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Abstract 

The present work is an effort to improve airfoil modelling in wind energy applications, specifically 

for large wind turbine blades. A new model based on inviscid panel methods with a free vortex 

wake is proposed for the aerodynamic representation of deforming and moving airfoils in a wide 

range of operating conditions. Large rotors (above 5MW) operate in a challenging environment 

in terms of complex inflow conditions and dynamics of the wind turbine. The consequence for 

the blade sections is a significant variation of the local inflow, leading to unsteady conditions 

which can largely affect the loads. In order to consider this scenario, the proposed modelling 

strategy takes into account not only attached flow and static conditions, but also unsteady 

conditions with flow separation and dynamic stall, for which the present state of the art shows 

limitations. Some engineering concepts have been included in the formulation in order to 

account for the effect of the complex conditions. The present model has been implemented in 

an aerodynamic tool named AdaptFoil2D and an extensive validation has been carried out in 

order to assess the performance and the suitability of the new model. First, the results of 

AdaptFoil2D have been compared with experimental data of a cylinder in different flow regimes 

in order to validate the effect of the flow separation location. Later, static and dynamic 

experimental tests of the S809 and NACA0015 have been used in the validation of the model 

for attached and separated flow including dynamic stall. In addition, experimental tests for a 

NACA64418 with a TE flap have been also used in order to test the ability of the model to deal 

with changing geometries for active control purposes. Apart from the validation, practical 

investigations performed with AdaptFoil2D and related to TE flaps for load reduction have been 

included. The proposed model has demonstrated good performance in the estimation of the 

aerodynamic loads together with the reasonable computational cost associated to the inviscid 

approach in comparison to higher fidelity tools. 
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Nomenclature 
 
Latin: 
 

       Influence coefficients for doublets, sources and wake discrete vortices  [m/s] 
   Chord [m] 

    Lift coefficient [-] 
     Slope of lift coefficient in the linear region [rad-1] 

    Drag coefficient [-] 
    Moment coefficient [-] 
    Pressure coefficient [-] 

   Deficiency function related to flow separation location motion [-] 
   Factor [-] 

   Reduced frequency,         [-] 
       Diffusion factor [-] 

   Length of panel [m] 

   Mach number [-] 
   Velocity field [m/s] 
    Reynolds number [-] 

   Radius [m] 
    Strouhal frequency [-] 
    Time constant related to the separation location motion [-] 

   Nondimensional time, s = Vt/c  [-]   
   time [s] 

   Wind speed [m/s] 
   Velocity in x direction [m/s] 

   Velocity in y direction [m/s] 
   Location in chord axis [m] 
   Location in perpendicular to chord axis [m] 

     Deficiency functions related to angle of attack steps [deg] 
 
Greek: 
 

   Angle of attack [deg] 
    Effective angle of attack [deg] 

    Angle of attack at Cl=0 [deg] 
   Flap angle [deg] 
   Kinematic viscosity [m2/s] 

   Strength of discrete vortex [m2/s] 
   Step [-] 

   Strength of constant doublet panel [m2/s] 
   Strength of constant source panel [m/s] 

   Angle in the circumference [rad] 
   Frequency [rad/s] 

   Perturbation velocity potential [m2/s] 
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    Total velocity potential [m2/s] 
 
Acronyms: 
 
BEM  Blade element momentum 
CFD  Computational fluid dynamics 
EU  European Union 
HAWT  Horizontal Axis Wind Turbine 
KPI  Key performance indicator 
LE, TE  Leading edge, Trailing edge 
OSU  Ohio State University 
UoG  University of Glasgow 
VAWT  Vertical Axis Wind Turbine 
 
Subscripts: 
 

cr  Related to critical radius 
ind  Related to induced velocities 

int  Related to internal variables inside the airfoil 
L, U  Related to lower, upper surface 
LE, TE  Related to leading edge (LE) and trailing edge (TE) 

n, tan  Related to directions normal, tangential to the body surface 
max  Related to maximum value 

rel  Related to relative wind speed 
sep  Related to separated flow 

svl  Related to shed vortex location 
vtx  Related to vortex 

∞  Related to freestream 
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1. Introduction 

1.1 Context of the work 
 

The work is performed basically for wind turbine applications, in the specific operational context 

of large wind turbines. First of all, it is important to highlight the current and expected future 

scenario for design and modelling of wind turbines. In 2011, the UpWind project [1] was 

finished. It was a large European research and development wind energy project of 5 years that 

aimed to develop and verify substantially improved models of the principal wind turbine 

components. These models are needed by the industry for the design and manufacture of wind 

turbines in very large-scale future applications, e.g. offshore wind farms of several hundred MW. 

The wind turbines considered were very large (>8-10MW) and the rotor diameter was over 

120m. This project was already pointing to further increases of the wind turbine size. Figure 1.1 

shows the past and expected increase of rotor size described by the UpWind project. 

 

 
Figure 1.1: Past and expected increase in rotor size (Ref. [1]) 

 

Nowadays, different European projects funded by the 7th framework programme are trying to 

break down the barriers for the new generation wind turbines in 2020 and beyond. The main 

objective is to establish a suitable framework in terms of methods, knowledge and tools to 

achieve the ambitious targets of Horizon 2020 EU Research and Innovation programme [2]. The 

EU's Renewable energy directive sets a binding target of 20% final energy consumption from 
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renewable sources by 2020. Renewables will continue to play a key role in helping the EU meet 

its energy needs beyond 2020. EU countries have already agreed on a new renewable energy 

target of at least 27% of final energy consumption in the EU as a whole by 2030 as part of the 

EU's energy and climate goals for 2030. On 30 November 2016, European Commission 

published a proposal for a revised Renewable Energy Directive to make the EU a global leader 

in renewable energy and ensure that the 2030 target is met. 

Relevant examples of current European projects related to wind energy are InnWind.EU [3], 

AVATAR [4], and WINDTRUST [5]. The author of this dissertation has been intensively involved 

in WINDTRUST and AVATAR, where some activities of validation and verification related to this 

work were performed. 

The InnWind.EU project is an ambitious successor for the UpWind project, where the vision of a 

20MW wind turbine was put forth with specific technology advances that are required to make it 

happen. The overall objectives of this initiative are the high performance innovative design of a 

beyond-state-of-the-art 10-20MW offshore wind turbine and hardware demonstrators of some of 

the critical components. 

 

The AVATAR project is related to advanced aerodynamic modelling, design and testing for large 

rotor blades. The first objective of AVATAR is to develop validated and reliable tools for the 

design and aeroelastic evaluation of large wind turbines. The second objective is to 

demonstrate the capability of producing valid aeroelastic calculations at all modelling levels and 

cross check. Finally, it is also critical to assess the consequences on design improvement and 

uncertainty reduction in power performance and loads. 

 

Finally, the WINDTRUST project is related to the demonstration of innovative designs to reduce 

fatigue loads and improve reliability of multi-MW turbines. The objective of the project is to 

demonstrate the technical and economic feasibility of innovative and more reliable solutions for 

multi MW wind turbines in order to improve the competitiveness of wind energy technologies. 

The selected components of the wind turbine are the rotor (specifically the blades), power 

electronics (specifically the converter) and control and communications system (specifically the 

controller system). 

 

The industry and research community focus is on very large rotors, up to 10-20MW. The 

progress in aeroelastic modelling should be essentially associated with the specific 

characteristics of such large wind turbines, and the working conditions in which the new models 

and tools should assess their reliability have to be established in the same way. 

 

In the context of large wind turbines, the regime of operation results in modeling challenges. 

Reynolds numbers in the range from 12 to 20 million and Mach number up to 0.3 can be 

observed through the blade spanwise stations. Due to complex wind conditions related to 

http://ec.europa.eu/energy/node/163
http://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52016PC0767R%2801%29
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different phenomena such as turbulence, shear, yaw misalignment or wakes, the relative inflow 

in the blade is subjected to significant changes which affect the unsteady aerodynamic 

response in short time scales. Moreover, the increase of rotor diameter leads to larger and even 

more slender blades undergoing significant dynamics and deformations which cause additional 

relative inflow variations. As an example of the complex wind conditions, Figure 1.2 shows two 

characteristic time series of wind speed, generated with normal and extreme turbulence models, 

and used in wind turbine simulations. In normal operating conditions, mean angles of attack can 

be in the range between -5º and 30º, with quick variations of high amplitude and reduced 

frequencies from 0.01 to 0.15. In addition, including specific operating conditions such as idling 

or earthquakes, the range of inflow variations can be substantially extended. Then, it is 

important to highlight that for large wind turbines the blade is subjected to operating conditions 

fundamentally unsteady in terms of the relative inflow. 

  
a) Normal turbulence model b) Extreme turbulence model 

Figure 1.2: Characteristic wind speeds for wind turbine simulations 

 

Wind turbines are complex systems to transform the wind into energy. Some simplified 

approaches can be used to explain the main concepts of the wind turbine performance, for 

example using the Blade Element Momentum theory mentioned later in section 1.2. There are 

also many good references about wind energy and wind turbines in the literature, for example 

the book by T. Burton (Ref. [6]). For a complete representation of an onshore wind turbine, 

servo-aeroelastic modelling techniques have to be employed, with coupling of aerodynamic, 

structural and control models. For offshore wind turbines, the hydro-servo-aeroelastic modelling 

includes hydrodynamic concepts. In the present research, the focus is put mainly in the 

aerodynamic part. 

 

In normal operating conditions, the Blade Element Momentum theory offers a relatively simple 

approach to explain the wind turbine performance. Based on this model, Figure 1.3 shows the 

main contributions of inflow and loads in a generic blade spanwise station. The relative wind 

velocity Wrel is composed of four terms: 1) U∞(1-a), where U∞ is the freestream velocity and a is 

the axial induction, 2) Ωr(1+a’), where Ω is the blade rotational speed, r is the blade radius of 
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the spanwise station and a’ is the tangential induction, 3) udef is the relative wind speed due to 

blade deformations out-of-plane with respect to the rotor plane, and 4) vdef is the relative wind 

speed due to blade deformations in-plane with respect to the rotor plane. Wrel forms an angle α 

with the chord line, well known as the angle of attack, while each spanwise station is positioned 

with respect to the rotor plane with two angles called pitch (operational) and twist (blade 

geometry). The inflow passing through the rotor is transformed into loads in the wind turbine. 

Loads along the blade are usually divided into lift and drag forces, as for the wings of an aircraft. 

Forces distributed in the blade spanwise can be integrated to obtain torque, the source of power 

production, in the rotor plane (in-plane) and thrust, the main load supported by the wind turbine, 

out of the rotor plane (out-of-plane). In normal operating conditions, the angle Φ between the 

rotor plane and the wind direction, formed by the angle of attack, pitch and twist, is small. 

Consequently, the drag force does not have a significant contribution to the thrust, but it is 

important in the torque calculation and has to be properly considered. Although drag cannot be 

ignored, simple solutions have been frequently used to approximate the viscous term of this 

contribution in modelling. 

 
Figure 1.3: Inflow and forces in blade sections 

 

The aerodynamic loads created on an airfoil (or on a blade spanwise station considering purely 

2D conditions) depend on the airfoil geometry (including surface roughness), angle of attack, 

Reynolds number and Mach number. It is therefore important to take into account these effects 

properly in modelling. Figure 1.4 shows the effect of the Reynolds number in the Cl of an airfoil, 

with the simulations performed at Reynolds 2 and 5 million with the open source CFD 

OpenFoam [7]. 
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Figure 1.4: Effect of Reynolds number in the lift coefficient of an airfoil 

 

Finally, the contributions udef and vdef in Figure 1.3 are related to the blade deformation as a 

longitudinal beam in the spanwise direction. However, the blade could be also subjected to 

deformations in planes perpendicular to the spanwise direction. Those deformations, affecting 

the 2D profiles, can be passive due to the unsteady loads supported by the blade or active 

related to flow control devices. Different solutions of distributed active control can be used to 

optimize the wind turbine performance in different operating conditions (for example using TE 

flaps). 

1.2 Modelling approaches for HAWT aerodynamics 
 

Generally, the aerodynamic codes used for modelling of airfoils, blades and rotors are divided in 

three fidelity levels depending on the theoretical models used and the scope in the 

representation of flow and wind turbine geometry [8]. These categories are CFD, vortex 

methods and engineering codes, and show significant differences in complexity and 

computational cost. 

 

High fidelity simulations intend to perform the most accurate representation of the wind turbine, 

including the flow domain. However, due to computational cost restrictions of the high fidelity 

methods, the use of engineering codes is still essential in wind energy applications. Panel 

methods and vortex methods represent a balanced approach between the other two. 

Comparing orders of magnitude, wind turbine simulations of 300 seconds, established in the 

IEC standard for fatigue design load cases, could be performed in a standard computer in 

seconds or minutes with engineering codes, in hours or days with vortex methods and in days 

or weeks with CFD. High fidelity simulations are required for specific detailed investigations, but 

taking into account the large number of design load cases that need to be simulated according 
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to the IEC 61400-1 and 61400-3 standards (onshore and offshore), together with the hunger of 

the industry for evaluation of different wind turbine designs, the need for engineering tools is 

evident. It becomes especially useful in design optimization, in which multiple iterations of the 

aeroelastic codes are carried out in order to achieve an optimum design through the variation of 

some design parameters. 

 

The aerodynamic (engineering) codes pertaining to the low fidelity level are mainly based either 

on Blade Element Momentum (BEM) theory for the rotor [9] or on thin airfoil theory for unsteady 

flow when the problem is reduced to 2D airfoils [10]. Since many of the underlying assumptions 

of these models are violated in real life applications, several engineering extensions and 

corrections have been developed to attempt to overcome the shortcomings (in Ref. [11] and 

[12]). 

 

The medium fidelity level within aerodynamic codes is constituted by vortex methods, with the 

flow physics represented by a Lagrangian approach of a finite set of singularities in the fluid 

domain. Then, the modelling of the wake can be simplified in comparison to the Eulerian 

approach used by higher-order fidelity methods. The airfoil and rotor geometry can be 

accurately modelled using panel discretization, although simplified approaches based on lifting 

surface or lifting line methods are often considered. When the main focus of the model is put on 

the panelling, with a simple discrete vortex approach for a free wake, panel methods are 

employed. A comprehensive description of the state of the art in panel methods can be found in 

Ref. [13], while vortex methods are described in the work of Leonard (Ref. [14]) and in the book 

by Cottet and Koumoutsakos (Ref. [15]). The accuracy of potential calculations can be 

enhanced with viscous-inviscid interaction methods.  

 

High fidelity solutions are referred to as CFD, in which the Euler or Navier-Stokes flow equations 

are resolved in a full 3D or 2D space surrounding the blade/rotor or airfoil respectively. In wind 

energy applications, Reynolds Averaged Navier Stokes (RANS) calculations are often 

employed. CFD avoids most of the typical corrections and parameters employed by lower level 

codes, but the computational cost is significantly higher than for the rest of methods mentioned. 

A review of CFD methods employed in the modelling of HAWTs can be found in the work by 

Gomez-Iradi [16], and a good overview of the state of the art on this field was described by 

Sørensen [17]. 

1.3 Motivation, objectives and rationalisation of the selected approach 
 

As it has been discussed in section 1.1, in the context of large wind turbines, the expected 

working conditions in the blade span stations are becoming highly variable (at least in terms of 

angles of attack and relative wind speed). Then, the models used to simulate the performance 

of airfoils and blades should be able to accurately deal with large angle of attack and wind 
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speed variations. Consequently, different unsteady working conditions, from attached to 

separated flow including dynamic stall, need to be taken into account. On the other hand, blade 

dynamics and deformations of the geometry have to be properly considered with the modelling 

tools. Last but not least, it is important to highlight that industry and research community 

demand efficient tools in terms of computational cost in order to be able to evaluate different 

design configurations and operating conditions for wind turbines in a reasonable time. All these 

requirements have to be properly fulfilled for a suitable and reliable modelling which represents 

a significant challenge for model developers. The effort in this dissertation focus on the 

development of an aerodynamic model taking into account all the considerations mentioned. 

 

Independently of the level of fidelity selected for the calculations, the computational cost of 2D 

simulations is significantly lower than for 3D simulations. For that reason, in many practical 

applications related to design and evaluation of wind turbine rotors, it is a common practise to 

perform part of the work in a 2D airfoil level. The justification is that, in normal operating 

conditions, the main aerodynamic response in most of the blade span is basically 2D, except 

the regions close to root and tip. In fact, this is the assumption made by BEM theory, and 

simulations performed with BEM-based codes use 2D polars obtained from wind tunnel 

experiments or from high fidelity simulations as input in each blade element along the span. 2D 

simulations can be used to investigate the aerodynamic response in specific blade sections, for 

example in order to perform load assessment, evaluation of the impact of flow control devices 

such as TE flaps or estimation of vortex shedding frequencies in idling conditions. In any case, 

the inflow conditions in the blade obtained from the 3D problem need to be supplied for the 2D 

simulation. This information can be obtained from low fidelity simulations with low computational 

cost (for example from BEM-based codes). Another advantage of a 2D model is that it can be 

also a good starting point for the development of a 3D code once it has been extensively tested 

and validated.  

 

According to the previous discussion, the main objective of the present work is the development 

of an aerodynamic model for 2D airfoils. The approach selected should focus on the lowest 

computational cost but assuring a reliable modelling attending to the specific requirements of 

the large wind turbine context. Summarizing, the main points to consider in the selection of the 

approach for the aerodynamic model have been: 

 

 The computational efficiency is a critical concern. 

 The model should be able to properly consider all the working conditions mentioned for 

large wind turbines: attached and separated flow, steady and unsteady conditions, 

dynamic stall and rigid and deformable geometries. 

 The model should be tested and validated for the ranges of operating conditions 

mentioned in section 1.1. The accuracy of the model should be estimated in the different 

operation conditions. 
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From the different options available, panel methods have been selected for the development of 

the aerodynamic model due to the expected balance between accuracy and computational cost. 

The computational efficiency could be improved with engineering methods, but at the expense 

of an accurate representation of airfoil geometry and flow physics considered through 

simplifications or semi-empirical approaches. The use of engineering methods could lead to 

either a loss of applicability due to all the information needed to set up a reliable simulation or to 

inaccurate results in cases of complex inflow, deformable geometries or high angles of attack. 

On the other hand, CFD has been discarded due to the high computational cost related to an 

Eulerian representation of the fluid domain, with the confidence that drawbacks of panel 

methods are not so critical and can be overcome in the development of the model. Some 

limitations of panel methods and the representation of the wake will be discussed in the next 

section. 

 

Panel methods can be mainly developed using inviscid or viscous-inviscid approaches. The 

difference is whether inviscid models are extended or not with a viscous calculation in the region 

close to the solid boundaries of the airfoil. This calculation adds computational cost, especially if 

the potential and viscous calculations are repeated iteratively until convergence of the results. 

As the objective is to keep the computational cost as low as possible, it is important to identify 

the advantages of the viscous calculation before making a decision. The viscous contribution 

plays a big role at different Reynolds numbers, in the progress of flow separation and for the 

shear stress, which are critical in the context of large wind turbines for the reliable calculation of 

torque and thrust through lift and drag. However, as it will be demonstrated later, all these 

effects can be taken into account with minimum steady aerodynamic information at the 

corresponding operational conditions and with some engineering concepts. Additionally, as it 

has been pointed out in section 1.1, the complex aerodynamic response in the blade sections is 

essentially unsteady, and the contributions are mainly related to the unsteady pressure 

distribution that can be obtained with inviscid panel methods. Then, the approach selected for 

the development of the aerodynamic model is based on inviscid panel methods, and some 

simple corrections and engineering concepts are going to be developed in order to improve the 

accuracy and applicability to wind turbines without increasing the computational cost. The 

combination of inviscid panel methods and some well-tested engineering concepts can be an 

unexplored promising approach for practical design applications. 

 

Summarizing, the present work focuses on 2D compliant airfoil modelling, mainly for unsteady 

flow. Inviscid panel methods have been used in order to take into account attached and 

separated flow, including dynamic stall. From the point of view of airfoil geometry, both rigid and 

deformable airfoils will be investigated, including some work related to the flap technology. 

Previous published work related to this dissertation can be found in Refs. [18] and [19]. 
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1.4 Overview of state of the art 
 
The first successful panel code was developed by Hess in 1972 [20] for aircraft applications. It 

already had part of the features of present panel codes but it was limited to inviscid calculations 

and attached flow. 

 

The principles of panel codes for airfoil modelling with boundary layer separation were 

summarized by Sears in 1976 [21], starting from the problem of airfoils with a rounded trailing 

edge. The modelling of the shedding vorticity from sharp edges and the importance in the 

development of the wake were discussed by Graham [22]. In 1978, Basu and Hancock [23] 

discussed the application of the Kutta condition in steady and unsteady cases and proposed a 

panel code suitable for 2D airfoils undergoing arbitrary unsteady motions. In 1981, Katz 

proposed a 2D vortex lattice method for the unsteady separated flow over a cambered surface, 

using a second sheet in a position known from experiments or flow-visualization [24]. The 

location of the separation was not necessarily close to the trailing edge or in the leading edge, 

but it could not change during the simulation. A similar concept was used by Vezza in 1985 [25], 

with two fixed separation points but including a panel discretization of the 2D airfoil geometry. 

 

Most of the work previously mentioned was based on potential calculations, with two obvious 

limitations. The first one is the lack of viscous contribution affecting the calculation of the 

pressure distribution and omitting skin friction (particularly inaccurate for drag force). The 

second limitation is the fact that the separation location has to be provided in potential codes 

because separation is a viscous phenomenon. Consequently, a large number of attempts have 

been made in order to include the boundary layer calculation and viscous effects in panel 

codes. At least the important contributions by Drela (in Ref. [26] and [27]) at the end of the 80’s 

and Cebeci (in Ref. [28] and [29]) at the beginning of the 90’s are mentioned here. The 

expected advantages of the boundary layer calculation have been already mentioned, but on 

the other hand, this calculation is not exempt from difficulties related to an accurate estimation 

of the separation location and it leads to an increase of the computational cost. 

 

It is also useful to mention the innovative approach developed by Lin in 1997 (Ref. [30]), in order 

to overcome the need of a prescribed flow separation in inviscid panel codes, with a reasonable 

unsteady separation and dynamic stall behaviour. 

 

In the last 20 years, panel codes and vortex methods have shown a significant progress in wind 

energy applications due to the balance between accuracy and computational efficiency, as a 

complement to engineering codes and CFD for the modelling of rotors and airfoils. The main 

advantage of Lagrangian approaches is the capacity to include part of the flow physics with 

lower computational cost than CFD methods. 
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For 3D rotor modelling, the work performed by Voutsinas from 1996 [31] is one of the first 

contributions to wind energy using vortex methods. This work includes a combination of a 

detailed free-wake model with a lifting surface comprised of panels for the blade representation. 

Separated flow is considered using the double wake concept with a second separation fixed at 

the leading edge and using the empirical ONERA stall model [32] in order to estimate the 

specific shedding vorticity. Recently, another valuable contribution for the modelling of wind 

turbines was presented by Ramos-García including an extensive validation (in Ref. [33] and 

[34]). 

 

Because of the high aspect ratio of the blades, sectional approaches are often taken for the 

blade aerodynamics, particularly useful for unsteady flow. For 2D airfoil modelling, some 

progress has been recently observed. In 1999, starting from the inviscid panel method proposed 

in Ref. [31], Riziotis presented a viscous-inviscid code for 2D airfoil modelling [35]. The 

separation location was still externally provided, and the inviscid-viscous results at incidences 

slightly higher than for maximum Cl could not be trusted due to the assumption of thin separated 

layer which is not valid for massive separation. This work was revisited by Voutsinas in 2008 

[36], with a strong viscous-inviscid interaction boundary layer theory which allows the prediction 

of flow separation location in unsteady conditions. In this case, converged solutions were 

obtained for massively separated flow conditions. Based on this work, in 2012, Zanon 

implemented a 2D panel code including a boundary layer formulation for the simulation of 

vertical axis wind turbine airfoils [37]. In this case, the lift coefficient obtained by the code is 

validated against experimental data of a pitching NACA0012 airfoil in dynamic stall conditions. 

Special attention is put on the prediction of the separation location in the upstroke and 

downstroke motions. In 2014, Ramos-García [38] presented a solution to the integral form of the 

boundary layer equations using a strong viscous-inviscid coupling procedure. The objective was 

to obtain a fast and efficient quasi-3D aerodynamic code to analyze the local aerodynamic 

behavior of an airfoil section in a wind turbine. In 2015, Ramos-García presented also an 

inviscid double wake model with the separation location externally provided but fixed during the 

simulations [39]. 

 

In spite of the work and progress mentioned, airfoil modelling with panel codes and vortex 

methods is still a challenge and “a bit of an art”. In the useful reviews presented by Leonard in 

1980 [40] and later by Sarpkaya in 1989 [41], some inherent limitations of the method and 

different solutions to overcome the shortcomings were presented. Unfortunately, many of the 

problems mentioned in those works are still not fully resolved. A few examples of some 

questions which remain open are: modelling of vortex-body interactions, the estimation and 

treatment of separated flow, the wake roll-up modelling with a discrete vortex representation of 

the wake, the need for proper diffusion models, etc. 
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In addition to limitations inherent to panel codes and vortex methods, the accurate modelling of 

dynamic stall for different airfoils and operating conditions is still a challenge for aerodynamic 

tools of different nature. The comparison of different engineering approaches (Beddoes-

Leishman model, ONERA model, etc) and experimental data for airfoils in dynamic stall 

conditions show significant differences, exposing the modelling difficulties (in Refs. [42], [43] 

and [44]). Tuning of parameters and further developments have been proposed in the literature 

(in Refs. [45], [46] and [47]), but there is still a lack of successful methodologies including an 

extensive validation. In spite of the higher computational cost, high fidelity modelling based on 

CFD methods has also been used for dynamic stall in 2D flows and rotors, but results still show 

limitations and more research is required [48]. 

 

Finally, most of the panel codes for 2D airfoils are based on rigid airfoils. However, for the next 

generation of large and slender blades, it may be important to consider blade deformations even 

at 2D level for blade sections. Besides passive blade deformation under unsteady loads, 

aerodynamic control solutions by active deformation of blade section geometries are currently 

being investigated. Specifically, TE flaps are very promising for control purposes in wind energy, 

and consequently it has been considered in the validation activities of the present work. An 

interesting review in smart rotor control technologies can be found in the work by Barlas [49], in 

which the TE flap technology for load reduction is mentioned among other solutions. 

Experimental tests of airfoils and blades with TE flaps have been performed for helicopter and 

wind energy applications (in Refs. [50], [51], [52], [53], [54] and [55]). In addition, different 

models for airfoils and blades with flaps have been developed, tested with aeroelastic tools and 

used in demonstrations for control applications. The approaches used are mainly relying on 

CFD (in Refs. [51], [56] and [57]) and engineering models based on thin airfoil theory for airfoils 

and BEM theory for rotors (in Refs. [52], [58], [59], [60], [61] and [62]). Recently, in the 

European Projects InnWind.EU [3], AVATAR [4] and WINDTRUST [5], there are specific work 

packages and tasks related to further investigations of the TE flaps technology: experimental 

tests, code development, verification and validation, parametric studies, design, etc. 

1.5 Overview of this work 
 
Apart from the introductory issues included in this chapter, the following chapters deal with the 

description, practical implementation and testing of the proposed aerodynamic model. In 

chapter 2, the model proposed in the present work is described, including some details about 

specific features. The description includes the improvements considered in order to overcome 

some of the limitations of the state of the art. Chapter 3 is related to the practical implementation 

of the model. This chapter contains part of a parametric study and simple corrections proposed 

to improve the results obtained. Chapter 4 includes a representative part of an extensive 

validation performed to assess the accuracy and reliability of the simulations with the proposed 

approach. A large number of validation and verification cases have been carried out in different 

working conditions, including flow around cylinders, and steady and unsteady cases for different 
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airfoils. In Chapter 5, the validation has been extended to airfoils with the TE flap technology, 

and the aerodynamic response related to the flap motion has been investigated. After the 

validation, chapter 6 includes a practical investigation related to the TE flap technology for 

fatigue load reduction in an airfoil. Finally, in chapter 7, the main conclusions of the work are 

established, and future activities are recommended in order to improve the results of this work.  
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2. Description of the proposed aerodynamic model 

2.1 Introduction 
 

The part of the model related to attached flow and rigid airfoils is mainly based on standard 

panel methods with a free vortex wake. In order to include unsteady flow separation, the 

standard panel formulation has been combined with some existing engineering concepts 

developed for unsteady airfoil modelling. In addition, deformable airfoil geometries are taken 

into account using a methodology compatible with the rest of the approach. The idea behind the 

proposed model is to obtain accurate predictions of unsteady airfoil aerodynamics including 

dynamic stall conditions even with compliant geometries, and keeping the computational cost as 

low as possible. 

2.2 Fundamentals of the general problem 
 

In order to properly understand the simplified formulation used to resolve the problem related to 

a body submerged in a fluid, it is useful to start with a brief review of the principles upon which 

the general dynamic equations of the fluid are based. Then, it will be possible to consider the 

simplifications introduced in the present approach, which are typically employed in panel codes 

for potential flows. Most of the mathematical background included in this chapter has been 

obtained from the book by Katz [13], where a further description of the fluid motion can be 

found. 

 

The motion of the fluid can be described in a Lagrangian approach, which is a particle point of 

view, and a Cartesian coordinate system with coordinates  ,   and   can be introduced. The 

position of any fluid particle P is given by: 

 

     (          )  

     (          ) (2.1) 

     (          )  

 

 

where (        ) is the position of P at some initial time    . The velocity and acceleration of 

this particle are given by: 

 

 
  

  

  
        

  

  
        

  

  
    (2.2) 

 
   

   

   
         

   

   
         

   

   
 (2.3) 
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In contrast to the Lagrangian approach, the Eulerian approach provides the spatial distribution 

of flow variables at each instant during the motion in a fixed and global reference system. 

 

To develop the governing equations describing the fluid motion, first the conservation of mass is 

analysed by observing the changes in fluid density ρ for a control volume. The control volume 

(c.v.), limited by a control surface (c.s.), is shown in Figure 2.1. The mass within the control 

volume        is then: 

 

 
      ∫    

    

 (2.4) 

 

 
Figure 2.1: Control volume in the fluid 

 

Taking into account the accumulation of mass within the control volume and the change due to 

mass leaving (mout) and entering (min) through the boundaries, the conservation of mass can be 

established in integral form as: 

 

       

  
 

 

  
∫    
    

 ∫  (   )  
    

   (2.5) 

 

In Eq. (2.5),   is the velocity vector and   is the outward normal to the surface element dS. 

 

Similarly, the rate of change in the momentum of the fluid flowing through the control volume at 

any instant  (  )        is the sum of the accumulation of momentum per unit volume within the 

control volume and the change of momentum across the control surface boundaries: 

 

  (  )    

  
 

 

  
∫     
    

 ∫   (   )  
    

 (2.6) 

 

The change in the momentum, according to Newton’s second law, must be equal to the forces 

applied to the fluid. The forces acting on the fluid in the control volume in the    direction are 
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either body forces per unit volume    , or surface forces       per unit area. Then, the integral 

form of the momentum equation in the   direction can be obtained: 

 

  

  
∫      
    

 ∫    (   )  
    

 ∫      
    

 ∫        
    

 (2.7) 

 

In many cases, the differential representation of the conservation of mass and momentum 

equation is more useful than the integral form. This is accomplished using the divergence 

theorem which states that for a vector q the flux through the boundary of the control surface is 

equal to the rate of expansion of the fluid inside the control volume: 

 

 
∫ (   )  
    

 ∫ (   )  
    

 (2.8) 

 

In Eq. (2.8),   is the gradient operator, which in Cartesian coordinates results in: 

 

 
    

 

  
  

 

  
  

 

  
 (2.9) 

 

Applying the theorem to the conservation of mass, the surface integral term is transformed into 

a volume integral and combining the volume integral terms the following equation results: 

 

 
∫ (

  

  
      )   

    

   (2.10) 

 

The equation must hold for an arbitrary control volume anywhere in the fluid, then the integrand 

is also equal to zero. Thus, the following differential form of the conservation of mass or the 

continuity equation is obtained: 

 

   

  
        (2.11) 

 

For an incompressible fluid (constant-density fluid), the continuity equation reduces to: 

 

 
     

  

  
 

  

  
 

  

  
   (2.12) 

 

Note that the incompressible continuity equation does not have time derivatives, but time 

dependency can be introduced via time-dependent boundary conditions. 

 



 

 

24 

 

To obtain the differential form of the momentum equation, the divergence theorem is applied to 

the surface integral terms, and the following equation is obtained: 

 

 
∫ [

 

  
(   )             

    

   
]     

    

 (2.13) 

 

Since this integral holds for an arbitrary control volume, the integrand must be zero and 

therefore, 

 

  

  
(   )             

    

   
          (       ) (2.14) 

 

Expanding the left-hand side and using the continuity equation, the left hand side can be 

reduced to: 
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      ⌋   

   

  
 (2.15) 

 

For a Newtonian fluid the stress components     are related to the velocity field by: 
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)         (       ) (2.16) 

 

where   is the viscosity coefficient,   is the pressure, the dummy variable k is summed from 1 to 

3 and     is the Kronecker delta function defined as 1 when     and 0 when    . 

 

For a Newtonian fluid, including the previous definition for the stress components, the Navier-

Stokes equations are obtained: 
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)         (       ) (2.17) 

 

Typical boundary conditions for this problem require that on stationary solid boundaries both the 

normal and tangential velocity components will reduce to zero. 

 

In some practical applications, some terms can be neglected so that simpler equations can be 

obtained. For example, assuming an incompressible (     ) and inviscid fluid the Euler 

equation is obtained: 
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  (2.18) 

 

The governing equations developed are complex, and in order to evaluate the possibility to 

simplify them, a dimensional analysis can be performed to determine the relative magnitudes of 

the different elements. In the case of the continuity equation, all terms have the same 

magnitude and none can be neglected. For the momentum equation, since viscosity of typical 

fluids such as air and water is very small, a large variety of practical engineering problems 

(aircraft low-speed aerodynamics, wind energy, hydrodynamics of naval vessels, etc) fall within 

the Re >> 1 range. So for situations when the Reynolds number is high, the viscous terms 

become small compared to the other terms. However, before neglecting these terms, a closer 

look at the high Reynolds number flow condition is needed. Specifically, considering the flow 

over an airfoil, based on the assumption of high Reynolds number the viscous terms can be 

neglected in the outer flow regions, outside the immediate vicinity of a solid surface. Therefore, 

in this outer flow region, the solution can be approximated by solving the incompressible 

continuity and the Euler equations. 

 

Since the flow is assumed to be inviscid, there is no physical reason for the tangential velocity 

component to be zero on a stationary solid surface and therefore what remains from the no-slip 

boundary condition is that the normal component of velocity must be zero. 

 

However, a closer investigation of such flow fields reveals that near the solid boundaries in the 

fluid, shear flow derivatives such as     become large and the viscous terms cannot be 

neglected even for high values of the Reynolds number. The solution for a high Reynolds 

number flow field with the assumption of an inviscid fluid is therefore the first step towards the 

solution of the complete physical problem, and additional iterations or extensions for an 

improved solution are possible. 

 

In a fluid, it is useful to define the vorticity as twice the angular velocity: 

 

          (2.19) 

 

In an open surface S (Figure 2.2), with the closed curve C as its boundary, the circulation   can 

be defined as (using the Stokes’ theorem to relate the vorticity on the surface S to the line 

integral around C): 

 

 
  ∫       

 

 ∫     
 

 ∮    
 

 (2.20) 
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Figure 2.2: Surface and vorticity 

 

The circulation is therefore related to the rotation in the fluid which depends on the effect of the 

viscous forces. If forces are very large,       and the flow is called rotational, but if the 

shear forces are negligible and      , the flow is considered to be irrotational. 

 

The vorticity in the high Reynolds number flow fields that are being studied is confined to the 

boundary layer and wake regions where the influence of viscosity is not negligible and so it is 

appropriate to assume an irrotational as well as inviscid flow outside these confined regions. 

Considering the following line integral in a simply connected region, along the line C: 

 

 
∫    
 

 ∫   
 

         (2.21) 

 

If the flow is irrotational in this region then             is an exact differential of a potential 

  that is independent of the integration path C and is a function of the location of the point P: 

 

 
 (     )  ∫            

 

  

 (2.22) 

 

where    is an arbitrary reference point.   is called the velocity potential and the velocity at 

each point can be obtained as its gradient: 

 

      (2.23) 

 

The substitution of this equation into Eq. (2.12), which is the continuity equation for an 

incompressible fluid, leads to the following differential equation for the velocity potential 

(Laplace’s equation): 
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                (2.24) 

 

Considering the immersed body in the fluid, and assuming the solid surfaces are not penetrable, 

the following boundary condition is applied stating that the velocity normal to its boundary 

surface is expressed as, 

 

        (2.25) 

 

Also, the disturbance created by the motion should decay far (  ∞) from the body: 

 

    
   

(    )    (2.26) 

 

where   (     ) and   is the relative velocity between the undisturbed fluid at infinity and the 

body (or the velocity at infinity seen by an observer moving with the body). 

 

There is a unique solution to the problem. In an isolated system, mass, momentum and energy 

are conserved. The vorticity generated at the body surface must be convected downstream. 

Thin wake sheets composed of vorticity are included downstream of the body starting in the 

separation location. The mathematical problem is described in Figure 2.3. Laplace equation has 

to be resolved for a body with boundary SB enclosed in the volume V, with outer boundary S∞. 

The boundary conditions mentioned before are applied to SB and S∞ respectively. The normal n 

is defined such that it always points outside V. Now, the vector q in the divergence theorem, in 

Eq. (2.8), is replaced by the vector            , where    and    are two scalar functions 

of position. The following equation is obtained: 
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 (2.27) 

 
Figure 2.3: Potential flow problem 

 

This is one of Green’s identities. The surface integral is taken over all the boundaries:   

        . Setting        and      the velocity potential of the flow, where r is the 
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distance from a point P, and locating the point P outside of the volume V, both    and    

satisfy Laplace’s equation and Eq. (2.27) results in: 

 

 
∫ (
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   (2.28) 

 

It is interesting to obtain the flow field at a point P located inside V. The point is excluded from 

the integration region using the sphere of radius ϵ in order to avoid a singularity. Outside the 

sphere, the potential satisfies Laplace equation,        (   )    and       , and the 

equation becomes: 
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   (2.29) 

 

Now, introducing a spherical coordinate system at P and since the vector n points inside the 

small sphere, it is possible to write      ,             and  (   )   (    )  , and the 

following equation is obtained: 
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   (2.30) 

 

The radius of the sphere surrounding P is chosen to be very small (   ), its surface can be 

integrated as follows, ∫       . Assuming    and its derivatives are well behaved functions 

and therefore do not vary much in the small sphere, and as   tends to zero, the first terms in the 

sphere integral vanishes, and the second one can be integrated, resulting in the next equation: 
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   (2.31) 

 

Clearing the velocity potential, 
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 (2.32) 

 

It is demonstrated that it is possible to obtain the velocity potential at any point in the flow field 

 ( ) if the velocity potential and its normal derivative,   and      , are known on the 

boundaries. In order to relate the potential equation with the singularity elements in the body 

surface, a form of the first one that includes the influence of the inner potential    is formulated. 

In addition, the wake surface is assumed to be thin, such that       is continuous across it 

(which means that no fluid-dynamic loads will be supported by the wake). Including the 
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contribution of the    integral when it is far from    , which is the free stream potential   ( ), 

the following equation can be obtained: 
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 (2.33) 

 

Therefore, the problem is reduced to determine the value of the quantities   and       in the 

boundaries. For example, considering a segment of the boundary   , the difference between 

the external and internal potentials can be defined as: 

 

         (2.34) 

 

Similarly, the difference between the normal derivative of the external and internal potential is: 

 

 
   

  

  
 

   

  
 (2.35) 

 

These elements are called doublet (strength  ) and source (strength  ) and the minus sign is a 

result of the normal vector n pointing into   . Including these elements and replacing     by 

    , Eq. (2.33) becomes: 
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 (2.36a) 

 

The doublet strength   appearing in the second integral (over   ) is the potential difference 

between the upper and lower wake surfaces. To find the velocity potential in the region V, the 

strength of the distribution of doublets and sources on the surface must be determined. 

 

In a 2D case, the source potential is        and the integration is around a circle with radius   

and circumference   . Eq. (2.36a) now becomes: 
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 (2.36b) 

 

2.3 Body representation and singularities 
 

As it has just been discussed, the effect of a body submerged in an incompressible and non-

rotational potential flow can be modelled using a set of mathematical singularities. In panel 

codes, the body is discretized into segments (panels) in which singularities are distributed. 
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In the present model, the body surface is discretized into a number    of straight panels. The 

distribution of the panel nodes in the   axis (corresponding to the chord in the case of an airfoil) 

is based on a uniform angular discretization of a semicircle in which the initial angle for the TE 

(   ) and final angle for the LE (   ) can be selected in order to have different panel size 

distributions. This is performed for both, the upper and lower surfaces of the airfoil. For a 

normalized airfoil with LE in      and TE in    , the location of any intermediate node 

(angle    between     and     assuming 2π ≥     >     ≥0) is defined as: 

 

 
   ( 

             

 
      )

 

             
 (2.37) 

 

The panel nodes in the   axis are extracted from spline approximations of the upper and lower 

surfaces from the original geometry dataset. 

 

For arbitrary active deformations of the geometry, direct linear interpolation between two or 

more geometries is used. The geometry of the body is defined as a table  ( ) and different 

geometries have to be defined at the same normalized   coordinates. The interpolation is based 

on an actuation parameter (additional degree of freedom). Different datasets corresponding to 

different geometries are inputs to the model, and repanelling is required when the geometry is 

changing. If the relation between the actuation parameter and the geometry change is not 

linear, an increase in the number of input geometries is recommended. In the case of a TE flap, 

for example, three different datasets can be generated for the geometry: a) the case without flap 

deployment, b) the case with the flap in the maximum deployment and c) the case with the flap 

in the minimum deployment. An example of a rigid flap is presented in Figure 2.4, causing a 

singularity in the geometry. 

 
Figure 2.4: Different geometries for a TE flap 
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2.4 2D airfoil 
 

First, the objective of the singularities placed in the airfoil surface is to resolve the problem of 

the perturbation on the freestream velocity due to the solid body. There are two main 

approaches to specify the non-penetration condition related to the body: 

 

 Neumann condition, with a zero normal velocity component on the surface. 

 Dirichlet condition, with a constant internal velocity potential. 

 

Vortex panels alone using Neumann condition around a closed surface give a singular matrix, 

source panels have errors on concave surfaces. According to Katz [13], the Dirichlet boundary 

condition using constant-strength doublets is the fastest method. The reason is that the use of 

the velocity potential boundary condition will result in less numerical manipulations and hence 

less computational time. Then, as one of the objectives is high computational efficiency, the 

Dirichlet condition is used in this work. 

 

If the normal velocity is zero, the Neumann condition states that          on the airfoil 

surface, where    is the total velocity potential and   represents the normal direction. Then, the 

internal potential must stay constant giving the Dirichlet condition: 

 

   
             (2.38) 

 

The velocity potential can be divided into free-stream potential (  ) and perturbation potential: 

 

   
    (    )           (2.39) 

 

The airfoil geometry is represented by panels, and singularity elements are distributed on these 

panels. In this case, two-dimensional piecewise constant-strength singularity elements are 

selected, which can give good results and require less computational effort than higher-order 

approaches (as for example singularity element distributions with linear and quadratic strength). 

In fact, there is evidence that low- and higher-order methods converge to solutions of similar 

quality depending on the number of panels [13]. The types of singularities which can be used in 

order to represent the circulation exerted in the fluid due to the airfoil are vortices and doublets, 

and these singularities can be also combined with sources to cancel normal velocity terms in the 

panels. In particular, the proposal in this work is a combination of constant-strength doublets 

and sources in each panel. Figure 2.5 shows constant-strength source and doublet panels, the 

last one also represented as two vortices of the same strength and different sign. 
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a) Constant-strength source panel b) Constant-strength doublet 

panel 

c) Equivalent constant-strength 

doublet panel with vortices 

Figure 2.5: Constant-strength source and doublet panels 

 

The perturbation potential in a specific point of the fluid is the velocity potential produced by the 

singularities, doublets and sources, at that point. For a constant-strength doublet distribution 

along the x axis, as the one shown in Figure 2.5, the influence at a point P is: 
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For a constant strength source distribution, the resultant perturbation potential at P would be: 
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(2.41) 

 

The terms   and   are influence coefficients to calculate the impact of each singularity element 

in the velocity potential of a point P. Those terms depend on the type of singularity and the 

distance and position between the singularity and the point P. 

 

Let’s assume     panels and   panel nodes with the second node pertaining to the last panel 

coincident with the first node of the first panel in the TE (blunt trailing edges are not considered 

in this approach). The numbering starts in the pressure side from the trailing edge to the leading 

edge and then from the leading edge to the trailing edge through the suction side. An example 

of the start and end panelling in the trailing edge is shown in Figure 2.6. The crosses represent 

collocation points established in each panel to evaluate the non-penetration condition, slightly 

displaced inside the body from the middle of the panel. This displacement is only required to 

assure that collocation points are inside the airfoil and consequently it can be really small with 

respect to the airfoil chord. 
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Figure 2.6: Detail of airfoil panelling and collocation points near the trailing edge 

 

The boundary condition can be established in each collocation point. As the evaluation of the 

potential is established inside the body, the subscript int is not included any more by simplicity. 

Specifying this boundary condition at each collocation point in each panel, a system of     

linear equations is created: 
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 (2.42) 

 

It is important to highlight that the terms A and B are defined according to Eq. (2.40) and Eq. 

(2.41) in a specific reference system for each panel, with the panel in the x axis, the origin at the 

minor panel node and the y axis defined pointing outside the airfoil. The set of algebraic 

equations can be represented in matrix form: 
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At this point, there are different options for the constant term. For example, by setting:    

(    )   , the equation can be solved on the surface but the resulting singularity 

distribution will include the freestream potential and the strength will be large. In this work, the 

inner potential is set to:     (    )     which leads to a more efficient resolution of the 

system of equations because the strength of the required doublets is significantly reduced. In 

unsteady problems, the term    could not be constant as the inflow changes, and the problem 

is resolved in a time-stepping procedure.  With this approach for a static airfoil, the source 

strength in each panel is required to be the component of the free-stream velocity normal to the 

airfoil surface: 
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        (2.44) 

 

The strength of the source panels is calculated in a first step, including the freestream velocity 

normal to the surface in order to reduce the terms in the resolution of the system of equations. 

In addition, for future work, panel sources could be useful for the extension of the potential 

approach to certain boundary layer models or to approximate the effect of some aerodynamic 

control devices actuating in the surface (for example suction/blowing systems). 

 

For unsteady simulations in which the airfoil is moving or subjected to deformations, in addition 

to the freestream velocity, the relative velocity has to be included. In that case, the calculation of 

the source strength is modified adding the relative wind speed to the freestream: 

 

                (2.45) 

 

For incompressible flows, the instantaneous solution of the system of equations in Eq. (2.43) is 

independent of time derivatives and steady-state solution techniques can be used to treat the 

time-dependent problem by substituting the instantaneous boundary conditions each time step 

in a time-stepping approach [13]. 

 

For an airfoil, as it is a lifting surface, the integral of the bound circulation has usually values 

different from zero. At the same time, based on the Kelvin’s theorem, the circulation around a 

large circuit enclosing the whole problem does not change with time. Consequently, a wake has 

to be modelled to close the problem. For attached flow cases, the Kutta condition is applied at 

the trailing edge (Figure 2.7). The flow velocities in the upper and lower panels attached to the 

TE are used to estimate the vorticity shed to the wake each time step, represented including a 

constant-strength doublet panel N with strength   . In unsteady simulations, the connected 

extreme vortices of consecutive doublet panels in the wake are transformed into discrete 

vortices downstream. The new discrete vortex formed     is equal to the strength of the new 

doublet panel in the wake minus the strength of the doublet panel shed in the previous time 

step: [     
 ]. The Kutta condition is added to the system of equations with the new unknown 

  , and the tangential velocities in the upper and lower side of the TE (   and    respectively) 

are calculated using the strengths and lengths of the corresponding doublets (  and   

respectively): 

 

    

   
 

    
 
 

   
        

     

     
  

         

         
 (2.46) 

 

For separated flow conditions on the airfoil, a double wake model is implemented, with two 

wake sheets connected to different points on the airfoil surface, usually one in the trailing edge 

and another further forward separation point. For this further forward flow separation in a 
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smooth surface, the Kutta condition has been modified, and zero tangential velocity is imposed 

just downstream of the point of the surface where flow separation takes place (Figure 2.8). This 

condition is enforced at the collocation point just downstream of the node where the wake panel 

is located (collocation point in panel Pi): 

 

  
            

       
  

       
       

 
   

(2.47) 

 

 
Figure 2.7: Kutta condition and shedding vorticity 

process in attached flow conditions 

 
Figure 2.8: Additional Kutta condition and shedding 

vorticity in separated flow conditions 

 

Once the vortices are released, the wake is free and ruled by the Biot-Savart law, but an initial 

assumption is required for the position of the new vortices shed in the wake. In the attached flow 

case, the wake doublet panel is placed at the bisector of the TE. The discrete vortex shed in the 

wake represents the continuous vorticity shed from the separation location during the time step. 

The size of the wake panel is related to the position of the new discrete vortex shed. The total 

distance of continuous vorticity shed in the wake at each time step is approximated as the 

average of the upper and lower tangential velocities (   and   ) in the previous time step. In 

order to represent this continuous vorticity with the discrete vortex of the doublet panel, a 

distance (or panel size) proportional to the total length is considered: 
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 (2.48) 

 

The relationship between the length of the wake panel in Eq. (2.48) and the distance of shed 

vorticity included in Eq. (2.46) is:           . 

 

The factor      (0 <      ≤ 1) is introduced to modify the location of the discrete vortex which 

represents the continuous vorticity shed. The reason is that it is difficult to specify a universal 

optimum position of the discrete vortex in order to represent the complex vorticity shed for 

different airfoils and flow conditions. In Ref. [13], some recommended values for      are 0.2-0.3 

or 0.5 depending on the case. 
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In cases with flow separation, if the separation is on a smooth surface, the wake doublet panel 

can be prescribed with a certain nascent angle (  ) with respect to the attached flow direction 

upstream of the separation. If the separation occurs on a sharp edge, the wake panel is located 

in the direction of the last attached flow panel upstream. In any case, the length of the wake 

doublet panel     at each time step in separated flow conditions will be chosen as: 

 

 
         

       
  

 
 (2.49) 

 

The tangential velocity of the attached flow upstream of the separation in the previous time step 

       
 is assumed as a good approximation and used to calculate the new vortex location. The 

factor      is again introduced to modify semi-empirically the location of the discrete vortex 

which represents the continuous vorticity shed. 

 

An iterative process can be also used to calculate the position of the vortex corresponding to the 

current tangential velocity in the airfoil, but in general, numerical investigations with different 

time steps have shown that the velocities in the previous time step can be used, thus saving 

some computational time. 

 

Including the Kutta condition, the system of equations (2.43) is closed. Another advantage of the 

method is that constant doublet panels (comprised of two vortices of same strength but different 

sign as it can be observed in Figure 2.5, inherently fulfil the Kelvin condition of constant 

circulation, and no additional terms are required in the system of equations. Consequently, the 

change in the airfoil circulation in a time step simulation is compensated with the same change 

in the wake vorticity once the problem is resolved. If the system is releasing vorticity in the 

wake, the influence of the discrete vortices on the velocity potential of the collocation points has 

to be also considered. The contribution of a discrete vortex located at (     ) to the resultant 

perturbation potential at a point P in (   ) is: 

 

 
    

 

  
     

    

    
  (   )  (2.50) 

 

In Eq. (2.50),    is the circulation associated to the discrete vortex and C is the influence 

coefficient. 

 

Then, the final system of equations to obtain the unknown doublets would be (for all collocation 

points  , panel singularities  , and vortices in the wake  ): 
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A difficulty arises in the calculation of the velocity potential corresponding to the discrete 

vortices of the wake. Eq. (2.50) presents a discontinuity associated with the arctan for the angle 

between the discrete vortex and the collocation point. It is critical to avoid that discontinuity in 

the resolution of the system of equations in a time-stepping procedure. One solution employed 

in this work is to save the potential associated with each vortex, adding only the contribution due 

to the change in the angle for each new time step.  

 

Resolving the system of equations in a time-stepping procedure, the strength of the doublets in 

the airfoil surface is calculated each time step. Once the velocity field and the velocity potential 

are known, they can be used to calculate the value of the pressure over the airfoil using the 

unsteady Bernoulli equation. The mean value on each node  : 

 

 

   
   

     
 

  
  

 

  
 

   

  
 (2.52) 

 

In this method, the external potential can be calculated for each panel as the local potential 

jump   across the solid surface (Figure 2.9). The external tangential velocity at each airfoil node 

    can be calculated: 

 

 
       

 
       

   
      

      
(2.53) 

 

 
Figure 2.9: Doublets panels in the airfoil surface 

 

Similarly, the time-derivative of the local velocity potential is calculated as the time-derivative of 

the doublet in each panel: 

 

   

  
 

  

  
 (2.54) 

 

The loads are obtained by integration of the pressure distribution in the airfoil geometry. The 

formulation explained offers a simplified method for the calculation of the potential terms with 

respect to methods based on the velocity field. 
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2.5 Unsteady flow separation and dynamic stall 
 

In potential panel codes with the ability to model flow separation, for example using a double 

wake approach, the location of the separation is in principle unknown and has to be obtained. 

As it was mentioned in section 1.4, there are two main options for doing this: (1) a boundary 

layer calculation implemented in the panel code or (2) providing that information as an input 

based on either experimental tests or high-fidelity codes. In the present work, the separation 

location is prescribed, basically attending to computational cost criteria but also because simple 

potential codes have demonstrated the capacity to obtain good results with this approach [31]. 

Look-up tables of steady-state results including the separation location and the angle of attack 

are provided as an input, with the required information obtained from experimental data, CFD 

simulations or viscous-inviscid panel codes. During the simulation, the angle of attack is used to 

interpolate the separation location in the look up table. Considering that the separation location 

depends on Reynolds and Mach numbers, it is important to provide a suitable steady input data 

according to the working conditions defined for the simulations. 

 

In practical applications under unsteady conditions, the selection of a suitable time dependent 

angle of attack for the interpolation of the separation location is not straightforward. The angle of 

attack concept for static airfoils in steady conditions is basically the angle between the 

undisturbed or free-stream flow and the airfoil chord. In that case, there is a clear relationship 

between the defined angle of attack and the mean aerodynamic response of the airfoil, including 

the separation. In unsteady conditions, the relationship between the geometrical angle of attack 

explained before and the aerodynamic response of the airfoil is not straightforward due to the 

perturbation of the inflow related to induction caused by the unsteady wake. Then, it is 

necessary to obtain an effective angle of attack in which the induced effects are taken into 

account. 

 

In panel codes with a free vortex wake, the flow field is resolved and consequently the angle of 

attack could be estimated at any point of the fluid domain. However, this methodology presents 

some difficulties, because the flow direction in regions nearby the airfoil can change drastically 

and the value can be different depending on the criterion used. Another option to obtain an 

effective angle of attack, added to the present model, is to make use of well tested semi-

empirical models. Typically, these models apply delays to the geometric angle of attack in order 

to obtain an effective angle of attack, based on the unsteady conditions. The methodology 

considered is based in the Beddoes-Leishman model according to the indicial response 

formulation (in Ref. [63] and [64]). In this model, unsteady aerodynamics are formulated in terms 

of a superposition of indicial aerodynamic responses. The derivation of the indicial lift and 

moment functions for compressible flows was presented by Beddoes (Ref. [65]) and refined by 

Leishman (Ref. [66]). These indicial responses are assumed to be composed of the sum of two 

parts: one for the initial non-circulatory loading (which comes from Piston theory) and another 
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for the circulatory loading which builds up quickly to the steady state value. The non-circulatory 

part is not relevant for this investigation because this contribution is related to added mass 

effects which are properly captured by the panel codes. The circulatory part of the indicial 

response for a step change in angle of attack has been shown by Heaslet (Ref. [67]) to be 

similar to a Küssner type gust function. This indicial response can be approximated empirically 

in terms of the exponential function 

 

   
 (   )           (    

  )      (    
  ) (2.55) 

 

In Eq. (2.55), the terms   and   are coefficients and exponents of the indicial functions whose 

value was proposed in Ref. [65]:       ,       ,         and        . 

 

The above response solution can be manipulated by superposition using a finite-difference 

approximation to Duhamel’s integral to construct the cumulative effect to an arbitrary time 

history of angle of attack. The development of the numerical algorithms to accomplish this was 

initially presented in Ref. [63] and [65]. Two deficiency functions related to the unsteady delay 

caused by arbitrary changes of the angle of attack are obtained for each time step  : 
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) (2.56) 
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) (2.57) 

 

In the equations,    and    are the values of the deficiency functions in the current time step.  

Those values depend on the values of the previous time step      and     , the compressibility 

factor   and the non-dimensional time step   . In addition, the value depends on the step of the 

geometrical angle of attack in the current time step based on the relative inflow. The deficiency 

functions of Eqs. (2.56) and (2.57) are used to obtain an effective angle of attack in each time 

step: 

 

              (2.58) 

 

This effective angle of attack can be used to obtain the flow separation location from the look-up 

tables through a direct interpolation. 

 

An additional limitation using prescribed separation locations from steady data is related to 

delays in the motion of the flow separation location. A direct interpolation in the static 

relationship between the separation location and the angle of attack (even if an effective angle 

of attack is used) is not valid. The motion of the separation location is delayed by additional 
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effects related to the unsteady boundary layer response. In the Beddoes-Leishman model, a 

simple model is implemented in order to consider that unsteady response (in Ref. [63] and [64]). 

The same concept is followed in the present model. 

 

The unsteady response related to a step change of the separation location      may be 

represented by a first-order lag: 
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) (2.59) 

 

After some manipulations using a finite difference approximation to Duhamel’s integral to 

construct the cumulative effect for an arbitrary time history of the separation location, the 

deficiency function is obtained for each time step  : 
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) (2.60) 

 

The delayed separation location     
  is obtained based on the value of the separation location 

     interpolated with the effective angle of attack, minus the deficiency function   . The 

separation obtained for the   time step results in: 

 

      
       

    (2.61) 

 

The formulation of the separation location depends on the time constant   . In Ref. [64], for the 

Beddoes-Leishman model, a weak dependence of this time constant with the Mach number is 

established, some difficulties to define the variation with the airfoil shape are mentioned and 

some suggestions are included related to modifications of    depending on the unsteady flow 

separation progress. In this investigation, following the method employed previously by 

Gonzalez in Ref. [47], the value of    depends on 6 specific states of the flow separation (LE is 

in the 0% of the chord and TE in the 100%): 

    : Airfoil pitching up and separation location between the 70% of the chord and the 

trailing edge. 

    : Airfoil pitching up and separation location between the leading edge and the 70% of 

the chord. 

    : Airfoil pitching up and separation location moving from leading edge to trailing edge 

or airfoil pitching down and separation location moving from trailing edge to leading 

edge. 

    : Airfoil pitching down and separation location between the 30% of the chord and the 

trailing edge. 
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    : Airfoil pitching down and separation location between the leading edge and the 30% 

of the chord. 

    : Dynamic stall conditions based on the criteria described below. 

 

The model described for the unsteady motion of the separation location is related to a TE 

separation process. However, LE separation is also a critical phenomenon for the unsteady 

aerodynamic response of 2D airfoils, and it has to be taken into account in the modelling. In 

fact, LE separation is the main process regarding dynamic stall, based on the formation of a 

vortex in the LE, which travels along the airfoil surface and is shed into the wake once a critical 

condition is achieved. Comprehensive descriptions of this phenomenon can be found in the 

work by Beddoes and McCroskey (Ref. [68] and [69] respectively). The vortex shedding leads to 

significant peaks in load and moment coefficients. The specific characteristics of the dynamic 

stall process including details about modelling are described by Leishman [70]. 

 

The model described in this work is able to properly model the LE vortex related to dynamic stall 

and the consequences in the pressure distribution along the airfoil surface, as it will be 

demonstrated in section 4.4 and section 4.5. However, the occurrence of LE separation and 

dynamic stall is associated with a suppression of the delay in the TE separation progress and a 

sudden transition to full separation. As the current model is not able to calculate the separation 

location, a condition is required to establish the onset of dynamic stall, in order to stop the delay 

of the separation and move the separation to the LE. Once the separation location is moved to 

the LE, the formation, shedding, roll up and motion of the LE vortex can be properly calculated 

by the panel code. 

 

To impose a condition for the dynamic stall onset, a criterion equivalent to a critical LE pressure 

and associated pressure gradient was presented by Evans and Mort in Ref. [71], and later 

verified by Beddoes for airfoils in unsteady conditions (in Ref. [72] and [73]). Basically, the 

argument behind this critical condition is the fact that a correlation can be expected between 

high velocity peaks at LE stall and initial adverse pressure gradients. In this work, a critical value 

for the adverse pressure gradient in the suction side of the airfoil is used as LE separation 

condition (    ). The maximum difference of Cp between the leading edge and the separation 

location is divided by the chord distance from the maximum Cp to the minimum Cp found (chord 

is normalized with a size of 2). When the critical value is exceeded, the accumulation of delay in 

the motion of the separation location is suppressed. In order to allow the motion of the 

separation location towards the LE, the delay can be drastically reduced decreasing the value of 

Tf and substituting Eq. (2.60) by: 

 
          (

   

  
) (2.62) 
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2.6 Wake modelling 
 

One of the main challenges in panel codes and vortex methods, as it has been stated in chapter 

1.4, is related to the discrete representation of the wake. In this case, a free wake is considered 

with the motion based on the Biot-Savart law for an inviscid 2D flow. For the wake roll-up, the 

induced velocity in each vortex is calculated. Starting from the velocity potential in Eq. (2.50), 

the two components of the induced velocity in the x ( ) and y ( ) directions, exerted by a vortex 

of strength   located at point 0 (  ,   ) in another point ( ,  ) of the flow are: 
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 (2.63) 
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 (2.64) 

 
Apart from the contribution due to the discrete vortices in the wake, the effect of the constant-
strength doublets and sources of the airfoil has to be considered. Starting from the velocity 
potential in Eq. (2.40), the following equations represent the induced velocities due to a doublet 
panel (shown in Figure 2.5): 
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Similarly, starting from the velocity potential in Eq. (2.41), the next equations represent the 
contribution due to the source panel (shown in Figure 2.5): 
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 (2.67) 
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) (2.68) 

 
The induced velocities due to the discrete vortices in Eq. (2.63) and Eq. (2.64) present a 

discontinuity at the vortex location, and the values approaching the vortex tend to infinity. A 

simple solution related to viscosity is to define a critical core around the vortex where the 

potential velocity induced is corrected. In this work, a Lamb-Oseen vortex [41] has been used, 

with the induced velocity based on: 
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The critical vortex core     is proportional to the motion of the free wake vortices in a time step 

(using the relative wind speed) multiplied by a factor     which can be adjusted (an order of 

magnitude between of 10-1 and 1 is recommended here): 

 

               (2.70) 

 

It is important to highlight that this model has been included to deal with a discrete vortex wake 

in order to have a smooth roll-up. This is a numerical desingularisation of the singular velocity 

field, which is a simplification of the vortex sheets. 

 

Another critical question related to the wake roll-up, particularly important for separated flow 

cases, is the interaction between the vortices and the airfoil. Due to the numerical time-stepping 

procedure and due to numerical instabilities in the roll-up process, the vortices may approach or 

even penetrate the airfoil surface, leading to problems in the simulation. In this work, a thin 

artificial buffer layer has been created surrounding the airfoil, and the vortices are not allowed to 

penetrate in it. The buffer layer is created displacing the panel nodes perpendicularly to the 

airfoil surface at a distance proportional to the panel length by a factor     that can be adjusted. 

When the trajectory of a vortex crosses the external limit of the buffer layer, it is forced to move 

tangentially to the layer border (Figure 2.10) with the corresponding projection of the velocity. If 

the vortex finds a sharp edge during its motion, it will be shed in the wake in the direction of its 

current trajectory. 

 

 
Figure 2.10: Buffer layer to avoid interaction between vortices and airfoil surface 

 

There is also a problem related to potential vortex methods due to the lack of diffusion of the 

discrete vortices. This problem is particularly evident for 2D approaches in situations of 

separated flow, when the vorticity is accumulated close to the airfoil surface, and the effect in 

the pressure distribution of the separated region is overestimated. In addition, it can affect the 
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roll up and the vortex shedding process. The main reason for this behavior is the lack of 

diffusion (viscous diffusion and particularly turbulent diffusion) in the wake. A simple model has 

been implemented to approximately include the effects of diffusion, increasing the value of the 

critical vortex core with time in order to progressively reduce the effect of the vortices around 

them: 

 

          √      (2.71) 

 

The parameter       can be adjusted in order to have a different impact of the critical vortex 

core,   is the kinematic viscosity and      is the time since the vortex was shed in the wake. The 

value of     obtained with this approach is only applied when it is bigger than the critical vortex 

core obtained in Eq. (2.70). In general, the critical vortex core is included in the calculation of 

the roll-up, but the effect in the collocation points is not considered in order to have a pure 

potential problem. 

 

Apart from numerical problems or limitations related to the modelling of the flow physics, the 

computational cost associated to the wake modelling is obviously a major concern in vortex 

methods. In fact, for most of the airfoil simulations, when the number of vortices in the wake 

increases, the computational cost increases rapidly. One of the most straightforward solutions to 

this problem is to limit the number of vortices in the wake. In this case, three distances have 

been defined proportional to the chord ( ):  *   ,  *   ,  *   . The value of the coefficients 

   ,     and     can be modified depending on the requirements, and all the vortices found 

at distances between  *    and  *   ,  *    and  *    and beyond  *    are merged into 

one single vortex. The strength of the resultant vortex is the sum of all the combined vortices, 

and other quantities are averaged weighted by the absolute value of the strength of each vortex. 

For example, to calculate the   location of one vortex formed by two others, we use 
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 (2.72) 

 

This concludes the description of the mathematical formulation used in this thesis. Next we will 

focus on its implementation before moving onto validation studies. 
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3. Implementation of the model 

3.1 Code implementation and flow chart 
 
For the validation of the proposed aerodynamic models, a new code has been implemented that 

is called AdaptFoil2D in the next sections. AdaptFoil2D is written in C and compiled using the 

open source compiler GCC. 

 

The aerodynamic code AdaptFoil2D uses four different input files: 

 

 Variable data, including the time dependent variables established for the simulation. The 

variables included are the time histories of wind speed, angle of attack and the three 

degrees of freedom of the 2D airfoil motion (pitch, heave and surge). It can also include 

other degrees of freedom as the deployment of a TE flap. 

 Constant data, including constant parameters related to the operating conditions or 

related to the implemented models previously described in chapter 2. 

 Airfoil geometry, dataset including the   and   coordinates. 

 Flow separation location, including the separation location for each angle of attack as a 

look up table. The influence of the Reynolds and Mach numbers is only considered 

through this input file. 

 

In case of prescribed changes of the airfoil geometry, it is possible to include multiple input files 

of geometry and flow separation location, and the prescribed time dependent variation of a 

degree of freedom related to the geometry change has to be included in the input file of variable 

data. For example, this is useful if actively controlled flaps are considered.  

 

Results are stored in different output files related to the airfoil motion and deformation, the 

location and strength of vortices in the wake, the pressure data in the airfoil surface and the 

forces and moments exerted by the airflow. In the following chapters, mostly force and moment 

coefficients will be analyzed for different airfoils in different working conditions in order to verify 

and test the performance of this implementation, although in some cases Cp distributions and 

wake roll up visualizations have been also investigated. 

 

The main parts of the implemented code, based on the formulation described in sections 2.3 to 

2.6, are included in the flowchart of Figure 3.1. 
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Figure 3.1: Schematic flow chart of the proposed code based on panel methods 
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3.2 Description of parameters and sensitivity study 
 
The input file including constant parameters for AdaptFoil2D, mentioned in the previous section, 

contains some features of the models presented in sections 2.3 to 2.6. In that input file, the 

value of the parameters is established for a specific simulation. However, it is important to 

determine how the value of the parameters can be selected and if there is any dependence 

between this value and specific characteristics of the problem to resolve, resulting in different 

selections for different simulations. 

 

First, it is useful to define the main parameters divided according to the part of the model in 

which they are mainly involved: 

 Body representation (section 2.3): 

o   : Number of panels for discretization of the geometry. 

o    ,    : Leading edge and trailing edge angles for the angular discretization of 

the chord. 

 Simulation execution: 

  : Time step of the simulation. 

 Flow separation (section 2.5): 

o   : Angle of nascent vorticity shed from the body surface. 

o      ,      : Factors related to the distance from the surface to the position of the 

new discrete vortex shed. 

o    ,    ,    ,    ,    : Parameters related to the unsteady delay of the motion of 

the flow separation location. 

 Dynamic stall (section 2.5): 

o    : Parameter related to the unsteady delay of the motion of the flow separation 

location in dynamic stall conditions. 

o     : Critical value of the adverse pressure gradient in the suction side of the 

airfoil for dynamic stall onset. 

 Wake modelling (section 2.6): 

o    : Factor related to the size of the vortex core. 

o    : Factor related to the size of the buffer layer to avoid vortices approaching 

the body surface. 

o      : Parameter related to the increase of vortex core size in order to take into 

account diffusion. 

o    ,    ,    : Distances for wake cut-off and merging of multiple vortices in 

one. 
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Selected cases obtained from different experimental databases and simulations with other 

aerodynamic codes have been used in a parametric study to evaluate the impact of the 

parameters and sensitivity of the results of AdaptFoil2D. Due to the interdependency of the 

parameters in the final results, it is complex to establish an optimum parametric study to select 

the value of each parameter. A step by step study, evaluating one or a few related parameters 

in specific operating conditions has been performed. For the sake of brevity, only some 

examples of the parametric study are shown below, but the conclusions for all the parameters 

have been included. From the author’s experience in the development of aerodynamic codes, 

the conclusions obtained in this parametric study could be preliminary guidelines or starting 

points for other developments based on the same or similar models, but they never should be a 

substitute of a proper parametric or sensitivity study, because new implementations of the same 

models are often open to some interpretation and the impact of the parameters in the results 

could be different. 

 

As a first example, the number of panels is an important parameter in order to have an accurate 

aerodynamic representation of the airfoil geometry, together with the panel density in the LE 

and TE region governed by the parameters     and    . These parameters were described in 

section 2.3. The purpose is to faithfully represent the pressure distribution with an efficient 

paneling and without adding unnecessary computational cost. 

 

Figure 3.2 shows pressure coefficient distributions of the NACA0015 airfoil in the LE and TE 

regions, at angle of attack 6º, with different simulations of AdaptFoil2D compared with results 

obtained with XFoil [27] which is assumed as a baseline in this case. With fixed values of     

and    , the agreement improves increasing   . Using 200 and 400 panels, the results of 

AdaptFoil2D seem to match very well with the results of XFoil. 

  

a) LE region b) TE region 

Figure 3.2: NACA0015, α=6º, simulations with different number of panels,         and          

 

For the same case presented in Figure 3.2, Figure 3.3 shows simulations of AdaptFoil2D 

performed with 200 panels and using different values of     and    . Different subfigures have 
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been included to analyze in detail the LE and TE regions and the suction and pressure side in 

the middle of the chord. In the LE region, the agreement is improved decreasing    , while in 

the TE region the results of AdaptFoil2D seem to show a better correlation with XFoil for higher 

values of    . Looking at the suction and pressure side in the middle of the chord, the value of 

    shows a significant effect in the results of AdaptFoil2D in comparison with the impact of 

   . The agreement is improved when     approaches 180º. 

 
a) LE region 

 
b) TE region 

 
c) Region in the suction side 

 
d) Region in the pressure side 

Figure 3.3: NACA0015, α=6º, simulations with different values of  
  

 and  
  

, 200 panels 

 

The number of panels is not a problem for unsteady simulations, as the computational cost will 

be mainly governed by the size of the wake and the wake roll up. Then, airfoils will be 

discretized with a large number of panels between 200 and 400. Table 3.1 and Table 3.2 show 

statistics of the differences between XFoil and AdaptFoil2D for several combinations of   ,     

and    , at angle of attack 6º and 16º respectively. The differences of Cl and Cm in percentage 

(%Cl and %Cm) have been included in the tables. For Cl, the maximum errors are small, around 

1%, while for Cm the maximum errors are close to 10%. In both cases, maximum deviations 
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occur for 200 panels or when     is decreased to 120º. The best results for Cl have been found 

for        and          while for Cm the best cases are with         and         . 

With respect to these two combinations, using an intermediate value of the angle in the leading 

edge        , the agreement is slightly improved for Cl while Cm for angle of attack 16º 

remains between the cases with        and         and for angle of attack 6º shows worse 

behavior. 

 

NElem         %Cl %Cm 

200 0 160 0.717 10.370 

400 0 160 0.257 3.704 

400 20 120 0.838 6.481 

400 20 160 0.473 0.000 

400 20 180 0.392 1.852 

400 15 160 0.243 4.630 

Table 3.1: NACA0015, α=6º, different combinations of NElem,     and     

 

NElem         %Cl %Cm 

200 0 160 0.718 9.854 

400 0 160 0.256 3.650 

400 20 120 0.821 5.803 

400 20 160 0.462 0.730 

400 20 180 0.359 3.285 

400 15 160 0.205 2.920 

Table 3.2: NACA0015, α=16º, different combinations of NElem,     and     

 

Apart from the accurate representation of the aerodynamic loads, it is important to evaluate the 

range of panel sizes along the geometry. Values of     towards 0º and values of     towards 

180º lead to panels in the leading and trailing edges significantly smaller than in the middle of 

the chord. This can be inappropriate in unsteady simulations with flow separation moving from a 

region to the other. The reason is that there are parameters which are defined related to the 

panel size, such as the time step or the height of the buffer layer defined to avoid vortex-body 

interactions, and significant differences between those properties and the panel sizes in the 

airfoil are not desired. For an airfoil with 300 panels and       ,  the panel size in the trailing 

edge with          is approximately 200 times shorter than in the middle of the airfoil. 

However, for          it is only 3 times shorter. 

 

Another example of the parametric study focuses on the selection of the wake range 

parameters, related to the wake cut off and explained in section 2.6. The size of the wake for 

the wake roll up, in terms of the number of discrete vortices, is the main contributor to the 
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computational cost. The main purpose of the wake cut off is the reduction of the computational 

cost, but it is critical to assure that changes in the results are negligible with respect to the case 

without wake cut off. In general, the objective is to find convergence of results for higher values 

of the wake ranges. 

 

Different cases of pitch oscillations for the S809 and NACA0015 airfoils have been used to 

compare the effect of the wake range parameters RW1, RW2 and RW3. The different 

combinations tested have been: 

      ,       and       

      ,        and        

       ,        and        

       ,        and        

       ,        and        

 

Figure 3.4 shows two pitch oscillations for the S809 and two pitch oscillations for the 

NACA0015. The mean angle of attack is 14º for the S809 and 15º for the NACA0015 and the 

amplitude of the oscillation is 10º to assure part of the simulation in attached flow and part of the 

simulation in separated flow conditions. Attached flow is observed approximately between 1.4s 

and 1.9s for subfigure a), between 3.8s and 4s and after 4.3s for subfigure b), between 1s and 

1.25s for subfigure c) and between 1.4s and 1.5s and after 1.6s for subfigure d). In attached 

flow conditions, most of the simulations show a very good agreement except the cases with 

      in which overestimated values of Cl can be observed. In regions in which flow 

separation is present, the analysis is more complex due to the variability observed in the signals 

related to the numerical nature of the vortex wake roll up. However, it seems that signals show 

similar amplitudes of variation, with the cases of       and       showing in general 

slightly higher deviations. 

 
a) S809, α=14º, Δα=10º, k=0.026 

 
b) S809, α=14º, Δα=10º, k=0.077 
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c) NACA0015, α=15º, Δα=10º, k=0.077 

 
d) NACA0015, α=15º, Δα=10º, k=0.179 

Figure 3.4: Different pitch oscillations for two airfoils using different values of wake ranges 

 

The last example to illustrate the parametric study is related to the time constant    , one of the 

parameters used to delay the motion of the separated flow location described in section 2.5. 

The delay of the flow separation in unsteady simulations is critical in order to characterize the 

unsteady aerodynamic response of the airfoil. The time constant     rules the delay of the flow 

separation location when the airfoil is pitching down and the separation location is between the 

30% of the chord and the trailing edge (with 0% in the LE and 100% in the TE). 

 

Figure 3.5 shows two different pitch oscillations for the NACA0015, including simulations for 

different values of     compared to experimental data of the University of Glasgow used as a 

baseline. For the sake of clarity, the highest and lowest values of     analysed in the parametric 

study have not been included. The values discarded follows the trends observed here. For the 

two cases included in Figure 3.5, the simulation with       shows a better agreement with the 

experimental data, especially attending to the cross of the loops related to the progress of flow 

separation and the transition between attached and separated flow. In general, the size of the 

two loops observed in the experimental data, one in clockwise direction and the other in 

counter-clockwise direction, shows a better correlation with the simulations for      . Using 

values of     lower than 2, the loop in clockwise direction at the highest angle of attack region is 

underestimated while the loop in counter-clockwise direction is overestimated. At higher values 

of    , the opposite situation is observed, with the loop in clockwise direction at the region of 

highest angles of attack overestimated and the other loop underestimated or even practically 

cancelled as in the case with reduced frequency        . 
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a) NACA0015, α=8º, Δα=10º, k=0.026 

 
b) S809, α=8º, Δα=10º, k=0.077 

Figure 3.5: Different pitch oscillation simulations of the NACA0015 using different values of     

 

The previous examples are only part of an extensive step by step parametric investigation. The 

objective of the parametric study was to understand the sensitivity of the code to the main 

parameters and to establish some guidelines to decide the value of those parameters. As it has 

been mentioned in the beginning of this section, the impact of the parameters depend on the 

aerodynamic models selected and the specific implementation carried out. The conclusions 

extracted from the present parametric investigation performed with AdaptFoil2D are compiled 

below divided according to the parts of the model: 

 Body representation (section 2.3): 

o   : It is recommended to discretize the geometry with more than 200 panels, but 

the increase of accuracy above 400 panels is negligible in general. 

o    ,    : For a good accuracy,     should be between 0º and 20º and     

between 160º and 180º. It is recommended to have a similar order of panel sizes 

between leading and trailing edge regions and the middle of the chord, 

consequently a recommended combination is         and         . 

 Simulation execution: 

  : It is usually recommended in the literature to have time steps so that the 

emission of new vortices is at a distance similar to the panel size. In this 

investigation, this recommendation has been confirmed. However, in order to 

decrease the computational cost, it has been observed that it is possible to 

increase the time step within a similar order of magnitude without significant 

accuracy loses. 

 Flow separation (section 2.5): 

o   : The best results in the parametric study have been obtained with 45º, 

although 30º and 60º can be also reasonable values attending to the results. 

Then, 45º is usually employed in AdaptFoil2D and other values between 30º and 
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60º can be used if problems with the shedding vorticity arise in a specific 

simulation. 

o      ,      : For attached flow, a value of 0.25-0.3 is usually recommended in the 

literature. Here, a value of 0.5 is recommended, which seems to work properly in 

attached and separated flow, with separation in sharp edges or in a smooth 

surface. 

o    ,    ,    ,    ,    : A unique combination of values has demonstrated the 

ability to produce good agreement between simulations and experimental data 

for different airfoils in different unsteady conditions including flow separation. 

The following values have been selected:      ,      ,      ,      , 

     . 

 Dynamic stall (section 2.5): 

o    : Using the rest of values mentioned above from     to    , a value of 0.8 for 

    is recommended in order to decrease the flow separation delay in dynamic 

stall conditions. 

o     : This is the only parameter for which it has not been possible to find a 

unique value to assure acceptable results for different airfoils in different 

unsteady conditions. It is recommended to use different values for different 

airfoils, although airfoils with similar features could be simulated with the same 

value. In the validation activities of chapters 4 and 5, a value of 13.8 has been 

used for the NACA0015 and the NACA64418, while a value of 17.5 is employed 

for the S809. Further investigations are recommended but a preliminary 

hypothesis is that the different values could be related to the shape of the 

leading edge of the airfoil and the characteristics of the leading edge separation. 

 Wake modelling (section 2.6): 

o    : A value of 0.2 is recommended. 

o    : In principle, a value close to 1 is recommended when the time step is 

adjusted to have the new vortex shed at a distance from the surface similar to 

the panel size. If the time step is increased, this factor should be increased 

similarly according to the location of the new vortex shed. 

o      : In the current parametric study, the effect of this parameter in the results 

for different unsteady simulations with different levels of flow separation and 

wake roll up is not clear. In general, it seems that values close to 8.0 give results 

closer to the experimental data, but the trends observed have been a bit 

confusing and more research is recommended to properly include diffusion. 

o    ,    ,    : At least as starting point, the following combination is 

recommended:       ,        and       . However, the impact of the 

wake cut off depends on the operating conditions of the simulations and the 

wake roll up characteristics. Then, it is recommended to perform convergence 
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studies when the operating conditions have not been considered before. Also, 

the limitations in computational resources can be a factor to consider. 

3.3 Output corrections 
 

The model explained in detail in chapter 2, with the parameters analysed in section 3.2, is a 

powerful approach to represent a broad range of airfoil aerodynamic responses, as it will be 

demonstrated in chapters 4, 5 and 6. However, the results of the aerodynamic simulations still 

show limitations related to the numerical implementation. In certain conditions, the inaccuracies 

can be removed or alleviated with relatively simple corrections. 

 

The main output of the aerodynamic simulations is the pressure distribution in the airfoil surface 

(or body surface) caused by the airflow. The Cp can be integrated to obtain the main loads 

(forces and moments). According to the Bernoulli Eq. (2.52) and the terms specified in Eq. 

(2.53) and (2.54), the Cp depends on the distribution of doublets in the surface, the time 

derivative of the doublets in each panel and the velocity contributions of the freestream and the 

airfoil kinematics and deformations. The freestream velocity and the relative velocity caused by 

the airfoil kinematics and deformations are not sources of uncertainty. For airfoils in attached 

flow conditions, the value of the doublets show a stable behaviour through the airfoil surface 

and in time, and the Cp obtained do not show significant problems. However, in the presence of 

flow separation, the variation of the doublets during the simulation may cause some problems in 

the Cp or in the resultant loads. Some examples of the limitations related with the flow 

separation are mentioned below. 

 

First, the Kutta condition defined in Eq. (2.47) when the separation location occurs in a smooth 

surface and with the vorticity shed as discrete vortices, leads to a region of flow stagnation 

dividing the attached and separated flow. Approaching that region from the attached flow side, 

the tangential velocity of the flow in the airfoil surface decreases while the time derivative of the 

local doublets is practically zero, and consequently the value of Cp gets close to 1 according to 

Eq. (2.52). On the other hand, in the separated flow region, the tangential velocity is 

approximately zero but the derivative term of the local doublets is equal to the potential jump 

caused by the flow separation. However, this term also vanishes close to the separation location 

leading again to a Cp close to 1. The effect of this singular region in the Cp could be partly 

resolved with a better resolution of the shedding vorticity near the surface or using other forms 

of the Kutta condition. However, it is also possible to correct the Cp terms affected by the flow 

stagnation. In this case, the perturbation in Cp caused by the transition region is corrected to 

achieve the mean Cp of the flow separation region. The effect of this change in the aerodynamic 

loads is only significant for mild flow separation. 
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Figure 3.6 shows the effect of the proposed correction in the Cp of the S809 airfoil compared to 

experimental data obtained in the Ohio State University. A static case with angle of attack 14.2º, 

Reynolds number 1.5 million and Mach number 0.12 has been used, in order to have the flow 

separation location close to the 50% of the airfoil chord. Using this first correction (Corr 1) in the 

Cp of AdaptFoil2D, a better agreement with the experimental data is observed. 

  

a) Cp b) Corrected region of Cp 

Figure 3.6: Cp correction to avoid the effect of the stagnation region associated to the flow separation 

location in a smooth surface 

 

For an airfoil in static conditions of angle of attack and relative wind speed, in the region with 

separated flow at a specific time step, the distribution of doublets is critically affected by the 

structure formed by the vorticity shed close to the airfoil surface. Looking at experimental 

databases, the average of the Cp in the region of separated flow is nearly constant due to the 

continuity of the separated flow structure. This is not the case in numerical simulations, in which 

the averaged Cp shows variations related to the specific roll up obtained with a discrete vortex 

wake in a discrete time step simulation. This limitation does not affect practically the normal 

force but it may affect significantly the tangential force and the pitching moment produced in the 

airfoil. Advanced vortex methods could be used to improve the results obtained with numerical 

simulations in separated flow conditions, but again it is possible to correct the Cp results with 

simple methods. In this case, for static simulations with flow separation, the Cp distribution 

between the two boundaries of the separated flow region has been corrected with the averaged 

value in that region. In unsteady conditions in which dynamic stall or deep stall with LE and TE 

vortex shedding are present, this correction is not recommended because constant Cp 

distributions are not expected. 

 

In Figure 3.7, the effect of the proposed correction in the Cp of the S809 airfoil obtained with 

AdaptFoil2D has been analysed, and the results have been compared to experimental data 

obtained in the Ohio State University. Again, the static case with angle of attack 14.2º, Reynolds 

number 1.5 million and Mach number 0.12 has been used, with the flow separation location 

close to the 50% of the chord. Using this second correction (Corr 2) in the Cp together with the 
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first correction explained before, the results of AdaptFoil2D in the separated flow region show a 

very good correlation with the experimental data. 

  

a) Cp b) Corrected region of Cp 

Figure 3.7: Cp correction to avoid the effect of the specific wake roll up structure in the separated flow 

region 

 

Finally, for an airfoil in unsteady conditions, the variation of the Cp distribution in time due to the 

change of the doublets in the separated flow region has a significant impact in the aerodynamic 

loads. This variation, as it has been mentioned, is related to the change of the wake structure 

represented by the discrete vortices each time step. This leads to a jigsaw pattern in the loads. 

This variation is not related to a physical behaviour with a corresponding characteristic 

frequency and depends on the time step. It is possible to use long simulations repeating the 

same unsteady cycle to get an averaged cycle attenuating the variations, but it can lead to very 

high computational cost and the total elimination of the variations is not guaranteed. Another 

option to mitigate this problem would be to employ advanced vortex methods for a smooth roll 

up of the shedding vorticity. However, it is also possible to improve the results using simple 

corrections. In this case, the loads have been filtered to remove the high frequencies in the 

order of the time step. In case filters are applied to remove variations related to the numerical 

process, it is critical to avoid the modification of characteristic frequencies of the physical 

aerodynamic behaviour, especially variations related to the vortex shedding, which can also 

show high frequencies. Ideal notch filters can be applied for specific intervals of high 

frequencies.  

 

Figure 3.8 shows the effect of the proposed correction in the Cl obtained with AdaptFoil2D for 

the pitching NACA0015 airfoil,          ,         (Re=1.5M, M=0.12). The results of 

AdaptFoil2D have been compared to experimental data obtained in the University of Glasgow.  

Filtering the high frequency in the results of AdaptFoil2D, the high frequency variations can be 

eliminated. 
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Figure 3.8: Cl correction with a high frequency filter applied to AdaptFoil2D results 
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4. Validation for rigid geometries 

4.1 Introduction 
 

The model and implementation defined in chapters 2 and 3 will be validated here with the 

simulation of steady and unsteady aerodynamics around a circular cylinder and two rigid airfoils 

(S809 and NACA0015) at different angles of attack for which experimental results are available. 

The default values used in all the simulations for the parameters of the model are based in the 

recommendations established in section 3.2. 

 

The validation of the circular cylinder is a complex canonical case in which the potential of the 

prescribed separation to introduce the effect of the Reynolds number is evaluated. In addition, 

the objective is to evaluate the ability of the code to capture the impact of different wake 

structures related to different Reynolds numbers in the aerodynamic loads. This study is 

included in section 4.2. 

 

In section 4.3, the validation is already focusing on airfoils but only in static operating conditions. 

The code should be able to capture the mean aerodynamics of airfoils in steady inflows, not 

only in attached flow, but also in separated flow conditions, for a significant angle of attack 

range. The S809 and the NACA0015 airfoils have been used in order to confirm the ability of the 

code dealing with different geometries. 

 

The validation of AdaptFoil2D for rigid airfoils has been extended to unsteady cases of pitching 

airfoils in sections 4.4 and 4.5. In those sections, the NACA0015 and S809 airfoils have been 

used respectively in order to confirm again the ability of the code handling different geometries. 

In section 1.1, the wind turbine operational context was established, highlighting that the blade 

is subjected to operating conditions fundamentally unsteady in terms of the relative inflow. In 

this context, some ranges have been specified for the operating conditions in the blade 

spanwise stations. In the validation, different cases have been selected in order to assess the 

capacity of AdaptFoil2D to accurately represent the aerodynamic response in the entire range of 

operating conditions in terms of angle of attack variation and reduced frequency. The cases at 

low angles of attack focus on aspects of the model related to attached flow and the beginning of 

flow separation, while the cases at high angles of attack include the part of the model related to 

dynamic stall. Different reduced frequencies have been included in order to validate the 

engineering concepts included in the model for the unsteady behaviour of the flow separation 

motion and dynamic stall occurrence. 

 

For post processing and analysis of results in time dependent simulations, the initial transient is 

removed. In order to do that, in cases with periodic motions, for example pitch oscillations, at 

least two cycles are removed. For static airfoils in separated flow conditions, the transient due to 
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the start of the simulation is similar to the case of a sudden acceleration and a non-dimensional 

time of       has been considered enough to remove the transient. 

 

In static airfoil simulations with separated flow, the time dependent results are averaged without 

the transient. In cases with mild separation, there is no clear frequency in the time dependent 

results, but deviations are small and long simulations are not required to get a representative 

mean value. In cases of large scale separation, the vortex shedding frequency is clear in the 

time dependent results, and a number between 8-10 cycles of the periodic signals has been 

used to obtain the mean value. In unsteady simulations (for example for pitching airfoils), the 

results are cyclically averaged with at least 10 cycles. 

 

Finally, as one of the objectives is to have a numerically-efficient method, it is important to 

estimate the computational cost of the simulations. As an example, for the NACA64418 with a 

combined oscillation of pitch and TE flap of frequency 1.91Hz (reduced frequency 0.05), 12 

seconds of simulation have been performed (approximately 23 cycles) with a time step of 

0.00028s (approximately 1900 time steps per cycle). The airfoil chord is 0.125m and the wind 

speed is 30m/s. This case has been included in section 5 and performed on a 2.67GHz Intel 

Xeon X5550 processor (a single core is considered), and the time needed has been 

approximately 1.5 CPU’s hours. The main part of this computational cost is directly related to 

the calculation of the wake roll up. In general, in unsteady simulations, the computational cost 

for each time step increases exponentially with the number of discrete vortices in the wake. 

Then, methods for wake cut off or simplified wake roll up calculations have a significant impact 

in the computational cost.  

4.2 Cylinder case 
 

A short collaboration between CENER and DTU Wind Energy was established for the validation 

of aerodynamic solvers conceived independently by both partners. DTU has upgraded its 

steady double wake model called DWM [74] into an unsteady version coupled to an integral 

boundary layer solver called USDWM [39]. Both codes, AdaptFoil2D and USDWM are based in 

the idea that the flow past a solid body can be modeled by a distribution of flow singularities 

around the body’s contour. However, in the process of implementation CENER and DTU 

followed different fundamental approaches: 

 

 AdaptFoil2D uses a Dirichlet boundary condition related to the internal potential, while 

USDWM implements a Neumann condition of zero normal velocity at the airfoil surface. 

 AdaptFoil2D uses two-dimensional point doublets while USDWM uses higher order 

linear vorticity distribution. 
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 AdaptFoil2D uses a point vortex to initially model the vorticity shed by the body. USDWM 

uses a panel with constant vorticity distribution. Both solvers use vortex blobs further 

downstream. 

 

The way these singularity distributions and boundary conditions are treated and solved forms 

the core of the panel methods, being the main characteristic that differentiates the codes from 

each other, and making very interesting a detailed comparison and validation of the solvers. 

Furthermore, different implementation strategies have been taken in terms of Kutta condition, 

vortex modeling and wake-body interaction. 

 

Simulations of flows past a circular cylinder at subcritical, supercritical, and transcritical flow 

regimes are carried out. The influence of Reynolds number is introduced through the flow 

separation location, which depends on that parameter. In Figure 4.1, the wake obtained with 

AdaptFoil2D for the supercritical case is included, where the vortex structures can be clearly 

observed. All the calculations are compared against the experimental data of Schewe [75], from 

which the separation location is obtained. The separation location has been obtained 

approximately as an average in the Reynolds number regions corresponding to the subcritical, 

supercritical and transcritical flow. According to Roshko [76], depending on the characteristics of 

the flow it can be classified into different regimes: subcritical, critical, super-critical and trans-

critical. In the subcritical regime, the Reynolds number is between 103 and 2x105, the critical 

regime is between 2x105 and 5x105, the supercritical regime is between 5x105 and 2x106 and 

finally the transcritical regime is related to the highest Reynolds number in the study. 

 
Figure 4.1: Wake roll-up in the simulation of AdaptFoil2D for the supercritical regime 

 

Figure 4.2 shows the comparison of the averaged Cd and Strouhal frequency of the lift variation 

between experimental data and simulations for different flow regimes. It is observed how 

USDWM shows a good prediction of the Strouhal frequency for the lowest and highest Reynolds 
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numbers, underpredicting it for the supercritical regime. AdaptFoil2D shows a slightly worse 

correlation in the subcritical regime and a slightly better correlation in the supercritical regime. 

For the transcritical regime, the results of AdaptFoil2D are overestimated. In terms of Cd, the 

opposite happens, with the best agreement between the experimental data and the codes in the 

supercritical regime. In the subcritical regime, AdaptFoil2D over-predicts the averaged Cd, while 

USDWM shows underestimation. Both codes show a slight overprediction for the transcritical 

regime. In general, the trends observed in the experimental data between the different Reynolds 

number regions are captured by the models. CFD simulations have been compared to USDWM 

and experimental data in Ref. [77], showing similar deviations between the CFD and the 

experimental data. 

  

a) Cd b) Strouhal 

Figure 4.2: Aerodynamic response for the cylinder in different flow regimes 

4.3 Airfoil polars 
 

In this section, static airfoils in steady free-streams have been considered (for constant angles 

of attack). The ability of the code to obtain the aerodynamic response of an airfoil (pressure and 

polars) in these conditions is evaluated. In attached flow, a steady simulation can be performed 

because the value of the vortex shedding is zero and the aerodynamic response is not time 

dependent. However, for separated flow, vorticity is emitted from two separation points and the 

development of the wake is unsteady despite the steady free-stream conditions and the static 

airfoil location. Consequently, unsteady simulations are performed with AdaptFoil2D in 

separated flow cases, and the results are averaged after removing the initial transient. 

 

First, the S809 airfoil has been used for the validation. The S809 airfoil is a thick airfoil designed 

to have a sustained lift, relatively insensitive to leading-edge roughness. The polars have been 

obtained with AdaptFoil2D and compared with experimental data provided by University of 

Glasgow [78]. The experimental data was obtained at Reynolds 1.5x106 and Mach 0.12 for a 

clean airfoil configuration. Later, some comparisons with experimental data provided by NREL 

and obtained at Ohio State University [79] are also included. 
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Figure 4.3 shows Cl, Cd and Cm for the S809 airfoil. The results of AdaptFoil2D have been 

compared with experimental data from UoG. For Cl, the results of AdaptFoil2D in the attached 

flow region up to      are overestimated due to the potential calculation. However, once the 

flow separation starts, the results of AdaptFoil2D show a very good agreement up to angles of 

attack in the maximum Cl region. Then, imposing flow separation with the correct prescribed 

location may give accurate pressure loads in the airfoil as in viscous-inviscid calculations. At 

higher angles of attack, for deep stall situations with massive flow separation, the accumulation 

of vorticity leads to overestimation of Cl. For Cd, there is a reasonable agreement for most of 

the angle of attack range, with higher deviations beyond the angle of attack of maximum Cl. It is 

important to highlight that in this case, the experimental Cd was integrated from pressure data 

without including the shear stress. As this term is important in the wind turbine performance, as 

it is mentioned in 1.1, it has to be included in practical applications as it will be mentioned later. 

Finally, the comparison of Cm shows the same conclusions as Cl, with differences in the 

attached flow region related to the potential calculation of AdaptFoil2D, good agreement above 

6º up to deep stall, and some deviations at higher angles of attack. 

   
a) Cl b) Cd c) Cm 

Figure 4.3: Aerodynamic coefficients vs  , S809 airfoil (Re=1.5M, M=0.12) 

 

Apart from a qualitative analysis, it is important to quantify the differences between the 

experimental data and the results of AdaptFoil2D. Some KPIs (Key Performance Indicators) 

included in Table 4.1 have been investigated for Cl, Cd and Cm. For Cl, KPIs are the slope Clα 

and zero lift angle of attack    in the linear region, the maximum Cl, just after the linear region 

(Clmax) and the angle of attack where this maximum Cl is observed (      ). For Cm and Cd, the 

KPIs are the value of the coefficient at    and the maximum/minimum value close to the highest 

angle of attack available. The slope and    in the linear region of Cl show differences caused by 

the potential calculation of AdaptFoil2D, while the maximum Cl shows an excellent agreement. 

The slight error in        is probably related to the poor discretization of the AdaptFoil2D curve 

(steps of 2º). The Cd observed at    is very close to zero in both cases, and the Cd at       

shows a certain overestimation for AdaptFoil2D with an error of almost 20%. The comparison of 

Cm0 in the linear region shows deviations due to the potential calculation of AdaptFoil2D. The 

values of Cm at       are very similar, with a difference below 10%. 
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    (deg) Clα (-/rad) Clmax (-)        (deg) 

Experimental -1 6.5 0.99 15.1 

AdaptFoil2D -1.6 7.2 0.99 14 

 Cd0  (-) Cd,        (-) Cm0 (-) Cm,       (-) 

Experimental 0.003 0.428 -0.027 -0.158 

AdaptFoil2D 0.000 0.513 -0.050 -0.172 

Table 4.1: KPIs for the comparison of aerodynamic coefficients, S809 airfoil (Re=1.5M, M=0.12) 

 

The comparison of AdaptFoil2D results and UoG experimental data has demonstrated the 

ability of the model to produce accurate airfoil polars with the mentioned limitations in the 

attached flow region (skin friction drag and Reynolds and Mach number effects in Cl and Cm) 

and after the maximum Cl in massive flow separation conditions. However, the comparison has 

been limited to the integrated force and moment coefficients and it has not been yet 

demonstrated whether the pressure distribution obtained with AdaptFoil2D can be properly 

compared to the experimental data. The evaluation of the Cp distribution is the main objective of 

the next comparison between results of AdaptFoil2D and experimental data obtained by NREL 

in the Ohio State University wind tunnel [79]. The S809 airfoil in clean conditions has been used 

again, for 4 different angles of attack of 2.1º, 8.2º, 14.2º and 20º, Reynolds number 1.0 million 

and Mach number 0.1. 

 

Figure 4.4 shows the comparison of force and moment coefficients for the S809 airfoil at the 

four angles of attack. The angles of attack represent different states of the flow separation: 2.1º 

shows attached flow conditions, 8.2º is for mild flow separation, 14.2º is for significant 

separation and 20º represents fully separated flow. In general, the agreement between the 

results of AdaptFoil2D and the experimental data is good. As it was observed in the comparison 

with experimental data from the University of Glasgow, at 2.1º in attached flow conditions there 

are significant deviations in Cl and Cm due to the potential calculation performed with 

AdaptFoil2D. There is also a difference at 14.2º that may be related to a slight deviation in the 

prescribed flow separation location. 

   
a) Cl b) Cd c) Cm 

Figure 4.4: Aerodynamic coefficients vs  , S809 airfoil (Re=1.0M, M=0.1) 
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It is important to highlight that the simulations have been again performed using the time-

averaged flow separation location obtained from the experimental data. As an example, the flow 

separation location versus angle of attack has been included in Figure 4.5. This separation has 

been obtained from the Ohio State University experimental data, through the measured 

pressure distribution. In the comparison of Figure 4.4 between experimental data and 

simulations, it has been demonstrated that this methodology can give good results for force and 

moment coefficients. 

 
Figure 4.5: Flow separation location vs   in static conditions, S809 airfoil (Re=1.0M, M=0.1) 

 

Figure 4.6 shows the Cp at the four angles of attack previously mentioned. Simulations of 

AdaptFoil2D have been compared with experimental data obtained at the Ohio State University. 

The agreement is in general very good and the Cp distributions show similar trends. For the 

lowest angle of attack of 2.1º, it is clear that the area obtained by AdaptFoil2D is larger, due to 

the potential calculation, and consequently the Cl and Cm results will achieve higher positive 

and negative values respectively. The rest of the Cp distributions show a very good agreement, 

even for the highest angle of attack of 20º which shows a similar area resulting in similar 

integrated forces and moments. Looking at the separation location in Figure 4.5 for angles of 

attack 8.2º, 14.2º and 20º, it is possible to identify the flow separation location from each 

corresponding Cp distribution, approximately at the beginning of the flat region in the upper 

surface towards the TE. 
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a)        

 
b)        

 
c)         

 
d)       

Figure 4.6: Cp at different angles of attack, S809 airfoil (Re=1.0M, M=0.1) 

 

The previous comparison is limited to mean values. In attached flow conditions, the airfoil is not 

shedding vorticity and the aerodynamic response is not time dependent. However, in separated 

flow conditions, vorticity is shed in a wake downstream of the airfoil and the Cp and loads vary 

during the simulation. For the angles of attack 8.2º, 14.2º and 20º, the wake roll up and the 

effect in the aerodynamic response are analysed below. 

 

Figure 4.7 shows the wake in a specific time step and the Cl variation versus time for the 

different angles of attack in which flow separation is present. For angle of attack 8.2º, the 

vorticity in the wake is mainly enclosed in a thin region with a slight widening downstream. This 

wake causes only slight variations of the aerodynamic response, and consequently the Cl is 

nearly constant in time. For a higher angle of attack 14.2º, the wake is wider and unstructured, 

and the development of this wake leads to significant variations of the aerodynamic forces and 

moments in the airfoil as can be observed for Cl. Finally, for the highest angle of attack of 20º, 

the wake observed is thick and the vorticity is mainly accumulated in structures of positive and 
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negative sign which are convected downstream. This structured wake seems to cause some 

periodicity and strong variations in Cl. 

  
a) Wake at        b) Cl vs time at        

  
c) Wake at         d) Cl vs time at         

  
e) Wake at       f) Cl vs time at       

Figure 4.7: Wake roll up and Cl at different angles of attack, S809 airfoil (Re=1.0M, M=0.1) 
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In order to investigate the periodic variation of the Cl signal in case of high angles of attack, the 

frequency response has been analysed using a Fast Fourier Transform. Figure 4.8 shows the 

PSD obtained for Cl at angles of attack 20º and 40º. The Strouhal number    using a 

characteristic wake length scale [80] is obtained for these cases: 

 

 
   

   

    
 (4.1) 

 

          ( ) (4.2) 

 

In this case, the chord is 0.457m and the wind speed is 32.9m/s. At 20º, a peak is observed at 

32.8Hz which results in a Strouhal number of 0.156. At 40º, the peak at 18.7Hz results in a 

Strouhal number of 0.168. Both values are consistent with the values obtained in Ref. [80] for 

different airfoils in fully separated flow conditions. 

  
a)       b)       

Figure 4.8: PSD analysis of Cl at two angles of attack, S809 airfoil (Re=1.0M, M=0.1) 

 

The previous investigation has focused on the S809 airfoil, and the results of AdaptFoil2D have 

shown a good agreement with different sources of experimental data. It is now useful to show 

the validation of the model with a different airfoil in order to evaluate the ability to deal with 

different types of airfoils. In this part of the investigation, experimental data of the University of 

Glasgow for the NACA0015 airfoil has been used [81]. The NACA0015 airfoil is a well-known 

airfoil of 15% thickness, designed by NACA (National Advisory Committee for Aeronautics) with 

good aerodynamic properties in terms of lift versus drag but with an abrupt stall. Apart from 

aircraft applications, it has been used for vertical axis wind turbines. 

 

Figure 4.9 shows the Cl, Cd and Cm respectively for the NACA0015 at Reynolds 1.5 million and 

Mach 0.12. The results of AdaptFoil2D have been compared with experimental data. The 

averaged experimental measurements during upstroke and downstroke show different values 
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above the angle of attack for maximum Cl. As it has been observed for the S809, the results of 

AdaptFoil2D in the attached flow region up to      are overestimated due to the potential 

calculation of AdaptFoil2D. Above that angle, with prescribed flow separation, the agreement is 

much better. For the post stall region, the accumulation of vorticity in the panel code leads again 

to overestimations of Cl, at the highest angles of attack. For Cd, there is a good agreement for 

most of the angle of attack range, with slightly higher deviations above the angle of attack for 

maximum Cl. As in the case of the S809, the experimental Cd is obtained only from pressure 

data. Finally, for the comparison of Cm, it is important to highlight again the differences in the 

attached flow region related to the potential calculation performed with AdaptFoil2D, with a 

better agreement for the separated flow region. 

 

   
a) Cl b) Cd c) Cm 

Figure 4.9: Aerodynamic coefficients vs angle of attack, NACA0015 airfoil (Re=1.5M, M=0.12) 

 

The differences between experimental data and results of AdaptFoil2D have been quantified 

using the same KPIs employed for the S809 airfoil. The values obtained are included in Table 

4.2 for Cl, Cd and Cm. The differences in slope and    for Cl in the linear region, related to the 

potential calculation of AdaptFoil2D, are clearly observed. On the other hand, the maximum Cl 

shows and excellent agreement. The Cd observed at    is very close to zero in both cases, 

corresponding to the lack of viscous term. In general, the comparison of the Cd and Cm values 

at    and       show a very good agreement. 

 

    (deg) Clα (-/rad) Clmax (-)        (deg) 

Experimental 0.4 6.0 1.28 14.5 

AdaptFoil2D 0 7.1 1.26 14 

 Cd0 (-) Cd, α=24º (-) Cm0 (-) Cm, α=24º (-) 

Experimental 0.006 0.387 0 -0.088 

AdaptFoil2D 0 0.374 0 -0.088 

Table 4.2: KPIs for the comparison of aerodynamic coefficients, NACA0015 airfoil (Re=1.5M, M=0.12) 

 

Figure 4.10 shows force and moment coefficients for the NACA0015 but at Reynolds 1.0 million 

and Mach number of 0.08. In this case, different prescribed separation location has been 

provided for the simulations with AdaptFoil2D. The conclusions obtained for the comparison 
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between AdaptFoil2D and experimental data provided by the University of Glasgow are the 

same mentioned in the case of Reynolds number 1.5 million and Mach number 0.12. Then, the 

panel code is able to properly model different operating conditions for a specific airfoil provided 

that the suitable information about the separation location is used. 

   
a) Cl b) Cd c) Cm 

Figure 4.10: Aerodynamic coefficients vs  , NACA0015 airfoil (Re=1.0M, M=0.08) 

 

In the attached flow region, the errors of AdaptFoil2D with respect to the experimental data have 

been quantified. It is assumed that the cause of the differences in attached flow is the potential 

calculation performed with AdaptFoil2D. This can be demonstrated with the verification of 

results using an additional code with the capacity to perform viscous-inviscid simulations. Figure 

4.11 shows the Cl and Cd for the case presented in Figure 4.10 but focusing on the low angle of 

attack range for attached flow. Apart from results of AdaptFoil2D and experimental data, inviscid 

and viscous calculations obtained with XFoil [27] have been included in the figures. The inviscid 

results of XFoil show an excellent agreement with AdaptFoil2D, while the results including 

viscosity agree better with the experimental data. 

  
a) Cl b) Cd 

Figure 4.11: Aerodynamic coefficients vs  , NACA0015 airfoil, viscous-inviscid modelling (Re=1.0M, M=0.08) 

 

According to the previous comparison, the results of AdaptFoil2D could be improved in attached 

flow conditions with the implementation of a boundary layer calculation or simply adding 
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corrections related to the slope and    of Cl in the linear region and including also Cd0. For 

example, Figure 4.12 shows the improvement in the agreement between simulations and 

experimental data using simple corrections in the attached flow results of AdaptFoil2D (at 

angles of attack 0º, 2º and 4º). Cl and Cd have been corrected with values obtained from the 

experimental data, Cl with the slope and angle of attack of zero lift and Cd with the value of the 

drag at zero lift. 

  
a) Cl b) Cd 

Figure 4.12: Aerodynamic coefficients vs  , NACA0015 airfoil, corrected AdaptFoil2D (Re=1.0M, M=0.08) 

 

For the last case of the NACA0015 airfoil, experimental Cp distributions are also available to 

compare with the simulations. Figure 4.13 shows the Cp for angles of attack 4º, 10º, 16º and 

20º, at different stages of the flow separation process. The agreement is in general very good 

and the Cp distributions show similar trends. For the lowest angle of attack of 4º the differences 

related to the potential calculation performed with AdaptFoil2D are evident, with a wider Cp area 

leading to higher Cl. For angle of attack 10º, at the beginning of flow separation, the Cp 

distributions show a very good agreement. For a higher angle of attack of 16º, the experimental 

data shows different Cp distribution on the pitching up and down (increasing and decreasing the 

angle of attack respectively). The results of AdaptFoil2D show a much better agreement with 

the pitching up experimental measurements. Finally, for angle of attack 24º the agreement is 

good but the separation location used in AdaptFoil2D seems a bit underestimated, and a 

separation location closer to the LE may give better results in that region. The method to extract 

the separation location from pressure experimental data can give some deviations near fully 

separated flow, although the integrated loads are reasonable. 
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a)      b)       

  
c)       d)       

Figure 4.13: Cp at different angles of attack, NACA0015 airfoil (Re=1.0M, M=0.08) 

4.4 Pitching results on a NACA0015 airfoil 
 

Apart from the validation with static airfoils included in section 4.3, it is important to validate the 

ability of the model to deal with unsteady conditions, for example regarding pitching airfoils. In 

this section, simulations of the pitching NACA0015 airfoil in different operating conditions are 

compared to experimental data obtained in wind tunnel tests at the University of Glasgow [81]. 

Different pitching cases have been simulated with AdaptFoil2D and the averaged unsteady 

cycle of the aerodynamic response has been obtained. The experimental tests were performed 

at Reynolds number 1.5x106, Mach 0.12 and different angles of attack and reduced frequencies. 

The unsteady pitch is based on the following equation: 

 

    ̅        (  ) (4.3) 
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The theoretical values of the experimental tests used in the validation are included in Table 4.3. 

However, in the experimental tests, some deviations with respect to the theoretical values have 

been observed, mainly for the mean angle of attack ( ̅) and amplitude (  ). In order to reduce 

the uncertainties in the comparison, the values of  ̅ and    obtained from the measured 

experimental data have been used as input of AdaptFoil2D for the simulations. 

 

 ̅ (deg)      (deg) 

8 0.026, 0.051, 0.077, 0.102, 0.179 10 

15 0.026, 0.051, 0.077, 0.102, 0.179 10 

20 0.026, 0.051, 0.077, 0.102, 0.179 10 

Table 4.3: Parameters for the pitching NACA0015 

 

For the sake of brevity, only some cases included in the validation are presented in the following 

analysis, but they are considered enough to show the main results and conclusions of this 

investigation. As it has been mentioned in section 4.1, it is important to evaluate the results of 

the code in different operating conditions related to the context of large wind turbines. The 

cases presented below include the 3 different mean angles of attack, in order to evaluate the 

performance of the code in different conditions from attached flow to deep stall, including mild, 

moderate and extensive flow separation. In addition, examples of the different reduced 

frequencies from 0.026 to 0.179 have been also included, in order to show the trends in the 

performance of the code for different unsteady conditions. The reduced frequency of 0.026 is 

close to the quasi-steady behaviour (below 0.01), while reduced frequencies of 0.1 and above 

represent strong unsteadiness in the context of wind turbines, leading to aerodynamic loads 

significantly different to the steady values. 

 

For the analysis of the results of AdaptFoil2D and the comparison with the experimental data, 

apart from the figures of the unsteady Cl, Cd and Cm, some KPIs have been obtained in order 

to quantify the errors. Specifically, the maximum/minimum values of loads and moments and the 

corresponding angles of attack have been calculated, the peak to peak values have been 

obtained and the area of the unsteady loops has been extracted. The objective of the KPIs is to 

quantify the agreement between simulations and experimental data. Considering the 

performance of real blade spanwise stations in different operating conditions, the selected KPIs 

of maximum/minimum and peak to peak values would be related with extreme and fatigue 

loads, while the area could be an indication of aerodynamic work related to stability 

characteristics in aeroelastic simulations. 

 

The first cases presented in this section as an example of the validation of AdaptFoil2D are 

angle of attack oscillations of 8±10º at different reduced frequencies. For this angle of attack 

range, attached and separated flow is expected, but the progress of flow separation depends on 

the reduced frequency. In addition, the maximum angle of attack is too low for leading edge 

separation.  Figure 4.14 shows the comparison of force and moment coefficients obtained with 
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AdaptFoil2D and experimental data of the University of Glasgow for the case of lowest reduced 

frequency,        . In general, there is a good agreement between simulations and 

experimental data, and the qualitative trends observed in the cycles are similar. As in the static 

cases, for Cl, there is a slight deviation in the linear region due to the potential calculation of 

AdaptFoil2D. For Cd and Cm, the maximum and minimum peaks respectively are 

underestimated by AdaptFoil2D. The reason is the delay of the sharp change of Cd and Cm in 

the results of AdaptFoil2D observed in the static polars between angle of attack 15º and 18º 

(Figure 4.9). 

   
a) Cl b) Cd c) Cm 

Figure 4.14: Aerodynamic coefficients vs  , NACA0015 airfoil,         ,         (Re=1.5M, M=0.12) 

 

For this first case, the different KPIs used to quantify the agreement between simulations and 

experimental data are included in Table 4.4. For Cl, the trends in the experiments are captured 

by the model with errors below 10%. For Cd and Cm, there are much higher deviations due to 

the underestimation of the positive Cd and negative Cm peaks. However, the agreement shown 

by the areas is reasonable because the main loops are well captured by the panel code. 

 

 Clmax        (deg) Clpeak-peak Clarea 

Experimental 1.416 16.68 1.642 2.229 

AdaptFoil2D 1.506 15.06 1.501 1.787 

Error (AdaptFoil2D – Experimental) 6.36% -9.71% -8.59% -7.12% 

 Cdmax        (deg) Cdpeak-peak Cdarea 

Experimental 0.228 17.62 0.225 0.073 

AdaptFoil2D 0.141 17.75 0.148 0.069 

Error (AdaptFoil2D – Experimental) 38.16% 0.74% 34.22% 9.52% 

 Cmmin        (deg) Cmpeak-peak Cmarea 

Experimental -0.121 17.62 0.154 -0.207 

AdaptFoil2D -0.041 17.75 0.083 -0.244 

Error (AdaptFoil2D – Experimental) -66.12% 0.74% -46.10% 17.87% 

Table 4.4: KPIs for Cl, Cd and Cm, NACA0015 pitching airfoil,        ,         (Re=1.5M, M=0.12) 

 

For the same angle of attack oscillation but with a higher reduced frequency,        , Figure 

4.15 shows the same comparison between force and moment coefficients. In general, the 
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analysis is similar to the case with the lowest reduced frequency, but in spite of the deviations at 

the high angle of attack region, the maximum and minimum peaks of Cd and Cm show a better 

agreement in this case. The reason is a lower maximum angle of attack and an increase of the 

flow separation delay due to the higher reduced frequency, causing a lower maximum Cd and a 

higher minimum Cm in the experimental data. For the area of Cd and Cm, it is clear that there 

are two loops (one in clockwise direction and the other in counter-clockwise direction) and due 

to a different delay in the flow separation progress, AdaptFoil2D overestimates the loop at lower 

angles of attack and underestimates the other at higher angles of attack. 

   
a) b) c) 

Figure 4.15: Aerodynamic coefficients vs  , NACA0015 airfoil,         ,         (Re=1.5M, M=0.12) 

 

It is not relevant to include the KPIs obtained for all the validation cases presented here, and 

only the main conclusions obtained are going to be mentioned. For Cl, the agreement is very 

good with the largest error of 12% for the area. For Cd and Cm, the agreement is good in 

maximum and minimum values but not for the area, in which huge errors can be observed. 

However, it is important to highlight that the resultant area obtained from the contribution of the 

two loops with different sign is close to zero in the experimental data. Consequently, comparing 

the total area obtained from the simulations, small differences may lead to significant deviations 

in terms of percentage. In practical applications, it would be important to evaluate the impact in 

terms of aeroelastic performance of the difference in the unsteady loops. 

 

The last case included here for angle of attack oscillation 8±10º is for the highest reduced 

frequency of the validation,        . Figure 4.16 shows the comparison of force and moment 

coefficients between simulations and experimental data. For this high reduced frequency, the 

separation is significantly delayed leading to very different unsteady cycles with respect to the 

previous cases. For example, Cl shows a collapse of the loops observed previously. In general, 

the trends observed in the experimental data are captured by the panel code except for an 

oscillation at the beginning of the downstroke, only observed in AdaptFoil2D, with a significant 

influence especially in Cm. 
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a) b) c) 

Figure 4.16: Aerodynamic coefficients vs  , NACA0015 airfoil,         ,         (Re=1.5M, M=0.12) 

 

In general, the agreement of the KPIs between simulations and experimental data is good 

except the terms affected by the high oscillation during the downstroke before averaging. The 

major errors (even above 100%) are observed for the angle of attack of minimum Cm, and the 

minimum and peak to peak values of Cm, all due to the strong oscillation of the signal obtained 

with AdaptFoil2D. The Cl area is also significantly overestimated by AdaptFoil2D, but both 

values are very small with respect to the previous cases at lower reduced frequencies. 

 

In the following cases, higher angle of attack oscillations of 15±10º have been used in the 

validation, increasing the progress of flow separation and with the possibility to have leading 

edge separation and dynamic stall depending on the reduced frequency. Figure 4.17 shows the 

comparison of Cl, Cd and Cm between AdaptFoil2D and the experimental data of the University 

of Glasgow for the lowest reduced frequency of         (Re=1.5M and M=0.12). In general, 

there is a good agreement between simulations and experimental data. There are some 

differences at the beginning of the reattachment in the downstroke motion for Cl, which is 

slightly overestimated by AdaptFoil2D. There are also some differences in Cd and Cm during 

the upstroke, near the highest angle of attack region, where the experimental data shows some 

peaks which could be related with vortex shedding. However, at this reduced frequency, no 

clear evidence of dynamic stall has been found. 

   
a) Cl b) Cd c) Cm 

Figure 4.17: Aerodynamic coefficients vs  , NACA0015 airfoil,          ,         (Re=1.5M, M=0.12) 
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For Cl, the agreement in the KPIs is very good, with only a significant error of almost 25% for 

the area. The KPIs related to Cd and Cm show in general a good agreement, with only a high 

error of around 80% for the area of Cd, but related to small values. 

 

In Figure 4.18, the comparison of force and moment coefficients is included for the same angle 

of attack oscillation with a higher reduced frequency of 0.077. There is an excellent agreement 

between AdaptFoil2D and experimental data, except for a slight overestimation of the Cl peak 

and a significant overestimation of the negative peak of Cm, both peaks related to dynamic stall. 

   
a) Cl b) Cd c) Cm 

Figure 4.18: Aerodynamic coefficients vs  , NACA0015 airfoil,          ,         (Re=1.5M, M=0.12) 

 

In this case, for Cl, the KPIs show a very good agreement with all the errors below 10%. For Cd, 

there is a good agreement except again for the area. The difference in the clockwise loop at the 

highest angles of attack and the fact that the resultant total area is very small and close to zero 

lead to different signs of the area obtained from simulations and experimental data. Finally, for 

Cm, there is a significant difference (around 35%) in the minimum and peak to peak values due 

to the overestimation of the negative peak in the results of AdaptFoil2D, which leads also to a 

significant deviation of the Cm area. 

 

In the case shown in Figure 4.18, the dynamic stall phenomenon can be clearly observed, 

similarly to the comprehensive descriptions found in Ref. [68] and [69]. A detailed analysis of the 

panel code results is performed in order to identify the dynamic stall stages in comparison with 

the aerodynamic response in steady conditions observed in Figure 4.9. Figure 4.19 and Figure 

4.20 show respectively the pressure coefficients and the wake roll up obtained with AdaptFoil2D 

for different angles of attack during the pitching up and down of the airfoil: 

      , pitching up: The flow is still mostly attached as in the steady simulation at that 

incidence, and similar aerodynamic loads can be observed. Consequently, vorticity is 

shed from the trailing edge region forming a thin wake and the Cp distribution is smooth. 

      , pitching up: There is some progress of the flow separation, but significantly 

delayed with respect to the steady case at this angle of attack. Then, the lift has 

increased almost linearly in comparison with the drop observed in the steady data. The 
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flow separation is near the 50% of the chord, with a thicker wake, and a significant value 

of adverse pressure near the leading edge is observed in the Cp distribution. 

        , pitching up: The flow separation has moved to the leading edge region and a 

strong dynamic stall vortex structure has been shed from the leading edge to the upper 

surface of the airfoil. This causes a Cp bubble in the suction side of the airfoil which 

results in additional increases of lift, drag and negative moment. 

      , pitching up: The vortex has travelled through the airfoil chord and is released in 

the wake while other weaker vortices are growing in the airfoil. The Cp area is 

significantly reduced and loads have decreased getting closer to the steady values. 

      , pitching down: The flow reattachment is delayed with respect to the steady 

case achieving lower Cl and higher Cd values. Multiple vortex structures are observed in 

the wake. 

     , pitching down: The reattachment has progressed significantly and loads are 

approaching the steady values. 

   
a)      , pitching up b)      , pitching up c)        , pitching up 

   

d)      , pitching up e)      , pitching down f)     , pitching down 

Figure 4.19: Pressure coefficients, NACA0015 airfoil,          ,         (Re=1.5M, M=0.12) 
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a)      , pitching up b)      , pitching up c)        , pitching up 

   

d)      , pitching up e)      , pitching down f)     , pitching down 

Figure 4.20: Visualization of wake roll up, NACA0015 airfoil,          ,         (Re=1.5M, M=0.12) 

 

For angle of attack oscillation 15±10º, the case with the highest reduced frequency,        , 

is also included and the corresponding comparison can be observed in Figure 4.21. For this 

high frequency, the separation is significantly delayed and significant peaks in Cl, Cd and Cm 

are reached in the dynamic stall and leading edge vortex shedding process. In general, the 

trends observed in the experimental data are captured by AdaptFoil2D even for this strong 

delay of the flow separation in which the model with the engineering corrections is push to the 

limit. The results of AdaptFoil2D still show a clear overestimation of the negative peak of Cm. 

   
a) Cl b) Cd c) Cm 

Figure 4.21: Aerodynamic coefficients vs  , NACA0015 airfoil,          ,         (Re=1.5M, M=0.12) 
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In this case, the agreement of the KPIs between simulations and experimental data is good for 

Cl and Cd with errors below 5%, except for the areas with errors around 25%. For Cm, the 

overestimation of the negative peak in the results of AdaptFoil2D leads to differences around 

30-35% for the minimum Cm and peak to peak values. 

 

The last angle of attack oscillation included in the validation is for a higher angle of attack range 

of 20±10º, in which it is expected to have dynamic stall, leading edge separation and significant 

vortex shedding. The analysis is similar to the case with angle of attack oscillation 15±10º and 

most of the conclusions are the same. As an example, the case with reduced frequency 0.077 is 

included in Figure 4.22 with the comparison of lift, drag and moment coefficients. Experimental 

data and simulations show an excellent agreement, except for a clear underestimation of the 

maximum Cd and an overestimation of the negative Cm peak. In this case, in comparison with 

the cases with angle of attack oscillation 15±10º, multiple vortex shedding is more evident after 

leading edge separation at the highest angle of attack region, with peaks in force and moment 

coefficients. The aerodynamic model implemented in AdaptFoil2D is able to capture this 

multiple vortex shedding similarly to the experimental data. 

   
a) Cl b) Cd c) Cm 

Figure 4.22: Aerodynamic coefficients vs  , NACA0015 airfoil,          ,         (Re=1.5M, M=0.12) 

 

For Cl, the comparison of the KPIs shows low errors in general. For Cd, the underestimation of 

the maximum peak is clear with errors close to 20% for the maximum Cd and peak to peak 

values. AdaptFoil2D is not able to properly capture the clockwise loop observed in the 

experimental data at the highest angles of attack, and this is the reason of an error around 67% 

in the total Cd area. For Cm, the only significant errors, below 30%, are for the minimum and 

peak to peak values due to the overestimation of the negative peak. 

 

In general, the comparison between experimental data and results of AdaptFoil2D for the 

NACA0015 in unsteady conditions has shown a good correlation. The cases previously included 

for different operating conditions have tested different parts of the aerodynamic model, and the 

main trends in Cl, Cd and Cm observed in the experimental data have been captured by 

AdaptFoil2D, with some deviations measured by the KPIs. A further analysis is performed below 

in order to evaluate the main trends of simulations and experimental data. 
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For Clmax, the averaged absolute error considering the 15 cases used in the validation is 3.19%, 

and the highest error observed is -9.12% for         ,        . The averaged absolute 

error for the peak to peak Cl shows also a low value of 5.99%, although the maximum error 

found for that KPI is 19.77% in the case of          and        . The averaged absolute 

error for the angle of attack of maximum Cl is 3.77%, with a maximum error of -9.71% at 

       ,        . Finally, the area of Cl shows higher deviations with an averaged 

absolute error of 36.27% including the case of        ,        , which shows an almost 

collapsed unsteady cycle with very small areas and an error of 222.60%. Without including that 

case, the averaged absolute error is 20.91%, which is more reasonable, with a maximum error 

of 59.19% for the case in extreme conditions         ,          

 

For Cdmax, the averaged absolute error for all validation cases is 12.70%, and the maximum 

error observed is 38.16% for the case of        ,        . The averaged absolute error 

for the peak to peak Cd shows also a relatively low value of 11.33%, with the maximum error of 

34.22% at the same case than for the maximum Cd. The averaged absolute error for the angle 

of attack of maximum Cd is 4.60%, and the maximum error is -17.61% at         , 

       . This high difference is due to a slight difference in the maximum Cd value related to 

multiple shed vortices (the highest Cd value is associated with the first vortex shed in the case 

of AdaptFoil2D and with the second in the case of the experimental data). Finally, the area of 

Cd shows extremely high deviations or even different signs between AdaptFoil2D and the 

experimental data. As an example, Figure 4.23 shows unsteady loops for the experimental data 

and the simulations in the case of        ,        . In both cases, there are two similar 

loops, one in clockwise direction and the other in counter-clockwise direction. The loop in 

counter-clockwise direction is caused by the different progress of the flow separation pitching up 

and down. For the simulations, this process is delayed in the angle of attack, resulting in a 

process more abrupt and faster than in the experiments. This difference in the flow separation 

progress, including the reattachment, may cause a significant difference in the areas. In the 

experimental data, the areas of the two loops are similar with different sign, while for 

AdaptFoil2D the loop in clockwise direction shows a much bigger area, resulting in significant 

differences for the total area. Figure 4.24 shows the same comparison for the case of angle of 

attack oscillation 15±10º. In this case, there is an additional loop in clockwise direction at the 

highest angles of attack, related to dynamic stall. In general, there is a good agreement for the 

area of different loops, except for the loop related to dynamic stall which is much bigger in the 

case of AdaptFoil2D. This difference is probably related again to the flow separation progress. 

Taking into account that the total area for the experimental data is close to zero, differences in 

one loop can be enough to cause a different sign in the total area. Finally, Figure 4.25 shows 

the same comparison for angle of attack oscillation 20±10º. As the angles of attack in this case 

are higher, the loop related to dynamic stall is much bigger. Due to the progress of the 

separated flow, there are again significant differences in the loop at the highest angles of attack. 
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In this case, the total area obtained from results of AdaptFoil2D and from experimental data 

shows the same positive sign, but the value is approximately 66% lower for the simulations. 

  
a) Experimental data b) AdaptFoil2D 

Figure 4.23: Cd vs  , NACA0015 airfoil,         ,         (Re=1.5M, M=0.12) 

  
a) Experimental data b) AdaptFoil2D 

Figure 4.24: Cd vs  , NACA0015 airfoil,          ,         (Re=1.5M, M=0.12) 

  
a) Experimental data b) AdaptFoil2D 

Figure 4.25: Cd vs  , NACA0015 airfoil,          ,         (Re=1.5M, M=0.12) 
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For Cm, the case of         and         (Figure 4.16) has been discarded in this 

analysis due to the oscillation observed in AdaptFoil2D during the downstroke and the impact in 

the error percentages. For the minimum Cm, the averaged absolute error for the remaining 14 

cases is 31.75%, and the maximum error observed is -64.29% for the case of        , 

       . The averaged absolute error for the peak to peak Cm shows a similar value of 

31.51%, but the value with the maximum error of 47.29% is observed in the case of     

   ,        . In general, the reason of the averaged error is related to a specific deviation 

found at high angles of attack with an overestimation of the negative peak of Cm. The cause of 

this overestimation can be explained in Figure 4.26 that includes a comparison of the Cp 

distribution between AdaptFoil2D and the experimental data in the case of         , 

       . Specifically, the Cp is compared at an angle of attack of 23.4º during the pitching up, 

where the minimum Cm peak related to dynamic stall is observed. The structure of the wake roll 

up in the suction side of the airfoil obtained with AdaptFoil2D (included in Figure 4.26) is not 

accurately representing the fluid domain in the experimental test, leading to a different Cp in the 

separated flow region. The differences observed do not affect the integrated lift coefficient, but 

the negative Cm value is going to be higher in AdaptFoil2D because the integrated area is 

bigger towards the trailing edge. In future investigations, vortex methods including diffusion 

could be used to obtain wake roll ups in the vicinity of the airfoil more consistent with the 

experimental Cp distribution. Following with the analysis of the KPIs, the averaged absolute 

error for the angle of attack of minimum Cm is 8.12% taking into account the 14 cases, with a 

maximum error of 46.47% at         ,        . Finally, the area of Cm shows high errors 

with an average of 63.62% (including the 14 cases except         and         due to a 

different sign of the area obtained from AdaptFoil2D and the experimental data). The worst case 

is        ,        , with an extremely high error of 246.98%. In order to analyse this 

difference, the comparison between AdaptFoil2D and the experimental data is included in 

Figure 4.27. In both cases, there are two similar loops, one in clockwise direction and the other 

in counter-clockwise direction. The loop in clockwise direction is caused by the delay in the 

progress of the separated flow, including the reattachment. In the simulations with AdaptFoil2D, 

this process is strongly delayed becoming more abrupt than in the experiments. This difference 

causes significant differences in the total area, although the magnitude of the load variation is 

well captured. In practical applications, it is important to consider the impact of the unsteady 

loops in the aeroelastic performance through the aerodynamic work. The relation between the 

unsteady loops and the flow separation progress could explain some deviations observed in 

stability studies performed using aeroelastic tools with different aerodynamic models, for 

example in the AVATAR European Project [83]. 
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a) Cp b) Wake roll up 

Figure 4.26: Cp, NACA0015 airfoil, pitching up        , case of          ,         (Re=1.5M, M=0.12) 

  
a) Experimental data b) AdaptFoil2D 

Figure 4.27: Cm vs α, NACA0015 airfoil,         ,         (Re=1.5M, M=0.12) 

 

In the last analysis, we have focused on errors extracted from percentages. However, the 

percentages can be occasionally confusing, because it is referred to the value of the 

experimental data. For example, if the value of the experimental data is low, small differences in 

terms of absolute value may lead to high errors in terms of percentages. On the other hand, the 

absolute differences between AdaptFoil2D and the experimental data can be a good indication 

of the accuracy of the panel code. In addition, in practical applications, the evaluation of 

extreme and fatigue loads or aeroelastic problems in the wind turbine is carried out depending 

on the operating conditions. In the same way, the analysis of the KPIs from the point of view of 

the unsteady conditions is included below. The comparison between simulations and 

experimental data is shown from Figure 4.28 to Figure 4.39. 

 

From Figure 4.28 to Figure 4.31, the four KPIs extracted for Cl have been included, Clmax, 

Clpeakpeak, Clarea and       . For Clmax and Clpeakpeak, the agreement is good and the influence 

observed in the experimental data due to different reduced frequencies and angle of attack 
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oscillations is captured by the panel code. The most significant difference is observed for angle 

of attack oscillation          and reduced frequency      , but the value of the 

experimental test does not follow the trends observed in the rest of the cases. The difference in 

the same angle of attack oscillation          at the highest reduced frequency         is 

also a bit high for Clmax but not for Clpeakpeak. For Clarea, the differences are higher than for Clmax 

and Clpeakpeak, but the trends in the experimental data with the mean angle of attack and reduced 

frequency are in general captured well by the panel code. First, the values increase significantly 

from mean angle of attack 8º to 15º and 20º. In addition, for the reduced frequency, the values 

increase from 0.025 to 0.075-0.1 (with the maximum in this range) and decrease after that, 

except for the results of AdaptFoil2D at angle of attack          which shows a slight 

increase above reduced frequency 0.102. For       , there are some differences between 

AdaptFoil2D and the experimental data, but the main trends with angle of attack and reduced 

frequency are similar. 

 
Figure 4.28: Clmax at different unsteady conditions for the NACA0015, including experimental data and 

simulations (Re=1.5M, M=0.12) 
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Figure 4.29: Clpeakpeak at different unsteady conditions for the NACA0015, including experimental data and 

simulations (Re=1.5M, M=0.12) 

 

 
Figure 4.30: Clarea at different unsteady conditions for the NACA0015, including experimental data and 

simulations (Re=1.5M, M=0.12) 
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Figure 4.31:        at different unsteady conditions for the NACA0015, including experimental data and 

simulations (Re=1.5M, M=0.12) 

 

From Figure 4.32 to Figure 4.35, the KPIs for Cd have been included, Cdmax, Cdpeakpeak, Cdarea 

and       . For Cdmax and Cdpeakpeak, the agreement is good in general, although as one should 

expect, less so than for Cl. The main trends observed in the experimental data with reduced 

frequencies and angle of attack oscillations is captured by the model. The most significant 

difference is observed for angle of attack oscillation         , for which the increase of 

Cdmax and Cdpeakpeak with the reduced frequency is more significant in the experimental data. 

There is another difference for angle of attack         at the lowest reduced frequencies 

        and         for which higher values are observed in the experimental data. For 

Cdarea, there are significant differences related to the disagreement in some of the unsteady 

loops and the total contribution to the area. However, some main trends with the reduced 

frequency observed in the experimental data are captured by the panel code. For angle of 

attack        , the values are low in general and the increase with the reduced frequency is 

captured only at the highest reduced frequency by the panel code. However, all the areas are 

positive in experimental data and simulations. For angle of attack         , the agreement 

is good in general, starting at negative areas for the lowest reduced frequency, with a change to 

positive values between         and         and a significant drop to negative values from 

        and above. For         , there are significant differences, but the main effects 

due to the reduced frequency are captured by the panel code. As for         , the area at 

the lowest reduced frequency is negative, turning to positive between         and         

and coming back to negative values at        , although a much higher negative value is 

reached in the experimental data. For       , there is a very good agreement between 
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AdaptFoil2D and the experimental data except for angle of attack          in which the 

drop observed in the experimental data at reduced frequency         is delayed and 

overestimated by the panel code. 

 
Figure 4.32: Cdmax at different unsteady conditions for the NACA0015, including experimental data and 

simulations (Re=1.5M, M=0.12) 

 

 
Figure 4.33: Cdpeakpeak at different unsteady conditions for the NACA0015, including experimental data and 

simulations (Re=1.5M, M=0.12) 
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Figure 4.34: Cdarea at different unsteady conditions for the NACA0015, including experimental data and 

simulations (Re=1.5M, M=0.12) 

 

 
Figure 4.35:        at different unsteady conditions for the NACA0015, including experimental data and 

simulations (Re=1.5M, M=0.12) 
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From Figure 4.36 to Figure 4.39, Cmmin, Cmpeakpeak, Cmarea and        have been included. For 

Cmmin and Cmpeakpeak, the agreement is good and the effect of the mean angle of attack and 

reduced frequency is well correlated by AdaptFoil2D. The overestimation of the negative Cm 

peak is clearly observed at angles of attack          and         , due to differences 

in Cp as in the example observed in Figure 4.26. In addition, there is a disagreement in the 

trends for angle of attack         at the lowest reduced frequencies. For Cmarea, as for 

Cdarea, there are significant differences due to differences in some of the unsteady loops and the 

total contribution to the area, but the main trends observed in the experimental data are again 

captured by the panel code. For angle of attack        , the comparison is similar to the 

Cdarea with all the cases showing negative values but with some differences in the trends. For 

angles of attack          and         , there are significant differences, but the effect 

of the reduced frequency is similar in experimental data and simulations. For angle of attack 

oscillation         , the area starts at negative values for the lowest reduced frequency and 

decreases up to reduced frequencies         –        . For angle of attack oscillation 

        , the area starts at negative values for the lowest reduced frequency and 

decreases up to reduced frequencies         –        . In both cases, at higher reduced 

frequencies, the area increases up to the highest value, turning to positive values except for the 

simulations at         . For       , there are some differences between AdaptFoil2D and 

the experimental data, but the main trends with angle of attack and reduced frequency are 

similar. The more relevant differences are for the highest reduced frequency at angle of attack 

        and for the lowest reduced frequencies at angle of attack         . 

 
Figure 4.36: Cmmin at different unsteady conditions for the NACA0015, including experimental data and 

simulations (Re=1.5M, M=0.12) 
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Figure 4.37: Cmpeakpeak at different unsteady conditions for the NACA0015, including experimental data and 

simulations (Re=1.5M, M=0.12) 

 

 
Figure 4.38: Cmarea at different unsteady conditions for the NACA0015, including experimental data and 

simulations (Re=1.5M, M=0.12) 
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Figure 4.39:        at different unsteady conditions for the NACA0015, including experimental data and 

simulations (Re=1.5M, M=0.12) 

 

From the point of view of the wind turbine performance, the estimation of Cl is the most 

important due to its contribution in the calculation of the in-plane and out-of-plane forces along 

the blade, and consequently in torque and thrust (Figure 1.3). The KPIs included in Figure 4.28 

and Figure 4.29, maximum Cl and peak to peak value, are related to extreme and fatigue loads 

in the blade and wind turbine which are very relevant for design activities and life estimation. As 

it can be observed, AdaptFoil2D is able to perform a good estimation of the load envelope in the 

considered operating conditions except for a slight underestimation of the maximum Cl in the 

case of          and reduced frequency         (this frequency is slightly outside the 

boundary of the context of wind turbines defined in section 1.1). Apart from Cl, the accurate 

estimation of Cd is also critical due to its relevant weight in the in-plane force and torque 

produced by the wind turbine. Again, the maximum Cd and the peak to peak value (included in 

Figure 4.32 and Figure 4.33 respectively) can be related to the accurate estimation of extreme 

and fatigue loads in the blade. In general, the load envelope obtained with AdaptFoil2D is 

underestimated, due to deviations at the highest angle of attack oscillation          (Figure 

4.22). This underestimation achieves a maximum at reduced frequency 0.179 (28% error for the 

maximum Cd and 24% error for the peak to peak value). However, this reduced frequency is 

slightly outside the boundary of the context of wind turbines defined in section 1.1, and the error 

for the rest of reduced frequencies do not exceed 10%. Apart from the loads, the torque of the 

wind turbine (and power produced) is obtained partially from Cl and Cd, and the agreement 

observed in the analysis for the comparison of simulations and experimental data is a good 

indication of the suitability of the proposed model. 
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In general, the value of the moment coefficient is not so relevant as Cl and Cd in the 

performance of the wind turbine, and the related torsional moment is not as critical as the loads 

caused by Cl and Cd. However, for large and slender blades, the torsional moment along the 

blade could be relevant in order to calculate the accurate deformation in the torsional degree of 

freedom, which could has an important influence in the blade aerodynamics. The load envelope 

for the maximum negative Cm and peak to peak value (Figure 4.36 and Figure 4.37 

respectively) is clearly overestimated by AdaptFoil2D at high angle of attack oscillations. The 

aerodynamic code is in the conservative side for the estimation of the moment coefficient. 

 

The area obtained for Cl, Cd and Cm (Figure 4.30, Figure 4.34 and Figure 4.38) is related to the 

aerodynamic work of the different loads and moments for the angle of attack variation. In a wind 

turbine, this is critical for the aeroelastic behaviour and stability characteristics, through the 

aerodynamic damping caused by the aerodynamic loads and according to the operating 

conditions and structural properties. For example, with respect to the angle of attack variation in 

the range of this investigation, positive areas of the Cl loops and negative areas of the Cm loops 

tend to stabilize the change of the angle of attack. For Cd, positive areas tend to stabilize the 

change of the angle of attack for positive angles of attack, and the opposite happens for 

negative angles of attack. For Cl, AdaptFoil2D and the experimental data show positive values, 

and the trends for the operating conditions studied agree well except for the case of      

    and reduced frequency         (this frequency is slightly outside the boundary of the 

context of wind turbines defined in section 1.1). For Cd and Cm, the total area is in general 

lower than for Cl, and the agreement is much worse, although the main trends with the variation 

of the reduced frequency seem to show some resemblance. The highest absolute deviation is 

observed again for the case of          and reduced frequency        . It is also 

important to highlight that although the experimental data has been used as a reference for the 

validation, the sensitivity of the calculated area to the characteristics of the wind tunnel test is 

unknown and out of the scope of this investigation. Deviations in the areas could have an 

impact in the aeroelastic behaviour of the system and the stability limits, but that estimation is 

not possible without the definition of a structural model and the real operating conditions and 

configurations of a specific wind turbine. However, the present study has demonstrated that in 

spite of the good correlation between simulations and experimental data for the 

maximum/minimum and peak to peak values, the unsteady loops could show relevant 

differences in terms of the areas, and that should be taken into account due to the possible 

impact in the aeroelastic performance. 
 

4.5 Pitching results on a S809 airfoil 
 

Apart from the NACA0015, the S809 airfoil has been considered in the validation in order to 

demonstrate the capability of the model to deal with different airfoil geometries. As it was 
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mentioned in chapter 4.3, the S809 airfoil has 21% thickness and is designed to have a 

sustained lift, relatively insensitive to leading-edge roughness. In Ref. [82], it is mentioned that 

the S809 airfoil has a complex dynamic stall process that renders this airfoil a challenge for the 

modellers of unsteady airloads. In the same work, unsteady experimental data from Ohio State 

University and University of Glasgow have been compared, exposing some differences which 

could be considered as a reference for the evaluation of the accuracy of the simulations. 

 

As in the previous section for the NACA0015, different operating conditions have been used for 

the validation, using experimental data obtained in wind tunnel tests performed at the University 

of Glasgow [78]. Different pitching conditions have been simulated with AdaptFoil2D and the 

averaged unsteady cycles of the aerodynamic response have been obtained removing the first 

two and using at least 8 cycles for each case. The experimental data was obtained at Reynolds 

number 1.5x106, Mach number 0.12 and different angles of attack and reduced frequencies. 

The unsteady pitch is based again on Eq. (4.3). 

 

The theoretical values of the experimental tests are included in Table 4.5. However, the actual 

conditions achieved in the experiments are not able to exactly reproduce those theoretical 

values, mainly for mean angle of attack ( ̅) and amplitude (  ). In order to reduce the 

uncertainties in the comparison with AdaptFoil2D, the values of  ̅ and    obtained from the 

measured experimental data have been used as input for the simulations. For the sake of 

brevity, only some cases included in the validation are presented in the following analysis, but 

they are considered enough to present the main results and conclusions of this investigation. 

Again, different mean angles of attack and reduced frequencies have been included to evaluate 

the performance of the code in different operating conditions of the large wind turbine context, 

as it was explained in section 4.4. 

 

 ̅ (deg)      (deg) 

8 0.025, 0.05, 0.075, 0.1 10 

10 0.025, 0.05, 0.075, 0.1 4, 10 

15 0.025, 0.05, 0.075, 0.1 10 

20 0.025, 0.05, 0.075, 0.1 10 

Table 4.5: Parameters for the pitching S809 

 

The same analysis between simulations and experimental data performed for the NACA0015 in 

section 4.4 has been repeated for the S809 airfoil. The simulations with AdaptFoil2D have been 

performed identically to the cases for the NACA0015, except for the geometry and look up 

tables of flow separation location extracted from the corresponding static experimental data of 

each airfoil at the specific Reynolds and Mach numbers. In addition, a different value for the 

critical adverse pressure gradient of dynamic stall onset is selected for different airfoils. 
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First, the case of angle of attack oscillation 8±10º is investigated. In that range, it is expected to 

have transition between attached and separated flow, but without leading edge separation. 

Figure 4.40 shows the comparison of Cl, Cd and Cm obtained with AdaptFoil2D and the 

experimental unsteady data at the lowest reduced frequency,        . In general, there is a 

good agreement between simulations and experimental data, and the qualitative trends of the 

cycles are similar. The difference of Cl and Cm in the attached flow region was also observed in 

the static polars due to the potential calculation of AdaptFoil2D (Figure 4.3). 

   
a) Cl b) Cd c) Cm 

Figure 4.40: Aerodynamic coefficients vs  , S809 airfoil,         ,         (Re=1.5M, M=0.12) 

 

As for the NACA0015, some KPIs are used again to quantify the agreement between 

simulations and experimental data. As an example, the KPIs for this case are included in Table 

4.6. For Cl, the trends are captured by the model, with small deviations for the maximum and 

peak to peak values, while        and the area show bigger errors but below 20%. For Cd, the 

maximum and peak to peak values are a bit overestimated by AdaptFoil2D (below 10%), while 

the area shows different signs but with very small values in both cases. The negative peak of 

Cm is well approximated by AdaptFoil2D, but the peak to peak value is underestimated due to 

the differences in the attached flow region. In this case, the area shows the same sign but with a 

significant deviation. 

 

 Clmax        (deg) Clpeak-peak Clarea 

Experimental 1.168 12.05 1.240 2.632 

AdaptFoil2D 1.203 14.10 1.212 3.140 

Error (AdaptFoil2D – Experimental) 3% 17.01% -2.8% 19.3% 

 Cdmax        (deg) Cdpeak-peak Cdarea 

Experimental 0.186 17.89 0.191 0.116 

AdaptFoil2D 0.204 18.30 0.208 -0.128 

Error (AdaptFoil2D – Experimental) 9.68% 2.29% 8.90% - 

 Cmmin        (deg) Cmpeak-peak Cmarea 

Experimental -0.116 18.40 0.088 -0.374 

AdaptFoil2D -0.108 17.89 0.071 -0.239 

Error (AdaptFoil2D – Experimental) -6.90% -2.77% -19.32% -36.10% 

Table 4.6: KPIs for Cl, Cd and Cm, S809 pitching airfoil,        ,         (Re=1.5M, M=0.12) 
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Figure 4.41 shows the same comparison for the same angle of attack oscillation but with 

reduced frequency      , the highest in the validation for the S809. The rest of cases with 

reduced frequencies between 0.025 and 0.1 do not provide additional information and are not 

included. In general, the agreement is good, with wider unsteady loops in comparison with the 

previous case of lower frequency. It is important to highlight a clear underestimation of the 

maximum Cd and minimum negative Cm peak in the results of AdaptFoil2D. The reason for 

those differences is clear in the static polars (Figure 4.3) in which the experimental data shows 

a sharp change in Cd and Cm between 17º and 18º probably related with the progress of flow 

separation, which is progressively achieved in the results of AdaptFoil2D at higher angles of 

attack.  

   
a) Cl b) Cd c) Cm 

Figure 4.41: Aerodynamic coefficients vs  , S809 airfoil,         ,       (Re=1.5M, M=0.12) 

 

For Cl, the trends observed in the KPIs of the experimental data are again captured by 

AdaptFoil2D with only some differences for the area (close to 10%). For Cd, the maximum value 

is significantly underestimated by AdaptFoil2D (around 50%) due to the disagreement observed 

in the static polars between angle of attack 17º and 18º. Consequently, there is also a similar 

difference in the peak to peak value. The comparison of the area shows again different signs 

between simulations and experimental data, but the value is very small in both cases. As for Cd, 

the minimum negative Cm and peak to peak values are underestimated by AdaptFoil2D due to 

the differences in the static polars. The areas in this case show the same sign although a 

significant error of 70% is observed due to a wider unsteady loop in the results of AdaptFoil2D. 

 

In the validation with the S809 airfoil, there are also cases with a slightly higher angle of attack 

oscillation of 10±10º. For that range, the analysis is not very different to the case with angle of 

attack 8±10º. As an example, only the case with reduced frequency         is included in 

Figure 4.42. In general, there is a good agreement between simulations and experimental data, 

and the qualitative trends in the cycles are similar. The maximum Cd and minimum negative Cm 

peaks are underestimated by AdaptFoil2D due to differences in the static polars between 17º 

and 20º. 
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a) Cl b) Cd c) Cm 

Figure 4.42: Aerodynamic coefficients vs  , S809 airfoil,          ,         (Re=1.5M, M=0.12) 

 

For Cl, the trends in the KPIs are captured by AdaptFoil2D with minor differences. For Cd, the 

maximum and peak to peak values are underestimated (around 45%) by AdaptFoil2D due to the 

disagreement observed in the static polars between angle of attack 17º and 20º. The 

comparison of the area shows two small values but a significant error due to differences in the 

loop at low angles of attack. As for Cd, the negative peak and peak to peak value of Cm are 

underestimated by AdaptFoil2D due to the difference in the static polars. However, the area of 

Cm shows in this case a very good agreement. 

 

Some cases with the same mean angle of attack of 10º but with amplitude 4º have been 

considered in the validation of the S809. The objective was to investigate the capability of the 

code to handle small angle of attack variations and smaller changes in the aerodynamic 

coefficients. In addition, for a specific reduced frequency, the amplitude of the oscillation 

influences the rate of the angle of attack variation. The conclusions observed in the analysis of 

this angle of attack oscillation can be explained with only one example of reduced frequency in 

order to understand the correlation between AdaptFoil2D and the experimental data. Figure 

4.43 shows the comparison of force and moment coefficients for reduced frequency 0.075. 

There is a good agreement between simulations and experimental data, with only some 

significant deviations observed for Cm. The lower mean value of Cm obtained with AdaptFoil2D 

can be explained attending to the comparison of the static polars around angle of attack 10º 

(Figure 4.3). In addition, the wavy behaviour of the signal observed in the results of 

AdaptFoil2D, mainly in the region with the highest angles of attack, is more relevant than in 

previous cases due to the smaller variation of the load coefficients, especially for Cm. 
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a) Cl b) Cd c) Cm 

Figure 4.43: Aerodynamic coefficients vs  , S809 airfoil,         ,         (Re=1.5M, M=0.12) 

 

In this case, the KPIs for Cl and Cd show a very good agreement, with errors around and below 

10% except for the areas. In this case, the area enclosed by Cd is very small in both cases in 

spite of the significant difference in percentage (close to 80%). The KPIs related to Cm show the 

highest error close to 30% for the peak to peak value due to the maximum peak at the 

beginning of the downstroke related to the wavy signal in the results of AdaptFoil2D. 

 

As for the NACA0015, higher angle of attack oscillations of 15±10º have been included in the 

validation in order to evaluate the correlation of model and experimental data in cases with 

leading edge separation and vortex shedding. Figure 4.44 shows the comparison of force and 

moment coefficients obtained with AdaptFoil2D and experimental unsteady data for the lowest 

reduced frequency        . In general, there is a good agreement between simulations and 

experimental data, and the trends in the experimental cycles are captured with the model. At the 

highest angles of attack, with massive separation, AdaptFoil2D shows a significant variability in 

the signal, probably related with a significant impact of the vortex shedding, but this does not 

affect the comparison of the KPIs too much. 

   
a) Cl b) Cd c) Cm 

Figure 4.44: Aerodynamic coefficients vs  , S809 airfoil,          ,         (Re=1.5M, M=0.12) 

 

For Cl, the values of the experimental KPIs have been captured by the panel code, with errors 

below 10% except for the calculated area which shows a difference around 12%. For Cd and 

Cm, the differences are in general between 5 and 15% except for the areas which show 
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significant differences related probably to differences in the flow separation progress between 

angles of attack 17 and 20º. 

 

Figure 4.45 shows the same comparison of force and moment coefficients but for the highest 

reduced frequency of      . The intermediate frequencies do not show any additional 

information for the analysis. In general, there is a good qualitative agreement between 

simulations and experimental data. In this case, dynamic stall is stronger and the peaks related 

to vortex shedding are higher. This process, indicated by the peaks between 23-25º in Cl, Cd 

and Cm is slightly delayed in AdaptFoil2D. It is clear that the aerodynamic model implemented 

in AdaptFoil2D is able to deal reasonably well with the dynamic stall process for the S809 airfoil, 

as it was also demonstrated for the NACA0015.  

   
a) Cl b) Cd c) Cm 

Figure 4.45: Aerodynamic coefficients vs  , S809 airfoil,          ,       (Re=1.5M, M=0.12) 

 

The comparison of the KPIs for the case of reduced frequency 0.1 shows an excellent 

agreement for Cl. For Cd and Cm, most of the KPIs show a very good agreement (errors below 

10%) except for the areas which show significant errors (different sign in case of Cd). As it has 

been mentioned before, this can be related to the different progress of flow separation observed 

in the comparison of the static Cd and Cm. 

 

The case shown in Figure 4.45 show a clear dynamic stall phenomenon for the S809 airfoil, and 

a detailed analysis of the panel code results is performed in order to identify the dynamic stall 

stages with respect to the airfoil steady data included in Figure 4.3. Figure 4.46 and Figure 4.47 

show the pressure coefficients and the wake roll up obtained with AdaptFoil2D for different 

angles of attack during the pitching up and down of the airfoil: 

     , pitching up: The flow is mostly attached as in the steady simulation at the same 

incidence, with similar aerodynamic loads. Consequently, vorticity is shed from the 

trailing edge region forming a relatively thin wake and the Cp is smooth in general. 

      , pitching up: There is some progress of the flow separation, but significantly 

delayed with respect to the steady airfoil at that angle of attack. The lift has increased 

almost linearly in comparison with the drop observed in the steady data. The flow 
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separation is near the 60% of the chord, with a thicker wake and a significant value of 

adverse pressure near the leading edge. 

        , pitching up: The flow separation has been displaced near the leading edge 

region and the formation and development of a strong dynamic stall vortex in the upper 

surface of the airfoil has been promoted. This causes an increase of -Cp in the suction 

side of the airfoil which results in additional increases of lift, drag and negative moment. 

        , pitching up: The vortex has travelled through the airfoil chord and is released 

in the wake while other weaker vortices are growing in the airfoil. The Cp area has been 

significantly reduced and loads have decreased closer to the steady values. 

      , pitching down: The flow reattachment is delayed with respect to the steady 

case achieving lower Cl and higher Cd values. Multiple vortex shedding is observed in 

the wake. 

      , pitching down: The reattachment has progressed significantly but it is still 

delayed and loads have not recovered the steady values yet. 

   
a)     , pitching up b)      , pitching up c)        , pitching up 

   

d)        , pitching up e)      , pitching down f)      , pitching down 

Figure 4.46: Pressure coefficients, S809 airfoil,          ,       (Re=1.5M, M=0.12) 
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a)     , pitching up b)      , pitching up c)        , pitching up 

   

d)        , pitching up e)      , pitching down f)      , pitching down 

Figure 4.47: Visualization of wake roll up, S809 airfoil,          ,       (Re=1.5M, M=0.12) 

 

The following cases used in the validation with the S809 airfoil are for the highest angle of 

attack oscillation, 20±10º. In this case, a strong vortex shedding is expected, related with 

dynamic stall at the highest angle of attack values. As an example of the results obtained, 

Figure 4.48 shows the aerodynamic unsteady response for AdaptFoil2D and the experimental 

data at reduced frequency        . In general, the qualitative trends in Cl have been captured 

by the model with a slight overestimation of the maximum peak. For Cd, there are some 

differences in the loops. For Cm, the results of AdaptFoil2D show a wavy behaviour which is not 

affecting the conclusions of the analysis, and a slight overestimation of the negative Cm peak is 

observed. For the different coefficients, AdaptFoil2D shows evidence of multiple shedding of 

vortices during the upstroke above 20º. The peaks related to multiple vortices can be still 

observed during the beginning of the reattachment but with decreasing strength. The impact of 

the shedding of vorticity seems to be more significant in the results of AdaptFoil2D than in the 

experimental data. 
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a) b) c) 

Figure 4.48: Aerodynamic coefficients vs  , S809 airfoil,          ,         (Re=1.5M, M=0.12) 

 

In this case, the KPIs for Cl and Cd show a good correlation. Again, only a significant error can 

be highlighted for the Cd area due to differences in the unsteady loops. Apart from the 

deviations observed also for the area, the moment coefficient shows a large difference in Cmmin 

(close to 19%) due to the overestimation of the negative peak in the results of AdaptFoil2D. 

 

As for the NACA0015, the KPIs are analysed below in order to evaluate trends of simulations 

and experimental data for all the angle of attack oscillations and reduced frequencies. 

 

For Clmax, the averaged absolute value of the error considering the 20 cases used in the 

validation is 3.59% (similar to the analysis for the NACA0015), and the maximum error observed 

is 11.25% for the case of         ,      . The averaged absolute error for the peak to 

peak Cl shows a slightly higher value of 8.03%, with a maximum deviation of 29.55% for the 

case of        ,      . In general, the cases with angle of attack oscillation         

show higher deviations in percentage due to the low peak to peak values of the experimental 

data. The averaged absolute error for the angle of attack of maximum Cl is 12.43%, with 

maximum error 42.31% at         ,         (the average without that case is 10.86%). 

Finally, the area of Cl shows reasonable errors with an absolute average of 13.79% and a 

maximum deviation of 36.75% for the case of         ,      . 

 

For Cdmax, the averaged absolute error considering all the validation cases is 17.64%, and the 

maximum deviation observed is -56.84% for the case of        ,      . For the peak to 

peak Cd, the averaged absolute error shows also a similar value of 18.83%, with a maximum of 

-55.22% at the same case than for the maximum Cd. The averaged absolute error for the angle 

of attack of maximum Cd is 4.61%, with maximum deviation 16.54% at         ,        . 

Finally for Cd, the area shows high deviations or even different signs between AdaptFoil2D and 

the experimental data. As an example of those differences, Figure 4.49 shows the unsteady 

loops at angle of attack oscillations         and reduced frequency         for 

experimental data and simulations. In both cases, there are two similar loops, one in clockwise 

direction and other in counter-clockwise direction. The loop in counter-clockwise direction is 
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caused by the different progress of the flow separation pitching up and down. In the 

experiments, the progress of flow separation is more significant, leading to higher values of Cd 

and a wider loop. The differences can be related to differences observed in the static Cd in 

Figure 4.3 for angles of attack in the range 16-18º. This causes a significant difference in the 

total area, which is negative for the experimental data and very close to zero for AdaptFoil2D. 

Figure 4.50 shows the same comparison for the case of angle of attack oscillation         . 

In this case, there is an additional loop in clockwise direction at the highest angles of attack, 

related to dynamic stall conditions. Apart from deviations at lower angles of attack related to the 

differences mentioned in the case of angle of attack oscillation        , the loop related to 

dynamic stall is bigger for the experimental data. This difference is related to some delays in 

AdaptFoil2D for the dynamic stall process. Despite the good agreement between experimental 

data and simulations, with the same three loops in the same directions and similar maximum 

and minimum, deviations related to the flow separation progress may lead to very different 

areas (different signs in this case). In practical applications, it would be interesting to investigate 

the impact of these differences in the aeroelastic performance of airfoils and blades. 

  
a) Experimental data b) AdaptFoil2D 

Figure 4.49: Cd vs α, S809 airfoil,         ,         (Re=1.5M, M=0.12) 

  
a) Experimental data b) AdaptFoil2D 

Figure 4.50: Cd vs α, S809 airfoil,          ,         (Re=1.5M, M=0.12) 
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For Cmmin, the averaged absolute error is 18.30%, slightly high, and the maximum deviation 

observed is -40.73% for the case of         ,        . The averaged error for the peak to 

peak Cm shows a similar value of 18.07%, with the maximum deviation of 70.21% at      

  ,      . For high angles of attack, deviations are related to an overestimation of the negative 

Cm peak in the simulations obtained with AdaptFoil2D. This deviation, as it was observed for 

the NACA0015 airfoil, is related to deviations in the Cp caused by the wake roll up structure 

near the airfoil during dynamic stall (Figure 4.26). The averaged error observed for the angle of 

attack of minimum Cm is 9.49%, with a maximum error of -38.88% at        ,        . 

The area of Cm shows high deviations with an average of 44.81%, the worst case shows an 

extremely high deviation of 94.85% for         ,        . In order to analyse the cause of 

the high deviations, Figure 4.51 shows the unsteady loops of AdaptFoil2D and the experimental 

data, in the case of angle of attack        ,        . For the experimental data, there are 

two loops, one in clockwise direction and the other in counter-clockwise direction. The loop in 

clockwise direction is caused by the differences in the flow separation progress during pitching 

up and down. For the simulations, that loop disappears due to the limited progress of the flow 

separation. This deviation can be related partly to the difference in the static results of Cm 

observed in Figure 4.3 in the range of angle of attack 16-18º. Figure 4.52 shows the unsteady 

loops in a case at a higher angle of attack oscillation          and reduced frequency 

       . The experimental data shows only an unsteady loop in counter-clockwise direction, 

due to the specific progress of the flow separation and the dynamic stall process during the 

upstroke and downstroke. AdaptFoil2D shows the three loops, two in counter-clockwise 

direction and one in clockwise direction. It is clear that differences in the progress and delay of 

the flow separation and the occurrence of dynamic stall may lead to significant differences in the 

areas obtained for Cd and Cm due to the size of the different unsteady loops. This sensitivity of 

the unsteady loops can explain the deviations observed in stability studies using aeroelastic 

tools with different aerodynamic models (for example in Ref. [83]), as it was mentioned in the 

study of the NACA0015. 

  
a) Experimental data b) AdaptFoil2D 

Figure 4.51: Cm vs α, S809 airfoil,         , k=0.1 (Re=1.5M, M=0.12) 
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a) Experimental data b) AdaptFoil2D 

Figure 4.52: Cm vs α, S809 airfoil,          , k=0.075 (Re=1.5M, M=0.12) 

 

Apart from the analysis of the error percentages, the effect of the unsteady conditions in the 

KPIs has been investigated for the experimental data and simulations. The comparison is 

shown from Figure 4.53 to Figure 4.64. 

 

From Figure 4.53 to Figure 4.56, the KPIs selected for Cl have been included: Clmax, Clpeakpeak, 

Clarea,       . For Clmax and Clpeakpeak, the agreement is good and the trends observed in the 

experimental data for different reduced frequencies and angle of attack oscillations are captured 

by the panel code. The most significant difference is observed for angle of attack oscillation 

         and reduced frequency      , but the experimental data in that case does not 

follow the trends observed for the rest of the cases. For the Clarea, the differences are slightly 

higher in general, but the trends in the experimental data are captured by the panel code. The 

most important deviation is observed again for the case of angle of attack          and 

reduced frequency      . In addition, the values of AdaptFoil2D are overestimated for the 

case of angle of attack oscillation        . For       , the agreement is good in general 

above reduced frequency       , with the highest difference again for the case of angle of 

attack          and reduced frequency      . For reduced frequency        , the 

agreement is much worse, mainly for the highest angle of attack oscillations          and 

        . Looking at the corresponding comparison for         , which is included in 

this chapter (Figure 4.44), in spite of the high deviations in the angle of attack of maximum Cl, 

the difference in terms of the unsteady aerodynamic response is not very significant and the 

results of the simulations correlate well will the experimental data. 
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Figure 4.53: Clmax at different unsteady conditions for the S809, including experimental data and simulations 

(Re=1.5M, M=0.12) 

 

 
Figure 4.54: Clpeakpeak at different unsteady conditions for the S809, including experimental data and 

simulations (Re=1.5M, M=0.12) 
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Figure 4.55: Clarea at different unsteady conditions for the S809, including experimental data and simulations 

(Re=1.5M, M=0.12) 

 

 
Figure 4.56:        at different unsteady conditions for the S809, including experimental data and simulations 

(Re=1.5M, M=0.12) 

 

From Figure 4.57 to Figure 4.60, the KPIs Cdmax, Cdpeakpeak, Cdarea and        have been 

included. For Cdmax and Cdpeakpeak, the agreement is good in general for angle of attack 
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oscillations        ,          and         , and the influence observed in the 

experimental data due to different reduced frequencies and angle of attack oscillations is 

captured by the model. For angle of attack        , the value is almost constant with the 

reduced frequency, for angle of attack          it shows an increasing value, and for 

         it decreases up to reduced frequency        and increases above that. For 

angle of attack oscillations         and         , the experimental values are 

significantly higher than the simulations due to the differences observed in the static curves in 

the range of angles of attack from 16 to 20º. For Cdarea, the cases of        ,         

and          show low values in general, with good agreement for the case of         

and some differences in the cases with higher amplitude due to the differences in the flow 

separation progress. The cases with angle of attack oscillations          and          

show high differences, AdaptFoil2D shows negative values while the experimental data shows 

positive values. Those deviations are related again to differences in the flow separation and 

dynamic stall progress. For       , in general, there is a good agreement between AdaptFoil2D 

and the experimental data. The most significant differences are observed at the lowest reduced 

frequencies for angle of attack oscillation          and at the highest reduced frequencies 

for angle of attack oscillation         . 

 
Figure 4.57: Cdmax at different unsteady conditions for the S809, including experimental data and simulations 

(Re=1.5M, M=0.12) 
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Figure 4.58: Cdpeakpeak at different unsteady conditions for the S809, including experimental data and 

simulations (Re=1.5M, M=0.12) 

 

 
Figure 4.59: Cdarea at different unsteady conditions for the S809, including experimental data and simulations 

(Re=1.5M, M=0.12) 
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Figure 4.60:        at different unsteady conditions for the S809, including experimental data and 

simulations (Re=1.5M, M=0.12) 

 

From Figure 4.61 to Figure 4.64, the KPIs for Cm have been included, Cmmax, Cmpeakpeak, Cmarea 

and       . For Cmmax and Cmpeakpeak, the agreement is good and the effect of the angle of 

attack and reduced frequency is in general captured by AdaptFoil2D. As for Cdmax and 

Cdpeakpeak, there are some differences in the cases with angle of attack oscillations         

and          due to a more relevant progress of flow separation achieved in the 

experimental case. Additionally, the values of the negative peaks of Cm obtained with 

AdaptFoil2D for angle of attack oscillation          are overestimated and the same 

analysis and conclusions mentioned for the NACA0015 airfoil are valid for the S809 airfoil. For 

Cmarea, the analysis is similar to the Cdarea. There are significant differences for all angle of 

attack oscillations except        , and mainly for angle of attack          and      

   . Those differences are related to the different progress of flow separation and dynamic stall. 

For       , there are some significant differences for angle of attack oscillations         

and        , in general with an underestimation in the AdaptFoil2D values. For the rest of 

the cases the agreement is good. 
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Figure 4.61: Cmmin at different unsteady conditions for the S809, including experimental data and simulations 

(Re=1.5M, M=0.12) 

 

 
Figure 4.62: Cmpeakpeak at different unsteady conditions for the S809, including experimental data and 

simulations (Re=1.5M, M=0.12) 
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Figure 4.63: Cmarea at different unsteady conditions for the S809, including experimental data and simulations 

(Re=1.5M, M=0.12) 

 

 
Figure 4.64:        at different unsteady conditions for the S809, including experimental data and 

simulations (Re=1.5M, M=0.12) 

 
To conclude, as for the NACA0015, it is possible to analyse the results obtained from the point 

of view of the interest regarding the wind turbine performance. First, the estimation of the 
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maximum Cl and peak to peak value (Figure 4.53 and Figure 4.54 respectively) is important 

because it can be related to extreme and fatigue loads in the blade (apart from the contribution 

to the power). For this airfoil, the load envelope in the considered operating conditions is very 

well captured by AdaptFoil2D. The estimation of Cd is also critical due to the contribution to the 

the in-plane force and torque. The load envelope obtained with AdaptFoil2D for the maximum 

Cd and the peak to peak value in the different operating conditions (Figure 4.57 and Figure 4.58 

respectively) is reasonable, with only a slight overestimation of the maximum values for the 

cases with          and reduced frequencies 0.025 and 0.05. 

 

As it has been mentioned in the analysis of results for the NACA0015, an accurate estimation of 

Cm is important in case of large and slender blades in order to have a good estimation of the 

blade torsion (blade torsion affects the angle of attack and consequently the aerodynamic 

response). In this case, the load envelope for the minimum negative Cm and the peak to peak 

value obtained from simulations of AdaptFoil2D (Figure 4.61 and Figure 4.62 respectively) show 

again an overestimation at the highest angle of attack oscillations. In this case, it is important to 

highlight that for          and        , the results of AdaptFoil2D are underestimated 

and depending on the operating conditions the simulations could give higher or lower moments 

in comparison to the experimental data. 

 

As it has been noticed in section 4.4, the area obtained for Cl, Cd and Cm (Figure 4.55, Figure 

4.59 and Figure 4.63) is related to the aerodynamic work of the different loads for the angle of 

attack variation, which leads to the aerodynamic damping in a wind turbine. For Cl, AdaptFoil2D 

and the experimental data show positive values, and the trends for the operating conditions 

studied agree very well with similar boundaries. For Cd and Cm, the total area is lower than for 

Cl, and as it was observed for the NACA0015, the agreement is much worse even with different 

signs. Taking into account the results obtained for the S809 and NACA0015 airfoils, and the 

sensitivity of the area of the unsteady cycles, it would be very useful to perform a study in order 

to evaluate the impact of those differences in the aeroelastic performance of real wind turbines. 
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5. Validation for an airfoil with a trailing edge flap 

5.1 Introduction 
 

In the previous chapter, a cylinder and two airfoils have been tested with AdaptFoil2D in 

different operating conditions, steady and unsteady, including separated flow and dynamic stall. 

However, the geometry of the bodies has been kept constant during the simulation, and 

changes of geometry have not been validated. Further investigations on deformable geometries 

have been performed with AdaptFoil2D in addition to standard rigid airfoils.  In this chapter, the 

ability of the model to deal with changing geometries, specifically TE flaps, and the effect of this 

new degree of freedom in the aerodynamic response are evaluated. 

 

Active changes of the blade geometry can be used for control purposes. For example, flaps are 

active devices mounted usually in the trailing edge (although it is also possible to install them in 

the leading edge) and used to change the relative camber in a region of the chord, changing the 

aerodynamic properties. Due to the potential impact of the flaps in the aerodynamic response 

and the relatively fast actuation, these devices can be integrated towards the trailing edge of 

part of the blade in order to control fatigue loads produced by complex inflow conditions or 

dynamics of the blade and the rest of the wind turbine. For low angles of attack and continuous 

curved flap geometries, the main impact of the flap deployment is on the lift coefficient, while the 

effect in the drag is less significant. Consequently, looking at Figure 1.3, it is clear why the flap 

is better suited for thrust control, while the effect in the torque should be carefully estimated. 

Apart from this well-known aerodynamic control device, there are other solutions that involve 

changes in the airfoil geometry for control purposes [49], some of them are local such as 

microtabs or Gurney flaps and other, such as aeroelastic tailoring, involve the deformation of the 

whole blade (this is usually a passive solution). Here, the investigation is limited to the TE flap 

solution. 

 

There is a lack of reliable experimental data publicly available for the validation of airfoils with 

changing geometries, for example dynamic flaps. In addition, the available databases of 

experimental data show only limited independent motions of the flap or, rarely, a few 

combinations of flap and airfoil motions. CENER, within the European Project WINDTRUST, 

performed an extensive experimental campaign in order to characterize the aerodynamic effects 

of the flap technology. Another important objective was to create a reliable database for 

validation of aerodynamic codes. The detailed description of the experimental tests is included 

in Appendix A (it was also included as part of the work in the WINDTRUST project [5]). In the 

next sections, as part of the validation of AdaptFoil2D, some simulations have been performed 

and the results have been compared with the experimental data. As for the rest of the validation, 

the Reynolds and Mach numbers are only taken into account through the separation location 

obtained from the experimental data. 



 

 

116 

 

 

The NACA64418 airfoil with a TE flap was tested in the DTU ‘red’ wind tunnel at Reynolds 

number 0.5x106 and Mach number of approximately 0.09. The objective was to have a 

prototype with a flap of approximately 15% chord. More details about the model can be found in 

Appendix A. When the flap is moved to different angular positions, the carbon fiber shell of the 

flap on the pressure side slides into the undeflected wing shell. The pressure side of the flap is 

deflected almost linearly. However, the flap shell on the suction side is bent (the flap is shown in 

Figure A.2 of Appendix A). This complex geometry has been approximated for the modelling 

with AdaptFoil2D, but deviations between the real prototype and the geometry used in 

AdaptFoil2D could lead to some differences between simulations and experimental tests. Figure 

5.1 shows the airfoil geometry without flap and with flap angles -10º and 10º. 

 

First, the static polars for different flap deployments were obtained in the wind tunnel. In 

addition, different motions and combinations of angles of attack and flap angles were tested in 

different unsteady conditions. The static polars obtained are specified in Table 5.1, while the 

different specific motions and combinations considered in the present validation are included in 

Table 5.2. To be consistent, the same parameters used in chapter 4 for the validation with rigid 

airfoils have been used in the simulations of this chapter. The same parameter for dynamic stall 

onset (    ) used for the NACA0015 has been used here. 

  
a) Airfoil b) TE region zoom 

Figure 5.1: NACA64418 geometry with TE flap at different angles,       ,       and       

 

  (deg)         (deg) 

-10 -5 to 30 

-5 -5 to 30 

0 -5 to 30 

5 -5 to 30 

10 -5 to 30 

Table 5.1: Static polars for the NACA64418 with a TE flap 
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Cases Description Specifications 

Flap ramps Fixed α 

Steps with flap deployments ramps up and down between      and       

α=0,10º 

    =-10,0º       =0,10º 

 ̇               

Combined 

ramps 

Steps with pitch ramps up and down between      and       

Steps with flap deployment ramps up and down between      and       

Flap ramp is delayed with respect to the pitch ramp 

    =0º        =5º 

    =-10,0º        =0,10º 

 ̇   ̇           

  
    

 
      

Flap 

oscillation 

Sinusoidal oscillation of flap angle 

   ̅        ( 
   

 
 ) 

α=0,10º 

 ̅=0º      =5,10º 

 =0.05,0.1,0.15 

Combined 

oscillation 

Combined sinusoidal oscillations of pitch and flap angle 

   ̅        ( 
   

 
 ) 

   ̅        ( 
   

 
   ) 

Flap oscillation is delayed with respect to the pitch oscillation 

 ̅=5,10,15º      =10º 

 ̅=0º      =10º 

 =0.05,0.1 

    
 

 
 
 

 
   

Table 5.2: Unsteady experimental tests for the NACA64418 with a TE flap 

 

For the analysis of the results of AdaptFoil2D and the comparison with the experimental data, 

force and moment coefficients Cl, Cd and Cm and pressure distribution, Cp, have been used. 

 

In general, TE flaps are used for load reduction in the linear (attached flow) region of the angle 

of attack range. The reason is that the major contribution to fatigue loads is due to operating 

conditions for which most of the blade is in attached flow (at least from the middle to near the tip 

of the blade). In addition, at low incidences, the impact of the TE flap in the aerodynamic loads 

is more significant. Consequently, the unsteady cases investigated here are in general related 

to low and moderate angles of attack. 
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5.2 Static polars for different flap deployments 
 

In this section, the results of AdaptFoil2D for static polars are presented, with different negative 

and positive flap deployments. Cl, Cd and Cm values, and the corresponding Cp distributions 

were obtained with AdaptFoil2D without flap (β=0º) and at 4 different flap deployments (β=-10º, 

β=-5º, β=5º and β=10º) and compared with the experimental data. All the experimental data has 

been obtained at Re=0.5M and M≈0.09. 

 

First, Figure 5.2 shows the comparison of force and moment coefficients for the case without 

flap deployment, or flap angle 0º. In general, the trends observed in the experimental data are 

captured in the results of AdaptFoil2D. However, it is important to highlight some differences. 

For Cl, as it was observed for rigid airfoils in previous sections, there is a difference in the slope 

and    of the linear region due to the potential calculation performed by AdaptFoil2D. There is 

also a significant difference at the highest angles of attack, in fully separated flow conditions, for 

all the coefficients. For these high angles of attack, it is not clear if the deviations are caused by 

difficulties in the modelling or limitations of the measurements for high loads and remain to be 

further investigated, for example using high-fidelity simulations. Finally, the agreement is slightly 

worse for Cm during the progression of the flow separation. Small differences in the flap 

geometry between AdaptFoil2D and the experimental prototype could be the cause of 

inaccuracies in Cm in spite of the agreement achieved for Cl. 

 

   

a) Cl b) Cd c) Cm 

Figure 5.2: Aerodynamic coefficients vs  , NACA64418 airfoil with a TE flap at      (Re=0.5M, M≈0.09) 

 
The KPIs defined in section 4.3 have been used here to measure the differences between the 

results of AdaptFoil2D and the experimental data, except that maximum value of Cd and 

minimum value of Cm have been obtained at 16º focusing on low and moderate angles of 

attack. In Table 5.3, the KPIs for Cl, Cd and Cm have been included. The angle of maximum Cl 

is related to the local value before fully separated flow. In general, there is a good agreement for 

Cl, but the slope is slightly higher for the potential calculation of AdaptFoil2D as it was expected. 

The KPIs for Cd and Cm show a good agreement for Cd0 and Cm0, and at 16º the positive value 
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of Cd and negative value of Cm are underestimated and overestimated respectively in the 

results of AdaptFoil2D. 

 

 α0 (deg) Clα (-/rad) Clmax (-) αClmax (deg) 

Experimental -2.6 6.8 1.21 18 

AdaptFoil2D -2.9 7.1 1.23 18 

 Cd0 (-) Cd,  α=16º (-) Cm0 (-) Cm,  α=16º (-) 

Experimental 0 0.130 -0.07 -0.049 

AdaptFoil2D 0 0.103 -0.08 -0.070 

Table 5.3: KPIs for the comparison of the aerodynamic coefficients, NACA64418 with a TE flap at β=0º 

 
For a better insight, Cp distributions at different angles of attack have been compared in Figure 

5.3. At angle of attack 0º, for fully attached flow, the differences in the Cp distribution are mainly 

related to the potential calculation performed with AdaptFoil2D. Similar differences were 

observed for the S809 and NACA0015 airfoils in chapter 4.3. For angle of attack 8º, there is a 

reasonable agreement in part of the pressure distribution, but there are also some significant 

differences in the TE region. For this mild flow separation, the criteria of the flat Cp region to 

extract the separation location gave significant deviations in the correlation between 

AdaptFoil2D and the experimental data, and the separation location has been slightly corrected 

to get better agreement for Cl.  Consequently, the differences in the TE region are probably the 

source of deviations observed in Cm. Moreover, flow separation has progressed mainly around 

the flap region, and an inaccurate representation of the local separation in that region could be 

the reason of deviations in the modelling, for example due to the presence of flow separation 

bubbles. High fidelity simulations could be employed to clarify this point, taking into account the 

specific geometry of the rigid flap and flap connection to the airfoil. More insight into the 

experimental tests with flow visualization and scanning the airfoil geometry could be useful. At 

angle of attack 16º, the agreement is quite good. This reinforces the idea of a problem in the 

representation of the flow in the flap region. Finally, for angle of attack 25º, a bit outside the 

main range of interest for a TE flap, the results of AdaptFoil2D are significantly underestimated 

in the suction side. It is not clear if this is a problem in the modelling or related to inaccuracies in 

the measurement system for high loads. In previous Cp distributions in fully separated flow 

conditions, observed for the S809 and NACA0015 airfoils in Figure 4.6 and Figure 4.13  

respectively, the measured values in the suction side were close to 1 instead of 1.5. 
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a)      b)      

  

c)       d)       

Figure 5.3: Cp at different angles of attack, NACA64418 airfoil with a TE flap at      (Re=0.5M, M≈0.09) 

 
After the analysis of the airfoil without flap deployment, different flap angles have been analysed 

in order to compare the effect of the flap modelled with AdaptFoil2D and the experimental data. 

Flap angles -10º, -5º, 5º and 10º have been considered together with the case without flap (or 

flap angle 0º). Figure 5.4, Figure 5.5 and Figure 5.6 show the comparison of Cl, Cd and Cm 

versus angle of attack respectively, for simulations and experimental results including all flap 

angles. The region of fully separated flow above angle of attack 20º has not been considered 

because the main focus for the flap is on low and moderate angles of attack. In general, the 

comparison show a good agreement and the same trends are observed in the results of 

AdaptFoil2D and the experimental data. For AdaptFoil2D, at low angles of attack, the value of 

Cd is zero due to the potential calculation. The sudden change of Cd from zero to a positive 

value observed when the angle of attack increases is caused by the onset of flow separation. In 

general, the change from attached to separated flow in the results of AdaptFoil2D can be also 

observed for Cl and Cm at the end of the linear region. 
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Figure 5.4: Cl vs  , NACA64418 airfoil with TE flap at different positions,                      

(Re=0.5M, M≈0.09) 
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Figure 5.5: Cd vs  , NACA64418 airfoil with TE flap at different positions,                      

(Re=0.5M, M≈0.09) 

 

For negative flap deployments -5º and -10º, the comparison of Cl, Cd and Cm shows a good 

agreement, and the same conclusions mentioned in the case without flap are valid for these 

cases. With respect to the case without flap, the negative deployment decreases the Cl and 

increases the Cm, while the increase of Cd due to flow separation is slightly delayed to higher 

angles of attack. Looking at the effect of the flap in the linear region of Cl, the change due to the 

flap deployment is more significant for the simulations due to the potential calculation. 

 

In addition to the negative flap angles, the cases with positive flap deployments 5º and 10º have 

also been included in the figures. In general, as in the cases without flap and with negative flap 

deployments, there is a good agreement between the experimental data and the simulations. 

The deviation mentioned before in the linear region due to the potential calculation of 

AdaptFoil2D is not observed for flap angle 10º because there is flow separation in all the angle 

of attack range. With respect to the case without flap, the positive deployment increases Cl and 

decreases Cm, while the progressive increase of Cd due to flow separation is observed at lower 
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angles of attack. With respect to the case without flap, the effect of flap angle 5º in the attached 

flow region of Cl is more significant for the simulations due to the potential calculation. 

 
Figure 5.6: Cm vs  , NACA64418 airfoil with TE flap at different positions,                      

(Re=0.5M, M≈0.09) 
 
The KPIs for Cl, Cd and Cm for the two negative deployments are included in Table 5.4. The 

differences and conclusions are similar to the case without flap deployment. In addition, it is 

possible to evaluate the effect of the flap deployment in the KPIs. For Cl, the deployment of the 

flap in the negative direction moves    to higher angles of attack (this corresponds to 

decrements of Cl for constant angles of attack). From flap angle 0º to -5º, the shift of    is 1.7º 

for the experimental data and 2.3º for AdaptFoil2D. From -5º to -10º, the change is 2.1º for the 

experimental data and 2.3º for AdaptFoil2D. Then, the effect of the flap is more significant in the 

potential calculation of AdaptFoil2D. In general, the slope of the linear region remains 

approximately constant for the simulations of AdaptFoil2D and increase slightly with the 

negative flap angle for the experimental data, starting at values lower than the results of 

AdaptFoil2D at flap angle 0º and with the same value at flap angle -10º. The decrease of Clmax 

with the negative flap deployment is of a similar order for AdaptFoil2D and the experimental 

data. In addition, the angle of attack of maximum Cl is also similar taking into account the 
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discretization of the curves. The values of Cd0 are close to zero for all flap angles, but the value 

of Cd at angle of attack 16º decreases for lower values of the flap angle. In all cases, this value 

is lower for AdaptFoil2D. Finally, both Cm0 and the value of Cm at angle of attack 16º increase 

for lower values of the flap angle. The increase is of the same order for AdaptFoil2D and the 

experimental data. At angle of attack 16º, the value at the different flap angles is always higher 

for the experimental data. 

 

 α0 (deg) Clα (-/rad) Clmax (-) αClmax (deg) 

Experimental (β=-5º) -0.9 7.0 1.15 20 

AdaptFoil2D (β=-5º) -0.6 7.1 1.14 18 

 α0 (deg) Clα (-/rad) Clmax (-) αClmax (deg) 

Experimental (β=-10º) 1.2 7.1 1.04 18.1 

AdaptFoil2D (β=-10º) 1.7 7.1 1.06 18 

 Cd0 (-) Cd,  α=16º (-) Cm0 (-) Cm,  α=16º (-) 

Experimental (β=-5º) -0.001 0.123 -0.040 -0.029 

AdaptFoil2D (β=-5º) 0 0.085 -0.030 -0.041 

 Cd0 (-) Cd,  α=16º (-) Cm0 (-) Cm,  α=16º (-) 

Experimental (β=-10º) -0.005 0.103 0.012 0.007 

AdaptFoil2D (β=-10º) 0 0.069 0.019 -0.011 

Table 5.4: KPIs for the comparison of the aerodynamic coefficients, NACA64418 with a TE flap at       and 

         

 

For negative flap deployments, the Cp distributions at the same angles attack investigated in the 

case without flap have been compared. For the case of flap angle      , Figure 5.7 shows 

the comparison of Cp for AdaptFoil2D and the experimental data at angles of attack 0º, 8º, 16º 

and 25º. Figure 5.8 shows the same comparisons for the case of       . As in the case 

without flap, the cases at 0º show fully attached flow conditions and most of the differences are 

related to the potential calculation performed with AdaptFoil2D. However, in this case, there are 

additional discrepancies in the TE region. This could be related to a poor representation of the 

detailed flap and flap connection geometry when the flap is deployed, or limitations in the 

modelling of the flow in that region. A detailed analysis of the experimental investigation, 

supported by high-fidelity simulations would be useful in order to have evidences on the cause 

of the deviations. At angle of attack 8º, the agreement is good for mild flow separation, except 

some deviations again in the TE region, mainly in the suction side. Again, the differences could 

be related to limitations in the representation of the flow in the flap region. At      , with a 

significant progress of flow separation (the flow is fully separated in all the flap region and 

further forward towards the leading edge), the disagreement in the suction side of the TE region 

is not present and the agreement observed for the Cp is better. This demonstrates again that 

deviations can occur when the flow is attached or separation is still in progress in the flap 

region. Finally, for angle of attack 25º, there is a significant deviation in the Cp values of the 

suction side, with experimental values higher than expected. 
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a)      b)      

  

c)       d)       

Figure 5.7: Cp at different angles of attack, NACA64418 airfoil with a TE flap at       (Re=0.5M, 

M≈0.09) 

  

a)      a)      
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a)       a)       

Figure 5.8: Cp at different angles of attack, NACA64418 airfoil with a TE flap at        (Re=0.5M, 

M≈0.09) 

 
The KPIs for Cl, Cd and Cm for the two positive flap angles 5 and 10º are included in Table 5.5. 

The differences and trends observed are similar to the case without flap and with negative flap 

angles. For Cl, the deployment of the flap in the positive direction moves the    to lower angle 

of attack values (this corresponds to increments of Cl for constant angles of attack). The values 

of AdaptFoil2D have been extrapolated due to the lack of simulations to obtain   . From flap 

angle 0º to 5º, the shift of    is -2.0º for the experimental data and -2.3º for AdaptFoil2D. From 

5º to 10º, the change is -1.5º for the experimental data and -1.2º for AdaptFoil2D. The change 

from 0º to 5º is similar to the changes observed for the negative flap angles, confirming that the 

effect of the flap is more significant in the potential calculation of AdaptFoil2D. It is important to 

highlight that the change observed between flap angle 5º and 10º is significantly reduced 

because there is flow separation. For flap angle 5º, the slope in the linear region remains 

constant with respect to the case without flap. However, for flap angle 10º due to the flow 

separation, the slope obtained in the region approximately between    and      is reduced. 

With respect to the case without flap, the increase of Clmax with positive flap deployment 5º is of 

a similar order for AdaptFoil2D and the experimental data. The maximum Cl value in the 

experimental data have been obtained for angle of attack 18º although it is not clear if there is a 

drop of Cl above that angle of attack. For flap angle 10º, the experimental data shows a 

continuous increase in Cl and then the maximum Cl value is obtained at a different angle of 

attack with respect to the results of AdaptFoil2D. The values of Cd0 are close to zero for flap 

angle 5º, as for lower flap angles, but flap angle 10º shows a small positive value in the results 

of AdaptFoil2D due to flow separation. The value of Cd at angle of attack 16º increases with the 

flap angle. In all cases, this value is lower for AdaptFoil2D. Finally, both Cm0 and the value at 

angle of attack 16º decrease for higher values of the flap angle, and the decrease is of the same 

order for AdaptFoil2D and the experimental data. At angle of attack 16º, the value is always 

lower for AdaptFoil2D. 
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 α0 (deg) Clα (-/rad) Clmax (-) αClmax (deg) 

Experimental (β=5º) -4.6 6.8 (1.31) (18) 

AdaptFoil2D (β=5º) -5.2 7.1 1.32 18 

 α0 (deg) Clα (-/rad) Clmax (-) αClmax (deg) 

Experimental (β=10º) -6.1 6.8 1.49 25 

AdaptFoil2D (β=10º) (-6.4) (6.2) 1.41 20 

 Cd0 (-) Cd,  α=16º (-) Cm0 (-) Cm,  α=16º (-) 

Experimental (β=5º) -0.001 0.152 -0.120 -0.080 

AdaptFoil2D (β=5º) 0 0.112 -0.128 -0.090 

 Cd0 (-) Cd,  α=16º (-) Cm0 (-) Cm,  α=16º (-) 

Experimental (β=10º) 0 0.163 -0.149 -0.104 

AdaptFoil2D (β=10º) 0.010 0.141 -0.167 -0.121 

Table 5.5: KPIs for the comparison of the aerodynamic coefficients, NACA64418 with a TE flap at      and 

      

 

For positive flap deployments, Cp distributions have been also compared at the same angles 

attack previously investigated. Figure 5.9 shows the case for flap angle 5º while Figure 5.10 

shows the same comparisons for      . As in the previous flap positions, the case with 

     at angle of attack 0º shows fully attached flow and the differences are mainly related to 

the potential calculation performed with AdaptFoil2D. Positive flaps seem more benign for the 

modelling of the trailing edge region. For angle of attack 0º, the case with       shows flow 

separation and a slightly better agreement except very close to the TE. At angle of attack 8º, the 

agreement is good, except some deviations in the TE region for     , as in the case without 

flap and with negative flap angles. At      , with a significant progress of the separated flow, 

the agreement observed is very good as in the cases without flap and with negative flap angles. 

Similarly, for angle of attack 25º, the significant deviation in the Cp values of the suction side 

observed for the cases without flap and with negative flap deployments is still present. 

  

a)      b)      
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c)       d)       

Figure 5.9: Cp at different angles of attack, NACA64418 airfoil with a TE flap at      (Re=0.5M, M≈0.09) 

  

a)      b)      

  

c)       d)       

Figure 5.10: Cp at different angles of attack, NACA64418 airfoil with a TE flap at       (Re=0.5M, 

M≈0.09) 
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The analysis previously performed focused mainly on the correlation of simulations and 

experimental data for different flap angles. It is also interesting to investigate the change of the 

aerodynamic loads with the flap deployment. In Figure 5.4, for low angles of attack between -5º 

and 5º, the shift between the curves corresponding to the different flap deployments is in 

general higher for AdaptFoil2D due to the potential calculation. This change seems to be 

approximately linear with the flap angle except for the higher angles of attack and flap angles. 

The reason is the onset of flow separation for flap angle 5º above      and flap angle 10º in 

the entire angle of attack region. At higher angles of attack with the progress of flow separation 

for the different flap angles, the agreement is good and there is a good correlation between 

AdaptFoil2D and the experimental data for the effect of the flap. Two specific angle of attack 

values have been selected in order to analyse the effect of the flap in Cl in two different regions. 

Figure 5.11 shows the lift versus flap angle at angle of attack 0º and 12º. At angle of attack 0º, 

the higher slope for AdaptFoil2D related to the potential calculation can be observed, except at 

angle of attack 10º due to the onset of flow separation. At angle of attack 12º, the better 

correlation when the viscous contribution is indirectly considered through the flow separation 

location is demonstrated. 

 

Figure 5.11: Cl vs   at      and      , NACA64418 airfoil with a TE flap (Re=0.5M, M≈0.09) 

 

For Cm, presented in Figure 5.6, in the attached flow region (low angles of attack) the analysis 

is similar to the Cl, with a more significant effect of the flap deployment in the simulations due to 

the potential calculation. There is again a change in the trend for the highest angles of attack 

and flap angles due to the onset of flow separation for flap angle 5º above      and flap angle 

10º in the entire angle of attack region. With the progress of flow separation, the agreement is 

not as good as for Cl. In general, the values of Cm decrease with the flap angle, and a similar 

shift of the curves with the flap angle is observed for AdaptFoil2D and the experimental data. 

However, the Cm values are lower for AdaptFoil2D. Figure 5.12 shows the moment coefficient 
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versus the flap angle at angle of attack 0º and 12º. At angle of attack 0º, as for the Cl, a slightly 

higher slope is observed for AdaptFoil2D due to the potential calculation, except at flap angle 

10º due to the onset of flow separation. At angle of attack 12º, the trend is similar between 

AdaptFoil2D and the experimental data, but there is a shift of the results of AdaptFoil2D towards 

lower values. Those differences can be observed also above 12º, and can be related to the 

comparison of pressure distributions at angle of attack 16º (Figure 5.3, Figure 5.7, Figure 5.8, 

Figure 5.9 and Figure 5.10). 

 

Figure 5.12: Cm vs   at      and      , NACA64418 airfoil with a TE flap (Re=0.5M, M≈0.09) 

 

For Cd, in Figure 5.5, at low angles of attack, most of the values are close to zero in both 

AdaptFoil2D and the experimental data. The reason is that Cd is obtained only from the 

pressure coefficient integration and should be zero in attached flow. There are some positive 

values at higher angles of attack in certain flap angles, probably related to the onset of flow 

separation. Looking at the results of AdaptFoil2D for flap angle 10º, there is flow separation in 

the entire angle of attack range and values are higher than for the rest of the curves. Increasing 

the angle of attack, the agreement is not as good as for Cl. In general, in spite of some 

exceptions especially at angles of attack below 15º, the values of Cd increase with the flap 

angle in both the experimental data and AdaptFoil2D. Moreover, the model shows lower values 

with respect to the experimental data. Figure 5.13 shows Cd versus the flap angle at angle of 

attack 0º and 12º. At angle of attack 0º, most of the values are close to zero except one 

experimental point at flap angle -10º and the results of AdaptFoil2D at flap angle 10º due to 

some flow separation. At angle of attack 12º, both curves show a similar trend of increase of Cd 

with the flap angle, except for flap angle -5º in the experimental data. It is not clear if the 

deviations observed at angle of attack 12º are caused by inaccuracies in the experimental data 

or limitations of the panel code. 
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Figure 5.13: Cd vs   at      and      , NACA64418 airfoil with a TE flap (Re=0.5M, M≈0.09) 

5.3 Flap ramps 
 
Flap steps or ramps are useful to evaluate the ability of the model in pure aerodynamic 

responses due to the flap motion. Different cases specified in Table 5.2, with constant angle of 

attack 0º, have been used in the present validation with steps obtained from sharp ramps up 

and down. As the values obtained in the experimental tests can be slightly different to the 

theoretical values of Table 5.2, in order to decrease the uncertainties in the comparison, the 

measured flap motion has been used as an input of AdaptFoil2D for the simulations. 

 

As an example, comparisons of AdaptFoil2D and experimental data for flap angle steps 

between 0º and 10º are included. Figure 5.14 shows steps comprising ramps of approximately 

 ̇         . Figure 5.15 shows the aerodynamic response of Cl and Cm in that case (as it is 

mostly attached flow, Cd is very close to zero in both cases and it is not included). In addition, 

the ability of AdaptFoil2D dealing with different rates of flap ramps is considered in Figure 5.16, 

which shows the aerodynamic response of Cl and Cm for a similar case but with  ̇          . 

The agreement in the aerodynamic response is good in both cases, and the main trends 

observed in the experimental data are captured by AdaptFoil2D. The slight differences in the 

regions of converging maximum and minimum values after the sharp ramps can be explained 

due to differences in the static polars. Small steps observed in the simulations are due to jumps 

of the flow separation location between panels. This could be attenuated increasing the number 

of panels but this would increase the computational time and the steps are considered small 

regarding the Cl and Cm changes related to the flap motion. 



 

 

132 

 

 
Figure 5.14: Flap angle vs time, flap deployment steps between      and      ,  ̇          (Re=0.5M, 

M≈0.09) 

  

a) b) 

Figure 5.15: Cl and Cm vs time,      and flap deployment steps between      and      ,  ̇          

(Re=0.5M, M≈0.09) 

 

  

a) b) 

Figure 5.16: Cl  and Cm vs time,      and flap deployment steps between      and      ,  ̇           

(Re=0.5M, M≈0.09) 
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The first cases presented were for positive flap deployments, and negative flap angle steps 

have also been investigated. The following cases are for flap angles between -10º and 0º. The 

first case presented consists of ramps of approximately  ̇         . Flap angle vs time is 

included in Figure 5.17, and Figure 5.18 shows the aerodynamic response of Cl and Cm. In 

addition, other cases with different rates of the flap motion have been also tested, and Figure 

5.19  includes Cl and Cm for a similar case with a higher ramp rate of  ̇          . The 

results of AdaptFoil2D show a good correlation with the experimental data. The shift in the 

region of minimum Cl and maximum Cm is again related to differences in the static polars. In 

this case, the flow is fully attached and the numerical instabilities caused by the jump of the flow 

separation location between panels have disappeared. AdaptFoil2D has demonstrated 

robustness to deal with steps comprised of flap ramps. 

 
Figure 5.17: Flap angle vs time, flap deployment steps between        and     ,  ̇          (Re=0.5M, 

M≈0.09) 

 

  

a) b) 

Figure 5.18: Cl and Cm vs time,      and flap deployment steps between        and     ,  ̇          

(Re=0.5M, M≈0.09) 
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a) b) 

Figure 5.19: Cl and Cm vs time,      and flap deployment steps between        and     ,  ̇  

         (Re=0.5M, M≈0.09) 

5.4 Combined pitch and flap ramps 
 
In practical applications, the flap motion is the response to a change in the aerodynamic 

conditions of the blade sections. Different combinations of angle of attack and flap angle steps 

have been used for the validation of AdaptFoil2D. All the cases, which are specified in Table 

5.2, have angle of attack steps between 0 and 5º. Only cases with angle of attack and flap 

deployment rates of         are shown, but the analysis for higher rates is similar. There is a 

delay between the pitch and flap angle ramps related to the time duration of the total pitch ramp 

Tramp. As other variables related to the motions performed in the experimental tests, the delay 

can be slightly different to the theoretical values of Table 5.2. Then, in order to decrease the 

uncertainties in the comparison, the measured pitch and flap motions in the experimental data 

have been used as an input of AdaptFoil2D for the simulations. 

 

First, Figure 5.20 shows the case for flap angle steps between -10 and 0º and the start of the 

flap ramps approximately at the end of the angle of attack ramps (flap motion delay Tramp). 

Figure 5.21 shows the aerodynamic response of Cl and Cm for the combined motion (as the 

case is mostly attached flow, Cd is very close to zero in both cases and it is not included). In 

general, there is a good agreement in the comparison of the aerodynamic response between 

AdaptFoil2D and the experimental data. The slight differences can be related again to 

differences in the static polars. At the end of the angle of attack changes, due to the delay of the 

flap motion, there are some maximum and minimum peaks, more significant for Cl, which are 

captured by AdaptFoil2D. 
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Figure 5.20:   and   vs time, steps between      and      and        and     ,  ̇   ̇         , 

flap delay=Tramp (Re=0.5M, M≈0.09) 

 

  

a) b) 

Figure 5.21: Cl and Cm vs time, steps between      and      and        and     ,  ̇   ̇         , 

flap delay=Tramp (Re=0.5M, M≈0.09) 

 

Figure 5.22 shows a similar case but with a delay of the flap motion of around Tramp /2 with 

respect to the angle of attack motion. The results of AdaptFoil2D show a very good correlation 

with the experimental data. In this case, as the delay is reduced with respect to the previous 

case, the maximum and minimum peaks are reduced. The reason is a better compensation of 

the angle of attack and flap angle effect in the aerodynamic response. This is interesting for 

practical purposes in order to investigate the requirements of the control system response to 

deal with changes in the angle of attack in the wind turbine blade. 
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a) b) 

Figure 5.22: Cl and Cm vs time, steps between      and      and        and     ,  ̇   ̇         , 

flap delay=Tramp /2 (Re=0.5M, M≈0.09) 

 

Combined pitch and flap steps in the positive flap angle region have also been studied in the 

validation. Figure 5.23 shows the case for flap angles between 0 and 10º, with the start of the 

flap motion more or less at the end of the angle of attack ramps (flap motion delay Tramp). Figure 

5.24 shows the Cl and Cm for the combined motion. In this case there is a certain flow 

separation progress and small jumps in the results of AdaptFoil2D can be observed due to the 

motion of the separation point between different panels. The maximum and minimum peaks 

observed in the simulations and in the experimental data, more significant for Cl, occur during 

the angle of attack ramps until the start of the delayed flap motion, as in the previous cases. 

 
Figure 5.23:   and   vs time, steps between      and      and      and      ,   ̇  ̇         , flap 

delay=Tramp (Re=0.5M, M≈0.09) 
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a) b) 

Figure 5.24: Cl and Cm vs time, steps between      and      and      and      ,  ̇   ̇         , 

flap delay=Tramp (Re=0.5M, M≈0.09) 

 

Figure 5.25 shows a similar case with a lower delay of the flap motion of approximately Tramp /2 

with respect to the angle of attack motion. The correlation between AdaptFoil2D and the 

experimental data is similar to all the combined ramp cases included before. The delay of the 

flap motion is reduced with respect to the previous case, and consequently the maximum and 

minimum peaks are attenuated. 

 

  

a) b) 

Figure 5.25: Cl and Cm vs time, steps between      and      and      and      ,  ̇   ̇         , 

flap delay=Tramp/2 (Re=0.5M, M≈0.09) 

5.5 Flap oscillations 
 
In addition to the flap ramps, flap oscillations are very useful for validation of aerodynamic 

codes. The aerodynamic response due to a flap oscillation adds certain complexity in 

comparison with the pure aerodynamic response related to a flap step or flap ramp. In a flap 
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oscillation, the speed rate of the flap motion is changing as if it was comprised of an infinitesimal 

summation of flap steps or ramps. Flap oscillations are a step closer to the performance of the 

flap in real applications. For the validation of AdaptFoil2D, a set of flap oscillations specified in 

Table 5.2 has been used. Averaged cycles have been obtained from the different cycles of the 

flap oscillation simulated with AdaptFoil2D for the comparison with the experimental data. As it 

was mentioned, the use of the flap is expected to be better suited for operating conditions at low 

angles of attack, and consequently the focus is put on cases with angle of attack 0º.  All the 

cases have a mean flap angle of 0º. 

 

First, the case with oscillation amplitude 5º for the flap angle is investigated, with a slightly small 

reduced frequency of 0.05. Figure 5.26 shows the force and moment coefficients versus the flap 

angle. In general, AdaptFoil2D shows a reasonable agreement with some deviations with 

respect to the experimental data. Cl and Cm are close to the values observed in the static polar 

due to the relatively low reduced frequency (Figure 5.4 and Figure 5.6), and the difference 

between the simulations and the experimental data can be related again to the potential 

calculation in AdaptFoil2D. The unsteady cycle is also small for Cd, with values very close to 

zero. Due to the limited range observed in the variations of Cd, the noise observed in the 

measured experimental data at this reduced frequency is of the same order compared to the 

total variation of the load signal. 

 

Higher reduced frequencies have been investigated in order to validate the modelling of the 

effects in the unsteady aerodynamic response. Figure 5.27 shows force and moment 

coefficients versus flap angle for reduced frequency 0.1. With respect to the case of reduced 

frequency 0.05, the unsteady cycles observed are wider both in AdaptFoil2D and the 

experimental data, but the differences in the slope of the Cl and Cm loops related to the 

potential calculation are still present. In general, the loops obtained with AdaptFoil2D are a bit 

wider than for the experimental data, especially for Cd. 

 

For angle of attack 0º and flap oscillation amplitude 5º, the last reduced frequency included is 

0.15. The force and moment coefficients are included in Figure 5.28. At this reduced frequency, 

the trends observed before with the increase of the reduced frequency remain, and again the 

loops are wider for AdaptFoil2D, especially for Cd. In general, the simulations of AdaptFoil2D 

correlates with the experimental data to a first order, being able to represent the impact of the 

reduced frequency of the flap motion in the aerodynamic response, although the unsteady 

influence is overestimated. 
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a) Cl b) Cd c) Cm 

Figure 5.26: Aerodynamic coefficients,      and flap oscillation,  ̅    ,      ,        (Re=0.5M, 

M≈0.09) 

 

 
 

 

a) Cl b) Cd c) Cm 

Figure 5.27: Aerodynamic coefficients,      and flap oscillation,  ̅    ,      ,       (Re=0.5M, M≈0.09) 

 

 
 

 

a) Cl b) Cd c) Cm 

Figure 5.28: Aerodynamic coefficients,      and flap oscillation,  ̅    ,      ,        (Re=0.5M, 

M≈0.09) 

 

The comparison has also been performed for flap angles between -10 and 10º at the same 

reduced frequencies. Flow separation is expected in this case. Figure 5.29 shows force and 

moment coefficients vs flap angle for the case with amplitude 10º and reduced frequency 0.05. 

Up to approximately flap angle 5º, flow is attached and AdaptFoil2D shows similar trends 

compared to the experimental data. It is important to mention again the differences in slope for 
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the loops of Cl and Cm related to the potential calculation performed in the simulations. In 

addition, AdaptFoil2D experiences flow separation at the higher flap angles between 5º and 10º, 

which is not evident in the experimental data. After the onset of flow separation, the values of Cl 

and Cm of AdaptFoil2D converge to the experimental data. The transition between attached and 

separated flow in AdaptFoil2D is not smooth, showing some variability in the results. For Cd, the 

value of AdaptFoil2D is overestimated for flap angle 10º, and that could be a probe of a lower 

separation progress in the experimental data. On the contrary, the experimental data reach 

higher negative values of Cd at flap angle -10º, probably due to some flow separation not 

captured by AdaptFoil2D. In comparison to the absolute values of Cd observed in Figure 5.26, 

Figure 5.27 and Figure 5.28, which were close to zero due to the attached flow conditions, 

significantly higher values have been found on these simulations close to the maximum and 

minimum flap angle due to flow separation. 

 

For a higher reduced frequency of 0.1, Figure 5.30 includes the aerodynamic response through 

the force and moment coefficients. The loops are wider in general for AdaptFoil2D and the 

experimental data with respect to the lower frequency, and the same deviations are observed in 

attached and separated flow conditions. 

  
 

a) Cl b) Cd c) Cm 

Figure 5.29: Aerodynamic coefficients,      and flap oscillation,  ̅    ,       ,        (Re=0.5M, 

M≈0.09) 

 

  
 

a) Cl b) Cd c) Cm 

Figure 5.30: Aerodynamic coefficients,      and flap oscillation,  ̅    ,       ,       (Re=0.5M, 

M≈0.09)  
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In general, the study has focused on low angles of attack as it is the range expected for flap 

operation, where the highest potential for load control purposes can be obtained. However, 

cases at higher angles of attack have also been performed with AdaptFoil2D. As an example, at 

angle of attack 10º and flap angle oscillations of mean angle 0º, amplitude 10º and reduced 

frequency 0.1, Figure 5.31 shows the aerodynamic response. At this angle of attack, the effect 

of the flap angle in Cl and Cm is less significant than for lower angles of attack, as it can be 

observed in Figure 5.4 and Figure 5.6. In the region of positive flap angles, AdaptFoil2D and the 

experimental data show a reasonable agreement, for load and moment coefficients. However, 

for the negative flap angle region, there is a significant deviation in the curves. The reason can 

be related to the accumulation of vorticity close to the surface in the concave area caused by 

the negative flap deployment and due to the proximity of the separation point to the TE. This 

problem has been observed rarely in airfoils without flap for mild separation when a vortex is 

retained in the vicinity of the airfoil near the TE. At higher angles of attack and additional flow 

separation this problem is not observed.  

  
 

a) Cl b) Cd c) Cm 

Figure 5.31: Aerodynamic coefficients,       and flap oscillation,  ̅    ,       ,       (Re=0.5M, 

M≈0.09) 

 
Figure 5.32 shows the vortex shedding in two different time steps in the previous case, one for a 

positive flap angle and another for a negative flap angle. For the positive flap angle, there is a 

certain balance between vortices of positive and negative strength near the flap surface while 

for the negative flap angle with limited flow separation only vortices of positive strength are 

accumulated causing an increase of the Cp values. 
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a) Positive flap angle b) Negative flap angle 

Figure 5.32: Vortex shedding,        and flap oscillation,  ̅    ,       ,       (Re=0.5M, M≈0.09) 

5.6 Combined pitch and flap oscillations 
 
In the validation of the TE flap, the last cases are based on combined pitch and flap oscillations 

(cases specified in Table 5.2). The reason is that the objective of the flap in practical 

applications is to counteract changes in the blade sections. The cases included here focus 

mainly on the low angle of attack region, and flap oscillations have always mean value 0º and 

amplitude 10º. 

 

The first cases are for angle of attack oscillations of mean value 5º and amplitude 10º. The pitch 

and flap oscillations have reduced frequency of 0.05 and the pitch is delayed approximately     

with respect to the flap motion (Figure 5.33). Figure 5.34 shows the aerodynamic response. 

There is a good agreement between AdaptFoil2D and the experimental data, except an 

underestimation of the Cd obtained with AdaptFoil2D at the highest angles of attack. 

 
Figure 5.33:   and   vs time, pitch and flap oscillations:  ̅    ,        ,  ̅    ,       ,       , pitch 

delay     (Re=0.5M, M≈0.09) 
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a) Cl b) Cd c) Cm 

Figure 5.34: Aerodynamic coefficients, pitch and flap oscillations:  ̅    ,        ,  ̅    ,       , 

      , pitch delay     (Re=0.5M, M≈0.09) 

 

Figure 5.35 includes force and moment coefficients for a similar case with a higher delay of     

for the angle of attack. This case shows again a good correlation between the simulations and 

the experimental data (AdaptFoil2D shows again an underestimation of the maximum values in 

the results of Cd). So, AdaptFoil2D seems to be able to capture the effects of a combined 

motion of pitch and flap with different delays between them. 

  
 

a) Cl b) Cd c) Cm 

Figure 5.35: Aerodynamic coefficients, pitch and flap oscillations:  ̅    ,        ,  ̅    ,       , 

      , pitch delay     (Re=0.5M, M≈0.09) 

 

AdaptFoil2D is able to deal with different conditions, but it is important to highlight again some 

problems in certain specific cases. Figure 5.36 shows a case similar to the one included in 

Figure 5.33 but with reduced frequency 0.1. Figure 5.37 shows force and moment coefficients 

for this case. In general, for most of the periodic motion, there is a good agreement between 

AdaptFoil2D and the experimental data. However, there is a significant deviation during the 

downstroke approaching the minimum flap angle. The problem appears for negative flap angles 

and low angles of attack, so it could be again related to non-physical accumulations of vorticity 

in the upper side of the airfoil near the TE. It is clear that depending on the specific geometry at 

the TE and the progress of the flow separation, some problems can arise. 
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Figure 5.36:   and   vs time, pitch and flap oscillations:  ̅    ,        ,  ̅    ,       ,      , pitch 

delay     (Re=0.5M, M≈0.09) 

  
 

a) b) c) 

Figure 5.37: Aerodynamic coefficients, pitch and flap oscillations:  ̅    ,        ,  ̅    ,       ,   

   , pitch delay     (Re=0.5M, M≈0.09) 

 

The focus of the validation presented here is on flap oscillations for airfoils at low angles of 

attack, but cases of combined motions at higher angles of attack have also been performed in 

order to evaluate AdaptFoil2D in extreme conditions. Two examples with angle of attack 

oscillations of mean value 15º and amplitude 10º are included here. The flap oscillations have 

again mean value 0º and amplitude 10º. Due to the occurrence of dynamic stall in these 

conditions, it is important to select the value of the critical adverse pressure for dynamic stall, 

and the value used for the NACA0015 airfoil in chapter 4 has been used. 

 

In the first case, the oscillations have a reduced frequency of 0.05 and the pitch has a delay of 

approximately   with respect to the flap motion (Figure 5.38). Figure 5.39 shows the lift, drag 

and moment coefficients versus angle of attack. There is a good agreement between 

AdaptFoil2D and the experimental data, although the maximum peaks are underestimated by 

AdaptFoil2D. In general, the loops in phase space observed in the experimental data have been 

captured by AdaptFoil2D, especially for Cm. 
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Figure 5.38:   and   vs time, pitch and flap oscillations:  ̅     ,        ,  ̅    ,       ,       , pitch 

delay   (Re=0.5M, M≈0.09) 

  
 

a) Cl b) Cd c) Cm 

Figure 5.39: Aerodynamic coefficients, pitch and flap oscillations:  ̅     ,        ,  ̅    ,       , 

      , pitch delay   (Re=0.5M, M≈0.09) 

 

Figure 5.40 includes the angle of attack and flap angle for a similar case but with a reduced 

frequency of 0.1 and with the motion of the flap angle and angle of attack practically 

synchronised. Figure 5.41 includes the force and moment coefficients, which shows again a 

good correlation between the simulations and the experimental data. AdaptFoil2D slightly 

underestimates the maximum peaks of Cl and Cd and overestimates the negative peak of Cm 

(this deviation for Cm had been previously noticed for the rigid airfoils NACA0015 and S809 in 

pitching conditions in sections 4.4 and 4.5). So, AdaptFoil2D seems to be able to capture the 

effects of a combined motion of pitch and flap with different delays between them. With the last 

two cases, it is demonstrated that AdaptFoil2D can give reasonable agreement with 

experimental data for a TE flap even in separated flow and dynamic stall conditions. As it has 

been mentioned, the value of the adverse pressure for dynamic stall used for the NACA0015 

has been employed for the NACA64418. It would be also possible to fix a specific value for this 

airfoil, trying to improve the accuracy of the simulations. 
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Figure 5.40:   and   vs time, pitch and flap oscillations:  ̅     ,        ,  ̅    ,       ,       , no 

delays (Re=0.5M, M≈0.09) 

  
 

a) Cl b) Cd c) Cm 

Figure 5.41: Aerodynamic coefficients, pitch and flap oscillations:  ̅     ,        ,  ̅    ,       , 

     , no delay (Re=0.5M, M≈0.09) 

 
Apart from the validation of AdaptFoil2D, it is interesting to evaluate the impact of the flap in the 

unsteady aerodynamic response of a pitching airfoil. Figure 5.42 shows finally a comparison of 

the aerodynamic coefficients for the same pitching case of Figure 5.41 with different flap 

strategies. Using a flap oscillation with a delay of 180º with respect to the pitch motion, the peak 

to peak loads decrease with respect to the case without flap. However, when the flap motion is 

synchronized with the pitch motion, maximum loads increase and minimum loads decrease. For 

this specific case, in order to reduce fatigue loads related to the dynamic stall phenomena, it 

would be recommended to deploy the flap opposing the pitch motion. A detailed parametric 

investigation performed with AdaptFoil2D about the impact of a leading edge flap in the dynamic 

stall phenomena is included in the deliverable 3.3 of the AVATAR project (Ref. [84]). 
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a) Cl b) Cd c) Cm 

Figure 5.42: Aerodynamic coefficients, pitch cases with and without flap:  ̅     ,        ,  ̅    ,    

   ,      , delays 0º and 180º (Re=0.5M, M≈0.09) 
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6. Practical case: Study of control strategies with a TE flap 

6.1 Introduction 
 
In the European project AVATAR [4], a detailed investigation of the TE flap technology was 

performed, resulting in some guidelines related to the design and configuration of a TE flap in a 

reference 10MW wind turbine. In addition, active control strategies were also investigated in 

order to evaluate the practical implementation of the flap technology in the complex operating 

conditions of the wind turbine. 

 

This chapter focuses on the study of control strategies for a specific TE flap solution used to 

deal with turbulent inflows. Control aspects are included on a 2D sectional level, in order to 

evaluate different control strategies. The objective is to develop guidelines for optimum control 

strategies on wind turbines. Further details on this investigation can be found on deliverable 3.4 

of the AVATAR project (Ref. [85]), in which a 3D rotor investigation has been also included. 

A few configurations and working conditions for TE flaps are defined from the investigations 

carried out in the blades of the AVATAR and InnWind.EU reference wind turbines. Using 

AdaptFoil2D coupled with control routines, different active control strategies have been 

developed in order to test the effectiveness of the TE flap control in the aerodynamic response 

of the blade. Different control and actuation variables have been evaluated. 

6.2 Definition of test cases 
 
The 75% blade section in the AVATAR reference wind turbine has been used for the 

investigation of the TE flap control. In the selected location, the corresponding airfoil is the DU-

240 with chord 3.45m. 

 

For the study of control strategies, a specific TE flap is defined in the airfoil. The configuration 

included in Table 6.1 is based on the work carried out in the AVATAR project. The geometry of 

the DU-240 airfoil with maximum, minimum and without flap deployment has been included in 

Figure 6.1. 

 

Flap length (% chord) 10 

Maximum deployment (deg) 15 

Minimum deployment (deg) -15 

Shape Curvilinear 

Table 6.1: TE flap configuration in the reference airfoil 
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Figure 6.1: DU-240 airfoil geometry with different TE flap deployments 

 

The inflow conditions for the 2D cases were obtained in the AVATAR project from full 

aeroelastic simulations using DTU’s HAWC2 code [86]. So, these are representative of the 

inflow conditions in the ambient atmosphere, which are related to effective velocities at the 75% 

of the blade spanwise, where the flap is supposed to be installed. The AVATAR wind turbine 

model was simulated for IEC class IA at a range of above rated wind speeds in normal power 

production, with the corresponding turbulence intensity shown in Table 6.2. From the aeroelastic 

simulations, the resulting velocity and angle of attack are extracted at the section of interest, 

including also the contribution of the rotational speed of the rotor. The calculated induced 

velocity is then subtracted from the velocity vector in order to decouple the effect of shed 

vorticity which is to be accounted for in the 2D unsteady aerodynamic simulations in this study. 

All other elastic and control effects are included in the sectional inflow data. 

 

Airfoil V∞ 
Turbulence 
intensity (%) 

DU-240 14 0.1840 

DU-240 16 0.1760 

DU-240 18 0.1698 

DU-240 20 0.1648 

Table 6.2: Conditions for inflow cases in the TE flap study 

 

Considering the impact of the flaps, the objective is to develop guidelines for optimum control 

strategies on wind turbines. The main objective for this control system is the reduction of 

disturbances in the normal force. Then, the output for the control module is the axial force (Fax) 

normal to the chord, and the actuation variable is the flap angle. The study in the AVATAR 

project covered different monitoring variables in the blade section: angle of attack (α), Fax and a 

combination of the two. 

 

The dynamics of the flap actuator are represented by a first order model. In order to cover a 

large range of flap actuators, the model presents different time delays of the actuator, τ (0.1s, 

0.5s and 1s), and different amplitudes of the flap angle, Δβ (±5º, ±10º and ±15º). 
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Different control strategies have been evaluated in this work. The proposed control solutions are 

a PD and P-Lead feedback control with some filters on the monitoring variable. For the P-Lead 

controller, a high pass filter has been tuned to remove the static gain, and a low pass filter has 

been tuned to avoid noise. The PD controller was developed by DTU and the P-Lead controller 

was developed by CENER. Both controllers were designed to reduce the deviations of the axial 

force. Figure 6.2 shows the flap control methodology proposed by CENER with the axial force 

as the control sensor. 

 

Figure 6.2: Flap control methodology proposed by CENER 

 

Once airfoil and flap configuration, inflow and control features have been identified, it is 

important to define a matrix of cases in order to test the performance of the airfoils with the flap 

control. The matrix of all cases studied in the AVATAR project is presented in Table 6.3 for the 

DU-240. 

 

Airfoil Vinf (min:step:max) Sensors Δβ τ 

DU_240 14:2:20 m/s Fax ±15
o
 0.1s 

DU_240 14:2:20 m/s Fax ±15
o
 0.5s 

DU_240 14:2:20 m/s Fax ±15
o
 1.0s 

DU_240 14:2:20 m/s Fax ±10
o
 0.1s 

DU_240 14:2:20 m/s Fax ±10
o
 0.5s 

DU_240 14:2:20 m/s Fax ±10
o
 1.0s 

DU_240 14:2:20 m/s Fax ±5
o
 0.1s 

DU_240 14:2:20 m/s Fax ±5
o
 0.5s 

DU_240 14:2:20 m/s Fax ±5
o
 1.0s 

DU_240 14:2:20 m/s α ±15
o
 0.1s 

DU_240 14:2:20 m/s α ±15
o
 0.5s 

DU_240 14:2:20 m/s α ±15
o
 1.0s 

DU_240 14:2:20 m/s α ±10
o
 0.1s 

DU_240 14:2:20 m/s α ±10
o
 0.5s 

DU_240 14:2:20 m/s α ±10
o
 1.0s 

DU_240 14:2:20 m/s α ±5
o
 0.1s 

DU_240 14:2:20 m/s α ±5
o
 0.5s 

DU_240 14:2:20 m/s Fax+ α 
 
oa 

±15
o
 0.1s 

Ref = 0 
Controller 

+ 

- 

Filters 

Flap angle Airfoil 

aerodynamics 
Axial force (Fax) 
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DU_240 14:2:20 m/s Fax+ α ±15
o
 0.5s 

DU_240 14:2:20 m/s Fax+ α ±15
o
 1.0s 

DU_240 14:2:20 m/s Fax+ α ±10
o
 0.1s 

DU_240 14:2:20 m/s Fax+ α ±10
o
 0.5s 

DU_240 14:2:20 m/s Fax+ α ±10
o
 1.0s 

DU_240 14:2:20 m/s Fax+ α ±5
o
 0.1s 

DU_240 14:2:20 m/s Fax+ α ±5
o
 0.5s 

DU_240 14:2:20 m/s Fax+ α ±5
o
 1.0s 

Table 6.3: Matrix of cases for the study of flap control in the DU-240 airfoil 

6.3 Baseline simulations without flap control 
 
First, forces for the baseline case (without flap control) are analysed. The results obtained for 

the blade section of the AVATAR rotor (DU-240 airfoil) can be observed in Figure 6.3. In 

subfigures a) and b) of Figure 6.3, an example of wind speed 16m/s shows the significant 

variation of the normal force in the airfoil due to the impact of the complex inflow and wind 

turbine dynamics. The dispersion in the axial force versus the angle of attack represents the 

unsteady nature of the results. The mean value and standard deviation (std) of the axial force 

have been included in subfigures c) and d) of Figure 6.3 at different wind speeds. The mean 

values increase with the wind speed due to the change in the local conditions caused mainly by 

the inflow and the pitch actuation for a constant torque. Standard deviation shows minor 

changes between 14m/s and 18m/s, and a sharp increase at wind speed 20m/s due to a higher 

angle of attack and some flow separation. 

  

a) Axial force (time window), wind speed 16m/s b) Axial force vs angle of attack, wind speed 16m/s 
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c) Mean axial force for different wind speeds d) Std of axial force for different wind speeds 

Figure 6.3: Results for the DU-240 airfoil (without flap) with a turbulent wind obtained in a blade section of 

the AVATAR WT  

6.4 Comparison of controllers using the axial force as sensor 
 
In this section, the results with the sensor of the axial force are included, obtained for the PD 

controller and the P-Lead controller. The objective is to compare the different control strategies 

in terms of flap motion, Fax mean values, Fax standard deviations and load reduction with respect 

to the baseline case. 

Some examples of the flap motions for wind speed 16 and 20 m/s are included in Figure 6.4. 

The PD controller leads to high frequencies of the flap motion, while the P-Lead controller 

shows a smoother behaviour of the flap motions and, consequently, of the loads in the airfoil. 

  

a) wind speed 16m/s b) wind speed 20m/s 

Figure 6.4: Flap angle actuation in a time window  for the DU-240 airfoil at 2 different wind speeds 
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Figure 6.5 and Figure 6.6 show respectively the axial force during a specific time window and 

the axial force versus the angle of attack, at different wind speeds. The PD and P-Lead 

controllers have been compared with the baseline data. The reduction of maximum and 

minimum peaks is evident for both controllers with respect to the baseline case, but the 

presence of high frequencies in the flap motion for the PD controller could lead to higher fatigue 

loads, which is negative for the actuator performance. 

  
a) wind speed 14m/s b) wind speed 16m/s 

  

c) wind speed 18m/s d) wind speed 20m/s 

Figure 6.5: Axial force in a time window for the DU-240 airfoil with the two controllers compared to the 

baseline case 
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a) wind speed 14m/s b) wind speed 16m/s 

  

c) wind speed 18m/s d) wind speed 20m/s 

Figure 6.6: Axial force versus angle of attack for the DU-240 airfoil with the two controllers compared to the 

baseline case 

 

A comparison of the mean values, standard deviations and reduction of the standard deviations 

of Fax with the use of the controllers is included in Figure 6.7. The trends for the two controllers 

are similar in terms of mean axial force, with a slight reduction with respect to the baseline case. 

The two controllers show a significant reduction of the standard deviation of the axial force with 

respect to the baseline case, although the reduction is almost a 10% higher for the case of the 

P-Lead controller. The percentages of reduction obtained for the PD controller are around 60%, 

while the P-Lead controller presents reductions between 60 and 70%. This advantage, together 

with the reduction of high frequency variations observed in Figure 6.5, makes the P-Lead 

controller more attractive for load reduction. 
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a) mean axial force b) std axial force c) std axial force reduction 

Figure 6.7: Impact of the two controllers in the mean and standard deviation of the axial force 

6.5 Comparison of the P-Lead controller using different sensors 
 
From the previous investigation, the selected control strategy using the axial force as sensor 

has been a P-Lead feedback controller on the filtered axial force signal. For the angle of attack 

sensor, the challenge was the uncoupling between the actuator signal (flap angle) and the 

monitored variable (α). Because of this insensitivity from the actuator variable, the axial force 

was estimated through the angle of attack sensor, and later the P-Lead feedback control was 

applied. In the cases included in this section, the parameters of the actuator are τ=0.1s and 

Δβ=10º. 

 

The flap motion and the axial force signals are similar to the signals obtained in section 6.4 for 

the P-Lead controller. Consequently, only the impact of the two different sensors in mean values 

and standard deviations of the axial force is included. The analysis of the mean values, 

standard deviations and reduction of the standard deviations with the use of the controller are 

included in Figure 6.8. As it can be observed, the use of the axial force as sensor reduces the 

mean value with respect to the baseline case. The percentages of reduction obtained for the 

standard deviation are between 60 and 70%, similar in both cases. 

  
 

a) mean axial force b) std axial force c) std axial force reduction 

Figure 6.8: Impact of the two sensors for the P-Lead controller in the mean and standard deviation of the 

axial force 
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6.6 Influence of actuator time constant 
 
Once the control philosophy and the sensor used have been selected, it is also possible to 

perform parametric studies of some actuator design parameters. In this section, the influence of 

the actuator time response is investigated. In the previous sections, the characteristic time of 

the actuator has been set to 0.1s. This is the lowest value proposed in the calculations, and 

produces a quick change of the geometric flap angle, close to the ideal behaviour of the 

actuator. However, the analysis of different values can show the effect of the actuator design in 

the time marching comparisons. These cases are calculated for the P-Lead controller with axial 

force as sensor and with maximum flap deployment of Δβ=±10º. 

Figure 6.9 presents an example of the motion of the flap for different response times of the 

actuator. The angles obtained for the quickest response time show sharp changes, while the 

higher response times present a smoother behaviour. The drastic and quick changes of the flap 

angle can lead to fatigue loads, and this could be a critical point in the selection of the actuator 

in practical applications. Figure 6.10 shows the axial force results in a time window for different 

wind speeds, with the different characteristic times compared to the baseline axial force. The 

observed trends for different values of τ are clear, showing a reduced effectiveness (lower 

peaks reduction) with the increase of the time constant. 

 

Figure 6.9: Motion of the flap in a time window with different characteristic time responses for the actuator 

(wind speed 14m/s) 
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a) wind speed 14m/s b) wind speed 16m/s 

 
 

c) wind speed 18m/s d) wind speed 20m/s 

Figure 6.10: Axial force in a time window with different characteristic time responses for the actuator 

 

The analysis of the mean values, standard deviations and reduction of the standard deviations 

with the use of the controller are included in Figure 6.11. The trends presented are clear: there 

is again lower reduction of the axial force peaks with higher values of τ. The percentages of 

reduction obtained for τ=0.1s are between 60 and 70%, τ=0.5s presents reductions between 45 

and 60% while τ=1s shows reductions between 35 and 45%. 
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a) mean axial force b) std axial force c) std axial force reduction 

Figure 6.11: Impact of the different characteristic times of the actuator in the mean and standard deviation of 

the axial force 
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7. Conclusions and future work 
 

Context of the work, proposed model and implementation 

 

This dissertation has focused on unsteady modelling of 2D airfoils for practical applications in 

the context of large wind turbines. In order to justify a suitable approach, the performance of 

large wind turbines has been analysed and the context in terms of operating conditions has 

been defined. In normal operating conditions, Reynolds numbers in the range from 12 to 20 

million and Mach numbers up to 0.3 can be expected in the blades of large wind turbines, with 

mean angles of attack in the range between -5º and 30º, and amplitude variations of up to 10º 

and reduced frequencies from 0.01 to 0.15. In addition, including specific operating conditions 

such as idling or earthquakes, the range of inflow variations in the blades can be substantially 

extended. The model developed in this work is able to produce accurate results in this context. 

Considering the wind turbine performance, for a suitable representation of the 2D aerodynamics 

related to blade spanwise stations, the contributions of lift and drag should be properly 

estimated. Those aerodynamic loads depend on the airfoil geometry (including surface 

roughness), angle of attack, Reynolds number and Mach number, whose impact should be 

properly captured by the proposed aerodynamic model. Taking into account the importance of 

the computational efficiency in order to be able to evaluate different design configurations for 

the large number of load cases considered in the onshore and offshore IEC standard, it is 

critical to achieve the requirements with the lowest computational cost. 

 

In this work, the development of a model for airfoil modelling, based on inviscid panel methods, 

has been performed with the novelty of some engineering concepts included for an efficient 

representation of flow separation and dynamic stall.  An inviscid approach is selected because it 

allows a lower computational cost in comparison with viscous-inviscid extended approaches or 

CFD. The flow separation location is prescribed and introduced as an input to the model. The 

proposed approach is able to deal with a wide range of operating regimes including attached 

and separated flow, dynamic stall, and steady and unsteady conditions. The ability to simulate 

changes in the airfoil geometry is also considered, which is useful for specific active control 

devices as TE flaps. The proposed model has been implemented in a tool called AdaptFoil2D. 

 

A parametric study has been performed in order to establish the dependency with the 

parameters and the sensitivity of AdaptFoil2D results to them. The investigation has been 

performed in a step by step approach for a limited number of cases and values of the 

parameters. It has been observed (and later confirmed in the validation) that a unique set of 

constant values, included in section 3.2, is suitable for the modelling of different airfoils in the 

operating context of large wind turbines. The only exception is the parameter related to the 

onset of dynamic stall (    ), for which a different value is recommended for different airfoils. 

For similar airfoils, the same value can give acceptable results, but further work is 
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recommended in order to properly establish a relationship between the parameter and the type 

of airfoil, for example according to the shape of the leading edge region. In spite of the 

reasonable results obtained in the validation, it is important to highlight that the parametric study 

performed could be improved using a systematic investigation of the parameters, including the 

measurement of their impact in an extensive number of cases, and studying the relationship 

between the parameters. 

 

Due to the specific approach selected for the aerodynamic model, there are inherent limitations 

in the results, mainly for separated flow conditions. The Cp distribution and corresponding loads 

obtained with AdaptFoil2D show inaccuracies caused by the Kutta condition used in the flow 

separation located at the suction side of the airfoil and by the numerical roll up of the discrete 

vortices in the vicinity of the airfoil. The corrections proposed in section 3.3 have demonstrated 

to be a simple solution to avoid the limitations and to significantly improve the results obtained. 

 

Validation 

 

In general, the validation has been satisfactory, with a reasonable agreement between 

simulations and experimental data. Moreover, AdaptFoil2D has demonstrated very good 

reliability and robustness during the simulations once the inputs are well established. Rarely, in 

cases with mild flow separation, some vortices can be trapped near the airfoil surface remaining 

in the vicinity for a long time and leading to wrong pressure distributions, as it has been reported 

in chapter 5 for negative flap angles and mild flow separation. This can be resolved with a slight 

change of the flow separation location towards the TE or towards the LE, or even changing the 

nascent angle for the shedding vorticity or the size of the artificial buffer layer described to avoid 

vortex-body interactions. Further work in vortex methods (Refs. [14] and [15]) could be 

employed in future investigations in order to improve the roll up of the vorticity in the airfoil 

vicinity and avoid problems with the discrete vortices. Apart from this problem, the rest of 

deviations observed in the validation are considered inherent to the proposed model, coherent 

with the approach, and reasonable for engineering work in design and evaluation of wind 

turbines. 

 

The prescribed location of the flow separation has been validated for the case of a cylinder at 

different Reynolds numbers related to different flow regimes. All the major trends observed in 

the experiments with Reynolds number, in Strouhal frequency of Cl variation and averaged Cd, 

have been captured by AdaptFoil2D. As these values are related to the flow structures, this 

shows that the panel code is able to properly model the flow structure in a cylinder at different 

Reynolds numbers, if the separation location is correctly provided. 

 

For static airfoil modelling in steady inflow conditions, as for the cylinder, the prescribed flow 

separation location is critical in order to include the impact of Reynolds and Mach numbers. 
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Look up tables of the flow separation location as a function of the angle of attack have been 

introduced as input of the simulations. In the comparisons with experimental data, the 

prescription of the separation in cases with separated flow seems to inherently correct the lack 

of viscous calculation. In general, the results of the validation for the NACA0015 and S809 

airfoils in static cases have been very good referring to the force and moment coefficients, but 

also to the Cp distributions. However, it is important to highlight some deviations observed in the 

attached flow region and in the region of deep stall above the angle of attack of maximum Cl. 

For the attached flow region, it has been demonstrated that the deviations are related to the 

potential calculation of AdaptFoil2D, and can be practically removed with very simple 

corrections using limited information from the airfoil polars. For extensive flow separation 

conditions, deviations are caused by the structure formed due to the accumulation and roll up of 

the vorticity in the vicinity of the airfoil including diffusion. In order to improve the results in that 

region, further work is recommended based on vortex methods, including validation of the flow 

structures with flow visualizations obtained from experimental tests. Apart from the validation 

carried out using pressure distributions and aerodynamic loads, a brief investigation has been 

performed with the S809, related to the impact of flow separation in the aerodynamic response. 

This investigation has focused on wake roll up and lift variability at different angles of attack 

obtained with AdaptFoil2D. In general, the increase of complexity of the wake leads to higher 

load variations as it could be expected. The Strouhal frequencies between 0.15 and 0.2 

obtained from the lift coefficient variation at very high angles of attack, caused by strong vortex 

shedding from the leading and trailing edges, are reasonable. 

 

From a practical point of view, the aerodynamic response of the blade spanwise stations in a 

real wind turbine is basically unsteady, due to turbulent wind, complex operating conditions and 

dynamics and deformations of the wind turbine components. Consequently, the validation 

performed in this work related to the S809 and NACA0015 airfoils in unsteady conditions is 

really relevant. In general, the cycles and loops obtained in the unsteady simulations show a 

reasonable agreement with the experimental data. Different pitching cases have been used in 

the validation with different reduced frequencies and angle of attack oscillations representing 

the range of operating conditions of the context of large wind turbines. AdaptFoil2D has been 

able to capture the impact of operating conditions in that range. At low angles of attack, in 

attached flow conditions, a reasonable accuracy has been observed with deviations clearly 

related to the potential calculation performed with AdaptFoil2D, as in the static airfoil modelling. 

The same corrections proposed in the steady simulations would be useful to improve the 

unsteady simulations in attached flow. In separated flow conditions, in addition to the prescribed 

flow separation, some engineering concepts have been included in the model in order to take 

into account the unsteady separation and the dynamic stall process, with satisfactory results. 

The proposed model has demonstrated to be reliable and robust in the simulations, and a 

reasonable agreement with experimental data has been observed. The unsteady loops in Cl, Cd 

and Cm related to flow separation and dynamic stall are captured by AdaptFoil2D, and the 
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peaks in the loads related to dynamic stall and vortex shedding have been clearly observed 

similarly to the experimental measurements. 

 

As it has been mentioned above, AdaptFoil2D has been able to capture the main trends in 

forces and moments observed in the experiments for unsteady conditions. Apart from the 

qualitative analysis of the comparisons, some interesting KPIs have been defined in order to 

quantify the agreement between simulations and experimental data. The parameters selected 

have been maximum Cl and Cd, minimum Cm and the corresponding angles of attack, peak to 

peak values, and integrated areas of the unsteady cycles. In general, the correlation of those 

parameters between simulations and experimental data has been good except for the areas. 

The averages of the absolute errors for the maximum, corresponding angle of attack and peak 

to peak value are around or below 10% for Cl and below 20% for Cd. The only relevant 

difference consistently observed in the unsteady cases is an overestimation of the negative 

peak of Cm, mainly for high angles of attack in the presence of extensive flow separation. This 

causes a high averaged absolute error for the minimum Cm and peak to peak value, which is 

around 30% for the NACA0015 and close to 20% for the S809. This difference is related with 

the vorticity structure around the suction side of the airfoil for massive flow separation. Future 

work in vortex methods is recommended to improve the wake roll up. Regarding the integrated 

areas of force and moment coefficients, especially for Cd and Cm, significant deviations have 

been observed due to slight differences in the progress of flow separation during the pitching up 

and down. In spite of the similar trends observed in the unsteady cycles, the total integrated 

area is very sensitive to slight differences during the upstroke and downstoke. In practical 

applications, it is not clear how this could affect the aeroelastic performance of blades and wind 

turbines. Future investigations about the sensitivity of the wind turbine stability limits with 

respect to the unsteady aerodynamic modelling are recommended. Recently, the importance of 

the static polars used as input of BEM codes in the stability characteristics of wind turbines is 

being highlighted, and obviously the unsteady aerodynamic behavior will be also relevant. 

 

The quantitative estimation of the KPIs selected in the unsteady validation of rigid airfoils can be 

related to the performance of the wind turbine in terms of fatigue, extreme loads and 

aerodynamic damping. The lift coefficient is related to the torque and thrust of the wind turbine, 

and the maximum and peak to peak values obtained in this investigation could be related to 

extreme and fatigue loads. Regarding the torque, the drag coefficient is also a critical 

contribution and maximum and peak to peak values obtained in the different unsteady cases are 

important as well. AdaptFoil2D is able to represent the load envelope for these contributions in 

the operating conditions studied for the context of large wind turbines. For Cm, the minimum 

and peak to peak values can be also related to extreme and fatigue loads in the wind turbine, in 

this case regarding the torsional degree of freedom of the blade. Although the trends are 

reasonably captured for the different operating conditions, the load envelope is clearly 

overestimated in this case, achieving higher negative moments in the results of AdaptFoil2D 
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due to the problem mentioned in the previous paragraph related to the vorticity structure in the 

suction side of the airfoil in cases of extensive flow separation. The last KPI included is the area, 

which can be related to the aerodynamic work of forces and moments for angle of attack 

variations. This is the source of the aerodynamic damping in a wind turbine. In this case, 

significant deviations between simulations and experimental data have been found, especially 

for Cd and Cm. As it has been already mentioned before, it is not clear how this could affect the 

aeroelastic performance of blades and wind turbines, and more research would be 

recommended in 3D rotors. 

 

Airfoils with changes in geometry 

 

AdaptFoil2D allows changes in the geometry through an additional degree of freedom. No 

structural model has been included in this investigation, and only active changes of geometry 

have been considered, as for example the actuation of a flap. In the case of a flap, several 

geometries and look up tables of prescribed flow separation location are required as input of the 

model for different flap angle values. The simulations of the NACA64418 airfoil with a TE flap, in 

static and dynamic conditions, have shown a reasonable correlation with experimental tests as 

in the case of rigid airfoils. However, specific problems have arisen in cases of low and 

moderate angles of attack with attached flow or separated flow progressing around the TE 

region. It is possible that local differences in the geometry of the TE flap between the 

experimental test and the simulations have a significant impact in the results. It is possible that 

the panel code is not able to accurately represent the flow in the TE region with the specific 

geometry of the flap in some cases. The scan of the airfoil geometry (including the flap) used in 

the experimental tests, and further investigations with high-fidelity simulations and experiments 

with flow visualization would be very useful to identify the specificities of the flow in those cases. 

Other limitation of the panel code has been rarely observed in cases with negative flap angles 

and mild flow separation, related to some accumulation of vorticity in the concave region 

produced by the flap deployment. In that case, future improvements of the wake roll up based 

on vortex methods could be employed. In spite of the mentioned problems, in general, the 

agreement for static cases and dynamic cases, including flap steps and oscillations and 

combined motions of pitch and flap angle variations has been very promising. 

 

Finally, to demonstrate the method in a design scenario, a practical investigation has been 

performed with AdaptFoil2D for the DU-240 airfoil with a TE flap, in order to assess different 

control strategies to deal with the complex inflow conditions observed in the blade of the 10MW 

AVATAR wind turbine. Two control strategies have been used, a PD and a P-Lead controller. 

Both control solutions have demonstrated the possibility to reduce the variation of the normal 

force in the airfoil due to the complex inflow. The normal force is related mainly to the thrust of 

the wind turbine. The P-Lead controller has shown higher reductions of the standard deviation 

and lower high frequency variations in the load. Sensitivity studies have been performed for the 
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actuator, for example the evaluation of the time constant. In general, the increase of the time 

constant (time delay) of the actuator response reduces the effectivity of the flap control. 

 
Potential applications of AdaptFoil2D 
 
AdaptFoil2D has been designed to be used in an industrial environment. Some examples of 

practical applications are listed below: 

 

 Evaluation of unsteady aerodynamic response of 2D airfoils. 

 Evaluation of unsteady aerodynamic response of blade spanwise stations (the 

aerodynamic response is considered mostly 2D in normal operating conditions except 

near root and tip of the blade). The inflow conditions in the blade sections obtained from 

low-fidelity simulations (codes based on Blade Element Momentum theory) can be used 

as input of AdaptFoil2D. 

 Design and assessment of flow control devices based on morphing geometries or 

moving parts in airfoils or blade sections. 

 Validation and tuning of low-fidelity models. For example, the parameters of the 

Beddoes-Leishman model can be adjusted using simulations of AdaptFoil2D as a 

reference. 

 Evaluation of blade spanwise stations at high angles of attack for idling conditions. The 

frequency of vortex shedding can be related to stability problems. 

 Study of approximate load envelopes for lifting and installation of wind turbine 

components using cranes, when the forces are driven by the drag force and the 

dynamics expected during the lifting are not too high. 

 

Its application is however more limited in some other interesting cases: 

 

 AdaptFoil2D is not recommended for airfoil design or to obtain airfoil polars due to the 

lack of viscous calculation and the inability to deal with separation by itself. For this kind 

of applications, the code should be extended to a viscous-inviscid approach. 

 The proposed model and the implementation described in this dissertation are for 2D 

airfoil modelling. This is useful for local investigations in specific blade sections and 

operating conditions. However, for a proper representation of a wind turbine, 3D codes 

are required. The most ambitious (and recommended) scenario for future work within the 

present research line would be the extension of the current model to a 3D approach. 

  
Recommendations for further work 
 

 The criterion for the onset of dynamic stall relay on the parameter      which depends 

on the airfoil. In this work, the value of the parameter is adjusted empirically attending to 

the correlation between simulations and experimental data. It would be useful to 
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establish a correlation between airfoil features and the dynamic stall onset critical 

condition. 

 The parametric study for future versions of AdaptFoil2D could be improved using a more 

extensive investigation of the parameters, including the measurement of their impact in a 

large number of cases, and studying the relationship between the parameters. 

 Further work in vortex methods (Refs. [14] and [15]) is recommended for wake 

modelling, especially for the area close to the airfoil surface in cases with massive flow 

separation, in order to improve the performance of AdaptFoil2D. 

 AdaptFoil2D can be integrated with CFD for multi-fidelity approaches in which the panel 

code does most of the work and then high-order CFD methods refine specific results. 

This has interesting questions to address: how far the panel code can be pushed before 

CFD is required, what is the expected error, what is the computational saving against a 

CFD-only exploration. This approach can be used for example in activities with complex 

geometries (for example with TE flaps). Wind tunnel tests with flow visualization would 

be also useful in order to bring to light possible limitations of AdaptFoil2D. 

 As it has been mentioned in the previous section, in order to extend the practical 

applicability of AdaptFoil2D to airfoil design, an extension to a viscous-inviscid approach 

would be recommended. 

 Finally, for practical applications, the main recommendation is the extension of 

AdaptFoil2D to a 3D code for wind turbine modelling. However, the extension of 

AdaptFoild2D resolves a pure aerodynamic problem and a wind turbine represents an 

aeroelastic problem. Then, the 3D aerodynamic model should be coupled with structural 

models of the main wind turbine components connected in a multibody approach. The 

structural model of blade and tower, especially for slender components, is critical. The 

aeroelastic model can be used for design and evaluation of wind turbines, including the 

stability problem.   
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A. Appendix 1 
Experimental test of the NACA64418 airfoil with a TE flap  

The wind tunnel tests have been performed at the ‘red’ wind tunnel facility of DTU Wind Energy 

Department at Lyngby Campus. 

 

This is an open loop suction wind tunnel. The test section has a cross section of 0.5 m x 0.5 m 

and length of 1.3 m, contraction ratio 12.5:1 and a maximum wind speed of 60 m/s. The main 

dimensions of the wind tunnel can be found in Figure A.1. 

 

 
Figure A.1: DTU 'RED' open loop wind tunnel scheme 

 

A wind tunnel model wing representing the NACA64418 airfoil has been used for this test. It has 

a chord of c=0.25 m. and a span of l=0.5 m. Surface of the model is made of carbon-fiber-

reinforced plastic molded to the subscribed shape. The prototype was available from previous 

experimental campaigns. 

 

The model was designed to have a flexible trailing edge flap, by using thinner fiber sections in 

the surface at the bending positions for a continuous airfoil surface. The aim is to have a 15% 

flap. When the flap is moved to different angular positions, the carbon fiber shell of the flap on 

the pressure side slides into the undeflected wing shell. The pressure side of the flap is 

deflected linearly. However, the flap shell on the suction side is bent, as shown in Figure A.2. 
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Figure A.2: Flap at different angular positions 

 

For this test campaign, only measurements from pressure taps have been acquired. No 

measurements from wake rake or wall pressures have been used as there was no availability 

for additional pressure transducers. 

 

63 model pressure taps were connected to the two 32 channel pressure transducers. The other 

remaining channel was used for the test section Pitot tube. The static pressure from the Pitot 

tube is used as reference pressure. The position of the instrumented pressure taps is shown in 

Figure A.3 for the 1st campaign and in Figure A.4 for the 2nd campaign. The coordinates are 

listed in Table A.1. 
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Table A.1: Pressure taps coordinates 

 

x/c [%] y/c [%] x/c [%] y/c [%] x/c [%] y/c [%] x/c [%] y/c [%]

100.0000 -0.4000 0.2800 1.1400 100.0000 -0.4000 0.2800 1.1400

94.0000 -0.1840 1.2640 2.1440 94.0000 -0.1840 1.2640 2.1440

91.2000 -0.3520 2.4320 3.1480 91.2000 -0.3520 2.4320 3.1480

87.8000 -0.6720 3.6040 3.8680 87.8000 -0.6720 3.6040 3.8680

84.0000 -1.0960 6.0520 5.0720 84.0000 -1.0960 6.0520 5.0720

73.2320 -2.7400 12.4680 7.3080 73.2320 -2.7400 9.2720 6.3120

70.0400 -3.2680 15.7280 8.1440 70.0400 -3.2680 12.4680 7.3080

66.7880 -3.8080 18.8720 8.8160 66.7880 -3.8080 15.7280 8.1440

63.7680 -4.3000 21.8240 9.3440 63.7680 -4.3000 18.8720 8.8160

60.5520 -4.8160 25.1520 9.8360 60.5520 -4.8160 21.8240 9.3440

57.3280 -5.3080 28.4240 10.2080 57.3280 -5.3080 25.1520 9.8360

54.1800 -5.7640 31.6560 10.4720 54.1800 -5.7640 28.4240 10.2080

50.9840 -6.1880 34.8600 10.6400 50.9840 -6.1880 31.6560 10.4720

47.7560 -6.5640 38.0560 10.7080 47.7560 -6.5640 34.8600 10.6400

44.5520 -6.8880 42.8560 10.5680 44.5520 -6.8880 38.0560 10.7080

41.3000 -7.1440 44.4840 10.4560 41.3000 -7.1440 42.8560 10.5680

38.0760 -7.2840 47.7480 10.1680 38.0760 -7.2840 44.4840 10.4560

34.8520 -7.3200 50.9560 9.8040 34.8520 -7.3200 47.7480 10.1680

31.9800 -7.2800 54.1920 9.3640 31.9800 -7.2800 50.9560 9.8040

28.3800 -7.1680 57.4160 8.8720 28.3800 -7.1680 54.1920 9.3640

25.1560 -6.9680 60.6720 8.2920 25.1560 -6.9680 57.4160 8.8720

21.9200 -6.7320 63.8880 7.6840 21.9200 -6.7320 60.6720 8.2920

20.2960 -6.5760 66.8080 7.0960 20.2960 -6.5760 63.8880 7.6840

15.3640 -5.9840 69.9920 6.4160 15.3640 -5.9840 66.8080 7.0960

12.4360 -5.5280 73.2120 5.6920 12.4360 -5.5280 69.9920 6.4160

9.2240 -4.9120 78.0880 4.5600 9.2240 -4.9120 73.2120 5.6920

6.0080 -4.1160 82.5200 3.5080 6.0080 -4.1160 78.0880 4.5600

4.8080 -3.7520 84.6800 2.9960 3.6560 -3.3520 82.5200 3.5080

3.6560 -3.3520 88.4000 2.1200 2.4440 -2.8280 84.6800 2.9960

2.4440 -2.8280 91.2000 1.4760 1.2640 -2.1440 88.4000 2.1200

1.2640 -2.1440 94.0000 0.8520 0.2400 -1.0560 91.2000 1.4760

0.2400 -1.0560 100.0000 -0.4000 0.0004 0.0004 94.0000 0.8520

0.0004 0.0004 100.0000 -0.4000

Pressure Side Suction Side Pressure Side Suction Side

1st Campaign 2st Campaign
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Figure A.3: Pressure taps chordwise position (1st 

campaign) 

Figure A.4: Pressure taps chordwise position (2nd 

campaign) 

 

Due to model construction limitation there is no tap in the leading edge. Therefore, the pressure 

value in the leading edge has been estimated as a mean value from the closest neighbouring 

ports on the pressure and suction side. There is an area of the pressure side around the 80% of 

the chord without pressure taps. This is the overlapping section of the flap, which cannot be 

instrumented. Also, during the first campaign, in the suction side around the 10% of the chord, 

there is a big gap between pressure taps. The reason was an error connecting the pressure 

tubes during the set-up, as one tap was skipped. It was only noticed when the model was 

already installed in the wind tunnel, and there was no time to dismount it and correct it. 

 

The model is mounted vertically in the test section (as shown in Figure A.5). The angle of attack 

of the wing was set by a servo motor, mounted below the wing outside of the wind tunnel. The 

motor is capable of providing a constant angle or a prescribed motion. The angle of attack was 

measured by an encoder that was linked mechanically to the model elastic axis. 

 

 
Figure A.5: Model set-up in the test section 
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The test campaign took place during end of May 2015. Three types of measurements were 

taken: 

 

 Baseline static polars: 
o Measurements at steady conditions are taken (AoA and Flap are not moving). 
o Different Flap deflections are taken. For each Flap angle, different angles of 

attack are measured in the same run. The measuring time at one fixed angle of 
attack is 10 seconds. 

 Ramp (Step) AoA and Flap variations: 
o The angle of attack, the flap or both are moved from one static position to 

another one with a fast ramp movement (step). 
o Every run is measured for 30 seconds. After the first ramp is done, the new angle 

position is maintained during 2.5 seconds and then the initial angle position is 
reached with a ramp. And this is repeated during the 30 seconds. Three types of 
runs are done: 

 AoA ramps: Flap is fixed and only AoA is moved with steps. 
 Flap ramps: AoA is fixed and only Flap is moved with steps. 
 Combined: Both AoA and Flap are moved. The first ramp of the flap is 

done with two different delays from the AoA first ramp.  

 Sinusoidal AoA and Flap variations: 
o The angle of attack, the flap or both are moved with a sinusoidal movement. 

Every run is measured for 30 seconds. Three types of runs are done: 
 AoA sinusoidal movements: Flap is fixed and only AoA is moved. 
 Flap sinusoidal movements: AoA is fixed and only Flap is moved.. 
 Combined: Both AoA and Flap are moved. AoA and Flap movements 

have the same frequency but can have different phase delays.  
 
All the tests have been performed at a Reynolds number of 0.5 million (wind tunnel speed: 30 
m/s) and Mach 0.09. 
 
The data obtained are the pressure distribution over the airfoil measured by the model pressure 

taps, together with tunnel wind speed and dynamic pressure. All measurements have been 

obtained at a frequency of 125 Hz (per pressure tap). 

 

The Lift, Pitching Moment and Pressure Drag coefficients are obtained through the integration of 

the pressure distribution over the airfoil. 


