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Abstract 

Due to the growing need of sustainable energy technologies, wind energy is gaining 

more popularity day by day. For micro power generation vertical axis wind turbine 

(VAWT) is preferred due to its simplicity and easy to install characteristics. This study 

investigates the effects of profile-modification on a NACA0015 aerofoil used in VAWTs. 

The profile-modifications being investigated consist of a combination of inward semi-

circular dimple and Gurney flap at the lower surface of the aerofoil. The study also uses 

a Response Surface Analysis (RSA) based fully automated optimization technique to 

maximize the average torque produced by the wind turbine blade. The data set used in 

the RSA optimization is generated using computational fluid dynamics (CFD) 

simulations. In order to ensure reliability, the model used in the CFD simulations is 

validated against previous experimental results. The optimized shape of the modified 

aerofoil is shown to improve in the aerodynamics of the wind turbine blade under both 

static and dynamic conditions.   

Keywords:  NACA 0015 aerofoil; Vertical axis wind turbine (VAWT); Shape 
optimization; Response surface analysis (RSA); Dynamic condition. 
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Chapter 1.  
 
Introduction 

It is estimated that there approximately 10 million megawatts power are at any 

one time available in the earth's atmosphere because of wind energy [1]. Energy 

extraction from wind energy is rapidly competitive to power production from other 

sources like coal [1]. Currently 0.55% of the world electricity generation is produced by 

wind energy [1] and better wind turbine design can aid in the increased adoption of wind 

power. 

Wind turbines convert kinetic wind energy to electricity with the aid of a 

generator. Wind turbines are classified into horizontal axis wind turbine (HAWT) and the 

vertical axis wind turbine (VAWT) based on their axis of rotation (Figure 1.1). In the case 

of HAWTs, blades rotate around the axis which is parallel to the flow while VAWT rotates 

around the axis which is perpendicular to the flow direction. HAWT are better suited for 

large scale energy generation while VAWT are omni-directional and better suited for 

small-scale micro power generation [2]. VAWTs are quiet and easy to install as well as 

easy to manufacture, and can take wind from any direction [3]. 

 
(a) 
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(b) 

Figure 1.1.  Wind turbine classifications: (a) horizontal axis [4] and (b) vertical 
axis [5] wind turbine. 

Due to the continuous rise of energy demand and limited amount of conventional 

energy sources, now-a-days focus has been given to extract more energy from 

environmentally friendly alternative energy sources, such as wind. For simple design and 

low installation cost VAWTs are gaining more popularity [3]. In the areas where wind 

flow patterns are very irregular and flow direction changes quickly in a frequent matter 

i.e. lower elevation or urban areas, VAWTs are better suited for installation. Thus the 

motivation of the present study is to maximize the performance of a VAWT blade for 

micro power generation. 

VAWTs are sub-classified into Darrieus rotor and Savonius rotor wind turbines 

[3]. Darrieus rotor wind turbines make use of the lift produced by the blades while 

Savonius rotor turbines produce power due to the drag created by the blades. In this 

study the focus has been given to improve the performance of Darrieus VAWTs. As 

VAWTs rotate about an axis perpendicular to the flow, the angle of attack (orientation of 

the blade relative to the wind flow) is not constant and the blades oscillate relative to the 

wind-direction. Hence the average torque should be used as the metric while comparing 

the performance of VAWTs. The calculation of this average torque is discussed in 

section 2.1. One of the most commonly used methods in VAWT research is the classical 
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Blade Element Momentum theory (BEM) introduced by Glauert (1926). The theory is 

basically based on the calculation of flow velocity through the VAWT by equating the 

upstream and downstream pressures on the blades with the rate of change of 

momentum of the fluid. The flow is assumed to be steady and incompressible.   

1.1. Literature Review 

The efficiency of wind turbines is primarily dependent on the design of the profile 

of the turbine blade. Thus, aerofoil design, modification and performance optimization for 

wind turbine application are the active fields of research. To increase the performance of 

the available turbine blades, one approach is to apply active or passive flow control 

features on the aerofoil surface. Passive flow control techniques include installing vortex 

generators and gurney flaps (refer to section 1.1.2) to the trailing edge of blades [4, 5].  

These types of flow control techniques or modifications provide increased lift coefficient 

which ultimately increases the tangential force. Due to fluid-structure interaction, laminar 

to turbulent transition of the boundary layer can occur nearly to the leading edge. To 

avoid the premature transition, aerofoils can be equipped with a blunt trailing edge [8].  

Due to the complexity of the unsteady flow conditions of the VAWT blades, 

Computational Fluid Dynamics (CFD) becomes a popular way to analyze the 

aerodynamic performance. CFD technique was applied by various researchers to 

calculate the turbulent flow separation and wake generation around the VAWT blades. In 

CFD models, a physical flow field can be represented by applying the conservation of 

mass, momentum and energy equations (for compressible flows). The flow field is then 

divided (discretized) into specific number of cells which are called grids. Then the 

equations are solved at discrete grid points at each time step by applying various 

discretization schemes. By solving the governing equations at these discrete grid points, 

the flow field can be obtained around the VAWT blades. The solution can be used to 

obtain the values of specific interest (e.g. lift, drag, power, moment etc.) which is called 

post processing. VAWT blades normally use standard aerodynamic shaped wings 

(aerofoil) developed by the National Advisory Committee for Aeronautics (NACA). Figure 

1.2 shows a typical performance of NACA 0012 aerofoil [9]. Angle of attack is the angle 

between the aerofoil and the wind direction. Beyond a certain AOA (i.e. 100 in the figure), 
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the lift decreases. This condition is called the stall condition. When the aerofoil operates 

dynamically (for instance the case of VAWT blade), during downstroke the aerofoil goes 

through the wake generated on its upstroke. For this reason, stall conditions for steady 

state static conditions and dynamic conditions are different (refer to Chapter 4). 

 
Figure 1.2.  Lift coefficient at different angle of attack for NACA 0012 aerofoil [9]. 

Sheldahl et al. [9] reported experimental investigations of the aerodynamic 

characteristics of NACA 0012, NACA 0015, NACA 0018 and NACA 0021 aerofoils for 

use in VAWT. Guerri [10] et al. numerically investigated the aerodynamic performance of 

a small VAWT blade [11]. The results showed that CFD methods gave a good prediction 

of VAWT blades aerodynamic performance. Ferreira et al. [12], [13] simulated the 

dynamic stall of VAWT blades by CFD techniques and used different types of turbulent 

models [11] to validate their experimental results i.e. Reynolds-averaged Navier–Stokes 

(RANS) simulation, Large eddy simulation (LES) and Detached eddy simulation (DES) 

[14]. As RANS turbulence models need less computational resources and time, these 

models are very much popular for predicting the flow turbulence around the VAWT 

blades. RANS turbulence models can be classified into three parts [11] : Linear eddy 

viscosity models, Nonlinear eddy viscosity models and Reynolds stress model (RSM). 

Among them, linear eddy viscosity models are most commonly used for wind turbine 

research.  Linear eddy viscosity models can again be divided into different parts: 
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Algebraic models, one-equation model and two equation model. But two most popular 

models are the One equation (e.g. Spalart-Allmaras model) and Two equations models 

(e.g. k-ε models, k-ω models). These models [11], [14] are modified for specific 

applications based on the low and high Reynolds number applications (refer to 2.1). For 

low Reynolds number applications (specifically for VAWT blade simulation) Spalart-

Allmaras model, RNG k-ε model, Realizable k–ε, Wilcox's k-ω model and SST k-ω 

models are commonly used [2], [3], [10], [12], [13], [15]–[20]. Hamada et al. [21] applied 

RNG k-ε turbulence model to analyze the performance of VAWT blades. The results 

showed that the torque reached the minimum value at an azimuthal angle of 13 degree 

and the maximum value at 90 degree. Wang et al. [22] applied standard k-ω and SST k-

ω models [11], [14] and tried to validate the results of Lee et al. [23] for wind turbine 

applications under deep dynamic stall conditions (refer to Chapter 4). The aerodynamic 

performance of wind turbine aerofoil under dynamic flow condition has been investigated 

by Gharali et al. [16] and Ahmadi et al. [15]. From their study it is seen that the tangential 

force value is much higher for the dynamic cases than that of the static case. Gharali et 

al. [16] have used SST k-ω and  Realizable k–ε turbulence models. But no researchers 

have found a proper turbulence model to predict the VAWT blade performance 

accurately. Thus VAWT blade simulations for low Reynolds number applications are still 

an active area of research. Finite element based package COMSOL Multiphysics [24] 

has provided another turbulence model termed as ‘Revised k-ω turbulence model’ which 

is actually the modified version of the Standard k-ω turbulence model [14].  This model 

has not yet been tested for VAWT blade simulation under dynamic conditions. Thus, in 

this study this turbulence model is used to validate the experimental results for pitching 

oscillation cases (refer to Chapter 4). After getting reasonable accuracy to predict the 

flow parameters under light dynamic stall cases, further simulation has been carried out 

to analyze the performances of VAWT blades.  

1.1.1. Shape of wind turbine blades 

VAWT blade shape is very essential to extract the maximum possible amount of 

energy from the wind. Cross sections of Darrieus VAWT blades normally use standard 

aerodynamic shaped wings (aerofoil) developed by the National Advisory Committee for 

Aeronautics (NACA). These aerofoils are developed specifically for high velocity flow 
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conditions applicable for aircrafts. These types of aerofoils have larger value of lift-to-

drag ratio, which is a key parameter for keeping the aircraft engine with minimum fuel 

consumption. But the lift-to-drag ratio has less meaning on VAWT blades (refer to 

section 2.1).  Moreover, aircraft aerofoil experiences almost constant angle of attack. For 

the case of a VAWT blade the angle of attack changes frequently in a cyclic manner for 

which the direction of the forces acting on the aerofoil changes significantly (refer to 

section 4.1). All of these aerofoils face stall conditions after a certain value of angle of 

attack (AOA). In aerofoil aerodynamics, stall condition is the reduction in the lift force 

generated by the aerofoil as further increase of the angle of attacks. This happens when 

the critical AOA of the aerofoil is exceeded. This point is normally larger for the unsteady 

dynamic condition than the steady state static conditions [23]. For this reasons NACA 

aerofoils should be checked whether they are suited to use on VAWT blades. Various 

researchers have tested various shaped aerofoil for VAWT applications and among 

them NACA 0012 and NACA 0015 are most commonly used for this specific application 

[2], [22]. In the present study some modifications are made to the standard NACA 0015 

aerofoil in hopes to increase the wind turbine performance.  

1.1.2. Aerofoil profile modification 

Researchers working on aerofoil for non-VAWT application have proposed two 

profile modifications that have been independently shown to enhance aerofoil 

aerodynamics. The first modification is a vertical flap known as Gurney flap (Figure 1.3). 

Gurney flap (GF) is named after the race car driver Dan Gurney [25]. He first used this 

type of modification to increase the downward force which ultimately increases the 

speed of the car significantly. GF is simply a short flat plate attached to the pressure side 

trailing edge of the aerofoil. Gurney flaps have been experimentally shown to improve 

the lift coefficient of the aerofoil [26]. Gurney flap of height 1.25% of chord length (C) 

increases the lift with only a small increase in drag coefficient [26]. The drag coefficient 

is known to rise rapidly for flap sizes larger than 2%-C. This phenomenon is explained in 

studies on NACA 0012 [27], NACA 0011 [28] and LA 203A [29] aerofoils which note that 

the Gurney flap increases the suction of the aerofoil upper surface and pressure on the 

lower surface which in turn result in increased lift. Similar trends in lift and drag 

coefficients have been observed in other aerofoil such as race car wings [30], [31]. 
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Gurney flap having different configurations has been investigated to improve the 

aerodynamics of aerofoil. Saw-toothed GF [7], [23], [27], [32]–[34], [35], and/or 

perforated GF [36] can be the modifications which in turn improves the performance of 

aerofoil. Such configurations moved the separation point forward over the suction 

surface of the aerofoil with increasing the lift to drag ratio as compared to a regular GF of 

same shape. Wang et al. [33], [37] introduced a combination of the Gurney flap with 

trailing edge flap which increase the lift coupled with a decrease in lift-to-drag 

performance [38]. To understand the mechanism of such passive flow control techniques 

various experimental studies [28], [39]–[41] have also been performed by many 

researchers. From these studies it has been seen that due to the presence of GF, a pair 

of counter-rotating vortices arise at downstream of the trailing edge which in turn 

decrease the adverse pressure gradient [25], [26], [33], [37]. Thus  the  flow  separation 

delays over  the  suction or upper  surface  of  the  aerofoil. The vortices also increase 

the velocity of the fluid on the upper surface, which in turn increase the lift.   

 
Figure 1.3  Gurney flap on the trailing edge of the aerofoil. 

Dimples on the surface of the aerofoil, the second modification, can act as a 

vortex generator to improve the lift coefficient of aerofoil [42]. These dimples increase 

flow turbulence and reduce the wake and thereby reducing the drag coefficient. They 

help increase the overall lift at a higher angle of attack. From the literature review study it 

is seen that though some research works has been carried out using the outward dimple 

for improving the aerofoil performance [42] but to the best of author’s knowledge no 

research work has been done using the inward dimple on the aerofoil surfaces. This has 

been shown to delay the angle of the stall.  



 

8 

 
Figure 1.4  Dimple on the surface of the aerofoil. 

1.2. Design and Optimization  

Aerofoil aerodynamics can be classified as two groups: the design and the 

analysis problems. Analysis problems may also refer to as direct problems; the flow field 

details can be obtained when the aerofoil geometry is specified. For the design based 

problems which also may refer to as inverse problems, the aerofoil geometry can be 

generated by fixing the flow fields features, such as the pressure or velocity distributions 

on the aerofoil surfaces. The design approach occasionally yields impractical aerofoil 

geometry [41]. On the other hand, the analysis of the flows around specific aerofoil 

profile can always arrive at a meaningful result. Numerical optimization using gradient-

based methods (GBMs) has been used in conjunction with flow analysis to design 

aerofoil profile [43]. However GBMs have some drawbacks [44]. The optimal point 

search often leads to a local minimum and the efficiency of the GBM based optimization 

process depends on the method adopted to compute the gradient of objective and 

constraint functions. Additionally gradient based evaluation sometimes becomes highly 

sensitive due to the presence of noises or existence of many local minima’s in the 

objective/constraint functions. 

Fluid flow analysis can also be applied with response surface methods (RSM). 

Details on RSM can be found in [45]. RSM-based optimization shows a good number of 

advantages [44], [46]. RSM consists of generation of objective function by numerical 

simulations or experiments and the construction of a reliable response surface model 

through a regression analysis. The response surface is then optimized. The response 

surface is often assumed to be a second-order polynomial function which can smooth 

out the high-frequency noise of the original objective function and is expected to 
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approximate a solution near the global optimum [47]. This ultimately reduces 

computational time and cost. Due to these advantages, RSM based optimization has 

been widely applied to single- and multi-objective optimization problems [19], [20], [45], 

[47]–[51].  

1.2.1. Turbulence Flow modelling  

The cyclic variation of the angle of attack of a vertical axis wind turbine blade is 

very similar to the flow around a pitching aerofoil. Flow behaviour around a pitching 

aerofoil has been investigated previously by various researchers for aviation applications 

such as McAlister et al. [52], McCroskey et al. [53], Piziali [54] and more recently Tsang 

et al. [55]. In fluid mechanics the Reynolds number can be defined as the ratio of the 

inertia and the viscous force. After a certain value of Reynolds number (i.e. Re >105 ) the 

flow becomes too unstable and non-uniform which can be defined as turbulent flow 

condition. Reynolds number value upto 106 can be defined as low Reynolds number 

turbulent flow where the viscous force has significant effects on the flow conditions. 

Sections 2.1 and 4.2 will give detail description of the turbulent flow cases.  Following 

the experimental work on pitching aerofoils, a wide range of turbulence models were 

applied. Though the obtained numerical results could not capture the flow behaviour 

accurately but satisfactory results were obtained using the Shear Stress Transport (SST) 

k–ω model of Menter [56], [57]. In this study, the revised k–ω turbulence model [24], [58] 

has been considered for the unsteady light dynamic stall conditions for VAWT blade 

applications. This model has been considered to model the flow turbulence for the 

oscillating dynamic condition for the following reasons: 

Under dynamic conditions, the stall is delayed in comparison to the static 

conditions. In experimental studies, deep dynamic stall is observed to occur at a higher 

angle ≳ 200 compared to static stall which is observed at angle of attack ≳ 120 [35]. 

Under dynamic conditions, almost attached flow has been observed even at an angle of 

attack of 180. The oscillating motion occurred at an angle of attack larger than the static 

stall and smaller than the dynamic stall cases is known as the light dynamic stall cases 

[59]. It is noted in previous literature that the flow parameters are too much sensitive to 

the oscillating frequency values for dynamic stall conditions [15], [22], [23], [60]. 
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Turbulence modeling under dynamic and pitching oscillation condition is still an active 

area of research and no current turbulence model can accurately captures the flow 

behaviour of an aerofoil under dynamic oscillation conditions [15], [22], [23], [60]. Thus, 

turbulence models specifically applicable for low Reynolds number cases i.e. RNG k-ε, 

Standard k- ω or SST k-ω, does not result in higher accuracy [15], [22], [23], [60]. 

Moreover, all of these models are too much sensitive to the input parameters [15], [22], 

[23], [60]. Recently, the standard k- ω turbulence model has been improved [24], [58] 

and is developed for low Reynolds number and specifically for light dynamic stall 

applications but has not been yet validated against the experimental results of pitching 

oscillation cases. Initial simulations (refer to Chapter 2 and Chapter 4) also revealed 

SST k-ω to require a huge amount of computation time than the revised k-ω models. It is 

because revised k–ω turbulence model uses wall function which is computationally more 

efficient than the SST k–ω model. Detail description of the turbulence models can be 

found in the Section 2.2 and Section 4.2.  

1.2.2. Summary 

This study aims to provide a systematic approach to optimizing the blades used 

in VAWT by studying a NACA 0015 VAWT blade with both inward dimples and a Gurney 

flaps at the pressure side (lower) surface of the blade near the trailing edge. As the 

angle of attack of the blades in a VAWT changes continuously even when the wind-

speed and rotation speed remains constant (refer to Chapter 3), the study aims to 

maximize the effective torque rather than to maximize the lift coefficient at a single angle 

of attack.  

From the literature review study, it is found that most of the previous works used 

standard NACA aerofoils [2], [9], [10], [12], [13], [15], [17], [19], [21], [34], [60]–[63], [64] 

to investigate the performance of a VAWT blade. In this study, some modifications of the 

regular NACA aerofoil have been tested and the performance of the modified aerofoils 

has been compared with the base NACA aerofoil (refer to Chapter 2). It is also found 

that the value of the forces exerted from the VAWT blades are very much sensitive to 

the dynamic oscillating conditions [23], [59] e.g. the values of the forces change 

significantly with the angular velocity, turbulent intensity, wind velocity, oscillating 
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amplitude etc. For this reason, the optimization study has been carried out under steady 

state static conditions (refer to Chapter 3) and then the optimized aerofoil has been 

tested under different dynamic oscillating conditions (refer to Chapter 4). Moreover, most 

of the previous VAWT optimization research used lift forces or lift to drag ratios as an 

objective (cost) function to maximize the aerodynamic performance [19], [20], [34]. The 

study will use a Response Surface Analysis (RSA) based optimization technique which 

involves evaluating the objective function (in this case calculating the average torque) at 

discrete points in the parameter space to generate a “response surface”. The optimal 

distribution of the evaluation points can be achieved using design of experiment (DOE) 

analysis [45], [47]. To ensure reliability, the CFD models used in this study are validated 

against the corresponding experimental results published in the literature. 

To the best of the author knowledge, the present study is the first attempt to 

investigate the simultaneous effects of Gurney flap and dimple configuration as well as 

to apply RSA based optimization method to maximize the aerodynamic performance of 

VAWT blade. 

Thus, the main objectives of this research can be summarized as:  

(a) To introduce new surface modification features i.e. Gurney flap and inward 

dimple at the trailing edge of the aerofoil.  

(b) To compare and improve the performance of VAWT blades with respect to the 

standard NACA 0015 aerofoil. 

(c) To find an optimized arrangement of this modification for maximum power 

generation under steady state condition. 

(d) To test (validate) the revised k–ω turbulence model whether it can be 

applicable for VAWT applications under light dynamic stalls (refer to Chapter 

4). 
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(e) To analyze the performance of the obtained optimized aerofoil profile under 

unsteady dynamic condition for single and double bladed wind turbine 

applications. 

1.3. Thesis Outline 

Chapter 1 includes an introduction including a literature review study on wind 

turbines and related optimization research. The computational procedure and validation 

study are presented in Chapter 2. Results of the initial study of the surface modifications 

are also presented in this chapter. Chapter 3 describes the optimization study to 

maximize the wind turbine output power under steady state condition. Performance of 

the optimized aerofoil (single and double bladed case) under dynamic oscillating pitching 

condition is presented in Chapter 4. Conclusions and recommendations regarding future 

work are included in Chapter 5. 
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Chapter 2.  
 
Numerical model development 

This chapter describes the CFD modelling and validation approach employed in 

the optimization process. Many turbulence models are available for predicting the flow 

parameters at both low and high (≥106) Reynolds number flow. After completing the 

literature review study, it can be determined that a two-dimensional Reynolds-Averaged 

Navier-Stokes equations (RANS) based turbulent flow equations (refer to section 2.2) is 

the most promising approach to determine the performance of a VAWT blade under both 

steady-state and dynamic condition [2], [16], [22]. Detail documentation on turbulence 

modeling can be found in [11] and [24]. In a two-dimensional analysis, numerical 

modelling domain limits to a single cross-section of the VAWT blade which in turn 

minimizes the computational expense. Previous VAWT blade analyses have employed a 

similar approach in general. However, those are limited to validate the experimental 

results and to select the appropriate blade profile (aerofoil) [2], [12], [15]–[17], [61], [63], 

[64]. Initially the profile modification effects and the optimization process (refer to 

Chapter 3) consist of the steady state simulations.  Then, the model has been expanded 

to incorporate the effects of oscillating frequency and amplitude under dynamic 

condition.  

2.1. Average torque 

Figure 2.1 shows the aerodynamic forces acted on a wind turbine aerofoil. The 

orientation of the blades relative to the true wind direction is known as the azimuthal 

angle (θ). As the VAWT rotates, the orientation of the blades relative to the true wind 

direction (azimuthal angle, 𝜃), changes from 0 to 3600. As a result, the chordal/tangential 

velocity (Vc) and normal velocity (Vn) can be written as following [3] in terms of wind 

velocity (U) : 
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 𝑉𝑐 = 𝑈(λ + cos𝜃) (2.1) 

 𝑉𝑛 = U sin𝜃 (2.2)  

Where, 

                                  𝜆 = 𝜔𝜔
𝑈∞

  is the tip speed ratio. 

In the absence of flow restrictors, the induced velocity can be assumed equal to 

the free-stream velocity, i.e. 𝑈 = 𝑈∞. The effective wind velocity (W) and the angle of 

attack (𝛼) are given as: 

                                                   𝑊 = �𝑉𝑐2 + 𝑉𝑛2 (2.3) 

                                                  𝛼 =  𝑡𝑡𝑡−1 �𝑉𝑛
𝑉𝑐
� (2.4) 

For aerofoils, the lift coefficients (𝐶𝐿) and drag coefficients (𝐶𝐷) are defined relative to 

the wind direction. The lift coefficients (𝐶𝐿) and drag coefficients (𝐶𝐷) represent the 

normalized lift and drag force respectively. Hence we define tangential force coefficient 

𝐶𝑇 to represent the normalized tangential force as  

                                              𝐶𝑇 =  𝐶𝐿 𝑠𝑠𝑡 𝛼 − 𝐶𝐷 𝑐𝑐𝑠 𝛼 (2.5)    

and the tangential force per unit width is given by 

                                                      𝐹𝑇 = 1
2
𝐶𝑇𝜌𝑐𝑊2                                                            

(2.6)     

Where,  ρ is the density of air 

 c is the chordal length 

This yields an average tangential force, 
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                                            𝐹𝑇,𝑎𝑎𝑎 =  1
2𝜋 ∫ 𝐹𝑇(𝜃)𝑑𝜃2𝜋

0  (2.7)    

The chord Reynolds number can be defined as the following where µ is the viscosity; ρ 

is the density of the fluid. 

 𝑅𝑅 =  𝜌𝑈∞𝑐
µ

 (2.8)    

From this analysis, it is clear that tangential force is the main key parameter for 

the power produced by the vertical wind turbine blade. In this study, the average 

tangential force will be calculated using the above mentioned numerical integration 

technique. 

 
Figure 2.1.  Force analysis of a vertical axis wind turbine. 

2.2. CFD Modelling Technique and Governing equations 

In this study, all the CFD  simulation has been  performed  using the finite 

element  based commercially available software COMSOL Multiphysics [24]. CFD 

simulations are performed to obtain a better understanding of the velocity and pressure 

field experienced by the VAWT blade. CFD simulation includes using numerical 

techniques to solve the flow fields applying different boundary conditions. For the 

isothermal, incompressible flow field, the Navier-Stokes consists of the equations for 
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conservation of momentum and conservation of mass (continuity) [11]. Several models 

exist [65] to model the Reynolds stresses by predicting the turbulent eddy viscosity term 

to solve the Navier-Stokes equations for turbulent flow condition.  

 Zero equation models calculate the turbulent eddy viscosity from flow variables 

i.e. the boundary layer velocity profile. These models do not include convection and 

diffusion of turbulent energy. This turbulence model is often used for simple flow 

geometries. A one-equation turbulence model is an improvement on the zero-equation 

model which solves a turbulent transport equation with a series of model constants to be 

tuned for the specific flow conditions. The Spalart-Allmaras model [66] is a one-equation 

model which works well on aerofoils because of its capability to predict the flow 

separation. The most commonly used models are two-equation models that include the 

k-ε [67], revised k-ω [57] and Shear-Stress Transport (SST) model [58]. The k-ε model 

can predict the turbulence flow field well in free-shear flows, but its predictions of eddy 

viscosity terms in boundary layer flows and near wall regions are less satisfactory [11], 

[24]. The k-ω turbulence model can predict the boundary layer flows well at adverse 

pressure gradient, but it is over sensitive in the highly separated flows. In order to 

overcome this limitation, a hybrid blend of the k-ε and k-ω models, known as the SST 

model was developed in literature. The model uses a blending function to switch from 

the k-ε to the k-ω model when it approaches a near-wall region. As SST model does not 

use any wall function, this model is computationally expensive than the standard and 

revised k-ω turbulence model (refer to Chapter 4). Wall-function simulations normally 

predict the mesh cells at a certain distance from the solid wall (Figure 2.2). Normally the 

value of y plus starts at about a distance of 11.06 or larger depending on the Reynolds 

number [11], [24].  
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Figure 2.2.  Computational domain (wall function) starts with a distance ‘y’ from 

the solid wall [24]. 

 

The Navier-stokes equations can be expressed as follow [24]: 

Continuity equation: 

 𝜕𝜌
𝜕𝜕

+ ∇(𝜌𝜌) = 0         

Momentum equation: 

𝜌 
𝜕𝜌
𝜕𝑡

+ ρ (u.∇)u = ∇. [−pI + τ] 

Where, 

        ρ is the density of the fluid, 

       u is the velocity vector, 

       p is pressure, 

      τ is the viscous stress tensor. 

     The above equations can be solved for specific boundary and initial conditions. For 

the turbulent flow conditions, the flow parameters fluctuate too much and so to obtain the 
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mean flow parameters an ensemble of solutions is averaged. This process is known as 

the Direct Numerical Simulations (DNS) [14]. But obtaining the solutions and ensemble 

averaging them is computationally very expensive i.e. it needs high computational 

resources and time. Thus it is more popular to average the equations rather than the 

solutions. Then for the present simulation the equations for the SST k-ω turbulence 

model are as follows [11], [24]- 

Continuity equation: 

                                                    ρ ∇ .𝑈 = 0 (2.9)       

Reynolds averaged Navier-Stokes (RANS) equation: 

           𝜌 𝑈.∇ 𝑈 +  ∇. �ρ u′ ⊗ u′� =  −∇p I + ∇ . µ  ( ∇ U + (∇U)T) (2.10)     

Transport equations for k-ω model: 

                      𝜌 𝜕𝜕
𝜕𝜕

+  𝜌 𝜌 .∇𝑘 = 𝑃 −  𝜌𝛽0∗ 𝑘 𝜔 +  ∇�(𝜇 +  𝜎𝜕𝜇𝑇)∇𝑘�    (2.11)            

𝜌 𝜕𝜔
𝜕𝜕

+  𝜌 𝜌 .∇ω = 𝜌𝜌
𝜇𝑇

 𝑃 −  𝜌𝛽 𝜔2 +  ∇�(𝜇 +  𝜎𝜔𝜇𝑇)∇ω� +  2 (1 − 𝐹1) 𝜌𝜎𝜔2
𝜔

∇𝜔.∇ 𝑘 (2.12)     

Where,  

P= min (Pk , 10 𝛽0∗  k  ω) 

And Pk = µT ( ∇ u ∶ (∇ u + (∇u)T ) −  2
3
 (∇ u) 2 ) −  2

3
 𝜌 k ∇. u 

The turbulent eddy viscosity is given by, 

𝜇𝑇 =  
𝜌𝑡1 𝑘

max(𝑡1 𝜔 , 𝑆𝐹2)
 

Here, S is the magnitude of the strain-rate tensor, 
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𝑆 =  �2 𝑆𝑖𝑖𝑆𝑖𝑖 

Each of the constants is a blend of the corresponding constants of the k-ε and the k-ω 

model. 

                                                         ∅ =  𝐹1∅1 +  (1 −  𝐹1)∅2 (2.13)                                           

The interpolation functions F1 and F2 are defined as, 

𝐹1 = tanh(𝜃14) 

𝜃1 = min �max�
√𝑘

𝛽0∗ 𝜔 𝑙𝑤
,
500 𝜇
𝜌𝜔𝑙𝑤2

� ,
4 𝜌 𝜎𝜔2𝑘
𝐶𝐶𝜕𝜔𝑙𝑤2

� 

𝐶𝐶𝜕𝜔 = max(
2 𝜌 𝜎𝜔2

𝜔
∇𝜔 .∇𝑘, 10−10) 

and,                                        𝐹2 = tanh(𝜃22) 

𝜃2 = max(
2 √𝑘
𝛽0∗ 𝜔 𝑙𝑤

 ,
500 𝜇
𝜌 𝜔 𝑙𝑤2

) 

Where, lw is the distance to the closest wall. Realizability Constraints are applied to the 

SST model. From the literature review study the model constants has been obtained by 

[2], [14], [24], 

 β1 = 0.075,   γ1= 5/9 ,  𝜎𝜕1 = 0.85 ,   𝜎𝜔1 = 0.5  

 β2 = 0.0828,   γ2= 0.44 ,   𝜎𝜕2 = 1 ,   𝜎𝜔2 = 0.856  

𝛽0∗= 0.09,  a1= 0.31  
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2.3. Computational domain and boundary conditions 

A sufficiently long domain (20 × chord length) is chosen to avoid the effects of the 

outlet condition and resolve the flow behaviour accurately. The aerofoil having a chord 

length, c= 0.4 m chord is located near the center of the domain. To improve the 

computational efficiency, it is desirable to utilize a circular mesh domain adjacent to the 

aerofoil surface where the mesh is very fine than away from the aerofoil surface. Hence, 

two circular sub-domains are defined centered about the aerofoil for this study. The 

boundary conditions for the two dimensional steady state incompressible fluid flow is 

similar to the one used by McLaren et al. [2]. Figure 2.1 and Figure 2.4 show the 

complete flow domain and the boundary conditions respectively. From these figures, it is 

seen that the downstream length is greater than the upstream length to resolve the 

turbulence flow parameters well. Triangular meshing is used for the analysis away from 

the aerofoil surface and the boundary layer mesh is used on the aerofoil surface to 

predict the flow parameters well. Detail mesh view is shown in the section 2.5.  

 
Figure 2.3.  Computational domain having the aerofoil. 

 
Figure 2.4.  Computational domain showing the boundary conditions (not in 

scale). 
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The inlet is defined as a velocity inlet while the outlet is set as pressure outlet. 

The outlet pressure is set 1 atm. No slip wall condition is assumed near the aerofoil 

surface as well as the upper and lower wall of the domain. 

2.4. Aerofoil geometry 

In this study, NACA 0015 aerofoil has been used and further modification has 

been employed for wind turbine performance improvement. The NACA0015 aerofoil 

having both an inward dimple and a Gurney flap at the lower surface is shown in the 

Figure 2.5. The aerofoil is analyzed at eleven different angles of attack (ranging from 00 

to 220). The free stream velocity is fixed at 13.45 m/s and the corresponding chordal 

Reynolds number (Rec) is 3.61×105. For the initial check and comparison with the 

standard NACA 0015 aerofoil, Gurney flap height (h) of 1% and the dimple radius (r) of 

0.5% of the chord have been taken for the modified one. 

 
Figure 2.5.  NACA0015 having gurney flap with inward dimple on the lower 

surface near the trailing edge. 

2.5. Mesh independency test and model validation 

The mesh employed on the flow domain is generated based on a series of mesh 

independence tests. The boundary layer mesh is governed by the following parameter 

values: the boundary layer consists of 40 layers with a spreading rate of 1.1. The 

distance of the first layer from the wall has been taken as the order of 10-5× c [2]. The 

CFD simulation is validated against previously published experiments for NACA 0015 in 

Sheldahl et al. [9]. The comparison of lift coefficient in Figure 2.8 shows that the CFD 

results are within ±5-7% of the experimental results. The error percentage increases with 



 

22 

the angle of attack. This may be attributed to unsteady flow behaviour and boundary 

layer separation at a higher angle of attack. In this simulation, flow is assumed to be fully 

turbulent whereas the experimental flow-field is not fully turbulent. To establish mesh 

independence, the simulations were performed at different mesh counts. From Figure 

2.8, it is also seen that a mesh count of approximately 200,000 is sufficient enough to 

obtain reliable results. 

 
Figure 2.6.  Complete mesh view- denser mesh at the circular pseudo sub 

domain near the aerofoil. 

 
Figure 2.7.  Boundary layer mesh near the aerofoil surface. 
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Figure 2.8. Simulation validation and mesh independency test. 

2.6. Results and discussions 

Dimples and flaps are employed to create turbulence that results in delayed of 

boundary layer separation. Thus, the stall condition is delayed which in turn increase the 

tangential force values. Figure 2.9 shows that aerofoil with a combination of dimple and 

flap has larger lift coefficients than aerofoil with only dimples. Aerofoil with only dimple in 

turn has larger lift coefficients than the regular NACA 0015 aerofoil. From Figure 2.10 it 

is seen that aerofoil having dimple and flap shows higher drag coefficient value than the 

other aerofoil. Figure 2.11 shows that the value of lift to drag ratio increases with 

increase of angle of attack up to an angle of 70. 

For the case of modified aerofoil having dimples and flaps, turbulence generation 

is higher than the other aerofoils due to greater flow separation and recirculation (Figure 

2.14). Figure 2.12 to Figure 2.14 show the stream lines superimposed with velocity 

contour the at angle of attack 70. From the figures it is shown that due to dimples and 

flap, larger flow recirculation (larger blue region) are generated near the pressure side 

trailing edge which is the reason of higher lift to drag ratio value than the regular 

(standard) NACA 0015 aerofoil.  
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Figure 2.9.  Variation of lift coefficient at various angles of attack. 

 
Figure 2.10 . Variation of drag coefficient at various angles of attack. 
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Figure 2.11.  Variation of Lift to drag ratio at various angles of attack. 

 

 

Figure 2.12.  Streamlines (superimposed with velocity contour) for NACA 0015 at 
70 angle of attack. 

 

 

Figure 2.13. Streamlines (superimposed with velocity contour) for NACA 0015 
having inward dimple at 70 angle of attack. 
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Figure 2.14. Streamlines (superimposed with velocity contour) for NACA 0015 
having dimples and flaps at 70 angle of attack. 
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Chapter 3.  
 
Optimization study 

Chapter 2 describes the aerofoil modification effects on the performance of the 

wind turbine blade. In order to maximize the average torque of the wind turbine blade it 

is necessary to find an optimized configuration of flap height and dimple radius 

configuration. The technique of searching for the minimum or maximum value of a given 

function (which can be called cost/objective function) with varying the dependant 

parameters or values of that function, incorporating any constraints is called optimization 

[68]. The goal of the optimization algorithm is to find the true or global minimum or 

maximum of that objective function efficiently. While solving such types of problems, the 

objective function may be complex, nonlinear and/or non-differentiable function having 

too many parameters and design constraints. Typical optimization problems may have 

infinite number of solutions. Optimization is actually concerned with selecting the best 

and feasible sets of solution among the entire sets. 

3.1. Optimization method 

Most real-life optimization problems may have several sets of solutions. Several 

general approaches to optimization are available as follows: Analytical methods, 

Graphical methods, Experimental methods, Numerical methods etc. [68]. Analytical 

method is based on the classical technique of differential calculus. This method cannot 

be applied to highly nonlinear problems. The graphical method may be used to find the 

optimized value of the function if the number of variables and constraints do not exceed 

a few. The optimum value of a function can be achieved by direct experimentation. In 

this method, the function is set up and adjusted one by one and the performance 

criterion is measured in each case. This method may lead to optimum or near optimum 

operating conditions. Moreover, the reliability of this method should be checked. In the 
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numerical based approach, various search algorithms are employed to generate a series 

of solutions iteratively starting with an initial estimate for the solution. The process will 

continue until the convergence criterion is satisfied. Numerical methods can be used to 

solve highly nonlinear optimization problems which cannot be solved analytically. 

3.2. CFD and optimization 

In computational fluid dynamics (CFD), numerical methods are applied to solve 

the fluid flow equations (i.e. Navier-Stokes equations) with appropriate boundary 

conditions. The problem may be assumed as steady state or transient condition. In this 

study, the optimization procedure is carried out with the combination of design of 

experimentation (DOE) and numerical search approach. The DOE values have been 

obtained from the CFD analysis. As direct aerodynamic optimizations suffer from high 

computational costs, DOE based optimization can be a good alternative if the response 

surface has been constructed properly. Objective function evaluation in many 

engineering problems is costly which makes the optimization task expensive. A popular 

approach for aerodynamic optimization is to construct, from a selected number of design 

points, a surrogate of the objective function, to be applied for subsequent optimization. 

Kim et al. [69] performed such type of optimization technique applied to a two-

dimensional channel having periodic ribs.  

3.3. Optimization procedure for this study 

Having established the enhancement of aerofoil due to the presence of dimple 

and Gurney flap, this section introduces an optimization procedure in order to maximize 

the average tangential torque. The optimization procedure is based on Response 

Surface Approximation (RSA) technique as this takes less computational time. The 

reliability and applicability of RSM based optimization techniques applied at different fluid 

flow optimization problems were discussed in many previously published articles  [19], 

[20], [34], [44], [46], [48]–[51], [69]. 



 

29 

In this study, the tangential force is used as the objective function at a fixed tip 

speed ratio, λ=3.5 for Rec= 2.35×105. Previous research work also suggests that the 

maximum performance of the VAWT blade can be achieved at a tip speed ratio of 3.5 

[64]. Further studies can be performed in the future to optimize the performance at 

different tip speed ratios. To create a response surface, the optimization code takes 16 

selected design points (Table 3.1) using the central composite design (CCD) proposed 

in Myers et al. [45], [70]. The flow chart shows these various steps involved in the 

optimization process. After constructing the response surface model, a global 

optimization method, Genetic algorithm (GA) [20], [49], [68], [71], [72] is used to find the 

optimum value of the problem. A second order polynomial is used to obtain a full 

quadratic model.  

The coefficient of determinant (R2) for the RSA model is 0.93 which indicates the 

reliability of the approximation model. The values obtained from the response surface 

model have also been checked with the CFD simulation results and the values are 

varied approximately within ±10%. Thus, the response surface model is deemed highly 

reliable and can be used for further analysis of the optimization problem. As the design 

variable is small (less than four), the RSA algorithm has been developed in such a way 

that it can take any of the following types of response surface design for the quadratic 

model [45]: Central composite design (CCD) and Box-Behnken design (BBD). CCD 

design can also be classified as three types: circumscribed (CCC), inscribed (CCI) and 

faced (CCF) [70]. After obtaining the response at different data sets, the objective or cost 

function is then created. As in literature [19], [20], [34], [44]–[51] the response surface is 

approximated using a quadratic approximation and written as  

                               𝑦 = 𝑡0 +  ∑ 𝑡𝑖𝑥𝑖𝑛
𝑖=1 +  ∑ 𝑡𝑖𝑖𝑥𝑖2𝑛

𝑖=1 + ∑ 𝑡𝑖𝑖𝑥𝑖𝑥𝑖𝑛
𝑖<𝑖 +  𝜀                (3.1)    

Where,  

 𝑥𝑖, 𝑥𝑖 are the independent design variables 

 𝑦 is the response surface function 

 𝑡𝑜  is the constant parameter 
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           𝑡𝑖  is the parameter that gives the linear effect of 𝑥𝑖 

      𝑡𝑖𝑖 is the parameter that gives the quadratic effect of 𝑥𝑖 

     𝑡𝑖𝑖  is the parameter that gives the interaction between 𝑥𝑖and 𝑥𝑖 

     𝜖  is the fitting error.  
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Figure 3.1 . Flow chart of the optimization process. 
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3.4. Optimization results 

In this section, the result of the optimization procedure has been presented. For 

the RSA, we have chosen the radius of the dimple to be the 1st design variable (𝑥1), the 

flap height to be the second design variable (𝑥2) and the non-dimensional tangential 

force to be the response (𝑦). The resulting polynomial function is used as the objective 

function of the optimization problem using Genetic Algorithm (GA). For the GA, a 

population size of 50, a crossover fraction of 0.8, mutation rate of 0.1, and number of 

generations of 1500 are assumed. Table 3.1 shows the tangential force coefficient 

values for different data sets using the CCD design analysis. In the present case, the 

CCF design is good enough to create a reliable response surface. After obtaining the 

response at different data sets, the objective function is then created and the results are 

shown in Table 3.3. From Table 3.4 it can be seen that aerofoil having dimple radius 

0.006 m and flap height having 0.008 m gives the best performance.  

Table 3.1 Response results of selected experimental data sets 

Trial 
No 

Designed Parameters Response Parameter, y 

(Non-dimensional Tangential 
Force) 

X1 (m) X2 (m) 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

0.001 

0.001 

0.006 

0.006 

0.006 

0.006 

00035 

0.0035 

 0.0035 

0.002 

0.008 

0.002 

0.008 

0.005 

0.005 

0.002 

0.008 

0.005 

0.031 

0.037 

0.039 

0.048 

0.035 

0.034 

0.0345 

0.0375 

0.033 
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Table 3.2 shows the results of the ANOVA (Analysis of variance) analysis 

performed in MATLAB [73]. ANOVA examines the sensitivity of the cost function to each 

input variable by analyzing the p-value (indicates the level of significance) of the 

response surface. Normally in statistics, the response surface approximation results are 

considered to be significant if the p-value is less than 0.05 [74]. Smaller p-value 

indicates higher sensitivity to the response surface. For the present study, p-value for 

the dimple radius is 0.0461 and flap height is 0.0252 which indicate that both design 

variables have significant effects on the performance of the wind turbine. 

Table 3.2  ANOVA results 

Design Variable p-value 

Dimple radius, (𝑥1) 0.0461 

Flap Height (x2) 0.0252 

Table 3.3  RSA Result 

a0 0.026 

a1 1.555 

a2 0.703 

a11 -0.4198 

a22 -0.239 

a12 -0.0596 

 

Table 3.4  Optimized Value 

Design Variable Lower  Bound Upper Bound Optimized Value 

Dimple radius, 
(𝑥1) 

0.001 (m) 0.006 (m) 0.006 (m) 

Flap Height (x2) 0.002 (m) 0.008 (m) 0.008 (m) 

Non dimensional 
Tangential Force (y) 

  0.041 
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Figure 3.2 shows the tangential force coefficient at different iterations of the 

optimization process. It is seen from the figure that 51 generations are needed to reach 

the optimized (maximized) tangential force. The optimization process has also been 

checked with another global optimization algorithm termed as “Simulated annealing 

algorithm” [75] and similar results has been obtained (Figure 3.3). Figure 3.3 also 

indicates that simulated annealing algorithm (needs 8 iteration) is more efficient than the 

genetic algorithm (needs 40 iteration) for the present study while predicting maximum 

function value. 

 
Figure 3.2.  Optimization (maximization) history for Genetic algorithm: force 

coefficient values at different iteration (generation). 

Figure 3.4 and Figure 3.5 compare the performance of optimized aerofoil with the 

base NACA 0015 aerofoil. From the figures it is seen that the modified and optimized 

shape of the aerofoil generates a larger tangential force than the baseline aerofoil NACA 

0015. This is a result of the dimple and Gurney flap being introduced at the lower 

surface of the aerofoil, which results in a much larger lift force at a positive angle of 

attack even up to the stall condition (120 angle of attack) as seen from Figure 3.5. 

Subsequently, the optimized aerofoil shows significantly larger values of lift coefficient 

for azimuthal angle approximately up to 2000. Due to the lower value of negative angle of 

attack, beyond the azimuthal angle of 2100, the optimized aerofoil only moderately 
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outperforms the base NACA 0015 aerofoil. In total, the average tangential force obtained 

for the optimized aerofoil is almost 35% larger than the base NACA 0015 aerofoil. 

 
Figure 3.3.  Optimization (maximization) history for Simulated Annealing 

algorithm: force coefficient values at different iterations. 

 
Figure 3.4.  Tangential Force Variation at different azimuthal angle. 
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Figure 3.5.  Variation of lift coefficient at different azimuthal angle. 

Dimples and Gurney flaps are employed to create greater turbulence that results 

in creating the flow recirculation near the aerofoil trailing edge. Figure 3.6 and Figure 3.7 

show the velocity contours as well as flow streamlines at different azimuthal angles for 

the baseline NACA 0015 and the optimized aerofoil respectively. At a larger angle of 

attack boundary layer separation and flow recirculation are observed. It is seen by 

comparing Figure 3.6 (e) and Figure 3.7 (e) that the optimized aerofoil has generated 

higher pressure at lower surface and larger suction at the upper surface of the aerofoil. 

Figure 3.8 indicates that at θ=600, a significant amount of flow separation has been 

observed for the standard NACA 0015 aerofoil but the optimized aerofoil still exhibits 

attached flow. Additionally, the optimized aerofoil exhibits larger turbulence generation 

than the base NACA 0015 aerofoil due to the combined effects of dimple and Gurney 

flap. Figure 3.8 shows the flow recirculation generated for the dimple and flap 

configuration near the trailing edge of the optimized aerofoil. This flow recirculation 

increases the lift force specifically at a positive angle of attack and thus increases the 

tangential force value. From Figure 3.6 and Figure 3.7 it is also seen that for the 

optimized aerofoil, the upper surface suction and lower surface pressure are much 

higher than the base NACA 0015 aerofoil which thereby increases the lift coefficient 

values. Having demonstrated the improved performance of the optimized aerofoil for 
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steady-state conditions, results under dynamic conditions will also be tested and 

presented in the next sections.  

 
(a) θ= 00 

 
(b) θ = 150 

 
(c) θ= 450 
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(d) θ = 600 

 
(e) θ = 1050 

 
(f) θ= 1950 
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(g) θ =2100 

 
(h) θ= 2250 

 
(i) θ = 2550 

Velocity (m/s) 

 
Figure 3.6.  Velocity contour superimposed with flow streamlines for NACA 0015 

at various azimuthal angles. 
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(a) θ= 00 

 
(b) θ = 150 

 
(c) θ= 450 
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(d) θ = 600 

 

(e) θ = 1050 

 
(f) θ= 1950 
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(g) θ =2100 

 
(h) θ= 2250 

 
(i) θ = 2550 
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Velocity (m/s) 

 
Figure 3.7.  Velocity contour superimposed with flow streamlines for the 

optimized aerofoil at various azimuthal angles. 

 

 
(a) 

 
(b) 

Figure 3.8.  Flow separation (superimposed with velocity contour) near the 
trailing edge for the (a) standard NACA 0015 and (b) optimized 
aerofoil at azimuthal angle, θ = 600. 
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Chapter 4.  
 
Parametric study: Dynamic condition analysis 

The cyclic variation of the local angle of attack for the case of vertical axis wind 

turbine is very similar to the flow field around a pitching aerofoil. Figure 4.1 shows the 

cyclic variation of the local angle of attack at different orbital (azimuthal) angle of the 

VAWT motion. It is also seen at that lower tip speed ratios, the local angle of attack is 

greater than the higher tip speed ratios.  

 

 
Figure 4.1.  Angle of attack as a function of azimuthal angle at different tip speed 

ratios. 

A large number of experimental studies have been carried out to predict the flow 

field around the pitching aerofoil at different Reynolds number for various applications 
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[15], [16], [22], [23], [76], [77]. At low tip speed ratio case for VAWTs (i.e. larger angle of 

attacks), greater vortex and flow separation incidence have been observed on the 

surfaces of the aerofoil. The vortex created at larger AOA, moves along the aerofoil 

surface during the dynamic pitching cycle. This causes the increase of the boundary 

layer thickness and in turn massive flow separation phenomenon is observed. The larger 

the AOA, the greater the vortex has been generated. Due to the massive flow separation 

the aerofoil cannot generate lift after a certain point and eventually the tangential force 

becomes to decrease. This phenomenon can be referred as “dynamic stall” condition 

[23]. In addition to the dynamic stall effect, VAWTs also experiences the fluid–structure 

interaction occurrence, since VAWT blade has the cyclic motion along the generated 

wake developed at the upstream period of the cycle. Thus, to predict such type of flow 

behaviour is challenging. Proper modeling of the turbulent flow and fine grids are 

required to capture the fluid-structure interaction accurately. In this study, the aerofoil 

modification effects is analyzed for only light stall conditions (AOA< 200) i.e. at 

moderately high tip speed ratio to avoid the massive flow separation at deep dynamic 

stall which occurs at very high angle of attacks (>200) [23]. 

4.1. Problem statement 

As the blade rotates in a VAWT, the direction and magnitude of the effective wind 

velocity change in a cyclic manner. Figure 4.2 shows a simple schematic of the single 

aerofoil pitching motion which is similar to the VAWT blade. Thus, the oscillatory motion 

(pitching oscillation) of the blade can be assumed as- 

 α= αmean+ αamp sin (ωt) (4.1) 

Where,  

αmean= mean angle of attack 

αamp= pitch oscillation amplitude 

ω = angular velocity. 
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k= reduced frequency, 𝜔 𝑐
2𝑈∞

 

 
Figure 4.2.  Simple schematic of the aerofoil pitching motion.  

4.2. Numerical techniques and method of analysis  

Previous literature has used different values of frequencies and oscillating 

amplitudes to analyze the wind turbine performance [15], [16], [22], [23], [18], [59]. For 

the present unsteady CFD simulation, the aerofoil is kept aligned with the horizontal 

axis. The horizontal and vertical components of the boundary conditions are modified to 

alter the direction of the far-field flow over the aerofoil at every time step. The mean 

angle of attack is set to 80 and amplitude is set to 10.60. The horizontal and vertical 

velocity components of the sinusoidal pitching motions are shown in Figure 4.3. In this 

thesis the performance of the aerofoils has been analyzed for light dynamic stall 

conditions only (up to 18.60 angle of attack). The performance of the optimized aerofoil 

has been analyzed at two different chordal Reynolds number, Rec = 2.35×105 and 

3.6×105. Very few experimental studies have been found to analyze the aerofoil 

performance light dynamic stall conditions at these low Reynolds numbers (Rec≤106). 

From the experimental study of Lee et al. [23], it can be said that deep dynamic stall 

occurs at a higher angle of attack (>200) in comparison with the static stall condition 

(>120). Under light dynamic conditions, almost attached flow or moderate flow 

separations have been observed even at the 180 angle of attack. For this reason, the 

revised k-ω turbulence model [58] has been used to capture the flow condition for the 

current oscillating dynamic condition as this model is capable to capture the flow 
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parameters accurately at moderate pressure gradients with moderate flow separation  

[11], [24]. The angular frequency of the oscillation has been assumed to be 18.67 rad/s.  

 

(a) 

 

(b) 

Figure 4.3.  Sinusoidal free stream (inlet) velocity (a) Horizontal and (b) Vertical 
velocity field.  

The revised k-ω model [24] solves for the turbulent kinetic energy, k, and for the 

dissipation per unit turbulent kinetic energy, ω. In the CFD simulation software COMSOL 

[24], the revised k-ω model uses the wall function near the aerofoil wall while the SST k-

ω model does not use the wall function. For this reason revised k-ω model is 

computationally more efficient than the SST k-ω model specifically for light dynamic stall 

conditions. The revised k-ω model solves for the turbulent kinetic energy, k, and for the 

dissipation per unit turbulent kinetic energy, ω. The Wilcox revised k-ω model [24], [58] 

are described as follows: 

                         𝜌 𝜕𝜕
𝜕𝜕

+  𝜌 𝜌 .∇𝑘 =  𝑃𝜕 −  𝜌 𝛽∗ 𝑘 𝜔 +  ∇. ((𝜇 +  𝜎∗𝜇𝑇)∇𝑘)                 (4.2) 
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                         𝜌 𝜕𝜔
𝜕𝜕

+  𝜌 𝜌 .∇𝜔 =  𝛼 𝜔
𝜕
𝑃𝜕 −  𝜌𝛽 𝜔2  +  ∇. ((𝜇 +  𝜎 𝜇𝑇)∇ω)                  (4.3) 

 

Here, 

𝜇𝑇 =  𝜌 
𝑘
𝜔

 

𝛼 =   
13
25

 ,𝛽 = 𝛽0∗𝑓𝛽 , 𝜎 =  
1
2

 ,𝜎∗ =  
1
2
 

𝛽0 =   
13

125
, 𝑓𝛽 =   

1 + 70𝜒𝑤
1 + 80𝜒𝑤

 

 

𝜒𝑤 =  �
Ω𝑖𝑖Ω𝑖𝜕 𝑆𝜕𝑖

(𝛽0∗ 𝜔)3
� 

𝛽0∗ =  
9

100
, 𝑓𝛽∗ =  �

1                            ;     𝜒𝜕  ≤ 0
1 + 680 𝜒𝜕2
1 + 400 𝜒𝜕2

          ;         𝜒𝜕 > 0 
� ;  𝜒𝜕 =  

1
𝜔3  (∇k.∇𝜔) 

Ω𝑖𝑖 is is the mean rotation-rate tensor: 

Ω𝑖𝑖 =  
1
2

 (
𝜕𝜌𝚤�
𝜕𝑥𝑖

−  
𝜕𝜌𝚥�
𝜕𝑥𝑖

) 

and 𝑆𝑖𝑖 is the mean strain-rate tensor: 

𝑆𝑖𝑖 =  
1
2

 (
𝜕𝜌𝚤�
𝜕𝑥𝑖

−  
𝜕𝜌𝚥�
𝜕𝑥𝑖

) 
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The wall function used for this turbulent flow simulation is such that the 

computational domain is assumed to start a distance y from the wall. The distance y is 

computed iteratively by solving the following [24]- 

𝑦+ =  
𝜌𝜌𝜏 𝑦
𝜇

 

Where, the friction velocity (𝜌𝜏) is assumed such that: 

  |𝑢|
𝑢𝜏

=  1
𝜅

log𝑦+ +  𝐵 (4.4) 

Here, 𝜅 is the von Karman constant whose value is 0.41 and B is an empirical 

constant equals to 5.2. For the computation the friction velocity 𝜌𝜏 is assumed to be 

equivalent to 𝛽0
∗14 √𝑘 which becomes 11.06 and the boundary condition for ω can be 

defined as ρ.k/(κ 𝑦+µ). This corresponds to the distance from the wall where the 

logarithmic layer meets the viscous sub-layer. The solutions are always checked in such 

that the 𝑦+ value is 11.06 on all the walls of the aerofoil [24]. As SST k-ω model does 

not use wall function, the y+ value on near wall region should be ≤ 1 [22], [24]. For this 

reason more fine mesh is necessary at the near wall region while using the SST k-ω 

model. Thus, SST k-ω model takes more time to converge than the revised k-ω 

turbulence model but SST k-ω model gives high accuracy especially at adverse 

pressure gradients and highly separating flow [11], [24] which is seen at deep dynamic 

stall conditions having larger AOA (> 200) [23]. 

4.3. Validation studies for the dynamic case 

From previous literature review study it is seen that lift coefficient values are very 

sensitive to the oscillating frequency values as well as the turbulence intensities [16], 

[22], [18], [59]. For this reason, turbulence modeling under dynamic and pitching 

oscillation condition is still an active area of research. Still no such turbulence model is 

available to predict accurately the flow behaviour of an aerofoil under dynamic oscillation 

condition [15], [16], [18], [22], [59]. Considering all of the above conditions, the results of 

the present studies are validated against the experimental study of Lee et al. [23], [59] 
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and the results are shown in Figure 4.4. This is the only experimental study which has 

been carried out at low Reynolds number cases (order of 105) which is appropriate for 

the analysis of VAWT. It is seen from Figure 4.4 that the simulations are in reasonable 

agreement with the experiments. Though at relatively higher angle of attacks the results 

are not accurate but the overall trend of the results are similar. Various research works is 

still going on to predict the results under dynamic conditions accurately [15], [16], [18], 

[22]. These researchers validated the results for low Reynolds number cases, but for the 

numerical simulations they used very large AOA (>200). To the best knowledge of the 

author, this work is the first study to validate the CFD results of Lee et al. [23], [59] with 

the light dynamic stall cases (AOA < 200) at low Reynolds number conditions [76], [78].  
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(b) 

Figure 4.4. Comparison of lift coefficient between previously published 
experimental study [23], [59] and current numerical simulation at 
Rec= 1.35×105 for oscillating motion: (a) 7.50 sin (18.67t); (b) 150 sin 
(18.67t). 

 

4.4. Performance of NACA 0015 aerofoil under pitching 
oscillation 

To the best of the author knowledge, no research work has been found to 

analyze the flow behaviour of the standard NACA 0015 under oscillating pitching 

condition at low Reynolds number flow. Thus, in this section the simulation has been 

performed at k= 0.3734 and 0.8378 for the aerofoil NACA 0015 at chord Reynolds 

number 2.35×105. The mean angle of attack is assumed to be zero and two different 

amplitudes have been assumed to be 7.50 and 16.60.  

Figure 4.5 - Figure 4.8 show the tangential force coefficient at different flow 

condition for NACA 0015 aerofoil. From these figures it is seen that all the simulation 

shows almost quasi-steady state behaviour after four revolutions. It can also be said that 

for higher oscillation frequency, the value of tangential force coefficient is larger. From 
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Figure 4.8 it is seen that the results are little unsteady even after six or seven cycles of 

oscillations. This unsteady nature can be described while analyzing the streamlines 

around the aerofoil surface. Figure 4.9 shows the streamlines around the aerofoil 

surface for different oscillating condition. From Figure 4.9 (g) it can be seen that flow 

recirculation begins at the trailing edge for oscillations with the larger angular velocity 

and amplitude. This flow recirculation may be responsible for the unsteady behaviour of 

the aerofoil at larger angular speed (41.89 rad/s). It should be noted that none of the 

cases exhibit stall condition (even at high angle of attack such as 16.60).  
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(a) 

 
(b) 

Figure 4.5.  Tangential Force Coefficient at different (a) revolution and (b) 
azimuthal Angle for the condition 7.50 sin (18.67t). 
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(a) 

 

 
(b) 

Figure 4.6. Tangential Force Coefficient at different (a) revolution and (b) 
Azimuthal Angle for the condition 7.50 sin (41.89t). 

 

-0.05

-0.015

0.02

0.055

0.09

0.125

0 1 2 3 4 5 6 7 8

Ta
ng

en
tia

l F
or

ce
 C

oe
ffi

ci
en

t (
C

T)
 

No of Revolution 

7.50 sin (41.89t) 

-0.05

-0.015

0.02

0.055

0.09

0.125

0 45 90 135 180 225 270 315 360

Ta
ng

en
tia

l F
or

ce
 C

oe
ffi

ci
en

t (
C

T)
 

Azimuthal Angle, θ (deg.) 

7.50 sin (41.89t) 1st 2nd 3rd

4th 5th



 

55 

 
(a) 

 
(b) 

Figure 4.7. Tangential Force Coefficient at different (a) revolution and (b) 
azimuthal Angle for the condition 16.60 sin (18.67t). 
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(a) 

 
(b) 

Figure 4.8. Tangential Force Coefficient at different (a) revolution and (b) 
azimuthal Angle for the condition 16.60 sin (41.89t). 
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(a) α= 160 ; ω = 18.67 rad/s 

 

 
(b) α = 50 ; ω = 18.67 rad/s 
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(c) α=  – 50 ; ω = 18.67 rad/s 

 

 
(d) α= –16.6 0 ; ω = 18.67 rad/s 
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(e) α= –16.60 ; ω = 18.67 rad/s (near the trailing edge) 

 

 
(f) α= –16.6 0 ; ω = 41.89 rad/s 
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(g) α= –16.6 0 ; ω = 41.89 rad/s (flow recirculation near the trailing edge) 

Figure 4.9.  Streamlines around the aerofoil surface for the oscillating motion 
(a)-(e): 16.60 sin (18.67t) and (f)-(g): 16.60 sin (41.89t). 

4.5. Performance comparison between the standard NACA 
0015 and the optimized aerofoil 

This section will describe the performance of the optimized aerofoil and compare 

the results with the regular NACA 0015 aerofoil. From the previous section, it is 

observed that the performance of the wind turbine is too much sensitive with the reduced 

frequency values even other parameters are kept constant. Hence, the results are 

compared only for the angular frequency 18.67 rad/s. At this angular speed good quasi-

steady condition values has been obtained. The optimized blade performance is 

compared for two different oscillating motions: (a) 80+ 10.60 sin (18.67t) and (b) 50+ 16.60 

sin (18.67t). In order to understand the instantaneous flow at different positions in the 

oscillation cycle and compare the results, Figure 4.10 is used to represent the velocity 

contours superimposed with flow streamlines at Rec= 3.6×105. From Figure 4.10, an 

almost attached flow is observed throughout the motion of the aerofoil. At a higher angle 

of attack (180) small flow recirculation has been observed due to the fluid-structure 

interaction case for the rapid pitching of the aerofoil. It is also seen from Figure 4.10 (c) 

and (f) that optimized aerofoil exhibits a very little upper surface (suction side) flow 

recirculation or flow separation compared to the standard NACA 0015 aerofoil. As the 

upper surface flow recirculation is the cause of stall condition, this phenomenon should 

be avoided or needed to be delayed. Due to the optimized configuration of Gurney flap 
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and dimple, the flow separation has been delayed and observed at AOA> 180 but for the 

standard NACA 0015 aerofoil case it has been observed approximately at AOA >15.50. 

Thus, the optimized aerofoil shows better results. Figure 4.11 and Figure 4.12 plot the 

tangential force over five oscillations for two different chordal Reynolds numbers. It is 

seen from these figures that five cycles provide sufficient time to achieve a quasi-steady 

state condition. The figures also indicate that the optimized aerofoil achieves improved 

aerodynamic performance. The performances of the optimized blades are also tested for 

double blades condition.  

 
(a) α = 80; NACA 0015 aerofoil 

 
(b) α = 18.60; NACA 0015 aerofoil 
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(c) α = 18.60; NACA 0015 aerofoil (near the trailing edge) 

 
(d) α = 80; Optimized aerofoil 

 
(e) α = 18.60; Optimized aerofoil 
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(f) α = 18.60; Optimized aerofoil (near the trailing edge) 

Velocity (m/s) 

 
Figure 4.10. Velocity contours (single blade) superimposed with the streamlines 

for for the oscillating motion 80+ 10.60 sin (18.67t) at different angles 
of attack at Rec = 3.6×105: (a)-(c) NACA 0015 and (d)-(f) optimized 
aerofoil. 

Figure 4.13 shows the velocity contours (double blades) for the oscillating motion 

50+ 16.60 sin (18.67t) at Rec = 2.35×105. It is observed that due to the optimized 

configuration of gurney flap and dimple, the velocity at the lower surface (pressure side 

surface) of the aerofoil is lower than the standard NACA 0015 aerofoil. This indicates the 

higher pressure at the lower side or the pressure side surface of the aerofoil which in 

turn can increase the tangential force of the aerofoil.  Figure 4.14 to Figure 4.16 show 

the performance of the optimized aerofoil for single and double blade cases at different 

oscillating conditions.  
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Figure 4.11.  Tangential force comparison (single blade) between NACA 0015 and 

optimized aerofoil at Rec = 3.6×105 for oscillating motion: 80+ 10.60 
sin (18.67t).  

 
Figure 4.12.  Tangential force comparison (single blade) between NACA 0015 and 

optimized aerofoil at Rec = 2.35×105 for oscillating motion: 80+ 10.60 
sin (18.67t). 
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(a) α = 21.60; NACA 0015 aerofoil 

 
(b) α = 21.60; NACA 0015 aerofoil (close view) 
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(c) α = 21.60; optimized aerofoil 

 
(d) α = 21.60; optimized aerofoil (close view) 

Figure 4.13. Velocity contours (m/s) superimposed with the streamlines for the 
oscillating motion 50+ 16.60 sin (18.67t) at Rec = 2.35×105: (a)-(b) 
NACA 0015 and (c)-(d) optimized aerofoil (double blade). 
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Figure 4.14. Tangential force comparison (double blade) between NACA 0015 

and optimized aerofoil at Rec = 2.35×105 for oscillating motion: 80+ 
10.60 sin (18.67t). 

 
Figure 4.15. Tangential force comparison (single blade) between NACA 0015 and 

optimized aerofoil at Rec = 2.35×105 for oscillating motion: 50+ 16.60 
sin (18.67t). 
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Figure 4.16. Tangential force comparison (double blade) between NACA 0015 

and optimized aerofoil at Rec = 2.35×105 for oscillating motion: 50+ 
16.60 sin (18.67t). 

 

The overall performance increment are shown in Table 4.1 for different oscillating 

flow conditions at Rec = 2.35×105. The table indicates that optimized aerofoil has the 

higher tangential force values than the standard NACA 0015 aerofoil and it shows better 

performance increment if the VAWT blade will be operated before deep dynamic stall 

conditions (AOA<200). The tangential force values for the oscillating motion 50+ 16.60 sin 

(18.67t) can be expressed as the function of azimuthal angle (θ) using the following 

equation at Rec = 2.35×105 (single blade case): 

 Ft = a1×sin (b1×θ+c1) + a2×sin (b2× θ +c2) + a3×sin (b3× θ +c3) + a4×sin (b4× θ +c4)     (4.5)    

           Here, the values of the constants for standard NACA 0015 aerofoil are: 

a1 = 2.588; b1 = 0.0009902; c1 = 0.2587; a2 = 0.7236; b2 = 0.0348; c2 = -1.667; a3= 2.189; b3 = 

0.01643; c3 = 0.1271; a4 = 0.01892; b4 = 0.07579; c4 = -3.835. 
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and the values of the constants for the optimized aerofoil are: 

a1 = 3.58; b1 = 0.0009837; c1 = 0.2319; a2 = 0.7554; b2 = 0.03485; c2 = -1.808; a3= 2.921; b3 = 

0.01635; c3 = 0.05931; a4 = -0.02224; b4 = 0.07352; c4 = -0.5506.     

 

Table 4.1  Performance comparison between NACA 0015 and optimized aerofoil 

 

No. of Blades 

 

Oscillating motion 

Torque (N-m)  

Performance 

increased (%) 
NACA 0015 Optimized 

1 80+10.60sin(18.67t) 2.06 2.86 39.0% 

50+16.60sin(18.67t) 1.65 2.16 30.9% 

2 
80+10.60sin(18.67t) 4.12 5.72 39.0% 

50+16.60sin(18.67t) 3.31 4.19 26.6% 
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Chapter 5.  
 
Conclusions and Future Work 

This study has proposed a RSA-based automated method to maximize the 

performance of VAWT blades by optimizing the configuration of a Gurney flap with an 

inward dimple. The algorithm can automatically change the RSA model by changing the 

DOE data set if deemed necessary. In this thesis, CFD simulations were used to obtain 

the data needed for the RSA optimization at low Reynolds number, Rec ~2.35×105 and a 

tip speed ratio of 3.5. The turbulence models used in the CFD study were valid against 

previously published experiments. From the study, it can be concluded that the 

maximum possible average tangential force can be increased by approximately 35% in 

steady state case and 40% in oscillating case (at each revolution for dynamic stall 

cases) by utilizing an optimized combination of Gurney flap and semi-circular inward 

dimple. The performance increment is larger for the dynamic case because there is a 

delay of flow separation for dynamic cases compared with the static one. 

A few numerical works were carried out to investigate the tangential force 

variation for the dynamic pitching oscillation case. To the author’s knowledge, this is the 

first time that such aerofoil modification effects have been studied for pitching oscillation 

condition at light dynamic stall condition. In this study, the tangential force variations 

were presented for both aerofoil cases: NACA 0015 and modified (optimized) one. 

Optimization under pitching oscillation condition at both light and deep dynamic stall 

cases is highly challenging problem to solve in terms of the computational resources, 

times, accuracy and appropriate turbulence model. Predicted tangential force values are 

also too much sensitive and being fluctuated with the angular frequency values for 

dynamic condition cases. This is also another reason to optimize the aerofoil parameters 

under steady state static conditions. Thus, the obtained optimized aerofoil can be 

applicable at any angular oscillating motion for the specific tip speed ratio value of 3.5. 
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The research of the current study can be extended in several directions. The 

optimization technique can also be checked for different tip speed ratio cases as well as 

different oscillating motion to make the modification effects more significant for vertical 

axis wind turbine application. 
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