 

of reduced velocities between (2 < 𝑉𝑟 < 12) which is defined as 𝑉𝑟 = 𝑈/(𝑓𝑛 𝐷) is 

adopted for all the simulations in this study. The 𝑆𝑆𝑇 𝑘– 𝜔 turbulence model is used for 

modelling the turbulence in this study (Menter, 1994). The cylinder’s surface was 

assumed to be a smooth, 2D boundary, where the non-slip boundary condition is 

employed and the cylinder is constrained to oscillate only in the cross-flow direction. 

Thus, the fluid velocity at the interface between solid and fluid is specified as the same 

as the vibrating speed of the cylinder along the cylinder surface and zero in the stream-

wise direction. The turbulent energy 𝑘 = 0  at the wall boundary and the inlet velocity 

boundary conditions are set as 𝑢 = 𝑈, 𝜈 = 0 and the turbulence quantities is 𝑘 =

0.001𝑈2 and 𝜔 = 1𝑠−1 for uniform flow past a circular cylinder. 

The numerical method is initially validated against existing experimental and 

numerical results of VIV of a circular cylinder. The behaviour of the vortices, the in-line 

and cross-flow forces, and amplitudes and frequencies of vibrations of hexagonal 

cylinders in the face and corner orientations are calculated. Where possible, the results 

are compared to those of a circular cylinder and the differences are discussed.  

 

1.3 Research Questions 

Although numerous studies have examined the VIV behaviour of circular 

cylinders and the flow patterns of stationary cylinders exposed to moving fluid, the 
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effect of VIV on bluff bodies with sharp edges has received limited attention. The 

studies performed on non-circular models have been mainly restricted to square 

cylinders (Baldock et al., 2014; Karampour et al., 2018). Study of flow regime around 

polygonal cylinders has applications in many engineering problems regarding wind 

loads around skyscrapers, towers and chimneys, bridge components, heat exchangers, 

oil rigs and marine structures. Therefore, the current study aims to: 

x Develop a validated simulation platform for studying the flow regime 

and hydrodynamics of flexible hexagonal cylinders in a moving fluid, 

x Evaluate the vibration response of face and corner oriented hexagonal 

cylinders in terms of amplitudes and frequencies of vibration, 

x Calculate the hydrodynamic forces acting on hexagonal cylinders in a 

flow, 

x Define the vortex regimes in the near wake of the hexagonal cylinders, 

x Compare the response of hexagonal cylinders to those of a circular 

cylinder at similar flow conditions. 

 

1.4 Thesis Outline 

This thesis is structured in five chapters.  The introduction is in chapter one. The 

literature review is discussed in chapter two, it provides the empirical evidence of the 

various existing experimental and numerical results of VIV in different geometry 

cylinders. Chapter three describes the research numerical methods for circular and 

hexagonal cylinders. The numerical findings of VIV of 2D circular cylinder and 2D 

hexagonal cylinders in both face and corner orientations are presented and discussed in 

Chapter four. The most significant conclusion of the present results is given in Chapter 

five.  
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Chapter 2: Literature Review 

This chapter presents a comprehensive literature review of the VIV of a bluff 

body in stationary and oscillatory currents. Vortex shedding is a phenomenon in which 

a cylinder is placed in a flowing fluid, and vortices are shed alternatively downstream of 

the body. The cylinder can oscillate at high amplitude when the frequency of the vortex 

shedding is close to the natural frequency of the structure, which is due to the 

hydrodynamic force on the cylinder. This phenomenon can be easily observed and 

studied when a cylinder is placed inside a fluid domain (air or water), attached to a 

spring and allowed to vibrate only in the cross-flow direction. VIV is described as a 

flow-induced oscillation, and is a significant problem in many engineering applications. 

The amplitude of the oscillatory hydrodynamic force of a bluff body in the cross-flow 

direction is significantly greater than that in the streamline direction. In addition, the 

vibration in the cross-flow direction dominates over the in-line direction. Therefore, 

previous VIV studies have focused on the VIV of an elastically mounted rigid cylinder 

in a fluid flow, where the cylinder is only allowed to vibrate in the cross-flow direction 

(Vada et al., 1989), (Sumner and Akosile, 2003), (Kazeminezhad et al., 2010). 

This chapter presents the general science of flow around bluff bodies, the VIV 

mechanism and the commonly used non-dimensional parameters. The numerical finite-

element methods for VIV are discussed in detail, while the existing experimental 

observations in literature are briefly reviewed. The active and passive mitigation 

provisions are also reviewed. Finally, some of the more significant research, examining 

flow around bluff bodies with sharp edges is presented. 
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2.1 Characteristics of Flow around a Circular Cylinder 

The flow around a circular cylinder is specified by large zones of separation, as 

displayed in Figure 2.1. The separation of the boundary layer from the surface of the 

cylinder generates a recirculation in the flow. This causes an adverse pressure gradient 

in the direction of the flow, which is imposed by the shape of the bluff body. In 1504 

AD, Leonardo Da Vinci was probably the first person to devote attention to the 

separation of the flow from the surface of different objects, and the formation of vortex 

patterns in the wakes. A more extensive description of the flow around a cylinder was 

reported by Reynolds (Bearman, 1965). 

 

 
 

Figure 2.1. Flow region around a stationary circular cylinder. Source: Sumer (2006).      a    

It is known that the uniform flow passing a fixed cylinder is strongly 

characterised by the Reynolds number of the cylinder: 

𝑅𝑒 = 𝜌𝑈𝐷
𝜇

          (2.1) 

where 𝜌 is the fluid density, 𝑈 is the free-stream velocity, 𝐷 is the cylinder diameter and 

𝜇 is the dynamic viscosity of the fluid. The flow characteristics change in a series that 

can be classified into several ‘flow regimes’. A previous study by Williamson (1996), 

indicated that the transition to turbulence occurs within a range of Reynolds numbers 

from 300 to 107. The separation phenomenon from transition to turbulence can be 

observed by increasing the Reynolds number from very low regimes. The flow regimes 



NUMERICAL STUDY ON VORTEX‐ INDUCED VIBRATION OF HEXAGONAL CYLINDERS 8 

around a stationary circular cylinder are governed by the Reynolds number; thus, 

transition states can be described by 𝑅𝑒 and the modifications that occur because of 

other influencing parameters. The current study briefly considers several aspects of flow 

characteristics with respect to these flow regimes. In particular, the basic vortex 

shedding mechanism, vortex shedding frequency characteristics and hydrodynamic 

forces on the fixed and moving cylinder will be discussed. 

 

2.1.1 Classification of flow regimes 

Table 2.1 presents a summary of the flow regime classification. There are different 

preferences among researchers for descriptions of flow regimes and the associated 

ranges of Reynolds numbers in terminology. This study follows the works of Roshko 

(1961), Schewe (1983) and Sumer (2006). As shown in Table 2.1, no separation is 

observed for a Reynolds number lower than 5. A fixed pair of symmetrical vortices are 

formed in the wake for 5 < 𝑅𝑒 < 40. Escalation in the Reynolds number extends the 

length of these symmetrical vortices. The wake becomes unstable and vortices start 

being shed alternatively, one at a time, from each side of the cylinder when the 

Reynolds number becomes greater than 40. A group of vortices shed in the wake of a 

cylinder is often referred to as a ‘vortex street’. The vortex street remains laminar for 40 

< 𝑅𝑒 < 200 and is nominally two-dimensional (2D). Three-dimensional (3D) flow 

features start to occur only at 𝑅𝑒 ≈ 190, as observed by Williamson (1996). 

Transition towards turbulence begins to occur when the Reynolds number is 

increased above 200, in the following sequence. It first occurs in the wake region. Then 

the interface between the laminar and turbulent regions steadily moves upstream 

towards the cylinder to the separation points. The separation point then becomes 

turbulent. Ultimately, the boundary layer itself also becomes turbulent. Turbulence can 
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be observed in the wake, and the vortex shedding pattern becomes distinctly 3D for 200 

< 𝑅𝑒 < 300. The wake is fully turbulent when 𝑅𝑒 > 300, and both the upper and lower 

boundary layer separation points remain laminar. The subcritical flow regime occurs in 

the range of 300 < 𝑅𝑒 < 3 × 105. The boundary separation point for 3.0 × 105 < 𝑅𝑒 < 3.5 

× 105 is laminar on one side, yet turbulent on the other side. Lift on the cylinder is a 

result of the asymmetric flow condition in a non-zero region, and is called the ‘critical’ 

or ‘lower transition’ flow regime. The turbulent boundary separation may occasionally 

change to the other side, depending on the flow condition, as revealed by Schewe 

(1983). 

The 𝑅𝑒 range of 3.5 × 105 < 𝑅𝑒 < 1.5 × 106 refers to the supercritical flow 

regime, and the boundary layer separation is turbulent on both sides. Somewhere 

between the stagnation point and the turbulent separation points lies the region of 

interface between the laminar and turbulence. The boundary layer on one side becomes 

completely turbulent, while the other side remains partly laminar and partly turbulent 

for 𝑅𝑒 ≈ 1.5 × 106.  

At 1.5 × 106 < 𝑅𝑒 < 4.5 × 106, the flow characteristics remain in the upper 

transition region. The flow regime is called ‘transcritical’ for 𝑅𝑒 > 4.5 × 106, and the 

boundary layer on the cylinder is essentially fully turbulent. These states are illustrated 

in Table 2.1. The transition in the shear layers, as the 𝑅𝑒 increases, changes the 

locations of the separation points. 
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Table 2.1 State of Flow Regime around Smooth Circular Cylinder. Source: Sumer (2006). 

 

a)  

No separation 
Creeping flow 

Re < 5 

b)  

A fixed pair of symmetrical 
vortices 5 < Re < 40 

c)  

Laminar vortex street 40 < Re < 200 

d)  

Transition to turbulence in 
the wake 200 < Re < 300 

e)  

Wake is completely 
turbulent 

(A) Laminar boundary 
layer separation 

300 < Re < 3 × l05 
Subcritical 

f)  

(A) Laminar boundary 
layer separation 

(B) Turbulent boundary 
layer separation, but 

boundary layer laminar 

3 × l05 < Re < 3.5 × l05 

Critical (lower transition) 

g)  

(C) Turbulent boundary 
layer separation: 

The boundary layer laminar 
is partly turbulent 

3.5 × l05 < Re < 1.5 × l06 
Supercritical 

h)  

(D) Boundary layer is 
completely turbulent on 

one side 

1.5 × l06 < Re < 4 × l06 
Upper transition 

i)  

(D) Boundary layer is 
completely turbulent on 

two sides 

Re > 4 × l06 
Transcritical 
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2.1.2 Vortex shedding mechanism  

Vortex shedding behind bluff bodies arises due to a combination of the relatively slower 

moving fluid in the boundary layer, the adverse pressure gradient due to the wake, 

boundary layer separation and flow instability. The change in the length and width of 

the near-wake region was discovered by Bloor (1965). A transition in the boundary 

layers advancing towards the stagnation point has also been demonstrated, resulting in 

turbulence in all zones of disturbed flow (Zdravkovich, 1981). Table 2.2 represents the 

states of flow as compiled by Sumer (2006). Boundary layer separation occurs around 

the widest section of the bluff body because of the great adverse pressure behind the 

cylinder, which is common to all these different flow regimes. Shear layers are always 

formed at the boundary layer separation locations. Given that the flow velocity at the 

shear layer closer to the free stream is greater than that near the cylinder, the shear 

layers roll up and form vortices (Blevins, 1990).  

In the creeping flow regime, the flow remains attached to the surface of the 

circular cylinder, and a steady laminar wake is formed. At Re = 5, separation begins and 

a closed near-cylinder wake is formed with a weak recirculation consisting of two 

symmetrical eddies with a pair of stationary vortices (Griffin et al., 1975). The shear 

layers meet at a point named ‘free stagnation’, which is close to the near-wake region. 

At this moment (𝑅𝑒 = 40), instability in the near wake is observed, which leads to an 

oscillation of the shear layers at the neutral point. The Von Kármán vortex street is the 

formation of vortex shedding when the Reynolds number is greater than 40, and is a 

common feature of flow around a circular cylinder. Figure 2.2 displays the vortex 

patterns in the near-wake region of a stationary cylinder at Re = 150. The interaction 

between the shear layers in the near-body wake—which involves the vorticity inherent 
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to them—is the result of vortex shedding. Inconsistency in flow produces vortices that 

develop alternately on each side of the body (Williamson, 1996; Zdravkovich, 1997). 

 

 
 

Figure 2.2. Laminar vortex shedding (Re = 150) on a stationary circular cylinder. Source: from 
Owen, Bearman, and Szewczyk (2001). 

 

In addition, when the Reynolds number reaches 40, the wake becomes unsteady 

and the symmetric vortices pair becomes unstable, such that one vortex may grow larger 

than the other (Sumer, 2006). As shown in Figure 2.3(a), the larger vortex (I) finally 

becomes strong enough to draw the smaller vortex (II) to move across the wake towards 

itself, and the two vortices rotate in opposite directions. For example, the top vortex 

rotates in the clockwise direction, while the bottom vortex rotates in the anti-clockwise 

direction. The smaller vortex (II) gradually approaches the base of the large vortex (I), 

and eventually cuts off the supply of vorticity to the larger vortex from its boundary 

layer. At this moment, the large vortex (I) detaches (or sheds off) from the cylinder and 

is adverted downstream by the flow. Figure 2.3(b) illustrates that the vortex (II) is 

originally smaller, and now becomes larger, and in turn appeals a new smaller vortex 

(III). The vortices are shed alternately from the two sides of the cylinder. Therefore, this 
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vortex shedding can only occur when there are interactions between the two vortex 

groups that are adjacent to the body. Interfering with the interactions of the two adjacent 

vortex groups is one avenue examined by research to prohibit vortex shedding (Sumer, 

2006). 

 

 
 

(a) Shedding vortex I  (b) Shedding vortex II 

 

Figure 2.3. Mechanism of vortex shedding. Source: from Sumer (2006). 

 

In addition, when the shear layer of the next upcoming vortex interacts with the 

opposite side of the shear layer, the shedding of a vortex is produced and the vorticity is 

counteracted because of its different sign (Gerrard, 1966). These processes are repeated 

on each side of the cylinder, which generates a vortex street in the wake. As mentioned 

above, by increasing the Reynolds number to about 40, vortex shedding appears with a 

steady frequency. The laminar vortex shedding of a stationary circular cylinder can be 

expressed non-dimensionally as the Strouhal number: 

𝑆𝑡 = 𝑓𝑠𝑈
𝐷

          (2.2) 

where 𝑓𝑠 is the frequency of the vortex shedding, 𝑈 is the flow velocity and D is 

the cylinder diameter. Previous experimental studies have revealed that the frequency of   
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vortex shedding in the wake of a circular cylinder is a function of the Reynolds number 

(Sumer B.M., 2006). Other significant parameters that can influence study results 

include the incoming flow, surface roughness of the cylinder, turbulence intensity, 

aspect ratio and blockage ratio. In addition, the creation between the diameter of the 

bluff body and the shedding frequency, which is divided by the flow speed, is 

practically constant in the subcritical regime with a value of almost 0.2 (Norberg, 2001; 

Perry, Chong, & Lim, 1982). 

 

Figure 2.4. Strouhal number as a function of Reynolds number for circular cylinders. Source: 
from Sumer (2006). 

a 

The flow around stationary bluff bodies, such as circular cylinders, is the 

parameter for governing the Reynolds number. However, other influencing factors can 

come to govern a certain value. These functions can include the surface roughness, 

turbulence intensity, oscillations, aspect ratio and elasticity of flexibly mounted 
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cylinders. These important influencing factors can affect transition in the different 

disturbed regions. Moreover, wall blockage and end effects also play a significant role. 

The Strouhal (St) number efficiently and relatively varies through a large range 

of Reynolds (Re) numbers. The 𝑆𝑡 number increases gradually from 0.1 to 0.2 when the 

Re number increases from about 40 to 300. Throughout the subcritical range, St remains 

at about 0.2 and increases suddenly from 0.2 to 0.4 when Reynolds number increases 

through the critical range towards the supercritical ranges. Further increases in Re cause 

slight decreases in 𝑆𝑡. The boundary layer separation point moves from laminar to 

turbulent when Re is in the critical range. Figure 2.5 indicates that the turbulent 

boundary layer separation point is further downstream than the laminar one, and the two 

boundary layer separation points are closer to each other. Hence, more rapid relations 

among the upper and lower vortex groups are now possible, and St increases as a result 

(Sumer, 2006). For example, St is slightly steady for Re below the critical range. 

Therefore, it is possible to express St as a mathematical function of Re in a detailed 

method. Fey, König, and Eckelmann (1998) proposed empirical expressions for the 

range of 47 < 𝑅𝑒 < 2 × 105 Reynolds numbers. 

 

 
 

 

Figure 2.5. Separation locations behind a fixed circular cylinder. Source: Sumer (2006). 
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In laboratory experiments, it is difficult to achieve realistic fluid and structural 

parameters, such as Re numbers, aspect ratios and mass ratios. Moreover, experiments 

are always costly and time consuming. However, during the last two decades, with the 

increases in computer power, numerical techniques have increased the amount of data 

obtained, and more benchmarks are now possible. Computational techniques and 

simulations-such as the finite-volume method (FVM) used to approximate the solution 

of the governing differential equations-are widely used to reduce the experimental 

expenditures and time. 

 

2.1.3 Von Kármán vortex street  

A pair of counter-rotating vortices forms in the wake of a bluff body, and stays just 

behind the body (Table 2.1). Once the velocity of the flow increases, the vortices begin 

to shed and are carried away through the flow. As the velocity increases, the flow 

becomes turbulent and the structure of eddies becomes irregular. For Reynolds number 

of about 100, in a certain span of velocity, the periodic shedding of vortices is present, 

which forms a stable pattern of two rows of alternating vortices that are carried 

downstream through the flow. Figure 2.6 presents this pattern, which is known as the 

von Kármán vortex street, after it was identified by Theodore von Kármán, a Hungarian 

mathematician and physicist (Ausoni, 2009). 

 
 

Figure 2.6. Sketch of von Kármán vortex street behind a circular cylinder. Source: from Eloy 
(2012).   
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2.1.4 Hydrodynamic forces 

The total force exerted from the fluid onto the cylinder is usually divided into drag and 

lift force components, which are in the in-line and cross-flow directions, respectively. 

As aforementioned, for a Reynolds number greater than 40, the flow becomes 

oscillatory and vortex shedding occurs. The pressure field around the bluff bodies 

undergoes periodic variation and, as a consequence, the force components also become 

periodic. For analysis purposes, the drag and lift forces may be further subdivided into 

mean and fluctuating components. The mean drag force coefficient 𝐶𝐷, generally has a 

definite value and fluctuates around its mean value. In contrast, the mean lift force 

fluctuates around zero, and the mean coefficient 𝐶𝐿, is nil for a cylinder. 

The vortex shedding frequency is directly related to the fluctuation frequency in 

the force components. A vortex is shed in sequence from each side in an alternative 

manner. The vortex shedding frequency is found to be generally the same as the lift 

force fluctuating frequency, and is half the drag force fluctuation, as illustrated in Figure 

2.8. Figure 2.7 illustrates the mean drag of a stationary cylinder, 𝐶𝐷, as a function of the 

Reynolds number. As shown in the figure, the mean 𝐶𝐷 decreases steadily with the 

Reynolds number until the Reynolds number is around 300. Following this, 𝐶𝐷 becomes 

almost a constant at about 1.2 at a Reynolds number range between 300 and 3 × 105. 

Next, 𝐶𝐷 decreases intensely to a very low value of 0.25, at the Reynolds number of 

3 × 105. The mean drag remains around this low value during the supercritical range, 

and then slowly increases once the Reynolds number is greater than 1.25 × 106 (Sumer, 

2006). The sudden abrupt fall of the mean drag is generally referred to as the ‘drag 

crisis’. The flow regime changes from the subcritical to the supercritical regime when 

the separation points moves backward and towards the wake, and this move leads to a 

narrower wake region. The pressure in the wake region on the cylinder is approximately 
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constant and is smaller than that at the front of the cylinder. Therefore, a smaller drag 

force results from the decrease in the overall pressure gradient across the cylinder in the 

stream-wise direction. 

Hydrodynamic fluctuating force coefficients can be analysed statistically by 

examining the corresponding root mean square values. Hydrodynamic fluctuating forces 

from experimental measurements have revealed sharp decreases when the flow regime 

changes from the subcritical to the supercritical regimes. This is especially true for the 

lift force, (Sumer, 2006). The interaction between the vortices in the wake region 

becomes weaker in the supercritical flow regime. In addition, the separation points are 

now much closer to each other, as mentioned above, and the vortices do not have as 

much opportunity to grow, which is due to the boundary layer separation becoming 

turbulent (Sumer, 2006). 

 
 

Figure 2.7. Mean drag for a fixed cylinder with respect to Re. Source: Sumer (2006).  
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As mentioned above, once vortices are shed from a bluff body, the body is 

subjected to time-dependent drag and lift forces. The drag force oscillates at twice the 

vortex shedding frequency, although the lift force oscillates at the vortex shedding 

frequency (Sumer, Truelsen, Sichmann, & Fredsøe, 2001). These forces may induce 

vibration of the cylinder, if the cylinder is flexibly mounted. The drag force may induce 

in-line vibrations, while the lift force may induce cross-flow vibrations in the cylinder 

(Blevins, 1990). The VIV will not only increase the hydrodynamic forces on the 

structure, but will also influence the structural stability. The pressure distribution of the 

cylinder corresponding to the flow will also change periodically as an effect of the 

periodic change of the vortex shedding. This generates a periodic variation in the force 

components on the cylinder, and the force components can be divided into cross-flow 

and in-line directions. The force of the cross-flow direction is commonly termed the ‘lift 

force’ 𝐹𝐿, while the linear direction is termed the ‘drag force’ 𝐹𝐷. 

Depending on the shape and orientation of the bluff body, the drag force will act 

on the cylinder surface in the flow direction. The average drag on a cylinder vibrating at 

or near the vortex shedding frequency is also a function of the vibration amplitude, and 

the drag force will increase in-line vibration amplitude. The drag coefficient 𝐶𝐷, is used 

to define the relationship between the drag force and fluid velocity, which is given by: 

 

𝐶𝐷 =  2𝐹𝐷
𝜌 𝐿𝑈2𝐷

          (2.3) 

 

where ⍴ is the fluid density, 𝑈 is the flow velocity, 𝐷 is the cylinder diameter, 𝐿 

is the cylinder length and 𝐹𝐷 is the net force in the flow direction. 
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Figure 2.8. Lift and drag forces oscillating. Source: adapted from Sumer (2006). 

In addition, 𝐶𝐿, the lift coefficient, is calculated similarly, except the force 

perpendicular to the flow direction is considered. The force corresponding to the cross-

flow direction is commonly termed the ‘lift force’, 𝐹𝐿, which is depicted in Figure 2.8 

and given by: 

 

 𝐶𝐿 =  2𝐹𝐿
𝜌 𝐿𝑈2𝐷

         (2.4) 

 

where ⍴ is the fluid density, 𝑈 is the flow velocity, 𝐷 is the cylinder diameter, 𝐿 

is the cylinder length and 𝐹𝐿 is the amount of pressure and viscous force components on 

the surface of the cylinder acting in the cross direction. 
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2.2 Vortex-induced Vibration 

VIV is a multi-science field that involves fluid mechanics, structural mechanics 

and vibrations, with complex inter-dependency. Complex techniques are required for 

data analysis, while numerical methods are applied to solid and fluid dynamics. In the 

past few decades, the wind and offshore industry has been at the forefront of interest in 

interactions between fluids and structures in the field of engineering. Hydrodynamic 

loads generated by fluid flow have a great influence on the design of many engineering 

objects. These loads mainly depend on fluid velocity and structural geometry, and their 

characteristics can be measured by means of experiments or CFD simulations. VIV can 

arise in numerous engineering applications, such as bridges, high-rise buildings, bundles 

in heat exchangers, chimneys and flexible risers used for mineral extraction (Bearman, 

1984; Sarpkaya, 2004). 

Structures that are in contact with a fluid flow are subject to flow-induced 

forces. Whenever a bluff body is placed in the flow, vortices are shed downstream of 

the body, and these shed vortices apply an oscillatory external force on the body. For 

the rigid cylinder case that flexibly mounted a in the flow direction, dynamic forces are 

in interactions on the bluff body. The flow induces motion in the body, and the motion 

of the body induces changes in the flow. A flexible cylinder in the flow adds an 

additional aspect to the complexity. During the last three decades, the prediction of VIV 

has significantly improved because of the data collected in laboratory experiments field 

and information from the numerical finite-element methods. There are relatively few 

VIV prediction programs that aid in designs for engineering applications and help 

engineers predict VIV reactions. As a result of the increased risk of fatigue failure, 

design with consideration of VIV becomes more important in engineering applications. 
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In addition, supplementary applications in the form of renewable energy extraction in 

deep oceans have added impetus to the research of the VIV.  

The prediction and control or suppression of the response in a structure are two 

elementary investigations in the field of VIV research. These investigations require a 

thorough understanding of the physics of the VIV. Even with increasing access to 

computational methods and faster computers with improved algorithms, this field is far 

from being able to contribute substantially to practical implementation in the field. 

Based on the available experimental data, the practical codes for prediction are limited, 

and are hindered by the same restrictions as the experiments themselves. The flow 

conditions cannot be fully known in real-life circumstances, and the experimental data 

are restricted to a range of flow conditions and structural factors (Bearman, 2011b). 

Two-dimensional stationary circular cylinders have been considered in many 

studies. However, it has been determined that the flows generated by vortex shedding 

around fixed bluff bodies are significantly different from those around vibrating 

cylinders. In fact, when a bluff body is free to vibrate and is immersed in a fluid flow, it 

is relatively easy to detect oscillations primarily in the direction transversal with respect 

to the approaching flow. Under these circumstances, vortex shedding changes and the 

flow patterns around the vibrating cylinder are significantly different from those of the 

stationary cylinder. As a consequence of the discrete-wake vortices formation, the flow 

field has a dominant periodicity. In addition, the structure generating the wake is open 

to a periodic pressure loading, which results in a transverse force. Moreover, as 

aforementioned, the lift force at frequency of 𝑓𝑣𝑠 arises from the asymmetry of the 

vortex formation, while the drag force, in the case of axisymmetric cross-sections, 

fluctuates at 2𝑓𝑣𝑠 (Bishop & Hassan, 1964).  
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Figure 2.9. Definition sketch for cross-flow VIV of a circular cylinder. The cylinder undergoes 
free vibrations constrained in the transverse y direction to the free-stream U in the x direction. 

Source: from Williamson and Govardhan (2004).a 

Accordingly, if the structure is elastic with natural frequencies, 𝑓𝑛, near 𝑓𝑣𝑠, it 

will tend to develop a resonant response in the form of bending oscillations normal to 

the flow direction. The drag force can induce the cylinder to vibrate in the in-line 

direction in the flow, while the lift force can induce the cylinder to vibrate in the cross-

flow direction. Initially, the character of both vibration modes can be considered 

harmonic. While attempting to define the key features of the body response, it is useful 

to refer to a graphic lateral view sketch, as displayed in Figure 2.9. In this figure, a 

circular cylinder is subjected to a uniform smooth flow and is allowed to freely oscillate 

in the cross-flow direction because of the fluctuating forces, 𝐹𝑦, exerted by the vortex 

shedding, constituting a one-degree-of-freedom damped system. Exceptional analysis 

works on VIV have been published by Parkinson (1974) and Williamson and 

Govardhan (2004). 

VIV occurs when a current flows over a bluff body. In place of real viscous fluid 

flows, there is a significant boundary layer on the surface of the body. As 

aforementioned, for Reynolds numbers greater than 40, separation of the boundary layer   
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will occur. This detached layer will cause fluid rotation, and this rotation causes the 

formation of vortices, which are then shed from the hind of the bluff body and move 

down the wake. Throughout this process, vortices induce periodic forces on the body. 

Figure 2.10 shows this development on a flexibly mounted circular cylinder, which 

causes the cylinder to vibrate transverse to the flow direction (Raghavan & Bernitsas, 

2011). 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Sketch for VIV phenomenon. Source: Khalak and Williamson (1997). 

The governing equation of motion for cross-flow VIV of the body can be 

expressed by: 

𝑚�̈� + 𝑐�̇� + 𝑘𝑦 = 𝐹𝑦         (2.5) 

or in terms of natural frequency and the damping ratio of the system by: 

�̈� + 2𝜁𝜔𝑛�̇� +  𝜔𝑛
2𝑦 = 𝐹𝑦

𝑚
        (2.6) 

where m is the oscillating system’s mass, c is the structural damping, k is the 

spring constant representing the system stiffness, 𝜔𝑛 = √𝑘 𝑚⁄  = 2𝜋𝑓𝑛 is the natural 

pulsation of the system, 𝜁 = 𝑐 (2𝑚𝜔𝑛)⁄  is the fraction of structural damping with 

respect to critical or simply damping ratio, and 𝐹𝑦 is the lift force in the direction 
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transverse to the free stream. Through the synchronisation, an appropriate calculation 

for force and cylinder oscillation by solving the differential equation of Eq. (2-6) can be 

given as follows: 

𝐹(𝑡) =  𝐹0 sin (𝜔𝑡 + 𝜙)        (2.7) 

𝑦(𝑡) = 𝑦0 sin (𝜔𝑡)        (2.8) 

Williamson and Govardhan (2004) continued the research that was started by 

Williamson and Roshko (1988), and identified the different vortex structures in the 

wake of an oscillating cylinder. Moreover, they associated different patterns with each 

response branch found in amplitude versus reduced velocity diagrams. In addition, in 

the first pattern—in which two single vortices were formed per vibration period—they 

termed 2𝑆 and that was initially found in free vibration of the cylinder. A second 

pattern, in which two pairs of vortices were formed per vibration period, was termed 

2𝑃, and appeared in free and forced vibrations. Finally, a third pattern, in which one 

single plus one pair of vortices was formed per vibration period, was termed 𝑃 + 𝑆, and 

appeared initially only in forced vibrations. They defined a vortex mode map, which is 

illustrated in Figure 2.11, in which the vortex structures in the wake of a circular 

cylinder appeared as a function of the response amplitude and reduced velocity. 

According to Feng’s (1968) wind tunnel experiment, Williamson and 

Govardhan (2004) observed an intermediate branch with larger amplitudes between the 

initial and lower branches, or the upper branch. They noted hysteretic behaviour 

between the initial and upper branch. However, there was intermittent change between 

the upper and lower branch. The 2𝑆 mode was found in the initial branch and the 2𝑃 

mode in the upper and lower branches. The jumps between the three branches were 

associated with changes in the phase angle between the motion and the excitation force. 

Flemming and Williamson (2005) recommended the existence of a limiting value of 
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mass ratio, depending on the shape of the structure, under which lock-in would persist 

for any given reduced velocity. They found that de-synchronisation would never occur 

independently of how much the reduced velocity was increased. 

The maximum amplitude achievable by the experimental and numerical 

methods, has captured the interest of researchers working on VIV. Griffin et al. (1975) 

issued a study in which the relationship between the maximum amplitude documented 

for a system was plotted against a parameter called ‘reduced damping’, which was 

established based on the mass and damping ratio of the system. 

 

 
Figure 2.11. Vortex patterns in the wake of a circular cylinder. Source: adapted from 

Williamson and Govardhan (2004).   
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2.2.1 Lock-in regime (resonance)  

The synchronisation of the vortex shedding frequency with the natural frequency of the 

fluid–structure system over a range of velocities is referred to as a ‘lock-in’ 

phenomenon. This occurrence for shedding frequency is ‘locked’ onto the natural 

frequency of the system. The capability of the fluid–structure system to synchronise the 

shedding frequency with its natural frequency is one of the fundamental features of 

flow-induced vibration (Bearman, 1984). Lock-in instability is a self-limited 

phenomenon, which means that the stable amplitude of the harmonic oscillation 

response is bounded to a certain value for each velocity to which the body is subjected 

(Klamo, 2007). According to Sarpkaya (1978), when the flow velocity overcomes the 

lock-in range, the oscillations quickly disappear. This condition leads to considerably 

high amplitudes, usually accompanied by significant increase of noise, and results in the 

resonant vibration of the structure. Given that the frequency is usually high, a large 

number of vibrational cycles is attained in a relatively short time. This can lead to high-

cycle fatigue of the structure, and ultimately to its premature failure (Khalak & 

Williamson, 1997). 

Figure 2.12 can aid understanding of the lock-in phenomenon. It demonstrates 

the behaviour of frequency and amplitude, depending on increasing flow velocity. For 

instance, when the velocity increases, the Strouhal number equation remains constant, 

as represented in the diagram by a straight black line. The Strouhal number is not 

constant when the vortex shedding frequency reaches the natural frequency of the 

structure. The shedding frequency remains ‘locked’ onto the natural frequency, until the 

difference between the shedding frequency and the natural frequency becomes too large, 

in the extremely wide range of flow velocity (Khalak & Williamson, 1997). As for the 

amplitude, the only circumstance with obvious vibrations is near the resonance between 
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the vortex shedding frequency and the natural frequency of the vane. The lock-in 

condition is dangerous because, under this condition, the amplitude is considerably 

higher, which is the main factor affecting the fatigue life of the structure. 

Each time a vortex is shed, a weak fluctuating drag is generated, and oscillations 

can be induced streamwise with the fluid flow. Streamwise vibrations caused by this 

effect have not been observed for bodies in air; however, in denser fluids, such as water, 

where the ratio of the mass of fluid displaced to the mass of the body is substantially 

greater, serious oscillations can occur. The maximal amplitudes of streamwise vibration 

are much smaller than those of vibration transverse to the flow (Bernitsas, Ben-Simon, 

Raghavan, & Garcia, 2009). 

‘Lock-in’ and ‘synchronisation’ have different meanings. ‘Lock-in’ occurs when 

the vortex shedding frequency breaks from the Strouhal relationship and fits the natural 

frequency of the system. In contrast, ‘synchronisation’ occurs when the vortex shedding 

frequency breaks from the Strouhal relationship and matches a frequency that is not the 

natural frequency of the system. Therefore, lock-in is a special case of synchronisation 

(Klamo, Leonard, & Roshko, 2006) According to Sarpkaya (1978), lock-in will occur 

when the reduced velocity, 𝑉𝑟, becomes approximately equal to the inverse of the 

Strouhal number (1/𝑆𝑡), which is equal to 5 during lock-in. The fluid force frequency 

should be equal to the oscillation frequency for the lock-in region: 

 

𝑉𝑟 = 𝑈
𝐷𝑓𝑛

          (2.9) 
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Figure 2.12. Feng’s experiment responses. Source: from Feng (2011). 

There are important parameters for the analysis of vortex shedding. The 

Reynolds number (Re) is an important parameter to characterise the flow, as defined in 

the equation above. Another important aspect is turbulence intensity, which is a 

measure relative to the free-stream flow velocity that indicates the amount of disorder of 

the flow. It is usually expressed as the ratio between the root mean square (rms) value of 

the velocity and the free-stream velocity. In addition, the aspect ratio, L/D, is another 

important parameter, which indicates the relationship between the length and diameter 

of the cylinder. Finally, roughness ratio can also have an effect, and is calculated as k/D, 
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where k is the equivalent sand roughness parameter. This ratio measures the importance 

of the surface roughness to the diameter of the structure. 

In addition, the vibration frequency of the cylinder is locked onto the natural 

frequency in the lock-in regime. Numerical simulations have been demonstrated to be a 

powerful tool for studying the VIV of cylinders in laboratory studies. The numerical 

models based on Reynolds-averaged Navier–Stokes (RANS) equations have provided 

satisfactory numerical results of the VIV of a circular cylinder at low mass ratios. 

 

2.3 Current Studies on Vortex-induced Vibration 

2.3.1 Computational fluid dynamics  

CFD is a tool capable of simulating a fluid passing through or around a bluff body. 

Predicting the effect of flows on a bluff body’s performance is time consuming and 

costly without using a simulation tool. Consequently, the benefits of CFD for engineers 

span a wide range of industries and environments. Moreover, the virtual development 

enables reduction in the number of prototypes, which means less testing. Hence, CFD 

can provide an efficient and valid process for predicting flow behaviour, which is 

important for users. In this study, the CFD analysis was undertaken using the ANSYS 

Fluent software. 

 

2.3.1.1 Turbulence modelling strategies 

The flow in the wake of a bluff body experiencing VIV ranges from unsteady laminar 

flow to high Reynolds number turbulent flow. Therefore, it is useful to discuss general 

strategies for modelling turbulence. Turbulence is a commonly observed phenomenon 

in many engineering applications. It is always 3D and unsteady, with a large range of 
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scale motions (White & Corfield, 2006). The instantaneous range of scales in turbulent 

flows surges with the Reynolds number (Kian Far, Geier, Kutscher, & Krafczyk, 2017). 

The exact physical nature of turbulence is not fully understood, yet can be modelled to a 

sufficient degree of accuracy in numerical simulations (Kian Far et al., 2017). The main 

issue with numerical simulations of turbulence is the enormous range of parameters that 

must be resolved. As a solution to this issue, the applied computational domain size 

must be at least in an order of magnitude larger than the scales characterising the 

turbulence energy, although the computational mesh must be sufficiently dense to 

resolve the smallest dynamically significant length scale for accurate simulation (White 

& Corfield, 2006).  

In CFD, turbulent flow simulation strategies can be divided into three 

categories: direct numerical simulation (DNS), large eddy simulation (LES) and 

Reynolds averaged Navier-Stokes (RANS) simulation. First, DNS numerically solves 

the full unsteady Navier–Stokes equations, and is the most accurate method of solving 

turbulence in fluids. Moreover, DNS provides complete knowledge and is unaffected by 

approximations at all points and times considered. However, it has two major problems: 

its extreme computational cost and the severe limitation on the maximum Reynolds 

number that can be considered. As such, it is more of a research tool than useful for 

industrial applications. Second, LES only resolves the large scales of motion, and 

models the small scales of motion via a low-pass filtering of the Navier–Stokes 

equations. Moreover, the computational cost of LES is reduced; however, the small-

scale information is lost, compared with DNS. Finally, RANS extracts the time-

averaged quantities of fluid motion, and discards the fluctuating quantities. For most 

industrial applications, RANS can provide the required accuracy, and is less demanding 

for computational resources than is LES. Nevertheless, RANS models’ accuracy does 
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not improve with the mesh resolution when the fineness of the mesh goes beyond a 

certain level. 

 

2.3.1.2 Direct numerical simulation 

The irregular and random behaviour of turbulence can be represented by a fairly 

compact set of Navier–Stokes equations. There are no analytical solutions to turbulent 

flows; therefore, a complete description of a turbulent flow—where the flow varies—

can only be achieved by numerical solutions of the Navier–Stokes equations. For 

instance, velocity and pressure are a function of space and time in this equation, and 

these numerical solutions are then termed DNSs (Moin & Homsy, 2017). 

In terms of the mesh density requirement, the Kolmogorov length scale—η = (ν 

3/ε)1/4—has been a common standard for the smallest scale that requires resolving for 

DNS, where ε is the average dissipation rate of turbulence kinetic energy per unit mass, 

and ν is the fluid kinematic viscosity. Nevertheless, this requirement may be 

conservative. The smallest resolved length scale is required to be of O(η), not equal to η 

(Moin & Homsy, 2017). Moin and Homsy (2017) found that most of the dissipation in 

the curved channel occurs at scales greater than 15η. DNS is a useful tool for turbulence 

studies, and significant insight into turbulence physics has been gained from the DNS of 

certain idealised flows that cannot be easily attained in the laboratory. 

 

2.3.1.3 Large eddy simulation 

The LES method is a turbulence modelling strategy that falls between RANS and DNS 

in terms of computational time and simulation accuracy. The core idea of LES is to 

reduce the computational cost by avoiding the smallest length scales of the turbulent 
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flow simulation. For instance, the most computationally consuming part is a low-pass 

filter of the Navier–Stokes equations. A low-pass filter passes signals with a frequency 

lower than a certain cut-off frequency, and attenuates signals with frequencies higher 

than the cut-off frequency, which can be viewed as a time and spatial averaging. The 

low-pass filter removes small-scale information from the numerical solution. However, 

the unresolved small-scale turbulent effect on the flow field must be modelled. The 

filtered small-scale information is necessary for problems sensitive to small-scale 

turbulence, such as near-wall flows, reacting flows and multiphase flows (Reynolds, 

1990).  

LES first appeared in 1963, developed by Smagorinsky (1963). LES 

applications in the early days were applied to flow problems with simple geometry and 

low Reynolds numbers, such as homogeneous turbulence, mixing layers and plane 

channel flows. In contrast, the current focus of LES researchers has moved to more 

complex structures, where the RANS approach has failed. Nevertheless, LES has not 

replaced RANS models and will not replace them in the near future to become the main 

computational analysis tool for practical engineering problems. This is for two main 

reasons. First, although computing power has developed rapidly during the last two 

decades, it is still overly time and cost consuming to perform LES for practical 

engineering flow problems. Second, LES is still not sufficiently developed; thus, users 

with insufficient knowledge cannot achieve outputs with satisfying reliability. For the 

foreseeable future, LES will not be a design tool that can be employed by people 

without extensive experience in LES techniques (Moeng, 1984; Smagorinsky, 1963). 

Alongside the traditional LES method, there are other related approaches, such as 

‘implicit LES’ (otherwise termed ‘monotone-integrated LES’), ‘very LES’ and the 

hybrid LES/RANS approach. 
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2.3.1.4  Reynolds Averaged Navier Stokes (RANS) turbulence models 

The most popular approach for treatment of turbulence in numerical studies on VIV is 

the so-called RANS method of closure. For example, in this study the k–ε (Launder, 

1972), k–ω (Wilcox, 1998), the shear-stress transport model (SST) (Menter, 1994). 

The principle of RANS is to apply time-averaging (Reynolds averaging) to the 

terms in the Navier-Stokes equations which yields a set of equations similar in form to 

the laminar version of the Navier-Stokes equation but with extra terms (−𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ ) known 

as Reynolds stresses. These terms are modelled using the Buosinessq approach 

(Equation (2.10)) which involves the use of so-called ‘eddy viscosity’ (µt) which is 

related to flow turbulence parameters. 

     −𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅  = µt (𝜕𝑢𝑖
𝜕𝑥𝑗

+ 𝜕𝑢𝑗

𝜕𝑥𝑖
) -  2

3
𝑝𝑘𝛿𝑖𝑗                  (2.10) 

The most commonly used method of determining µt in Equation (2.10) is to 

calculate it from turbulent kinetic energy (k) and turbulent dissipation rate (H) of kinetic 

energy using what is known as the k-H model. This model includes two additional 

partial differential equations which are solved for turbulent kinetic energy (k) and the 

turbulent dissipation rate (ε) of kinetic energy. The differential equations include the 

transport of turbulence and a length scale which is a combination of k and ε from the 

second transport equation. While the k-H model has been successful for practical 

calculation of a variety of turbulent flows it has some limitations. For example, k–ε 

model cannot predict the redistribution of the force (Launder, 1972; Wilcox, 1998). 

Over the last four decades, several alternative two-equation RANS models have been 

developed with the view of improving on the k- ε model. 

The k–ω model is another popular two-equation turbulence model. This model 

includes an equation for transport of turbulent kinetic energy (k) and another equation 
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with turbulent frequency or turbulent dissipation rate (ω) as the main variable. The 

preliminary version of this model was developed for the aerospace industry. ω can be 

integrated right up to the wall surface without any damping on the wall function and this 

modelling of the flow right up to the wall without the wall functions has advantages in 

fluid flow simulations. This is the value of this model over the k–ε. Moreover, k–ω also 

predicts better results for the reattachments than the k–ε model in a flow (Easom, 2000).  

The SST model can be described as the incorporation of both k–ε and k–ω 

models. The motivation is due to the fact that k–ε is better at calculating the flows at the 

wake region of the boundary layer and k–ω predicts good at the sub layer and 

logarithmic region of the boundary layer. Nevertheless, k–ω model is highly sensitive to 

the freestream values of (ω) outside the boundary layer. Hence this k–ω a model does 

not predict good result in the wake region of the boundary layer. While the k–ε model 

well predicts the wake region of the boundary layer and fails to better predict the inner 

boundary layer region. The inner region is modelled by using k-ω and the wake region 

of the boundary layer is modelled by using k–ε, and this combination helps the SST 

model to well predict both in interfacial region and wake region outside the boundary. 

In the SST model, a cross diffusion term is used as the final blending function of the 

dissipation term between k-ω and k–ε models. 

 

2.3.2 Experimental investigations in the literature 

There have been numerous experimental studies on the VIV of bluff bodies, especially 

in circular cylinders (Blevins and Coughran, 2009) . These studies have examined a 

multitude of phenomena, from vortex shedding from a stationary bluff body to vortex 

shedding from an elastic body. The vibration caused by vortices generated by the flow 

past a structure depends on several factors. The relation of the force components, 
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shedding frequency, Reynolds number, material damping and structural stiffness of the 

cylinder, and added mass effect are just a few of these. The literature is rich with 

experiments in which many of these factors were considered, usually by varying one or 

two factors and holding the rest fixed. These studies discussed the influences of some of 

these factors on the structural response, with attention largely focused on results 

pertaining to the structural response (Blevins and Coughran, 2009) (Trim et al., 2005). 

However, VIV is a multi-phenomenon, and some mention must be made of the 

hydrodynamics and factors that affect the cylinder response. 

The bluff body’s geometry plays an important role in VIV leading to a variety in 

results. Bearman (2011b) examined the mechanism of vortex shedding from a fixed 

bluff body. The presence of two shear layers is primarily responsible for vortex 

shedding. The presence of the body does not directly cause the vortex shedding, but 

instead modifies the vortex shedding process by allowing feedback between the wake 

and the shedding of circulation at the separation points (Bearman, 2011b). The 

fundamental difference between fixed and oscillating bluff bodies, as examined by 

Bearman (2011b), is that the motion of the cylinder can take control of the instability 

mechanism that leads to vortex shedding. This is established by capturing the vortex 

shedding frequency by the body natural frequency over a range of reduced velocities. 

The vortex shedding correlation length is significantly increased when the vortex 

shedding frequency coincides with the body oscillation frequency.  

In the capture range, flow conditions around a bluff body change quickly. The 

fluctuating lift coefficient increases because of the improved 2D motion of the cylinder 

within the flow. This improved 2D motion increases correlation length and the strength 

of the shed vortices. The increase in the lift coefficient can also be attributed to the 

influence of the body motion, which manifests through the reduction of the length of the 
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vortex-formation region and the formation of stronger vortices near the base of the 

body. The mechanism governing the phase of the vortex-induced force relative to the 

body motion was explored by Bearman and Branković (2004). The changes in phase 

angle through the capture range occur in a progressive and not discontinuous fashion. In 

the lower end of the lock-in range, a vortex formed on one side of the cylinder is shed 

when the cylinder is near to attaining its maximum amplitude on the opposite side. As 

the reduced velocity is increased, the timing of vortex shedding suddenly changes, and 

the same vortices now shed when the cylinder reaches its maximum amplitude on the 

same side. The point in an oscillation cycle at which the cylinder receives its maximum 

transverse thrust changes drastically over a narrow range of reduced velocities. 

Zdravkovich (1997) discussed in detail the modification of vortex shedding in the 

synchronisation range. 

Bearman (2011b) discussed free versus forced vibrations in experiments. Forced 

vibration experiments offer the advantage of independently varying the reduced velocity 

and amplitude ratios. In free vibration experiments, these two parameters are 

inseparable because varying the reduced velocity leads to changes in the amplitude 

ratio. The major disadvantage of forced vibration experiments is that only a very limited 

range of the reduced velocities and amplitude ratios studied will actually correspond to 

those encountered in a free vibration. Bearman (2011b) stated that free and forced 

vibration flows are the same, provided that one assumes that the exact history of motion 

is inconsequential. 

 

2.4 Mitigation and Suppression of Vortex-induced Vibration 

The wake of vortex shedding is recognised to consecutively have an important role in 

VIV, where the alternative vortex shedding is suppressed and VIV will be prevented. 
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However, the suppression of VIVs in structures is an important part of design. It is 

necessary to classify various vortices and use special devices to suppress VIV to ensure 

the safety of structures (Zdravkovich, 1981). Generally, these techniques can be 

classified into two methods—the form of active control and the form of passive control. 

Passive and active control strategies are the two methods currently developed to 

suppress the vibration from vortex shedding. The latter method has gained much more 

attention in practice because of its easier manufacture, simpler installation and lower 

costs. For example, some of the approaches used in passive control methods include 

increasing structural damping, avoiding resonance, stream-lining the geometry and 

incorporating add-on. Meanwhile, the active control method can be implemented 

through the integration of an actuator to the vibrated system. 

In addition, in various engineering applications, VIV suppression is highly 

significant. However, VIV is a double-edged sword. For example, this potentially 

disastrous phenomenon can be used to generate power to create an aquatic clean energy 

converter (Bernitsas et al., 2009). From this perspective, enhancing the oscillation 

amplitude of cylinders is desired (Bernitsas et al., 2009; Lee & Bernitsas, 2011; 

Raghavan & Bernitsas, 2011). 

 

2.4.1 Active methods  

The oscillating structure will in turn influence the flow field, which leads to a complex 

nonlinear coupled fluid–structure interaction problem (Blevins, 1990). Thus, 

suppression of vortex-induced structural vibration through modification of wake vortex 

dynamics has attracted great attention. Active control has recently gained increased 

consideration with the introduction of high-speed computer processing and 

sophisticated design programs in VIV. Further, active flow control has expected 
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extensive consequences with a focus on ideal control schemes, as it directly translates 

into energy savings. A variety of control systems has developed in the nonlinear 

dynamics and control community, such as chaos control (Ott & Attlat, 1990), 

synchronisation-based control (Wei, 2001), pinning control (Tang, Guan, & Hu, 2005) 

and sporadic feedback control (Guo-Ning & Gang, 2006). These control techniques can 

be integrated to exploit practically useful problems of engineering interest, such as fluid 

flow instabilities. Moreover, implicates of the direct input of energy by external sources 

that driven the actuators, and through a controller to carry appropriate modifications to 

the flow or structure system. The wide variety of techniques has been established in 

active schemes. These schemes can be either open-loop, which uses independent 

external disturbance, or closed-loop, which depends on a response signal from the 

system. Open-loop control is very effective in suppressing vortex shedding and 

structural vibration only when the actuating signal is properly tuned in terms of 

frequency. 

 

2.4.2 Passive methods  

Understanding and controlling wakes behind the structural cylinder is a principle of 

scientific and engineering standing. The unsteady flow force generated by the alternate 

vortex shedding affects the structural vibration, while the oscillating structure influences 

the flow field, leading to a complex nonlinear coupled fluid–structure interaction 

problem (Blevins, 1990). This may result in noise, strain the fatigue life of structures 

and even cause disastrous structural damage. Consequently, suppression of vortex-

induced structural vibration through modification of wake vortex dynamics has attracted 

great attention in the literature (Bearman, 1967; Prasanth, Behara, Singh, Kumar, & 

Mittal, 2006; Sarpkaya, 2004; Williamson & Roshko, 1988). A variety of passive flow 
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control techniques is often used for the suppression of vortex-induced oscillations, such 

as splitter plates, axial slats, fairings and helical strakes. In contrast to passive 

techniques, active flow control requires additional power input and can be applied 

without any modification to the geometrical configuration. On the cylinder surface, 

blowing and suction is used as a means of control in this technique. The VIV can be 

suppressed by modifying either the structure or the flow. The most commonly used 

vortex suppression devices are helical strakes (Bearman, Graham, & Obasaju, 1984), 

which will be discussed in the next section.  

 

2.4.2.1 Helical strakes 

VIV is a challenging phenomenon in theoretical studies and applied engineering. 

Several methods of VIV suppression have been proposed and reviewed in the effort to 

minimise the consequences of these vibrations. One of the main consequences of VIV is 

fatigue stress on the structure. Two extensive revisions to VIV suppressors were 

conducted by Galvao et al. (2008) and Assi, Bearman, and Kitney (2009), while 

Bearman (1998) studied different passive control methods to suppress vortex shedding 

and VIV. Among the various geometrical forms, the helical strake is one of the most 

common devices for passive suppression because of its geometrical simplicity, its 

effectiveness and the possibility of installation on structures. Helical strakes have three 

possible start configurations. The main geometrical aspects of strakes are height, h, and 

pitch, p, as shown in Figure 2.13. Experimental studies have examined the effectiveness 

of strakes, and found that they can effectively suppress VIV, depending on pitch and 

height parameters, at the expense of drag increase (Korkischko & Meneghini, 2010). 
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Figure 2.13. Three-start helical strakes geometrical parameters: (a) Height and pitch 
definitions; (b) Angle of incidence definition. Source (Zhou et al., 2011)    

 

 

Essentially, it is believed that strakes adversely affect the shear layer to roll up 

and disrupt the spanwise vortex formation and shedding process (Korkischko & 

Meneghini, 2010). As fluid flows past a cylinder with helical strakes, the strake disturbs 

the flow and creates vortices at various places along the cylinder. These vortices are out 

of phase with one another and cause destructive interference to the dominant vortex 

shedding. As a result of partial cancellation of the out-of-phase lift forces at different 

spanwise positions, the lift coefficient for the straked cylinder is much smaller than that 

of a bare cylinder, thereby resulting in a significant reduction in the amplitude of VIV. 

Although helical strakes have been found to be effective in suppressing VIV for high 

damping values, the effectiveness of VIV suppression using helical strakes for low mass 

damping values is reduced if the strake height is not sufficiently large. 

Numerical simulations have become increasingly possible with the development 

of numerical methods and the increase of computational power, yet experimental studies 

are still necessary to validate numerical simulations. According to Korkischko and 
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Meneghini (2010), the valuation of strake effectiveness and flow characteristics is 

conducted by varying the main strake geometric parameters, such as pitch and height. 

Zhou, Razali, Hao, and Cheng (2011) experimentally studied the effect of three-strand 

helical strakes with a dimension of 10d in pitch and 0.12d in height on VIV suppression. 

They found that, in a three-start helical strakes cylinder, vortex shedding is not apparent, 

the lock-in phenomenon of the cylinder does not occur and the vibration amplitude of 

the cylinder is suppressed by 98%. 

In addition, helical strakes can nearly completely suppress VIV over the lock-in 

range of the bare cylinder. Zhou et al. (2011) found that the vibration amplitude of the 

straked cylinder increased uniformly with the increase in reduced velocity, which was 

attributed to the effect of ‘wake galloping’. There were no organised vortices observed 

in the straked cylinder wake. Their flow visualisation suggested that the separation point 

was at the tip of the strake for most of the coverage. The helical separation point 

induced a 3D flow behind the cylinder, thereby breaking the vortex coherence. In 

certain locations where the strake tip was aligned with the flow, either upstream or 

downstream, separation was partially controlled by the cylinder surface. The other 

mechanism used by helical strakes to mitigate VIV is limiting the interaction between 

the two shear layers that are formed because of separation. The helical strakes act as 

obstacles that prevent the shear layers from communicating and form the typical 

vortices found in bare cylinder wakes (Zhou et al., 2011). 

Holmes, Oakley, and Constantinides (2006) tested a triple-start helical strake for 

VIV suppression. The strakes were detailed scale models of prototypes with two 

combinations of pitch and height to diameter ratio. In this experiment, Holmes et al. 

found that, in sheared currents, the strake was effective in suppressing VIV when a 

realistically attainable full coverage of helical strake was used. In uniform flow, the 
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strake performed as well as in sheared flow, but the height to diameter ratio of the strake 

was not as effective. Both designs of strake with 82% coverage or more suppressed in-

line VIV by almost 100% in sheared flow and about 90% or more in uniform flow in 

terms of strain. Holmes et al. (2006) found that fatigue damage rates for cross-flow and 

in-line damage were of similar magnitude for the bare cylinder; however, the in-line 

damage decreased relative to the cross-flow damage as strake coverage increased. The 

suppression mentioned refers to strain magnitude, but this suppression is generally 

accompanied by significant reductions in frequency, to which damage is linearly 

proportional. Additionally, in the calculation of fatigue damage, an exponent typically 

applies to strain or stress. Thus, the overall effect of strakes on fatigue damage is to 

reduce the damage by several orders of magnitude, compared with the damage that 

might be suggested by strain reduction alone. 

 

 
Figure 2.14. Example of helical strake device with triple star. Source: Trim, Braaten, Lie, and 

Tognarelli (2005).a 

Finally, there are two mechanisms to suppress VIV by using helical strakes. 

These mechanisms of suppression are as follows. The main method decreases the vortex 

shedding correlation along the span, while the secondary method involves vortex wake 

formation further downstream. Each method differently affects the dynamics of the 

flow: the former breaks the correlation of the forces along the spanwise direction, 
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resulting in a low net lift force on the body, while the latter diminishes the amplitude of 

sectional lift (Trim et al., 2005). 

 

2.5 Vortex-induced Vibration of Bluff Bodies with Sharp Edges 

The suppression of vortex shedding and VIV of a bluff body is one of the most active 

topics of research in structural and fluid dynamics because of its significance to 

engineering applications. Investigations on passive control devices to suppress VIV 

have contributed significantly to the fields of structural and marine engineering, yet 

there are difficulties in achieving an optimal balance between performance, cost and 

simplicity. To suppress or prevent VIV lock-in, one can either change the natural 

frequency of the structure via structural modification, or inhibit or disrupt the structural 

formation of vortices through the application of suppression devices. Suppression of 

vortex shedding, and hence VIV, can be achieved by two methods: (i) active methods, 

where external energy is supplied, and (ii) passive methods, where no external energy is 

supplied to control the flow. A third potential approach can include a combination of the 

two methods (Owen et al., 2001). The current study is concerned with passive methods. 

As aforementioned, the vortex shedding in flows with a Reynolds number above 

40 results in oscillating linear and transverse forces—drag and lift, respectively—acting 

on the circular cylinder. The structure can oscillate at very high amplitudes when the 

vortex shedding frequency is close to the structural natural frequency, which may lead 

to fatigue failure in structures. Controls for flow over bluff bodies are introduced to 

reduce the amplitude of the oscillating forces and displacements. The next section 

discusses passive control methods, on the square cylinders and hexagonal cylinders. 
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2.5.1 Square cylinders 

Flow around a 2D structure can be divided into two groups according to the geometry of 

the structure. The first group includes flow around a streamlined body, with a geometry 

that does not cause flow separation. Streamline of currents can smoothly flow around 

this type of body. Given that flow separation does not occur, the drag force acting on 

the body mostly derives from surface drag. Airfoils are a well-known example of 

streamlined bodies. The second group includes flow around a bluff body that always 

obstructs the flow. Currents cannot flow smoothly around this type of geometry. Flow 

separation occurs because of this blockage, yet separated positions vary relating to the 

geometry of the body and the Reynolds number. A streamlined body can become a bluff 

body when the body changes its angle of attack. 

The unsteady wake of bluff bodies with different cross-sections is very useful in 

understanding flow past complicated structures. Circular and square cylinders are 

among the most studied cross-sections. The instabilities for square and circular 

cylinders are similar, yet the flow separation points for a square cylinder are the 

endpoints or corners of the leading edges or rear edges, depending on the values of 

various parameters. The separation points for a circular cylinder always vary and 

depend on the pertinent flow parameters, such as the Reynolds number and roughness 

of the cylinder surface. The shedding frequency and drag and lift coefficients are 

significantly different for square and circular cylinders. If a cylinder with either type of 

cross-section is elastically mounted with a damper, it can undergo VIV because of the 

unsteady lift and drag forces acting on either type of bluff body. 

However, in contrast with the VIV of a circular cylinder, the VIV of a square 

cylinder is less documented. Bearman (2011b) conducted an experimental study of the 

VIV of a square cylinder in a wind tunnel, while Corless and Parkinson (1988) 
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developed a quasi-steady model to simulate the VIV of a square cylinder, and compared 

the model results with the experimental results. They found that the model provided 

good quantitative predictions of the combined effects of the vortex-induced oscillation 

and galloping, except for a modest over-prediction near the resonance region. Zhao, 

Cheng, and An (2012) performed an experimental study on the VIV of a square cylinder 

in water flow at a low mass ratio for two orientations of square cylinders with face and 

corner orientations. A galloping response was observed in the square orientation, while 

a similar response to that of a circular cylinder was found in the diamond orientation. 

In addition, flow patterns become more complicated when turbulence begins. It 

is commonly accepted that turbulence consists of numerous eddies with various sizes 

flowing downstream. As aforementioned, flow separation occurring at the leading edge 

of the body causes a separated region or separation bubble under the shear layer. 

Consequently, the forming of separated regions produces a suction force, which is 

known as a negative surface pressure on the surface beneath the region. The shear layer 

reattaches to the surface of the body again after flowing over the separated region; 

hence, the surface pressure behind the separation bubble recovers because of the 

reattachment of the shear layer, as shown in Figure 2.15. It should be noted that the size 

of the shear layers illustrated in this sketch is exaggerated to cause the vortices moving 

in the layers to be more obvious (Corless & Parkinson, 1988). Turbulence in a flow 

field shortens the reattachment length and creates stronger negative pressures in the 

separated region. Given that flow separation and reattachment cannot be calculated 

using an analytical approach, study of these flow mechanisms depends on conducting an 

experiment or using a numerical approach. Numerous flow parameters have been 

studied during attempts to understand the complicated flow mechanisms.  
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Figure 2.15. Structure of flow around square cylinder. Source: (Singh and Biswas 2013) 

 

 

The VIV of a square cylinder was simulated by Singh and Biswas (2013). The 

cylinder was allowed to move in the transverse direction to the incoming flow for 

subcritical and supercritical Re numbers. The structural damping coefficient was set to 0 

to maximise the amplitude of the vibrations. The non-dimensional mass of the cylinder 

was chosen to be 5 for all sets of simulations, while an additional value of 𝑚∗ = 10 was 

employed for the last two sets of simulations. The effect of the non-dimensional mass 

on VIV was investigated for two different values. Figures 2.16 to 2.18 illustrate the 

variations of the maximum drag coefficient, 𝐶𝐷; maximum lift coefficient, 𝐶𝐿; 

amplitude, which was normalised by the cylinder width and Strouhal number; and 

Reynolds number in the subcritical regime. Singh and Biswas (2013) found that the 

maximum YD occurred at a slightly higher Re than that for the lift, and the maximum 

value of YD was noted to be approximately 0.15D. 

 
 

Figure 2.16. VIV of square cylinder and variation of maximum drag coefficient with Reynolds 
numbers. Source: from Singh and Biswas (2013). 
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Figure 2.17. VIV of square cylinder and variation of maximum lift coefficient and normalised 
transverse amplitude with Reynolds numbers. Source: from Singh and Biswas (2013). 

 

 

 
Figure 2.18. VIV of square cylinder and variation of Strouhal number with Reynolds numbers. 

Source: from Singh and Biswas (2013). 

 

Lock-in was observed in all cases studied by Singh and Biswas (2013) (not 

shown in the figures). The instantaneous vorticity fields are shown for Re in Figure 

2.19. These fields are shown for moments corresponding to the maximum value of the 

lift coefficient. The vortex shedding mode can be either 2S or 2P. In the 2S mode, two 

single vortices are shed per shedding cycle, while the vortices of the 2S mode coalesce 

in this mode. Williamson and Roshko (1988) discussed various vortex shedding modes, 

including 2S. 



NUMERICAL STUDY ON VORTEX‐ INDUCED VIBRATION OF HEXAGONAL CYLINDERS 49 

 

 
 

Figure 2.19. VIV of a square cylinder. Flow field was taken at the instant that the lift 
coefficient was maximum. Source: from Singh and Biswas (2013). 

 

Zhao, Cheng, and Zhou (2013a) undertook numerical simulations to simulate the 

VIV of a square cylinder at a low Reynolds number; a low mass ratio; and reduced 

velocities with three flows approaching angles of 𝛼 =  0°, 22.5° and 45°. They found 

that the flow approaching angle had significant effects on the response of the cylinder. 

The case of 𝛼 =  0° led to the narrowest lock-in regime of the reduced velocity and the 

smallest vibration amplitude among the three approaching angles. This was due to the 

weaker shear layer at 𝛼 =  0° than those at the other two angles. The vortex shedding 

for 𝛼 =  0° was always in the 2S mode, regardless of the value of Vr. The difference 

between the response of the cylinder at 𝛼 =  0° and that of a circular cylinder at the 

same Reynolds number was significant. The lock-in regime of the reduced velocity for 

𝛼 =  0° was much narrower and the maximum vibration amplitude was much smaller 

than their counterparts for a circular cylinder (Zhao et al., 2013a). 

 

2.5.2 Hexagonal cylinders  

The wake flow behind bluff bodies with sharp edges may be distinctly different from 

the wake of a circular cylinder, since the flow separation from the former often occurs at 

the sharp corners. In addition, flow past cylinders with hexagonal cross-sections 
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resembles the flow around circular cylinders, yet the flow may detach from the hexagon 

at a sharp corner. Vickery (1966) performed an experimental study of the latter case in 

the Reynolds number range from 4 × 104 to 1.6 × 105, and the Strouhal frequency 

increased modestly as the angle of attack, α, increased from 𝛼 =  0° to 𝛼 =  45°, 

which was from face orientation to corner orientation. Moreover, the shedding 

frequency was almost unaffected by the Reynolds number; however, the Strouhal 

number was considerably lower in the case of face orientation than in the case of corner 

orientation (Vickery, 1966). 

Khaledi and Andersson (2011) studied the vortex structure behind face- and 

corner-oriented hexagonal cylinders. The vorticity with highly irregular flow patterns 

was on the downstream of the hexagon cylinder with the small disturbed vortex 

structures, but the characteristics of turbulent flows were visualised for subcritical 

Reynolds numbers. However, the vortex structure comparison between corner 

orientation and face orientation did not show many differences downstream. In addition, 

the disturbed and irregular patterns downstream of the hexagon indicated that the 

shedding rollers eventually broke into turbulent small structures (Khaledi & Andersson, 

2011). In the hexagon face orientation, there were two major circulating bubbles and 

two small pairs of counter-rotating bubbles behind the oblique sides. In contrast, on the 

oblique sides of the hexagon corner orientation, there were two distinct bubbles that 

rotated in the opposite directions of the major circulating bubbles. In the case of the 

corner orientation, the separation occurred at the very beginning of the upper wall. The 

backward velocity could be seen on the entire region over the upper side of the hexagon. 

The separation over the entire top edge was similar to the shear layer separating from 

the edge of the square cylinder, as observed by Lyn and Rodi (1994). 
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Figure 2.20. Streamlines of the mean flow at Re = 1,000 for corner and face orientation. 

Source: from Khaledi and Andersson (2011).  

 

Table 2.2 presents data for the Strouhal numbers in the wake behind a hexagonal 

cylinder with corner and face orientation. The Strouhal numbers refer to the dominating 

frequency, f, of the numerically simulated flow field and are accurate to within ± 

0.0001 (Khaledi & Andersson, 2011). Irrespective of the orientation of the hexagonal 

cylinder, a distinct increase in St is observed as the Reynolds number increases from 

100 to 500. Fey et al. (1998) established that, for wakes behind circular cylinders, the 

Strouhal number increases with Re throughout the parameter range in which the vortex 

shedding remains 2D. This trend has also been found for square cylinder wakes 

(Sohankar, Norberg, & Davidson, 1998) and for wakes behind other regular hexagonal 

shapes (Tian & Wu, 2009). 

 

Table 2.2 Strouhal Numbers in the Wake behind a Hexagonal Cylinder. Source: from Khaledi 
and Andersson (2011). 

 

Hexagon St Re = 100 Re = 500 Re = 1,000 

Corner orientation St = f d2/U 0.1585 0.1718 0.1718 

Face orientation St = f d1/U 0.1831 0.2136 0.2136 
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Finally, in the context of a hexagonal cylinder, the flow separation angle 

between the particular hexagon side upstream of the separation point and the incoming 

flow direction can be large, and this angle may be directly determined from the 

separation point. Figure 2.21 illustrates the separation points of a hexagonal cylinder 

occurring at one of the corners above the wake centreline. It has been well established 

that the CD of the circular cylinder depends on the position of the separation point (Xu, 

Zhang, Gan, Li, & Zhou, 2017). Likewise, by changing the orientation of the hexagonal 

cylinder, the position of the separation point changes and affects CD. 

 

 
 

Figure 2.21. Smoke streak flow visualisation images for the testing of hexagonal cylinder with 
corner and face orientations at 𝑅𝑒 = 1.0 × 104. Source: Xu et al. (2017). 
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Chapter 3: Methodology 

This study used ANSYS Fluent CFD to numerically investigate the VIV of an 

infinitely long cylinder elastically mounted and free to vibrate in the cross-flow 

direction. Thus, this chapter explains the method used to conduct the CFD analysis 

herein as well as different numerical methods, such as Petrov–Galerkin FEM, finite 

difference method and finite volume method with Arbitrary Lagrangian–Eulerian (ALE) 

method, for the 2D geometries. The definitions of boundary conditions, modelling 

assumptions, the meshing method and corresponding convergence study are clearly 

defined.   

 

3.1 Numerical Modelling Methodology 

This chapter aims to explain the numerical modelling methodology used to 

simulate an unsteady flow around a bluff body. The phases explained in this chapter aim 

to model the structures of the VIV phenomena as accurately as possible. The mesh is 

created using the ANSYS ICEM 17 and is then used as an input to undertake analysis 

with ANSYS Fluent 17. The three main phases of CFD are characterised as follows: (i) 

pre-processor, (ii) solver and (iii) post-processor (Versteeg & Malalasekera, 2007). 

Specifically, the pre-processing phase consists of the input of a flow problem into a 

CFD program, such as the definition of the computational domain, the mesh generation, 

the selection of the system of equations, the definition of the fluid properties and the 

specification of the boundary conditions. The solver phase is defined by the numerical 
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solution of the simulated problem. Finally, the post-processing involves performing 

analysis of the obtained results. 

The numerical model is based on the 2D RANS equation, which is solved using the FEM. The 

system is then solved by using the shear stress transport (SST k–ω) turbulence model 

formulations (Versteeg & Malalasekera, 2007). The hexagonal cylinder is modelled as a 

body which is allowed to oscillate in the transverse direction with a certain mesh 

domain around it. Low mass ratio is employed and for promoting stronger oscillations, 

zero damping is adopted. The Petrov–Galerkin finite volume method with the Arbitray 

Lagrangian-Eulerian (ALE) definition is used. This solves the 2D Navier–Stokes 

equations directly for laminar flow, and uses a turbulence model for turbulent flow 

conditions. Therefore, this section introduces the governing equations of the numerical 

model, the implemented FVM and ALE algorithms, and the main stream turbulence 

modelling strategies (Versteeg & Malalasekera, 2007). 

 

3.1.1 Arbitrary Lagrangian–Eulerian 

The Lagrangian and Eulerian are the two most standard descriptions in the algorithms of 

continuum mechanics. In Lagrangian algorithms, each individual node of the 

computational mesh follows the related material element during motion. Meanwhile, in 

Eulerian algorithms, the computational mesh is fixed and the progression moves with 

respect to the grid. The ALE explanation was developed to convey the advantages of 

these traditional explanations and remove their disadvantages as much as possible. 

Additionally, the forte and efficiency of the ALE algorithm can be further developed by 

including other existing techniques, such as local re-meshing, adaptive mesh and 

parallel computing (Donea, Giuliani, & Halleux, 1982; Tezduyar & Benney, 2003).  
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The ALE algorithm allows the computational mesh inside the domains to move 

arbitrarily to improve the shapes of elements. However, the mesh on the boundaries and 

interfaces of the domains can move along with materials to precisely track the 

boundaries and interfaces of a multi-material system. In addition, ALE can be reduced 

to either Lagrangian formulations by comparing the mesh motion with the material 

motion, or Eulerian formulations by fixing the mesh in space. Thus, the flexibility of the 

ALE method allows it to implement complete engineering simulations, including heat 

transfer, fluid flow, fluid–structure interactions and metal manufacturing. 

 

3.1.2 Governing equations 

The governing equations are the 2D incompressible Navier–Stokes equations. The 

arbitrary Lagrangian–Eulerian scheme is implemented to move the boundaries of the 

cylinder surface. In the ALE scheme, the motion of nodes on computational mesh was 

configured to be independent of the fluid velocity to avoid excessive mesh distortion. 

Here, the velocity, U; time, t; coordinates (x, y); and pressure, p, were non-dimensional 

parameters as: 𝑃 = 𝑃 (𝜌𝑓𝑛
2⁄ 𝐷2) and 𝑉𝑟 = 𝑈 𝑓𝑛⁄ 𝐷, where D is the diameter of a 

circular cylinder, 𝑓(𝑛 ) =  1/2𝜋 √(𝑘 ⁄ 𝑚) is the structural natural frequency of the 

system, and ρ is the fluid density. Thus, the non-dimensional incompressible Navier–

Stokes equations with the ALE method can be expressed as  

 

𝜕𝑢𝑖
𝜕𝑡

+ (𝑢𝑗 − 𝑢𝑗,𝑚𝑒𝑠ℎ) 𝜕𝑢𝑖
𝜕𝑥𝑗

+  𝜕𝑝
𝜕𝑥𝑖

=  𝑉𝑟
𝑅𝑒

 𝜕2𝑢𝑖
𝜕𝑥𝑗𝜕𝑥𝑗

       (3.1) 

𝜕𝑢𝑗

𝜕𝑥𝑗
= 0                      (3.2) 
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where 𝑥1 = 𝑥 and 𝑥2 = 𝑦 are the Cartesian coordinates, 𝑢𝑖 is the fluid velocity factor in 

the direction of 𝑥𝑖, 𝑢𝑗,𝑚𝑒𝑠ℎ is the velocity of the consistently moving mesh nodes, 𝑉𝑟 =

 𝑈 (𝑓𝑛𝐷) ⁄ is the non-dimensional free-stream velocity, and 𝑅𝑒 =  𝑈𝐷 𝜈⁄  is the Reynolds 

number. This non-dimensional technique also affects the cylinder’s non-dimensional 

oscillation frequency as: 𝑓 =  𝑓 𝑓𝑛⁄ . In terms of the cylinder’s motion, the vibration of 

the elastically mounted cylinder is described as 

 

𝜕2𝑦
𝜕𝑡2  + 4𝜋𝜁 𝜕𝑦

𝜕𝑡
+ 4𝜋2 𝑦 =  2

𝜋 
 𝑉𝑟

2𝐶𝑦

𝑚∗       (3.3) 

 

where y is the cylinder’s displacement in y direction; ζ =  𝑐 (2√𝑘𝑚⁄ ) = 0 is the 

damping ratio, with c and k being the damping constant and spring stiffness of the 

system, respectively; and 𝐶𝑦 = 𝐹 0.5𝜌𝐷⁄ 𝑈2 is the force coefficient in the y direction, 

with F being the hydrodynamic force on the cylinder in the y direction. 

 

3.1.3 User-defined function  

The user-defined function was used in Fluent to define the motion of the cylinder 

because of the flow; thus, the Six Degree of Freedom (SDOF) solver was employed. 

The movement of the rigid body was determined by the forces of the flow. As 

aforementioned, the spring stiffness and mass ratio in the user-defined function were 

changed to gain variation in the reduced velocities in Fluent for each cylinder. Figure 

3.1 displays all the steps of this user-defined function. As depicted in the UDF of Figure 

3.1, the actual stiffness of the cylinder is input to the CFD solver (k in Figure 3.1) and, 

is used to define the movement of the cylinder in the y- direction (cross-flow).  
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#include "udf.h" 

 

 

DEFINE_SDOF_PROPERTIES(sdof_props,prop,dt,time,dtime) 

{ 

 real cg; 

 real k = 0.43; 

 cg = DT_CG(dt)[1]; 

 prop[SDOF_MASS] = 1.57; 

 prop[SDOF_LOAD_F_Y] = -k*cg; 

 prop[SDOF_ZERO_TRANS_X] = TRUE; 

 prop[SDOF_ZERO_ROT_X] = TRUE; 

 prop[SDOF_ZERO_ROT_Y] = TRUE; 

} 

 

Figure 3.1. User-defined function (UDF) used in the CFD model to couple the fluid-structure-
interaction. 

 

 

The k–ε family and Reynolds stress models are not valid in the near-wall region, 

(Menter, 1994) while the k–ω models are valid all the way to the wall with providing 

sufficiently fine mesh around the wall. To apply wall boundary conditions, it is 

necessary to take one of two approaches (see Figure 3.2). The first is the wall function 

approach, which includes the standard wall function technique. This technique takes 

advantage of the fact that, for equilibrium turbulent boundary layers, a log law 

correlation can supply the required wall boundary conditions. In addition, the non-

equilibrium wall function technique attempts to progress the results for flows with 

higher pressure gradients, separations, reattachment and stagnation. Moreover, similar 

laws are constructed for the energy and species equations. The benefit of using wall 

functions is that they allow use of a relatively coarse mesh in the near-wall region. The 

second approach is the enhanced wall treatment option, which is a combination of a 
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blended law of the wall and a two-layer zonal model. This method is suitable for low Re 

flows or flows with complex near-wall phenomena and turbulence models that are 

modified for the inner layer. Further, near the wall generally requires a fine mesh 

capable of resolving the viscous sublayer at least 10 cells within the ‘inner layer’, as 

discussed in the ANSYS Fluent User’s Guide (ANSYS, 2017). 

 

  
Wall approach     Near-wall approach 

Figure 3.2. Meshing for turbulence near the wall. Source: (Menter, 1994) 
 

3.1.4 SST k–ω model 

Among the various semi-empirical mathematical models, the k–ω model is commonly 

used and has been expansively tested in turbulence models. The k–ω model provides the 

closure for the RANS equations. The model includes two additional transport partial 

differential equations to represent the turbulent properties of the flow, with two 

variables. 𝑘𝑡 and 𝜔𝑡 , where 𝑘𝑡 is the turbulence kinetic energy, and 𝜔𝑡 is the specific 

rate of dissipation from the turbulent kinetic energy of 𝑘𝑡 into internal thermal energy. 

In addition, 𝑘𝑡 stands for the energy in the turbulence, while 𝜔𝑡 stands for the scale of 

the turbulence (Menter, 1994). Further, with combination of k–ω and k–ε models, a 

proper relation for the shear stress transport (SST) formula is obtained. The SST k–ω 
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model is one of the most validated models. It is a hybrid model combining the k–ω and 

k–ε models. The k–ω model is used to stimulate the Wilcox model near the wall, and the 

k–ε model is used in the free stream. This renders the SST k–ω model appropriate for all 

the way down to the wall through the viscous sublayer. Therefore, the SST k–ω model 

can be used as a low Reynolds turbulence model without any further functions. 

Moreover, the k–ε model is activated in the free-stream form to avoid the k–ω model’s 

sensitivity to the inlet free-stream turbulence properties. The SST k–ω model is 

regularly acknowledged for its good behaviour in separating flow and adverse pressure 

gradients. Moreover, the model has high accuracy for solving flow near the wall. The 

SST k–ω model can produce extremely large turbulence levels in regions with large 

normal strain. For example, the k–ε model may not be accurate in a stagnation region or 

in regions with strong acceleration which are close to the wall.  

The SST k–ω model is most widely used and validated as well. The key factor of 

this model is the faster computational time and better stability. This model is used 

where there is a simple surface and flows over the other complicated models. Therefore, 

having all the above inclusions and the considerations from the previous models, the 

SST k–ω produces better results than many other RANS models for the aerodynamic 

applications (Menter, 2009). 

 

3.2 The CFD model 

There are three main phases for CFD simulations, which can be generally 

distinguished as follows. The first phase is the pre-processor step, which produces the 

geometry of the subject and is defined as the solution domain. In this phase, the fluid 

domain is divided into distinct cells, which make up the ‘mesh’. In addition, this phase 

must define the physical modelling, chemical parameters, fluid properties and boundary 
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conditions of the problem. The second step is a simulator or solver step. In this phase, 

the fluid flow field is solved using numerical methods—FEM, finite difference method 

or finite volume method. The final step is the post-processor step. In this phase, the 

analysis and visualisation of the resulting solution is performed. CFD simulations are 

prepared with adaptable data conception tools, such as domain geometry, grid display, 

force monitors, vector plots and 2D surface plots. 

The computational domain defines the abstract environment where the solution 

is calculated. Generally, VIV simulations typically use a rectangular shape as the 

solution domain. The shape and size of the domain can affect the solution of the 

problem. In this study, the computational domain had a rectangular non-dimensional 

domain with a length of 50 and width of 40 times the diameter. The computational 

domain face was divided into 10 divisions and had a wireframe configuration as shown 

in Figure 3.3. This wireframe planning led the smooth transition between two nearby 

faces and generated uniform grid delivery. The boundary conditions employed in this 

numerical study included the following parameters: 

1. Inlet: The inlet was the left vertical boundary, where the free-stream velocity 

of the system was defined. The velocity was specified in its local Cartesian 

coordinate system and the Reynolds number was independent of the free-

stream velocity used in all simulations. In this study, the dimensionless 

velocity, U, was defined only in the x direction and was equal to 1, while the 

y and z velocity parameters were given a value of 0. 

2. Outlet: This boundary condition was the outlying stream side of the domain 

where the relative pressure was defined over the entire boundary with the 

value of 0. 
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3. Symmetry: The entire simulation was a 2D simulation with a depth in the Z 

direction of infinity, and the upper and bottom sides of the domain set to 

symmetry boundary condition. 

4. Wall: The wall boundary condition is a very commonly used boundary 

condition to distinguish the fluid and solid region. In this study, a no-slip 

wall boundary condition was enforced on the walls of the cylinder. In this 

boundary condition, the velocity of the fluid at the wall surface is always 0. 

5. Dynamic: The dynamic zone is the boundary that allows the wall to move in 

the cross-flow direction. The user-defined function was written for this zone 

in the current study. 

 

Figure 3.3. Computational domain showing zones and boundaries; 
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3.2.1 Mesh Generation 

The ANSYS ICEM 17 software was used to complete the mesh generation. This is an 

open-source, 3D, finite-element, grid-generator software that has a graphical user 

interface. For more complex meshes, this software allows the user to directly change the 

input file that defines the mesh and the functionality of ICEM meshing it was used in 

the current study. Thus, establishing the domain was the first phase of mesh definitions, 

with the cylinder and domain boundary points joined with a circular arc. Later, the 

domain area between the cylinder and the domain was settled, thereby creating the wall 

and domain boundary lines. At the lines level, the number of points was defined, as 

were the connections between the mesh boundary lines, which determined the number 

of mesh elements. Next, it was critical to define a progression for the line’s points to 

allow a greater detail of mesh near the cylinder boundary, thereby enabling analysis of 

the physical phenomenon in this area. Finally, the rectangular mesh type of elements 

was defined, and the mesh was fully described at a 2D level. Subsequently, the domain 

physical areas were defined—namely, the inlet, outlet, symmetry, dynamic and cylinder 

wall zones. The symmetry between the upper and lower zone of the cylinder guaranteed 

that the vortex shedding induced an equal force in the cylinder’s higher and lower areas, 

which influenced the cylinder displacement. 

The accuracy of a CFD solution is determined by the number of cells in the 

mesh. Generally, an increase in the number of cells implies an improvement of the 

solution accuracy. A solution’s accuracy and cost in terms of the necessary computer 

hardware and calculation time are dependent on the fineness of the mesh. Ideal meshes 

are non-uniform, which means they are finer in areas where large variations occur, and 

coarser in regions with relatively little change from point to point. In the mesh 

development process, it is important to validate the mesh quality. The most important 
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parameters are the aspect ratio and skewness of the mesh cells. The ICEM has a utility 

that enables checking of the quality of the mesh parameters. This utility has an 

important role in analysis development by allowing the evaluation of important mesh 

parameters, such as the total mesh number of cells for each mesh element type. It is also 

possible to evaluate the maximum and minimum mesh aspect ratio and the skewness 

values. 

In general, the mesh skewness value can vary between 0 and 1. The best case 

setup is having a mesh with 0 skewness, meaning that the mesh cells have no distortion 

and are subsequently equilateral for triangles or rectangular for quadrilaterals. In 

contrast, when this property has a value estimated at 1, this indicates that the mesh cells 

are completely degenerated and compromise the precision of the included areas. 

 

3.2.2 Governing equations, boundary conditions and turbulence closure 

model. 

As shown in Figure 3.3, the VIV for a hexagonal cylinder with an infinite length was 

numerically investigated using ANSYS Fluent (ANSYS, 2017). A 2D face- and corner-

oriented hexagonal cylinder with a diameter of D was vertically aligned in the fluid. A 

rectangular computational domain with 40D by 50D was used for the numerical 

simulations. The width of the computational domain was 40D in this study. The 

cylinder was located 20D from the inlet boundary and 30D from the outlet boundary. 

The Cartesian coordinate system was located at the centre of the hexagonal cylinder. All 

simulations in this study adopted a constant Reynolds number of 𝑅𝑒 = 1,000 (which was 

defined as 𝑅𝑒 = 𝑈𝐷 ν⁄ ) and constant mass ratio of 𝑚∗ = 2 (which was defined as the 

ratio of the cylinder mass to the displaced mass of the fluid). 
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The 𝑆𝑆𝑇 𝑘– 𝜔 turbulence model was used to model the turbulence. Previous 

research indicated that the 𝑆𝑆𝑇 𝑘– 𝜔 model offers a good prediction of the adverse 

pressure gradient flows (Menter, 1994). The details of the turbulent model can be found 

in Menter (1994). The boundary conditions for the governing equations were as follows. 

The cylinder surfaces of the plane boundary were assumed to be smooth, with a non-slip 

boundary condition employed. Specification of the fluid velocity was the same as the 

vibrating speed of the cylinder along the cylinder surface, and the cross-stream 

component was 0 at the plane boundary. The turbulent energy 𝑘𝑡 = 0 at the wall 

boundary and the specific dissipation rate, 𝜔, was given at the nodal points next to the 

wall surface as 𝜔 = 6 𝛥1 𝜈⁄ , where 𝛥1 is the distance from a nodal point to the wall. 

The inlet velocity boundary conditions were set as 𝑢 = 𝑈, 𝜈 = 0 and the turbulence 

quantities were 𝑘 = 0.001𝑈2 and 𝜔 = 1𝑠_1 for uniform flow past a circular cylinder.  

In this study, the governing equations to simulate the turbulent flow were the 

unsteady incompressible RANS equations. The RANS equations were solved in a 

moving mesh system using the ALE scheme to accommodate the moving cylinder in the 

simulation. The RANS equations in the ALE scheme in a Cartesian coordinate system 

are expressed as: 

𝜕𝑈𝑖
𝜕𝑥𝑖

= 0            (3.4) 

𝜕𝑈𝑖
𝜕𝑡

+ (𝑢𝑗 − �̅�𝑗) 𝜕𝑈𝑖
𝜕𝑥𝑗

= − 1
𝜌

𝜕𝑃
𝜕𝑥𝑖

+ 𝜈 𝜕2𝑈𝑖
𝜕𝑥𝑗

2         (3.5) 

where 𝑥𝑖(𝑥1 = 𝑥, 𝑥2 = 𝑥, 𝑥3 = 𝑧) represents the Cartesian coordinate, 𝑢𝑖 is the fluid 

velocity in the 𝑥𝑖 direction, t is the time, p is the pressure, �̅�𝑗  is the velocity of the mesh 

movement, ν is the kinematic viscosity of the fluid and ρ is the fluid density. 
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The computational domain was divided into 10 zones of quadrilateral elements. 

There were 90 elements along the circumference of the cylinder. The minimum finite-

element size next to the cylinder surface was 0.0005 D. The non-dimensional mesh size 

next to the cylinder surface was found to be 𝑦+ < 1.5, where 𝑦+ is defined as 𝑦+ =

𝑢𝑓 𝛻 𝜈⁄ , with 𝑢𝑓 being the friction velocity and 𝛻 being the mesh size in the normal 

direction of the cylinder surface. The equation of motion for calculating the 

displacement of the cylinder is expressed as (Zhao, Cheng, & Zhou, 2009; Zhao, Thapa, 

Cheng, & Zhou, 2013b): 

 

𝑚 𝑑2𝑌
𝑑𝑡2 + 𝑐 𝑑𝑌

𝑑𝑡
+ 𝑘𝑌 = 𝐹𝑦         (3.6) 

 

where Y is the cross-flow displacement of the cylinder; 𝐹𝑦 is the lift force on the 

cylinder; and m, c and k are the mass, damping coefficient and spring constant of the 

system, respectively. In this study, the mass ratio was kept at a constant of 𝑚∗ = 2 and 

the damping coefficient was 0. After each computational time step, the boundary of the 

computational domain changed because of the displacement of the cylinder. The 

positions of the finite-element nodes were moved accordingly by solving the modified 

Laplace equation (Masud, Bhanabhagvanwala, & Khurram, 2007; Zhao & Cheng, 

2011): 

 

𝛻. (𝛾𝛻𝑆𝑦) = 0          (3.7) 

 

where 𝑆𝑦 represents the displacement of the nodal points in the y direction, and γ is a 

parameter that controls the mesh deformation, which was set to be 𝛾 =  1/𝐴, with A 
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being the volume of the element. Equation 3.7 is solved using the Galerkin FEM. The 

boundary condition for Equation 3.7 states that 𝑆𝑦 is the same as the displacement of the 

cylinder on the cylinder surface, and 0 on the rest of the boundaries. 

 

3.3 Comparison between current results and the published results for a 

stationary hexagonal cylinder                                                                      

Tian and Wu (2009) numerically studied the 2D flow around regular polygons 

with even numbers of edges at low Reynolds numbers, and found critical Reynolds 

numbers for vortex shedding in steady and unsteady flows. They proposed Equation 3.8 

for the Strouhal number of a polygon (𝑆𝑡𝑁) as a function of the edge number of the 

polygon (N) and the Strouhal number of a circle (𝑆𝑡∞): 

 

𝑆𝑡𝑁 = 𝑥 (0.2684 − 1.0356√𝑥 𝑅𝑒⁄ )       (3.8) 

 

where N = 6, x = 1.0865, then 𝑆𝑡𝑁 = 0.2545. 

Khaledi and Andersson (2011) studied the vortex shedding of a face- and 

corner-oriented hexagonal cylinder using transient 3D models at 𝑅𝑒 = 100, 500 and 

1,000. When comparing the wake regime between square and hexagonal cylinders at 

different orientations, they realised that wake dynamics was not influenced by the front 

stagnation point being positioned on a corner or at a face, but rather by the width of the 

projected cylinder being determined by sharp corners or flow-parallel faces. Although 

they investigated the vortex regime and streamline patterns in the wake of hexagonal 

cylinders, a thorough investigation of unsteady displacement, lift and drag forces, 
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pressure and friction distributions and critical Reynolds numbers requires further 

attention. 

Using the CFD method explained earlier with 2D spatial discretisation and 

double precision, a rigid hexagonal cylinder was modelled in ANSYS Fluent 17. At the 

velocity inlet, the velocity magnitude was U = 1 m/s. At the pressure outlet, P, the 

gauge pressure was P = 0 Pa. To gain a Reynolds number of 𝑅𝑒 = 1,000, the following 

material properties of the fluid were defined in all simulations: density of 1 kg/m3, 

viscosity of 0.001 kg/m-s and wall diameter of D = 1 m. The realisable SST k-ω viscous 

model was used as a turbulence model together with the equilibrium of the wall 

functions. Boundary conditions around the wall were based on Zhao and Cheng’s 

(2011) study, with the turbulent kinetic energy, k, assigned as second-order upwind with 

the magnitude of k = 1, and the turbulent dissipation rate, w, assigned with the second-

order upwind and the value of 𝑤 = 0.001𝑈2. In this study, to complete the setting for 

the simulation, simple solution methods with the time step of Δt = 0.02 s were 

employed. 

 

3.3.1 Mesh dependency study  

To demonstrate that the mesh used in this study had significant influences on the 

numerical results, ANSYS ICEM 17 meshing was used to create mesh in the domain. 

As displayed in Figure 3.3, finer quadrilateral four-node finite volume grids were 

needed in the area close to the wall to obtain precise results. Thus, as aforementioned, 

the ANSYS ICEM 17 was used to create a domain and meshing around a cylinder, 

illustrated in Figure 3.4. For this study, four types of meshes around a cylinder were 

created: Coarse 1, Coarse 2, Medium and Dense. 
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Four different mesh sizes were studied to evaluate whether the numerical results 

were independent of the adopted mesh size. CFD simulations for mesh convergence 

tests were undertaken on stationary 2D circular cylinders at 𝑅𝑒 = 1,000. The total 

number of mesh nodes for the Coarse 1 domain was 13,382, and the number of 

divisions around the cylinder was 100 nodes. The total number of mesh nodes for the  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.4. (a) Mesh showing 10 zones; and (b) Magnified mesh at the vicinity of the cylinder. 

 

model ‘Coarse 2’ domain was 18,140, and the number of divisions around the cylinder 

was 120 nodes. The total number of mesh nodes for the model ‘Medium domain’ was 
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30,520, and the number of divisions around the cylinder was 160 nodes. Finally, the 

total number of mesh nodes for the model ‘Dense’ domain was 35,950, and the number 

of divisions around the cylinder was 180 nodes. For all domains, the minimum mesh 

size next to the cylinder surface was 0.0005 D. Table 3.1 displays the number of 

division in each zone, which is the number of nodes on each edge of the zones, as 

illustrated in Figure 3.3. These results were validated with previous experiments 

presented in the literature (Khaledi and Andersson, 2011). The mesh used in this study 

represented a domain with a medium mesh size. Thus, the ratio of the cylinder diameter 

to the computational domain length was 2%. 

The results of the mesh sensitivity analysis and the result of lift coefficients of a 

rigid cylinder are represented in Table 3.1. 

 

Table 3.1 Mesh Convergence Testing for Circular Cylinder at 𝑅𝑒 = 1,000 

Model Dynami

c Zone 

Zone 

1 

Zone 

2 

Zone 

3 

Zone 

4 

Zone  

5 

Zone  

6 

Zone  

7 

Total 

Elements 

𝑺𝒕 𝑪𝒍 𝑪𝒍
𝒓𝒎𝒔

 𝑪𝑫
𝒎𝒆𝒏

 𝑪𝒍
𝒓𝒎𝒔

)*(Ref 

Coarse 1 40 20 25 30 35 25 30 25 13,382 0.25 1.2 0.848 1.38 0.7 

Coarse 2 50 25 30 35 40 30 35 35 18,140 0.25 1.2 0.848 1.38 0.7 

Medium 60 30 40 45 50 40 45 40 30,520 0.2 1.13 0.799 1.36 0.7 
(Ref) 

Dense 60 30 45 50 55 45 50 45 35,950 0.2 1.14 0.806 1.37 0.7 

*Reference data in final column: Sakamoto and Haniu (1994). 

 

The Coarse 1 and Coarse 2 meshes had obvious differences in their results, 

while the Medium mesh had similar results to the Dense mesh, which meant that the 

results obtained from the Medium mesh converged. Therefore, the Medium mesh size 

was adopted in the numerical simulations in this study. The obtained results were 

compared with previous experimental and numerical benchmark results (Sakamoto and 
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Haniu, 1994), as mentioned above, to validate the computational results for the 

developed numerical model.  

Table 3.2 represents the mesh convergence testing of a 2D corner-oriented 

hexagonal cylinder at 𝑅𝑒 = 867. Similar to the 2D circular cylinders, four meshes with 

various densities were studied, and the calculated Strouhal number results were 

compared with previous numerical results. Based on the results, the medium mesh size 

was adopted in the numerical simulations in this study. The table is also shown below. It 

is found that the maximum difference is nearly 1% in the value of 𝑪𝒍
𝒓𝒎𝒔 when the mesh 

changes from the dense to the medium, whereas no significant change is observed when 

comparing the medium and fine meshes. These results indicate that the simulation based 

on the medium mesh is suitable and the results can be considered mesh-independent. 

 
Table 3.2 Mesh Convergence Testing for Hexagonal Cylinder with Corner Orientation at  

 𝑅𝑒 = 867 
Model Dynamic 

Zone 
Zone 

1 
Zone 

2 
Zone 

3 
Zone 

4 
Zone 

5 
Zone 

6 
Zone 

7 
𝑪𝒍

𝒓𝒎𝒔 Total 
Elements 

𝑺𝒕 𝑺𝒕(Ref*) 

Coarse 1 40 20 25 30 35 25 30 25 0.732 13,382 0.1732 0.1718 

Coarse 2 50 25 30 35 40 30 35 35 0.766 18,140 0.1729 0.1718 

Medium 60 30 40 45 50 40 45 40 0.892 30,520 0.1724 0.1718 

Dense 60 30 45 50 55 45 50 45 0.902 35,950 0.1723 0.1718 

*Reference data in final column: Khaledi and Andersson (2011). 

 

Based on the results of mesh sensitivity analyses, and validation against the 

hydrodynamic forces and vortex frequencies of the stationary circular and hexagonal 

cylinders, the medium mesh was selected for the VIV study presented in the next 

chapter.  
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Chapter 4: Results and Discussion 

The vortex induced vibration of hexagonal cylinders with face and corner 

orientations are presented and discussed in this chapter. VIV of a circular cylinder is 

initially modelled in CFD and results are used to validate the method and more 

importantly to build up a benchmark for comparison against the hexagonal results. The 

CFD model uses the mesh with medium density described in the previous chapter. In all 

models, the cylinder is assumed to be rigidly moving with the surrounding circular 

mesh of dimeter 5D (referred to as the dynamic zone), only in the cross-flow direction. 

The models assume that the cylinder is infinitely long, therefore the 2D modelling 

assumption is valid. This hypothesis is compared with the 3D experimental VIV 

response of a circular cylinder (Reynolds number from 1000 to 14000)  reported by 

(Khalak and Williamson, 1999) and other numerical studies at similar Reynolds 

numbers (Guilmineau and Queutey, 2004) (Pan et al., 2007) (Zhao and Cheng, 2014) in 

section 4.1. To change the reduced velocity but maintain the Reynolds number, in all 

CFD models, the natural frequency of the cylinder is altered. This is done by changing 

the spring stiffness in the user-defined-function (UDF) described in chapter 3. The VIV 

responses of the hexagonal cylinders are then presented in shape of amplitudes of 

vibration, vortex shedding regimes, frequencies of vibration and hydrodynamic forces. 

 

4.1 Vortex-induced Vibration of a Circular Cylinder 

Figure 4.1 displays the VIV response of a circular cylinder using current CFD model, 

and those from experimental and numerical studies reported in the literature. 

Normalised amplitudes of vibration are plotted against reduced velocities between 2 <
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𝑉𝑟 < 12.  The mass ratio for this numerical study is m∗ = 2, which is comparable with 

previous research, where Khalak and Williamson (1999) had m∗ = 2.4; Guilmineau and 

Queutey (2004) had m∗ = 2.4; Pan, Cui, and Miao (2007) had m∗ = 2.4; and Zhao and 

Cheng (2014) had m∗ = 2. The damping was assumed to be zero for the present study; 

however, in the experimental study Khalak and Williamson (1999) employed 

‘structural’ damping without consideration of added mass. In the current study, the 

Reynolds number in all simulations is 𝑅𝑒 = 1,000. Reynolds numbers in other studies 

are shown in the legend of Figure 4.1. It should be noted that, effect of the Reynolds 

number on VIV was discussed previously by Govardhan and Williamson (2006) and 

Klamo et al. (2006). 

 
 

Figure 4.1. Variations of response amplitude for a 2D circular cylinder with reduced velocity. 
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Figure 4.1 illustrates and compares the normalised maximum amplitude with the 

reduced velocity of a circular cylinder from the current results and previous studies. The 

results display the recovery of the intermittency of the upper and lower branches, as 

seen in the discontinuous amplitude branch transition found by Khalak and Williamson 

(1999), although with varying time scales of intermittency. However, the current results 

agree well with previous numerical results. The maximum amplitudes from the current 

study and all previous numerical studies at the lock-in region (4 < 𝑉𝑟 < 7) were lower 

than the experimental data, which was mainly because of the differences in the mass 

ratios and Reynolds numbers, and, less significantly, the difference in the end 

conditions of the experimental tests (Al-Jamal & Dalton, 2004; Lucor, Foo, & 

Karniadakis, 2005). Figure 4.1 illustrates that the 3D numerical results for the lock-in 

region obtained by Zhao et al. (2014) are in good agreement with those obtained in the 

current study. For the results in the lower branch, 𝑉𝑟 > 7, the amplitude responses 

obtained from the experimental studies and numerical simulations show some 

fluctuations, which indicates that the vortex-induced motions of the bluff body represent 

a highly nonlinear resonant response, and different experimental setups and numerical 

assumptions can lead to slightly different results. 

 

4.2 Vortex-induced Vibration of Hexagonal Cylinder with Corner and 

Face Orientations 

This study considered only one value of Reynolds number (𝑅𝑒 = 1000) which places 

the above results in the ‘subcritical regime’. For a circular cylinder, Figs. 2.4 and 2.6 

show the effect of Re on Strauhl number and drag coefficient. These key parameters do 

not change greatly in the case of a circular cylinder except at very small Reynolds 

numbers (laminar vortex street) or for Reynolds numbers above about 106 (supercritical 
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regime). It would be interesting for future studies to investigate if the same behaviour 

can also be observed for hexagonal cylinders. 

The simulations in this study covered a range of reduced velocities from 2 to 12 

and a constant mass ratio (m* = 2). As shown in Fig. 4.2, the normalized amplitude is 

still large for a reduced velocity of 12. Future studies could consider VIV of hexagonal 

cylinders for higher reduced velocities and other mass ratios. 

  

4.2.1 Amplitude of vibration 

Figure 4.2 illustrates a comparison of the VIV amplitudes of the circular and corner- 

and face-oriented hexagonal cylinders. This figure shows the maximum amplitudes 

versus the reduced velocities between the circular cylinder and hexagonal cylinders in 

corner and face orientations. For the circular and hexagonal face-oriented cylinders, the 

results corresponded to 𝑅𝑒 = 1,000. For the corner-oriented hexagonal cylinder (with 

projected face width of 0.867D), the results corresponded with 𝑅𝑒 = 867. The 

maximum amplitude of the circular cylinder occurred at reduced velocity between 4 and 

9, with a normalised maximum amplitude of 𝐴∗ = 0.585  that occurred at the reduced 

velocity of 5. In contrast, in the hexagonal cylinder with corner orientation, the 

maximum amplitude occurred at reduced velocity between 10 and 11, and was equal to 

𝐴∗ = 0.35. The maximum amplitude for the hexagonal cylinder with face orientation 

occurred at reduced velocity between 4 and 5, and was also equal to 𝐴∗ = 0.35. The 

amplitude of vibration of the face-oriented hexagon is significantly larger than the 

corner-oriented hexagon at lower reduced velocities. VIV amplitudes of either hexagons 

are smaller than the circular one at Vr <10. 

Unlike the circular cylinder, the upper branch exhibiting the maximum 

amplitude does not drop at reduced velocities larger than 12 in the hexagonal cylinders. 
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The amplitude of the corner-oriented hexagon seems to reach a peak at Vr=11, 

but the in the face-oriented hexagon the increasing trend seems to be growing at Vr>12. 

The difference in the VIV amplitudes of the hexagonal and circular cylinders is related 

to the vortex regimes and corresponding frequencies and will be discussed in the next 

sections.  

The reduced amplitudes in the case of the hexagonal cylinder can be attributed 

to flow separation occurring on the sharp edges (fixed points) in contrast to the circular 

cylinder where the separation point moves causing a more dramatic shift in the pressure 

distribution. 

 

Figure 4.2. Comparison of response maximum amplitude for 2D circular cylinder and 
hexagonal cylinder with corner and face orientations with variations of reduced velocities. 
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4.2.2 Vortex Shedding Regime 

This section discusses the vortex structure in the wake, which results in maps and 

classifications of vortex modes for freely vibrating cases. In general, the oscillation 

cycle initiates when the cylinder is moving up and crosses the centreline in the positive 

direction. As the body reaches the top of the oscillation cycle, which is the top shear 

layer, the vortex shedding is in the downstream of wake, and pairs with the stronger 

vortex of the opposite shed to form a counter-rotating vortex pair. The development is 

mirrored about the centreline in the negative sign of shear layer and moves back across 

the centreline and sheds a strong vortex, which separates as the positive vorticity moves 

upwards into the shear layer. This is paired with a weaker vortex as the body finishes 

one oscillation cycle. This final pair is observable in the far wake of the first phase of 

the next cycle. The secondary weak vortex in these pairs is shed because of the 

stretching of the shear layer across the centreline as the body changes direction. The 

stronger vortices are separated from the shear layers in the high strain field, where a 

large vorticity of opposite sign interacts behind the body.  

Generally, the vortex shedding patterns are very complex; thus, a descriptive 

terminology for each mode is introduced. In addition, for each period, the vortex wake 

pattern includes single vortices (S) and vortex pairs (P), giving patterns such as 2S, 2P 

and P + S modes. Williamson and Roshko (1988) classified the vortex formation for a 

circular cylinder that changes from 2S vortices shed over a cycle to 2P, and this switch 

is located at the point of change from the initial to the upper branch in the amplitude 

response. 

Figure 4.3 indicates the contours of non-dimensional axial vorticities around the 

three different types of cylinders with 𝑚∗ = 2 and at 𝑉𝑟 = 5 for four phases of the 

vortex shedding modes. As mentioned before, 𝑅𝑒 = 1,000 for the 2D circular cylinder 
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and hexagonal cylinder with face orientation, and 𝑅𝑒 = 867 for the 2D hexagonal 

cylinder with corner orientation. Four phases are revealed over one oscillation cycle, 

from top to bottom, with locations shown on the right. The contours show the angular 

velocity magnitude in the out-of-plane direction (wz). The range of the contours that 

show the vorticity magnitudes in all Figures 4.3 (a-c) is identical, so the intensities are 

shown with similar colours and can be easily compared with a contour colour bar as 

locations shown on the right of each contours. 

Figure 4.3(a) illustrates the vorticity contours for the circular cylinder in the four 

instants of one oscillation cycle at four phases between t = 190.45 s and 193.95 s. The 

horizontal and vertical axes represent the normalised x and y coordinates of the cylinder 

for the corresponding point in the time-history response, respectively. The vibration 

amplitude in this reduced velocity is 𝐴 = 0.595 D and the frequency is about 𝑓𝑠 =

0.214. In this figure, at the beginning of the oscillation cycle, the cylinder is moving up 

and crosses the centreline. The corresponding progressive vorticity (as indicated with 

‘A’) is shedding in a counter-clockwise direction from the centreline of the shear layer, 

which is shed from the cylinder as the cylinder moves from the centreline to the top of 

the vibration trajectory. The clockwise vorticity attached to the top shear layer is drawn 

across the centreline of the wake. As the cylinder reaches the top of the oscillation 

cycle, the top shear layer sheds an additional vortex which is indicated as B. This vortex 

with the solid vortex of opposite sign forms a counter-turning vortex pair. The vortex 

street in this figure is almost the same as the 2P mode. The development of vortex 

shedding is mirrored about the centreline, as the shear layer moves back across the 

centreline, which is indicated with ‘C’ in Figure 4.3. This sheds a strong counter-

clockwise vortex, separating as the vorticity magnitude, ‘D’, moves downwards into the 

shear layer as the body finishes one oscillation cycle. The last pair is apparent in the far 

wake of the first phase of the next cycle, and these pairs are shed because of the 
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stretching of the shear layer across the centreline as the body changes direction. The 

stronger vortices in the high strain field, where a large vorticity of opposite sign 

interacts behind the body, are separated from the shear layers. Nevertheless, four 

vortices are shed in one vibration period. In the typical 2P mode behind a vibrating 

circular cylinder, the vortices shed from the cylinder are consistently divided into two 

horizontal rows, which are separated by the horizontal symmetry line of the cylinder. In 

addition, of the two pairs of vortices that are shed from the cylinder in each vibration 

period, one pair joins the top row and the other pair joins the bottom row. 

Figure 4.3(b) displays the instantaneous vorticity contours for a hexagonal 

cylinder with corner orientation at 𝑉𝑟 = 5 in one oscillation cycle at four phases 

between t = 191 s and 194.6 s. The vibration amplitude in this reduced velocity is 𝐴 =

0.125 D and the vibration frequency is about 𝑓𝑠 = 0.256. The corners of the body create 

a high strain field behind the trailing edge and fix the location of the shear layer 

separation, and subsequently determine where the vortex roll up begins. The trajectories 

are enclosed loops and, compared with those in the circular cylinder in Figure 4.3(a), 

the vibration trajectories in Figure 4.3(b) have less amplitude.  

The flow pattern for the corner-orientated hexagonal cylinder (Fig. 4.3(b)) is 

somewhat different to that of the circular cylinder (Fig. 4.3(a)). The beginning of the 

oscillation cycle (top-left of Fig. 4.3(b)), as the cylinder moves up the centreline in the 

direction of the trajectory, is indicated with ‘A’. Similar to the circular cylinder, the 

vorticity is shedding in a counter-clockwise direction from the bottom of the shear 

layer, which is shed from the cylinder as the cylinder moves from the centreline to the 

top of the vibration trajectory. In the top shear layer when the cylinder reaches the peak 

of the oscillation cycle, an additional eddy of vorticity ‘B’ is starting to shed. This 

vorticity with the solid vortex of opposite sign forms a counter-turning vortex pair. The 
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vortex street in this figure is similar to the P mode. The development of vortex shedding 

is mirrored about the centreline; however, only one vortex, C, is shed from the cylinder 

as the cylinder moves down. Three vortices are shed from the cylinder in one period of 

vibration, resulting in the P + S vortex shedding mode. In addition, the corners of the 

hexagonal cylinder push the vortices to shed consistently. However, different from the 

circular cylinder, the vortex street behind the hexagonal cylinder with corner orientation 

is narrower and is shrunk into one horizontal row. The wake regime of the corner-

oriented hexagon fades within a distance 10D behind the cylinder, as opposed to 16D 

observed in the circular cylinder. 

Figure 4.3(c) displays the instantaneous vorticity contours for the hexagonal 

cylinder with face orientation at 𝑉𝑟 = 5 in one oscillation cycle at four phases between 

t = 189.3 s and 194 s. The vibration amplitude in this reduced velocity is 𝐴 = 0.329 D 

and the vibration frequency is about 𝑓𝑠 = 0.238. As aforementioned, the corners of the 

hexagonal cylinder create a high strain field behind the trailing edge and fix the location 

of the shear layer separation, and subsequently determine where the vortex roll up 

begins.  

For the hexagonal cylinder with face orientation, trajectories are not enclosed to 

the loops, when comparing with those in hexagonal cylinder with corner orientation in 

Figure 4.3(b); thus, the vibration trajectories in Figure 4.3(c) have greater amplitudes. 

The beginning of the oscillation cycle, as the cylinder moves up the centreline in the 

direction of the trajectory, is indicated with ‘A’. Similar to the circular cylinder and 

hexagonal cylinder with corner orientation, the vorticity is shedding in a counter-

clockwise direction from the bottom of the shear layer, which is shed from the cylinder 

as the cylinder moves from the centreline to the top of the vibration trajectory. Overall, 

the flow structure for the face orientated hexagonal cylinder  (Fig. 4.3(c))  appears to be  



NUMERICAL STUDY ON VORTEX‐ INDUCED VIBRATION OF HEXAGONAL CYLINDERS 80 

 

 

(a) Vorticity magnitude contours for circular cylinder at reduced velocity of 𝑉𝑟 = 5 when cylinder 
is at highest locations 

 
 

 

(b) Vorticity magnitude contours for hexagonal cylinder with corner orientation at reduced velocity of 
𝑉𝑟 = 5 when cylinder is at highest locations 

 

 

(c) Vorticity magnitude contours for hexagonal cylinder with face orientation at reduced velocity of 𝑉𝑟 =
5 when cylinder is at highest locations 

Figure 4.4. Comparison of vorticity contours for three geometries at reduced velocity of 

 𝑉𝑟 = 5. 
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somewhere between that of the corner orientated hexagonal cylinder (Fig. 4.3(b)) and 

the circular cylinder (Fig. 4.3(a))). Like the two other cases, when the cylinder reaches 

the top of the oscillation cycle, an additional eddy of vorticity ‘B’ is starting to shed in 

the top shear layer of shedding. This vorticity with the solid vortex of opposite sign 

forms a counter-turning vortex pair. The vortex street in this figure is similar to 2P 

mode. The development of vortex shedding is mirrored about the centreline, as the 

negative sign shear layer moves back across the centreline, which is indicated with ‘C’.  

This sheds a strong counter-clockwise vortex, separating as the vorticity 

magnitude, D, moves downwards into the shear layer as the body finishes one 

oscillation cycle cylinder. The vortices in the hexagonal cylinder with corner orientation 

are consistently shedding from each corner of cylinder in the vortex street behind 

hexagonal cylinder. The wake regime of the face-oriented hexagon fades within a 

distance 12D behind the cylinder, as opposed to 10D and 16D observed in the corner-

oriented hexagon and circular cylinders, respectively. The vortex street in the rear wake 

of the face-oriented cylinder is not as narrow as the one observed in the corner-oriented 

hexagon. 

Comparison between vortex patterns in Figure 4.3 suggest that, the contour 

vortices from the hexagonal cylinders are more compact than those seen in the wake of 

a circular cylinder. This can be partly attributed to two factors; (1) the vortices have 

smaller cores because of how they are generated and, (2) because there is less variation 

in the position of release of the vortices due to reduced vibration of the cylinder (as can 

be seen in Fig. 4.2 for Vr = 5). Both factors arise from the body’s geometry and fixed 

separation points. Alternatively, the hexagonal cylinder with face orientation has similar 

contour vortices, which is similar to the circular cylinder. 
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In order to compare the vorticities for different amplitudes of cylinder 

oscillation, results at the peak of the cycle for the studied cylinders at  𝑉𝑟 = 2 and 𝑉𝑟 =

8 are depicted in Figures 4.4 and 4.5, respectively. Note that in Fig. 4.2 the relative 

magnitudes of the amplitude of oscillation of the three cylinders studied are different for 

these cases of reduced velocity. 

Figure 4.4(a) illustrates the vorticity contours for the circular cylinder with 𝑅𝑒 =

1,000 and a reduced velocity of 𝑉𝑟 = 2 when the cylinder is at the highest locations. In 

this figure, the trajectories reveal the instant position of the circular cylinder. Two single 

vortices are shed from the bottom of the cylinder at this point of the vortex shedding 

period. The vortex shedding regime is much smaller than the case where Vr = 5 

(compare Fig. 4.4(a) with Fig. 4.3(a)), as energy contribution to the body from the 

vortex vibration amplitude is very small. In addition, the vortex street behind the 

cylinder is consistently divided into two horizontal rows, which are separated by the 

horizontal symmetrical line of the cylinder, which is much narrower in the horizontal 

row because of the very small amplitude of oscillation (note that the vibration amplitude 

for the circular cylinder in Fig. 4.2 at Vr = 2 is small). 

Figure 4.4(b) illustrates the vorticity contours for the hexagonal cylinder with 

corner orientation at 𝑅𝑒 = 876 and a reduced velocity of 𝑉𝑟 = 2 when the cylinder is at 

the highest location. The oscillation cycle initiates when the cylinder is moving up and 

crosses the centreline in the positive direction. The shedding of the hexagonal cylinder 

is similar to the circular cylinder, with almost the same amplitude. In this figure, the 

trajectories reveal the instant position of the two single vortices that shed from the 

bottom of the cylinder at this point. However, the vortex street and energy contribution 

to the body from the vortex vibration amplitude are slightly larger than with the circular 

cylinder.  In addition, the vortex street behind the cylinder is consistently divided into  
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(a) Vorticity magnitude contours for circular cylinder at reduced velocity of 𝑉𝑟 = 2 when cylinder 
is at highest locations 

 

 

(b) Vorticity magnitude contours for hexagonal cylinder with corner orientation at reduced velocity 
of 𝑉𝑟 = 2 when cylinder is at highest locations 

 

 

(c) Vorticity magnitude contours for hexagonal cylinder with face orientation at reduced velocity of 𝑉𝑟 =
2 when cylinder is at highest locations 

Figure 4.4. Comparison of vorticity contours for three geometries at reduced velocity of 

 𝑉𝑟 = 2. 
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two horizontal rows, which are separated by the horizontal symmetrical line of the 

cylinder, which is wider than with the circular cylinder. 

Finally, Figure 4.4(c) illustrates the vorticity contours for the hexagonal cylinder 

with a face orientation at 𝑅𝑒 = 1,000 and a reduced velocity of 𝑉𝑟 = 2 when the 

cylinder is at the highest locations. As aforementioned, the oscillation cycle initiates 

when the cylinder is moving up and crosses the centreline in the positive direction. The 

shedding of the hexagonal cylinder is similar to the other cylinder, with almost twice the 

amplitude. This is consistent with the higher amplitude of vibration at Vr = 2 for the 

face-orientated cylinder compared with the corner orientated cylinder shown in Fig. 4.2. 

In Fig. 4.4(c), the trajectories reveal the instant position of the two single vortices that 

shed from the top of the cylinder at this point. However, the vortex street and energy 

contribution to the body from the vortex vibration amplitude are double that of the 

circular cylinder. In addition, as with the other two geometries, the vortex street behind 

the cylinder is consistently divided into two horizontal rows, which are separated by the 

horizontal symmetrical line of the cylinder. 

Figure 4.5 shows vorticity contours for the three different cylinders investigated 

at a reduced velocity of Vr = 8. Note from Fig. 4.2 that both corner-orientated and face-

orientated cylinders have a similar order of magnitude of vibration for Vr = 8. 

Consistent with this, the flow patterns and width of the wake for Fig. 4.5(b) and 4.5(c) 

are somewhat similar. 

Figure 4.5(a) illustrates the vorticity contours for the circular cylinder at 𝑅𝑒 = 1,000 

and a reduced velocity of 𝑉𝑟 = 8 when the cylinder is at the highest locations. The 

oscillation cycle initiates when the cylinder is moving up and crosses the centreline in 

the positive direction. When the body reaches the top of the oscillation cycle, in the top 

shear layer shedding, a vortex weak is at downstream in the wake and pairs with the 
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stronger vortex of the opposite shed to form a counter-rotating vortex pair. The 

instantaneous interest from the perspective of the vortex formation for the VIV is in the 

centre of the resonant region in the lower branch of VIV. In this figure, the sinusoidal 

trajectory shows the instantaneous position of the circular cylinder. Two single vortices 

are shed from the bottom of the cylinder at this point of the vortex shedding period, with 

a clockwise vorticity at the top of the cylinder. The vortex shedding regime becomes 

greater as the energy contribution to the body from the vortex vibration amplitude 

grows higher. In addition, as a consequence of VIV, the vortex street behind the 

cylinder is consistently divided into two horizontal rows, which are separated by the 

horizontal symmetrical line of the cylinder, with a broader vortex shedding into 

horizontal row because of greater amplitude. 

Figure 4.5(b) illustrates the vorticity contours for the hexagonal cylinder with 

corner orientation at 𝑅𝑒 = 867 and a reduced velocity of 𝑉𝑟 = 8 when the cylinder is at 

the highest location. The oscillation cycle initiates when the cylinder is moving up and 

crosses the centreline in the positive direction. As the body reaches the top of the 

oscillation cycle in the top shear layer sheds a weak vortex that is at downstream in the 

wake and pairs with the stronger vortex of the opposite shed to form a counter-rotating 

vortex pair. In this figure, the trajectories reveal the instant position of the hexagonal 

cylinder with corner orientation. Therefore, from the top side of the cylinder, two 

vortices shed with a P + S shedding mode. The maximum vorticity magnitude is nearly 

half that of the circular cylinder, as the energy contribution to the body from the vortex 

vibration amplitude is smaller.  

Figure 4.5(c) illustrates the vorticity contours for the hexagonal cylinder with 

face orientation at 𝑅𝑒 = 1,000 and a reduced velocity of 𝑉𝑟 = 8 when the cylinder is at 

the highest locations.  The behaviour of the hexagonal cylinder with face orientation  
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(a) Vorticity magnitude contours for circular cylinder at reduced velocity of 𝑉𝑟 = 8 when cylinder 
is at highest locations  

 

 
 

(b) Vorticity magnitude contours for hexagonal cylinder with corner orientation at reduced velocity of 
𝑉𝑟 = 8 when cylinder is at highest locations 

 

 

(c) Vorticity magnitude contours for hexagonal cylinder with face orientation at reduced velocity of 𝑉𝑟 =
8 when cylinder is at highest locations 

Figure 4.5. Comparison of vorticity contours for three geometries at reduced velocity of    
𝑉𝑟 = 8. 
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is very similar to the hexagonal cylinder with corner orientation at 𝑉𝑟 = 8. Therefore, 

from the top side of the cylinder, two vortices shed with a P + S shedding mode. The 

maximum vorticity magnitude is nearly half that of the circular cylinder, as the energy 

contribution to the body from the vortex vibration amplitude is smaller. 

Figure 4.6 shows the same three cylinders with Vr = 10. From Fig. 4.2 it is apparent that 

this case corresponds to a point where the magnitude of the vibration of the cylinder 

was almost the same for all three geometries. Consistent with this, the width of the 

vortex street in Fig. 4.6 is similar for all three geometries. The flow pattern is similar for 

the two hexagonal cylinder cases (Fig. 4.6(b) and Fig. 4.6(c)). For the case of the 

circular cylinder (Fig. 4.6(a)) there appear to be fewer vortices than can be observed for 

the same distance behind the hexagonal cylinders and the vortex street is slightly 

narrower. 

Figure 4.6(a) illustrates the vorticity contours for the circular cylinder at 𝑅𝑒 =

1,000 and a reduced velocity of 𝑉𝑟 = 10 when the cylinder is at the highest location. 

Similar to all cases considered, as a consequence of VIV, the vortex street behind the 

cylinder is consistently divided into two horizontal rows, as with the other reduced 

velocities. However, these two rows are not symmetrical in the line of the cylinder, and 

the amplitude at this reduced velocity is slightly smaller than those observed in the lock-

in regime (5<Vr<8). The asymmetry may be a result of the particular snapshot selected 

given that a relatively small number of vortices are visible in Fig. 4.6(c). 

Figures 4.6(b) and (c) illustrate the vorticity contours for the hexagonal cylinder 

with corner orientation at 𝑅𝑒 = 876 and face orientation at 𝑅𝑒 = 1000, both at a 

reduced velocity of 𝑉𝑟 = 10. The vorticity magnitudes of the hexagonal cylinders are 

larger than the circular cylinder and the vortex streets are wider. This is more evident in   
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(a) Vorticity magnitude contours for circular cylinder at reduced velocity of 𝑉𝑟 = 10 when cylinder 
is at highest locations 

 

 

(b) Vorticity magnitude contours for hexagonal cylinder with corner orientation at reduced velocity of 
𝑉𝑟 = 10 when cylinder is at highest locations 

 

 

(c) Vorticity magnitude contours for hexagonal cylinder with face orientation at reduced velocity of 𝑉𝑟 =
10 when cylinder is at highest locations 

Figure 4.6. Comparison of vorticity contours for three geometries at reduced velocity of 

 𝑉𝑟 = 10. 
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the face-oriented hexagon, in which the vortices continue to exist as far as 18D in the 

rear of the hexagon.   

 

4.2.3 Frequencies 

Figures 4.7 to 4.9 display the variation of the frequencies with the reduced velocity for 

the three cylinders with mass ratios of 𝑚∗ = 2 and at reduced velocities of 2 < 𝑉𝑟 <

12. The non-dimensional frequencies are defined as the natural frequency of vibration, 

𝑓𝑛, vibration frequency, 𝑓𝑜 and vortex shedding frequency 𝑓𝑠.   

The non-dimensional frequencies are defined by normalising against the natural 

frequency of vibration, 𝑓𝑛. Hence the vibration frequency, 𝑓𝑜 and vortex shedding 

frequency 𝑓𝑠 are plotted as  𝑓𝑜 𝑓𝑛⁄   and 𝑓𝑠 𝑓𝑛⁄ , respectively in Figs 4.7 to 4.9. 

Figure 4.7 presents the response frequencies experienced by the circular 

cylinder. Within the lower branch, the vibration frequency, 𝑓𝑜, is much smaller than the 

natural frequency of the cylinder and follows the stationary cylinder’s Strouhal 

frequency, which is represented by the black line. At reduced velocities larger than 5, 

𝑓𝑜 does not follow the Strouhal frequency—instead, it begins to follow the natural 

frequency, 𝑓𝑛, of the system, which is represented by the full horizontal line, 𝑓 𝑓𝑛⁄ =

1. This situation occurs for the range of 5 < Vr < 12, and the vortex vibration frequency 

is locked into the natural frequency of the system. This was determined by using the 

present numerical method, and agrees well with the experimental results of (Khalak and 

Williamson, 1997). Vibrations at reduced velocities greater than the upper boundary of 

the lock-in regime were found to be irregular. The vibration frequency for an irregular 

vibration is defined as the peak frequency. The highest amplitude in the Fast Fourier 

Transform (FFT) is extracted from the spectrum of the vibration displacement. 

Interestingly, the graph reveals that the frequency is still close to the natural frequency 
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as 𝑉𝑟 > 8. The range of 𝑉𝑟 > 8 is not classified as a lock-in regime because the 

amplitude is very small and the natural frequency does not dominate in the response. 

 

 
Figure 4.7. Normalised frequencies of the circular cylinder, fo is the frequency of vibration, foe 
is the frequency of vibration from experimental results (Khalak and Williamson, 1997),  fs is 

the vortex shedding frequency and fn is the natural frequency of the cylinder. 
 

Figure 4.8 illustrates the variation of the vibration frequency with the range of reduced 

velocity for the hexagonal cylinder with corner orientation. It can be seen that there is 

no lock-in region for the hexagonal cylinder with corner orientation. The vibration 

frequency 𝑓𝑜 is larger than the vortex shedding frequency 𝑓𝑠, at Vr>4. However, the 

frequency of vibration of the corner-oriented hexagon follows the Strouhal law. The 

vibration frequency response of the face-oriented hexagon is shown in Figure 4.9 and is 

shown to be larger than the vortex shedding frequency for the entire range of studied 

reduced velocity (more similar to the circular cylinder). No resonant in the response is 

observed and at Vr > 5, the vibration frequency perfectly matches the vortex frequency 

and follows the Strouhal’s law. 

Comparison between frequencies of hexagonal and circular cylinders show that, within 

the initial excitation range (Vr<4), the frequencies of vibration in all cylinders are well 

below the natural frequency. At the upper branch, the circular cylinder exhibits 
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resonance and vibration occurs at frequencies about the natural frequency. This 

phenomenon does not exist for the hexagonal cylinders. 

 
Figure 4.8. Frequencies of hexagonal cylinder with corner orientation. 

 

Figure 4.9. Frequencies of hexagonal cylinder with face orientation. 

 

Comparing Figs 4.8 and 4.9 with Fig. 4.7 shows that the ‘lock-in’ behaviour that 

occurs in the case of the circular cylinder (𝑉𝑟 > 5) does not occur for the hexagonal 

cylinders. This is one of the reasons why the amplitude of vibration is smaller in the 

case of the hexagonal cylinder shown in Fig. 4.2. If only Fig. 4.2 was considered, the 

relatively constant amplitude from 4 < 𝑉𝑟 < 12 for the case of the face-orientated 

cylinder would suggest a lock-in behaviour, however, 4.9 shows clearly that it is not 

there. 
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4.2.4 Time history of hydrodynamic forces and amplitudes of vibration 

Time history of hydrodynamic forces (the lift force and the drag force) and amplitudes 

of vibrations of the face and corner oriented hexagons are presented in this section and 

are compared to those of the circular cylinder at different reduced velocities. 

Figure 4.10 displays a comparison of the displacement magnitude with lift 

coefficient, and Figure 4.11 displays the drag coefficient time history of the circular 

cylinder at 𝑅𝑒 = 1,000. In this case, the mass ratio is 𝑚∗ = 2 and the reduced velocity 

is equal to 𝑉𝑟 = 5. As shown in Figure 4.10a, the displacement and lift coefficient are 

symmetrical throughout and the transient analysis converges after 90 seconds roughly. 

The maximum normalised amplitude after convergence for the circular cylinder is 

0.59 D. The periodic lift coefficient leads to a zero mean lift and, to attain the maximum 

lift coefficient, the rms of the lift coefficient is  𝐶𝑙𝑟𝑚𝑠 = 0.32. As shown in Fig. 4.10b, 

the lift and amplitude responses are out of phase. 

 

Figure 4.10.a 
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Figure 4.10.b 

 

Figure 4.10. Comparison of maximum amplitudes and lift coefficient of circular cylinder at 
𝑅𝑒 = 1,000 with 𝑚∗ = 2 and 𝑉𝑟 = 5 

 
Figure 4.11. Magnitude of drag coefficient versus time at 𝑅𝑒 = 1,000 with 𝑚∗ = 2 and 𝑉𝑟 =

5 for the circular cylinder. 
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Figure 4.11 illustrates the drag coefficient time-history of the circular cylinder. 

The non-zero mean drag coefficient of 𝐶𝐷
𝑚𝑒𝑛 = 2.08 is observed in contrast to the mean 

lift coefficient, which was zero. Comparing Figs 4.10 and 4.11, it is clear that the 

frequency of the drag force is double that of the lift force. 

Figures 4.12 and 4.13 present the displacement magnitude, lift coefficient and 

drag coefficient time histories of the hexagonal cylinder with corner orientation at 𝑅𝑒 =

867. The mass ratio is 𝑚∗ = 2 and, with the reduced velocity, 𝑉𝑟 = 5. The 

convergence for both displacement and lift occurs after 170 seconds. The maximum 

normalised amplitude after convergence for the hexagonal cylinder is 0.13 D. The 

periodic lift coefficient leads to a zero mean lift and, to attain the maximum lift 

coefficient, the rms of the lift coefficient is used once convergence occurs at 𝐶𝑙
𝑟𝑚𝑠 =

0.43. Similar to the face-oriented hexagon, in the corner-oriented hexagon, the lift and 

amplitude responses are out of phase. 

 

Figure 4.12.a 
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Figure 4.12.b 

Figure 4.12. Comparison of maximum amplitudes and lift coefficient of hexagonal cylinder 
with corner orientation at 𝑅𝑒 = 867 with 𝑚∗ = 2 and 𝑉𝑟 = 5. 

 

 
Figure 4.13. Magnitude of drag coefficient versus time at 𝑅𝑒 = 867 with 𝑚∗ = 2 and 𝑉𝑟 = 5 

for hexagonal cylinder with corner orientation. 
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Figure 4.13 illustrates the drag coefficient convergence. Although the 

configuration is symmetrical, a significant non-zero mean drag coefficient is observed, 

which becomes established after 170 seconds. The mean drag coefficient once 

convergence occurs is 𝐶𝐷𝑚𝑒𝑎𝑛 = 1.35. 

Figures 4.14 and 4.15 present the displacement magnitude, lift coefficient and 

drag coefficient time history of the hexagonal cylinder with face orientation at 𝑅𝑒 =

1,000 with 𝑚∗ = 2 and 𝑉𝑟 = 5. The displacement and lift coefficient histories are 

symmetrical throughout the simulated reduced velocity range. Although, this illustrates, 

at 𝑉𝑟 = 5 and converging for both displacement and lift occurs after 90 seconds. The 

maximum normalised amplitude after convergence for the circular cylinder is 0.33 D. 

The periodic lift coefficient leads to a zero mean lift and, to attain the maximum lift 

coefficient, the rms of the lift coefficient is used once convergence occurs at 𝐶𝑙𝑟𝑚𝑠 =

0.31. Figure 4.15 illustrates the drag coefficient convergence. Although the configuration 

is symmetrical, the significant non-zero mean drag is converging after 160 seconds. The 

mean drag is about 2.05 as shown in the drag time-history of Figure 4.15. 
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Figure 4.14.a 

 
Figure 4.14.b 

 

Figure 4.14. Comparison of maximum amplitudes and lift coefficient of hexagonal cylinder 
with face orientation at 𝑅𝑒 = 1,000 with 𝑚∗ = 2 and 𝑉𝑟 = 5. 
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Figure 4.15. Magnitude of drag coefficient versus time at 𝑅𝑒 = 1,000 with 𝑚∗ = 2 and 𝑉𝑟 =

5 for the hexagonal cylinder with face orientation. 

 

The series of Figures 4.16 to 4.21 presents a comparison of the displacement 

magnitude with lift coefficient and drag coefficient time history of the three geometries 

at 𝑅𝑒 = 1,000 for the circular cylinder and hexagonal cylinder with face orientation, 

and 𝑅𝑒 = 867 for the hexagonal cylinder with corner orientation. The mass ratio is 

𝑚∗ = 2 and the reduced velocity is 𝑉𝑟 = 2. In all cylinders, the displacements are much 

smaller than the lift coefficient in the initial branches. For the circular cylinder and 

hexagonal cylinder with corner orientation, the periodic lift coefficient is symmetrical, 

while, for the hexagonal cylinder with face orientation, it is not. However, the mean 

drag coefficient convergence for the circular cylinder and hexagonal cylinder with 

corner orientation is smaller than for the hexagonal cylinder with face orientation, 

although the configurations are symmetrical for all shapes. 
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Figure 4.16.a 

 

Figure 4.16.b 

 

Figure 4.16. Comparison of maximum amplitudes and lift coefficient of circular cylinder at 
𝑅𝑒 = 1,000 with 𝑚∗ = 2 and 𝑉𝑟 = 2. 
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Figure 4.17. Magnitude of drag coefficient versus time at 𝑅𝑒 = 1,000 with 𝑚∗ = 2 and 𝑉𝑟 = 2 
for circular cylinder. 

 

 
Figure 4.18.a 
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Figure 4.18.b 

 

Figure 4.18. Comparison of maximum amplitudes and lift coefficient of hexagonal cylinder 
with corner orientation at 𝑅𝑒 = 1,000 with 𝑚∗ = 2 and 𝑉𝑟 = 2. 

 

Figure 4.19. Magnitude of drag coefficient versus time at 𝑅𝑒 = 1,000 with 𝑚∗ = 2 and 
𝑉𝑟 = 2 for hexagonal cylinder with corner orientation. 
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Figure 4.20.a 

 

Figure 4.20.b 

 

Figure 4.20. Comparison of maximum amplitudes and lift coefficient of hexagonal cylinder 
with face orientation at 𝑅𝑒 = 1,000 with 𝑚∗ = 2 and 𝑉𝑟 = 2. 
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Figure 4.21. Magnitude of drag coefficient versus time at 𝑅𝑒 = 1,000 with 𝑚∗ = 2 and 𝑉𝑟 =
2 for hexagonal cylinder with face orientation. 

 

 

The series of Figures 4.22 to 4.27 presents a comparison of the displacement 

magnitude with lift coefficient and drag coefficient time history of the three geometries 

at 𝑅𝑒 = 1,000 for the circular cylinder and hexagonal cylinder with face orientation, 

and at 𝑅𝑒 = 867 for the hexagonal cylinder with corner orientation. In all cylinders the 

mass ratio is 𝑚∗ = 2 and the reduced velocity is 𝑉𝑟 = 10. The displacements are 

slightly smaller than the lift coefficient in the higher branches. However, the mean drag 

coefficient convergence for the circular cylinder and hexagonal cylinder with corner 

orientation is smaller than for the hexagonal cylinder with face orientation, although the 

configurations are symmetrical for all shapes. 
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Figure 4.22.a 

 

Figure 4.22.b 

 

Figure 4.22. Comparison of maximum amplitudes and lift coefficient of circular cylinder at 
𝑅𝑒 = 867 with 𝑚∗ = 2 and 𝑉𝑟 = 10. 
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Figure 4.23. Magnitude of drag coefficient versus time at 𝑅𝑒 = 867 with 𝑚∗ = 2 and 𝑉𝑟 =
10 for circular cylinder. 

 

 

Figure 4.24.a 
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Figure 4.24.b 

 

Figure 4.24. Comparison of maximum amplitudes and lift coefficient of hexagonal cylinder 
with corner orientation at 𝑅𝑒 = 1,000 with 𝑚∗ = 2 and 𝑉𝑟 = 10. 

 

Figure 4.25. Magnitude of drag coefficient versus time at 𝑅𝑒 = 1,000 with 𝑚∗ = 2 and 𝑉𝑟 =
10 for hexagonal cylinder with corner orientation. 
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Figure 4.26.a 

 

Figure 4.24.b 

 

Figure 4.26. Comparison of maximum amplitudes and lift coefficient of hexagonal cylinder 
with face orientation at 𝑅𝑒 = 1,000 with 𝑚∗ = 2 and 𝑉𝑟 = 10. 
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Figure 4.27. Magnitude of drag coefficient versus time at 𝑅𝑒 = 1,000 with 𝑚∗ = 2 and 𝑉𝑟 =
10 for hexagonal cylinder with face orientation. 
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Chapter 5: Conclusions and Recommendations 

5.1 Research Conclusions and Outcomes 

The vortex-induced vibration (VIV) of a 2D hexagonal cylinder with face and 

corner orientations was numerically investigated herein. A comprehensive literature 

review of the mechanisms of VIV around smooth circular cylinders was reported. The 

significant numerical methods and some experimental and analytical results were 

presented and discussed. The adopted numerical method was then thoroughly explained 

and its limitations were discussed. A mesh sensitivity was conducted and a cost-

effective mesh density with reasonable accuracy was chosen. It was shown that the 2D 

CFD method provides a reasonable platform for investigation of the VIV of infinitely 

long cylinders. The numerical models were based on the 2D RANS equations and the 

structural dynamic formulation with low mass ratio, using the 𝑆𝑆𝑇 𝑘– 𝜔 model. In the 

CFD model, the vibration of the cylinder were confined in the streamline direction and 

were allowed in the cross-flow direction. The numerical results were initially validated 

against existing experimental and numerical (2D and 3D) results of VIV of a circular 

cylinder. Using the validated method and mesh, VIV of hexagonal cylinders with face 

and corner orientations were carried out at a constant mass ratio of 2, for reduced 

velocities ranging from 2 to 12 with an interval of 1, and at the Reynolds number of 

1000. To calculate the maximum vibration response, the structural damping of the 

cylinders were neglected. 

Results have shown that the cross-flow amplitude of vibration of the corner and 

face oriented hexagonal cylinders are much lower than the circular cylinder of the same 

diameter in the lock-in range (5 <Vr <8). The maximum normalised amplitude for the 



NUMERICAL STUDY ON VORTEX‐ INDUCED VIBRATION OF HEXAGONAL CYLINDERS 110 

both corner and face-oriented a hexagonal cylinder are around 0.35 D. The face-oriented 

hexagon had two local maximum amplitudes at Vr=4 and Vr=12, whereas the maximum 

amplitude of vibration of the corner-oriented hexagon occurred at Vr=11. 

Study of vortex shedding regimes in Figure 4.3 revealed that, in the lock-in 

region (Vr=5), the vortex street behind the circular cylinder is wider than the hexagonal 

cylinder with face orientation. The flow regime in the rear of the corner oriented 

hexagon was shown to be very narrow and much shorter than the other two cylinders for 

Vr = 5. Intensity of the vortex magnitudes (out-of-plane angular velocities) of the 

corner-oriented hexagon were much lower than the other two cylinders as well. These 

facts explain the lower amplitude of vibration of the corner-oriented hexagonal cylinder 

compared to the other two cylinders. The lower amplitudes of the corner-oriented 

cylinder can be related to the 2S vortex pattern mode observed at Vr=5. Study of the 

vortex patterns at Vr=10 which is closer to the upper branch of the hexagonal cylinders 

and lower branch of the circular cylinder revealed that, as the amplitudes of vibration 

increase so will the width of the rear wake vortex patterns and the corresponding 

vorticity magnitude. 

Investigation of the frequencies showed that within the initial excitation range 

(Vr<4), the frequencies of vibration in all cylinders are well below the natural 

frequency. At the upper branch, the circular cylinder exhibits resonance and vibration 

occurs at frequencies about the natural frequency. This phenomenon does not exist in 

hexagonal cylinders. Within the studied range of reduced velocities, the vibration 

frequencies of hexagonal cylinders perfectly match the vortex frequency and follow the 

Strouhal’s law.  
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Table 5.1 Hydrodynamic force coefficients of the cylinders 

 

The hydrodynamic force coefficients and corresponding amplitudes of the 

studied cylinders are represented in Table 5.1 for different reduced velocities. At low 

reduced velocities within the initial excitation branch, the circular cylinder has a lift 

Geometry Vr CL
rms CD

mean A*/D 

 
2 1.06 1.48 0.042 

 
2 0.84 1.45 0.033 

 
2 2.19 2.15 0.174 

 
5 0.32 2.08 0.585 

 
5 0.43 1.35 0.125 

 
5 0.31 2.05 0.329 

 
10 0.28 1.25 0.464 

 
10 0.63 1.25 0.333 

 
10 0.95 2.25 0.262 
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coefficient larger than that of the hexagonal cylinders. However, as the reduced velocity 

increases and magnitudes of vibration get larger, the lift coefficient of the hexagonal 

cylinders become larger than the circular cylinder. Also, it is evident in Table 5.1 that 

the lift forces are not essentially representative of the vibration amplitudes. For instance 

comparison between circular and corner-oriented hexagon at Vr = 5, shows that at a 

lower lift force, the circular cylinder has much larger amplitude. The amplitudes of 

vibration are more significantly related to the rear-wake flow regime rather than the lift 

force. Interestingly, the drag forces of the corner-oriented hexagonal cylinder are 

smaller than the other two, within the studied range of reduced velocities. 

 

5.2 Future Work 

The vortex-induced-vibration is a complicated phenomenon and the current study used 

many simplifications. The future studies can aim to overcome these simplifications. 

The numerical studies (CFD) can model the 3D hexagonal cylinders and 

discover the correlation effects in the length of the cylinder. This can be started by 

investigating the length effect in stationary hexagonal cylinders. The 3D CFD models 

shall typically be conducted using Large-Eddy-Simulations which is a more accurate 

tool to capture the turbulent behaviour of the VIV problem. Other parameters such as 

effect of Reynolds number and near-wall effects can be considered and modelled. The 

response of hexagonal cylinders at larger reduced velocities can be measured. The 

experimental studies can cover range of Reynolds numbers and length-to-diameter 

ratios. These tests can be conducted in wind-tunnels or in towing tanks. The cylinder 

can be equipped with LVDTs and strain gauges to measure the vibration response. 
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