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ABSTRACT 

 

The purpose of this thesis is to study the Vortex-Induced Vibration (VIV) response of cylindrical 

offshore structures. The present study deals with the forces on the structure and amplitude of the 

structural vibration. For a bluff body exposed to the fluid flow, a VIV response can arise which 

leads to undesirable forces acting along the body causing fatigue and serious harm to the structure. 

This work focuses on VIV generation from an elastically mounted cylindrical structure with varying 

aspect ratio. Studies in offshore engineering have shown that the VIV of a longer structure such as 

riser and spar structure can be fundamentally different from a low aspect ratio structure such as 

circular Floating Production Storage Offloading (i.e., Sevan FPSO). 

 

Complementary approaches have been employed to study the VIV phenomenon. A series of 

experiments were done in an enclosed towing tank to investigate the response amplitudes, 

hydrodynamic forces, lock-in region, Strouhal number and frequency response while varying the 

aspect ratio (L/D) of the cylinder from L/D = 0.5 to 13. The experiments were conducted in a 

uniform current flow and limited to a single degree of freedom movement in the transverse 

direction. Comparisons were made between Computational Fluid Dynamics (CFD) simulations and 

experimental results of the same configurations. Three-dimensional forced vibration simulations 

were performed to capture the forces on the structure for varying structure aspect ratio. The 

correlation length of the vortex cells was observed to be affected by vortex shedding and the 

proportions of the tested structures.  

 

Aside from experimental and CFD approach, a semi-empirical model was shown to be successful in 

fundamentally modelling the wake development and vortex shedding. In order to capture the 

analytical solution of the VIV phenomenon, a wake oscillator model (WOM) was studied and 

compared with the experimental and numerical simulation results. An existing published WOM was 

modified to include the influence of the aspect ratio using present experimental data obtained from 

free vibrating cylinders in water. The capability of the modified model was illustrated through 

comparisons between the model predictions and results obtained previously from experiments and 

CFD simulations. 

 

The current study has produced several important results. The study has shown that the amplitude 

response of the floating structure depends on the aspect ratio of the structure. The reduction in 

amplitude was significant as the aspect ratio reduced to a very low aspect ratio L/D = 0.5. It was 

found that the decrease in the response amplitude is accompanied by a decrease in the correlation 
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length of the vortex shedding. The trend is also apparent for the drag and lift forces. The reduction 

of the vortex cells, the variation of the Strouhal number, and the coupling effect of the semi-

empirical model is among the results gained in the present investigation of different aspect ratios. 

The findings extend the available published data from experimental investigations in a range of low 

aspect ratios in water.  

 

The three complimenting approaches used in the present study, namely experiment, CFD 

simulation, and modified wake oscillator model have brought on these significant outcomes. VIV is 

well established for high aspect ratios (L/D = 5 – 13), and both CFD and WOM models provide 

sound predictions of the VIV behaviour. Nevertheless, the VIV phenomenon competes with both 

free surface and end effects for low aspect ratio (L/D < 5). As the aspect ratio decreases, the CFD 

model is unable to demonstrate the free surface effects and becomes increasingly inaccurate. Similar 

effects are captured in WOM, where the WOM becomes less relevant as the aspect ratio decreases, 

as VIV is less established and the free surface effects diminish the accuracy of the model. Through 

different approaches, influences of the aspect ratio were thoroughly analysed, as demonstrated by 

the findings of this thesis. 

 

 

Keywords: Vortex-induced vibration, free vibration experiment, aspect ratio effect, cylindrical 

offshore structure, circular FPSO, classic spar, CFD, wake oscillator model. 
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Chapter 1Introduction to Vortex-Induced Vibration 

Chapter 1 

Introduction to Vortex-Induced 

Vibration 

________________________________ 

1.1 Background 

The petroleum industry is one of the leading industries in the world over the last few decades. An 

increasing number of offshore structures around the world are evidence of rapid development in 

this industry. The prices and demand for fuel oil and gasoline are increasing every day. Petroleum 

companies have moved from shallow water exploration to deep-water to discover new oil sources. 

For structures built far from shore, many factors need to be taken into account. Structural reliability 

and serviceability are among the important factors to be considered (Bangs et al., 2002). At the 

same time, researchers and scientists are trying to investigate and develop new technologies and 

techniques for better prediction of hydrodynamic forces (wave and current) to minimize fatigue 

damage to the structure. Vortex-Induced Vibration (VIV) is one of the important considerations 

for the design of moorings and risers as discussed by Huang et al. (2003) and Magee et al. (2003). 

Construction and maintenance costs increase due to large safety factors being applied in the design 

of structures and risers as a result of insufficient understanding of VIV. 

 

1.2 Vortex-Induced Vibration 

VIV is a fluid-structure interaction phenomenon, which occurs when a vibration of the structure is 

induced by forces from the vortices shed off the structure. It can occur in many practical situations, 

including fixed offshore structures, risers, mooring lines, floating structures, stacks, aircrafts, 

bridges, pipelines, engines, and tall structures. VIV is a multidisciplinary area encompassing 

continuum mechanics of fluids, structural mechanics, hydrodynamics, wavelet, and computational 
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fluid mechanics, making it a complicated yet interesting area to investigate (Sarpkaya, 2004). The 

interaction of fluids and structure can produce a potentially destructive force on the structure itself. 

One of the historical events was the collapse of The Tacoma Narrows Bridge, in 1940, four months 

after it was opened to the traffic due to wind-induced vibrations (Billah & Scanlan, 1991). The 

fluid-structure interaction between the gusts of wind and the bridge triggered large scale heaving 

and torsional vibrations leading to the collapse (Matsumoto et al., 2003).  

 

 

Figure 1-1 Collapse of the Tacoma Narrows Bridge on November 7, 1940 (University of Washington Libraries. 

Manuscripts, Special Collections, University Archives Division, PH Coll. 290.36) 

 

1.2.1 Vortex Shedding and Flow Regimes 

The flow of a uniform current around a circular cylinder has been extensively reviewed by King 

(1977), Sarpkaya (1978 2004), Griffin (1981), Bearman (1984), Pantazopolous (1994), Williamson 

and Govardhan (2004 2008) and also reviewed in books by Chen (1987), Blevins (1990) and Sumer 

and Fredsoe (1997). The occurrence of vortex shedding depends on a number of parameters. A key 

dimensionless parameter to characterize the flow past a bluff body is the Reynolds number, Re. The 

Reynolds number is defined as  

 



 UDDU
Re  

(1) 

 

where ρ is the fluid density, D is the cylinder diameter, U is the flow velocity, μ is the fluid dynamic 

viscosity and v = μ/ρ is the fluid kinematic viscosity, respectively. Figure 1-2 shows the flow 

regimes as Re increases for a smooth circular cylinder. For extremely low Reynolds numbers, Re < 

5, the fluid attaches and follows the curvature of the cylinder as illustrated in Figure 1-2(a), resulting 
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in a steady flow, which is also known as creeping flow. For the range 5 < Re < 40, a symmetrical pair 

of vortices is observed behind the body as shown in Figure 1-2(b).  

 

 
 
 

Flow characteristic 
 

Reynolds number 
 

Flow regime 

 

(a) 

 

Re < 5 Creeping flow 

 

(b) 

 

5 < Re < 40  

 

(c) 

 

40 < Re < 200  

 

(d) 

 

200 < Re < 300  

 

(e) 

 

300 < Re < 3 × 105 Sub-critical 

 

(f) 

 

3 × 105 < Re < 3.5 × 105 

Critical 

(Lower 

Transition) 

 

(g) 

 

3.5 × 105 < Re < 1.5 × 106 Super-critical 

 

(h) 

 

1.5 × 106 < Re < 4 × 106 Upper Transition 

 

(i) 

 

Re > 4 × 106 Trans-critical 

Figure 1-2 Regimes of flow around a smooth, circular cylinder in a steady current (adapted from Sumer & 

Fredsoe, 1997). 
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As the Reynolds number increases beyond Re > 40, the vortices become unstable and the boundary 

layer periodically sheds from both cylinder edges. In the range of 40 < Re < 200, this creates a 

series of vortices called a laminar vortex street or Karman vortex street (Figure 1-2c). This phenomenon 

is also known as vortex shedding. The definition of the boundary layer, boundary layer separation 

point and wake region for the following discussions on the flow regimes are illustrated in Figure 

1-3. The boundary layer separates from the cylinder surface due to the adverse pressure gradient 

imposed by the divergent geometry of the cylinder (Sumer & Fredsoe, 1997). The shear layer 

contains vortices formed after the separation point, leading to the occurrence of periodic vortex 

shedding. 

 

For Reynolds number Re > 40, a disturbance will occur in the flow. Figure 1-4 shows the 

mechanism of the shedding phenomenon. The disturbance in the flow causes the vortex to grow 

larger than the other vortex on the other side of the cylinder. The larger vortex draws in the other 

vortex in the wake region and is cut off by another vortex, and is then transported downstream 

with the flow. This process continues as long as there is enough energy to draw another vortex 

from the opposite side of the cylinder at periodic oscillating frequency.  

 

 

Figure 1-3 Boundary layer and wake region (Sumer & Fredsoe, 1997). 

 

 

Figure 1-4 Vortex shedding mechanism (Sumer & Fredsoe, 1997). 
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The cylinder experiences a transition to the turbulent wake region in the range of 200 < Re < 300 as 

illustrated in Figure 1-2(d). As the Reynolds number increases to the range of 300 < Re < 3 × 105, 

the wake is completely turbulent behind the cylinder with the boundary layer remaining laminar. 

This wake region is called the subcritical flow region (Figure 1-2e). The vortex shedding strength in 

this region is high and is periodic.  

 

Transition once again occurs in the critical flow region in the range of 3 × 105 < Re < 3.5 × 105, 

where the turbulent boundary layer separation occurs at one of the boundary layer separation 

points (Figure 1-2f). For the Reynolds number range 3.5 × 105< Re < 1.5 × 106, the turbulence 

occurs on both sides. An unbalanced boundary layer regime consisting of partly laminar and partly 

turbulent regions known as the supercritical flow regime develops (Figure 1-2g). 

 

The upper transition flow regime in Figure 1-2 (h) occurs in the range of 1.5 × 106 < Re < 4 × 106. 

Boundary layer separation is observed to be completely turbulent at one side of the cylinder. As the 

Reynolds number increases beyond 4 × 106, boundary layer separation and the flow regime become 

turbulent and referred as transcritical flow regime (Figure 1-2i). 

 

Most of the engineering applications for VIV analysis are in the upper subcritical and transitional 

Reynolds number range (104 < Re < 3.5 × 106). For example, the Reynolds number for the 

production riser of North Sea Tension Leg Platform (TLP) in a 1-knot current is 7.5 × 104 and the 

drilling riser in GOM at 4-knot current is 2.4 × 106 (Pantazopoulos, 1994). However, many 

experimental works conducted fall within the subcritical flow (300 < Re < 3 × 105) due to its stable 

and well-defined flow characteristics. Van Dijk et al. (2003) conducted a test for truss spars 

experiencing VIV in upper transition and transcritical Reynolds number range (3 × 104 < Re < 4 × 

105). Comparison between a model test and a full-scale model was made to study the scaling effects 

on VIV modelling tests. 

 

In addition, Computational Fluid Dynamics (CFD) has become one of the important tools to study 

VIV at higher Reynolds numbers. Oakley et al. (2005), Halkyard et al. (2006), and Holmes (2008) 

are among the contributors to CFD modelling of risers and spars experiencing VIV. The Reynolds 

number in the CFD model scale was in the range of 8 × 104 < Re < 2.5 × 105. However, the 

investigation of the correlation between the model scale and full scale of the Reynolds number is 

still questionable and requires further studies. 
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1.2.2 Vortex Induced Vibration 

When a cylinder is exposed to a steady flow, it will experience vortex shedding for Re > 40, and the 

perpendicular force components acting on the cylinder are drag force  

 

2

2
1 DUCF DD   

(2) 

 

and lift force  

 

2

2
1 DUCF LL   

(3) 

 

where CD and CL are the drag and lift coefficients, D is the diameter of the cylinder and U is the 

flow velocity. Both forces experienced by the cylinder occurred in periodic variations. The cross-

flow vibrations (transverse direction) will oscillate at the vortex-shedding frequency, meanwhile the 

in-line vibrations oscillate at twice the vortex-shedding frequency (Figure 1-5). The combination of 

in-line vibrations and transverse vibrations leads to the occurrence of vortex-induced vibrations. If 

the vortex-shedding frequency, fn, coincides with the natural frequency of the body at a given value 

of the Reynolds number, lock-in or synchronization occurs. The peak amplitude observed in the 

region where the lock-in occurs, is normally characterized by a function of the reduced velocity, Ur 

= U/fnD, where fn is the natural frequency of the structure. As the cylinder vibrates, the cylinder 

vibration will control the vortex shedding frequency in the region of lock in, (King, 2004); (Feng, 

1968).  

 

In order to simplify the VIV phenomenon, most of the multiple degrees of freedom movement 

experiments or simulations focused on oscillations in the transverse direction. VIV normally occurs 

at the reduced velocity of 4 < Ur < 8.0 corresponding to St = 0.2. Figure 1-6 shows a typical 

transverse response for the VIV phenomenon. 
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Figure 1-5 Drag and lift force in oscillating cylinder (Sumer & Fredsoe, 1997). 

 

 

Figure 1-6 Typical cross-flow response of a flexible mounted cylinder (Sumer & Fredsoe, 1997). 

 

The behaviour of the VIV phenomenon is normally governed by dimensional and non-dimensional 

parameters that control the oscillations of the cylinder. Among the parameters are the density of 

fluid ρ, fluid dynamic viscosity μ, cylinder’s diameter D, ambient velocity U, spring constant k and 

structural damping ratio ζs of the system. The following section presents the detail of the 

parameters used to describe the behaviour of the flow that govern the VIV. 
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1.2.3 Dimensionless Parameters 

In order to study the flow past a bluff body, researchers have used different parameters to 

characterize the VIV phenomenon. This section summarizes the dimensionless parameters that are 

significant for the VIV phenomenon. 

 

Reynolds Number 

The Reynolds number was defined earlier in Section 1.2.1 and used to describe the flow regimes of 

the vortex shedding. The nature of the separated flow in laminar and turbulent regimes is strongly 

dependent on the Reynolds number.  

 



UD
Re  

(4) 

 

Reduced Velocity 

The velocity of the flow is the mean velocity normalized by the oscillation frequency and cylinder 

diameter. The reduced velocity is given by  

 

Df
UU
n

r   (5) 

 

where U is the mean flow velocity, fn is the natural frequency of the system in still water and D is 

the cylinder diameter. The peak of the normalized amplitude of the VIV phenomenon normally 

occurs at Ur = 5 to 6. 

 

Strouhal Number 

The Strouhal number is related to the shedding frequency of the periodic motion, and is defined as 

 

U

Dsf
St   

(6) 

 

where fs  is the vortex shedding frequency. The Strouhal number can be shown to be a function of 

the Reynolds number. For the flow regimes discussed previously, the Strouhal number shows a 

significant steady value in the subcritical range where its value remains near 0.2 throughout the 

region and a sudden increase in the transition region and supercritical regimes. Figure 1-7 shows the 
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Strouhal number values for a stationary smooth cylinder corresponding to the flow regimes 

discussed above in Figure 1-2. 

 

 

Figure 1-7 Strouhal number of different flow regimes. Solid curve: Williamson (1989). Dashed curve: Roshko 

(1961). Dots: Schewe (1983). 

 

Mass Ratio 

The mass ratio defined in the present work is the ratio of the total oscillating mass to the displaced 

fluid mass 

 

f
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where mb is the ballast mass and ms is the structural mass, which includes the enclosed fluid, but 

excludes the hydrodynamic mass as defined by Stappenbelt et al. (2007). The displaced fluid mass 

was obtained by  

LDm f
2

4
1
  

(8) 

 

where ρ is the fluid density, D is the diameter and L is the submerged length of the cylinder. The 

effective length was used and calculated as the total of the submerged length of the cylinder in 

contact with the water. 
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The mass ratio used in previous studies on VIV depends on the fluid medium. It varies from a high 

mass ratio in the air medium (e.g., m* = 100-1000) to a low mass ratio in water (e.g., m* = 1-10). A 

smaller mass ratio leads to higher amplitudes of vibration and increase the frequency response of 

the VIV phenomenon (Bearman, 2009). Figure 1-8 shows the frequency response for both 

mediums. It can be seen that the natural frequency of the structure is maintained equal to the 

vibration frequency in the air medium at the frequency ratio of 1. However, in experiments 

conducted in the water, the vibration frequency increases proportionally with the reduced velocity 

in the lock-in region. 

 

 

Figure 1-8 Frequency response in air and water medium (Sumer & Fredsoe, 1997). 

 

A study by Khalak and Williamson (1999) for a varying mass ratio also shows that there are two 

different types of response for the transverse oscillations as illustrated in Figure 1-9. At high m*, 

two branches exist, namely the initial and lower branches. At low m*, an upper branch is observed 

with a higher peak amplitude and broader lock-in range. A comparison with the data from Feng 

(1968) was also included in the plot. Feng (1968) conducted an experiment in an air tunnel for 

elastically mounted rigid cylinder.  

 

It is noted that the response amplitude is observed to be significantly lower for the high mass ratio 

experiment by Feng (1968). In experiments conducted in a water channel by towing the cylinder 

along the towing tank, it was expected to capture the initial and lower branches only due to the 

limitation of the setup in capturing the sudden jump and hysteresis effects. 
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Figure 1-9 Amplitude response [m* = 10.1, Khalak & Williamson (1999), m* = 248, Feng (1968)]. 

 

Damping Ratio 

The damping ratio is normally the ratio of the viscous damping to the critical damping value, 
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where c is the viscous damping coefficient, m is the mass of the structure, and ωn is the natural 

angular frequency. In the present experiment, the damping values were calculated using equation 

(10) with the logarithmic decrement δ which is defined as the ratio of the successive peaks of the 

free decay curve.  
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where yn and yn+1 are the successive peaks measured in the free decay plot. 

 

The cylinder was displaced by a certain amplitude and allowed to oscillate in still water. The free 

decay curve was used to calculate the natural frequency of the structure and the damping values. 

The free decay test will be further discussed in Section 2.2.3. 
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Normalized Amplitude 

The response amplitude of the structure can be presented as the ratio of the vibration amplitude, A 

to the diameter of the cylinder, D. The normalized amplitude can be represented in two active 

directions as follows: 

 

Transverse normalized amplitude = 
D
Ay

 

 

(11) 

In-line normalized amplitude = 
D
Ax
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Studies on VIV for two degrees of freedom cylinder has been documented by many researchers. In 

addition to the transverse response, the in-line response is also significantly contributes to the 

fatigues on the structure. Recently, Jautis and Williamson (2003), Okajima et al. (2004), Stappenbelt 

et al. (2007), Pasto (2008), and Sanchis et al. (2008) have made contributions in the area. Sanchis et 

al. (2008) conducted an experiment on a spring mounted rigid cylinder with a low mass ratio, 

allowing movement in both directions and found significant amplitude in each direction. The 

displacement was measured as A = 0.3D and A = 1.4D for in-line and transverse displacement 

respectively, which shows the dependence of the response in the inline direction (Sarpkaya, 2004). 

Figure 1-10(a) and (b) show the comparison between one degree of freedom and two degrees of 

freedom experiments in a water medium. It can be seen that the amplitude response is significantly 

higher in the two degrees of freedom case where the in-line movement of the structure is 

permitted. The displacement traces exhibit a figure-8 trajectory during VIV. The figure 8 effect 

diminishes in the lockout region, where the vibration frequency diverges from the natural frequency 

and VIV diminishes (Figure 1-10 c). However, due to the complexity of the phenomenon, most of 

the studies in VIV have considered only one degree of freedom motion.  

Frequency Ratio 

The frequency ratio is the ratio of the vibration and shedding frequency to the natural frequency of 

the system, which is defined as   

 

nf
f

  

 

(13) 

where f is the vibration and vortex-shedding frequency while fn is the natural frequency of the 

structure in still water. The frequency ratio plot is normally used to visualize the coincident values 
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of frequency ratio as illustrated in Figure 1-11. The frequency ratio for VIV in the water is slightly 

higher than 1 due to the added mass effect during the lock-in. The Strouhal value is reduced to 0.18 

compared to St = 0.2 for a stationary cylinder in air. This plot also identifies the lock-in region for 

the VIV phenomenon. The frequency ratio for VIV in the water is uniformly increase due to the 

added mass effect during the lock-in, compared to the frequency ratio of the lock-in in the air, 

which is shows a maintained values of frequency response. 

 

 

Figure 1-10  (a) and (b) Comparison between 1-DOF and 2-DOF in VIV experiments shows the influence of the 

in-line VIV generates higher displacement compared to a single degree of freedom structure. (c)  Vibration 

displacement trajectories “figure 8” for 2-DOF experiment during the lock-in. (Sarpkaya, 2004). 
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Figure 1-11 Frequency ratio plot over reduced velocity (Anand, 1985). 

 

Hydrodynamic Force Coefficients 

The forces experienced by a structure in a flow are normally decomposed into two force 

components, namely the inline drag and the transverse lift force. The drag and lift coefficients are 

obtained by normalizing the drag and lift force on the structure as given below. Rearrange the 

equation (2) and (3) gives 
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where FD and FL are the drag and lift force respectively, and U is the flow velocity. Figure 1-12 (a) 

and (b) show the plots for the drag and the lift coefficients as a function of the Reynolds number 

over various flow regimes discussed earlier. The drag and lift coefficient are normally calculated as 

the mean drag, CDmean and root mean square lift coefficients, CLrms. As seen from the plot, the mean 

drag and rms lift coefficients decrease gradually towards the critical regions. The opposite 

phenomenon is observed in the Strouhal number (Figure 1-12 c), where the value suddenly 

increases to the value of 0.45 and 0.5 in the critical region. This phenomenon is normally known as 

“drag crisis”. The occurrence of the drag crisis is due to unsteady pressure distribution in the wake 
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region leading to the sudden drop of the drag values. This phenomenon is also due to a change in 

separation point in the particular flow regime. 

 

 

Figure 1-12 (a) Mean drag coefficient, (b) RMS lift coefficient and (c) Strouhal number of stationary smooth 

cylinder over Reynolds number (Schewe, 1983).  
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Aspect Ratio 

The aspect ratio is defined as the ratio of the submerged length, L to the cylinder diameter D. The 

submerged length is measured from the water surface to the end of the cylinder, corresponding to 

the region where the interaction between the current-structure occurs during VIV. 

 

Aspect Ratio = 
D
L

 

 

The most commonly used method to investigate the influence of the aspect ratio is by applying the 

endplates between the cylinder ends. The distance between end plates is considered as the length of 

the cylinder as illustrated in Figure 1-13. The influence of the aspect ratio will be discussed further 

in Section 1.2.6.  

 

Figure 1-13    Visualization of span-wise vortex wake for different aspect ratio in wind tunnel experiments using 

endplates (Lee & Budwig, 1991). (a) L/D = 56, oblique shedding mode (b) L/D = 43, and (c) L/D = 35, 

showed nearly parallel shedding mode (d) L/D = 38, oblique shedding mode again. 
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Correlation length 

Vortex shedding in the fluid flow occurs along the length of the cylinder. The occurrence of vortex 

shedding strongly depends on the Reynolds number or flow regimes. Vortex shedding is more 

visible in laminar and low turbulent flow compared to fully turbulent flow where the vortex 

shedding is not correlated in phase over the cylinder length (Pasto, 2008).  A number of vortex cells 

develop over the span and the mean of the individual cell length is known as the correlation length 

of the VIV. The correlation length Lc is defined by the following integral 
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where zd is the spanwise distance, zp is the spanwise distance between two measurement points on 

each cell, and p' is the variable for the unsteady component considered. The time averaging is 

denoted by overbar. Figure 1-14 shows vortices shed from the vortex cell along the cylinder length. 

The shedding occurs in cells (showed by A, B, and C) rather than uniformly along the length of the 

cylinder, resulting in lower maximum resulting forces. 

 

A few factors influence the correlation length in VIV, including the amplitude of vibration, aspect 

ratio, surface roughness and the Reynolds number (Chen, 1987). Vandiver and Jong (1987) 

conducted an experiment to simulate an infinite length cable using endplates and showed that the 

correlation length along the cylinder increases in the lock in region and reduces as the lock out 

occurs during VIV. The correlation length also increases when the amplitude of vibration is higher 

than the threshold value (e.g., 10% of transverse amplitude) as stated by Chen (1987). 

 

Table 1-1 summarizes results obtained by previous researchers for the correlation length as a 

function of the Reynolds number. It can be seen that the correlation length is higher in the laminar 

flow regimes (e.g., 40 < Re < 150), before reducing significantly as the flow becomes turbulent (Re 

> 200). 
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Figure 1-14 Smoke traces of vorticity contours over a smooth cylinder at Re = 6 × 103. Vortex cell A developed 

(a) – (c), followed by vortex cell B and C at different level of cylinder length (d) – (e). Vortex shedding occurs in 

cells rather than uniformly along the length of the cylinder as designated by vortices A, B, and C and are out of 

phase.  The laminar vortex-shedding regime disappears at this Reynolds number (Sumer & Fredsoe, 1997). 

 

Table 1-1 Correlation Length over the Reynolds number (King, 1977). 

Reynolds number (Re) Correlation Length Source 

   
40 < Re < 150 15- 20D Gerlach and Dodge (1970) 

150 <Re < 105 2- 3D Gerlach and Dodge (1970) 

1.1 × 104 < Re < 4.5 × 104 3- 6D El-Baroudi (1960) 

Re > 105 0.5D Gerlach and Dodge (1970) 

Re  = 2 × 105 1.56D Humpreys (1960) 
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1.2.4 Computational Fluid Dynamics 

Contributions towards understanding VIV are not only restricted to physical experiments, but also 

include Computational Fluid Dynamics (CFD) simulations. Anagnostopoulos (1989), Rao et al. 

(1992), Newman and Karniadakis (1997), Bartran et al. (1999), Evangelinos and Karniadakis (1999), 

Lucor et al. (2000), Wilden and Graham (2001) , Guilmineau & Queutey (2002), Thiagarajan et al. 

(2005), Kamarudin and Thiagarajan (2010) are among the contributors. CFD simulations have 

proven to give significant results regarding VIV. There are several approaches to CFD modelling of 

steady and turbulent flow simulations. Direct Numerical Simulation (DNS), Large Eddy 

Simulations (LES), Detached Eddy Simulation (DES) and Reynolds-averaged Navier-Stokes 

(RANS) equations are among the methods used in the CFD field. 

 

With the availability of the various platforms of CFD software, simulation of flow past a cylinder 

has been extended to a 3D model. The capability of the CFD model to capture the VIV behavior 

enables the designer or researcher to predict the forces on the risers or any other offshore 

structures.  

 

Blackburn and Karniadakis (1993) modelled a circular cylinder to investigate the interaction 

between the cylinder and the wake in free and forced vibration VIV. The authors have shown that 

simulations for both free and forced vibration have been able to produce most of the phenomena 

observed during a VIV experiment.  

 

Most CFD simulations have focused on risers. A full 3D simulation of a riser was performed by 

Holmes et al. (2006) for a riser with L/D = 1400, using the finite element methods (Figure 1-15). 

The simulation was performed using uniform and sheared flow at current speed of 0.4 m/s and 0.8 

m/s. Samuel Holmes from Red Wings Engineering and colleagues from Chevron Energy 

Technology Company also conducted a series of investigations on a high L/D riser (Constantinides 

et al., 2007), a staggered buoyancy on drilling riser VIV (Holmes et al., 2008) and the prediction of 

spar vortex-induced motion (Holmes, 2008). Figure 1-16 (a) shows predicted vortices on a spar. 

However, there are limitations in the CFD simulation such as the data used during the simulation is 

solely depends on the experimental work done earlier. Comparisons with the experimental data 

shows a bit different pressure field acquired from these two different approaches as shown in 

Figure 1-16 (b). 
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Figure 1-15 Plot of the velocity contours generated from a CFD model of an offshore riser with L/D = 1400. 

(Holmes et al., 2006). 

 

 

 

(a)          (b) 

Figure 1-16 (a) Contours of eddy viscosity with laminar boundary layer. (b) Pressure on the cylinder surface. 

Predictions using the CFD show a slightly low pressures compared to physical experiment (Holmes, 2008). 
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1.2.5 Semi-empirical Model 

Another effort has been made to understand VIV via the development of semi-empirical models. 

There are three main types of semi-empirical model, summarized by Gabbai and Benaroya (2005): 

 

i. Wake-body coupled models or wake oscillator model (WOM). 

ii. Single degree of freedom models (SDOF). 

iii. Force decomposition models. 

 

Bishop and Hassan (1964), Hartlen and Currie (1970), Skop and Griffin (1973), Iwan and Blevins 

(1974), Landl (1975), Griffin (1980), Facchinetti et al. (2004) are among the contributors to the 

development of WOM. Meanwhile, Basu and Vickery (1983), Simiu and Scanlan (1986), Goswami 

et al. (1993) use SDOF models to describe the behavior of the structural oscillator. Sarpkaya (1978) 

is credited for the force decomposition models and succeeded later by Griffin and Koopman 

(1997). 

 

The prediction models are based on the equation of motion of a flexible mounted structure in the 

transverse direction with 2D flow as defined by Sumer and Fredsoe (1997). The equation for a 

single degree of freedom system can be generally written as:  

 

Mass term + Damping term + Stiffness term = Forcing term 

 

Fkyycym    (18) 

 

where m is the total mass of the system, c is the structural damping, k is spring stiffness and F is the 

forcing term. A dot over the symbols denotes differentiation with respect to time. This equation is 

known as structure oscillator. Figure 1-17 shows a schematic diagram for an elastically supported 

rigid cylinder.   
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Figure 1-17 Elastically supported rigid cylinder (Iwan & Blevins, 1974). 

 

Birkhoff (1953) first introduced a model called wake-oscillator in order to determine the vortex 

shedding frequency by theoretical formula. Following this pioneering contribution, numerous 

works have proposed solving VIV problems by analytical approaches. Bishop and Hassan (1964) 

suggested representing the time-varying forces on a cylinder due to vortex shedding by using a van 

der Pol type oscillator. Hartlen and Currie (1970) proposed a lift oscillator model by coupling the 

lift force to the cylinder motion (equations (19) and (20)) that satisfies the following characteristics 

 

i) The oscillator should be self-exciting and self-limiting which means the lift force in the 

lock-in region is periodic and infinite. 

ii) The natural frequency of the oscillator should be proportional to the uniform flow velocity 

and coincide with the vortex shedding frequency. 

iii) The cylinder motion and the oscillator must be connected dynamically. 

 

Lorrr caxxx    2  (19) 

 

rLoL
o

LoL xbcccc   23)( 



  

(20) 

 

where xr is the dimensionless amplitude, Lc  is the lift coefficient,   is the damping factor, o  is 

the frequency ratio, and  ,,, ba  are parameters defined to best fit the equation to the experimental 

data. The model captures most of the features of VIV, such as amplitude response, frequency ratio 
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and hysteresis as shown in Figure 1-18, where the solid lines represent stable branches of the 

periodic motions, while and the dotted lines represent unstable branches..  Arrows on the plots 

indicate the hysteresis phenomenon of the VIV. 

 

 

Figure 1-18 Amplitude and frequency response from Hartlen & Currie model (Gabbai & Benaroya, 2005). 

 

Facchinetti et al. (2004) examine three different coupling terms, namely displacement 

coupling Axf   velocity coupling, xAf   and acceleration coupling, xAf  , where f is defined 

as the forcing term, to be coupled with the wake equation.The nonlinear fluctuating lift equation or 

wake oscillator defined by Nayfeh (1993) can be written as: 

 

termForcingqqqq ff   )1( 2  (21) 

 

where q is the dimensionless wake variable, Ωf is the angular frequency, ζ is the structure reduced 

damping and F is the forcing term. The wake oscillator was coupled with the structure oscillator 

equation by the introduction of dimensionless time and space. It was found that acceleration 

coupling succeeds best in predicting the VIV response. The stable solution of the acceleration 

coupling covered most the data collected from the experiments. Meanwhile, the velocity and 

displacement coupling fails to predict the phase compared to the experimental data. Figure 1-19 

shows the lock-in range as a function of the mass ratio.  
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Figure 1-19 Lock-in domain as a function of mass ratio (shaded area). (a) Displacement model (b) Velocity 

model (c) Acceleration model. ▲, lower lock in bound.▼, upper lock-in bound. The acceleration model (c) 

shows the lock-in region was unbounded as the mass ratio tends to zero. (Facchinetti et al., 2004). 

 

Goswami et al. (1993) proposed a simplified approach to predict the response of a slender structure 

by solving a simple equation of motion as shown in (22). 

 

),,,,()2( 2 tyyyFyyym s    (22) 

 

Here m is the mass of the system, y is the displacement in y-axis, F is the aero elastic forcing 

function, and ωs is the Strouhal frequency. The proposed SDOF models are assumed to be 

incorporated with several mechanisms of VIV by only solving the ordinary differential equation. 

The SDOF model can capture most of the physical characteristics, including the self-exciting and 

self-limiting nature of VIV (Figure 1-20). 
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Chaudhury (2011) has proposed a SDOF model for a cylinder vibrating in the transverse direction. 

The model includes parameters which representing hydrodynamic damping and varying lift 

coefficient, yielding; 
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where ωn is the natural frequency of the structure, c is the damping and k is the stiffness of the 

system. Figure 1-21 compares results obtained via hydrodynamic damping models, reduced lift 

model and experiments by Chaudhury (2011). The mass-damping parameter used was 0.013. The 

hydrodynamic damping model shows better agreement with the experimental data curve for a very 

low mass-damping value. It shows that a simple SDOF model is still able to capture the 

synchronization and self-limiting characteristic of  VIV. 

 

 

Figure 1-20 Response Amplitude for across-wind response of different damping values over reduced velocity. 

The damping values, ◊ = 0.30 %,  ∆  = 0.25 %,  ○  = 0.20 %,  □  = 0.15 %,. The solid lines represent solutions for 

the SDOF of different damping values (Goswami et al., 1993). 
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Figure 1-21 Comparison between models and experimental data (Chaudhury, 2011). 

 

1.2.6 Influence of Aspect Ratio on VIV 

The influence of L/D on VIV response around a circular cylinder has been investigated by 

Nishioka and Sato (1974), West and Apelt (1982), Mathis, Provansal and Boyer (1984), Lee and 

Budwig (1991), Baban and So (1991), Szepessy and Bearman (1992), Albarede and Monkewitz 

(1992), Norberg (1994) and Nakamura et al. (2001). Most of these researchers have conducted 

experiments in wind tunnel facilities. To the author’s knowledge, there are few studies on the 

effects of the aspect ratio that have been conducted in a water channel for low cylinder aspect ratio 

(e.g., L/D < 10) without using endplates to vary the aspect ratios. For some latest work along this 

line, see Rahman et al. (2013, 2015) and Goncalves et al. (2012, 2013). The experimental work of 

Szepessy and Bearman (1992) for example, conducted in a low speed wind tunnel, varied L/D from 

0.25 to 12 using endplates. The use of the endplates (Figure 1-22) was to eliminate 3D effects at the 

end of the cylinder. They have concluded that aspect ratios and end conditions can affect the 

pressure distribution along the span and the oscillations of the structure would reduce due to an 

alteration of shedding frequency. The shedding frequency was found to be decreased with an 

increase of fluctuating lift. Furthermore, the dependence on the Reynolds number was also affected 

by changing the aspect ratio. Thus, Aspect Ratio effects not only affect the response of the 

structure but also determine the absolute values of the reduced velocity where the excitation 

happens, augmenting the influences of the Reynolds number, turbulence intensity and surface 

roughness of the cylinder (King, 1977). Additionally, this parameter also influences the onset of the 

different instability regions in the wake. 
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Figure 1-22 Cylinder with endplates to vary the aspect ratio (Szepessy & Bearman, 1992). 

 

One experiment in water channel was conducted by Nakamura et al. (2001). They investigated the 

influences of the aspect ratio varying from 5 to 21 on the response amplitude, focussing only on the 

inline direction. Response amplitudes of a circular cylinder were measured for different values of 

the reduced mass-damping parameter of less than 1.0. They have found two different excitation 

regions with variable aspect ratio.  The two types of excitation phenomena appear at approximately 

half of the resonance flow velocity. The response amplitudes were observed to be sensitive to the 

reduced mass-damping parameter in the in-line oscillation of the first excitation region (symmetric 

vortex street). The alternate vortices are then periodically shed, locking-in with the vibration of the 

cylinder in the second excitation region. 

 

Work by Gouda (1975) on the effects of the aspect ratio and end plates demonstrates that cylinders 

with lower L/D produced a lower shedding frequency compared to a cylinder with higher L/D 

(e.g., infinite length structure) due to three-dimensional flow field experienced by the cylinder. 

Additionally, the relationship between the Strouhal number and the effects of aspect ratio also has 

been investigated with a circular cylinder for L/D of 15 to 85. The Strouhal number measured for 

L/D = 15 is 0.13 and gradually increased to an approximate value of 0.2 for the aspect ratio of 45 

to 85 as illustrated in Figure 1-23. The plot was compared with the experiments using endplates 

showing the Strouhal number around 0.2 and 0.21. The results were supported by Williamson 

(1989), who also found that the vortex shedding at the central span remained unchanged for L/D 

> 45 and there was a decrease in vortex-shedding frequency fs, as the aspect ratio decreases. 
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Figure 1-23 The Strouhal Number against the cylinder aspect ratio. Experiments with the endplates simplified 

the VIV problems into a 2D domain, which is able to represents an infinite structure. The ‘x’ plot illustrates 

almost constant values of St for the respective range of aspect ratio in the plot (Adapted from Gouda, 1975). 

 

1.2.7 Influence of End Conditions 

Most experiments studying aspect ratio effects used end plates, for example, Gerich & Eckelmann 

(1982), Lee & Budwig (1991), Norberg (1994), and Szepessy and Bearman (1997). Endplates are the 

most practical way to vary the aspect ratio of a cylinder in any experiments. However, the 

downsides are that the end conditions and free surface effects are eliminated. Morse et al. (2008) 

conducted experiments on the effect of different end conditions on VIV of an elastically mounted 

rigid cylinder piercing a clean free surface of a water channel. They found that the responses for the 

cases with an endplate are in some ways similar. However, when the endplate is removed, the 

excitation region was drastically changed and the response amplitude was increased over the range 

of reduced velocity examined, as illustrated in Figure 1-24. The alteration of the shedding 

mechanism and disturbance in the pressure field at the end of the cylinder contribute to the change 

in the excitation region (Gerich & Eckelmann, 1982). In our experiments, endplates were not used 

deliberately because of our interest in simulating real offshore platform situations such as Spar and 

circular-type FPSO. The collected data for the normalized amplitude in this study thus has the 

effects of the end conditions (3D effects) for each aspect ratio examined. 
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Figure 1-24 Comparison between different end conditions (Morse et. al, 2008). 

 

1.2.8 Influence of Free Surface 

Many offshore structures are supported by a circular cylinder and placed near the free surface. The 

free surface effects become one of the important factors for force estimation on structure. Due to 

its complexity, understanding free surface phenomena requires a strong relationship between 

theoretical, physical and numerical experiments as reviewed by Sarpkaya (1996). The nonlinear 

interaction between shear flow and free surface was demonstrated numerically in a two-dimensional 

shear flow by Dimas and Triantafyllou (1994). They found the two modes of linear instability 

possessed by the interaction between a shear flows with a free surface. This topic of free surface 

effects has been reviewed by Tsai and Yue (1996), Huerre and Monkewitz (1990), and Oertel 

(1990), among many others. Mechanism of flow separation and vortex shedding are topics of 

interest in this free surface phenomenon, despite difficulties in numerically predicting the forces on 

the cylinder due to turbulence and three dimensional flows, as addressed by Miyata et al. (1990).  

 

Experiments of flow past a cylinder close to a free surface conducted by Sheridan et al. (1997) 

shows the jet-like flow resulting from a vorticity layer of free surface. They addressed the vorticity 

flux balance after separation from the free surface. Recently, Rahman et al. (2010) conducted 

experiments to investigate the effects of the free surface as the level of submergence changes 

(Figure 1-25). They found that a narrow wake was formed behind the cylinder when the cylinder 

gets closer to the surface. The narrow wake was incorporated with decreasing of lock-in duration, 

and leads to a reduction of the maximum transverse amplitude and hydrodynamic forces 

respectively. They also concluded that the observed phenomenon was due to the asymmetry flow 

of the interaction between turbulent wake and free surface. 



  

(30) 

         
h* = 0.22       h* = 0.11                   h* = 0 

Figure 1-25 Schematic of the experimental setup. Submergence ratio, h* = h /L. Various distance of cylinder 

from the water surface were examined. (Adapted from Rahman et al., 2010). 

 

    

(a)                                                                        (b) 

Figure 1-26 (a) CFD simulation model for circular cylinder. (Repalle et al., 2007). (b) Wave profile for incident 

wave and run-up for circular and square cylinders. The run-up was higher for square cylinder due to the 

geometry of the cylinder. (Repalle et al., 2010). 

 

Rosetti et al. (2013) investigated the free surface and free-end effects of a low aspect ratio cylinder 

using numerical simulation. They found that even without a free surface, the drag was lower due to 

the end conditions. Another interest of the surface piercing problem is the wave run up on the 

cylindrical structure. A vertical up rush of water forms on a structure above the free surface or still 

water level. Wave run up may cause erosion and contribute an additional force on the structure in 

addition to VIV effects. Numerical works have been done on the wave run up of a spar cylinder 

(Repalle et al., 2007) and a square cylinder (Repalle et al., 2010). They have shown that the run-up 

was higher for a square cylinder compared to circular cylinder. The resulting wave force was 

considered minimal in the present experiments. However, it should be expected to observe free 

surface effects on the VIV for different aspect ratio. The free surface effects are believed to be 

more dominant on a low aspect ratio compared to a high aspect ratio cylinder. This is possible due 

to interactions between free surfaces, vortex shedding and end conditions during VIV. If there is a 
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small gap between the free surface and the end conditions, the occurrence of vortex shedding may 

be eliminated, hence reducing the vibration amplitude of VIV.  

 

Measurements of the wave run up on the front face of a cylinder were carried out by Chaplin and 

Teigen (2003) in a flume channel. The diameter of the cylinder was 0.21 m and the length 1.0 m, 

corresponding to the aspect ratio of 4.76. The cylinder was towed in along the flume the range of 

velocity 0.6 – 2.4m/s corresponding to Reynolds numbers Re between 1.2 × 105 and 4.6 × 105 and 

Froude numbers, Fr from 0.4 to 1.7. Figure 1-27 shows the experimental setup for the 

measurement of forces, pressure and wave run up elevation. Of particular interest is the resistance 

in a steady current for a range of Froude number. The drag and pressure captured using transducers 

around the cylinder indicated that the wave run up generated additional forces and pressure on the 

structure due to wave run-up on the front face of the cylinder, as shown in Figure 1-28. They have 

concluded that measurement of the maximum run-up, D1 in the experiments showed a strong 

dependency on the Reynolds number over the range 535 < Re/Fr < 9.83 × 104 as shown in Figure 

1-29. The free surface effects were dominant in a case of surface-piercing cylinder in a steady flow 

and higher flow velocity would create a larger disturbance in the wake region that could significantly 

affect the results of the VIV due to inclusion of wave formation and propagation due to the free 

surface effects. 

 

                       (a)       (b) 

Figure 1-27 (a) Experimental setup by Chaplin and Teigen (2003) (b) Wave run-up at Fr = 1.64. 
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(a)                                                                   (b) 

Figure 1-28 (a) Drag coefficients as functions of elevation at various Froude numbers. (b) Pressures on the 

centre-line of the upstream face of the cylinder at various Froude numbers (Chaplin and Teigen, 2003). 

 

 

Figure 1-29 Measurements of wave run-up level on the front face of the cylinder (Chaplin and Teigen, 2003). 

 

1.3 Problem Statement 

1.3.1 Significance 

The present thesis has focussed on marine applications. The motivation for the study is for the 

particular scenario of circular floating structures with low aspect ratio (length to diameter ratio, 

L/D) such as Spar, Floating Production Storage Offloading (FPSO), Mobile Offshore Drilling Unit 

(MODU), Multipurpose Support Vessel (MSV), Monocolumn and many other circular cylindrical 

structures. For Spar platform and circular-type floating FPSO, the aspect ratios of these structures 
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must be considered when investigating the VIV phenomenon. A typical height for the spar in Gulf 

of Mexico (GOM) varies from 230 m - 142 m with a hull diameter of 27 m - 45 m, corresponding 

to aspect ratio of 4 - 10. A classic spar normally consists of a long cylindrical hull with almost 90% 

of the hull submerged in the water (Chakrabarti, 2005). Most of these spars were deployed in the 

Gulf of Mexico (GOM) except for Kikeh Spar in Malaysia field (Figure 1-30). 

 

 

Figure 1-30 Kikeh Spar, offshore Malaysia (image courtesy of MMHE). 

 

Another marine structure that is of interest is the circular-type FPSO. The Sevan Piranema is the 

world's first cylinder-shaped FPSO. The overall length of the platform is 66 m with the hull 

diameter approximately 60 m, yielding L/D ≈ 1.1 (Figure 1-31). This unique design and technology 

on the circular FPSO provides improved motions, higher stability reserves, and a higher deck load 

capacity than a conventional FPSO (Major and Eggan, 2009). In environmentally challenging oil 

and gas fields, the disadvantages of conventional ship-shaped FPSO were pointed out by 

Vijayalakshmi and Panneerselvam (2012); these include operation and maintenance complexity, 

reduced structural strength due to large beam length, vertical bending moment in abnormal waves, 

and large motions for storm waves over 10-second periods. Thus, circular shape platforms have 

become of interest to many developers. 

 

In terms of practical applications, the circular FPSO is more stable and known to exhibit better 

stability compared to any conventional FPSO (Major & Eggan, 2009). However, many other factors 

need to be considered to conduct a thorough analysis on the structure such as the size, shape, wave 

and current profile, buoyancy, mooring types, and VIV mitigations. There is no specific concept 

preferred in designing the offshore platform for deepwater production. The selection of a concept 
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involves numerous studies and analyses, which normally involves a multi-year effort (Chakrabarti, 

2005). 

 

 

Figure 1-31 Sevan circular-shaped FPSO - Sevan Piranema (Major & Eggan, 2009). 

 

Both spar and circular FPSO exists in aspect ratios varying from almost 1 to 10. The aspect ratio 

effects are believed to become significant in the case of VIV under real conditions. The aspect ratio 

effects are related to the effects of end conditions and free surface.  Thus, the study of the influence 

of the structure aspect ratio on hydrodynamic forces and responses is crucial and can contribute to 

a better understanding of this problem. The aspect ratio investigated in this study varies from L/D 

= 0.5 to L/D = 13 and covers most of the aspect ratio range intended for classic spar and circular-

type FPSO. 

1.3.2 Aims and Objectives 

The literature confirms that the VIV study is very challenging due to complex interactions between 

the structures and the flow field and free surface. The principal objective of this thesis is to 

investigate the influence of the aspect ratios on VIV for FPSO and spar structure analogues in a 

steady flow field. The investigation combines physical experimental works, numerical CFD 

simulations, and development of the phenomenological models to capture, visualize and predict the 

VIV behaviour. The investigation contributes new results characterizing VIV for cylinders with 

varying aspect ratios in water, using techniques that avoid the use of endplates.  

 

 

 

 



  

(35) 

The detailed objectives of the study are: 

 

i.) To understand the complex nature of VIV for cylindrical offshore surface structures. 

ii.) To undertake an experimental investigation of the influence of aspect ratio on VIV 

induced displacement, hydrodynamic forces and vibration frequencies for model cylindrical 

structures. 

iii.) To use numerical (CFD) investigations to understand flow field morphology and further 

investigate the influence of the aspect ratio and end conditions on the VIV experienced by 

cylindrical structures. 

iv.) To develop analytical models to predict VIV behaviour that take into account aspect ratio 

effects. 

v.) To compare the results obtained by different approaches and thereby understand the 

effects of aspect ratio on VIV for offshore surface structures. 

 

1.4 Thesis layout 

This thesis is divided into seven chapters. An overview of the fundamentals of VIV and the thesis 

objectives are presented in Chapter 1. Chapter 2 begins by explaining the experimental setup for the 

one degree of freedom experiments. The free decay test, experimental matrix and the analysis 

procedures are then covered in this chapter, followed by the experimental results in Chapter 3. The 

experimental results are compared with previous literature, followed by the discussion in the later 

part of Chapter 3. 

 

Chapter 4 discusses the development of a CFD model, which is used to verify and interpret 

experimental results from the VIV experiments. The simulations are conducted on CFD package, 

COMSOL platform and included 2D and 3D models of various aspect ratios. The results are 

compared with the previous simulation data and being discussed. 

 

In Chapter 5, the derivation of a semi-empirical model to simulate a single degree of freedom 

vibration structure is presented and discussed. A phenomenological Wake-Oscillator Model 

(WOM) is studied to capture the coupling effects between the fluid and the structure. In addition, 

the model is extended to account for the effect of the aspect ratio of the structure in order to 

capture the three-dimensional effect of the VIV. 

 

A summary of the important results is presented in each chapter followed by conclusions and 

recommendations for future work in the final chapter, Chapter 6. 
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Chapter 2Vortex-Induced Vibration Experiment 

Chapter 2 

Vortex-Induced Vibration 

Experiment 

________________________________ 

This chapter describes the details of the experimental apparatus, experimental rigs, data acquisition, 

test procedures and test matrix to simulate free vibration VIV. The experimental apparatus was 

tested in two different water tanks before proceeding to the experiments. The preliminary analyses, 

including the free decay test in air and water are also presented in this chapter. 

 

2.1 Experimental Apparatus 

2.1.1 Towing Facility 

The free vibration experiments were carried out in the Hydraulic Tank, School of Environmental 

System Engineering (SESE), located at The University of Western Australia. The towing tank was 

50 meters long, 1.25 meters wide and 1.1 meters deep. The free vibration experimental apparatus 

consisted of four sections; the towing tank, towed carriage, experimental rig and towing mechanism 

as illustrated in Figure 2-1. In order to simulate a uniform steady current condition, the 

experimental rig was attached to the towed carriage and towed through still water. The towing 

mechanism used on the tank was powered by an electric motor (ASEA model, 3.9kW, and 

1520rpm). A continuous cable drive was used that can be controlled to run at a range of velocities. 
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Figure 2-1 Hydraulic Tank, The University of Western Australia (not to scale). 

 

An analogue speed controller was used to control the velocity of the carriage, over a range 0 < U < 

3.5 m/s. A nitrogen gas braking system was implemented on the towing system for higher speed 

runs. A calibration for the towing mechanism was carried out using a digital tachometer. Table 2-1 

shows the calibrated values for the towing carriage. The calibration was done without experimental 

rigs attached to the carriage (no-load runs). The tachometer measured the rotation speed of the 

carriage wheel in revolutions per minute (RPM). Based on the results acquired from the calibration 

test, a calibration factor of 0.010472 was applied to determine the tow velocity of the motor speed 

in all runs. 

 

Table 2-1 Towing carriage calibration. 

 N (RPM) U (m/s) 

   
Calibrated velocity resolution 1 0.010472 

Minimum experiment velocity 12 0.13 

Maximum experiment velocity 136 1.4 

 

2.1.2 Experimental Rig 

The experimental rig was originally constructed by Stappenbelt et al., (2007) and has been used for 

several different VIV experiments in this towing facility; e.g., Kamarudin and Thiagarajan (2010) 

and Kiu et al. (2011). The experimental rig was modified in this study to suit the experimental 

conditions. A different set of cylinders, springs, strain gauges, load cells and data acquisition was 

used in the present study. 
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Figure 2-2 shows the schematic diagram of the experimental rig, which consisted of a pendulum 

system and a frame rig. The pendulum system was modelled by a four-armed rod and was attached 

to the base plate and the cylinder. The cylinder was then mounted vertically on the four-armed 

pendulum system. Universal joints were used on each of the pendulum arm's connections to ensure 

a smooth swing of the pendulum system. A set of tension load cells were used to measure the 

displacement of the cylinder. The displacement was measured by converting the output data from 

the load cells in Volt (V) to meters (m) by dividing to the load cells’ calibration factor and the 

spring stiffness (N/m). The calibration factor of the load cells are shown in Table 2-2. These 

tension load cells were located on the rig as shown in Figure 2-2. The load cells were connected to 

the base plate using two linear springs on both sides. This set-up was attached to the experimental 

frame rig and then positioned on top of the towing carriage in the fluid channel. During a 

transverse motion test, the maximum amplitude of the cylinder was measured to be no larger than 

1.2D, where D is the diameter of the cylinder and the vertical displacement of the cylinder can be 

kept very low at  = 0.001D. A high vertical displacement can affect the apparent aspect ratio of 

the structure during the experiment. Alteration of the wake on the free surface and end conditions 

could be significant in the event of higher vertical displacement. Nevertheless, the measures were 

taken to ensure that the vertical displacement measured was negligibly small in this experiment. 

 

The experiments were focused on a single degree of freedom only; i.e. in the transverse direction to 

the fluid flow. The motion of the cylinder in the inline direction was neglected for this study. The 

pendulum arms were restrained in the flow direction (inline) by installing braces on the parallel 

direction as shown in Figure 2-3. The springs were preloaded in order to get linear translations over 

an entire cycle of oscillation. Since there was movement restriction in the inline direction, which 

replicated a single degree of freedom system, the springs were attached only in transverse direction.  

 

Besides the cylinder displacement, the quantities measured during the experiments were drag and 

lift forces. These hydrodynamic forces were measured by using a set of strain gauges in inline and 

transverse directions. The strain gauges were fitted to the aluminium rod connected to the cylinder. 

The positions of the load cells and strain gauges on the experimental rig can be seen in Figure 2-4. 

The force measurement devices were calibrated and the calibration coefficients acquired from the 

tests is shown in Table 2-2. The calibration factor applied to the strain gauges’ data, which 

converting values in Volt (V) to Newton (N). A detailed analysis of the data acquired from the load 

cells and the strain gauges will be further explained in Chapter 3. 
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Figure 2-2 Schematic diagram-pendulum rig. 
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Figure 2-3 Single DOF bracer installed to the pendulum arms. 

 

Table 2-2 Calibration factor. 

Instrument Amplifier gain (Hz) Calibration factor Unit R2 

     
Load cell A 500 0.0316 V/N 0.9995 

Load cell B 500 0.0441 V/N 0.9999 

Strain gauge 1 (inline) 500 -0.046 V/N 1.0000 

Strain gauge 2 (transverse) 500 -0.0567 V/N 0.9998 
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Figure 2-4 Force measurement devices. 
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When initially testing at L/D = 13, the measured time series signal was contaminated by high 

frequency noises leading to difficulties in data processing. This problem arose due to an external 

vibration frequency of the towing motor. A series of the signal tests were conducted using an 

accelerometer to discover the source of the frequency. The frequencies captured by the 

accelerometer were in the range of 20 Hz to 25 Hz. These frequencies were relatively high 

compared to our expected vibration frequency range of around 1 to 2 Hz for the free vibration 

system.  

 

To rectify the problem, rubber dampers were fitted on every connection between the experimental 

rig and the towing carriage as shown in Figure 2-5. The carriage beams were isolated using soft-

sponge. These solutions were applied to prevent any unexpected frequency contaminating data 

acquired by load cells and strain gauges. A second pre-test was conducted and the data acquired 

shown that the extraneous frequency arising from the towing instrument had been successfully 

eliminated. 

 

 

Figure 2-5 Isolated or damped experimental setup. 
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2.1.3 Test Cylinder 

Four PVC pipe cylinders with different diameters were tested in the experiments, see Figure 2-6. 

Table 2-3 presents the cylinder parameter values for eight cases tested in the present experiments. 

The selection of different diameters was intended to keep the natural frequency in the range of 0.39 

– 1.177 Hz and the mass ratio of 1.6. The maximum velocity of the towing carriage was capped at 

1.5 m/s. The velocity range for each experiments were calculated using equation (5), which taking 

into consideration of the natural frequency and cylinder diameter. The velocity range were 

corresponding to reduced velocity in the range of 2 to 14. The effects of the different cylinder 

diameters could be significant at the free surface. The wave run up dimensions, and the wake 

dimension are proportional to the cylinder diameter as discussed before in Section 1.2.6. The 

effects of the free surface disturbance are expected to be significant for low aspect ratio cylinders 

with large cylinder diameter, for example L/D=0.5 - 3 in the present experiments. The natural 

frequency was measured using free decay tests and will be discussed in Section 2.2.3.  

 

The cylinder was attached vertically to the experimental rig using the connecting rod. The cylinder 

was fixed firmly to the connecting rod at the top and middle of the cylinder to ensure the cylinder 

could withstand high forces due to the flow, which could bend the cylinder and the connecting rod. 

The bending of the structure normally induced by stepped current as investigate by Chaplin et al. 

(2005). The maximum in-line displacement occurs at 40% of the span and corresponds 

approximately to 6 % of the cylinder length (Bourguet et al., 2011). The experiment was conducted 

in a uniform flow current and the cylinder was restricted to vibrate in in-line direction using braces. 

The maximum inline displacement for each cases were calculated based on the maximum drag 

forces acting on the cylinders. The maximum inline displacement for L/D=13 was approximately 

0.015% of the cylinder length and significantly lower for other cases. Therefore, the displacement 

and bending in the direction would considered as minimal and no flow disturbance was expected 

during the experiment.  

 

The cylinder was pierced the water surface in order to simulate a floating structure or buoy under 

oceanic conditions. Morse et al. (2008) proposed a ‘clean’ free surface in their experiments. The 

‘clean’ free surface was basically to represent a consistent vortex formation in a steady flow and 

eliminate the free surface effects. However, since our experiments were conducted at high Reynolds 

numbers, turbulent effects need to be accounted for. Free surface effects are dominant at high 

Reynolds numbers due to large disturbance in the wake region altering VIV morphology. The effect 

of the free surface will be significantly different if the draft of the cylinder was lower than the wave 

run up. The draft height from the water surface was adjusted manually according to the aspect ratio 

tested by lowering the water level in the towing channel. Table 2-3 shows the value of the draft for 
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each experiment. The water level in the towing channel was 1.0 m for L/D = 13, 7.5, 3, and 1. The 

water level then was varied accordingly to the requirement water level for L/D = 10, 5, 2, and 0.5. 

 

It would be normal to expect the disruption of the vortex formation due to the flow around the 

different end conditions. The end conditions in the experiment was carefully designed as a flush 

end to ensure the effects of the end conditions was captured correctly. The bottom end of each 

cylinder was fitted with a PVC cap. The cap was designed as a round and flat to fit firmly into the 

inner part of the bottom of the cylinder. The end condition of the cylinder after the cap was 

installed is flat and sharp. This arrangement was to ensure the water-tightness conditions and to 

eliminate any unnecessarily effects from the end conditions that would affect the experimental 

result. Additionally, this was also to ensure that no enclosed fluid considered in the calculation of 

the mass ratio in order to simulate the behaviour of the floating structure.  

 

The close proximity or the gap of the cylinder and the channel floor could results in disturbance of 

the flow around the end conditions due to 3D effects. However, as the experiments were done, the 

close proximity problem was carefully minimized. For example for the longest cylinder of L/D 

=13, the gap of the bottom of the cylinder is about 220 mm from the channel bottom (3.67 times 

the cylinder diameter) and increased respectively as the aspect ratio reduces. Hence, tit is believed 

that he results were not influenced or disturbed by the proximity of the bottom of the tank, which 

could act similarly to an endplate. Table 2-3 shows the gap value for each of the cylinder, which are 

varied from 3.67 – 6 times diameter. The gap influenced the fluid excitation as reported by Morse 

et al. (2008). It was found that for gaps lower than 15 % of a diameter, the case studied would be 

similar to the case with an endplate. In all of the cases here, the gap is much greater. 

 

The cylinder models were designed as a smooth cylinder. The cylinder models were painted to 

ensure that the effects of the surface roughness are consistent in the experiments. The arrangement 

of the painted cylinder might have a slightly different effect on the VIV characteristics of a 

structure compared to a clean PVC pipe. However, the effect of surface roughness was expected to 

be minimal with the roughness parameter, CR around 1 × 10-5 as suggested by Kiu et al. (2011). 
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Figure 2-6 Cylinders with a diameter of 0.06m, 0.08m,0.11m and 0.16m respectively (Before painting process). 

 
 
 
 

Table 2-3 Cylinder parameter values. 

Aspect ratio 

(L/D) 

Cylinder 

length, LT 

(m) 

Diameter, D 

(m) 

Submerged 

length, L  

(m) 

Mass  

(kg) 

Draft height 

(m) 

Gap 

   (m) 

       
13 0.83 0.06 0.78 5.8918 0.05 0.22 

10 0.83 0.06 0.6 4.4829 0.23 0.22 

7.5 0.65 0.08 0.6 7.9410 0.05 0.40 

5 0.65 0.08 0.4 5.3357 0.25 0.40 

3 0.38 0.11 0.33 8.4871 0.05 0.67 

2 0.38 0.11 0.22 5.6417 0.13 0.67 

1 0.21 0.16 0.16 8.6551 0.05 0.84 

0.5 0.21 0.16 0.08 4.2466 0.13 0.84 
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2.1.4 Data Acquisition System 

The signals from the force measurement instruments were sampled using Agilent USB Modular 

Data Acquisition (DAQ) U2351A. DAQ U2300 series have been widely used for high analogue 

input sampling rates (up to 3 Msa/s for a single channel). The schematic diagram for the data 

acquisition system is shown in Figure 2-7. Agilent DAQ was controlled by the Agilent 

Measurement Manager (AMM), a data viewer tool to configure the device, data logging and data 

acquisitions. 

 

 

 

Figure 2-7 Schematic diagram of the Agilent DAQ arrangement. 

 

The Agilent DAQ was connected to the terminal block U2901A (green junction box) and USB 

connection to the Agilent Measurement Manager, installed on the computer. The terminal block 

was connected to the desired channel on the amplifier. For these experiments, four channels were 

utilized to capture the signal from both load cells and strain gauges. These channels of the amplifier 

were kept the same during the experiments as shown in Table 2-4. This was to ensure that the 

signal was collected using the same set-up for each case.   

 

The gain and sampling frequency used on the amplifier for the data collection were 500 Hz and 5 

Hz respectively across four data acquisition channels. The signals from the load cells and strain 

gauges were sampled simultaneously for 60 to 120 seconds at 100 Hz sampling rate. The data 

logged from the DAQ was exported to the AMM in ".csv" and ".txt" format. The data analyses for 

Load Cells/ 
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Amplifier 
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Agilent 
Measurement 
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the experiments are discussed in Chapter 3. Figure 2-8 shows the positions of the data acquisition 

component in the free vibration experiments. 

 

Table 2-4 Amplifier channels set-up. 

 Channel 3 Channel 4 Channel 5 Channel 8 

     
Instruments Load Cell A Load Cell B Inline Strain Gauge Transverse Strain 

Gauge 

     
Gain (Hz) 500 500 500 500 

Frequency (Hz) 5 5 5 5 

Channel to 
terminal block 

2 3 1 4 

 

 

 

Figure 2-8 Schematic diagram of the data acquisition system. 
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2.2 Experimental Matrix 

2.2.1 Test and Analysis Procedures 

The experiments were conducted in the subcritical flow region where the vortex shedding becomes 

distinctly turbulent with three-dimensional features in the wake. The Reynolds number is ranging 

from 7.4 × 103 to 2 × 105, corresponding to a range of reduced velocity Ur from 2 to 14. The high 

Reynolds numbers were selected in order to simulate conditions experienced by spars and circular 

FPSOs in practical application. However, there is no proper comparison conducted on the full scale 

of the VIV on spars and FPSOs since our focus is on the fundamental studies of VIV for different 

aspect ratio. The experiments consisted of eight different aspect ratios with four different cylinder 

diameters. Prior to each case, the following procedures were practiced throughout the experiments. 

 

 i) The experimental rig, the cylinder and the water level were checked for the  

  horizontal and vertical alignment.  

ii) The connection between the channels of the amplifier and terminal block was 

fitted before each run to ensure no missing channels in capturing the desired 

signals. 

iii) The system parameters such as the mass of the structure, natural frequency and 

damping were recorded before each case. 

 

The natural frequency of the structure and the damping values were measured by conducting a free 

decay test. The experiments were conducted by using one-way towing direction in all cases. A 

different signal was recorded for the same velocity in a different direction of towing. This is 

because the position of the set-up or cylinder might have a small misaligned vertical position that 

can affect the angle of attack from the fluid flow. In order to ensure that the data collected was 

acceptable, a data check was conducted on each run. The graph of displacement over the time was 

plotted to check the amplitudes and frequency expected from each run. The signals from the load 

cells and strain gauges were sampled simultaneously for 60 to 120 seconds with the 100 Hz 

sampling rate. The test duration depended on the distance towed along the tank corresponding to 

the carriage velocity. The data were processed in a MATLAB environment to obtain the amplitudes 

of motion and forces, as well as their dominant frequencies. 
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2.2.2 Experimental Matrix 

The main focus of the experiments was to investigate the effects of aspect ratio on VIV. Eight 

different aspect ratios (length over diameter) varying from 13 to 0.5 were prepared for the 

experiments. As mentioned before, there were four sizes of cylinder used for all the aspect ratios in 

the present experiments. The experiments were executed by changing the cylinder and lowering the 

water level according to the desired aspect ratio as illustrated in Figure 2-9. The experimental 

matrixes for the experiments are presented in Table 2-5. 

 

 

Figure 2-9 Cylinder aspect ratio. 

 

The mass ratio, m*, was maintained at a constant value of 1.6 throughout the experiments. This was 

achieved by adding the ballast mass mb (sand) to the structural mass for each test case. The sand was 

sealed in a plastic bag and inserted into the cylinder before it was fixed to the rod. This was to 

ensure that the ballast shift was minimized over the course of the experiment, which could 

significantly affect the dynamics of the cylinder. The experimental parameters used in the present 

study are listed in Table 2-5. The calculation for the ballast mass can be found in Appendix A.  
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Table 2-5 Experimental matrix. 

Exp. Aspect 

ratio 

(L/D) 

Min 

velocity 

(m/s) 

Max 

velocity 

(m/s) 

Number 

of tests 

Structural 

mass, ms 

(kg) 

Ballast 

mass,mb 

(kg) 

Oscillating 

mass, mosc 

(kg) 

Linear 

stiffness, 

k (N/m) 

         
1 13 0.12 0.99 28 1.8864 1.642 3.5286 245 

2 10 0.14 1.13 27 1.8864 0.828 2.7143 245 

3 7.5 0.14 1.13 25 1.9251 2.900 4.8255 245 

4 5 0.17 1.38 32 1.9251 1.292 3.2170 245 

5 3 0.09 0.70 20 2.3510 2.667 5.0178 52 

6 2 0.11 0.85 23 2.3510 0.994 3.3452 52 

7 1 0.13 1.00 26 1.4387 2.709 4.1477 52 

8 0.5 0.18 1.43 28 1.4387 0.135 1.5737 52 

 

The mass ratio of the structure is significantly different in water and air. Experiments in air deal 

with a mass ratio of 1000 or higher because of the density of the fluid. As seen in Table 2-5, there 

are two different types of linear spring stiffness used in the experiments. The small diameter 

cylinders (D = 0.06, 0.08 m) were attached to the 122.5 N/m linear springs on each side. The large 

cylinders (D = 0.11, 0.16 m) were connected using 26 N/m linear spring stiffness. This was mainly 

due to the dependency of the maximum velocity of the carriage on the natural frequency of the 

structure. The experiments were conducted by towing the cylinder at a different set of velocities 

ranging from 20 to 32 numbers of velocities as listed for each case in the Table 2-5, in the column 

of “No. of tests”. 

 

2.2.3 Free Decay Test 

The experimental setup was tested to ensure the instruments and data acquisition were working 

properly. One way to test the experimental rig was to conduct a free decay test for each case. The 

free decay tests were done in both air and water. Structural damping and natural frequency were 

evaluated from the free decay test. The rig was assembled in a circular tank at G93 Laboratory, 

School of Mechanical Engineering, The University of Western Australia, before being mounted on 

the towing tank. The circular tank was 2 meters in diameter and 1 meter in height. The force 

measurement devices were installed to the experimental rig before being mounted on the circular 

tank as shown in Figure 2-10.  
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Figure 2-10 Experimental rig mounted on the G93 circular tank. 
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The natural frequency of the structure was calculated based on the formulation 

 

nn TT
f




1

1
 

(24) 

 

where Tn+1 and Tn are the times at the maximum amplitude of An+1 and An respectively. Presented 

here are the results of both free decay tests in the G93 laboratory circular tank and the SESE 

Hydraulic Tank. Examples of the time series for linear stiffness case for free decay test in the air 

and water are presented in Figure 2-11 and Figure 2-12 respectively. 

 

50 55 60 65 70 75
-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

D
is

p
la

ce
m

en
t 

(m
)

Time (s)
 

Figure 2-11 Time series free decay in air, experiment 1 (L/D = 13). 
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Figure 2-12 Time series free decay in water, experiment 1 (L/D = 13). 

 

 

 

 

 



  

(54) 

The structural damping factor for the experiments was determined based on the equation  
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where logarithmic decrement δ is defined as 

1

ln



n

n

y
y

  
(26) 

 

The amplitudes yn and yn+1 are two successive cycles in the free decay test. The damping values were 

measured for each oscillation period and the mean value was taken as the damping value for each 

test. The structural damping values were collected from free decay tests prior to each experiment. 

Table 2-6 presents the natural frequencies and damping ratios for the free decay tests conducted. 

 

Table 2-6 Free decay test results. 

Number of 

experiment 

Aspect ratio 

(L/D) 

Natural 

frequency in air  

fn-air (Hz) 

Natural 

frequency in 

water (G93) fn 

(Hz) 

Natural 

frequency in 

water (SESE) 

fn (Hz) 

Damping 

ratio,  

      
1 13 1.30 0.96 0.99 0.031 

2 10 1.49 1.11 1.12 0.031 

3 7.5 1.12 0.89 0.865 0.036 

4 5 1.37 1.03 1.035 0.032 

5 3 0.5 0.53 0.508 0.026 

6 2 0.61 0.56 0.569 0.021 

7 1 0.49 0.543 0.543 0.030 

8 0.5 0.71 0.695 0.695 0.034 

 

The natural frequency in air and water can be plotted as shown in Figure 2-13. It can be observed 

that the values from both tanks showed a good agreement over the aspect ratio tested. The free 

decay tests at the towing tank were conducted prior to each aspect ratio experiment. This is to 

ensure that the frequency collected was in the expected range. The damping ratios were plotted 

against the aspect ratio (L/D) as illustrated in Figure 2-14. The damping values were observed to 

vary between 2.1% to 3.6%. 
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Figure 2-13 Free decay test plot in air and water. 
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Figure 2-14 Damping ratio in still water. 

 

2.3 Summary 

The experimental setup for the free vibration VIV experiments was presented in this chapter. 

Steady flow conditions with  Reynolds numbers ranging from 7.4 × 103 to 2 × 105  were considered 

in the experiment. The configurations and design of the pendulum system used to observe the 

transverse motion of a variety of vertical cylinders were detailed. Load cells and strain gauges were 

used to mesure the amplitude of the motion and the hydrodynamics forces induced by VIV. The 

experimental setup permitted the testing of cylinders having aspect ratios ranging from 0.5 to 13, 

enabling investigation of the influence of the aspect ratio on VIV behaviour. The mass ratio was 

maintained a constant value of 1.6 for all cases. Free decay tests were conducted to measure the 
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natural frequencies and damping ratio of the structure. The natural frequencies obtained were in the 

range of 0.543 to 1.12 Hz, with damping ratio ranging from 0.021 to 0.036.  
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Chapter 3Experimental Results 

Chapter 3 

Experimental Results 

 

________________________________ 

This chapter contains the experimental results of the aspect ratio investigation for single degree of 

freedom experiments. The transverse response amplitudes, lift and drag coefficients, vibration and 

vortex shedding frequencies, and Strouhal number are evaluated from the experimental results. The 

results are compared with literature. A thorough discussion of the effects of the aspect ratio on the 

VIV phenomenon is followed.  

 

3.1 VIV Response 

3.1.1 Time Domain and Frequency Spectra 

The duration of the time series was manually selected from the data collected. The domain was 

selected based on the most uniform steady-state response. Figure 3-1 shows an example of the raw 

time series during the lock-in from Experiment 1 at a reduced velocity of Ur  = 6.08. The responses 

are purely in the transverse direction to the flow to capture the dominant responses in VIV. 

 

 

 

 

 

 

 



  

(58) 

 

0 20 40 60 80 100 120 140 160
-0.2

0

0.2

y 
(m

)

0 20 40 60 80 100 120 140 160
-40

-20

0

20

F
D

 (
N

)

Time (s)

0 20 40 60 80 100 120 140 160
-10

0

10

F
L
 (

N
)

 

Figure 3-1 Time series at Ur = 6.08 for Experiment 1 (L/D = 13). (y – Amplitude response, FL – Lift force, FD – 

Drag Force). 
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Figure 3-2 Filtered time series at Ur = 6.08 for Experiment 1 (L/D = 13). (y – Amplitude response, FL – Lift 

force, FD – Drag Force). 
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Since the experiments were carried out by towing the cylinder along the channel, the data acquired 

showed unsteady regions at several points. This was mainly due to mechanical issues encountered 

during the experiments, such as the towed carriage slowing unexpectedly, leading to bumpiness in 

the time series data collected. Uneven tracks at several points along the 50-meter towing tank was 

also one of the factors.  However, the duration of time series was selected from a steady-state 

response as shown in Figure 3-2. The duration selected was mainly case by case, depending on each 

experiment, and varied from 40 to 60 seconds range. The selected domain was filtered using a low 

pass Butterworth filter in MATLAB.  

 

In order to find the frequency components of a signal buried in the time domain signal, the Fast 

Fourier Transform (FFT) in MATLAB platform were used. The frequency spectra were acquired 

by processing the raw signal into Discrete Fourier Transform (DFT) and finally processed using 

FFT. Figure 3-3 shows an example of the frequency spectra for experiment 1 at Ur = 6.08. It can be 

seen from the figure that the vibration frequency and vortex shedding frequency seemed to 

coincide at the frequency ratio of 1 for this reduced velocity. This phenomenon was evidently 

observed in the lock-in region of the experiment, where the cylinder vibrated at almost 1.14 

diameters of displacement (Figure 3-4). The frequency obtained for the drag force is seen to be 

almost twice that of the vibration in transverse direction. 

 

As the displacements, forces and the frequencies were obtained for each aspect ratio, the 

normalized transverse response amplitude then plotted, for example for experiment 1 is shown in 

Figure 3-4. The root mean square (rms) lift coefficient CLrms and the mean drag coefficient CDmean are 

also included in the figure. The maximum amplitude, defined by Stappenbelt (2007) as being the 

mean of the largest 10% half peak to trough values, is used throughout this thesis. It can be seen 

that the maximum transverse amplitude which arose for L/D = 13, was 1.14 at a reduced velocity 

Ur of 6.08. The lock-in occurred over the range of 3.56 < Ur < 9.64. The error bars in the plot 

indicate the standard deviation of the normalized transverse amplitude, rms lift coefficient and 

mean drag coefficient. As shown previously in Figure 3-1, there is an evidence of amplitude 

modulation for a wide range of vibration period, captured in the experimental data. The amplitude 

modulation of the amplitude response was significantly increased as the cylinder starts to vibrate. It 

can be seen from Figure 3-4, that the amplitude modulation was high between reduced velocities of 

6 to 8. This is due to the damping value used in the present experiment, which increased the 

amplitude response range wider for higher reduced velocities in the lock-in region. This is 

consistent with Khalak and Williamson (1999) on the observation of mode switching near the lock-

out. 
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Figure 3-3 Frequency spectra, experiment 1 (L/D = 13) at Ur = 6.08. 
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Figure 3-4 Vortex-induced responses, experiment 1 (L/D = 13) at Ur = 6.08. 
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3.1.2 Response Comparison 

The results of experiment 1 (L/D = 13) were compared with the literature to validate the reliability 

of the present experimental setup. Figure 3-5 presents plots for the normalized transverse response 

amplitude from the present experiments compared with data from the literature. The normalized 

amplitude, Ay/D from our experiment was compared with the experiments by Khalak and 

Williamson (1999), Stappenbelt (2007), and Morse et al. (2008). Table 3-1 shows the parameters 

from the experiments used in this comparison. The selection of literature was based on the mass 

ratio and aspect ratio reported in the experiments. However, the damping ratio in the present 

experiment is higher than those in the literature and this would definitely affected the results. The 

displacement obtained in the present experiment 1 was clearly higher due to a larger damping value. 

However, the main concern is to validate and compare the trend of the normalized amplitude plot 

and the argument on the mass ratio and the damping values will be further discussed. 

 

From the Figure 3-5, only Khalak and Williamson (1999) captured an upper branch lock-in region 

for their experiments with low mass ratios. The present experiment used a low mass ratio m* of 1.6, 

and only the initial and lower branches were observed in the response plot, similar to experiments 

by Stappenbelt (2007), and Morse et al. (2008). No hysteresis effect was observed since the data was 

collected by towing the cylinder from low to high velocities only. It is known that the hysteresis 

effect depends on the direction of approach to the resonance range; i.e. from a low velocity or from 

a high velocity. Hysteresis behaviour  is normally observed when the upper branch exists. The 

transition between the branches from different velocity increment and decrement, results in 

different vortex shedding modes and a phase jump (Gabbai, 2005). 

 



  

(62) 

0 2 4 6 8 10 12 14 16 18
0

0.2

0.4

0.6

0.8

1

1.2

1.4

A
y/

D

U
r

 

 

Present Exp. 1(L/D = 13)

Khalak & Williamson(1999)

Stappenbelt et al.(2007)

Morse et al.(2008)

 

Figure 3-5 Response comparisons, Experiment 1 (L.D = 13). 

 

It can be seen from Figure 3-5 for experiment 1, as the velocity increased, the transverse motion 

increased gradually to a peak value of 1.14 diameters. After the lock-in region, the amplitude of 

motion of the cylinder subsequently decreased, falling as low as 0.16 diameters of motion. The 

agreement with the literature was satisfactory. The only major difference was that the present data 

showed a slightly higher peak amplitude compared with the other studies. This was mainly due to 

the different mass ratio and damping value used in the experiment. It should be noted that 

variations in the respective experimental setups with regard to added mass, separation line, 

amplitude, correlation length and phase angle mean that exact recreation of results is impossible. 

Variations in the added mass would have more effect on the low mass ratio cylinders as noted by 

Sarpkaya (2004). The damping in the system was designed to limits the structural vibrations. In this 

experiment, the damping was higher and the vibration was proportionally higher due to the non-

linear relationship between the fluid force and the amplitude of oscillation as highlighted by Staubli 

(1983). Most of the data used for comparative purposes in this study was collected with a lower 

aspect ratio than the present experiment 1, at least lower than L/D = 13. The data were also 

collected from different set-ups, e.g., slender structure with infinite length of structure and different 

end-conditions were used for the comparison. As stated earlier, the main concern is to compare the 

trend of the responses to ensure that the response plot for the present experiment is in the range of 

published values in literature despite different parameters considered. Nevertheless, the result 

obtained in our experiments (L/D = 13) showed a strong agreement with the literature. 
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Table 3-1 Comparison with literature. 

 
Mass ratio, 

m* 

Damping 

ratio, 

ξ 

Aspect ratio, 

L/D 

Endplate 

attached 

Peak  

Amplitude 

      

 
Present experiment 1.6 0.031 13 No 1.14 

Stappenbelt et al. (2007). 2.36 0.006 12.27 No 1.05 

Khalak & Williamson (1997). 2.4 0.0059 8.5 Yes 0.96 

Morse et al. (2008). 9.3 0.0015 8 No 1.01 

 

Figure 3-6 shows the frequency response for experiment 1. At the beginning, both vibration and 

vortex shedding frequencies were not synchronized. The measured vibration frequencies were 

higher than the vortex shedding frequency due to the influence of the lift and drag forces on the 

structure. At low reduced velocities, vortex shedding was not fully developed, resulting in low 

frequencies being measured. The vibration frequencies started to coincide with the vortex shedding 

frequencies at reduced velocity of Ur = 3, and the synchronization happened for a wide range 

before the lock out at Ur = 10.5. After the lock-in region, the vibration frequencies were measured 

to be lower than the vortex-shedding frequencies. This was due to large volumes of vortices in the 

wake during high velocity flow, which created higher frequencies for the vortex shedding behind 

the cylinder. The length of the lock-in region was strongly dependent on the mass ratio used 

(Sarpkaya, 2004). The Strouhal number for each case in this study was defined by Stappenbelt et al. 

(2007) and Goncalves et al. (2012, 2013) as the gradient of the vortex-shedding frequency curve for 

a freely oscillating cylinder. An example of a linear fit whose slope corresponded to the Strouhal 

number was presented for experiment 1 from which it is noticed that St = 0.15. This value was 

significantly lower compared to the values published by Roshko (1961) for an infinite length 

cylinder with St = 0.2 to 0.21. This lower value was perhaps because of a significant low aspect ratio 

L/D = 13 used compared to experiments with an infinite length cylinder.  

 

The presence of a free surface also affected the VIV. The wake region close to the free surface was 

normally observed to be disturbed by the flow during VIV. This is due to wave run-up which 

developed while towing the cylinder. The elevation of the wave run-up depends on the flow 

velocity and affects the wake flow behind the cylinder near the free surface. Work by Sheridan et al. 

(1997) showed that a small change of distance between the cylinder and free surface could alter the 

near wake patterns and could also lead to a decrease in vibration frequency fv. However, the free 

surface effects were observed to be less significant on a high aspect ratio compared to a low aspect 

ratio cylinder. This is due to the correlation length of the vortex shedding being increased on a long 
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cylinder compared to a short cylinder. Consequently, the resulting force acting on the cylinder over 

the total length of the cylinder may be higher for a high aspect ratio cylinder. 
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Figure 3-6 Frequency ratio, experiment 1 (L/D = 13). 

 

The drag coefficients and lift coefficients obtained from experiment 1 are illustrated in Figure 3-7 

and Figure 3-8 respectively. As expected, there were similarities in the curve shape and pattern with 

Figure 3-5, the behaviour being similar to the response amplitude of the cylinder. The maximum 

value for each case was found to occur near the corresponding maximum amplitude responses. The 

mean drag coefficients were compared with the data from Stappenbelt et al. (2007). The maximum 

drag coefficients from their experiment were slightly higher, due to a lower mass ratio being 

examined in their experiments, as the hydrodynamic mass influences the vibration responses on the 

structure (Sumer and Fredsoe, 1997).  It was also evident that the range of the response widens as 

the mass ratio decreased. The maximum value was CDmean = 2.23, while Stappenbelt et al. (2007) 

reported a maximum drag coefficient at CDmean = 2.44. 

 

A similar response can be seen in the lift coefficients plot illustrated in Figure 3-8. The lift response 

in the transverse direction is presented as the root-mean-square lift coefficient CLrms. The results of 

experiment 1 were compared with Stappenbelt et al. (2007), and Khalak and Williamson (1999), 

who conducted their experiments with a mass ratio of 2.36 and 3.3 respectively. Results from the 

experiment 1 (L/D = 13) showed a higher peak compared to the literature. Khalak and Williamson 

(1999) captured a short range of lock-in, which occurred around Ur = 3 – 7. However, Stappenbelt 

Lock-in Region Lock-out Region 
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et al. (2007) captured a different range of lock-in, which occurs around 5 - 10. Lower damping 

values were used in both experiments compared to the present experiment 1 (less than 1%), which 

possibly caused the different peak captured and different synchronization range. A finite cylinder 

considered in Khalak & Williamson (1999) was also one of the factors that influenced the 

occurrence of the upper branch. However, there exists a reasonable agreement in response plot 

curve compared to the literature presented, where the range of the lock-in captured in the CLrms plot 

was in between the literatures. This supports the agreement of using of different mass ratio would 

cause a different range of VIV captured. 

 

The vibration and vortex-shedding frequency plot from experiment 1 are compared with Khalak 

and Williamson (1997), and Stappenbelt et al. (2007) in Figure 3-9 and Figure 3-10 respectively. The 

agreement with the literature is good. The Strouhal numbers calculated from the gradients of the 

vortex-shedding frequency curves are 0.15 (Experiment 1), 0.14 (Stappenbelt et al., 2007) and 0.18 

(Khalak & Williamson, 1999) respectively. The dependence of the Strouhal number on the different 

aspect ratio will be discussed later in the context of the influence of the aspect ratio on VIV 

response. 
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Figure 3-7 Mean drag coefficients (Experiment 1, m* = 1.6, Stappenbelt, m* = 2.36). 
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Figure 3-8 Root mean square lift coefficients (Experiment 1, m* = 1.6, Stappenbelt, m* = 2.36, Khalak, m* = 

3.3). 
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Figure 3-9 Vibration frequency for experiment 1, m* = 1.6, Stappenbelt et al. (2007), m* = 2.36 and Khalak & 

Williamson (1999), m* = 2.4. 
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Figure 3-10 Vortex-shedding frequency for experiment 1, m* = 1.6, Stappenbelt et al. (2007), m* = 2.36 and 

Khalak & Williamson (1999), m* = 2.4. 

 

3.2 Effects of  the aspect ratio on VIV 

3.2.1 Response Amplitudes 

The main focus of this thesis is to investigate the influence of the aspect ratio L/D of the structure 

on the VIV response. As stated before, experiments were conducted for eight different aspect 

ratios ranging from L/D = 13 to 0.5. Error! Reference source not found. Figure 3-11 shows the 

normalized amplitude response for each of the aspect ratios tested, plotted against the reduced 

velocity Ur. As expected, the normalized amplitude response of the structure decreased with 

decreasing aspect ratio which is consistent with Gouda (1975), and Szepessy and Bearman (1992). 

The amplitude response for our experiment 1, which has the highest aspect ratio, shows the highest 

peak of all cases, and the response amplitude is reduced as the aspect ratio is reduced. The range of 

the VIV response was also observed to generally narrow as the aspect ratio decreased. It was shown 

that the hydrodynamic mass significantly influenced the vibration response and synchronization. 
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Figure 3-11 Normalized amplitude for variable aspect ratio. 

 

The changes in the aspect ratio are expected to alter the morphology of the wake region and the 

correlation length, at the same time affects the pressure and amplitude. The pressure was measured 

on the structure during VIV, and a relatively low pressure was experienced by cylinders with a low 

aspect ratio. Clearly, it can be suggested that the amplitude of the vibrations is proportional to the 

correlation length of the VIV, based on the variation of pressure distribution on the structure. King 

(1977) investigated the value of the correlation length over a range of the Reynolds number and 

showed that the correlation length decreases with increasing Reynolds number. He also observed 

that the end conditions had an effect on low aspect ratio cases compared to the infinite length 

cylinder. In our experiments, the effects of the free-end conditions and the free surface were 

captured purposely because of our interest in simulating real floating offshore platform situations 

(i.e. Spars and circular-type FPSO). The collected data for the normalized amplitude thus was 

influenced by the end conditions (3D effects) and free surface effects for each aspect ratio 

examined.  

 

The maximum amplitude responses acquired from the experiment may be plotted against the 

structure aspect ratio as illustrated in Figure 3-12Error! Reference source not found.. As 

expected, the value of the maximum response amplitude acquired from the experiments decreases 

as the aspect ratio of the structure decreases. There were slight differences between the high aspect 

ratio; L/D = 13 to L/D = 7.5, and the low aspect ratio, L/D ≤ 7. This is one of the key findings 

during the investigation. The vibration of the structures was expected to reduce as the aspect ratio 

reduces. The combined influence of the aspect ratio, the end conditions and the free surface, affects 
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the correlation length of the vortex formation, reducing the vibration of the structure. In 

experiments simulating infinite length cylinders, the free surface and end conditions are eliminated 

using endplates or wall channel. Thus, the results would significantly differ from those obtained for 

a cylinder subjected to 3D end and surface effects (Sumer and Fredsoe, 2010). 
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Figure 3-12 Maximum Normalized Amplitude against Aspect Ratio. Results from the experimental work. 

 

This is consistent with the results presented in Figure 3-11Error! Reference source not found.. 

The results suggested that VIV could develop freely on the high aspect ratio structures without 

being significantly disturbed by the free surface and end conditions. Meanwhile, for the shortest 

cylinder, L/D = 0.5, it has shown that VIV can be totally disrupted by the flow which eliminates 

VIV on the cylinder. The main concern is for the intermediately low aspect ratio (i.e., L/D = 3 – 

0.5), where the aspect ratio influence the competition between the free surface, end effects, vortex 

shedding formation, correlation length and many other related features of VIV.  

 

During the experiments, the flow behaviour near the free surface was observed at each aspect ratio. 

It was observed that the free surface was less disturbed for a smaller cylinder diameter. The area of 

contact between the fluid and the cylinder was significantly higher for a large diameter cylinder. For 

L/D = 3 to L/D = 0.5, the diameters of 0.11 m and 0.16 m were used respectively. The wake 

disturbance on these cases was more noticeable due to the size of the cylinder. The wake 

disturbance existed concurrently with the free surface and free-end effects, resulting in a reduction 
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of the vibration amplitudes. The height of the wave run up or bow waves on the cylinder during the 

experiments were not measured due to the limitation of the experimental setup. The wave run-up in 

front of the cylinder creates complex 3D effects including wake disturbance and depression behind 

the cylinder. Goncalves et al. (2013) conducted experiments on low aspect ratio surface piercing 

cylinders and measured the wave run-up. The diameter and the length of the cylinder were 125 mm 

and 290 mm respectively. The aspect ratio used in the experiments varied from 0.5 to 2.0 

comparable to three of the cases tested in the present experiment (L/D=0.5, 1.0 and 2.0). The 

values of wave run-up height, D1 and the depression height at the rear of the cylinder, L0 were 

measured during the experiment in order to study the free surface effects on low aspect ratio 

structure. The definition of the wave run-up and depression is illustrated in Figure 3-13. The value 

of the wave run-up and depression from Goncalves et al. (2013) will be used as a reference for the 

discussion of the free surface effects in related to the present experiment as shown in Table 3-2. 

 

As seen from the Table 3-2, for m* = 4.36, the height of the wave run-up increase significantly 

from 3.75 mm  to 25 mm as the aspect ratio reduced from 2.0 to 0.5. The trend is similar for the 

m* = 2.62. It is also evident during our experiments that the influence of wave run-up may have 

increased as the aspect ratio reduces. The 3D effects would have been incorporated in the forces 

acting on the cylinder. Considering the maximum wave run up of 25 mm at the front of the 

cylinder at 0.5 from Gonlcalves et al. (2013), it is also noted that the present experiments, the wave 

run up did not surge over the top of the cylinder. The minimum draft of the cylinder in the present 

experiments was 50 mm and above, as shown in Table 2-3. It was also observed in our experiments 

that as the reduced velocity increased, the wave run-up was higher at the front of the cylinder and 

the depression height increased proportionally at the back of the cylinder. Goncalves et al. (2013) 

found that the value of the wave run-up (D1/L) for L/D = 0.5, exceeded 15% of submerged length 

at Froude number, FrL > 0.5 (based on submerged cylinder length) at higher reduced velocity, 

which is believed to be due to the combined effects of the free surface effects and the free end 

conditions. 3D effects were shown to be dominant in this case. However, for FrL < 0.5 the wave 

run-up is lower than 15% of submerged length, and the free surface can be neglected (Goncalves et 

al., 2013). In this case, for the experiment of aspect ratio > 0.5, the free surface was observed to be 

less significant in term of free surface effects. 

 

In our experiment, the low aspect ratio test (L/D=0.5) exhibited a similarly diminished VIV due to 

the free surface and end conditions effects. This is consistent with Finnigan et al. (2005) where 

those authors found that the wave run-up on the cylinder has mitigating effect, reducing the VIV 

response amplitude. The wave run-up and the depression were observed to be more significant 

than would be the case for a higher aspect ratio cylinder. For high and intermediate aspect ratios, 
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the free surface could influence some of the forces measurement during the experiments at higher 

reduced velocities. A combination of the free surface effects and the free end conditions will affect 

the vortex formation behind the cylinder. The formation of the vortex cells behind the cylinder 

would be disrupted at the free surface and cylinder end. However, the disturbance due to wave run 

up and depression are minimal compared to the total length of the cylinder. The values of the 

respective parameters measured along the span of the cylinder are the average of the steadier region 

of the vortex shedding and the small disturbance areas at the free surface and cylinder end. The 

correlation length of the vortex formation could reduce as the free-end of the cylinder gets closer to 

the free surface, which is less significant for the intermediate and high aspect ratios. Figure 3-14 

shows an example of the wave run up and depression observed during the experiments. The end 

conditions and free surface of the cylinder were explained in Chapter 1 and will be further 

discussed in Chapter 4, where the CFD simulation is conducted in order to visualize the flow 

behaviour over the cylinder aspect ratio. 

 

Table 3-2 Parameters related with the free-surface effects (adapted from Goncalves et al., 2013) 

m* L/D FrL D1 (mm) D1/D D1/L (%) L0 (mm) L0/D L0/L (%) 

        

 

 
4.36 2.00 0.07-0.26 3.75 0.03 2 2.5 0.02 1 

 1.00 0.12-0.4 10 0.08 8 6.25 0.05 5 

 0.50 0.09-0.63 25 0.20 39 13.75 0.11 23 

2.62 2.0 0.07-0.25 3.75 0.03 2 2.5 0.02 1 

 1.0 0.09-0.40 10 0.08 8 6.25 0.05 5 

 0.5 0.17-0.61 22.5 0.18 37 13.75 0.11 21 
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Figure 3-13 Definition sketch on wave run-up height and depression at the rear cylinder (Chaplin and Teigen, 

2003).  

 

 

Figure 3-14 Snapshot of free surface flow on the L/D = 7.5 experiment. Note the ripples and upstream build up 

during the towing session. Wake region at the downstream disturbed by the wave run-up and affecting the 

correlation length of the vortex shedding along the cylinder. 
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3.2.2 Hydrodynamic Forces 

Figure 3-15 and Figure 3-16 shows the mean drag and rms-lift coefficients for all aspect ratios 

tested. As discussed earlier in this chapter, there are significant similarities between the normalized 

amplitude plot in Error! Reference source not found. and these plots.  
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Figure 3-15 Mean drag coefficients, CDmean. 
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Figure 3-16 Root mean square lift coefficients, CLrms. 

 



  

(74) 

3.2.3 Vibration and Vortex Shedding Frequencies 

The synchronization region or lock-in region is one of the critical features observed in plots of the 

vibration and vortex shedding frequencies. The vibration and vortex-shedding frequencies were 

normalized by the natural frequency of the structure fn. The frequency ratio (f/fn) for each case was 

then plotted over the reduced velocities in Figure 3-17. The vibrating cylinder in water behaves 

slightly different compared to vibrating cylinder in the air, as discussed in Chapter 1. The vibration 

frequency increases proportionally over the reduced velocity instead of remaining equal to the 

natural frequency of the structure in the lock-in region. This may result from a different total 

system mass, thus altering the excitation frequencies. Furthermore, the situation occurred was due 

to the added-mass fluctuation, ma during the lock-in (Sumer & Fredsoe, 1997). 

 

The lock-in of VIV started at different reduced velocities for each case as shown in Figure 3-17. 

The synchronization range varied also depending on the aspect ratio. From the frequency response 

plot, it is apparent that the width of the lock-in region decreases with the reduced aspect ratio, for 

example from 3.56 - 10.42 at L/D = 13, to 5.6 -  11.65 at L/D = 5, and to 3.42 – 7.12 at L/D = 1, 

as shown in Figure 3-17. Note that the decrease of the lock-in width is also due to the linear 

stiffness of the structure. The stiffness proportionally decreased over the aspect ratio and the lock-

in range. The widest lock-in range was captured by experiment 2 where the lock-out happened at Ur 

= 12.67. The widening of the lock-in range leads to the shifting of the features of the amplitude 

response plot to higher reduced velocities. Meanwhile, Experiment 7 showed the shortest lock-in 

range. This is due to a lowered vortex shedding frequency that shortened the width of the lock-in 

region. The shortened width of the lock-in leads to a lower amplitude response of the structure as 

shown in the amplitude response plot before.  

 

In a few cases such as experiment 2 and 4, lock-in were observed to be delayed. The need for a high 

energy achieved at higher flow velocities could be the reason for the delay in lock-in. The end 

conditions may contribute to the event as well. Additionally, it can be assumed that the disturbance 

of the flow in the wake region reduced the correlation length, delaying the synchronization of the 

natural frequency and vibration frequencies.  
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Figure 3-17 Frequency ratio plot against reduced velocity. 
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It may be noted from this figure that synchronization was not observed in experiment 8; the lowest 

aspect ratio of L/D = 0.5, where the vibration frequency and vortex shedding frequency were not 

in an agreement with each other throughout the range of reduced velocities. This is consistent with 

our earlier expectation on the responses, where the VIV was fully disturbed by the flow. Table 3-3 

shows the summary of the excitation region for all aspect ratios examined. 

 

Table 3-3 Synchronization and Strouhal number 

Experiment no. Aspect ratio 

(L/D) 

Lock-in point  

(Ur) 

Lock-out 

(Ur) 

Excitation 

range 

St 

      
1 13 3.56 10.42 6.86 0.146 

2 10 5.32 12.67 7.35 0.130 

3 7.5 4.28 10.77 6.49 0.111 

4 5 5.60 11.65 6.05 0.098 

5 3 3.57 9.60 6.03 0.111 

6 2 3.83 9.15 5.32 0.100 

7 1 3.42 7.12 3.7 0.091 

8 0.5 NA NA NA 0.067 

 

Results of vibration and vortex-shedding frequencies over natural frequencies are plotted against 

reduced velocity in Figure 3-18 and Figure 3-19 respectively. From the frequency ratio plot, the 

Strouhal number was calculated as the gradient of the vortex-shedding frequency plot as defined 

earlier by Stappenbelt et al. (2007) and Goncalves et al. (2012, 2013). The value of the Strouhal 

numbers are tabulated in Table 3-3. The Strouhal numbers for each aspect ratio experiment are 

then plotted in Figure 3-20. For a generic body, changes in aerodynamic behaviour correspond to 

changes of the Strouhal number (Pasto, 2008). It can be seen that the gradient (Strouhal number) 

from the plot increases as the aspect ratio increases. The value of the Strouhal number has been 

compared with the work done by Gouda (1975), where for cylinders with three-dimensional effects, 

the vortex shedding frequency is consistently lower compared to cases with two-dimensional 

effects, i.e. endplates or infinite cylinder. The trends of present experiments and Gouda appear to 

be continuous, thus indicating a common underlying flow physics. There is a monotonic increase in 

St with L/D, which asymptotes to a constant value of 0.2 as seen in Gouda’s results. The lowest St 

of 0.067 was recorded in the present experiment at L/D of 0.5 (Table 3-3). The highest aspect ratio 

value of the present work coincides with the lowest aspect ratio used by Gouda and thus gives a 

more complete picture of the influence of aspect ratio on Strouhal number. A reduction of more 

than 10 % in Strouhal value corresponding to those at high aspect ratios indicates that ignoring 

aspect ratio effects on Strouhal number may lead to a wrong prediction of the vortex shedding 
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frequency for short cylinders and hence lead to unconservative fatigue life estimation of mooring 

line components and offshore structures. Gouda (1975) proposed that an aspect ratio of L/D = 50 

was needed in order to approximate a cylinder without end effects.  

 

The vortex shedding frequencies are approximately 35% lower for L/D ≈ 15 compared to the 

infinite length cylinder. The fact that Strouhal numbers continue to decrease as the aspect ratio 

decreases is consistent with our hypothesis on the influence of the aspect ratio on the VIV 

phenomenon. It should be noted that the decrease in the vortex-shedding frequency is also possibly 

related to changes in the correlation length of the vortex formation. The vortex formations along 

the cylinder span are a function of the Reynolds number, amplitude and turbulence intensity, as 

discussed by Sumer and Fredsoe (1997). The amplitude of the vibration in spanwise direction is 

supposed to increase the correlation length (Blackburn and Melbourne, 1997). However, as the 

flow increases in velocity, the flow becomes turbulent, disturbing the vortex formation and 

reducing the amplitude of vibration and shedding frequencies. The correlation length of the vortex 

formation along the span will be discussed further in Chapter 4, in the context of an investigation 

of 3D flow using CFD simulation. 
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Figure 3-18 Vibration frequency ratio. 
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Figure 3-19 Vortex shedding frequency ratio. 
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Figure 3-20 Strouhal number against cylinder aspect ratio. Comparison with Gouda (1975). The red curve 

represents the relationship of the Strouhal number over the aspect ratio. The value of the Strouhal number 

proportionally increased and attains a value of the St = 0.2 for high aspect ratio cylinders. 
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Analysis of the frequency of vortex shedding can help characterise the behaviour of the VIV. The 

vortex-shedding frequency was characterised by presenting the Strouhal number as a function of 

the Reynolds number. The vortex-shedding frequency was normalized by flow the velocity and 

cylinder diameter as defined in Equation (6).The variation of the Strouhal number as a function of 

the Reynolds number is plotted in Figure 3-21. From the plot, it is seen that the Strouhal number 

increases initially, but decreases when the Reynolds number increases towards the critical region of 

the flow. The present experiments were conducted in a subcritical flow, for which the Reynolds 

number ranged from 7.4 × 103 to 2 × 105. Experiment 1 (L/D = 13) showed a significantly lower 

Strouhal number value over the Reynolds number range of 50 to 4 × 104. As mentioned before, the 

low aspect ratio of the structure might decrease the vortex shedding frequencies fs and at the same 

time increase the three-dimensional effects, hence leading to lower Strouhal number values. The 

values of the Strouhal number were in the range of 0.1 to 0.18 for experiment 1. It should be noted 

that the Strouhal number presented here is not equal to the gradient of the vortex-shedding plot as 

in Figure 3-6. 

 

10
4

10
5

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

S
t

Re

 

 

Exp.1 (L/D=13)

Exp.2 (L/D=10)

Exp.3 (L/D=7.5)

Exp.4 (L/D=5)

Exp.5 (L/D=3)

Exp.6 (L/D=2)

Exp.7 (L/D=1)

Exp.8 (L/D=0.5)

 

  Figure 3-21 Strouhal value as a function of Reynolds number. 
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3.2.4 Limitation on Flow Visualization 

It should be noted that there were some limitations in the experiments conducted. The study of the 

aspect ratio depended on the length of the cylinder itself. However, during the experiments, there 

are some limitations on the flow visualization to capture the effect of the aspect ratio on the 

occurrence of VIV. The measurement of the parameters during experiments solely depended on 

the measurement devices. Hence, the wake pattern and correlation length of the VIV cannot be 

fully visualized and captured. Clarifications on these two important characteristics were needed in 

order to support the result collected from the experiments. In order to visualize the behaviour of 

the VIV by varying the aspect ratio, CFD simulations were proposed to give an insight into the 

flow pattern behind the cylinder. Three-dimensional effects were also expected to show an 

important role in varying the Strouhal frequency, as discussed before in the context of Figure 3-20.  

 

 

3.3 Summary 

In this chapter, experiments on the free vibration VIV were carried out to study the influences of 

the aspect ratio on the VIV phenomenon. The results from the experiments were presented and 

compared with the literature. The experiments have successfully captured the responses of different 

aspect ratio ranging from 0.5 to 13. Our earlier hypothesis proved in these experiments by showing 

the significant reduces response as the aspect ratio reduces. High aspect ratio was shown to exhibit 

larger forces and displacement compared to low aspect ratio structure. The low aspect ratio shows 

that the vortex shedding was completely diminished due to the 3-dimensional (3D) and the free 

surface effects. The lift, drag forces and Strouhal number were observed to follow the trend of the 

amplitude of oscillations. The Strouhal number for low aspect ratio measured to be low and 

gradually increase as the aspect ratio increases. In all experiments, it were observed that the results 

from the experiments were stable and able to successfully simulate the VIV of the low aspect ratio 

offshore structure such spar and any other circular structures. 
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Chapter 4Computational Fluid Dynamics Simulations 

Chapter 4 

Computational Fluid Dynamics 

Simulations 

________________________________ 

This chapter describes the CFD simulations for selected case studies from our experiment. The 

CFD simulations were sought to visualize and explain the wake behaviour of VIV while varying the 

aspect ratio. The simulation models represented the actual experimental condition with idealized 

free surface boundary conditions to capture the responses from the fluid-structure interaction 

phenomenon. The results of the cases studied were discussed and compared with the experimental 

data. A CFD package, COMSOL version 4.2a was used for the simulation purpose. The selection 

of the COMSOL platform was based on the capability of the software in simulating various multi-

physics problems. The software offers a user-friendly interface and enables 2D and 3D simulations 

which suited the present fluid-structure interaction investigation. 

 

4.1 Schafer and Turek Model 

An effort to benchmark the computations of laminar flow around a cylinder was undertaken by 

Schafer and Turek (1996). The simulation results for 2-dimensional (2D) and 3-dimensional (3D) 

flow were collected from various research groups. Different solution approaches for the 

incompressible Navier-Stokes equation were compared and summarized. This model provides a 

tool for validating our developed model using COMSOL. The validation process was undertaken in 

order to ensure the validity and reliability of the present CFD model.  
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4.1.1 2D Model 

A 2D cylinder was modelled based on the Schafer and Turek’s  model. The domain was 2.2 m long 

and 0.41 m wide, which was used for the CFD platform software, COMSOL. The diameter of the 

stationary cylinder was 0.1 m, located 0.15 m from the inlet boundary and lower wall, and 0.16 m 

from the upper wall in order to create an asymmetric flow. The asymmetric flow was defined to 

create disturbances in the flow past a cylinder, hence triggering the shedding phenomenon. 

Dimensions and the boundary conditions for the present 2D model are shown in Figure 4-1. At the 

boundary inlet, a specific parabolic velocity profile was applied. The boundary condition was 

applied to the cylinder surface, upper and lower wall as a no-slip wall condition. At the outlet 

boundary, a pressure outlet boundary was applied. 

 

 

Figure 4-1 2D Domain with boundary conditions (Adapted from Shafer & Turek, 1996). 

 

The mesh for the 2D model was generated using triangular and quadrilateral meshes in COMSOL 

as shown in Figure 4-2. The area around the cylinder and the wake region was refined using a 

quadrilateral mesh to capture the reaction forces around the cylinder. It is known that the 

separation of the vortices initiates on the wall of the cylinder, hence refinements may be needed in 

the area to capture the vortex-shedding phenomenon during lock-in. Figure 4-3 illustrates the mesh 

assigned near the cylinder boundaries for the present 2D case. The complete meshes for the 

geometry consisted of 26,346 mesh elements. The final mesh quality was based on a series of mesh 

independence test to determine optimum mesh elements. The test was carried out to verify that the 

mesh elements with respective time step was sufficient to produced converged results. Table 4-1 

shows the comparison of the converged results of the drag coefficient for 2D cases with the 

different mesh elements for the chosen numerical model. A satisfactory validation of mesh 

elements are achieved and the results became mesh independence at of 26,346 when time steps of 

0.001 seconds were used. Starting from the initial conditions, the model needs to run for 150 time 

steps (1.5 seconds) before consistent cyclic behaviour emerges. 
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Table 4-1 Mesh independence tests results for 2D cases 

Case Mesh element Time step Drag Coefficient, CD 

    
2D-1 6488 0.001 5.553 

 12520 0.001 5.579 

 26346 0.001 5.582 

2D-2 6488 0.001 3.1950 

 12520 0.001 3.2256 

 26346 0.001 3.2266 

 

The simulations were conducted for two different flow velocities, 0.3 m/s and 1.5 m/s, 

corresponding to the Reynolds number Re = 20 and Re = 100 respectively. A laminar vortex street 

should arise for Re < 200, and the shedding was two-dimensional as discussed by Sumer and 

Fredsoe (1997). 

 

Figure 4-2 Computational domain with mesh elements. 

 

 

Figure 4-3 Quadrilateral mesh near cylinder boundary. 

Quadrilateral mesh 

Triangular mesh 
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The inlet condition for the simulation was defined by the parabolic inlet profile as 
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(27) 

 

where Um  is the mean velocity, H is the channel width, y is the distance in y-axis from the original 

coordinate (0,0) and V is the velocity component of the wall boundary. The flow velocity in the 

domain channel was designed as a uniform flow. The simulations were conducted for a 7-second 

period with a time step of 0.001. 

 

Figure 4-4 and Figure 4-5 show the time series of the drag and lift coefficients for 2D-1 and 2D-2 

models respectively. It can be seen from Figure 4-5 that the solution of drag and lift coefficients 

from the present CFD simulations started to reach a steady state after 4 seconds of simulation. The 

average values of the maximum hydrodynamic coefficients in the steady state from the plot were 

measured and compared with the maximum values reported by Schafer and Turek (1996) as 

tabulated in Table 4-2. Based on the results acquired, there was a good agreement on the drag and 

lift coefficient values between our models and the published values by Schafer and Turek (1996). 

The drag value for 2D-1 and 2D-2 cases were in the proposed range. In the present model, a fully 

coupled and direct solver was used. The number of mesh elements also has a significant effect on 

the results calculated from the experiments. However, the difference is only 1% of the proposed 

value, measured in the mesh independence studies, and possibly can be neglected.  

 

Table 4-2 2D models’ simulation results. 

  Schafer & Turek (1996) Present 2D model 

      
Case No. U (m/s) CD CL  CD CL 

2D-1 0.3 Max: 5.59 

Min: 5.57 

Max: 0.0110 

Min: 0.0104 

5.582 0.01093 

  CD max CL max CD max CL max 

2D-2 1.5 Max: 3.24 

Min: 3.22  

Max: 1.01 

Min: 0.99  

3.2266 0.9953 
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Figure 4-4 Time series of hydrodynamic coefficients for 2D-1 at Re = 20. Dashed and dotted lines represent the 

maximum values of lift and drag coefficients from the Schafer and Turek (1996) respectively. The values of drag 

and lift coefficients for this case were calculated as the average of the maximum values from the time series 

data as suggested by the literature. 
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Figure 4-5 Time series of hydrodynamic coefficients for 2D-2 at Re = 100. Dashed and dotted lines represent the 

maximum values of lift and drag coefficients from the Schafer and Turek (1996) respectively. The values of drag 

and lift coefficients for this case were calculated as the average of the maximum values from the time series 

data as suggested by the literature. 
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Figure 4-6 2D-1 pressure at the front (point 1) and behind (point 2) of the cylinder. Solid green line represents 

the pressure differences of point 1 and 2 in the CFD simulation. Comparison of the pressure differences is made 

with an average value from Schafer and Turek (1996). 
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Figure 4-7 2D-2 pressures at the front (points 1) and behind (point 2) of the cylinder. Solid green line represents 

the pressure differences of point 1 and 2 in the CFD simulation. Comparison of the pressure differences is made 

with an average value from Schafer and Turek (1996). 
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The pressure difference between two points on the cylinder was also computed from the 

simulation. The two points were defined as the stagnation point, point 1 (0.15, 0.2), and the end 

point of the cylinder, point 2 (0.25, 0.2). Figure 4-6 and Figure 4-7 show the time series of the 

pressure values for 2D-1 and 2D-2 cases. The data from the present models were compared with 

average values from the literature in Table 4-3. The pressure difference in case 2D-1 and 2D-2 was 

in excellent agreement with the solution by Schafer and Turek (1996). 

 

Table 4-3 Results for 2D cases of pressure differences. 

  Schafer & Turek (1996) Present 2D model 

     
Case No. U (m/s) ΔP ΔP 

2D-1 0.3 Max: 0.1172 

Min: 0.1176 

0.11756 

2D-2 1.5 Max: 2.46 

Min: 2.50 

2.42 

 

Figure 4-8 shows an example of the pressure distribution around the cylinder as the vortices sheds 

from the stationary cylinder. The front area where the stagnation point was located showed a 

significantly higher pressure compared to other areas. The pressure was dependent on the Reynolds 

number where the subcritical region showed a lower pressure distribution compared to the 

supercritical region. The pressure reduced as the vortices moved away from the cylinder in the wake 

region. The separation points were also one of the significant factors in pressure distribution for a 

flow past bluff body. The separation point of the boundary layer on the cylinder edges shifted away 

from the stagnation point with increasing Reynolds number, leading to a narrowing of the wake 

region and drag force reduction as expected by Sumer and Fredsoe (1999). 
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Figure 4-8 Pressure distribution for the test case 2D-1 at t =7 Sec. 

 

Figure 4-9 shows a vortex shedding sequence for the 2D-1 simulation case. The period for the 

vortex shedding sequence was 0.3 seconds (t = 3.5 s to t = 3.8 s) with the time interval of 0.1 s. As 

seen from the first plot at t = 3.5 s, vortex 2 shed from the opposite edge of the cylinder and cut 

off the supply of vortex 1. Vortex 1 then moved away from the cylinder towards the downstream. 

As the vortex 2 grew bigger, vortex 3 formed at the same edge of vortex 1 and cut off vortex 2 (t = 

3.7 s). This incident continues with another vortex formed in the opposite of vortex 3 as shown at t 

= 3.7 s. The self-limiting of the vortex shedding continues with the same frequency as long as there 

is no disturbance to the flow. The mechanism of the vortex shedding has been discussed in Figure 

1-4. 
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Figure 4-9 Vortex shedding sequences for the 2D-1 test case. Vorticity contour during lock in at Re = 20. 
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4.1.2 3D Model 

A 3D geometry was modelled to imitate a 3D benchmark model by Schafer and Turek (1996). The 

length of the domain was defined as 2.5m and the height was 0.41m. The diameter of the stationary 

cylinder was 0.1m and the length was 0.41m. The configuration and boundary conditions for the 

3D cases are illustrated in Figure 4-10.  

 

 

Figure 4-10 Boundary conditions for 3D model (Adapted from Schafer & Turek, 1996). 

 

The benchmark parabolic inflow condition was defined for the inlet as 
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where y and z are the distances from the origin (0,0) for both axes and V and W are the velocity 

components of the wall boundaries. The 3D test cases consisted of two different flow velocities 

with Um = 0.45 m/s for Re = 20 (3D-1Z) and Um = 2.25 m/s for Re = 100 (3D-2Z), corresponding 

to a steady and unsteady case respectively. The parabolic velocity profile of the 3D-2Z case is 

illustrated in Figure 4-11.  The complete meshes for this 3D CFD model consisted of 856,000 

elements after a series of mesh independence tests conducted. The refinement around the cylinder 

and wake region was implemented to capture the shedding phenomenon, leading to increasing 

numbers of elements. Table 4-4 shows the comparison of the converged test results of drag 

coefficients for 3D cases with the different mesh elements for the chosen numerical model. Mesh 

elements of 856,000 with time steps of 0.001 seconds was deemed sufficient to be used for the 

present study after a validation of the mesh independence study was done. Figure 4-12 shows the 
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geometry with the hexahedral and mapped meshes for the 3D stationary benchmark case cylinder. 

The meshes near the cylinder boundaries are illustrated in Figure 4-13. 

 

Table 4-5 shows the results of 3D cases compared with the simulation values of benchmark model. 

As seen from the table, the agreement with the literature values is satisfactory. The results collected 

from our model are within the proposed range in the literature.  

 

Table 4-4 Mesh independence tests results for 3D cases 

Case Mesh element Time step Drag Coefficient, CD 

    
3D-1Z 108000 0.001 6.9919 

 705000 0.001 6.1900 

 856000 0.001 6.1950 

3D-2Z 108000 0.001 5.3246 

 705000 0.001 3.3090 

 856000 0.001 3.3200 

 

 

 

 

Figure 4-11 Parabolic inflow velocity contour (3D-2). 
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Table 4-5 3D Test case results. 

  Schafer & Turek (1996) Present 3D model 

      
Case No. U (m/s) CD CL CD CL 

3D-1Z 0.45 Max: 6.25 

Min: 6.05 

Max: 0.01 

Min: 0.008 

6.195 0.01 

  CD max CL max CD max CL max 

3D-2Z 2.25 Max: 3.792 

Min: 3.225 

Max: -0.008 

Min: -0.01  

3.32 -0.0086 

 

Figure 4-14 shows the velocity magnitude for the present model (3D-2Z). An example of the 

development of the vortex cell is illustrated in Figure 4-15. The correlation length of the vortex cell 

depended on the turbulent profile of the flow. The wall, altering the three-dimensional effects on 

the cylinders’ end, eliminated the end condition of the structure. The length of the vortex cell 

generated along the cylinder increased as the end condition was eliminated. Table 4-6 shows the 

pressure values for 3D-1Z case. The present 3D model value of the pressure difference was in the 

allowable range proposed in the literature. 

 

Note that present works have successfully validated the benchmark models with the generated 

model in COMSOL. The validation was solely to solve the flow around a cylinder problem 

proposed by Schafer & Turek (1996). The present 3D benchmark model will then be used as a 

reference for our investigations on the aspect ratio conducted in the next section. However, several 

modifications and assumptions have been made to suit our free-oscillating cylinder with the 

different aspect ratio problem. 
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(a) Plan view 

 

(b) Isometric view 

Figure 4-12 Present 3D model mesh domain. 
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Figure 4-13 Hexahedral mesh near the boundary mesh. 

 

 

Figure 4-14 Velocity contour plot for the test case 3D-1Z in x-y-plane at t=15s. 
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Table 4-6 Pressure difference (3D-2Z model). 

  Schafer & Turek (1996) Present 3D model 

     
Case No. U (m/s) ΔP ΔP 

3D-1Z 0.45 Max: 0.175 

Min: 0.165 

0.172 

 

 

 

 

Figure 4-15 Vortex cells in x-y-axis for test case 3D-2Z. The contours represents the velocity magnitude of the 

flow in m/s. The vortex shedding occurs in cells rather than uniformly sheds along the cylinder as designated 

by vortices A, B, and C. The correlation length was not disturbed by the three-dimensional effect from the free 

surface and end conditions in the present simulation. 
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4.2 CFD Model for the Aspect Ratio Effects Study 

4.2.1 Fluid Flow 

The simulations considered an unsteady, Newtonian, and incompressible fluid flow past a cylinder 

in a fluid channel. Conservation of Mass and Momentum transport in fluids are governed by the 

Navier-Stokes equations, given by 
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where   is the fluid density, u  is the flow velocity, p  is the pressure and F represents the force 

acting on the fluid. To handle turbulent flows, for which quantities are decomposed into an average 

and a fluctuating component, the Reynolds Average Navier Stokes (RANS), present the equation in 

a time-averaged form 
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0 U   (32)  

where U is the velocity averaged over time t,   is the outer vector product. To capture the 

inherently transient phenomenon of Vortex shedding, the fluid flow was analysed using an unsteady 

Reynolds Average Navier Stokes (URANS). The k-ω turbulence model was used to achieve closure 

of the URANS equations. 

 

4.2.2 Oscillating Cylinder 

A forced oscillation simulation has been developed due to the limitations of the software to 

simulate a free oscillating cylinder in a fluid flow. The question of whether free or forced vibration 

methods can be used to accurately predict the VIV remains open. However, the forced oscillating 

method has been proven as one of the trustworthy methods to study VIV (Sarpkaya, 2004). The 

cylinder is assumed to exhibit sinusoidal oscillations with constant amplitude and frequency. Bishop 

and Hassan (1964) have conducted pioneering work on forced vibration VIV. They observed that 

the fluid behaved as a nonlinear oscillator and the vortex shedding frequency locked to the forced 

vibration frequency. This topic also has been investigated by Sarpkaya (1978), Staubli (1983), 
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Williamson and Roshko (1988), Carberry et al. (2003) and Morse and Williamson (2009). Carberry 

et al. (2003) conducted experiments on both free and forced vibrations to study the wake and force 

behaviour during VIV. Their results showed that forced vibration captured many similar features of 

the free vibration VIV such as vortex phase shift and mean vorticity field. 

 

In the present forced vibration simulation, a mesh displacement has been prescribed on the cylinder 

boundaries as a sinusoidal oscillation to imitate the vibration behaviour observed in the 

experiments. The displacement was expressed as, 

 

tfAy v2sin  (33) 

 

where y is the displacement of the cylinder, A is the amplitude of vibration and fv is the vibration 

frequency. The amplitude and frequency of the vibration were taken from the experimental 

measurements for a range of reduced velocities. The drag and lift coefficients were calculated from 

the forces acting on the cylinder boundaries. The cylinder was forced to vibrate at specific 

amplitude and frequency in a specific flow velocity in order to calculate the hydrodynamic forces as 

illustrated in Figure 4-16. A moving mesh boundary was used to vibrate the cylinder in the 

transverse direction of the flow. In doing so, it became evident that some of the mesh elements 

might become inverted and truncated due to large deformation. The accuracy of the solution 

depreciates and may lead to divergence of the solver. Winslow smoothing was used to encounter 

the deformed mesh instability. This smoothing method was selected due to its stability compared to 

other smoothing method. However, the downside was that the smoothing slowed down the 

computations and was memory consuming. The smoothing was done by solving the following 

equations for the mesh displacements 
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(34) 

 

where x and y are the spatial coordinates of the spatial frame, and X and Y are the reference 

coordinates of the material frame (Pryor, 2010). 

4.2.3 Boundary Conditions 

The boundary conditions defined on the CFD model domain were: 

 

i. A uniform mean velocity at the inlet plane, U = Um, where Um is the mean velocity of the 

uniform flow. 
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ii. A prescribed mesh displacement in y-axis, tfAy v2sin , 
specified on the cylinder 

boundary wall.  

iii. Slip wall assigned to the wall boundaries to simulate the towing conditions from the 

pressure outlet boundary for experiments, where no shear forces occurred between the 

fluid and the walls (U = Um). 

iv. The outlet plane for the geometry was considered as Po = 0. 

 

Figure 4-16 shows the CFD model domain and boundary conditions used in present simulations. 

The width of the domain was defined as 1.25 m and the height was 1.1 m. The actual length of the 

towing tank used in our experiment was 50 m. However, in order to simplify the model geometry 

and optimize the number of elements, the channel length was limited to 2.5 m. The length of the 

domain, which was around 30 D in the wake region (behind the cylinder), proved to be sufficient in 

capturing the vortex-shedding phenomena after a series of simulations. The cylinder was centred at 

0.5 m from the inlet and 0.625 m from the side walls in order to ensure the fluid flow uniformly 

past the cylinder with no nonphysical solution acquired.  

 

During the simulation, the cylinder aspect ratio was varied according to each selected case. The 

submerged length was defined as L, where the distance was measured from the water surface to the 

end of the cylinder. No free surface effects were included in the CFD simulation. The boundary of 

the free surface was defined as a slip wall (U = Um). This is due to the complexity of the free 

surface behaviour such as wave run-up and wake disturbance that might require a high 

computational cost and as an alternate modelling approach. However, the simulations were 

focussed more on the hydrodynamic responses, correlation length of the shedding and end 

conditions' effects. The effects of these assumptions will be further discussed in this chapter. 

 

The aspect ratios used in the simulation were L/D = 13, L/D = 5, and L/D = 1. The selection of 

these cases was aimed at the investigation of the aspect ratio at high, intermediate, and low values. 

Table 4-7 shows the cylinder size and the natural frequency in the still water for the cases studied. 
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Figure 4-16 CFD model boundary conditions. The cylinder was forced to vibrate in transverse direction [to 

follow the equation (33)]. 

 

 

 

Table 4-7 CFD model test cases. 

Aspect ratio (L/D) Length, L(m) Diameter, D (m) Natural frequency, fn 

    
13 0.78 0.06 0.99 

5 0.4 0.08 1.035 

1 0.16 0.16 0.543 
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4.2.4 Meshing 

In the present simulations, a structured grid mesh consisting of hexahedral and mapped mesh has 

been used (Figure 4-17). For a given cell count, a hexahedral mesh has proven to produce a stable 

and reasonable solutions as previously shown in the mesh independence studies, especially when 

the grid lines are aligned with the flow. In all CFD simulations, the mesh density should be high 

enough to capture all relevant flow features. Poor mesh quality may also affect the computational 

time and the convergence of the simulation. Skewness, smoothness in the changing of the cell size, 

and the cell aspect ratio are the important criteria to ensure the model has a high quality mesh. In 

the present model, the cell aspect ratio (width to length ratio) was kept close to one, b/l ≈ 1, as 

illustrated in Figure 4-18. The symmetrical shape of grid elements was found to improve the 

convergence rate during the simulation.  

 

Mesh transition between domains also needs to be considered. Smooth cell size transitions created 

a smooth transition of the flow during the simulation as shown in Figure 4-19. The number of 

elements in the model was controlled using the present meshing method. The region near the 

cylinder walls was refined to capture the flow physics effectively. Note from Figure 4-17, the 

boundaries near the body were dense compared to other domain regions. Additionally, the higher 

density throughout the cylinder depth (z-axis) was expected to produce high-quality results. 

 

4.2.5 Hydrodynamic Force Formulation 

The hydrodynamics drag and lift coefficients, CD and CL computed from the simulations were 

defined as  
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where FD and FL are drag and lift forces, U is the mean velocity across the flow channel,  is the 

density of the fluid, D is the diameter of the cylinder and L is the length of the structure. The drag 

and lift coefficients were calculated by integrating the forces and the pressures over the cylinder 

surfaces. 
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(a) 

 

 
(b) 

 

Figure 4-17 L/D = 13 geometry model with hexahedral meshes (a) Plan view, (b) Isometric view. 
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Figure 4-18 Example of the grid aspect ratio on each element in the CFD model. 

 

 

Figure 4-19: Mesh transition between boundaries. Grid sizes increase towards the outlet boundary. 
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4.3 Aspect Ratio Effect 

3D CFD models were created for three different aspect ratios proposed before, namely L/D = 13, 

5, and 1, matching the experimental conditions. Ten velocity increments were selected from the 

experimental data used in each simulation.  

 

Table 4-8 shows the experimental data for velocity, amplitude and vibration frequency that are used 

for CFD simulation. These parameters were used to solve the equation (33) in the forced vibration 

simulation. 

 

Table 4-8 Experimental values for CFD L/D simulation. 

 L/D = 13 L/D = 5 L/D = 1 

No. U(m/s) A (m) fv (Hz) U(m/s) A (m) fv (Hz) U(m/s) A (m) fv (Hz) 

          
1 0.1215 0.0025 0.6823 0.1770 0.0008 0.8238 0.1791 0.0164 0.2058 

2 0.1791 0.0053 0.5859 0.2649 0.0012 0.7656 0.2398 0.0205 0.1916 

3 0.2398 0.0107 0.6333 0.3613 0.0015 0.6718 0.2974 0.0142 0.2553 

4 0.2974 0.0253 0.8395 0.4639 0.0452 0.7817 0.3613 0.0116 0.3443 

5 0.3236 0.0597 0.9766 0.5728 0.0698 0.9481 0.4199 0.0155 0.4568 

6 0.3613 0.0685 1.0729 0.6796 0.0757 0.9862 0.4650 0.0149 0.4773 

7 0.4639 0.0416 1.2156 0.7791 0.0538 1.1063 0.4985 0.0455 0.4915 

8 0.5383 0.0325 1.3113 0.8786 0.0274 1.2253 0.5728 0.0769 0.5133 

9 0.6189 0.0177 1.4424 1.0367 0.0147 1.1602 0.6451 0.0152 0.5599 

10 0.6796 0.0093 1.5726 1.1257 0.0102 1.0181 0.6796 0.0177 0.6006 

 

4.3.1 Stationary Cylinder Simulation 

The simulations were conducted using a stationary cylinder before proceeding to the forced 

vibration cylinder. The results of the 3D fixed cylinder case are presented in Figure 4-20 and 

compared with the data from experiments by Wieselbeger (1921) and Schewe (1983). The 

simulation for the stationary cylinder was conducted using similar domain, mesh density and non-

dimensional time step used for forced vibration simulations. The Reynolds number was in the 

subcritical flow region (1.1 × 104 < Re < 2.3 × 105). The drag values for L/D = 13 showed a good 

agreement with the literature, which varied from 1.18 to 1.27. It can be seen that the mean drag 

coefficients for the L/D ≤ 5 model obtained from the simulations showed lower values compared 

to L/D = 13 and the literature. The mean drag varied from 0.9 to 1.046 for L/D = 5 model and 

0.89 to 0.95 for L/D = 1 model. The decrease of the mean drag values was expected due to the 

decrease of the aspect ratio as discussed in Chapter 3 in the context of the experimental results. 
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Figure 4-20 Mean drag coefficients for the stationary cylinder case. 

 

4.3.2 Forced Oscillating Cylinder Simulations 

Time series of amplitude 

The simulations were configured using the parameters in Table 4-8. The cylinder was forced to 

vibrate at a certain amplitude and frequency while under different flow velocities. Examples of the 

amplitude time series of the CFD simulations during the lock-in for all aspect ratios investigated are 

plotted in Figure 4-21 at reduced velocities of 5.45, 8.2, and 6.6 respectively. The time series from 

CFD were compared to the time series from the experiments. It can be seen that the plots were in a 

good agreement with each other. However, due to the beating motion in the time series obtained in 

the experiments, it is expected to see slightly lower values of amplitude over the time in the plot. It 

should be noted that the frequency of the vibration from experiment 1 and 4 almost matched up 

with the CFD plot while a slightly delayed motion was observed in experiment 7 (L/D = 1). 
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Figure 4-21 Amplitude time history. (a) Experiment 1 (L/D = 13) at U = 0.3236 m/s (Ur = 5. 45). (b) 

Experiment 4 (L/D = 5) at U = 0.6796 m/s (Ur = 8.2). (c) Experiment 7 (L/D = 1) at U = 0.5728 m/s (Ur = 6.6).  

Beating phenomenon observed in the experimental data captured in the forced vibration simulation. 

 

Drag coefficients 

The time histories of the drag coefficients for the CFD model are compared with the experimental 

time histories in Figure 4-22. As seen from the plot, there is an unsteady oscillation captured by the 

strain gauges from the experiment. For experiment 1 at Ur = 5.45, where the maximum amplitude 

of oscillation was observed, the time series of the drag coefficient exhibits high disturbance over 

the selected 20 s time range. The unstable drag observed in the experiment was probably due to the 

restrained movement of the cylinder in-inline direction. The experimental setup was designed 

mainly to capture transverse movement, and the  transverse vibration possibly disturbed the data 

from the strain gauges in the inline direction. A similar trend was observed for experiment 4 where 

the CFD simulation shows a pure sinusoidal oscillation, where the experiment did not. However, 

for both experiment 1 and 4, it can be seen that the maximum and minimum values of drag 

coefficient from the CFD simulation were of the same order as the real experimental data. Note 

that the data from the experiment were processed using Matlab and the unnecessary noises were 

filtered before the drag coefficients were extracted. 
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Figure 4-22 Drag coefficients time series. (a) Experiment 1 at U = 0.3236 m/s (Ur =5.45). (b) Experiment 4 at U 

= 0.6796 m/s (Ur = 8.2). (c) Experiment 7 at U = 0.5728 m/s (Ur = 6.6). 

 

Figure 4-23 presents the plots for the mean drag coefficients from forced oscillation simulations 

compared with experiments. The discussion of each experiment are as follows: 

 In experiment 1 (L/D =13), it can be seen that the CFD simulation showed a similar 

pattern with the experimental data. The peak value from the simulation almost match up 

with the experimental value, which is occurring at 1.95 and 1.99 respectively, but showed a 

slight discrepancy at higher reduced velocity Ur. Higher drag coefficient values were 

captured from the simulation at 0.8 compared to the measurement from the experiments, 

0.501 at the earlier Ur. A slightly lower value of CD = 0.85 from the CFD captured during 

the lock-out compared to CD = 1.25 from the experiment. However, there were similarities 

in the curved shape and pattern compared with the experiment. The differences were 

expected due to a different oscillation captured as discussed earlier in Figure 4-22. 

 In experiment 4 (L/D =5), the results of the simulation showed lower values of drag 

coefficients at low reduced velocities (Ur=2 ~ 6) compared to the experiments and started 

to matched up at Ur = 6.92 where the CDmean was observed at 1.55, slightly higher than the 

experimental value of 1.4617. This was possibly due to the disturbance during the 
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experiment, which is not fully captured by the simulations. However, the CFD simulation 

captured the curved shape of the CDmean plot, but underestimated most of the value of the 

drag coefficients over the reduced velocity. The mean drag plot from the experiment 4 was 

peaking at 1.68 compared to 1.6 measured in the CFD model at the Ur of 8.2. Similar to 

the low reduced velocities, again the CFD simulations underestimated the values of drag 

coefficients as the reduced velocities were higher (Ur=10 ~ 14). 

 The CDmean for experiment 7 (L/D = 1) was measured and plotted against Ur as shown in 

Figure 4-23. A poor agreement can be seen from the plot where CDmean from the simulation 

was significantly higher compared to the experimental data. The peak of the mean drag 

coefficient was measured at 0.95 for the simulation compared to 0.42 from the experiment. 

This is probably due to the three-dimensional effects captured at the lower end of the 

cylinder during the simulations. The free surface effects were not captured due to the 

limitations on the boundary conditions mentioned earlier. 
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Figure 4-23 Mean drag coefficients. Comparison between the experimental and simulation. 
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Lift coefficients 

Examples of the root mean square lift coefficients time history are plotted in Error! Reference 

source not found. and compared with the time history from experiments. The CFD model 

captured a slightly higher value of lift coefficients during the simulations compared with the 

experiments time history. This higher value was expected due to the higher amplitude captured, as 

explained previously.  
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Figure 4-24 Lift coefficients time series. (a) Experiment 1 at U = 0.3236 m/s (Ur = 5.45). (b) Experiment 4 at U 

= 0.6796 m/s (Ur = 8.2). (c) Experiment 7 at U = 0.5728 m/s (Ur = 6.6). 

 

CLrms was measured from the CFD model by integrating the boundaries of the cylinder. The CLrms 

plot is illustrated in Figure 4-25 R. The discussion of each experiment are as follows: 

 In experiment 1 (L/D =13), the CFD value from the simulation peaked at 3.01 compared 

to the experimental value at 2.704. The simulation data followed the curve of the CLrms and 

captured most of the CLrms values during the lock-in, with slightly higher values over the 

reduced velocities after the maximum CLrms at Ur = 5.45.  

 A higher response was captured in the CFD model for the L/D = 5 case compared to the 

responses measured in the experiment. The CLrms was steadily high at lower velocity and 
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slightly reduced after reaching the maximum value of 1.87. The values at the higher 

reduced velocities were also high compared to the experimental data for the L/D = 5 case. 

  As for the lowest aspect ratio in the simulation (L/D = 1), the CFD simulations seemed 

to capture a higher lift force response compared to the experimental data. This was 

possibly due to the idealized boundary conditions considered in the CFD, which eliminated 

the free surface effects, as a result, in this case was significant due to a very close distance 

between the bottoms of the cylinder to the water level. However, the simulation data at 

L/D =1 captured the trend shape of the experimental curve plot despite a large differences 

in values of CLrms. 
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Figure 4-25 RMS lift coefficients. Comparison between the experimental and simulation. 

 

The frequency spectra for the CFD simulations were illustrated in Figure 4-26 with the vibration 

frequencies of 0.98 Hz, 0.98 Hz and 0.51 Hz respectively. The values for the vibration frequencies 

from the experiment shown previously in Table 4-8 are 0.9766, 0.9862 and 0.5133 respectively. A 

reasonable agreement was observed with the vibration frequencies acquired from the frequency 

spectra plot for L/D = 13, 5 and 1.  
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Figure 4-26 Frequency spectra (a) Experiment 1 at U = 0.3236 m/s (Ur = 5.45). (b) Experiment 4 at U = 0.6796 

m/s (Ur = 8.2). (c) Experiment 7 at U = 0.5728 m/s (Ur = 6.6). The values for the vibration frequencies from the 

experiments are 0.9766, 0.9862 and 0.5133 respectively. 

 

Velocity magnitude 

Flow visualizations were generated by plotting the  velocity contours from the simulations in 

different axes of the model geometry in order to observe the vortex shedding of the cylinder. 

Figure 4-27 and Figure 4-28 shows the velocity contour plot in the x-y-plane and the y-z-plane for 

the development of the Von Karman vortex streets at different levels of the domain. A different 

velocity region during the VIV phenomenon was observed in the figures. The velocity was reduced 

in the wake region behind the cylinder compared to a higher velocity around the cylinder as 

expected. The velocity magnitude in the wake region shows a decrease in velocity as the vortex 

shedding moved downstream. The energy from the vortex shedding diminished over the simulation 

time as the vortices shed away from the cylinder.  
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Figure 4-27x-y-plane velocity magnitude at different level. Experiment 1 at U = 0.3236 m/s (Ur = 5.45). 

Experiment 4 at U = 0.6796 m/s (Ur = 8.2). Experiment 7 at U = 0.5728 m/s (Ur = 6.6). 
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Figure 4-28 Velocity magnitude in y-z-plane. Experiment 1 at U = 0.3236 m/s (Ur = 5.45). Experiment 4 at U = 

0.6796 m/s (Ur = 8.2). Experiment 7 at U = 0.5728 m/s (Ur = 6.6). 
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The 3D effects were observed during the simulations. Cylinders of varying submerged depth allow 

different wake disturbance in the fluid structure interactions. Simulation of L/D =1 shows a 

smaller interaction area which simulates the experimental condition. End conditions were dominant 

for lower aspect ratio cylinders due to the shorter distance between the bottom-end of the cylinder 

with the free surface. Fairly good agreements were captured previously for higher aspect ratios on 

the hydrodynamics forces. Meanwhile, for a lower aspect ratio, a poor agreement was observed. 

This was due to the 3D effects of the VIV at the bottom end of the cylinder. Formation of the 

vortex shedding was disturbed by the cylinders’ end, which led to the reduction of the structure 

vibration. 

 

The pressure contour of the vortex shedding is illustrated in Figure 4-29. It can be seen from the 

experiment 7 (L/D =1) simulation, that the cylinder length is relatively small compared to the 

height of the domain. The flow outside the wake region and below the cylinder remained uniform 

throughout the simulation. However, the vortex shedding was still noticeable for this aspect ratio, 

with a lower magnitude of vibration observed. The pressure gradient influenced the formation of 

the vortex shedding. A uniform vortex shedding could be formed along the cylinder length, where 

the low pressure of the wake region generated, as the flow past the cylinder. However, a low aspect 

ratio cylinder (L/D = 1) shows a relatively small low-pressure area at the downstream of the 

cylinder which supported by the discrepancy in the data compared to the experiment. 
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Figure 4-29 Velocity magnitude at x-z-plane with the pressure contour distribution. Experiment 1 at U = 0.3236 

m/s (Ur = 5.45). Experiment 4 at U = 0.6796 m/s (Ur = 8.2). Experiment 7 at U = 0.5728 m/s (Ur = 6.6). 
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Vortex formation and pressure distribution around the cylinder 

The mechanism of the vortex-shedding phenomenon for L/D = 13, 5, and 1 investigated in this 

simulation in x-y-plane are illustrated in Figure 4-30, Figure 4-31, and Figure 4-32 respectively. The 

time interval is varied in order to observe the development of the vortex shedding in the periodic 

flow simulation. It can be seen that the intensity of the vortices diminished with decreasing aspect 

ratio. The formation of the vortex shedding depends on the correlation length of the cylinder. For a 

high aspect ratio cylinder, vortex shedding was generated uniformly along the cylinder with minimal 

disturbance at the lower end of the cylinder. Meanwhile, for a low aspect ratio cylinder, a significant 

disturbance from the cylinder bottom end were observed both in experiment and in simulation. 

The end effects affected the intensity of the vortices. Note that from the plots, the vortices shed 

from the edge of the cylinder and diminished as they travel downstream. The vortices during the 

VIV for a lower aspect ratio cylinder did not sustain long after shedding from the cylinder. This was 

also probably because of the lower energy to contain the vortices before being washed out. 

 

The behaviour of the vortex shedding depends on the aspect ratio examined. This is supported by 

the experimental data presented in Chapter 3. The VIV response proportionally reduces as the 

aspect ratio reduces. It can be seen from the Figure 4-30, Figure 4-31, and Figure 4-32 that the 

intensity of the vortices for L/D =13 was higher compared to L/D = 5 and 1. The vortex intensity 

represents the VIV response on the particular cylinder when subjected to the flow. L/D = 1 shows 

a significantly lower vortex intensity, and the vortices did not manage to establish a uniform 

periodic pattern. The vortices shed from the edge of the cylinder and diminished instantaneously. 

The vortices contours were also corresponding to a different response branches. Williamson and 

Roshko (1988) defined the wake modes exhibit 2 single pair (2S) per cycle in the initial branch and 

2 pair of vortices (2P) per cycle at upper and lower branches. Carberry et al. (2003) also 

demonstrates similar vortex modes of 2S and 2P in their forced vibration experiment. It is apparent 

from the Figure 4-30 and Figure 4-31 that the vortex modes are 2P. The reduced velocities for 

these cases are when the amplitude responses were maximum respectively. However, for L/D=1, 

the vortex mode corresponds to 2S. This was possibly due to the effects of the aspect ratio on the 

vortex modes which could be influenced by the three dimensional effects at the lower end of the 

cylinder. 
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Figure 4-30 Evolution of the vortices for Experiment 1 (L/D = 13) at Ur =5.45 (Contour lines). Colour contours 

represent the pressure distribution during the vortex shedding. Vortex formation modes 2P at the upper branch 

response. 
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Figure 4-31 Evolution of the vortices for Experiment 4 (L/D = 5) at Ur =8.2 (Contour lines). Colour contours 

represent the pressure distribution during the vortex shedding. Vortex formation modes 2P at the upper branch 

response. 
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Figure 4-32 Evolution of the vortices for Experiment 7 (L/D = 1) at Ur = 6.6 (Contour lines). Colour contours 

represent the pressure distribution during the vortex shedding. Vortex formation modes 2S at the upper branch 

response. Weaker vortices sheds from the cylinder and decays quickly. 
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The hydrodynamics coefficients presented earlier in this section is due mainly to the fluctuating 

pressure around the cylinder wall. The pressure coefficient, 
pC  of the mean pressure acting on the 

cylinder wall is defined as (Novak and Tanaka, 1977) 

 

2

2
1 U

pC p


  

(37) 

 

where p
 

is the mean pressure acting on the surface,  is the density of the fluid, and U  is the 

mean velocity of the flow. The angle of the cylinder circumferential are illustrated in Figure 4-33. 

The stagnation point is represent by the angle of 0o and the pressures around the cylinder were 

measured respectively around the cylinder at the upper and lower parts of the cylinder. The 

pressure distributions were measured where the maximum lift coefficients occurred as shown in 

Figure 4-25 R at t=20s in the CFD simulations. The mechanism of the vortex shedding are shown 

in Figure 4-30, Figure 4-31, and Figure 4-32 to support the observation of the pressure distribution 

during the vortex shedding.  

 

 

Figure 4-33 Circumferential angle of the cylinder for the pressure distribution measurement. 

 

Figure 4-34 shows comparisons of pressure distribution around the cylinder at the top and bottom 

of the cylinder for the aspect ratio investigated. It can be seen for L/D=13 that the mean pressure 

change significantly between the upper and lower of the cylinder. The lower part of the cylinder 

exhibit negative values of pressures, which is possibly due the 3D effects. Similar observation made 

for L/D=5 where the upper part of the cylinder exhibits positive pressure and the lower cylinder 

with negative pressure. High negative pressure was measured at -90o that is because of the 

formation of the vortices at this point as shown in Figure 4-31 at t=20s. The variation of the values 
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at 90o and -90o was due to the vortex shedding, which influenced the boundary layer separation. 

The separation of the boundary layer over the cylinder surface was due to the adverse pressure 

gradient imposed by the divergent geometry of the flow (Sumer and Fredsoe, 1997) which in results 

formed the shear layer behind the separation point. L/D=1 case shows that the negative pressure 

was high at 90o on the upper part of the cylinder and a large different with the values captured at 

the bottom of the cylinder. This shows that the influence of the end condition is significant at low 

aspect ratio structure. Different flow behaviour would produce a different pressure distribution at 

the lower end of the cylinder in which the vortex shedding is significantly disturbed by the 3D flow. 
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Figure 4-34 Pressure distribution at the top and bottom around the cylinder for (a) L/D=13 at U = 0.3236 m/s 

(b) L/D=5 at U=0.6796m/s (c) L/D=1 at U=0.5728m/s, at t=20s for all cases. 
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Spanwise correlation 

The vortex cell development was plotted in Figure 4-35 to observe the vortex cell during the lock-

in. The vortex cells were generated along the span uniformly during the VIV. It should be noted 

that the correlation length were not measured in the experiments due to limitations in the 

experimental apparatus. However, the fluctuation of the lift forces and the pressure distributions 

discussed earlier can be relate to study the fluctuation of the correlation length of the vortex 

shedding. A future effort would include the study on the spanwise correlation length as 

demonstrates by Novak and Tanaka (1977), Ribeiro (1991), Lucor and Karniadakis (2003), Norberg 

(2003) and Murrin et al. (2007), to name a few. However, from the CFD simulations, one can 

visually observed the reduction of the vortex cells’ length as the vortices moved away from the 

cylinder. A parallel shedding mode was observed near the cylinder and then shifted to an oblique 

shedding mode as the vortex cells moved downstream. The vortex cells’ length reduced 

significantly to almost one-half of the cylinder length over time. This was possibly due to a 

disturbance at the end condition of the cylinder. If the cylinder was positioned close to the bottom 

of the channel, a minimal or no disturbance would be observed. The bottom of the channel will act 

as a big end plate to the cylinder. However, the cylinder was deliberately positioned far from the 

bottom of the channel to minimize blockage ratio and to capture the end effects on the VIV.  

 

It is known that the free surface is important when designing any floating structure near the still 

water level (SWL). In real sea conditions, the wave-free surface of the structure continually changes 

the submerged part of the structure about the SWL (Chakrabarti, 2005). However, in the present 

work, the wave and free surface effects have been captured in the experiments but not truly 

captured in the simulations. This arrangement will definitely affect the combination of the forces on 

the structure in comparison with the experiments and phenomenological model. 

 

As mentioned before, the boundary condition for the free surface was defined as the slip wall (U = 

Um) or a ‘clean’ free surface (Morse, 2005). The effects of the free surface on the VIV were assumed 

negligible due to the limitation of computational costs. The surface defined as a uniform flow 

boundary with no disturbance allowed. However, the free surface was observed in the experiments 

to significantly affect the formation of the vortex cells along the cylinder. This will affect the force 

acting on the cylinder, hence reduced the total force. Disturbance of the vortex shedding formation 

was significant if the cylinder close to the free surface. Hence, for a low aspect ratio cylinder, most 

of the length of the cylinder was close to the surface which lead to a high disturbance along the 

cylinder compared to a high aspect ratio cylinder. A combination of end effect and free surface 

effects were significant for low aspect ratio. This supported the previous data on drag and lift 

forces where a significantly higher value captured from the CFD simulation compared to the 
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experiments. The inclusion of the free surface effects will be considered in the future in order to 

comprehensively validate the experiments for low aspect ratio cylinder. 

 

Earlier, results on the effects of the aspect ratio from the experiments found a reduction of the 

amplitude of vibration as the aspect ratio reduced. This is at least partially due to the end condition 

effects observed in this simulation. This result could possibly make a strong relationship with the 

reduction of the vibration amplitude in the experiment discussed earlier. The flow around the end 

of the cylinder was in high velocity compared to the wake region. The difference in the velocity 

profile was observed where a moderate velocity flow layer was developed between the vortex cell 

and the flow from the cylinder end as illustrated in the first plot at t = 17 s in Figure 4-35. The layer 

was observed to create a disturbance on the vortex cell development over the duration of the VIV 

phenomenon as shown in the second plot at t = 17.5 s. A similar phenomenon was observed in 

L/D = 5 cylinder simulation where the development of the vortex cell was disturbed by the end of 

the cylinder (Figure 4-36). The vortex cell narrowed in the downstream direction. The energy from 

the vortex shedding was also weakened due to the flow disturbance from the end condition. The 

reduced correlation length is also one of the main reasons for the lower energy produced from the 

vortex shedding. The length of the cylinder is small; hence, a small vibration was generated. The 

end conditions tend to dominate for this low aspect ratio at L/D = 1, with major disturbance in the 

wake development as shown in Figure 4-37 and as a supporting evident for the experimental results 

discussed in Chapter 3. 
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Figure 4-35 Velocity magnitude plot with series of vortex cell development for experiment 1 (L/D = 13) at Ur = 

5.45. 
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Figure 4-36 Velocity magnitude plot of vortex cell development. Experiment 4 (L/D = 5) at Ur = 8.2. 
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Figure 4-37 Velocity magnitude plot of vortex cell development for experiment 7 (L/D = 1) at Ur = 6.6. 
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A significant reduction in the vibration amplitude would be expected if the free surface effect and 

end conditions were considered. Disturbance in the wake region, pressure variation at the front and 

aft of the cylinder, lift fluctuation along the length of the cylinder, vibration amplitude and the 

occurrence of water run-up may all influence the formation of the vortex cells along the cylinder. 

From the CFD simulations, the correlation length was estimated by evaluating the average length of 

vortex cells formation along the length of the cylinder as defined by Novak and Tanaka (1977). The 

correlation length is defined by the integration of the correlation coefficient as previously presented 

in equation (16) and (17). Figure 4-38 shows the estimation of the correlation length over Reynolds 

number for the aspect ratio of 13, 5 and 1. 
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Figure 4-38 Normalized correlation length, Lc over Reynolds number, Re 

 

It can be seen from Figure 4-38 that the correlation length was measured to be large for a higher 

aspect ratio (L/D = 13) and proportionally decreased as the aspect ratio decreased. It is also 

apparent that the lift fluctuation and the amplitude of the vibration proportionally influenced the 

formation of the vortex cells. Hence, the correlation length was suggested to be dependent on the 

amplitude of the vibration and the flow velocity (Novak and Tanaka, 1977). The peak correlation 

length coincided with the maximum vibration amplitude which are 7D (L/D =13), 4D (L/D = 5) 

and 1.5D (L/D = 1) respectively. This was also evident in a study by Szepessy and Bearman (1992) 

where the increasing amplitude was accompanied by increased correlation length. Lucor and 

Karniadakis (2003) also agreed with the idea of increase of spanwise correlation by increasing 

amplitude of motion either through free or forced oscillation. These results are consistent with the 
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experimental results presented in Chapter 3 where the influence of the correlation length was 

significant for a study of finite cylinder.  

 

The level of turbulence in the flow could, however, significantly reduce the correlation length. 

Turbulence in the flow is known to be one of the significant factors in the event of VIV. The 

vortex cells draw energy from the vortices, producing larger forces to vibrate the structure. 

Nevertheless, the 3D effects at the end of the cylinder influenced the development of the vortex 

cells as the L/D reduced. The correlation length was also a function of the Reynolds number for a 

smooth cylinder (Sumer & Fredsoe, 2010) as discussed in Section 1.2.3. Norberg (2003) observed a 

general downtrend for higher Reynolds number due to spanwise resonance phenomenon. This is 

also apparent in our cases where the correlation length were reduced as the Reynolds number 

increased as shown in Figure 4-38. 

 

The instantaneous isosurfaces contour plot of vorticity were plotted for various aspect ratios in 

Figure 4-39, Figure 4-40, and Figure 4-41 respectively. It can be seen from the figures that the 

vortex cells were significantly reduced after the vortices shed from the cylinder, supported by the 

earlier discussion on Figure 4-38. The vortex cells were disturbed by the 3D flow and hence the 

size was reduced as the vortex cell moved downstream. The vorticity magnitude represented in the 

plot as a comparison of the vortex formation along the cylinder length. It can be seen from the 

plots, the magnitude of vortices reduces as the aspect ratio reduces. End conditions affected the 

vortex formation where the correlation length reduced as the vortex-shedding move downstream. 

The conclusion can be made that the aspect ratio, the free surface and the end conditions of the 

cylinder are the important factors of the variation in the vibration amplitude based on the 

observations made in the CFD simulations. 

 

 

 

 

 

 

 



  

(128) 

 

 

 

Figure 4-39 Instantaneous isosurface of vorticity plot for experiment 1 (L/D  = 13) at Ur = 5.45. (Isosurface 

level. Above: Level 5. Bottom: Level 20). 
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Figure 4-40 Instantaneous isosurface of vorticity plot for experiment 4 (L/D = 5) at Ur = 8.2. (Isosurface level. 

Above: Level 5. Bottom: Level 20). 
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Figure 4-41 Instantaneous isosurface of vorticity plot for experiment 7 (L/D =1) at Ur = 6.6. (Isosurface level. 

Above: Level 5. Bottom: Level 20. 
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4.4 Summary 

In this chapter, numerical simulations were carried out for three cases with different aspect ratio. 

Forced oscillation simulations were used to simulate the VIV problems by using data of the 

velocity, amplitude and oscillation frequency from the experiments. In the beginning, the 

simulations were carried out for both 2D and 3D benchmark cases and the results were compared 

with the simulation data from the literature. A reasonable agreement has been acquired for both 

benchmark cases. The 3D model was then modified to suit the boundary conditions for the VIV of 

different aspect ratio study. Of particular interest is to simulate a range of different aspect ratio, 

namely high, intermediate and low which are L/D = 13, L/D =5, and L/D =1. It is observed that 

the simulations were unable to capture all of the features of the VIV phenomenon. However, most 

of the features were captured in the simulation such as drag coefficient, lift coefficient, velocity 

magnitude, and pressure contour. Other than that, visualization of the vortex shedding formation 

and the correlation length along the cylinder were also captured and presented in this chapter. A 

reasonable agreement has also been observed for the drag and lift coefficients when comparing 

with the experiments. The CFD simulations captured higher responses and significantly reduced as 

the aspect ratio reduces. It is also observed that the correlation length of the vortex cell was 

depending to the length of the cylinder due to the end effects. The 3D effects at the cylinders’ end 

was significant as the distance to the free surface was small enough to create a disturbance to the 

wake formation behind the cylinder as presented in L/D =1. 
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Chapter 5Wake Oscillator Model for Cylinder with Different 

Aspect ratio 

Chapter 5 

Wake Oscillator Model for Cylinders 

with Variable Aspect Ratio 

________________________________ 

This chapter describes the development of an improved Wake Oscillator Model (WOM) for VIV 

prediction. The VIV phenomenon is modelled to describe the motion imposed by the lift forces on 

the structure. The influence of the aspect ratio (L/D) was introduced into the model to characterise 

the VIV phenomenon for finite cylinders. The proposed model captured the basic features of the 

VIV such as the amplitude of vibration, frequency, and lift coefficient by coupling the structural 

equation to the wake equation. Predictions of the WOM are discussed and compared with the 

experimental data in order to establish a relationship describing VIV as a factor of aspect ratios. 

 

5.1 Wake Oscillator Model 

Hartlen and Currie (1970) constructed a WOM based on the van der Pol equation which captured 

the self-exciting and self-limiting nature of VIV. The equation for the motion in the transverse 

direction of the flow is defined in the form of 

 

forcingystiffnessydampingymass  )()()(   (38) 

  

 

The equation of motion was coupled to the wake equation to obtain the lift coefficient and the 

amplitude of the motion. The coupled equations proposed by Hartlen and Currie (1970) in terms of 

dimensionless parameters were 
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Lorrr cayyy    2  (39) 
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where yr is the dimensionless amplitude, CL is the lift coefficient,  is the damping factor, 
o  the 

frequency ratio, and a, b, α, γ  are parameters defined to best fit the equation to the 

experimental data. α and γ are the linear and nonlinear term for damping. Both equations were 

made dimensionless by the following definition; 
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Due to the complexity of vortex shedding in the near wake region, an exact solution for the fluid 

structure interaction is yet to be found. Therefore, an approximate model must be constructed to 

predict the physics of the VIV (Iwan & Blevins, 1974). However, in most of these wake oscillator 

models (discussed in Chapter 1), the 3D effects were not considered (Gabbai et al., 2005). Hence, 

the reliability of the van der Pol equation to capture the 2D phenomenon has been extended in this 

thesis to a 3D model with the aspect ratio included for a better prediction of the dynamic response 

of structures to VIVas shown in the next section. 

 

5.2 Influence of  Aspect Ratio 

5.2.1 Single Degree of Freedom (SDOF) model 

Initially, the SDOF model was investigated by solving the equation of motion (39). The SDOF was 

solved to describe the motion of the structure using parameters from experiments. The advantage 

of the SDOF model is that it is easier to correlate with parameters obtained from the experiments. 

Previous studies have shown that the SDOF model is accurate enough to predict the amplitude for 

wind and water applications, as discussed by Goswami (1993) and Chaudhury (2011). The lift 

coefficient was defined to generate a sinusoidal motion at the lock-in region; hence, the lift was 

defined in the form of 

 

)sin(   tCc LL  (46) 

 

where CL is the lift coefficient,   is the phase angle and ω is the angular frequency. 
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Rewriting equation (39) and substituting equation (46) gives 
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Table 5-1 shows the parameters from L/D =13 that were used for the SDOF model. The 

calculated value for the parameter a in equation (44) was 0.285 and the angular frequency ω = 6.45. 

The equation (48), which is the SDOF model, was solved using the Ordinary Differential Equation 

(ODE) in MATLAB to obtain the value of the oscillation amplitudes yr, over the range of reduced 
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velocities. The SDOF model was solved using the parameters in Table 5-1. The values of CL were 

extracted from the experimental results presented in Chapter 3. This method of solving SDOF 

model was applied to all aspect ratios considered in this study. Figure 5-1 shows a comparison of 

the plot for the SDOF model and experimental data. The model predicts the amplitude of the 

vibration over the reduced velocity and shows a good agreement with the experiment. The SDOF 

model captured the curve shape of the response nicely except that it was slightly higher at the 

reduced velocity ≥ 10.  

 

Table 5-1 Parameters for L/D = 13. 

Parameter Symbol Value 

   
Length L 0.78 m 

Diameter D 0.06 m 

Stiffness k 245 N/m 

Mass m 5.892 kg 

Natural frequency fn 0.99 Hz 

Damping ratio ζ 0.031 

Strouhal number St 0.1455 
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Figure 5-1 Comparison of the SDOF model plot with the experimental data. 
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For varying aspect ratios, normalized amplitudes over reduced velocity predicted by the SDOF are 

plotted in Figure 5-2. On each aspect ratio, the normalized amplitude from the SDOF model was 

compared with the experimental data. Apparently, stable solutions occurred only for high aspect 

ratio from L/D = 13 to L/D = 5. The SDOF model solutions drifted away from the stable 

solution for L/D = 3, 2, 1 and 0.5. It is clear that this phenomenon is possibly due to changing in 

aspect ratio and lift frequency that causes instability and the model unable to capture the features of 

the flow field as discussed by Srinil and Zanganeh (2012) on the dependency of lift frequency on 

Strouhal values. 

 

The proposed SDOF model imperfectly predicts VIV in a range of cases at low aspect ratio. As a 

result, a semi-empirical model was developed by coupling the structural oscillator and wake 

oscillator equation. In the present thesis, the SDOF has shown its disadvantages in predicting the 

3D problem, accurately representing only high aspect ratio cases, which can more exactly be 

approximated as 2D. It should be noted that the present efforts to predict the VIV response was 

based on the experimental data collected earlier. The end conditions and the free surface effects 

should be expected to influence the capability and accuracy of the prediction model to solve a 3D 

VIV problem. 
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Figure 5-2 Comparison of the SDOF model with the experimental data for L/D = 10 to 0.5. 

 

5.2.2 Coupled WOM 

The development of the coupled model was also based on the earlier model by Hartlen and Currie 

(1970), from equation (39) and (40). The parameters used in the coupled equation were α = 0.02, γ 

= 2/3, b = 0.4, ζ = 0.00144 and a = 0.002. In order to capture the VIV phenomenon, the value of α 

and b were varied to obtain a best fit to the experimental results. Based on the results acquired from 

Hartlen and Currie (1970), the coupled equations were recreated in MATLAB environment to 

replicate the model for the validation purposes. A validation of our coupled model with the data 
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from Hartlen and Currie (1970) were plotted in Figure 5-3 and Figure 5-4. Note that from the 

comparison between the data, the coupled model shows a strong agreement with the curve shape 

of the extracted data.  
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Figure 5-3 Normalized amplitude (Adapted from Hartlen and Currie, 1970). 
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Figure 5-4 Lift response (Adapted from Hartlen and Currie, 1970). 

 



  

(140) 

8800 8820 8840 8860 8880 8900 8920 8940 8960 8980 9000
-1

-0.5

0

0.5

1
A

y/
D

 

8800 8820 8840 8860 8880 8900 8920 8940 8960 8980 9000
-1

-0.5

0

0.5

1

Time (s)

C
L

 

Figure 5-5 Time series for normalized amplitude and lift response. 

 

An investigation of the effect of aspect ratio was done using the coupled WOM model has been 

undertaken for  Exp. 1 (L/D = 13). Parameters extracted from the experiment used in this coupled 

model are given in Table 5-1. The equations (39) and (40) for the coupled WOM were solved 

numerically in the MATLAB. The equations were solved simultaneously using the Ordinary 

Differential Equation (ODE) command ode45. The values of U, CL and fv over Ur were extracted 

from the experiments and were varied for each reduced velocity in the equations. The value of 

linear damping term, α, nonlinear damping term, γ, and b were also varied in the equations to best 

fit the experimental data. After a few attempts to get the best fit for the plot, the value of these 

parameters were defined as α = 0.002, γ = 1.2 and b = 0.05.  

 

Figure 5-6 and Figure 5-7 shows the plot from the numerical solution using coupled WOM model 

and compared with the experimental data. The parameters mentioned before were varied until a 

steady solution was obtained for normalized amplitude plot. However, the downside is the 

reduction of the lift coefficient observed in the lift response plot in Figure 5-7. This is possibly due 

to the uncertainties of the parameters due to the effects of flow behaviour such as free surface and 

3D effects, which cannot capture the fluid behaviour effectively. 

 

Since the coupled model by Hartlen and Currie (1970) failed to produce a satisfactory result, 

another coupled WOM by Facchinetti et al. (2004) was introduced and modified to suit the flow 

problem, in order to capture the behaviour of the VIV based on the present experimental data. The 
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coupled model considered the aspect ratio effects in the model with the inclusion of a few 

assumptions and parameters. It should be emphasized that the development of the WOM will not 

capture the whole behaviour of the VIV. However, the present attempts are to model the VIV 

phenomenon based on the data obtained in our experiments. Additionally, the attempts are also to 

interpret some of the behaviour observed in the experiments and CFD simulations with the various 

parameters included in the present WOM. 
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Figure 5-6 Normalized amplitude. 

 

2 3 4 5 6 7 8 9 10 11 12
0

0.5

1

1.5

2

2.5

3

C
L

U
r

 

 

Coupled WOM

Experiment 1(L/D=13)

 

Figure 5-7 Lift coefficient plot. 
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5.2.3 Modified Wake Oscillator Model 

The development of the WOM has been continued over the years. Facchinetti et al. (2004) 

discussed the importance of coupling effects on the wake oscillator model performance. This 

provided significant improvements in the WOM from the classical model introduced by Hartlen 

and Currie (1970) and other researchers before. Coupling equations of structure and wake flow 

from Facchineti et al. (2004) were used to investigate the effects of aspect ratio in the fluid-

structure interaction model. The selection of the acceleration coupling term was based on the 

conclusion given by Facchinetti et al. (2004), who succeeded to model the lock in domain for single 

degree of freedom case. The structure and wake oscillators equations defined by Facchinetti et al. 

(2004) were; 
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where ξ  is the structure reduced damping, δ is the reduced angular frequency of the structure, γ is 

the stall parameter, m* is the mass ratio, and ε and A are tuning parameters. 

 

 

The dimensionless fluctuating lift force term, s  on the RHS of equation (49) is defined as 
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where CLo is the reference lift coefficient, M is the mass number which scales the effects of the wake 

on the structure, and q is the fluid variables (refer Fachhinetti et al, 2004 for details). In this coupled 

term, Facchinetti et al. (2004) recommended a value of CLo = 0.3 for a large range of Reynolds 

number (300 < Re < 1.5 × 105). In an attempt to solve the coupled equations for an oscillating 

cylinder, the value of CLo is chosen as the lift values derived from free oscillating cylinder 

experimental results instead of reference values for stationary cylinder, as suggested by Facchinetti 

et al. (2004). The same consideration was applied to the calculation of the stall parameter. The stall 

parameter, γ is related to the mean sectional drag coefficient of the structure and given by 
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Facchinetti et al. (2004) suggested amplified drag coefficient, CD = 0.2 to simplify the model, based 

on the motion in the transverse direction. However, to improve the validity of the model in 

comparison with the experimental data, the value of CD in the equation was defined as the mean 

drag coefficient value acquired from our single degree of freedom free oscillating experiments. Both 

CLo and CD were varied for each reduced velocity examined. That means the behaviour of the wake 

can be specifically captured at each Reynolds number by solving the coupled equations. 

 

The same numerical method with coupled WOM was used to solved the equations. The equations 

(49) and (50) was solved simultaneously using ODE45 command in MATLAB platform. The value 

of U, CL and fv over Ur was also extracted from the experiments and were varied for each reduced 

velocity in the equations. The values for Experiment 1 are previously shown in Table 5-1 and the 

same parameters were extracted for other aspect ratios considered in this thesis. However, the 

values of the parameters are presented in Chapter 3 and is not shown here. The equations were 

solved to capture the structural responses for the aspect ratio investigated. The value of the van der 

Pol parameter, ε and the scaling of coupling force, A were varied to obtain a best fit with the 

experimental plot. 

 

Figure 5-8 shows a series of the results obtained from solving the coupled equations. Based on the 

results acquired, it is seen that there was a good agreement between the present coupled models 

and the experimental values. The WOM captured the response amplitudes of the structure over 

reduced velocities investigated in the experiments, and established the best fit for varying values of 

ε and A in each case. The results comparing the model with the experimental values such as plotted 

in Figure 5-8 (b), (e), and (g). Experiment 8 (L/D = 0.5) in Figure 5-8 (h) shows a higher value of 

the amplitude response at higher reduced velocities. This is possibly due to two-dimensional effects 

captured by the present WOM. Note that the Strouhal values used in the present WOM 

development were derived from the experiments and significantly lower from the published value 

of St = 0.2. These lower values of St corresponded to the behaviour of the lock-in region and three-

dimensional effects of the end condition. However, there are similarities in the curve shape and 

pattern in most of the aspect ratios compared to the experiments.  
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WOM (A=0.3,  = 0.6)
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Figure 5-8 (a) – (h). Comparison of present coupled WOM with experimental data for each aspect ratio 

investigated. 

 

The model has been tuned to find the best values in order to capture the stable solutions for the 

present WOM model. Table 5-2 shows the value of model parameters corresponding to each aspect 

ratio plotted in Figure 5-8 (a) – (h). Although the present coupled model shows a fairly good 

agreement with our experimental data, the suitability of the model is highly dependent on the 

parameters used. It should be noted that in the present thesis, no effort has been made to validate 

the model with other experimental data from the literature. However, the main objectives in 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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developing this phenomenological model are to validate our VIV experimental data and to capture 

any behaviour of the VIV phenomenon observed in experiments and CFD simulation previously.  

 

Table 5-2 Model parameters value for each L/D. 

Aspect ratio, L/D Scaling force coupling, A van der Pol parameter, ε 

   
13 0.4 0.55 

10 0.2 1.0 

7.5 0.5 0.5 

5 0.3 0.6 

3 0.2 0.8 

2 0.05 0.2 

1 0.05 0.3 

0.5 0.1 2 

 

The values of lift and drag coefficients, Strouhal number, damping ratio, and a mass ratio from the 

experiments were used in the present WOM. The model also depends on the tuning parameters 

used. As mentioned before, the van der Pol parameter, ε and the scaling of coupling force A were 

varied to obtain the best fit to the experimental plot. A relationship of the tuning parameters can be 

drawn in order to capture the dependency of the model on the tuning parameters. Figure 5-9Error! 

Reference source not found. shows the plot for the model parameter ratio, A/ε over the aspect 

ratio tested. It appears that the values of A/ε decreased when the aspect ratio decreases for L/D = 

7.5 to 0.5. However, L/D = 13 and 10 yield a slightly lower value compared to L/D = 7.5, 

apparently limiting the trend. This result for L/D = 7.5 to 0.5 shows an interesting relationship 

between the coupling equations and the aspect ratio. 

 

The scaling of the coupling force, A was proportional to the response amplitude of the structure in 

the model. The response amplitude was shown in previous chapters to decrease as the aspect ratio 

is reduced and shows that the coupling force was reduced correspondingly. However, the 

relationship between the model parameter and the aspect ratio remains unclear as the results 

obtained for L/D =13 and 10 differ from the expected relationship. This is possibly due to the 

scaling force coupling parameter, A which is lower than that used for L/D = 10 as shown in Table 

5-2. Error! Reference source not found. shows the plots for the Strouhal Number values over 

the model parameter ratio. It can be seen that there is no definite relationship demonstrated by the 

plot. This is possibly due to the model parameter being fitted in the equations in order to capture 

the VIV response, which could be an imperfection of the WOM presented. These results should 
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support the observations made earlier for the Strouhal number in experiments (Section 3.2.3) and 

CFD simulation for the VIV responses with different aspect ratio. 
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Figure 5-9 Model parameter ratio from modified WOM over structure aspect ratio.  
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Figure 5-10 Strouhal Number relationship with the model parameter ratio from modified WOM 
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5.3 Comparisons of  WOM, CFD, and Experiment 

Various aspect ratios were examined to study the fluid-structure interaction problems with 

describing VIV as a factor of aspect ratios. Different approaches have been utilized to study the 

VIV response of cylindrical structures with different aspect ratio. As expected, the aspect ratio 

significantly affects the VIV.  Error! Reference source not found. shows an example of the 

results for Experiment 1(L/D = 13) from all three methods; experiment, CFD simulation and 

WOM. The normalized amplitude shows all three approaches agree each other in capturing and 

predicting the response of the VIV. The value of the normalized amplitude from CFD simulations 

were close to the experimental values due to the data of the amplitude oscillations used in the 

simulation to predict the drag and lift forces. The forced vibration cylinder implemented in the 

simulations shows that the complexity of a free vibrating cylinder can be simplified through a 

forced vibration study. As for the modified WOM, the model seems to capture the VIV 

phenomenon over the reduced velocity for the L/D = 13. However, this case is closer to a 2D 

problem, which easiest to model and captured by well established models.  
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Figure 5-11 Comparison between Experiment, CFD and WOM for L/D = 13 (WOM presented here is the 

modified WOM discussed in Section 5.2.3). 

 

As Chapter 3, 4 and 5 illustrated, no CFD models and WOM are able to exactly match all 

experimental results. This is expected since these are approximate models with limitations and 

cannot be expected to capture every detail of the VIV response. By looking at the results for each 

approach considered, a summary can be drawn about what aspects of these experiments and 

models accurately captured and what aspects are not. As mentioned before, the effects of the free 
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surface on the VIV could not be modelled in CFD model, which required a uniform flow boundary 

with no disturbance allowed. However, results from the experiments have shown that the 

formation of the vortex shedding was significantly affected by the 3D flow over the free surface 

and bottom end of the cylinder. Inclusion of the free surface effects would possibly include 

additional factors added to the measurement of the hydrodynamic forces. This was supported by 

the results shown in Figure 4-23, where larger lift coefficients captured for all three cases. An 

obvious discrepancy observed in L/D = 1, likely to be caused by the exclusion of the free surface 

boundary conditions during the simulations. Meanwhile, for the results of drag coefficients shown 

in Figure 4-25 R, the CFD models captured lower values of drag coefficients compared to 

experiments. Again, an obvious discrepancy observed in L/D = 1, which confirms our earlier 

hypothesis on the 3D effects in CFD models. 

 

It is noted that the correlation length was not measured in the experiments, and is not accounted 

for in the WOM. However, the estimation of the correlation length was presented in Section 4.3.2 

for forced oscillation simulations. The changes in lift force magnitude, frequency of oscillation, 

amplitude of motion and correlation length was due to effects of changing the aspect ratio of the 

cylinder. The correlation length along the cylinder increased proportionally with the amplitude of 

vibration as shown in Figure 4-38. The correlation length characterises the 3 dimensional nature of 

the flow during the VIV.  

 

It is noted in the Figure 4-38 that the forces on the cylinder can be correlated over lengths of one 

to seven diameters on different aspect ratio structure. However, in the present WOM, the VIV 

phenomenon was not accurately captured for low aspect ratios. Figure 5-12 shows the maximum 

correlation length plot as a function of aspect ratio. A basic quadratic curve fit was used to capture 

the relationship of maximum correlation as a factor aspect ratio. It can be seen from the plot that as 

for the lowest aspect ratio of 0.5, the correlation length was expected to be 0.5 diameters, which is 

supported by an argument of Novak and Tanaka (1977) on the occurrence of uniformity of vortex 

cells at low oscillating cylinder. The free surface and end conditions reduced the total force of the 

response, and at the same time, the structural vibration reduced. If the structure aspect ratio is low 

enough, it would mitigate the VIV as demonstrated by the experimental result of L/D = 0.5. 

However, for L/D = 5 and above, most of the results were in good agreement with each other, and 

the earlier hypotheses regarding the effects of variable aspect ratio were proven. One would expect 

better agreement for high aspect ratio structures due to the similarity to a two dimensional (2D) 

field. In a 2D field, the fluctuating lift coefficient increases. The strength of the vortices and 

shedding proportionally increase due to the two dimensional nature of the flow (Gabbai and 

Benaroya, 2005).  The limited capability of the WOM to capture the 3D effects is evident in the 
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results obtained for aspect ratios lower than 5. Even though the parameters from the experiments 

were used, the WOM is unable to capture the three dimensionality of the flow field for low aspect 

ratios.  
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Figure 5-12 Relationship of maximum correlation length for different aspect ratio. 

 

5.4 Summary 

By examining different types of oscillator model and comparing with the experimental results, the 

strengths and weaknesses of each model were examined. The SDOF model by Goswami et al. 

(1993) predicts the VIV responses for some of the aspect ratio investigated. The model was able to 

capture normalized amplitude for L/D ≥ 5, but does not for the aspect ratios, L/D < 5. The model 

has shown its disadvantage in solving a low aspect ratio case which requires the model to capture 

3D effects. The Hartlen and Currie (1970) model was introduced, which the model couples the 

equation of motion to the wake equation in order to predict amplitude and lift force. However, the 

model failed to capture the phenomenon yielding lower lift coefficient while the amplitude 

response drifted from experimental data. Based on the oscillator models examined earlier, a 

modified WOM has been developed based on Facchinetti et al. (2004) in order to suit the flow 

problem and capture the VIV. A validation of the experimental data also has been carried out by 

comparing with the modified WOM. Good agreement was observed for all aspect ratios 

investigated that validated the present coupled model for the VIV prediction except for L/D = 0.5. 

The success of the present WOM to capture most of the behaviour of the response amplitude in 

VIV phenomenon was solely depends on the model parameters. 
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Chapter 6Concluding Remarks and Recommendations 

Chapter 6 

Concluding Remarks and 

Recommendations 

________________________________ 

The motivation behind this thesis was to establish a relationship between the aspect ratio of the 

structure and its VIV response. Three different approaches, experiments, numerical modelling and 

semi-empirical models were undertaken and compared. These fundamental studies were conducted, 

of particular interest, on the effect of the aspect ratio on the VIV responses.  A cylindrical structure 

was selected in order to study the effects of the VIV on a low aspect ratio structure such as spars 

and circular FPSO in a small scale.  Focussing on the Reynolds number in the subcritical range was 

purely to simulate the conditions experienced by these structures in the sea. The limitation in the 

present work was the scaling of the structure and the current profile to imitate a real floating 

structure with a free surface and end conditions since the focus is more on the fundamental 

behaviour of the VIV. Here, this thesis is wrapped-up with a general remarks, conclusions and 

recommendations for the future research. Since the summary of each chapter have been provided 

throughout the thesis, this conclusion is kept brief.  

 

6.1 General remarks 

From this investigation of different the aspect ratio structures, the improved understanding of the 

VIV can promote better prediction of VIV phenomena. All three different approaches provide 

substantial assistance in floating structure design, as the structure can be modelled in the 

experiment, CFD and WOM respectively. Additionally, these models can be tested properly with 

various flow and boundary conditions. Various geometries of the design can be evaluated, allowing 
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designers to calculate the forces on the particular structure due to wave and current loading. 

Characterization of flow profile can be made along the submerged length of the floating structure, 

which can be used to predict fatigue damage. Through experiments and numerical simulations, the 

effects of the aspect ratio can be fully examined to investigate the total impact on the integrity of 

the structure. This will enable the designer to prepare an optimum design with proper mitigation 

devices on the structure. For the designing purposes based on the present work, characterising VIV 

for high aspect ratio structure can be done using all three approaches presented. Data collected 

from experiments, CFD and validation of WOM can be evaluated to study the VIV. However, as 

the design of the floating structure considering a low aspect ratio, careful investigation of the VIV 

need to be carried out. The preeminent way to collect data for low aspect ratio structure VIV is 

through experiments, where a scale model of the structure can be tested in simulating a real sea 

condition. As discussed in the thesis, the VIV phenomenon became less significant as the aspect 

ratio reduced to a lowest aspect ratio of 0.5 where the VIV diminished due to the 3D effects. CFD 

simulations can be done to simulate the experiment by carefully defined all parameters used during 

experiments. One should expect an excellent agreement for a high aspect ratio structure. However, 

as the structure aspect ratio reduce, the simulation could produce a different result compared to 

experiments. Limitations to consider the free surface effects, however, significantly affected the 

simulation results. Similar goes to the validation of VIV for the low aspect ratio structure using 

WOM.  

 

6.2 Conclusions 

Based on the results obtained from the experiments, the simulations, and the predictions of the 

VIV, several important conclusions can be drawn in related to the practical application of different 

aspect ratio structures. General conclusions from the thesis are summarized as follows. 

 

In Chapter 3, the data for amplitude response, hydrodynamic forces, vibration and shedding 

frequencies measured in the experiments were provided. From the experimental results, the 

following conclusions may be drawn. 

 

 The normalized amplitude of the lateral displacement decreased as the aspect ratio 

decreased. The highest amplitude was observed at the highest aspect ratio, L/D = 13, 

with a gradual decline as the aspect ratio reduced. The reduction was surprisingly high, 

nearly 87% decrease at the L/D = 0.5. This observation supports our earlier 

discussions in Chapter 1 on the circular FPSO. A lower aspect ratio cylindrical 
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structure provides improved motions and higher stability in the event of VIV for 

offshore operations compared to a higher aspect ratio structure (i.e., Spars). 

 

 Measurements of the hydrodynamic forces (lift and drag force) exhibited similar trends 

to the normalized amplitude. As the aspect ratio of the structure decreases, the 

hydrodynamic force also decreases. This was expected due to the disturbance of the 

pressure distribution along the length of the cylinder by the reduction of the 

correlation length of vortex shedding formation. Disturbance of the flow at the 

cylinder end and free surface shorten the uniform vortex cell along the cylinder length, 

leading to reduction of the VIV responses.  

 

 A decreased of the lock-in region was observed with decreasing aspect ratio. The 

decrease might possibly be explained by the reduction of the normalized amplitude, 

hence reducing the vortex shedding frequency. Additionally, synchronization was not 

observed for the lowest aspect ratio of 0.5 due to free surface and lower end effects 

where VIV was totally disrupted and prevented the lock-in to trigger. 

 

 The Strouhal number increases as the aspect ratio increases. The Strouhal number for 

L/D = 0.5 was 0.07, and increased to 0.15 for L/D = 13. However, the present 

experiments showed a lower value compared to commonly published value of St = 0.2 

to 0.21. Continuation of the Strouhal number values was presented in Chapter 3 

(Figure 3-20) where the aspect ratio of 50 is required for Strouhal value of 0.2 to 0.21. 

The aspect ratio suggested in the present experiment was for experimental 

investigations of low aspect ratio cylinders without the use of endplates.  

 

 The VIV response depends on the relative influence of end conditions of the cylinder 

and the free surface effects. The distance of the end of the cylinder from the free 

surface influenced the correlation length of the vortex cells. Disturbances at the lower 

aspect ratio were observed due to the proximity of end of the cylinder and the free 

surface. This leads to the reduction of the response and substantial changes in the 

form of the flow field which has been verified by CFD simulations in Chapter 4. 

 

In Chapter 4, three cases from the experiments were numerically studied to provide more 

detailed investigation of the wake structure. The focus was on the cases representing a high, an 

intermediate and a low aspect ratio corresponding to L/D = 13, L/D = 5 and L/D = 1 

respectively. The CFD simulations were conducted in order to investigate the hydrodynamic 
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forces and the wake behaviour for different aspect ratio. Free surface boundary conditions 

were approximated in the simulations providing a big part of difference compared with 

experiments. The conclusions from the simulations as follows: 

 

 The lift coefficients obtained from CFD simulations showed good agreement with the 

experimental data for L/D = 13. However, the same trend was not observed for lower 

aspect ratios, L/D = 5 and 1, where the plot started to drift away from the 

experimental values.  

 

 The same trend was observed for drag coefficient for L/D = 13 and L/D = 5 where 

the simulation almost captured the value of the experiment. However, for L/D = 1, 

the CFD model captured a larger value compared to the experimental data with a 60% 

difference. This is due to inadequate modelling of free surface by conventional 

boundary conditions. Free surface effects was significant for a low aspect ratio 

cylinder. For example, Experiment 8 (L/D = 1) shows that the free surface and end 

conditions fully disrupted the VIV. 

 

 As the L/D decreases, the correlation length and vortex cells reduce. The development 

of the vortex cells depends on the energy produced from the oscillations. Hence, the 

value was reduced as the amplitude of vibration reduced. This observation also 

supports the experimental data collected for a lower aspect ratio structure. The lower 

aspect ratio in the simulations represents the circular FPSO which induced a lower 

vibration and motions due to its low aspect ratio.  

 

 The three-dimensional flow at the bottom of the cylinder influenced the generation of 

the vortex cells. As the L/D decreased, the flow disturbance was dominant, hence 

reducing the correlation length and the vortex shedding. The correlation length 

reduced as the cylinder getting closer to the free surface due to the disturbance in the 

wake near the free surface and the cylinder. This was consistent with the experimental 

data for lower aspect ratio (i.e., L/D = 0.5) where no VIV is captured over the reduced 

velocities. 

 

In Chapter 5, a phenomenological model using the wake oscillator model was developed. Various 

wake oscillator models were examined and modified to include the aspect ratio effects in the 

prediction model. Comparisons with the experimental and CFD data were provided to draw a solid 



  

(155) 

conclusion on the different approaches implemented in this work. The following conclusion may 

be summarized. 

 

 The SDOF model was only stable for L/D = 13 to L/D = 5. The model started to 

drift away from its stable solution for a very low aspect ratio. This was possibly due to 

the effects of 3D flow profile (free surface and end conditions) not fully captured by 

the model. The capability of the model is more likely to capture a 2D problem rather 

than a 3D. 

 

 A modified model based on Harlen and Currie (1970) captured a similar shape of 

amplitude response. However, the lift response was not fully captured where the 

model showed a lower response compared to the experimental data. This reduction 

can be explained by the variation of the linear and nonlinear damping term used to fit 

the model to the experimental data. 

 

 The model parameters in Facchinetti et al. (2004) was modified accordingly to suit our 

experiments. The comparison is relatively in agreement for the response amplitude of 

the aspect ratio investigated except for L/D = 0.5 where the model was a bit off at 

higher reduced velocities. This is possibly due to the free surface and end effects which 

disturbed the vortex formation as discussed earlier on experiments and CFD 

simulations.   

 

 The present model has shown that the important parameters affecting the results were 

the empirical parameters derived from the experiments together with the tuning 

parameters. There is no approach identified in this model to include the parameter of 

aspect ratio by itself.  The values of the parameters used corresponded to the influence 

of the aspect ratio from the experiment works.  

 

 Three different WOM presented in this chapter shows a different capability to capture 

the VIV phenomenon. In this thesis, it was shown that all models effectively captured 

the VIV of a high aspect ratio but failed to predict the VIV of a cylinder with low 

aspect ratios, where 3D problems significantly involved. 

 

Finally, the discussion and results presented in this thesis yield a firm conclusion in relation to the 

ability of using parameters derived from the free-vibration experiments for the prediction of VIV 
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using forced vibration CFD simulation and WOM. The influence of the aspect ratio was 

thoroughly discussed in this thesis and of interest on the particular offshore structures. 

 

6.3 Recommendations 

Based on the present study and literature review done on the VIV for different aspect ratio, several 

recommendations for future work can be drawn as below: 

 

 This study considered a single degree of freedom system in order to simplify the VIV 

phenomenon. A study with two degrees of freedom system or higher can be made to 

extend the understanding of the relationship between inline and transverse vibration or 

between different degrees of freedom. 

 

 The effects of the aspect ratio were investigated in this study ranging from L/D = 13 

to L/D = 0.5. A lower aspect ratio, that is L/D < 0.5, can be considered for further 

fundamental investigation on the parameter. Critical aspect ratio need to be found in 

order to benchmark the significant of VIV problem for a low aspect ratio structure. 

 

 Due to the limitations in the experimental approaches, the wake region and pressure 

distributions and spanwise correlation length were not investigated. The experiments 

can be improved by adding the pressure probes along the cylinder length and a wake 

visualization apparatus in order to capture the pressure, spanwise correlation and 

vortex-shedding pattern for different aspect ratios.  

 

 The effect of the mass ratio for a very low aspect ratio need to be studied. Future work 

may include this, as it may be interesting to investigate the different branch in the 

amplitude response due to a low mass ratio. It is known the super upper branch was 

observed in a low mass ratio system. This is an important issue to be considered while 

designing any floating structure.  

 

 Inclusion of the surface roughness on different aspect ratios may be considered for 

future study. The combination and variation of these parameters may lead to a better 

understanding of the VIV. 
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 A large-scale model experiments should be considered in future to closely simulate a 

real condition of the floating structures in the sea environment. 

 

 VIV mitigation for different aspect ratios is another interesting subject to be 

investigated in order to control the damage from the VIV phenomenon. A real scale 

model may be considered for a solid validation on the study of any modifications to 

low aspect ratio structures to mitigate VIV. 

 

 The investigations of the aspect ratio using a CFD approach were based on forced 

vibration. Future work may consider a free vibrating structure in order to simulate real 

conditions. 

 

 Inclusion of the free surface and end effects in CFD model are needed to capture the 

combination of 3D effects on the VIV phenomenon. 

 

 Thorough studies on the wake oscillator need to be done for three-dimensional 

problems including the aspect ratio parameters. The limitation of current models to 

capture the 3D problem should be investigated further by considering any linear and 

nonlinear terms that influence the solution of the model. 

 

 A study to include the parameter L/D in the phenomenological model should be 

carried out to capture the complexity of three-dimensional behaviours for low aspect 

ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

(158) 

 

 

(This page intentionally left blank) 

 



  

(159) 

References 

Albarède, P, and Monkewitz, P, A (1992). “A model for the formation of oblique shedding and 
'chevron' patterns in cylinder wakes,” Physics of Fluids, Vol 4, pp 744-756. 

 
Anagnostopoulos, P (1989). “Numerical solution for laminar two-dimensional flow about a fixed and 

transversely oscillating cylinder in a uniform stream,” Journal of Computational Physics, Vol 85, pp 434-
456. 

 
Anand, N, M, (1985). “Free span vibrations of submarine pipelines in steady and wave flows”, PhD 

Thesis, Norwegian University of Science and Technology, Trondheim, Norway.  
 
Ansorge, R, and Sonar T (2009). “Mathematical models of fluid dynamics,” Wiley- VCH, Weinheim. 
 
Baban, F, & So, R, M, C (1991). “Aspect ratio effect on flow-induced forces on circular cylinders in a 

cross-flow,” Experiments in Fluids, Vol 10, pp 313-312. 
 
Bangs, A, S, Miettinen, J, A, Mikkola, T, P, J, Silvola, I, and Beattie, S, M (2002). “Design of the truss 

Spars for theNansen/Boomvang field development,” Proceedings Offshore Technology Conference, 
Houston, Texas, Paper Number OTC14090. 

 
Bartran, D, Kinsey, J, M, Schappelle, R, and Yee, R (1999). “Flow-induced vibration of 

thermowells,”Journal of the Science and Engineering of Measurement and Automation, Vol 38, pp 123-132. 
 
Basu, R, I, and Vickery, B, J (1983). “Across-wind vibrations of structures of circular cross-section—

part 2: development of a mathematical model for full-scale application,” Journal of Wind Engineering 
and Industrial Aerodynamics, Vol 12, pp 75–97. 

 
Bearman P, W (1984). “Vortex shedding from oscillating bluff bodies,” Annual Review of Fluid 

Mechanics, Vol 16, pp 195-222. 
 
Bearman P, W (2009). “Understanding and predicting vortex-induced vibrations,” Journal of Fluid 

Mechanics, Vol 634, pp 1-4. 
 
Billah, K, Y, and Scanlan, R, H (1991). “Resonance, Tacoma Narrows bridge failure, and 

undergraduate physics textbooks,” American Journal of Physics, Vol. 59(2), pp. 118-124. 
 
Birkhoff, G (1953). “Formation of vortex streets,” Journal of Applied Physics, Vol. 24, pp. 98-103. 
 
Birkhoff, G, and Zarantanello, E, H (1957). “Jets, wakes and cavities,” Academic Press, New York. 
 
Blackburn, H, M, & Melbourne W, H (1997). “Sectional lift forces on an oscillating circular cylinder in 

smooth and turbulent flows,” Journal of Fluids and Structures, Vol 11(4), pp 413-431. 
 
Bishop, R, E, D, & Hassan A, Y (1964). “The lift and drag forces on a circular cylinder in a flowing 

fluid,” Proceedings of the Royal Society of London. Series A, Mathematical and Physical Sciences, Vol 277 
(1368), pp 32-50. 

 
Blevins, R, D (1990). “Flow-induced vibration,” New York: Van Nostrand Reinhold. 
 



  

(160) 

Bourguet, R, Karniadakis, G, E, and Triantafyllou, M, S (2011). “Vortex-induced vibrations of a long 
flexible cylinder in shear flow,” Journal of Fluid Mechanics, Vol 677, pp 342-382. 

 
Carberry, J., Govardhan, R., Rockwell, D., and Williamson, C.H.K (2004). “Wake states and response 

branches of forced and freely oscillating cylinder,” European Journal of Mechanics B/Fluids, Vol 23, pp 
89-97. 

 
Chen, S, S (1987). “Flow induced vibration of circular cylindrical structures,” Springer, Washington DC, 

US: Hemisphere Publishing Corporation. 
 
Chakrabarti, S, K (2005) “Handbook of offshore engineering,” Amsterdam; London: Elsevier, ISBN 

978-0-08-052381-1.  
 
Chaplin J, R and Teigen, P (2003). “Steady Flow Past a Surface-Piercing Circular Cylinder,” Journal of 

Fluids and Structures, Vol 18, pp 271–285. 
  
Chaudhury , G (2011). “An Engineering SDOF Model for Transverse VIV Response of a Cylinder in 

Uniform Steady Flow,” J. Offshore Mech. Arct. Eng., Vol 133(3): Article 031106. 
doi:10.1115/1.4001958. 

 
Constantinides, Y, Holmes, S, and Owen, H, O (2007). “CFD high L/D riser modelling study,” 

Proceedings of 26th International Conference on Offshore Mechanics and Arctic Engineering, San Diego, USA. 
 
Dijk, V, R., Magee, A., Perryman, S., and Gebara, J (2003). “Model Test Experience on Vortex 

Induced Vibrations of Truss Spars”, Proceedings Offshore Technology Conference, Paper Number OTC 
15242. 

 
Evangelinos, C, Karniadakis, G, E (1999). “Dynamics and flow structures in the turbulent wake of 

rigid and flexible cylinders subject to vortex-induced vibrations,” Journal of Fluid Mechanics, Vol 400, 
pp 91–124. 

 
Facchinetti, M, L, de Langrea E, and Biolleyb, F (2004). “Coupling of structure and wake oscillators 
in vortex-induced vibrations,” Journal of Fluids and Structures, Vol 19, pp 123–140. 
 
Feng, C, C (1968). “The measurement of vortex-induced effects in flow past stationary and oscillating 
circular and D-section cylinders,” Master's Thesis, University of British Columbia. 
 
Finnigan, T, Irani, M, and van Dijk, R (2005). “Truss Spar VIM in Waves and Currents,” Proceedings 

24th Int. Conf. Offshore Mech Arctic Eng (OMAE 2005), Paper 2005-67054, Halkidiki, Greece. 
 
Gabbai, R, D, and Benaroya, H (2005). “An overview of modelling and experiments of vortex-

induced vibration of circular cylinders,” Journal of Sound and Vibration, Vol 282, pp 575-616. 
 
Gonçalves, R, T, Rosetti, G, F, and Fujarra A, L, C, (2012). “Experimental comparison of two 

degrees-of-freedom vortex-induced vibration on high and low aspect ratio cylinders with small mass 
ratio,” Journal of Vibration and Acoustics, Vol 134, pp 1–7. 

 
Gonçalves, R, T, Rosetti, G, F, Franzini, G, R, Meneghini, J, R, and Fujarra A, L, C, (2013). “Two 

degree-of-freedom vortex-induced vibration of a circular cylinder with low aspect ratio and small 
mass ratio,” Journal of Fluids and Structures, Vol 39, pp 237–257. 

 
Gerich, D, Eckelmann, H (1982). “Influence of end plates and free ends on the shedding frequency 

of circular cylinder,” Journal of Fluid Mechanics, Vol 122, 109–121. 
 



  

(161) 

Goswami, I, Scanlan, R, H, Jones, N, P (1993). “Vortex-induced vibration of circular cylinders-part 2: 
new model,”ASCE Journal of Engineering Mechanics, Vol 119, pp 2288–2302. 

 
Gouda, B, H, L (1975). “Some measurements of the phenomena of vortex shedding and induced 

vibrations of circular cylinders,” Technische Universitat Berlin Report, pp 75-01. 
 
Govardhan, R, and Williamson, C (2003). “Critical mass of vortex-induced vibration of a cylinder,” 

European Journal of Mechanics B/Fluids, Vol 23, pp 17–27. 
 
Griffin, O, M (1980). “Vortex-excited cross-flow vibrations of a single cylindrical tube,” ASME 
Journal of Pressure Vessel Technology, Vol 102, pp 158 – 166. 
 
Griffin, O, E (1981). “Cold water pipe design for problems caused by vortex-excited oscillations,” 

Ocean Engineering, Vol 8, pp 129-209. 
 
Griffin, O, M, Koopman, G, H (1997). “The vortex-excited lift and reaction forces on resonantly 

vibrating cylinders,” Journal of Sound and Vibration, Vol 54, pp 435–448. 
 
Guilmineau, E, and Queutey, P, “A numerical simulation of vortex shedding from an oscillating 

circular cylinder,” Journal of Fluids and Structure, Vol 16, pp. 773-794. 
 
Halkyard, J, Atluri, S, and Sirnivas, S (2006). “Truss spar Vortex Induced Motions: Benchmarking of 

CFD and model tests,” Proceedings 25th Int. Conf. Offshore Mech Arctic Eng (OMAE 2006), Paper 2006-
92673, Hamburg, Germany. 

 
Hartlen R, T, and Currie, G (1970). “Lift-oscillator model of vortex-induced vibration,” Journal of the 

Engineering Mechanics Division, Vol 5, pp 577-591. 
 
Holmes, S, Constantinides, Y, and Owen, H, O, Jr (2006). “Simulation of riser VIV using fully three 

dimensional CFD simulations,” Proceedings of 25th International Conference on Offshore Mechanics and Arctic 
Engineering, Hamburg, Germany. 

 
Holmes, S, Raghavan, K, Owen, H, O, and Constantinides, Y (2008). “Using CFD to study the 

effects staggered buoyancy on drilling riser VIV,” Proceedings of 27th International Conference on Offshore 
Mechanics and Arctic Engineering, Estoril, Portugal. 

 
Holmes, S (2008). “Predicting spar VIM using CFD,” Proceedings of 27th International Conference on Offshore 

Mechanics and Arctic Engineering, Estoril, Portugal. 
 
Huang, K, Chen X, and Kwan C, T (2003). “The impact of Vortex-Induced-Motions on mooring 

systemdesign for Spar-based installations,” Proceedings Offshore Technology Conference, Paper Number 
OTC 15245. 

 
Huerre, P, and Monkewitz, P, A (1990). “Local and global instabilities in spatially developing flows.” 
Annual Review of Fluid Mechanics, Vol 22, pp 473-537. 
 
Iwan, W, D, and Blevins, R, D (1974). “A model for vortex induced oscillation of structures,” Journal 

of Applied Mechanic, Vol 41, pp 581-586. 
 
Kamarudin, M H, and Thiagarajan, K P, (2010) “Investigation of fluid-structure interaction on 

controlled oscillations of a cylinder at moderate Reynolds number,” Proceedings 29th Int. Conference on 
Offshore Mechanics and Arctic Engineering (OMAE 2010), Paper 2010-20918, Shanghai, China. 

 



  

(162) 

Khalak, A, and Williamson C H K (1997). “Investigation of the relative effects of mass and damping 
in vortex-induced vibration of a circular cylinder,” Journal of Wind Engineering and Industrial 
Aerodynamics, Vol 69–71, pp 34–350. 

 
Khalak, A, and Williamson C H K (1999). “Motions, forces and mode transitions in vortex-induced 

vibrations at low-mass damping ratio,” Journal of Fluids and Structures, Vol 13, pp 813-851. 
 
King, R (1977). “A review of vortex shedding research and its application,” Ocean Engineering, Vol 4, 

pp 141-172. 
 
Kiu, KY, Stappenbelt, B and Thiagarajan, KP, (2011). “Effects of uniform surface roughness on 

vortex-induced vibration of towed vertical cylinders,” Journal of Sound and Vibration, Vol 330, pp 
4573-4763. 

 
Landl, R (1974). “A mathematical model for vortex-excited vibrating bluff-bodies,” Journal of Sound and 

Vibration, Vol 42, pp 219-234. 
 
Lee, T, and Budwig, R (1991). “A study of the effect of aspect ratio on vortex shedding behind 

circular cylinders,”Physical Fluids, Vol 2, pp 309-315. 
 
Lucor, D, Evangelinos, C, and Karniadakis, G, E (2000). “'DNS-derived force distribution on flexible 

cylinders subject to VIV with shear inflow,'' Proceedings in Flow Induced Vibration, eds. Ziada and 
Staubli, Bakelma, Rotterdam. 

 
Lucor, D, and Karniadakis, G, E (2003). “Correlation length and force phasing of a rigid cylinder 

subject to VIV,” IUTAM Symposium on Integrated Modelling of Fully-Coupled Fluid Structure Interaction 
using Analysis, Computations, and Experiments, pp 187-199. 

 
Magee A, Sablok, A, and Gebara, J (2003). “Mooring design for directional Spar hull VIV,” Proceedings 

Offshore Technology Conference, Paper Number OTC 15243. 
 
Major, F, and Eggan, S (2009). “Significant benefits with a cylindrical hull for FPSO, drilling, LNG, 

and offshore power plant applications,” Petrotech, Delhi, India. 
 
Mathis, C, Provansal, M, and Boyer, L (1984). “The Bernard-von Karman instability: an experimental 

study near the threshold,” Journal de Physique Letters, Paris, Vol 45, pp 483-491. 
 
Matsumoto, M, Shirato, H, Yagi, T, Shijo, R, Eguchi, A, and Tamaki, H (2003). “Effects of 

aerodynamic interferences between heaving and torsional vibration of bridge decks: the case of 
Tacoma Narrows Bridge,” Journal of Wind Engineering and Industrial Aerodynamics, vol. 91 (12–15), pp 
1547-1557. 

 
Miyata, H, Shikazono, N, and Kani, M (1990). “Forces on a circular cylinder advancing steadily  
 beneath the free-surface,” Ocean Engineering, Vol 17(1/2), pp 81-104. 
 
Morse T.L., Govardhan R.N, and Williamson C.H.K (2008). “The effects of end conditions on the 

vortex-induced vibration of cylinders,” Journal of Fluids and Structures, Vol 24, pp 1227-1239. 
 
Morse, T. L. and Williamson, C. H. K. (2009). “Prediction of vortex-induced vibration response by 

employing controlled motion,”J. Fluid Mech. Vol 634, pp 5–39. 
 
Nakamura, A, Okajima, A, Kosugi, T (2001). “Experiments on flow-induced in-line oscillation of a 

circular cylinder in a water tunnel,” JSME International Journal, Vol 44(4), pp 705-711. 
 



  

(163) 

Nayfeh A, H (1993). “Introduction to perturbation techniques,” Wiley, New York. 
 
Newman, D, J and Karniadakis G, E (1997). “A direct numerical simulation study of flow past a freely 

vibrating cable,” Journal of Fluid Mechanics, Vol 344, pp 95-136. 
 
Newman, J, N (1977). “Marine hydrodynamics,” Cambridge, Massachusetts: MIT Press, pp 139. 
 
Nishioka, M, and Sato, H (1974). “Measurement of velocity distributions in the wake of a circular 

cylinder at low Reynolds numbers,” Journal of Fluid Mechanics, Vol 65, pp 97-112. 
 
Norberg, C (1994). “An experimental investigation of the flow around a circular cylinder: influence of 

aspect ratio,” Journal of Fluid Mechanics, Vol 258, pp 287-316. 
 
Norberg C (2003). “Fluctuating lift on circular cylinder: review and new measurements,” Journal of 

Fluids and Structures, Vol 17, pp 57-96. 
 
Novak, M, and Tanaka, H (1977). “Pressure correlations on a vibrating cylinder,” Proc. 4th Int. Conf. 

on Wind Effects on Building and Structures, Heathrow, U.K., Edby K.J. Eaton, Cambridge Univ. 
Press, pp. 227-232. 

 
Oakley, Jr, O, H, Navaro, C, Constantinides, Y, andHolmes, S (2005). “Modeling Vortex Induced 

Motions of spars in uniform and stratified flows,” Proceedings of 24th International Conference on Offshore 
Mechanics and Arctic Engineering, Halkidiki, Greece. 

 
Oertel, H, J (1990). “'Wakes behind blunt bodies,” Annual Review of Fluid Mechanics, Vol 22, pp 539-

564. 
 
Pantazopolous, M, S (1994). “Vortex-induced vibration parameters : critical review,”13th International 

Conference on Offshore Mechanics and Arctic Engineering, Vol 1, pp 199-255. 
 
Pasto`, S (2008). “Vortex-induced vibrations of a circular cylinder in laminar and turbulent flows,” 

Journal of Fluids and Structures, Vol 24 (7), pp 977-993. 
 
Pryor, R, W (2009). “Multiphysics Modeling Using COMSOL: A First Principles Approach,” Jones and 
Barlett Publishers, LLC. 
 
Rahman, Mohd AA, Esakki, M, Kamarudin, Muhamad H, and Thiagarajan, Krish, P (2010). “Free 

Surface Effects on Vortex Induced Vibrations of Cylindrical Offshore Structures,” Proceedings of the 
6th Australasian Congress on Applied Mechanics, Perth, W.A, pp 936-943. 

 
Rao, P, M, Kuwahara, K, and Tsuboi, K (1992). “Simulation of unsteady viscous flow around a 

longitudinally oscillating circular cylinder in a uniform flow,” Computational Mechanics, Vol 10, pp 
414-428. 

 
Repalle, N, Thiagarajan, K, and Morris-Thomas, M (2007). “CFD simulation of wave run-up on a 

spar cylinder,”16th Australasian Fluid Mechanics Conference (16AFMC), Gold Coast, Queensland, 
Australia, pp 1091-1094.  

 
Repalle, N, Thiagarajan, K, P, (2010). “Wave runup investigation on a square cylinder,” Proceedings 17th 
Australasian Fluid Mechanics Conference, Auckland, pp 383-386. 
 
Rosetti, G, Vaz, G, Hoekstra, M, Goncalves, R, and Fujarra, ALC (2013). “CFD Calculations For 

Free-Surface-Piercing Low Aspect Ratio Circular Cylinder With Solution Verification And 



  

(164) 

Comparison With Experiments” 32nd International Conference on Ocean, Offshore and Arctic Engineering, 
Nantes, France. 

 
Roshko, A (1961). “Experiments on the flow past a circular cylinder at very high Reynolds number,” 

Journal of Fluid Mechanics, Vol 10 (3), pp 345-356. 
 
Sanchis, A, Sælevik, G, and Grue, J (2008). “Two-degree-of-freedom vortex-induced vibrations of a 

spring-mounted rigid cylinder with low mass ratio,” Journal of Fluids and Structures, Vol 24, pp 907-
919. 

 
Sarpkaya, T (1978). “Fluid forces on oscillating cylinders,” Journal of Waterway Port Coastal and Ocean 

Division ASCE, WW4, Vol 104, pp 275-290. 
 
Sarpkaya, T (1995). “Hydrodynamic damping, flow-induced oscillations, and biharmonic 

response,”ASME Journal of Offshore Mechanics and Arctic Engineering, Vol 117, pp 232-238. 
 
Sarpkaya, T (2004). “A critical review of the intrinsic nature of vortex-induced vibrations,” Journal of 

Fluids and Structures, Vol 19, pp 389-447. 
 
Schafer, M, and Turek, S (1996). “Benchmark computations of laminar flow around a cylinder,” 

NNFM 52 Flow Simulation on High Performance Computers II, Vieweg, Braunschweig, pp 547-566. 
 
Schewe, G (1983). “On the force fluctuations acting on a circular cylinder in cross flow from 

subcritical up to transcritical Reynolds numbers,” Journal of Fluid Mechanics, Vol 133, pp 265-285. 
 
Sheridan, J, Lin, J C., and Rockwell D (1997). “Flow past a cylinder close to a free surface,” Journal of 

Fluids Mechanics, Vol 330, pp 1-30. 

 
Simiu, E, and Scanlan, R, H (1986). “Wind effects on structures,” Wiley-Interscience, New York, Second 

Edition. 

 
Skop, R, A, and Griffin, O, M (1973). “A model for the vortex-excited resonant response of bluff 

cylinders,” Journal of Sound and Vibration, Vol 27(2), pp 225-233. 

 
Stappenbelt, B (2005) “Vortex-induced vibration of moored cylindrical structures,” Ph.D thesis, The 

University of Western Australia. 
 
Stappenbelt, B, Lalji, F, and Tan G (2007). “Low mass ratio vortex-induced motion,” 16th Australian 

Fluid Mechanics Conference, Gold Coast, Australia, pp 1491-1497. 
 
Staubli, T (1983). “Calculation of the vibration of an elastically mounted cylinder using experimental 

data from forced vibration,”ASME Journal of Fluids Engineering, Vol 105, pp 225–229. 
 
Sumer, B, M, and Fredsoe, J (1997). “Hydrodynamics around cylindrical structures,” Singapore: World 

Scientific. 
 
Szepessy, S, and Bearman PW (1992). “Aspect ratio and end plate effects on vortex shedding from a 

circular cylinder,” Journal of Fluid Mechanics, Vol 234, pp 191-217. 
 
Thiagarajan, K.P., Constantinides, Y. and Finn, L., 2005, “CFD Analysis of Vortex Induced Motions 

of Bare and Straked Cylinders in Current”, Proceedings of 24th International Conference on Offshore 
Mechanics and Arctic Engineering, Halkidiki, Greece. 

 



  

(165) 

Triantafyllou, M, S, Hover, F, S, Yue, D, K, P (2003). “Vortex-induced vibrations of slender 
structures in shear flow,” Proceedings of the IUTAM Symposium on Coupled Fluid Structure Interaction Using 
Analysis, Computations and Experiments, Rutgers, NJ, USA, pp 1–6.  

 
Tsai, W, Yue, D. K. P. (1996), “'Computation of nonlinear free-surface flow',” Annual Review of Fluid 

Mechanics, Vol 28, pp 249-278. 
 
Vandiver J, K, and Jong, J, Y (1987). “The relationship between inline and cross-flow vortex-induced 

vibration of cylinders,” Journal of Fluids and Structures, Vol 1, pp 381-399. 
 
Vickery, B, J, and Basu, R, I (1983). “Across-wind vibration of structures of circular cross section. Pt. 

1: Development of a mathematical model for two-dimensional conditions,” Journal of Wind 
Engineering Induced Aero, Vol 12, pp 49-73 

 
Vijayalakshmi, R, and Panneerselvam, R (2012). “Hydrodynamic response of a non-ship-shaped 

FPSO vessel with damping plates,” Journal of Marine Science and Technology, Vol 17(2), pp 187 - 202. 
 
West, G, S, & Apelt, C.J (1982). “The effect of tunnel blockage and aspect ratio on the mean flow 

past a circular cylinder with Reynolds number between 104 and 105,”Journal of Fluid Mechanics, Vol 
114, pp 361-377. 

 
Wieselsberger, C (1921). “Neuere Feststellungen iiber die Gesetze des Fliissigkeits- und 

Luftwiderstands,” Physics Zeitschr, Vol 22, pp 321-328. 
 
Wilcox, D, C (1998). “Turbulence Modeling for CFD,” 2nd Edition, DCW Industries. 
 
Willden, R, H, J, Graham, J, M, R (2001). “Numerical prediction of VIV on long flexible circular 

cylinders,” Journal of Fluids and Structures, Vol 15, pp 659–669. 
 
Williamson, C, H, K, Roshko, A (1988) “Vortex formation in the wake of an oscillating cylinder,” 
Journal of Fluids and Structure, Vol 2, pp 355–381. 
 
Williamson, C, H, K (1989). “Oblique and parallel modes of vortex shedding in the wake of a circular 

cylinder at low Reynolds number,” Journal of Fluid Mechanics, Vol 206, pp 579-627. 
 
Williamson, C, H, K, Govardhan, R (2004). “Vortex induced vibrations,” Annual Review of Fluid 

Mechanics, Vol 36, pp 413-455. 
 
Williamson, C, H, K, Govardhan, R (2008). “A brief review of recent results in vortex-induced 

vibrations,” Journal of Wind Engineering and Industrial Aerodynamics, Vol 96, pp 713-735.
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

(A.II) 

 

 
 
 
 

 

 

 

 

 

 

 

 



  

(A.III) 

 

Appendix A.  Ballast mass calculation 

The ballast mass of the system has been calculated using the formulation of mass ratio, m*.  

f

osc

m
mm *  

(53) 

Where mosc the oscillating mass is the total mass of the structure, ms includes enclosed fluid, menc but 

excludes the hydrodynamic mass, ma and mf is the mass of the displaced fluid. In our case, no 

enclosed mass was considered since our cylinder is water tight. 

 

In order to calculated the ballast mass needed to add, the oscillating mass is calculated as 

fosc mmm *  (54) 

where m* is a constant value of 1.6. 

fosc mm 6.1  (55) 

and 

bsosc mmm   (56) 

So, the ballast mass is 

soscb mmm   (57) 

 

An example for the ballast calculation is as follows; 

For experiment 1, fluid displaced mass mf was calculated using the equation 

LDm f
2

4
1
  

(58) 

 

)78.0()06.0(
4
1 2fm  

(59) 

 

2054.2   

Hence, the oscillating mass by using equation (60) 

)2054.2(6.1oscm   

 

5286.3   
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The structural mass ms for experiment 1 was measured as 1.8864 kg. 

 

The ballast need to add to the experimental setup according to equation (61) is 

6422.1
8864.15286.3





b

b

m
m

 
 

Table A-1 shows the value of the added ballast for the experiments. 

Table A-1 Mass calculation 

(1) (2) (3) (4) (5)  (6)  (7) = (6)-(5) 

No. L 

(m) 

D 

(m) 

mf 

(kg) 

ms 

(kg) 

mosc  

(kg) 

mb 

 (kg) 

              
1 0.78 0.06 2.2054 1.8864 3.5286 1.6422 

2 0.6 0.06 1.6965 1.8864 2.7143 0.8279 

3 0.6 0.08 3.0159 1.9251 4.8255 2.9004 

4 0.4 0.08 2.0106 1.9251 3.2170 1.2919 

5 0.33 0.11 3.1361 2.3510 5.0178 2.6668 

6 0.22 0.11 2.0907 2.3510 3.3452 0.9942 

7 0.16 0.16 3.2170 2.4381 5.1472 2.7091 

8 0.16 0.08 1.6085 2.4381 2.5736 0.1355 
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Appendix B.  Tabulated results 
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L/D = 13 Ur 2.05 2.54 3.01 3.56 4.04 4.46 5.01 5.23 5.45 6.08 6.66 7.07 7.81 8.44 9.06 9.64 10.42 10.86 11.44 

 
Re 7289 9048 10744 12692 14389 15896 17844 18630 19415 21677 23750 25196 27835 30097 32296 34369 37134 38705 40778 

 
A/D 0.04 0.04 0.09 0.11 0.18 0.29 0.42 0.85 0.99 1.14 1.00 0.90 0.69 0.58 0.54 0.44 0.30 0.21 0.16 

 
CD mean 0.50 0.62 0.63 0.65 0.70 0.78 1.05 1.53 1.68 2.23 2.00 1.49 1.45 1.21 1.13 1.05 1.06 1.25 1.25 

 
CL rms 0.35 0.28 0.32 0.56 0.61 0.94 1.17 2.14 2.70 2.64 1.81 1.42 0.91 0.69 0.53 0.35 0.25 0.12 0.10 

 
fv 0.69 0.66 0.59 0.59 0.64 0.79 0.85 0.88 0.99 1.08 1.10 1.18 1.23 1.28 1.32 1.39 1.46 1.48 1.59 

 
fs 0.22 0.39 0.44 0.59 0.64 0.79 0.85 0.88 0.99 1.08 1.10 1.18 1.23 1.28 1.32 1.39 1.49 1.63 1.78 

 
St 0.11 0.16 0.15 0.17 0.16 0.18 0.17 0.17 0.18 0.18 0.17 0.17 0.16 0.15 0.15 0.14 0.14 0.15 0.16 

 

L/D = 10 Ur 3.20 3.79 4.29 4.74 5.32 5.73 6.18 6.92 7.51 8.30 9.01 9.69 10.19 11.09 11.49 12.14 12.67 13.36 

 
A/D 0.06 0.07 0.07 0.13 0.16 0.94 0.95 1.10 1.13 1.10 0.99 0.98 0.95 0.94 0.89 0.60 0.54 0.48 

 
Re 19698 23269 26379 29144 32715 35249 38013 42506 46192 51030 55407 59554 62664 68194 70613 74644 77870 82132 

 
CD mean 0.71 0.71 0.82 0.67 0.71 0.80 1.62 1.93 1.85 1.84 1.89 1.91 1.95 1.73 1.57 1.34 1.42 0.96 

 
CL rms 0.19 0.16 0.12 0.08 0.54 0.89 2.31 2.36 2.26 1.95 1.76 1.46 1.22 1.05 0.90 0.66 0.50 0.29 

 
fv 1.04 1.13 1.04 1.02 0.68 0.77 0.80 0.80 0.83 0.95 1.00 1.11 1.15 1.19 1.22 1.30 1.31 1.38 

 
fs 0.18 0.25 0.38 0.55 0.68 0.77 0.80 0.80 0.83 0.95 1.00 1.11 1.15 1.19 1.22 1.30 1.31 1.54 

 
St 0.20 0.17 0.20 0.20 0.19 0.18 0.18 0.18 0.17 0.16 0.16 0.16 0.15 0.15 0.15 0.15 0.15 0.12 

 

L/D = 7.5 Ur 2.59 3.00 3.39 3.80 4.28 4.63 4.99 5.52 6.61 7.28 7.76 8.31 8.96 9.34 9.81 10.29 10.77 11.24 

 
Re 14326 16588 18766 21028 23709 25635 27646 30578 36610 40296 42977 45993 49595 51690 54287 56968 59649 62246 

 
A/D 0.02 0.01 0.01 0.02 0.15 0.27 0.72 0.86 1.05 1.07 1.04 0.96 0.94 0.81 0.82 0.70 0.56 0.35 

 
CD mean 0.23 0.76 0.93 1.03 1.14 1.34 1.38 1.37 1.69 1.71 1.63 1.65 1.53 1.43 1.42 1.40 1.36 1.13 

 
CL rms 0.30 0.31 0.52 0.74 0.97 1.18 2.19 2.09 2.02 1.66 1.41 1.12 0.91 0.54 0.44 0.29 0.27 0.26 

 
fv 0.83 0.80 0.61 0.68 0.68 0.79 0.90 0.96 0.98 1.04 1.13 1.19 1.24 1.27 1.30 1.35 1.35 1.44 

 
fs 0.45 0.45 0.56 0.63 0.68 0.79 0.90 0.96 0.98 1.04 1.13 1.19 1.24 1.27 1.30 1.35 1.35 1.47 

 
St 0.17 0.15 0.16 0.16 0.16 0.17 0.18 0.17 0.15 0.14 0.15 0.14 0.14 0.14 0.13 0.13 0.13 0.13 

 
(D.III) 



  

 

 

11.68 12.11 
12.65 

64633 67021 70037 

0.31 0.26 0.28 

1.08 1.03 0.98 

0.23 0.17 0.17 

1.42 1.34 1.36 

1.49 1.58 1.59 

0.13 0.13 0.13 
 

L/D = 5 Ur 2.14 2.55 2.90 3.20 3.59 3.91 4.36 4.65 5.00 5.60 6.06 6.50 6.92 7.47 7.79 8.21 8.55 9.02 

 
Re 14158 16923 19185 21195 23792 25887 28903 30830 33092 37113 40129 43061 45825 49512 51606 54371 56633 59732 

 
A/D 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.08 0.31 0.56 0.68 0.79 0.87 0.90 0.94 0.95 0.88 0.82 

 
CD mean 0.92 1.05 0.93 0.97 0.93 0.95 0.98 1.00 1.38 1.21 1.39 1.46 1.46 1.64 1.60 1.68 1.55 1.53 

 
CL rms 0.02 0.02 0.07 0.09 0.08 0.11 0.05 0.05 0.94 1.54 1.82 1.84 1.80 1.63 1.55 1.35 1.31 1.07 

 
fv 0.80 0.85 0.75 0.74 0.66 0.64 0.65 0.65 0.68 0.76 0.79 0.84 0.92 0.94 0.94 0.95 0.97 0.97 

 
fs 0.19 0.29 0.36 0.38 0.40 0.45 0.53 0.57 0.65 0.76 0.79 0.84 0.92 0.94 0.94 0.95 0.97 0.97 

 
St 0.09 0.11 0.12 0.12 0.11 0.11 0.12 0.12 0.13 0.13 0.13 0.13 0.13 0.13 0.12 0.12 0.11 0.11 

 

9.41 9.76 10.12 10.61 11.65 12.08 12.52 12.89 13.24 13.60 

62329 64675 67021 70288 77158 80006 82938 85368 87713 90059 

0.67 0.46 0.31 0.34 0.24 0.15 0.18 0.11 0.17 0.13 

1.39 1.27 1.10 1.11 1.20 1.18 1.21 1.20 1.24 1.31 

0.75 0.47 0.35 0.32 0.15 0.08 0.10 0.06 0.09 0.06 

1.07 1.11 1.13 1.18 1.21 1.13 1.12 1.15 1.09 0.98 

1.07 1.11 1.13 1.18 1.21 1.28 1.32 1.34 1.36 1.32 

0.11 0.11 0.11 0.11 0.10 0.11 0.11 0.10 0.10 0.10 
 

 

 

(D.IV) 



  

 

 

L/D = 3 Ur 2.66 3.15 3.57 3.94 4.43 4.82 5.38 5.89 6.25 6.90 7.46 8.01 8.52 9.21 9.60 10.11 10.53 

 
Re 10744 12692 14389 15896 17844 19415 21677 23750 25196 27835 30097 32296 34369 37134 38705 40778 42474 

 
A/D 0.05 0.06 0.10 0.17 0.25 0.33 0.68 0.76 0.78 0.77 0.75 0.73 0.63 0.47 0.40 0.31 0.32 

 
CD mean 0.28 0.31 0.35 0.38 0.44 0.43 0.89 1.11 1.40 1.03 1.04 0.88 0.91 0.80 0.64 0.57 0.42 

 
CL rms 0.28 0.20 0.27 0.37 0.60 0.49 1.17 1.46 1.77 1.51 1.59 1.20 1.04 0.95 0.91 0.80 0.76 

 
fv 0.70 0.63 0.70 0.78 0.83 0.87 0.96 1.05 1.09 1.13 1.22 1.26 1.31 1.40 1.44 1.40 1.38 

 
fs 0.52 0.52 0.70 0.78 0.83 0.87 0.96 1.05 1.09 1.13 1.22 1.26 1.31 1.40 1.44 1.55 1.56 

 
St 0.06 0.07 0.09 0.12 0.13 0.13 0.13 0.12 0.11 0.11 0.11 0.12 0.11 0.11 0.11 0.11 0.10 

 

L/D = 2 Ur 2.86 3.38 3.83 4.23 4.75 5.17 5.77 6.32 6.71 7.41 8.01 8.60 9.15 9.89 10.24 10.86 

 
Re 19698 23269 26379 29144 32715 35594 39741 43543 46192 51030 55177 59209 63010 68078 70498 74760 

 
A/D 0.07 0.11 0.11 0.10 0.13 0.17 0.26 0.37 0.43 0.49 0.49 0.45 0.41 0.15 0.15 0.15 

 
CD mean 0.27 0.28 0.25 0.11 0.42 0.66 0.61 0.89 0.85 0.80 0.78 0.66 0.69 0.61 0.65 0.42 

 
CL rms 0.23 0.23 0.26 0.26 0.21 1.31 1.59 1.22 0.89 0.80 0.61 0.53 0.49 0.37 0.34 0.12 

 
fv 0.34 0.34 0.34 0.49 0.59 0.64 0.70 0.71 0.76 0.78 0.82 0.84 0.93 0.93 0.95 1.03 

 
fs 0.23 0.33 0.34 0.49 0.59 0.64 0.70 0.71 0.76 0.78 0.82 0.84 0.93 0.99 1.02 1.17 

 
St 0.08 0.10 0.09 0.11 0.12 0.12 0.12 0.11 0.11 0.10 0.10 0.10 0.10 0.10 0.10 0.11 

 

L/D = 1 Ur 2.06 2.43 2.76 3.05 3.42 3.72 4.16 4.56 4.83 5.35 5.74 6.21 6.59 7.12 7.42 7.82 

 
Re 28651 33846 38369 42391 47585 51774 57805 63335 67188 74393 79755 86289 91651 99023 103212 108741 

 
A/D 0.10 0.07 0.13 0.18 0.09 0.08 0.07 0.08 0.10 0.09 0.28 0.47 0.48 0.32 0.10 0.11 

 
CD mean 0.07 0.13 0.11 0.17 0.17 0.19 0.20 0.42 0.31 0.31 0.19 0.21 0.22 0.20 0.24 0.23 

 
CL rms 0.13 0.14 0.17 0.24 0.18 0.19 0.19 0.20 0.21 0.22 0.50 0.76 0.72 0.10 0.15 0.07 

 
fv 0.38 0.36 0.35 0.48 0.47 0.56 0.63 0.77 0.84 0.88 0.91 0.93 0.95 0.99 1.03 1.11 

 
fs 0.11 0.19 0.24 0.43 0.47 0.56 0.63 0.77 0.84 0.88 0.91 0.93 0.95 0.99 1.18 1.21 

 
St 0.05 0.08 0.09 0.14 0.14 0.15 0.15 0.17 0.17 0.16 0.16 0.15 0.14 0.14 0.16 0.16 

 

 

 
(D.V) 



  

 

 

L/D = 0.5 Ur 1.94 2.16 2.39 2.71 2.92 
3.22 

3.51 3.83 4.18 4.56 4.93 5.08 5.47 5.74 6.15 

 
Re 34516 38369 42558 48255 51941 57303 62497 68194 74393 81095 87797 90311 97348 102039 109411 

 
A/D 0.03 0.04 0.04 0.04 0.05 0.07 0.07 0.07 0.08 0.09 0.09 0.09 0.10 0.10 0.10 

 
CD mean 0.36 0.26 0.07 0.08 0.06 0.14 0.17 0.18 0.19 0.17 0.23 0.21 0.23 0.23 0.30 

 
CLrms 0.08 0.09 0.09 0.09 0.10 0.12 0.13 0.14 0.14 0.14 0.15 0.19 0.20 0.24 0.25 

 
fv 1.15 1.02 0.95 1.07 1.26 1.13 1.30 1.41 1.29 1.33 1.14 1.30 1.10 1.19 0.74 

 
fs 0.78 0.80 0.89 1.11 0.56 0.63 0.96 0.78 0.74 1.05 0.99 0.74 1.01 1.15 0.92 

 
St 0.72 0.13 0.12 0.10 0.10 0.09 0.08 0.07 0.07 0.63 0.06 0.05 0.05 0.05 0.04 

 

6.38 6.67 6.99 7.27 7.53 7.90 8.05 8.36 8.67 8.99 9.60 10.12 10.97 

113600 118627 124324 129350 134042 140576 143257 148786 154315 160012 170735 180118 195198 

0.12 0.12 0.13 0.13 0.13 0.13 0.14 0.14 0.14 0.15 0.16 0.18 0.18 

0.26 0.22 0.23 0.29 0.28 0.29 0.34 0.45 0.37 0.43 0.42 0.47 0.44 

0.26 0.30 0.31 0.35 0.37 0.44 0.49 0.53 0.46 0.57 0.58 0.59 0.63 

0.96 0.95 0.89 0.95 1.06 1.30 0.84 1.25 0.63 0.91 0.84 0.87 1.01 

1.17 0.97 1.18 1.01 1.19 1.08 1.19 1.31 1.15 1.11 1.30 1.49 1.22 

0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.04 0.04 0.03 0.04 
 

 

(D.VI) 



  

 

 

 

 

 

 

 

 

 

 

 

 




