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Abstract 

There are several methods for enhancing the efficiency of the Vertical Axis Turbine 

(VAT) and Oscillating Foil Turbine (OFT), such as the variable pitch method for the 

VAT blade and the non-sinusoidal pitch method for the OFT. However, all of them 

are not bio-inspired methods. The main objective of the present research is to 

develop innovative methods to enhance the efficiency of a renewable turbine by 

using bio-inspired flow controls. In the present research, bio-inspired methods are 

used to modify the traditional rigid turbine blade such as the active and passive flow 

controlled flaps for VAT which are inspired by the fishtail motion and the active and 

passive blade flexibility for OFT which is inspired by butterfly wings. Simulations 

are carried out by solving 2D/3D Navier-Stokes equations either by themselves or 

fully coupled with a finite element structure solver at both laminar and turbulent flow 

conditions. The results show energy extraction efficiency enhancement effects by 

using bio-inspired flow controlled methods for both VAT and OFT under certain 

conditions. The mechanics of bio-inspired flow control, such as vortex control for 

VAT using an active or passive oscillating flap, force enhancement and phase shift 

effects of active flow controlled OFT and LEV control for passive flow controlled 

OFT, are also studied. Previous research studies on the HAT show a blade stress 

reduction effect and longer life cycles by using composite material or Morphing 

Blade (MB). However, not much is known about the performance and function of the 

composite material regarding VAT. The present study on the passive flow controlled 

spanwise flexible blade of VAT shows the blade structural characteristics associated 

with bending and twist deflection as sinusoidal functions. The blade external 
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unsteady loads and the power performance of VAT are first studied, which have been 

further extended to a blade stress analysis. 
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Nomenclature 

Roman symbols 

    = turbine chord-radius ratio which defined as        

A = sweep area (m
2
) 

AR = aspect ratio 

c = blade chord length (m) 

cc  = centrifugal force coefficient 

cd  = drag coefficient  

ceff  = effective chord length of flexible material (m) 

cf  = total fluid force coefficient  

cft  = total force coefficient  

cl  = lift coefficient  

cm  = moment coefficient of VAT 

cn  = normal force coefficient  

cop  = power coefficient 

cpit = pitching centre measured from leading edge (m) 

cpr  = pressure coefficient 

csf = length of metal stiffener (m) 

cst  = stress coefficient 

ct  = thrust coefficient  

Dis  = blade displacement (m) 

DR = density ratio 

E = Young’s modulus (Pa) 
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Ec = Young’s modulus coefficient 

f* = reduced frequency 

f0 = frequency of flapping wing (Hz) 

f0.18 = frequency of flapping wing with f*=0.18 (Hz) 

f5.5  = turbine rotational frequency with tip speed ratio of 5.5 (Hz) 

Fb  = body force (N) 

Fc  = centrifugal force (N) 

Ff  = total fluid force (N) 

Fft  = total force (N) 

Fn  = normal force (N) 

fn = natural frequency of selected material (Hz) 

fr  = turbine blade natural frequency at each mode (Hz) 

FR = natural frequency ratio which is defined as             

Ft  = thrust force (N) 

g = gravitational acceleration (m/s
2
) 

H  = blade span length (m) 

h(t) = instantaneous heaving position (m) 

h0 = amplitude of heaving motion (m) 

L = lift force (N) 

lst = length from blade strut to its nearest blade tip (m) 

M  = blade moment relative to the turbine centre (Nm) 

MZ(t) = instantaneous moment coefficient of the OFT 

n  = flexible coefficient 

N  = number of turbine blades 
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nt  = revolution ratio between turbine and flap for oscillating flap turbine  

p  = local pressure (Pa) 

p∞  = incoming flow pressure (Pa) 

po = instantaneous power (W) 

R  = turbine radius (m) 

Re = turbine Reynold’s number based on blade or foil chord  

St = Strouhal number of foil oscillating 

t = instant time (s) 

Tflap = flap revolution period (s) 

Tm1  = blade 1
st
 bending mode period of regions a and c (s) 

Tm2  = blade 1
st
 bending mode period of region b (s) 

Tm3  = blade 1
st
 torsion mode period of regions a and c (s) 

Tm4  = blade 1
st
 torsion mode period of region b (s) 

Tm5  = blade 1
st
 bending mode period of tip strut condition (s) 

Tm6  = blade 1
st
 torsion mode period of tip strut condition (s) 

Tm7  = blade 2
nd

 bending mode period of regions a and c (s) 

Tsf  = thickness of metal stiffener (m) 

Tturb = turbine revolution period (s) 

U  = incoming flow velocity (m/s) 

Vi  = instantaneous induced velocity (m/s) 

Vt(t)  = instantaneous resultant velocity (m/s) 

xlolyl = local body fitted coordinate 
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Greek symbols 

α(t) = blade instantaneous angle of attack (deg) 

β = angle between the flap centre line and the main part centre line for 

oscillating flap turbine (deg) 

β0 = instantaneous angle (deg) 

β0_amp= angle amplitude (deg) 

η = energy extraction efficiency 

θ(t) = instantaneous pitching angle (deg) 

θ0 = amplitude of pitching motion (deg) 

θt = turbine azimuthal angle (deg) 

λ = tip speed ratio 

μ = dynamic viscosity (Pa·s) 

ν = Poisson’s ratio 

Π = effective stiffness 

Πr = blade natural frequency ratio in each mode which is defined as    

         

ρf  = fluid density (kg/m
3
) 

ρs = density of structure (kg/m
3
) 

σ = structure principal stress (Pa) 

σs = turbine solidity 

φ = phase difference between heave and pitch motion (rad) 

ω = turbine angular velocity (rad/s) 

ωf = rotational angular velocity of oscillating flap for oscillating flap turbine 

(rad/s) 
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Abbreviations 

AOA  Angle of Attack  

AUV  Autonomous Underwater Vehicles 

BEM  Boundary Element Method 

CFD  Computational Fluid Dynamics  

CVT  Constant-Volume Tetrahedron 

DBD  Dielectric Barrier Discharge 

DOF  Degree of Freedom 

FEM  Finite Element Method 

FSI  Fluid Structure Interaction  

HAT  Horizontal Axis Turbine  

LE  Leading Edge 

LEC  Leading Edge Control  

LES  Leading Edge Suction 

LEV  Leading Edge Vortex 

MAV  Micro Aerial Vehicle 

MB  Morphing Blade 

OFT  Oscillating Foil Turbine  

PBC  Periodic Boundary Condition 

PDMS Polydimethylsiloxane 

SBC  Symmetry Boundary Condition 

TEC  Trailing Edge Control  

TFI  Trans-Finite Interpolation 

UDF  User Defined Function 
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URANS Unsteady Reynolds-Averaged Navier–Stokes equations 

VAT  Vertical Axis Turbine  

WBC  Wall Boundary Condition  
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Chapter 1: Introduction 

1.1 Introduction 

In the past decades, the renewable energy industry has developed rapidly due to the 

conventional energy resource shortage and less environmental impact (such as no 

greenhouse gases). Among various ocean and offshore renewable energies, tidal 

energy and wind energy have their distinct superiorities over other types of 

renewable energies. They are less sensitive to climate change and are predictable in 

both space and time domains. Tidal/wind turbines are becoming one of the most 

efficient devices which transform tidal/wind energy into mechanical power 

(Nicholls-Lee et al., 2008). 

                                     

(a) HAT example                       (b) VAT example                               (c) OFT example       

  (Brøndsted et al., 2005)              (Gretton, 2009)                                  (Kinsey et al., 2011) 

Figure 1. 1 Three different types of turbine for tidal/wind energy with (a) HAT 

(Brøndsted et al., 2005), (b) VAT (Gretton, 2009) and (c) OFT (Kinsey et al., 2011). 
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Most of the existing tidal/wind renewable energy devices can be classified into three 

groups, i.e., Horizontal Axis Turbine (HAT), Vertical Axis Turbine (VAT) and 

Oscillating Foil Turbine (OFT). Examples of these devices are shown in Fig. 1.1 (a)-

(c). 

  

 

Figure 1. 2 Comparison of efficiency among different types of (a) HAT and VAT (Hau 

and Von Renouard, 2013) and (b) OFT (Kinsey Dumas, 2008). 

A HAT is a type of energy turbine where the main rotor shaft is horizontally installed. 

The blades, shaft and generator must be installed onto a tower and the rotating disk 

must be towards the fluid flow to gain the maximum extraction efficiency (Drewry 

and Georgiou, 2007). HAT is commonly used in the modern renewable industry as it 

has already been well developed. As shown in Fig. 1.2 (a), the working tip speed 

ratio for HAT is around 6.0 to 18.0 depending on the blade numbers of the HAT. The 

peak power coefficient could reach 0.48. 

In comparison with the HAT, VAT has many advantages, such as its simple blade 

design, its ability to function in all current flow directions without being pointed in 

the flow direction and its non-sensitivity to water depth for tidal or water current 

(a) Comparison of efficiency among different 

types of HAT and VAT 

(Hau and Von Renouard, 2013). 

(b) Efficiency of an OFT 

(Kinsey Dumas, 2008) 
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usage. Nonetheless, the efficiency of the existing H-shaped VAT is still relatively 

low compared to the horizontal axis turbine. Therefore, it is necessary and there are 

huge potential benefits in carrying out further research in order to enhance VAT’s 

efficiency via various mechanical and control methods (Gretton et al., 2009; Gretton, 

2009; Scheurich and Brown, 2013; Wenlong et al., 2013; Micallef et al., 2014). As 

shown in Fig. 1.2 (a), the working tip speed ratio for VAT is smaller than for HAT 

and the peak power coefficient is also lower than that of HAT. 

The use of vertical axis turbines can be dated back to 2000 years ago. The first 

description on the use of VAT was in a Chinese book in 1219 (Liu, 2011). Savonius 

invented the first modern drag driven vertical axis turbine in 1929 (Savonius, 1931). 

In 1931, French engineer Darrieus invented and patented both troposkien and straight 

blade vertical axis turbines in the U.S (Darrieus, 1931). In the 1970s, Canada and 

America conducted several investigations into the power prediction using 

experimental and numerical methods (South and Rangi, 1973; Templin, 1974; 

Blackwell, 1974; Strickland, 1975). Many improvements have been achieved in the 

vertical axis turbine by past researchers since then. However, the energy extraction 

efficiency of VAT has not been sufficiently high until now. Modern VAT can be 

grouped into two categories based on the source of the rotating moment. One of them 

is drag driven turbines; the other is lift driven turbines. The drag coefficient of the 

drag driven turbine blade, which moves towards the turbine wake, should be much 

larger than that of other blades in the same turbine, so the rotating moment can be 

generated (Liu, 2011). The drag driven vertical turbine has a good performance at the 

small tip speed ratio. Its peak efficiency is around 15%. The blade of a lift driven 

vertical turbine usually has a cross section of airfoil. It can generate a rotational 
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moment by the lift force of the blade. The working tip speed ratio and the peak 

efficiency are all higher than that of a drag driven vertical axis turbine. The lift 

driven turbine contains a curved bladed type (such as a troposkien shape) and a 

straight bladed type based on the shape of the blade. A straight bladed type is much 

simpler in terms of manufacturing but has a larger bending stress than that of the 

curved bladed. In the present research, the straight blade lift driven vertical axis 

turbine is mainly considered. 

The bio-inspired tidal energy harvester, an OFT imitating fish fins or insect wings 

and utilizing their flapping motions to extract energy from their surrounding fluid, is 

one of the most novel devices. Compared with the traditional rotating turbine, the 

oscillating foil turbines presents several distinguishing characteristics, such as its 

suitability in shallow water, the mitigation of centrifugal force/stress and low noise 

during its operation (Xiao and Zhu, 2014). Since the initial development of 

McKinney and DeLaurier (1981), in the past few years oscillating foil turbines have 

been extensively studied because of the growing interest in biomimetics and the 

improved knowledge of the unsteady fluid dynamics involved in flying and 

swimming motions (Young et al., 2014). In the present research, the motions of OFT 

are prescribed as sinusoidal pitch and plunge motions to simplify the physical model 

based on the motion of self-sustained OFT. Since the present research is focus on the 

energy extraction efficiency enhancement of OFT, energy consumption by the active 

flow control is ignored. Most existing investigations are limited to rigid oscillating 

foils (Kinsey and Dumas, 2008; 2012a; 2012b; 2012c; Xiao and Liao, 2010; Xiao et 

al., 2012; Michael et al., 2010). As shown in Fig. 1.2 (b), a typical OFT works on the 
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reduced frequency of 0.05-0.25 and reaches its best performance around 0.15. The 

peak efficiency of OFT is up to 35% based on Fig. 1.2 (b). 

Present studies are focused on the enhancement of energy extraction efficiency for 

VAT and OFT because of their lower efficiency compared with HAT. There are 

several methods to enhance the energy extraction efficiency of VAT and OFT, such 

as the variable pitch method and the flow channel and duct method for VAT and the 

non-sinusoidal pitch method for OFT. However, none of these methods focus on bio-

inspired or biomimics techniques. Biomimetics is the study of the mechanisms 

evolved in nature’s biological system, and utilising them for various applications. 

Over the past 10 years, research studies on the aero-/hydro-dynamics of biomimetics 

have been carried out rapidly due to increasing demands from the aero/marine 

industry and the defence sector. There are lots of interesting phenomena in the area 

of fish fin/tail motion, insect or butterfly wing flapping motion, etc. Typical 

examples include insect wings in hovering mode and subcarangiform fish caudal/tail 

fins in propelling and manoeuvring mode. The study on the flapping wing 

aerodynamics/hydrodynamics has already been widely applied in the design of 

engineering devices, such as Micro Aerial Vehicle (MAV), Autonomous Underwater 

Vehicles (AUV) and robotic fish (Sfakiotakis et al., 1999; Triantafyllou et al., 2004; 

Liu, 2005; Fish and Lauder, 2006). The present research aimed to apply biomimetics 

features such as the fish fin/tail motion and the flexibility of insect wings in 

renewable devices (VAT and OFT) to determine innovative methods to enhance 

energy extraction efficiency. 
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In recent years, to achieve the large power output requirement and to reduce 

environmental impact, there has been an increasing trend to develop large scale 

tidal/wind turbines and move them far away to offshore areas (Hansen, 2013 and 

Lachenal et al., 2013). Compared to the small scale and near shore devices, these 

large scale turbine blades/rotors may experience a highly unsteady load due to 

turbulent wind flow in the offshore area, especially in extreme weather conditions. 

This may lead to the possible deformation of blades which reduces the turbines 

structural endurance. Several research studies have aimed to estimate and reduce the 

blade stress for the large scale HAT by using composite materials (Kong et al., 2005; 

Shokrieh and Rafiee, 2006; Barlas et al., 2008). The external load and blade stress of 

VAT are much more pronounced than that of HAT, since the VAT blade encounters 

radial centrifugal force. However, research on the estimation and reduction of the 

VAT blade stress is still limited. The present research investigated the blade 

structural deflection characteristics associated with bending and twisting for the VAT. 

External unsteady loads on the blade surface and the power performance of VAT 

were first studied, which have been further extended to a blade stress analysis. 

All the study methods for the renewable turbine can be classified into three general 

categories, which are numerical investigation, analytical investigation and 

experiential investigation. Within the category of analytical investigation for the 

renewable turbine, there are three main methods, i.e. momentum models, Vortex 

models and Cascade models. Present studies use the numerical CFD method for all 

the investigations and tests. The detailed equations and discussions on the CFD 

method are included in Chapter 3. 
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1.2 Working principle of renewable turbine 

1.2.1 Working principle of VAT 

The diagram of a vertical axis turbine is shown in Fig. 1.3 (Gretton, 2009) and the 

turbine is rotating with an angular velocity ω in the incoming flow. The present 

research focuses on the steady state of the turbine (i.e. when the VAT reaches and 

remains at a constant rotational speed). The startup and cutoff stages are ignored. 

Thus, the angular velocity ω is fixed with time but varies for different working 

conditions (or calculation cases). 

 

Figure 1. 3 The diagram of a vertical axis turbine under a tip speed ratio of 3.0 with 

instantaneous velocities and forces. Blue arrow: induced velocity; Green arrow: free 

stream velocity; Red arrow: resultant velocity; Cyan arrow represents lift force and 

magenta arrow is drag force (Gretton, 2009). 



Numerical Investigation into Bio-inspired Flow Control for Renewable Turbine 
Ph.D. Thesis, Wendi LIU, November 2015. 

9 | P a g e  
 

In order to quantify the rotational speed of the turbine, the non-dimensionalized 

parameter tip speed ratio λ is defined as follows: 

   
  

 
  (1.1) 

where R is the turbine radius, U is the velocity of the incoming flow. 

Several key parameters which quantify the turbine energy extraction performance are 

described below. 

The blade moment coefficient cm is defined as: 

    
 

       
  (1.2) 

where M is the blade moment relative to the turbine pitch centre. 

The power coefficient cop is determined by 

     
   

      
  (1.3) 

The blade total fluid force coefficient cf is defined as: 

    
  

 
    

   
  (1.4) 

The blade total force coefficient cft which contains both the fluid force and centrifuge 

force is defined as: 



Numerical Investigation into Bio-inspired Flow Control for Renewable Turbine 
Ph.D. Thesis, Wendi LIU, November 2015. 

10 | P a g e  
 

     
   

 
    

   
  (1.5) 

The blade lift coefficient cl and blade drag coefficient cd are defined as: 

    
          

 
    

   
  (1.6) 

and 

    
          

 
    

   
  (1.7) 

The blade normal force coefficient cn and thrust force coefficient ct are defined as: 

    
  

 
    

   
  (1.8) 

and 

    
  

 
    

   
  (1.9) 

where Fn and Ft are the blade normal force and blade thrust force, respectively. 

The Reynolds number for the vertical turbine is defined as: 

    
   

 
  (1.10) 

where   is the kinematic viscosity of fluid flow. 
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1.2.2 Working principle of OFT 

The configuration of the OFT is shown in Fig. 1.4 (Kinsey and Dumas, 2008), where 

an oscillating NACA0012 foil is immersed in a uniform viscous fluid flow. 

Practically, the device is forced to pitch/rotate on a fixed axis, so the generated 

unsteady fluid-dynamic force around the foil and fluid surrounding it activates the 

foil’s up and down heave motion. The kinematic energy of the incoming flow is 

converted to the mechanical energy associated with the heave motion via a damper, 

and then transformed into electricity by a generator. 

 

Figure 1. 4 The configuration of an oscillating foil turbine (Kinsey and Dumas, 2008). 

To simplify the problem, most existing work assumes that both the pitch and heave 

motion are predetermined, and thus the power estimated is solely the available 

hydrodynamic power, ignoring the actuating mechanism in the system (McKinney 
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and DeLaurier, 1981; Jones and Platzer, 1997; Jones et al., 2003; Kinsey and Dumas, 

2008, 2012a, 2012b; Xiao et al., 2012). In this context, the energy extraction is 

obtained through a foil undergoing a combined pitch and heave motion with the 

following specified equations: 

               , (1.11) 

                   (1.12) 

where h0 and    are the amplitude of heave and pitch, respectively. φ, which has a 

fixed value of -π/2 during the current research, is the phase difference between the 

heave and pitch motions. The pitch axis is located at one quarter chord length from 

the leading edge of the foil (the aerodynamic centre). 

The flapping reduced frequency f* is defined as: 

    
   

 
  (1.13) 

where f0 is the frequency of the oscillating wing and   is the freestream velocity. 

With a flapping wing problem, one of the most important kinematic parameters is the 

effective Angle of Attack (AOA), which is determined by a blended impact from the 

wing pitch and heave motion. This is defined with the quasi-steady assumption 

(ignore the historical and local fluid effects) as: 

                     
     

 
   (1.14) 

The maximum effective AOA, which is also sometimes called nominal effective 
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AOA (0), is the maximum pitch angle a wing can reach during each cycle, i.e. 

(t)=0, therefore, 

              
   
 

   (1.15) 

Previous research shows that relying on the sign of   , a flapping wing can either 

work in an energy consumption regime as a propeller (      or in an energy 

extraction regime as an oscillating wing energy device (     . A mutual stable 

status is reached when    is equal to zero, which is normally called the feathering 

state (Anderson et al., 1998; Zhu, 2011; Kinsey and Dumas, 2008). One of the 

objectives of the current research is to examine whether an oscillating flexible wing 

could diminish its pitching amplitude in the feathering state (the nominal effective 

AOA boundary between the propulsion mode and energy extraction mode) relative to 

a rigid wing. With this success, the energy input to drive the pitching motion can be 

significantly reduced. 

The non-dimensionalized instantaneous power coefficient cop is determined by 

     
  

 
    

  
 

 

  
      

     

  
       

     

  
   (1.16) 

where       and       are the instantaneous lift and moment coefficient, respectively, 

and po is the instantaneous power. 

The total energy extraction efficiency η is defined as 
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  (1.17) 

where A is the sweep area of the oscillating wing. 

1.2.3 Comparison among different turbines under body fitted coordinate 

The three types of turbine (i.e. HAT, VAT and OFT) can operate based on blade 

rotating or flapping motions. A body fitted coordinate xlolyl is established for the 

turbine blade. The original point of the body fitted coordinate is fixed on the blade 

centre line and ¼ chord length from the turbine blade leading edge. The body fitted 

coordinate is attached to the turbine blade with corresponding heaving, rotating 

and/or pitching motions under the global coordinate. The blade body fitted 

coordinate xlolyl and corresponding turbine blade forces, resultant velocity and angle 

of attack of the blade are shown in Fig. 1.5. The mathematical functions of blade 

angle of attack and blade resultant velocity for HAT, VAT and OFT are as follows: 

  
       
        

                                                  (1.18) 

 

 
           

     
       

                    

             

(1.19) 

and 

 

 
 

            
  
 
     

            
 

                         

(1.20) 
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where,      is the blade angle of attack and       is the blade resultant velocity.    

and    are constants for different working conditions.    is the azimuthal angle of 

VAT blade and    is the induced velocity of OFT blade. 

With the help of the body fitted coordinate and mathematical functions above, the 

three types of turbine with different configurations and working regime could be 

compared with each other regarding the blade resultant velocity and blade angle of 

attack as shown in Fig. 1.6. It is clear that the magnitude of the resultant velocity and 

blade angle of attack for the HAT do not change during the turbine revolution. The 

magnitude of the resultant velocity and blade angle of attack for the VAT are varied 

as sinusoidal functions. There is one cycle for the Vt(t) and α(t) during one turbine 

revolution and a 90⁰ phase difference between them. For the OFT, there are two 

sinusoidal cycles for the Vt(t) during one turbine revolution. The α(t) of the OFT has 

one cycle during one turbine revolution but the wave shape is not a sinusoidal 

function. The difference in performance of these three types of turbines is due to the 

different behaviour of the Vt(t) and α(t) of them. 

 

Figure 1. 5 Sketch of turbine blade forces, resultant velocity and angle of attack under 

body fitted coordinate xlolyl. 
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(a) HAT 

 

(b) VAT 
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(c) OFT 

Figure 1. 6 The instantaneous resultant velocity and blade angle of attack for the (a) HAT, 

(b) VAT and (c) OFT with body fitted coordinate xlolyl. 

1.3 Objectives of this thesis 

The main objective of the present research is to develop new methods to enhance the 

efficiency of renewable turbines by using bio-inspired flow control. The bio-inspired 

method of blade stress estimation and reduction is also analysed. Present studies 

select the straight blade Vertical Axis Turbine and the Oscillating Foil Turbine as the 

renewable turbine models for their low efficiency compared with the well-developed 

Horizontal Axis Turbine. Bio-inspired methods such as the fish tail active motion 

and the passive flexibility of butterfly wings are used to modify the traditional rigid 

turbine blade. The bio-inspired flow control method falls into two categories, i.e. 

active flow control and passive flow control. In nature, most animals benefit from 

passive flow control rather than active flow control, such as the passive deformation 
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of insect wings, etc. However, the active flow control method is widely accepted for 

industrial application, since it has high reliability and is easy to adapt to different 

working conditions. There are big differences in the mechanism and simulation 

method between the active flow controls and the passive flow controls. In industrial 

application, the motion of the active flow control is governed by gears and conveyor 

belts or an external signal source and is usually maintained by an external power 

supply, but the motion of the passive flow control is governed by the interaction 

between external forces and the material. Thus, the active flow control needs extra 

control systems compared with the passive flow control. During the simulation, the 

active motions are pre-determined by the sinusoidal motion functions and not 

influenced by external fluid field as long as the fluid force does not exceed the upper 

limit of the operation system, but a Fluid Structure Interaction (FSI) solver which 

solves fluid field, structure behaviour and the interaction between them is necessary 

for the simulation of passive flow control cases. The active motions are prescribed 

based on the flapping motion in nature animals (for bio-inspired studies) or based on 

the device performance (for optimization purpose). The rigid active motions can be 

achieved by using linkage, flywheel, spring, etc. The flexible active motions can be 

achieved by using internal air balloon and blowing-suction machine. The energy 

consumption by the active flow control is ignored and the energy extraction 

efficiency enhancement of OFT is mainly focused on by present research. It is more 

difficult to simulate passive flow control cases compared with the simulation of 

active flow control cases. Both the bio-inspired active flow control method and the 

bio-inspired passive flow control method are tested in the present research. 
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The specific targets of present studies are to test the potential energy extraction 

efficiency enhancement ability of: 

 using an active flow controlled flap which is inspired by the fish tail motion 

on the VAT; 

 using active flow controlled blade chordwise flexibility which is inspired by 

the flexibility of fish fins and insect wings on the OFT; 

 using a passive flow controlled flap which is inspired by the flexibility of fish 

fins and tails on the VAT; 

 using a passive flow controlled spanwise flexible blade which is inspired by 

the flexibility of animal bodies on the VAT. The blade stress characteristics 

of using a spanwise flexible blade VAT is carried out and the energy 

extraction ability of the turbine is investigated in this study. 

 using a passive flow controlled chordwise flexible blade which is inspired by 

the flexibility of fish fins and insect wings on the OFT; 

A number of case studies and parameter studies will be provided in the following 

chapters. 

1.4 Structure of this thesis 

This thesis includes four parts, PART I provides the introduction to this study, the 

literature review of the research on vertical axis turbines, oscillating foil turbines, 

blade stress estimation and reduction for renewable turbines and the review on the 

bio-inspired application of the marine industry and the methodology used in the 

present research in Chapters 1, 2 and 3, respectively. PART II and PART III are the 

main body of this thesis which contain different case studies and results. PART II 
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includes the studies of bio-inspired active flow control for renewable turbines. It 

includes active flow control for vertical axis turbines by the bio-inspired oscillating 

flap in Chapter 4 and active flow control for oscillating foil turbines by the bio-

inspired flexible flapping motion in Chapter 5. PART III is the studies of bio-

inspired passive flow control for renewable turbines. It contains passive flow control 

for vertical axis turbines by a bio-inspired oscillating flap and flexible structure blade 

in Chapter 6 and passive flow control for oscillating foil turbines by a chord wise 

flexible structure in Chapter 7. The conclusions and recommendations for future 

work are included in PART IV. The references and appendices used in present 

studies are also provided at the end of this thesis. 
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Chapter 2: Literature Review 

This chapter presents the overview of past published research studies which are 

relevant to the present studies. As mentioned in Section 1.1, straight blade VAT and 

OFT are the turbine models investigated in the present research. Thus, the review on 

the research of straight blade VAT including different research methods for VAT, the 

parameter studies of straight blade VAT and the review of the research of OFT 

including OFT with a forced oscillating, semi-activated and self-sustained system 

will be presented first. The blade stress characteristics are one of the research aims of 

the present studies. Moreover, a review of the research on blade stress estimation and 

reduction for turbines will be conducted. The bio-inspired research and its 

application in the aerodynamics and marine industry will be reviewed. A summary of 

the literature review and gaps found from these critical reviews will be listed at last.  

2.1 Review of the research on straight blade VAT 

It has taken more than 2000 years for mankind to use VAT to generate power. In 

recent years, research on VAT has become much more popular since the energy 

extraction efficiency is still low compared with HAT. Different research methods are 

used for the VAT study and different energy extraction efficiency enhancement 

methods have been implemented. 

2.1.1 Research method for VAT 

The research method for VAT can be classified into three general categories, i.e. 

analytical method, numerical method and experimental test. The analytical solution 

is to use classic theories and methods to solve the forces acting on the VAT blade or 
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the fluid field variables. Three different mathematical models are used in the 

scientific and industrial fields based on different theories such as the stream tube 

model based on the momentum theory, the Vortex model based on the potential flow 

theory and the Cascade model that uses Bernoulli’s equation. Numerical solution is 

to solve the governing equations of fluid flow by using numerical methods. 

Experiential test is also widely used for the VAT research as a validation or 

confirmation of the analytical or numerical results. Detailed discussions and a review 

of these methods are provided in the following paragraphs. 

2.1.1.1 Analytical solution 

Stream tube model (momentum theory) 

The stream tube method is based on the momentum theory (or the Newton second 

law). The forces acting on the turbine blade are equal to the rate of change of the 

momentum of the fluid flow. Based on this equation, the forces acting on the blade 

and the overall power coefficient could be solved by the momentum difference of the 

fluid flow between the upstream and downstream regions. Additional functions such 

as Bernoulli’s equation are needed (Wang, 2005; Islam et al., 2008). The turbine 

blades are usually replaced by the actuator disk. A stream tube is selected which can 

cover the entire actuator disk. The cross-section area of the stream tube in the 

upstream region is smaller than the actuator disk, while the cross-section area of the 

stream tube in the downstream region is larger than the actuator disk. A schematic 

plot of the stream tube model is shown in Fig. 2.1. 
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Figure 2. 1 Schematic of single stream tube model (Wang, 2005). 

The following equations could be derived based on the momentum theory (Wang, 

2005): 

 

 
 
 

 
    

  
 
    

   

        

    
  

 
    

   

         
   (2.1) 

where Ad is the cross-section area of the stream tube in the downstream region, a is 

the coefficient of induced velocity. It is clear that the thrust coefficient of the turbine 

blade reaches its maximum value of 1.0 when a is 0.5. When a=1/3, the power 

coefficient cop reaches its maximum value of 16/27 (i.e. 0.593). This is the upper 

limit of the kinetic renewable turbine (Betz limit). 

There are three different categories for the stream tube method based on different 

treatments on the stream tube. They are the single stream tube method (Templin, 

1974; Camporeale and Magi, 2000), the multiple stream tube method (Read and 

Sharpe, 1980; Paraschivoiu, 1988) and the double multiple stream tube model (Beri 
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and Yao, 2011b). The single stream tube method is a method which contains only 

one stream tube to cover the entire actuator disk. The multiple stream tube method 

can divide the actuator disk into several isolated stream tubes and apply the 

momentum theory to each of them. This method can consider the influence of the 

blade position on the induced velocity. The double multiple stream tube model 

further divides the stream tubes of the multiple stream tube method into an upstream 

region and downstream region. The wake flow of the upstream region is the 

incoming flow of the downstream region in each stream tube. This method can 

consider the influence of the upstream blades on the downstream blades. Thus, 

higher accuracy could be achieved. 

The stream tube method is widely used in the industrial field because of the 

simplicity of the mathematical formula and its good accuracy at low tip speed ratio 

and small solidity (Paraschivoiu, 1988; Camporeale and Magi, 2000; Beri and Yao, 

2011b). However, the accuracy will reduce when applying this method to a high 

solidity or high tip speed ratio condition. The calculation could be diverse if the tip 

speed ratio is very large (Sun, 2007). This method cannot solve all the variables of 

the fluid field. 

Templin (1974) used the stream tube model to predict the power coefficient of the 

vertical axis turbine. In his study, the single stream tube model was used which 

applies one stream tube for the whole turbine actuator disk. The induced velocity was 

assumed to be constant throughout the actuator disk. The curved blade shape and the 

dynamic stall effect were taken into account. Different parameters such as cross 

section shape, solidity and the turbine height diameter ratio were studied. 
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Camporeale and Magi (2000) compared the stream tube results with the experimental 

results of the vertical axis turbine model. The turbine blades were pitching about the 

pivotal axis through the Voith-Schneider system. A single actuator disk with the 

single stream tube method was used. Good agreement between stream tube results 

and the experiment results was achieved which provided the possibility of using the 

single stream tube method to predict the power coefficient and the energy extraction 

efficiency of a variable pitch vertical axis turbine system. 

Vortex model (potential flow theory) 

The vortex method is based on the potential flow theory to solve the unsteady fluid 

field with rotating turbine blades (Larsen, 1975; Holme, 1977; Wilson 1978, 

Strickland et al., 1979; 1980; Cardona, 1984; Ponta and Jacovkis, 2001). It begins 

with establishing the mathematical formulas of the unsteady potential flow method, 

and then solves these formulas based on Boundary Element Method (BEM). Sources 

and sinks are assigned to the blade surface. Discrete vortices are arranged on the 

blade surface and the blade wake. The wake vortices move with the fluid particles 

and ignore the influence from the dissipation, free-surface and wave. It assumes an 

incompressible fluid field and irrotational field except for the blade surface and wake 

vortices. All the discrete vortices follow the vorticity conservation law. The vorticity 

magnitude is calculated by the Kutta condition. The forces acting on the turbine 

blade and the overall power coefficient could be solved with the correction for the 

viscous effect (Wang, 2005). Compared with the stream tube method, the vortex 

method is able to calculate the blade vortex interaction, the blade pressure 

distribution, the unsteady effect and the instantaneous forces of the blade. However, 

the calculation time is much more than that of the stream tube method and it has a 
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worse accuracy than the stream tube method on the blade force calculation with a 

low tip speed ratio because of the large angle of attack of the blade and dynamic stall 

(Sun, 2007). A schematic plot of the vortex model is shown in Fig. 2.2. 

 

Figure 2. 2 Schematic of vortex model for a single blade (Islam, 2008). 

As early as 1978, Wilson (1978) used this model to predict the performance of the 

Giromill straight blade vertical axis wind turbine. He found that the vertical axis 

turbine and the horizontal axis turbine have the same limit of the power coefficient 

and inline force coefficient. The cross wise force decreases with the increases of the 

tip speed ratio of the vertical axis turbine. 

Wang et al. (2007) designed a two dimensional vortex panel method to calculate the 

unsteady straight blade vertical axis turbine with variable blades. Their results 

showed good agreement with the experimental data. They also found that their two 

dimensional vortex panel method has better accuracy than the classic free vortex 

model and was simpler than the vortex method combined with finite element analysis. 

Cascade model 

Cascade is defined as the arrangement of turbine blades with equal distance from one 

to its neighbour. It is the fundamental physical phenomenon of the turbine machine 
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(Hirsch and Mandal, 1987; Islam, 2008). The cascade model is used to assume the 

turbine blades are lying in a straight line. The interval between the blades in the 

cascade model is equal to the circumferential distance of them in the original 

configuration. Bernoulli’s equation is used to set up the mathematical relationship 

between the incoming flow velocity and the downstream velocity. Semi-empirical 

expressions are necessary to determine the induced velocity through the downstream 

velocity. 

 

Figure 2. 3 Schematic of cascade model (Islam, 2008). 

The cascade model is workable for both high and low solidity and both large and 

small tip speed ratios of the vertical axis turbine. The instantaneous forces can also 

be solved by this model. Different effects such as turbine blade Re changes for 

different time instants, the aspect ratio effect and the flow curvature effect can be 

taken into account during the cascade model calculation (Islam, 2008). A schematic 

plot of the vortex model is shown in Fig. 2.3. 
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Hirsch and Mandal (1987) first used the cascade model for the calculation of the 

vertical axis wind turbine. Mandal and Burton (1994) also applied this method to 

study the turbine dynamic stall effect for the vertical axis wind turbine. 

2.1.1.2 Computational Fluid Dynamics (CFD) (numerical method) 

The CFD method is used to calculate the entire fluid field by solving the partial 

differential fluid governing equations (Navier-Stokes equations for viscous flow or 

Euler equations for inviscid flow). Using the CFD method to solve the renewable 

energy turbine problem has become more and more popular in recent years (Hwang 

et al., 2006; Wang et al., 2010; Feng et al., 2012; Castelli et al., 2012b; 2013; 

Mohamed, 2012; 2014; Rossetti and Pavesi, 2013; Almohammadi et al., 2013; Xiao 

et al., 2013; Danao et al., 2014; Trivellato and Castelli, 2014). The CFD method has 

many advantages, for example all of the information is available for the calculated 

fluid field. CFD can also simulate with a full scale model. Because of the 

characteristics of the vertical axis turbine, a mesh moving method, such as the sliding 

mesh technique, is necessary for the VAT simulation. 

Hwang et al. (2006) simulated the straight blade vertical axis wind turbine using the 

CFD method. Both the cycloidal blade system and the individual active blade control 

system are considered in their study. Their results showed that the power output of 

the turbine with the cycloidal blade system is 30% higher than that with the classic 

fixed pitch blade. They also found an optimized blade pitch angle variation method 

for the vertical axis turbine with an individual active blade control system by 

maximizing the tangential force of the blade to reach the highest power output. They 

also studied the blade cross-section shape effect using the CFD method through the 

NACA 4-digit and NACA 6-series. A sensing and actuating system was also 
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designed to achieve both the cycloidal blade system and the individual active blade 

control system. 

2.1.1.3 Experiment 

Experimental testing is one of the most traditional methods for studying the 

behaviour of renewable energy turbines. There are two general facilities for the VAT 

experimental test, i.e., the wind tunnel test and the towing tank test. The VAT 

experiments have two different test methods. One of them is to connect a motor to 

the VAT shaft and rotate the VAT at a certain angular speed of the motor during the 

test. This method is used to investigate the VAT in the stable working state only. The 

other method is to rotate the turbine by the fluid forces. Thus, the rotation speed of 

the turbine is not a fixed value during the experiment. This method could be used to 

study the stable working state as well as the start-up and cut off ability. 

Strickland et al. (1979) carried out a series of experiment on the vertical axis turbine 

and repeated the experiment result using the vortex model. The experiment was 

carried out in a towing tank with the dimension of 10 m × 5 m × 1.25 m. The reason 

for using a towing tank instead of a wind tunnel to test the vertical axis wind turbine 

was because the water tank is able to visualize the streak line and the flow structure. 

They injected dye through the trailing edge of the turbine blade by using a 

pressurized dye injection system, so the vortices and flow structure could be detected. 

Strain gauges were used to measure the force of the turbine blade. They were located 

in the root of the turbine strut. Strain gauge bridges were also used to make sure the 

strain gauges were only sensitive to the indicated forces. They tested the straight 

blade vertical axis turbine with one blade, two blades and three blades, respectively. 

The turbine blade was in a cross section of NACA0012. The span of the turbine 
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blade is 1.1 m and the chord of the blade is 0.0914 m. The diameter of the turbine is 

1.22 m. Three tip speed ratios of the turbine were tested, i.e. 2.5, 5.0 and 7.5 with a 

fixed Reynold’s number of 4×10
4
. A good agreement was achieved between the 

analytical results (the vortex model) and the experimental results. 

Klimas (1982) compared the results from the theoretical conservation of the 

momentum-based aerodynamic model and the experimental tests for a vertical axis 

turbine. The turbine rotor radius is 8.5 m with a cross section of NACA0015. He 

discussed the blade-wake vortex interaction effect, the dynamic stall effect, the 

apparent mass effect and the circulatory effect of the vertical axis turbine by 

comparing the analytical and experimental results. He also found a large database for 

the turbine’s performance by using a symmetrical cross section. However, there was 

a lack of results and research on the performance analysis of the asymmetrical blade 

turbine at that time. A better agreement has been achieved for the dynamic model 

than for the Quasi-steady model compared with the experimental results based on his 

study. 

Takamatsu et al. (1985) tested the vertical axis turbine performance on a narrow 

channel. An open channel with a depth of 1.2 m was used. An orifice-meter was used 

to measure the mass flow rate of the fluid flow. The shaft of the vertical turbine was 

connected to a flywheel through a torque sensor. The diameter of the vertical axis 

turbine rotor is 0.1 m. The chord length of the turbine blade was 0.03 m and the span 

of the blade was 0.3 m with a cross section of NACA0030. The best performance 

could be achieved when the double blade vertical axis turbine was located in the 

narrowest channel. They also predicated the results by using theoretical analysis. 

However, the theoretical results were not in good agreement with the experimental 
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results of the instantaneous torque value and the peak energy extraction efficiency. 

These disagreements were because the circular motion effect and the unsteady effect 

of the fluid flow were ignored during the theoretical analysis. 

Kiho et al. (1996) tested a straight blade vertical axis tidal turbine. Their experiments 

were tested at Kurushima straits in Ehime prefecture from 1983 to 1988. The turbine 

was designed as a three blade Darrieus type turbine. The blades have a cross section 

of NACA6330018, with a chord length of 0.3 m and a span of 1.6 m. The turbine 

radius is 0.8 m. A gear box and synchronous generator were designed for this 

turbine. Different parameters were measured and analysed for the power extraction 

through the vertical axis tidal turbine in extreme marine conditions. Their results 

showed that marine kinetic energy could be extracted when the incoming flow is 

larger than 1.0 m/s. They observed the highest energy extraction efficiency of 56% 

for their designed tidal turbine at the tip speed ratio of 2.1 (incoming flow of 1.1 

m/s). 

2.1.2 Parameter studies for straight blade VAT 

Since the 1970s, several parameter studies and performance enhancement methods 

for VAT have been investigated and invented. The most typical ones are listed in the 

following paragraphs. 

2.1.2.1 Solidity and blade profile of VAT 

The most effective way to change VAT’s performance is to optimize the turbine or 

blade characteristics. The turbine or blade characteristics include the turbine blade 

profile, the blade numbers, the diameter of the turbine and the turbine blade chord 
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length. A non-dimensionalized parameter solidity σs is introduced to quantify the 

main geometrical characteristics of the Darrieus turbine: 

    
  

 
  (2.2) 

where N is the number of turbine blades. 

Islam et al. (2007a) tested different VAT blade cross-section profiles to improve the 

small capacity straight blade VAT in its starting and overall performance. Their 

results show that the classic NACA 4-digit systemic foils are unsuitable for small 

capacity straight blade VATs. They also suggested a high-lift and low-drag 

asymmetric foil with camber, high thickness, large leading edge radius and sharp 

trailing edge as the VAT blade cross section. 

Islam et al. (2007b) tested different blade profiles by using several methods as shown 

in Fig. 2.4. The hydrodynamic performance of LS-0417 was found as the best among 

different foils under small Re and small λ but the cop was much smaller than that of 

the classic NACA0015 foil. A new type foil named MI-VAWT1 was designed by 

them which achieved a higher power coefficient under small Re and small λ and kept 

the same performance under medium Re. 

Beri and Yao (2011a) tested the VAT performance by using a NACA2415 camber 

foil blade. Their results showed that the NACA2415 camber foil blade has a good 

start ability but lower energy extraction efficiency. 

Castelli et al. (2012a) tested three different blade profiles, which are classic 

NACA0021, DU 06-w-200 and cambered NACA0021 (which is cambered based on 

NACA0021 by Castelli et al.). Their results indicated that the best performance was 

achieved by using the cambered NACA0021 and up to 4% enhancement of the 
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energy extraction efficiency could be achieved compared with the other two blade 

profiles at the tip speed ratio of 2.33 as shown in Fig. 2.5. 

 

Figure 2. 4 Geometry of Airfoils for Sensitivity Analysis by Islam et al. (2007b). 

 

Figure 2. 5 Power curves for the three analysed rotors (just the λ=2.33 value of cambered 

NACA0021 was calculated) (Castelli et al., 2012a). 
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Castelli et al. (2012b) tested the solidity effect by changing the turbine blade 

numbers. It was found that using a larger    results in the peak cop occurring at 

smaller λ, but the value of peak cop was reduced. A torque fluctuation and vibration 

reduction effect was observed by using larger    values. The normal force of the 

turbine blade was also observed to be reduced by using larger    values. 

2.1.2.2 Variable pitch effect for VAT 

There are many factors which influence VAT energy conversion efficiency. From the 

flow point of view, dynamic stall is one of the phenomena which significantly reduce 

device efficiency. Stall occurs due to flow separation when a turbine blade rotates to 

a position at a large angle of attack. Once it appears, the blade lift force drops 

significantly leading to reduced overall energy extraction efficiency. This is very 

undesirable for the lift force driven VAT and always happens at small tip speed 

ratios (also known as the self-starting problem). The idea of variable pitch is to 

improve the self-starting performance of VAT. It is generally accepted that the 

variable pitch technique could enhance the turbine performance at small λ (Pawsey, 

2002). 

As early as the 1970s, Drees (1978) and Grylls et al. (1978) tested the VAT 

performance by using a variable pitch blade which was driven by a central cam. 

Grylls et al. (1978) carried out experiments on four different pitch amplitudes. A 

good performance at small λ and better self-start ability were achieved under large 

blade pitching amplitude. However, the whole turbine system cannot accelerate to a 

larger λ. By reducing the blade pitching amplitude, better peak cop results could be 

achieved but the self-start ability of the turbine diminished. 
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Pawsey and Barratt (1999) modelled the central cam variable pitch VAT by using the 

momentum theory. A range of pitch amplitudes from 0⁰ to 30⁰ were considered in 

their work. Corresponding power coefficients were predicted which confirmed the 

conclusion by Grylls et al. (1978). 

Schönborn and Chantzidakis (2007) designed a cyclic pitch control turbine by using 

both the theoretical and experimental methods. Their results showed an enhancement 

in the turbine performance at small λ. The cyclic pitch control turbine can actively 

reduce the blade angle of attack to prevent the cavitation at large turbine rotational 

speed. By using the hydraulic actuation, the turbine can also have the emergency 

shutdown configuration. 

Hwang et al. (2009) carried out both numerical and experimental research on the 

cycloidal turbine which is a similar concept with the cyclic pitch control turbine by 

Schönborn and Chantzidakis (2007). Their results show the turbine has the peak cop 

value at small λ when σs is large. A 25% enhancement of the energy extraction 

efficiency was also observed by using the individual blade control. 

Kiwata et al. (2010) designed a four-bar linkage variable pitch turbine as shown in 

Fig. 2.6. The pitch amplitude and offset angle are both able to change by using 

different lengths of the link. By using the four-bar linkage, VAT has the same start-

up wind velocity but a higher rotational speed. The peak performance of the VAT 

energy extraction efficiency has a 12% enhancement compared with classic fixed 

pitch turbine. 

Jing et al. (2014) experimentally tested three different variable pitch control turbines. 

These are cycloid type, spring-control type and passive variable pitch type turbines. 

Solidity, eccentric ratio, spring stiffness and other parameters were tested by their 
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experiment. A positive correlation was found between cop and solidity as well as the 

eccentric ratio for the cycloid type turbine. A better hydrodynamic performance 

occurs when using a stronger spring for the spring-controlled turbine. For the passive 

pitch control turbine, a smaller pitch angle limit has a better energy extraction 

efficiency performance. Corresponding numerical analysis of the spring-controlled 

variable pitch VAT, as shown in Fig. 2.7, was also carried out by Sun et al. (2009). 

 

Figure 2. 6 Schematic diagram of the variable-pitch blade mechanism utilizing four-bar 

linkage (Kiwata et al., 2010). 

 

Figure 2. 7 Sketch of spring variable-pitch design concept (Sun et al., 2009). 

Pryor (1983), Nemec (2001), Stephens et al. (2009), Stephens and Else (2011) and 

Paluszek and Bhatta (2012) also invented and patented different methods for the 

variable pitch vertical axis turbine. 
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2.1.2.3 Flow directional and augmentation channel effect for VAT 

Another way to enhance the VAT performance is to use the flow directional and 

augmentation channel (or named duct). The idea of the flow direction and 

augmentation channel for VAT was first introduced by the diffuser augmented of 

horizontal axis wind turbine (Sun, 2007; Phillips et al., 2002). By using the channel 

to induce a sub-atmospheric pressure, the flow velocity around the turbine rotor 

could be increased and then improve the VAT performance (Khan et al., 2006; Khan 

et al., 2009). A sketch of the flow direction and augmentation channel concept is 

shown in Fig. 2.8 (Khan et al., 2009). 

 

Figure 2. 8 Sketch of the flow direction and augmentation channel concept (Khan et al., 

2009). 

Faure et al. (1986) first applied a duct on a VAT under river to change the water 

current direction and speed. After testing, the interaction between the duct and 

turbine blade was observed which decreased the VAT performance. 

Kirke (2006) tested vertical axis turbine into a duct device for its energy extraction 

efficiency. A triple enhancement of the VAT efficiency was observed by using the 

duct devices. In addition, the VAT efficiency could exceed the Betz limit, which 

equals 0.598 and is the upper limit of the efficiency for a kinematic energy absorber. 
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They also pointed out the advantages of using duct devices, for example that they are 

environmentally friendly (especially for water animals), minimize turbine size and 

enhance rotor speed. 

Roa et al. (2010) tested two different channel devices, namely EPPLER-420 and 

NACA11414, for VAT by using experimental and numerical methods. It was 

observed that the flow was accelerated by using the channelling devices and the 

turbine blade generated more torque compared with a plain turbine. They could not 

determine the best configuration with their study and further investigations were 

suggested. 

Gaden and Bibeau (2010) tested a series of channelling devices by using a 

momentum source turbine model. A 3.1 times enhancement by using the channelling 

devices was observed compared with the plain turbine and an optimized dimension 

was also found for the channelling devices. 

Castelli et al. (2012c) tested a “C” shape shroud device for the VAT and a 60% 

enhancement was observed when using it. The “C” shape shroud effect is to let the 

instantaneous torque of the turbine smoother when applies it onto the upstream of the 

VAT, while the amplitude of the instantaneous torque of the turbine could increase 

when applied to the downstream of the VAT. 

Georgescu et al. (2013) tested the “S” shape duct devices by using the numerical 

method. A VAT performance enhancement effect was observed by using this device. 

A half “S” shape duct device was also suggested to achieve a better performance. 

2.1.2.4 Other parameter studies of VAT 

Some other parameter studies of VAT are listed below. 
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Plasma actuators. A research group at the Israel Institute of Technology came up 

with an idea to control the dynamic stall for the vertical axis wind turbine by using 

plasma actuators. Greenblatt et al. (2012) carried out experiments on large    small 

scale VAT by applying Dielectric Barrier Discharge (DBD) actuators on the leading 

edge of the turbine blade as shown in Fig. 2.9. A series of parameters were studied 

and a 38% enhancement was observed by using the DBD actuators. Ben-Harav and 

Greenblatt (2014) used a pulsed DBD actuator to control the dynamic stall on a VAT. 

Based on their experimental results, they found that the VAT performance was 

enhanced during the whole working region by using this device and the dynamic stall 

was also prevented/controlled. Greenblatt et al. (2014) analysed the vortex field of 

the DBD controlled VAT by using the PIV technology. Their results showed that by 

using the DBD actuators, the dynamic stall vortices became small and were close to 

the blade’s surface so the dynamic stall effect could be reduced. 

 

Figure 2. 9 Schematic representation of the VAT showing the main components (left) and 

schematic of the blade leading-edge region showing the attachment of the DBD plasma 

actuator (right) (Greenblatt et al., 2012). 

Trailing edge (flap) control. Beri and Yao (2011b) studied the VAT performance 

with the trailing edge modified blade. A positive cop was observed in their study with 
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this type of blade. Sneeringer (2009), Paluszek and Bhatta (2012) and Haar (2011) all 

invented and patented the VAT design by using a rotatable trailing edge blade. The 

top view of a rotor assembly illustrating the adjustments of blade ailerons relative to 

a prevailing wind with the variable flap method by Haar (2011) is illustrated in Fig. 

2.10. Thus the lift force of the turbine blade could be increased and the total 

performance of the turbine could be enhanced. Haar (2011) also used a blade 

extension element to achieve the turbine rotational speed control. 

 

Figure 2. 10 Top view of a rotor assembly illustrating the adjustments of blade ailerons 

relative to a prevailing wind with the variable flap method (Haar, 2011). 

2.2 Review of the research on OFT 

In recent years there has been a growing demand to exploit the new types of 

available ocean renewable devices. As a result, the flapping or oscillating wing has 

further extended its application from just the propulsion/manoeuvring aspect (energy 

consumption) to the energy harvesting area (McKinney and DeLaurier, 1981; Jones 

and Platzer, 1997; Jones et al., 2003; Kinsey and Duman, 2008; 2012a; 2012b; Zhu 

and Peng, 2009; Zhu et al., 2009; Zhu, 2011; Xiao et al., 2012). Investigations from 



Numerical Investigation into Bio-inspired Flow Control for Renewable Turbine 
Ph.D. Thesis, Wendi LIU, November 2015. 

41 | P a g e  
 

relevant research studies show that a flapping motion can vary from its propulsion 

mode to its energy extraction mode if the wing pitches at an angle exceeding its 

heave induced Angle of Attack (AOA). The power efficiency generated is 

comparable to a conventional turbine with rotational blades. The studies on the 

flapping foil energy harvester fall into three categories: fully activated systems with 

prescribed motions, semi-activated systems with one degree-of-freedom activated 

and another one induced by fluid dynamic loads, and fully passive systems in which 

the motions are completely generated by flow-induced instability (i.e. the flutter 

phenomenon) as stated in a recent review paper by Xiao and Zhu (2014) and shown 

in Fig. 2.11. 

 

Figure 2. 11 Schematics of (a) a system with forced heaving and pitching motions, (b) a 

semi-activated system with forced pitching but induced heaving motions (modified from 

Zhu and Peng (2009)), and (c) a self-sustained system with induced heaving and pitching 

motions (modified from Peng and Zhu (2009)) (Xiao and Zhu, 2014). 

Among these, the fully activated systems are usually used as model systems. By 

assuming that the foil undergoes certain prescribed motions (in reality these motions 

can be generated either semi-actively or passively), these model systems are useful in 

examining the power extraction capacity of the system and the underlying physics. 
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Since the research about flapping foil energy harvesters is still in the initial stage, 

most of the existing studies use prescribed foil motions (Xiao and Zhu, 2014). 

2.2.1 OFT with forced pitching and heaving motions 

The feature of a forced oscillating foil turbine is the prescribed pitch and heave 

motion. This is an ideal model for OFT which ignores the actuator effect. It is widely 

accepted and used by most OFT researchers as it is simplified in mathematical 

formulas but can also provide useful insight into the physical phenomenon as a 

guideline of the industrial design. In this simplified model, the energy extraction 

efficiency is calculated based on the sum of the product of lift force and the 

corresponding plunge velocity and the product of the moment and corresponding 

pitch angular velocity (Xiao and Zhu, 2014). 

McKinney and DeLaurier (1981) first extracted wind energy using the harmonically 

oscillating foil. They designed a horizontally aligned foil with a symmetrical aerofoil 

cross-section. With the prescribed combination motion of pitching and plunging, 

McKinney and DeLaurier (1981) found that the output power and efficiency was 

accomplishable for both theoretical analyses of unsteady-wing aerodynamics and the 

wind tunnel experimental test. 

Jones and Platzer (1997) systematically studied the unsteady, inviscid, 

incompressible, two-dimensional fluid flow that passed a moving airfoil or airfoil 

combinations by using numerical methods. They found that drag force was produced 

and energy was extracted from the airfoil when the pitch-amplitude of a twin 

flapping wing increased sufficiently. They believed that this condition would lead to 

the flutter phenomenon of a free airfoil. They also found that the foil pitch amplitude 
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must be larger than the induced angle of attack (which is defined in Eq. 1.15 as the 

nominal effective angle of attack    in Section 1.2.2) and the phase difference 

between the pitch and plunge motion is restricted to 90⁰ if this phenomenon occurs. 

Their findings show a potential application of the flapping foil model as an energy 

extractor. 

Jones et al. (1999) carried out both numerical and experimental research on the 

flutter generator. The flutter engine designed by Jones et al. (1999) is shown in Fig. 

2.12. They found that under a fixed nominal effective angle of attack   , there was a 

reduced optimum plunge frequency and velocity. The optimum plunge velocity was 

found to increase with the increase of the nominal effective angle of attack   . Their 

experimental studies for McKinney and DeLaurier’s (1981) windmill shows good 

agreement at a lower angle of attack, but is over-predicted at a high angle of attack. 

 

Figure 2. 12 Side view (left) and photograph (right) of the flutter engine (Jones et al., 1999). 

Davids (1999) carried out both numerical and experimental tests for the forced 

oscillating foil turbine. The unsteady panel method based on the potential flow 
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theory was used. The numerical results show 30% efficiency of the energy extraction 

and a power coefficient of 0.52 of the oscillating foil. The optimum value of the 

plunge amplitude and the reduced frequency were recommended as 0.63 m and 2.0, 

respectively. This peak value could not be achieved by his experiment because of the 

high reduced frequency. A large reduced frequency may result in huge stress acting 

on the oscillating foil generator. In addition, a large reduced frequency results in a 

high maximum pitch angle of the oscillating foil to maintain the high efficiency 

which leads to a strong dynamic stall phenomenon. Thus, the experiment stopped at 

the effective angle of attack to the static stall limit of the oscillating foil. Good 

agreement had been achieved for small reduced frequency between the unsteady 

panel results and the experimental results. 

Lindsey (2002) tested the oscillating foil turbine with both experimental and 

numerical methods. Even the power generated by his experiment was limited. The 

device was recommended by Lindsey (2002) for potential commercial use as a power 

generator. 

Jones et al. (2003) carried out an experiment and numerical test for an oscillating foil 

turbine device with tandem configuration. A water tank was used for their study and 

the incoming flow velocity was 16 inches per second. The dimensions of the water 

tank were 56 inches × 20 inches × 15 inches. The dual oscillating foils had a gap of 

9.6 chord length. There was a 90 degree phase difference between the upstream foil 

and the downstream foil. The foil was in a cross section of NACA0014. The chord 

length of the foil was 2.5 inches and the span of the foil was 13.5 inches. Each foil 

had two foil sections with a gap of 0.25 inch. The designed dual oscillating foil 

devices have an ability of 1.4 times the chord length for the plunge amplitude and 
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90⁰ for the pitch amplitude. A two dimensional panel method and a CFD code were 

used to repeat the experiment results. Their numerical results were overpredicted 

compared with the experimental results which may be due to ignoring the 

mechanical frictions and so on during their numerical calculations which showed 

potential ability in the energy extraction performance for their designed oscillating 

foil turbine. 

A systematic numerical study by Zhu (2011) presented a novel approach to the 

energy extraction mode of oscillating turbines. The unstable wake was found in his 

study. It was also found that a significant vortex shedding occurs at the foil leading 

edge when the foil has a large AOA which is defined as foil-wake resonance. It was 

also found that the average energy extraction from the pitch motion is almost zero 

when the oscillating foil turbine reaches its best performance. 

The recent research study of Xiao et al. (2012) also revealed that an appropriately 

proposed non-sinusoidal pitch trajectory can effectively enhance device efficiency 

via tuning the instantaneous AOA to a favourable profile. The influence of non-

sinusoidal pitching profiles on oscillating wing power efficiency is shown in Fig. 

2.13. 

Campobasso and Drofelnik (2012) carried out a series of simulations for a foil with 

forced pitch and heave motion in the air. Compressible Navier-Stokes equations were 

solved. The Re of this study was 1100 and laminar assumption was used. Their 

simulations confirmed that the efficiency of the oscillating foil turbine is around 35%. 

A strong dynamic stall was observed at high reduced frequencies. 
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Figure 2. 13 The influence of non-sinusoidal pitching profiles on oscillating wing power 

efficiency: (a) Profile of pitching and heaving with an adjustable constant β; (b) efficiency 

variation with β at various oscillating non-dimensionalized frequency St. (reproduced from 

Xiao et al., 2012). 

Le et al. (2013) designed a new shape of oscillating foil inspired by the shape of the 

scallop and tested the morphological effect by comparing the performance of the 

scallop shaped foil with that of the classic NACA foils. Different morphological 

factors such as corrugation and chamber were tested. The two dimensional CFD 

method was used in their study. Their results show that the performance of a scallop 

shaped foil at down stroke is better than that at up stroke. They also found that the 

convex surface is easily formed when the foil supports its pitching centre which 

affects the formation and development of the Leading Edge Vortex (LEV). Based on 

their results, the morphology of the foil has the ability to control the phase and 

location of the near blade vortices so that a better performance can be achieved by 

optimizing the foil shape. In comparison with the oscillating foil, with the shape of 

NACA0012, 6% of the energy extraction efficiency enhancement can be achieved by 

using the scallop shaped foil. Their study showed an alternative foil shape for the 

oscillating foil turbine for future commercial use. 
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A series of work has been conducted by Kinsey and Dumas (2008, 2012a, 2012b, 

2012c and 2014) on the flapping wing device through experiment and simulation. 

Kinsey and Dumas (2008) carried out a detailed analysis of the mechanism of the 

energy extraction type of oscillating foil. The efficiency map in the parametric space 

of flapping frequency and pitching amplitude for a NACA0012 at Re=1100 by 

Kinsey and Dumas (2008) is shown in Fig. 1.2 (b). A maximum energy extraction 

efficiency of 34% was observed with f* between 0 and 0.25, pitching amplitude θ0 

between 0 degrees and 90 degrees, the heave amplitude of one chord length, 

Re=1100 and an NACA0015 foil shape. It was also observed that the energy 

extraction efficiency is greater than 20% when pitch amplitude θ0 is larger than 55 

degrees. Their results indicated that the heave amplitude and the oscillation 

frequency play a more significant role in the energy extraction performance than that 

of the foil geometry. 

Kinsey and Dumas (2012a) carried out a three-dimensional wing test aimed to assess 

the influence of wing span-length on power generation. With a given aspect ratio AR 

of 5.0, their prediction was compared to their experimental data. Efforts were also 

devoted to analysing the dual flapping wing device in a tandem arrangement under 

the condition of a high incoming Reynolds number at      . An optimized gap (L) 

between the upstream and downstream foil was found to be at a value of L/c of 5.4 to 

achieve optimal efficiency. 

Kinsey and Dumas (2012b) investigated two dimensional dual oscillating foils with 

tandem configuration. Both of the foils could share the same flow stream under this 

arrangement to allow the oscillation foils achieve their highest efficiency. They 

observed a beneficial effect from the interaction between the downstream vortex and 
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the downstream foil which led the total system efficiency to 64% under the 

optimized working condition. However, a harmful effect was also observed from the 

vortex foil interaction which leads the downstream foil to make a negative 

contribution to the system energy extraction efficiency. In comparison with the 

experimental results, the numerical simulations were overpredicted to the peak power 

coefficient. This may be because of the broken two dimensional coherence of the 

vortices in the three dimensional experiments. 

Kinsey and Dumas (2012c) carried out a three dimensional numerical calculation of 

the foil oscillating turbine. They found that the hydrodynamic losses of the three 

dimensional effect could be limited within 10% when endplates’ use of the foil tip 

with the condition of AR>10 was compared with the two dimensional results. A non-

horizontal hydro flow which is up to 30 degrees with respect to the foil chord was 

also considered. They observed that the energy extraction performance is 

proportional to the projected energy flux. 

 Kinsey and Dumas (2014) tested a single oscillating foil turbine by using a two 

dimensional unsteady RANS solver. A maximum efficiency of 43% was found under 

the Reynolds number of 500,000. Better energy extraction efficiency can be achieved 

when the effective angle of attack is around 33 degrees based on their results. They 

also observed that the Leading Edge Vortices are not necessary to occur around the 

best performance region with high Reynolds number rather than the phenomenon at a 

low Reynolds number. 
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2.2.2 OFT with semi-activated systems 

The semi-activated OFT system is used to actuate the pitch motion of the foil. The 

heave motion of the foil is induced by the incoming flow. To achieve this, the power 

input to actuate the pitch motion is needed. The energy could be extracted from the 

flow induced heave motion via a damper. The energy extraction efficiency is 

calculated as the difference between the energy harvest from the heave motion and 

the energy consumption of the pitch motion. The oscillation foil will only harvest 

energy when the energy extraction of the foil heave motion is larger than the energy 

consumption of the pitch motion (Xiao and Zhu, 2014). 

Zhu and Peng (2009) created a numerical model which solves the Navier-Stokes 

equations to investigate the performance of an oscillating foil turbine. The turbine 

model they used was an activated pitch motion with a passive heave motion. Low 

Reynolds number flow was considered in their study. They found that the Leading 

Edge Vortices could recover part of the energy to the oscillating foil through vortex-

body interactions to enhance the energy extraction efficiency. 

The schematic of the flapping-foil energy harvester used in Zhu et al. (2009) is 

shown in Fig. 2.14. They prescribed the pitching motion and the plunging motion 

was calculated from the fluid field which was induced by the pitching motion. Both a 

2D thin plate model and a 3D nonlinear boundary-element model were tested. The 

Fluid Structure Interaction function was also involved in their tests. The optimized 

system which could achieve the highest energy extraction efficiency was proposed 

based on their results. 
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Figure 2. 14 Schematic of the flapping-foil energy harvester used in Zhu et al. (2009). 

Abiru and Yoshitake (2011) designed an oscillating foil turbine and experimentally 

tested its performance. The oscillating foil they designed had a forced pitch motion 

and a free heave motion. The oscillating foil was supported vertically as a cantilever 

plate down into the water. An electric motor was designed to achieve the active 

control of the pitch motion. A magnetic damper was used to collect energy from the 

heave motion of the oscillating foil. The wing had a symmetrical NACA0015 cross 

section shape. The chord length of the foil was 0.1 m. The span length of the foil was 

0.3 m. The amplitude of the pitching motion of the foil was 50⁰. The incoming flow 

velocity was fixed at 1 m/s. Their experiment used a high speed circulating water 

channel. The size of the channel was 4 m × 2 m ×1 m. The flow velocity could adjust 

from 0.3 m/s to 3.3 m/s. Their experimental results proved the possibility of using an 

oscillating foil to extract energy from a fluid flow. The efficiency of the oscillating 

foil has a positive correlation with the maximum pitch angle up to 50⁰ for the 

designed oscillating foil turbine. The ratio for the power consumed by the forced 

pitching to the power generated by the free heaving was found to decrease with the 

increase of the incoming flow velocity. They also confirmed that the finite span 

effect will decrease the efficiency of the oscillating foil turbine system. Their 

designed oscillating foil turbine could achieve 32% to 37% efficiency (which is 3.5 

W to 4.4 W in power) with an incoming flow velocity of 1 m/s. 



Numerical Investigation into Bio-inspired Flow Control for Renewable Turbine 
Ph.D. Thesis, Wendi LIU, November 2015. 

51 | P a g e  
 

Huxham et al. (2012) designed an oscillating foil energy converter which has a 

prescribed pitch motion and free translated plunge motion. Experimental tests were 

carried out for this type of turbine. The oscillating foil was vertically aligned. The 

material of the turbine foil was aluminium. The foil had a cross section of 

NACA0012. The chord length of the foil was 0.1 m and the span length was 0.34 m. 

The oscillating foil was connected with two swing arms to allow the foil to have the 

pitch and plunge motion. The length of the arm was 0.3 m. The size of the water 

tunnel was 0.6 m in width and 0.39 m in depth. The dimensionless damping 

coefficient (which is the damping coefficient non-dimensionalized by fluid density, 

fluid velocity, blade chord, blade span and the length of lever arm) was fixed at 29.5 

during their experimental study. The energy extraction efficiency of the oscillating 

foil energy turbine could achieve 23.8% with a pitch amplitude of 58⁰ and a reduced 

frequency of 0.1. 

2.2.3 OFT with self-sustained systems 

A system with self-sustained motion does not need a power supply at the initial 

condition. The motion is fully induced by the instabilities of the flow (Xiao and Zhu, 

2014). For the self-sustained oscillation foil system, the damper only set up at the foil 

translation direction. Thus, the energy extraction efficiency of the oscillation foil 

turbine system is dependent on the product of the lift force and the translation 

velocity only. 

Peng and Zhu (2009) investigated the oscillating wing devices with a self-sustained 

pitch and heave motion by using a rotational spring and damper. Through a study of 

the pitch axis location, the stiffness of the rotational spring and so on, they found 
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four different responses. With the condition of small gaps between the pitch axis and 

the leading edge as well as strong rotational spring stiffness, the foil remains stable in 

the initial position. Periodic motion occurs at certain gap between the pitch axis and 

leading edge. When the oscillating foil changes the pitching angle, the foil undergoes 

chaotic motion. With the pitch axis close to the trailing edge, the foil flips over. Their 

results show a potential design guideline for an oscillating foil as an energy 

harvesting device based on the periodic motion response. 

Semler (2010) carried out several experiments on the fully passive oscillating foils in 

the water tunnel. The oscillating foil model was simplified as a flat plate. Two rail 

guides were used to allow the flat plate to have a linear back-and-forth motion. The 

pitch and heave motion of the flat plate were induced by the lift force and moment 

generated by the fluid flow. A water tunnel with non-uniform flow, a water tunnel 

with uniform flow and a towing tank were used for the experiment. Dye injection 

devices were used to visualize the flow structure. The experiment results show that 

the fully passive flow induced oscillation (the flat plate could change its 

instantaneous pitch angle automatically at the stock endpoint without any active 

control) could be achieved with a selection of the oscillating flat plate parameters, 

such as flow speed, flat plate size and pitch axis. He found that the energy extraction 

performance of the oscillating flat plate was sensitive to the pitch axis of the flat 

plate, the span of the flat plate, the incoming flow velocity and the maximum pitch 

angle. The best performance could be achieved when the pitch axis was located in 60% 

to 70% of the chord length form the leading edge with a large incoming flow velocity. 

With the help of the flow visualization techniques, the flow separation was observed 

at a large angle of attack which helps to generate the lift of the oscillating flat plate. 
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Zhu (2012) studied the fully passive oscillating foil system for both the pitch and 

plunge motion through the two dimensional numerical simulations with the linear 

shear flow. Zhu’s work proved that the oscillating foil turbine is still working with a 

periodically pitching and heaving motion under the shear flow condition as in the 

uniform fluid flow condition when the shear rate is small. However, the chaotic 

condition occurs when the shear rate is large. 

 

Figure 2. 15 Schematic of the fully passive flapping wing turbine used in Young et al. 

(2013). 

A fully passive flapping foil model, as shown in Fig. 2.15, was designed by Young et 

al. (2013). The flapping foil turbine is linked to the flywheel for passive control over 

its pitch and plunge motion. Up to 30% of the power coefficient was found by them 

under pitch control. The power coefficient could exceed 41% if the oscillating foil 

turbine uses the angle of attack control. The non-sinusoidal foil pitching motion is 

also found better in terms of the performance compared with the sinusoidal pitch 

motion one. 
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2.3 Review of the research on blade stress estimation and reduction for 

renewable turbine 

To overcome the weakness of the large turbine system which turbine blades 

experience high stress during operation, new types of composite material have been 

developed recently. The typical feature of these materials is the ability to deform 

adaptively to the unsteady loading exerted on it so that more constant and uniform 

structure stresses on the turbine blades and shaft could be achieved. This could 

significantly increase the turbine’s fatigue endurance, and thus its reliability and 

sustainability for a long life cycle (Kong et al., 2005; Shokrieh and Rafiee, 2006; 

Barlas et al., 2008). 

Kong et al. (2005) proposed a medium scale blade made of composite material using 

E-glass/epoxy for a 750 kW horizontal axis wind turbine, which aimed to endure 

large loads on the blade. Structural analysis with a Finite Element Method (FEM) 

model confirmed that the proposed blade with the new structure was able to tolerate 

variable load conditions as well as extreme flow conditions. The full scale static 

structure experimental test also obtained agreeable conclusions as the analytical 

results. 

Shokrieh and Rafiee (2006) studied the estimation of the fatigue life cycle of a 

horizontal axis turbine with composite material blades. Their results showed an 

average life of 22 years of a HAT using composite material blades while the traditional 

horizontal axis turbine with rigid blades is only 20 years life (Chenna, 2014). 

A wind tunnel test was performed by Barlas et al. (2008) for an adaptive HAT blade, 

of which the trailing edge was designed as a piezoelectric bender. Their results 
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indicated a significant reduction of blade stress and strain near its root with such a 

design. 

It is worthy to mention that the flexible material has already been used to build up a 

HAT blade as a so-called “Morphing Blade” (MB). MB has a specific feature to 

change its shape according to external aerodynamic loadings. It is used as a passive 

pitch control mechanism to ensure a satisfactory angle of attack for HAT under the 

off-design wind speed conditions. Recently, the morphing blade has been drawing 

much attention due to the wind turbine blade design. The idea was introduced from 

the research on helicopter blades. It has many advantages such as its good 

aerodynamic performance and being easy to construct and lightweight (Lachenal et 

al., 2013). Some research has been done to analyse the characteristics of Elastomeric 

(Peel and Jensen, 2001; Peel et al., 1998), Anisotropic (Daynes and Weaver, 2011; 

Ge et al., 2010) and Multistable (Daynes et al., 2009) materials for their potential 

application to the actively controlled morphing blade. The typical feature of these 

materials is their ability to deform adaptively to the unsteady loading exerted on 

them so that more constant and uniformed structure stresses on the turbine blades and 

shaft can be achieved. This could significantly increase the turbine’s fatigue 

endurance, and thus its reliability and sustainability for a long life cycle. Some 

preliminary research on the use of morphing blades or composite blades has been 

done on HAT (Bazilevs et al., 2011; Bir et al., 2011; Deyuan et al., 2003; Harper and 

Hallett, 2015). Their results show a reduction in the blade stress and an improvement 

in the fatigue issues by using the morphing or composite turbine HAT blade. 

Recently, Hameed and Afaq (2013) designed and studied a straight VAT blade by 

using both analytical and numerical solutions. The bending deformation in the 
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spanwise of the blade was allowed, and the structural stress distribution was 

investigated for blades with different thicknesses under maximum fluid load 

conditions. In their study, a uniformly distributed external load along the span 

direction was assumed with its location at one quarter of the leading edge. The 

centrifugal force was taken into account. Depending on the bending deflection and 

structure stress, the optimal thickness of the blade was predicted to achieve minimum 

stress. 

More recently, Butbul et al. (2015) carried out a series of experimental tests and 

FEM analysis on a VAT with a chordwise flexible blade. The study covered a 

prediction of blade morph direction, magnitude and their effects on power generation. 

Their results showed that a better performance was observed by using a chordwise 

flexible morph blade at a low tip speed ratio, which is very helpful for improving the 

self-starting ability of a VAT compared to a rigid design VAT. However, at a large 

tip speed ratio, the performance of VAT using a flexible morph blade decreases. It 

was also observed that the centrifugal force of the blades has a significant impact on 

large rotational speed which leads to an outward bending motion of the blade, and 

thus an increased drag force which further reduces turbine energy extraction. 

2.4 Review of bio-inspired research and its application in the aerodynamics or 

marine industry 

In nature, insect wings and fish fins are complicated flexible structures that can 

deform passively, although there are obvious distinctions between them. Previous 

studies on the flexible role of insect wings, such as those of a butterfly, hawkmoth or 

bee, conducted on propulsion performance, suggested that some degree of flexibility 

can achieve a higher level of aerodynamic propulsive thrust by manipulating the 
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leading edge vortex enhancement/decay mechanism (Nakata and Liu, 2012; Daniel 

and Combes, 2002). 

In particular, the bending and twisting motion of a flexible wing can effectively vary 

its flying direction and can generate asymmetric forces between the upstroke and 

downstroke motion, leading to a large cycle-averaged aerodynamic force (Wootton, 

1990; Zhu, 2007; Nakata and Liu, 2012; Daniel and Combes, 2002; Yin and Luo 

2010). 

 

Figure 2. 16 Drawings of forewings from insects, arranged on the phylogenetic tree used to 

calculate independent contrasts (Combes and Daniel, 2003a). 
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Combes and Daniel (2003a, 2003b) conducted a relevant study on evaluating the 

impact of wing stiffness variation in a chord-/span-wise direction of the wing 

distortion and produced lifting. Their measurements of flexure stiffness and wing 

venation patterns on the forewings of 16 insect species found that the stiffness in the 

span-wise direction was approximately one or two orders magnitude higher than that 

in the chord-wise direction. The drawings of the forewings of insects by Combes and 

Daniel (2003a) are shown in Fig. 2.16. A sharply decayed flexural stiffness was 

observed from the wing base to the leading edge. The maximum displacement was 

less than 0.08 and 0.15 in the span-wise and chord-wise respectively. 

Zhu (2007) performed a computational study of a wing with a span-wise and chord-

wise distortion, in an attempt to assess the function of wing flexure on propulsion 

performance in high and low density fluid environments. They found that the inertia 

of a flexible wing played a major role in wing deformation if the wing was immersed 

in a low density fluid surrounding, such as air. Both thrust and propulsion efficiency 

were reduced by increasing the flexure motion. However, within a high density 

surrounding, like water, the external fluid loading has a primary impact on wing 

deformation compared with the wing internal inertial force. With their simulation 

results, the chord-wise flexibility was proved to increase wing propulsion efficiency. 

These findings highlight the significance of the flexible structure deforms in 

promoting aerial animals’ propulsion movement. 

Several researchers investigated the interaction among a school of fish. Liao (2007) 

found that fish could utilize the vortices induced by upstream fish. Kinsey and 

Dumas (2012a, 2012b) also focused on the twin foil, especially for tandem 
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configuration. Their results had showed high power extraction efficiency of up to 64% 

because of the vortex foil interaction for the downstream foil. 

 

Figure 2. 17 Schematic representation of the fin kinematics calculated by Shoele and Zhu 

(2012). 

It has always been accepted that the biological flexible structure of fish fins plays an 

important role in fish propulsion and manoeuvring. A recent study by Shoele and 

Zhu (2012; 2013) addressed the flexibility impact of trout ray fins on trout propelling. 

With the use of the fully coupled Fluid Structure Interaction (FSI) model, numerical 

predictions by Shoele and Zhu tested a series of cases to study the relationship 

between the thrust and fluid field feature. By comparing it with the rigid ray fin 

model, the flexible models could enhance the thrust significantly. By controlling the 

leading edge stiffness, i.e., strengthening the leading edge, the propulsion efficiency 

could reach a higher value. Some degree of domination at the Leading Edge (LE) 

could effectively increase local AOA, and thus affect the forming and shedding of 

the Leading Edge Vortex (LEV). An enhanced hydrodynamic force would be 

generated if the local AOA at the leading edge was around 30˚. The schematic 
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representation of the fin kinematics calculated by Shoele and Zhu (2012) is shown in 

Fig. 2.17. 

Nakata and Liu (2012) studied the three dimensional and flexible effects on the 

aerodynamic performance of the insect wings. An unsteady fluid structural 

interaction based analysis was used. The insect model was a hovering hawkmoth 

(manduca). Both flexible and rigid wing models were studied. The aerodynamic 

forces, power generated by the wing flapping motion and proportion efficiency were 

studied with passive flexibility as well as the prescribed deformation of the wing. 

They observed a dynamic wing bending phenomenon of the insect wing. This 

phenomenon could delay the leading edge vortex breakdown around the wing tip, so 

that the aerodynamic forces could be enhanced. They found a dynamic change in the 

bending and twist motion of the insect wing which changes the kinematics of the 

insect wing around the distal region. This will lead the aerodynamic forces to 

increase suddenly before the dynamic stall. They also found that the twist motion of 

the insect wing could increase the proportion efficiency of the hawkmoth. A series of 

the insect wing rigidity effect of the aerodynamic forces were studied, including 

Young’s modulus of the wing material and the thickness of the insect wing. An 

optimized result in terms of the propulsion efficiency was suggested by them. 

They utilize this flexible feature to achieve high propulsion efficiency and 

manoeuvring capability. It is widely thought that wing flexibility and deformation 

would potentially provide new flow mechanisms over completely rigid wings. For 

example, Heathcote and Gursul (2007) and Heathcote et al. (2008) designed a 

realistic internal structure for passive flexible flapping wings to test their propulsion 
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performance by using both experimental and numerical methods. An enhancement of 

the propulsion efficiency has been observed because of the flexibility. 

In contrast to the numerous investigations into the effects of structural deformability 

on the force-generation performance of flapping foils, the energy harvesting capacity 

of flexible flapping foils has not been well understood. Le and Ko (2015) 

investigated the energy extraction performance of an oscillating hydrofoil with both 

chordwise and spanwise flexibility. A prescribed flexibility motion was used in their 

study and up to a 30% improvement in the power extraction efficiency was observed. 

However, despite some recent studies on the flexible wing for propulsion and energy 

extraction, there is still lack of work on detailed investigations into blade flexibility 

for vertical axis turbines and oscillating foil turbines. 

In a recent work by Tian et al. (2014), a fluid-structure interaction model with an 

immersed-boundary method was used to study the flow energy extraction with a 

flexible plate. Four systems were investigated, i.e. rigid plate, flexible plate, flexible 

leading segment by rigid trailing segment, and rigid plate with active control of 

leading segment. Their results show an 11.3% enhancement of energy extraction 

efficiency by applying active control to the leading edge segment. However, for a 

passively flexible plate, no performance enhancement was observed. 

2.5 Summary 

In this chapter, relevant literature on the research methods of vertical axis turbines, 

different methods for the energy extraction performance enhancement of vertical axis 

turbines, research on the oscillating foil turbine and research on the blade stress 

prediction and reduction method have been reviewed. An overview of the bio-
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inspired research and its application to the aerodynamic or marine industry is also 

included. 

To this end, the following gaps could be identified for relevant research: 

 There are many methods to enhance the energy extraction efficiency of a 

vertical axis turbine, but most of them focus on the design rigid blade pitch 

motion, designing additional equipment (such as a channel or duct), etc. 

Some of the researchers patented a vertical axis turbine blade with flaps, but 

there is a lack of systematic research on the effect of the flap as well as under 

a bio-inspired active or passive oscillating motion. 

 Most existing investigations of the energy extraction performance of the 

oscillating foil turbine are limited to rigid foils. In contrast to the numerous 

investigations of the effects of structural deformability on the force 

generation performance of flapping foils, the energy harvesting capacity of 

bio-inspired flexible flapping foils has not been well understood. 

 Despite the advantage of new material, such as MB, and research on its 

application for HAT, the investigation of the potential application of bio-

inspired composite material to VAT is limited. This is partially because of the 

even larger variation of unsteady loads applied to a VAT blade during its 

cyclic rotational motion compared to a HAT. 

The main objective of this thesis is to bridge the gap listed above as mentioned in 

Section 1.3. A new physical phenomenon will be detected and discussed during the 

study. The results of these studies will also provide a reference or general guidelines 

for the industrial design of the next generation of renewable turbines.  
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Chapter 3: Mathematical Formulations and Numerical Algorithm 

3.1 Introduction 

Two different solvers are used in the present research, one is the commercial 

software package FLUENT, and the other is the in-house Fluid Structure Interaction 

(FSI) code used in the CFD and FSI research group at the University of Strathclyde. 

The commercial software FLUENT is used for the calculations in Chapter 4 and 

Section 6.1 for the active and passive flow control for the vertical axis turbine by 

oscillating flap. The in-house FSI solver is used for the rest simulations of the present 

studies. The detailed governing equations, validations and verifications are listed in 

the following sections for both solvers. 

3.2 FLUENT 

3.2.1 Governing equations 

The commercial CFD package FLUENT 12.1 is based on solving Unsteady 

Reynolds-Averaged Navier–Stokes equations (URANS). The governing equations 

for unsteady incompressible flow associated with mass and moment conservation are 

as follows 

   
  

  
               (3.1) 

and 

        (3.2) 
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where ρf is the density of the fluid, U is the vector of velocity, t is the instantaneous 

time, Fb is the body force of the fluid, p∞ is the pressure and μ is the dynamic 

viscosity. 

The modelling in Chapter 4 and Section 6.1 is assumed to be two-dimensional within 

an isothermal fluid domain. A second order finite volume solver is adopted along 

with the SIMPLEC algorithm for pressure-velocity coupling. To model the 

turbulence, various turbulence models are tested and the results indicate that the 

realizable k-ε turbulent model is the most accurate model for the simulation problems 

in Chapter 4 and Section 6.1 (shown later). To effectively capture the near wall 

boundary layer while using reasonable mesh points, the standard wall function is 

used along with the k-ε turbulent model. The detailed turbulent model is governed by 

the following two equations as 
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where k is the turbulent kinetic energy and ε is the dissipation rate of the kinetic 

energy. Gk is the generation of turbulent kinetic energy due to the mean velocity 

gradients; Gb is the generation of turbulent kinetic energy due to the buoyancy; YM is 

the contribution of the fluctuating dilatation in compressible turbulence to the overall 

dissipation rate; S is the source and σ is the Prandtl number (Manual F., 2009). 



Numerical Investigation into Bio-inspired Flow Control for Renewable Turbine 
Ph.D. Thesis, Wendi LIU, November 2015. 

65 | P a g e  
 

The unsteady solution loop within one unsteady time-step is shown in Fig. 3.1. As 

shown, the macro CG motion along with the User Defined Function (UDF) is 

adopted to control the sliding mesh for the turbine rotor and oscillating flap motion. 

Corresponding equations for UDF are shown in Chapter 4 and Section 6.1, 

respectively. To maintain the mesh twist at a low level, the spring smoothing and re-

meshing function is used. The overall flow field problem is solved based on the 

inertial frame. The instantaneous force and moment of all blades are calculated using 

UDF and saved at regular time intervals. 

 

Figure 3. 1 Schematic diagram for unsteady time marching. 

3.2.2 Model validation 

The computational methodology developed in Chapter 4 and Section 6.1 is verified 

against a Darrieus wind turbine and a passive pitch control VAT where either the 

numerical or experimental data are available (Castelli et al., 2011; Sun et al., 2009). 

The main geometry and flow conditions for a Darrieus wind turbine are summarized 

in Table 3.1. 
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The comparison of the present computed time-mean power coefficient against the tip 

speed ratio () with Castelli et al.’s (2011) simulation results is shown in Fig. 3.2. 

The time-averaged value is selected to compare because it can provide the overall 

level of the simulation accuracy. It can be seen that the predicted power coefficient 

agrees well with Castell et al.’s results for a tip speed ratio of less than 2.2. However, 

some differences appear between two results for  that are larger than 2.4. At these 

large tip speed ratios, turbulence effect usually strong, simulation becomes more 

sensitive to the computational mesh and the turbulence model adopted. 

Table 3. 1 Main geometry and flow conditions for Darrieus wind turbine 

(From Castelli et al., 2011). 

Blade profile NACA 0021 

Rotor diameter 1.03 m 

Number of blades 3 - 

Blade length 1.4564 m 

Blade chord 0.0858 m 

Solidity 0.5 - 

Stream speed 9 m/s 

Reynolds number 7.5×10
5
 - 

The flow of a passive pitch control VAT (Sun et al., 2009) is also simulated as the 

second validation case. The main reason for selecting such a relatively complicated 

case as part of the validation is due to the vast available experimental data and the 

study for the VAT with the passive oscillating flap in Section 6.1. Successful 

validation of the developed model with Sun et al.’s (2009) case shows the good 

capability of the present solver. Fig. 3.3 shows the time-averaged power coefficient 

variation with the tip speed ratio for the present simulation and the experimental data 
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from Sun et al. (2009). Good agreement between the present two-dimensional 

simulation results and their experimental data, based on the blade aspect ratio of 6.0, 

is clearly seen in Fig. 3.3, indicating the accuracy of the present numerical methods. 

 

Figure 3. 2 Time-averaged power coefficient variation with tip speed ratio  

(Comparison with Castelli et al., 2011). 

Table 3. 2 Mesh dependence test. 

Mesh density First grid point near wall Number of cells in the domain cop 

Coarse 0.03 112,626 0.314 

Medium 0.01 383,511 0.427 

Fine 0.005 785,056 0.446 

Apart from the above two validations, the unsteady time-step, mesh independence 

and turbulence model testing are performed before the detailed investigation. The 

grid dependence test (the coarse mesh have half grid numbers with medium mesh at 

each boundaries and the fine mesh have double grid numbers with medium mesh at 
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each boundaries) is carried out for a full blade turbine at a time-step of 0.5 deg/step 

with two equation Realizable k-ε turbulence model at =0.99. The time-mean power 

coefficient is compared in Table 3.2 along with the detailed mesh information. Fig. 

3.4 compares the instantaneous blade moment coefficient (cm) for three sets of grids. 

The instantaneous data is selected to compare because it can provide the detail 

information of the simulation results. Based on these comparisons, there is no 

significant difference between the medium and fine grid, therefore, all simulations 

below are computed by the medium grid. 

Table 3. 3 Unsteady time step size and turbulent model test. 

Turbulent Model Time-step cop 

Reynolds Stress (5 equations) 0.5°/step 0.411 

SST k-ω 0.5°/step 0.329 

Realizable k-ε 0.5°/step 0.427 

Realizable k-ε 0.2°/step 0.446 

Realizable k-ε 0.1°/step 0.454 

 

Figure 3. 3 Time-averaged power coefficient variation with tip speed ratio  

(Comparison with Sun et al., 2009). 
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Figure 3. 4 Instantaneous blade moment coefficient variations with instantaneous time 

(grid dependence test with 159,163 cells of coarse grid, 357,159 cells of medium grid and 

746,152 cells of fine grid). 

The effects of turbulence modelling and unsteady time-step on the computed results 

are performed for an oscillating flap blade turbine at β0=15° and nt=1.5. The 

predicted time-mean cop is listed in Table 3.3. As can be seen from this table, there is 

no obvious difference in the power coefficient in reducing the time step size. 

Considering the significantly increased computational time with a small time step, 

0.5 deg/step is used in the present simulations. As for the various turbulence models 

tested, the realizable k-ε model obtains the closest result in the validated case among 

the three turbulence models tested. 

3.2.3 Computational domain 

The computational domain and mesh used in Chapter 4 and Section 6.1 are shown in 

Fig. 3.5. The turbine is set 9D (turbine diameter) away from the inlet boundary and 
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20D away from the outlet boundary. A uniform constant velocity in the x direction is 

applied as the incoming flow for the inlet boundary condition as u=U, v=0 and 

  

  
  . A pressure outlet with 

  

  
   is adopted for the outlet boundary. In order to 

save time at pre-processing stage, unstructured grids were allocated to both rotational 

domain and stationary domain. For ease of mesh generation, the dynamic mesh 

method imbedded in FLUENT which is adopted for handling the oscillating motion 

of the blade flap, an unstructured grid is constructed within the entire computational 

domain, while a structured grid is used in the near wall boundary layer around the 

blade. 

 

Figure 3. 5 Computational domain and mesh distribution for the simulations in Chapter 4 

and Section 6.1. 

3.3 In-house FSI code 

The in-house code of the University of Strathclyde CFD group which was used in the 

present studies is written in the FORTRAN programming language. This code was 
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created by Liu Feng at Princeton University (Liu, 1991) and further developed by 

researchers at the University of California (Liu and Ji, 1996; Sadeghi et al., 2004) 

and the University of Strathclyde (Xiao and Liao, 2009; Xiao et al., 2007; 2012; Liu 

et al., 2013) to enhance the calculation accuracy and enlarge the scope of application. 

The present in-house code is a flow solver coupled to a structural solver through the 

use of a fluid-structure interface method. The time-domain solver for the three-

dimensional compressible Favre-Averaged Navier-Stokes equations is coupled to a 

solver for the linear structural equations. The solution of the nonlinear flow equations 

is accelerated by using a structured multigrid method and a parallel multiblock 

approach with the use of MPI. An implicit JST cell centred finite-volume method 

with second order and fourth order artificial dissipation is used based on Jameson’s 

work (Jameson et al., 1981). Both Jameson’s Convective Upwind and Split Pressure 

(H-CUSP) upwind scheme and second order Roe’s Flex Difference Splitting (FDS) 

upwind scheme are available for present in-house code. The calculation stability is 

enhanced by using residual smoothing (Papamoschou and Liu, 2008). The second 

order implicit backward-difference scheme and Jameson’s pseudo-time stepping 

scheme are used for time integration. Both inviscid Euler solver and viscid Navier-

Stokes solver are contained in it. Different turbulence models including the Baldwin-

Lomax algebraic model and the k-ω two equation model are available to calculate 

large Reynolds number flow. Efficiency is achieved through the application of an 

implicit dual-time multigrid method for the flow, the modal approach for the 

structure, and by parallel computation. Fluid-structure coupling is achieved by sub-

iteration. A grid-deformation algorithm Trans-Finite Interpolation (TFI) is developed 

to interpolate the deformation of the structural boundaries in the flow grid. The code 
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is formulated to allow application for general, three-dimensional, complex 

configurations with multiple independent structures. The code is applicable to 

general problems of fluid-structure interaction as well as purely fluid dynamic 

problems in internal and external flows. The detailed equations are listed in the 

following parts. A flow chart is presented in Fig. 3.22 (a) to show the simulation 

strategy of present FSI code. The in-house FSI code is used because most of the 

commercial software cannot solve FSI cases with both rotational turbine or turbo-

machinery and flexible blade. In addition, all the equations and parameters are 

controllable with high accuracy by using an in-house code. 

3.3.1 Fluid dynamics 

The fluid solver is based on the following governing equations of unsteady turbulent 

flow 

 
 

  
    

 

           
  

    (3.5) 

where, Ω is the control volume and S is the boundary surface. The vector W contains 

the conservative variables. 

                                 
 
  (3.6) 

where ρf is the fluid density, u, v, and w are the three Cartesian velocity components 

and the flow specific total energy E is given by 

     
 

 
            (3.7) 

where e is the internal energy. k and  are the turbulent kinetic and specific 

dissipation rate. 
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The flux tensors F and Fμ represent the inviscid convective fluxes and the diffusive 

fluxes, respectively. The convective fluxes F defined in terms of the relative velocity 

     is 

   

 
 
 
 
 
 
 
 
 

       
          

       
        

       
        

        
        

          
        

        
          

    
 

 
       

        

        

    
 

 
       

        
        

    
 

 
       

        
         

 
 
 
 
 
 
 
 

  (3.8) 

where              
  is the grid velocity vector. The diffusive fluxes due to the 

viscous shear stresses, thermal diffusion and turbulence diffusion can be written as 

    

 
 
 
 
 
 
 
 
 
 

 
   

 
   

 
   

   
   

   
   

   
   

                 

  
  

  

  
  

  

                 

  
  

  

  
  

  

                 

  
  

  

  
  

   
 
 
 
 
 
 
 
 
 

  (3.9) 

where 

             (3.10) 

where    is the laminar viscosity,    is the turbulent eddy viscosity,    is the 

turbulent closure constant equals to 0.5, and     with               is the stress 

tensor expressed as 

                  
 

 
          (3.11) 

and 
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           (3.12) 

In the above equations,   represents the dynamic viscosity, k the thermal 

conductivity, and   the temperature. The stress tensor     is the general form of the 

shear stresses in fμ. 

The source term S is defined as: 

   

 
 
 
 
 

 
 
 
 

 
 
 
 
 

   
   
   

      

  

 
   

   
   

     

 
 
 
 
 

 
 
 
 

  (3.13) 

with closure constants of  =5/9,  =0.075, and   =0.09. 

The fluid governing equations could be discretized into the following semi-discrete 

form: 

 
  

  
         (3.14) 

By applying the dual-time method with a second order implicit scheme, the above 

equation could be reformulated into the following forms: 

 
     

   
             (3.15) 

and 
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          (3.16) 

The spatial discretization in the above equations is done based on a finite volume 

approach. The cell-centred based method is used to calculate gradients. The 

discretization of the convective fluxes is based on the implicit JST scheme for 

Navier-Stokes equations. The discretization of the diffusive fluxes is based on a 

second order and fourth order artificial or matrix dissipation scheme. To cope with 

the complicated moving mesh cases, a structured multi-block mesh is generated. 

3.3.2 Structure dynamics 

The structure elastic equations could be discretized in a finite-element model as 

follows: 

                  (3.17) 

where M denotes the symmetric mass matrix, C represents the symmetric structural 

damping matrix, K is the symmetric stiffness matrix and F is the total fluid dynamic 

force acting on the object’s surface.  

By finding the orthogonal mode shape   , a relationship equation could be defined as 

         (3.18) 

where q is the vector of the generalized displacement in the principal coordinates. 

The above equation could be premultiplied by the transpose mode shape     as 
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                                 (3.19) 

By assuming a linear combination between the damping matrix and the mass and the 

stiffness matrices, the above equations could be decoupled and the jth equations are 

shown below: 

                
    

   
 

  
   (3.20) 

and 

           
 

   
  (3.21) 

where   is the modal damping ratio,    is the natural frequency, and    is the mass 

matrix in the jth diagonal element.    
  is the jth element of mode shape     as 

defined as 

                        
   (3.22) 

Following Alonso and Jameson (1994), the first-order differential equations are 

defined as 

         (3.23) 

           (3.24) 

and 
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      (3.25) 

Thus, the model equation could be rewritten as 

                    (3.26) 

where, 

      
   
   

   (3.27) 

     
  

   
       

   (3.28) 

and 

     

 
   
 

  
 
   (3.29) 

Then, the model equation could be further discretized by the pseudo-time    as 

 
   

   

   
   

    
        (3.30) 

and 

   
    

     
   

       
    

   

   
      

      (3.31) 

where 
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   (3.32) 

and 

 
        

   
           

            
   

      

    
   

   
 

  
   (3.33) 

In the present in-house code, the discretised structural equation (Eq. 3.30) is coupled 

with the discretised fluid equation (Eq. 3.15). Specifically, the foil displacement data 

are employed by the fluid residual calculation as the flow boundary condition and the 

fluid parameters are employed by the structure residual calculation as the 

hydrodynamic forcing. The detailed fluid-structure coupling algorithm is provided in 

the following section. 

3.3.3 Fluid-structure coupling 

Since the fluid domain and the structure domain are calculated independently during 

the iterations, it is necessary to pass the fluid load from the fluid solver to the 

structure solver as the boundary conditions to calculate the structural deformation, 

and to pass the structure displacement from the structure solver to the fluid solver as 

the boundary conditions to calculate the fluid forces. A linear transformation 

equation between the fluid domain and the structure domain is used to exchange 

information between them. The displacement Δxf of the fluid dynamic grid is 

expressed in terms of the structural grid displacements Δxs using a transformation 

matrix G as 
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           (3.34) 

Since the motion of every node needs to meet the requirements of the conservation of 

work, both fluid mesh nodes and structure mesh nodes have to obey the following 

equations: 

   
       

       
       (3.35) 

            (3.36) 

In the transformation equations above,    represents the force vector acting on the 

structure nodes and    represents the force vector acting on the fluid nodes. 

In order to find a proper transformation matrix  , the Constant-Volume Tetrahedron 

(CVT) method is used. In this approach each fluid mesh node    is associated with 

its nearest three structure mesh nodes     ,      and      as shown in Fig. 3.6. The 

vectors  ,   and d are defined as shown in the following equations (Sadeghi, 2004): 

              (3.37) 

              (3.38) 

and 

        (3.39) 
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Figure 3. 6 Configuration for the CVT method. 

Thus, the position of the fluid mesh node    could be calculated by using vector   as 

below: 

                     (3.40) 

where the parameters  ,   and   are calculated as 

   
                     

                     
  (3.41) 

   
                     

                     
  (3.42) 

and 

   
     
   

  (3.43) 

where    and    are the initial values of vectors   and  . Thus, the following 

equations could be derived by linearization as 
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 Δ          
 

   
Δ      (3.44) 

    
   

        
       

     (3.45) 

    
   

              (3.46) 

    
   

              (3.47) 

where     represents the Kronecker delta. The matrixes   and      are given as 

       
 

   
      (3.48) 

and 

       
      
      
      

   (3.49) 

Since the volume of each associated tetrahedron should be a non-zero value and kept 

as a constant during the structural deformation, the CVT method can only be adopted 

in three dimensional FSI modelling. Therefore, all two-dimensional cases in Chapter 

7 are simulated by using the three dimensional model. The details of the modelling 

strategies are described in the following sections. 
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Table 3. 4 Summary of validation cases for in-house FSI code 

 

Validation 

case ID 

Validation case 

model 

Validation case 

type 
2D/3D 

Inviscid/ 

Laminar/ 

Turbulent 

Validation purpose Published data source 

1 

Flow passes a 

stationary circular 

cylinder 

Fluid solver 

validation 
2D Laminar 

Basic fluid field calculation 

ability 

Helen (2008), Griffin (1971), Labbe 

and Wilson (2007), Williamson 

(1989) and Zheng and Zhang (2008) 

2 
Active undulating 

foil 

Fluid solver 

validation 
2D Laminar 

Simulation ability for the 

flexible cases 
Deng et al. (2007) 

3 OFT 
Fluid solver 

validation 
2D Turbulent 

Simulation ability for the 

OFT cases and turbulence 

modelling 

Kinsey and Dumas (2012a; 2012b) 

4 Plunging wing  
Fluid solver 

validation 
3D Turbulent 

Simulation ability for 3D 

cases 

Heathcote et al. (2008), Young 

(2005), and Garrick (1937) 

5 VAT 
Fluid solver 

validation 
3D Turbulent 

Simulation ability for VAT 

cases 

Strickland et al. (1980), Strickland et 

al. (1979) and Ponta and Jacovkis 

(2001) 

6 
Free transverse 

oscillating cylinder 

Rigid body FSI 

validation 
2D Turbulent 

Simulation ability for 1 DOF 

rigid FSI cases 

Khalak and Williamson (1996; 1999) 

and Wu (2011) 

7 Free oscillating foil 
Rigid body FSI 

validation 
2D Inviscid 

Simulation ability for 2 DOF 

rigid body FSI cases 

Zhang et al. (2005), Gao et al. (2005), 

Bohbot (2001) and Alonso and 

Jamenson (1994) 

8 
AGARD 445.6 wing 

natural frequencies 

Modal analysis 

validation 
3D - Modal analysis validation 

Yates (1988), Akgun et al. (2005), 

Kolonay (2001) and Li (2002) 

9 
AGARD 445.6 wing 

flutter 

Fluid structure 

interface 

validation 

3D Inviscid CVT method validation 
Yang et al. (2004) and Sadeghi 

(2004) 

10 
Flapping wing with 

spanwise flexibility 
FSI solver 3D Turbulent 

Simulation ability for general 

FSI cases 

Heathcote et al. (2008) and Gordnier 

et al. (2010) 
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3.3.4 In-house code validation 

The numerical methods developed for the present studies have been extensively 

validated by previous studies (Xiao and Liao, 2010 and Xiao et al., 2012). Further 

validation cases for the fluid solver, fluid structure interaction for a rigid body, modal 

analysis for a flexible body, fluid structure interface and fluid structure interaction 

for a flexible body are presented in the following sections. A summary of the 

validation cases for the in-house FSI code is listed in Table 3.4. 

3.3.4.1 Fluid solver validation cases 

Five different validation cases have been used to test the fluid solver of the present 

FSI code. The details of these validation cases and results are shown in the following 

sections. 

3.3.4.1.1 Flow passes a stationary circular cylinder 

The validation of the present calculation code for the fluid solver part starts from the 

classic case of flow pass a stationary cylinder as shown in Fig. 3.7. The purpose of 

this validation is to test the basic fluid field calculation ability of the present FSI code. 

 

Figure 3. 7 Sketch of validation cases of the flow passes stationary cylinder (Helen, 2008). 
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(a) St results 

 

(b) cl amplitude results 

Figure 3. 8 Flow pass stationary cylinder validation of (a) St results and (b) cl results  

(Comparison with Helen (2008), Griffin (1971), Labbe and Wilson (2007), Williamson 

(1989) and Zheng and Zhang (2008)). 
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2D simulation and laminar assumption are used in the present validation case. Five 

different Re (i.e. 100, 200, 325, 500 and 1000) have been tested. The results 

compared with Helen (2008), Griffin (1971), Labbe and Wilson (2007), Williamson 

(1989) and Zheng and Zhang (2008) are shown in Fig. 3.8. 

It can be seen that the results have good agreement with the published results at low 

Re, but some differences exist in Re larger than 400. This may be due to the 

inaccuracy of the laminar assumption in this Re region. 

3.3.4.1.2 Active undulating foil 

To validate the capability of the in-house FSI solver to deal with the active flexible 

models proposed herein, a study on an active undulating fish model is performed in 

this section and the results are compared with those of CFD work by Deng et al. 

(2007) in Figs. 3.9 (a) and (b).  

 

(a) Drag coefficient validation 
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(b) Vorticity contour validation 

Figure 3. 9 Flexible model validation of (a) time-averaged drag coefficient (cd) variation 

with fλ, (b) instantaneous vorticity contour at fλ = 0.5 and t/Tturb=1/8  

(Comparison with Deng et al., 2007). 

The non-dimensionalized undulating phase speed (fλ) is defined as: 

    
   

  
  (3.50) 

where f is the undulation frequency and    is the non-dimensionalized wave length. 

“O” shape grid with 50440 nodes is used in this validation case. 10 undulation cycles 

with 64 time steps per cycle are applied. As can be seen clearly, the predicted results 

show a good correlation with theirs for both the drag coefficient and fluid fields. 

3.3.4.1.3 OFT with the turbulence model 

In order to test the accuracy of the model in predicting flow energy harvesting by the 

oscillating foil turbine, the dynamics and energy harvesting performance of a 

pitching and heaving wing have been examined.  

Deng et al. (2007) 

Current simulation 
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(a) Drag coefficient 

 

(b) Lift coefficient 
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(c) Power coefficient 

 

(d) Efficiency 

Figure 3. 10 Validation on a rigid oscillating foil as an energy extraction device with 

Re=5×10
5; h0/c=1.0; cpit/c=1/3; θ0=75⁰ and φ=-π/2 – compared with Kinsey and Dumas 

(2012a; 2012b). 
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A typical case is a single oscillating foil with an NACA0015 shape flapping at f* of 

0.14. The pitch and heave amplitude are 75˚ and 1.0c, and the far-stream Reynolds 

number is equal to 5 10
5
. The foil pitch at 1/3 chord length from its leading edge 

and phase angle between the heave and pitch is π/2. “O” shape grid with 24960 

nodes is used in this validation case. 6 oscillating cycles with 128 time steps per 

cycle are applied. The time histories of the drag coefficient, lift coefficient and power 

coefficient at a reduced frequency of 0.14 are shown in Fig. 3.10 (a)-(c) and the 

dependence of the time-averaged energy extraction efficiency upon the reduced 

frequency is shown in Fig. 3.10 (d). These results are comparable with the published 

results of Kinsey and Dumas (2012a; 2012b). Some discrepancies are found between 

the present simulation and Kinsey and Dumas (2012a; 2012b) at a large flapping 

frequency. It is believed that this could be attributed to the different flow solvers and 

turbulence models being used. In the work of Kinsey and Dumas (2012a; 2012b), a 

commercial CFD solver FLUENT with one equation Spalart-Allmaras turbulence 

model was used. In the present study, an in-house code with two equation k-ω 

models is adopted. 

Extensive tests on the two-equation k-ω turbulence models are performed and the 

results are summarized in Table 3.5, and compared with those of Kinsey and Dumas 

(2012a). It is found that the final result is sensitive to a number of parameters related 

to the CFD solver, i.e. the number of mesh cells, the iteration per time step either in 

physical time or pseudo time steps as well as the CFL number. Considering the 

compromise between accuracy and computational time, the medium mesh (51,216 

cells) with 128 time steps per cycle, 100 iterations per time step and CFL of 7 is 

selected for the main simulations in the present studies. 
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(a) Thrust coefficient 

 

(b)  Power coefficient 
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(c) Efficiency 

Figure 3. 11 Validation results of a 3D rigid flapping foil with AR=3.0. ▲Experiment at 

Re=1×10
4 
(Heathcote et al., 2008); ╳ Experiment at Re=2×10

4
 (Heathcote et al., 2008); ﹡

Experiment at Re=3×10
4
 (Heathcote et al., 2008); + Panel method (Heathcote et al., 2008); 

● N-S numerical method at Re=2×10
4
 (Young, 2005); ▂ (Orange) Analytical method at 

Re=2×10
4
 (Garrick, 1937); ■ Present 2D CFD method at Re=2×10

4
 (achieved with a 3D 

method using Symmetry Boundary Condition (SBC) boundary conditions at the tips) and the 

black dashed line represents the present 3D CFD method at Re=2×10
4
. 

Table 3. 5 Turbulence k-ω model validation with Kinsey and Dumas (2012a). 

Current k-ω model validation (comparison with Kinsey and Dumas (2012a), cop=0.994) 

NACA0015, Re=5×10
5
, f*=0.14, pitching amplitude=75˚, pitching axis=c/3 and h0/c=1 

Mesh 
Number of time 

steps per period 

Iterations for one 

pseudo time step 
CFL number cop 

51216 128 100 7 0.96 

51216 128 200 3 0.95 

51216 64 100 7 0.9 

51216 64 200 3 0.89 

265740 128 100 7 1.03 
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3.3.4.1.4 Three dimensional plunging wing propeller 

A further investigation into a three-dimensional plunging-wing case has been 

conducted to test the calculation ability for three dimensional cases by using the 

present FSI code. The results predicted by the numerical model at Re of       are 

compared with the results from Heathcote et al. (2008), Young (2005), and Garrick 

(1937) in Fig. 3.11, where the non-dimensionalized Garrick frequency (KG) is 

defined as          .  

Both three-dimensional and two-dimensional (whose mesh has the same topological 

structure as that in the xy cross-section of the three-dimensional model) simulations 

using the in-house code have been compared with these results. Good agreement is 

shown in all cases. Thus, the three dimensional calculation of the present code is 

reliable. 

 

(a) Instantaneous thrust force coefficient 
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(b) Instantaneous normal coefficient 

Figure 3. 12 Validation results for a rigid blade turbine - comparison with towing tank data 

(Exp.) by Strickland et al. (1980), Free Vortex Model (VDART) by Strickland et al. (1979) 

and vortex method combined with finite element analysis (FEVDTM) by Ponta and Jacovkis 

(2001). 

3.3.4.1.5 Three dimensional VAT with the turbulence model 

Investigations into a three-dimensional vertical axis turbine with a rigid blade have 

been conducted in order to simulate the vertical axis turbine cases. The diameter of 

the turbine is 1.22 m with a chord length of 0.0914 m. The cross-section of the foil is 

NACA0012. The tip speed ratio is 5.0. The results predicted by the numerical model 

are compared with the results from Strickland et al. (1980), Strickland et al. (1979) 

and Ponta and Jacovkis (2001) in Fig. 3.12. Multi-block grid with 1049000 nodes is 

used in this validation case. 10 turbine revolutions with 72 time steps per revolution 

are applied. Grid sensitive and time size sensitive tests have been done for this 

validation test. By double the entire mesh or double the time steps per turbine 
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revolution, the result difference are all less than 3%. Good agreement is shown in Fig. 

3.12. Thus, the fluid solver of the present FSI code is reliable based on the five 

validation results above. 

3.3.4.2 Fluid structure interaction for rigid body 

The fluid structure interaction for rigid body is validated by using the present FSI in-

house code. A two dimensional free transverse (one DOF) oscillating cylinder case is 

calculated. The mass ratio is 2.4, the damping ratio is 0.0054 and the natural 

frequency of the cylinder in air is 0.7846 Hz. The Re from 3000 to 12000 is tested.

 

(a) Non-dimensionalized displacement amplitude against Re 
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(b) Non-dimensionalized displacement frequency against Re 

Figure 3. 13 Validation results of 2D free oscillating cylinder with (a) non-dimensionalized 

displacement amplitude and (b) non-dimensionalized displacement frequency against Re. 

The structural governing equation for the cylinder is defined as follows: 

                 (3.51) 

where M is the mass of the cylinder, y is the position of the cylinder in the y axis 

direction, cy is the damping coefficient, ky is the spring constant and L is the lift force 

of the cylinder. This equation could be further transformed into the following form: 

           
   

 
    (3.52) 

where ε is the non-dimensionalized position of the y axis and ξ is the damping factor.  

V* is the speed index defined as: 
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  (3.53) 

where b is the radius of the cylinder, ωn is the natural oscillation frequency of the 

cylinder and μ is the mass ratio defined as        
  . 

In order to find out the eigenvectors of the calculated cylinder case, a MathCAD 

calculation is used. The detailed process of the MathCAD code is provided in 

Appendix I. “O” type grid with 100152 nodes is used in this validation case. 80 

oscillating periods with 128 time steps per revolution are applied. The results 

calculated by the present code are shown in Fig. 3.13 and compared with Khalak and 

Williamson (1996; 1999) and Wu (2011). Good agreement has been achieved. 

A two dimensional free oscillating foil with pitch and plunge motion (two DOF) is 

modelled with the inviscid Euler equations. The cross section of the foil is Isogai 

(1979) NACA64A010 aerofoil. The Mach number of this case is 0.75. The motion 

governing the equations of this airfoil is as follows: 

  
               

               
   (3.54) 

where h is the instantaneous heaving position, sα is the static unbalance of the airfoil, 

α is the instantaneous pitch angle, kh is the heaving spring constant, Iα is the 

rotational moment of inertia, kα is the pitch spring constant, L and M are the lift force 

and moment of the foil, respectively. This equation could be further transformed into 

the following form: 
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   (3.55) 

where xα is the normalized distance between the rotation centre and the gravity centre 

of the airfoil, rα is the normalized radius of gyration, ωh is the Eigen frequency of 

heaving, ωα is the Eigen frequency of rotation and φ is the non-dimensionalized 

heave position. 

 
Figure 3. 14 Validation results of 2D inviscid flutter of a sweptback wing case for the 

flutter speed index vf under Mach number of 0.75. 

The calculation process of airfoil Eigen frequencies by using MathCAD is shown in 

Appendix II. The results calculated by present code are shown in Fig. 3.14 compared 

with Zhang et al. (2005) Gao et al. (2005) Bohbot (2001) and Alonso and Jamenson 

(1994). “O” shape grid with 24960 nodes is used in this validation case. 50 

oscillating cycles with 128 time steps per cycle are applied. Good agreement has 

been achieved. Thus, the calculation ability of fluid structure interaction for rigid 

bodies of the present code is reliable. 
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3.3.4.3 Modal analysis for flexible body 

As shown in Eq. 3.18 to Eq. 3.22 in Section 3.3.2, present in-house code use modal 

analysis for the simulation of fluid structure interaction for flexible body. Both 

MathCAD code and the ANSYS solver calculation are used for the modal analysis of 

the present FSI solver. An AGARD 445.6 wing case is used for the validation of the 

modal analysis by using different methods and is compared with the published 

results. The dimensions of AGARD 445.6 wind are shown in Fig. 3.15 in inches. The 

wing root is fixed. Young’s modulus of the wing is E=0.47072×10
6
 Psi, density is 

ρs=0.000123 slugs/ft
3
 and Poisson’s ratio is υ=0.31. 

 

Figure 3. 15 Dimensions of AGARD 445.6 wing. (From Akgun et al., 2005). 

The calculation process which uses MathCAD is listed in Appendix III with the 

beam assumption. The AGARD 445.6 wing model in the ANSYS calculation is 

SOLID45. The results are listed in Table 3.6. It is clear that the ANSYS calculation 

has better accuracy for all of the first five modes. The results which use MathCAD 

with the beam assumption have a good agreement for the 1
st
 mode, but the accuracy 

for the other four modes is worse. Thus, the ANSYS solver with the SOLID45 model 

is used for the modal analysis in the present studies.  
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Table 3. 6 Validation results for AGARD wing mode frequency prediction by using ANSYS and beam analytical solution compared with published 

results. 

Mode 
Experiment 

Akgun et al. (2005) Kolonay (2001) Li (2002) 
Present results Present results 

Yates (1988) (ANSYS) (Beam Analytical) 

 

Results Results Results Results Results Error Results Error 

(Hz) (Hz) (Hz) (Hz) (Hz) % (Hz) % 

1 9.6 9.688 9.63 10.85 8.1098 -15.52 8.871 -7.59 

2 38.1 37.854 37.12 44.57 37.824 -0.72 16.216 -57.40 

3 50.7 50.998 50.5 56.88 57.842 14.09 23.314 -54.01 

4 98.5 92.358 89.94 109.1 97.747 -0.76 26.81 -72.80 

5 - - - - 103.94 - 37.551 - 
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3.3.4.4 Fluid structure interface 

The present code uses the CVT method to pass massages between the fluid solver 

and the structure solver as discussed in Section 3.3.3. In this section, the CVT 

method is validated with the AGARD wing case by using the ANSYS modal analysis 

results calculated in Section 3.3.4.3. 

The 1
st
 mode generalized displacement q1 is shown in Fig. 3.16 and is compared with 

Yang et al. (2004). The comparison of the pressure contour plot between the BEM 

method (calculated by Sadeghi, 2004) and the CVT method (calculated by the 

present study) is presented in Fig. 3.17. Good agreements have been achieved. Thus, 

the CVT method of the present code is reliable. 

 

Figure 3. 16 Validation results of the AGARD wing flutter case for the first mode 

generalized displacement against with time compared with Yang et al. (2004). 
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3.3.4.5 Fluid structure interaction for flexible body 

To validate the capability of this code in solving fluid-structure coupling problems, 

an additional simulation is performed for a three-dimensional flapping wing with 

spanwise flexibility and compared with the experimental results from Heathcote et al. 

(2008) and the numerical results from Gordnier et al. (2010, 2013). Two different 

types of flexible material, i.e. effective stiffness of 2.14×10
2
 and 4.07×10

1
, are 

studied and the instantaneous plots of some predicted parameters and flow fields are 

compared with Heathcote et al. (2008) and Gordnier et al. (2010). 

 

Figure 3. 17 Validation results of the AGARD wing flutter case for the pressure coefficient 

comparison between the BEM method (black dashed line based on Sadeghi, 2004) and the 

CVT method (red dash dotted line computed by the present study). 
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(a) Thrust coefficient 

 

(b) Lift coefficient 
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(c) Wing tip edge displacement 

Figure 3. 18 Validation on a flexible 3D plunging wing in water flow with Re=3×10
4
; 

AR=3.0; h0=1.75×10
-2

 m; f0=1.74 Hz; Π=2.14×10
2
; E=210 GPa and Density Ratio (DR)=7.8 

– compared with Heathcote et al. (2008) and Gordnier et al. (2010). 

 

Figure 3. 19 Validation results of wing lift coefficient on a flexible 3D plunging wing 

(Re=3.0×10
4
) AR=3.0; h0=1.75×10

-2
 m; f0= 1.74 Hz; Π=4.07×10

1
; E=70 GPa and Density 

Ratio (DR)=2.7 – compared with Heathcote et al. (2008) and Gordnier et al. (2010). 
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The problem addressed is a three-dimensional NACA0012 rectangular wing with a 

heaving motion in water at Re of      . The chord length is 0.1 m and the span 

length is 0.3m. The plunging amplitude is           m with an oscillating 

frequency of 1.74 Hz. To construct the chordwise flexibility, a thin stiffener along 

the centre line of the foil is used, which is covered with a PDMS rubber. The 

thickness of the stiffener is      chord length. 

 

Figure 3. 20 Validation results of wing tip edge displacement on a flexible 3D plunging 

wing (Re=3.0×10
4
) AR=3.0; h0=1.75×10

-2
 m; f0= 1.74 Hz; Π=4.07×10

1
; E=70 GPa and 

Density Ratio (DR)=2.7 – compared with Heathcote et al. (2008) and Gordnier et al. (2010). 

In the foil with the effective stiffness of 2.14×10
2
, the material properties of the 

stiffener are chosen so Young’s modulus is 210 GPa and the density ratio is 7.8. The 

instantaneous thrust, foil tip displacement and lift coefficient are shown in Fig. 3.18 

(a)-(c). In the wing with the effective stiffness of 4.07×10
1
, Young’s modulus is set 

as 70 GPa and the density ratio as 2.7 (Gordnier et al., 2013). Multi-block grid with 

1600200 nodes is used in this validation case. 10 turbine revolutions with 72 time 
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steps per revolution are applied. The corresponding results are presented in Fig. 3.19 

and Fig. 3.20. It can be observed that a small phase difference occur between the 

present simulation and the published results. Present Fluid Structure Interaction code 

uses a linear structure solver with linear coupling strategy between fluid solver and 

structure solver. Thus, the non-linear structure effect is ignored during the calculation. 

Blade tip effect of the three-dimensional flapping wing with spanwise flexibility case 

is also ignored during the calculation which is believed to result the differences in the 

validation. The instantaneous lift and drag coefficients are comparable with the 

results of Heathcote et al. (2008) and Gordnier et al. (2013) other than the small 

phase difference. All of the above results prove the accuracy of the code in coping 

with fluid-structure interaction problems. Thus, the fluid structure interaction 

calculation ability for flexible bodies of the present calculation code is reliable. 

3.3.5 Computational domain and verification 

In Chapter 5, Section 6.2 and Chapter 7, the mesh topologies in the xy plane are the 

same for the simulations on the oscillating foil turbine and vertical axis turbine cases, 

but these are different in the z axis direction between the two dimensional and three 

dimensional meshes. The computational domain and mesh for both the fluid and the 

structure are shown in Fig. 3.22. The model size in the spanwise direction is one 

chord length for the cases in Chapter 5 and Chapter 7 and ten chord lengths for the 

cases in Section 6.2. Two dimensional mesh is used for the simulations in Chapter 5 

as shown in Fig. 3.22 (d). The turbine blade is located in the centre of the fluid grid. 

There is a rotation motion around the rotation centre for the fluid mesh to represent 

the rotation motion of the turbine blade during the calculation in Section 6.2. The 
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distance between the turbine blade (mesh centre) and the rotation centre is one 

turbine radius (R). Fig. 3.22 (e) - (h) shows the mesh movement during one turbine 

revolution at different time instants. 

 

Figure 3. 21 Boundary conditions test for the tip boundaries comparison with a present 2D 

CFD method (achieved with a 3D method using Symmetry Boundary Condition (SBC) 

boundary conditions at the tips for a rigid oscillating foil at f*=0.18 and θ0 =60⁰). 

As suggested in the literature from Lifante et al. (2007), Nicolato and Moreira (2009) 

and Scott et al. (2014), applying the Symmetry Boundary Condition (SBC) at the tips 

of the foil can effectively mitigate the three-dimensional effects and achieve two-

dimensional simulation. The present study has tested SBC, the Periodic Boundary 

Condition (PBC), and the non-slip Wall Boundary Condition (WBC) with the 

oscillating foil case. Non-slip WBC is selected for the present test since it has been 

used by other researchers in their modelling work to replicate some experimental 

setups. The results are compared with a two-dimensional foil with the same cross 

section. To do this, a three-dimensional rigid oscillating foil with a reduced 
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frequency of 0.18 and a pitching amplitude of 60⁰ is modelled with different 

boundary conditions. A two-dimensional foil model which has the same topological 

structure as that in the xy cross-section of the three-dimensional model is setup using 

the same conditions as in the three-dimensional calculations. The time-averaged 

power coefficient (   ) is shown in Fig. 3.21. It is confirmed that SBC is acceptable 

for replicating a 2D oscillating foil. It is therefore used in the two-dimensional 

simulations in Chapter 7. 

 

(a) Flow chart of the present FSI solver 
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(b) 3D mesh topology 

 

 

     

   (c) 3D fluid and structure meshes and mapping                  (d) 2D Fluid mesh 
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(e) Mesh movement during one turbine 

revolution at t/Tturb=1/4 

(f) Mesh movement during one turbine 

revolution at t/Tturb=2/4 

           

(g) Mesh movement during one turbine 

revolution at t/Tturb=3/4 

(h) Mesh movement during one turbine 

revolution at t/Tturb=4/4 

Figure 3. 22 Flow chart, Computational domain and mesh movement for vertivcal axis 

turbine case: (a) flow chart of the present FSI solver, (b) 3D mesh topology, (c) 3D fluid 

(cyan, yellow, blue and green represent different blocks) and structure (red colour) meshes 

and corresponding CVT mapping example, (d) 2D Fluid mesh and (e) ~ (h) mesh movement 

during one turbine revolution (red circle represents the mesh rotation centre; green represents 

turbine blade). 

The 3D mesh with 10c of span is shown in Fig. 3.22 (b). The structure nodes are 

applied as an in-line mesh along the foil centreline shown in the lower left corner of 

Fig. 3.22 (c). An example of the CVT association between the fluid node and 
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structure nodes is displayed in the top right corner of Fig. 3.22 (c). The far field 

boundary condition is applied to the inlet and outlet boundaries with uniform 

constant velocity in the x axis direction for all the meshes. The foil, using the Non-

slip wall boundary condition, is set to be 50c (chord length) away from the incoming 

flow and outflow boundaries. 

 

Figure 3. 23 Tests for the sensitivity of time step size. 

The sensitivity study of time step size for the vertical axis turbine model is 

performed at the tip speed ratio λ=3.5 of the calculation in Section 6.2 and the 

predicted results are shown in Fig. 3.23. It is seen that there is no significant 

difference between the time step size of Tturb/144 and Tturb/72. Considering a 

reasonable calculation time, Tturb/72 is selected for the following calculations. 

3.4 Stress calculation in Section 6.2 

Apart from the coupled fluid structure interaction modelling, the study in Section 6.2 

also adopts further calculations to validate the blade displacement results from the 
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FSI code and to estimate the blade stress. Structural solver ANSYS has been used to 

achieve this. 

Commercial software ANSYS 15.0 is used as a structural solver to validate the 

maximum displacement and to analyse the stress distribution under the largest 

external load conditions. A diagrammatic sketch of the force application in the 

ANSYS structural solver is shown in Fig. 3.24. The element type of SOLID45 is 

used and uniform external loads have been applied to each structural cell. A 

convergence test for the ANSYS Finite Element Analysis has also been carried out 

for the case of λ=5.5, Π=         and lst/c=10/3. By doubling the calculation 

element numbers, the difference of maximum deflection and stress between fewer 

elements and more elements results are all smaller than 0.15%, which passes the 

FEA convergence criteria. 

 

Figure 3. 24 Diagrammatic sketch of external loads (red arrow) and constrains (cyan arrow) 

conditions at each cell for ANSYS structural solver.  
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PART II: Bio-inspired Active Flow Control for Renewable 

Turbine  
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Chapter 4: Bio-inspired Active Flow Control for Vertical Axis 

Turbine by Oscillating Flap 

4.1 Introduction 

The present study is focused on an H-shaped lift force driven VAT. In comparison 

with the HAT and drag force driven VAT, H-shaped VAT has many advantages, 

such as the simple blade design, capable to work in all current flow directions and 

non-sensitive to water depth. However, the efficiency of existing H-shaped VAT is 

still relatively low as compared to the HAT as mentioned in Section 1.1. It is thus 

necessary and valuable to carry on a deep research in order to enhance VAT 

efficiency via various mechanical and control methods (Gretton et al., 2009; Gretton, 

2009). 

Inspired by the vortex control mechanism, utilized by some aero-/aqua- animals to 

improve their propulsion performance via their fins or tails flapping motion (Xiao 

and Liao, 2010; Xiao et al., 2012), turbine blade with oscillating flap is developed 

and investigated in the present study. The oscillating flap is designed to move 

periodically around a pitching axis as shown in Fig. 4.1. 

 

Figure 4. 1 The active oscillating turbine blade in the present study. 

Distinct from a fixed flap, the use of an oscillating flap not only controls the near 

boundary layer fluid flow, but also regulates the vortex interaction in the wake 
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between each blade. For multiple-blade turbine as studied in this chapter, the flow 

analysis focusing on the blade wake vortex interference is therefore crucial for 

enhancing the overall turbine performance. 

In this chapter, a numerical investigation is carried out with the main objective to 

explore the potential for enhancing VAT energy extraction efficiency by using an 

oscillating flap blade. 

4.2 Description of problem 

The simulated turbine model, plotted in Fig. 4.2, is based on a real marine current 

turbine, currently operates at the WANXIANG II station in China (Sun et al., 2009). 

Detailed geometry parameters and operating conditions are summarized in Table 4.1. 

To simplify the problem, the blade is assumed infinitely long in span-wise direction, 

therefore two-dimensional modelling is conducted. The Reynolds number used in the 

present simulation is set as         which is identical to real operating condition. 

The turbine azimuthal angle (θt) is defined as the angle which sweeps from the 

positive x axis to the line connecting the origin to the blade mass centre as shown in 

Fig. 4.2. 

The active oscillating turbine blade is investigated as shown in Fig. 4.1. The angle 

between the flap centre line and the main part centre line is defined as flap angle β0. 

For the oscillating flap, the flap rotates with its axis at the centre of the gap between 

main and flap parts with the following specified motion equation: 

               
 

 
   (4.1) 
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where β0 represents the amplitude of the flap and ωf is the rotational angular velocity 

of oscillating flap. 

 

Figure 4. 2 Schematic diagram of flow configuration. 

Table 4. 1 Operating conditions of WANXIANG II power station (From Sun, 2007). 

Blade profile NACA0018 

Rotor diameter 2.5 m 

Number of blades 3 - 

Blade length 5 m 

Blade chord 0.3 m 

Solidity 0.72 - 

Rated power 40 kW 

Stream speed 1.6 m/s 

Rotational speed 1.2672 rad/s 

Reynolds number           4.7×10
5
 - 

To quantify the oscillating flapping motion relative to the turbine rotational motion, 

one parameter ‘nt’ is introduced, which is defined as below: 
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 , 
(4.2) 

where Tturb is the turbine revolution period and Tflap is the flap revolution period. 

4.3 Results and di scussions 

4.3.1 Mechanism of flow control by oscillating flap 

Before a systematic parametric study is performed on a VAT with the oscillating flap 

blade, the study on a potential efficiency improvement of the properly controlled 

flow mechanism through the use of an oscillating flap is carefully conducted. A 

specific case, with the tip speed ratio λ=1.572, is selected to present the results below. 

Detailed discussion on the power coefficient, instantaneous momentum coefficient, 

lift coefficient and vortex contours are presented and compared between two 

different turbines, i.e. fixed flap turbine and oscillating flap turbine with oscillating 

amplitude of β0=30° and nt=3. 0. 

The time-mean power coefficient (cop), maximum momentum coefficient (cm), 

maximum lift coefficient (cl) and blade surface flow separation point are summarized 

in Table 4.2 for the comparison between the two turbines tested. It is seen from this 

table that, the turbine with oscillating flap reaches a maximum time-mean power 

coefficient between two turbines, which is about as much as 1.22 times of the fixed 

flap blade. Examinations on the instantaneous cm and cl variation in one revolution 

(shown in Fig. 4.3 and 4.4) indicate that this is attributed to the increased cm and cl 

peak values at the instantaneous time of 0.5Tturb. Obviously, for a lift-driven turbine, 

increasing the blade lift force can lead to the enhancement of overall turbine torque 

and energy extraction. 
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Figure 4. 3 Comparison of instantaneous blade moment coefficient against time for two 

different blade turbines (λ=1.572). For oscillating blade, β0=30°; nt=3.0. 

 

Figure 4. 4 Comparison of instantaneous blade lift coefficient against time for two different 

blade turbines (λ=1.572). For oscillating blade, β0=30°; nt=3.0. 
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A further investigation on the difference between a fixed flap and oscillating flap is 

carried out. The time-mean power coefficient shown in Table 4.2 indicates an 

improved energy extraction performance by using an oscillating flap. The increased 

instantaneous peak lift and momentum coefficients presented in Table 4.2 could be 

the reason for such enhancement. Apart from this, further examination on the 

snapshots of instantaneous vortex contours within one revolution in Fig. 4.5 reveals 

some specific flow features. 

Table 4. 2 Comparison of key performance parameters for two different turbines  

(λ=1.572; oscillating flap amplitude: β0=30°; nt=3.0). 

Turbine type 
Time-

mean cop 

Max. 

cm 
Max. cl 

Separation 

point 

Turbine blade with fixed flap 
0.421 

 

0.293 

 

0.445 

 

0.967c 

 

Turbine blade with oscillating flap 
0.514 

 

0.380 

 

0.580 

 

0.950c 

 

Fig. 4.5 (a) to (f) compare the vortex contour for the turbines with a fixed and 

oscillating flap at three different azimuthal angles. It can be seen that, with a fixed 

flap, a long wake tail characterizing with a Karman vortex generates as the blades 

rotate, which results in a strong vortex interaction between two adjacent blades. This 

becomes more obvious when the blade is located at the azimuthal angle of 90°. The 

turbine blade wake, where many vortices appear, is turbulent region due to the blade 

motions. When the turbine blade goes through these vortices, the pressure difference 

between inner and outer surface of the blade drops due to turbulence flow field. This 

phenomenon results in a lift force decrease of the turbine blade. As a lift driven VAT, 

the decrease of the lift forces could lead to a decrease of the power coefficient or 

energy extraction efficiency.  
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(a) t/Tturb=5/12, fixed flap                    (d) t/Tturb=5/12, oscillating flap 

 

(b) t/Tturb=6/12, fixed flap                   (e) t/Tturb=6/12, oscillating flap 

 

(c) t/Tturb=7/12, fixed flap                   (f) t/Tturb=7/12, oscillating flap 

Figure 4. 5 Comparison of vortex contour within one revolution for fixed and oscillating 

flap turbine at λ=1.572. (a) t/Tturb=5/12, fixed flap; (b) t/Tturb=6/12 fixed flap (c) t/Tturb=7/12, 

fixed flap; (d) t/Tturb=5/12, oscillating flap; (e) t/Tturb=6/12, oscillating flap; (f) t/Tturb=7/12, 

oscillating flap. For oscillating flap, β0=30°; nt=3.0. 

However, with an oscillating blade as shown in Fig. 4.5 (d) to (f), the long wake tail 

is broken down by the periodic motion of oscillating flap, and vortex shedding from 

the upstream blade is quickly “thrown” away from wake leading to the weak vortex-
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blade interaction. This phenomenon is believed to suppress the top and bottom blade 

wall pressure difference declining trend, and ensure the blade lift force at a large 

level. 

Based on above preliminary study of the flow control mechanism from one specific 

case study, a systematic parametric study is further carried out with a series of 

variations on oscillating flap parameters. Computed results are presented in Section 

4.3.2. 

4.3.2 Oscillating flap parameters 

Table 4. 3 Summary of numerical cases for oscillating flap. 

Turbine type 
Oscillating amplitude β0 

(deg) 

Revolution ratio nt 

(-) 

Oscillating flap amplitude effect 

0 

3 15 

30 

Revolution ratio effect 15 

1 

1.5 

3 

The investigation of an oscillating flap influence on the turbine power performance is 

presented in this section. The motion of the flap is defined as Eq. 4.1 and Eq. 4.2 in 

Section 4.2. As seen from the flap motion equations, there are three parameters 

which influence the oscillating flap motion, i.e. the flap size, the amplitude β0 and the 

oscillating frequency, the last parameter is determined by the revolution ratio nt. The 
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study of the influence of flap motion on power extraction is therefore concentrated 

on the amplitude β0 and the oscillating frequency of the flap with a fixed flap size of 

c/4. Detailed information for various cases tested is summarized in Table 4.3. 

4.3.2.1 Oscillating amplitude 

The effect of oscillating amplitude on the instantaneous moment coefficient and 

time-mean power coefficient is shown in Fig. 4.6 (a) and (b) for a comparison 

between the fixed flap blade (0=0°) and an oscillating flap blade (0≠0°). The 

instantaneous results, such as in Fig. 4.6 (a), provide the detail information of the 

force or moment of the blade at different time instants, while the time-averaged 

results, such as in Fig. 4.6 (b), give the overall level of the performance of the energy 

turbine at different working conditions. Obviously, an oscillating flap enhances the 

turbine performance as compared to a fixed flap blade turbine. It can also be seen 

that the blade with the amplitude of 15° displays the widest large cm region which 

covers the azimuthal angle from 145° to 200°. The high moment coefficient region 

becomes smaller when the flap oscillating amplitude increases from 15° to 30°. The 

maximum cm of 0.28 is also achieved for a blade with the amplitude of 15°, which is 

about 12.98% times that of a blade with fixed flap. With regard to the time-mean 

power coefficient shown in Fig. 4.6 (b), an increase of 23.72% cop at λ=1.572, as 

compared to fixed flap, is achievable with oscillating flap at 15° amplitude.  
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(a) Instantaneous blade moment coefficient against time at λ=2.2. (Various flap 

amplitude) 

 

(b) Time-averaged power coefficient against tip speed ratio. (Various flap amplitude) 

Figure 4. 6 Oscillating flap amplitude effect on the instantaneous blade momentum 

coefficient and time-averaged power coefficient. (nt=3) (a) Instantaneous blade moment 

coefficient against time; (b) Time-averaged power coefficient against tip speed ratio. 
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(a) t/Tturb=4/12 and β0=15°                      (d) t/Tturb=4/12 and β0=30° 

 

(b) t/Tturb=5/12 and β0=15°                    (e) t/Tturb=5/12 and β0=30° 

 

(c) t/Tturb=6/12 and β0=15°                    (f) t/Tturb=6/12 and β0=30° 

Figure 4. 7 Comparison of vortex contour for an oscillating flap blade with oscillating 

amplitude of β0=15° and β0=30° (λ=2.2; nt=3) (a) t/Tturb=4/12 and β0=15°; (b) t/Tturb=5/12 and 

β0=15°; (c) t/Tturb=6/12 and β0=15°; (d) t/Tturb=4/12 and β0=30°; (e) t/Tturb=5/12 and β0=30°; 

(f) t/Tturb=6/12 and β0=30°. 

As it is mentioned in Section 4.3.1, the flow control mechanism associated with an 

oscillating flap is related to the breakdown of vortex tail in the downstream wake of 

rotating blade. In addition, it should also be noted that changing actual blade 

streamline via the use of a fixed flap with non-zero flap angle is not beneficial to the 

boundary layer separation control (Xiao et al., 2013). Using an oscillating flap is 
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resembled to adopting a flap with non-zero flap angle in terms of varying the actual 

blade streamlines with a periodic motion. Therefore, to achieve a better performance, 

optimal oscillating amplitude is desired with which the vortex wake is properly 

broken down while the blade streamline is not significantly altered. A comparison on 

the vortex contour for the oscillating flaps with amplitude of 15° and 30° are shown 

in Fig. 4.7 (a) to (f). Clearly revealed from these figures, the vortex interaction 

between two rotating blades becomes more chaotic and complicated with increasing 

oscillating amplitude from 15° to 30°, which is not attractive for a better performance 

of the turbine. With a flap oscillating amplitude of 30°, extra pairs of vortices 

generate (as shown in the Fig. 4.7). Some of the vortices stay at the blade rotational 

disk and hit the downstream blade during the turbine rotation. It results in a lift drop 

of the turbine blade and a decrease of the power coefficient. 

4.3.2.2 Oscillating frequency 

 

(a) Instantaneous blade moment coefficient against time at λ=2.2.  

(Various flap oscillating frequency) 
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(b) Time-averaged power coefficient against tip speed ratio.  

(Various flap oscillating frequency) 

Figure 4. 8 Oscillating flap frequency effect on the instantaneous blade momentum 

coefficient and time-averaged power coefficient. (β0=15°) (a) Instantaneous blade moment 

coefficient against time; (b) Time-averaged power coefficient against tip speed ratio. 

The frequency of oscillating flap is another key parameter for the turbine with an 

oscillating flap blade. Based on Eq. 4.1 in Section 4.2, the frequency is controlled by 

the revolution ratio nt.  

There are three different revolution ratios tested in the present study which are 1.0, 

1.5 and 3.0. Fig. 4.8 (a) illustrates the instantaneous moment coefficient, which 

shows the differentiation on peak cm for various oscillating frequencies. The 

maximum cm of 0.36 is observed when the flap oscillates at the same speed as that of 

blade rotating speed (nt=1.0). Increasing the flap revolution ratio from 1.0 to 1.5, the 

peak cm and the width of the high cm region remain the same but have a phase lag. 

Further increasing the flap revolution ratio from 1.5 to 3.0, the peak cm drops while a 
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slightly increased high cm region is observable. By increasing the revolution ratio 

from 1.5 to 3.0, extra vortices generate by the high frequency oscillating motion and 

stay at the rotational disk. The interaction between vortices and blade due to these 

high frequency vortices reduces the power coefficient of the turbine. In general, the 

effect of the revolution ratio (nt) on the cm distribution and magnitude could be 

ignored at λ<1.0. This is also indicated from Fig. 4.8 (b) where the time-mean power 

coefficients are compared for fixed flap, oscillating flap with varying nt. 

4.4. Summary 

In this study, a new concept via the use of an oscillating flap to moderate the 

traditional H-shaped VAT blade is proposed. By a systematic numerical modelling 

investigation, the potential benefit to improve the VAT energy extraction efficiency 

is explored.       CPU seconds calculated on HPC high performance computing 

facilities of University of Strathclyde are needed for a typical case in this chapter. 

Simulation results indicate that an oscillating flap presents a better performance than 

that of a fixed flap. The parametric study performed provides the optimal geometry 

parameters under the real operating conditions. With an oscillating flap, parameters 

include the oscillating amplitude of 15° and the revolution ratio of 3.0. With the 

above parameters, the peak power coefficient (cop) rises about 23.72% relative to the 

fixed flap blade turbine at λ=1.572. With an oscillating flap, it provides the influence 

on reducing the blade wake vortex interaction. The above factor is beneficial in order 

to increase the blade lift coefficient, momentum coefficient and thus the overall 

efficiency of the turbine. The lift and drag forces of the entire turbine system are 

necessary to calculated in the future work.  
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Chapter 5: Bio-inspired Active Flow Control for Oscillating Foil 

Turbine by Flexible Blade 

5.1 Introduction 

Currently, existing work on the oscillating foil turbine mainly focuses on the 

investigation of a rigid foil, which is only sensible under the normal weather and sea 

conditions, where the deformation of a foil blade can be ignored. However, under 

some extreme flow conditions, a large-scale blade may experience a huge unsteady 

loading, resulting in a potential blade deformation in chordwise and spanwise 

directions. Studies that are restricted to rigid blades have severe limitations in their 

practical application. 

Inspired by the advantages of a flexible wing over a rigid wing in flapping 

propulsion, this study investigates whether the flexible structure influence is also 

beneficial to a flapping wing energy device. To the best of the author’s knowledge, 

no relevant work has been performed in this area, although a small number of studies 

have been done on the potential distortion of a wind turbine blade under extreme 

high wind speed conditions (Lachenal et al., 2013; Turnock et al., 2009). To this end, 

this study will begin the investigation by comparing the power efficiency of two 

flexible models, emulating the hawkmoth wing (trailing edge control (TEC)) and the 

trout ray fin (leading edge control (LEC)) model against that of a rigid wing. 

Subsequently, this study seeks to develop a new preferred wing using the insights 

gained from the above two models. Since the simulation will be based on a two-

dimensional simulation model, only chord-wise flexibility will be taken into account. 

In this chapter, a priori structural result that will determine the prescribed wing 
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deformation will use, which means this computational fluid dynamic study is 

decoupled from structural analysis. Apart from a single flexible wing study, the 

present study will further include a flexible twin-wing system mimicking the fish 

swimming in schools and the birds flying in flocks to preserve their flow energy 

between neighbours. 

The outline of the rest of the paper is as follows. This study begins by describing the 

problem with relevant flexible models and parameters that control the flapping wing 

kinematics and power generation features in Section 5.2. In Section 5.3, a systematic 

presentation of the predicted results is included. It starts with an examination of the 

efficiency of the flexible wing enhancing device via a detailed analysis of the wake 

structure and various instantaneous parameters and local effective AOA, followed by 

a discussion of the results with a systematic parametric study that is pertinent to 

global and local flexibility. Unlike the other existing works of Kinsey and Dumas 

(2008, 2012a, 2012b), this study particular interest focuses on the flexible wing’s 

influence by comparing the rigid and flexible data in a turbulent flow regime to 

emphasize the distinction between them. 

5.2 Description of problem 

The configuration of the current problem is shown in Fig. 5.1, where an oscillating 

NACA0012 hydrofoil is immersed in a uniform viscous water flow. Practically, the 

device is forced to pitch/rotate on a fixed axis, so the generated unsteady 

hydrodynamic force around the foil and water surrounding it activates the foil’s up 

and down heave motion. The kinematic energy of the water current is converted to 

the mechanical energy associated with the heave motion via a damper, and then 
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transformed into electricity by a generator as discussed in Section 2.2. In the present 

study, the foil pitches at cpit = 1/3 chord length from its leading edge. 

 
(a) Oscillating energy device 

 
(b) Upstroke                                    (c) Downstroke 

Figure 5. 1 Schematic diagram for (a) oscillating energy device (b) upstroke (c) 

downstroke. 

To examine the bio-inspired animal flexible structural impact on the oscillating wing 

device’s performance, the flexible deformation of foil is specified as a function of 

instantaneous time, wing chord-length and flapping frequency. The instantaneous 

lateral excursion of the foil (y(xf , t)) is defined as based on a body-fixed coordinate 

system: 



Numerical Investigation into Bio-inspired Flow Control for Renewable Turbine 
Ph.D. Thesis, Wendi LIU, November 2015. 

130 | P a g e  
 

                      
 

 
   (5.1) 

where xf is the local coordinate of foil relative to the pitching axis, at(xf) is the lateral 

amplitude defined as a piecewise function as: 

        

 
 
 

 
        

  

    
 

 

             

          
  

      
 

 

       

   (5.2) 

where    is the local Angle of Attack (AOA) near the leading edge in a body-fixed 

coordinate system and    is the foil displacement at the trailing edge, as shown in 

Fig. 5.1 (b) and (c). These equations are defined by the author based on sinusoidal 

functions and taking the parameters of pitch location and trailing edge displacement 

into account.  

The following four different wing models are studied depending on their specific 

blade flexibility. 

a) Rigid model. (  =0˚,   /c=0) This is a conventional model that is utilized by 

the oscillating wing device. It is commonly used in industrial application and 

relevant research. Here it is used as a benchmark case to evaluate the device’s 

capability in comparison to other flexible wings. By switching off the blade 

flexibility (i.e. setting   =0˚and   /c=0), the motion equation is simplified to 

 

 
 

 
              

              
 

 
 

         

   (5.3) 
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Figure 5. 2 Structure of (a) rainbow trout fin, (b) hawkmoth wing, (c) two-dimensional 

model of leading edge control model (top view from Fig. 2 (a)), (d) two-dimensional model 

of trailing edge control model (right view from Fig. 2 (b)), (e) Schematic illustrating fish 

swimming in group, (f) Two-dimensional twin-wing parallel configuration. 

(e) Schematic illustrating fish 

swimming in group 

 

(f) Two-dimensional twin-wing 

parallel configuration 

 

(c) Two-dimensional model of 

leading edge control model (top 

view) 

 

(d) Two-dimensional model of 

trailing edge control model (right 

view) 

 

(a) Ray fin structure of rainbow 

trout (Oncorhynchus mykiss) 

 

(b) Wing structure of hawkmoth 

(Agrius Convolvuli) 
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b) Leading edge control (LEC) model. (  ≠0˚,   /c=0) This imitates the ray fin 

of a rainbow trout, as shown in Fig. 5.2 (a) and (c). Rainbow trout use their 

undulating ray fin as an auxiliary thrust producer. The fin-rays are connected 

by a flexible membrane that is external to the thrust body and joined with the 

trout’s back muscles internally so that the locomotion and stiffness of each 

fin-ray can be actively controlled by the trout (Sfakiotakis et al., 1999). A 

previous study by Shoele and Zhu (2012) showed that trout propels itself by 

flapping its flexible fin at a relative low frequency. The active control of the 

stiffness (strengthen) at the fin leading edge generated a large thrust force 

which is attributed to the Leading Edge Vortex (LEV) shedding. Shoele and 

Zhu’s research shows the significant influence of the leading edge feature on 

the LEV. Efficient domination of the leading edge feature could achieve the 

goal of manipulating the LEV. To apply this biomimetic concept to the 

oscillating wing energy device, this study varies the local AOA (  ) at the 

leading edge from 7.5° to 30°, using the suggestions from Shoele and Zhu 

(2012). With   /c=0, the motion profile becomes: 

 

 
 
 
 

 
 
 

              

              
 

 
 

                     
 

 
 

        
       

  

  
 
 

             

     

 

   (5.4) 

c) Trailing edge control (TEC) model. (  =0˚,   /c≠0) The model is inspired 

by the flapping insect wing, particularly the hawkmoth wing shown in Fig. 
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5.2 (b) and (d). A numerical investigation by Nakata and Liu (2012) and 

experiments from Combes and Daniel (2003a and 2003b) indicated that the 

hawkmoth wing has the lowest stiffness at its trailing edge and deforms 

profoundly when the wing flaps at high frequency, where a large loading is 

produced. To represent the foil flexible effect associated with the hawkmoth 

wing, the trailing edge deformation (  /c) is varied from 0.05 to 0.15, as 

recommended by Combes and Daniel (2003a and 2003b). The motion 

equation is thus written as: 

 

 
 
 
 
 

 
 
 
 

              

              
 

 
 

                     
 

 
 

        

     

          
  

      
 

 

          
 

   (5.5) 

d) Integrated model. (  ≠0˚,   /c≠0) The new concept proposed here is 

initiated by combining the propulsion enhancement benefits from the LEC at a 

low flapping frequency with the TEC at high frequency. Since both    at leading 

edge and displacement   /c at trailing edge are not zero, the description of the 

overall motion equations are the first four equations in this chapter. 

The snapshots of the above four models are plotted in Fig. 5.3 over one flapping 

cycle. The detailed parameter matrix in the present study is summarized in Table 5.1. 

The heave amplitude (h0/c) is given as 0.5 and 1.0, which are the widely adopted 

parameters in industry and research. 
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Flexible coefficient (n), the index in the lateral amplitude equation, is a means to 

quantify the flexibility or flexural stiffness of wing material. Obviously, a large n 

represents a more flexible structure in the chord-wise direction. To quantify a 

localized deformation in the proximity of leading and trailing edges, two additional 

parameters are introduced, i.e. local leading edge AOA (  ) and trailing edge 

displacement (  /c). 

 

Figure 5. 3 Snapshots for four models over one flapping cycle. 

The study by Kinsey and Dumas (2008) revealed that the optimal range of high 

efficiency existed between f*≈0.12 to 0.18. Taking into account a moderate scale of 

device size, water current velocity (4 m/s in maximum), the oscillating reduced 

frequency in the present study varies from 0.05 to 0.25. 

Apart from the above four single flexible/rigid models, attention is also focused on 

the twin-wing oscillating device, which is inspired by a group of flying or swimming 

animals to utilize energy which extracted from the vortex interaction between them 

(Liao, 2007) (Fig. 5.2 (e) and (f)). Though this biomimetic concept has been widely 

studied in terms of propulsion dominant flow, investigation into the field of energy 

extraction is limited. 
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Table 5. 1 Various parameters investigated in the present study. 

Type 
Number 

of wing 

Heave 

amplitude 

Flexible 

coefficient 

Leading 

edge local 

AOA 

Trailing edge 

displacement 

Maximum 

(nominal) 

effective 

AOA 

Pitch 

axis 

Twin 

wing 

gap ratio 

Reduced 

frequency 

(h0/c) (n) (αf) (db/c) (  ) (xf/c) (Sf) (f*) 

Rigid 1 0.5, 1.0 1 0˚ 0 0˚, 5˚, 10˚ 1/3 - 0.05-0.25 

LEC 1 0.5 2, 3, 4 
7.5˚, 15˚, 

30˚ 
0 10˚ 1/3 - 0.05-0.25 

TEC 1 0.5 2, 5, 15 0˚ 
0.05, 0.07, 

0.15 
10˚ 1/3 - 0.05-0.25 

Integrated 1 0.5 
Leading edge 3 

Trailing edge 5 
30˚ 0.15 0˚, 5˚, 10˚ 1/3 - 0.05-0.25 

Rigid 2 0.5 1 0˚ 0 0˚, 5˚, 10˚ 1/3 2, 3 0.05-0.25 

TEC 2 0.5 5 0˚ 0.05 0˚, 5˚, 10˚ 1/3 3 0.05-0.25 
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The current research will focus on the parallel twin-wing configuration for both rigid 

and TEC models and the interaction between two wings will be studied. The 

description of the kinematic motions of twin-wings is presented as: 
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   (5.7) 

As can be seen, these two wings perform an anti-phase heave and pitch motion. 

Given the average gap ratio Sf of 2.0, defined as the vertical gap between two wings 

divided by the chord length as shown in Fig. 5.2 (f), the actual distance between the 

two wings is 1.0c and 3.0c when they reach the nearest and distant positions, 

respectively. 

In order to account for both the wing’s chord-wise local flexure effect and the pitch 

angle, an equivalent local effective AOA is defined as 
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 ∞

   (5.8) 

where         is a local pitch angle, defined as the angle of the local tangential line 

relative to a global x coordinate. 

5.3 Results and discussions 

5.3.1 Mechanism of various bio-inspired flexible shapes for a single wing 

It is generally accepted that a flapping wing with some degree of flexibility can 

potentially provide an improved propulsion performance that is otherwise impossible 

for a rigid wing. The fundamental mechanisms behind this may be attributed to (a) 

the change of the local effective angle of attack due to the flexible deformation of the 

wing shape; and (b) the enhanced stability of leading edge vortex shedding (Zhu, 

2007; Nakata and Liu, 2012). The present study will show that a flexible wing can 

generate much more power than a rigid wing even when the wing is merely flapping 

for energy extraction. The local effective angle of attack and the stability of the 

Leading Edge Vortex (LEV) also influence the efficiency of the energy extraction 

situation, the mechanism of which is more or less similar to the propulsion situations. 

Fig. 5.4 (a) and (b) display the mean power coefficient and efficiency for four 

models at two heave amplitudes (h0/c) of 0.5 and 1.0 with nominal effective AOA of 

10
˚
. As can be clearly seen from the figures, within the f* from 0.05 to 0.25, all 

flexible flapping wings generate larger efficiency than the rigid wing. Given f*=0.15, 

the efficiency is increased from 12.5% (rigid) to 21.9% (integrated model) for 

h0/c=0.5 and from 16.2% (rigid) to 28.4% (TEC) for h0/c=1.0 respectively. 
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(a) Power coefficient 

 

(b) Efficiency 

Figure 5. 4 Comparison of (a) power coefficient and (b) efficiency among various 

flexible/rigid modes with nominal effective AOA of 10˚. (h0/c=0.5 ■: rigid, ▲: LEC, ▼: 

TEC and ▶: Integrated) and (h0/c=1.0 □: rigid, △: LEC, ▽: TEC and ▷: Integrated); 

αf=30˚(LEC) and db/c =0.15 (TEC) and αf=30˚plus db/c =0.15 (integrated model). 
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The improvement is especially profound when the wing flaps at small heave 

amplitude. However, the best flexible morphography is reliant on the particular 

flapping parameters, such as flapping frequency, pitch and heave amplitude, flexible 

coefficient, local leading/trailing edge displacement, or more specifically the nominal 

and local effective AOA    and (        , which will discuss shortly. 

In order to examine the influence of wing flexibility on its performance, the 

investigation begins on the behaviour of a rigid wing. The evolution of LEV is 

depicted in Fig. 5.5 over half a cycle. It can be seen that at instantaneous time 

t/Tturb=1/8 the LEV starts to generate and further develops at t/Tturb=2/8. At 

t/Tturb=3/8, the wing undergoes its downstroke motion, the LEV sheds from the 

leading edge, convects to the wing trailing edge and eventually sheds into wake, 

leaving behind a shear layer near its trailing edge at t/Tturb=4/8. The above general 

observation is consistent with some earlier investigation (Xiao et al., 2012), Kinsey 

and Dumas (2008) and the results of Peng and Zhu (2009). Previous studies on the 

rigid wing device indicated that the LEV plays a leading role in the device power 

generation enhanced by increasing the instantaneous lifting force and moment 

coefficient (Peng and Zhu, 2009; Xiao et al., 2012). Flapping wing devices could 

generate and maintain LEV because of the pressure gradient and non-inertial forces 

during their downstroke motion. The LEV could generate a low pressure region 

compared with the surrounding fluid field. Such a low pressure region produces a 

suction effect on the upper surface of the flapping wing which could enlarge the 

pressure difference between the upper and lower surface and result in an 

enhancement on the lift amplitude during the flapping period (Shyy and Liu, 2007). 

The LEV could be attached to the wing surface during the whole downstroke motion 
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which acts like an energy resource to provide extra lift to the device continuously. A 

high efficiency is obtained when the energy of LEV is “recovered” by the wing. This 

is also well manifested by the instantaneous cl and cm plot in Fig. 5.6. As LEV starts 

to generate and develop, the peak lift force (cl) increases and the moment (cm) 

remains at a high value. Once the LEV fully develops and sheds from the leading 

edge, the cl reaches its highest value, and both cl and cm decrease afterwards. 

            

Figure 5. 5 Instantaneous vortex contours over half a cycle for various flexible/rigid wings 

h0/c=1.0; f*=0.2; nominal effective AOA of 10˚; αf=30˚ (LEC) and db/c =0.15 (TEC) and 

αf=30˚plus db/c =0.15 (integrated model). 

Apart from the instantaneous magnitude of cl and cm, with regards to device power or 

efficiency (as depicted by the power and efficiency equations in this chapter), it is 

also influenced by the phase shift between cl and heaving velocity (dh/dt) as well as 

cm and pitching angular velocity (dθ/dt) (Xiao et al., 2012; Kinsey and Dumas, 2008). 

Since the power is the product of force multiplied by the displacement velocity, to 

Rigid Leading edge control Trailing edge control 

 

Integrated 

t/Tturb=1/8 

t/Tturb=2/8 

t/Tturb=3/8 

t/Tturb=4/8 
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achieve high power efficiency, both cm and dθ/dt are expected to co-exist in the same 

sign over one cycle. 

Fig. 5.6 (a) and (b) show the comparison of time distribution of cl, dh/dt, cm and dθ/dt 

for four models. Given a rigid wing, a near-sinusoidal profile presents for the above 

four parameters, which further leads to a similar trend of instantaneous cop, as shown 

in Fig. 5.7. The phase shift between cl and dh/dt is π/3 approximately, which allows 

the cl and dh/dt to have the same sign over more than half of the cycle, leading to a 

positive contribution from cl  dh/dt to the mean power output. However, the phase 

shift between cm and dθ/dt is nearly π, as displayed in Fig. 5.6 (b), and thus in this 

case they will result in opposite signs, giving a negative contribution from cm  dθ/dt 

to the mean power. 

 

(a) Lift coefficient 
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(b) Moment coefficient 

Figure 5. 6 Instantaneous lift coefficient and moment coefficient (a) lift coefficient, (b) 

moment coefficient h0/c=1.0; f*=0.2; nominal effective AOA of 10˚; αf=30˚ (LEC) and db/c 

=0.15 (TEC) and αf=30˚ plus db/c =0.15 (integrated model). In (b), solid line: rigid cm, 

dashed line: LEC cm, dash dot line: TEC cm, dash double dot line: integrated cm, ■: rigid 

dθ/dt, △: LEC dθ/dt, ▽: TEC dθ/dt and ▷: integrated dθ/dt. 

A different phase shift scenario appears when the wing is modelled with the LEC 

shape. As seen in Fig. 5.6 (a) and (b), for the majority of the time throughout a cycle, 

the cl and dh/dt for the LEC model present the same sign. The phase shift between cm 

and dθ/dt reduces to π/2, resulting in a positive contribution from cm  dθ/dt to the 

mean power output. The above force-velocity relation aligns with the different LEV 

interaction modes for rigid and LEC flapping wing, as depicted in Fig. 5.5. At 

t/Tturb=1/8, where the wing pitches to its maximum angle, the LEV of LEC fully 

develops and sheds from leading edge at t/Tturb=2/8, which is much earlier than for a 

rigid wing. In addition, the LEV of LEC is larger than that of a rigid wing, forming a 

large separation region near the trailing edge when the LEV reaches the wing trailing 
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edge. The peak values of the lift coefficient are influenced by both the size/strength 

of LEV at the leading edge and the flow separation region near the trailing edge. 

Recall that the mechanism of LEV provides a low pressure region to supply extra lift 

to the wing. A larger size/strength of LEV results in a large area/lower pressure in 

the low pressure region which could supply more lift to the wing. The superposition 

result of the above two effects can be seen in Fig. 5.6 and 5.7, where the lift 

coefficient distribution gives multiple peaks but a smaller amplitude, in comparison 

to its rigid wing counterpart. 

 

Figure 5. 7 Instantaneous power coefficient with nominal effective AOA of 10˚ and 

h0/c=1.0; f*=0.2. For a flexible wing αf=30˚ (LEC) and db/c =0.15 (TEC) and αf=30˚ plus 

db/c =0.15 (integrated model). 

With the case of TEC, as displayed in Fig. 5.6 and 5.7, the trends of cl, dh/dt, cm, 

dθ/dt and cop are essentially the same as those of a rigid wing. However, the peak 

values of the lift coefficient significantly increase from 2.35 of a rigid wing to 3.25 

for TEC, and a remarkable increase in cop can also be observed from Fig. 5.7, leading 
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to enhanced mean power efficiency. This is attributed to the enlarged LEV strength 

for TEC in comparison to a rigid wing, as depicted in Fig. 5.5. 

With the results presented above, the following general observations about a flexible 

wing with a LEC and TEC model can be made. Generally, a wing of LEC shape, 

where the wing deforms easily at the leading edge, can trigger the LEV to develop at 

an earlier stage than a rigid wing. As a consequence, the phase-shift between cl and 

dh/dt and cm and dθ/dt can present a favourable trend to enhance the cycle-mean 

power. On the other hand, a flexible wing of TEC shape, where the main deformation 

occurs near the trailing edge, can enhance the size and strength of LEV and thus 

increase the total power via increasing the peaks of lift and moment coefficients. It is 

expected that an even better performance can be achieved by employing both a 

flexible wing with an appropriately designed combination of LEC and TEC shapes. 

The results for an integrated model clearly prove the above hypothesis, as shown in 

Fig. 5.4 – 5.7. 

Specific attention is drawn to the role of effective AOA on the power. Fig. 5.8 (a) to 

(c) shows the local AOA distribution along the chord-wise direction at an 

instantaneous time of t/Tturb=1/8, when the wing pitches to its maximum amplitude, 

i.e.      =  . As can be clearly seen from the figures, although the nominal effective 

AOA α0=10˚ is identical for all four models, the local effective AOA (αt(t,x)) varies 

significantly with various models, as does the degree of the overall flexible 

deformation (represented by n), and local stiffness at leading and trailing edge (αf and 

db). In particular, the flexible wing displays a large αt(t,x) in comparison to a rigid 



Numerical Investigation into Bio-inspired Flow Control for Renewable Turbine 
Ph.D. Thesis, Wendi LIU, November 2015. 

145 | P a g e  
 

wing at the same chord-wise location, which as a consequence leads to the different 

behaviour of LEV, the lift and moment coefficient and then the efficiency. 

 

(a) LEC 

 

(b) TEC 

 

(c) Integrated 

Figure 5. 8 Foil local AOA along chord-wise direction at θt(t)=θ0 for different flexible 

coefficients (n) at nominal effective AOA α0=10˚. (a) LEC, αf=30˚. (b) TEC, db/c=0.15. (c) 

Integrated model αf=30˚ and db/c=0.15. 
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In the following sections of investigations will be focused on a systematic parametric 

study to examine other relevant flexible influences on power efficiency. 

5.3.2 Parametric study 

5.3.2.1 Leading edge control model 

The main cases simulated in this section are provided in Table 5.1. These include the 

effect of the flexible coefficient (n) and local leading edge AOA (αf). As mentioned 

earlier, the flexible coefficient is an indication of wing flexibility along the chord-

length direction. On the other hand, the local leading edge AOA (αf) presents the 

potential for local deformation at the wing leading edge. 

5.3.2.1.1 Flexible coefficient (n) 

As shown in Fig. 5.8 (a)-(c) and Eq. 5.4 in Section 5.2, the flexible coefficient n 

determines the degree of flexibility of a wing in the chord-wise direction. The cases 

studied are associated with n of 1, 2, 3 and 4, where n equals to 1 indicating a rigid 

wing. The influence of the flexible coefficient on the cycle-mean efficiency is shown 

in Fig. 5.9 (a). For all cases studied here, though a flexible wing is better than a rigid 

wing, as was discussed in the last section, the best performance is achievable if the 

wing shape deforms moderately, particularly the case of n being 3.0. The 

instantaneous cl and cm distribution displayed in Fig. 5.10 (a) reveals that while the 

flexible coefficient has no impact on the phase shift of (cl  dh/dt) and (cm dθ/dt), it 

influences the peak values of cl and cm. Specifically, at a larger n, cl amplitude 

increases while cm decreases. Recall a negative effect from (cm  dθ/dt) to mean 

power; a lessened peak cm is beneficial to improve power. 



Numerical Investigation into Bio-inspired Flow Control for Renewable Turbine 
Ph.D. Thesis, Wendi LIU, November 2015. 

147 | P a g e  
 

5.3.2.1.2 Local leading edge AOA (αf) 

The influence of local leading edge AOA has been investigated with αf of 7.5˚, 15˚ 

and 30˚. As shown in Fig. 5.9 (b), where the time-mean efficiency is plotted for 

various local leading edge AOAs, a deteriorated effect on the power is depicted at 

low αf. However, by increasing αf to a large value, the efficiency is profoundly 

increased in comparison to a rigid wing (αf =0˚). Fig. 5.10 (b) shows the 

instantaneous distribution of cl and cm for different αf. The impact of αf on power is 

established via its influence on peak values of cl and cm as well as the phase shifting 

between cl and dh/dt, and cm with dθ/dt. Increasing αf to a critical value (αf15˚) 

leads to a profoundly enlarged cl, and a reduced phase shift between cm and dθ/dt, 

from π to π/2 corresponding to a rigid and LEC. This is consistent with the LEV 

effect associated with a flexible LEC, as discussed in the last section. 

5.3.2.2 Trailing edge control model 

 

(a) Effect of the flexible coefficient (n), n=1 represents the rigid wing 
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(b) Effect of leading edge local AOA (αf) 

Figure 5. 9 Various LEC parameters’ effect on the cycle-mean efficiency at nominal 

effective AOA α0=10˚. (a) Flexible coefficient (n), (b) leading edge local AOA αf. (h0/c=0.5). 

 

(a) n effect on cl, dh/dt, cm and dθ/dt 
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(b) αf effect on cl, dh/dt, cm and dθ/dt. □ with line: corresponding dθ/dt. 

Figure 5. 10 Instantaneous cl, dh/dt, cm and dθ/dt (LEC h0/c=0.5; f*=0.15) at nominal 

effective AOA α0=10˚. (a) Flexible coefficient effect and (b) αf effect. 

In this model, there are two parameters influencing the power, which are flexible 

coefficient (n) and trailing edge displacement (db), as defined as Eq. 5.5 in Section 

5.2. In this section, the effects of these two parameters are investigated. 

5.3.2.2.1 Flexible coefficient (n) 

Three different flexible coefficients of 2, 5 and 15 are studied in this section. 

Distinguishing from the little n effect on an LEC model, it has a remarkable 

influence on the power efficiency of the TEC model, principally on the large 

flapping frequency. As can be seen from the cycle-mean efficiency in Fig. 5.11 (a), 

the addition of flexibility to a TEC monotonically improves the power with flexible 

coefficient n. Also, the peak efficiency even occurs at a larger f* of 0.2, as compared 

to f*=0.15 for a rigid wing.  
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(a) Effect of flexible coefficient (n) 

 

(b) Effect of trailing edge displacement db 

Figure 5. 11 Effect of TEC parameters on the time-mean efficiency at nominal effective 

AOA α0=10˚. (a) Flexible coefficient (n) and (b) trailing edge displacement (db/c) (h0/c=0.5). 
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(a) n effect on cl, dh/dt, cm and dθ/dt 

 

(b) db effect of cl, dh/dt, cm and dθ/dt 

Figure 5. 12 Instantaneous cl, dh/dt, cm and dθ/dt (TEC with h0/c=0.5; f*=0.15) at nominal 

effective AOA α0=10˚. (a) flexible coefficient effect and (b) trailing edge deformation effect. 

Open square with lines: dθ/dt. 
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A detailed analysis of the instantaneous cl and cm plot is shown in Fig. 5.12 (a). As 

can be seen from the plot, a larger n is the greater of increase in cl amplitude. A 

greater phase change of cm is also observed with larger n. Although the higher 

efficiency can be achieved by increasing the flexible coefficient, considering a 

reasonable stiffness of biological animals in nature, the largest n of 15 in the present 

study is not recommended when this conceptual design is applied to the industry. 

Instead, a moderated n of 5 is highly recommended. 

5.3.2.2.2 Trailing edge displacement (db/c) 

Fig. 5.11 (b) shows the time-averaged efficiency for the trailing edge displacement 

effect on the TEC model. It is evident that a large displacement near the trailing edge 

can help to enhance the energy extraction in comparison to a rigid model with zero 

deformation at TE. A significant improvement can be seen in the frequency (f*) 

between 0.1 - 0.2. The general trend of instantaneous cl and cm curve shown in Fig. 

5.12 (b) is very similar to that of the flexible coefficient n effect. The peak values of 

cl and cm have been continually increasing with the increasing of trailing edge 

displacement. Moreover, although the pitching velocity (dθ/dt) slightly increases at a 

large db/c, which is expected to detriment the mean-power by increasing the negative 

contribution from (cm  dθ/dt), the improvement in the net cycle-mean power is still 

remarkable because of the profound increase of cl. The phase between cm and dθ/dt is 

also changed from π to π/2. 

5.3.2.3 Integrated model 

As mentioned earlier, an integrated flexible wing is expected to gain a larger 

efficiency than a LEC and TEC. The study of an integrated model is carried out with 
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three typical nominal effective AOA of 0˚, 5˚ and 10˚. The results of mean efficiency 

against flapping frequency are shown in Fig. 5.13. As can be seen clearly, with all 

three effective AOAs being examined, an enhanced efficiency is observable with the 

use of a flexible integrated model and this behaviour becomes more remarkable at 

low effective AOA. For example, at   =10˚, the peak efficiency increases from 

12.5% of the rigid wing to 22.1% of the flexible integrated wing, while at   =0˚,  

increases from 1.9% to 13.6%. 

 

Figure 5. 13 Comparison of time-mean efficiency versus f* between integrated flexible 

wing and a rigid wing for various α0 (■: rigid α0=10˚, ▲: rigid α0=5˚, ▼: rigid α0=0˚, □: 

integrated α0=10˚, △: integrated α0=5˚, ▽: integrated α0=0˚ and ▷: integrated α0=-10˚) with 

h0/c=0.5; αf=30˚; db/c=0.15; n=3 for leading edge and n=5 for trailing edge. 

Special attention is paid to the case with a nominal effective AOA of zero (  = 0˚), 

i.e. the feathering condition. A totally diverse feathering behaviour is shown in Fig. 

5.13 for a rigid and flexible wing. At   = 0˚, the efficiency of a rigid wing is more or 

less zero, which is consistent with the feathering definition (Kinsey and Dumas, 
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2008). However, with the use of a flexible integrated model, the wing operates in the 

power generation regime with the maximum efficiency of 10%. The actual feathering 

condition for a flexible integrated model, indicated by a zero mean efficiency, is 

reduced to a nominal effective AOA of -10˚. 

5.3.2.4 Parallel twin wing 

The parallel twin-wing configuration is studied with the aim of examining whether a 

biomimetic concept of animals moving as a group can be similarly applied to energy 

devices. The study of rigid and TEC models is carried out with different gap ratios 

and nominal effective AOA of 0˚, 5˚ and 10˚. 

 

Figure 5. 14 Comparison of time-mean efficiency versus f* under twin rigid foils 

configuration for different gap ratio with h0/c=0.5 at nominal effective AOA α0=10˚. 
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Figure 5. 15 Instantaneous lift coefficient and moment coefficient for rigid single and twin 

foil at nominal effective AOA α0=10˚ with h0/c=0.5 and f*=0.2. 

5.3.2.4.1 Gap ratio (Sf) 

The comparison between a rigid single wing and parallel twin-wings is shown in Fig. 

5.14 with heaving amplitude h0 of 0.5c and 0 equals to 10˚. Generally, a parallel 

twin-foil configuration improves the efficiency in comparison to a single wing, 

especially at a large flapping frequency. A small gap between the two wings is 

beneficial to enhance the overall efficiency. The instantaneous distribution of lift and 

moment coefficients displayed in Fig. 5.15 at f*=0.2 reveals a slightly enlarged 

amplitude of cl and cm. With the analysis of the comparison of a single and twin-

wings for instantaneous vortex contour, as shown in Fig. 5.16, a stronger vortex 

interaction is observed around twin-wings than a single wing, which is believed to be 

the cause of the improved power. The behaviour observed here very much resembles 

the schooling fish and flying insects in nature, when they move from one place to 
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another in order to preserve their propulsion energy. The present results also indicate 

that a parallel arranged twin-wing can generate more power than a single wing with a 

similar biological mechanism. 

 

(a) Single wing                                     (b) Parallel twin wings (Sf = 3) 

Figure 5. 16 Comparison of instantaneous vortex contours at nominal effective AOA 

α0=10˚ for (a) single rigid wing and (b) parallel rigid twin-wings (Sf = 3) with h0/c=0.5; 

α0=10˚ and f*=0.2 

t/Tturb=1/8 

t/Tturb=2/8 

t/Tturb=3/8 

t/Tturb=4/8 
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5.3.2.4.2 Nominal effective AOA (0) 

The time-mean efficiency against the flapping frequency with different 0 is shown 

in Fig. 5.17. A similar phenomenon can be found when a single flexible wing model 

is observed, e.g. by applying a flexible TEC with a small 0 (0=0˚ and 5˚), a larger 

efficiency is achieved especially at a large flapping frequency. However, the 

efficiency reduces with 0=10˚ at a large flapping frequency. An examination of the 

detailed flow structure shows that too large an angle of attack destroys the benefits 

from a favourable vortex interaction between twin-wings. 

 

Figure 5. 17 Comparison of time-mean efficiency versus f* under twin wing configuration 

(TEC model (db/c=0.05) vs. rigid model with h0/c=0.5 and Sf =3). ■: rigid, α0=10˚, ▲: rigid, 

α0=5˚, ▼: rigid, α0=0˚; □: TEC, α0=10˚, △: TEC, α0=5˚, ▽: TEC, α0=0˚. 

5.4. Summary 

A turbulent Computational Fluid Dynamics (CFD) simulation of an ocean energy 

extraction device consisting of an oscillating/flapping flexible single and twin-wing 
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have performed. The concept is inspired by the flexible wings of natural flying 

insects/birds and swimming fish. Particularly, the LEC, TEC, and a further 

developed integrated model combining the best features of the above two models. 

    CPU seconds calculated on ARCHIE-WeST high performance computing 

facilities of University of Strathclyde are needed for a typical case in this chapter. 

The simulation shows that the chord-wise deformation causes a remarkable increase 

in the local angle of attack, leading to the enhanced power efficiency of a flexible 

wing device compared to a rigid wing. The hydrodynamic performance of the wing 

is affected not only by the increased instantaneous lift and moment amplitude due to 

the deformation, but also by the phase shift among lift and heaving-velocity and 

moment and pitching-velocity, by initiating an earlier development of leading edge 

vortex. The contribution from the peak force and phase shift to the overall cycle-

mean power efficiency very much depends on the specific models, i.e. whether the 

deformation mainly occurs in the vicinity of the trailing edge like a hawkmoth wing 

or near the leading edge as with a trout ray fin, as well as the degree of flexibility. 

The systematic simulation results find that, with the new proposed integrated model, 

the power efficiency reaches a 7.68% enhancement relative to a rigid wing, which is 

associated with a nominal effective AOA of 10˚ at f*=0.15. A dramatic increase of 

efficiency (about six times that of a rigid wing) is obtained for a nominal effective 

AOA at zero degree. One striking finding is that, with such a flexible wing, the 

pitching amplitude can be profoundly reduced when the wing operates at a feathering 

condition. 

Studies on a parallel-arranged twin-wing configuration for various nominal effective 

AOAs show that twin-wings generate much more power than a single wing. A 
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relatively small gap between the two wings (Sf=2.0) enriches the vortex interaction 

between the gap, and thus improves the energy extraction ability. 

Finally, in the present study the flexible structure of wings is pre-determined (active 

controlled). In reality, insects and fish with different wing/fin stiffness and mass 

ratios could achieve their best performance by passive deformation. Performing a 

fully coupled fluid-structure interaction analysis to account for wing passive torsion 

and bending will be in the Chapter 7 in the present research.  
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PART III: Bio-inspired Passive Flow Control for Renewable 

Turbine  
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Chapter 6: Bio-inspired Passive Flow Control for Vertical Axis 

Turbine by Oscillating Flap and Passive Flexible Blade 

6.1 Bio-inspired Passive Flow Control for VAT by Oscillating Flap 

6.1.1 Introduction 

The wings of an insects and fins of a fish could be deformed passively in nature and 

there are many benefits of useing a passive control system instead of an active 

control system in both nature and the industrial field. In Section 6.1, as a continuing 

study of Chapter 4, a numerical investigation is carried out with the main objective of 

exploring the potential for enhancing VAT energy extraction efficiency by using a 

passive oscillating flap blade. 

6.1.2 Description of problem 

The simulated turbine model is the same as in Chapter 4. All the basic turbine 

parameters and working conditions are shown in Table 4.1. Instead of the prescribed 

flap oscillating motion, a passive flap oscillating motion using the Spring Restoring 

Moment Theory adopted from Sun et al. (2009) and Sun (2007) is used for the 

oscillating flap in Section 6.1. This theory is first used for the passive control of the 

pitch angle for the turbine blade as shown in Fig. 2.7. In this study, this theory is 

used for the control of the flap motion. Based on the investigation and derivation 

from Sun et al. (2009) and Sun (2007), the following equation is used to define the 

spring restoring moment Ms: 
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                          (6.1) 

where K is the stiffness of the spring, l1 is the length of the spring slide bar (as shown 

in Fig. 6.1 (a) l1=AC=BC), l is the length of the swing stem (l=oC=oC’ as shown in 

Fig. 6.1 (a)). 

 

(a) Sketch of spring restoring moment 

principle 

 

(b) Analysis of forces system on flap 

 

(c) Sketch of vertical axis turbine blade with passive oscillation flap 

Figure 6. 1 Sketches and principles for (a) and (b) spring controlled blade and spring 

restoring moment theory (Sun et al., 2009), (c) vertical axis turbine blade with passive 

oscillation flap. 

The calculation of the spring restoring moment (Ms) is shown in the equations below 

and is based on Sun et al. (2009) and Sun (2007): 



Numerical Investigation into Bio-inspired Flow Control for Renewable Turbine 
Ph.D. Thesis, Wendi LIU, November 2015. 

163 | P a g e  
 

           
    

                  (6.2) 

where M0 is the moment of the flap generated by the fluid field, Jc is the moment of 

inertia of the flap, m is the mass of the flap, and lo is the length from the rotational 

centre to the mass centre of the flap as shown in Fig. 6.1 (b). 

By using the above equations, the flap could be passively oscillating during the 

turbine rotation as shown in Fig. 6.1 (c). The spring stiffness K is set as 1099.76 N/m, 

l1 is 0.0399 m and l is 0.018 m (Sun et al., 2009). A pair of angle limits is also set for 

the present study as 29.3⁰ and -26.5⁰ as suggested by Sun et al. (2009). 

6.1.3 Results and discussions 

6.1.3.1 Energy extraction performance of passive oscillating flap turbine 

The investigation results for the time-averaged power coefficient against the tip 

speed ratio among the fixed flap turbine, the active oscillating flap turbine and the 

passive oscillating flap turbine are shown in Fig. 6.2. It can be seen that the cop for 

the passive oscillating flap turbine is smaller than that of the active oscillating flap 

turbine and the fixed flap turbine when the tip speed ratio is smaller than 1.28. 

During the range between λ=1.28 and λ=1.572, the cop for the passive oscillating flap 

turbine still increases with the λ and the value is smaller than the active flap turbine 

but larger than the fixed flap turbine. When the tip speed ratio is larger than 1.572, 

the cop for the passive oscillating flap turbine drops slowly compared with the active 

and fixed flap turbine. The cop value for the passive oscillating flap turbine is the 

largest among these three types of turbine in the large tip speed ratio region. These 
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results indicate that the passive oscillating flap turbine has a better energy extraction 

performance in the large tip speed ratio region than others. 

 

Figure 6. 2 Comparison of time-averaged power coefficient against tip speed ratio for 

fixed, active oscillating flap and passive oscillating flap turbine. For the active oscillating 

flap turbine, β0=15° and nt=3. 

6.1.3.2 Flap oscillating characteristics of passive oscillating flap turbine 

The positive direction of the flap angle β0 is defined as the downward motion of 

trailing edge as shown in Fig. 4.1. The instantaneous flap angle variation for the 

passive flap oscillating turbine during one period is shown in Fig. 6.3 with a different 

tip speed ratio. The instantaneous flap angle variation for the active flap oscillating 

turbine with β0=15°, nt=3 (the optimized condition as discussed in Chapter 4) and 

λ=2.2 is also included in Fig. 6.3 for reference. Generally, the flap angle variation 

with time for a passive flap is different than that of the active flap. The flap angle 

motion is not a sinusoidal function as prescribed in Chapter 4. For a passive flap, the 
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range and configuration of angle β0 is also different with a different tip speed ratio. It 

is observed that the amplitude of angle β0 has a negative correlation with the value of 

tip speed ratio λ. For λ=0.8 and λ=0.99, the amplitude of the passive flap approach to 

the angle limit during the period. When λ=1.572, the passive flap has a positive flap 

angle β0 during t/Tturb=0.8 and t/Tturb=0.9 (θt=288⁰ to θt=324⁰). The passive flap has a 

negative flap angle β0 during the entire period with the tip speed ratio λ=2.2. The flap 

angle β0 for the passive flap reach to the maximum value in the negative direction at 

t/Tturb =0.6 (θt=216⁰) and then reach to the maximum value in the positive direction 

at t/Tturb =0.85 (θt=306⁰) suddenly for all the tip speed ratio conditions. 

 

Figure 6. 3 Instantaneous active and passive flap angle during one period for tip speed ratio 

λ=0.8, 0.99, 1.572 and 2.2. For active oscillating flap turbine, λ=2.2; β0=15° and nt=3. 
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Figure 6. 4 Comparison of instantaneous blade moment coefficient against time for fixed, 

active oscillating flap and passive oscillating flap turbine with λ=2.2. For active oscillating 

flap turbine, β0=15° and nt=3. 

6.1.3.3 Fluid field analysis for a passive oscillating flap turbine 

The instantaneous moment coefficient plot among fixed, active and passive 

oscillating flaps with λ=2.2 is shown in Fig. 6.4. It can be seen that the peak value of 

cm for a passive flap turbine blade is lower than that of a fixed and active flap turbine. 

The cm for a fixed and active turbine blade is negative during t/Tturb=0 to t/Tturb=0.3 

and t/Tturb=0.7 to t/Tturb=1.0. For the passive flap turbine blade, the moment 

coefficient cm is positive during most of the above region except t/Tturb=0.2 to 

t/Tturb=0.3 and t/Tturb=0.85 to t/Tturb=1.0. As mentioned in Chapter 4, the vortex 

interaction between two rotating blades is an important effect which will influence 

the turbine’s performance. As shown in Fig. 6.5, the vortex “thrown” effect is not 

remarkable for a passive flap turbine compared with the active one. However, the 
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fluid field region which is subject to large stress vortices is much less than the active 

one, i.e. the vortex stress for the passive flap blade is small. Thus, the effect of the 

vortex blade interaction could be reduced by replacing the active flap blade with the 

passive one at λ=2.2 under present working condition. 

 

        

(a) t/Tturb=4/12 active flap                   (d) t/Tturb=4/12 passive flap 

        

(b) t/Tturb=5/12 active flap                  (e) t/Tturb=5/12 passive flap 

        

(c) t/Tturb=6/12 active flap                (f) t/Tturb=6/12 passive flap 

Figure 6. 5 Comparison of vortex contour within one revolution for active and passive 

oscillating flap turbines at λ=2.2. For active oscillating flap turbines, β0=15° nt=3 (a) 

t/Tturb=4/12 and active flap; (b) t/Tturb=5/12 and active flap; (c) t/Tturb=6/12 and active flap; 

(d) t/Tturb=4/12 and passive flap; (e) t/Tturb=5/12 and passive flap; (f) t/Tturb=6/12 and passive 

flap. 
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6.1.4 Summary of Section 6.1 

In this study, a further investigation via the use of an oscillating flap to modify the 

traditional H-shaped VAT blade through the passive control method is proposed. By 

using a passive control flap, the energy extraction efficiency of the turbine at a high 

tip speed ratio is enhanced compared with the fixed and active controlled oscillating 

flap turbine.       CPU seconds calculated on ARCHIE-WeST high performance 

computing facilities of University of Strathclyde are needed for a typical case in this 

section. A complicated oscillating motion of the flap is also observed and the angle 

range has a negative correlation with the tip speed ratio of the turbine. After a fluid 

field analysis, the use of a passive controlled flap turbine could reduce the effect of 

the interaction between vortices and blades with a large tip speed ratio so that the 

negative torque region, as observed in fixed and active controlled flap blades, could 

be restrained and the energy extraction efficiency could be enhanced. A systematic 

investigation on the effect of the stiffness of the spring and the length of the spring 

slide bar need to be done in the future.  

6.2 Investigation of VAT with Passive Flexible Blade 

6.2.1 Introduction 

In the present study, a three-dimensional vertical axis wind turbine with a flexible 

blade passively deformed in its span-wise direction has been numerically 

investigated. A realistic model of internal structures is used to obtain a certain degree 

of flexibility for the turbine blade. The main objective of the present study is to 

investigate the aerodynamic and structural behaviour of a VAWT with a flexible 

blade. The blade structural deflection associated with bending and twist is mainly 
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investigated in two flexibilities and strut locations. External fluid loads on the blade 

surface and the power performance of VAT are studied first, which is further 

extended to a blade stress analysis. 

In the remainder of Section 6.2, the problem formulations are listed in Section 6.2.2. 

Section 6.2.3 first investigates the structural characteristics of the flexible turbine 

blade in Section 6.2.3.1, while the external loads on the flexible blade are studied in 

Section 6.2.3.2. The present study is further extended to a more flexible blade and 

the results are presented in Section 6.2.3.3. The impact of a different strut location on 

the flexible blade is examined in Section 6.2.3.4, which is followed by an analysis of 

the energy extraction performance of a flexible designed VAT in Section 6.2.3.5. 

Finally, a summary of this study is given in Section 6.2.4. 

6.2.2 Description of problem 

The present study considers a three-dimensional Darrieus type straight blade VAT 

with an NACA0012 cross-section blade and a passive bending and twist deflection in 

the blade spanwise direction. The pitch angle of the turbine blade is fixed as zero. A 

realistic internal structure is adopted from Heathcote et al. (2008), Chimakurthi et al. 

(2009) and Gordnier et al. (2010) to achieve the blade passive deformation. The 

chord radius ratio (  ) is 0.125 for the modelled turbine. The turbine, with a certain 

rotational speed, is immersed in air flow with a uniform speed of U. The Reynolds 

number based on the blade chord length is 10
5
. The Darrieus type straight blade VAT 

modelled by Hameed and Afaq (2013), shown in Fig. 6.6 (a) consists of one shaft, 

three blades and six radial arms. The radial arms connect the shaft at one end and the 

inner side of the turbine blade at the other end. In order to simplify the physical 
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model, only one blade is modelled in the present study. The aerodynamic impact 

from the shaft and radial arms is neglected, as shown in Fig. 6.6 (b). This study 

mainly focuses on the analysis of the structural characteristics of the flexible blade as 

well as the unsteady loads applied to the blade, which may cause the blade’s 

structural deformation. 

                                       

(a) Darrieus type straight blade VAT 

model in Hameed and Afaq (2013) 

(b) VAT model in the present simulation 

Figure 6. 6 3D VAT model for (a) Hameed and Afaq (2013) and (b) in the present 

simulation. 

 
Figure 6. 7 Sketch of turbine blade forces, resultant velocity and angle of attack under local 

body fitted coordinate xlolyl. 

6.2.2.1 Kinematics for a vertical axis turbine 

As shown in Fig. 6.6 (b), the turbine is rotating with an angular velocity ω in the 

incoming flow. As mentioned in Section 1.2.1, the present study focus on the steady 
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state of the turbine. Thus, the angular velocity ω is independent of time but varies 

under different tip speed ratios. 

In the present study, λ is changed in the range of 2.50-7.50 by varying the turbine 

rotational speed. Fig. 6.7 shows the blade local body fitted coordinate xlolyl and the 

force applied to the blade, the resultant velocity and the angle of attack of the blade. 

The origin of this local coordinate is fixed to the blade centre line and ¼ of chord 

length from the leading edge. The body fitted coordinate is attached to the turbine 

blade with rotating motions under the global coordinate. At t/Tturb=0, the direction of 

the incoming flow velocity is the same as the positive yl axis under the body fitted 

coordinate. The magnitude of blade instantaneous resultant fluid velocity Vt(t) and its 

direction (i.e. the blade instantaneous angle of attack α(t)) both vary with time as a 

sinusoidal function as shown in Fig. 1.6 (b) and as discussed in Section 1.2.3. The 

total fluid forces could be decomposed as the drag force and lift force or the thrust 

force and normal force relative to instantaneous velocity or body fitted coordinate, 

respectively. Since the local coordinate is a non-inertia reference frame, it encounters 

an inertia force which is the centrifugal force in the present case. The non-

dimensionalized centrifugal force is defined as: 

 
   

  
 
    

   
  (6.3) 

where Fc is the centrifugal force of the turbine blade, ρf is the density of the fluid, c is 

the chord length of the blade and H is the span length of the blade. The detailed 

comparison of the centrifugal force and fluid force is listed in Table 6.1. Examples of 

the comparison between the centrifugal force coefficient cc, the total fluid force 

coefficient cf and the total force coefficient cft, which take both fluid force and 
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centrifugal force into account during one turbine rotating cycle, can be found in Fig. 

6.8 (the magnitude of the centrifugal forces is also depend on the blade material, 

such as density, etc.). 

6.2.2.2 Structural design of turbine blade 

The present study adopts the same concepts based on a study of the flexible effect on 

the propulsion performance of a flapping wing from Heathcote et al. (2008), 

Gordnier et al. (2010) and Chimakurthi et al. (2009), and further applies this flexible 

structure in the vertical axis wind turbine. The cross-section of the blade is displayed 

in Fig. 6.9 (a). The flexible blade is constructed by polydimethylsiloxane (PDMS) 

rubber outside to form the NACA0012 shape with a metal stiffener located inside. 

Aluminium is selected as the material of the metal stiffener. Based on Chimakurthi et 

al. (2009), only metal stiffener is considered in the structural dynamic analysis and 

the structural dynamic characteristics of the PDMS rubber are neglected in the 

present study (Liu et al., In Press). 

 
(a) λ=7.5 
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(b) λ=5.5 

Figure 6. 8 Examples of comparison between blade total force coefficient and blade 

centrifugal force coefficient with lst/c=10/3, Π=3.19×10
3
. 

Fig. 6.9 (b) shows the main blade parameters with different strut locations. The span 

length H of the turbine blade is ten times blade chord length c. The parameter lst is 

defined as the length from the strut location to its nearest blade tip. In the present 

study, two different lst, i.e. 10c⁄3 and 0, are studied. For lst=10c⁄3, three different 

regions, i.e. region a, region b and region c which are separated by two struts are 

shown in Fig. 6.9 (b). 

It notes that the stiffness of the structure is often characterized by the effective 

stiffness Π (Shyy et al., 2010). This parameter describes the elastic bending forces 

relative to the fluid dynamic forces as: 
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  (6.4) 

where   is the Poisson ratio of the stiffener and c is the chord length of the foil. The 

effective stiffness Π is widely tested by the experiments of Heathcote and Gursul 

(2007) and Heathcote et al. (2008) and numerical simulations from Chimakurthi et al. 

(2009) and Gordnier et al. (2013). 

 

(a) VAT blade inner structure (adopted from Heathcote et al., 2008) 

 

(b) Different strut locations of VAT blade. lst/c=10/3 (left); lst/c=0 (right) 

Figure 6. 9 VAT blade design for the present simulation. 
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Table 6. 1 Past relevant research on flexible blade and the parameters used in the present 

research. 

Data source Device type Π Max. cf cc 
Max. 

Dis/ceff 

Heathcote et al. 

(2008) 

and 

Shyy et al. 

(2010) 

Plunging 

foil 

(spanwise 

flexibility) 

2.14×10
2
 4.76×10

0
 - 1.23×10

-1
 

Butbul et al. 

(2015) 

Vertical 

axis turbine 

(chordwise 

flexibility) 

3.18×10
0
 3.53×10

0
 7.10×10

0
 1.71×10

-1
 

Hameed and 

Afaq (2013) 

Vertical 

axis turbine 

(spanwise 

flexibility) 

2.81×10
5
 8.55×10

1
 4.31×10

2
 3.58×10

-2
 

The present 

research 

Vertical 

axis turbine 

(spanwise 

flexibility) 

3.19×10
3
 1.42×10

2
 1.24×10

2
 1.53×10

0
 

In the studies of Heathcote et al. (2008) and Shyy et al. (2010), Π is selected around 

10
2
 for their flexible wing under propulsion conditions. This value of Π allowed their 

wing to reach a maximum non-dimensionalized displacement Dis/c as          . 

However, it is necessary to recall that the blades of VAT have an extra inertia 

centrifugal force because of the rotating motion around the centre shaft. Moreover, 

the total fluid force coefficient acting on the VAT blade is around 10
2
 which is much 

larger than that of the propulsion flexible wing. Thus, adopting the same magnitude 

of Π as in the study of Heather et al. (2008) may lead to an unacceptable large blade 
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displacement for a VAT. In the study of Butbul et al. (2015), a chordwise flexible 

blade is considered which is different to the design of a spanwise flexible blade as 

discussed in Shyy et al. (2010). In addition, the turbine they studied was small in 

scale (as can be seen in Table 6.1, i.e. that both the maximum cf and cc are no more 

than 10
1
). Thus, the Π selected by Butbul et al. (2015) may not be suitable for the 

present study. In the study of Hameed and Afaq (2013) for the bending motion of a 

blade of VAT, a much stiffer blade is investigated with Π of 10
5
, which caused a 

relatively small Dis/c of          . In the present study, in order to observe a 

distinct influence by the flexible VAT blade, an effective stiffness (Π) is chosen 

around 10
3
, as shown in Table 6.1. The maximum non-dimensionalized displacement 

Dis/c under Π=        and λ=5.5 (i.e. the turbine reaches its maximum energy 

extraction condition) is          , which is in the same order as that studied by 

Heathcote et al. (2008) and Shyy et al. (2010). The maximum Dis/c could approach 

         with Π=         and λ=7.5 as depicted in Table 6.1. A smaller 

effective stiffness Π=         is also investigated in the present research. 

Apart from the coupled fluid structure interaction modelling, the flexible blade stress 

calculation using the commercial software ANSYS is also performed. This is used to 

estimate the maximum displacement and stress distribution when the maximum fluid 

load is applied to the blade. The results are compared with those obtained from the 

in-house code as a part of the CFD verification and are summarised in Table 6.3. A 

diagrammatic sketch of fluid loads and structural constraints in each cell using the 

ANSYS solver is shown in Fig. 3.24. As it is seen, uniformly distributed external 

loads are applied to each structural cell with red arrows. Different constrains which 

represent the strut locations are indicated as cyan arrows. Hameed and Afaq (2013) 
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tested the effect of the element type on the prediction of maximum stress and 

deflection of a vertical axis turbine blade. They found that “The solid45 element type 

can approximate the large distortion in the shape of the blade” (Hameed and Afaq, 

2013). As this study adopt a similar turbine blade model and strut locations to that of 

Hameed and Afaq’s work, SOLID45 element is selected for present Finite Element 

Analysis. 

In order to compare the stress among different types of marine devices, non-

dimensionalized stress cst is used and is defined as follows: 

 
    

 

 
    

 
  

(6.5) 

6.2.3 Results and discussions 

As stated in Section 6.2.1, the investigation was started on a flexible blade of an 

effective stiffness Π=3.19×10
3
 and strut location lst/c=10/3. The predicted blade 

structural characteristics (blade deformation and structure stress) and external loads 

are examined and compared with a rigid blade in Sections 6.2.3.1 and 6.2.3.2. 

Sections 6.2.3.3, 6.2.3.4 and 6.2.3.5 are the flexibility effect, strut effect and energy 

extraction performance of the turbine, respectively. A summary of relevant cases is 

listed in Table 6.2. For a rigid blade, it is assumed to have an infinitely large 

stiffness. To carry out an FSI study, the modal analysis method is used. The first ten 

natural vibrational modes are applied to estimate the blade deflections. The first four 

mode shapes and their frequency ratios for lst/c=10/3 and Π=3.19×10
3
 are shown in 

Fig. 6.10 as an example. These four modes are identified as the first bending mode 

for regions a and c (1/Tm1), the second bending mode for regions a and c (1/Tm7), the 
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first torsion mode for regions a and c (1/Tm3) and the first bending mode for region b 

(1/Tm2) (see Fig. 6.9 (b) for the definitions of regions a to c). The generalized 

displacement qj (as indicated in Eq. 3.18 in Section 3.3.2) variation for the first ten 

modes at λ=5.5 during one revolution is shown in Fig. 6.11. Clearly seen in this 

figure is that the first mode plays a leading role in the blade structural deformation 

behaviour. 

Table 6. 2 Case summary for present simulation. 

Case group Π lst/c λ 

Rigid ∞ - 3.50-7.50 

Flexible blade with middle strut 3.19×10
3
   

   3.50-7.50 

High flexibility blade with middle strut 9.37×10
2
   

   3.50-7.50 

Flexible blade with tip strut 3.19×10
3
 0 3.50-7.50 

 

 

 

Figure 6. 10 First four mode shapes with lst/c=10/3, Π=3.19×10
3
. 

(a) 1
st
 mode 

Πr=1.77 

(b) 2
nd

 mode 

Πr=11.48 

(c) 3
rd

 mode 

Πr=11.74 

(d) 4
th
 mode 

Πr=11.96 
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Figure 6. 11 Time histories of the generalized displacements of the first ten modes with 

lst/c=10/3, Π=3.19×10
3
 and λ=5.5. 

 

Figure 6. 12 Power coefficient vs. tip speed ratio for rigid blade turbine and cop value for 

λ=3.5, 5.5 and 7.5. 
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6.2.3.1. Structure characteristics 

In this section, the study is focus on three typical tip speed ratios, i.e. λ=3.5, 5.5 and 

7.5. They are selected to represent three statuses for power coefficient cop vs. λ, i.e. 

climbing up (λ=3.5), peak cop (λ=5.5) and drop down (λ=7.5), as indicated in Fig. 

6.12. 

Fig. 6.13 shows the instantaneous non-dimensionalized bending displacement Dis/c 

for different tip speed ratios λ with lst/c=10/3 and Π=3.19×10
3
 at the blade tip (H/c=0) 

and centre (i.e. H/c=5). Two time periods are used to non-dimensionalize the time, 

i.e. the turbine revolution period (Tturb) for Fig. 6.13 (c) and (d) and the 1
st
 mode 

shape period of regions a (or region c) and b (Tm1 and Tm2) for Fig. 6.13 (a) and (b). 

The positive direction of the displacement Dis/c is aligned with the positive yl axis at 

the local body fitted coordinate (see Fig. 6.7). Based on these results, it is obvious 

that the flexible blade deforms periodically with one dominant frequency under 

various tip speed ratios λ and at different H/c. Given a large λ condition, the blade 

displacement gets larger because of the increased centrifugal force at a high rotating 

speed. In addition, the flexible blade always shows a larger deformation at the tip 

(H/c=0) than at its centre (H/c=5) for this middle strut support (see Figure 6.9 (b)). 

For example, at λ=5.5, the displacement of the blade tip is 7.26×10
-1

 which is 55.85 

times larger than that at the blade centre. A further examination of these plots shows 

that all deformations display a positive magnitude, pointing to the positive yl. Thus, it 

is inferred that the flexible deformation is mainly induced by the large magnitude of 

centrifugal force (cc) rather than the fluid forces, as shown in Fig. 6.8 (b). A careful 

look at Figs. 6.13 (a) and (b), where the time history of deformation is represented 

against the instantaneous time relative to the 1
st
 bending mode period of regions a 
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(Πr=1.77) and b (Πr=11.96) indicates that the structural deformation frequency 

matches the system natural frequency exactly. 

 
(a) H/c=0 

 
(b) H/c=5 
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(c) H/c=0 

 

(d) H/c=5 

Figure 6. 13 Instantaneous non-dimensionalized displacement at (a) and (c) H/c=0 and (b) 

and (d) H/c=5 for different tip speed ratios with lst/c=10/3, Π=3.19×10
3
. (a) and (b) time is 

non-dimensionalized by blade mode cycles and (c) and (d) time is non-dimensionalized by 

turbine revolution. 
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(a) H/c=0 

 

(b) H/c=5 
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(c) H/c=0 

 

(d) H/c=5 

Figure 6. 14 Instantaneous twist angle at (a) H/c=0 and (b) H/c=5 for different tip speed 

ratios with lst/c=10/3, Π=3.19×10
3
. (a) and (b) time is non-dimensionalized by blade mode 

cycles and (c) and (d) time is non-dimensionalized by turbine revolution. 
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Figure 6. 15 Non-dimensionalized bending and twist displacement contour with lst/c=10/3, 

Π=3.19×10
3
 and λ=5.5 viewing from the inner side of the blade. 

 

Figure 6. 16 Non-dimensionalized bending and twist displacement contour with lst/c=10/3, 

Π=3.19×10
3
 and λ=7.5 viewing from the inner side of the blade. 

Fig. 6.14 (a) - (d) plots the instantaneous blade twist angle at the tip and the centre of 

the blade for different tip speed ratios λ. The blade twist angle is defined as the nose 

up positive. A similar behaviour as the bending effect discussed above is observed. 
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In fact the twist angles tend to behave like a sinusoidal motion under different λ and 

H/c conditions with positive values. The increase in the tip speed ratio results in an 

increase in the twist angle at both the blade tip and centre. The maximum twist angle 

in the blade tip is no more than 2.23⁰, while in the blade centre it is less than 0.40⁰. 

The mechanism associated with twist motion will be discussed in Sec. 6.2.3.2. 

To further analyse the structural deformation along the blade span-wise direction, Fig. 

6.15 plots the bending and twist displacement contour under lst/c=10/3, Π=3.19×10
3
 

and λ=5.5 conditions at four different time instants during one cycle. It is apparent 

that the large bending occurs near the vicinity of the blade free ends, i.e. in H/c 

between 0 and 0.5 and in H/c between 9.5 and 10. Because of the support of two 

struts, the central part of region b has the minimum deformation compared to regions 

a and c. This trend is observed during the whole cycle. The twist behaviour could 

also be observed at time instant t/Tturb=7/8 at regions a, b and c in Fig. 6.15, (as 

indicated by the inclined contour lines). An increase in the tip speed ratio leads to 

increased deformation as shown in Fig. 6.16 for λ=7.5 due to centrifugal force. 

In order to further analyse the flexible blade structural stress, the ANSYS structural 

solver is adopted (as mentioned in Section 3.4 and Section 6.2.2.2) to estimate the 

deflections and stresses under the extreme condition, where the flexible blade 

endures the maximum external loads. The results are summarised in Table 6.3 along 

with the data from Hameed and Afaq (2013). By comparing the results obtained 

using various methods, it is observed that the prediction of maximum displacement 

from the ANSYS solver has a slight discrepancy from the results estimated by the 

present in-house code. One possible explanation may be due to the simplified models 
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that are used in ANSYS structural solver, such as a uniformly distributed load 

applied to the blade without taking twist motion into account which will lead to a less 

deformation of the blade. The general trend of maximum displacement and stress 

variation with the tip speed ratio is consistent, i.e. both increase with the growth of λ. 

The stress distribution contours from the ANSYS solver at λ=5.5 and λ=7.5 are 

plotted in Fig. 6.17. It is clearly shown that regions a and c endure more stress than 

region b. The maximum stress appears near the strut location. 

Table 6. 3 Comparison of the maximum displacement ratio and stress coefficient. 

Case type Max. Dis/c Max. cst 

Data 

source 
lst/c Π  λ 

In-house 

FSI solver 
ANSYS  ANSYS  

Hameed 

and Afaq 

(2013) 

0.217 2.81×10
5
 4.1 - 3.85×10

-2
 2.87×10

6
 

The 

present 

research 

10/3 

3.19×10
3
 

5.5 7.26×10
-1

 6.63×10
-1

 1.48×10
6
 

6.5 1.15×10
0
 9.77×10

-1
 2.18×10

6
 

7.5 1.53×10
0
 1.33×10

0
 2.96×10

6
 

9.37×10
2
 5.5 1.76×10

0
 1.74×10

0
 2.57×10

6
 

0 3.19×10
3
 5.5 6.17×10

-1
 6.20×10

-1
 1.30×10

6
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Figure 6. 17 Contour of stress distribution over the blade under the largest external load 

condition for the flexible blade for different tip speed ratios with lst/c=10/3 and Π=3.19×10
3 

viewing from the inner side of the blade. 

6.2.3.2 Fluid force and centrifugal force of turbine blade 

In order to explain the structure characteristics observed in Section 6.2.3.1, an 

analysis of the fluid loads on the turbine blade is carried out in this section. Fig. 6.8 

shows the time history of the forces applied to the blade during one cycle at two tip 

speed ratios, i.e. λ=5.5 and λ=7.5. As discussed in Section 6.2.2.1, the external loads 

acting on the blade (Fft) can be decomposed into the centrifugal force (Fc) and fluid 

load (Ff), which can be non-dimensionalized and represented by the centrifugal force 

coefficient (cc) and the fluid force coefficient (cf), respectively. The dynamic 

displacement of the blade motion (bending or twist) is dictated by this net/resultant 

force (cft=cc+cf). During one revolution, apparently, the centrifugal force (cc) does 

not change its magnitude and always points in the blade external normal direction 

(see Fig. 6.7). However, the fluid force (cf), which mainly comes from the net 

pressure force acting on the blade, varies dramatically in its direction and magnitude 

within one cycle, as clearly depicted in Figs. 6.8 (a) and (b). In addition, the variation 

trend of cf against time is also tip speed ratio dependent. Under various flow and 

structure conditions studied herein, it was found that the centrifugal force coefficient 
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(cc) is always larger than the fluid force coefficient (cf) at present working condition. 

At some time intervals within one cycle, they may point in the same direction 

(exterior normal), while at other intervals, they have opposite directions. With this in 

mind, it is obvious that the blade bending direction has always been outwards as 

displayed in Figs. 6.13 and 6.18. The dynamic behaviour of deflection is mainly 

determined by the fluid loads (cf) or net pressure which will be discussed shortly. 

 

Figure 6. 18 Blade bending-twist motion and pressure distribution for different time 

instants with lst/c=10/3, Π=3.19×10
3
 and λ=5.5. 

The pressure distribution on the blade is examined herein to aid the above force 

analysis. Fig. 6.18 plots the blade bending and twist motion contour and their 

pressure distribution at different time instants within one cycle. It is observed that the 

blade deflection becomes larger when the net pressure loads acting on the blade have 

a small value which is because cc is outward and cf is inward with large λ in air. Two 

time instants with a small and large deflection are selected for further analysis, as 

shown in Fig. 6.19, where a detailed comparison between the flexible and rigid blade 
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on both the inner and outer sides of the blade are presented. The pressure coefficient 

cpr plot at H/c=0 and H/c=5 is displayed in Fig. 6.20. At t/Tturb=3/8 when the blade 

deflection is small, it is obvious that no apparent difference exists in pressure 

distribution for a flexible and rigid blade on both sides. In addition, the net pressure 

load is high compared to the time instant of t/Tturb=5/8, causing a small total force (cft) 

and thus a small blade deformation. However, at t/Tturb=5/8 when the flexible blade 

reaches a large deflection as shown in Fig. 6.19 (b), the pressure load acting on a 

flexible blade is lower than that of the rigid blade. From Fig. 6.20 (b) it can be seen 

that the cpr has a significant decrease at both the inner and outer sides with a flexible 

blade. Moreover, the decrease of cpr at the blade outer side is much larger than that of 

the inner side, leading to a decrease in the net pressure loads. Refer to Fig. 6.8 (b), 

Fig. 6.20 (a) and (b), since the net pressure loads are all negative at both t/Tturb=3/8 

and t/Tturb=5/8, thus cf and cc counteract each other. Therefore, at t/Tturb=5/8, a larger 

total force cft and larger outward bending motion of the blade are observed. 

 

(a) Blade pressure distribution at t/Tturb=3/8      (b) Blade pressure distribution at t/Tturb=5/8 
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(c) Pressure distribution around blade at t/Tturb=5/8 

Figure 6. 19 Pressure distribution with lst/c=    ,            and λ=5.5. (a) 

t/Tturb=3/8 and (b) and (c) t/Tturb=5/8 

 

(a) t/Tturb=3/8 



Numerical Investigation into Bio-inspired Flow Control for Renewable Turbine 
Ph.D. Thesis, Wendi LIU, November 2015. 

192 | P a g e  
 

 

(b) t/Tturb=5/8 

Figure 6. 20 Pressure coefficient distribution at (a) t/Tturb=3/8 and (b) t/Tturb=5/8 with 

lst/c=10/3, Π=3.19×10
3
 and λ=5.5. 

The Leading Edge Suction (LES) effect is an important phenomena which influences 

the fluid flow field and the force generation for airfoil (DeLaurier and Harris, 1982; 

Chimakurthi et al., 2009). This phenomenon has also been observed in the present 

study, as indicated by the low pressure region of the blade leading edge (shown in 

Fig. 6.19 (b)) and the suction peak (shown in Fig. 6.20 (b)). For the flexible blade, 

the magnitude of the LES is lower than in the rigid blade, but the region which is 

affected by the LES effect is larger than that of the rigid blade (especially in the 

chord wise direction). Because of the existence of the LES effect, the foil leading 

edge experiences an additional suction force which generates an extra moment 

relative to its mass centre in the xlolyl plane. This moment leads to a nose up position 

twist on the blades, which explains why the blade has the twist motion and the twist 
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angle is always positive, as shown in Fig. 6.14. The pressure contour plots around the 

blade section shown in Fig. 6.19 (c) coincide with the phenomenon described above. 

 
Figure 6. 21 Pressure distribution at t/Tturb=5/8 for different tip speed ratios with lst/c=10/3 

and Π=3.19×10
3
. 

The λ effect on the pressure distribution is shown in Fig. 6.21 by comparing the 

flexible blade with λ=5.5 and λ=7.5 at the time instant of t/Tturb=5/8. A large pressure 

drop with an increase of λ is shown and the LES effect is pronounced at a larger λ. 

6.2.3.3. Influence of flexible blade stiffness 

In this section, a flexible blade with different effective stiffness (Π=         and 

Π=        ) under lst/c=10/3 condition is tested to study the effect of stiffness on 

the blade structural characteristics. 

Figs. 6.22 and 6.23 show the bending and twist deflection of this flexible blade. As 

can be seen, by reducing the effective stiffness, the blade flexibility is increased, 

leading to a profound increase of the structural deformation compared to a less 
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flexible blade in Figs. 6.13 and 6.14. In addition, the maximum stress coefficient (cst) 

is also increased as summarized in Table 6.3. The stress coefficient contour shown in 

Fig. 6.24 indicates the occurrence of maximum stress around the strut, which is 

similar to the case of Π=        . However, with this more flexible blade, the 

magnitude of stress is enlarged. The instantaneous blade bending-twist motions and 

the pressure distribution applied to the blade are shown in Fig. 6.25. Similar to a 

more rigid blade case, large blade deformation is caused by low pressure acting on 

the blade. This is well reflected by the pressure distribution plots at t/Tturb=4/8 and 

t/Tturb=5/8 in Fig. 6.26. In fact, the cpr is around -100 in Fig. 6.26 (a) for the blade of 

Π=        , which is 80 lower than that of the blade of Π=         at 

t/Tturb=1/8. However, at t/Tturb=5/8, as shown in Fig. 6.26 (b), the cpr is around 40, 

which is 20 higher than that of the blade with Π=        . Under this condition, 

the blade deforms oppositely with centrifugal force direction.  

 

(a) Instantaneous non-dimensionalized displacement 
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(b) Instantaneous twist angle 

 
(c) Instantaneous non-dimensionalized displacement 
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(d) Instantaneous twist angle 

Figure 6. 22 Structure characteristics with lst/c=10/3, Π=9.37×10
2
 and λ=5.5. (a) and (b) 

time is non-dimensionalized by blade mode periods and (c) and (d) time is non-

dimensionalized by turbine period. 

 

Figure 6. 23 Non-dimensionalized bending and twist displacement contour with lst/c=10/3, 

Π=9.37×10
2
 and λ=5.5 viewing from the inner side of the blade. 
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Figure 6. 24 Contour of stress distribution over the blade under the largest external load 

condition of the flexible blade with lst/c=10/3, Π=9.37×10
2
 and λ=5.5 viewing from the inner 

side of the blade. 

 

Figure 6. 25 Blade bending-twist motion and pressure distribution for different time 

instants with lst/c=10/3, Π=9.37×10
2
 and λ=5.5. 
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The LES phenomenon is not remarkable for both rigid and flexible blades with 

different Π because of the small blade instantaneous Angle of Attack (AOA) at these 

two time instants. 

 

                          (a) t/Tturb=1/8                                               (b) t/Tturb=5/8 

Figure 6. 26 Pressure distribution at (a) t/Tturb=1/8 and (b) t/Tturb=5/8 with lst/c=10/3, λ=5.5 

and Π=9.37×10
2
 compared with Π=3.19×10

3
. 

6.2.3.4. Influence of two different strut locations 

In this section, two different strut locations which connects the flexible blade with 

radial arms at the blade tip (i.e. lst/c=0) as seen from 6.9 (b) is studied to provide 

some preliminary information of the strut location effect. A flexible blade with 

Π=         is used in this study. 

Fig. 6.27 shows the Dis/c and twist angle under lst/c=0, Π=         and λ=5.5. 

Compared to the results with lst/c=10/3, Π=         and λ=5.5, the maximum 

Dis/c are reduced, while the maximum twist angle remains the same. The 

displacement and twist angle at the blade tips are zero because of the struts, as shown 

in Fig. 6.27 and Fig. 6.28. The maximum displacement amplitude occurs at the blade 
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centre (H/c=5) as can be seen from Fig. 6.28. A detailed comparison between the 

condition of lst/c=0 and the condition of lst/c=10/3 is shown in Table 6.3. From the 

stress distribution contour under the largest external load condition in Fig. 6.29, the 

maximum stresses exist at the blade tips. Though the peak cst has decreased by using 

the tip strut (lst/c=0) instead of the middle strut (lst/c=10/3), a large area with high 

stress is observed with cst around        . 

The blade bending and twist motion and pressure distribution at different time 

instants are shown in Fig. 6.30 which shows a similar observation as in the previous 

sections. Pressure distribution at t/Tturb=1/8 and t/Tturb=4/8 for both the inner side and 

the outer side compared with the middle strut blade is displayed in Fig. 6.31. The 

LES effect is quite obvious by using a tip strut flexible blade in these two plots. It 

results in large twist behaviour at t/Tturb=1/8 and 4/8 as shown in Fig. 6.27 (b). 

 

(a) Instantaneous non-dimensionalized displacement 
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(b) Instantaneous twist angle 

 

(c) Instantaneous non-dimensionalized displacement 
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(d) Instantaneous twist angle 

Figure 6. 27 Structure characteristics with lst/c=0, Π=3.19×10
3
 and λ=5.5. (a) and (b) time 

is non-dimensionalized by blade mode periods and (c) and (d) time is non-dimensionalized 

by turbine revolution. 

 

Figure 6. 28 Non-dimensionalized bending and twist displacement contour with lst/c=0, 

Π=3.19×10
3
 and λ=5.5 viewing from the inner side of the blade. 
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Figure 6. 29 Contour of stress distribution over the blade under the largest external load 

condition for the flexible blade turbine with lst/c=0, Π=3.19×10
3
 and λ=5.5 viewing from the 

inner side of the blade. 

 

Figure 6. 30 Blade bending-twist motion and pressure distribution for different time 

instants with lst/c=0, Π=3.19×10
3
 and λ=5.5. 
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                          (a) t/Tturb=1/8                                                 (b) t/Tturb=4/8 

Figure 6. 31 Pressure distribution at (a) t/Tturb=1/8 and (b) t/Tturb=4/8 with λ=5.5, 

Π=3.19×10
3
 and lst/c=0 compared with lst/c=10/3. 

6.2.3.5. Energy extraction 

As an energy extraction device, the vertical axis turbine with a flexible blade is also 

investigated in terms of its energy extraction performance in this section. Fig. 6.32 

summarizes the instantaneous moment coefficient (cm) under three different 

structural parameters discussed in the above sections along with the rigid blade 

results. It is seen that the peak cm enlarges by using a flexible blade and high 

frequency fluctuations are observed during one revolution which indicates the 

appearance of flow field instability. Fig. 6.33 displays the vorticity field at t/Tturb=5/8 

for a flexible blade under lst/c=0, Π=         and λ=5.5 condition compared to a 

rigid one. A large flow separation is clearly associated with a flexible blade as 

observed in Fig. 6.32. 
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Figure 6. 32 Instantaneous moment coefficient at λ=5.5. 

 

Figure 6. 33 Vorticity contour at t/Tturb=5/8 and λ=5.5. 

The time averaged power coefficient cop variation with λ for both a rigid blade and a 

flexible blade turbine under three different conditions is shown in Fig. 6.34. Under 

the condition of lst/c=10/3 and Π=         and when λ is smaller than 6.0, it is 
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observed that the flexible blade could enhance the overall energy performance 

compared with the rigid blade turbine. Up to an 8% enhancement of cop is observed. 

The tip speed ratio λ, at which the peak cop occurs, can move towards a smaller value. 

With a further increase of λ, the energy extraction performance for the flexible blade 

turbine drops suddenly compared to a rigid blade turbine. In addition, by reducing Π 

or moving the strut to the blade tip (lst/c=0), the tip speed ratio (λ) associated with a 

peak cop moves towards low λ and a smaller cop. However, all of the above 

discrepancy in cop nearly diminishes when λ is reduced to around 4.5. On the other 

hand, either a high flexible blade turbine or a turbine with struts at the blade tips is 

not as attractive as a rigid blade turbine in terms of energy extraction. This is an 

indication that very deformable blades are absolutely not efficient to use as an energy 

extraction device. 

 

Figure 6. 34 Time averaged power coefficient. 
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6.2.4 Summary of Section 6.2 

With the use of a fully-coupled Fluid-Structure-Interaction (FSI) method, a 

numerical investigation of the effect of the structural flexibility of a vertical axis 

wind turbine blade on its passive structure deformation, unsteady external loading, 

internal stress analysis and turbine energy extraction ability is carried out. For the 

flexible blade, two different values of effective stiffness are tested. With the real 

application in the VAT industry, the present study also studied cases with the blade 

support strut in two different locations.     CPU seconds calculated on ARCHIE-

WeST high performance computing facilities of University of Strathclyde are needed 

for a typical case in this section. 

The simulation shows that the blade bending and twist deformations vary with time 

periodically with one dominant frequency. Increasing the tip speed ratio leads to an 

increase in the peak values of bending and twist deformation. With the centrifugal 

force acting on the blade, the blade bending deflection always points in the positive 

centrifugal force direction. The blade internal stress contours under maximum 

external loads are provided in the present study, which is believed to be useful for 

further structure fatigue damage analysis in the industry.  

The leading edge suction effect is observed in both rigid and flexible blade cases, 

which mainly leads to the twist motion of flexible blade, and thus enlarges the 

influence of LES. A large blade bending deflection with a small net pressure load on 

the blade surface is observed, which is induced by the opposite direction between the 

centrifugal force and net pressure forces applied on the flexible blade.  
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A larger bending and twist deflection occurs which is associated with a more flexible 

blade and results in higher stress caused by the flexible deflection. A blade with tip 

strut support shows a smaller bending deflection compared to its middle support 

method.  

With a flexible blade, an unstable fluid field around the blade is observed which is 

associated with some small fluctuations in the instantaneous moment coefficient 

curve. With a small tip speed ratio, the energy extraction efficiency is enhanced with 

a flexible blade. However, it becomes worse than a rigid blade counterpart with 

relatively large tip speed ratios. 

Lastly, in the present research, only one blade is modelled, which is simplified from 

real industry where three-bladed VATs are very commonly used to achieve a high 

level of energy. Therefore, performing a two-bladed or three-bladed VAT with a 

passively controlled bending and twist is required in future studies. Moreover, the 

present flexible blade deflection motion is actuated by air flow. It is believed that the 

blade bending/twist deflection should be different under different fluid mediums 

(such as water). Thus, a VAT with a passively deformed flexible blade under water 

conditions should be investigated in the near future.  
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Chapter 7: Bio-inspired Passive Flow Control for Oscillating Foil 

Turbines by Flexible Material 

7.1 Introduction 

The present study examines the energy extraction of a passively flexible flapping foil 

through a fully-coupled fluid-structure interaction study. Unlike the simplified plate 

model with zero thickness (Tian et al., 2014), a more realistic NACA0012 foil shape 

is used in the present study. In addition, it takes into account the internal structure of 

the foil by using a stiffener to create the structural deformability. This makes the 

model closer to the real design. In this study, a finite volume method is used, which 

fully resolves the boundary layer so that it has better accuracy than the immersed-

boundary method. 

In the rest of this chapter, descriptions of the physical problem are listed in Section 

7.2. In Section 7.3, it first considers cases with metal stiffener to examine whether 

structural flexibility has beneficial effect on energy extraction. The effects of 

Young’s modulus and density ratio are then studied separately. Finally, a summary 

of these studies in this chapter is listed in Section 7.4. 

7.2 Description of problem 

7.2.1 Benchmark model 

The present research considers a two-dimensional oscillating energy harvesting 

system based on a NACA0012 foil whose deformability is determined by a realistic 

internal structure. As shown in Fig. 7.1, the incoming flow is uniform with speed U. 

Similar to the study by Kinsey and Dumas (2008), the Reynolds number based on the 
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incoming flow speed and the chord length   of the foil in the present study is fixed as 

10
3
 so that a laminar flow assumption is used. In applications, there exists three types 

of design (Xiao and Zhu, 2014): systems with forced pitching and heaving motions, 

systems with forced pitching and induced heaving motions (semi-activated systems), 

and systems with self-sustained pitching and heaving motions (self-sustained 

systems). The present study concentrates on the first type, i.e. forced pitch and 

plunge motion (McKinney and DeLaurier, 1981; Kinsey and Dumas, 2008; Jones 

and Platzer, 1997; Jones et al., 2003; Kinsey and Dumas, 2012a; 2012b)
 
and 

examines the effects of structural flexibility upon the energy harvesting performance. 

 

Figure 7. 1 Schematic diagram of oscillating energy device. 

7.2.2 Structural design of flexible foils 

To study the effect of structural deformability on the propulsion performance of a 

flapping wing, Heathcote and Gursul (2007) and Heathcote et al. (2008) developed 

chordwisely and spanwisely flexible wing models and performed experimental tests. 

Subsequently, relevant numerical simulations have also been carried out by Shyy et 

al. (2010), Gordnier et al. (2010) and Chimakurthi et al. (2009). The present study 

adopts similar internal designs from the above papers and creates a foil with 
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chordwise flexibility (Fig. 7.2 (a)). With a NACA0012 profile, the deformability of 

this foil is determined by a stiffener with thickness     and length    . The 

surrounding material, made of polydimethylsiloxane rubber (PDMS) with Young’s 

modulus of 250 kPa (Heathcote et al., 2008), contributes little to the overall 

structural dynamic properties (stiffness and inertia) of the foil (Chimakurthi et al., 

2009). Thus, only the metal stiffener is considered to evaluate the flexible effect. In 

the present study, the stiffener thickness     and length     are fixed for all cases as 

      c and 0.75c, respectively. The present study assumes that the surrounding 

material is light and soft so that its inertia and stiffness are negligible. Indeed, by 

comparing experimental and numerical results, Gordnier et al. (2010, 2013) and 

Chimakurthi et al. (2009) concluded that the surrounding material (in their case it 

was polydimethylsiloxane rubber PDMS) with Young’s modulus of 250 kPa 

(Heathcote et al., 2008)) contributes little to the overall structural behaviour of the 

foil. This is partly attributed to the fact that this material tapers off near the trailing 

edge, where the structural deformation is most pronounced, while the stiffener is 

uniformly distributed along the chord. 

With the unsteady fluid loads acting on its surface, the flexible part of the foil 

deforms passively as shown in Fig. 7.2 (b). The instantaneous trailing edge bending 

angle relative to the local x coordinate (a local coordinate that coincides with the 

instantaneous chord of the foil if there is no deformation) is defined as   , whose 

amplitude is defined as       . 

The Young’s modulus coefficient Ec and the density ratio DR are the two key 

parameters to describe the structural property. Hereby they are defined as 
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   (7.1) 

where    is the density of the stiffener. The present study is focused on the flexible 

foil oscillating in water, thus the fluid density    in this study are aiming to simulate 

is 1000 kg/m
3
. 

 

Figure 7. 2 (a) Inner structural design for trailing edge flexible foil and (b) flexible foil 

displacement. 

Table 7. 1 Case summary for real materials. 

Case Material 

Young’s 

modulus 

coefficient 

Ec 

Density 

ratio 

DR 

Effective 

stiffness 

Π 

Poisson 

ratio υ 

Natural 

frequency 

ratio FR 

1 Copper (Cu) 1.12×10
8
 8.9 5.25×10

1
 0.34 7.55 

2 

Tungsten 

Carbide 

(WC) 

5.61×10
8
 15.6 2.46×10

2
 0.24 12.76 
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7.3 Results and discussions 

This study starts the investigation by using real metal materials for the stiffener. 

Specifically, two types of material are used, Copper (Cu) and Tungsten Carbide 

(WC). This is because copper is a common metal with relatively high flexibility. 

Tungsten Carbide, on the other hand, possesses large Young’s modulus and density. 

The detailed parameters used in the present study are listed in Table 7.1. Numerical 

simulations are carried out for the above two stiffener materials and the results are 

compared with those with a rigid foil. Two pitching amplitudes, 60⁰ and 75⁰, are 

applied. These are close to the pitching amplitudes with high efficiency energy 

harvesting (see, e.g. Kinsey and Dumas, 2008). The effective stiffness are 5.25 10
1
 

and 2.62 10
2
 for Copper and Tungsten Carbide stiffener, respectively. 

7.3.1 Energy harvesting performance with stiffeners of real materials 

As shown as Eq. 1.17 in Section 1.2.2, the key parameter to quantify the energy 

extraction performance of an oscillating foil device is the efficiency η. Fig. 7.3 (a) 

compares the energy extraction efficiency of the copper stiffener foil (hereafter 

referred to as Cu), the tungsten carbide stiffener foil (referred to as WC) and the rigid 

foil at different reduced frequencies. Based on these results, flexible foils show a 

certain level of improved performance as compared to their rigid counterparts. For 

example, the peak efficiency of WC reaches 20% at the pitching angle of 60⁰ and 43% 

at the pitching angle of 75⁰, while the corresponding results for the rigid foil are 19% 

and 35%, respectively. Cu also reaches 36% at 60⁰ pitching angle. The efficiency 

enhancement of Cu (compared with the rigid foil) is 17.4% at a reduced frequency of 

0.15 and 32.2% with f*= 0.25. Since the structural model used herein is linear, which 
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is not accurate in simulating large deformation, it is not used to study cases with low 

stiffness at high pitching angle. 

Within the large reduced frequency region (f*=0.18-0.25), where rigid foils usually 

present a decayed performance or even degrade to negative power extraction, both 

Cu and WC flexible foils still exhibit a positive energy extraction with the efficiency 

much higher than that of the rigid foil. 

The trailing edge displacement amplitude        shows different magnitudes and 

variation trends for the two flexible foils as displayed in Fig. 7.3 (b). Because of the 

small Young’s modulus coefficient for Cu, the trailing edge displacement of Cu is 

larger than that of WC. For Cu, the maximum value of such displacement is around 

3.64⁰. 

 

(a) Efficiency 
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(b) Peak trailing edge displacement 

Figure 7. 3 The overall performance of a flexible oscillating foil device with h0/c=1.0.● 

Cu θ0=60⁰; ▲ WC θ0=60⁰; ■ Rigid θ0=60⁰; □ Rigid θ0=75⁰; △ WC θ0=75⁰. 

 

(a) Trailing edge displacement angle 
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(b) Lift coefficient and heaving velocity 

 

(c) Moment coefficient and pitch velocity 
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(d) Power coefficient 

Figure 7. 4 Time histories for foils with Cu and WC stiffeners at f*=0.18 and θ0=60⁰. 

Apart from the time-averaged results, the instantaneous displacement and force 

results at a reduced frequency of 0.18 are picked up for a detailed analysis. 

The instantaneous trailing edge displacement angles for the two flexible foils and the 

rigid foil are plotted in Fig. 7.4 (a). It is clear that the peak value of 3.27⁰ is reached 

at t/Tturb=3/8 for the Cu foil. Large trailing edge displacement angle is achieved 

during t/Tturb=2/8 and 3/8 for the WC foil. 

Fig. 7.4 (b) shows the lift coefficient along with the foil heaving velocity (     ). It 

is observed that the structural flexibility significantly increases the peak lift 

coefficient (as shown in the curve of Cu). In addition, within the time frame from 

t/Tturb=2/8 to 4/8, the flexible foils achieve higher cl than the rigid foil. As concluded 

by Xiao et al. (2012), it has a positive contribution to the time-mean efficiency over 
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one cycle if the force or moment has the same sign as the heaving or pitching 

velocity. Therefore, an increased cl in the above mentioned time frames contributes 

positively to the overall efficiency. 

 

Figure 7. 5 Vorticity contours and schematic representation of foil kinematics for rigid and 

flexible foils at f*=0.18; θ0 =60⁰ in half an oscillating period. In the schematic plot, the 

flexible foil is shown with blue solid lines, and the rigid foil is shown as red dashed lines. 

The variations of the moment coefficient (  ) and the pitch velocity (     ) are 

presented in Fig.7.4 (c). A phase lag of 180⁰ for    and       is shown so that the 

pitching motion contributes negatively to the overall energy extraction. The 

flexibility of foil leads to a slight decrease in    during t/Tturb=0/8 and 3/8, reduces 
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the power expenditure in pitching so that the overall energy harvesting performance 

is improved. 

The instantaneous power coefficient is shown in Fig. 7.4 (d). It is clear that, with 

flexible foils, the positive instantaneous power is enhanced while the negative power 

is reduced. 

Fig. 7.5 shows the vorticity contour for Cu, WC, and the rigid foil at f*=0.18 and 

pitch amplitude of 60⁰ within half an oscillating period. The most pronounced 

characteristic of the flexible foils compared to the rigid foil is the enhanced leading 

edge vortices. This is explained by the synchronization between the development of 

LEV and the foil deformation. As demonstrated in Fig. 7.5, at t/Tturb=0 the centre line 

of the foil is almost straight and the vorticity generated from the leading edge is 

attached to the upper surface of the foil. At t/Tturb=1/8 the hinder part of the foil starts 

bending downwards, making it hard for the leading edge vorticity to remain attached. 

This encourages the separation of the leading edge vorticity and the growth of the 

leading edge vortex. As indicated in Zhu
 
(2011), the strength of leading edge vortices 

is closely associated with the energy harvesting performance. Enhanced leading edge 

separation and well-formed leading edge vortices usually lead to high efficiency (see 

Figs. 7 and 8 in Zhu,
 
2011). Based on this, a possible mechanism of performance 

improvement is the enhanced leading edge separation due to the structural 

deformations of the foil. With available results presented in this section, the flexible 

effect has little influence on the timing of LEV. As seen from Fig. 7.4 (b) and (c), the 

phase difference between a flexible blade and rigid blade for its lift and moment 

coefficients are not as remarkable as that of the amplitude difference. It can also be 
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confirmed by the contour plots in Fig. 7.5. It seems that the flexibility enlarges the 

leading edge flow separation and thus increases the LEV strength, leading to an 

increase of optimal f*. 

When studying the flexible wing or membrane problems, previous researchers 

(Heathcote et al., 2008; Gordnier et al., 2010; Chimakurthi et al., 2009) often used 

real materials with specific combinations of material properties (e.g. Young’s 

modulus and density) as it did herein. On the other hand, several studies (Zhu, 2007; 

Chimakurthi et al., 2009) suggest that it is more interesting to decouple the Young’s 

modulus coefficient and the density ratio and examine their effects independently. 

Hereby, it will study the effects of these two parameters separated by constructing 

some virtual materials with (a) a constant density ratio but variable Young’s modulus 

coefficient and (b) a constant Young’s modulus coefficient with different density 

ratios. In these cases, the foil oscillation reduced frequency is fixed as 0.18 and the 

pitching amplitude is set as 60⁰. 

Table 7. 2 Case summary for virtual materials used to test Young’s modulus effect. The 

Poisson ratio (ν) for all cases is 0.34. 

Case 
Young’s modulus 

coefficient Ec 

Effective stiffness 

Π 

Natural frequency 

ratio FR 

1 8.15×10
7
 3.82×10

1
 6.44 

2 1.12×10
8
 5.25×10

1
 7.55 

3 2.55×10
8
 1.19×10

2
 11.38 

4 5.61×10
8
 2.62×10

2
 16.88 

5 7.65×10
8
 3.58×10

2
 19.71 

6 1.02×10
9
 4.77×10

2
 22.75 



Numerical Investigation into Bio-inspired Flow Control for Renewable Turbine 
Ph.D. Thesis, Wendi LIU, November 2015. 

220 | P a g e  
 

7.3.2 Young’s modulus effect 

In this part, six different Young’s modulus coefficients ranging from 8.15×10
7
 to 

1.02×10
9
 are investigated (further reduction of the Young’s modulus coefficient 

leads to large foil deformations that are beyond the capacity of the linear structural 

model). The density ratio is set as 8.9. The effective stiffness for these cases varies 

from 3.82×10
1
 to 4.77×10

2
, accordingly. The detailed parameters are summarized in 

Table 7.2. 

 

Figure 7. 6 Young’s modulus effect on the efficiency of a flexible foil at f*=0.18 and θ0 

=60⁰. 

Fig. 7.6 shows the variation of the energy extraction efficiency with Young’s 

modulus coefficient. With the increase of Young’s modulus coefficient, the 

efficiency decreases and eventually approaches the rigid foil result. An empirical 

formulation is generated to quantify this curve and expressed (but only valid for 

present working condition, i.e. density ratio) as: 



Numerical Investigation into Bio-inspired Flow Control for Renewable Turbine 
Ph.D. Thesis, Wendi LIU, November 2015. 

221 | P a g e  
 

       
      

                                  
(7.2) 

where            ,           ,             and          . 

 
(a) Trailing edge displacement amplitude vs. Young’s modulus coefficient 

 

(b) Instantaneous trailing edge displacement 

Figure 7. 7 Trailing edge deformations of a flexible foil with different Young’s modulus 

coefficient at f*=0.18 and θ0=60⁰. 
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(a) Lift coefficient and heaving velocity 

 

(b) Moment coefficient and pitching velocity 
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(c) Power coefficient 

Figure 7. 8 Time histories for Young’s modulus effect at f*=0.18 and θ0=60⁰. 

Table 7. 3 Case summary for virtual materials used to test density ratio effect. The effective 

stiffness (Π) and Poisson ratio (ν) for all cases are 5.25×10
1
 and 0.34 respectively. 

case Density Ratio DR 
Natural frequency ratio 

FR 

1 7.0 8.54 

2 8.9 7.55 

3 12.0 6.53 

4 15.6 5.72 

5 20.0 5.05 

6 30.0 4.13 

7 70.0 2.70 

8 700.0 0.85 

9 1000.0 0.72 

10 1200.0 0.65 

11 1500.0 0.58 
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The peak trailing edge displacement at different values of Young’s modulus 

coefficient is shown in Fig. 7.7 (a). Similar to the efficiency plot in Fig. 7.6, the 

displacement reduces rapidly with the increase of Young’s modulus coefficient. This 

is well reflected by the profoundly smaller   with larger Ec in Fig. 7.7 (b), where the 

instantaneous trailing displacement is shown within two oscillating periods. 

The instantaneous lift coefficient (cl), moment coefficient (Mz) and power 

coefficients (cop) are analysed in Fig. 7.8. With the increase of Young’s modulus 

coefficient, a drop of lift coefficient and moment coefficient can be seen in Fig. 7.8 

(a) and (b). This leads to the drop of the instantaneous power Fig. 7.8 (c). It agrees 

well with the tendency of the time-mean energy efficiency as seen in Fig. 7.6. 

7.3.3 Density ratio effect 

In this part, nine density ratios ranging from 7 to 1500 are investigated with a fixed 

Young’s modulus coefficient of 1.12×10
8
. The detailed parameters are listed in Table 

7.3. 

Fig. 7.9 shows the energy harvesting efficiency at various density ratios in a 

logarithmic graph. With the increase of the density ratio, the efficiency is 

dramatically decreased. As the density ratio is larger than 700, the foil switches from 

an energy extraction state (positive ) to an energy consumption state (negative ). 

The variation of trailing edge displacement with density ratio is shown in Fig. 7.10 

(a). The maximum displacement occurs at DR=700 with the magnitude of 13.45⁰, 

which actually is quite large compared with the pitching angle of 60⁰. 
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Figure 7. 9 Density ratio effect on the efficiency of a flexible foil at f*=0.18 and θ0=60⁰. 

In Fig. 7.10 (b) and (c) the instantaneous trailing edge displacement with small 

density ratios (DR=8.9 and 30) and large DRs (DR=700, 1200 and rigid) are 

presented. Apart from the trend of peak beta variation with DRs, which is already 

shown in Fig. 7.10 (a), it is also noted that when the density ratio is near 700, the 

instantaneous displacement profile presents a very regular sinusoid containing one 

dominant frequency. It is determined from the results that the phase difference 

between the trailing edge displacement angle and corresponding heave for small 

density ratios (DR<700) is around 180⁰. However, when the density ratio has 

increased to 700, the phase lag becomes 90⁰. This phase variation is consistent with 

the response of an oscillator around its natural frequency. 
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(a) Trailing edge displacement amplitude vs. density ratio 

 

(b) Instantaneous trailing edge displacement (DR=8.9 and 30, rigid foil) 
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(c) Instantaneous trailing edge displacement (DR=700, 1200 and rigid foil) 

Figure 7. 10 Density ratio effect at f*=0.18 and θ0=60⁰. 

 

(a) Lift coefficient and heaving velocity 
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 (b) Moment coefficient and pitching velocity 

 

(c) Power coefficient 

Figure 7. 11 Time histories with low density ratios (DR=8.9 and 30) at f*=0.18 and θ0=60⁰. 

When DR is small, the foil deformation is mostly driven by the fluid forcing. For 

large values of DR, on the other hand, the effect of the inertia of the foil itself (herein 
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the inertia of the stiffener) becomes pronounced. To study the relative importance of 

these two effects, the present study considers the ratio between the mass of the 

stiffener and the added mass (which is a significant part of fluid forcing). In the 

heaving mode this ratio is estimated as: 

 

        

    
 
  

              (7.3) 

According to this parameter, the effect of the foil inertia surpasses the fluid forcing 

effect when the density ratio is higher than 116. 

Fig. 7.11 (a) – (c) show the density ratio effect on the instantaneous lift, moment and 

power coefficients associated with low-density ratios (DR=8.9 and 30). It is clear that 

the difference of various density ratios mostly affects the peak lift coefficient, 

particularly within the time frames of t/Tturb=2/8 to 7/16. In Fig. 7.12 (a)-(c), the 

instantaneous plots are shown at larger density ratios (DR=700 and 1200).  

 
(a) Lift coefficient and heaving velocity 
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(b) Moment coefficient and pitching velocity 

 

(c) Instantaneous power coefficient 

Figure 7. 12 Time histories with large density ratios (DR=700 and 1200) at f*=0.18 and 

θ0=60⁰. 

A large fluctuation occurs at DR=700, which is under a resonance condition. It is 

consist with the observation in Fig. 7.10 (a) that by increase the DR from 20, which 

is close to the resonance condition, the trailing edge displacement amplitude 
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increases, while by increase the DR from 700, which is far away from the resonance 

condition, the trailing edge displacement amplitude decreases. 

From the vorticity plots in Fig. 7.13, it is seen that cases with smaller density ratio 

are characterized by enhanced development of LEV. An increased LEV generation, 

according to the discussion in Section 7.3.1, is beneficial to energy extraction. 

Moreover, within the time slot between t/Tturb=2/8 and 3/8, the LEV re-attaches to 

the upper surface of the foil near the trailing edge, creating a counter-clockwise 

moment. It coincides with the pitching motion of the foil at that instant so that it 

provides an additional contribution to the energy harvesting. This beneficial effect is 

not achieved in cases with higher density ratio. In contrast, at these cases (e.g. 

DR=700 or 1200) during the counter-clockwise pitching motion of the foil there is 

significant vorticity attached to the lower surface of the foil near the trailing edge. 

The associated low pressure induces a clockwise moment so that there is a negative 

contribution to energy harvesting. 

 

Figure 7. 13 Vorticity contours for density ratio effect at f*=0.18 and θ0 =60⁰ in half an 

oscillating period. 
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A leading edge flexibility study, where a flexible internal structure is installed in the 

leading edge area, has also been performed. This structural design, however, leads to 

reduced efficiency according to the results (this is similar to the conclusion by Tian 

et al., 2014, in which it is suggested that passive deformability at the leading edge is 

not beneficial to energy harvesting). Specifically, the passively induced 

instantaneous leading edge deformation is 90⁰ ahead of the foil heave displacement 

in phase. This leads to the decrease of the effective angle of attack at the leading 

edge and thus weakens the strength of LEV. 

7.4 Summary 

Using a fully-coupled FSI algorithm, this study numerically investigated the effect of 

structural flexibility upon the energy extraction capacity of an oscillating foil with 

realistic internal structure characterized by a stiffener near the trailing edge. The 

power generation predicted by the model is the net energy flux from the flow field to 

the foil. In a real system (such as the one proposed by Kinsey and Dumas (2012a, 

2012b)), it is the extracted power minus the power input. For the stiffener, two types 

of real material (i.e. Copper and Tungsten Carbide) are tested with their different 

effective stiffness and density ratios. To distinguish the effects of Young’s modulus 

coefficient and density ratio to the dynamic response and energy extraction 

efficiency, this study also studied cases with stiffener made of virtual materials with 

arbitrary Young’s modulus and density.       CPU seconds calculated on 

ARCHIE-WeST high performance computing facilities of University of Strathclyde 

are needed for a typical case in this chapter.  
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The simulation shows that the passive structural flexibility in the vicinity of trailing 

edge is capable of enhancing the overall energy extraction performance. Up to 32.2% 

increase in the efficiency is achieved by using a foil with copper stiffener. This is 

attributed to the enhancement of leading edge vortices associated with the 

synchronization between vorticity generation/shedding and foil deformation. Within 

the range of parameters considered in this study, both Young’s modulus and density 

ratio affect the amplitude as well as the phase lag between the deformation 

(characterized by the instantaneous trailing edge displacement angle) and heave 

displacements. At sufficiently large density ratios, such change causes the oscillating 

foil to switch from energy extraction into energy consumption. A resonance 

phenomenon is also observed when the natural frequency of the foil coincides with 

its heaving frequency. 

The beneficial effect of structural flexibility in the energy extraction of a flapping 

foil is reminiscent of the similar performance enhancement of flapping foils 

propellers using deformable structures (see for example Zhu, 2011; Katz and Weihs, 

1978; 1979). There are, however, fundamental differences between these two 

phenomena. According to Katz and Weihs (1978), the key mechanism of the 

propulsion efficiency increase in a chord-wisely flexible foil is that the overall fluid 

dynamic force is redirected more towards the front (see Fig. 6 in Zhu, 2011). Another 

mechanism is that in flexible propellers the leading edge separation is suppressed due 

to the reduction in the effective angle of attack at the leading edge. In contrast, the 

present research indicates that structural flexibility in an energy harvester actually 

encourages the development of LEV, leading to higher capacity in energy extraction. 
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Lastly, in the present study the flexible foil is modelled in two dimensions and thus 

only the bending motion is considered. In reality, a three-dimensional flexible wing 

may present a combined bending and twist motion under the external forces. 

Therefore, performing a fully three-dimensional fluid-structure interaction analysis to 

account for foil passive torsion and bending need to be studied and a more realistic 

device including electromechanical transducer, which in general requires a semi-

passive or a fully passive device is necessary to be investigated in the future.  



Numerical Investigation into Bio-inspired Flow Control for Renewable Turbine 
Ph.D. Thesis, Wendi LIU, November 2015. 

235 | P a g e  
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Chapter 8: Conclusions and Recommendations 

8.1 Conclusions 

The main objective of the present research is to use bio-inspired flow control 

methods to enhance the efficiency of renewable turbines. The present studies focus 

on the Vertical Axis Turbine (VAT) and the Oscillating Foil Turbine (OFT) due to 

their low efficiency. Bio-inspired methods such as the fish tail active motion and the 

passive flexibility of butterfly wings are used to modify the traditional rigid turbine 

blade. 

One of the studies in the present research aimed to explore the potential to improve 

Vertical Axis Turbine (VAT) energy harnessing efficiency by using modified blades 

with active and passive oscillating flaps. An oscillating flap is motivated by the 

relevant biomimetic studies on flapping wing propulsion or energy extraction. The 

present investigation concentrates on a VAT with a NACA0018 profile blade as its 

baseline turbine. Numerical simulations are carried out by solving incompressible 

unsteady Navier–Stokes equations in turbulence flow conditions. Computed results 

for the active oscillating flap show that under certain optimal flap geometry and flow 

conditions, the turbine power coefficient achieves 23.72% enhancement compared to 

the fixed blade turbine. A detailed analysis of the flow structure demonstrates that 

this is related to the vortex control by applying an oscillating flap. The results from 

the spring controlled passive oscillating flap turbine show an enhancement effect in 

terms of energy extraction efficiency at high tip speed ratios compared with the 

active oscillating flap turbine. A complicated oscillating motion of the flap is also 

observed and the angle range has a negative correlation with the tip speed ratio of the 
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turbine. After a fluid field analysis, the use of a passive controlled flap turbine could 

reduce the effect of the interaction between vortices and the blade at a large tip speed 

ratio, so that the negative torque region, as observed in the fixed and active 

controlled flap blade, could be restrained and the energy extraction efficiency could 

be enhanced. 

Previous research on the flexible structure of flapping wings has shown an improved 

propulsion performance in comparison with rigid wings. However, not much is 

known about this function in terms of power efficiency modification for flapping 

wing energy devices. In order to study the role of the flexible wing deformation in 

the hydrodynamics of flapping wing energy devices, the two-dimensional flexible 

single and twin flapping wings in operation under the energy extraction conditions 

with a large Reynolds number of 10
6
 has been computationally modelled. The blade 

flexibility for the study of a Bio-inspired Active Flow Control for Oscillating Foil 

Turbine by blade flexibility in the present research is predetermined based on a priori 

structural result which is different from a passive flexibility solution. Four different 

models are investigated with additional potential local distortions near the leading 

and trailing edges. The simulation results show that the flexible structure of a wing is 

beneficial for enhancing power efficiency by increasing the peaks of lift force over a 

flapping cycle, and tuning the phase shift between force and velocity to a favourable 

trend. Moreover, the impact of wing flexibility on efficiency is more profound at a 

low nominal effective angle of attack (AOA). At a typical flapping frequency 

f*=0.15 and a nominal effective AOA of 10°, a flexible integrated wing generates 

7.68% higher efficiency than a rigid wing. An even higher increase, around six times 

that of a rigid wing, is achievable if the nominal effective AOA is reduced to zero 
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degrees in feathering conditions. This is very attractive for a semi-actuated flapping 

energy system, where energy input is needed to activate the pitching motion. The 

results from the dual-wing study found that a parallel twin-wing device can produce 

more power compared to a single wing due to the strong flow interaction between the 

two wings. 

A three-dimensional vertical axis wind turbine with fully passive flexible blades has 

also been numerically investigated in the present research. A realistic model of 

internal structures is used to obtain a certain degree of flexibility for the turbine 

blades. The blade structural deflection including bending and twisting is mainly 

investigated. External fluid pressure loads on to the blade surface and the energy 

extraction performance of the flexible blade turbine is also studied. A more flexible 

blade and a different strut method are also calculated to analyse the effective stiffness 

and the strut location effect. The simulation shows that the blade bending and twist 

motion all follow a sinusoidal function that varies with time. The bending and twist 

deflection amplitude is positively correlated with turbine tip speed ratio λ. The blade 

bending deflection is positive (i.e. has the same direction as the centrifugal force) in 

most of the conditions. This is because of the large magnitude of the centrifugal force 

acting on the vertical axis turbine blade with large tip speed ratio in air. Blade stress 

contours are also provided in the present study, which may benefit the structure 

industrial field. The blade maximum stress is around the strut location with middle 

strut. The Leading Edge Suction (LES) effect is observed in both rigid and flexible 

turbine blades which lead the blade to have a twist motion. An unstable of the fluid 

field and small fluctuations in the instantaneous moment coefficient curve are 

observed for the flexible blade. A larger bending and twist effect occurs for a more 
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flexible turbine blade. A flexible turbine blade with the tip strut method results in a 

decrease in the blade bending deflection compared with the middle strut method and 

most of the turbine blade region has large stress. 

Following the work on an active controlled oscillating foil energy harvesting device 

with prescribed foil deformations, the fully-coupled dynamics of a flapping foil 

energy harvester with a passively deformable foil have also been investigated. To 

this end, the dynamics of a foil with a realistic internal structure (containing a rigid 

leading edge and a flexible trailing edge with a stiffener) in the energy harvesting 

regime through a Fluid Structure Interaction (FSI) scheme have been 

computationally studied. To examine the effect of different levels of flexibility, 

various materials (ranging from metals such as copper to virtual materials with 

arbitrary elasticity and density) for the stiffener have been tested. With the virtual 

materials, the effects of Young’s modulus and density ratio have been studied. The 

simulation results show that flexibility around the trailing edge could enhance overall 

energy extraction performance. For example, with a copper stiffener, an increase of 

32.2% in efficiency can be achieved at a high reduced frequency. The performance 

enhancement is mostly achieved in cases with a low Young’s modulus and density 

ratio. A possible underlying mechanism is that the specific foil deformations in these 

cases encourage the generation and shedding of vortices from the foil leading edge, 

which is known to be beneficial to flow energy extraction. 

8.2 Recommendations for future research 

Due to the limited research period and limited calculation resources, the present 

studies cannot cover every relevant topic. There are also some assumptions and 
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simplifications in the present studies. Based on the results of the present studies, the 

following items have been pointed out as recommendations for future research. 

i. In the present studies, all of the governing functions of the active control 

motion for VAT and OFT are sinusoidal functions. It is believed that a non-

sinusoidal function motion could achieve a better performance in some 

applications (Xiao et al., 2012). Thus, a non-sinusoidal function governed 

active control for VAT and OFT should be studied in the next stage. 

ii. A systematic investigation on the effect of the stiffness of the spring and the 

length of the spring slide bar of the passive flap controlled VAT need to be 

done in the future. 

iii. In the research on passive flow control for oscillating foil turbines by flexible 

material, the flexible foil is modelled in two dimensions and thus only the 

bending motion is considered. In reality, a three-dimensional flexible wing 

may present a combined bending and twist motion under the external forces. 

Therefore, performing a fully three-dimensional fluid-structure interaction 

analysis to account for foil passive torsion and bending should be the next 

task in the near future. 

iv. The research on the passive investigation of vertical axis turbines with 

flexible blades has only one blade. A vertical axis turbine usually has at least 

two blades to achieve a higher performance. Therefore, performing a fully 

two/three blades vertical axis turbine with passive bending and twist blade 

deflection needs to be studied in the next step. 
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v. A more realistic device including an electromechanical transducer, which in 

general requires a semi-passive or a fully passive device, needs to be 

investigated in the future. 

vi. The research on the passive investigation of vertical axis turbines with a 

flexible blade uses air flow. It is believed that the blade bending and twist 

deflection motion should be different under different fluid mediums (such as 

water). Thus, the vertical axis turbine with a passive flexible blade under 

water should be investigated in the near future. A comprehensive study of the 

strut location impact will also be carried out in the next step. 

vii. The lift and drag forces of the entire VAT system and multi-blade OFT 

system are necessary to calculated in the future work.  
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Appendix I: MathCAD Calculation Process for Structural 

Parameters of 2D Free Oscillating Cylinder 

 

 

 

 

 

 

  

Solving process for eigenvector "Φ (phi)" 

 
Step 1: Define mass matrix as  

where : xa is the distance between the centre of rotation and centre of gravity; ra is the radius 

of gyration. Both of them have been non-dimensionalized by the semi-chord "b". 

For 2D cylinder cases, xa sets as zero since the translation/rotation centre and the gravition 

centre are both located in the cylinder centre; ra sets as one since the radius of gyration and 

the semi-chord "b" are both equals to the radius of the cylinder. 

  

    

Step 2: Give an initial number for phi matrix   

    

Calculate the approximate result by using GIVEN-FIND function 

 

 

 

 

 

 

Step 3: Collect the result from the "Find(x,y,z,w)" statement. Go back to Step 2 and re-insert these 

values into the initialization part until the final results do not change. (Man-made explicit iteration) 

Step 4: Collect the final results and insert it into the matrix below to check if it can reach to an 

acceptable result or not. (NOTE: the result of the second matrix equation should approach to the 

identity matrix)  
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Appendix II: MathCAD Calculation Process for Structural 

Parameters of 2D Free Oscillating Isogai Airfoil 

 

 

 

 

 

 

 

 

 

 

 

 

Solving process for eigenvalue "λ" and eigenfrequency "ω " 

 
Step 1: Define stiffness matrix as  

where : ω h is the eigenfrequency of heaving corresponding to h/b; ω α is the eigenfrequency of 

rotation corresponding to α  

For 2D cylinder cases, assume ω h=ω α =ω n, which ω n is the natural oscillation frequency of 

the cylinder.  

  

    

Step 2: Calculae eigenvalue: 

 

 

 

 

Step 3: Collect the result of eigenvalue from the second matrix equation in step 2; Calculae eigenfrequency by 

insert the results from the third and fourth matrix equations in step 2 into the square root of ω 1 and ω 2 

equations below respectively: 

  

Step 4: Collect the final results for the eignfrequency from the equations below: 
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Appendix III: MathCAD Calculation Process for Structural Parameters of 3D AGARD Wing 

 

 

 

 

  

3-D AGARD Wing Structure Model Analysis 

Wendi LIU 

4th April 2013 
 
Note units m, newton, kg 

 

ORIGIN 1
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1. Define nodes and coordinates 
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2. Define elements’ properties  

    

Poisson's ratio  Youngs modulus:  Shear Modulus 
 

Define tubular member properties 

Outer diameter Thickness  Inner diameter Cross-section area 
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3a. Node end numbers 1 and 2 

For each element: 

   

  

   

  

Define limits for plotting (to centre the figures in the plots and to 

provide an edge distance of approx 10) 
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3b. Plot shape of structure   
  

Reorganise information 

To suit Mathcad plotting routine 

We need to plot member by member 

  

  

  

 

Nelem 220
iend 1 2 ie 1 Nelem

xn
ie 1 

xc
n1ie

 xn
ie 2 

xc
n2ie



yn
ie 1 

yc
n1ie

 yn
ie 2 

yc
n2ie



zn
ie 1 

zc
n1ie

 zn
ie 2 

zc
n2ie



0 20 40
10

0

10

20

30

40

ynie iend

xnie iend



Numerical Investigation into Bio-inspired Flow Control for Renewable Turbine 
Ph.D. Thesis, Wendi LIU, November 2015. 

272 | P a g e  
 

  

 
 

0 20 40
10

5

0

5

10

zn ie iend

xnie iend

10 0 10 20 30 40
10

5

0

5

10

zn ie iend

ynie iend



Numerical Investigation into Bio-inspired Flow Control for Renewable Turbine 
Ph.D. Thesis, Wendi LIU, November 2015. 

273 | P a g e  
 

  

5. Member lengths Note member +ve x is from node 1 to node 2 
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6a. Define submatrix partition functions 

Degrees of freedom per node  

  

Note: K21 = K12T 

  

6b. Calculate element stiffness matrices 
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7. Transform each partition into global coordinates 

Note I have defined this matrix using the same convention as in your notes 

   

 α is the angle from global to local axes 

xglobal = Txlocal 

Transform to global axes 
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8. Assemble the Global Stiffness Matrix  

  

First add in K11 matrix for element 1 - 3: 

 

Then add in the other 3 partitions for each element 
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9. Define and add in support stiffnesses 

Support stiffness:  

Number of fixed Nodes:  

Number of fixed freedoms  

   

 

Location for support stiffness 
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1a. Define submatrix partition functions 

Structure mass  

  

 

3. Assemble the Global Stiffness Matrix  
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4. Nature Frequency 
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