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Abstract 

 

       Wind power is one of the oldest sources used by mankind. Today, with the 

negative impact of fossil fuels on the environment, the installation of wind farms 

around the world is booming. To improve its performance and reliability, good 

modeling of the air flow around a wind turbine blade profile is very decisive by 

introducing random parameters relating to the fluid. In this article, we first present 

the validation of the numerical simulation of the S809 airfoil carried out with 

ANSYS CFX by comparing the pressure coefficients, calculated for different 

turbulence models, with experimental data. Next, we introduce the uncertainties, 

using a probabilistic approach, to determine the influence of the input variables on 

the aerodynamic output coefficients. 

 

Keywords: HAWT wind turbine, aerodynamics, probabilistic study, response 

surface, six sigma analysis 

 

 

1 Introduction 
 

    Wind energy has been harnessed for thousands of years. The oldest applications 

of wind power include extracting water from wells, making flour from grain, and 

other agricultural applications. Recently, the use of wind power has shifted mainly 

to the production of electricity. Given the negative impact of fossil energy on the 

environment (greenhouse gases, climate change, etc.), the switch to renewable 

energies is becoming more and more an urgent necessity. 



2                                                                               Jaouad Smily and Bouchaib Radi 

 

 

     In terms of energy production, wind turbines are one of the most promising 

renewable energy resources. Morocco, like many countries, has invested and is still 

investing in clean energy. As part of its energy strategy, Morocco is committed to 

a vast wind program, to support the development of renewable energies and energy 

efficiency in the country. The Moroccan Integrated Wind Energy Project (MIWEP) 

has enabled the country to increase the share of wind power in total electrical 

capacity to around 14%. 

     Wind turbines can be divided into two groups: horizontal axis wind turbine 

(HAWT) and vertical axis wind turbine (VAWT). Each type of wind turbine has its 

advantages and disadvantages.   

     In this paper, we will limit the study to the horizontal axis wind turbines 

(HAWT) as they represent the most common architecture among existing wind 

energy conversion systems, with thousands of MW of new capacity installed each 

year in the world. For our case study, uncertainties related to wind can cause 

changes or fluctuations in the performance of wind turbines. To better design them, 

a probabilistic approach is necessary. This probabilistic theory, which is more 

widespread or better known to engineers, has many advantages due to a solid 

theoretical basis and a long development time [4]. It mainly deals with the 

consideration of the effects of random variability on the performance of an 

engineering system during the design phase. For all these reasons, we carried out a 

probabilistic study of a S809 type wind turbine blade profile using Six Sigma and 

response surface methods. 
 

2 Problem statement 
 

    Fluid mechanics is governed at the macroscopic level by the Navier-Stokes 

equations. These equations are nonlinear differential equations coupled into a 

system and could only be solved analytically for special cases such as one-

dimensional flow around the planar plate. Therefore, this system of equations is 

solved numerically for general cases. There are five complete Navier-Stokes 

equations: one conservation of mass equation (1), three conservation of momentum 

equations (2), and one energy conservation equation. 

 
𝜕𝜌 

𝜕𝑡
+ ∇  ∙ (ρV⃗⃗ )  =  0                                                                                (1) 

𝜕(𝜌V⃗⃗  )

𝜕𝑡
+ V⃗⃗ . ∇ (ρV⃗⃗ ) = −∇p + ∇. 𝜏̿ + ρ𝑔                                                     (2) 

where t is the time, V⃗⃗  is the velocity vector, p is the pressure, 𝜏̿ is the viscous stress 

tensor, 𝑔  is the gravitational acceleration and 𝜌  is the density. Unlike conservation 

of mass, the momentum conservation equation is a vector equation, with three 

Cartesian components associated with the 𝑥, 𝑦, and 𝑧 directions. 

    Recently, high speed computers have been used to solve approximations to 

equations (NS equations) using a variety of techniques like finite difference, finite 

volume, finite element. This area of study is called Computational Fluid 

Dynamics or CFD. Experimental results are often used for the validation of CFD 

solutions, this process is called validation. 
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    After validation and given the uncertainties associated with the wind, a 

probabilistic approach is essential. The calculations are implemented by a 

probabilistic design system where the values of the input variables are generated 

randomly or by prescribed samples (using the response surfaces and 6 methods), 

and we seek the influence uncertainties in the calculation of the aerodynamic 

coefficients of the blade. This can give the engineer a more robust way to design it. 

 

3 Turbulence models 

 
To solve these unstable original Navier-Stokes equations, turbulence models are 

used to introduce mean and fluctuating quantities to produce Averaged Navier-

Stokes Equations (RANS).  

The range of turbulence models used today varies from simple algebraic 

equations to turbulence models with 2nd order differential equations [1, 2, 3]:  

  The purely laminar flow model, in which the Reynolds stresses disappear. 

  Turbulent models that replace Reynolds stresses with turbulent viscosity: 

 The closure model with a transport equation, the turbulent viscosity 

is calculated using a differential equation for the transport of 

turbulent kinetic energy. The Spalart-Allmaras model is a typical 

representative.  

 The closure model with two transport equations, the turbulent 

viscosity is determined from two differential equations. This includes 

the k-ε model, k-ω model, and k-ω SST model based on shear stress 

transport. 

  Reynolds stress models, which calculate the different components of the 

Reynolds tensor and take into account the anisotropy of turbulence. 

 Modeling unsteady flows: the application of RANS models to highly 

unsteady flows involves solving the RANS equations in their unsteady form, 

actually leading to the unsteady Reynolds-averaged Navier–Stokes 

equations approach URANS, also called very large eddy simulation or 

VLES technique. 

The precision of the numerical solution increases with the increase in the 

complexity of the turbulence models. However, the computing time increases 

dramatically, especially if they require a very thin computing network.  

 

4 Probabilistic study 

 
 The probabilistic study should make it possible to describe the behavior of the 

uncertain variables of the system (the wind speed and the angle of attack for our 

study case) and the correlations between these uncertainties. It is not a question of 

modeling the system by a set of fixed input parameters but of characterizing and 

quantifying the uncertainty associated with these parameters. Thus, in the 

probabilistic model the set of input parameters gives way to a set of probability 

laws, each characterizing the variation of a parameter. ANSYS Probabilistic Design  
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System is an engineering design methodology that aims to produce high quality 

systems, by systematically studying the effects of variations in design parameters 

on system performance. The probabilistic design can be used to determine the effect 

of one or more several variables on the result of the analysis [5]. 

 

4.1 Response Surface Method 

 

The Response Surface Method (RSM) was born from the desire to represent the 

fluctuations of a quantity representative of a phenomenon - called response - as a 

function of random variables called "stimuli". The response surface methods are 

based on the fundamental assumption that the influence of random input variables 

on random output parameters can be approximated by a mathematical function. The 

response of a system to stimuli random variables can be obtained by successive 

physical models (called the physical response surface), or by fitting a mathematical 

function (called the analytical response surface), generally of polynomial form, on 

a database. In the general case, we call response surface, the geometric 

representation of the response of a random spatio-temporal physical process to 

variables ‘stimuli’. The property studied, or response Y, then results from the 

transfer by an explicit response function, or transfer function, of the input variables 

of the system, the change in the values of these variables leading to a change in the 

value of the response function. This transfer of variables ’stimuli’ can be 

represented by the diagram in figure 1. 

 

 
 

Figure 1: Transfer function Diagram 

 

 

4.2 Six Sigma analysis 

 
A Six Sigma analysis allows to determine how the uncertain model inputs affect 

the results of an analysis. An uncertainty (or random quantity) is a parameter whose 

value is impossible to determine at a given moment (if it depends on time) or at a 

given place (if it depends on place), wind speed is an example. It is impossible to 

know with precision what will be the wind speed and its direction in a day in a given 

city. SSA uses statistical distribution functions (such as Gaussian, normal, uniform, 

etc.) to describe uncertain parameters. It helps determine whether your product 

meets Six Sigma quality criteria. A product has Six Sigma quality if only 3.4 parts 

out of 1 million manufactured fail. This definition of quality is based on the 

assumption that an output parameter relevant to the assessment of quality and 

performance follows a Gaussian distribution [4]. 
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5 Numerical simulation 

 
5.1 Validation of the turbulence model 

 
The S809 airfoil is simulated with ANSYS CFX and the results are compared 

with wind tunnel experience [10]. The results show that the k-ε model, k-ω model, 

and k-ω SST model give the same values of Cp. The comparisons between the 

results of the numerical simulation and the experimental measurements carried out 

in a wind tunnel have given satisfactory results. However, some points of 

comparison presented significant errors that can be reduced by using a more refined 

mesh around the profile. For the other aerodynamic coefficients (lift coefficient, 

drag coefficient, etc.), several studies have shown that the k-ω SST turbulence 

model gives good results [1]. 

 

 
 

Figure 2: Pressure coefficient Cp for different turbulence models compared to the 

experimental values for α = 14.24 °. 

 

5.2 Probabilistic results 

 

    After validating the numerical model of the S809 profile, we have found that 

aerodynamic modeling of the flow around the wing must take into account the 

propagation of uncertainties by relying on a probabilistic modeling of fluctuations 

in flow parameters. This approach is often called probabilistic fluid modeling, it 

aims to establish the impact of uncertainties on the flow response. These 

uncertainties are mainly composed by the randomness of the input parameters (or 

factors). One of the most commonly used probabilistic experimental designs for 

optimization is the Response Surface Methodology (RSM), because it allows to 

assess the effects of several factors and their interactions on one or more output 

variables. 
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   In our case, we considered the probabilistic analysis of the wing response with 

the wind speed and angle of attack as input parameters. The performance of a wing 

is evaluated from the aerodynamic coefficients (Cl and Cd). 

     In figure 3, we present the construction of the design points for each factor 

(velocity and angle of attack) using Latin hypercube sampling. 

 

 

 
 

 

Figure 3: Design of experiments for Response Surface Method. 

    

 

 

 Figure 4 shows three-dimensional (3D) representations of the interaction between 

the combined effects of velocity and angle of attack on the lift coefficient Cl and 

the drag coefficient Cd. They represent the response surfaces dealing with the 

aerodynamic behavior of the wing, calculated by the genetic aggregation method. 

 

 

 

 
 

 

Figure 4: 3D representation of the response surface for lift and drag coefficients 

using RSM. 
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Figure 5: Local sensitivities for the aerodynamic coefficients (Cl et Cd). 

    

 

Building the response surface also allows us to perform sensitivity analysis, i.e., to 

see how much the objective changes when each variable changes. sensitivity 

analysis allows us to figure out the most important variables to design for, and thus 

reduce the computational cost of the optimization. As shown in the figure 5, it is 

quite clear that the angle of attack parameter largely influences the output 

parameters (Lift coefficient and drag coefficient). 

    Similar to the response surface method, to perform an analysis probabilistic, one 

or more input parameters must be defined as random variables. In Six Sigma 

analysis, the only difference is that by assigning statistical distributions to the 

desired variables and entering the statistical parameters required (e.g., mean, 

standard deviation). For our case, we choose the same input parameters with a 

Gaussian distribution. 

 

Table 1 : Input parameters properties. 

 
 

  
 

Figure 6: Distribution function of the input parameters: Velocity and Angle of 

attack 

 Lower Bound   

 
 

Bound 

Upper Bound 

Bound 

Distribution 

type  
type 

Mean Standard    

Deviation 
Devia 

 Deviation Velocity 36,048 66,95 Normale 51,5 5 

Angle of attack -1,211 29,691 Normale 14,24 5 



8                                                                               Jaouad Smily and Bouchaib Radi 

 

 

 
 

Figure 7: Global sensitivities for the aerodynamic coefficients (Cl et Cd) using Six 

Sigma method. 

 

   We notice that the influence of the angle of attack’s parameter is remarkable on 

the two aerodynamic coefficients (Cl and Cd) with respect to that of the velocity, 

which confirms the results obtained by the application of the response surface. 

   After carrying out the probabilistic study (RSM,6), we see that the angle of 

attack is the input which has a direct influence on outputs Cl and Cd. 

 

 

6 Conclusion 

 
   In the first part of this work, we validated the results of the numerical 

simulation under ANSYS CFX by comparing them to the experimental results. 

The results showed that the three turbulence models k-ω, k-ε and k-ω SST give 

the same values of the pressure coefficient Cp. Subsequently, given the uncertain 

nature of the wind and to explore the relationships between the input and output 

variables, we approached the probabilistic study with the response surface 

method and Six Sigma analysis in order to be able to quantify the effect of the 

input random variables on the responses because they are an integral part of the 

decision making of the reliable design of the wind turbine, and we have detect 

the input variable which considerably influences the aerodynamic behavior of 

the latter. 
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