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10 A B S T R A C T1112
In this study, advanced design technique has been introduced to determine the radial local chord13
distribution on the rotor blades of Horizontal Axis Wind Turbines (HAWTs) based on an inverse14
CFD actuator disk method combined with linearization of both the chord and twist distribu-15
tions. The overarching goal was to refine HAWT rotor blade design for enhanced aerodynamic16
performance. The proposed design methodology, embedded into a custom axisymmetric Com-17
putational Fluid Dynamics (CFD) subroutine based on the actuator disk model in OpenFOAM,18
incorporates key aerodynamic factors such as turbulence, viscosity, and both two-dimensional19
and three-dimensional flow field properties. Results from this innovative approach indicate that20
rotor models crafted using our algorithm significantly outperform those based on traditional the-21
ories in terms of efficiency and consistency. Comprehensive aerodynamic analyses focusing on22
the power coefficient and annual energy production (AEP) across various incoming free stream23
velocities show that the optimized model improves power coefficient by up to 70% and AEP by24
17.64% compared to the baseline model. Additionally, the optimized model demonstrates a 15%25
reduction in velocity deficit, enhancing the potential for optimizing wind farm layouts.26

27

Nomenclature28

Abreviations29
ADM Actuator Disk Method30
AEP Annual Energy Production31
AMWS Annual Mean Wind Speed32
BEM Blade Element Momentum33
CFD Computational Fluid Dynamics34
HAWT Horizontal Axis Wind Turbines35
HPC High Performance Computing36
MEXICO Model EXperiments In Controlled cOnditions37
NREL National Renewable Energy Laboratory38
SIMPLE Semi-Implicit Method for Pressure-Linked Equation39
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Symbols40
𝛼 Angle of attack (deg)41
𝛼𝑜𝑝 Optimum angle of attack (deg)42
𝛼𝑠 3D stall angle of attack (deg)43
𝛽 Twist angle (deg)44
𝜂 Rotor efficiency (%)45
𝛾 Coning angle (deg)46
𝜆 Tip Speed Ratio47
𝜆𝑟 Local Tip Speed Ratio48
Ω Speed of rotation (rad/s)49
𝜙 Flow angle (deg)50
𝜎 The rotor local solidity51
𝜃0 Pitch angle (deg)52
𝜉 Blade chord and twist linearization root53
𝑎, 𝑎′ Axial and Tangential induction factors54
𝑐 Local chord at given radial station (m)55
𝑐′ Weibull scale parameter (m/s)56
𝐶𝑙, 𝐶𝑑 The corrected lift and drag coefficients57
𝐶𝑛, 𝐶𝑡 Normal and Tangential force coefficients58
𝐶𝑝 Rotor power coefficient59
𝐶𝑇 Rotor thrust coefficient60
𝑑𝑃 Elementary power output (W)61
𝑑𝑄 Elementary mechanical torque (N.m)62
𝑓𝜃 Tangential volume force component (N/m3)63
𝑓𝑠, 𝑓𝑑 Shift parameter and Separation factors for the lift and for the drag coefficients variation64
𝑓𝑧 Axial volume force component (N/m3)65
𝑘′ Weibull shape parameter66
𝑃 Power output (W)67
𝑃𝑤𝑖𝑛𝑑 Kinetic energy of the wind (W)68
𝑄 Mechanical torque (N.m)69
𝑅 Rotor radius (m)70
𝑟 Local radial station (m)71
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𝑇 Thrust force (N)72
𝑈0 Free stream velocity (m/s)73
𝑈𝐷𝑒𝑠𝑖𝑔𝑛 Design wind speed (m/s)74
𝑈𝑛 Normal component of the flow velocity relative to blade local station (m/s)75
𝑈𝑟𝑒𝑙 Flow velocity relative to the blade radial station (m/s)76
𝑈𝑡 Tangential component of the flow velocity relative to blade local station (m/s)77

1. Introduction78
In the last decades, renewable energy has become a pertinent alternative energy source of the fossil fuels due79

to their harmful environmental impact and huge carbon dioxide gas emissions causing the mostly well-known green80
house effect [1]. Wind energy as sustainable, clean and renewable energy source has been considered as one of the81
most efficient alternatives where it has known a large amount development in the previous years [2]. Mainly, wind82
turbines converts the kinetic energy of the wind to an electrical power used to supply human needs. As the wind83
turbine blades represents the key element for the wind kinetic energy absorption, it should be effectively designed to84
capture as much power as possible yielding high mechanical system efficiency as well as decreasing the energy cost85
[3]. The main purposes of the aerodynamic design and optimization of wind turbines is to find the best way among86
several candidate’s approaches, based on computer codes, providing the highest accuracy as well as easiest and fastest87
predictions [4]. Basically, the annual energy capacity [5], the maximum power output [6] and the energy cost [7] are88
considered as the most selected objective functions used during the Horizontal Axis Wind Turbine (HAWT) design89
and optimization process.90

Accurate predictions of loads remain crucial during the design process of HAWT rotor blades; a certain over/under91
estimation of the aerodynamic performances leads to system being over/under designed which affects mainly the energy92
costs. Primarily, three formulations are presented in the literature to fulfill the aerodynamic analysis around HAWT93
rotor which are classified as follows: (i) Integral methods (Blade Element Momentum (BEM) method [8, 9, 10],94
Vortex lattice method [11], Vortex/Source panel methods [12], etc), (ii) Hybrid methods (including: Actuator disk95
method [13, 14, 15], Actuator line method [16, 17], and Actuator surface method [18, 19]) and (iii) Full Navier-Stokes96
method [20, 21, 22, 23, 24]. The Full Navier-Stokes method turns out to be the most accurate method for HAWT97
performance predictions as well as the wake study around the rotor [20, 10]. However, it remains expensive due to98
the long calculation time and high performance computing requirements which continues to display irregularities for99
industrial purposes [22].100

The concept of the actuator disk, particularly in its analytical iterations such as the Blade Element Momentum101
(BEM) method, has become the predominant model for predicting the performance and facilitating the design and102
optimization of rotor blades for HAWT [9, 25, 26]. Originally introduced by Rankine [27] and Froude [28] for propeller103
applications, the model was initially conceptualized as a stationary disk. Subsequent enhancements by Joukowski [29]104
incorporated the dynamics of a rotating disk, and Betz [30] later quantified the maximum power extraction achievable105
by an ideal rotor. Further refinements by Glauert [31] integrated two-dimensional flow effects and the impact of blade106
loads on the HAWT rotor, leading to the formalization of the BEM method. This method merges blade element theory,107
which computes lift and drag forces along the blade span, with momentum theory, assessing the momentum balance108
within the annular stream tube as it passes through the rotor [32].109

Widely adopted by both industrial and academic entities, the BEM method serves as a cornerstone for the design,110
optimization, and performance analysis of HAWTs [9, 25, 33, 8]. Techniques such as the inverse BEM [34, 35]111
and the inverse actuator disk method [36, 37] enable the determination of non-linear chord and twist distributions112
along the turbine blade at the initial design stages [32]. Linearization of these distributions is critical for simplifying113
construction and reducing material costs. Several strategies for linearizing the blade chord have been proposed. For114
instance, Tahani et al. [38] evaluated multiple airfoil families to design a 1 MW HAWT and identified the optimal115
blade span positions for maximizing power output, suggesting that the most effective region for chord linearization116
lies between 53% and 67% of the blade span. Additionally, Yang [33] conducted an extensive investigation on the117
NREL-5MW baseline wind turbine using the NREL-FAST code, aiming to enhance its aerodynamic performance118
through chord linearization techniques. The results indicated significant improvements in performance, particularly at119
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lower wind speeds. More recently, Alkhabbaz et al. [39] undertook an aerodynamic study for a 10 kW HAWT design120
based on ideal distributions of chord and twist, subsequently applied to a realistic rotor model, and determined that121
the radial station at 𝑟∕𝑅 = 0.3 offers an optimal root for linearization processes. This design approach aligns with the122
safety standards stipulated by the International Electrotechnical Commission (IEC) in IEC 61400-2, which outlines123
guidelines for small wind turbines, defined as those with a rotor swept area less than 200 square meters and a rated124
output around 50 kW [40].125

Despite analytical methods use fast processing one-dimensional (1D) codes providing pretty good results, however,126
they posses specific critical aspects [41]. In contrary to the Full Navier-Stokes method, the BEM method is known as127
low order rotor model which relies on the flow independence principle neglecting the interaction between contiguous128
span wise positions flow effects. The mentioned independency causes the resulting thrust and torque to be over-129
estimated [42]. Corrections are primordial to account the pressure equalization along the rotor blade causing the130
sectional axial and tangential forces being over-predicted. Mainly, two different techniques have been embraced as an131
approach to correct low order type methods [41, 43, 44]:132

• The first concept consists on correcting the resulting rotor blade loads prior to their application to the flow field.133
• The second approach corrects the 2D lift and drag coefficients to adopt 3D behavior which rely on the lift134

coefficient increment and the drag coefficient decrement.135
In addition to the limitations mentioned above, the BEM method requires additional corrections for the momentum,136

the turbulence, viscosity and the 2D/3D flow field considerations [31, 45].137
The literature shows clearly the limitation of the most used BEM method to design HAWT which excludes the138

effects of turbulence, viscosity, pressure non-uniformity and the 2D/3D flow field considerations. In this paper, an139
analytical local chord distribution over the rotor blade, local chord and twist linearization technique have been proposed.140
For this purpose, the HAWT rotor has been described by a CFD axisymmetric Actuator Disk Method (ADM) and the141
flow-field has been modeled by the RANS equations coupled to the mostly well-known two equations 𝑘 − 𝜔 SST142
turbulence model [46]. The mathematical model developed has been integrated into a subroutine in OpenFOAM. The143
accuracy of this numerical method was validated using the MEXICO rotor [47, 48]. Additionally, the effectiveness of144
the design algorithm was demonstrated by optimizing the aerodynamics of both the MEXICO and the NREL Phase145
VI small HAWT [49, 50].146

2. Mathematical Model147
2.1. Actuator Disk Model148

𝑟

Ԧ𝑟

θ

Ԧ𝑧

𝑑𝐴 = 𝐴𝑐𝑒𝑙𝑙

(a) (b)

𝑈0

𝑨

𝑑𝐹𝑧

𝑑𝐹𝜃

Figure 1: Actuator disk concept.
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The Actuator Disk Concept encapsulates the simplified mathematical representation of a real horizontal axis wind149
turbine (HAWT) structure. It conceptualizes the rotor as a circular cone, delineated by the rotor’s swept area 𝐴. The150
cone’s base, with a diameter of 𝑅 cos(𝛾), models the physical impact of the rotor on the flow field. In this model,151
𝛾 represents the coning angle, typically varying from 0◦ to 10◦, and 𝑅 is the length of the rotor blade. The rotor’s152
external forces, calculated for each mesh cell within the actuator disk volume, oppose the incoming airflow and induce153
a pressure differential. Notably, this generalized model stipulates that the rotor-induced forces impart no radial force154
(𝑑𝐹𝑟 = 0), resulting in forces being broken down into axial (𝑑𝐹𝑧) and tangential (𝑑𝐹𝜃) components as illustrated in155
Fig. 1.(a).

Figure 2: Sectional forces and velocity vectors relative to the blade radial station 𝑟.

156
The Blade Element Theory offers a prevalent framework for estimating sectional forces along the rotor blades157
of a HAWT. Typical rotors are comprised of 𝐵 blades, each extending a length 𝑅, with speed of rotation Ω and a158
predefined pitch angle 𝜃0. The blade’s chord 𝑐 and twist 𝛽 are configured to ensure radial variation from the root to the159
tip. Sectional loads, generated by the rotor and acting at a specific radial position 𝑟, derive from the aerodynamic lift160
and drag as shown in Fig. 2. Here, the relative flow velocity 𝑈𝑟𝑒𝑙 at the blade’s radial station decomposes into normal161
𝑈𝑛 and tangential 𝑈𝑡 components:162

𝑈𝑟𝑒𝑙 =
√

𝑈2
𝑛 + 𝑈2

𝑡 (1)
163

where 𝑈𝑛 = −𝑢𝑗𝑧𝑗 and 𝑈𝑡 = (Ω𝑟 − 𝑢𝑗𝜃𝑗) (2)
Here, 𝑢𝑗 denotes the local velocity component, with 𝑧𝑗 and 𝜃𝑗 representing the cosine directors of the unit vectors 𝑧164
and 𝜃.165

The geometric angle of attack 𝛼 is defined as:166

𝛼 = arctan(
𝑈𝑛
𝑈𝑡

) − (𝛽 + 𝜃0) (3)

To integrate the actuator disk’s assumption of an infinite number of blades, adaptations like the tip loss correction167
factor proposed by Shen et al. [45] have been incorporated, enhancing the Navier-Stokes based actuator approaches:168

𝐹 = 2
𝜋
cos−1[exp(−𝑔

𝐵(1 − 𝑟
𝑅 )

2 𝑟
𝑅 sin𝜙

)] (4)
169

𝑔 = exp(−𝑎(𝐵𝜆 − 𝑏)) + 0.1 (5)
where 𝑎 and 𝑏 are constants of 0.125 and 21 respectively.170
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Based on Blade Element Theory, the resultant blade sectional loads in the axial 𝑓𝑧 and tangential 𝑓𝜃 directions at171
a given radial station 𝑟 are expressed as:172

𝑓𝑧 =
1
2
𝜌𝑈2

𝑟𝑒𝑙𝑐𝐹𝐶𝑛 where 𝐶𝑛 = (𝐶𝑙 cos𝜙 + 𝐶𝑑 sin𝜙) (6)
173

𝑓𝜃 = 1
2
𝜌𝑈2

𝑟𝑒𝑙𝑐𝐹𝐶𝑡 where 𝐶𝑡 = (𝐶𝑙 sin𝜙 − 𝐶𝑑 cos𝜙) (7)
The actuator disk subroutine operates using the O-type structured hexahedral mesh cells as shown in Fig. 1.(b).174

The resultant external loads applied by the HAWT rotor, computed at discrete points defining the mesh cell center175
located inside the predefined cylindrical actuator disk volume, are expressed as follows:176

𝑑𝐹𝑖 = 𝐹𝑐𝑒𝑙𝑙,𝑖 = 𝐵𝑓𝑖𝑑𝑟
𝑟𝑑𝜃
2𝜋𝑟

= 𝐵
2𝜋

𝑓𝑖
𝐴𝑐𝑒𝑙𝑙
𝑟

(8)

The source term 𝑆𝑖, representing the external forces, should be introduced in the momentum equation as a volume177
force, resulting in the following expression:178

𝑆𝑖 =
𝐹𝑐𝑒𝑙𝑙,𝑖

𝑉𝑐𝑒𝑙𝑙
(9)

Once the sectional forces are estimated, the aerodynamic performances of the simulated HAWT can be evaluated179
as follows:180

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

𝑑𝑄 = 𝑑𝐹𝜃 × 𝑟
𝑑𝑃 = 𝑑𝑄 × Ω
𝑃𝑤𝑖𝑛𝑑 = 1

2𝜌𝐴𝑈
3
0

𝑇 = 𝐵
∑𝑛

1 𝑑𝐹𝑧
𝑃 =

∑𝑛
1 𝑑𝑃

𝐶𝑝 =
𝑃

𝑃𝑤𝑖𝑛𝑑

(10)

where 𝑑𝑄, 𝑑𝑃 , 𝑃𝑤𝑖𝑛𝑑 , 𝑇 , 𝑃 and 𝐶𝑝 denote, respectively, the elementary torque, the elementary mechanical power,181
the wind kinetic energy, the rotor thrust force, the total mechanical power and the rotor power coefficient.182

2.2. 3D flow correction model183
The fundamental operation of the actuator disk model assumes a quasi two-dimensional flow, neglecting the interac-184

tions at various radial sections. However, practical scenarios typically involve spanwise flows, which are not accounted185
for by the simplistic blade element method [44]. Therefore, it becomes imperative to apply three-dimensional correc-186
tions to better represent the effects of blade rotation. This study incorporates a correction model from the recent work187
of Hamlaoui et al. [51], described briefly below in the context of HAWT performance:188

{

𝐶𝑙 = (1 + 𝑓𝑠)𝐶𝑙,2𝑑
𝐶𝑑 = (1 + 𝑓𝑑)𝐶𝑑,2𝑑

(11)

The correction to the lift coefficient utilizes a Gaussian function, as shown in Eq. (11), where the parameters 𝑎, 𝛼𝑠, and189
𝑑 signify the amplitude, the angle of attack at maximum lift (or 3D stall angle), and the width of the peak, respectively.190
These parameters are set as follows: 𝑎 = 1.55, 𝛼𝑠 = 24.96

(

𝑟
𝑅

)−0.117, and 𝑑 = 9.5.191

𝑓𝑠(𝛼,
𝑟
𝑅
) = 𝑎(1 − ( 𝑟𝑅 )

2) exp(−( 𝛼−𝛼𝑠𝑑 )2) (12)
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Regarding the drag coefficient, they suggested modifications to the widely recognized Chaviaropoulos and Hansen192
drag correction model [52], which initially overestimates certain aspects, to refine its predictions. The modified ex-193
pression is:194

𝑓𝑑 = 𝑎ℎ(
𝑐
𝑟 )

ℎ cos𝑛(𝛽) (13)
where 𝑎ℎ is adjusted to 1.2 from the original 2.2, with ℎ = 1 and 𝑛 = 4.195

3. Governing Equations196
The flow field around the HAWT rotor is analyzed using the Reynolds Averaged Navier-Stokes (RANS) approach,197

where the resulting time-averaged equations are presented as follows:198
𝜕𝑢𝑖
𝜕𝑥𝑖

= 0 (14)

𝑢𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗

= −1
𝜌
𝜕𝑝
𝜕𝑥𝑖

+ 𝜕
𝜕𝑥𝑗

[(𝜈 + 𝜈𝑡)
𝜕𝑢𝑖
𝜕𝑥𝑗

] + 𝑆𝑖 (15)

Here, 𝑢𝑖 represents the fluid absolute velocity, 𝑝 is the pressure, and 𝜈 and 𝜈𝑡 denote the kinematic laminar and199
turbulent viscosity, respectively. 𝑆𝑖 is the source term representing the actuator disk body force acting upon the flow200
field. For the closure of the RANS algebraic system of equations, the two-equation 𝑘-𝜔 Shear Stress Transport (SST)201
turbulence model is utilized, known for its efficiency in prediction and less sensitivity to free stream conditions [53].202

4. HAWT Design203
In the present section, the local chord distribution, the local chord and twist linearization techniques and the new204

design process algorithm, applied for HAWT design, will be developed and presented.205

4.1. Local chord distribution206
Fig. 2 depicts the sectional forces and velocity vectors relative to the blade radial station obtained based on the207

blade element theory. The equations used to calculate both the elementary axial and tangential force components are208
presented as follows:209

{

𝑑𝐹𝑛 =
1
2𝐵𝜌𝑈

2
𝑟𝑒𝑙𝑐𝐹𝐶𝑛𝑑𝑟

𝑑𝐹𝑡 =
1
2𝐵𝜌𝑈

2
𝑟𝑒𝑙𝑐𝐹𝐶𝑡𝑑𝑟

(16)

On the other side, the elementary axial and tangential force components can be determined based on the conserva-210
tion of momentum principle yielding the following equations [54]:211

{

𝑑𝐹𝑛 = 4𝑎(1 − 𝑎)𝜌𝑈2
0𝐹𝜋𝑟𝑑𝑟

𝑑𝐹𝑡 = 4𝑎′ (1 − 𝑎)𝜌𝑈0Ω𝐹𝜋𝑟2𝑑𝑟
(17)

The analytical formulations found in the literature, applied to extract the local chord distribution along the blade212
span direction, are mainly based on the axial force component because of the challenging and unpredictable conditions213
caused by wind shear and trailing vortices, which greatly affect the sensitivity of the tangential force component [55].214
Nevertheless, from a technical point of view, the optimum design shape for a given rotor diameter is a HAWT which215
captures as much power as possible. Manwell [54] has demonstrated that an optimal blade shape should account for216
the impact of wake rotation while disregarding drag coefficient (𝐶𝑑= 0) and tip losses (𝐹= 1). Thus, the impact of217
axial and tangential force components would be included in the development of the new analytical model for local218
chord estimation along the blade radial stations.219
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The division of the elementary tangential force component to the axial force component yields the following ex-220
pression:221

𝑎′

𝑎
= 1

𝜆𝑟

𝐶𝑡
𝐶𝑛

≈ 1
𝜆𝑟

𝑡𝑎𝑛(𝜙) where ∶ 𝜆r is the local tip speed ratio (18)
By equalizing both Eq. (16) and Eq. (17) for the elementary tangential force component than multiplying and dividing222
it by Ω and dividing both sides by the global radius 𝑅, a more concise expression for the local chord distribution is223
obtained, presented as follows:224

𝑐(𝑟)
𝑅

=
2𝜋𝐶𝑇

𝐵𝐶𝑙𝑠𝑖𝑛(𝜙)
𝑈2
0

𝑈2
𝑟𝑒𝑙

𝜆𝑟
𝜆
𝑡𝑎𝑛(𝜙) (19)

where 𝜆 = Ω𝑅
𝑈0

is the global tip speed ratio.225
The main objective, to develop a consistent chord distribution, consists on optimizing the output mechanical power226

as well as the rotor efficiency (𝜂) of the HAWT rotor. Thus, the thrust coefficient would be replaced based on the227
efficiency formulation expressed as follows:228

𝜂 = 𝑃
𝑇𝑈0

=
𝐶𝑝

𝐶𝑇
(20)

During the HAWT design process using a given airfoil profile at a predefined Reynolds number, the optimum229
design point is chosen as the angle of attack (𝛼𝑜𝑝) providing the highest glide ratio ( 𝐶𝑙,𝑜𝑝

𝐶𝑑,𝑜𝑝
) which must be conserved230

along the rotor blade. At this design point, the HAWT rotor is expected to operate at the optimal conditions where the231
axial induction factor 𝑎 → 1

3 providing a maximum power generation (𝐶𝑝=𝐶𝑝,𝑚𝑎𝑥= 16
27 ), maximum efficiency (𝜂= 2

3 ).232
Consequently, the yielding optimal chord distribution formulation is expressed as follows:233

𝑐(𝑟)
𝑅

= 16𝜋
9𝐵𝐶𝑛,𝑜𝑝

𝑈2
0

𝑈2
𝑟𝑒𝑙

𝜆𝑟
𝜆

(21)
234

4.2. Blade chord and twist linearization235
From a technical perspective, it is essential to linearize the chord and twist distributions to streamline the manu-236

facturing process and minimize material costs [39]. In our study the blade tip would be considered as fixed root for the237
linearization process while any radial station along the blade span could be considered as root in order to determine238
the floating amount of first profiled span wise position providing the best rotor performances. Thus, the linear chord239
and twist distribution can be estimated as follows:240

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑐(𝑟𝑖) = 𝑐𝑟𝑜𝑜𝑡 + [ 𝑐𝑡𝑖𝑝−𝑐𝑟𝑜𝑜𝑡
( 𝑟
𝑅 )𝑡𝑖𝑝−(

𝑟
𝑅 )𝑟𝑜𝑜𝑡

](( 𝑟𝑅 )𝑖 − ( 𝑟𝑅 )𝑟𝑜𝑜𝑡)

𝛽(𝑟𝑖) = 𝛽𝑟𝑜𝑜𝑡 + [ 𝛽𝑡𝑖𝑝−𝛽𝑟𝑜𝑜𝑡
( 𝑟
𝑅 )𝑡𝑖𝑝−(

𝑟
𝑅 )𝑟𝑜𝑜𝑡

](( 𝑟𝑅 )𝑖 − ( 𝑟𝑅 )𝑟𝑜𝑜𝑡)
(22)

4.3. Design process algorithm241
The actuator disk concept represents an idealized rotor through a mathematical model grounded on four primary242

assumptions: (a) the flow of fluid through the control volume is idealized as inviscid, incompressible, and irrotational243
without the influence of turbulence, (b) it presumes an infinitely large number of blades, (c) it assumes that the flow244
is uniform and one-dimensional across the surface of the disk, and (d) it considers that the static pressure remains245
unchanged both far upstream and downstream of the rotor. Even though, different corrections have been proposed246
to take into account some limitations [29, 30, 31, 45], the analytical approach is still inconsistent and breakdown for247
several cases. To account of the turbulence, viscous, the non-uniformity and the 2D/3D flow field considerations, a248
hybridisation of the BEM/Navier-Stokes equations, during the design process of the blade, has been carried out in the249
present work. The whole design algorithm, governing the chord and twist computations, has been summarized in two250
main parts.251
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Selection of design parameters  

(𝑹, 𝑩, 𝑼𝟎, 𝜶𝒐𝒑) 

Primary blade design 

Compute 𝑼𝒓𝒆𝒍 using Eq. (1) and Eq. (2) 

Compute 𝜷𝒐𝒑 using Eq. (3) 

Compute 𝒄(𝒓) using Eq. (21) 

Run SIMPLE algorithm 

Compute 𝒇𝒛, 𝒇𝜽 using Eq. (6) and Eq. (7) 

Compute  𝑭𝒄𝒆𝒍𝒍,𝒊, 𝑺𝒊 using Eq. (8) and Eq. (9) 

Check the SIMPLE algorithm convergence 

based on pressure and velocity residuals 

𝒄(𝒓) and 𝜷(𝒓) Linearization using Eq. (22) 

No 

Figure 3: Flow chart of the primary blade design, local chord and twist linearization algorithm.

The primary blade design, chord and twist linearization algorithm providing both the non-linear and the linear252
chord and twist distributions, as depicted in Fig. 3, has been highlighted as follows:253

1. Select the design parameters (𝑅,𝐵,𝑈0,𝛼𝑜𝑝).254
2. Run the Semi-Implicit Method for Pressure-Linked Equation (SIMPLE) algorithm.255
3. Compute the flow velocity relative to the blade radial station (𝑈𝑟𝑒𝑙) using Eq. (1) and Eq. (2).256
4. Compute the optimal twist angle of the primary design using Eq. (3).257
5. Compute the local chord using Eq. (21).258
6. Compute the sectional forces 𝑓𝑧 and 𝑓𝜃 using Eq. (6) and Eq. (7) respectively.259
7. Compute the surficial forces 𝐹𝑐𝑒𝑙𝑙,𝑖 and the source term 𝑆𝑖 using Eq. (8) and Eq. (9).260
8. Check the SIMPLE algorithm convergence based on pressure and velocity residuals, repeat from Step (3) or else261

finish.262
9. Process the chord and twist linearization using Eq. (22).263
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Figure 4: Actuator disk computational domain illustration.

5. Numerical Method264
The design and performance assessment of the actuator disk involved calculations performed with a custom Open-265

FOAM subroutine previously developed by Hamlaoui et al. [56, 13]. This subroutine utilizes the Finite Volume method266
for discretizing the Navier-Stokes equations in cylindrical coordinates.267

For simulations of axisymmetric flows, the computational domain is set up as a wedge geometry with a small angle268
(𝜃𝑤 ≤ 5𝑜), in accordance with guidelines from the OpenFOAM user manual [57] (refer to Fig. 4). This geometry is269
defined by a radial distance of 𝐿𝑟= 5D and an axial length of 10D. The domain along the axial direction is structured270
around the rotor center, segmented as follows:271

• The inlet boundary condition is positioned 4.5D upstream from the rotor’s central point.272
• The outlet is placed 5.5D downstream from the rotor center.273
• Near the rotor, the domain features a finely meshed area extending 1D in both the upstream and downstream274

directions, with a radial extent of 𝐿′
𝑟= 1D.275

The computational mesh throughout the domain employs an O-type structured hexahedral mesh, as illustrated in Fig.5,276
organized into 20 mesh blocks. The regions with significant flow gradient variations are finely meshed, while the277
remaining areas are discretized with a mesh of adequate size to guarantee the convergence of numerical solutions.278
According to the mesh sensitivity analysis discussed in Sec.A, the optimal configuration for actuator elements along the279
rotor blade span was found to be 𝑁𝑏= 128, with an optimal mesh size of D/128 for both the upstream and downstream280
refined areas. The total mesh comprised approximately 6.7x103 cells, which was implemented during the Horizontal281
Axis Wind Turbine (HAWT) design phase.282

The computational setup for the actuator disk method incorporates specific boundary conditions, outlined as fol-283
lows:284

• Inlet Boundary Condition: The domain’s inlet is defined by a uniform profile for velocity, turbulence kinetic285
energy, and specific dissipation rate as 𝑈 = (0, 𝑈0, 0), 𝑘 = (0, 𝑘0, 0), and 𝜔 = (0, 𝜔0, 0) respectively, where 𝑈0286
is the free stream velocity. The turbulence parameters 𝑘0 and 𝜔0 (initial values for turbulent kinetic energy and287
specific dissipation) are based on the OpenFOAM user guide [57], as demonstrated in Eq. (23). Here, 𝐼 , 𝐶𝜇, 𝐿,288
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Figure 5: O-type structured hexahedral mesh discritization over (a) the computational domain and (b) the wind turbine
rotor.

and 𝑙 represent the turbulence intensity, a constant value of 0.09, a reference length scale, and the characteristic289
flow length, approximately 0.7 times the HAWT blade radius, respectively.290

• Outlet Boundary Condition: A zero gradient condition is prescribed for velocity, turbulence kinetic energy,291
and specific dissipation rate at the outlet, with a pressure outflow specified for the pressure field.292

• Wall Boundary Condition: A slip condition is applied to the lateral wall boundaries to prevent shear stress293
effects on the flow.294

This arrangement ensures the computational model closely simulates the physical conditions anticipated in real-295
world scenarios involving an actuator disk.296

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑘0 =
3
2 (𝑈0𝐼)2

𝜔0 =
𝑘0.50

𝐶0.25
𝜇 𝐿

𝐿 = 0.07𝑙

(23)

For the computational fluid dynamics (CFD) simulations, we employed a second-order difference scheme to dis-297
cretize the spatial components of the Navier-Stokes equations, while the convective terms were handled using a second-298
order Gauss Upwind scheme. To address the axisymmetric Navier-Stokes equations for steady-state incompressible299
turbulent flows, the SIMPLE algorithm was utilized. Additionally, relaxation factors were implemented, with values300
set at 0.3 for pressure and 0.7 for other variables.301
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(a) (b)

Figure 6: Overview of (a) the NREL Phase VI rotor and (b) the MEXICO wind turbine blade.

6. Case study: application of the new algorithm to the NREL Phase VI and the MEXICO302
wind turbines303
To evaluate the effectiveness of the newly developed algorithm, simulations were conducted for the aerodynamic304

design and optimization of the NREL Phase VI and MEXICO HAWT, described as follows:305
The NREL (National Renewable Energy Laboratory) Phase VI wind turbine is equipped with a two-bladed, 10.058306

m diameter upwind rotor that operates at a constant rotational speed of 72 rpm in a counter-clockwise direction. The307
blade’s chord and twist change progressively from the root to the tip. The blades of the NREL Phase VI turbine have308
a general pitch angle of 𝜃0 = 3◦ and a coning angle of 𝛾 = 0◦, consisting of a uniform S809 aerodynamic profile309
from the aerodynamically profiled station at 𝑟

𝑅 = 0.25 to the tip, as illustrated in Fig. 6.(a). Although not extensively310
documented in literature, it is noted that the NREL Phase VI HAWT is expected to generate a nominal power of 19.8311
kW at a wind speed of 12 m/s. However, results from the NREL/NASA AMES Wind Tunnel Experiments indicated312
that the turbine’s mechanical power output does not surpass 10 kW due to sub-optimal blade characteristics.313

On the other hand, the MEXICO (Model EXperiments In Controlled cOnditions) wind turbine comprises a three-314
bladed, 4.5 m diameter upwind rotor that rotates at 425 rpm in the clockwise direction. The blade’s chord and twist315
also vary radially from root to tip. The MEXICO rotor blade features a global pitch angle of 𝜃0 = −2.3◦ and a coning316
angle of 𝛾 = 0◦. The blade utilizes three distinct aerodynamic profiles, depicted in Fig. 6.(b): DU91-W2-250 from317
20% to 45.5% of the radial position, RISØ-A1-21 from 54.4% to 65.5%, and NACA 64-418 from 74.4% to the blade318
tip. The MEXICO blade is optimized for peak performance at a wind speed of 15 m/s, corresponding to a tip-speed319
ratio (TSR) of 6.67.320

In this section, the primary design geometries derived from the proposed design algorithm would be introduced.321
This algorithm generates non-linear local chord and twist distributions for both the NREL Phase VI and MEXICO wind322
turbines. Additionally, these distributions would be linearized at various radial stations starting from different floating323
roots. The aim is to identify the most effective radial station for blade linearization. Following the optimization of blade324
characteristics, comparison of the best linearized pattern would be carried out with the design models obtained using325
the actual rotor models, as described in Sec. 6. This approach aligns with the methodology employed by Alkhabbaz326
et al. [39] in designing a 10 kW small HAWT. Subsequently, the optimal design approach would be assessed by327
examining the distribution of the power coefficient against the free-stream velocity, along with the annual energy328
production (AEP). This evaluation particularly considers the flow conditions prevalent in the In Salah region [58]. The329
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performance of the optimized design is compared against that of the baseline model. Lastly, given that the MEXICO330
wind turbine is the only HAWT model with comprehensive full-scale PIV measurements, the influence of aerodynamic331
optimizations on the expansion of the near wake would be explored at the design wind speed 𝑈Design.332
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Figure 7: The glide ratio variation ( 𝐶𝑙
𝐶𝑑

) versus the angle of attack 𝛼 for the S809, DU91-W2-250, RISØ-A1-21 and
NACA64-418 respectively [47, 48, 49, 50].
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Figure 8: The estimated maximum power coefficient versus the tip speed ratio 𝜆.

6.1. HAWT aerodynamic design333
Fig. 7 illustrates the variation of the glide ratio

(

𝐶𝑙
𝐶𝑑

)

with respect to the angle of attack (𝛼) across four aerodynamic334
profiles used in both the NREL Phase VI and MEXICO wind turbine blades. For the S809 profile on the NREL Phase335
VI rotor blade specifically designed for HAWT applications by the NREL, the glide ratio achieves a peak of 89.60 at336
an angle of attack 𝛼𝑜𝑝 = 6.16◦. This angle represents the optimal design point selected during the blade design phase.337
Conversely, for the MEXICO rotor blade airfoils, the highest glide ratios for the DU91-W2-250, RISØ-A1-21, and338
NACA 64-418 profiles occur at angles of attack of 6.28◦, 7.20◦, and 6.80◦, respectively. Technically, these turbines339
generate approximately 80% of their energy in the upper mid-span region of the blade, where the near-root section340
facilitates turbine start-up [59]. In this study, an optimal angle 𝛼𝑠 = 7◦ was selected for the design of the HAWT341
operating at a design wind speed 𝑈𝐷𝑒𝑠𝑖𝑔𝑛 = 15 m/s.342
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Figure 9: Radial distribution of the primary (1) chord (𝑐∕𝑅) and (2) twist (𝛽) over (a) the NREL Phase VI and (b)
MEXICO rotor blades.

Contrary to the MEXICO wind turbine, the NREL Phase VI HAWT does not have a specified design wind speed,343
𝑈Design, provided by its manufacturer. Consequently, extensive research has been conducted to ascertain the design344
wind speed that maximizes the aerodynamic performance based on Wilson et al.’s methodology [60], as shown in345
Eq. (24). This formula calculates the highest achievable power coefficient for wind turbines with an optimal blade346
configuration and a finite number of blades. Fig. 8 illustrates the variation of the maximum achievable power coefficient347
against 𝜆, indicating that the ideal tip speed ratio (𝜆 = 7.583) corresponds to an average incoming free stream velocity348
of 𝑈0 = 𝑈averaged = 5.00 m/s, yielding an optimal power coefficient, 𝐶𝑝, of 0.487. Therefore, a design wind speed of349
𝑈Design ≈ 7.00 m/s, calculated as 1.4 × 𝑈averaged, has been selected in alignment with the IEC 61400-2 standard for350
small HAWT designs. This has led to the adoption of a new rotational speed, Ω = 100.8 rpm, to preserve identical351
operational flow conditions.352

𝐶𝑝,𝑚𝑎𝑥 = (16
27

)𝜆[𝜆 +
1.32 + (𝜆−820 )2

𝐵
2
3

]−1 − 0.57𝜆2
𝐶𝑙
𝐶𝑑

(𝜆 + 1
2𝐵 )

(24)

Figure 9 illustrates the primary (a) local chord and (b) twist distributions along the rotor blade for the NREL Phase353
VI and MEXICO wind turbines, respectively. For the NREL Phase VI turbine, the chord variation, as described by354
Eq. (21), diminishes non-linearly from the root towards the blade tip. At the initial profiled radial station, 𝑟

𝑅 = 0.25, the355
maximum chord and twist are recorded at 𝑐∕𝑅 = 0.23 and 𝛽 = 13.29◦. Conversely, at the blade tip, the values decrease356
to 𝑐∕𝑅 = 0.0518 and 𝛽 = −2.09◦. In contrast, the primary design algorithm applied to the MEXICO wind turbine357
reveals maximum local chord and twist values of 𝑐∕𝑅 = 0.2 and 𝛽 = 22.15◦ at the first profiled station 𝑟

𝑅 = 0.20.358
At the tip, these values change to 𝑐∕𝑅 = 0.38 and 𝛽 = −1.77◦. Despite achieving substantial power coefficients of359
𝐶𝑝 = 0.4365 for the NREL Phase VI and 𝐶𝑝 = 0.476 for the MEXICO wind turbines, the complexity and high cost of360
manufacturing pose significant challenges. Therefore, linearization of the blade chord and twist, aimed at simplifying361
the manufacturing process, has been implemented as per Eq. (22).362

The linearization of the blade chord and twist was implemented according to Eq. (22), anchoring the analysis at363
the primary blade tip while designating the radial positions 𝜉 = (First profiled station, 0.3, 0.4,… , 0.8) along the blade364
span as the reference roots. This methodology was employed to pinpoint the initial profiled span-wise position that365
maximizes rotor performance. The resulting distributions of chord and twist, which are linear locally, are depicted in366
Fig. 10. It is important to note from a production perspective, a HAWT blade characterized by a linear distribution of367
chord and twist is generally simpler and more cost-effective to manufacture. A comparative analysis of the performance368
of these linearized geometries, particularly in terms of mechanical torque generated, was conducted to identify the369
optimal radial station for superior aerodynamic characteristics.370

Fig. 11 illustrates the predicted aerodynamic mechanical torque across various linearization roots for the (a) NREL371
Phase VI and (b) MEXICO wind turbines. In the case of the NREL Phase VI (Fig. 11.(a)), the aerodynamic torque372
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Figure 10: Radial distribution of the linearized (a) chord (𝑐∕𝑅) and (b) twist (𝛽) over the (1) NREL Phase VI and (2)
MEXICO rotor blades.
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Figure 11: The predicted aerodynamic mechanical torque, obtained at different linearization roots 𝜉, for the (a) NREL
Phase VI and (b) MEXICO wind turbines.

produced shows an increase with the rotor blade’s radial position, reaching a peak of 564 N.m at the linearization root373
of 𝜉= 0.4. Beyond this point, an increase in the linearization root reduces the torque, with the minimum observed at 𝜉=374
0.8. Conversely, the MEXICO wind turbine (Fig. 11.(b)) demonstrates its highest mechanical torque of 343.6 N.m at375
a linearization root of 𝜉= 0.3, which is distinct from the NREL case. This torque value diminishes as the linearization376
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root extends along the blade, bottoming out at 𝜉= 0.8. From these observations, the optimal radial position for root377
linearization concerning chord and twist adjustments on the rotor blade is determined to be within 𝜉= [0.3-0.4].378

6.2. HAWT aerodynamic performances study379

0 0.2 0.4 0.6 0.8 1

r/R

0

0.05

0.1

0.15

0.2

0.25

0.3

c
/R

(a)

NREL Phase VI

MEXICO

0 0.2 0.4 0.6 0.8 1

r/R

-5

0

5

10

15

20

25

 (
°)

(b)

Figure 12: Resulting (a) chord and (b) twist distributions for the NREL Phase VI and MEXICO rotor obtained using the
actual rotor model.

The initial task in this section is to determine the most efficient design method by employing blade linearization.380
It aims to evaluate the optimal linearized configurations against design outcomes derived from authentic rotor models,381
as outlined in Sec. 6. This strategy mirrors the process utilized by Alkhabbaz et al. [39] for the development of a382
10 kW small-scale HAWT. By implementing the genuine rotor model detailed in Sec. B, the design and optimization383
of the NREL Phase VI and MEXICO wind turbines have been accomplished, resulting in specific chord and twist384
distributions. These are illustrated in Fig. 12 and are characterized as follows:385

• The NREL Phase VI rotor: at the first profiled radial station (𝑟∕𝑅= 0.25), a maximum value of the local chord386
and twist of 𝑐∕𝑅= 0.186 and 𝛽= 6.00◦ have been obtained where at the blade tip radial station (𝑟∕𝑅= 1.00), a387
local chord and twist values of 𝑐∕𝑅= 0.0122 and 𝛽= -4.5◦ respectively have been recorded.388

• The MEXICO rotor: a maximum value of the local chord and twist of 𝑐∕𝑅= 0.13 and 𝛽= 10.43◦ have been389
recorded, at the first profiled span wise position (𝑟∕𝑅= 0.20), where local chord and twist values of 𝑐∕𝑅= 0.005390
and 𝛽= -5.20◦ respectively have been recorded at the blade tip radial station (𝑟∕𝑅= 1.00).391

To substantiate the results achieved, an analysis of the radial distribution of elementary torque along the rotor392
blades of the (a) NREL Phase VI and (b) MEXICO wind turbines has been conducted, as illustrated in Fig. 13. This393
analysis aims to evaluate the aerodynamic performance of both the original rotor models and a newly introduced394
design methodology, with the objective of identifying superior blade features for Horizontal Axis Wind Turbines395
(HAWT). The evaluation was performed at design wind speeds, with free stream velocities of (a) 𝑈𝐷𝑒𝑠𝑖𝑔𝑛 = 7.0m/s396
and (b) 𝑈𝐷𝑒𝑠𝑖𝑔𝑛 = 15m/s. For the NREL Phase VI rotor, depicted in Fig. 13.(a), the optimized model derived from the397
innovative design approach matches the aerodynamic performance of the original rotor model from the blade root to the398
mid-span. Beyond this region, the hybrid model demonstrates a marked enhancement in performance in the upper mid-399
span sections, unlike the original model which exhibits a decline. In the case of the MEXICO wind turbine, as shown in400
Fig. 13.(b), the original rotor design underperforms across the entire blade length, from root to tip, in comparison to the401
hybrid model. Notably, significant improvements are observed at the upper mid-span, where the primary mechanical402
torque of the wind turbine is generated. These outcomes validate that the aerodynamic characteristics predicted by the403
new HAWT model design are superior throughout the rotor blade, thus confirming the efficacy of the newly proposed404
design algorithm.405

Fig. 14 illustrate the performance of three different wind turbine models: Primary, Optimized, and Baseline re-406
spectively, by plotting the predicted power coefficient 𝐶𝑝 against the free stream velocity 𝑈0 for two specific turbines:407
the NREL Phase VI (Fig. 14.(a)) and the MEXICO wind turbines (Fig. 14.(b)). This investigation aims to display the408
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Figure 13: Radial distribution of the predicted aerodynamic mechanical torque over the rotor blade of the (a) NREL Phase
VI and (b) MEXICO wind turbines.
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Figure 14: Variation of the predicted power coefficient 𝐶𝑝, versus the incoming free stream velocity 𝑈0, obtained for the
optimized and baseline designs of (a) the NREL Phase VI and (b) MEXICO wind turbines.

consistency of the presented subroutine as well as allows to compare between the existing, primary and the optimized409
HAWT models.410

In Fig. 14.(a), the power coefficient𝐶𝑝 of both primary and optimized models increases with the free stream velocity411
𝑈0 until reaching a peak, beyond which it significantly decreases. This peak corresponds to the optimal velocity range412
𝑈𝐷𝑒𝑠𝑖𝑔𝑛 for maximal power generation. Both the primary and optimized models exhibit a higher peak, achieving413
a maximal power coefficient of 𝐶𝑝 ≈ 0.425 (𝑃 ≈ 6.02 kW), which surpasses the baseline model’s 𝐶𝑝 = 0.375414
(𝑃 = 5.24 kW) by 13.33%, indicating an enhanced efficiency in converting wind energy at this peak. Upon increasing415
the incoming free stream velocity to 𝑈0 = 12 m/s (TSR = 3.16), where the baseline model was expected to produce416
a rated power of 19.80 kW, its power coefficient predictions 𝐶𝑝 = 0.123 (𝑃 = 10.50 kW) fall significantly short of417
the design specifications, with a substantial discrepancy of 116.73% (11.84 kW). The newly optimized design delivers418
superior performance with a power coefficient of 𝐶𝑝 = 0.2265 (𝑃 ≈ 19.00 kW), outperforming the primary model’s419
𝐶𝑝 = 0.1973 (𝑃 ≈ 16.60 kW). This represents a significant improvement of 50% over the baseline model from the420
NREL Phase VI. Initially, the primary and baseline models perform comparably to the optimized model but begin to421
exhibit a slight decline in power coefficient as the velocity increases.422

For the MEXICO wind turbine, Fig. 14.(b) displays a narrower range of velocities and shows the 𝐶𝑝 peaking around423
𝑈𝐷𝑒𝑠𝑖𝑔𝑛=15 m/s for all models. The Optimized and primary model again outperform the baseline model with a power424
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coefficient of 𝐶𝑝= 0.465 (𝑃= 15.20 kW) and 𝐶𝑝= 0.473 (𝑃= 15.93 kW) respectively, greater than the baseline model425
which has provided a power coefficient of 𝐶𝑝= 0.432 (𝑃= 14.20 kW). By increasing the free stream velocity to an426
incoming free stream velocity of 𝑈0= 24 m/s (TSR= 4.17), corresponding to a fully detached flow regime, it can be427
seen that the baseline and primary models power coefficient predictions are highly under-predicted compared to the428
optimized model with maximum shift of 70%. This high recorded discrepancy corresponds to an important mechanical429
power augmentation of 19.37 kW.430

Maintaining a higher 𝐶𝑝 over a broader range of velocities, suggests that the turbine’s optimized model, for both431
the NREL Phase VI and MEXICO HAWT, allow it to operate more efficiently across a wider range of conditions.432
The curves for the Primary and Baseline models are very similar, indicating minimal differences in their design or433
operational efficiencies under these specific conditions.434
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Figure 15: Estimated annual energy production calculated for the Optimized (red), Baseline (blue) and Primary (Yellow)
designs of the NREL Phase VI and MEXICO wind turbines.

The assessment of the optimal blade design includes the consideration of Annual Energy Production (AEP). AEP435
is characterized as the average effective power generated by the wind turbine throughout a year, and its estimation436
involves the application of the equation defined in Sec. C. The AEP has been calculated based on the flow features of437
In Salah [58] located in the south of Algeria, it is characterized by an annual mean wind speed (𝐴𝑀𝑊𝑆) of 6.4 m/s,438
depicted at an altitude of 10 m, with Weibull shape and scale parameters of 𝑘′= 2.39 and 𝑐′= 7.2 m/s respectively. This439
𝐴𝑀𝑊𝑆 corresponds mostly to the NREL Phase VI design wind speed 𝑈𝐷𝑒𝑠𝑖𝑔𝑛= 7 m/s, in contrary to the MEXICO440
wind turbine case 𝑈𝐷𝑒𝑠𝑖𝑔𝑛= 15 m/s; thus, the effect of the aerodynamic design would be effective and noticeable for441
the NREL Phase VI optimization study.442

Fig. 15 illustrates the estimated annual energy production (AEP), measured in MWh/year, for two models of Hor-443
izontal Axis Wind Turbines (HAWT): NREL Phase VI and MEXICO. The AEP is presented for Optimized (red),444
Baseline (blue) and Primary (Yellow) designs of these models. The NREL Phase VI project showcases distinct differ-445
ences in annual energy production (AEP) across three designs. The optimized design, depicted by the red bar, stands446
out with an AEP of approximately 10,404 MWh/year, reflecting the success of the proposed aerodynamic optimization447
strategy. The baseline design, represented by the blue bar, achieves an AEP of around 9,168 MWh/year, serving as the448
fundamental reference model with standard features. Meanwhile, the primary design, marked by the yellow bar, offers449
a slight improvement over the baseline, with an AEP close to 10,193 MWh/year, incorporating minor enhancements to450
boost efficiency. In the case of the MEXICO wind turbine, designed for a high wind speed of 𝑈Design = 15 m/s, which451
is significantly higher than the 𝐴𝑀𝑊𝑆 at the In Salah site, the influence of aerodynamic optimization on the Annual452
Energy Production (AEP) is relatively modest, with an observed increase of only 3.7%. The rotor of the MEXICO wind453
turbine, being a contemporary design, is optimized to deliver peak performance at elevated free stream velocities, as454
illustrated in Fig. 14(b).455

It should be noted that the process of blade linearization not only simplifies the manufacturing approach but also456
impacts the predicted aerodynamic characteristics. The Study has shown that initial models featuring non-linear blade457
chord and twist yield performances nearly equivalent to those of the design conditions. Nevertheless, at higher incom-458
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ing wind speeds, a decrease in performance is observed.459

6.3. HAWT near wake study460
The influence of aerodynamic enhancements on the expansion of the near wake behind the rotor of a Horizontal-461

Axis Wind Turbine (HAWT) is a critical element in analyzing interactions among wind turbines, which further aids in462
the refinement of wind farm layouts. The MEXICO wind turbine, uniquely characterized by full-scale Particle Image463
Velocimetry (PIV) measurements, serves as the solitary contemporary HAWT model equipped for such studies. This464
research primarily focuses on the axial profiles of axial and radial velocity components, which are crucial for evaluating465
the velocity deficit and the expansion of the stream tube post-HAWT rotor. These assessments will be conducted at the466
design incoming free stream velocity of 𝑈Design = 15m/s, under which the MEXICO HAWT rotor achieves optimal467
flow conditions.
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Figure 16: Axial distribution of the (a) axial and (b) radial velocity components, obtained for the Baseline and Optimized
models at an incoming free stream velocity of 𝑈0= 15 m/s, upstream and downstream from the rotor at an axial distance
of 𝑧∕𝑅= +

−3 and radial station of 𝑟= 1.5 m.

468
Fig. 16 illustrates the axial profiles of (a) axial and (b) radial velocity components for both the Baseline and Opti-469

mized models under a free stream velocity of 𝑈0 = 15 m/s, examined upstream and downstream of the rotor at an axial470
distance of 𝑧∕𝑅 = ±3 and a radial position of 𝑟 = 1.5 m. In Fig. 16(a), the Baseline model exhibits a notable reduction471
in axial velocity by approximately 15%, located downstream of the HAWT rotor, in contrast to the Optimized model.472
This reduction in velocity leads to a marked decrease in aerodynamic performance, especially when applied to a wind473
farm scenario downstream, potentially escalating the cost of energy production. Conversely, as shown in Fig. 16(b),474
the Optimized model demonstrates an increase in radial velocity at the rotor plane by about 16.75%. This enhancement475
can be attributed to the optimal axial induction achieved through the optimization process, which effectively enlarges476
the flow stream tube, thereby improving the aerodynamic performance.477

7. Conclusions478
This research develops a hybrid methodology for the aerodynamic design and performance optimization of Hor-479

izontal Axis Wind Turbine (HAWT) blades, offering a significant advancement over the traditional Blade Element480
Momentum (BEM) method. This innovative approach integrates critical aerodynamic factors such as turbulence, vis-481
cosity, non-uniform pressure distribution, and multidimensional flow fields into the design process. Renowned for its482
computational efficiency, this method avoids the extensive resource requirements of full Navier-Stokes simulations.483
Utilizing the Actuator Disk Method (ADM), the study leverages Reynolds Averaged Navier-Stokes equations and the484
𝑘 − 𝜔 Shear Stress Transport (SST) turbulence model [53] to refine blade design. Specifically, it introduces an effec-485
tive strategy for the local distribution and linearization of chord and twist configurations, seamlessly integrated into a486
custom axisymmetric actuator disk subroutine in OpenFOAM. This optimized numerical model significantly enhances487
the aerodynamic performance of small HAWTs, specifically the NREL Phase VI and MEXICO models, according to488
comprehensive computational analyses. The following findings have been highlighted through this study:489
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• A revised rotational speed of Ω= 100.8 rpm is suggested for the NREL Phase VI wind turbine, which aligns490
with the enhanced performance characteristics observed in simulation. This adjustment optimizes the turbine’s491
operation under typical wind conditions, potentially increasing its energy capture and efficiency. Further investi-492
gation into variable speed operations could provide additional benefits in adapting to fluctuations in wind speed,493
thereby maximizing energy yield.494

• The optimal radial location for initiating chord and twist linearization is identified between 𝜉= 0.3 and 0.4. This495
finding emphasizes the importance of precise geometric modifications at specific sections of the blade to leverage496
aerodynamic benefits effectively. Extending this analysis to include the effects of these modifications on blade497
stress distribution and fatigue life could provide deeper insights into their practical implementation.498

• Compared to the existing models, the hybrid design significantly enhances power and torque outputs, particularly499
in the upper mid-span of the blades. This improvement suggests that the hybrid model is particularly effective500
in capturing and converting wind energy in this critical section of the blade. Future designs could explore501
the application of similar methodologies to different blade sections or even entire rotor systems to assess their502
potential for overall performance improvement.503

• The aerodynamic performance of the redesigned blades surpasses that of the original models in terms of both504
power coefficient and annual energy production. This superior performance not only validates the hybrid design505
approach but also suggests its potential applicability to other turbine models and designs. Further comparative506
studies involving different turbine configurations under various operational conditions would help in generalizing507
these findings.508

• The aerodynamic interference behind the rotor, as measured by velocity deficit, is reduced in the redesigned509
model, suggesting potential improvements in wind farm efficiency. This reduction could potentially facilitate510
closer spacing of turbines within wind farms, thereby maximizing land use and overall farm output. Additional511
studies on the interaction between multiple turbines in a farm setting could help in optimizing farm layouts to512
exploit this reduced interference effectively.513

Future work could further investigate these enhancements in turbine performance by incorporating more diverse514
environmental conditions and operational scenarios. Including a broader range of turbine sizes and configurations515
would also test the robustness and scalability of the proposed hybrid design methodology. Additionally, the integration516
of these aerodynamic improvements with structural and economic models could provide a holistic view of the turbine517
design and operation, leading to better-informed decisions in wind turbine production and deployment.518
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Appendix522
A. Mesh sensitivity study523

A study on mesh sensitivity was conducted using the characteristics of the MEXICO wind turbine, described in524
Sec. 6, with an inflow velocity of 𝑈0 = 15 m/s. This study aimed to identify the optimal mesh granularity for Actuator525
Disk Method (ADM) simulations near the Horizontal Axis Wind Turbine (HAWT) rotor. Accurate simulation of526
the flow in the rotor’s near wake is critical, necessitating a detailed examination of mesh effects both upstream and527
downstream of the rotor center. The findings, illustrated in Fig. 17, indicate minimal variations in axial and radial528
velocity components at a distance of 𝑧

𝑅 = 0.13𝑅 from the rotor in both directions, achieved with a mesh resolution of529
D/64. Nevertheless, as shown in Fig. 18, significant velocity fluctuations at the rotor plane suggest the need for finer530
mesh resolution to enhance the accuracy of predictions. It was found that increasing the mesh refinement to D/128531
sufficiently resolves the flow dynamics around the HAWT rotor.532

The study on the influence of the number of actuator points (𝑁𝑏) incorporates a parameter Λ, detailed in Eq. (25).533
This parameter quantifies the difference between the output power obtained with a large count of actuator elements534
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Figure 17: Radial distribution of the (a) axial and (b) radial velocity components, obtained at an incoming free stream
velocity of 𝑈0= 15 m/s, (1) upstream and (2) downstream from the rotor at an axial distance of 𝑧∕𝑅= +

−0.13.
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Figure 18: Axial distribution of the (a) axial and (b) radial velocity components, obtained at an incoming free stream
velocity of 𝑈0= 15 m/s, upstream and downstream from the rotor at an axial distance of 𝑧∕𝑅= +

−3 and radial station of
𝑟= 1.5 m.

(designated here as 𝑁∞ = 𝑁256) and various incremental actuator element counts. As demonstrated in Fig. 19, the535
stability of the torque output is evident once the number of actuator points (𝑁𝑏) reaches 128. Beyond this point, further536
increases in 𝑁𝑏 do not significantly alter the torque predictions. Thus, an optimal number of actuator elements has537
been established at 𝑁𝑏 = 128.538
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Figure 19: Actuator elements number (𝑁𝑏) dependency study.

Λ =
𝑃 (𝑁∞) − 𝑃 (𝑁𝑏)

𝑃 (𝑁∞)
(25)

B. Actual rotor model539
Several theoretical frameworks exist to forecast aerodynamic behavior and to ascertain the most suitable chord540

length and distribution of twist angles for optimal performance [32, 54]. Typically, Betz’s theory is adopted for the541
design of HAWT blades, though it overlooks the effects of turbulence and rotational forces at the blade tips. The Blade542
Element Momentum (BEM) theory is commonly applied to determine the ideal rotor configuration, which includes543
computing the optimal chord and twist for each segment of the blade, described by the equation below:544

⎧

⎪

⎨

⎪

⎩

𝜙𝑖 =
2
3 𝑡𝑎𝑛

−1( 1
𝜆𝑟,𝑖

)

𝑐𝑖 =
8𝜋𝑟𝑖

𝐵𝐶𝑙,𝑜𝑝,𝑖
(1 − 𝑐𝑜𝑠(𝜙𝑖))

𝛽𝑖 = 𝜙𝑖 − 𝛼𝑜𝑝

(26)

The enhanced Blade Element Momentum (BEM) model, which accounts for the effects of the tip loss factor and545
wake expansion, is often termed the actual rotor model. This model employs an iterative method to ascertain the546
optimal axial and tangential induction factors. The detailed process for iterative rotor design is summarized as follows:547

1. the initial values for both the axial and tangential induction factor have been determined based on the design548
values from the ideal rotor configuration and calculated as follows:549

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑎𝑖,1 =
1

[1+
4𝑠𝑖𝑛2(𝜙𝑖,1)

𝜎𝑜𝑝,𝑖𝐶𝑙,𝑜𝑝𝑐𝑜𝑠(𝜙𝑖,1)
]

𝑎′

𝑖,1 =
1−3𝑎𝑖,1
4𝑎𝑖,1−1

𝜎𝑖 =
𝐵𝑐𝑖
2𝜋𝑟𝑖

(27)

where 𝑖 denotes the 𝑖th blade station, 𝜎𝑜𝑝,𝑖 signifies the local solidity derived from the primary blade design. The550
parameters 𝑎𝑖,1 and 𝑎′

𝑖,1 refer to the axial and tangential induction factors for the specified section.551
2. With initial estimates for 𝑎𝑖,1 and 𝑎′

𝑖,1 in place, initiate the iterative solution process for the 𝑗th iteration. Begin552
with 𝑗= 1 for the first iteration. Compute the angle relative to the wind using the following equation, then,553
compute the tip loss factor using Eq. (4):554

𝜙𝑖,𝑗 = 𝑡𝑎𝑛−1(
1 − 𝑎𝑖,𝑗

(1 + 𝑎′
𝑖,𝑗)𝜆𝑟,𝑖

) (28)
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3. Calculate the yielding angle of attack 𝛼𝑖,𝑗 and determine the corresponding airfoil lift and drag coefficients (𝐶𝑙,𝑖,𝑗 ,555
𝐶𝑑,𝑖,𝑗) respectively.556

𝛼𝑖,𝑗 = 𝜙𝑖,𝑗 − 𝛽𝑖,𝑗 (29)
where in the initial iteration with 𝑗= 1, the twist angle values are derived from the primary blade design.557

4. Calculate the local thrust coefficient :558

𝐶𝑇𝑟,𝑖,𝑗 =
𝜎𝑖(1 − 𝑎𝑖,𝑗)2(𝐶𝑙,𝑖,𝑗𝑐𝑜𝑠(𝜙𝑖,𝑗) + 𝐶𝑑,𝑖,𝑗𝑠𝑖𝑛(𝜙𝑖,𝑗))

𝑠𝑖𝑛2(𝜙𝑖,𝑗)
(30)

5. update the axial and tangential induction factors (𝑎, 𝑎′ ):559

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝑎𝑖,𝑗 =
1

[1+
4𝐹𝑖,𝑗 𝑠𝑖𝑛2(𝜙𝑖,𝑗 )
𝜎𝑖𝐶𝑙,𝑗 𝑐𝑜𝑠(𝜙𝑖,𝑗 )

]
if 𝐶𝑇𝑟,𝑖,𝑗 < 0.96

𝑎𝑖,𝑗 = (1∕𝐹𝑖,𝑗)[0.143 +
√

0.0203 − 0.6427(0.889 − 𝐶𝑇𝑟,𝑖,𝑗)] if 𝐶𝑇𝑟,𝑖,𝑗 > 0.96

𝑎′

𝑖,𝑗 =
1

4𝐹𝑖,𝑗 𝑐𝑜𝑠(𝜙𝑖,𝑗 )
𝜎𝑖𝐶𝑙,𝑗

−1

(31)

6. The process (2-5) is reiterated until the latest induction factors 𝑗 + 1 converge within an acceptable tolerance560
level relative to the preceding values 𝑗.561

7. The yielding primary chord and twist radial distributions would be linearized based on the findings of Alkhabbaz562
et al. [39] where the best linearization technique consists of considering the blade tip and the radial station of563
𝑟
𝑅= 0.3 as fixed roots to determine the value of the blade first profiled station.564

C. Annual Energy Production565
The annual energy production (AEP), representing the average effective power generated by the wind turbine566

throughout a year, has been estimated as follows [32]:567
⎧

⎪

⎨

⎪

⎩

𝐴𝐸𝑃 = 8760 𝑃𝑤𝑖𝑛𝑑 [∫ 𝑐𝑢𝑡 𝑜𝑢𝑡
𝑐𝑢𝑡 𝑖𝑛 𝐶𝑝(𝑈 )𝑓 (𝑈 ) 𝑑𝑈 ]

𝑓 (𝑈 ) = (𝑘
′

𝑐′
)(𝑈

𝑐′
)𝑘

′−1𝑒𝑥𝑝(−(𝑈
𝑐′
)𝑘

′
)

(32)

where 𝑓 (𝑈 ), 𝑘′ and 𝑐′ are the wind speed distribution based on Weibull probability, the Weibull shape parameter568
and the Weibull scale parameter respectively. The Weibull shape and scale parameters are calculated as follows [61]:569

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑘′ = 𝑁[
∑𝑁

𝑖=1 𝑈
𝑘
′

𝑖 𝑙𝑛(𝑈𝑖)
∑𝑁

𝑖=1 𝑈
𝑘′
𝑖

−
∑𝑁

𝑖=1 𝑙𝑛(𝑈𝑖)]−1

𝑐′ = [ 1
𝑁
∑𝑁

𝑖=1 𝑈
𝑘′
𝑖 ]1∕𝑘

′

(33)

where it should be noted that the Weibull shape parameter 𝑘′ is calculated iteratively than injected for the Weibull570
scale parameter 𝑐′ calculation.571
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