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SUMMARY 

 

Dynamic stall is one of the primary causes of unsteady loads on wind 

turbine blades. The process can be instigated by a multitude of factors, 

common in wind turbine operating environments, such as inflow 

turbulence, wind gusts and sustained yaw misalignment. The unsteady 

separation due to dynamic stall can lead to excessive loads, much larger 

than the design loads for the turbine, and vibrations in the blade, 

leading to fatigue damage. Furthermore, massive flow separations can 

lead to performance losses for the turbines. Therefore, it is of utmost 

importance to devise methods to control the unsteady separation on 

wind turbines and to reduce its impact on the performance and 

structural integrity of the system. 

Dynamic stall on wind turbine blades is initiated by a rapid variation in 

wind speed and direction. However, no viable methods are available that 

could reliably predict the occurrence of unsteady separation for wind 

turbines. Therefore, in the present research, an analytical method has 

been developed and validated against well-known test cases to quickly 

and reliably deduce the variations in the sectional angles of attack, 

based on the variability of wind speed and direction of the oncoming 

flow. The concept of limiting reduced frequency as a precursor for 

unsteady separation is proposed in this initial study. Furthermore, it is 

illustrated, using high-quality wind data, that unsteady separation 

principally exists near the root regions of turbine blades where thick 

airfoil sections are generally used.  
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Further research was conducted to determine the effects of wakes on the 

occurrence of dynamic stall. For this study, the mean and turbulent 

wind conditions in the wake were acquired through Large Eddy 

Simulation of a wind turbine wake performed at the University of 

Adelaide. The data was used to determine the influence of wakes on the 

occurrence of dynamic stall on wind turbines operating in the wake of an 

upstream turbine. It was shown that the primary cause of large 

unsteady loads on downstream wind turbines is the rapid variation in 

the wind direction. It is emphasized that the model can be used during 

wind turbine design phase to determine the regions of the blade where 

the dynamic stall control is necessary.  

After determining the occurrence of dynamic stall on the turbine blades 

under normal operating conditions, the second objective of the present 

research was to gain a deeper insight into the dynamic stall process, 

particularly the lift characteristics of thick airfoils under unsteady 

separation. Experiments were conducted to understand the non-linear 

lift behavior of the airfoil during dynamic stall at constant pitch rates. It 

was shown that the thickening of the boundary layer during pitch-up 

resulted in an apparent increase in the thickness and camber of the 

airfoil. It is, furthermore, proposed that the primary dynamic stall vortex 

also increases the effective camber of the airfoil. This results in the 

sudden increase in the lift-slope when the vortex is formed. This effect 

was further demonstrated using numerical simulations of the thick 

NACA 0021 airfoil at low turbulence levels. During steady-state 

operation, a long separation bubble on the airfoil surface was found to 

be responsible for the increased lift-slope, greater than the theoretical 

maximum, and the abrupt stalling behavior of the foil. It was proposed 

that this long separation bubble was responsible for an apparent 

increase in the airfoil’s camber. Furthermore, removing the bubble, 

through an artificial increase in turbulence, degraded the lift-to-drag 
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ratio of the airfoil. However, due to the absence of the bubble, the 

steady-state stall angle of attack was significantly increased. This study, 

therefore, illustrated that apparent changes in thickness and camber of 

the airfoil during dynamic stall process are principally responsible for 

the non-linear lift behavior. 

It was observed, in the experiments, that an increase in the reduced 

frequency or the Reynolds number resulted in the increase in the 

strength of the primary dynamic stall vortex. It was also observed that 

the stall intensity of the airfoil undergoing unsteady separation is also 

dictated by the primary vortex. Therefore, an increase in the reduced 

frequency or the Reynolds number resulted in increased stall intensity. 

Hence, in order to improve the post-stall lift behavior of the airfoil, it is 

necessary to modify the primary dynamic stall vortex. This can be 

accomplished by reducing the strength of the vortex and delaying its 

formation on the airfoil by minimizing the reversed flow accumulation 

that leads to the formation of the vortex. In order to propose appropriate 

control methodologies for dynamic stall on wind turbine blades, 

literature survey illustrated that the required control would need to be 

implemented passively, near the leading edge of the airfoil. It was, 

furthermore, observed that the control methodologies need to be 

deployed before the formation of the dynamic stall vortex in order to 

affect the post-stall behavior of the foil. Finally, the required control 

needs to influence the flow field to a large extent to diminish the effects 

of the vortex. Therefore, three different methods were proposed to control 

the dynamic stall process. These included streamwise vortices generated 

using leading edge vortex generators, spanwise-vortices generated using 

a novel concept of a thin elevated wire affixed at the leading edge, and a 

cavity on the upper surface of the airfoil. It is demonstrated through 

experiment that all three methods influence the formation of the 

dynamic stall vortex during unsteady separation. However, the methods 
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that promoted enhanced mixing, namely the vortex generators and the 

elevated wire, were observed to favorably reduce the excessive lift 

associated with the primary vortex structure. It was also observed that 

the stall intensity was significantly reduced for these methods since the 

strength of the primary dynamic stall vortex was significantly reduced. It 

was, furthermore, illustrated that these methods aid in the lift recovery 

after separation, leading to reduced stall intensity and post-stall load 

fluctuations. On the other hand, the cavity was observed to consistently 

delay the unsteady separation. However, the primary vortex structure 

was not affected to large degree and, therefore, the stall intensity was 

similar to the baseline airfoil. Out of these three methods, it is proposed 

that the vortex generators and the novel elevated wire concept can be 

used to control the process of dynamic stall on wind turbine blades. 

These methods are not only easier to implement on existing blades, but 

also improve the steady-state performance of the airfoil through 

sustained lift and reduced drag, even at high angles of attack.  

The research presented in this thesis aims to improve the unsteady 

stalling conditions of wind turbine blades. This is accomplished by 

minimizing the primary dynamic stall vortex lift generated during pitch-

up and reducing the abrupt lift-decay after separation. The thesis 

presents a comprehensive review of dynamic stall on wind turbine blades 

as well as investigates previous attempts in controlling the unsteady 

separation. The new research conducted in the thesis has been 

presented in the form of journal manuscripts, arranged in an order that 

will assist the development of ideas. The research as a whole provides 

renewed insight into dynamic stall control on wind turbine blades.   
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CHAPTER 1 

INTRODUCTION 

 

1.1 Motivation and Perspective 

Energy and global warming are two of the most important challenges 

that we are facing in the current century. With the ever-increasing rise of 

worldwide energy consumption, most electricity today is being generated 

by burning limited fossil fuel reserves, such as coal and natural gas. 

However, this results in the degradation of the environmental conditions 

of our planet, due to increased emissions and rapid accumulation of 

greenhouse gases in the atmosphere. The buildup of these greenhouse 

gases in the atmosphere has resulted in a global temperature rise of 1O 

Celsius, over the last century [1]. Due to this increase in the global 

temperature levels, catastrophic climate changes are being observed, 

worldwide. These include an increase in the global rainfall, resulting in 

floods and droughts, and an increase in the global sea levels by 100-
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200mm due to melting of polar ice caps over the past century [2]. With 

the rapidly dwindling reserves of fossil fuel, and in an attempt to reduce 

the greenhouse gas emissions, an international collaborative effort is 

now being directed towards clean and renewable energy sources. The 

Kyoto Protocol is an international agreement, chartered under the United 

Nations Framework Convention on Climate Change [3], that commits the 

partner nations to decrease their national emission levels. Since wind 

energy itself does not lead to any detrimental emissions, and is readily 

available, most governments are using it as a means to reduce their 

national emission levels, as well as to meet their respective energy 

demands. Several countries, around the globe, have approved plans for 

development of their individual wind sectors and have set goals, and 

provided subsidies, towards the development of the industry. This has 

resulted in a large and rapid growth of the wind energy sector globally 

and it is currently the fastest growing renewable energy source is the 

world. Global wind generation capacity is now approaching 320 

Gigawatts at the end of 2013, according to the World Wind Energy 

Association [4]. On the other hand, estimates indicate that the overall 

global potential for onshore wind energy is between 20 x 109 to 50 x 109 

Megawatt-hours, which is substantially larger than the current 

electricity needs of the entire world [5]. Therefore, the global wind energy 

resources have the potential to provide for all the energy demands of the 

world as well as improve the environmental conditions, by reducing the 

greenhouse gas emission levels.  

The growth of the wind industry primarily stems from the fact that 

wind turbines are the lowest-cost renewable source in the world that are 

capable of being deployed at a large scale to meet the ever-increasing 

global electricity demands [6]. However, a major barrier towards the 

growth of the industry in the future is the severe competition it has to 
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face with conventional energy sources [6]. Despite the recent progress 

made in deploying wind energy on a global scale, the sector still has a 

long way to go to become the energy source of choice. In fact, according 

to the International Energy Agency, long-term research and development 

needs to be undertaken for the wind energy sector to maintain its 

economic benefit in the future [7]. According to an estimate, cost 

reductions of approximately 30% are required if wind energy is to provide 

10% of world electricity by the year 2020 [7]. Further to this, government 

incentives need to be maintained for the sector to further flourish.   

One of the earlier methods to improve the cost-effectiveness of 

wind turbines resulted in a rapid increase in the rotor size [8]. Since 

wind turbines ‘capture’ the wind, a larger rotor size implied more energy 

production. In fact, the largest turbines being designed now reach an 

approximate capacity of 5 Megawatts, with rotor diameter exceeding 120 

meters [9]. This rapid increase in the size of wind turbines is motivated 

to decrease the Cost of Energy (COE) of the turbine [10]. The COE is a 

simple concept and is governed by three independent variables; the 

capital cost of deployment, the operations and maintenance (O&M) costs, 

and the lifetime energy capture of the turbine. One approach to decrease 

the COE is to locate turbines in locally concentrated groups, called wind 

farms, to take benefit of geographically-limited and profitable wind 

resources. Such an arrangement not only results in improving the 

lifetime energy capture of the turbines, but also results in the reduction 

of O&M costs, due to a concentration of the maintenance equipment and 

spare parts on the site [11]. Reductions in COE are also possible by 

improving the manufacturing practices for the turbines, in order to 

reduce the capital costs associated with the deployment of turbines. 

Further reductions can be attained by improving the reliability of 
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turbines, in order to avoid any downtime; thereby, further improving the 

lifetime energy capture and reducing the O&M costs.  

However, there are several issues associated with the operating 

conditions of wind turbines that hinder improvements in turbine 

reliability. First, and foremost, is that wind turbines inherently operate 

in the lowest parts of the atmosphere, typically called the Atmospheric 

Boundary Layer (ABL). The ABL is an important concept and plays a 

vital role not only in the design of wind turbines but also in the design of 

multistory building, towers and bridges. It is a turbulent boundary layer, 

that envelopes the planet, with the turbulent intensity decreasing and 

the wind speed increasing with the height [11]. These factors are the 

prime motivations of the large tower heights that are commonly seen for 

commercial wind turbines nowadays. Hence, the ABL directly determines 

the wind turbine performance at a particular height above the surface. 

On the other hand, it also influences the fatigue life of the wind turbine, 

due to varying wind speeds with height as well as the turbulent 

fluctuations in the wind speed and direction. Operation in the ABL 

therefore effects the power production and fatigue life of wind turbines, 

due to flow separation and time-varying loads, respectively.  

Secondly, due to the often compact arrangement of commercial 

wind turbines, most turbines regularly operate in the wakes of other 

wind turbines. The wake behind a wind turbine has been identified as a 

system of complex turbulent flows with rotational motion being imparted 

by the turbine blades [12-15]. Two major issues have been found to be 

associated with operation of a turbine in the wake. The first is the 

significant increase in the turbulence intensity in the wake which results 

in increased unsteady loads on downstream wind turbines operating 

therein. The second is the velocity deficit produced by the upstream wind 
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turbine, through energy extraction from the wind, which results in 

reduced power productions for the downstream wind turbines. All these 

factors contribute to the increase in the COE of wind turbines by 

increasing the O&M costs and decreasing the lifetime energy capture of 

the turbines. Therefore, in order to improve the economic viability of the 

wind energy sector, these issues need to be further studied.  

Towards this end, the present thesis focusses on one of these 

issues, namely the reduction of the unsteady loads on wind turbine 

blades. A major source of such unsteady loads is due to the 

phenomenon of dynamic stall, sometimes referred to as the ‘unsteady 

separation’ [16]. Dynamic stall is generally considered as the delay in 

conventional flow separation due to rapid changes in the sectional angle 

of attack of the blades [17]. The process is generally characterized by the 

formation of a large leading edge vortex structure on the upper surface of 

the blade section, called the dynamic stall vortex (DSV). The vortex is 

considered to be the cause of the undesirably high increase in lift and 

drag that is generally observed during the unsteady separation. This 

large increase in the forces can cause excessive bending loads on the 

turbine blades. As soon as the vortex convects downstream over the 

surface of the blade, and sheds into the wake, the airfoil goes into a state 

of abrupt stall. The ensuing rapid lift decay results in blade vibrations 

and, therefore, causes fatigue damage and performance loss of the 

turbine. The flow afterwards reattaches only when the angle of attack is 

brought down to a small enough value, which is generally not possible 

due to the blade twist. 

Industrial wind turbine designs do not cater for the unsteady 

effects associated with dynamic stall [6]. Surmounting evidence now 

exists indicating that the dynamic loads on wind turbine blades need to 

be adequately understood and predicted in order to improve the energy 
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yield and fatigue life of wind turbines [18]. Dynamic stall in wind 

turbines can be caused by time-varying inflow, yaw misalignment 

between the rotor-axis and the oncoming flow, tower shadow, vertical 

wind shear and even small-scale turbulence [19]. In fact, according to a 

conservative estimate, it was found that for a yawed horizontal axis wind 

turbine under steady inflow, dynamic stall occurred for over 50% of the 

recorded cycles [20]. The process can result in extremely large loads 

that, in some cases, are even capable of breaking the blades [21]. 

Furthermore, the deep stall that is established after the primary dynamic 

stall vortex is shed and the subsequent process of vortex shedding, can 

lead to vibrations of the blade, adversely affecting the fatigue life of the 

turbine. It has, furthermore, been speculated that the interaction 

between the blades of a wind turbine and the DSV can lead to excessive 

noise production, posing a significant health risk to nearby residents 

[22]. Therefore, the primary motivation of the research presented in this 

thesis is the reduction of unsteady loads generated on wind turbine 

blades. This research aims not only to improve the energy production of 

wind farms in general but also to improve the lifespan of wind turbines.   

1.2 Objectives of the Research 

The primary objective of the research presented in this thesis is to 

develop understanding and knowledge regarding dynamic stall on wind 

turbine blades and investigate methods to mitigate the negative effects of 

unsteady separation on the blades. In order to accomplish this 

ambitious task, it is, first of all, important to understand the occurrence 

of dynamic stall on wind turbine blades. Such an understanding will aid 

in better determining the severity and incidence of the unsteady 

separation process on wind turbine blades operating in freestream 

conditions. Since wind turbines seldom operate in isolation, it is also 
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important to understand the effects of wake on dynamic stall occurrence 

on wind turbines operating in tandem to each other. The research will, 

therefore, not only enhance the understanding of the causes of unsteady 

separation for wind turbine applications, but also aid in determining the 

appropriate locations along the turbine blade where control might be 

necessary to mitigate the effects of the unsteady separation.  

In order to develop control methodologies pertaining to the 

mitigation of unsteady separation on wind turbine blades, it is vital to 

gain a deeper understanding of the process itself. Even though extensive 

studies into the process of dynamic stall have already been conducted in 

the past, several avenues of further research exist. In particular, the 

causes of unsteady lift generation during the process of dynamic stall are 

not well-understood. Moreover, a limited insight is available for the post-

stall behavior of airfoils undergoing dynamic stall. This is primarily 

because most studies have focused on the dynamic stall process for 

sinusoidally pitching airfoils, a type that is generally encountered on 

retreating helicopter blades [23, 24]. In this case, the blade returns to 

the initial angles of the cycle and, therefore, does not operate in the post-

stall conditions for extended amounts of time. On the other hand, it is 

convenient to study the post-stall variation in loads when the airfoils are 

pitched to a predetermined maximum angle of attack and allowed to 

undergo separation. Such an unsteady separation can be encountered 

on wind turbine blades due to prolonged gusts of large length scale or 

persistent wind direction changes. Even though the differences between 

the two cases are subtle, a deeper understanding of the lift 

characteristics during the dynamic stall process is still necessary at both 

pre- and post-stall conditions.  

The final objective of this research is to investigate dynamic stall 

control methodologies that are suitable for wind turbine applications. It 
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is desirable to improve the unsteady post-stall conditions of wind turbine 

blades since this can aid in improving the performance and fatigue life of 

the blades. The control methods should therefore be selected based 

firstly on their effectiveness and secondly on the ease with which they 

can be implemented on currently operational wind turbines.  

1.3 Chronology of the Thesis 

A brief chronology of the thesis is presented in the current section. The 

thesis is a collection of manuscripts that have been published, accepted 

for publication or are currently undergoing the review process for 

publication in international peer-reviewed journals. These manuscripts 

constitute the chapters of the thesis and cover the progress made during 

the course of the current study. This includes the development, 

validation and implementation of an analytical method to determine the 

occurrence of dynamic stall on wind turbine blades. Next, a detailed 

investigation into the effects of wakes on downstream wind turbines and 

the occurrence of unsteady separation is presented. Following this, the 

lift characteristics during steady and unsteady separation processes, 

particularly the effects of prominent flow features, are discussed in 

detail. Finally, based on an improved understanding of the unsteady 

separation, three passive flow control techniques are evaluated, 

specifically for wind turbine applications. Following is brief outline of the 

current thesis. 

In Chapter 2 of the thesis, a detailed framework for the present 

study has been established, based on review of seminal studies that 

have been conducted in the past. The chapter provides the basics of 

wind turbine aerodynamics and explores the flow field in the vicinity of 

the turbine blade. In addition, the operating conditions of the wind 
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turbines have been explored and the effects of changing wind conditions 

on wind turbine blades have been discussed. Finally, a detailed 

description of the dynamic stall process is presented, as well as an 

extensive and critical review of the different control methodologies.  

Chapter 3 presents the concepts relating ambient wind conditions 

to the occurrence of dynamic stall on wind turbine blades.  An analytical 

model has been developed and is presented in the article that constitutes 

the chapter. The model computes the rate at which angle of attack 

changes due to the changes in wind speed and direction. It, furthermore, 

takes into account rotor parameters such as the type of foil used, the 

height of the rotor hub above the ground and the rotational speed of the 

rotor. Using ambient wind conditions as an input to the model, the 

occurrence of dynamic stall on wind turbines operating in freestream 

has been determined. The chapter introduces the important concept of 

limiting reduced frequency that can be used as a precursor to dynamic 

stall occurrence.  

In Chapter 4, the effects of wake on downstream wind turbines 

are discussed. For this study, the wake properties, acquired through 

numerical analysis [14, 15], are used to determine the occurrence of 

dynamic stall on downstream wind turbines. These studies have been 

conducted primarily to quantify the occurrence of unsteady separation 

on wind turbine blades as well as to determine the primary causes of 

unsteady separation on the blades of turbines operating in the wake of 

upstream turbines. These results can also be used in the design phase of 

wind farms to accurately map-out the regions of the blade where control 

is likely to be necessary.  

Chapter 5 of the thesis focusses on the process of steady–state 

separation observed on thick airfoil sections. In the article that 
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constitutes this chapter, a detailed numerical investigation of steady-

state operation and stalling behaviour of the NACA 0021 airfoil is 

presented. This study was principally motivated from earlier wind tunnel 

experiments on the same airfoil where peculiar aerodynamic features 

such as increased lift-slope as well as an abrupt leading edge stall were 

observed. It is conventionally understood that thick airfoil sections 

undergo a smooth stall, where flow separation initiates at the trailing 

edge of the airfoil and gradually moves upstream. However, during 

experiments, a rapid loss of lift was observed on the thick airfoil, similar 

to that observed on thin airfoils [25]. Therefore, in this chapter, 

numerical studies are presented to explain this aspect of the thick airfoil 

sections. It was observed that a long separation bubble on the upper 

surface of the foil leads to an apparent camber effect that modifies the 

lifting characteristics of the airfoil section. Furthermore, the bursting of 

this long separation bubble leads to the sharp fall in lift that was 

observed during previous experimental studies. An insight into these 

characteristics, and the influence of such flow features, can aid in better 

understanding the lift behaviour of an airfoil undergoing dynamic stall. 

The camber effect associated with the separation bubble can, therefore, 

be translated to an increased camber effect due to the formation of the 

dynamic stall vortex. 

In Chapter 6, a detailed account of the dynamic stall process is 

presented. The study aims to improve the current understanding of the 

unsteady separation process, particularly the lift behaviour, in order to 

propose appropriate control methods for its mitigation on wind turbine 

blades. The analysis is based on the review of seminal studies in the field 

and experiments, involving pressure measurements and flow 

visualization of airfoils undergoing dynamic stall. An in-depth insight 

into the non-linear lift behaviour of the NACA 0021 airfoil during the 
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unsteady stall process is discussed in detail. The lift curve is subdivided 

into smaller segments and each segment is analysed separately to gain a 

deeper understanding of the dynamic stall process.  

Chapter 7 of the thesis consists of an article that discusses the 

dynamic stall control objectives, specifically for the wind turbine 

industry. It furthermore illustrates the primary control requirements 

necessary for the appropriate mitigation of the negative effects of the 

unsteady separation process on thick airfoil sections. After establishing 

the control objectives and requirements, the article then discusses the 

use of three different passive control methodologies that can be used to 

improve the unsteady stalling behaviour of thick airfoils and, in 

extension, the wind turbine blades. These methods have been selected 

based on their ease of implementation on wind turbine blades as well as 

due their effects on the dynamic stall process. 

The final chapter of the thesis, Chapter 8, summarizes the 

significant findings and the chief conclusions of the works undertaken 

during the course of this research. In addition to this, several avenues of 

further research into the subject are proposed. 

1.4 Publications arising from the Research 

The research discussed in the present thesis has resulted in publications 

and articles, including publications in peer-reviewed conference 

proceedings and international journals. These manuscripts are closely 

related to the topic of the research presented in the current thesis. 

Following is the list of manuscripts, published and otherwise, that have 

been produced as part of this research: 



CHAPTER 1 INTRODUCTION 

 

 

 
12 

1.4.1 Published Journal Articles: 

1) Choudhry, A., Arjomandi, M., & Kelso, R. (2013). Horizontal axis 

wind turbine dynamic stall predictions based on wind speed and 

direction variability. Proceedings of the Institution of Mechanical 

Engineers, Part A: Journal of Power and Energy, 227(3), 338-351. 

2) Choudhry, A., Leknys, R., Arjomandi, M., & Kelso, R. An Insight into 

the Dynamic Stall Lift Characteristics. Experimental Thermal and 

Fluid Science, DOI: http://dx.doi.org/10.1016/j.expthermflusci.2012.07.006. 

3) Choudhry, A., Mo, J. O., Arjomandi, M and Kelso, R.  (2014). Effects 

of Wake Interaction on Downstream Wind Turbines. Wind 

Engineering, 38(5), 535-548. 

4) Choudhry, A., Arjomandi, M., & Kelso, R. (2014). A study of long 

separation bubble on thick airfoils and its consequent effects. 

International Journal of Heat and Fluid Flow, 52, 84-96. 

1.4.2 Submitted Journal Articles: 

5) Choudhry, A., Arjomandi, M., & Kelso, R. (2014). Methods to Control 

Dynamic Stall for Wind Turbine Applications.  

1.4.3 Refereed Conference Articles: 

1) Choudhry, A., Mo, J. O., Arjomandi, M., & Kelso, R. M. (2012). 

Effects of spacing between wind turbines on blade dynamic stall. In 

Australasian Fluid Mechanics Conference (18th: 2012: Launceston, 

Tasmania). 

2) Choudhry, A., Arjomandi, M., & Kelso, R. M. (2012). Estimation of 

dynamic stall on wind turbine blades using an analytical model. In 

Australasian Fluid Mechanics Conference (18th: 2012: Launceston, 

Tasmania). 

http://dx.doi.org/10.1016/j.expthermflusci.2012.07.006
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3) Choudhry, A., Mo, J. O., Arjomandi, M., & Lee, Y. H. (2012). 

Turbulent wake study of NREL phase VI wind turbine in a virtual 

wind tunnel using Large Eddy Simulation. In Proceedings: the 7th 

Australasian Congress on Applied Mechanics (ACAM 7), 9-12 

December 2012, the University of Adelaide, North Terrace 

Campus/National Committee on Applied Mechanics of Engineers 

Australia (p. 837). Engineers Australia. 

4) Hansen, K.L., Kelso, R. M., Choudhry, A. & Arjomandi, M. (2014). 

Laminar Separation Bubble Effect on Lift Curve Slope of an Airfoil. In 

Australasian Fluid Mechanics Conference (19th: 2014: Melbourne, 

Victoria). 

5) Choudhry, A., Arjomandi, M., & Kelso, R. M. (2014). Lift curve 

breakdown for airfoil undergoing dynamic stall. In Australasian Fluid 

Mechanics Conference (19th: 2014: Melbourne, Victoria). 

In addition, the author of the present thesis was closely involved in 

studies related to the development of wake behind a wind turbine using 

numerical techniques. This study was used to understand the effects of 

turbine wakes on the occurrence of dynamic stall on downstream wind 

turbines. The articles produced as part of this work are not included in 

this thesis. However, these are listed as follows: 

1) Mo, J. O., Choudhry, A., Arjomandi, M., & Lee, Y. H. (2013). Large 

eddy simulation of the wind turbine wake characteristics in the 

numerical wind tunnel model. Journal of Wind Engineering and 

Industrial Aerodynamics, 112, 11-24. 

2) Mo, J. O., Choudhry, A., Arjomandi, M., Kelso, R., & Lee, Y. H. 

(2013). Effects of wind speed changes on wake instability of a wind 

turbine in a virtual wind tunnel using large eddy simulation. Journal 

of Wind Engineering and Industrial Aerodynamics, 117, 38-56. 
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1.5 Thesis format 

The thesis has been submitted as a collection of the above manuscripts 

according to the formatting requirements of the University of Adelaide. 

The printed and online versions of the thesis are completely identical in 

all regards. The online version of the thesis is available as a PDF file on 

the University of Adelaide Library Website and can be viewed in its 

correct intended fashion using Adobe Reader 9.  
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CHAPTER 2 

RESEARCH BACKGROUND 

 

2.1 Wind Turbine Operation 

Wind turbines are the devices that extract the kinetic energy of the wind 

and convert this to electrical energy. When deployed on a large scale, 

wind turbines are a viable and commercial source of electricity 

production. Even at a small scale, with rotor diameters of only a several 

meters, wind turbines can be utilized to provide decentralized energy 

supply for rural and urban environments. Therefore, turbines can be 

classified according to their size as small- and large-scale, based on their 

intended purpose [1, 2]. Further, classifications can be based on 

orientation of the rotor axis with respect to ground, such as vertical or 

horizontal axis wind turbines [3, 4]. Categorizations can also be based on 

the primary force driving the turbine rotor, such as drag- and lift-type 

turbines [5]. Moreover, horizontal-axis turbines can be further 
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categorized based on the rotor orientation relative to the tower as upwind 

or downwind [6]. Most wind turbines used commercially today are 

generally of a large scale, comprising a rotor axis that is aligned with the 

oncoming wind, with an upwind rotor configuration, and using the lift 

force as the primary driving mechanism for the rotor. Generally 

abbreviated as HAWT, for horizontal axis wind turbine, such turbines 

are the topic of the current thesis. 

2.1.1 Components of a Turbine 

A horizontal axis wind turbine generally comprises of several subparts 

that convert the wind power to electricity. The primary subparts of a 

HAWT are schematically illustrated in Figure 2.1. The most fundamental 

of these is the rotor, consisting conventionally of 3 blades, which is 

based on a ‘propeller-like’ design [4]. The design aids the control of rotor 

speed and power output by allowing the blades to pitch about their 

longitudinal axes. The implementation of this mechanism is necessary 

for large scale wind turbines to optimize the power production. However, 

for small scale wind turbines, this method is not cost effective and, 

therefore, not employed [7]. Instead, most small scale wind turbines are 

stall-controlled at higher wind speeds. The rotor blades are connected to 

the hub which also houses the blade pitch control mechanism, if 

applicable. These parts are, in turn, connected to the nacelle of the 

turbine. The nacelle houses the gearbox, generator and the rotor brakes 

as well as mechanisms for yaw control and other switchboards and 

control systems. This entire system is then mounted on a tower 

structure. Generally, for large scale wind turbines, the power cables and 

the transformers are placed within the tower. The tower is then placed in 

a deep foundation to reduce the vibrations in the tower, caused by flow-

tower interaction. 
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Figure 2.1 - Primary subparts of a horizontal axis wind turbine. 

Most modern wind turbine blades are designed using airfoil 

families that have been tested and validated in reliable wind tunnel 

experiments. The blade tip is designed using a thin airfoil section, for 

larger lift-to-drag ratios (L/D), whereas, the root region is designed using 

a thicker version of, generally, an airfoil from the same family, for higher 

structural strength. Catalogues of 2D airfoils, such as those produced by 

Miley [8] and Bertagnolio et al. [9], are used by designers of wind 

turbines. Earlier, in the 1970s and 80s, the NACA series airfoils were 

used to design turbine blades, similar to helicopter rotor blades. 

However, recently, foils tailored specifically for wind turbine applications 

are being designed and used [10-17]. The general design objective of 

wind turbine airfoils is a high L/D ratio and less susceptibility to leading 

edge roughness effects [18-20]. It is also desirable for the airfoils of a 

wind turbine to have appropriate stalling characteristics. This is a 
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primary requirement for most stall-regulated wind turbines but recently 

is also a necessity for large-scale turbine rotors. Poor stalling 

characteristics, such as a sharp decrease in the lift after flow separation, 

may lead to fatigue damage in the rotor-hub joint and undesirable 

fluctuations in the power output. 

2.1.2 Principles of Turbine Aerodynamics 

Being the primary component of a wind turbine, and the first element in 

the chain of functional components, the rotor plays a critical role in 

determining the performance and system dynamics of the entire wind 

turbine [21]. Furthermore, it constitutes one of the most fundamental 

aspects of a wind turbine design process and acutely influences the cost 

effectiveness of the entire system [13, 22]. Therefore, it is of vital 

importance to understand the flow field in the vicinity of a turbine blade, 

for accurate predictions of the turbine performance.  

The flow approaching a wind turbine can be considered as a 

streamtube, where the mass flow rate at each cross-section of the tube 

can be assumed constant. As the flow nears the turbine, it slows down, 

due to the presence of the turbine, resulting in an expansion of the 

streamtube [7]. Each rotor blade of the turbine may be considered as a 

wing, with each section comprising of an airfoil. As illustrated in Figure 

2.2, in the blade cross-sectional view, the resultant velocity experienced 

by a turbine blade (  ) is constituted by the wind velocity vector (  ) and 

the head wind. The magnitude of the head wind depends on the 

rotational speed of the rotor ( ) and the distance from the hub ( ). 

Consequently, the angle between the resultant velocity vector, as well its 

magnitude, and the airfoil is governed by the magnitude of the wind 

speed, its orientation with respect to the turbine rotor and the rotational 

speed of the rotor. The air flowing around the blade, due to the bound 



2.1 Wind Turbine Operation 

 

 

 
21 

vortex circulation, results in the production of lift and drag forces, as 

shown in Figure 2.2. The combined action of these forces results in the 

torque output, which leads to the rotation of the turbine blades, and the 

thrust force, in the direction of the oncoming wind. The rotation is 

transmitted to the generator, through a series of gears, and results in 

the sustained power production of the turbine.  

 

Figure 2.2 - A sketch of blade interaction with oncoming wind. 

It can be seen from Figure 2.2 that the angle of attack along a 

turbine blade varies, resulting in a multitude of different flow scenarios 

along the blade length. A wind turbine designer needs to be aware of 

these flow features along the blade and select the appropriate airfoil for 

each section of the blade. However, even with the dedicated methods to 

design suitable sectional profiles, such as the Eppler code [23], the 

design methodologies employed for the entire rotor are still lacking [24]. 

The basic methodology used for the design of turbine rotors, the Blade 

Element Momentum (BEM) approach, assumes that the velocity 

component along the turbine span is comparatively smaller, in 
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magnitude, compared to the chordwise component and, therefore, it can 

be ignored. The consequence of this assumption is that the flow can be 

treated primarily as two dimensional at each cross-section of the blade 

and can be modeled as such [25]. However, it well known that the BEM 

approach does not take into account the unsteady loads that can be 

encountered during routine turbine operation [22]. Furthermore, it 

undermines the flow interaction along a blade length leading to under-

predictions of both the power produced and the blade loading. This has 

been observed in a blind comparison study, organized by the National 

Renewable Energy Laboratories (NREL) in the year 2000 [26], where large 

inconsistencies were observed in the prediction capabilities of different 

codes used for turbine modelling and design [27]. This primarily stems 

from a lack of understanding of certain aerodynamic features on the 

turbine blade in relation to wind turbines [28]. 

2.1.3 Prominent Flow Features on a Turbine Blade 

2.1.3.1 Delayed Stall 

Due to the rotation, a delayed stall effect is observed on the blades, 

particularly at inboard stations. It is believed that this delayed stall is 

caused by a spanwise flow that results in a Coriolis acceleration [29]. 

This leads to favorable chordwise pressure gradients, resulting in 

increased lift production and delayed flow separation [27, 30-36].  A 

streamline pattern, indicating the spanwise migration of flow, on the 

blade of the NREL phase VI wind turbine [37] is shown in Figure 2.3 at 

two different wind speeds. The flow was modelled using the       

transition model [38-40] using constant inflow velocities and turbulence 

levels, similar to the experiments [27, 41]. It can be observed that at the 

smaller velocity of 7m/s, the flow along the majority of the length of the 

blade is attached, apart from slight separation at the blade root, near the 
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trailing edge of the blade. The streamlines here can be seen to curl 

outwards, away from the hub, as indicated by the arrow heads. This 

attached flow, here, results from the smaller angles due to the smaller 

inflow velocity. However, as the angle of attack of the blade section 

increases due to an increase in the wind speed, the flow will start to 

separate, starting at the inboard stations. The flow separation will then 

progressively move towards the outboard stations of the turbine, as the 

wind speed increases. In Figure 2.3, the flow separation has spread 

along the entire length of the blade due to the high inflow velocity of 20 

m/s. The low momentum separated flow is influenced by the centrifugal 

pumping effect due to the blade rotation, and extends radially outwards 

towards the outboard stations of the turbine. As can be observed, the 

effects of this spanwise migration are aggravated when large scale, albeit 

steady, flow separation occurs on the turbine blade at larger wind 

speeds. Similar observations were made by Xu and Sankar [42] using a 

hybrid method to study the three-dimensional flow field around NREL 

phase II and III rotors. The phase II rotor consisted of a rectangular 

planform wing with no twist and taper, whereas the phase III rotor 

employed the same wing with a non-linear twist distribution [43]. It was 

observed that during steady inflow, with no misalignment between the 

rotor and oncoming flow, the centrifugal pumping effect was pronounced 

at higher wind speeds due to increased flow separation.  

Generally, empirical corrections, such as those due to Viterna and 

Corrigan [44], are applied to estimate the effects of delayed stall to some 

extent. However, as shown by Breton et al. [45], even these methods are 

susceptible to inaccuracies, in certain situations, in their prediction of 

three-dimensional flow effects on a turbine blade.  
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Figure 2.3 – Streamline curvature on the upper low pressure surface of the 

NREL phase VI wind turbine indicating the centrifugal pumping effect 

caused by the turbine rotation. The top is for the turbine operating at a 
wind speed of 7m/s whereas the bottom is for wind speed of 20m/s. The 

arrow heads indicate the primary direction of the streamlines. Extracted 

from [37]. 

2.1.3.2 Tip Vortex 

Tip vortices are an important aerodynamic aspect of any finite-span 

wing. For wind turbines, the tip vortices play a significant role in the 

wake development and progression behind the turbine [46, 47]. These 

vortices are produced due to the pressure differential that exists between 

the upper and lower surfaces of the blade. The vortex grows quickly on 

the upper surface of the tip, due to flow leakage from the lower surface, 

as the blade starts moving. The low pressure cores of the helical tip 

vortex results in flow acceleration at the blade tip [48]. The core 

development, flow acceleration and entrainment of the adjacent flow are 

indicated in the velocity magnitude contours of the wing tip vortex 

structure in Figure 2.4, extracted from [49]. The primary contribution of 

the wing tip vortex is decreased angle of attack at the tip of the blade, 

due to a downwash effect [50]. The entrainment by the vortex structure 

and the reduced attack angles results in completely attached flow in this 

region of the blade. As will be seen in the later sections, the tip vortex 

principally governs the wake development behind a wind turbine. 
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Figure 2.4 - Contours of experimentally-measured velocity magnitudes 

indicating the tip vortex structure on a finite wing [49]. 

2.1.3.3 Unsteady Flow Features 

The final flow feature on turbine blades can be attributed to the 

unsteady environment, influenced by ground effects, with fluctuating 

wind speed and direction. For instance, it has been observed that yawed 

operation is one of the fundamental operating modes of a wind turbine 

and poses severe limitations on the performance and structural integrity 

of a turbine [51]. It is estimated that turbines can be exposed to up to 

±30 degs of flow misalignment for a duration of several minutes [6]. In 

addition, the effects of yawed flow such as increased loading on the 

blades and skewed wake effects are not taken into account in 

commercial design codes [52, 53]. The primary effect of a yawed inflow, 

as well as other forms of turbulence, is the dynamic variation of the 

sectional angle of attack of the turbine blade. The sudden change in the 

sectional angle of attack results in the formation of a leading edge vortex 

that leads to increased loads on the turbine blades [54, 55]. These 

unsteady effects are more pronounced at the inboard stations of a wind 

turbine blade, due to larger angles of attack, as a consequence of blade 

twist, and smaller rotational speeds. The increased loads observed 

during this unsteady process can not only lead to fatigue damage on the 
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blade but can also cause performance inadequacies due to large flow 

separations.  

2.1.4 Section Summary 

The aerodynamics of wind turbine blades is largely different from fixed-

winged vehicles. In fixed-wing vehicles, flow separation is avoided at all 

costs; whereas, in the case of wind turbines, separation is an intrinsic 

part of the turbine operation. The primary differences result from the 

variation of sectional angles of attack along the turbine blade, due to 

turbine rotation, as well as the uncertainty in atmospheric wind 

conditions. Therefore, higher aerodynamic lift, encountered due to the 

centrifugal pumping effects, is common on wind turbine blades, as is the 

flow influenced by tip vortices. Furthermore, turbines are subjected to 

atmospheric turbulence, such as wind shear due to ground effects and 

prolonged variations in wind direction, as well as the wakes of 

neighboring turbines. These factors can lead to unsteady effects, 

particularly at the inboard stations of the turbine blade. Therefore, in 

general, the flow field in the vicinity of the turbine can be broadly 

categorized into four main features, as shown in Figure 2.5, for turbines 

operating in atmospheric conditions: 

1. Attached flow – Generally encountered at the mid-span of the blade 

and extending towards the tip locations, the attached flow is 

encountered on the turbine blade where the angles are not 

sufficiently large to cause flow separation and the rotor speeds are 

large enough to mitigate the unsteady effects due to inflow 

turbulence or other parameters. The attached flow region is primarily 

responsible for the sustained power productions of a wind turbine.  

2. Tip flow – Encountered at the tip regions of the turbine blades, the 

flow is influenced due to the presence of the tip vortices that originate 
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as a result of the pressure differential on either sides of the blade. 

The tip vortices reduce the angle of attack near the tip, resulting in 

attached flow.  

3. Centrifugal flow – Separated low momentum flow that is influenced 

by the centrifugal pumping effects due to turbine rotation, leading to 

favorable pressure distribution and higher lift, is generally observed 

at the inboard to mid-span of turbines. The centrifugal pumping 

effects are more pronounced when steady-state flow separation is 

encountered on a turbine blade during low turbulence conditions. 

However, the effects are less pronounced and shifted further towards 

the mid-span of the blade during normal operating conditions.  

4. Unsteady flow - Primarily encountered at the inboard regions of 

turbine blades and can extend to mid-span locations due to 

increased levels of turbulence, the unsteady flow is characterized by 

large scale vortical structures near the leading edge of the blade. The 

vortex structures can result in increased lift. Furthermore, the 

process of vortex shedding can disrupt the power production as well 

as cause vibrations in the blade.  

Therefore, a wind turbine blade is subjected to tip-vortex effects, an 

attached flow region, spanwise flow migration and unsteady effects at 

the same instant. The extent of each feature depends on the freestream 

wind conditions. It is important to consider these effects, and their 

dependence on freestream conditions, for efficient design of blades.  
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Figure 2.5 - A schematic illustration of the flow field patterns on a wind 
turbine blade. The diagram shows the four prominent flow features 

observed on a turbine blade. These include: the tip region, attached flow 

region, centrifugal flow region and unsteady flow region. 

2.2 Turbine Operating Conditions  

The unsteady flow field on a wind turbine blade can extend to a rather 

large portion of the blade, depending on the freestream conditions, and 

can therefore influence the forces and dynamics of the blade to a 

significant degree. The extent of unsteady flow can sometimes cover the 

entire blade during gust events or yaw-misalignment, due to increased 

variations in the sectional angles of attack. Therefore, it is prudent to 

understand the occurrence of the unsteady flow on wind turbine blades, 

and its dependence on the operating conditions of a turbine, to mitigate 

its detrimental effects on the performance and structural integrity of the 

blade. Therefore, in this section, a discussion regarding the operating 

conditions of a wind turbine is presented, including the atmospheric 

boundary layer and the wakes of upstream turbines.  
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2.2.1 The Atmospheric Boundary Layer 

The atmospheric boundary layer, commonly abbreviated as ABL, is the 

lowest 1-2 kilometers of the atmosphere enveloping the planet [56]. It is 

region most influenced by the exchange of momentum, heat and water 

vapor. Turbulent motions that primarily exist in this region, transport 

atmospheric properties both horizontally and vertically, and can be of 

time scales exceeding one hour.  The turbulent nature of ABL is 

fundamentally different from that observed in most wind tunnel studies 

[57]. However, the basic structure of the ABL is similar to a two 

dimensional turbulent boundary layer observed in wind tunnel 

experiments. Both have a distinct inner and outer region, where the 

outer region is mostly independent of the surface effects. For the ABL, 

the Coriolis force, due to earth’s rotation, is important in the outer layer, 

known as the Ekman layer. In contrast, the flow in the inner layer, 

termed as the surface layer, is mainly dependent on the surface 

characteristics and is less affected by the rotation of the planet. The 

surface layer generally extends between 50 to 100 meters above the 

ground level. The mean properties of the flow such as wind speed, 

temperature and humidity experience their sharpest gradients in the 

surface layer. The structure of the ABL is shown in Figure 2.6, where it 

can be observed that the turbulence is superimposed on the mean wind 

profile [58]. The surface layer, as can be observed, is severely influenced 

by the surface roughness. These surface roughness elements can induce 

severe fluctuations in the wind speed at smaller heights, as well as 

increase the velocity gradient of the mean wind profile. However, as the 

height is increased, these turbulent fluctuations become smaller, 

especially in the Ekman layer.   
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Figure 2.6 – The structure of the atmospheric boundary layer. 

Wind turbines usually have tower heights ranging from 20-120m 

above the ground [59] and, therefore, operate consistently in the 

turbulent surface layer. The ABL, therefore, directly determines the 

performance of a turbine at a specific height. Furthermore, it determines 

the fatigue life of a turbine due to increasing wind speeds with height as 

well as the turbulent fluctuations in wind speed and direction. The 

increase in wind speed with height is referred to as the ‘vertical profile of 

wind speed’ or the ‘vertical wind shear’ [13].  It is, therefore, important to 

predict the variation in wind speeds with height above the surface for the 

design of wind turbines [60]. Generally, two models have been used 

extensively for prediction of wind vertical velocity profile: the log law and 

the power law. Both methods have uncertainties associated with them 

due to the turbulent nature of the wind [61], but they do provide the 

designer with the initial estimates of the vertical wind profile at the 

selected sites, necessary for the design process. The accuracy and 

validity of both laws was tested by Kircsi & Tar [62], in Hungary, for 
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three different locations. Wind measurements were taken using SODAR 

(Sonic-Detection-And-Ranging), a method that uses sound waves to non-

intrusively measure the wind speed. The measured data was compared 

with the power law and log law approximations for three different 

locations. It was found that the log law was more accurate for two of the 

locations, whereas the power law was found more accurate for the 

location with a higher gradient in the wind profile. For engineering 

purpose, generally, the power law is mostly used for its simplicity and is 

given by the following expression: 

      

      
   

 

  
 
 

 

Here,        is the wind velocity at height  ,        is the reference 

wind velocity at reference height    generally taken as 10 meters, and   is 

the power law exponent or the Hellman’s exponent. Therefore, the 

method requires measurements of wind velocity at the reference height, 

which are readily available to the designer for planned wind turbine 

sites. The Hellman exponent is a function of surface roughness lengths 

and heights, as well as the thermal stability of the atmospheric boundary 

layer [63, 64]. Typical values of the exponent are presented in Table 2.1. 

Note that for most wind turbine sites, the value of the Hellman’s 

exponent is generally 0.1 [64, 65].  

Table 2.1 - Values for Hellman's exponent for different terrains [64]. 

Terrain Hellman’s exponent 

Open water surfaces 0.06 – 0.27 

Flat open lands 0.11 – 0.40 

Cities, villages 0.27 – 0.60 
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In addition to the mean velocity profiles, the turbulence in the 

ABL also needs to be characterized. The turbulence can be considered as 

being superimposed on the mean wind and can be visualized as a system 

of irregular eddies of different length scales [58]. Generally, it is 

measured as the standard deviation in the mean velocity measurements 

[64]. Much of the turbulence in the ABL is generated due to interaction 

with ground obstacles, such as trees and buildings, and thermal forcing 

due to solar heating, resulting in vertical convections of large air parcels. 

Much like the mean wind profile, semi-empirical expressions are 

available for the variation in turbulence intensity with height. For 

surface layers, Panofsky [66] proposed that the streamwise turbulence 

intensity can be predicted based on the following expression: 

       
    

        
 

Here,        is the streamwise component of turbulence intensity 

and    is the surface roughness height. According to ESDU [67], the    

value corresponding to the Hellman’s exponent of 0.1 is 10-4 m for wind 

turbine applications. Turbulence intensity predictions, based on this 

method, are according to the Danish standards for safety of wind 

turbines [68]. 

In addition to the small-scale turbulence superimposed on the 

mean wind speed, it is often useful to know the gust behavior at a given 

site [69]. Gusts are often classified as small-scale turbulence [70]; 

however, here, it is treated as a separate class for analysis purposes. 

Such a classification is illustrated in Figure 2.7 for a wind measurement 

over an interval of one minute. The data were recorded at a height of 3m 

at the Surface Layer Turbulence and Environmental Science Test 

(SLTEST) facility, in the western salt flats of Utah, using 3D sonic 
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anemometers at a rate of 20Hz [71]. As can be observed, the gust 

behavior of the wind speed is masked by the small-scale turbulence. 

Furthermore, gusts can have sustained time-scales of up to several 

seconds and, therefore, length scales of several tens of meters. Such 

sustained gust events can easily cover the entire chordwise and 

spanwise extent of the turbine blade and lead to considerable unsteady 

loads [72].  

 

Figure 2.7 - Classification of short term wind measurements. Data 

extracted from Hutchins and Marusic [71]. 

Several methods exist that can be used to estimate the value of 

the peak gust. According to Davis & Newstein [73], for a specific height, 

the peak gust bears a linear relationship with the average wind speed. 

Deacon [74] proposed that the power law can be used to predict the 

magnitude of the peak gusts using smaller values for Hellman’s 

exponent (0.03-0.06). Melbourne [75], through careful recordings and 

observations, proposed that the peak gust can be related to the 

turbulence intensity at a specific height and the mean wind speed at 

that height using the following expression: 
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Here,    is the magnitude of the peak gust,     is the averaged 

wind speed and    is the streamwise turbulence intensity in the wind 

over the averaging period. Therefore, using this expression, the gust 

behavior at a particular site can be established for the design of wind 

turbines.  

The final component of the ABL that influences the operation of 

wind turbines is the wind direction. Similar to the mean wind speed 

profile, the mean wind direction profile can also be considered as being 

superimposed by a turbulent component. The turbulent fluctuations in 

wind direction can be as large as ±20-30 degs [6]. The mean wind 

direction, on the other hand, remains essentially constant as the height 

above the ground level is increased [76, 77]. Wind turbines are designed 

to align themselves with the averaged wind direction through an inbuilt 

yaw control mechanism. Since this repositioning of large rotors can lead 

to excessive gyroscopic loads on the entire structure of the turbine [78], 

generally the directional averaging is performed over the duration of 

several minutes. Therefore, the turbulent fluctuations in wind direction 

are not taken into account. The large variations in the wind direction can 

lead to sustained operation at yaw for the turbine, resulting in 

performance losses and structural damage.  

2.2.2 The Wake behind a Turbine 

Most wind turbines are clustered in groups, known as wind farms, to 

take advantage of geographically-limited wind resources and to reduce 

the installation and maintenance costs [13, 79]. However, interference 

between the wakes and downstream turbines leads to reduced total 

power output, as compared to an equal number of stand-alone systems 

[80, 81]. Using multiple LiDAR (Light Detection And Ranging) 

measurements, Iungo and Porté-Agel [82] illustrated that the power 
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production of downstream wind turbines is severely degraded due to the 

cumulative wake produced by the upstream turbines. Similarly, using 

satellite Synthetic Aperture Radar (SAR), it was shown that the 

cumulative velocity deficit in large wind farms can exceed 8-9% and 

recovery is achieved to within 2% of the freestream wind velocity at 

distances as large as 20 km [83]. Estimates have further indicated that 

velocity deficits in excess of 20% are present in the wake of individual 

turbines [84]. The other significant problem associated with the wakes of 

turbines is the large increase in the turbulence levels in the wake [85]. 

The increase in the turbulence negatively affects the dynamic loading on 

downstream wind turbines and influences the fatigue life of a turbine 

operating in the wake [86]. The turbulence levels between turbines are 

aggravated due to the additive nature of the parameter through mixing 

with surrounding wakes. The cumulative wake of the turbines at the 

Horns Rev wind farm in Denmark is shown in Figure 2.8 and clearly 

depicts the gravity of the situation.  

 

Figure 2.8 - The cumulative wake at the Horns Rev 1 in Denmark, 

illustrating the severity of conditions at a typical wind farm (Owned by 

Vattenfall. Photo rights owned by Christian Steiness). 
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 Due to these issues, wind turbine wakes have been the subject 

of extensive research over the past few decades. Several reviews, such as 

those by Snel [87], Crespo et al. [88] and Vermeer et al. [89], are 

available and provide a valuable source of information in the subject 

matter. It is well-understood that the wake behind a wind turbine is 

created due to momentum extraction from the oncoming stream by the 

rotor. The rotor, furthermore, imparts a spin on the wake, the direction 

of which is opposite to the torque applied to the rotor. Therefore, the 

wake created by the turbine consists of continuous vortex sheets shed 

from the trailing edge of the blade. These vortex sheets immediately roll-

up in the wake, forming the blade tip and root vortices [22, 88].  

The wake behind a wind turbine is illustrated as a simple 

schematic in Figure 2.9, showing some of the salient features of the 

wake. The flow approaching the turbine, generally assumed constant 

with height for such analyses, slows down due to the presence of the 

turbine and results in smaller velocities than the freestream velocities. 

This causes the slight expansion of streamtube, depicted in Figure 2.9, 

as the flow approaches the turbine. The wake behind a turbine expands 

further due to the flow retardation, caused by energy extraction. In order 

to accommodate the slower moving flow in the wake, expansion occurs. 

As can be observed in the schematic illustration, two prominent flow 

structures are present in the immediate wake behind the turbine: the tip 

vortices, originating from the tip, mark the periphery of the streamtube; 

and the root vortices, distorted due to their close proximity to the hub. 

The basic dynamics of these vortex structures determines the 

characteristics of the wake. These will be discussed further in this 

section. 
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Figure 2.9 – Wake development behind a wind turbine indicating the 

velocity deficits and the rotation of the wake structure. 

  The wake behind a wind turbine is generally divided into near- 

and far-wake regions [90]. This classification is mainly used for wind 

farm design purposes, in order to determine the distance between two 

consecutive turbines. Several different definitions of these regions are 

present in the literature. For instance, Vermeer et al. [89] described the 

near-wake as the region where the effects of the rotor are still visible on 

the turbine wake, approximately one rotor diameter downstream. The 

far-wake, in contrast, is simply the region beyond the near wake. Crespo 

et al. [88], on the other hand, marked the near wake as the region where 

the shear-layer between the flow inside and outside the wake reaches the 

turbine central axis. This distance ranges between 2 and 5 rotor 

diameters downstream from a turbine, depending on the ambient 

conditions. However, both of these approaches require visual inspection 

of the wake and, therefore, cannot be directly used for design purposes. 

Note that wake studies related to wind turbines are limited to the near-

wake region, due to difficulties in instrumentation of tunnels as well as 

limitations in the tunnel lengths [91-93]. On the other hand, due to the 

vast computational resources required to model the flow around the 
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turbine blades and in the wake, most CFD studies either rely on 

Reynolds-Averaged Navier-Stokes (RANS) simulations of the flow in the 

near-wake [94-96] or apply the actuator line/disc methods, without the 

rotor blades, to predict the velocity recoveries in the wake [97, 98]. 

However, recently, Mo et al. [47] proposed an improved definition of the 

near- and far-wakes, using a high resolution numerical analysis, 

employing Large Eddy Simulation (LES), to capture the flow details in 

the wake of the NREL Phase VI wind turbine, operating inside a virtual 

wind tunnel. These wake studies were not restricted to small distances 

behind the turbine. Furthermore, due to operation in the virtual tunnel, 

the wake propagation was not influenced by the ambient wind conditions 

that are commonly observed in field experiments. Using this numerical 

analysis, the authors were able to demonstrate that the wake of a wind 

turbine is constituted and governed by the tip and root (central) vortices 

shed from the blade and the rotor hub, as shown in Figure 2.10. In the 

figure, instantaneous vorticity contours clearly mark out these vortical 

structures at different locations downstream from the turbine. As can be 

observed, as the vortices propagate downstream, wake instabilities result 

in the eventual breakdown of the primary tip vortices. The breakdown of 

these vortices was observed to coincide with a rapid fall in the average 

turbulence intensity. Mo et al. defined the region prior to this breakdown 

as the near-wake. In this region, the root and tip vortices are distinct 

and therefore cause the excessive increase in the turbulence intensity 

and hinder the velocity recovery. However, beyond this region, in the far-

wake, the turbulence intensity and the velocity deficits were observed to 

decrease rapidly. However, even at distances as large as 20 rotor 

diameters downstream in the wake, the turbulence levels were still 

observed to be approximately ten times larger the freestream conditions 

in this study. Further studies by the authors demonstrated that the 

wake instability and the location of breakdown of the primary vortex 
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structure in the wake is a function of the freestream wind speed for a 

given turbine design [46]. As the wind speed increased, the length of the 

near-wake region increased, approximately linearly. From a wind farm 

design point of view, it is important to locate the downstream turbine in 

the far-wake to ensure better performance and structural integrity.  

 

Figure 2.10 – Instantaneous vorticity contours in the wake of NREL phase 

VI wind turbine in a virtual wind tunnel, depicting the evolution of the 

wake up to distances as large as 20 rotor diameters [47]. 

  Generally, semi-empirical approaches are used to situate wind 

turbines in arrays and to determine the distance between the turbines. 

For instance, in order to estimate the velocity recovery in the wake of a 

turbine, the simple wake model proposed by Jensen [99] is employed. 

This method is based on a linear expansion of the wake downstream of 

turbine, and, due to its simplicity, is widely used in the turbine industry 



CHAPTER 2 RESEARCH BACKGROUND 

 

 

 
40 

[100]. Using this model, the velocity deficit in the wake at a particular 

station    (   
   ) is the function of the turbine thrust coefficient (  ), the 

rotor size in terms of its diameter ( ) and a wake decay factor (     ), 

with values ranging from 0.05-0.075 for offshore/onshore wind turbines, 

and is given by the following expression: 

   
  

                 
 

            
 
 

  

Similarly, the decay of average turbulence in the wakes of 

turbines with the downstream distance is also given by semi-empirical 

relationships. Described by Hansen [101], and summarized here, the 

turbulence in the wake (     ) is defined in terms of added turbulence (  ) 

and ambient turbulence intensity (  ) as: 

          
    

  

Here,   , which is the turbulence generated by the rotating blades, 

can be determined empirically using the following expression [102]: 

        
     

     
 

  
 
     

 

In the above equation,   is the downstream distance behind the 

wind turbine and    is the length of the near-wake region, determined 

according to Vermeulen [103]. The length of the near-wake is dependent 

on the rotor radius and the wake growth rate. A detailed explanation and 

implementation of the model are available in Hansen [101]. 

2.2.3 Effects of Atmospheric Turbulence 

Wind turbine aerodynamics and loads are largely governed by the 

turbulent environments in which the turbine operates. The effects of 
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such turbulent conditions are illustrated schematically in Figure 2.11. 

The nomenclature used in this diagram is similar to that employed 

earlier for Figure 2.2. Note that the turbulence in the wind can be 

classified simply as a change in wind speed, a change in wind direction 

or a combination of both. Therefore, in the schematic illustration, in 

Figure 2.11, the increase in wind speed and the changes in wind 

direction have been presented separately and are represented as dotted 

lines. From the diagram, it can be observed that the increase in wind 

speed or a change in its direction leads to a variation in the resultant 

velocity magnitude and direction, represented by    
 and    respectively 

in Figure 2.11. The change in the magnitude, in this case, is of little 

significance since it only leads to slight variations in the Reynolds 

numbers of the blade section. However, the variation in the sectional 

angle of attack of the airfoil can lead to unsteady loads on the turbine 

blade, similar to those discussed in Section 2.1.3.  

 

            (a) Wind speed changes   (b) Wind direction changes 

Figure 2.11 – A schematic illustration of the wind speed and direction 

changes on the sectional angle of attack of a wind turbine blade. 

2.3 The Process of Dynamic Stall 

The unsteady process associated with the large increase in the angle of 

attack of an airfoil was first observed by Kramer [104] in 1932. In this 

early study, Kramer observed the effects of vertical wind gusts on small 
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aspect ratio wings with symmetrical (Gottingen 459 airfoil) and cambered 

(Gottingen 298) profiles. It was observed that the gust leads to an 

increase in the angle of attack of the wing sections and a sudden rise in 

the lift generated by the airfoil. However, after this initial observation, 

due to a limited perceived applicability at the time, little attention was 

given to the problem for over three decades. Then, in the late 1960s, the 

process of dynamic stall was identified on the retreating blades of 

helicopters in forward flight [105, 106]. The process has been observed to 

impose severe restrictions on the performance of the vehicle as well as 

resulted in high demands on material selection for the blade to 

withstand the large loads. Therefore, considerable research has been 

conducted to understand the dynamic stall process on helicopter blades, 

principally to avoid its negative effects [107-116].  

 The dynamic stall process, as observed on the NACA 0015 airfoil, 

is illustrated in Figure 2.12. The flow patterns illustrated in the figure 

were simulated by the Wind Energy and Atmospheric Physics 

Department of the Risø National Laboratory within the EC project 

VISCWIND [117, 118]. As can be observed in Figure 2.12(a), the process 

begins with the formation of a leading edge vortex structure due to a 

shear layer roll-up at the leading edge. As this vortex structure, called 

the dynamic stall vortex, continues to buildup due to momentum from 

the freestream, the lift and drag generated by the airfoil continue to 

increase (Figure 2.12(b)). Finally, due to formation of a secondary vortex 

at the leading edge, the primary dynamic stall vortex is pushed away 

from the airfoil, as shown in Figure 2.12(c), resulting in an abrupt loss of 

lift and an increase in the drag force. As can be observed, the extent of 

the primary dynamic stall vortex is similar to that of the airfoil and 

therefore its presence and eventual departure have significant effects on 

the performance of the airfoil.  
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Figure 2.12 – Flow visualizations of a CFD simulation of NACA 0015 airfoil 

undergoing dynamic stall. (a) Initiation of leading edge separation (b) 
Dynamic stall vortex formation (c) Detachment of dynamic stall vortex. 

Images from VISCWIND [117] 

Due to the complex nature of the problem, several theories exist 

regarding the source of excessive lift generated during the dynamic stall 

process. Early research into the unsteady process has indicated the 

primary dynamic stall vortex as the main source of additional lift 

generated by the airfoil during the process [119-122]. However, Albertson 

et al. [123], on the other hand, indicated that the vortex comes into play 

much later in the cycle and showed that the majority of lift produced, 

approximately 91% of it, occurs prior to any observation of a vortex 

structure above the airfoil. Such lack of consensus still persists today 

and indicates a lack of understanding of the lift behavior during the 

unsteady separation process. Some prominent characteristics of the lift 

generated during the dynamic stall process on an airfoil undergoing 

constant pitch motion are illustrated in Figure 2.13. As can be observed, 

several of the unsteady lift characteristics are significantly different from 

the steady-state counterpart. For instance, starting at the onset of 

rotation, the lift produced by a rotating airfoil is larger than that 

observed on the same airfoil during steady-state operation [124, 125]. 

Afterwards, a curvature in the unsteady lift-curve slope is observed 

during the so-called ‘linear-regime’. The causes of this non-linear lift 

behavior during the airfoil pitch-up are still unknown and largely 
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ignored. After this, a sharp plateau-effect can be noted in the lift-curve 

[126, 127]. The causes of this sudden leveling-off of the lift-curve are 

also unknown. This plateau is, however, considered to be the precursor 

of the dynamic stall vortex. Once the dynamic stall vortex is formed, the 

unsteady lift-curve slope increases significantly. As long as the vortex 

remains in the vicinity of the foil, the lift force is sustained [123]. It is 

believed that the vortex structure has a low pressure core that affects the 

lift generated by the airfoil [128, 129]. Afterwards, due to the vortex 

departure, the airfoil goes into a state of abrupt stall. The flow separation 

results in a sudden loss of lift on the airfoil. However, it is important to 

note that the ‘intensity’ of this stall, in terms of loss of lift, and its 

dependence on airfoil profile are not available in literature. During the 

post-stall conditions, additional secondary or sometimes even tertiary 

vortices can be formed on the airfoil surface. These vortex structures, 

though of lesser strength compared to the primary dynamic stall vortex, 

can induce significant fluctuations in the lift generated by the airfoil.  

 

Figure 2.13 – Schematic representation of the lift curve characteristics of 

an airfoil undergoing constant pitch dynamic stall. 



2.3 The Process of Dynamic Stall 

 

 

 
45 

It should be pointed out that the process of dynamic stall, as it 

occurs on helicopter rotors, is believed to be different from that observed 

on wind turbine blades due to gusts or sustained yawed operation. The 

principal difference lies in the angle of attack histories of the blades of 

the respective rotors. For helicopter blades in forward flight or wind 

turbine blades operating in the atmospheric boundary layer with vertical 

wind shear, a cyclic variation in the angle of attack is observed. This 

variation has been replicated in a large number of wind tunnel 

experiments through sinusoidally pitching an airfoil at a fixed axis. 

However, on wind turbines, during gusts or changes in wind direction, 

the blade undergoes a sustained increase in the sectional angle of attack 

beyond the steady-state stall angle of attack. Depending on the length 

and time scale of the gust event or the time it takes for the turbine yaw-

axis to align with the oncoming flow, the blade might operate under 

unsteady post-stall conditions for extended periods of time. Regardless of 

these distinctions, it is important to note that there are distinct 

similarities between the two cases, such as large overshoots in lift and 

drag beyond the steady-state stall angle of attack and the formation of a 

leading edge vortex. Therefore, an insight into one ‘type’ of dynamic stall 

should aid in the understanding of the unsteady separation process in 

more detail. In the current thesis, particular focus is given to the 

dynamic stall during constant-pitch motions, due to its significant 

impact on the aerodynamic loading of wind turbine blades. 

In the following discussion, a detailed account is presented of 

several parameters influencing the unsteady separation process. Several 

pivotal sources have been verified to illustrate the effects, without regard 

to the type of motion resulting in the unsteady separation. However, 

where possible, a distinction has been made between the sinusoidal 

cases and the constant pitch rate cases. The primary interest in the 



CHAPTER 2 RESEARCH BACKGROUND 

 

 

 
46 

thesis is the post-stall behavior of an airfoil undergoing dynamic stall. 

Therefore, the focus of the section is to study the effects of pitch rate, 

Reynolds number and airfoil profiles on the lifting characteristics of a 

pitching airfoil.  

2.3.1 Effects of Pitch Rate 

The parameter used to describe the unsteadiness imposed on an airfoil 

through its motion is the reduced frequency [130]. Simply, it can be 

defined as the ratio of the airfoil leading edge velocity to the freestream 

velocity. For an airfoil with chord length of   , pitching about the mid-

chord at a pitch rate of     (rad/s) with a freestream flow velocity  , the 

reduced frequency ( ) is given as: 

   
   

  
 

In the equation, if    is constant, the effects due to the resulting 

motion are termed as constant-pitch dynamic stall or ramp-style 

dynamic stall. However, if    is a sinusoidal function of time, the resulting 

motion is sinusoidal.  

From the expression of reduced frequency, it is clear that when   

approaches unity, the convective and unsteady time scales are of the 

same order of magnitude and the flow can be considered as unsteady 

[131]. However, it has been observed that significant differences from 

steady-state behavior are present for reduced frequencies even as low as 

0.05 [132]. Digavalli [131] proposed that the unsteady effects become 

dominant when the ratio of viscous diffusion length-scales to the airfoil 

motion length-scale (     
) exceeds unity. Therefore, even with smaller 

reduced frequencies, the chord Reynolds number of the flow (   
) might 

be large enough to confer unsteady effects on an airfoil. This, 

furthermore, illustrates that an increase in Reynolds number might 
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result in the decrease of the unsteadiness required to cause dynamic 

stall on an airfoil, although no direct studies have illustrated this effect. 

 The effects of reduced frequency on the lift generated by an 

airfoil undergoing dynamic stall are illustrated in Figure 2.14, extracted 

from [124] and [107] for constant pitch rate and sinusoidal cases 

respectively. As can be observed from Figure 2.14(a), for an airfoil 

undergoing constant pitch rate motions, an increase in the reduced 

frequency results in the delay of dynamic stall to higher angles as well as 

a significant increase in the maximum lift coefficient (CL). These 

observations have been made by several researchers over the past few 

decades [133, 134]. Sheng et al. [135], furthermore, illustrated that the 

delay in the dynamic stall angle of attack varies linearly with the reduced 

frequency. However, no such trends have been noted for the maximum 

lift generated by the airfoil. Similarly, no measure of the intensity of stall 

after unsteady separation and its relation with the reduced frequency is 

available in the current literature.  

For the sinusoidal case, on the other hand, an increase in the 

reduced frequency results in the increase in the dynamic lift generated 

by an airfoil and the hysteresis in the lift force that is observed during 

the return cycle [136-138]. This is illustrated in Figure 2.14(b), where the 

airfoil is rotating with a mean angle of attack of 15O and amplitude of 

10O. Based on the observation of the primary dynamic stall vortex on 

sinusoidally oscillating airfoils, McCroskey et al. [120] proposed to 

classify the stalling behavior of the airfoil as either light stall or deep 

stall. The light-stall regime is defined when the downstroke motion of the 

airfoil begins prior to the formation of the dynamic stall vortex; whereas, 

deep-stall occurs when the dynamic stall vortex, and the consequent lift 

overshoot, are observed prior to the downstroke [139]. Therefore, in 

Figure 2.14(b), it can be observed that an increase in the reduced 
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frequency results in the transition of stalling behavior of the airfoil from 

light to deep dynamic stall. It is important to note that the amplitude of 

the oscillation and the mean angle of attack also determine the stalling 

behavior of a sinusoidally oscillating airfoil [107]. Generally, deep-stall 

conditions persist at larger amplitudes or mean angles beyond the 

steady-state stall angle of attack [111, 136, 140, 141].  

 
                      (a) (b) 

Figure 2.14 – Effects of increasing reduced frequency on the lifting 
characteristics of an airfoil undergoing (a) constant pitch rate motion [124] 

and (b) sinusoidal motion [107]. 

 Here, a small comment can be made regarding the similarity of 

the two different ‘types’ of unsteady separations. As can be observed in 

Figure 2.14(b) for the deep stall case, a slight plateau effect is visible in 

the lift-curve prior to the formation of the dynamic stall vortex. This is 

similar to the plateau effect that was highlighted for the constant pitch 

dynamic stall case in Figure 2.13. Furthermore, the prominent increase 

in the lift-curve slope is apparent for the deep stall case and is caused by 

the suction peaks created by the low-pressure core of the dynamic stall 

vortex. Similarly, just before the commencement of the downstroke 

motion, a secondary vortex structure also influences the lift curve 

slightly, similar to post-stall conditions during constant pitch dynamic 

stall. Therefore, it can be argued that the primary difference between the 
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two cases is simply that during sinusoidal oscillations, the airfoil is 

allowed to return to its initial state whereas for the constant pitch rate 

case the airfoil is kept in the unsteady stall condition for extended 

periods of time. This observation is significant since results are 

transferrable from one type to another, as will be demonstrated in the 

next section of this chapter.  

2.3.2 Effects of Reynolds number 

The Reynolds number is defined based on the freestream velocity ( ), the 

chord length of the airfoil ( ) and the fluid properties of density ( ) and 

dynamic viscosity ( ), as: 

    = 
   

 
  

The effects of Reynolds number on an airfoil undergoing unsteady 

separation have been investigated by several researchers in the past 

using force and surface pressure distributions [111, 142-146]. Studies 

have generally concluded that the Reynolds number plays no significant 

role in the dynamic stall process as a whole. However, there are several 

ambiguities in literature that encourage further research. For instance, 

Robinson and Wissler [142], through direct surface pressure 

measurements, concluded that an increase in the Reynolds number had 

no significant effect on the stall process as a whole. However, they also 

stated that as the Reynolds number increases, the low-pressure peaks 

near the leading edge were observed to increase in magnitude. Although 

not mentioned in their article, this is indicative of increased vortex 

strength. Similarly, Choudhuri and Knight [143] showed that increasing 

the Reynolds number from 104 to 105 resulted in the decrease of the 

length scales associated with the flow structures, indicating compact 

vortices. However, the overall effects were still deemed insignificant. For 
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Reynolds numbers applicable to an industrial scale, the NREL conducted 

a series of experiments on several airfoil sections undergoing unsteady 

separation due to sinusoidal motions [132, 147-149]. A sample test 

result for the well-known S809 airfoil [150, 151], from one of these 

studies, is illustrated in Figure 2.15. The airfoil in the presented cases 

has a smooth surface finish and was tested at different mean angles of 

attack at the indicated Reynolds numbers. As can be observed, for the 

light-stall case (left plot in Figure 2.15), the characteristic hysteresis is 

similar at both reduced frequencies. The flow is primarily attached in 

this case, as can be observed from the maximum angle of attack of the 

oscillation cycle (15O), being less than the steady-state stall angle of 

attack of the airfoil, and the hysteresis occurs simply due to the lag of 

flow response time to the moving airfoil. Similarly, it can be argued that 

the hysteresis is similar for the deep-stall case as well (right plot in 

Figure 2.15) and the slightly larger lift peak for the smaller Reynolds 

number case can be attributed to the slightly larger reduced frequency at 

this Reynolds number.  

 

Figure 2.15 – Comparison of the lift curves of a smooth airfoil undergoing 

sinusoidal motion at different Reynolds numbers. Plots reproduced from 

[132].  
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On the other hand, several recent studies indicate that the effects 

of Reynolds number cannot simply be ignored during analysis. For 

instance, Zhang and Schlüter [152], showed that for very small Reynolds 

numbers, typically less than 10,000, the maximum lift coefficient of a 

flat plate undergoing dynamic stall exhibits a non-linear behavior. A 

similar non-linear behavior in the lift force for a harmonically pitching 

NACA 0012 airfoil was noted by Amiralaei et al. [153]. Furthermore, as 

discussed earlier in Section 2.3.1, the unsteady effects are dependent on 

a coupled forcing of reduced frequency and Reynolds number [131] and, 

therefore, it is incorrect to consider that the Reynolds number has no 

significant effect during the process of dynamic stall.  

It is believed that the Reynolds number ranges in most works are 

too limited to produce a justifiable claim regarding the effects of 

Reynolds number on the dynamic stall process. For instance, in the 

NREL work [132], illustrated above, the flow around the airfoil, at such 

high Reynolds number, would mostly be turbulent. In contrast, most 

other works, being performed in conventional wind tunnels, are limited 

to a smaller Reynolds number range where the flow can primarily be 

considered as laminar. Due to this, the effects of Reynolds number on 

the dynamic stall process have remained concealed. Research needs to 

be undertaken for both these regimes for a particular airfoil and the 

effects should be compared. The transitional Reynolds number regime, 

where the boundary layer transitions from laminar to turbulent, can also 

be used for this purpose. During this regime, the boundary layer 

characteristics are extremely sensitive to the Reynolds number and, 

therefore, the location of transition and the extent of turbulent flow can 

be varied on the airfoil simply by varying the freestream velocity. Such a 

study would clearly distinguish the effects of Reynolds number and the 

state of the boundary layer on the dynamic stall process.  
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2.3.3 Effects of Airfoil Profile 

The effects of the airfoil profile shape on the unsteady separation process 

are generally considered to be dictated by the steady-state stalling 

behavior of the airfoil. It has been concluded that the airfoils with better 

steady-state stall characteristics have better dynamic stall behavior, in 

terms of stall delay and the maximum lift coefficients [120, 154]. 

McCroskey et al. [120] performed the seminal comparison of eight 

different airfoil profiles undergoing sinusoidal pitch oscillations. It was 

concluded that during light-stall conditions, the airfoil profile has a 

significant effect on the dynamic stall process. However, during deep-

stall conditions, the profile shape showed no significant consequence on 

the unsteady separation process.  

A comparison of two different airfoils, NLR-1 and NLR-7301, from 

the study by McCroskey et al. [120] operating at both the light- and 

deep-stall conditions is presented in Figure 2.16. The profiles of the 

airfoils are also illustrated in the figure for comparison. The NLR-1 is a 

comparatively thinner airfoil section, with a sharper leading edge. On the 

other hand, the NLR-7301 airfoil is a thicker version, of the same family, 

with a much more rounded leading edge. The comparison of the two 

airfoils during the light-stall conditions indicates that the thicker airfoil 

has a considerably better performance during oscillations compared to 

the thinner airfoil. Apart from the increased maximum lift coefficient, it 

is also important to note the smaller hysteresis in the lift force for the 

thicker airfoil, since the hysteresis is an indication of the loss of lift 

during the cyclic changes in the angle of attack and directly represents 

the amount of fatigue for a blade section.  

Similarly, for deep-stall conditions, it can be observed that for 

NLR-1 airfoil a peak in the lift force is observed, slightly after a plateau 
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in the lift curve during the upstroke motion. This peak is indicative of 

the formation of the dynamic stall vortex. After the peak, the airfoil goes 

into a state of abrupt stall, even though the foil is still in the upstroke 

motion. Afterwards, the presence of a secondary vortex structure is also 

apparent in the lift force, just prior to the downstroke motion, and 

indicates that the flow is principally separated from the airfoil. On the 

other hand, no such peaks are observed for the thicker NLR-7301 airfoil, 

indicating that the formation of the vortex is delayed, principally due to 

the airfoil profile. The loss in lift is encountered in this case once the 

NLR-7301 airfoil begins its downstroke motion. Therefore, based on this 

discussion, it can be argued that the airfoil profile has a significant effect 

on the unsteady process. A thicker profile, with a rounded leading edge, 

can not only lead to a smaller hysteresis in the lift force but also a 

considerable delay in the dynamic stall onset.  

 

Figure 2.16 – Effects of profile on the unsteady separation process during 

sinusoidal motion. Extracted from McCroskey et al. [120]. 

Apart from this early study by McCroskey et al. [120], no direct 

comparisons of the airfoil profile on the dynamic stall process are 

available in the literature. Difficulty arises in making comparisons 

between different sources, primarily due to the dissimilar operating 

conditions between them. This problem is further exacerbated by a lack 
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of specific parameters or methods that can be used to compare airfoil 

performance during unsteady operation. Since it is not always feasible to 

visually compare the lift hysteresis of different airfoils, an earlier 

parameter, known as the Liiva criterion [155], can be used for dynamic 

stall due to sinusoidal motions. The criterion can be estimated by 

calculating the area enclosed by the curve and, therefore, is applicable 

for cases where the forces and moments exhibit a closed-loop behavior. 

For airfoils undergoing dynamic stall due to constant pitch rate motions, 

no such parameter is available to compare the post-stall characteristics 

of different airfoils.   

2.3.4 Dynamic Stall on Wind Turbine Blades 

It is interesting that before 1988 dynamic stall was not considered to 

affect the performance and loads of a wind turbine. An early analytical 

study by Hibbs [156] actually demonstrated that the dynamic stall could 

be ignored during the design of a wind turbine since it was deemed to 

have a minimal effect on the performance of the turbine. However, soon 

after, Butterfield [157] was able to experimentally quantify the effects of 

dynamic stall on a wind turbine. It was illustrated, through wind tunnel 

experiments on an actual turbine, that dynamic stall can occur on a 

wind turbine blade due to yawed flow, inflow turbulence and tower 

shadow. It is now widely known that the problem of dynamic stall not 

only persists during the ‘normal’ operating conditions of a turbine but 

also determines the structural loads and power production in a highly 

transient time frame [158]. Therefore, efforts are being directed towards 

efficient modelling of dynamic stall process on wind turbine blades to 

account for the large loads produced during the process [110, 130, 159]. 

The occurrence of dynamic stall on a wind turbine blade can be 

clearly seen in Figure 2.17. The figure was extracted and reproduced 
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from the seminal work of Butterfield et al. [160], where a downwind wind 

turbine was tested under conditions of yawed-inflow. The three-bladed 

turbine was constituted from the basic S809 airfoil due to the large 

number of reliable wind tunnel data available for the airfoil. The primary 

attribute of this airfoil is decreased roughness sensitivity and a 

sustained maximum lift coefficient of 0.95 over a range of angle of 

attacks prior to stall [161, 162]. One of the blades of the turbine was 

instrumented with pressure sensors at selected spanwise locations to 

study the variation of the forces during the turbine rotation under yaw-

misalignment of 0O and 30O. Furthermore, a flow angle probe was used 

in the experiment to determine the exact angle of attack at the selected 

spanwise locations. The azimuth-averaged results at 47% and 80% span 

locations, illustrated in Figure 2.17, were acquired over a total of 25 

revolutions of the blades.  

 

Figure 2.17 – Comparison of lift and angle of attack histories on a turbine 

blade at selected spanwise locations during rotation at yawed inflow of 30O 

and with no yaw misalignment. The plots clearly depict the occurrence of 

dynamic stall at the inboard stations of the turbine blades. Reproduced 

from [160]. 
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 It can be observed from the plots that the angle of attack 

variation under yawed flow condition is significantly higher compared to 

the case with zero yaw-misalignment, where large variations are only 

observed due to the tower shadow at an azimuth angle of 180O. Due to 

these rapid variations, it can be observed that the lift coefficient at 

inboard station, 47% span, considerably exceeds the steady-state 

maximum lift coefficient of the S809 airfoil. This is a clear indication of 

dynamic stall occurrence on the turbine blade. At zero yaw-

misalignment, the sectional lift coefficient only exceeds the steady-state 

maximum under the influence of the tower shadow, at an azimuth of 

180O. On the other hand, due to the high rotational speeds at the 

outboard station, 80% span, the sectional angle of attack at this location 

does not exceed the steady-state stall angle of the airfoil. Therefore, the 

lift coefficients do not exceed the maximum steady-state lift of the airfoil. 

There is a prominent increase in the lift, particularly for the zero-yaw 

misalignment case when the blade passes behind the tower of the 

turbine. From this study, therefore, it was clear that the tower shadow 

and yaw-misalignment can lead to such large excursions in sectional 

angles of attack that dynamic stall is an inevitable outcome. A similar 

study by Shipley et al. [54] in fact estimated that dynamic stall occurred 

during more than 50% of recorded cycles for both upwind and downwind 

wind turbine configurations, due to yaw-misalignment. Such studies 

have led to the abolition of downwind turbine configurations due to 

excessive cyclic loading that is observed as the blade passed through the 

wake of the tower. Therefore, most turbines used today have an upwind 

configuration. 

For a two-bladed upwind rotor-configuration with taper and blade 

twist, Schreck et al. [163] demonstrated, through surface pressure 

measurements, that dynamic stall occurs periodically on wind turbine 
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blades under yawed inflow. It was shown that the dynamic stall vortex 

kinematics is largely influenced by three-dimensional effects due to the 

rotation of the turbine blade. Recording the pressure signature of the 

dynamic stall vortex, the study demonstrated that once the vortex is 

formed, the dynamics of the blade are governed by it due to its large 

extent and the extended periods it stays in the vicinity of the blade. One 

such case study is presented in Figure 2.18 for the turbine operating at 

an inflow velocity of 13m/s and a yaw misalignment of 40O. The pressure 

signatures of the vortex were used to map out the chordwise position of 

the vortex as a function of time. As can be observed, the vortex is first 

developed at the leading edge of the inboard station of the turbine blade, 

at 30% span (0.30R). At this inboard station, vortex convection velocities 

are comparatively smaller compared to the other sections and, therefore, 

the vortex stays in the vicinity of the section for longer periods of time. 

Note that the timeframe depicted in the plot represents approximately 

half of the time the blade takes to complete one revolution. Therefore, at 

the inboard stations of the blade during yawed inflow, the dynamic stall 

occurrences are excessive and prolonged. On the other hand, for the 

outermost parts of the blade, such as at 80% span, the vortex is first 

observed at 0.2% chord. Furthermore, the vortex convection velocities 

are significantly larger in this case and so the vortex swiftly convects 

over the blade. Similar observations were made for a rectangular, twisted 

blade with no taper [164]. Therefore, due to the extended periods of 

vortex-residence near the blade of the turbine, the turbine performance 

and structural loads are severely affected by it.  
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Figure 2.18 - Dynamic stall vortex convection histories on a wind turbine 

blade at different spanwise sections [163]

2.4 Dynamic Stall Control 

The process of dynamic stall can be initiated by a number of 

phenomena, as discussed in this chapter, such as inflow turbulence in 

wind speed and direction, tower shadow effects, gusts and sustained 

yawed-operation as well as operation in the wake of an upstream wind 

turbine. Therefore, in order to improve the operation of the turbines and 

further enhance its efficiency, it is important to determine methods for 

controlling the process of dynamic stall. In this section, therefore, the 

various techniques that have been utilized in recent research to limit the 

effects of dynamic stall are presented. In particular, we are interested in 

the effects of different control methods on the lift produced by the 

dynamic stall vortex, since a large increase in the lift force can lead to 

large bending loads on the blade and the blade-hub joint. Furthermore, 

the dynamic stall vortex can also cause large negative pitching moments 

that can increase torsional loads on turbine blades. The sudden loss of 

lift, after flow separation, leads to vibrations in the blades. This flow 

separation and the ensuing vibrations can affect the performance of the 

turbine and, furthermore, degrade the fatigue life of turbine blades. The 

two different types of dynamic stall presented in this chapter, sinusoidal 
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and constant pitch, pose very similar control challenges. The control 

objectives for dynamic stall lift, under different operating conditions, are 

illustrated in Figure 2.19, and summarized as follows: 

 Reduced hysteresis - For an airfoil in sinusoidal motion, it is 

desirable to reduce the hysteresis in the lift force. This is somewhat 

equivalent to the required control objective of smoother lift decay 

when an airfoil undergoes constant-pitch rate motion. For both cases, 

it implies that the control methodology aids in the lift-recovery 

process after separation.  

 Reduced dynamic stall lift - It is desirable to reduce the lift associated 

with the primary dynamic stall vortex. This objective ensures that the 

bending loads created due to a sudden increase in the lift are 

minimized. It, furthermore, ensures that the loss of lift after vortex 

separation is less abrupt, thus ensuring a smoother lift decay. 

Moreover, the negative pitching moment excursions that are 

associated with the dynamic stall vortex can be significantly reduced 

if the vortex structure is completely avoided or delayed during the 

pitch-up motion of the airfoil.  

 Delay in dynamic stall - It is desirable to delay the onset of dynamic 

stall for both cases. In terms of wind turbine operation, this implies a 

greater resistance to unsteady separation and, therefore, improves 

the reliability of the turbines. With delayed dynamic stall, the 

turbines can then be placed at locations with higher levels of average 

turbulence in the wind or can be packed closer together for improved 

wind farm performance. Again, it is difficult to observe this effect for 

light-stall regime during sinusoidal motion.  
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Figure 2.19 Desired lift behavior of an airfoil undergoing dynamic stall for 
different types of motions. Both desired lift behaviors would yield 

appreciable improvement in the performance and fatigue life of the device.  

It should be noted that most research into dynamic stall control 

has been motivated principally by helicopter blades and, therefore, is 

often limited to sinusoidal motions of the airfoils. However, the effects of 

the control on the dynamic stall process during sinusoidal variations of 

angle of attack are interpretable and transferrable, to a certain degree, to 

the constant-pitch cases, as discussed. The objective of this section is 

therefore to review different flow control techniques that have been used 

to suppress dynamic stall effects, regardless of the type of motion that is 

causing the separation. The section has been categorized according the 

type of flow control technique; for instance, the subsection regarding 

leading edge modifications includes discussions for both the use of slats 

as well as drooped leading edges. However, leading edge perturbations 

have been grouped with vortex generators, since both methods produce 

streamwise-oriented vortices. Therefore, some of the methods can be 

categorized in other subsections as well, or form their own category. 

However, for the purpose of present discussion, this classification 

method is used.  
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2.4.1 Effects of Fluid Injection and Removal 

The use of high-momentum fluid injection into or low-momentum fluid 

extraction from the boundary layer to improve the boundary layer 

stability and resistance to separation has been investigated by several 

researchers [165-167]. For steady-state operation it has been observed 

that such boundary layer control methodologies can delay the flow 

separation by several degrees, as well as result in an increase of steady-

state maximum lift of the airfoil. 

For unsteady airfoils, Gardner et al. [168] numerically studied the 

influence of jets of various configurations, with significant mass flow 

injection, on the performance of a sinusoidally pitching OA209 airfoil. 

The jets were positioned on the airfoil at 0.1c such that the fluid 

injection was tangential to the airfoil surface and minimized the 

possibility of boundary layer separation of bubble formation to the mass 

flow from the jet. Several different configurations of the jets were 

investigated in the research, using three dimensional RANS simulations. 

It was observed that the effect of tangential jets, used for the Coanda 

effect, is to shift the entire vortex structure towards the trailing edge of 

the airfoil. It was observed that the resultant vortex structure was 

smaller in size compared to that observed on the clean airfoil section. 

This results in a significant reduction in the maximum lift produced by 

the airfoil, as shown in Figure 2.20 (a). As can be observed, the lift-

hysteresis, after the vortex convection, is also significantly smaller 

compared to the clean airfoil. This indicates that the tangential fluidic 

injection also aids in the lift-recovery process during the downstroke 

motion of the airfoil. However, the loss of lift, though initially smooth, is 

rather sudden as the airfoil approaches the angles at which the primary 

dynamic stall vortex (DSV) is observed on the clean airfoil. Similar effects 

were observed for thick airfoil sections principally used in the wind 
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turbine industry [169]. Further to this, Gardner et al. [168] also 

investigated the effects of inclined and skewed jets for dynamic stall 

control. It was believed that such a configuration could lead to splitting 

of the primary DSV into smaller vortices of reduced strength and extent. 

However, due to the limited domain of the analysis, this effect was not 

observed. As can be observed in Figure 2.20 (b), this method leads to a 

reduction in the vortex strength and, therefore, the lift peak is levelled off 

for the controlled case. However, the hysteresis is still significantly large 

and flow reattachment is considerably delayed compared to the clean 

case. This indicates that inclined and skewed fluidic injection does not 

aid in lift-recovery during the unsteady separation process. The final 

method investigated in the work was vertical fluidic injection. It was 

observed that flow injection normal to the airfoil surface leads to the 

creation of a stable separation bubble, anchored by the jets. The DSV 

formed in this case was also shifted towards the trailing edge of the 

airfoil and was of significantly reduced size and strength. This resulted 

in the smaller contribution to the lift generated by the airfoil, as shown 

in Figure 2.20 (c). The hysteresis in the lift is also somewhat reduced 

initially; however, the vertical fluidic injection can be observed to hinder 

flow recovery.  

 

(a) Tangential fluidic injection 
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(b) Inclined and skewed fluidic injection 

     

(c) Vertical fluidic injection 

Figure 2.20 – Effects of different fluidic injection methods and 

configurations (red) on the dynamic stall process of OA2019 

airfoil [168]. 

Similarly, the effects of fluid removal during the dynamic stall 

process were investigated in detail by Karim and Acharya [170] using 

flow visualization. It was indicated that reverse flow accumulation near 

the leading edge of the airfoil was primarily responsible for the formation 

of the dynamic stall vortex. This reverse flow can be removed from the 

leading edge of the airfoil using suction to delay the dynamic stall 

process. The flow suction was applied near the leading edge of the NACA 

0012 airfoil and the slot location was varied between 0.2c and 0.5c. It 

was observed that for sufficient flow removal the dynamic stall vortex 

could be avoided altogether on the airfoil. This can be observed in the 

flow visualization of the airfoil, undergoing constant-pitch rate motion at 

a reduced frequency of 0.15, as presented in Figure 2.21. The 
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visualizations are provided for different Reynolds numbers, as indicated 

in the image, and at an angle of attack of 35O. As can be observed, the 

DSV is completely suppressed due to the flow removal near the leading 

edge of the airfoil. From the flow state illustrated in Figure 2.21, it can 

be argued that the increased lift created due to the vortex will completely 

vanish. Furthermore, the abrupt loss of lift might also be avoided in this 

case due to partially attached flow.  

 

Figure 2.21 - State of flow field on the NACA 0012 airfoil at an angle of 

attack of 35O, pitching at a reduced frequency of 0.15 at different 

Reynolds numbers [170].  

Periodic excitation has also been investigated for dynamic stall 

control of airfoils. For steady-state operation, it has generally been 

observed that excitation of the flow through periodic fluid addition is 

more effective compared to the traditional methods of continuous 

removal or addition of high momentum fluid [171, 172]. This has also 

been demonstrated for the dynamic stall case. However, the mechanisms 

involved in improved control are unknown. It can be postulated that 

through periodic excitation, vortices are created that entrain the fluid 

and enhance mixing. However, further investigations are required to 

definitively understand the mechanisms involved. Greenblatt et al. [173, 

174] illustrated through experiments that periodic excitation could lead 

to a significantly reduced hysteresis in the lift force, compared to the 
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continuous fluidic injection mechanism. This is demonstrated in Figure 

2.22 for the NACA 0015 airfoil operating at a reduced frequency of 0.1. 

Note that for periodic excitation, the reduced excitation frequency, given 

as the ratio of the product of the excitation frequency and the distance 

between the slot and the trailing edge to the freestream velocity, is 0.6. It 

was observed that the periodic excitation leads to a significantly 

diminished hysteresis in the lift compared to the continuous injection 

method at similar flow injection rates.   

 

Figure 2.22 - Comparison of periodic and continuous fluidic injection on 

the dynamic stall process of a NACA 0015 airfoil. Reproduced from [173]. 

Note that the airfoil in Figure 2.22 is examined at light-stall 

conditions. Therefore, the DSV is not formed in this case. Consequently, 

at present, no suggestions can be made for the effectiveness of this 

method in reducing the strength of the primary DSV or in reducing the 

stall intensity after the primary DSV convects.  

2.4.2 Effects of Streamwise Vortices 

The control of flow separation through streamwise-oriented vortices, 

generated by simple vane-type vortex generators (VGs), was first 
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introduced in 1947 by Taylor [175]. Vortex generators are small vanes 

that are mounted normal to a surface at a certain angle to the 

freestream. These VGs are able to produce high-energy streamwise 

vortices that allow enhanced mixing between the high-momentum 

external-flow and the boundary layer. The longitudinal streamwise 

vortices are created due to the flow past the tips of the VGs. Generally 

mounted slightly before the point of separation, the VGs can enhance the 

aerodynamic performance by eradicating flow separation due to adverse 

pressure gradients. In terms of wind turbines, this manifests as a higher 

torque and power generation by the turbine [176]. Performance 

enhancements for wind turbines using vortex generators have been 

demonstrated through field studies as well [177].  

An exhaustive amount of effort and research has been conducted 

to understand the flow physics of the vortex generators as well as in 

optimizing different aspect of the flow generators for different 

applications [178-181]. However, most of these research and 

optimization efforts are principally focused on steady-state separation 

control. Only recently, efforts have been diverted to understanding the 

effects of VGs during the process of dynamic stall. To this end, Pape et 

al. [182] studied the effects of increasing heights of the vortex generator 

on the dynamic stall process of the OA209 airfoil. As can be observed in 

Figure 2.23, an increase in the height of the vortex generator results in a 

systematic reduction of the lift-hysteresis and indicates that the vortex 

generators assist in the flow reattachment process. However, due to the 

small range of angles and consequently operation in light-stall regime, 

the effects of VGs on the dynamic stall vortex cannot be described using 

the plot. Similarly, the effects of different shaped VGs were investigated 

by Heine et al. [183]. It was observed in the study that VG shapes 

promoting counter-rotating spanwise-oriented vortices showed slightly 
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better hysteresis behavior to the configurations that produced co-

rotating streamwise-oriented vortices. It was, furthermore, observed that 

a larger spacing between each pair of counter-rotating streamwise 

vortices resulted in a larger lift during the dynamic stall process. 

Therefore, a more compact arrangement of VGs can alleviate the effects 

of the dynamic stall vortex.  

 

Figure 2.23 - Effect of vortex generator height (hDVG) on the dynamic stall 

process of an OA209 airfoil. Reproduced from [182]. 

Mai et al. [184] proposed a unique arrangement of VGs in order to 

reduce the higher drag produced by the VGs during steady-state 

operation. In the study, the vortex generators were placed at the 

underside of the airfoil, near the stagnation point location at moderate 

angles of attack, as illustrated in Figure 2.24. This arrangement was 

found to be beneficial since the VGs did not influence the steady-state 

behavior of the airfoil up to moderate angles of attack. At the higher 

angles, the VGs would start to interact with the flow and improve the 

steady-state post-stall lift, as can be observed in Figure 2.24. For the 

unsteady case, as the angle of attack increased, the VGs were found to 

still reduce the lift hysteresis during the unsteady process. However, 
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since the VGs do not influence the flow state earlier, the abrupt loss of 

lift is still governed by the primary DSV and is found to be similar to the 

clean airfoil. Therefore, the VGs were observed to improve the lift-

recovery after unsteady separation but did not influence the DSV. From 

this observation, it is clear that the control methodology needs to be 

applied prior to DSV formation in order to affect the abrupt loss of lift 

during unsteady separation. 

 

Figure 2.24 – Effects of VGs (dashed lines) placed on the underside of an 

airfoil on the steady and unsteady performance. Reproduced from [184]. 

Similar to VGs, leading edge perturbations, such as tubercles or 

sinusoidal leading edges, have also been observed to produce streamwise 

vortices. Substantial effort has been devoted to understanding the effects 

of such leading edge modifications by various researchers [185-188] in 

order to gain a deeper insight into the underwater maneuverability of 

fish and aquatic mammals. It has generally been observed that such 

protuberances at the leading edge can lead to delay in flow separation 

and an increased lift after steady-state flow separation [189, 190]. The 

improvements in airfoil performance are associated with counter-rotating 

streamwise-oriented vortices that entrain the fast-moving flow outside 

the boundary layer and increase the resistance of boundary layer 

separation at higher angles of attacks [191], similar to VGs. However, 

most studies related to such leading edge perturbations are primarily 



2.4 Dynamic Stall Control 

 

 

 
69 

performed on stationary airfoils and wings. Therefore, it is important to 

understand the degree to which unsteady motion can influence the flow 

structures. Ozen and Rockwell [192] found that the use of sinusoidal 

perturbations at the leading edge of a flat flapping plate resulted in 

sustained flow attachment due to the formation of counter-rotating 

streamwise vortices at the leading edge. Further investigations by 

Fassmann & Thomson [193], using PIV, indicated that these streamwise 

vortices inhibit spanwise flow during the flapping process. This is 

illustrated in the vorticity contours presented in Figure 2.25 for a flat 

plate flapping at a reduced frequency of 0.35. Note that no dynamic stall 

vortex was observed in these cases. 

 

Figure 2.25 - Vorticity contours of a flapping plate with leading edge 

perturbations indicating the streamwise-oriented vortices [193]. 

Borg [194] examined the effects of sinusoidal leading edge 

perturbations on the performance of a pitching NACA 0021. It was stated 

that the sinusoidal profile improved the performance of the airfoil in 

terms of the maximum lift generated as well as reducing the size of the 
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hysteresis during the downstroke motion of the airfoil. It was, 

furthermore, shown that an increase in the spacing between peaks leads 

to an increased maximum lift and a larger hysteresis during the dynamic 

stall process. This observation is similar to the case of VGs, discussed 

earlier. Therefore, closely packed streamwise vortices, generated by 

closely spaced leading edge perturbations or VGs, is effective for dynamic 

stall control. This is advantageous since such an arrangement was also 

observed to improve the steady-state maximum lift as well the stall angle 

of attack of the NACA 0021 airfoil. It has furthermore been 

demonstrated, using numerical analysis, that such leading edge 

modifications can improve the performance of wind turbine blades at 

higher wind speeds [195].  

Using leading edge perturbations for dynamic stall control is, 

therefore, similar to the use of vortex generators near the leading edge of 

the airfoil. It is, though, worth noting that leading edge perturbations do 

not affect the steady-state drag to a large extent as compared to the 

vortex generators. Nevertheless, implementation of leading edge 

perturbations on practical wind turbines would require changes in the 

design process of the blades and, therefore, would affect the current 

manufacturing practices. On the other hand, VGs can be implemented 

on currently operational turbines. However, further research is required 

to understand the effects of VGs on the dynamic stall process during 

deep-stall conditions. Such an analysis is necessary in order to better 

perceive the influence of the VGs on the primary dynamic stall vortex 

and the associated large increases in lift and drag.  

2.4.3 Effects of Spanwise Vortices 

Similar to streamwise-oriented vortices, vortices with an axis-orientation 

normal to the oncoming flow can also be used to increase flow 
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entrainment and reduce the extent of flow separation. However, unlike 

the extensive research into methods used to generate streamwise 

vortices, a rather limited amount of work has been done to understand 

the effects of spanwise-oriented vortical structures. An investigation by 

Neumann and Wengle [196] illustrates the effectiveness of such vortices 

on separation control. In the study, surface-mounted fences were used 

to generate spanwise-oriented vortices that would enhance mixing and 

lead to a reduction of the size separation zone behind a backward facing 

step. Due to increased entrainment of ambient flow, it was observed that 

a 13% reduction of the mean reattachment length was obtained using 

surface-mounted fences. The mechanisms involved in such flow, 

perceived by the author of the thesis, are illustrated schematically in 

Figure 2.26. It is believed that high entrainment of ambient flow, caused 

by spanwise-oriented vortices, is primarily responsible for the decrease 

in the separation zone behind a backward facing step.  

 

Figure 2.26 - A conceptual illustration of the workings of a surface-

mounted fence and its effects on the reattachment extent behind a 

backward facing step.  

Other than this particular study, no practical implementation of 

fences, for the purpose of airfoil stall control, was found. It is believed 

that such a control would yield similar effects on the airfoil performance 

to vortex generators. It has been argued that using two fences in close 

proximity along with a small amount of suction can lead to a captured 

vortex structure that can increase the bound circulation on an airfoil 
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and the lift generated [197, 198]. However, such methods are difficult to 

implement in real life. Similarly, no particular studies have focused on 

exploring the effects of spanwise vortices on dynamic stall. However, 

some inferences can be obtained from the published work. For instance, 

plasma actuators can be used to create spanwise vortices as illustrated 

by Post and Corke [199]. Although the actuators are a zero net-mass flux 

method and can be used to modify the boundary layer profile and 

postpone separation [200-202], periodic switching can lead to the 

creation of spanwise vortices. Unsteady excitation, at lower forcing 

frequencies, for the NACA 0015 airfoil [199] was observed to give rise to a 

train of spanwise periodic vortices, as shown in Figure 2.27. These 

periodic spanwise vortices cause the flow to reattach more quickly, 

compared to the unactuated case, and also interfere with the DSV 

formation. However, it can be observed that these vortex structures are 

significantly weaker compared to the streamwise vortices generated by 

vortex generators. 

 

Figure 2.27 – Spanwise oriented vortices generated using plasma actuators 

through unsteady actuation on the NACA 0015 airfoil undergoing dynamic 

stall [199]. 
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The effects of the spanwise vortices, produced from unsteady 

actuation, on the process of dynamic separation can be observed clearly 

from the lift plots presented in Figure 2.28. As can be observed during 

steady actuation, the lift produced by the airfoil during sinusoidal 

pitching is largely unaffected, except near the peak lift. The steady 

actuation does not aid in lift-recovery or reduce the vortex lift. However, 

through unsteady actuation, the peak vortex lift is reduced. It can, 

furthermore, be observed that the hysteresis in the lift force is slightly 

smaller compared to the unactuated case. This effect is caused by the 

spanwise-oriented vortical structures that are produced through 

unsteady actuation of the plasma actuators.  

 

Figure 2.28 – Effects of plasma actuator on dynamic stall of NACA 0015 

airfoil. Reproduced from [199]. 

As can be observed in the flow visualization (Figure 2.27), the 

spanwise vortices created using unsteady actuation of plasma actuators 

are considerably weaker and further apart. Therefore, other methods 

need to be investigated for the creation of stronger and more compact 

spanwise-oriented vortices. Local surface buzzing is one such approach, 

where high frequency surface vibrations can lead to the creation of 

spanwise-oriented vortices. This method was investigated by Park et al. 

[203] to control the flow separation at high angles of attack on the NACA 
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0012 airfoil. The method has been demonstrated to reduce the abrupt 

flow separation of thin airfoils during steady state operation at high 

angles of attack. It was shown that at an angle of attack of 14O, the flow 

separation on the upper surface of the NACA 0012 airfoil is delayed and 

the separation region is forced towards the trailing edge of the airfoil. 

This effect can be attributed to the spanwise-oriented vortices created by 

the buzzing process, as illustrated in the oil-surface flow visualizations 

presented in Figure 2.29. However, note that the vortices are not 

coherent at inception, and in fact take form much later on the airfoil 

compared to the location of the buzzing, which is at the leading edge of 

the airfoil. The buzzing process, therefore, might produce shear layer 

oscillations in the detached flow at the leading edge that ultimately 

rollup at reattachment to form the spanwise vortex structures illustrated 

in Figure 2.29. It is also important to note that the mechanisms involved 

in creating this local buzzing effect are difficult to implement in practical 

conditions. 

 

Figure 2.29 – Surface flow visualizations of the ‘buzzing’ effect on the 
NACA 0012 airfoil at an angle of attack of 14O [203]. 
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Furthermore, recent investigations into self-excited Helmholtz 

resonators, with a square exit, have shown similar shear layer 

oscillations as those observed for the buzzing method [204-206]. These 

shear layer oscillations can lead to roll-up, resulting in the formation of 

spanwise oriented vortices. This is indicated in the streamwise velocity 

contours over the resonator, acquired using LES of the flow, in Figure 

2.30. The spanwise vortices created using this method have been used 

for laminar flow control on flat surfaces. However, notice that the 

spanwise extent of the vortices is very limited and, therefore, the effect is 

very local. This can be remedied, though, using a distribution of several 

such resonators over the wing surface. The novel concept has an added 

benefit that no moving parts are involved in the flow control and, hence, 

the shear layer instability is caused by the self-excitation of the pressure 

within the resonator. Further research into this method is essential 

before implementation. 

            

Figure 2.30 – Streamwise velocity contours for flow in the vicinity of a self-

excited Helmholtz resonator, indicating the shear layer instability and 

eventual roll-up to produce spanwise-oriented vortices [205]. 
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It is interesting to note that although spanwise-oriented vortices 

might constitute a similar or perhaps better effect than the streamwise-

oriented vortices, no significant research has been conducted to 

understand the effects of such vortices on the performance of airfoils 

used in wind turbine industry. Particularly, the effects of abrupt lift 

decay during unsteady separation are unknown and cannot be inferred 

from the light-stall cases presented in this section. It is also interesting 

to note that most of these methods have a zero net-mass flux, implying 

that no additional fluid is injected in the flow to actuate the effects. 

However, the drawback of such methods is that they require ambient 

fluid to be present in the vicinity of the control to influence the flow to a 

large degree. Therefore, after separation, such favorable conditions are 

generally not available and the methods would lose their potency to 

control flow separation. Furthermore, a pair of counter-rotating spanwise 

vortices might be even more effective. However, no method has been 

investigated to create such vortical patterns. 

2.4.4 Effects of Ring-Type Vortices 

Synthetic jets have been known to produce ring-type vortices that can 

deform and influence the flow field in the vicinity of the jets. Classified as 

a zero net-mass flux method, synthetic jets can be used to improve the 

static or steady-state performance of airfoils, through delayed stall and 

decreased drag [207, 208]. These have, furthermore, been predicted to 

improve the structural stability of a wind turbine blade through reduced 

vibrations [209, 210]. The jets are formed entirely by ambient fluid in the 

vicinity of the body, through the motion of a piston or diaphragm 

enclosed inside a cavity [211]. Therefore, the zero-net mass flux property 

of this method obviates the need for complex plumbing and reservoirs 

required for consistent, or even periodic, flow injection or removal, 

similar to self-excited resonators discussed in the previous section.  



2.4 Dynamic Stall Control 

 

 

 
77 

Synthetic jets have also been examined for dynamic stall control. 

For a thick NACA 0020 airfoil, it was demonstrated that the hysteresis in 

the forces observed during the dynamic stall process is significantly 

reduced and the use of synthetic jets improves the performance of a 

vertical axis wind turbine [212]. It has, furthermore, been illustrated that 

use of directed synthetic jets can increase the dynamic stall angle of 

attack and improve the post-stall lift behavior of an airfoil considerably 

[213]. The process through which synthetic jets obtain this control is 

illustrated in Figure 2.31, using instantaneous contours of vorticity 

magnitude in the wake of a jet at selected spanwise locations. These 

images were obtained through Direct Numerical Simulation (DNS) of the 

flow field in the vicinity of a jet [214]. Note that a vortex line that passes 

through the center of the vortex cores is also depicted in the diagram. As 

can be observed, the jets expel a ring-shaped vortex structure that 

travels downstream under the influence of the flow. Though, not strictly 

a spanwise- or streamwise-oriented vortex, the ring vortex structure also 

serves to entrain the ambient fluid to yield a similar effect. However, it 

has been shown that the structure is very unstable and usually 

constitutes a local effect, depending on the actuation frequency and the 

Reynolds number [215]. 

 

Figure 2.31 – Flow field in the wake of a synthetic jet [214] 
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The concept of using synthetic jets for dynamic stall control is still 

in its infancy. Further experimental evidence needs to be produced in 

order to better understand the effects and mechanisms involved. The 

effects of an airfoil motion on the vortex rings created by the jets should 

also be investigated. There are several drawbacks associated with the 

use of synthetic jets that need to be addressed as well, prior to its 

implementation for dynamic stall control. For instance, the moving 

diaphragm of a synthetic jet would pose difficulties in maintenance. This 

problem is further exacerbated since the jets need to be placed within 

the wing itself, near the leading edge. Moreover, the small openings of 

jets are prone to dust and water accumulation that will negatively 

influence the performance of the control.  

2.4.5 Effects of Leading edge Modifications 

Several leading edge modifications have been used previously to control 

dynamic stall, specifically for helicopter applications. For instance, 

leading edge slots, or retractable leading edge slats, have been 

investigated for this purpose. Slats are commonly used in modern 

aircraft during landing and takeoff. These have been found to increase 

the steady-state maximum lift generated by the airfoil as well as the stall 

angle of attack [216, 217]. The principal mechanism of the slats is that 

they increase the area of the wing during extension and the camber of 

the wing due to pivoting. Furthermore, the high momentum fluid from 

the lower side of the wing is discharged through the opening of the slat 

elements, increasing the boundary layer momentum and making it less 

prone to adverse pressure gradients at higher angles. A drawback of this 

method is the increased drag that is observed during deployment.  

Numerous studies have demonstrated the capability of slots and 

retractable slats during the process of dynamic stall [218, 219]. Studies 
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by Carr and McAlister [219] have indicated that a fixed leading edge slot, 

optimized for steady-state lift for a VR-7 airfoil, can lead to a delay in the 

primary DSV formation on the airfoil during unsteady operation. This 

suppression of the DSV can lead to reduced peak lift and moment as well 

as a reduction in the lift hysteresis. An increased distance between the 

slat element and the airfoil leads to a further delay in the dynamic stall 

process. A similar suppression was observed for the VR-12 airfoil, as 

illustrated in Figure 2.32. The plots indicate that there is slight delay in 

the dynamic separation for the slatted airfoil since the lift peak due to 

the vortex structure is not yet fully realized. Furthermore, the slat also 

assists in the lift-recovery process during the downstroke motion.  

 

Figure 2.32 - The effects of a leading edge slat on the steady and unsteady 

performance of the VR-12 airfoil. Reproduced from [220]. 

In addition to the high momentum fluid injection at the leading 

edge, the effects of the slat on an airfoil can also be attributed to the 

change in camber. The effects of changing camber on the dynamic stall 

process have been examined further through the concept of drooping 

leading edges [221, 222]. Dynamically-drooped leading edges have been 

shown through numerical studies to reduce the large scale flow 

separation and the DSV size during unsteady separation [223]. A 

Variable-Droop Leading Edge (VDLE) was studied experimentally for 

dynamic stall control on the VR-12 airfoil by Chandrasekhara et al. 
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[224]. The leading 25% of a VR-12 airfoil was drooped during the 

sinusoidal pitch oscillations. The VDLE concept was obtained simply by 

fixing the leading edge with respect to the laboratory coordinate system 

while rotating the airfoil. The concept aimed to lower the leading edge of 

the airfoil to reduce the angle of attack at the leading edge, promoting 

favorable pressure gradients and resistance to flow separation there. The 

application of the VDLE concept resulted in reduced vortex strength, as 

shown in Figure 2.33 through unsteady surface pressure measurements. 

Furthermore, it can be observed that the VDLE delayed the onset of 

dynamic stall.  

 

Figure 2.33 – Pressure distribution contours for the (a) uncontrolled and (b) 

controlled dynamic stall process on the VR-12 airfoil. The pressure 

signature of the dynamic stall vortex is clearly visible for the uncontrolled 

case, as is the reduced vortex strength for the controlled case [224].  

The effects of variable droop on the performance of the airfoil lift 

during dynamic stall are illustrated in Figure 2.34. As can be observed, 

the reduced vortex strength, due to the leading edge droop, results in a 

significantly smaller peak lift during the pitch-up. Furthermore, for the 

smaller reduced frequency of 0.05, it can be observed that after the 
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vortex separation, the airfoil with a variable-droop leading edge has a 

smoother lift decay compared to an abrupt loss of lift for the simple 

airfoil. However, the hysteresis in the lift is significantly more 

pronounced compared to the clean airfoil, indicating that the lift-

recovery process during the pitch-down motion is hindered by the 

leading edge droop. This observation can also be made in the numerical 

work discussed in references [222, 223]. A similar, yet less pronounced, 

behavior is observed at the higher reduced frequency. Therefore, an 

airfoil with a larger camber near the leading edge can promote an 

improved dynamic stall behavior, such as a decrease in vortex strength 

and a delay in its inception compared to the un-cambered airfoils, albeit 

at the expense of greater hysteresis.  

 

Figure 2.34 – Effects of VDLE on the lift generated during sinusoidal 

dynamic stall at different reduced frequencies. Reproduced from [224]. 

2.4.6 Effects of Trailing edge Modifications 

Similar to leading edge modifications, several trailing edge alterations, 

conventionally used for steady-state improvements in performance of 

airfoils, have been investigated for dynamic stall cases. For instance, 
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trailing edge flaps have been investigated for dynamic stall control. 

Operating on a similar principle to the leading edge droop, the trailing 

edge flap also modifies the camber of the airfoil section. Davis et al. [225] 

used a discrete vortex method to numerically simulate dynamic stall 

control using a trailing edge flap. The base airfoil was a NACA 0012 

airfoil pitched about a mean angle of attack of 15O at an amplitude of 

10O. The flap was deflected upwards using a brief sinusoidal pulse 

signal. It was observed that only an upward flap deflection could yield 

any benefit in controlling the peak moments. The flap deflection, 

however, had a minimal effect on the dynamic stall vortex development. 

The effects of an upward flap deflection of 20O are illustrated in Figure 

2.35. As can be observed, deflecting the flap during the last third quarter 

of the dynamic stall process reduces the strength of the DSV slightly. 

The effects of induced camber in this manner are less beneficial, since 

the actuation takes place at the trailing edge of the airfoil. Further to 

this, the lift decay is also quite significant during the downstroke motion, 

resulting in a much larger hysteresis of the forces. The trailing edge flap 

deflection, therefore, considerably aggravates the lift-recovery process. 

Similar effects were observed for other airfoils using trailing edge flaps 

for dynamic stall control [226, 227]. 

Note that a similar, but less pronounced effect was observed for 

the leading edge droop study presented in the previous section. This 

confirms the observation presented earlier that the camber of the airfoil 

can lead to a larger hysteresis in the lift force. Furthermore, in order to 

affect the dynamic stall vortex, leading edge modifications are more 

effective compared to trailing edge modifications.  
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Figure 2.35 - Effects of a trailing edge flap on the dynamic stall process of 

NACA 0012. Reproduced from [225]. 

Trailing edge flaps require a very large control area in order to 

affect the flow conditions on the airfoil. For example, in the experiments 

and numerical work discussed here, up to 25% of the airfoil trailing edge 

was used as the flap. In recent studies, similar changes in camber have 

been proposed using Gurney flaps or other modifications. The Gurney 

flap is a simple device placed at the trailing edge of the airfoil to increase 

the aerodynamic lift [228]. The flap has been shown experimentally to 

improve the lift produced by the airfoil during steady operation [229, 

230]. A deployed Gurney flap has been observed to shift the entire lift 

curve upwards, similar to the effects of increasing camber on an airfoil 

[231]. For dynamic stall control, the flap is, however, seldom used as a 

stand-alone control and is often employed with other methods to improve 

the lift characteristics during unsteady separation. For instance, with 

the VDLE, the Gurney flap can be used to shift the entire lift curve 

upwards [232]. However, it was also observed that the hysteresis in the 

lift force was significantly larger compared to the clean airfoil (VR-12) 

used in the study.  
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Similar to a Gurney flap, miniature trailing edge effectors (MiTEs) 

increase the associated camber of the airfoil and therefore result in a 

similar jump in the lift curve [233]. However, the overall drag is also 

increased. The MiTEs are, however, not placed exactly at the trailing 

edge and are generally designed so that they can be deployed on either 

side of the airfoil.  Therefore, it can be proposed that the increased 

hysteresis, due to the increased camber, can be negated using the MiTEs 

by deploying on the upper side of airfoil.  

Generally, compared to the leading edge methods, the trailing 

edge methods have a limited efficacy, primarily due to the nature of the 

dynamic stall process. The process is instigated due to the formation of 

the primary DSV structure at the leading edge of the airfoil. This primary 

DSV is responsible for the sudden increase in lift, drag and moments 

during the later stages of the pitching cycle. Furthermore, as the vortex 

structure convects, large flow separation follows. Therefore, dynamic 

stall control strategies need to focus on modifying the core vortex 

behavior. This can only be obtained using methods that interfere with 

the vortex formation and development early on during the pitching 

process. Hence, trailing edge methods are not effective strategies to 

control the vortex lift, the abrupt flow separation and the lift hysteresis. 

2.4.7 Effects of airfoil deformation 

Similar to the methods that have been used to change the apparent 

camber of the airfoil, such as the VDLE concept, other methods have 

been proposed to increase the leading edge radius of airfoils during the 

dynamic stall process. This has been acquired through the Dynamically 

Deforming Leading edge (DDLE) concept [234]. It has been observed that 

the leading edge curvature of the airfoil can be deformed dramatically in 

real time through small chordwise movements of the leading edge [235]. 



2.4 Dynamic Stall Control 

 

 

 
85 

The primary objective of this approach was to reduce the local Mach 

number in compressible flow conditions and favorably alter the leading 

edge pressures by re-shaping the airfoil nose. This would allow possible 

delays in the dynamic stall onset and would reduce the effects of the 

separation on the airfoil. Using the NACA 0012 airfoil as the base case 

(shape 0), it was illustrated that leading edge curvature could be 

changed by up to 320%, resulting in a different leading edge profile at 

each change in curvature. The modifications in the airfoil leading edge 

were made possible through very slight deformations of a thick carbon-

fiber composite skin, making up the first 20% of the airfoil. Linear 

translation of a truss system placed inside the airfoil resulted in large 

leading edge deformations.  

The method was tested at real helicopter operating conditions, 

between Mach numbers of 0.3 and 0.4. The airfoil was oscillated at a 

reduced frequency of 0.05 and Point Diffraction Interferometry (PDI) 

measurements were used to acquire detailed and instantaneous flow 

field density information that could be used to derive both surface and 

global pressure distributions. Keeping the deformation constant as the 

airfoil was pitched, the effects of DDLE on the dynamic stall process 

were investigated using the pressure signature of the primary DSV. It 

was observed that increasing the leading edge radius resulted in the 

delay of dynamic stall onset to higher angles. Furthermore, at the largest 

leading edge radius, it was illustrated that the loss of peak suction 

pressure was gradual, indicating a less abrupt flow separation. It is 

important to note that the rate at which the shape is changed in DDLE is 

not as significant as the shape itself. Therefore, a permanent 

modification can also improve the dynamic stall characteristics [236]. 

This further implies that a rounder leading edge, with smaller pressure 

gradients, can improve the dynamic stall characteristics of an airfoil.  
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2.4.8 Hybrid Schemes 

Apart from stand-alone control systems, hybrid schemes have also been 

investigated for dynamic stall control. The hybrid schemes comprise of 

two or more control methods applied simultaneously to result in an 

additive effect on the dynamic stall process. For instance, earlier it was 

discussed that the VDLE concept has been used with Gurney flaps to 

improve the lift characteristics of the airfoil [232, 237]. Similarly, other 

hybrid schemes such as combinations of plasma actuators/Gurney flaps 

[238], trailing edge flaps/Gurney flaps [239], leading- and trailing edge 

flaps [240] and even schemes involving three separate control methods 

(VGs, VDLE and Gurney flap) [241] have been used for dynamic stall 

control. However, it is important to note that, generally, implementing 

even a single control methodology on actual blades and wings requires 

significant modification of the blade structure. Even though the effects of 

different control methodologies can be combined to yield desirable 

outcomes, practical applications of such hybrid schemes are generally 

limited to relatively simple control techniques.  

2.4.9 Summary of Control Techniques 

The process of dynamic stall has been controlled using various flow 

control methodologies, as shown in this section. Several of these 

methods have been shown to provide varying degrees of effect on the 

process. A summary of all the methods reviewed in this chapter is given 

in Table 2.2. The table outlines the methods, their primary effect on the 

flow and the degrees by which these methods affect the dynamic stall lift.  

Several important observations for control requirements have 

been made during this review process. These are highlighted as follow: 
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 Modification of primary DSV: The primary vortex structure during 

dynamic stall results in an abrupt increase in the lift and moment 

during the process. Modifying or reducing the vortex strength is, 

therefore, a vital part of dynamic stall control. It is important for a 

control scheme to be active prior to the formation of the dynamic 

stall vortex. It has been observed that delayed interference in the 

unsteady separation process yields small benefits. 

 Abrupt stall: Once the primary DSV separates from the airfoil, large 

scale flow separation is observed. This results in an abrupt loss of lift 

after separation. Therefore, reduced vortex strength can lead to 

smoother lift decay. 

 Lift recovery: The lift hysteresis during sinusoidal oscillations is 

also an indication of the extent of flow separation during the 

unsteady case. A control method that reduces the hysteresis, 

therefore, assists in flow recovery as the angle of attack is lowered. 

This can be translated for the constant pitch case as smoother lift 

decay after primary DSV separation.  

 Leading edge control: It has been observed that trailing edge flow 

control has a very limited effect on the dynamic stall process. Since 

the unsteady separation process instigates at the leading edge of an 

airfoil, it is necessary for the control to be applied in this region. 

 Active and passive flow control: Active flow control is generally 

favored under steady operating conditions since the precursors for 

such separations are widely understood. This is primary due to the 

fact that the control is applied only when needed and, therefore, does 

not modify the flow behavior unnecessarily. However, for dynamic 

stall control such methods are generally not applicable since a 

significantly robust actuation is required. Furthermore, issues 

pertaining to sensor location and selection, determination of suitable 
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precursors to unsteady separation and appropriate control 

algorithms further restrict the applicability of active control methods 

for dynamic stall control. Therefore, it is more suitable to look into 

passive control methodologies when dealing with dynamic stall 

control. Such control methodologies do not require any sensors and 

are deployed continuously to affect the flow. However, due to 

continuous deployment, passive flow control methods can degrade 

the steady-state performance of airfoils.  

Therefore, for dynamic stall control on wind turbine blades, a 

passive flow control methodology that does not degrade the steady-state 

behavior to a large extent, needs to be implemented at the leading edges 

of the blades, near the root locations where the problem predominantly 

exists. Such a control strategy would considerably improve the unsteady 

performance of the turbine blades by reducing the stall intensity and the 

ensuing vibrations in the blade.   
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Table 2.2 – Summary of flow control methods and effects on the lift generated during dynamic stall process. 

Method 

(Active/Passive) 
Effect 

Reduced 

vortex 

strength 

Delay in 

stall 

onset 

Reduced 

stall 

intensity 

Aid in lift 

recovery 
Comments 

Fluidic injection 

(Active) 

Improves BL stability and 

resistance to separation. 
High Minimal Minimal Minimal 

Requires complex plumbing and 

reservoirs of high pressure fluid.  

Fluid removal 

(Active) 

Improves BL stability due to 

removal of low-momentum 

or reversed flow. 

High - - - 

Requires complex plumbing and 

reservoirs. Only flow visualization 

results available. Further testing 

required. 

Periodic excitation 

(Active) 

Periodic fluidic injection. 

Might create spanwise-

orientated vortices. 

- Minimal High High 

Requires complex plumbing and 

reservoirs of high pressure fluid. Only 

light-stall cases investigated. Further 

testing required. 

Vortex generators 

(Active/Passive) 

Streamwise vortices to 

increase fluid entrainment 

and enhance mixing. 

- High - High 

Further optimization studies required. 

Effects of counter-rotating streamwise 

vortices unknown. 
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Vortex generators 

(Passive - 

deployment on 

pressure side) 

Streamwise vortices created 

at high angles of attack. 

Reduced influence on 

steady-state drag. 

Minimal Minimal Minimal High 

The generators do not influence the 

DSV formation during early stages of 

development.  

Leading edge 

perturbations 

(Passive) 

Streamwise vortices to 

increase fluid entrainment 

and improve stall behavior.  

Moderate Minimal - Moderate 
Further testing for dynamic stall 

control still required for deep-stall case.  

Surface-mounted 

fences  

(Passive) 

Creation of co-rotating 

spanwise oriented vortices 

to improve reattachment. 

- - - - 
No testing for dynamic stall cases 

available. 

Plasma actuators - 

Steady actuation 

(Active) 

Modifies BL profile and 

postpones separation 

through flow acceleration. 

Minimal Minimal - Minimal 
No significant effect on the dynamic 

stall process was observed.  

Plasma actuators - 

Unsteady actuation 

(Active) 

Creation of spanwise-

oriented vortices for 

improved flow entrainment. 

Moderate Moderate - Moderate 

Vortices generated are of reduced 

strength. Methods need to investigated 

to create stronger spanwise vortex 

structures 
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Local surface 

buzzing  

(Active) 

Creates spanwise vortices 

through shear layer 

instability for increased flow 

entrainment and separation 

delay. 

- - - - 
No testing for dynamic stall cases 

available.  

Self-excited 

Helmholtz resonator 

with square outlet 

(Passive) 

Creates spanwise vortices 

through shear layer 

instability for increased flow 

entrainment and separation 

delay. 

- - - - 

Limited extent of control in the 

immediate vicinity of the resonator. 

No testing for dynamic stall cases 

available.  

Synthetic jets 

(Active) 

Ring-type vortices can lead 

to high entrainment. 

Results in delayed stall and 

decreased drag. 

- Moderate - Moderate 

Needs further work particularly for 

deep-stall cases. Mechanisms involved 

need to be studied under dynamic stall 

conditions. 

Slots/Slats 

(Active/Passive) 

Increased airfoil area and 

camber. High momentum 

fluid from pressure side 

spilled through the slot 

opening on the low-

pressure upper side. 

Minimal Moderate - Moderate 

Increased drag due to the slot element 

needs to be reduced. Further research 

into deep-stall cases required. 
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Variable Droop 

Leading edge 

(Active) 

Changes camber of airfoil. 

Promotes favorable 

pressure distribution near 

the LE. 

High Minimal Moderate Degrading 

Requires a large control length and 

complex mechanisms for deployment to 

affect the dynamic stall lift. Increased 

hysteresis in lift observed. Further 

testing required for deep-stall case.  

Trailing edge flap 

(Active) 

Modified camber of the 

airfoil. 
Moderate - - Degrading 

Requires a large control length to be 

effective. Significantly degrades the lift-

recovery process. Not suitable for 

dynamic stall control. 

Gurney flap 

(Passive) 

Modified camber. Needs to 

be deployed from the onset 

of rotation.  

Degrading - - - 

Increases the lift generated from the 

onset. Not observed to modify other 

factors. 

Miniature Trailing 

edge Effectors  

(Active) 

Modified camber. Can be 

deployed on either side of 

airfoil. 

- - - - 
No testing for dynamic stall cases 

available.  

Leading edge 

deformation 

(Active) 

Modifies leading edge 

radius for favorable 

pressure gradient. 

Minimal Moderate - Moderate 

Requires complex mechanisms near 

the leading edge. 

Further testing required for deep 

dynamic stall cases.  
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2.5 Concluding Remarks 

The purpose of this literature review is to clearly elaborate that the 

problem of dynamic stall widely occurs on wind turbine blades at normal 

operating conditions. It is well understood that the unsteady separation 

on wind turbine blades can be caused by a multitude of factors such as 

turbulent inflow, gusts, tower shadow effects and persistent wind 

direction changes. When turbines are packed closely together in wind 

farms, the problem is aggravated due to operation in the wakes of 

upstream turbines. Large-scale wind tunnel experiments by the NREL 

have given a considerable insight into the process on wind turbine 

blades. These experiments have shown that dynamic stall generally 

persists near the inboard sections of a turbine rotor, under low-

turbulence conditions, when the turbine is operating at a persistent yaw 

misalignment with the inflow. However, it was also observed that, other 

than direct experimental observation, no methods are available to 

compute the rapid changes in angle of attack on a blade section that can 

lead to occurrence of dynamic stall in general operating conditions. 

After establishing that dynamic stall persists on wind turbine 

blades, a detailed investigation of the dynamic stall process illustrated 

that the primary mechanisms involved in the increased lift are still 

disputed. Similarly, other than the effects of increasing pitch rates, the 

effects of several other parameters are largely uncertain. It was also 

shown that the lift-curve behavior of the different types of dynamic stall 

processes, such as dynamic stall due to sinusoidal and constant pitch 

motions, are principally similar. This facilitated the comparison of 

different methods that have been used for dynamic stall control on 

sinusoidally pitching airfoils. It was found that the control 

methodologies, most suited for wind turbine applications, need to be 
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implemented passively at the leading edge of the blades to influence the 

dynamic stall vortex development from the very onset. 

In light of the literature review, the primary objective of this 

research can be highlighted as follows: 

 To develop a better understanding of the occurrence of dynamic stall 

on wind turbine blades in real environments and devise methods to 

predict its occurrence. This research objective also helps to develop 

suitable precursors for dynamic stall control based on incoming 

wind speed and direction. Furthermore, it allows appropriate 

location of the control methodology on wind turbine blades near 

inboard stations in order to minimize the influence of the control at 

the outer regions of the blade.  

 To understand the unsteady lift generated during the dynamic stall 

process. A deeper insight into the mechanisms involved would aid in 

developing appropriate control techniques for dynamic stall vortex 

suppression. 

 Devise and test different passive flow control methods on thick airfoil 

sections to determine the effectiveness of these control techniques 

for wind turbine applications. It is, furthermore, desirable to test 

control techniques that can be implemented on currently-operational 

wind turbines with relative ease. 

Towards these objectives, Chapter 3 of the thesis presents an 

analytical model that predicts the occurrence of dynamic stall on wind 

turbine blades based on wind speed and direction variability. The model 

has been validated against previously-published experimental work and 

gives an insight into the causes of dynamic stall on wind turbine blades. 

Further to this, in Chapter 4, the effects of wakes on downstream wind 

turbines are presented. For this study, numerical analysis [46, 47] was 
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used to determine the wake characteristics. These wake characteristics 

were then employed to determine the occurrence and causes of dynamic 

stall on wind turbines operating in the wake. This research provides 

information regarding suitable location of required passive control 

devices along the blade length. Chapter 5 of the thesis investigates the 

separation process of thick airfoil sections under steady-state conditions. 

Previous research [190] indicated larger lift-curve slopes, greater than 

the theoretical maximum, for the thick airfoil section at transitional 

Reynolds numbers and an abrupt loss in lift after flow separation. Since 

a large increase in the lift curve slope is also observed for the dynamic 

stall case, further investigations into this steady-state behavior of the 

airfoils were conducted in chapter 5 to better understand the lifting 

behavior during the dynamic case. For the unsteady process, an 

experimental campaign was undertaken to better understand the effects 

of differing parameters during dynamic stall. This study is presented in 

Chapter 6 of the thesis. Chapter 7 of the thesis discusses the control 

requirements and objectives for dynamic stall on wind turbine blades. 

Following this, three different passive flow control mechanisms were 

investigated for dynamic stall control. The methods were selected based 

on an improved understanding of the unsteady process and the detailed 

review of the control methods presented in this chapter. Two of these 

methods were based on improving flow entrainment and resistance of 

the boundary layer to reverse flow during the airfoil pitch-up. These 

methods included the use of counter-rotating streamwise vortices 

generated using vane-type delta vortex generators and counter-rotating 

spanwise vortices generated using an elevated wire. The final control 

method consisted of a cavity on the upper side of the airfoil to act as a 

reservoir for the reverse flow during pitch-up. Finally, Chapter 8 of the 

thesis outlines the significant findings of the research and presents 

further avenues of research in the subject. 
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CHAPTER 3 

DYNAMIC STALL PREDICTIONS ON WIND 

TURBINES 

 

3.1 Chapter Overview 

This chapter discusses the occurrence of dynamic stall on wind turbine 

blades in relation to the ambient wind conditions. An analytical model 

was developed to relate the wind speed and direction variability with the 

onset of dynamic stall on the turbine blades. The model has been 

validated against the well-known wind turbine experiments conducted by 

the National Renewable Energy Laboratories. Furthermore, using high 

quality wind data, the model was further extended to the actual wind 

conditions that a turbine would experience. The article, furthermore, 

introduces the concept of limiting reduced frequency as the precursor to 
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dynamic stall. This concept is further explored in Chapter 6 where 

dynamic stall experiments for a thick airfoil are presented.  

The details of the model, its validation and implementation are 

presented in the next section of this chapter as an article published in 

the Proceedings of the Institution of Mechanical Engineers, Part A: 

Journal of Power and Energy. Permission to reproduce the article in the 

thesis has been provided by the relevant publishing authority. 
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CHAPTER 4 

EFFECTS OF WAKE ON DYNAMIC STALL  

 

4.1 Chapter Overview 

This chapter presents numerical wake studies conducted at the 

University of Adelaide and discusses the impact of the wake on a 

downstream wind turbine. The wake data was acquired using Large 

Eddy Simulation and was then used in conjunction with the model 

discussed in Chapter 3 to predict the occurrence of dynamic stall on 

downstream wind turbines operating in the wake. An important 

observation regarding wind turbine wakes is first presented in the article 

that primarily constitutes this chapter. This is followed by a brief 

comparison of the LES wake data with the current empirical methods 

used to estimate the wake characteristics. Through this comparison, it is 

illustrated that the empirical models agree well with the numerical work, 

at least in the far-wake, and therefore can be used to estimate the 

turbulence intensity and velocity deficits in the wake. However, it is 
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found that the primary cause of dynamic stall for turbines operating in 

the wake is the rapid variation in wind direction. For this parameter, no 

empirical model exists. 

In the following section, the article published in Wind Engineering 

is presented. Note that further details of the LES simulation, including 

detailed model setup and validations, have been presented in Appendix A 

of the thesis as a conference article published in the 7th Australasian 

Congress on Applied Mechanics.  
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4.2 Dynamic Stall on Downstream Wind Turbines 
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CHAPTER 5 

EFFECTS OF SEPARATION BUBBLE ON 

STEADY-STATE LIFT  

 

5.1 Chapter Overview 

This chapter presents a detailed numerical analysis of the transition 

process on a thick NACA 0021 airfoil at low freestream turbulence levels 

and low Reynolds numbers. Under these conditions several unique 

aerodynamic characteristics have been observed on the thick foil. These 

include a lift-curve slope that exceeds the theoretical maximum and an 

abrupt stall behavior, which is not typical of such airfoils. In the article, 

which constitutes this chapter, a comparative analysis of two recently-

developed transition models has been presented. During this analysis, it 

has been observed that a long separation bubble on the upper surface of 
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the airfoil is primarily responsible for the unique aerodynamic features 

observed on the airfoil. The significance of this study is two-fold: 

1) The study demonstrates that distinct flow features in the vicinity of 

the airfoil can induce global changes in the behavior of the airfoil. 

This can be extended to explain the non-linear lift behavior observed 

for the airfoil undergoing dynamic stall. This concept is further 

discussed in Chapter 6 of the thesis.  

2)  The study provides a useful insight into the steady-state behavior of 

the thick airfoil at low freestream Reynolds numbers and turbulence 

levels that are typical of conventional wind tunnels. The knowledge is 

useful in analyzing the effects of different flow control methods at 

steady-state conditions presented in Chapter 7 of the thesis.  

The numerical analysis presented in this chapter and the 

discussions are included as an article published in the International 

Journal of Heat and Fluid Flow.  
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5.2 Numerical Study of Long Separation Bubbles 
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CHAPTER 6 

INSIGHT INTO THE DYNAMIC STALL 

PROCESS  

 

6.1 Chapter Overview 

The present chapter provides a detailed discussion of the lift behavior of 

a thick NACA 0021 airfoil undergoing constant pitch-rate dynamic stall. 

The discussion is based on a combination of experimental results, both 

pressure measurements and flow visualization, and the review of some of 

the most seminal works performed in the subject. Initially, the effects of 

different flow conditions on the dynamic stall process are investigated. In 

this study, the precursor to dynamic stall is defined, based on 

experimental observations. Moreover, the effects of reduced frequency on 

the maximum lift, the effects of Reynolds number on the process, and 

the effects of airfoil profile have been explored. Furthermore, a detailed 
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insight into the lifting behavior of airfoils undergoing unsteady 

separation has been presented. This is accomplished by a sub-

categorization of the lift-curve into smaller segments and an analysis of 

each segment separately. Based on this study, it is shown that the 

primary dynamic stall vortex causes the severe stall that is observed on 

an airfoil during unsteady separation. It is, furthermore, concluded that 

the intensity of this stall increases as the reduced frequency or Reynolds 

number increase.  

The article that constitutes this chapter has been published in the 

Experimental Thermal and Fluid Sciences and is presented in the next 

section.
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6.2 Dynamic Stall Lift 
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CHAPTER 7 

DYNAMIC STALL CONTROL 

 

7.1 Chapter Overview 

The present chapter primarily investigates the different passive flow 

control methods that have been used to negate the effects of dynamic 

stall on wind turbine blades. The article presented in this chapter 

describes the control objectives of dynamic stall for wind turbine 

applications and highlights the control requirements necessary for the 

mitigation of unsteady effects. The experimental investigation of three 

difference control methods is reported in the article. These methods 

include: (1) Streamwise vortices created using leading edge delta vortex 

generators (2) Spanwise vortices produced using a novel concept of a 

rigid elevated wire, affixed permanently in front of the leading edge and 
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(3) a cavity at the quarter-chord location. These methods were selected 

based on an in-depth understanding of the unsteady separation process 

and a detailed literature survey of the different methods used in the past 

to control the process. It has been observed that control techniques that 

enhance mixing and improve the resistance of the boundary layer to 

separation are suitable options for dynamic stall control on wind turbine 

blade. The experiments provide the required evidence that these methods 

lead to a delay in the dynamic stall onset as well as improve the post-

stall lift conditions of the airfoil. Therefore, the application of these 

control methodologies is expected to lead to post-stall load alleviation as 

well as improvement in the performance of the turbine during steady-

state operation.   
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7.2 Methods to Control Dynamic Stall for Turbines  
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CHAPTER 8 

CONCLUSION AND FUTURE WORK 

 

Dynamic stall is one of the most prominent flow separation problems 

encountered on wind turbine blades. The process begins with a rapid 

change in the blade sectional angle of attack, caused by turbulent inflow, 

gusts, tower-shadow effects, and yaw misalignment. During dynamic 

stall, the angle of attack quickly exceeds the steady-state stall angle of 

attack of the airfoil. Generally, for wind turbines the inboard stations of 

the turbine blades are often already operating at fully separated 

conditions. This further exacerbates the dynamic conditions that could 

occur due to changes in the sectional angle of attack. The process 

results in an increased lift production, beyond the steady-state 

maximum value and the design loads of the turbine. The process is 

characterized by an intense leading edge vortex, commonly referred to as 
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the dynamic stall vortex. The dynamic stall vortex, due to a low pressure 

core, results in a rapid increase in the lift-curve slope, drag and negative 

moment that damage the wind turbine blades. The convection of the 

vortex structure results in an abrupt loss in lift that can cause 

vibrations in the blade and influence the fatigue life of the turbine. After 

the primary vortex, secondary and often tertiary vortices are observed 

that can further degrade the fatigue life of the turbine. Furthermore, the 

process also negatively influences the performance of the turbine due to 

delayed flow reattachment. Due to the occurrence of dynamic stall, 

therefore, the performance of the turbine is affected and maintenance 

costs of wind turbine blades are exceedingly large. Hence, in the current 

thesis, detailed investigations into the causes of dynamic stall on wind 

turbine blades, the lift-characteristics during unsteady separation, and 

methods that can be used to mitigate its effects are presented and 

discussed.  

8.1 Significance of Present Work  

Much research into dynamic stall has been focused on controlling the 

problem of unsteady separation on retreating helicopter blades. Simple 

actuation of the designed control method is required in this case since 

dynamic stall occurrence is limited to the retreating blade of the rotor. 

This allows for the use of active control methods for dynamic stall. 

However, in wind turbines the occurrence of dynamic stall is highly 

unpredictable due to an ensemble of influencing parameters such as 

turbulence in the inflow, gusts and large variations in wind direction. 

Therefore, in this case, passive flow control methods need to be utilized 

to minimize the effects of dynamic stall. However, most passive flow 

control methods influence the steady-state performance in some 

manner. Therefore, it is also desirable to use these methods only in 
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regions where the control is necessary. Focusing on these aspects, the 

significance of the current work can be described as follows: 

1) An analytical model was formulated and validated to predict the 

occurrence of dynamic stall on wind turbine blades. The model can 

be used during the design phase of wind turbines to predict the 

regions of the blades where passive control will be necessary for 

dynamic stall control. It was observed that these regions are located 

at the inboard section of the blade. Generally, these regions are 

already operating at steady-state stall. Therefore, a control 

methodology applied in these regions would not negatively influence 

the performance of the turbine. However, it will aid in reducing the 

impact of dynamic stall on the turbine blades.   

2) The causes of unsteady separation on downstream wind turbines 

have been discussed. It has been observed that turbulent variations 

in wind direction are the primary cause of unsteady separation on 

downstream wind turbines. Therefore, a staggered wind turbine farm 

arrangement is more suitable for optimized operation. The distance 

between the rows will also be greater, compared to aligned turbines, 

and will help reduce the velocity deficit and turbulence intensity. 

3) Lift and separation characteristics of thick airfoil sections have been 

understood in detail for both steady and unsteady conditions. Thick 

airfoils are of particular interest in this case since they constitute the 

inboard stations of wind turbine blades where unsteady separation is 

prevalent. The following are the significant findings related to lift and 

stall characteristics of thick airfoil sections: 

a. At steady-state conditions, it has been observed that long 

separation bubbles can exist on the suction sides of the airfoils 

at low freestream turbulence levels and/or Reynolds numbers. 

These bubbles can erupt at high angles of attack when the 
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separated shear-layer is unable to reattach downstream of the 

point of separation, due to adverse pressure gradients. This 

leads to an abrupt stall on thick airfoil sections leading to 

higher stall intensity. This type of stall characteristic is more 

representative of thin-airfoil stall. Of particular note, however, is 

the lift behavior of the airfoil as it is affected by the separation 

bubble. The bubble was observed to impart a camber effect on 

the airfoil surface, resulting in more lift than would be available 

for the case without any separation bubble. This effect was 

observed to increase as the angle of attack of the airfoil 

increased due to the upstream migration of the bubble. The 

changes to the lift curve due to the presence of the bubble can 

improve our understanding of the lift produced during dynamic 

stall where significant changes in the vicinity of the airfoil 

during an upstroke motion can lead to changes in the lift 

behavior of the foil.  

b. The lift behavior of an airfoil undergoing unsteady separation 

has been investigated in detail. Based on pressure 

measurements and flow visualization, the lift characteristics of a 

thick NACA 0021 airfoil have been investigated in detail. The 

non-linear lift behavior during the process of dynamic stall, 

prior to the formation of the vortex, can be attributed to the 

thickening of the boundary layer that causes apparent changes 

in the camber and thickness of the foil. Afterwards, the 

formation of the dynamic stall vortex causes a sudden increase 

in the lift-curve slope. It was observed that the strength of this 

vortex increases with the increase in the reduced frequency and 

Reynolds number. Furthermore, the stalling characteristics of 

the airfoil during unsteady separation are also governed by the 

primary dynamic stall vortex. A parameter was formulated to 
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evaluate the intensity of stall during steady- and ramp-type 

separation. This method was used to quantify the abrupt loss in 

lift during separation and can be used to compare the stalling 

performance of different airfoils under different conditions. The 

method clearly illustrates that the unsteady separation is more 

intense compared to steady-state separation of the same airfoil. 

It was also observed that an increase in reduced frequency and 

Reynolds number further increases the stall intensity of the 

airfoil. This is primarily due to an increase in the vortex 

strength and its eventual detachment, leaving a large-scale flow 

separation above the airfoil.  

c. A precursor for the unsteady separation on the thick NACA 

0021 airfoil was proposed based on the product of reduced 

frequency and the square root of chord Reynolds number 

(     ). It was illustrated through experimental work that when 

      > 2, the dynamic stall vortex is observed on the airfoil. 

This precursor can be used for active flow control of dynamic 

stall by determining the real-time variation of sectional angles of 

attack using the analytical model developed earlier in this 

research. Based on this precursor, flow control can be activated 

when the local       of a blade section exceeds the value of two.  

4) Passive flow control methodologies have been investigated in the 

research, based on an in-depth understanding of the dynamic stall 

lifting characteristics of an airfoil as well as the flow control 

requirements for wind turbine applications. The methods are selected 

based on the notion that the impact of unsteady separation can be 

reduced by decreasing the upstream migration of reversed flow 

towards the leading edge of the airfoil thereby delaying the formation 

of the vortex and reducing its strength. For this purpose, the methods 
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investigated in the present research are: (1) Streamwise vortices 

created using leading edge delta vortex generators, (2) Spanwise 

vortices produced using a novel concept of elevated wire affixed 

permanently in front of the leading edge, and (3) cavity at the 

quarter-chord location. The first two methods are based on the idea 

of creating strong streamwise and spanwise vortices that would 

enhance mixing, improve the boundary layer ability to withstand 

adverse pressure gradients and reduce the upstream migration of the 

reversed flow during airfoil pitch-up. The final method is investigated 

based on the concept that the reversed flow be accumulated in a 

‘reservoir’, in the form of the cavity, to delay the onset of dynamic 

stall. It was, furthermore, anticipated that the vortex trapped by the 

cavity would lead to improved post-stall lift behavior for the airfoil 

undergoing dynamic stall. All three methods were observed to 

influence the dynamic stall process to different extents. However, the 

effects were less pronounced at higher reduced frequencies. 

Therefore, the figures provided in the following summary are an 

average of the cases examined during this research. The influence of 

the flow control methodologies is summarized as follows: 

a. Of all three, the least successful and probably the least practical 

method was the cavity. It was observed that an airfoil with a 

cavity, though significantly influencing the DSV lift, did not 

show any beneficial effect on the post-stall behavior of the 

airfoil. This was primarily because the cavity was inside the 

separated zone after the dynamic stall vortex convected 

downstream. A decrease of approximately 12%, on average, was 

observed in the maximum lift associated with the primary DSV. 

Furthermore, it was observed that the cavity acted as a 

reservoir, allowing reverse-flow accumulation and leading to an 

approximately 18% delay in the dynamic stall angle of attack.  
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b. The counter-rotating streamwise vortices generated using delta 

vortex generators were observed to reduce the primary DSV lift 

by approximately 18% on average. A slight delay in the dynamic 

stall process of approximately 5% was also observed using delta-

type vortex generators. However, the most significant effect of 

the streamwise vortices produced by the vortex generators was a 

considerable reduction in the intensity of stall after separation. 

This, furthermore, illustrates that the vortex generators at the 

leading edge of the airfoil can help in the process of lift recovery 

after the primary DSV separates. 

c. The final method employed to control the dynamic stall process 

was novel in this work. It was noted during the literature review 

that, similar to streamwise vortices, spanwise vortices can also 

enhance mixing and improve separation characteristics. 

However, no feasible method existed that could produce 

counter-rotating spanwise-oriented vortices for increased fluid 

entrainment. Therefore, in this research, an elevated wire of 

diameter less than 1% chord length was used to create small 

coherent spanwise vortices that would traverse the airfoil 

surface. It was observed that these spanwise vortices interfered 

significantly with the formation of the primary DSV during 

pitch-up and resulted in an approximate reduction of 24% in 

the vortex lift. This was followed by a considerably improved 

post-stall behavior where no secondary or tertiary vortices were 

observed to influence the lift force. It was observed that after 

flow separation, the lift force consistently persisted at a constant 

value during the upstroke. Furthermore, depending on the 

height of the elevated wire, delays in the dynamic stall process 

were also observed. For a wire height of 1% chord length, the 

process was advanced and resulted in an earlier separation.  
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However, increasing the wire height to 3% of chord length 

resulted in an approximately 17% delay in the stall angle of 

attack. Perhaps, the most beneficial aspect of this method is the 

reduced profile drag that is observed on the airfoil during both 

steady and unsteady operation.  

8.2 Further Research Avenues 

Several avenues of future research are available that can be used to 

further the understanding of dynamic stall control on wind turbine 

blades. These are: 

1) The proposed analytical model for dynamic stall predictions on wind 

turbine blades is based on geometric variations in wind speed and 

direction. However, it is widely understood that as the flow 

approaches the turbine blades, the wind speed decreases slightly. 

Also, a skewed wake could influence the oncoming wind speeds and 

direction. These effects can be included in the model using available 

empirical approximations for improved predictions of dynamic stall.  

2) Further testing should be conducted to verify whether the precursor 

established for dynamic stall onset is valid for other airfoils. It is 

anticipated that the precursor would be largely different based on the 

profile of the airfoil. Therefore, a database should be established to 

provide the precursor for different airfoil profiles and link the onset of 

dynamic stall, under similar operating conditions, to the airfoil 

geometrical properties.  

3) As shown in Chapter 2 of the thesis, an increased camber and 

rounded leading edge can delay the dynamic stall process 

significantly. It was, furthermore, shown in Chapter 4 that the stall 

intensity for a thicker airfoil is significantly higher compared to a 

thinner member of the same airfoil family. Therefore, systematic 
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research should be conducted to understand the effects of geometry 

on dynamic stall lift and stall. Such a study will be helpful in 

selection of appropriate profiles during the design phase of wind 

turbines. 

4) The precursor to dynamic stall (          /2 for NACA 0021 airfoil) 

can be used with the analytical model to devise an active control 

routine for dynamic stall control on wind turbine blades. The control 

technique will require active monitoring of wind conditions and the 

turbine orientation. Using this data and the limiting reduced 

frequency, the routine can predict the occurrence of dynamic stall on 

wind turbine blades prior to its initiation. 

5) Further investigations need to be conducted into the mechanisms 

involved for the elevated-wire concept presented in the study. 

Furthermore, optimization studies based on wire diameter, position 

along the chord, and elevation need to be performed.  

6) Since counter-rotating spanwise-oriented vortices have been observed 

to be most successful at improving post-stall conditions, new 

techniques should be developed to generate this structure more 

efficiently. 

7) The proposed control methodologies can be implemented on small-

scale wind turbines to document their effects on the performance of 

the wind turbines. Furthermore, field tests can also be performed for 

this purpose. Further testing for large-scale wind turbines to 

understand the effects of higher Reynolds number is also 

recommended.  

8) It is also important to note that the studies presented in this thesis 

have been limited to small levels of turbulence. Further work, 

therefore, can be proposed to test these hypothesis at substantially 

larger and realistic values of turbulence intensity. 
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APPENDIX A 

 

The numerical study of the wind turbine wake carried out at the 

University of Adelaide was presented at the 7th Australasian Congress on 

Applied Mechanics, organized by the Engineers Australia. The conference 

article that resulted from this submission has been included here for 

quick referral of the simulation setup and validation of the wake data 

used in Chapter 4 of the thesis.  
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