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Summary 

In this dissertation, the application of Vortex-Induced Vibration (VIV) and 

Wake-Induced Vibration (WIV) of a bluff body for harnessing the kinetic 

energy of a fluid flow is presented. The application of induced vibration due 

to vortices in harnessing hydrokinetic energy of the fluid is relatively 

immature and this research work, which is written as a compilation of 

journal articles, attempts to address major scientific and technological gaps 

in this field. The project spans both VIV and WIV, with a particular 

attention to the development of a better understanding of the wake 

behaviour in a tandem configuration and the effect of boundary layers for 

harnessing the kinetic energy of the flow. Accordingly, two separate 

coupled test cases of tandem bodies comprising Coupled Circular-Cylinder 

(CCC) and Coupled Cylinder-Airfoil (CCA) configurations were proposed 

and investigated. 

In the first series of tests on the CCC, two circular cylinders were employed 

to investigate the unsteady wake interactions on the energy yield. The 

upstream cylinder was fixed, while the downstream one was mounted on a 

virtual elastic base with one degree of freedom. The virtual elastic system 

consisted of a motor and a controller, a belt-pulley transmission and a 

carriage. In the CCC, the influence of the Reynolds number, gap between 

cylinders and boundary layers on the dynamic response of the downstream 

cylinder were numerically and experimentally investigated. In a numerical 

analyse of the system, a dynamic mesh technique within the ANSYS Fluent 

package was utilized to simulate the dynamic response of the cylinder. The 

experimental tests confirmed the numerical outcomes and demonstrated that 

in the WIV mechanisms, a positive kinetic energy transfer from fluid flow 

to the cylinder was achieved. It is also observed that the dynamic response 

of the cylinder under the WIV mechanism differs from the dynamic 

response of VIV. In addition, both numerical and experimental results 

indicated that a staggered arrangement with 3.5 ≤	��/D ≤ 4.5 and 1 ≤
	��/D ≤ 2 (here, D is the diameter of the cylinder, and �� and �� are the 
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horizontal and vertical offsets, respectively) is the optimum arrangement 

among all test cases to harness the energy of vortices, resulting in a power 

coefficient of 28%. This was achieved due to the favourable phase lag 

between the velocity of the cylinder and force imposed by the fluid. The 

results revealed that for the staggered arrangement of the cylinders, the WIV 

responses can occur at frequencies outside the range in which VIV is 

observed. 

In the second series of tests utilizing a CCA, the downstream circular 

cylinder was replaced by a symmetric airfoil with two degrees of freedom; 

heave and pitch. The heave degree of freedom employed the same virtual 

elastic base used for the CCC experiments. The pitch angle of the foil was 

actively controlled, as opposed to using passive mechanical impedance, 

since this enables full control over the foil behaviour, thereby facilitating the 

adjustment of the angle of attack accurately and rapidly. The results of CCA 

show that both longitudinal and lateral distances play an important role in 

the Strouhal number, power density and, consequently, the heave response 

of the airfoil. In addition, it was shown that the circulation of the vortices 

was influenced by the gap spacing between the cylinder and the airfoil. 

Furthermore, it was found that an optimum angle of attack of � = 10° is the 

most efficient for harnessing the energy of vortices with a maximum power 

coefficient of 30% for cases with 3.5 ≤	��/D ≤ 4.5 and 1 ≤	��/D ≤ 1.5 

arrangements. Such a range is narrower laterally when compared with the 

optimum arrangement of the CCC. This work provided the foundation for 

further work to utilize the potential of this technology and further explore 

the opportunity to harness the vortical power in shallow water and ocean 

currents. 
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Chapter 1 

Background and introduction 

1.1. Motivation 

Fossil fuels supply the majority of the world energy production these days. This 

finite resource is likely to be continued to be used in the near future until 

alternative sustainable and affordable alternatives are found. At the same time, the 

population of the world is growing with the rate of 2.2% annually and is expected 

to increase to 9 billion by 2050 (Trevor 2013). It has been predicted that the growth 

rate in energy consumption over the next 20 years is approximately 5%. The reason 

is largely related to the increase in electricity demand by developing countries 

(Trevor 2013). Therefore, it is predicted that the production of electricity will 

increase from 20 petawatt hours in 2010 to 31.2 petawatt hours in 2030. It is 

argued that electricity production using fossil fuel is not only responsible for 

producing significant carbon dioxide emissions but also producing various 

harmful gases (CO, NO, SO and CH), as well as soot and ash. These 

products are released into the environment and cause environmental effects.  

 

It has been reported that due to the environmental pollution, the total 

harmful effects of only air pollution on human beings health cost was 

$147.4 billion in 1985 (Barbir et al. 1990). Therefore, it is necessary to seek 

alternative zero-emission sources of energy to replace conventional sources 
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delivered primarily from fossil fuels. Renewable energy technologies can 

meet much of the growing demand on one hand and reduce the 

environmental effects compared to fossil fuels. It is estimated that by 2050, 

renewable energy sources could count for three-fifths of the electricity 

(Johansson et al. 1993). This growth is also confirmed by the Energy 

Information Administration (2014), which anticipates that by 2025 total 

renewable generating capacity will grow by 25% from 2012 to 2025 (from 

approximately 150 gigawatts to 200 gigawatts). Here, the main renewable 

energy sources are categorised into solar, wind, hydropower, and biomass 

and geothermal. Among these, wind and hydropower are expected to remain 

the primary sources of renewable capacities. The proportion of wind, 

hydropower and solar are expected to be approximately 75 gigawatts, 75 

gigawatts and 25 gigawatts, respectively. Biomass and geothermal are 

expected to cover the rest of production with 25 gigawatts. While wind and 

solar energy will continue to be main sources along with hydropower 

sources, the two former technologies vary in accessibility and quality 

because of the limitation of installation (Energy Information Administration 

2014). 

 

Hydro energy is easily accessible and abundant, making this the choice for 

clean energy production (Güney and Kaygusuz 2010). Considering that 

almost two third of the earth’s surface is covered with water and the 

majority of the world’s population live close to water resources, harnessing 

hydropower energy represent a substantial source of renewable energy for 

the future. Conventionally, energy extraction from water currents is 

achieved employing rotating blades commonly referred to as turbine 

systems (Khan et al. 2009). Recently a great deal of attention has been 

devoted to research in the field of energy production utilising Vortex-

Induced Vibration (VIV), which is primarily a non-turbine system (Khan et 
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al. 2009). In this process, the VIV phenomenon is used to capture and 

convert the hydrokinetic energy of the fluid to electrical energy (Bernitsas et 

al. 2004, Lee et al. 2011). The vibration induced by the vortices is a result 

of the interaction of fluid forces and elastic forces in the structures due to 

synchronisation between the frequency of the generated vortices and the 

natural frequency of the structure (Blevins 1990).  

One of the biggest advantages of the VIV converters is its scalability and 

flexibility. It was reported that a VIV converter can be scaled between 

microwatt and megawatt sizes based on the dimensions of the cylinders, the 

number of the cylinders and the flow speed (Bernitsas et al. 2004, 2008 and 

2009). The flexibility of the converter is one of the biggest advantages of 

the system, which makes this new technique more attractive. In addition, it 

was shown that this converter has high efficiency (approximately 30%) and 

can operate at low free stream velocities (Bernitsas et al. 2008), where other 

turbine systems such as watermills cannot be employed effectively.  

A comparison between the volume densities of the VIV convertor with 

wave convertors can provide further insight into the potential of the VIV 

convertor. The volume energy density, here, is calculated as the ratio of 

actual energy production to the occupied physical volume of the cylinder. In 

this comparison, the volume energy density of the VIV energy convertor has 

been compared with three types of wave energy convertor such as 

oscillating water column systems (e.g. Pelamis, the Opt Power Buoy and 

Energetech). For instance, Pelamis is a floating ocean wave convertor; Opt 

Power Buoy is another floating wave convertor, which is moored to the sea 

bed and the Energetech is located on the sea bed or moored at a low depth. 

As a view point of volume energy density it has been shown that VIV 

convertor is comparable with other wave converters (Bernitsas et al. 2008). 

From Figure 1.1 it is clear that the volume energy density of VIV is higher 
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than three wave convertors giving a value of 0.33 kW/m3 (Bernitsas et al. 

2008). Furthermore, among different hydropower sources of energy, it has 

been shown that a VIV converter has more advantages than other alternative 

sources in terms of production cost and volumetric power density (Bernitsas 

and Raghavan 2004, Bernitsas et al. 2008). It has been estimated that the 

energy extracted from VIV costs USD ~$0.055 per kilowatt hour, which is 

comparable with wind and solar energy costs, which are estimated at $0.07 

per kilowatt hour and $0.16 per kilowatt hour, respectively (Bernitsas et al. 

2008). 

 

 

 

 

 

 

Figure 1.1: Comparison of volume energy density of VIV with three types of wave 

convertors (reproduced from Bernitsas et al. 2008).  

The complexity of the VIV of bluff bodies increases considerably by having 

two cylinders arranged in tandem. The resultant interaction leads to what is 

known as Wake-Induced Vibration (WIV). For a tandem arrangement of the 

cylinders, the spacing gap between the cylinders changes the dynamic 

response of the elastically mounted cylinder. The WIV of two circular 

cylinders was thoroughly studied by Assi et al. (2006), Assi (2009), and 

Assi et al. (2010). Despite the numerous numerical and experimental studies 

of VIV (Bearman 1984, Khalak and Williamson 1996, Govardhan and 

Williamson 2000, Govardhan and Williamson 2004, Jauvtis, and 
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Williamson 2004) and WIV (Assi et al. 2006, Assi 2009) of an elastically 

mounted circular cylinder, the resulting power of the cylinder has drawn 

less attention in the literature. Under the WIV mechanism, the second bluff 

body is affected by both its own vortices and upstream vortices. Under these 

conditions, no comparison has been conducted between the power 

coefficients of a single cylinder under VIV mechanism and a pair of circular 

cylinders under WIV phenomenon with a view to harness the kinetic energy 

of the vortices. The power coefficient, here, is defined as VIV power 

divided by fluid power. 

It is worth noting that using the VIV mechanism as a source of energy has 

its own limitations. One of the disadvantages of a VIV converter is that the 

maximum amplitude of oscillation of the cylinder occurs in a narrow range 

of free stream velocities, in which the vortex shedding frequency is matched 

to the frequency of oscillation of the cylinder. Despite this constraint, 

employing a new technology to harness the abundant clean energy from 

currents and oceans with high density, sensible efficiency and long period 

life is always desirable. On the other hand, to the knowledge of the author, 

no study has been conducted to employ the WIV mechanism to generate 

power.  

This project aims to employ both VIV and WIV mechanisms to harness the 

energy of a fluid flow in a turbulence flow regime for Reynolds numbers up 

to 15,000. This flow regime has been selected as it can cover most of 

available free stream velocities in the nature (Bernitsas et al. 2008).  

In the WIV mechanism, the downstream cylinder is under the influence of 

two types of vortices; first it is subjected to oncoming vortices due to the 

separation from the upstream cylinder as well as being affected by its own 

vortices. This combination of vortices makes the WIV mechanism different 

from VIV and the frequency of the oscillation of the downstream cylinder is 
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not limited to the lock-in or resonance frequency. In WIV the arrangement 

of cylinders is important and it is examined to identify the optimum 

arrangement of the cylinder with maximum power coefficient. Thus, the 

primary motivation of this project is the increase of the power coefficient of 

the converter, focusing on fluidic and structural parameters of the VIV and 

WIV mechanisms. In addition, in order to understand the dynamic response 

of a non-circular cylinder under the effect of oncoming vortices, an airfoil 

was employed in the wake of the circular cylinder. In this case, it is intended 

to find the optimum arrangement and the angle of attack of the airfoil to 

capture the maximum energy of the vortices.   

1.2. Objectives of the Research 

The project aim is to investigate the parameters and mechanisms that 

maximise the power generation from a WIV of two bluff body structures in 

tandem under different flow regimes. To achieve the main aim of the thesis, 

the following objectives have been set: 

•  Study and compare the dynamic response of an elastically mounted 

circular cylinder under two different mechanisms, namely; VIV and WIV 

and to compare the power coefficient of each one; 

 

•  Study the flow and resulting forces over an elastically mounted circular 

cylinder with one degree of freedom and investigate the dynamic response 

of the cylinder;  

 

•  Understand the flow characteristics around a pair of circular cylinders 

with different arrangements in a turbulent flow regime to determine the 

maximum amplitude of oscillation of the downstream cylinder and to 

evaluate the theoretical power coefficient of the WIV convertor;  
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•  Examine the dynamic response of a circular cylinder with 1 DOF, which 

is elastically mounted in the wake of the upstream cylinder in order to 

measure the displacement of the cylinder and to calculate the optimum 

power coefficient of the WIV mechanism as well as the power content of 

the convertor;   

 

•  Investigate the effect of non-circular cylinder with 2 DOF to estimate the 

dynamic response of the structure and study the effect of angle of attack in 

the wake of the cylinder.  

1.4. Thesis structure 

This thesis is divided into seven chapters, including this introduction 

chapter.  Chapter 2 provides detailed background literature, with Chapters 3 

to 6 containing copies of manuscripts that have or being published from this 

work. Chapter 7 contains summary, conclusions and future work. 

Specifically: 

 

•  Chapter 1 contains the background and introduction. It presents a brief 

overview of the flow induced structure vibrating of bluff bodies and 

presents the aim and objectives of this work.  

•  Chapter 2 presents a comprehensive literature review of the topic 

highlighting the knowledge gap. 

•  Chapter 3 describes the dynamic response of an elastically mounted 

circular cylinder, validates the use of a Scale Adaptive Simulation (SAS) 

turbulence model for VIV phenomenon, (submitted paper).  

•  Chapter 4 presents the numerical and experimental analysis, which 

investigates the effect of arrangement of two circular cylinders in capturing 

vortex energy (includes two papers). 
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•  Chapter 5 focuses on numerical modelling and reports a study of the 

effect of boundary layer on the vortex structure and maximum captured 

energy, extracted by the downstream cylinder (Derakhshandeh et al. 2014- 

b).  

•  Chapter 6 is combination of the numerical and experimental analysis, 

investigating the dynamic response of an elastically mounted airfoil in the 

wake of the fixed cylinder (submitted paper). 

        

•  Chapter 7 is the final chapter, which summarises the findings of the 

thesis and describes the conclusions and recommendations for future work.  

 

1.5. Publications 

Publications arising from this thesis: 

Journal papers 

[1] Derakhshandeh, J. F., Arjomandi, M., Dally, B., Cazzolato, B., A 

study of the Vortex-Induced Vibration mechanism for harnessing 

hydrokinetic energy of eddies using a single cylinder, Journal of Applied 

Mathematical Modelling, under review, 2014. 

[2] Derakhshandeh, J. F., Arjomandi, M., Dally, B., Cazzolato, B., 

Harnessing hydro-kinetic energy from wake induced vibration using virtual 

mass spring damper system, Journal of Ocean Engineering, No: OE-D-14-

00232, 2014. 

[3] Derakhshandeh, J. F., Arjomandi, M., Dally, B., Cazzolato, B., The 

effect of arrangements of two circular cylinders on the maximum efficiency 

of Vortex-Induced Vibration power using a Scale-Adaptive Simulation 

model, Journal of Fluids and Structures, Vol. 49, Pages 654-666, 2014. 
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[4] Derakhshandeh, J. F., Arjomandi, M., Dally, B., Cazzolato, B., Effect 

of a rigid wall on the vortex induced vibration of two staggered cylinders, 

American Society of Physics (AIP), Journal of Renewable and Sustainable 

Energy, 6, 033114, 2014. 

[5] Derakhshandeh, J. F., Arjomandi, M., Dally, B., Cazzolato, B., Flow 

induced vibration of an elastically mounted airfoil under the influence of 

oncoming vortices, Journal of Experimental Thermal and Fluid Science, 

under review, 2015.  

Conference papers 

[1] Derakhshandeh, J. F., Arjomandi, M., Dally, B., Cazzolato, B., 

Experimental and computational investigation of wake induced vibration, 

19
th

 Australian Fluid Mechanics Conference, Melbourne, 2014. 

[2] Derakhshandeh, J. F., Arjomandi, M., Dally, B., Cazzolato, B., 

Numerical simulation of vortex induced vibration of an elastically mounted 

cylinder, 18
th

 Australian Fluid Mechanics Conference, Launceston, 2012. 

1.6. Thesis format 

In compliance with the formatting requirements of The University of 

Adelaide, the print and online versions of this thesis are identical. The 

exceptions are some images where Copyright approval in the online version 

was not obtained. In these instances the original images have been replaced 

with a black box. The online version of the thesis is available as a PDF. The 

PDF version can be viewed in its correct fashion with the use of Adobe 9. 
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Chapter 2 

Literature review  

The phenomenon of vortex shedding was first recognized by Leonardo da 

Vinci in the 16th century where he observed it behind a piling in a river 

(Garcia 2008). His famous illustration is shown in Figure 2.1. Following 

this, the importance of vortex dynamics due to periodic shear forces on a 

bluff body has been well recognized and many aspects of this phenomenon 

such as vortex shedding frequency and amplitude of oscillation of the body 

have been investigated, particularly in the last century (Tritton 1959, 

Zdravkovich 1977, Sarpkaya 1979, Williamson and Roshko 1988, 

Williamson and Govardhan 2004). While the phenomena of vortex shedding 

behind bluff bodies is well understood, the process of extracting energy 

from these vortices is still immature and further investigations are required.   
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Figure 2.1: Sketch by Leonardo da Vinci in 1513 showing the wake behind a piling in a 

river (Garcia 2008). 

Flow around bluff bodies can be found in many engineering applications 

spanning civil, mechanical, aerospace and marine systems. The generated 

vortices around such bodies have been observed to result in undesirable 

vibrations and the process is generally identified as Flow-Induced Vibration 

(FIV). Further sub-classifications of FIV come galloping, Vortex-Induced 

Vibration (VIV), Wake-Induced Vibration (WIV) and flutter (Blevins 

1990), and can be based on the geometry of the bodies or the number of 

bluff bodies.   

In general, galloping occurs when a non-circular cylinder with a single 

degree of freedom is mounted in a cross flow; thus, it oscillates under the 

effect of shear and pressure forces. A detailed explanation of the galloping 

theory has been reported by Parkinson (1971, 1989) and Blevins (1990).  

The VIV is a term used to signify the response of a single circular cylinder 

interacting with an external fluid flow due to the vortices generated around 

the cylinder (Parkinson and Dicker 1971, Khalak and Williamson 1996). On 

the other hand, WIV is associated with the vibrations that can occur when a 

tandem body operates in the wake of an upstream body (Zdravkovich and 

Pridden 1977, Ruscheweyh 1983, Bokaian and Geoola 1984 and 1985, 

Zdravkovich 1988, Hover and Triantafyllou 2001, Assi 2006, Huera-Huarte 

and Bearman 2009). The term VIV is commonly coupled with lock-in 
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phenomenon, in which the motion of the cylinder follows the shedding 

frequency of the fluid leading to resonance. Therefore, it is generally known 

that VIV can occur due to such synchronisation. It is worth noting that the 

WIV response can occur outside of the natural frequency of the structure 

(Assi 2009) with higher amplitude of displacement as compared with VIV.  

VIV can be categorized into two main mechanisms; fluid oscillators and 

body oscillators (Naudascher and Rockwell 2012). Here, oscillator is 

identified as a system of fluid mass or body that is acted upon by restoring 

forces when oscillating from its equilibrium position. In this research, only 

the bluff body can oscillate and it consists of a rigid circular cylinder and/or 

a symmetric airfoil that is elastically mounted in a cross flow, with a linear 

and/or rotary movements.   

A circular cylinder is the common model of a bluff body with wide 

applications due to its simple axisymmetric geometry without sharp edges. 

Consequently, a brief review of the phenomenon of flow around a circular 

cylinder is initially considered, followed by a discussion on the dynamic 

response of non-circular cylinders.  

2.1. VIV of a circular cylinder 

Numerous studies of the VIV response of a circular cylinder covered several 

features of structure and fluid flow including flow separation, the free shear 

layer, the effects of surface roughness, as well as the structure and 

behaviour of shed vorticity (Skop and Griffin 1975, Williamson 1996, 

Khalak and Williamson 1997, Jauvtis and Williamson 2003). There are fluid 

and structural parameters that influence the VIV phenomenon. On the 

fluidic side, the Reynolds number is the key non-dimensional parameter that 

influences the appearance of the vortical structures behind the bluff-body, 

which is dependent on the fluid density (&), the free stream velocity (U), the 
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diameter (D) of the cylinder and the dynamic viscosity of the fluid (*). 

While the mass of the cylinder (m), including the added mass of the fluid, 

and the damping ratios (') are structural parameters that need to be taken 

into account to characterize the VIV response of the cylinder. Consequently, 

in order to study the concept of resulting power using VIV, it is necessary to 

introduce the phenomenological aspects of the VIV phenomenon and 

analyse these parameters for a single elastically mounted cylinder in a cross- 

flow.  

As the flow approaches a circular cylinder, it splits around the body. The 

pressure distribution field around the cylinder generates a maximum value 

at the stagnation point and the minimum value of the pressure generated is 

observed around the opposite side of the cylinder, as shown in Figure 2.2. 

By integrating the pressure around the surface of the cylinder, a resultant 

force is obtained, which can be projected into two components, such as drag 

and lift forces, relative to the x and y axes, respectively. The vortices are 

alternately shed from one side and then the other side of the cylinder. Due to 

this vortex formation process, the pressure distribution around the cylinder 

alters, which can cause a periodic movement at an identifiable frequency.  

 

 

Figure 2.2: Instantaneous pressure field around an elastically mounted circular cylinder in a 

cross-flow resulting in two components of drag and lift forces in the x and y-directions.  
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The frequency of vortex shedding (	�+) is generally normalized by the free 

stream velocity and the diameter of the cylinder to form the dimensionless 

parameter known as the Strouhal number (St =	�+,/�). During the periodic 

formation of the vortices, the drag and lift forces fluctuate based on 	�+. Over 

one complete cycle of vortex formation, two types of vortices are shed and 

are known as negative and positive vortices; one from each side of the 

surface of the cylinder. Consequently, for a mounted single cylinder in 

cross-flow, the component of the force normal to the mean flow ./, has the 

same frequency as the vortex-shedding frequency, whereas, in the direction 

parallel to the flow, the frequency of .1	is doubled (Bishop and Hassan 

1964). As a consequence of vortex shedding, surface forces periodically act 

on the cylinder. Therefore, the oscillating forces produce harmonic motion 

and cause the cylinder to vibrate depending on the degrees of freedom of the 

cylinder.  

 

The lock-in resonance can happen in both directions of the lift and drag 

forces. As a consequence, the oscillation of the cylinder may change its 

form from small to larger vibration amplitudes, depending on the structural 

parameters (Sumer and Fredsoe 1997, Williamson and Roshko 1988, 

Sarpkaya 2004, and Williamson and Govardhan 2004). For instance, 

Williamson and Govardhan (2004) showed that the maximum 

dimensionless amplitude of oscillation of a cylinder (y/D) can be obtained at 

lock-in range when the reduced velocity is approximately equal to 8 (which 

is approximately y/D ≈ 1). Here, the reduced velocity is defined as �3 =�/(�6 D). Outside of this range, the amplitude ratio reduces depending on 

the vortex shedding frequency. According to Bernitsas et al. (2008), the 

amplitude ratio of the cylinder affects the power content of the VIV device. 

Therefore, to capture the energy of vortices in a fluid flow, synchronisation 

is an important aspect of VIV and must be considered in any analysis, in 
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particular for the lift force frequency. The lift force is generally utilised for 

energy conversion as an active force on the cylinder to produce an effective 

movement.  

Due to the cyclic nature of vortex shedding, if the cylinder is mounted on an 

elastic base, the excitation of the cylinder can occur, which can be modelled 

as a mass-spring-damper. Bearman (1984) was the first to suggest that the 

harmonic displacement of the cylinder with one degree of freedom (y-axis, 

normal to the flow direction) can be modelled as: 

 �) (7) + 2';��< (7) + ;���(7) = .(7)/=,  (2.1) 

where, � (m), �<  (m/s) and �)  (m/s2) are the transverse displacement, velocity 

and acceleration of the cylinder, respectively. The term ' represents the 

damping ratio of the second order system, and	;� = 2>��, where ��	(Hz), 

represents the natural frequency. On the right hand side of Equation (2.1), 

	.	(N) and M (kg) are the fluid force exerted on the cylinder perpendicular 

to the flow direction and the effective mass of the system comprised of the 

mass of the cylinder bounded fluid, respectively. 

The time dependent transverse displacement and the lift coefficient can be 

obtained from the following equations by assuming sinusoidal response of 

the cylinder: 

 �(7) = �?@1sin(2>�+7), (2.2) 

 DE(7) = �Esin(2>�+	7 + $). (2.3) 

Note, that here �?@1 is the harmonic displacement amplitude, DE and �E are 

the time dependent lift coefficient and the lift coefficient amplitude, 

respectively, and $ (rad) is the force-displacement phase angle, which is 
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vital in the understanding the VIV response of the cylinder, particularly for 

energy conversion (Khalak and Williamson 1999, Bernitsas and Raghavan 

2004, Bernitsas et al. 2008, Bernitsas et al. 2009). The power content of a 

circular cylinder is directly proportional to the force-displacement phase 

angle and any additional force-displacement phase lag to frequency of 

oscillation would bias the energy conversion (Lee et al. 2011). 

Govardhan and Williamson (2000 and 2004) exposed that with a low mass 

damping ratio, three types of responses for the amplitude of oscillation were 

produced; initial, upper and lower branches. For the VIV response of a 

single elastically-mounted cylinder, Figure 2.3 shows a typical time series 

of displacement and highlights the phase difference between the lift force 

and the displacement of the cylinder at upper branch, transition between the 

upper to the lower branch, �3 = 5.7, and the lower branch, �3 = 7.9, 

respectively (Assi 2009). It is observed that when the cylinder is under the 

effect of upper branch at �3 = 4.0, the lift force and displacement of the 

cylinder are in phase and consequently the maximum amplitude of 

oscillation is obtained. Further increasing the reduced velocity to �3 = 5.7, 

the amplitude of the lift coefficient degrades significantly. In addition, it can 

be seen that the phase difference between force and displacement signals 

increases to 180 degrees.   
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Figure 2.3: Dynamic response of a circular cylinder under VIV mechanism at three 

different branches of oscillation. Left column: time histories of displacement. Right 

column: lift coefficient and displacement over one complete cycle, �/, in blue and 	� in 

red with average cycle in dash black, at a) �3 = 4.0, b) �3= 5.7, and c) �3 = 7.9 (Assi 2009).  

Figure 2.4 provides a further insight into the phase angle between force and 

displacement (Assi 2009). Since the reduced velocity of the cylinder 

increases, the VIV behaviour of the cylinder passes three branches 

beginning from initial, reaching the upper and finally decreasing to the 

lower branch (Figure 2.4-a). At the upper branch, it is possible to identify 

the variation of the frequency of oscillation is extremely close to the natural 

frequency of the cylinder. It is also evident that the phase angle between 

force and displacement of the cylinder from zero at initial branch shifts to 

180 degree at the lower branch.  
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Figure 2.4: Dynamic response of a single circular cylinder under VIV mechanism, 

including a) amplitude of oscillation, b) normalised frequency of oscillation, Power 

Spectral Density (PSD), and c) phase angles (Assi 2009).  

Numerical investigations have also been conducted to understand the flow 

over stationary and elastically mounted cylinders using different turbulence 

models. The flow around a stationary circular cylinder was investigated by 

Liaw (2005) using Large Eddy Simulation (LES) and Detached Eddy 

Simulation (DES) models in the transient flow regime. LES solves the 
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filtered Navier–Stokes equations by directly computing the large scale 

turbulence structures and modelling the smaller scale of dissipative eddies 

(Sagaut 2001). On the other hand, DES utilises the RANS model at the 

boundary layers of the flow. This approach helps save computational cost 

and switches to the LES in the detached flow region to capture the unsteady 

scales of the separated shear layers (Liaw 2005). It was found that the LES 

model is able to capture the flow structure in the wake of the cylinder, while 

DES shows less significant flow structures. Although LES provides the 

details of the flow pattern and is less dissipative compared to RANS models, 

the expense of computational requirements is significantly higher.  

A series of numerical studies have also been conducted by Guilminineau 

and Queutey (2003) using a Shear Stress Transport (SST) k-; model to 

investigate the VIV response of the cylinder at the three branches of 

oscillation. The numerical results showed that although SST k-; is able to 

predict the dynamic response of the cylinder at the initial and lower 

branches, there is an inability for SST k-; to achieve the upper branch of 

vibration. Therefore, it is concluded that RANS models fail to appropriately 

predict the shear forces such as lift and drag, particularly in the transient 

flow regime in which all numerical studies of this research were performed. 

The Shear Stress Transport (SST) model, developed by Menter (1994), 

combines the k–ω and k–ε turbulence models to overcome the problems 

associated with the prediction of length scales close to the walls for the k–ω 

and free stream dependency of the k–ε model. For flow around two 

cylinders, the SST model can be utilized to compute the transport of the 

turbulence shear stress inside the boundary layers. In this turbulence model, 

the aim is to increase the accuracy of flow predictions with strong adverse 

pressure gradients. It has been shown that SST can better predict flow 

separation compared with either the k–ω or k–ε (Liaw 2005). Despite the 
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advantages of the SST model compared with k–ω and k–ε, it behaves 

similarly to the k–ε model away from the wall (Fletcher and Langrish 2009). 

When the SST model is utilised in transient simulations, it generates large 

length-scales and consequently turbulence viscosities are too high. This 

feature does not allow a spectrum of length scales to be determined 

appropriately (Menter and Egorov 2005). Hence, seeking a solution to 

investigate the flow behaviour around a pair of cylinders can provide both 

computational efficiency and accurate flow predictions.  

Within a transient flow, hybrid models have drawn less attention and no 

simulations have been yet conducted utilizing a combined formulation of 

Reynolds Average Navier Stokes (RANS) and Large Eddy Simulation 

(LES), known as Scale Adaptive Simulation (SAS) model. In the SAS 

turbulence model, the turbulence length-scale is resolved by considering the 

definition of von Kármán length scale (k). In contrast to previous turbulence 

models, SAS overcomes the deficiency of SST in resolving the turbulence 

length-scale by considering the definition of von Kármán length scale. The 

modification assists in more accurately capturing the vortex structure in the 

wake of the bluff-body. The von Kármán length scale is given by: 

 Z[\ = � ] ^�/^�^��/^��]. (2.7) 

Using the von Kármán length scale, the model is able to adapt its behaviour 

to Scale Resolving Simulation (SRS) according to the stability parameters 

of the flow (Egorov et al. 2010). This allows the model to provide a balance 

between the contributions of the simulated and resolved parts of the 

turbulence stresses. Hence, the model can effectively and automatically 

switch from the Large Eddy Simulation (LES) mode to the Reynolds 

Averaged-Navier Stokes (RANS) mode (Menter and Egorov  2010). 
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With the aim of capturing the energy of the vortices, the fluidic parameters 

of the vibrated cylinder in a transient flow regime need to be addressed. 

Therefore, the effects of the shear forces, the Reynolds number, vortex 

structure and vortex shedding frequency as the critical parameters of the 

VIV and WIV mechanisms will be analysed using the SAS model.  

2.2.Vortex structure in the wake of a cylinder 

With the aim of harnessing the energy of oncoming vortices, it is important 

to understand the fundamental behaviour of vortices in the wake of a 

circular cylinder. The direction or type of vortices known as the mode 

(Williamson and Govardhan 1988) can influence the dynamic response of a 

second bluff body mounted in the wake of the first one. 

The flow visualizations of VIV phenomenon conducted by Zdravkovich 

(1996) showed a discontinuous jump (approximately 180°) in the upper 

branch of oscillation (refer to Figure 2.4 c) on the phase angle between the 

force acting on an elastically mounted cylinder and its displacement, where 

the maximum amplitude is obtained. Figures 2.5-a and 2.5-b depict a 

mirror-like image of the von Kármán Streets (VKS) due to the alteration in 

the phase angle at two reduced velocities (Griffins and Ramberg 1976, cited 

by Zdravkovich 1996). 

 

 

 

 

Figure 2.5: Vortex Kármán Street at a) �3 = 5.14 and b) �3 = 6.0 (Griffin and Ramberg 

1974, cited by Zdravkovich1996). 

a) b) 
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It was reported that the phase change (approximately	>) between vortex 

shedding frequencies near synchronization is due to a switch in the timing 

of vortex shedding. This claim has been later confirmed by Gu et al. (1994) 

and Lu and Dalton (1996). Zdravkovich (1982) also compared the 

observation of other scholars (Den Hartog, 1934, Angrilli et al., 1972, 

Griffin and Ramberg, 1974) and it was found that two modes of vortex 

shedding occur during the lock-in resonance. At the preliminary range of 

lock-in, the vortex shedding on one side of the cylinder’s surface is formed 

when the cylinder is positioned at the maximum displacement. On the other 

hand, towards the end of the lock-in range, the vortex is formed again when 

the cylinder is near its maximum displacement on the same side. In addition, 

it is argued that these two modes are the limitations of the reduced velocities 

at which the maximum amplitude of oscillation of the cylinder occurs 

(Zdravkovich 1982).  

Following the observation of Zdravkovich (1982), Williamson and Roshko 

(1988) conducted a series of experiments by vibrating a vertically mounted 

circular cylinder in a water channel at a range of Reynolds numbers from 

300 to 1,000. Several regimes of vortex shedding were defined based on the 

mode of vortices in a map of y/D versus λ/D = U/f D, where λ is the 

wavelength. The vortex shed in the wake of the circular cylinder manifests a 

unique vortex mode depending on the wavelength ratio or reduced velocity 

of the flow. The pattern can involve a single vortex (S) and/or pair of 

vortices (P) generating patterns such as 2S, 2P modes, or a combination of 

these.  

The term 2S is defined as two single vortices produced during each 

oscillation cycle. For a two dimensional (2D) flow around a cylinder, 

Bearman et al. (1981) and Williamson (1985) found that the 2S mode of 

vortices are frequently generated from each side of the cylinder within a 
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certain range of amplitudes at the initial branch of oscillation. On the other 

hand, the 2P mode is characterised by two pairs of vortices per cycle, which 

is known as the principal mode of vortices in the synchronisation region 

(Williamson and Roshko 1988).  Following the proposed map of different 

modes of vortex shedding, Brika and Laneville (1993, 1995, and 1999) 

conducted wind tunnel tests utilizing smoke visualisation and were the first 

to point out that the 2S and 2P modes in the wake of a vibrating cable are 

produced at the initial and the lower branches of oscillation. Figure 2.6-a 

shows the sketches of the vortex formation patterns and a detailed 

description of these modes is mapped in Figure 2.6-b based on the y/D and λ 

(Williamson and Govardhan 1988).  In Figure 2.6-b, the frequency axis of 

��/��	is also drawn parallel to the wavelength ratio axis in order to indicate 

the lock-in point. Here, �� represents the time of vortex formation based on 

the St = D/U��. Therefore, the parameter ��/�� is related to the wave length 

ratio λ/D by the expression ��/��  = St (λ/D). As a consequence, near the 

lock-in, it is assumed that	�� ≈ ��.  It can be observed that close to the 

fundamental lock-in region, the major vortex patterns are 2S, 2P and P+S. It 

is worth noting that the 2P* mode is similar to the 2P mode except that the 

vortices in one of the half periods of vortex formation move away from the 

front surface of the cylinder. In this case, a pair of vortices moves 

downstream rather than in the upstream direction that is observed for the 2P 

mode. It is seen that the vortex pattern in the wake of the cylinder is directly 

dependent on the wavelength ratio or the reduced velocity of the flow and 

can be noticed as one of the primary parameters for capturing the wake 

energy. Therefore, it can be concluded that stronger circulation would be 

produced when 2P modes are generated. Stronger circulation then can 

increase the lift force on the downstream cylinder and consequently causes 

higher amplitude of displacement and alters the power coefficient of the 

VIV device. 
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Figure 2.6: a) Modes of vortices in the wake of a circular cylinder. Highlighted vortices 

indicate one complete cycle of vortex shedding, b) Map of vortex mode as function of the 

wavelength ‘λ/D ‘ and amplitude ‘y’ (reproduced from Williamson and Govardhan 1988). 

2.3.The effects of surface roughness  

Surface roughness has also been observed to have a profound impact on the 

VIV process. Nakamura and Tomonari (1982) conducted experimental tests 

employing a wind tunnel for Reynolds numbers between 40,000 and 

170,000. The effects of surface roughness on the VIV response of the 

cylinder was measured with different roughness strips located at ! = 50° on 

the surface of the cylinder relative to the free stream.  It was found that the 

flow separation, pressure distribution around the cylinder and Strouhal 

number were all dependent on the roughness of the cylinder. At lower 

Reynolds numbers (Re < 20,000) the variations in the base pressure 
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coefficient and the Strouhal number, in which all experimental tests of this 

project were conducted are insignificant. However, increasing the Reynolds 

number beyond Re > 20,000 results in significant changes in both base 

pressure coefficients and Strouhal number due to the added roughness of the 

cylinder. Figure 2.7 shows the variation of the Strouhal number as function 

of the Reynolds number and the roughness of the cylinder. Here the 

roughness of the cylinder is normalized by the diameter of the cylinder, e.g. 

r/D, where, r represents the diameter of the particles on the surface of the 

cylinder. While the outcomes of Nakamura and Tomonari (1982) were in 

good agreement with the previously published data of Roshko (1961) and 

Achenbach (1977), most of the work was limited to a specific location of 

roughness strip on the cylinder (! = 50°).  

 

Figure 2.7: Effect of roughness of a cylinder on the Strouhal number, ’St’, as a function of 

the Reynolds number with strip placement at ! = 50°. Triangles indicate smooth surface; 

Squares indicate r/D = 9.4× 10-5; Circles indicate r/D = 90× 10-5; (r represents the diameter 

of the particles) (reproduced from Nakamura and Tomonari 1982). 
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In addition to the studies by Nakamura and Tomonari (1982), Roshko 

(1961) and Achenbach (1977), Chang et al. (2011) found that beyond a strip 

placement angle of ! = 64°, the VIV mechanism is suppressed. It was also 

indicated that the frequency of oscillation at this location of the strip sharply 

declined when the reduced velocity was larger than Ur = 7. The effect of 

roughness height was also examined by Chang et al. (2011). The results 

showed that the height does not have considerable impact on the amplitude 

and frequency of oscillation of the cylinder. However, it was observed to 

result in earlier galloping.  

Chang et al. (2011) also examined the effects of straight roughness strips on 

the surface of the circular cylinder at 30,000 ≤ Re ≤ 120,000. Three 

specific features including width, roughness and circumferential location of 

the strip were considered in these experiments. The significance of this 

study was the identification of the influence of the roughness and high 

Reynolds numbers, 3×104	≤ 	Re	 ≤ 1.2×105 on the flow induced vibration, 

including galloping and VIV of the cylinder. Surface roughness was 

changed by placing a strip (one inch wide) on the surface of the cylinder at a 

different angle relative to the stagnation point of the cylinder. For all test 

cases, the mean strip location was at ! = 40° and it spanned between 8° and 

32°. It was found that as the area of coverage increases, the vibration of the 

cylinder is suppressed when the cylinder is mounted at �3 < 10. Further 

increase in the area coverage from 8° to 24° at higher reduced velocities 

results in significant increase in the amplitude of the cylinder. However, at 

this range of reduced velocity, the figure depicts that a considerable 

reduction in the amplitude occurs when the area coverage is 32°. Therefore 

to avoid the effect of roughness on dynamic response of the cylinder, two 

main features are considered for all experiments of this work; employing a 

smooth surface circular cylinder is used in a transient flow regime at Re < 

20,000. 
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2.4. Mass damping ratio and VIV 

The extraction of energy through the VIV mechanism is directly 

proportional to the displacement of a bluff-body (Bernitsas et al. 2008) 

which itself is inversely proportional to the product of mass ratio and 

damping factor (Bearman 1984). It is obvious that depending on the mass of 

the cylinder and the density of the fluid in which the cylinder is mounted, 

the frequency of oscillation can be considerably affected by the additional 

mass of fluid due to the acceleration of the cylinder. For this reason, 

generally, the mass ratio is defined as the ratio of the mass of the cylinder 

and its components to the displaced mass of the fluid and given 

by		�∗ = 4� &>,�Z⁄ , based on the mass (m), the diameter (D) and the 

length (L) of the cylinder. The mass ratio is a very important factor for all 

types of induced vibrations by the flow. Depending on the density of the 

fluid, the frequency of the oscillation in air, for instance, is different from 

the frequency of oscillation when the cylinder is immersed in water. 

An extensive number of studies have been performed to investigate the 

influence of the mass damping ratio on the VIV of a single cylinder (�∗'). 
Here, ' represents the damping ratio of the elastically mounted cylinder. 

Following Bearman (1984), Govardhan and Williamson (2000) also 

confirmed that the amplitude of oscillation increases by decreasing the mass 

damping ratio. Furthermore, it was reported that the synchronisation or 

lock-in can only be influenced by the mass ratio	�∗.  
Simultaneous measurement of force and displacement of an elastically 

mounted circular cylinder conducted by Govardhan and Williamson (2000 

and 2004) revealed that with a low mass damping ratio, three types of 

responses for the amplitude of oscillation were established; initial, upper 

and lower branches, compared to only the initial and lower amplitudes 

observed with high mass damping ratios conducted by Feng (1968). 
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Accordingly, the maximum amplitude of the cylinder was captured within 

the upper branch of oscillation of the cylinder using a low mass damping 

ratio. The results showed that although the product of mass ratio and 

damping ratio was equal for both experiments, a larger synchronisation 

range was achievable by selecting a lower mass ratio (Govardhan and 

Williamson 2000). 

The dependency of the amplitude of oscillation of the cylinder to the mass 

damping ratio has been confirmed by all previous scholars. However, 

recently Raghavan and Bernitsas (2011) showed that the mass damping ratio 

plays a secondary role, after the Reynolds number, on VIV phenomenon. It 

was found that by increasing the Reynolds number to fully turbulent shear 

layers, 2×104 - 4×104 < Re < 1×105-2×105, the 2P modes of vortices are 

generated and the lower branch of oscillation disappears and replaced by an 

extended upper branch (Raghavan and Bernitsas 2011).  

2.5. Reynolds number and VIV 

While the mass damping ratio is identified as one of the key parameters of 

the VIV phenomenon, it was shown that this parameter has a smaller 

influence on the VIV process when compared with the Reynolds number. 

VIV of a circular cylinder has been studied over the entire range of 

Reynolds numbers from laminar (Koopmann 1967, Anagnostopoulos and 

Bearman 1992) to transient and turbulent flows (Moe et al. 1994, Vikestad 

1998, Ding et al. 2004, Bernitsas et al. 2006, Bernitsas et al. 2008). For 

laminar flow, Koopmann (1967) as a pioneer of Fluid Structure Interaction 

(FSI) research, studied a few aspects of VIV of a circular cylinder including 

velocity and frequency measurements, and flow visualisation at low 

Reynolds numbers, Re = 100, 200 and 300. He found that the displacement 

of the cylinder is a function of the Reynolds number which can affect the 
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frequency of the vortices. The frequency of the vortices was estimated using 

an optical system (Figure 2.8). The response of the cylinder at low Reynolds 

numbers, Re = 90-150, has been also investigated by Anagnostopoulos and 

Bearman (1992) and it was shown that the maximum amplitude of 

oscillation occurs close to the lower branch of the lock-in, where the motion 

of the structure dominates, based on the vortex shedding frequency. 

Therefore, to capture the energy of vortices at low Reynolds numbers using 

laminar flow regime, this range of frequency can be considered when the 

cylinder begins to oscillate. 

 

 

 

 

 

Figure 2.8: Vortex wake pattern around an elastically mounted cylinder at Re = 200 

including the first length scale of the initial vortex, flow from right to left (Koopmann 

1967). 

In general, studies of VIV response of bluff bodies at high Reynolds 

numbers are generally restricted due to the cost of equipment and 

instruments. Experimental tests on vibration of cylinders at high Reynolds 

numbers are limited to those conducted by Moe et al. (1994) (Re = 8,400), 

Khalak and Williamson (1996) (Re = 12,000), Vikestad (1998) (Re = 

10,000), Ding et al. (2004) (Re = 250,000), and Raghavan and Bernitsas 

(2008 and 2011) (Re = 100,000-200,000).  
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A series of water channel experiments conducted by Raghavan and 

Bernitsas (2011) confirmed that VIV is strongly dependent on Reynolds 

number compared to the mass damping ratio, �∗'. It was found that the 

amplitude of oscillation of the cylinder increases when a Transition-in-

Shear-Layer (TrSL) regime is utilized. The TrSL corresponds to the flow 

regime in which the Reynolds numbers range between 20,000 and 200,000 

(Zdravkovich and Pridden 1977). It was found that although the mass ratio 

was increased by about 20 times compared to the Govardhan and 

Williamson value; the maximum achievable amplitude of cylinder was 

found to be 1.9D, which was approximately two times the amplitude of the 

cylinders found by Govardhan and Williamson (2000) and Khalak and 

Williamson (1997). The reason for this achievement is due to the high 

fluctuating lift coefficient, which is obtained at TrSL flow regime 

(Raghavan and Bernitsas 2011). The results showed that the effect of the 

Reynolds number on the amplitude ratio appeared stronger than the mass 

ratio in VIV phenomenon. It was also found that this alteration is only 

limited to the upper branch of oscillation and there is no significant change 

seen at initial and lower branches. As a consequence, it is concluded that in 

the TrSL flow regime, the high amplitude of vibration was sustained even at 

high values of mass damping ratio, which demonstrates TrSL can be 

considered as one of the optimal flow regimes for energy capturing 

employing the VIV mechanism.   

2.6. Effects of walls 

All previously mentioned studies were generally conducted to analyse the 

flow around a bluff body which was mounted at a significant distance from 

a wall. In this case, the bluff bodies or cylinders do not experience the effect 

of blockage that is generally encountered when the cylinder is in close 

proximity to a wall. Several studies focused on the effects of wall boundary 

layers on a single stationary cylinder (Bearman and Zdravkovich 1978, 
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Taniguchi and Miyakoshi 1990, Mahir and Rockwell 1996, Bosch et 

al.1996, Mahir 2009, Sarkar and Sarkar 2010). These studies have shown 

that the dynamics of vortex formation is significantly different from that 

observed on unbounded bluff bodies away from walls and is a function of 

the gap ratio G/D, where G is the separation between the cylinder and wall.  

 

 

 

Figure 2.9: Instantaneous vorticity contours (s-1) around two staggered cylinders at Re = 

8,700. The upstream cylinder is under the effect of wall located at G/D = 0.5 

(Derakhshandeh et al. 2014). 

Figure 2.9 shows the instantaneous vorticity contours around two circular 

cylinders when the first one is mounted in vicinity of a rigid wall. When the 

gap between the cylinder and wall is small, vortices are suppressed in the 

gap. In this case, a non-uniform velocity profile in the wake of the cylinder 

is more considerable as compared to an unbounded cylinder. Due to the wall 

effect, the mean streamwise velocity profiles are not symmetric and tend to 

be inclined towards one side. This interaction alters the pressure coefficient 

in the wake of the cylinder and can provide a higher gradient in the shear 

layers, which can significantly affect the shear forces such as the lift and 

drag on the cylinder (Sarkar and Sarkar 2010). As a consequence, any 

subsequent bluff body in the wake of the upstream cylinder will be notably 

affected by the shear forces generated in the wake of the upstream cylinder.  

Bubble in the wake of upstream cylinder Boundary layer thickness 
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Experiments of Bosch et al. (1996) for a flow around a square cylinder 

revealed that the gap ratio G/D = 0.35-0.5 is critical since the generated 

vortices were entirely suppressed between the cylinder and wall. The 

vortices were still influenced by the presence of the wall when the gap ratio 

was increased to G/D = 0.75. However, at G/D = 1.5, the wall had no effect 

on the vortices and the dynamic structure of vortices around the cylinder 

was similar to that of an unbounded cylinder.   

The influence of the gap ratio on the lift and drag coefficients over a 

cylinder of square cross-section has been investigated by Martinuzzi et al. 

(2003) at Reynolds number 18,900. The experiments were conducted at 

different gap ratios varying between 0.07 and 1.5. Four regimes of operation 

were identified depending on the behaviour of the shed vortices. These are:  

i) Vortex suppression region: G/D < 0.3,  

ii) Regular vortex shedding suppression:  0.3 < G/D < 0.6,  

iii)  The influence of viscous wall: 0.6 < G/D < 0.9, 

iv)  No influence region:  G/D > 0.9. 

It was found that at G/D ≥ 0.9, the mean lift force observed by the cylinder 

near the wall was very similar to that observed on a square cylinder 

mounted in a free stream without walls. Most previous studies showed that 

the critical gap ratio (G/D) occurs when the gap ratio is approximately 0.3 

≤	G/D	≤	0.45. In another scenario, Sarkar and Sarkar (2010) studied the 

effect of a rigid wall on a circular cylinder at Re = 1,400. Figure 2.10 shows 

the vortex structure in the wake of the cylinder at three different gap ratios 

G/D = 0.25, 0.5 and 1.0. It can be seen that when the cylinder is mounted at 

critical gap ratio, G/D = 0.25, vortices tend to move upward in the wake of 

the cylinder as they are under the effect of the rigid wall. This trend changes 

the pressure field in the wake of the cylinder. Accordingly, the dynamic of 
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vortices changes which alters the fluidic parameters of the flow in the wake 

of the cylinder such as velocity.   

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Computed vorticity contours for three gap ratio; a) G/D = 0.25, b) G/D = 0.5, 

c) G/D = 1.0 for a circular cylinder at Re =1,440 (Sarkar and Sarkar 2010).  

The dimensionless mean streamwise velocity (uc U⁄ ) profiles at several 

longitudinal distances in the wake of the cylinder (x/D = 2, 5, and 10) are 

shown in Figure 2.11. Here, dc is the average of the x-velocity, which was 

evaluated over the total running time and the data were normalized against 

the free stream velocity, U. It is observed that due to the wall effect, the 

velocity profiles are non-uniform and tend to be inclined towards one side.  

y/, 

y/, 

y/, 
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Figure 2.11: Mean streamwise velocities at several longitudinal distances in the wake of a 

circular cylinder in vicinity of a rigid wall, G/D = 0.25, at Re = 1,440 (reproduced from 

Sarkar and Sarkar 2010).  

2.7. Non-circular cylinders 

In general, a square cylinder can be considered as the simplest and most 

common form of a non-circular cylinder. Therefore, it is initially 

worthwhile to study the dynamic response of the square cross section under 

the effect of vortices.  

A non-circular cross section bluff body experiences a periodic fluid force 

similar to bluff bodies with a circular cross section. However, in this case 

the force alters with the orientation of the body with respect to the free 

stream velocity. When the square cylinder oscillates its orientation also 

changes (Blevins 1990). In this case, with a single degree of freedom, 

galloping might occur. A square cross section cylinder with an elastic 

support (m, c and k) mounted in a cross flow which can only oscillate in a 

direction normal to the fluid flow is illustrated in Figure 2.12. The 

separation for the square cylinder with the sharp edges occurs at the leading 

edges. When the square cylinder provides relative cross-flow motion, a 

cyclic movement of the shear layers from each side of the edges causes 

asymmetric flow field resulting in an asymmetric pressure field. This leads 

to the generation of a fluid force	./, which is in the same direction as the 
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motion of the square cylinder (Blevins 1990). Therefore, for the non-

circular bluff bodies the acting force on the structure is in phase with the 

displacement velocity of the square that contributes to an increase in the 

amplitude of displacement. 

 

Figure 2.12: An elastically mounted square cylinder with one degree of freedom under the 

effect of free stream velocity. 

The equation of motion for the mass-damper-spring model of an elastic 

square cylinder can be written as (Blevins 1990) 

 ��) + D�< + �� = 12&. ��. , fD�|hi�° + ∂D�∂α |hi�°	α + O(��)m. (2.4) 

Here,  � is the angle of the square, and D� is the lift coefficient. It is clear 

that the magnitude of the lift force increases with the angle of attack, which 

is dependent on the velocity of the cylinder in the normal direction (�< ). For 

non-circular cross sections, the angle of attack therefore plays an important 

role with an increment of amplitude vibration due to the fluid dynamic 

instability (Bearman et al. 1987). For this dependency, Parkinson and 

Dicker (1971) concluded that the amplitude of VIV is limited to less than 

1D, while the amplitude of galloping can increase many fold.  
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More experiments have been conducted by Bearman et al. (1987) to reveal 

the dependency of amplitude and the angle of attack at different turbulence 

intensities. It was found that the maximum lift coefficient for a square 

cylinder is achievable at angle of approximately 13o. The variation of the 

vertical force acting on the square at	� can result in lift coefficient of the 

cylinder. Accordingly, the increment of lift force, which is utilized in this 

project acting on an airfoil, results in continuous increase in both amplitude 

of oscillation and velocity. This can cause larger vibrations compared with a 

circular cylinder. Hence, for circular cylinders where the maximum 

amplitude of oscillation is limited to the upper branch with approximately 

1D, for non-circular bluff bodies the amplitude can be many times D 

(Parkinson 1971).  

2.8. Power efficiency of a cylinder and an airfoil   

Airfoils can also be considered as a slender body that undergoes 

instantaneous heave and pitch motion. In this case the dynamic response of 

the airfoil is known as flutter. This concept was initially studied by 

McKinney and DeLaurier (1981) who analysed the harmonic oscillation of 

an airfoil to extract wind energy. They showed that the flutter behaviour of 

the airfoil is capable of efficiencies up to 35%. This high efficiency was 

observed for a reduced frequency of f* ≈ 0.15 and high pitching amplitude 

with � ≈ 75°. The mechanism of flutter to harvest the kinetic energy of the 

fluid is very similar to the energy convertor based upon the VIV 

phenomenon. However, the efficiency of the energy extracted using an 

airfoil is larger compared to that of the VIV with a 22% efficiency 

(Bernitsas et al. 2008). Along with the experimental tests on the energy 

harvesting performance of a fluttering airfoil mechanism, the numerical 

simulations of Peng and Zhu (2009) showed that a high efficiency of 34% 

was achievable when the normalized oscillation frequency is around 0.15, 
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which is also comparable with the theoretical VIV efficiency of 32% shown 

by Bernitsas et al. (2008). 

Further investigations have been conducted by Zhu and Peng (2009) and 

Zhu (2011) using numerical modelling to understand the kinetic energy 

captured from flapping foils in a uniform flow. Zhu and Peng (2009) found 

that the behaviour of the airfoil is dependent on the stiffness of the system. 

It was also shown that the location of the pitching axis plays an important 

role in the dynamic response of the airfoil. Depending on the location of the 

pitching axis and the rotational spring stiffness, four distinct responses were 

identified: static, periodic, irregular and oscillation motions. They showed 

that excitation of airfoil occurs when an elastic axis distance b was set 

between -0.2 and 0.5 from the centre of the airfoil. Among these responses, 

it was postulated that the periodic motion of the airfoil could be used for 

energy harvesting and it was found that the energy capacity of the 

mechanism remains stable as the distance of elastic axis varies from -0.1 to 

0.1.     

While a few numerical studies have shown the capability of fluttering 

airfoils for energy capture, the lack of examination of the fluttering response 

of an airfoil in capturing hydrokinetic energy has motivated further 

examination of this area in this project. 

2.9. A pair of circular cylinders 

In order to capture the wake energy of a cylinder, different arrangements of 

the cylinders can be considered. In this case, since the cylinders are 

arranged in close proximity to one another, several fluidic parameters are 

involved and cause a change in the interactions between vortices, the shear 

layers and consequently the wake field. Numerous comprehensive studies of 

the flow around a pair of cylinders arranged side-by-side, in tandem and 
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staggered configurations have been conducted. Figure 2.13 shows two 

identical circular cylinders immersed in a steady cross-flow.  

 

Figurer 2.13: Two identical circular cylinders in a cross-flow in different configurations a) 

tandem, b) side-by-side, c) staggered. 

2.10.  Classification of wake interference  

The gap between the cylinders is one of the important features, especially in 

the WIV mechanism. There are several approaches to classify the wake of 

two circular cylinders. Zdravkovich (1988) was the first to compile a map of 

the wake regime for an upstream circular cylinder based on the location of a 

downstream cylinder. Figure 2.14 depicts three interference regimes 

according to the longitudinal and lateral distances between cylinders; a) 

proximity interference, b) wake interference and c) no interference. 

Proximity interference occurs when the cylinders are located in close 

vicinity of each other and the second cylinder is under the effect of wake 

and vortices produced by the first cylinder. In this case, the first cylinder 

might influence the second one depending on the gap between the cylinders. 

The most popular configuration for the proximity interference regime is the 

side-by-side cylinders. In the wake interference regime the second cylinder 

is affected by the wake generated by the first cylinder. Finally, the no-

interference regime is identified when the second cylinder is outside both 

previous regimes.  
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Figure 2.14: A map of wake interference regions with the upstream cylinder fixed 

(Zdravkovich 1988).  

Another approach is to focus on the fluidic parameters such as Strouhal 

number, pressure coefficient, and shear forces on the cylinder to interpret 

the wake regimes. In order to investigate the Strouhal number, Kiya et al. 

(1980) conducted a series of wind tunnel tests for staggered arrangements 

using identical cylinders at Re = 15,800. It was found that the cylinders can 

be considered as a single bluff body when the gap between them is less than 

1.4 D. In addition, it was reported that for a gap less than 1.4 D, the Strouhal 

number for the downstream cylinder is about St = 0.12, which is much 

lower than that for a single cylinder (St ≈ 0.2). The smaller gap between the 

cylinders affects the wake development of the upstream cylinder resulting in 

a narrower wake behind the first cylinder compared with the wake of the 

downstream cylinder. As a consequence, narrower wake is associated with a 

higher Strouhal number while wider wake corresponds to lower Strouhal 

numbers, (Kiya et al. 1980). Under this condition, the resulting vortex splits 

into smaller vortices without any chance to achieve the maximum 

circulation.   

Similarly, the pressure coefficients developed around the cylinders have 

been examined by Igarashi (1984), Hiwada et al. (1982), Ljungkrona et al. 
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(1991) and Ljungkrona (1992). Figure 2.15 shows the mean pressure 

distributions around the downstream cylinder as a function of the gap 

between the cylinders and the Reynolds number (Igarashi 1984). It can be 

observed that at higher separation angles $	> 70°), the effect of the gap on 

the pressure coefficient is much higher. In addition, this effect appears to be 

stronger than that of the Reynolds number. As the shear forces are affected 

by the pressure distribution around the downstream cylinder, the variation of 

the gap between the cylinders would alter the dynamic response of the 

cylinders.      

 

Figure 2.15: Mean pressure distribution around a downstream cylinder as a function of the 

Reynolds number and longitudinal distance between the cylinders (Igarashi 1984). 

For two aligned cylinders, Igarashi (1981) experimentally investigated the 

wake of the upstream cylinder and found it was highly dependent on the 

streamwise separation between the cylinders. It was found that the flow may 

be categorized into six different patterns based on the spacing between the 

cylinders. This tandem configuration has also been studied experimentally 

and numerically by Zdravkovich (1988), Carmo (2005) and Carmo et al. 

(2008), respectively and similar observations were made. 
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The flow patterns of the unstable shear layer as a function of the distance 

between the two cylinders is illustrated in Figure 2.16. In the case where the 

distance between cylinders is less than 1.5D, the vortices have no interaction 

in the wake area (patterns A and B). By increasing the gap distance of the 

cylinders to 1.5 < ��/D < 3 (patterns C and D), it can be observed that two 

recirculation regions appear in the wake of the upstream cylinder. Initially, 

when the distance is smaller, the vortices are symmetric. However, as the 

distance is increased, these recirculation regions alternate to the asymmetric 

reattachment of the shear layers. Therefore, it can be concluded that a mean 

value of the sinusoidal lift force of the upstream cylinder is equal to zero 

(Assi, 2009). For larger gaps between the cylinders, the shear layer from the 

upstream cylinder has ample room to roll up in the wake and emerge as a 

fully developed vortex street in the wake. This was also studied by 

Ljungkrona and Sunden (1993) by using flow visualization techniques. 

 

Figure 2.16: Flow patterns around two stationary circular cylinders as a function of 

streamwise separation (A-F), reproduced from Igarashi (1981). 

Figure 2.17 shows the prominent flow patterns around a pair of cylinders in 

a wind tunnel. In the experiments, the effects of the longitudinal distance 

between the cylinders and Reynolds number were considered, 

simultaneously. It was observed that for two similar cylinders, the critical 

wake spacing with developed vortices is 3.0D for a Reynolds number of 

42,000. This was observed to increase as the Reynolds number was 
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decreased indicating that the complete wake development is prolonged at 

smaller free stream velocities. 

 

 

Figure 2.17: Flow past two circular cylinders for x/D =1.25 at a) Re = 3,300, b) Re = 6,700, 

c) Re = 10,000, d) 12,000, e) for x/D =4.0, Re = 10,000, f) for x/D = 4.0, Re = 12,000 

(Ljungkrona and Sunden 1993). 

The critical measured wake spacing by Igarashi (1981) is between 1.5D and 

3.53D, while a critical range of 1.5D to 4D was recorded by Kuo et al. 

(2008). Ljungkrona et al. (1991) showed that for two similar cylinders the 

critical wake spacing is 4.5D for a Reynolds number of 1,400 which 

decreases to 3.0D for a Reynolds number of 42,000. 
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Further investigations related to the relative sizes of the two cylinders were 

performed by Alam and Zhou (2007). In their study, the diameter of the 

upstream cylinder (d) was gradually increased from 6 mm to 25 mm, while 

the diameter of the downstream cylinder (D) was kept constant at 25 mm. It 

was concluded that a decrease in diameter ratio (d/D) causes a reduction in 

the width between the two free shear layers in the wake spacing of the 

cylinders. 

All previous studies indicate that fully developed vortex formation behind 

the upstream cylinder requires a minimum spacing of 1.5D between two 

similar cylinders. Due to the spacing between the cylinders, the vortices are 

formed and become fully developed. This means that at larger gaps fully 

developed vortices with larger length scales and higher circulations of the 

vortices are produced. In this case larger shear forces might be generated, 

which directly affect the dynamic response of the elastically mounted 

cylinder.    

2.11. Wake-Induced Vibration (WIV) 

Despite the intensive research into the VIV phenomenon over the past few 

decades, WIV has not received much  attention in the literature, particularly 

as an application for energy extraction. In general, the WIV of a 

downstream cylinder can be thought of as the unsteady vortex-structure 

interaction that occurs between the cylinder and the upstream wake (Assi et 

al. 2010). In the WIV mechanism, when the downstream cylinder is 

displaced sideways, a lift force acts to move the cylinder towards the 

centreline (Zdravkovich 1977) and it can occur outside of the resonance 

frequency. Hence, the WIV response of a circular cylinder is distinctively 

different from the VIV response of a single cylinder.  
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A series of experimental investigations of the WIV of an elastically 

mounted circular cylinder were conducted by Assi (2009), in the range of 

1,000 ≤ Re ≤ 30,000. It was demonstrated that in the WIV mechanism at a 

high reduced velocity, � > 17, the amplitude of oscillation is much higher 

than that observed for the VIV response of a single cylinder.  

For a pair of cylinders under the WIV mechanism, it is worth noting that the 

total measured lift force acting on the surface of the cylinder can be divided 

into two separate components (Govardhan and Williamson 2000). The total 

lift force on the cylinder includes a potential-force component (.opqr6qs@t) 
due to the ideal flow inertia and a vortex-force (.Kp3qr1), which is only 

produced by the dynamics of the vorticity field around the downstream 

cylinder. Therefore:   

 .uqpq@t =	.uopqr6qs@t +	.uKp3qr1  (2.5) 

Here, the potential-force is a function of the cylinder acceleration and its 

magnitude is proportional to the product of the displaced fluid mass and the 

acceleration of the cylinder. On the other hand, the vortex-force is 

dependent on the dynamics of the generated vortices and can be expressed 

in terms of another phase angle such as ($K) in relation to the displacement 

of the cylinders (Assi 2009). Assuming $ is the phase angle between 

displacement and total lift force; the total lift can be formulated in terms of 

the lift coefficient as follows: 

 Dqpq@t	sin (2>�7 + $) =  

																										Dopqr6qs@t sin (2>�7 +180°)  
                          +	DKp3qr1 sin (2>�7 + $K).     

        

(2.6) 
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Consequently, the maximum lift coefficient acting on the cylinder is 

accessible when both potential lift coefficient and vortex lift coefficient 

become maximum and the phase angle between total lift force and 

displacement ($) remains close to zero. This concept has been also verified 

through a series of water channel tests where the force, displacement and 

frequency of oscillation were measured by Assi (2009). It was reported that 

that a maximum lift coefficient of 2.5 can be obtained at reduced velocity of 

	�3 = 5 (Assi 2009).   

To harness the hydropower of the fluid, Equation (2.6) is important to 

analyse and evaluate the lift force and later in the experimental tests, this 

concept will be applied in the experimental tests.    

As mentioned earlier, Bearman (1984) was the first to postulate that the 

response of an elastically mounted circular cylinder can be modelled as a 

Mass-Spring-Damper system (MSD). Following the proposed model by 

Bearman (1984), Hover et al. (1997), a pioneer of the computer model of 

Virtual Mass-Spring-Damper (VMSD), designed and employed a force-

feedback controller in real time. The VMSD system allowed the operator to 

electronically set the desired impedance of the MSD. The advantage of 

VMSD is that it allows a wider range of tests to be conducted rapidly 

compared to the real physical MSD which requires changes in the physical 

elements of the system in order to change the impedance. The ease of 

application of the VMSD allowed Hover et al. (1997) to conduct a wide 

range of air channel tests to analyse the effects of damping ratio and the 

Reynolds number on the VIV response of a cylinder. They observed that the 

maximum amplitude of oscillation can be obtained when the damping ratio 

is zero as would be expected. Although, it was shown that the VMSD is able 

to record reliable results, such as lift coefficients and the amplitude of 

oscillation, the system was observed to produce an additional phase lag of 
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12 degrees. The phase lag between lift and displacement was due to the 

Chebyshev third-order digital filter used for noise filtering (Hover et al. 

1997), which can cause a reduction in energy conversion. 

The use of VMSD models opened the way for optimisation and further 

development of energy extraction from VIV. In particular, it was used to 

explore many unresolved issues including the force-displacement phase lag, 

the power coefficient of energy harnessing, etc. For example, Lee et al. 

2011 developed a VMSD of a VIV converter including a circular cylinder, a 

timing belt-pulley, a motor, and a controller. The VMSD allowed them to 

perform a wide range of experiments in which the spring stiffness was kept 

constant and the viscous damping was varied. In this model, there was no 

artificial phase lag between the force and displacement which could bias the 

energy conversion. In addition, to eliminate the vibration of the timing belt, 

an idler was utilized to remove the non-linearity of the oscillations. 

Furthermore, in order to protect the motor, a coupling was employed 

between the pulley and the motor shaft. Although significant improvements 

were made in this model, the mass of the cylinder was imposed on the motor 

and generated significant frictional force due to the static weight of the 

cylinder. This caused a nonlinear behaviour for the response of the cylinder 

at low velocities.  

In the current work presented in this thesis, a new developed VMSD system 

is designed, built and employed to overcome the limitations of the previous 

devices. In this virtual mechanism, the cylinder is installed vertically in the 

water channel. This assists in avoiding the static loads on the motor arising 

from the cylinder, thus reducing friction and improving the response of the 

cylinders. 
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2.12. Summary 

A literature review on VIV and WIV highlights that the dynamic response 

or displacement amplitude of a bluff body such as circular cylinder under 

the effect of generated vortices is dependent on several parameters such as 

geometry and spacing between the cylinders. It is well-understood that the 

behaviour of a circular or non-circular cylinder can vary in a cross flow and 

influence the power coefficient of a converter. The complexity of the 

phenomenon increases when two bluff bodies are arranged in a tandem, 

side-by-side or in a staggered arrangement. This complexity increases as the 

number of degrees of freedom of the bluff body increases. Despite the large 

number of investigations on VIV, only few have focused on the extraction 

of energy from vortices, particularly using WIV and FIV phenomena. This 

is mainly because of the fact that harnessing hydropower energy from 

vortices is a relatively new technique, proposed recently by Bernitsas and 

Raghavan (2004), Bernitsas et al. (2008), Raghavan and Bernitsas (2008), 

Bernitsas et al. (2009) and Chang et al. (2011). Consequently, further 

investigations are necessary to better understand the characteristics of the 

flow patterns involved and the dynamic response of the bluff bodies. 

Therefore, the main purposes of this study, in light of the literature review 

can be defined as follows: 

• To understand the effects of the space between, and the arrangement, 

of circular cylinders on the power content of WIV. 

• To investigate the effects of a rigid wall on the behaviour of the 

downstream elastically mounted cylinder and consequently the 

amount of power captured by the cylinder. 

• To study the effects of a non-circular cylinder such as an airfoil with 

two degrees of freedom on harnessing energy of oncoming vortices. 
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To achieve these objectives, Chapter 3 of the dissertation highlights the 

availability and amount of the kinetic energy in the wake of a circular 

cylinder at a transient flow regime using numerical analysis. Two turbulence 

models have been examined and the numerical models have been validated 

against previously published data. The mode of vortices, displacement 

amplitude of the cylinder and vortex shedding frequency of the flow are 

evaluated due to the importance of the parameters. Following this chapter, 

the effects of structure such as arrangement of the cylinders are investigated 

numerically and experimentally in Chapter 4. The experimental tests 

conducted in a water channel confirm the numerical simulations and the 

outcomes shows similar optimum arrangement for harnessing kinetic energy 

of the wake. It was found that the staggered arrangement of the cylinders 

has more potential to capture the energy of the wake of the upstream 

stationary cylinder as compared to other test cases such as side-by-side 

arrangements. As the dynamic response of the cylinder is directly 

proportional to the amount of energy, the displacement amplitude of an 

elastically mounted cylinder has been investigated when the upstream 

stationary cylinder was mounted in vicinity of a rigid wall. Therefore, in 

Chapter 5, the effect of the rigid wall on the dynamic response of the 

downstream cylinder has been studied numerically. Several parameters such 

as lift coefficient, phase angle between force and displacement and vortex 

shedding frequency are studied in this chapter. Of all studied test cases, 

optimum arrangement of the cylinders is introduced. The effect of generated 

vortices on a symmetric airfoil NACA 0012 as a non-circular body has been 

numerically and experimentally in the next chapter, Chapter 6. Different 

arrangements were considered for a coupled cylinder-airfoil in this chapter.  

The wake of the upstream stationary cylinder was divided into three 

distances based on the length scale of vortices. The fluidic parameters of the 

flow such as Strouhal number, circulation of vortices and transverse spacing 

of vortices have been calculated.  In this chapter, the numerical results agree 
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with the experiments and the power coefficient of the converter has been 

evaluated. Finally, in the last section of the thesis, Chapter 7, the outlines 

of the thesis and recommendations for work in the future have been 

presented. 
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Chapter 3 

Harnessing hydropower energy using a 

circular cylinder  

3.1. Chapter overview 

In this chapter, the VIV response of a single circular cylinder at transient 

flow regime is studied. Based on the dynamic response of the cylinder the 

power density of the VIV converter is evaluated numerically using a hybrid 

turbulence model for a single cylinder.  

It is demonstrated that among the many different turbulence models 

available, Scale Adaptive Simulation (SAS) as a relatively new hybrid 

model can be utilized to predict the dynamic response of an elastically 

mounted circular cylinder. The flow pattern and vortex structure in the wake 

of the cylinder is analysed. Consequently, based on the effective fluidic 

parameters on the power coefficient, for the rest of study, the SAS model is 

used to predict the VIV response of the cylinder in the numerical analysis 

sections. The details of turbulence model including its validation and 

implementation have been presented and discussed here.    

This chapter has been submitted for publication as 
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“A study of a vortex-induce vibration mechanism for harnessing 

hydrokinetic energy of eddies using an elastically circular cylinder”, by 

Javad Farrokhi Derakhshandeh, Maziar Arjomandi, Bassam Dally and 

Benjamin Cazzolato to the Journal of Applied Mathematical Modelling, 

Elsevier. 
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3.2. Manuscript 

A study of a vortex-induce vibration mechanism for harnessing 

hydrokinetic energy of eddies using an elastically circular cylinder 

Javad Farrokhi Derakhshandeh, Maziar Arjomandi, Bassam Dally and 

Benjamin Cazzolato 

School of Mechanical Engineering 

University of Adelaide, Adelaide, South Australia 5005, Australia 

Abstract 

This paper aims to study the phenomenon of Vortex-Induced Vibration 

(VIV) as a potential source of renewable energy. The feasibility of capturing 

hydrokinetic energy from the vibration of a bluff body such as a cylinder 

due to cyclic shear forces is explored. The dynamic response of a circular 

cylinder with one degree of freedom is analysed in a transient flow regime. 

The theoretical power coefficient of the VIV power is evaluated by 

employing and assessing two turbulence models. The outcomes of the Scale 

Adaptive Simulation (SAS) model are compared with results from a Shear 

Stress Transport (SST) model. To facilitate validation, the fluidic and 

structural parameters used in the models, including the Reynolds number 

and the mass and damping ratios, were chosen to be similar to published 

experimental data. The Reynolds number was varied from 2,000 to 25,000. 

The vortex structure, the force acting on and the displacement of the 

cylinder is presented and analysed. It is shown that the power coefficient of 

the VIV power is a function of four dimensionless parameters comprising 

the lift coefficient, the Strouhal number, the maximum displacement of the 

cylinder and phase angle between force and displacement of the cylinder, 

which vary with the reduced velocity. Furthermore, while the previous 
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numerical investigations were unable to fully capture all flow regimes using 

the k–ω model (Guilminineau and Queutey 2003). It is observed that the 

SST model is able to cover all three branches of the flow-induced oscillation 

of the cylinder. Based on the numerical results of the SST model, the 

maximum obtained theoretical power coefficient of the VIV power is 

evaluated to be approximately 10% for a single cylinder.   

Keywords: Vortex Induced Vibration, hydropower energy, vortex shedding 

frequency, circular cylinder. 

1. Introduction 

Flow around an elastically mounted circular cylinder can be found in many 

engineering applications spanning civil, mechanical, aerospace and marine 

systems, which can cause a vibration. The phenomenon is known as Vortex-

Induced Vibration (VIV) and it is generally associated with the lock-in 

phenomenon when the motion of the compliant structure couples with the 

shedding frequency of the fluid leading to resonance. Therefore, it is 

generally known that VIV can be a disastrous phenomenon to structures due 

to the undesirable synchronisation. Nevertheless, the feasibility of the VIV 

to produce hydropower energy as a clean and renewable energy is at the 

centre of this study. 

The practical significance of VIV has led to a large number of investigations 

and different aspects of fluidic and structural parameters have been 

experimentally and numerically studied (Bearman 1984, Parkinson 1989, 

Govardhan and Williamson 2000, Williamson and Govardhan 2004, Carmo 

2005). Bearman (1984) studied the oscillation of a cylinder in a cross-flow 

due to vortices, and found that the maximum amplitude of oscillation is 

achievable over a range of the reduced velocity, �3 = �/(�6 D), where U is 
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the free stream velocity, �6 is the natural frequency of the elastically 

suspended cylinder and D is the diameter of the cylinder.  

Govardhan and Williamson (2000) showed that three types of resonance are 

generated when the mass damping ratio is kept low, namely; initial, upper 

and lower. However, at high mass damping, Feng (1968) showed that only 

the initial or the lower types of amplitude occur. The response of a circular 

cylinder at low Reynolds numbers, Re = 90 to 150, has been investigated by 

Anagnostopoulos and Bearman (1992). It was shown that the maximum 

amplitude of oscillation occurs close to the lower branch of the lock-in, 

where the motion of the structure dominates based on the frequency of 

vortex shedding.  

A series of water channel experiments on an array of circular cylinders 

conducted by Bernitsas et al. (2008) determined an empirical expression for 

the efficiency of VIV power. They showed that the phase lag of the lift force 

on the cylinder with respect to the displacement of the cylinder would cause 

a reduction in work production since work is the product of the force and 

displacement. In addition, it was shown that the VIV phenomenon can be 

employed as a source of energy production with acceptable theoretical and 

experimental efficiencies, which were found to be 37% and 22%, 

respectively (Bernitsas et al. 2008). 

Despite the numerous experimental studies on VIV of a circular cylinder, 

the application of VIV to generate environmentally clean energy has drawn 

less attention in the literature. In most experimental works investigating the 

VIV phenomenon, the measurements necessary for a deep understanding of 

the flow mechanics are difficult and time consuming. Therefore, numerical 

simulations can be employed to give an initial solution to cover all branches 

of the oscillation of the structures with lower cost. On the other hand, within 



 

Chapter 3: Harnessing hydropower energy using a single cylinder 

 

 

 
71 
 

 

a transient flow, no simulations have been yet conducted utilizing a hybrid 

formulation of Reynolds Average Navier Stokes (RANS) and Large Eddy 

Simulation (LES), known as Scale Adaptive Simulation (SAS) model. In the 

SAS turbulence model, the turbulence length-scale is resolved by 

considering the definition of Von Karman length scale. This assists in more 

accurately to capturing the vortex structure. 

The current study aims to harness hydrokinetic energy of the fluid and to 

analyse the relative features of the flow, such as vortex structures, utilizing a 

circular cylinder immersed in a transient flow regime. Within the transient 

flow regime, the turbulent viscosity reduces with increasing the free stream 

velocity. Therefore, in a transient turbulent flow using the RANS model, 

there is a tendency to estimate a larger length scale. This rough estimation 

does not allow the spectrum of length scale to be resolved correctly (Menter 

and Egorov 2005). Since the length scale is directly related to the circulation 

and consequently shear forces, it can alter the dynamic behaviour of the 

structure. Numerical investigations of the VIV conducted by Guilminineau 

and Queutey (2003) using k-; turbulence model revealed that although the 

displacement amplitude of the cylinder at the initial and lower branches of 

oscillation matched the experimental data of Govardhan and Williamson 

2000, the k-; turbulence model is not capable of predicting the upper 

branch of oscillation. 

In the current paper, the application of VIV phenomenon in harnessing 

hydropower energy is evaluated. The dynamic response of the cylinder with 

one degree of freedom is studied at a transient flow regime. With the aim of 

capturing the energy of the vortices, the fluidic parameters of the VIV such 

as vortex structure need to be addressed. Furthermore, the effects of the 

shear forces, the Reynolds number and vortex shedding frequency as the 

critical parameters on the VIV energy need to be highlighted when both 
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turbulence models are assessed. Consequently, flow around an elastically 

mounted cylinder is modelled and the numerical results are compared with 

previously published experimental data obtained by Govardhan and 

Williamson (2000). Furthermore, the theoretical power coefficient of VIV 

power for a single cylinder is presented based on four dimensionless 

parameters. 

2. Mathematical formulation 

With the aim of harnessing VIV energy from currents and shallow rivers, in 

this section, the equations of incompressible flow are presented followed by 

the structural model. 

2.1. Flow model 

In order to predict the response of the circular cylinder under the effect of 

the flow, Reynolds Average Navier-Stokes equations for 2D flow 

comprising conservation of mass and momentum for incompressible flow 

are employed and can be written as follows: 

 ^dv^�v = 0, (1) 

 ^dv^7 + dw ^dv^�w = −	1& y^z^�v{ + 	% ^�dv^�w� −	d|vd|w^�w 		, (2) 

where, x represents the direction, u is the mean velocity component in x and 

y directions,	d′	is the fluctuating part of the free stream velocity, & is the 

density of the fluid and P denotes the dynamic pressure. The term d′vd′w  

presents the Reynolds stress component, which is defined in terms of a 

turbulent viscosity %~ as 
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 −	d|vd|w^�w =	%~ �^dv^�w +	^dw^�v� −	23 	�"vw	, (3) 

where, k is the turbulent kinetic energy and "vw is the  Kronecker delta 

function. 

The SST model is an Unsteady Reynolds-Averaged Navier-Stokes 

(URANS) model, which was developed by Menter (1994). It accounts for 

the transport of the turbulent shear stress inside the boundary layers. SST 

comprises a combination of the k–ω and k–ε turbulence models to overcome 

the problems associated with the prediction of length scales, not only close 

to the walls for the k–ω model, but also free stream dependency of the k–ε 

model (Menter 1994). It has been shown that the prediction of flow structure 

over a circular cylinder with SST is more accurate compared to both k–ω 

and k–ε models (Liaw 2005). The values of k and ω can be calculated from 

the transport equations for the turbulence kinetic energy (k) and the 

turbulence eddy frequency (ω), respectively, which are written as follows 

 ^(&�)^7 + ^�&dw��^�w= z~ − �∗(&;�)	
+	 ^̂�w �(* + �\*~) ^�^�w� 

(4) 

 ^(&;)^7 + ^�&dw;�^�w
= �%~ z~ − �&;� + ^̂�w �(* + ��*~) ^;^�w� 
+2(1 − .�) &�;�

; ^�^�w ^;^�w . 

 

 

 

(5) 

In the above equations, * and *~ are the laminar and turbulent viscosity, 

respectively, � and �∗	are constant coefficients, %~ is the eddy viscosity, � 
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represents turbulence intermittency factor. Here, z	is the turbulence 

production rate and is a function of turbulence viscosity. The turbulence 

viscosity can be calculated via 

 *~ =	 ��\?@1	(��,			���) ,     (6) 

where, � is a constant, � is the magnitude of the shear strain rate, .� and .� 

are blending functions. These functions switch smoothly between two 

turbulence models based on values of the local solution and the distance 

from the wall.  

Despite the advantages of the SST model compared with k–ω and k–ε, it 

behaves similarly to the k–ε model away from the wall (Fletcher and 

Langrish 2009). When the SST model is utilised in transient simulations, it 

generates large length-scales and consequently turbulence viscosities are too 

high. Hence, this does not allow a spectrum of length scales to be 

determined appropriately (Menter and Egorov 2005). In the SAS turbulence 

model, the incapability of resolving the turbulence length-scale is overcome 

by considering the definition of Von Karman length scale, which is given by 

 Z[\ = � ] ^�/^�^��/^��]. (7) 

Here, k represents the turbulent kinetic energy. Using the von Karman 

length scale enables the model to adapt its behaviour to Scale Resolving 

Simulation (SRS) according to the stability parameters of the flow 

(Egorovet al. 2010). This allows the model to provide a balance between the 

contributions of the simulated and resolved parts of the turbulence stresses. 

Hence, the model can effectively and automatically switch from the Large 
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Eddy Simulation (LES) mode to the Reynolds Average Navier Stokes 

(RANS) mode (Menter and Egorov  2010). 

2.2. Structural model 

Figure 1 shows the schematic of the system under investigation, comprising 

an elastically mounted circular cylinder with one degree of freedom in the y-

direction perpendicular to the free stream velocity of a cross flow. The 

response of the cylinder can be approximated by a mass-spring-damper 

model (Bearman 1984). Therefore, the equation of motion based on a linear 

mass-spring-damper can be written as 

 ��)(7) + D�< (7) + ��(7) = ./(7),  (8) 

where, m is the mass of the cylinder, �<  and �)  are the velocity and 

acceleration of the cylinder, respectively, c is the viscous damping constant 

and k is the spring stiffness. Here, 	./	represents the force exerted on the 

cylinder by the fluid perpendicular to the direction of flow.  

In the VIV phenomenon, the natural frequency of oscillation can be 

influenced considerably by the additional mass of fluid that is accelerated 

with the bluff body, and is particularly prevalent in bluff bodies immersed in 

water, as opposed to air. For this reason, the mass ratio is defined as the 

non-dimensional parameter based on the specific mass of the fluid in which 

the cylinder is immersed (Assi 2009). Therefore, the structural parameters, 

including the mass ratio and structural damping ratio, are generally 

expressed by		�∗ = 4� &>,�Z⁄  and	' = D 2√��⁄ , respectively (Khalak 

and Williamson 1996). Here, L is the length of the cylinder. 
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Figure 1: Schematic of an elastically mounted cylinder with 1DOF in a cross flow. 

The dynamic response of the cylinder needs to be interpreted 

instantaneously during the modelling using ANSYS Fluent package. 

Therefore, in a User Defined Function (UDF) the dynamic response of the 

cylinder was defined. The UDF file is a C++ code comprising the equation 

of motion of the cylinder, which was loaded in ANSYS Fluent. 

Consequently, the oscillation of the cylinder was estimated in Fluent along 

the unconstrained direction (y-axis) at every time step. This is obtained by 

defining instantaneous changes in the velocity of the elastically mounted 

cylinder, which can be obtained by manipulating Equation (8) to give the 

expression for the velocity of the cylinder 

 ��< = . − D�< − ��� �7.      (9) 

Equation (9) was utilized along with dynamic mesh model in ANSYS 

Fluent. The dynamic mesh model operates an Arbitrary Lagrangian 

Eulerian (ALE) algorithm and a local remeshing approach for the adaption 

of the mesh in Fluid Structure Interaction problems. Of the three types of 

meshing methods available in ANSYS (smoothing, layering and 

remeshing), the diffusion smoothing mesh method was selected to model the 

dynamic response of the cylinder and the mesh was updated at each time 
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step. This allows the nodes to follow the motion of the cylinder as rigidly as 

possible without any interference between mesh and cylinder. Therefore, a 

consistent y-plus (non-dimensional wall distance for a wall-bounded flow), 

is achievable regardless of the motion of the cylinder.  

2.3. Domain and mesh structure 

The 2D, time-dependent, incompressible Navier-Stokes equations were 

solved using a symmetry preserving Finite-Volume scheme of second order 

spatial and temporal accuracy. The cylinder was mounted on an elastic 

support and was allowed to move in the y-direction only. Figure 2 shows a 

schematic of the boundary domain and the position of the cylinder. The 

cylinder was mounted in a large boundary domain to eliminate the effects of 

the blockage and outlet pressure. The streamwise spacing of 25D was 

chosen behind the cylinder to eliminate the effect of outlet pressure. 

Furthermore, 9D spacing was created on each side of the cylinder to remove 

the blockage effects when the cylinder oscillates. Consequently, the 

blockage ratio was approximately 5%, which is smaller than the blockage 

ratio of 8% used by Wanderley et al. (2008), who demonstrated that this 

blockage is adequate. The blockage ratio is calculated based on the 

projected area of the cylinder and cross-section area. The diameter of the 

cylinder was D = 50 mm and the Reynolds number was varied from 2,000 to 

25,000. It was assumed that cylinder’s surface was smooth. 

The structural parameters such as diameter, mass, stiffness and damping 

constant used in the current work have been chosen based on the 

experimental data of Govardhan and Williamson (2000). Therefore, the 

mass ratio and damping ratio of the system were set up at 	�∗ = 2.4 and 

	�∗' = 0.01, respectively.  
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In order to ensure a grid–independent solution, three sets of structured 

meshes were generated and the models were simulated at the maximum 

Reynolds number considered in this study (Re = 25,000). This selection 

ensures that all the lower Reynolds number cases have a high quality mesh. 

The density of the mesh elements around the cylinder is shown in Figure 3 

and the results including the Strouhal number, the drag and lift coefficients 

are summarized in Table 1. The grid convergence results reveal that the 

refined and highly refined meshes provide similar outcomes in terms of the 

Strouhal number and time averaged drag and lift coefficients (refer to Table 

1). Therefore, the refined mesh (Test case 2) is considered to give sufficient 

grid resolution for the remaining numerical models. 

 

Figure 2: Schematic of computational domain for the elastically mounted circular cylinder 

comprising boundary conditions. 

 

 

 

 

 

Test case 1 Test case 2 Test case 3 

a) b) c) 
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Figure 3: Computational mesh, and the density of mesh in proximity of the circular 

cylinder. The detail of each test case is explained in Table 1. 

Table 1: Mesh refinement sensitivity, including the Strouhal number and time-averaged 

drag and lift coefficients. 

Test case Mesh quality Mesh elements Strouhal number ��̅ �E̅ 

1 Coarse 38520 0.210 1.15 0.17 

2 Refined 51668 0.200 1.05 0.15 

3 Highly refined 60628 0.200 1.05 0.15 

3. Results and discussion 

Numerical simulations were initially validated using previous experimental 

studies conducted on flow around a single cylinder. With this approach, the 

flow around a stationary and elastically mounted cylinder was modelled.  

3.1.Validation of models 

In order to ensure the validity of the numerical simulation and the mesh in 

the current study, the flow around the stationary cylinder was modelled 

utilizing both SAS and SST models. Transient flow around the cylinder was 

modelled at Re = 3,900, which is similar to Lourenco and Shih (1993), Ong 

and Wallace (1996) and Lia (2005). This facilitates the comparison of the 

numerical results with experimental and numerical data reported in the 

literature. In order to achieve solution convergence on the effect of the 

residual level on the numerical results, a maximum residual target of 10-5 

was applied. Furthermore, the lift and drag coefficients of the cylinder were 

monitored during the solution process and the stability of these coefficients 

was taken into account to accompany the convergence criterion. The time 

step was set to ∆t = 0.025 s, which is small enough to satisfy the Courant–
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Friedrichs–Lewy (CFL) condition (CFL < 1), and is essential for 

convergence of the simulations. 

Figure 4 shows the profiles of the dimensionless mean streamwise velocity 

in the wake region of the cylinder at x/D = 1, 3 and 5. Here, dc represents the 

average of the x-component of the velocity, which was calculated over the 

total running time. At the x/D = 1 region, which is very close to the cylinder, 

the velocity profile drops to below zero, representing a recirculation region. 

Further away in the wake of the cylinder, at x/D = 3 and x/D = 5, the 

velocity profiles show positive values. For all selected regions in the wake 

of the cylinder, the behaviour of the velocity profiles shows an identical 

trend. In addition, it is observed that for both turbulence models, the size of 

the recirculation region in the wake of the cylinder is very similar to the 

experimental and numerical data of Lourenco and Shih (1993), Ong and 

Wallace (1996) and Kiaw (2005). For instance, at x/D = 1, the recirculation 

region shows negative values for both turbulence models and further in the 

wake, at x/D = 3 and x/D = 5, positive values are estimated. 
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Figure 4: Non-dimensional mean streamwise velocity at different regions in the wake of the 

stationary cylinder at Re =3,900, a) x/D= 1, b) x/D = 3 and c) x/D = 5. 

 

In order to evaluate the power coefficient of the VIV, the dynamic response 

of the cylinder is also considered. Figure 5 summarizes the results of the 

dynamic behaviour of the elastically mounted cylinder in terms of the 

dimensionless amplitude, Y*, and the force-displacement phase angle,	$, as 

a function of the reduced velocity. The amplitude of the oscillation is 

compared with the experimental data of Govardhan and Williamson (2000) 

and numerical results of the k-;	model reported by Guilminineau and 

Queutey (2003). The amplitude of oscillation using k-; shows that although 

this model captures the salient dynamics of the initial and lower branches of 
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the displacement, at the upper branch the results do not match the 

experimental data or the results from SST and SAS models. In spite of the 

limitations of the k-; model, the SST and SAS models reveal that these two 

models are able to reproduce all three branches of oscillation. On the other 

hand, at �3 	≥ 10  (lower branch of oscillation), the results of SST model 

shows a better agreement compared to SAS model. It is also worth noting 

that even at the lower branch of oscillation, the SST model shows better 

agreement compared with the SAS model. In addition, it can be seen that by 

increasing the reduced velocity the phase angle jumps to the upper curve 

with approximately 175° with the transition in the vortex formation mode. 

Therefore, to evaluate the theoretical power coefficient of the cylinder, the 

SST model is chosen for the rest of study. 
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Figure 5: Dynamic response of the cylinder, a) comparison of the displacement amplitude 

of the circular cylinder for both SST and SAS models as a function of the reduced velocity, 

b) phase angle between force and displacement as a function of reduced velocity. 

3.2.Vortex dynamics 

The cylinder in this system is constrained to oscillate in y-direction only and 

the transverse oscillation depends upon the strength of the vortex shed. The 

dynamic response of the cylinder alters as the reduced velocity increases 

due to a growth of the free stream velocity. Therefore, to calculate the 

power coefficient of the cylinder, both the vortex structure and the key 

parameters of the VIV energy need to be considered, where the fluid and 

structure interaction problems are solved. As mentioned earlier, the response 
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of the cylinder can be categorised into three groups named as initial, upper 

and lower (Govardhan and Williamson 2000) as a function of reduced 

velocity. Therefore, to study the dynamic response of the cylinder in each 

category, a typical reduced velocity (or equivalent Reynolds number) was 

chosen and the results of the numerical studies for SST model is analysed. 

The oscillation of the cylinder depends on the strength of the vortices, and 

vortex structure would highlight the features of vortices in the wake of the 

cylinder. Figure 6 compares the instantaneous vorticity contours at four 

Reynolds numbers for SST model. The Reynolds numbers are chosen based 

on the three branches of oscillation. In addition, the figure shows 

instantaneous vorticity contours at Re = 8,000 (�3 = 4.8), where the cylinder 

jumps to the upper branch. Herein, to aid in the comparison, the minimum 

and maximum vorticity magnitude are defined with the same range between 

0 and 20. The range of vorticity magnitude was set in ANSYS Fluent.  

The vortex shed in the wake of the circular cylinder depends on the reduced 

velocity. The pattern can involve a single vortex (S) and/or pair of vortices 

(P) generating patterns such as 2S, 2P modes or a combination of them. The 

term 2S is defined as two single vortices produced during each oscillation 

cycle, while the 2P mode is characterised by two pairs of vortices per cycle, 

which are the principal modes of vortices in the synchronisation region 

(Williamson and Roshko 1988). It can be seen that at the initial branch, the 

2S mode pattern is formed. By increasing the reduced velocity to �3 = 4.8, 

the mode of vortices changes to 2P mode.  

An explanation for this trend is offered here. At the initial branch, the 

vortices originate from each surface of the cylinder with 2S mode. As the 

reduced velocity increases, the generated vortices which are closer to the 

cylinder form a little earlier, relative to the new half period. This allows the 
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generation of two pairs of vortices by rolling up the developed vortices, 

resulting in stronger vortices in the 2P mode. The significance of the 

transition from 2S to 2P mode (or from lower to the upper branches of 

oscillation) is in the sharp increment of the shear forces acting on the 

cylinder, which was reported by Bishop and Hassan (1964). As a 

consequence, the maximum amplitude of oscillation for the cylinder under 

the effect of the sharp increment of the shear forces is acceptable at the 

upper branch of oscillation. It can be seen that the major vortex pattern of 

2P is captured by both SST and SAS models at the upper branch of 

oscillation and accordingly the cylinder is under the effect of the principal 

vortices. 

 

 

 

 

 

 

 

 

Figure 6: Instantaneous vorticity contours (s-1) at the initial, upper and lower branches of 

oscillation. Reduced velocities are �3 = 1.2, 4.8, 9.6 and 15, or Re = 2,000, 8,000, 16,000 

and 25,000, respectively. 

�3 = 1.2 (Re = 2,000)  

�3 = 9.6 (Re = 16,000)   

a)  b) �3 = 4.8 (Re = 8,000)   

�3 = 15 (Re = 25,000) 

c)  d)  
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The resulting time histories of the lift and drag coefficients are plotted in 

Figure 7. The lift and drag coefficients are presented at selected reduced 

velocities; 	�3 = 1.2, 3.6, 4.8, 6.0, 9.6 and 15.0 (or equivalent Reynolds 

numbers Re = 2,000, 6,000, 8,000, 10,000, 16,000 and 25,000, 

respectively). It is observed that at a low reduced velocity (Re = 2,000) or 

initial category of the VIV response, the SST model estimates the regular 

fluctuations for drag and lift coefficients (Figure 7-a). By increasing the 

reduced velocity to �3 = 3.6, the shear force fluctuations increase. Although 

this trend arises for both lift and drag forces, the results reveal that the 

fluctuation of the drag is weaker compared with the fluctuation of the lift 

coefficient. The shear forces significantly increase as the Reynolds number 

increases to Re = 8,000 or (�3 = 4.8). The larger lift force here is generated 

by the vortex shedding process, in which the frequency of vortices is very 

close to the natural frequency of the cylinder. The induced drag force is 

generated and As a consequence, the maximum amplitude of the drag 

coefficient increases (Figures 7-e). It can be seen that by increasing the 

Reynolds number from 2,000 to 8,000 in the initial branch of oscillation, the 

magnitude of the drag coefficient increases. At this range of Reynolds 

numbers, the lift coefficient of the cylinder gradually increases. It is also 

observed that the frequency of the shear forces gradually increases when the 

Reynolds number rises. The maximum lift and drag coefficient can be 

observed when the cylinder starts to jump to the upper branch of oscillation 

at Re = 8,000. 
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Figure 7: Time history of the lift and drag coefficients of the elastically mounted cylinder 

as a function of the Reynolds number (reduced velocity). a) Re = 2,000, b) Re = 6,000, c) 

Re =8,000, d) Re = 10,000, e) Re = 16,000, f) Re = 25,000.  

0 5 10 15 20 25

-3

-2

-1

0

1

2

3

4

 

 

 c
D

 c
L

0 5 10 15 20 25

-3

-2

-1

0

1

2

3

4

 

 

 c
D

 c
L

0 5 10 15 20 25

-3

-2

-1

0

1

2

3

4

 

 

 c
D

 c
L

0 5 10 15 20 25

-3

-2

-1

0

1

2

3

4

Time (s)

 

 

 c
D

 c
L

0 5 10 15 20 25

-3

-2

-1

0

1

2

3

4

 

 

 c
D

 c
L

0 5 10 15 20 25

-3

-2

-1

0

1

2

3

4

Time (s)

 

 

 c
D

 c
L

d) a) 

b) 

c) 

e) 

f) 



 

Chapter 3: Harnessing hydropower energy using a single cylinder 

 

 

 
88 
 

 

Further increase in the Reynolds number results in a reduction in the drag 

coefficient. This is due to the reduction of turbulent viscosity at higher 

Reynolds numbers. In a turbulent flow, the effective viscosity is the sum of 

the laminar and turbulent viscosity. For higher Reynolds numbers, the drag 

coefficients of the cylinder exhibits a similar trend with the same average 

amplitude, in particular at the maximum Reynolds number, Re = 25,000. 

The time history of the displacement of the cylinder is also analysed and the 

results are plotted in the left hand column of Figure 8 as a function of the 

Reynolds number. The instantaneous displacement of the cylinder was 

calculated in ANSYS Fluent at each Reynolds number. In addition, spectral 

analysis using the Fast Fourier Transform of the displacement of the 

cylinder was carried out to gain more insight. The right column in Figure 8 

represents the amplitude spectrum of the vertical displacement of the 

cylinder, plotted as a function of the dimensionless frequency (defined as 

the frequency of oscillation normalised by the natural frequency of the 

cylinder). The amplitude spectrum was obtained using a FFT, with the data 

sampled at 40 Hz based on the selected time step (∆t = 0.025 s) over a total 

length. 

In Figure 8-a, the first time series of the displacement (Re = 2,000) shows 

the minimum amplitude of oscillation since it is in the initial branch of the 

VIV response. Furthermore, the magnitude of the FFT plot at this Reynolds 

number (Figure 8-b) exhibits two peaks, in which the lower frequency with 

higher magnitude belongs to the vortex shedding frequency and the higher 

frequency with lower magnitude reflects the natural frequency of the 

cylinder. By increasing the Reynolds number, these two peaks appear to 

merge into one peak and lock-in occurs with maximum amplitude of 

oscillation. The maximum amplitude of Y
* = y/D = 0.95 occurs when the 

Reynolds number is Re = 8,000 (Figure 8-e). This amplitude is in good 
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quantitative agreement with published data of Govardhan and Williamson 

(2000). Further increase in Reynolds number leads to a regular reduction of 

the amplitude of oscillation. This can be also observed from the magnitude 

of FFT of the cylinder displacement (comparing the magnitude of the 

oscillation frequencies in Figures 8-h and 8-j). 
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Figure 8: Comparison of the time history of the cylinder displacement as a function of the 

Reynolds number (left column) for SST model and the frequency response of the cylinder 

(right column), a) and b) Re = 2,000, a) and c) Re = 6,000, e) and f) Re = 8,000, g) and h) 

Re = 12,000, and i) and j) Re = 25,000. 
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3.3. Power coefficient of VIV for a single cylinder 

By assuming linear behaviour and sinusoidal response of the cylinder, the 

time dependent displacement, velocity and lift coefficient of the cylinder 

can be obtained from the following equations respectively, 

 �(7) = �	sin(2>�+7), (10) 

 �< (7) = 	 (2>�+)� cos(2>�+7), (11) 

 DE(7) = �E. sin(2>�+	7 + $), (12) 

where, � is the maximum amplitude of the displacement, �+ represents the 

frequency at which vortices are shed, �<  and DE are the time dependent 

velocity and lift coefficient of the cylinder, �E is the lift coefficient 

amplitude, and $ is the phase angle of the displacement with respect to the 

exciting lift force. 

The work done by the fluid force during one cycle of oscillation,	��/t, can be 

calculated as (Bernitsas et al. 2008)  

 ���� = � �E. �< . �7����� . (13) 

The mean power delivered by the cylinder is given by  

 z��� = ������/t . (14) 

It can be seen that by integrating the right hand term of Equation (13) and 

averaging over the cycle period, the power due to VIV for a circular 

cylinder can be obtained  
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 z��� = ��π	&���E�p+��?@1,Z sin($). (15) 

The detailed derivation of Equation (15) has been reported in Bernitsas and 

Raghavan (2004). Hence, the power coefficient of VIV can be written as 

 #��� = z���z�t�s , (16) 

where, z�t�s  is the power of the fluid, which is the product of the acting 

force on the cylinder (	�� 	&��,Z) and the velocity in the same direction of 

force (U); thus, the available power in the fluid can be formulated as  

 z�t�s  = �� 	&�¡,Z. (17) 

The power coefficient of VIV can be summarized as  

 #��� = 12π	&���E�p+��?@1,Zsin	($)12 	&�¡,Z 	 (18) 

 #��� = 	π�ESt	(�?@1/,) sin	($) (19) 

Equation (19) shows that the theoretical power coefficient of VIV of the 

single cylinder depends on four non-dimensional parameters; the lift 

coefficient, the Strouhal number, St, the maximum dimensionless amplitude 

of oscillation, and the phase angle between acting force on the cylinder and 

the displacement of the cylinder.  

 

In VIV of a single cylinder, the fluidic parameters such as Reynolds number 

or reduced velocity are significant to analyse the dynamic response of the 
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cylinder. Furthermore, the structural parameters such as the mass and 

damping ratios are vital. To evaluate the amount of energy, which can be 

captured by the cylinder, as a function of the Reynolds number, the 

variation of the reduced velocity can be considered. In addition, another 

relative parameter to VIV problems such as vortex shedding frequency or 

Strouhal number is important. Nevertheless, the vortex shedding frequency 

is implicit, while the Reynolds number varies and cannot be explicitly 

specified. Furthermore, the Reynolds number is related once the diameter of 

the cylinder and fluid properties are fixed. Thus, the vortex shedding 

frequency cannot be recognized a priori for the VIV of a single cylinder. On 

the other hand, the structural parameters of the cylinder as an elastic 

structure such as mass and damping ratios were kept constant and 

consequently, only the free stream velocity was changed which deliver a 

series of the numerical models. As a consequence, all dimensionless 

parameters available in Equation (19) can be explained as a function of the 

free stream velocity. 

In order to evaluate the power coefficient of the VIV, the key parameters of 

the VIV explained in Equation (19) need to be addressed. These parameters 

characterise the power coefficient of VIV and comprising the lift 

coefficients, the vortex shedding frequency and maximum displacement of 

the cylinder. The calculated dimensionless parameters of the power 

coefficient including the average magnitude of the lift coefficient, the 

Strouhal number, and the maximum amplitude of oscillation have been 

summarized in Table 2. Accordingly, the theoretical efficiency of the VIV 

power can be evaluated using Equation (19). For the cases investigated, the 

table shows that the maximum amplitude displacement was obtained when 

Re = 8,000 and the maximum efficiency of the VIV power calculated within 

the upper branch of oscillation is found to be approximately 10%.  
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Table 2: Dimensionless parameters of the VIV response of a single elastically mounted 

cylinder as a function of the Reynolds number including the reduced velocity, the lift 

coefficient, the Strouhal number, the maximum amplitude and efficiency of the VIV power.  

Re �3 �E St �?@1/D #���% 

2,000 1.2 1.50 0.210 0.02 0.1 

4,000 2.4 1.65 0.210 0.11 1.2 

6,000 3.6 1.92 0.200 0.40 6.7 

8,000 4.8 2.05 0.190 0.95 10.1 

10,000 6.0 0.69 0.190 0.65 4.1 

12,000 7.3 0.69 0.185 0.42 0.5 

14,000 8.5 0.67 0.185 0.35 0.3 

16,000 9.6 0.65 0.184 0.12 0.2 

20,000 12.1 0.58 0.181 0.12 0.2 

Derakhshandeh et al. (2014) have experimentally shown that employing two 

circular cylinders can significantly increase the power coefficient of the 

device. In their experiments the wake energy of vortices were captured 

using a downstream circular cylinder. It was shown that the power 

coefficient of the Wake-Induced Vibration (WIV) is calculated to be 28% 

when the cylinders were arranged in a staggered arrangement, which is 

approximately three times higher than the power coefficient of the single 

cylinder. In addition, along with the power coefficient, the maximum theoretical 

power and the power density of the WIV was evaluated as important parameters of 

the device. It was shown that the power density of the WIV was evaluated based on 

the volume of the optimum staggered arrangement of the cylinders, with 

longitudinal and lateral distances of ��/D = 4.5 and ��/D = 1.5, respectively.  

It is worth noting that the efficiency of VIV power is comparable with the 

efficiency of the other converters such as turbine systems. It has been shown 

that the maximum theoretical efficiency of a turbine is limited to the Betz 

limit, which is approximately 59.3%. On the other hand, the efficiency of 
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mechanical or electrical processes reduces the overall output with a total 

actual efficiency of the system ranging between 20% and 55% (Vries, 

1983).  

A brief comparison between the power density of the VIV converter and 

hydro turbines, which is utilized as a convectional converter, can provide a 

better perception of the mechanisms. The output power density of VIV can 

be calculated using an average efficiency of generator, which is expected to 

be #¤r6= 75-85% depending on the structure of the generator (Meng et al. 

2012). Therefore, considering the average of efficiency of #¤r6= 80% for 

the generator, the output power of VIV can be calculated as follow: 

 z��� = #��� #¤r6z�t�s =  #��� #¤r6(�� 	&�¡,Z) (21) 

The power density of the VIV power can then be obtained as a function of 

free stream velocity based on the projected area of the cylinder (W/m2). 

Figure 9 compares the power density of the VIV converter of single cylinder 

with the power density of a river turbine and maximum obtainable power 

which is defined as Betz limit. It is observed that the power density of the 

river turbine is three times higher than the power density of the single 

cylinder considering to the VIV efficiency of the single cylinder (10.1%). It 

is worth noting that the efficiency of the VIV power can be optimized and 

increased to 28% when a staggered arrangement of the cylinder is utilized 

(Derakhshandeh et al. 2014). Considering to the optimized efficiency of the 

VIV power, the figure indicates that the power density of the optimized 

efficiency is comparable to the power density of the river turbines.  
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Figure 9: Comparison of power density of VIV converter with river turbine. 

Further comparison between generated power of two types of turbines, 

including high and low speeds turbines, and VIV converter would provide a 

better insight into the capacities of these converters. Turbine selection is 

generally based on the water head. For instance, impulse turbines are mostly 

employed for high water heads, and reaction turbines are utilized for low 

water heads. It has been reported that reaction or river turbines are usually 

designed and built to operate with rated free stream velocity of 1.75-2.25 

m/s or even higher (Khan et al. 2008). However, the impulse turbines can be 

used with 10 to 15 times higher flow speed compared with the reaction 

turbines. Therefore, it is meaningful to compare the produced power density 

of the reaction turbine with the VIV converter, whereas both of them can be 

operated at similar conditions with low speed flow. 
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The power density of the VIV converter is based on the optimised efficiency 

of the VIV with the staggered arrangement (#���	= 28%), which is shown in 

Figure 10. In order to calculate the power density (W/m2), it can be seen that 

½ cylinder is included in the area of 4.5D*1D. These longitudinal and 

lateral distances have been chosen based on the optimum arrangements of 

the cylinder with the maximum efficiency of VIV power which has been 

previously reported by Derakhshandeh et al. (2014). Therefore, the power 

density can be calculated as: 

 

 zop¥r3	 r6+sq/ = (�.¦§¨©ª«�¡.§	�� 	) (22) 

 

 

Figure 10: Configuration of the cylinders to calculate the area density 

Substituting z��� from Equation (21) into Equation (22), the power density 

of VIV can be calculated. The results for both reaction turbine and VIV 

converter are summarized in Table 3. Interestingly, it can be seen that the 

power density of the VIV converter follows the power density of the 

reaction turbine with 20% lower value. 
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Table 3: Comparison between the power density of a river turbine and power density of a 

VIV converter under an identical free stream velocity.   

System Size (m) 
Flow 
speed 
(m/s) 

Power 
(KW) 

Area  
(m2) 

Power density  
(KW/ m2) 

River turbine 
(Extracted from 

EPA 2013) 
,q�3¬s6r= 0.144 3 2.40 >,q�3¬s6r=0.144	> 5.3 

VIV converter ,�/ts6 r3 = 0.04 3 0.06 4.5D*1D = 0.0072 4.2 

4. Conclusions 

The current study evaluates the maximum theoretical power coefficient of 

the VIV of a single circular cylinder, which can harnessed from oscillating 

cylinder at a range of reduced velocity of �r = 1.0 to 15.0. The shear forces, 

displacement amplitude and frequency of oscillation were calculated and 

consequent analysis supports the following conclusions: 

1. It was observed that the theoretical power coefficient of VIV can be 

explained as a function of four dimensionless parameters, which are the 

key parameters of the VIV response. However, all these parameters are 

implicit, while the reduced velocity varies and cannot be explicitly 

specified. Therefore, the power coefficient of VIV for a single cylinder 

can be formulated only as a function of the reduced velocity. 

    

2. Unlike the previous numerical results of Guilminineau and Queutey 

(2003), in which the k-; turbulence model was unsuccessful when 

simulating the upper branch of displacement, in the present study, it was 

shown that SST and the hybrid model of SAS can cover all three 

categories of oscillation properly. However, the numerical results of the 

SST model showed better agreement at the lower branch of oscillation. 
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3. It was shown that the maximum power coefficient of the VIV power can 

be calculated at upper branch with 2P mode and it is calculated to be 

approximately 10% for a single elastically mounted cylinder. 

 

4. It is also shown that there is a great potential to utilize this approach for 

low velocity shallow water channels and rivers with 80% of the power 

density of a river turbine. 
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Chapter 4 

Harnessing hydro power using wake energy 

4.1. Chapter overview 

When employing a tandem body in a cross flow, vortices shed from the 

upstream cylinder will not only pass by the downstream cylinder, but also 

interfere with its own generated vortices. This interference between flow 

patterns becomes more complex compared to a single cylinder which is 

under the effect of a Vortex Induced Vibration (VIV) phenomenon and 

requires more investigation that is affected by the wake coming from the 

first cylinder.  Hence, this chapter is concerned with the flow interference 

between two circular cylinders as a tandem, comprising a numerical study 

and experimental investigations. In the numerical study, a SAS model is 

used to model the dynamic response of the downstream cylinder. For the 

experimental investigations, a virtual mass-spring damper is designed and 

employed in a water channel in the transient flow regime. 

In this chapter two articles have been embedded. The first one has been 

published as 

“The effect of arrangement of two circular cylinders on the maximum 

efficiency of Vortex-Induced Vibration power using a Scale-Adaptive 
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Simulation model”, by Derakhshandeh J. F., Arjomandi, M., Dally, B., 

Cazzolato B., Journal of Fluids and Structures, 49, 654-666, (2014). 

The second one has been submitted to the “Journal of Ocean Engineering” 

as: 

“A harnessing hydro-kinetic energy from wake induced vibration using 

virtual mass spring damper system”, by Derakhshandeh, J. F., Arjomandi, 

M., Dally, B., Cazzolato, B., Journal of Ocean Engineering, No: OE-D-14-

00232, 2014. 
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4.3. Manuscript 

Harnessing hydro-kinetic energy from wake-induced vibration using virtual 

mass spring damper system 

Derakhshandeh J. F., Arjomandi M., Cazzolato B. S. and Dally B. 

School of Mechanical Engineering 

University of Adelaide, Adelaide, Australia 

Abstract 

Wake-Induced Vibration (WIV) has been considered as a potential candidate to 

capture hydrokinetic energy. This paper reports the experimental results of the 

WIV of a circular cylinder, positioned in the wake of an upstream circular cylinder. 

Investigations were carried out to determine the effects of the arrangement of the 

cylinders, with respect to each other, and the Reynolds number on the amount of 

energy. The upstream cylinder was kept stationary during the experiment, while the 

downstream cylinder was mounted on a virtual elastic base. The virtual elastic 

mechanism consists of a motor and a controller, a belt-pulley transmission system. 

In comparison with the more traditional mechanical impedance mechanisms, 

comprising of a real spring and damper system, the virtual mechanism utilized in 

this work, provided greater flexibility and robustness. The Reynolds number based 

on the diameter of the upstream cylinder was varied between 2,000 and 15,000. 

The tests revealed that the power coefficient of WIV power is a function of the 

Reynolds number and the phase shift between the fluidic force and displacement of 

the downstream cylinder.  The results indicated that the amount of WIV energy, 

that can be captured, increases in a staggered arrangement, in comparison with an 

aligned arrangement. 

Keyword: Wake-Induced Vibration, vortex shedding, hydropower energy, PID 

control, and circular cylinders. 

1. Introduction 

Environmental concerns and global warming have motivated scientists to 

investigate new and alternative methods to produce clean energy. Hydrokinetic 
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energy is one such renewable source and can be captured by turbine or non-turbine 

converters (Khan et al. 2009). In contrast to conventional methods (turbine 

systems), such as dams, where a water head is created, there is a growing trend to 

produce hydroelectric energy without extensively altering the natural conditions of 

the water stream. One such relatively new technology is Vortex-Induced Vibration 

(VIV), typically considered as a non-turbine system. VIV arises from the 

interaction of a moving fluid with an elastic structure. The method has the potential 

to harness hydrokinetic energy from the oceans, currents and shallow rivers 

(Bernitsas and Raghavan 2004). For a turbine system the maximum power 

coefficient is defined by Betz’s limit, which is equal to 16/27 for a single and open 

free blade (Jamieson and Hassan 2008). On the other hand, the actual efficiency of 

the system reduces due to the efficiency of electrical and mechanical processes and 

it is limited between 20% and 55% (Vries, 1983). 

The VIV converter is a relatively new concept in hydropower generation and its 

scalability and flexibility make it suitable for a wide variety of applications. It was 

reported that the VIV converter can be scaled between microwatt and megawatt 

sizes based on the dimensions of the cylinders, the number of the cylinders and the 

flow speed (Bernitsas et al. 2008). Table I classifies some non-exhaustive VIV 

converters and highlights the capacity of the produced power extracted from 

Bernitsas et al. (2008). Here, D and L represent the diameter and length of the 

cylinder and U is the flow speed. 

Table I: Scaled classification of the vortex induced vibration converters (extracted from 

Bernitsas et al. 2008). 

Scale 
Power 

(MW) 

Number of 

cylinders 
D (m) L (m) U (knots) 

Large 10 1,314 1 20 11.4 

Medium 1 526 0.5 10 1.1 

Small 0.1 328 0.2 4 0.1 

VIV of an elastically mounted circular cylinder in cross-flow has been well-studied 

in the literature (Sarpkaya 1978, Sarpkaya 1979, Bearman 1984, Williamson and 
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Roshko 1988, Govardhan and Williamson 2000, Govardhan and Williamson 2004). 

Bearman (1984) studied the oscillation of a cylinder, due to vortices, in a cross-

flow and found that the maximum amplitude of oscillation is achievable over a 

range of the reduced velocities � = �/(�� D), where, ��	is the natural frequency of 

the elastically suspended cylinder and D is the diameter of the cylinder. 

Simultaneous measurements of force and displacement of an elastically mounted 

circular cylinder was conducted by Govardhan and Williamson (2000). They 

utilised Digital Particle Image Velocimetry (DPIV) to determine the response of 

the cylinder with both high and low mass damping ratios (�∗'), where the mass 

ratio is defined as	�∗ = 4� &>,�Z⁄ , based on the mass (m) of the cylinder, and 

the diameter (D) and length (L) of the cylinder, respectively. Here, ' is the 

damping ratio of the elastically mounted cylinder. With a low mass damping ratio, 

the authors observed three different types of responses for the amplitude of 

oscillation, known as initial, upper and lower branches; compared to only the 

initial and lower amplitudes observed with high mass damping ratios. As a 

consequence, the maximum displacement amplitude of the cylinder was achieved 

at the upper branch of oscillation using a low mass damping ratio. 

The complexity of the dynamic response of the cylinder increases considerably by 

having two cylinders arranged in tandem. Since the longitudinal distance between 

two cylinders affects the dynamic behaviour of the vortices, even for stationary 

cylinders (Igarashi 1981), tandem arrangements of cylinders comprising a 

stationary and elastically mounted cylinder would alter the response of the 

downstream cylinder. Brika and Laneville (1999) conducted a series of wind tunnel 

experiments for flow around two cylinders, with the longitudinal distance of  7 ≤ 

��/D ≤ 25 and Reynolds numbers ranging from 5,000 to 27,000 (where �� is the 

longitudinal distance between the centre of the cylinders). They reported that 

smaller longitudinal distances cause larger displacement amplitudes of the 

downstream cylinder. Similarly, Assi (2009) conducted water channel tests for 4 

≤	��/D ≤	20, in order to study the effects of ��/D on the WIV of the downstream 

cylinder. It was observed that the displacement amplitude of the cylinder at low 

Reynolds number, Re <	6,000, (or � ≤ 5) is independent of the longitudinal 
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distance between the cylinders. While at higher Reynolds numbers, Re >	6,000, it 

was found that the amplitude of the oscillation is inversely proportional to ��/D 

and that it decreases with increasing longitudinal separation. Although the 

influence of longitudinal distance was thoroughly investigated by Assi (2009), the 

effect of the lateral separation between the cylinders was not discussed for the WIV 

mechanism. 

Bernitsas and Raghavan (2004) and Bernitsas et al. (2008) conducted a series of 

water channel experiments on an array of cylinders and determined an empirical 

expression for the efficiency of VIV power. They showed that the phase lag of the 

lift force on the cylinder, with respect to the displacement of the cylinder, would 

cause a reduction in the overall work production, since work is the product of the 

force and displacement. Inspired by the initial results, Cheng et al. (2011) carried 

out further water channel tests to investigate the effect of the Reynolds number on 

the VIV of a circular cylinder with surface roughness. The significance of this 

study was the identification of the influence of the roughness and high Reynolds 

numbers, 3×104	≤ 	Re	 ≤ 1.2×105 on the flow induced vibration, including 

galloping and VIV of the cylinder. Surface roughness was changed by placing a 

strip (one inch wide) on the surface of the cylinder at a different angle relative to 

the stagnation point of the cylinder. The results indicated that at different strip 

locations on the surface of the cylinder (20-64°), the VIV is suppressed by the 

roughness for � < 10, while it induced galloping for � >	10.  

Bearman (1984) was the first to postulate that the response of an elastically 

mounted circular cylinder can be modelled as a Mass Spring Damper (MSD). 

Following the proposed model by Bearman (1984), Hover et al. (1997), a pioneer 

of the computer model of Virtual Mass Spring Damper (VMSD), designed and 

employed a force-feedback controller in real time. The VMSD system allowed the 

operator to electronically set the desired impedance of the MSD. The advantage of 

the VMSD is that it allows a wide range of tests to be conducted rapidly compared 

to the real physical MSD, which requires changes in the physical elements in order 

to change the impedance. The ease of application of the VMSD allowed Hover et 

al. (1997) to analyse the effect of damping ratio and the Reynolds number on the 
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VIV response of a cylinder from 60 experiments. Although it was shown that the 

VMSD is able to record reliable results, such as lift coefficient and the amplitude 

of oscillation, the system was observed to produce an additional phase lag of 12 

degrees. The phase lag between lift and displacement was due to the Chebyshev 

third-order digital filter (Hover et al. 1997), which can cause a reduction in energy 

conversion. 

The use of VMSD also opened the way for optimisation and further development 

of energy extraction from VIV. In particular, it was used to explore many 

unresolved issues including the force-displacement phase lag, the power coefficient 

of energy harnessing, etc. For example, Lee et al. 2011 developed a VMSD of a 

VIV converter including a circular cylinder, a timing belt-pulley, a motor, and a 

controller. They used VMSD to perform a wide range of experiments, in which the 

spring stiffness was kept constant at 800 N/m and the viscous damping was varied 

from 0 to 0.16 in increments of 0.04. In this model, they reduced the phase lag 

between the force and displacement to zero, which could significantly improve the 

harnessed energy. Although significant improvements were made in this model, the 

mass of the cylinder was imposed on the motor and generated significant frictional 

force due to the static weight of the cylinder (Lee et al. 2011). 

Despite the considerable published studies on the VIV phenomenon, WIV has not 

received much attention in the literature, particularly as an application for the 

extraction of energy. In general, the WIV of the downstream cylinder can be 

thought of as the unsteady vortex-structure interaction that occurs between the 

cylinder and the upstream wake (Assi et al. 2010). Hence, the WIV response of a 

circular cylinder is distinctively different from the VIV response. In the WIV 

mechanism, when the downstream cylinder is displaced sideways, a lift force acts 

to move the cylinder towards the centreline (Zdravkovich 1977) and it can occur 

outside of the resonance frequency (Assi et al. 2010). A series of experimental 

investigations of the WIV of an elastically mounted circular cylinder were 

conducted by Assi in 2009, in the range of 1,000 ≤ Re ≤ 30,000. It was 

demonstrated that in the WIV mechanism, and at high reduced velocity, � > 17, 

the amplitude of oscillation is much higher than the VIV response of a single 
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cylinder. Therefore, it is possible to achieve higher displacement amplitudes, 

outside of the resonance frequency, in the WIV mechanism.   

In this article, the WIV response of a downstream elastic cylinder is investigated, 

to capture the hydrokinetic energy of vortices from an upstream cylinder for a 

range of the Reynolds numbers, and different lateral and longitudinal distances 

between cylinders. The paper also compares the VIV response of a single cylinder 

for the same range of Reynolds numbers and structural parameters with the WIV 

response of the downstream cylinder. To achieve this, a new structural design of 

the VMSD system was designed and employed. In this new approach, a vertically 

mounted cylinder in a cross-flow was utilized, as opposed to previous designs, 

which employed horizontally mounted cylinders. The advantage of this approach is 

that the static weight (minus the buoyancy force) is no longer applied to the motor. 

In addition, the gravitational force is not in the same direction as the lift force 

acting on the cylinder and, therefore, it does not affect the dynamic response of the 

cylinder. Hence, it is not necessary to ignore the gravitational force, as was done in 

the previous study (Lee et al. 2011). In the current system, a Proportional Integral 

Derivative (PID) control system was utilized to control the instantaneous 

displacement of the downstream cylinder. 

2. Methodology 

This section outlines the apparatus and techniques used to conduct the 

experimental tests. 

2.1. Experimental Setup 

A series of tests were conducted in the closed-loop water channel at the University 

of Adelaide Thebarton Research Facility. The water channel test section had a 

2,000 mm length, 500 mm width, and 600 mm depth. Figure 1 shows the schematic 

arrangement of the cylinders and the different test cases, examined in this study, 

are listed in Table II. In the table, the sixteen different combinations of longitudinal 

and lateral distances between cylinders are listed, along with the resulting angle 

from the horizontal plane	!. The selected test cases have been chosen with 
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sufficient longitudinal (��) and lateral (��) distances, based on the literature 

(Igarashi 1984 and Assi 2009), to allow the formation of coherent vortices from the 

upstream cylinder. The upstream cylinder, with a diameter (,�) of 40 mm and a 

length of 600 mm, was fixed on the stationary support; whereas, the downstream 

cylinder, with a diameter (,�) of 30 mm and a length 400 mm, was fixed on an 

elastic base. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Test Case ��/,� ��/,� !(deg.) 

1 2.5 0 0 

2 3 0 0 

3 4 0 0 

4 5 0 0 

5 2.5 1 21.8 

6 3 1 18.4 

7 4 1 14.0 

8 5 1 11.3 

9 2.5 2 38.6 

10 3 2 33.7 

11 4 2 26.5 

12 5 2 21.8 

13 2.5 3 50.2 

14 3 3 45.0 

15 4 3 36.8 

16 5 3 30.9 

Figure 1: Schematic illustration of two circular 

cylinders with different diameters under the action 

of the free stream velocity. 

Table II: List of longitudinal and lateral 

distances of the cylinders as seen in Figure 1. 
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During the experiments the longitudinal (��) and lateral (��) distances 

between the cylinders were varied by altering the position of the upstream 

cylinder. Consequently, the downstream cylinder always remained at a fixed 

location and oscillated around the centreline of the test section. The 

blockage ratio caused by the upstream cylinder was 8% and the highest 

achievable free stream velocity through the test section of the water channel 

was 0.374 m/s, which was set using a frequency controller that drove the 

channel centrifugal pump. Therefore, the Reynolds number can be varied 

between 0 and 15,000. It was shown that at this range of Reynolds number, 

the Strouhal number is approximately constant at St ≈ 0.2 (Blevins 1990), 

which assists to estimate the vortex shedding frequency. 

The water density at the measured temperature of 20°C was 1000 kg/m3. A 

photograph of the corresponding equipment is shown in Figure 2. In 

addition, a 3D model of the system including the water channel, and the 

VMSD associated controller is shown in this figure and it reflects how the 

components of the test rig and vertical cylinders were mounted in the water 

channel. Descriptions of the main parts of the VMSD system are shown in 

Table III. Finally, the dSPACE system was employed for the real time data 

acquisition. dSPACE is an interface software package for the controller 

development process and facilitates the capture of data in a real time.  
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Figure 2: a) The experimental setup with VMSD model for force and displacement 

measurements, b) A 3D model of the water channel setup including the test rig, the 

controller, the dSPACE board and the computer. 

 

Part 

number 
Description 

1 Upstream cylinder 

2 Downstream cylinder 

3 Strain gauges 

4 Frame 

5 Carriage with linear bearings 

6 Timing belt 

7 Pulley 2 

8 

Motor, gearbox and encoder  

(model EC-max 30) 

9 Test section 

10 Maxon ESCON 50/5 servo controller 

11 dSPACE board (DS 1104) 

12 

Computer control  

(dSPACE and Simulink) 

Table III: Descriptions of the experimental parts 

associated with Figure 2-b. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

11 

10 

12 

b) A 3D model of test rig 

a) Water channel and VMSD model 
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2.2. Details of VMSD 

 

The VMSD system comprised of a vertically mounted cylinder, attached to a 

carriage, running on two pairs of linear bearings. The carriage is driven by a 

toothed belt, which is coupled to two toothed pulleys; one free acting as an idler, 

the other coupled to a Maxon brushless  EC-Max 30 (with a 2000 quad-count 

encoder) servo-motor via a gearbox of 51/1 ratio. The servo-motor is controlled by 

a Maxon ESCON 50/5 servo controller in current-operation mode. The force 

applied to the downstream cylinder in the lateral direction (normal to the mean 

flow) is estimated using two strain gauges in a half-bridge arrangement. The bridge 

directly measures the moment at the root of the cantilevered column, and by 

assuming 2D flow conditions the lateral force may be estimated. The control of the 

VMSD was achieved using Matlab/Simulink, then using the Real Time Workshop 

and the model was compiled to target a dSPACE-DS1104 rapid prototyping control 

board. The real-time controller was manipulated in dSPACE Control Desk. The 

Simulink model, used to create the VMSD, is illustrated in Figure 3, where the 

voltage signal from the load cell (Strain gauge) is read by a 16 bit A/D converter. 

The position of the motor is obtained from reading the signals from the incremental 

encoder and the Maxon servo-controller is commanded using an analog voltage 

sent via a 16 bit D/A converter. 

 

 

Figure 3: Simulink block diagram of the VMSD model using PID control system. 
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2.3. PID Controller and parameter tuning 

A Proportional-Integral-Derivative (PID) controller was designed to control the 

instantaneous displacement of the cylinder. The incremental encoder embedded 

inside the motor delivers square wave signals whose pulses can be counted for 

positioning (angle) and/or speed (angular velocity) measurement. The position 

signal of the motor was used for feedback control. A gain coefficient, which 

represents the load, allows for conversion of the motor rotation to the linear 

displacement of the cylinder. The difference between the measured displacements 

of the cylinder to those obtained from the virtual model was used as the input 

(error) signal to the PID controller. The PID controller was initially tuned using 

Ziegler Nichols method (Astrom and Hagglund 2006) and then manually 

optimised. The proportional, integral and derivative gains of the PID controller 

were set to minimize the displacement error to less than 1 mm. Such accuracy, as 

compared with the dynamic amplitude of the cylinder, was sufficient to provide 

meaningful analysis of the amplitude of the elastically mounted cylinder. The mass 

and damping ratios were kept constant in order to study the influence of the 

geometry and the Reynolds number on the power coefficient of the WIV converter. 

This also helped in the comparison between results presented here and those 

published previously by Assi (2009).  

 

The mass and damping ratios were kept constant at 2.4 and 0.01, respectively, 

while the Reynolds numbers was changed to the maximum of 15,000. It is 

important to note that the selected damping ratio is likely to vary when the 

arrangement of the cylinders changes. Therefore, the chosen damping ratio is 

unlikely to be optimal in this investigation. The mass and damping ratios in the 

current paper have been chosen to be consistent with the previous studies for 

validation purposes of the VMSD system. In addition, the dynamic response of the 

downstream cylinder under the WIV mechanism is compared with the VIV of a 

single cylinder. Hence, it is essential to ensure that the initial conditions are 

identical for these two mechanisms in order to obtain a meaningful comparison. 
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2.4. Mathematical modelling 

The vibration of the elastically mounted cylinder due to the flow, known as forced 

vibration, has been modelled by Bearman (1984) as: 

 �)(7) + 2';��<(7) + ;���(7) = .(7)/=, (1) 

Here,	�, �<  and �)  are the transverse displacement, velocity and acceleration of the 

cylinder, respectively,	' is the damping ratio of the second order system, and 

;� = 2>��, where ��	is the natural frequency in Hz. On the right hand side of 

Equation (1), 	.	and M are the fluid force exerted on the cylinder perpendicular to 

the flow direction and the effective mass of the system, comprised of only the 

cylinder, respectively. 

The structural parameters and the response of the cylinder due to the flow can be 

set by the non-dimensional parameters defined in Table IV. Here,	D is the damping 

constant, � is the spring stiffness, and * is the dynamic viscosity of water. 

The time dependent displacement and the lift coefficient can be obtained from the 

following equations, respectively, by assuming linear behaviour and sinusoidal 

response of the cylinder: 

 �(7) = �?@1sin(2>�+7),  (2) 

 DE(7) = �Esin(2>�+	7 + $), (3) 

In Equation (2), �?@1 is the harmonic displacement amplitude and  �+ represents 

the vortex shedding frequency. In Equation (3),	DE is the time dependent lift 

coefficient, �E is the lift coefficient amplitude and $ is the force-displacement 

phase angle, which is vitally important in the WIV response of the cylinder 

(Sarpkaya 1978, Khalak and Williamson 1999), particularly for energy conversion 

(Bernitsas and Raghavan 2004 and Bernitsas et al. 2008). 

Table IV: Non-dimensional parameters. 
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Mass ratio �∗ 4= &>,��Z⁄  

Damping ratio ' c/2√�= 

Lift coefficient �E ./0.5	&��,�Z 

Amplitude ratio ∗ �?@1 ,�⁄  

Frequency ratio �∗ �/�� 

Reynolds number Re &�,�/* 

Considering Equations (2) and (3) and the schematic of the structural design of the 

experimental model shown in Figure 4, the equations of motion for the VMSD can 

be written as follows:  

 (�® +	�¯�). !)�(7) = 	�®(7) − 7®(7) +	 °̄ (.¡(7) −.�(7)), 
 (4) 

 �¯. !)�(7) = 	 °̄ (.�(7) − .¡(7))−7¯,  (5) 

 =. �)(7) = (.�(7) − .�(7)) − .¬r@3s6¤+(7),  (6) 

where, �® and 	�¯ are the mass moment of inertia of the motor and pulley, 

respectively,	!)� and !)�	represent the angular acceleration of the rotor and/or 

pulleys,	�® is the torque of the motor, 7® is the damping torque of the motor, °̄  is 

the radius of the pulleys, 7¯ is the damping torque of pulleys, .�, .� and .¡ are the 

timing-belt tension and .¬r@3s6¤+ is the friction force of the linear bearings. The 

lower side of the timing belt was connected to the bottom surface of the carriage. 

This causes a tension difference on the lower side of the timing belt (.� and		.� in 

Figure 4). By assuming that there is no slip between the timing-belt and pulleys, 

one can deduce that the angles of rotation for both pulleys are equal to,	!�(7) =!�(7) = !(7), which then leads to �(t) being evaluated as	�	(7) = °̄ 	!(7). 
Therefore, Equations (4), (5), and (6) can be simplified as 
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 (�® +	2	�̄ 	+ =. °̄�)!) 	(7) = �®(7) − (7¯�(7) + 7®(7)) + °̄ . .¬r@3s6¤+(7).  (7) 

This equation can be expressed as follows: 

 ��®°̄� + 2	�̄°̄� + 	=��	) (7)
= .®(t) − [	�®(7)°̄ + 	7¯�(7)°̄ + .¬r@3s6¤+(7)] 

   

                
(8) 

               

Table V: Identification of components of VMSD. 

 

 

 

 

 

 

 

 

 

 

where, .® = �®/°̄   and represents the tension in the belt from the motor torque. 

Thus, for designing the controller, Equation (8) can be written as 

 (�r�� +=)�) (7) = 	.®(7) − .(7).	 (9) 

where, 

 ��®°̄� + 2	�̄°̄� � = �r��, (10) 

 

 .(7) = 		 7®(7)°̄ + 	7¯�(7)°̄ + .¬r@3s6¤+(7). (11) 

�® Mass moment of inertia of the rotor 

�¯,v Mass moment of inertia of the pulleys 1 

and 2 

�® Torque of motor  

7® Damping torque of motor 

7¯,v Damping torque of pulleys 1 and 2 

°̄  Radius of the pulley 

	!v, ³: 1,2 Angle of rotor and/or pulley 1 and 2 

	.v, ³: 1,2,3 Timing belt tension 

.¬r@3s6¤+ Bearing’s friction 

M Mass of the system 

Figure 4: A 3D model of the VMSD 
illustrating loads and kinematic variables. 
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A brief description of each component of Figure 4 and Equations (4) to (11) is 

summarized in Table V. 

 

One of the biggest advantages of the VMSD mechanism compared to the physical 

mass-spring damper is its capability to be implemented as a frictionless 

mechanism. This is feasible when measuring the friction of each part separately. In 

this study, the friction associated with each part of the mechanism, including servo-

motor, pulley, and bearings of carriage has been measured separately and the 

overall friction was estimated. As has been mentioned, in Equations (9) and (11), 

the dynamic response of the cylinder is defined based on the total measured friction 

or	.(7). 
The dynamic response of the cylinder has been formulated based on Equation (9). 

In this equation, .(7) represents the total mechanical losses and it is modelled as 

the sum of the static friction (.�)	and the viscous damping (Dr��). Furthermore, 

considering the VMSD force, generated in the normal direction of the flow, with a 

spring constant of k, the mathematical model of the system for the motor-pulley-

belt (VMSD) can be written as: 

 (�r�� +=)�)(7) +	(Dr��)�< + ��(7) + .� |�< |�< = 0. (12) 

It is worth noting that in Equation (12), .� is a function of displacement and has a 

negative and positive sign depending on the sign of the velocity of the cylinder. In 

addition, it can be seen that Equations (12) is second order differential equation and 

the general solution of these equations for a linear system can be written as 

Aµ¶�·~ cos(; 7 + $) + ¸.  Therefore, it is observed that the static friction does 

not influence the damped natural frequency. In addition, in this study, the viscous 

damping is reasonably small due to the selected damping ratio (' = 0.01). 

Consequently, the damped natural frequency can be approximated as: 
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 ;  = 2π�  =	;6¹1 − '�	 	≈ 	;6 = º ��r��		. (13) 

where, �  represents the damping period. The servo-motor produces a virtual 

spring and damping torque utilising the angle and angular velocity measurements, 

and hence the rotation of the shaft is converted into the vibration of the cylinder. 

The acting virtual torque of the affects the angle and angular velocity, while the 

shear forces due to vortices are exerted on the surface of the cylinder. The rotary 

movement of the shaft is then converted to a linear displacement via the pulleys, 

the timing belt, the carriage and finally the cylinder, which is connected to the 

carriage.  

Thus, integrating the inner product of the force and the instantaneous velocity, the 

total generated work can be calculated over a complete cycle of oscillation (�), 
 �»�� = � .�<�7�� .  (14) 

The average power is given by 

 z»�� = �»��� .  (15)  

The fluid power given by z�t�s  = FU = (½)&�¡,2Z (Bernitsas and Raghavan 

2004), was used to calculate the power coefficient 

 #»�� = z»��z�t�s .  (16)  

3. Results and Discussion 

 

The VMSD results have been validated for a single elastically mounted cylinder 

(VIV mechanism) as well as the dynamic response of the downstream cylinder 

(WIV mechanism) in the presence of the stationary upstream cylinder. 
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3.1.  Validation 

A series of displacement and force measurements were carried out in order to 

investigate the dynamic response of the downstream cylinder, as a function of the 

cylinders’ arrangement and the Reynolds number. In practice, the dynamic 

response of the downstream cylinder is extremely sensitive to parasitic modes 

within the structure (Blevins 1990). Consequently, extra attention was given to 

measure the natural frequency of the fundamental bending mode of the 

cantilevered cylinder using the free-decay tests, which were performed in the water 

channel at zero free stream velocity. The natural frequency of the cantilevered 

cylinder was found to be ��= 9.7 Hz (also seen later in Figure 9-c), which is close 

to the oscillation frequency and amplifies noise around the vibration of the 

cylinder. Therefore, a filter can be designed and utilized to attenuate the generated 

noise. 

Figure 5 shows the typical time series of the VIV responses of the single elastically 

mounted cylinder at upper and lower branches of oscillation. For the purpose of 

validation, the amplitude of oscillation of the cylinder was compared against the 

available experimental data (Assi 2009), which was collected under the same 

fluidic conditions (Re = 4,000 and 8,000) and structural settings (�∗= 2.4 and ' = 

0.01). The results include the lift coefficient and dimensionless displacement of the 

cylinder. In general, it is observed that the variation of the maximum amplitude 

with respect to the amplitude of the cylinder is insignificant. In addition, it can be 

observed that both the lift force and displacement of the cylinder, at the upper 

branch of oscillation, are in phase. This leads to an increase of the oscillation of the 

cylinder towards the maximum magnitude at this branch. Once the Reynolds 

number increases to the lower branch, a phase shift between the signals occurs and 

the magnitude of the oscillation of the cylinder shows a considerable reduction at 

Re = 12,000. At the lower branch of oscillation, the lift force-displacement phase 

angle shows approximately a 180° phase shift. Figure 6 summarizes the 

dimensionless amplitude of oscillation of the single cylinder under the VIV 

mechanism as a function of the Reynolds number. The experimental results of the 

VMSD are also compared with real physical MSD mechanism, presented by Assi 
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(2009) for the VIV response of a single cylinder, for which there is good 

agreement. 

 

 

 

 

 

 

 

Figure 5: Typical time series of the lift coefficient,	DE, and the dimensionless displacement 

of the cylinder, Y*, at a) Re = 6,000 and b) Re = 12,000.     

 

Figure 6: Comparison of the dimensionless displacement of the single cylinder, Y*, under 

the VIV mechanism using the VMSD with the real physical MSD system (Assi 2009) as a 

function of the Reynolds number. 
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Along with the previous comparison, in order to further validate the current VMSD 

system, a similar arrangement (Test Case 3) was chosen and, the displacement 

amplitude of oscillation of the downstream cylinder was compared with the 

previous investigation of Assi (2009). A typical time series of the displacement 

amplitude of the downstream cylinder is plotted in Figure 7 for Test Case 3 (Table 

II), where ��/D = 4 and ��/D = 0. It can be seen that the displacement of the 

downstream cylinder becomes irregular with increasing Reynolds number (or 

reduced velocity); however, the displacement amplitude of the cylinder increases at 

higher Reynolds number and plays an important role in increasing the power 

coefficient of the WIV mechanism. The dimensionless displacement amplitudes are 

in a good quantitative agreement with the ones produced by Assi (2009), which 

were 0.6 and 0.9, respectively.  

 

Figure 7: Measured time history of displacement for Test Case 3 (see Table I) at two 

different Reynolds numbers. 

The displacement time series has been measured by the encoder of the motor. It 

was found that the frequency of oscillation is approximately	�p+� = 0.9 Hz. The 

oscillation frequency is an order of magnitude lower than the natural frequency of 

the cantilever bending mode of the structure, which makes system identification 

unreliable. Accordingly, due to the proximity of these two frequencies, a notch 

filter was designed and used to attenuate noise associated with the cantilever 

bending mode. The transfer function of notch filter can be written as follows and 

the effect of the frequency response of notch filter is shown in the Bode diagram in 

Figure 8.  
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 G(s) =	��¼�.�¦¦½�¼�½����¼�¦.¦½�¼�½�� .    (17) 

 

 

 

 

 

 

 

 

Figure 8: Frequency response of the notch filter used to filter the lift force signal in an 

attempt to remove the fundamental bending mode of the cylinder which has a natural 

frequency of 9.7Hz. 

In the phase part of the diagram, in Figure 8, it is observed that close to the 

frequency of oscillation,	�p+� = 0.9Hz, a small phase lag of 3.7° is produced. It is 

obvious that the generated phase lag influences the total work produced by the 

downstream cylinder. However, in this paper, all test cases were conducted 

utilizing the same phase lag, and, therefore, the test cases have an equivalent phase 

lag and a direct comparison between results is possible. This implies that the 

generated phase lag causes a similar and very small reduction in the power 

coefficient (less than 0.3%) of the WIV in all studied test cases.  

The effect of the notch filter on the lift force signals is shown in Figure 9. The 

figure presents the time series of the lift force, for Test Case 1 at Re = 6,000, for 

about 10 cycles of oscillation. It can be observed from the figure that the designed 

notch filter sufficiently filters out the parasitic vibration, which is close to the 
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desired natural frequency of the cylinder VMSD. The power spectral density has 

been used to highlight the effect of notch filter. In the Fast Fourier Transform plots, 

the sampling time was 0.001s, utilizing 1024 points, and a Hanning window. The 

power spectral densities shown in Figures 9-c and 9-d reveal that the attenuation 

from the filtering occurs at the parasitic resonance frequency (�� = 9.7 Hz) and the 

notch filter assists in attenuating the noise.     

The results of VMSD are compared in Figure 10 (��/D = 4.0 and ��/, = 0).  From 

Figure 10, it is clear that with increasing longitudinal distance, between cylinders, 

for Re > 6,000, the amplitude of oscillation of the downstream cylinder reduces. 

For this reason, the displacement of the downstream cylinder, as a function of 

longitudinal (��) and lateral (��) distances, was measured for different Reynolds 

numbers and sixteen test cases.    

 

Figure 9: Measured lift coefficient signals before a) and after b) notch filter for Test Cases 

1, Re = 6,000. Welch power spectral density utilised a Hanning window with sampling 

frequency of 1,000 Hz before c) and after d) filtering.    
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The displacement of the cylinder for Test case 3 is in good agreement with Assi 

(2009). It can be seen that at higher Reynolds numbers (Re > 12,000), there is a 

small discrepancy, of less than 10%, between this study and the previous work. The 

small discrepancy between the data is likely due to different experimental methods, 

and is within acceptable bounds for experimental reproducibility.  

                                                                                                   

Figure 10: WIV response of the downstream cylinder as a function of the Reynolds number 

and a comparison of the data for ��/D = 4 with previous work (Assi 2009) (Test Case 3). 

3.2.  Effects of cylinder configuration and Reynolds number 

Figure 11 demonstrates that both the longitudinal and lateral distances between the 

cylinders affect the amplitude of oscillation. In this figure, the effect of the 

arrangement of the cylinders is shown with circular symbols for all studied test 

cases. The minimum and maximum displacement amplitudes belong to Test Cases 

1 and 11, respectively, and are marked by the lower (-∇-) and upper (-∆-) bounds. 

As the dynamic response of the downstream cylinder under the WIV mechanism is 

irregular compared with the VIV response of the single cylinder (compare the time 

history of the displacements under VIV and WIV mechanism in Figures 5 and 7), 

the variation of the displacement is also included in this figure. The amplitude of 
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oscillation of the other fourteen test cases is limited within these two bounds. It can 

be seen that for Re ≤ 6,000 the lateral distance between cylinders changes the 

dimensionless displacement of the downstream cylinder (compare Test Cases 1 and 

11). This property was not studied in the previous work by Assi (2009) (see Figure 

10). It is also observed that the displacement amplitude of the downstream cylinder 

increases when the longitudinal distance between cylinders increases from ��/D = 

2.5 to 4 (Test Case 1 and 11, respectively). As mentioned earlier, Assi (2009) 

showed that among those test cases with 4 ≤	��/D ≤	20, the maximum 

displacement amplitude of the cylinder is achievable for ��/D = 4.  Figure 10 also 

shows that based on the studied test cases, the maximum displacement amplitude 

occurs at ��/D = 4, which is the critical longitudinal distance between cylinder with 

a maximum amplitude of oscillation.  

The response of the WIV mechanism in terms of the displacement amplitude of the 

cylinder was compared with the VIV response of a single cylinder in Figure 12. 

The figure shows the displacement amplitude of the VIV of a single cylinder, for 

which there are three distinct regimes, known as the initial, upper and lower 

branches in the literature. Here, these responses are categorised into three zones, as 

Zone 1, Zone 2 and Zone 3. In the Zone 1, the displacement amplitude of WIV 

shows higher values for the staggered arrangement of the cylinders, in comparison 

of the VIV response of a single cylinder; however, in the second zone the 

maximum achievable amplitude of the WIV displays lower values for the same 

range of the Reynolds numbers. It is also observed that for the staggered 

arrangement of the cylinders (for instance Test case 11); Zone 3 again shows 

higher displacement amplitude compared with the VIV response of a single 

cylinder. It is also worth noting that in the Zone 3 the amplitude of displacement is 

higher than the upper branch of the VIV response of a single cylinder in Zone 2. 

Therefore, in contrast to the VIV of a single cylinder, the results illustrate that in 

the WIV mechanism, the maximum amplitude of oscillation is not limited to the 

natural frequency of the cylinder and by increasing the Reynolds number the 

amplitude of oscillation increases. This assists to design and employ structures with 
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fewer limitations when capturing the hydrokinetic energy of streams using the 

WIV mechanism.  

 

Figure 11: Scatter plot of all test cases comprising the lower and upper bounds Test case 1 

and 11, respectively, as a function of the Reynolds number, and the lateral and the 

longitudinal distances between cylinders. The O symbols refer to other test cases included 

in Table II and error bars indicate the variation of the WIV response of the cylinder at each 

Reynolds number. 
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Figure 12: Comparison of the WIV response of the downstream cylinder and the VIV of a 

single cylinder. Error bars indicate the variation of the WIV response of the cylinder at each 

Reynolds number. 

Considering Equations (14) to (16), it is observed that the amplitude of oscillation, 

the lift coefficient of the cylinder, the vortex shedding frequency, and the phase 

angle between the lift force and displacement can influence the power coefficient 

of the WIV converter. Therefore, the effect of these parameters on the WIV power 

coefficient is discussed in detail next.   

Typical time series of DE and 	�� ,⁄ 	of the downstream cylinder are shown in 

Figures 13 and 14. The selected WIV response of the downstream cylinder is for 

Test Cases 3 and 7, in which the longitudinal distance is kept at �� ,⁄  = 4 (the 

critical distance) and lateral distances are ��/D = 0 and 1, respectively. These test 

cases have been chosen to compare the effect of lateral distance between the 

cylinders at the critical longitudinal distance,	�� ,⁄  = 4. Comparison between two 

different Reynolds numbers for each test case reveals that by increasing the 

Reynolds number, from 4,000 to 10,000, the amplitude of oscillation increases. The 
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larger amplitude of oscillation is also observed for Test Case 7, which has a 

comparable lateral distance to that of Test Case 3. This is due to the flow 

interference between the cylinders and the exerted lift force on the downstream 

cylinder which can affect the downstream cylinder because of a smaller phase 

difference between the lift force and displacement. 

Previous numerical analyses (Derakhshandeh et al., 2014a and 2014b) also showed 

that the phase difference between lift force and displacement of the cylinder can 

significantly change the extracted energy harnessed from the vortices. Similar 

correlations were also found in the current study. The estimated phase difference 

between force and displacement signals in this study was obtained using Transfer 

Function Estimate in Matlab, with a sampling time of 0.001s using a 1024 point 

FFT and Hanning window. 

 

 

Figure 13: Time histories of the lift coefficient and displacement of the downstream 

cylinder for Test Case 3 at two different Reynolds numbers; a) Re = 4,000, b) Re =10,000.  
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Figure 14: Time histories of the lift coefficient and displacement of the downstream 

cylinder Test case 7 at two different Reynolds numbers; a) Re = 4,000, b) Re =10,000.  

The results of phase differences are shown, using isolines contours, in Figure 15 

for different Reynolds numbers (Re = 4,000, 6,000, 10,000 and 14,000), as a 

function of longitudinal and lateral distances. The significance of phase difference 

in capturing the vortex energy is an important finding of this study. Two important 

outcomes can be extracted from these plots.  Firstly, the results indicate that at the 

lower Reynolds number cases, the phase difference between force and 

displacement is smaller compared to the higher Reynolds number cases, which 

means that both signals are approximately in phase. For lower Reynolds number 

cases, a dominant frequency can be observed and the response of the downstream 

cylinder is more regular; while, for higher Reynolds number cases the response 

appears irregular (see Figures 13 and 14). Secondly, of all test cases studied, the 

results demonstrate that the minimum phase difference between the two signals 

occurs for test cases with 3.5 ≤	 �� ,⁄  ≤ 4.5 and 1 ≤ ��/D	≤ 2.  
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Figure 15: Isolines contours of the phase shift between force and velocity as a function of 

the arrangement of the cylinders and Reynolds numbers, a) Re = 4,000, b) Re = 6,000, c) 

Re = 10,000 and d) Re =14,000. 

In order to calculate the WIV power coefficient, the lift coefficient of the 

elastically mounted cylinder was calculated for all arrangements of the cylinders at 

different Reynolds numbers. The correlation between the lift coefficient and the 

Reynolds number, for all test cases, is approximately similar. The average lift 

coefficients have been calculated for each Reynolds number and plotted along with 

the respective Standard Error of Measurement (SEM) in Figure 16. The SEM is the 

deviation of the sampling distribution over all measurement sample tests. It can be 

seen that the most significant change in the lift coefficient occurs when the 
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Reynolds number increases from 4,000 to 6,000 due to the small phase shift. The 

main reason for this increment can be explained here. In the WIV mechanism, the 

total lift acting on the downstream cylinder can be divided into two components 

(Williamson and Govardhan 2004): (1) a potential-force component (.̄ �~��~v�� ) 

due to the ideal flow inertia force and (2) a vortex-force (.[� ~��), which is only 

produced by the dynamics of the vorticity field around the downstream cylinder. 

Here, the potential-force is a function of the cylinder’s acceleration and its 

magnitude is proportional to the product of the displaced fluid mass and the 

acceleration of the cylinder. Meanwhile, the vortex-force is dependent on the 

dynamics of generated vortices (Assi 2009). Consequently, in the WIV mechanism, 

the maximum lift coefficient acting on the downstream cylinder is accessible when 

both the potential lift coefficient and vortex lift coefficient become a maximum and 

the phase angle remains very close to zero. It was shown that, in the WIV 

mechanism, the total phase angle is approximately zero when the reduced velocity 

is roughly 4.6 and both potential and vortex forces are approximately equal (Assi 

2009).  In the current study, the maximum lift coefficient is obtained at Re = 6,000, 

which in terms of the reduced velocity is �3= 4.1, and it is similar to the previous 

study (Assi 2009). With the obtained maximum lift for vortex-force and potential 

force, therefore, the total force can be obtained.    

 

Figure 16: Effect of the Reynolds number on the lift coefficient of the downstream 

elastically mounted cylinder for all test cases with SEM. 
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In order to demonstrate the significance of the key parameters influencing the 

power coefficient of WIV, discussed above, coloured contour plots of the WIV 

power coefficient are plotted in Figure 17. The plotted color bar of each figure 

shows the range of power coefficient, in percent, within a range of 0 to 30%. The 

contours of the power coefficient are plotted as a function of (�� ,⁄  and 	�� ,⁄ ) at 

different Reynolds numbers to highlight the effect of both arrangements of the 

cylinders and the Reynolds number. From Figure 17, it is observed that for cases 

with Reynolds numbers close to 6,000, maximum WIV power coefficient is 

obtained particularly for test cases with a staggered arrangement.  Also observed is 

that the highest WIV power coefficient, of 28%, is obtained for the cases with 3.5 

≤	��/D ≤ 4.5 and 1 ≤	��/D ≤ 2 and a Re = 6,000. However, it is clear that the 

staggered arrangement above gives the highest power coefficient for all Reynolds 

numbers and this is due to the small phase difference between the force and 

velocity of the downstream cylinder.  
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Figure 17: Effect of arrangement of the cylinders and Reynolds numbers on the power 

coefficient (#»��%)	of WIV power; a) Re = 4,000, b) Re = 6,000, c) Re =8,000, d) Re = 

10,000, e) Re = 12,000 and f) Re = 14,000. 
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3.3.  Maximum power content of WIV  

It is worth noting that the power coefficient of the WIV converter can be calculated 

as a function of Betz’s limit and water channel dimensions. Assuming �� and �� 

are the upstream and downstream flow velocities, respectively, the average free 

stream velocity is calculated to be �¿	=	(�� + ��) 2⁄ . Consequently, the mass flow 

rate is: 

 �< =  & W T �¿ =	& W T	(�� +��) 2⁄ ,  (18) 

where, & is the density of the fluid, and W and T represent the width and depth of 

the channel, respectively. Based on the flow rate, the kinetic power in the channel 

can be calculated as  

 z�À@66rt =	&2 	�	�	�¿¡.	  (19) 

The maximum obtainable theoretical power, then, can be calculated as the 

difference between the hydrokinetic energy of the upstream and downstream flow, 

which can be written as: 

 	z = Á��Â�< (��� − ���) =  Á��Â& W T U
3
 (1+

Ã�ÃÄ) Å1 −
	(Ã�ÃÄ)�Æ . 

 (20) 

According to Betz’s limit, it was shown that the maximum theoretical power can be 

captured when �� ��⁄ = 1/3 (Vries 1983). Hence, the maximum power for WIV 

can be written as follows:  

 zqÀrp3/ = (16/27) 
�� W T U

3.   (21) 

 

The wake of the upstream cylinder can be divided into three regions based on the 

lateral and longitudinal distances between the cylinders. Zdravkovich (1988) 

categorized these regions as a) proximity interference, b) wake interference and c) 
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no interference regions. It was shown that when the downstream cylinder is 

mounted at x/D > 4 and y/D >1, there is no significant interference between 

oncoming vortices and the downstream cylinder. 

 

  

 

 

 

 

 

Figure 18: A map of wake interference regions when the upstream cylinder is mounted 

stationary (Zdravkovich 1988).  

Along with the power coefficient,	z»��, and the maximum theoretical power, z®��, 
the power density of the WIV can be considered as an important parameter of the 

device. Accordingly, the power density (P.D.) of the WIV can be calculated based 

on the volume of the optimum staggered arrangement of the cylinders, where the 

wake region appears ineffective. The optimum longitudinal distance among those 

test cases examined in this study is found to be calculated ��/D = 4.5D and ��/D = 

1.5 D. Considering the symmetric wake interference region, a staggered 

configuration with 4.5D longitudinal distance and 3D lateral distance is chosen. 

Figure 19 shows the volume control of this arrangement with the length of the unit. 

It is observed that in the selected control volume 2.5 cylinders are immersed in a 

volume of 4.5D×3D×L. Therefore, the power density can be calculated as follows: 

Wake interference 

No interference 

Proximity interference 

��/D  

��/D  
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 zop¥r3	 r6+sq/ = (�.§¨©ª«�¡.§	��	)      (22) 

 

Figure 19: Configuration of the cylinders to calculate the control volume. 

A brief comparison between the power coefficient of the WIV converter, the total 

power of the channel, and the power density can provide a better insight into the 

WIV converter. Table VI summarises the power generated by the WIV converter at 

different Reynolds numbers for the staggered arrangement shown in Figure 18. It 

can be seen that the generated power based on the conditions of the test cases in 

this study is not considerable due to the laboratory scale of the equipment. 

Nevertheless, the flexibility, modularity and scalability of the WIV convertor allow 

to access to a wide range of the Reynolds number only by altering the diameter of 

the cylinder. This allows enables to set a desirable Reynolds number, even at very 

low free stream velocities without significant changes in mechanical parameters of 

the convertor. 
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Table VI: Power content of WIV convertor as a function of free stream velocity including 

the maximum theoretical power, the power of the water channel, the fluid power, the power 

density and the power coefficient. 

U  

(m/s) 

zqÀrp3/		  
(mW) 

z»��	 
(mW) 

z»��/zqÀrp3/ 

(%) z�À@66rt	 
(mW) 

z�t�s 	 
(mW) 

P.D. 

(W/m3) 
#»�� (%) 

0.05 9.2 0.03 0.40 150 1.87 0.006 1.6 
0.10 74.1 1.26 1.70 125 15.0 0.218 8.4 
0.15 250.0 14.1 7.04 421 50.6 3.055 28.0 

0.20 593.0 17.0 2.87 1000 120.0 2.960 14.1 
0.25 1111.0 16.5 1.48 1953 230.0 2.864 7.1 
0.30 2001.0 16.0 0.80 3375 400.0 2.777 4.0 
0.35 3170.0 11.0 0.34 5359 643.0 1.909 1.7 

4. Conclusions 

In the present article, the effects of the arrangement of cylinders and the Reynolds 

number on the power coefficient of the Wake-Induced Vibration, of a two cylinder 

system, were studied. A Virtual Mass Spring Damper (VMSD) system was 

designed, built and employed to harness the WIV energy using a PID control 

system. Force, displacement and frequency measurements were conducted in a 

closed-loop water channel and the following outcomes were observed:     

1. A successful structural mechanism was designed and built to investigate 

the WIV response of the cylinder using a VMSD, instead of real spring 

damper. In this virtual mechanism, the cylinder was installed vertically in 

the water channel. This assisted in avoiding the static loads on the motor 

arising from the cylinder, thus reducing friction and improving the 

response of the cylinders. Therefore, the test rig was designed to operate at 

a low free stream velocity (or low Reynolds number, such as Re = 2,000) 

without the nonlinearities observed in previous works.  

 

2. It is clear that in the VIV mechanism, the upper branch of amplitude occurs 

at a limited range of frequencies (or reduced velocities) in which the 

shedding frequency is very close to the resonance frequency of the mass-

spring-damper. However, for the staggered arrangement of the cylinders, 
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the results show that WIV responses can occur at frequencies outside the 

range in which VIV is observed. 

 

3. The staggered arrangement of the cylinders results in increased WIV 

power coefficient, as compared to the aligned arrangement of the cylinders. 

The results of water channel tests of sixteen different arrangements 

revealed that staggered arrangement with 3.5 ≤	��/D ≤ 4.5 and 1 ≤	��/D 

≤ 2 showed the highest power coefficient of the WIV. 

 

4. The present experimental work using VMSD system also showed that the 

Reynolds number plays an important role on the power coefficient of the 

WIV. The alteration of the Reynolds number changes the upstream vortex 

shedding frequency which affects the phase difference of the lift and 

displacement of the downstream cylinder, subsequently impacting on the 

WIV power coefficient.  

 

5. WIV mechanism can be considered as an alternative source of energy, 

which is able to capture hydro-kinetic energy of the ocean currents and 

shallow rivers, in particular compared with VIV. Most importantly, there is 

possibility for improvement of the WIV converter such as optimising mass 

and damping ratios.      
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Chapter 5 

Effect of a rigid wall 

5.1. Chapter overview 

The arrangement of the cylinder on capturing the energy of the wake has 

been presented in the previous chapter. Along with the arrangement of the 

cylinders, in this section, it is shown how a rigid wall can influence the 

dynamic response of the downstream cylinder. 

 

To analyse the effect of the wall on the WIV response of the downstream 

cylinder, numerical analyses have been conducted for transient flow regime 

over a pair of cylinders using the SAS turbulence model. As a consequence, 

the key parameters such as the lift coefficient, the maximum amplitude of 

oscillation, the Strouhal number, and the phase angle between the exerted 

lift force on the cylinder and the displacement of the cylinder on the 

efficiency of the WIV were analysed. This chapter has been published as 

“Effect of a rigid wall on the vortex induced vibration of two staggered 

cylinders”, by Derakhshandeh, J. F., Arjomandi, M., Dally, B., Cazzolato, 

B., American Society of Physics (AIP), Journal of Renewable and 

Sustainable Energy, 6, 033114, 2014. 
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Chapter 6 

Effect of Airfoil 

6.1. Chapter overview 

The current chapter presents a detailed discussion of the dynamic response 

of a symmetric airfoil with two degrees of freedom, which was mounted in 

the wake of upstream stationary cylinder. In this chapter, the behaviour of 

several parameters of the fluid flow such as vortex structure, vortex length 

scale, circulation, and variation of the Strouhal number as a function of the 

longitudinal and lateral distances are presented. The discussions are based 

on a series of numerical models, which are combined with the water channel 

tests. In addition, it is shown that the flutter of airfoil is a function of the 

angle of attack. This chapter has been submitted for publication as 

“Flow-induced vibration of an elastically mounted airfoil under the 

influence of the wake of a circular cylinder”, by Javad Farrokhi 

Derakhshandeh, Maziar Arjomandi, Bassam Dally and Benjamin Cazzolato, 

Journal of Experimental Thermal and Fluid Science, under review. 
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6.2. Manuscript 

Flow-induced vibration of an elastically mounted airfoil under the 

influence of the wake of a circular cylinder 

Derakhshandeh J. F., Arjomandi M., Dally B. and Cazzolato B.  

School of Mechanical Engineering 
University of Adelaide, Adelaide, South Australia 5005, Australia 

Abstract 

The effect of vortices generated by a rigidly mounted cylinder on the 

dynamic response of an airfoil is investigated in this study. This work 

extends previous investigation of vortex interaction with a second cylinder 

to capture the wake energy (Derakhshandeh et al. 2014-c). Accordingly, the 

Flow-Induced Vibration (FIV) of a symmetric NACA 0012 airfoil 

positioned in the wake of the rigidly-mounted upstream cylinder is studied. 

The airfoil mount allows it to move in two degrees-of-freedom; pitch and 

heave. The pitching axis is kinematically driven using a brushless 

permanent-magnet DC servo motor. The heave axis of the airfoil is coupled 

with a Virtual Elastic Mechanism (VEM), which is an electro-mechanical 

device designed to create any desired impedance. The VEM system replaces 

the physical damper and spring systems and allows the airfoil to oscillate 

due to the lift force in the normal direction of the flow. The airfoil is set at 

different positions in the wake of the upstream cylinder in order to 

characterise the impact of the arrangement of a coupled cylinder-airfoil on 

energy extraction. Special attention was paid to the angle of attack of the 

airfoil to explore the optimal performance of the system. Force and 

displacement measurements of the airfoil were conducted in a closed loop 

water channel. The experimental work was complimented by a 

Computational Fluid Dynamics (CFD) modelling study which was aimed at 

calculating the vortex frequency shedding and visualise the vortex structure. 

It is observed that the vortex shedding frequency, the length scale and 

transverse spacing of the vortices are function of the longitudinal and lateral 

distances between the cylinder the airfoil. The results also demonstrate that 

there is a correlation between the configuration of cylinder and airfoil and 

vortex structure. Due to this correlation, the shear forces acting on the airfoil 

alters the fluttering response of the airfoil depending on the angle of attack, 

which in turn influences the obtained power coefficient of the device. The 
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maximum power coefficient of FIV is obtained for cases with 3.5 ≤	��/D ≤ 

4.5 and 1 ≤	��/D ≤ 1.5 arrangements, which is limited to the narrower 

lateral distances as compared to the previous study (1 ≤	��/D ≤ 2)  by the 

authors (Derakhshandeh et al. 2014-c) employing a pair of cylinders. 

Keywords: Flow-induced vibration, vortex shedding frequency, circulation, 

airfoil, circular cylinder.  

Introduction 

It has been predicted that the growth rate in energy consumption over the 

next 20 years is much higher than the growth rate of population due to the 

incremental increase in demand for electricity in developing countries 

(Trevor 2013). Consequently, the production of electricity would increase 

from 20 Petawatt hours in 2010 to 31.2 Petawatt hours in 2030 (Trevor 

2013). Considering that electricity production using fossil fuel is responsible 

for producing the largest amount of carbon dioxide emission (26%) (Trevor 

2013), it is essential that alternative sources of energy to be sought to cater 

for the increased demand of electricity around the world. One such 

renewable source is ocean energy which can be harnessed using turbine and 

non-turbine convertors (Khan et al. 2009).  

Vortex-Induced Vibration (VIV) phenomenon, known as a non-turbine 

convertor (Khan et al. 2009), has been extensively studied in the past 

(Sarpkaya 1978, Williamson and Roshko 1988, Zdravkovich 1979, Bearman 

1984, Khalak and Williamson 1996, Govardhan and Williamson 2004, 

Sarpkaya 2004). In this phenomenon, the fluid-structure interaction occurs 

due to the synchronization between structure and vortex shedding. A 

previous investigation by Bernitsas et al. (2008) has shown that the VIV 

convertor is feasible both technically and economically. It has been found 

that the theoretical and experimental efficiencies of the VIV convertor were 

estimated to be 37% and 22%, respectively (Bernitsas and Raghavan 2004). 

In addition, it was shown that the Reynolds number plays a more important 

role than the mass damping ratio. In addition, Bernitsas et al. (2008) have 

noted that VIV convertors are easily scalable and can operate under 

different Reynolds number, which makes them applicable for a wide variety 

of applications.  
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An oscillating airfoil might be considered as a non-turbine convertor. This 

convertor has drawn the attention of scholars to avoid the problems of rotary 

turbines. Although the rotary river turbines can be employed in shallow 

waters, the wake interference reduces the performance of an array of the 

turbines (Chamorro et al. 2013). In addition, the river turbines generally 

suffer from drawbacks such as starting torque and low efficiencies, 

particularly at low flow speeds (Khan et al. 2009). Consequently, employing 

airfoils with oscillating behaviour, known as flutter, was proposed 

(McKinney and DeLaurier 1981) to capture kinetic energy of the fluid. 

Harnessing the available kinetic energy from wind using an oscillating 

airfoil was initially suggested by McKinney and DeLaurier (1981). It has 

been shown that the measured efficiency of a fluttering airfoil is 

approximately 28%, which is comparable to the experimental efficiencies of 

the rotary devices which range from 20% to 55% depending on the 

efficiency of the convertors (Vries 1983).  The efficiency of oscillation-

based converters using an airfoil is shown to be higher than the measured 

efficiency of the VIV with 22% when employing a circular cylinder 

(Bernitsas et al. 2008). Along with the experimental tests of a fluttering 

airfoil mechanism, the numerical analysis of Zhu and Peng (2009) showed 

unexpectedly that the efficiency of 34% was achievable when the 

normalized oscillation frequency was around 0.15 (the frequency was 

normalized by the chord length of the airfoil and the free stream velocity). 

Further investigations have been conducted by Zhu and Peng (2009) and 

Zhu (2011) using numerical modelling to capture kinetic energy from 

flapping foils in a uniform flow. Zhu and Peng (2009) have found that the 

behaviour of the airfoil is dependent on the stiffness of the system. It has 

also been shown that the location of the pitching axis plays an important 

role in the dynamic response of the airfoil. Depending on the location of the 

pitching axis and the rotational spring stiffness, four distinguishable 

responses have been offered by the authors, namely: static, periodic, 

irregular and oscillation motions. Among these responses, they postulated 

that the periodic motion of the airfoil has the highest feasibility of energy 

harvesting.     

While a few numerical studies have shown the potential of a fluttering 

airfoil to generate useful power, the lack of examination of the fluttering 

response of an airfoil in capturing hydrokinetic energy has motivated the 

current experiments. In practice, two types of flutter response for an airfoil 
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can be considered: purely passive and semi-active mechanisms. In the 

purely passive fluttering, the airfoil will be entirely excited by Flow-Induced 

Vibration (FIV) such as those reported by Sváček et al. (2007). On the other 

hand, in the semi-activated system only one of the dynamic modes, such as 

heave or pitch response can be excited by the cyclic acting forces due to the 

vortices, while the other mode can be applied to the airfoil. In the latter case, 

the semi-actuated design requires an activator system to make the specified 

pitching motion, for instance, virtually. The semi-actuated mechanism 

enables the optimization of desirable displacement amplitude of the airfoil 

using a control system, which is suitable for the energy harvester.  

In this study, a Semi-Active Virtual Elastic Mechanism (SAVEM) system is 

employed instead of a real physical spring damper. The use of SAVEM 

system can rapidly open the way for optimisation and further development 

of energy utilization from FIV. The SAVEM system consists of two motors 

and two controllers, a belt-pulley transmission, a carriage and an airfoil, 

which allows the movement of the airfoil in two degrees of freedom. In 

order to identify stable conditions in the wake of the cylinder in current 

study, the effect of longitudinal and lateral distances between the cylinder 

and the airfoil are analysed. In addition, with combination of heaving and 

pitching motions of the airfoil to capture hydrokinetic energy of oncoming 

vortices, the effect of wake instability and the arrangement of the coupled 

cylinder-airfoil are also investigated.  

1. Dynamic model 

 

This section outlines the mathematical model used for an elastically 

mounted airfoil with two degrees of freedom. 

 

 

1.1. Mathematical model 

To study the oscillation of an airfoil under the effect of oncoming vortices, 

the flutter behaviour of an aero-elastic airfoil is analysed based on the 

schematic model shown in Figure 1. Point ‘p’ is of interest in this model and 

refers to the aerodynamic centre of the system. This point also represents the 

reference point, where the heave of the airfoil ‘h’ is measured and it is 

located at the quarter-chord of the airfoil	�¯. By choosing this point, the 

effect of torque is eliminated and the airfoil is only under the influence of 
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the lift force. The heaving and pitching of the airfoil are restrained by two 

springs with the constants of �À and	�h, respectively, and damped with 

dampers with damping constants ÇÀ and Çh. 

 

Figure 1: Schematic section of a coupled circular cylinder and elastic airfoil with two 

degrees of freedom including pitch and heave. 

In order to find the total virtual work of the airfoil, initially, the equations of 

motion for an airfoil with two degrees of freedom and with large 

displacement are formulated as (Sváček et al. 2006) 

  �ℎ) + �À. ℎ + �h�) . DÉÊ� − �h. �< �Ê³Ë� + �Àℎ< = −.E(7), (1) 

 �hℎ) DÉÊ� + �h�) + �h. � + �h. �< = =(7), (2) 

where, ℎ, ℎ<  and ℎ)  are the transverse displacement, velocity and acceleration 

of the airfoil (m,  m/s and m/s2), respectively, � is the angle of attack of the 

airfoil (rad), �< 	and �)  represent the angular velocity and acceleration of the 

airfoil (rad/s and rad/s2), m represents the mass of the airfoil (kg), �À is the 

spring stiffness (N/m), �h is the static moment (kg m), �À denotes  the 

structural damping in bending (kg/s), �h is the structural damping in torsion 

(kgm2/s rad),  �h represents the mass moment (kg	m�), �h is the spring 

stiffness (Nm/rad), 	.E	is the fluid force acting on the airfoil perpendicular to 

the flow speed (N), and M represents the moment of the system (Nm).  
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To achieve the total virtual work, both the kinetic and potential energies as 

well as the resulting aerodynamic forces acting on the surface of the airfoil 

are considered. The potential and kinetic energies of the airfoil can be 

written as follow (Hodges and Pierce 2011): 

 z = 	12	�Àℎ� 		+ 	12	�h��, (3) 

 Í = 12 	�	Î��	+	12 ���< �, (4) 

where, �� is the moment of inertia about C and 	Î� is the velocity of the centre 

of gravity ‘c’ (refer to Figure 1), which can be found by  

 Î� = Îo+ �<  ÏÐ¡ × b	ÏÐ�. (5) 

In Equation (5), ÏÐ axes represent coordinate system mounted on the 

reference point ‘p’ and Îo is the initial velocity of the reference point ‘p’ and 

it can be calculated as	Îo =	−	ℎ< �Ð�; hence, the velocity of the centre of mass 

is  

 Î� = −	ℎ< �Ð� + b�<  ÏÐ�. (6) 

where, �Ð axes are the fixed unit vectors (refer to Figure 1). By substituting the 

velocity of the mass into Equation (4), the kinetic energy is summarised as 

 Í = 12 	�	�ℎ<� +	Ç��h�	�< � 	+ 	2Ç�hℎ< 	�< �+	12 ���< �. (7) 

The displacement of the airfoil can be obtained by integrating the velocity at 

point ‘p’ e.g. (Îo =	−	ℎ< �Ð�); Thus, 

 ∆�o = −∆ℎ�Ð�, (8) 

where, ℎ presents heave of the airfoil based on point ‘p’ (refer to Figure 1).  

In the next step, to calculate the work done by the aerodynamic lift, the 

displacement of the airfoil for point ‘p’ is considered. As mentioned earlier, 

the aerodynamic centre of the airfoil is adapted by the elastic axis (point ‘p’) 
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at the quarter of the chord length of the airfoil. As a consequence, the 

generated moment at this point is zero (=�/½ = 0). Therefore, the virtual 

work of the lift force during one cycle of oscillation can be written as 

 � = .E�−�o�, (9) 

Here, the aerodynamic lift force .E acting in the normal direction to the flow 

with two degrees of freedom can be formulated as  

 .E = &��ÇÑDth f� + ℎ< �Ò + (Ç/2) y�<�{m. (10) 

By integrating the right hand side of Equation (10) and averaging it over a 
complete cycle of oscillation, the mean generated power during one cycle of 

vibration (��/t) can be found as  

 zcÓ�� = ���/t. (11) 

The power coefficient of FIV can be calculated based on the power of the 

fluid	z�t�s , which is the product of the acting force on the airfoil 

(	�� 	&��Ô�L = 	&��ÇÑ�L) and the velocity in the same direction of the force 

(U). Here, l is the length or span of the airfoil; A is the area and �E is the lift 

coefficient. Therefore, the power of the fluid can be written as 	z�t�s = &�¡ÇÑ 
and the power coefficient can be written as  

 #Ó�� = zcÓ��z�t�s . 
(12) 

2. Wake regimes  

In order to analyse the vortex structure in the wake area of the cylinder, a 

numerical analysis can be employed. Therefore, with the purpose of 

visualizing the flow pattern and studying the effect of critical parameters 

that influence FIV, such as the vortex length scale, the transverse spacing of 

the vortices and the vortex frequency shedding, preliminary numerical 

analyses were conducted with a single cylinder and a coupled cylinder-

airfoil.  
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Flow around a stationary single cylinder at Re =10,000, was initially 

modelled using ANSYS Fluent Workbench. At this Reynolds number, the 

flow is classified in intermediate Transition in Shear Layers (TrSL) 

(Zdravkovich 1997). At TrSL flow regime, in which all numerical models 

and experiments were performed in this paper, the discrete periodic vortices 

are formed and accordingly the Strouhal number remains approximately 

constant (Blevins 1990). This facilitates the harnessing of the energy from 

the vortices, which are generated at a constant frequency which is close to 

lock-in.  In order to predict the wake regimes, a Scale Adaptive Simulation 

(SAS) turbulence model was used based on the Finite Volume Method 

(FVM) with a pressure based algorithm. In comparison to other turbulence 

models, the SAS model is a relatively new model and was developed by 

Menter and Egorov (2010). This model uses the Von Karman length scale, 

which allows it to adapt its behaviour to Scale Resolving Simulation (SRS) 

according to the stability parameters of the flow. This also allows the model 

to provide a balance between the contributions of the simulated and resolved 

parts of the turbulence stresses. Hence, the model can effectively and 

automatically switch from the Large Eddy Simulation (LES) mode to the 

Reynolds Average Navier Stokes (RANS) mode (Menter and Egorov 2010). 

In previous studies, the author have shown that this model is suitable for 

predicting the VIV response of a cylinder mounted in a transient flow 

regime (Derakhshandeh et al. 2014-a, and 2014-b). A quadrilateral mesh 

with 51,668 elements was utilized for all numerical models and details of 

numerical simulations can be found in (Derakhshandeh et al. 2014-a). 

Figure 2 presents the vorticity contours of a single cylinder at Re = 10,000 

obtained from the CFD model along with the experimental results of Lau 

(2003). It can be seen from the figure that the calculated vorticity 

distribution in the wake of the cylinder is quite similar to that reported 

experimentally. Consistent with the previous investigations (Roshko (1955), 

Unal and Rockwell (1988) and Lau (2003)), three regimes in the wake of 

cylinder are identified: pre-vortex-formation regime (Õ�), primary-vortex-

formation regime (Õ�), and fully developed-vortex formation regime (Õ¡). It 

is observed that at	Õ�, the shear layers merge and the initial vortex starts to 

shed. As the longitudinal distance is increased to Õ� and	Õ¡ regimes, the 

vortices are formed and become fully developed. This means that at Õ� 

and	Õ¡, fully developed vortices with larger length scale and higher 

circulations of the vortices are observed.  
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Figure 2: Vorticity contour (s-1) in the wake of the circular cylinder at Re = 10,000, a) 

numerical modelling of the present study, b) experimental result of Lau (2003). 

Since the length scale and circulation of the developed vortices are directly 

proportional to the shear forces, e.g. lift force acting on the cylinder, it is 

predicted that the primary-vortex-formation (Õ�) and fully developed-

vortex-formation (Õ¡) regimes are more suitable for kinetic energy 

harnessing by a downstream body. Analysing the power density generated 

in the wake of the cylinder including Õ�	and Õ¡	can provide further insight 

for this prediction.  

2.1. Power density 

Figure 3 shows the non-dimensionalised power density of the fluid in the 

symmetric plane. For 2D model, the power density is defined as the force 

acting on the wetted area of the cylinder in the same direction of the flow. 

Therefore, the fluid power equation can be written as	�� 	&�¡Ô. The locations 

with higher power density can be observed as a zigzag pattern in the wake 
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��/, 

��/, 
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of the cylinder. It is seen that although at Õ¡ the vortices are fully developed 

(refer to Figure 2), due to the dissipation of the kinetic energy, the power 

density of the fluid gradually reduces. Consequently, with the aim of 

capturing the wake energy of the upstream cylinder both visual patterns of 

vorticity contours and the power density contours provide an initial 

estimation for the optimum location of the downstream body. Therefore, for 

the rest of the current investigation the primary-vortex-formation regime 

(Õ�) is considered as an ideal longitudinal distance between the cylinder and 

airfoil. 

 

 

 

 

 

 

 

Figure 3: Non-dimensionalised power density in the wake of a stationary circular 

cylinder(	zÖ zÖ×⁄ ) at Re =10,000. 

2.2. Strouhal number 

Vortex length scale and vortex shedding frequency (or Strouhal number) 

was studied for the cylinder-airfoil case. Models were developed for 

different longitudinal and lateral distances between the cylinder and the 

airfoil.  Two arrangements were modelled, at 	��/, = 0 and 	��/, = 1, and 

the airfoil was positioned at all three wake regimes (Õ�, Õ�	and	Õ¡) at zero 

angle of attack.  

Typical vorticity contours around the coupled cylinder-airfoil at three wake 

regimes are shown in Figure 4. In this figure the longitudinal distance,	��/,, was increased to cover Õ� to	Õ¡ regimes with the airfoil mounted along 

the centre line of the cylinder (	��/, = 0). The vorticity contours have been 

1 2 3 4 5 6 7 8 

0 5 



 

Chapter 6: Effect of non-circular cylinder 

 

 

 
191 

 
 

plotted at the same time for all numerical models (t = 15 s). This facilitates 

the comparison between the vortex structures. It is observed that due to the 

small evolution of the vortices at	Õ�, the wake appears to be affected by the 

airfoil. As a consequence, at smaller ��/, such as pre-vortex formation 

regime (Õ�), the vortices split before they fully develop (Figure 3-a). The 

splitting of the vortices alters the shear forces acting on the airfoil and the 

frequency of the vortex shedding. At higher longitudinal distances, e.g. at Õ� 

and	Õ¡ regimes (Figure 3-b, and 3-c), the airfoil is alternately under the 

effect of either the primary or the fully developed vortices regimes.   

The spectral analysis of the lift force acting on the airfoil was also carried 

out. The right column of Figure 4 shows the magnitude of the lift force 

versus Strouhal number at three wake regimes from Õ� and	Õ¡ (Figure 3-ed, 

3-e and 3-f, respectively) obtained using the Fast Fourier Transform (FFT). 

In the FFT profile, the sampling time was 0.01 s, which is equal to the 

selected time step used in the numerical simulations.  

 

 

 

 

 

 

 

 

 

 

Figure 4: Vorticity contours including positive and negative eddies around a coupled 

cylinder-airfoil as a function of longitudinal distance at	��/, = 0, � = 0 and Re =10,000, a) Õ� regime, b) 	Õ� regime, c) 	Õ¡ regimes. d), e) and f) in the right column present the FFT 

plot of the lift force at each wake regime, respectively.  
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When comparing the FFT plots it becomes readily apparent that when the 

airfoil is located at	Õ�, the minimum Strouhal number is obtained. The 

Strouhal number becomes close to the vortex shedding frequency of a single 

cylinder (St ≈ 0.2) at higher longitudinal distances (at		Õ�	and	Õ¡). It is 

interesting to note that although the Strouhal number reaches ~0.2 at Õ¡ 

regime, the maximum magnitude of the lift force is obtained at the  Õ� 

regime, which is almost 3 times the magnitude of the lift force at Õ� regime 

(compare the magnitudes of  the lift force in Figures 3-d and 3-e). 

Figure 5 also shows instantaneous vorticity contours of the flow in the wake 

of the cylinder at t = 15 s, when the airfoil is offset by the lateral distance of 	��/, = 1. It is seen that similar to the centrally aligned arrangements, the 

transverse spacing of the vortices gradually increases when the longitudinal 

distance between cylinder and airfoil increases; however, at the lateral 

distance of 	��/, = 1, there is no splitting occurs for the vortices. 

It is observed that at the Õ� regime, the vortices smoothly pass from the 

upper surface of the airfoil and they approach the leading edge of the airfoil 

at higher 	��/,  (Õ� and	Õ¡ regimes). This can be more highlighted at	Õ¡ 

regime, where the oncoming vortex is attached to the leading edge of the 

airfoil (Figure 5-c). The effect of longitudinal distance on vortex shedding 

frequency was evaluated from the time history of the lift coefficient of the 

airfoil when the airfoil was mounted at 	��/, = 0. FFT plot of the lift force 

demonstrates that the magnitude of the lift force is approximately similar at 

three regimes and the discrepancy of the Strouhal number is insignificant 

(compare Figures 4-d, 4-e and 4-f). 
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Figure 5: Vorticity magnitude contours (s-1) around a coupled cylinder-airfoil as a function 

of longitudinal distance at	��/, = 1, � = 0 and Re =10,000. d), e) and f) in the right column 

present the FFT plot of the lift force at each wake regime, respectively. 

Figure 6 summarises the trend of the Strouhal number as a function of	��/, 

and		��/,, at Re =10,000. For the centrally aligned arrangements, it is 

observed that when the airfoil was mounted at Õ�, the Strouhal number is far 

away from the vortex frequency of a single cylinder and by minimizing the 

gap between the cylinder and airfoil, the vortices are split causing a 

reduction in the length scale. Since the Strouhal number is inversely 

proportional to the length scale of the vortices (Unal and Rockwell 1988), a 

reduction in the gap size between cylinder and airfoil would increase the 

Strouhal number. However, the Strouhal number still shows smaller values 

at	Õ�, compared with the obtained values at Õ�	and	Õ¡. The variations of 

obtained Strouhal number show similar trend with results of wind tunnel 

tests conducted by Ozono (1999) for the flow around a coupled cylinder-

plate at Re = 6,700 and 	��/, = 0. When the airfoil was mounted at Õ� 

and	Õ¡, the results demonstrated the Strouhal number approximately 

converges to the vortex shedding frequency of a single cylinder.  
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Figure 6: Variation of the Strouhal number as a function of longitudinal distance between a 

coupled cylinder-airfoil at Re = 10,000. The symbol (       ) reflects the results of a coupled 

cylinder-plate at Re = 6,700 and 	��/, = 0, Ozono (1999).   

2.3. Transverse spacing of vortices 

The Transverse Spacing (TS) of oncoming vortices can be also considered 

when the coupled cylinder and airfoil is analysed. The TS of a vortex is 

measured from the centre of the vortex to maximum transverse movement 

of the vortex over the airfoil using vorticity contours and it is normalised by 

the diameter of the cylinder. The variation in the TS is extracted from 

Figures 4 and 5 and the results are summarized in Figure 7, for both 

centrally aligned and staggered arrangements. It can be seen that the TS 

becomes larger when the airfoil was positioned at higher longitudinal 

distances for both centre aligned and staggered arrangements of cylinder 

and airfoil. The smallest transverse spacing is obtained with minimal 

longitudinal distance between the cylinder and the airfoil (at Õ� regime). 

The TS then gradually increases at Õ� and there is no significant change can 

be seen at	Õ¡.  

The effect of lateral distance is to increase the TS when the airfoil was 

positioned at ��/D = 1. As a consequence, it is expected that larger 

transverse spacing for the oncoming vortices yield stronger circulation of 

vortices, Г. However, it is worth noting that by increasing the gap size 
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between the cylinder and the airfoil, in both directions (x/D and y/D), the 

dissipation of vortices needs to be considered. Therefore, extra attention is 

needed to estimate the circulation of vortices, Г, for each test case.  

 

Figure 7: Dimensionless transverse spacing of the vortices as a function of longitudinal and 

lateral distances of upstream cylinder and downstream airfoil at � = 0° and Re = 10,000. 

2.4. Circulation of vortices 

The circulation of vortices, Г, can be estimated by the integral around a 

closed area of the vorticity field as shown in Figure 8; hence: 

 Г = ∬;�Ê = ∑ ;v∆�vi� �v∆�v . (11) 

 
Figure 8: Circulation contours around a coupled cylinder and airfoil surrounded by two 

areas (ds).   
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In order to ensure that the circulation is independent from the area of the 

vorticity, further analyses is required to obtain independent circulation 

values from the selected area. The independent solution for circulation has 

been chosen for a typical model when the airfoil is mounted at	Õ¡ due to the 

maximum obtainable TS at this regime.  The independent results for Г are 

shown in Figure 9 as a function of the chord length of the airfoil. Here, 

circulation is normalised by free stream velocity and the chord length of the 

airfoil. It is observed that the selected area (ds) with approximately 2C (C is 

the chord length of the airfoil) length yields insignificant changes of results 

in terms of the circulation. Therefore, this length is chosen to calculate the 

circulation around the airfoil for all test cases.   

 

Figure 9: Independent variation of the dimensionless circulation as a function of area for a 

typical arrangement of cylinder and airfoil located at the	Õ¡ regime.   

Figure 10 shows the variation of the dimensionless circulation as a function 

of the longitudinal and lateral distances. In general, it can be seen that the 

vortex circulation is higher when the airfoil is arranged at 	��/, = 1. The 

results also demonstrate that for the centre aligned cylinder-airfoil, the 

maximum circulation can be obtained for the studied model with ��/, = 4. 

Although it was expected to achieve the highest circulation at fully develop 

regime (Õ¡), it can be seen that due to dissipation, the vortex circulation 

shows a significant drop for both centre aligned and staggered 

arrangements. Since an increase in circulation of incident vortices acts to 

increase the lift force on the airfoil and all fluidic and structural conditions 
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of the cylinder and airfoil are constant, the heave performance of the airfoil 

can be affected by the generated vortices or shear forces.  

 

Figure 10: Effect of longitudinal and lateral distances on the vortex circulation at Re = 

10,000.  

2.6. System configuration 

 

Analysing different aspects of flow pattern using numerical models was 

helpful in providing insight into the vortical structure and the optimum 

configuration of the cylinder and airfoil with higher potential to harness the 

kinetic energy in the flow. Therefore, the longitudinal and lateral distances 

between the cylinder and the airfoil along with the angle of attack of the 

airfoil were altered in the experiments.  

 

Sixteen physical arrangements were tested in a water channel. The 

downstream airfoil was kept at the centre of the water channel to avoid any 

blockage effects, while the upstream cylinder was moved to different 

positions. The different arrangements of the cylinder and airfoil are shown 

in Figure 11. For each test case, ten angles of attack of the airfoil were 

considered leading to a total of 160 test cases. 

 

Due to the extensive number of test cases, the SAVEM system is used to run 

the experiments rapidly by setting the angle of attack for each arrangement 

of the coupled cylinder-airfoil. In Section 3, the details of experimental test 
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are explained and the dynamic response of the airfoil in capturing the 

kinetic energy of vortices is discussed. 

 

Figure 11: Configuration of a coupled cylinder-airfoil investigated in this study (with 16 

locations for the downstream elastically mounted airfoil in the wake of the upstream 

stationary circular cylinder). 

3. Experimental Apparatus 

A series of experimental tests were conducted in a closed-loop water 

channel located at the Thebarton laboratory of the University of Adelaide. 

The test section of the water channel is 500 mm wide, 600 mm deep and 

2,000 mm long. An acrylic circular cylinder with diameter of D = 40 mm 

and 600 mm length was mounted in a fixed frame, while the downstream 

aluminium NACA 0012 airfoil with chord length C = 100 mm and the 

length l = 400 mm was fixed on a virtual elastic base with two degrees of 

freedom. Free stream velocity of water channel was set at U = 0.25 m/s.  

Consequently, a corresponding Reynolds number of Re = 10,000 was 

calculated based on the diameter of the upstream cylinder (D) and the 

measured density of the water at 20°C.  

A 3D rendered model of the system, including the water channel, and the 

SAVEM system is shown in Figure 12. The SAVEM system is comprised of 

a vertically mounted airfoil, which is attached to a carriage sliding on four 
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linear bearings. The advantage of this model with a vertically mounted 

airfoil is that the static weight (minus the buoyancy force) is no larger 

applied to the motor which provides the linear movement of the airfoil. This 

approach eliminates the effect of the weight and buoyancy forces on the 

drive mechanism. The carriage is driven by a toothed belt. The timing belt is 

coupled to two toothed pulleys; one free acting as an idler, the other coupled 

to a Maxon brushless  EC-Max 30 (with a 2000 quad-count encoder) servo-

motor via a gearbox of 51:1 ratio. The servo-motor is controlled by a Maxon 

ESCON 50/5 servo controller. The force applied to the airfoil is measured 

using a pair of strain gauges in a half bridge arrangement. The bridge 

directly measures the bending moment at the root of the cantilevered 

column and consequently by assuming 2D flow conditions, the lateral force 

normal to the mean flow direction was measured.  

Control of the SAVEM was activated using Matlab/Simulink and its Real 

Time Workshop; the model was compiled to target a dSPACE-DS1104 

rapid prototyping control board. The real-time controller was manipulated in 

dSPACE Control Desk. A Proportional-Integral-Derivative (PID) controller 

was designed to measure the instantaneous aerodynamic forces exerted on 

the airfoil and the displacement of the oscillation. The incremental encoder 

embedded inside the motor delivers square wave signals whose pulses can 

be counted for positioning (angle) and/or speed (angular velocity) 

measurement. The position signal of the motor was used for feedback 

control. A gain coefficient which represents the load allows for conversion 

of the motor rotation to the linear displacement of the cylinder. The 

difference between the measured displacements of the cylinder and those 

obtained from the virtual model was used as the input signal to the PID 

controller. The proportional, integral and derivative gains of the PID 

controller were set to minimize the output error of displacement to less than 

0.5 mm, which was tuned using Ziegler Nichols method (Astrom and 

Hagglund 2006). The assembled equipment and main parts of the SAVEM 

system are shown in Figure 13. More detailed explanation of the VEM 

system can be found in the previous study of the authors (Derakhshandeh et 

al. 2014-c).  
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Figure 12: Schematic of 3D model of the test rig including the upstream circular cylinder, 

the downstream airfoil, the SAVEM system and the test section of water channel.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: a) A photograph of the assembled equipment including the test section, b) main 

electric elements of the SAVEM system including 1: AC excited bridge amplifier with two 

channels, 2:  A dSPACE Board (DS 1104) with 16 bit D/A converter, 3: A Maxon ESCON 

50/5 servo controller, and 4: A Maxon servo motor (model EC-max 30) via a gearbox of 

51:1 ratio comprising embedded encoder. 
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In FIV, the Reynolds number, the mass and damping ratios play a 

significant role in the dynamic response of the airfoil. The mass ratio is 

defined as	�∗ = 4� &>��Ñ⁄ , based on the mass (m) of the airfoil, the 

density (&) of the fluid, the chord length (C), and the length (l) of the airfoil. 

The mass damping ratio is (�∗') where, ' represents the damping ratio of 

the elastically mounted airfoil. In the current study, with the intention of 

study of the effect of the arrangement between the cylinder and airfoil, the 

mass and damping ratios were kept constant at 2.4 and 0.01, respectively, 

while the angle of attack was varied between 0 < � < 45° degrees with an 

increment step of 5°. The reduced frequency was also kept constant at �  = 

0.75 Hz. The reduced frequency is defined as �  = ;C/U, where ; 

represents the circular frequency of rotation of the airfoil. 

 

3.6. Lift measurement using SAVEM system 

In order to utilize work conducted by the lift force acting on the airfoil, 

initially it is essential to measure and compare the exerted shear force in the 

normal direction to the flow as a function of angle of attack. The lift forces 

on the mounted airfoil were measured and the results were validated against 

the available published data. The angle of attack of the airfoil can be fixed at 

any desired value relative to the direction of the free stream (refer to � in 

Figure 1) by changing the angle of the rotor using a real-time Simulink 

model. The lift coefficient acting on the airfoil can be quantified as follows 

 �E = 	 .�12 &���Z, 
(13) 

where .� is the lift force measured by strain gauges in the normal direction 

to the flow stream line.   

Figure 14 shows the dependence of the lift coefficient on the angle of attack 

of the airfoil along with the previously measured data of Alam et al. (2010). 

It is observed that the lift coefficient initially drops at � = 10°, where the 

static stall occurs. The static stall is generally associated with separation of 

fluid flow at the suction side of the airfoil (Larsen et al. 2007). However, in 

another scenario Laitone (1997) reported that due to the transition from 

laminar to turbulence static stall can occur. Consequently, it is seen that 

when the flow around the airfoil is about half of the Reynolds number used 
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in this study (e.g. Re = 5,300), the lift coefficient monotonically increases 

until the second stall appears around � = 45°. At this range of Reynolds 

numbers, it is assumed that the flow regimes are laminar (Alam et al. 2010). 

Therefore, the lift coefficient around � = 10° is far from those found by 

Alam et al. (2010) at the lower Reynolds number. In addition, it is observed 

that at Re = 10,000 the trend of the measured data of �E is very close to the 

previously published data, which is required for the study of the dynamic 

response of the elastically mounted airfoil. A small discrepancy between 

measured data with those reported by Alam et al. (2010) can be seen at a 

higher angle of attack � > 60°. This discrepancy might because a result of 

the blockage effects when the angle of attack of the airfoil increases. 

Accordingly, for the rest of this study, a safe range of angle of attack of � ≤ 

45° was chosen to investigate the dynamic response of the airfoil.  

To avoid resonance, it is necessary that the natural frequency of the 

cantilevered airfoil occurs outside of the frequency of oscillation due to 

vortices. Therefore, the stiffness and mass of system was kept constant 

during the experiments and were defined to be k = 50 N/m and m = 2 kg, 

respectively. This provided the system with a frequency of oscillation of �p+� = 0.79 Hz. The natural frequency of the fundamental bending mode of 

the cantilevered airfoil was measured using the free-decay tests. Free-decay 

tests for the cantilevered airfoil were performed in the water channel within 

a stagnant fluid when both motors and controllers were disabled. Based on 

the dynamic response of the airfoil, the fundamental natural frequency of 

the cantilevered airfoil was found to be �6= 4.70 Hz, which is outside of the 

frequency of oscillation. 
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Figure 14: Comparison of the lift coefficient as a function of angle of attack of airfoil with 

published experimental data (Alam et al. 2010). 

3.7. Dynamic response of the Airfoil 

Typical time series of the lift coefficient for all Test Cases (TC) are plotted 

in Figure 15, when the angle of airfoil was set at � = 0° and Re = 10,000. It 

is clear that the behaviour of the lift coefficient varies with both longitudinal 

and lateral distances. The amplitude of the lift coefficient is approximately 

similar for Test Cases 1 and 2 and the trend of the signal is very regular. 

However, by increasing the longitudinal distance to ��/D = 4 and 5 (for Test 

Cases 3 and Test Cases 4), the behaviour of the lift coefficient becomes 

more irregular and its amplitude increases. As the position of airfoil shifts to 

larger longitudinal distances, the fully developed vortices are generated. As 

a consequence, the lift force acting on the airfoil can originate from two 

components known as potential-force due to the ideal flow inertia force and 

vortex-force due to the dynamics of vorticity field around the airfoil 

(Williamson and Govardhan 2004). Based on the numerical-analysis in 

Section 2, the higher amplitude of the lift coefficient was expected at 

primary vortex formation regime (Õ�) and this expectation is now confirmed 

for Test cases 3 and 4. 
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Figure 15: Typical time series of the lift coefficient for sixteen arrangements of the coupled 

cylinder-airfoil (or four groups) at � = 0° and Re = 10,000, a) TC = 1, b) TC = 2, c) TC = 3, d) TC 

= 4, e) TC = 5, f) TC = 6, g) TC = 7, h) TC = 8, i) TC = 9,  j) TC = 10, k) TC = 11, l) TC = 12, m) 

TC = 13, n) TC = 14, o) TC = 15, p) TC = 16.       

For the test cases with lateral distance ��/D = 1, a higher amplitude of the 

lift coefficient is observed as compared to the centre aligned arrangements. 

It can be also seen that among all staggered arrangements, a coupled 

cylinder–airfoil with ��/D = 1 provides the maximum amplitude of the lift 

coefficient, which is due to the higher circulation of oncoming vortices to 

the downstream airfoil. Numerical analysis of the staggered arrangements 

revealed that, the maximum transverse spacing of the vortices, for staggered 

models with ��/D = 1, is limited to ~2. Therefore, it is expected that outside 

of this range (such as ��/D ≥ 2), the downstream airfoil is less influenced 

by the generated vortices. This hypothesis is now confirmed by the 

experimental results, where the airfoil was positioned at ��/D = 2 or higher 

lateral distances (refer to Figures 15-i to 15-p).    

0 10 20
-0.1

0

0.1

 c
L

 α

 

 

 TC = 1,  α = 0

0 10 20
-0.1

0

0.1

 

 

 TC = 2,  α = 0

0 10 20
-0.1

0

0.1

 

 

 TC = 3,  α = 0

0 10 20
-0.1

0

0.1

 

 

 TC = 4,  α = 0

0 10 20
-0.1

0

0.1

 c
L

 α

 

 

 TC = 5,  α = 0

0 10 20
-0.1

0

0.1

 

 

 TC = 6,  α = 0

0 10 20
-0.1

0

0.1

 

 

 TC = 7,  α = 0

0 10 20
-0.1

0

0.1

 

 

 TC = 8,  α = 0

0 10 20
-0.1

0

0.1

 c
L

 α

 

 

 TC = 9,  α = 0

0 10 20
-0.1

0

0.1

 

 

 TC = 10,  α = 0

0 10 20
-0.1

0

0.1

 

 

 TC = 11,  α = 0

0 10 20
-0.1

0

0.1

 

 

 TC = 12,  α = 0

0 10 20
-0.1

0

0.1

Time (s)

 c
L

 α

 

 

 TC = 13,  α = 0

0 10 20
-0.1

0

0.1

Time (s)

 

 

 TC = 14,  α = 0

0 10 20
-0.1

0

0.1

Time (s)

 

 

 TC = 15,  α = 0

0 10 20
-0.1

0

0.1

Time (s)

 

 

 TC = 16,  α = 0

a)a) b)b) c)c) d)d)

e) f)f) g)g) h)h)

i)i) j)j) k)k) l)l)

m)m) n)n) o)o) p)p)



 

Chapter 6: Effect of non-circular cylinder 

 

 

 
205 

 
 

The importance of the staggered arrangement of a coupled cylinder and 

airfoil in capturing kinetic energy of vortices can be observed by comparing 

the heave response of the airfoil for centre aligned and staggered 

arrangements. Figure 16 shows the time history of the dimensionless (using 

chord length of airfoil) heave response of all examined test cases at a typical 

angle of attack � = 10°. The time history of the airfoil undergoes a smaller 

range of oscillation when the airfoil is positioned at the centre line of the 

upstream cylinder as compared to the staggered arrangements. Furthermore, 

it can be seen that the maximum time series of the heave response belongs 

to the staggered arrangements of ��/D = 1. It is also observed that further 

increasing at the lateral distance has no significant effect on the amplitude 

of the heave (refer to Figures 16-i to 16-p).  

 

Figure 16: Typical time series of the heave response for sixteen arrangements of the 

coupled cylinder-airfoil (or four groups) at � = 10° and Re = 10,000, a) TC 1, b) TC 2, c) 

TC 3, d) TC 4, e) TC 5, f) TC 6, g) TC 7, h) TC 8, i) TC 9,  j) TC 10, k) TC 11, l) TC 12, 

m) TC 13, n) TC 14, o) TC 15, p) TC 16. 
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An explanation for this trend in the heave response of the airfoil can be 

offered here using the spectral analysis of the lift force. The spectra of the 

measured force applied on the airfoil is plotted in Figure 17 when the airfoil 

angle was set to � = 10°. Herein, the frequency of the lift force is 

normalised by the natural frequency of the structure. For all test cases a 

dominant peak is observed in the spectrum. This peak corresponds to the 

frequency of the oscillation. When the airfoil was positioned at ��/D = 1, 

particularly for TC 6, 7 and 8, another frequency appears in the signals, 

which is close to the frequency of the oncoming vortices. Compared with 

the numerical results for staggered arrangement of ��/D = 1, there is 

evidence that the measured frequency of the vortices is approximately St = 

0.2 or the frequency of generated vortices in the wake of the cylinder. Based 

on the measured frequency (f /�p+� = 1.30), the Strouhal number is 

calculated to be St ≈ 0.19. It can be seen that for all test cases, the 

magnitude of the force signal is a maximum for the second group of test 

cases with ��/D = 1, and in particular Test Cases 5 to 10 (Figures 17-e to 

17-h). Further increasing the lateral distance between the cylinder and airfoil 

causes a reduction in the magnitude of the signal and indicates that the 

second peak disappears; however, the frequency of oscillation still remains 

at f /�p+� = 1. As a consequence, it is expected that the heave amplitude of 

the airfoil increases for staggered arrangements with ��/D = 1.  
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Figure 17: Magnitude of FFT of the lift force acting on the airfoil for sixteen arrangements 

of the coupled cylinder-airfoil at � = 10° and Re = 10,000, a) TC 1, b) TC 2, c) TC 3, d) TC 

4, e) TC 5, f) TC 6, g) TC 7, h) TC 8, i) TC 9,  j) TC 10, k) TC 11, l) TC 12, m) TC 13, n) 

TC 14, o) TC 15, p) TC 16.  

3.8. Effect of angle of attack 

The effect of angle of attack on the heave of the airfoil is examined in this 

section. The difference between the average of maximum and minimum of 

the heave amplitude	∆ℎ∗, is calculated as a percentage of discrepancy among 

all test cases at each angle of attack. This highlights the role of angle of 

attack in the heave response of the airfoil against the arrangement of the 

coupled cylinder-airfoil. Figure 18 shows the percentage of this discrepancy 

as a function of the angle of attack. It can be seen that at lower angles of 

attack such as � = 0° or 5°, the difference between the average of maximum 

and minimum of the heave amplitude,	∆ℎ∗, is approximately similar. Herein, 

the heave is normalized by the chord length of the airfoil. Figure 18 
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indicates a significant growth at � = 10°, in which ∆ℎ∗is approximately 

130%. There is a significant drop for ∆h* when the angle of attack increases 

to 15°.  Further increasing in the angle of attack causes a consequent 

reduction between the maximum and minimum amplitude of the heave. This 

means that the effect of the angle of attack at larger angles is weaker and by 

increasing the angle of attack, the arrangements of the cylinder and airfoil 

could not influence the heave response of the airfoil. The reason for this 

relates to the correlation of the selected reduced frequency and angle of 

attack of the airfoil. Zhu (2011) found that the dynamic response of the 

airfoil at different angle of attacks is a function of the reduced frequency. 

Therefore, it is found that under the defined condition for reduced frequency 

of the airfoil, the lower angle of attack, � ≤ 20°, has the strongest effects on 

the dynamic response of the airfoil, whereas the large angles � ≥ 25°	plays 

a secondary role.      

 

 

 

 

 

 

 

Figure 18: The percentage of variation of heave of airfoil obtained from difference between 

the average of the maximum and minimum of the heave at each set of arrangements as a 

function of angle of attack at Re = 10,000. 

3.9. Effects of the longitudinal and lateral distances and angle of attack  

In order to highlight the combined effect of the longitudinal and lateral 

distances along with the angle of attack of the airfoil, a contour plot diagram 

is utilized, which summarizes the effect of all the above parameters. With 

the aim of visualization and quantification of the arrangement on the heave 

amplitude of the airfoil, the interpolation of the measured values is 
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developed to the studied test cases. Furthermore, to aid in the interpretation 

of the heave values, isolines are added to the contour plot. The maximum 

dimensionless heave of the airfoil as a function of ��/D, ��/D, and	� is 

presented in Figure 19. In general, it is observed that the maximum heave 

occurs for the staggered arrangements. Most significantly, it is observed that 

the highest heave of the airfoil appears when the airfoil was mounted at the 

primary vortex-formation regime (Õ�). In addition, it can be seen that the 

minimum and maximum bounds of the primary vortex-formation regime, 

(e.g. ��/D = 3-5), are very critical at the heave response of the airfoil. When 

the airfoil was set at smaller angle of attack of � < 25°, the heave response 

of the airfoil shifts to the lower bound of Õ� or ��/D = 3. By increasing the 

angle of attack to � ≥ 25°, the higher heave amplitude of the airfoil moves 

to the higher value of the longitudinal distance of ��/D = 4 or even more 

(Figures 19-e to 19-h). As an effect of the lateral distance, in general, it can 

be noted that the maximum heave occur at the staggered arrangements when 

the airfoil was mounted at 1 ≤	��/D ≤ 1.5 and 3.5 ≤	��/D ≤ 4.5.  
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Figure 19: Isoline contours of the heave of the airfoil as a function of longitudinal and 

lateral distances at different angle of attack at Re =10,000.  a) � = 5°, b) � = 10°, c) � = 

15°, d) � = 20°, e) � = 25°, f) � = 35°, g)  � = 40°, h) � = 45°. 
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3.4. Power coefficient of the FIV 

The effect of the arrangements of the coupled cylinder-airfoil and angle of 

attack of the airfoil impacting on the power coefficient can be considered. In 

Figure 20 the contour plot of the power coefficient is shown. The contour 

plot has been chosen for the maximum ∆h
* when the airfoil was at � = 10°.  

The plotted color bar of the figure shows the range of efficiency within a 

range of 0 to 30%. The contour of the efficiency is plotted as a function of 

longitudinal and lateral distance (�� ,⁄  and	�� ,⁄ , respectively). It is 

observed that the maximum FIV efficiency of 30% is obtained for cases 

with 3.5 ≤	��/D ≤ 4.5 and 1 ≤	��/D ≤ 1.5. It is seen that the increment of 

the lateral distance has no considerable influence on the power coefficient of 

the FIV as compared to the increase of the longitudinal distance.  

 

 

 

 

 

 

 

 

Figure 20: Variation of the power coefficient as a function of the longitudinal and lateral 

distances between the coupled cylinder-airfoil at � = 10°  and Re = 10,000. 

4. Conclusions 

The wake flow patterns around the cylinder and airfoil was studied using 

CFD along with the water channel tests at a transient flow regime (Re 

=10,000). The results of the numerical modelling and experimental tests 

support the following observations accordingly: 
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• The locations with higher power density were determined as a zigzag 

pattern in the wake of the cylinder. It is found that although at Õ¡ the 

vortices are fully developed, due to the dissipation of vortices, the 

power density of the fluid gradually reduces. As a consequence, the 

primary-vortex-formation regime (Õ�), is identified as an ideal 

longitudinal distance between the cylinder and airfoil; 

 

• The vortex shedding frequency of the wake is a function of the 

longitudinal distance and lateral distances between coupled cylinder 

and airfoil and it was varied from 	Õ�	to Õ� and it ultimately 

converged to the Strouhal number of a single cylinder at	Õ¡. 

Consequently, 	Õ� is not appropriate for harnessing the vortices 

energy with irregular frequency of vortex shedding; 

 

• The length scale of vortices behind a cylinder becomes larger at 	Õ� 

and	Õ¡ as well as the transverse spacing of the vortices. This provides 

a stronger circulation of vortices and consequently increases the lift 

force on the downstream airfoil. The variation of the length scale of 

vortices and transverse spacing of the vortices can be seen in both 

centre aligned and staggered arrangements when the longitudinal 

distance increases. However, this variation was higher for the centre 

aligned arrangements; 

 

• The effect of the arrangements of the coupled cylinder-airfoil on the 

aerodynamic force and the heave response of the airfoil were 

examined. It was shown that both longitudinal and lateral distances 

play an important role in the heave response of the airfoil to capture 

the energy of the vortices; 

 

• In regard to the angle of attack in capturing vortices energy it was 

observed that the optimum angle of attack was found to be � = 10°. 
For this angle of attack, the maximum FIV efficiency of 30% is 

obtained for cases with 3.5 ≤	��/D ≤ 4.5 and 1 ≤	��/D ≤ 1.5 

arrangements, which is limited to the narrower lateral distances as 

compare to the previous study of the authors (Derakhshandeh et al. 

2014-c) employing a pair of cylinders. 
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Chapter 7 

Conclusions and future work 

7.1. Conclusions 

Employing non-turbine systems, such as VIV and WIV, is a relatively new 

concept to generate renewable hydro energy. The dynamic response of a 

circular cylinder under different conditions was investigated. As the power 

coefficient is directly proportional to the behaviour of the cylinder, the key 

parameters such as amplitude of displacement needs to be evaluated. It was 

shown that the dynamic response of an unbounded cylinder under the VIV 

mechanism is different from the WIV mechanism employing two circular 

cylinders. This difference affects the power coefficient of the converter. 

Generally, the maximum amplitude of oscillation of the cylinder is obtained 

at lock-in, when there is synchronisation between the frequency of vortex 

shedding and the natural frequency of the cylinders. This leads to the 

maximum power coefficient of the converter. On the other hand, the WIV 

mechanism can arise at frequencies outside the natural frequency of the 

cylinder. Furthermore, as these mechanisms are applicable in the shallow 

rivers or installed on the seabed of oceans, other features such as the effect 

of a rigid wall affect the dynamic response of the cylinder. It was shown that 

the gap ratio of an upstream cylinder can affect the pressure field around a 

downstream mounted cylinder which causes different dynamic response of 
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the cylinder. The reason is due to the alteration of flow pattern and resulting 

vortices such as mode of vortices and circulation of vortices which can 

occur in the wake of cylinder and leads to change in the lift force acting on 

the downstream cylinder. Therefore, in the current dissertation, detailed 

investigations into the causes of alterations of the structure of the vortices, 

including the frequency, vorticity, lift force and phase angle between force 

and displacement are presented and discussed.  

7.1.1. Study of power coefficient of a cylinder  

The power coefficient for both VIV and WIV mechanisms were 

investigated and compared in Chapter 3.  The following observations were 

made. 

• The maximum power coefficient of the VIV power was calculated at 

the upper branch with a 2P mode to be approximately 10% for a 

single elastically mounted cylinder. This value is approximately one-

third of the power coefficient (28%) when using two cylinders with a 

staggered arrangement of 3.5 ≤	��/D ≤ 4.5 and 1 ≤	��/D ≤ 2; 

• Assuming linear behaviour and a sinusoidal response of the cylinder, 

the theoretical power coefficient of VIV can be explained as a 

function of four dimensionless parameters; the lift coefficient, 

Strouhal number, amplitude of oscillation, and phase angle between 

force and displacement. However, all these parameters are implicit, 

while the reduced velocity varies and cannot be explicitly specified. 

Therefore, the power coefficient of VIV for a single cylinder can be 

formulated only as a function of the reduced velocity.    
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7.1.2. Effect of staggered arrangement on the power coefficient  

A detailed calculation of the power coefficient as a function of free stream 

velocity including the maximum theoretical power, the fluid power, the 

power density and the power coefficient is presented in Chapter 4, where the 

results were compared for both VIV and WIV mechanisms. From these 

results, the following outcomes were observed:   

• In the VIV mechanism, the upper branch of amplitude occurs at a 

limited range of frequencies in which the shedding frequency is very 

close to the natural frequency of the structure. However, for the 

staggered arrangement of the cylinders, the WIV responses can 

occur at frequencies outside this range; 

• A structural mechanism was designed, built and employed to 

investigate the WIV response of the cylinder using a virtual mass 

spring damper (VMSD) instead of real spring damper. In this 

mechanism, the cylinder was installed vertically in the water 

channel. This assisted in avoiding the static load on the motor arising 

from the cylinder, thus reducing friction and improving the response. 

Therefore, the test rig was designed to operate at a low free stream 

velocity (or low Reynolds number, such as Re = 2,000) without the 

nonlinearities observed in previous work;  

• The staggered arrangement of the cylinders results in increased WIV 

efficiency as compared to the aligned arrangement of the cylinders. 

The results of water channel tests of sixteen test cases revealed that a 

staggered arrangement with 3.5 ≤	��/D ≤ 4.5 and 1 ≤	��/D ≤ 2 

showed the highest power coefficient of the WIV converter among 

those test cases performed due to the minimum phase shift between 

force and velocity of the cylinder; 
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• The numerical analysis also demonstrated that for flow around two 

circular cylinders and the downstream one is attached to an elastic 

support, the mode of oncoming and downstream vortices are 2S and 

2P, respectively. These modes are known as the major vortex pattern 

for a vibrating cylinder (Williamson and Roshko, 1988), in which 

the synchronisation occurs. Therefore, based on the arrangement of 

the cylinders, the dynamic response of the downstream cylinder is 

different as compared to a response of a single cylinder. 

7.1.3. Effect of a rigid wall on the power coefficient 

To identify the effect of a rigid wall and consequently the influence of the 

boundary layer on the dynamic response of the downstream cylinder, 

numerical analyses were conducted and a detailed explanation of the vortex 

dynamics has been discussed in Chapter 5. In this section, twelve 

arrangements of a pair of cylinders were considered, with the following 

observations:  

 

• The downstream elastically mounted circular cylinder was affected 

by the ‘jet flow’ of the upstream stationary cylinder mounted next to 

a rigid wall, when the upstream cylinder is mounted at small gap 

ratios, 0.25 ≤ G/D		≤ 0.5. The variation of the acting lift coefficient 

on the upstream cylinder is approximately 33%, while for the 

downstream one it is approximately 27%. It was shown that the 

arrangements of the cylinders based on the gap ratio of the upstream 

cylinder affect both lift and drag coefficients acting on the cylinders; 

• The lift coefficient, the maximum amplitude of oscillation, the 

Strouhal number and the phase angle between the exerted lift force 

on the downstream cylinder and the displacement of the cylinder on 

the power coefficient of the WIV were evaluated. Despite the 
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maximum lift coefficient of the downstream cylinder occurring at 

lower gap ratios, the maximum oscillation of the downstream 

cylinder occurs at higher gap ratios (G/D	≥ 1). The reason is due to 

the phase angle between the exerted lift force and displacement of 

the cylinder. It was observed that the maximum achievable 

theoretical efficiency of VIV power for the current test cases is 

approximately 37% at G/D = 1 and is much higher than the power 

coefficient of a single unbounded cylinder. 

7.1.4. Effect of flutter on energy extraction 

In order to investigate the effect of angle of attack, the wake flow patterns 

around the cylinder and airfoil was studied using CFD along with water 

channel tests at a transient flow regime (explained in Chapter 6). The results 

of the numerical modelling and experimental tests support the following 

observations: 

• In regard to the angle of attack in capturing energy of the vortices, it 

was observed that the optimum angle of attack was found to be � = 

10°. For this angle of attack, the maximum FIV efficiency of 30% is 

obtained for cases with 3.5 ≤	��/D ≤ 4.5 and 1 ≤	��/D ≤ 1.5 

arrangements, which are limited to the narrower lateral distances;  

• The locations with higher power density were determined as a zigzag 

pattern in the wake of the cylinder. It is found that although at higher 

longitudinal distances, such as fully developed-vortex-formation 

(Õ¡), the vortices are fully developed. Due to the dissipation of 

vortices, the power density of the fluid gradually reduces. As a 

consequence, the primary-vortex-formation regime (Õ�), was 

identified as an ideal longitudinal distance between the cylinder and 

airfoil; 
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• It was found that the vortex shedding frequency of the wake is a 

function of both longitudinal distance and lateral distances between 

coupled cylinder and airfoil and it was varied from pre-vortex-

formation regime (	Õ�	) to the primary-vortex-formation regime (Õ�). 

The Strouhal number of a coupled cylinder and airfoil ultimately 

converged to the Strouhal number of a single cylinder at the	Õ¡ 

regime. Consequently, 	Õ� is not appropriate for harnessing the 

energy of the vortices with irregular frequency of vortex shedding. 

• The length scale of vortices behind a cylinder becomes larger at 

higher longitudinal distances (e.g.	Õ�	and	Õ¡) as well as the larger 

transverse spacing of the vortices. This provides a stronger 

circulation of vortices and consequently increases the lift force on the 

downstream airfoil. The variation of the length scale of vortices and 

transverse spacing of the vortices can be seen in both centre aligned 

and staggered arrangements of when the longitudinal distance 

increases. However, this variation was higher for the centre aligned 

arrangements. 

7.2. Future work 

The major recommendations for future work are presented in this section. 

7.2.1. Effect of the location of the pitching axis  

It has been shown that the dynamic response of the airfoil due to the lift 

force is a function of angle of attack. Therefore, in this project, the airfoil 

was only under the influence of the lift force.  In the next step, the flutter of 

the airfoil can be considered employing both lift force and moment by 

choosing different locations for the pitching axis. Hence, further 

investigations are required to find the optimum location of the pitching axis 

when the airfoil is located in the wake of the stationary cylinder.  
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7.2.2. Effect of passive control on the downstream airfoil 

One of the biggest advantages of the virtual mass spring damper device used 

in this project is to perform a wide range of tests using a control system. In 

this research, only a semi-activated control system has been considered. The 

VMSD system still has the potential to develop into a higher level of 

application such as purely passive mechanism, in which the airfoil will be 

entirely excited by the vortices. In this case, the flutter response of the 

airfoil can be programmed based on a closed loop-feedback of the generated 

lift and torque acting on the airfoil. Consequently, in that situation, the 

maximum kinetic energy of the vortices would be considered and a wider 

range of variables are involved such as the frequency and magnitude of the 

torque based on the frequency of the acting vortices.            

7.2.3. Effect of mass and damping ratios 

All numerical and experimental investigations in this project have been 

conducted using a constant mass and damping ratio. It has been shown that 

the dynamic response of the VIV and WIV are inversely proportional to the 

product of mass and damping ratio, �∗' (Govardhan and Williamson 2000, 

Assi 2009, Raghavan and Bernitsas 2011). In another scenario, Bokaian and 

Geoola (1984) showed that by varying the damper ratio, the VIV and WIV 

regimes can be overlapped. Following these, Assi (2009) found that the 

magnitude of the WIV response is more sensitive to variation of the 

damping ratio rather than to variations in mass ratio. Therefore, further 

investigations are required to highlight the effect of these parameters, 

particularly of the flutter response of the airfoil and consequently the power 

coefficient of the converter. 
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7.2.4. Effect of upstream cylinder 

It was found that the geometry of downstream cylinder such as circular and 

non-circular cylinders influence the dynamic response of the body. Further 

analysis should be performed to study the effect of an upstream cylinder on 

the power coefficient of the downstream cylinder. 

7.2.5. Effect of roughness on cylinders 

This project has been conducted using smooth surfaces for the bluff bodies. 

It was shown that the surface roughness has an effect on the extraction of 

energy from the VIV mechanism (Chang et al. 2011). Further investigations 

need to be conducted to analyse the effect of roughness on the WIV 

mechanism.   
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Appendix A 

Conference Papers: 

In this appendix all conference papers resulting from this body of work are 

represented in full. 
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Appendix B 

Experimental Setup and Apparatus 

 

This section outlines a detailed of experimental setup, apparatus and system 
parameters used to perform the experimental tests.  
 
 
Water density:  & = 1000 (kg/m3) at T= 20°C 

 
Water channel dimensions:  

2,000 × 650×500 mm3 
 
 
Mass-spring-damper parameters: 

Mass ratio: �∗= 2.4 

Stiffness: k = 50 (N/m) 

Damping ratio: ' = 0.01 

 

 Diameter Length Material 

Upstream cylinder ,� = 40 (mm) Z� = 650 (mm) Aluminium 

Downstream 
cylinder 

,� = 30 (mm) Z� = 400 (mm) Acrylic 

Airfoil Chord  =100 (mm) Z� = 400 (mm) Aluminium 
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Linear bearings: 
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Control system flow chart: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Simulink model (mass-spring-damper): 
 

 

Simulink model is downloaded into 

dSPACE software 

dSPACE DAC (Digital Analog Converter) ADC (Analog Digital Converter) 

  

Motor/ Controller 
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Motor and controller circuitry 
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Maxon Controller technical data: 
ESCON 50/5 (40 

9510) 
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Maxon motor: 

 




