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 10 

Abstract. The presenting work evaluates a selective bio-inspired outer-span hybridization of the NREL Phase VI wind turbine rotor. 11 

An owl-inspired airfoil (OA-T), obtained through controlled thickness scaling of a reconstructed owl-wing section, is integrated 12 

over the outer 20% of the blade span while preserving the original chord and twist distributions. The objective is to assess whether 13 

localized geometric modification in the torque-dominant tip region can improve aerodynamic performance under increasing loading. 14 

A validated CFD framework is employed at both airfoil and rotor scales. Transition SST simulations reproduce the experimental 15 

lift behavior of the owl-inspired airfoil, while steady RANS–MRF simulations capture the torque response of the baseline Phase VI 16 

rotor. Using the same modeling setup, the hybrid configuration demonstrates a systematic increase in peak power coefficient from 17 

0.38 to 0.42 at a tip speed ratior λ = 5.41, reaching 0.448 at higher tip-speed ratios. Flow-field analysis reveals outward redistribution 18 

of tangential loading, a shift toward a more chordwise-distributed pressure response, delayed separation progression, and a more 19 

confined wake structure at elevated wind speeds. The results show that controlled outer-span hybridization within a benchmark 20 

rotor can enhance torque retention and aerodynamic stability without full-blade redesign. 21 

Keywords: Bio-inspired airfoil, NREL Phase VI, Wind turbine aerodynamics; CFD validation, Power coefficient; Tip-vortex 22 

dynamics. 23 

Nomenclature 24 

r — Radial position along blade (m) 25 

R — Rotor radius (m) 26 

c — Chord length (m) 27 

t/c — Thickness-to-chord ratio 28 

U∞ — Free-stream velocity (m·s⁻¹) 29 

ρ — Fluid density (kg·m⁻³) 30 

ν — Kinematic viscosity (m²·s⁻¹) 31 

P — Static pressure (Pa) 32 

T — Rotor shaft torque (N·m) 33 

P shaft — Shaft power (W) 34 

CL — Lift coefficient 35 

CD— Drag coefficient 36 
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Cp — Pressure coefficient 37 

CP — Power coefficient 38 

CT — Tangential force coefficient 39 

x/c — Normalized chordwise coordinate 40 

α — Angle of attack (deg) 41 

λ — Tip-speed ratio 42 

Abbreviations 43 

CFD — Computational Fluid Dynamics 44 

RANS — Reynolds-Averaged Navier–Stokes 45 

URANS — Unsteady Reynolds-Averaged Navier–Stokes 46 

SST — Shear Stress Transport 47 

MRF — Multiple Reference Frame 48 

TKE — Turbulent Kinetic Energy 49 

LSB — Laminar Separation Bubble 50 

OA-T — Thickness-modified owl-inspired airfoil 51 

HAWT — Horizontal-Axis Wind Turbine  52 
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1. Introduction: 53 

The continuous growth of wind energy deployment has intensified the need for aerodynamic optimization strategies capable of 54 

improving energy capture while maintaining stable operation across a wide range of inflow conditions. For horizontal-axis wind 55 

turbines (HAWTs), aerodynamic performance is governed not only by the two-dimensional characteristics of individual airfoils but 56 

also by three-dimensional flow effects, rotational augmentation, stall progression, and tip-vortex dynamics (Burton et al., 2011; 57 

Hansen, 2015; Sørensen, 2011). Among the blade regions, the outer span is of particular importance because it contributes 58 

disproportionately to rotor torque due to its larger local tangential velocity and longer aerodynamic moment arm (Aldheeb et al., 59 

2016), (Anyoji et al., 2018). However, this region is also highly sensitive to adverse pressure gradients, three-dimensional separation, 60 

and vortex-induced losses, especially under moderate-to-high wind speeds where stall development may initiate near the tip Aono 61 

et al. (2020),(Du and Selig, 1998),(Johansen and Sørensen, 2004). 62 

These investigations have provided clearer insight into the interaction between sectional airfoil behavior and global rotor 63 

performance. Previous studies have shown that modifying the spanwise distribution of aerodynamic loading can significantly 64 

influence stall behavior, tip-vortex intensity, and overall rotor efficiency (Omar et al., 2023),(Qamch et al., 2026). In this context, 65 

localized geometric modifications of the outer blade region present an attractive strategy, as they allow targeted aerodynamic 66 

improvement without requiring complete rotor redesign. However, such modifications must be approached carefully. Excessive 67 

front-loading near the leading edge or overly aggressive camber variations may increase sensitivity to separation and lead to 68 

undesirable wake development (Anyoji et al., 2018). Consequently, geometric modifications must be evaluated not only in terms of 69 

lift enhancement, but also with respect to flow stability, power output, and wake organization.  70 

Bio-inspired aerodynamic concepts have gained attention in both aerospace and wind-energy research, particularly drawing 71 

inspiration from avian flight mechanisms (Aldheeb et al., 2016; El Qamch et al., 2025; Howe, 1991; Jaworski and Peake, 2013), 72 

(Omar et al., 2020). In the context of owls, specific attention has been directed toward trailing-edge serrations and surface features 73 

associated with silent flight and boundary-layer control (Geyer et al., 2010; Lahmili et al., 2026; Qaissi et al., 2023). At the airfoil 74 

level, owl-inspired geometries have been studied at low Reynolds numbers to understand laminar separation bubble dynamics and 75 

transition sensitivity (Aono et al., 2020), (Boughou et al., 2023),(Ashraf et al., 6-9 june) . More broadly, bio-inspired airfoils and 76 

wing configurations have been shown to offer promising aerodynamic behavior in low-Reynolds-number regimes, particularly in 77 

terms of flow control and separation mitigation. However, most of these studies remain limited to two-dimensional or isolated 78 

configurations, and their direct application to rotating wind turbine blades remains insufficiently explored. In particular, the 79 

systematic evaluation of selective outer-span hybridization using bio-inspired airfoils within a consistent rotor framework has not 80 

been widely reported. While existing work has provided valuable insight into airfoil-level performance and global rotor modeling 81 

strategies, fewer studies have investigated how localized geometric substitution in the torque-dominant region influences spanwise 82 

load redistribution and rotor-scale aerodynamic behavior. Rather than proposing a fully bio-inspired rotor architecture, this study 83 

adopts a controlled and incremental approach based on selective outer-span hybridization. An owl-inspired airfoil (OA-T) (A. Omar 84 

et al., 2020) is integrated into the outer span of the blade while preserving the baseline configuration elsewhere. This strategy allows 85 

the geometric effect of the modified airfoil to be isolated from other design variables and avoids the need for full-blade redesign. 86 

The motivation for this approach is twofold. First, the outer-span region dominates torque production (Fig.  1), and modest 87 

improvements in sectional pressure distribution may translate into measurable gains in global performance (Burton et al., 2011; 88 

Hansen, 2015). Second, as wind speed increases, this region becomes increasingly susceptible to separation and tip-induced flow 89 

distortion. A geometry capable of redistributing chordwise pressure loading more evenly may contribute to improved flow 90 

organization and sustained torque generation under higher loading conditions. 91 
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 92 

To evaluate this hypothesis, a validated CFD framework is employed at both airfoil and rotor scales. The owl-inspired airfoil 93 

behavior is first assessed against available experimental data to ensure adequate representation of low-Reynolds-number flow 94 

mechanisms. Within this context, the present work aims to assess how targeted outer-span airfoil substitution influences 95 

aerodynamic performance and flow-field behavior at the rotor scale. The objective is to clarify the relationship between sectional 96 

geometric modification, spanwise load redistribution, and wake development under increasing wind-speed conditions. Although the 97 

analysis is conducted within a well-established reference configuration, the underlying aerodynamic mechanisms associated with 98 

outer-span loading and tip-region sensitivity are common to horizontal-axis wind turbines more broadly (Aldheeb et al., 2016), 99 

Aono et al. (2020). Consequently, the present approach should be interpreted not as a redesign limited to a single reference rotor, 100 

but as a controlled investigation of how targeted outer-span airfoil substitution may enhance aerodynamic stability and torque 101 

retention in HAWTs more broadly, without requiring full-blade geometric reconfiguration. A preliminary version of this work was 102 

presented at the TORQUE 2026 conference (Qamch et al., 2026). The present manuscript substantially extends that contribution by 103 

introducing additional three-dimensional simulations, expanded outer-span flow analyses, and new physical interpretation of 104 

pressure redistribution, wake development, and torque retention that were not included in the conference publication. 105 

2. Methodology: 106 

2.1. Airfoil Geometry and Numerical Setup 107 

2.1.1. Owl-Inspired Airfoil Definition 108 

The baseline owl-inspired airfoil employed in this study originates from a bio-inspired reconstruction of an owl wing cross-section 109 

extracted at approximately 40% of the wing span, following the geometric characterization reported by Liu et al. (Liu et al., 2006). 110 

The objective of this reconstruction is not to replicate the biological geometry exactly, but to reproduce the key aerodynamic features 111 

associated with owl wings, particularly those linked to low-Reynolds-number flight. The resulting baseline airfoil, shown in Fig.2 112 

(a), is characterized by a relatively flat upper surface, a thin trailing edge, and a camber distribution concentrated toward the mid-113 

chord region. The maximum thickness of the baseline profile is 5.66% of the chord, located at x/c=0.11 (11%), while the peak 114 

camber reaches 4.83% of the chord at x/c=0.48. These geometric characteristics are consistent with smooth pressure recovery 115 

behavior and streamlined profiles typically reported for owl-inspired sections. To ensure structural compatibility with wind-turbine 116 

blade integration while preserving the original camber distribution, a controlled thickness-scaling transformation was applied about 117 

the camber line (Eq.1). The chord was normalized to unity, and the camber line was defined as the mean line between upper and 118 

lower surfaces at each chordwise location. Each surface coordinate was transformed according to 119 

Figure.  1 Torque contribution profile along the rotor blade span 

𝐔∞ 
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𝑦𝑛𝑒𝑤 =  𝑦𝑐𝑎𝑚𝑏𝑒𝑟 + (𝑦𝑖 − 𝑦𝑐𝑎𝑚𝑏𝑒𝑟) × 𝑆    (1) 120 

where 𝑆 represents the ratio between the target and baseline thickness, 𝑦𝑖  original y coordinate, and 𝑦𝑐𝑎𝑚𝑏𝑒𝑟  the y coordinate of the 121 

camber line at the same x location 122 

The resulting modified airfoil, denoted OA-T (Fig.2 (bottom)), preserves the camber-line characteristics and overall curvature of 123 

the baseline geometry while increasing the maximum thickness-to-chord ratio to 0.115. The maximum thickness location remains 124 

near the leading-edge region (x/c≈0.11), ensuring geometric continuity with the baseline shape. The detailed geometric derivation 125 

and validation of the owl-inspired airfoil are provided in (El Qamch Yassine et al., 2025); in the present study, only the OA-T 126 

configuration is retained for rotor hybridization. 127 

2.1.2. Airfoil-Level CFD Configuration 128 

The aerodynamic behavior of the baseline owl airfoil and the OA-T configuration was evaluated using two-dimensional Reynolds-129 

Averaged Navier–Stokes (RANS) simulations with a finite-volume, pressure-based solver under incompressible flow conditions. 130 

The governing equations correspond to the time-averaged conservation equations of mass and momentum throught reynold 131 

decomposition(Eq 2-4): 132 

ui = ui + ui′, p = p + p′    (2) 133 

∇ ⋅ U = 0    (3) 134 

ρ(U ⋅ ∇)U = −∇p + μ∇2U − ρ∇ ⋅ ui′uj′̅̅ ̅̅ ̅̅ ̅  (4) 135 

 Second-order spatial discretization schemes were applied to the momentum and turbulence equations to ensure accurate 136 

resolution of pressure gradients and boundary-layer development. Two turbulence modeling approaches were employed. The k–ω 137 

SST model was first used to accurately capture adverse pressure gradients and flow separation typical of airfoil aerodynamics. 138 

The model solves two transport equations for the turbulent kinetic energy 𝑘 (Eq 5) and the specific dissipation rate 𝜔 (Eq 6): 139 

𝜕(𝜌𝑘)/𝜕𝑡 + 𝜕(𝜌𝑈ⱼ𝑘)/𝜕𝑥ⱼ = 𝑃ₖ − 𝛽 ∗ 𝜌𝑘𝜔 + 𝜕/𝜕𝑥ⱼ[(𝜇 + 𝜎ₖ𝜇ₜ)𝜕𝑘/𝜕𝑥ⱼ]  (5) 140 

∂(ρω)/∂t + ∂(ρUⱼω)/∂xⱼ= 𝛼 (
𝜔

𝑘
) 𝑃ₖ − 𝛽𝜌𝜔2 + 𝜕[(𝜇 + 𝜎𝜔𝜇ₜ)𝜕𝜔/𝜕𝑥ⱼ]/𝜕𝑥ⱼ + 2(1 − 𝐹1)𝜌𝜎𝜔2(1/𝜔)(𝜕𝑘/𝜕𝑥ⱼ)(𝜕𝜔/𝜕𝑥ⱼ) 141 

      (6) 142 

 To capture laminar–turbulent transition and laminar separation bubble behavior typical of low-Reynolds-number flows, the 143 

Transition SST (γ–Reθ) model was additionally employed. This model augments the SST formulation with two transport 144 

equations for the intermittency 𝛾 and the transition momentum thickness Reynolds number Reθ (Eq 7-8): 145 
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Figure.  2 Coplot of (Top) owl airfoil, (Bottom) OA-T airfoil 
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𝜕(𝜌𝛾)/𝜕𝑡 + 𝜕(𝜌𝑈ⱼ𝛾)/𝜕𝑥ⱼ = 𝑃𝛾 − 𝐸𝛾 + 𝜕/𝜕𝑥ⱼ[(𝜇 + 𝜎𝑓𝜇ₜ)𝜕𝛾/𝜕𝑥ⱼ]   (7) 146 

𝜕(𝜌𝑅𝑒𝜃)/𝜕𝑡 + 𝜕(𝜌𝑈ⱼ𝑅𝑒𝜃)/𝜕𝑥ⱼ = 𝑃𝜃 + 𝜕/𝜕𝑥ⱼ[𝜎𝜃(𝜇 + 𝜇ₜ)𝜕𝑅𝑒𝜃/𝜕𝑥ⱼ]   (8) 147 

A structured C-type computational domain was generated around each airfoil section (Fig.3). Mesh refinement was applied along 148 

the airfoil surface and in the near-wake region. The near-wall resolution was selected to maintain 𝑦+ < 1 along the surface, 149 

consistent with SST-based turbulence and transition modeling requirements. Uniform velocity inlet and pressure outlet boundary 150 

conditions were prescribed, while far-field boundaries were treated as symmetry planes. A no-slip condition was imposed at the 151 

airfoil surface. 152 

 153 

Grid independence was assessed using four progressively refined meshes, summarized in Table 1. Aerodynamic coefficients were 154 

compared at a representative angle of attack of 10°. At this angle of attack, stronger pressure gradients and boundary-layer 155 

development occur, making the solution more sensitive to mesh resolution. Differences between the selected mesh and the next 156 

finer grid were below 0.5% for lift and 1% for drag, indicating sufficient spatial convergence (The agreement with experimental 157 

data is assessed separately in the validation section). The corresponding mesh (267,860 elements) was therefore retained for all 158 

subsequent airfoil simulations. 159 

T b   1. Grid resolution impact on time dependent Lift Coefficient values at angle 10° 160 

2.1.3. Rotor-Level CFD Configuration 161 

Mesh resolution Number of 

Elements 

Lift Coefficient 

(𝐶𝑙)  

∆𝐶𝑙 (%) Drag 

Coefficient 

(𝐶𝑑) 

∆𝐶𝑑 (%) 

Coarse 86413 1.051 2.23 0.0990 6.56 

Medium 154194 1.075 0.18 0.0929 0.97 

Fine 1 267860 1.073 0.46 0.0920 0.32 

Fine 2 690209 1.073 ___ 0.0920 ___ 

O
u

tlet 

Inlet 

Figure.  3 Airfoil Grid domain 
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Three-dimensional simulations of the baseline NREL Phase VI rotor and the Hybrid Model A configuration were performed using 162 

a steady Reynolds-Averaged Navier–Stokes (RANS) approach. The rotor rotation was modeled using a Multiple Reference Frame 163 

(MRF) formulation at a fixed rotational speed of 72 rpm. To reduce computational cost while preserving rotational periodicity, a 164 

half-rotor computational domain was employed, with periodic boundary conditions imposed on the azimuthal planes (Fig.4).  A 165 

uniform velocity inlet was prescribed upstream of the rotor, and a pressure outlet (0 Pa gauge) was imposed downstream. Blade 166 

surfaces were treated as no-slip walls. The k–ω SST turbulence model was adopted for all rotor simulations due to its robustness in 167 

resolving adverse pressure gradients and separation phenomena typical of wind-turbine blade operation (Menter, 1994; Rocha et 168 

al., 2014). Near-wall mesh resolution was selected to maintain 𝑦+ < 1 over the blade surface, ensuring accurate boundary-layer 169 

resolution. The rotor mesh is unstructured tetrahedral mesh, that was generated with local refinement along the blade surfaces and 170 

in the near-wake region. A minimum surface element size of 0.01 m was used on the blade, and the selected operating mesh 171 

contained 1.8 M elements. Second-order spatial discretization schemes were applied for the momentum equations. Convergence 172 

was assessed through residual reduction and stabilization of integrated rotor quantities, particularly shaft torque. To verify mesh 173 

independence, a grid convergence study was conducted at an inflow velocity of 10 m/s. Six progressively refined meshes, ranging 174 

from 0.73 million to 2.11 million elements, were evaluated using rotor shaft torque as the convergence metric (Fig.5). While 175 

substantial variation is observed for the two coarsest grids, the solution stabilizes beyond approximately 1.47 million elements. The 176 

Figure.  5 Rotor Torque Convergence against experimental data (Lahmili et 

al., 2026) with Mesh Refinement (Grid Independence Study) 

Figure. 4 Computational Grid of the NREL Phase 

VI Rotor (Half-Domain, MRF Configuration) 
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selected mesh (1.876 million elements) lies within this convergence plateau region. The torque variation between the selected mesh 177 

and the two finer grids remains below 0.3%, indicating mesh-independent behavior. Further refinement yields negligible changes 178 

in integrated torque while significantly increasing computational cost. This mesh was therefore retained for all baseline and hybrid 179 

rotor simulations. 180 

2.1.4. Hybridization and Blade Geometry Implementation 181 

The baseline rotor geometry corresponds to the NREL Phase VI blade (Burton et al., 2011), which has been extensively used as a 182 

benchmark configuration for aerodynamic validation and stall investigations due to its well-documented geometry and the 183 

availability of high-quality wind-tunnel measurements. This makes it particularly suitable as a reference case for evaluating the 184 

aerodynamic impact of localized geometric modifications under controlled and comparable conditions. The chord and twist 185 

distributions of the blade are defined as a function of radial position (see Appendix D), and the reference geometry was reconstructed 186 

in SolidWorks using the published spanwise stations (Burton et al., 2011), preserving the original chord length, twist angle, and 187 

twist-axis definition along the span. To isolate the aerodynamic impact of the bio-inspired modification, the hybrid configuration 188 

was generated by replacing the airfoil sections over the outer  0% of the blade span (r/R ≥ 0.80) with the OA-T profile while 189 

maintaining the original chord, twist, and radial placement. No changes were introduced to the inboard and mid-span sections, 190 

ensuring that the structural layout and global blade planform remained identical to the baseline configuration. This approach allows 191 

a direct comparison between the baseline and modified configurations, where any observed differences can be attributed solely to 192 

the introduced airfoil substitution. The decision to restrict the modification to the last 20% of the span follows classical rotor 193 

aerodynamics principles: the outer blade region contributes disproportionately to torque production due to its larger tangential 194 

velocity and aerodynamic moment arm (Aldheeb et al., 2016),(Anyoji et al., 2018), while also being the region most sensitive to 195 

three-dimensional separation and tip-vortex development under elevated loading Aono et al. (2020),(Boughou et al., 2023). By 196 

limiting the hybridization to this region, the geometric intervention remains controlled and localized, allowing the influence of the 197 

OA-T airfoil on spanwise load redistribution and wake organization to be assessed without introducing full-blade redesign effects. 198 

Fig.6 illustrates the baseline and Hybrid Model A geometries, highlighting the outer-span replacement region. Detailed blade 199 

geometric parameters used for reconstruction are provided in Appendix D.  200 

3. Results and Discussion 201 

3.1. Model Validation 202 

3.1.1. Sectional airfoil validation 203 

Figure.  6 Baseline (left) and hybrid Model A geometry (right) 
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Before evaluating the aerodynamic performance of the proposed owl-inspired rotor, the numerical framework is first validated at 204 
the airfoil level. The validation focuses on the lift coefficient variation with angle of attack, CL (𝛼). Fig.7 compares the lift 205 

coefficient predicted using the Transition SST model with experimental measurements from Anyoji et al. (Anyoji et al., 2018) and 206 
selected CFD literature data (Boughou et al., 2023; Kondo et al., 2014). The numerical results reproduce the overall lift-curve 207 
shape and slope. The linear increase in lift at low angles of attack, governed by attached-flow behavior, is well predicted. The 208 
model also reproduces the nonlinear aerodynamic behavior at moderate angles of attack. Predicted lift levels remain close to the 209 
experimental trend over the investigated range, indicating that the dominant low-Reynolds-number flow mechanisms are well 210 
captured.  A localized deviation is observed in the intermediate range 𝛼 ≈ 4°- 6°, where the numerical lift is slightly lower than the 211 
experimental values. This region corresponds to a nonlinear lift-increase regime explicitly reported by (Anyoji et al. ; Qamch, 212 
Omar, et al., 2026) 213 

, who associated it with the formation and evolution of a laminar separation bubble. Their analysis showed that, around 𝛼 ≈ 5°, the 214 

separation bubble switches from the pressure side to the suction side, making the lift coefficient highly sensitive to transition and 215 

reattachment location. Such sensitivity is known to challenge RANS-based transition models and commonly leads to small 216 

discrepancies in this angle-of-attack range. Additional differences may arise from experimental factors, including the finite trailing-217 

edge thickness of the tested airfoil and minor geometric deviations from an idealized profile. Despite these localized offsets, the 218 

numerical model manages to capture the experimentally observed nonlinear trend, and the global lift behavior. The agreement is 219 

therefore considered sufficient for rotor-level comparative studies using the same aerodynamic modeling approach. 220 

3.1.2. Rotor-level validation: NREL Phase VI torque response 221 

 222 
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Figure. 8 Comparison of Lift Coefficient Predictions for Owl 

Airfoil Using Numerical Models and Experimental Data 

(Lahmili et al., 2026) 

Figure.  7 Comparison of Lift Coefficient Predictions for 

Owl Airfoil Using Numerical Models and Experimental Data 
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Following the airfoil-level assessment, the numerical framework is further validated at the rotor level using the well-documented 223 
NREL Phase VI horizontal-axis wind turbine. Simulations were performed at the experimental rotational speed of 72 rpm over the 224 
wind-speed range investigated in the NREL Phase VI campaign. Rotor shaft torque is selected as the validation metric because it 225 
reflects the integrated aerodynamic loading over the blade span and is particularly sensitive to transition effects and stall 226 
development. Fig. 8 compares the numerically predicted torque with experimental measurements (Lahmili et al., 2026) as a 227 
function of inflow wind speed for the baseline Phase VI configuration. The numerical results closely follow the experimental 228 
trend across the investigated operating range. The model accurately captures the rapid increase in torque at low wind speeds, 229 
corresponding to predominantly attached flow conditions. As the wind speed increases further, the torque trend is well predicted 230 
as stall progressively develops along the blade. Small discrepancies are observed near the transition between attached and stalled 231 
regimes, where rotor torque is known to be sensitive to three-dimensional separation, blade–wake interaction, and transition 232 
modeling. Nevertheless, the numerical framework reproduces both the magnitude and location of the torque peak, as well as the 233 
overall torque–velocity relationship. 234 

At this level of agreement, we can say that the numerical approach is capable of predicting integrated rotor performance with 235 

sufficient accuracy. The same modeling strategy is therefore retained unchanged to evaluate the aerodynamic impact of introducing 236 

the owl-inspired OA-T airfoil in the outer blade region. 237 

3.2. Performance Comparison of the Baseline blade and the hybrid blade 238 

 239 
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Figure. 9 Spanwise distribution of tangential aerodynamic load for 
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This aerodynamic performance of the baseline NREL Phase VI rotor is compared with the hybrid Model. A blade configuration to 240 

assess the impact of the outer-span airfoil modification on rotor power extraction. The comparison is made through both local and 241 

global analyses. The spanwise distributions of tangential aerodynamic load (Fig. 9) illustrate how the aerodynamic torque is 242 

generated and redistributed along the blade span at 5 m/s and 15 m/s, as relevant cases for attached-flow-dominated and separated-243 

flow-dominated conditions—note that as the blade is rotating counterclockwise (CCW) and the incoming flow is – 𝑧 directed, the 244 

aerodynamic load opposes the CCW direction by convention—while the global power coefficient and shaft power characteristics 245 

(Fig. 11 and 12) quantify the integrated effect of these local changes. This redistribution of spanwise aerodynamic loading translates 246 

directly into higher rotor torque, as confirmed by the torque–wind-speed comparison shown in Fig.10. Figure 10 compares the rotor 247 

torque predicted for the baseline and Hybrid Model A configurations over the investigated wind-speed range. Both rotors exhibit 248 

the expected increase in torque at low wind speeds under predominantly attached-flow conditions. The hybrid configuration 249 

produces slightly higher torque across most of the operating range. The difference becomes more noticeable at moderate and higher 250 

wind speeds indicating that the outer-span OA-T modification improves the aerodynamic loading distribution in the torque-251 

producing region of the blade.  252 

 At 5 m/s, both rotors display the typical NREL Phase VI spanwise loading distribution, with tangential loads gradually increasing 253 

from the root toward the mid-span and then declining slightly near the tip due to reduced effective inflow and tip-vortex effects 254 

(Fig. 9.a). The Hybrid Model A exhibits a moderate increase in tangential aerodynamic load from 60 % up to about 80 % span, after 255 

which the load gradually decreases toward the tip (Fig.9.a) reaching a peak of 1.1 N in tangential force difference between the 256 

Fig. 11 Cp Vs TSR comparison of NREL Phase VI and 

the hybrid Model A rotors at fixed rotational speed of 

72 rpm 
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generated loadings at 80% span. This trend corresponds to the region where the OA-T airfoil modification (80–100 % span) becomes 257 

dominant. The OA-T section’s thicker and more curved profile enhances local suction and circulation while promoting a smoother 258 

pressure recovery near the tip. The resulting aerodynamic behavior produces a stronger yet more stable load distribution, achieving 259 

higher torque without excessive tip over-loading—consistent with the intended goal of improving aerodynamic efficiency while 260 

mitigating vortex-induced losses. This is consistent with the observed torque improvement of the OA-T rotor in the low-speed 261 

region.  262 

At 15 m/s as shown in Fig. 9.b, the aerodynamic loading intensifies along the entire span due to higher dynamic pressure, and both 263 

curves display load variations associated with local stall and reattachment phenomena, with markedly stronger fluctuations observed 264 

for the baseline rotor. The baseline rotor shows irregular peaks between 50 % and 70 % span, indicating partial stall propagation 265 

along the outer sections. In contrast, the Hybrid Model A maintains a more uniform load distribution toward the outer span, with a 266 

pronounced load peak around 70 % span followed by a smoother unloading toward the tip, where the OA-T airfoil mitigates stall 267 

and sustains lift under higher inflow angles. In this region, the difference of generated loading between the Hybrid Model A and the 268 

baseline reaches approximately 7 N. this difference occurs contributes disproportionately to the integrated rotor torque and helps 269 

explain the higher torque levels predicted for Hybrid Model A at elevated wind speeds. 270 

These local trends are consistent with the global aerodynamic results shown in the Cp–TSR and Shaft Power–Velocity curves (Fig 271 

11 and 12, respectively). The baseline NREL Phase VI rotor reaches a peak power coefficient of Cp=0. 8 at λ=5.41, maintaining 272 

that level up to λ= .58.  n contrast, the  ybrid  odel   achieves Cp=0.4  at λ=5.41 and rises further to Cp=0.448 at λ= .58, 273 

representing a 7–10 % increase in aerodynamic efficiency across the optimal operating range. This improvement reflects the local 274 

load intensification observed on the modified tip region and the reduced flow separation evidenced at high wind speeds. In addition 275 

to that, the shaft-power evolution confirms that the Hybrid Model A sustains higher torque and power output throughout the 276 

operating envelope. The baseline rotor’s power saturates around 10 k  beyond 10 m/s due to flow separation and tip losses, whereas 277 

the  ybrid  odel   continues to increase up to ≈14 k  near 18 m/s, highlighting improved aerodynamic stability and energy 278 

conversion capability. The enhanced performance can be attributed to the OA-T airfoil’s higher lift-to-drag ratio, smoother pressure 279 

recovery, and improved stall resistance at the outer blade section. With that being said, the integration of the owl-inspired OA-T 280 

airfoil in the outer portion of the blade effectively shifts the torque-producing region outward, increasing aerodynamic efficiency 281 

and moderating tip-vortex intensity. The combined local and global results confirm that the Hybrid Model A delivers a balanced 282 

improvement in both global power extraction and local aerodynamic behavior. 283 

3.3. Flow-field analysis of OA-T modification 284 

The Hybrid Model A demonstrated improved global performance, with a noticeable increase in torque and, consequently, enhanced 285 

power generation compared to the baseline configuration. To better understand the origin of this improvement, the aerodynamic 286 

mechanisms responsible for this behavior are analyzed. The local flow characteristics, governing blade loading and flow 287 

development along the span, are compared are representative conditions. Fig. 13 and 14 compares the sectional velocity streamlines 288 

around the baseline NREL Phase VI blade and the hybrid model A blade at 5 and 15 m/s, extracted at spanwise locations of 70 %, 289 

75 %, 85 %, and 95 %. These locations cover the transition from the unmodified mid-span region to the OA-T-modified outer blade 290 

and the near-tip zone. At 5 m/s, the flow remains predominantly attached for both blade configurations across all investigated 291 

spanwise sections. The streamline patterns show smooth alignment over the suction surface and no evidence of large-scale separation 292 

or recirculation, which is consistent with operation at low effective angles of attack and low dynamic pressure. As a result, the 293 

baseline and hybrid model A exhibit similar flow organization at this wind speed, explaining why both rotors deliver comparable 294 

torque levels under attached-flow-dominated conditions. 295 
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In this regime, the OA-T modification does not fundamentally alter the flow topology but sustains attached flow toward the outer 296 

span without introducing additional losses. At intermediate wind speeds, the evolution of the flow field highlights the 297 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 

Fig. 13 Velocity streamlines around the NREL Phase VI blade (left) and the Hybrid 

Model A blade (right)  at 5 m/s at locations (a)70%, (b)75%, (c)85%, d (95%) span 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 

Figure. 14 Velocity streamlines around the NREL Phase VI blade (left) and the 

Hybrid Model A (right) at 15m/s at locations (a)70%, (b)75%, (c)85%, d (95%) span 
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progressive onset of separation effects and clarifies the role of the OA-T modification. Velocity streamlines at 10 m/s and 13 298 

m/s, examined at 90 % span (Fig 15), reveal the early stages of flow separation for the baseline blade. At 10 m/s, the baseline 299 

configuration shows the onset of separation on the pressure side beginning at approximately 65 % of the local chord from the 300 

leading edge, while the hybrid model A maintains attached flow further downstream, with separation delayed to around 75 % 301 

chord. As the wind speed increases to 13 m/s, separation for the baseline blade advances further upstream, appearing before 302 

mid-chord, accompanied by a thicker wake and more pronounced recirculation. In contrast, the Hybrid Model A continues to 303 

sustain attached flow until approximately 55–60 % chord, with a noticeably smaller wake area. These intermediate cases 304 

illustrate a clear trend: the OA-T modification systematically delays separation onset and limits wake growth as aerodynamic 305 

loading increases, bridging the attached-flow behavior observed at 5 m/s and the more strongly separated regime observed at 306 

15 m/s. 307 

 In contrast, at 15 m/s, we notice differences between the two designs. For the baseline blade, the outer-span sections (70–85 % 308 

span) exhibit a broadened wake region, increased streamline curvature, and localized recirculation structures near the suction side 309 

and trailing-edge region, indicating flow separation and partial stall development. These features become more pronounced toward 310 

the tip (95 % span), where the wake becomes more compact yet more energetic, and the increased streamline curvature and localized 311 

recirculation reflect the combined effects of higher effective inflow angles, adverse pressure gradients, and three-dimensional tip-312 

region flow. The hybrid model A shows a distinctly different behavior at the same wind speed. Across the outer-span stations, the 313 

streamline patterns remain more coherent and better aligned, with reduced separation extent and a narrower wake, particularly near 314 

the tip region. The OA-T airfoil maintains flow attachment over a larger portion of the suction surface, indicating delayed separation 315 

and improved boundary-layer stability under high-loading conditions. This more streamlined outer-span flow organization is 316 

consistent with the steadier tangential aerodynamic loading and higher torque output observed for the hybrid rotor at elevated wind 317 

speeds. Under these conditions, the increased dynamic pressure intensifies the adverse pressure gradients along the blade, promoting 318 

separation in the baseline rotor. The OA-T modification alters the pressure distribution in the outer span, allowing the blade to 319 

maintain higher tangential aerodynamic loading near the tip under high inflow conditions. 320 

3.4. Pressure-coefficient distributions and spanwise evolution 321 

(a) (b) 

Figure 15 Sectional velocity streamlines at 90 % span for the baseline blade (top) and Hybrid Model 

A blade (bottom) at (a) 10 m/s and (b) 13 m/s, highlighting the evolution of separation and wake 

development. 

(a) (b) 
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To further clarify the aerodynamic mechanisms responsible for the performance differences between the baseline and hybrid model 322 

A rotors, sectional pressure-coefficient distributions 𝐶𝑝 (x/c) were analyzed at the outer portion of the blade. The evolution of 𝐶𝑝 323 

(x/c) was examined at several spanwise locations, ranging from 70% to 95% span, encompassing our blade section, for wind speeds 324 

of 5, 10, and 15 m/s. Representative results at 85% and 95% span are discussed in the main text, while the complete set of sectional 325 

pressure-coefficient distributions across the 70–95% span range is provided in Appendix A. At 𝑈∞=5 m/s, the baseline blade exhibits 326 

smooth and consistent sectional 𝐶𝑝 loop distributions at both 85% and 95% span, with closely overlapping curves and a clear 327 

chordwise evolution from the leading-edge region toward gradual recovery near the trailing edge. This indicates a stable outer-span 328 

pressure field under low aerodynamic loading. In contrast, hybrid model A shows a noticeably different shape at the same spanwise 329 

stations: the sectional distribution contains a broader mid-chord area and exhibits small-amplitude fluctuations associated with 330 

laminar separation bubbles in the mid- to aft-chord region. These differences indicate that the OA-T outer-span modification alters 331 

the chordwise pressure recovery behavior even in the low-speed regime, while the overall loop remains coherent and consistent with 332 

the attached-flow operating condition suggested by the low-speed performance results. Moving to 𝑈∞=10 m/s, the sectional pressure-333 

coefficient loops reveal a clear transition toward higher aerodynamic loading. We notice that the hybrid model A exhibits a more 334 

structured evolution of the sectional pressure field at the same wind speed. Although a broader reduced pressure gradient at mid-335 

chord region and small-scale fluctuations, are visible, the pressure-coefficient loops remain globally coherent and show reduced 336 

spanwise divergence between 85 % and 95 % span. This behavior suggests that the OA-T modification helps stabilize the outer-337 

span pressure distribution under moderate aerodynamic loading, delaying the progressive loss of pressure recovery observed for the 338 

baseline configuration. 339 
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Figure a Baseline sectional pressure coefficient distributions 𝐶𝑝 

vs (𝑥/𝑐) at outer-span blade stations (85%, 95% span) for 𝑈∞=5 

m/s 

Figure b Baseline sectional pressure coefficient distributions 

𝐶𝑝 vs (𝑥/𝑐) at outer-span blade stations (85%, 95% span) for 

𝑈∞=10 m/s 

 

Figure c Sectional pressure coefficient distributions 𝐶𝑝 vs (𝑥/𝑐) 

at outer-span of baseline blade stations (70–95% span) for 

𝑈∞=15 m/s 

 

Figure d Model A sectional pressure coefficient 

distributions 𝐶𝑝 vs (𝑥/𝑐) at outer-span blade stations (85%, 

95% span) for 𝑈∞=5 m/s 

Figure e Model A sectional pressure coefficient distributions 𝐶𝑝 

vs (𝑥/𝑐) at outer-span blade stations (85%, 95% span) for 𝑈∞

=10 m/s 

Figure f Model A sectional pressure coefficient distributions 

𝐶𝑝 vs (𝑥/𝑐) at outer-span blade stations (85%, 95% span) for 

𝑈∞=15 m/s 

Figure 16 Outer-Span Sectional Pressure-Coefficient Distributions 340 
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 At 15 m/s, the differences become more pronounced. The baseline blade exhibits a stronger leading-edge suction peak near x/c≈ 341 

0.1, indicating concentrated front-loading; however, beyond approximately x/c≈ 0.2, suction levels decrease more rapidly along the 342 

chord, and the pressure recovery becomes less uniform. Hybrid model A, by contrast, shows a weaker leading-edge peak but sustains 343 

a higher suction level over most of the chord (from roughly x/c≈ 0.2 to the trailing edge) at both 85 % and 95 % span. This reflects 344 

a redistribution of aerodynamic loading from a sharply front-loaded profile toward a more chordwise-distributed pressure field. 345 

Notably, the qualitative behavior of the hybrid configuration remains consistent across all investigated wind speeds, with the quasi-346 

uniform distribution persisting as loading increases especially at suction side. 347 

 The spanwise distributions provided in Appendix A and B (70–95 % span), confirm that this behavior is not confined to a single 348 

section but characterizes the broader outer blade region. Overall, the pressure-coefficient analysis indicates that the OA-T 349 

modification appears to promote a more chordwise-distributed and spanwise-consistent pressure field in the outer span, particularly 350 

under moderate to high loading.  351 

3.5. Three-Dimensional Flow Structures and Surface Loading Characteristics 352 

3.5.1. Surface pressure contours and outer-span loading distribution 353 

Surface pressure contours on the pressure and suction sides were examined for the baseline and hybrid model A blades at 5 and 15 354 

m/s to visualize how the OA-T modification redistributes aerodynamic loading over the blade surface (Fig 17 and 18). 355 

At 5 m/s, the baseline blade shows a comparatively smooth pressure field along the outer span, with the pressure side exhibiting a 356 

gradual spanwise variation and the suction side maintaining a broad low-pressure region that extends over a larger portion of the 357 

chord. In contrast, hybrid model A displays a more structured pressure pattern in the outer-span modification region. A distinct 358 

high-pressure zone is retained over the modified outer section on the pressure side, consistent with the altered local curvature of the 359 

OA-T profile. On the suction side, the pressure drop toward the trailing edge appears more spatially confined than for the baseline 360 

blade, indicating a different chordwise pressure recovery behavior in the modified region even under low-loading conditions. At 15 361 

m/s, the differences in pressure-field organization become more pronounced. For hybrid model A, the pressure side exhibits higher 362 

pressure levels with a more uniform distribution across a larger portion of the blade surface, indicating a more broadly distributed 363 

(a) (b) 

Figure. 17. Pressure contours on the NREL Phase VI blade pressure and suction side at (a) 5 m/s, and (b) 15 m/s 

(a

) 

(b) 

Figure. 18. Pressure contours on the Hybrid Model A blade pressure and suction side at (a) 5 m/s, and (b) 15 m/s 
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loading state. Conversely, the baseline blade retains a more localized high-pressure concentration, most notably near the leading-364 

edge outer-span region, indicating a more front-loaded pressure-side loading pattern under high wind speed. These surface-pressure 365 

trends are consistent with the sectional Cp (x/c) results, where the hybrid configuration exhibited a more sustained chordwise 366 

pressure plateau over much of the chord while the baseline showed stronger leading-edge loading. Overall, the surface pressure 367 

contours support the interpretation that the OA-T outer-span hybridization modifies the chordwise and spanwise distribution of 368 

pressure loading, with the effect becoming increasingly evident as wind speed increases.  369 

3.5.2. Three-dimensional velocity streamlines 370 

Three-dimensional velocity streamlines in the stationary frame were examined at U∞=10 m/s to assess wake development and outer-371 

span flow organization under moderate aerodynamic loading (Fig.19). Representative oblique and side views are shown for both 372 

the baseline and hybrid model A configurations. We notice clear differences in outer-span flow organization between both models. 373 

In the near-tip oblique view, the baseline rotor exhibits stronger streamline curvature and more pronounced surface-adjacent 374 

distortion as the flow travels toward the trailing edge, particularly in the outer-span region. The associated wake structure 375 

downstream appears broader, with streamlines spreading more rapidly after leaving the blade tip. In contrast, hybrid model A 376 

maintains a more aligned streamline pattern along the blade surface, with reduced curvature and a visibly narrower wake 377 

development downstream. The tip vortex in the hybrid case appears more compact and coherent, with less lateral spreading in the 378 

immediate wake region. These differences indicate that the OA-T modification influences how outer-span loading is transferred into 379 

the wake, producing a more organized downstream flow structure compared to the baseline configuration under the same operating 380 

condition. The observed streamline organization is consistent with the previously identified redistribution of sectional pressure 381 

loading and improved torque retention at moderate wind speed.  382 

3.5.3.  Turbulent Kinetic Energy Distribution 383 

The distribution of turbulent kinetic energy (TKE) was examined at 𝑈∞=15 m/s to evaluate the turbulence footprint associated with 384 

outer-span loading (Figs. 20, 21). Representative results at 85 % and 95 % span are shown for both configurations. The contrast 385 

Figure .19 Three-                                                            U∞=10  /      

(a, b) baseline NREL Phase VI and (c, d) Hybrid Model A configurations. 

(a) (b) 

(c) (d) 
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between the two configurations becomes more apparent, comparing it to lower wind speeds (See Appendix C). The baseline rotor 386 

exhibits a broader region of  387 

elevated turbulent kinetic energy extending from the outer-span suction side into the near wake, particularly at 95% span. The 388 

turbulence intensity spreads more diffusely downstream, indicating stronger mixing and a less confined wake structure. In 389 

comparison, hybrid model A shows a noticeably more compact TKE footprint. Although localized turbulence remains present near 390 

the trailing edge and tip region, the high-energy zones are spatially more contained and decay more rapidly into the wake. This more 391 

organized turbulence distribution aligns with the previously observed streamline coherence and chordwise pressure redistribution 392 

introduced by the OA-T modification. A more confined wake and reduced spread of high TKE regions suggest a more controlled 393 

tip region flow behavior under high loading. Since wake turbulence and vortex dynamics are commonly associated with broadband 394 

aerodynamic noise generation, this behavior could have favorable implications for acoustic performance. Quantifying this effect 395 

would require a dedicated aeroacoustic analysis, and it is a work under progress. 396 

3.6. Integrated Aerodynamic Mechanism and Performance Implications 397 

The global performance results and the detailed flow-field analyses show a consistent aerodynamic mechanism behind the behavior 398 

of hybrid model A. The OA-T outer-span modification modifies how pressure is distributed along the blade chord, replacing the 399 

increasingly front-loaded response observed in the baseline configuration with a more chordwise-distributed loading pattern 400 

characterized by a sustained mid-chord pressure plateau. This behavior is already visible at 5 m/s and remains consistent as wind 401 

speed increases, indicating that the hybrid modification changes the aerodynamic behavior of the outer span rather than simply 402 

shifting performance at a single operating condition. As loading intensifies toward 10 and 15 m/s, the baseline rotor exhibits sharper 403 

leading-edge pressure peaks, broader wake expansion, and more spatially extended turbulent kinetic energy regions, reflecting 404 

increased sensitivity of the outer blade region to elevated inflow angles. In contrast, hybrid model A maintains a more consistent 405 

outer-span flow patterns, with smoother pressure redistribution, improved streamline coherence near the tip, and a more confined 406 

turbulence footprint downstream. This redistribution moderates localized pressure gradients while preserving effective suction over 407 

a larger portion of the chord, thereby sustaining torque generation under higher wind speeds. The combined evidence from spanwise 408 

loading distributions, sectional Cp (x/c) evolution, surface pressure contours, wake organization, and TKE confinement indicates 409 

(a) 

(b) 

(a) 

(b) 

Fig. 20 Scattered Turbulence Kinetic Energy the 

NREL Phase VI blade at 15 m/s at locations (a) 

85 %, (b) 95 %, span 

Fig. 21 Scattered Turbulence Kinetic Energy the 

Model A blade at 15 m/s at locations (a) 85 %, (b) 

95 %, span 
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that the owl-inspired hybridization results in more stable aerodynamic loading in the outer blade region. Rather than relying on 410 

localized front-loading, the modified blade achieves a more stable and spatially distributed loading state, which translates into 411 

improved torque retention, higher power extraction at elevated wind speeds, and a more controlled wake development across the 412 

investigated operating range. 413 

Conclusions 414 

In this study we introduced and assessed an owl-inspired outer-span hybridization strategy for the NREL Phase VI rotor, where the 415 

OA-T airfoil was integrated in the tip region (Hybrid Model A) to improve aerodynamic performance and high-wind robustness. 416 

The numerical framework was first validated at two levels: (i) at the airfoil scale, the Transition SST model reproduced the overall 417 

experimental lift-curve trend of the owl-like airfoil, with only a small, explainable deviation around 𝛼 ≈ 4°- 6° consistent with the 418 

sensitivity of laminar separation-bubble dynamics reported in the reference experiments; and (ii) at the rotor scale, the baseline 419 

Phase VI torque–wind-speed response was captured with good  agreement, including the rise in attached-flow conditions and the 420 

subsequent plateau/attenuation associated with stall onset. Using this validated setup without numerical retuning, the hybrid rotor 421 

demonstrated systematic aerodynamic gains: the peak power coefficient increased from Cp= 0.38 (baseline) to Cp = 0.42 at λ= 5.41, 422 

and further reached Cp = 0.448 at λ= 7.58, corresponding to an overall improvement of about 7–10% across the optimal operating 423 

range. These global gains were consistent with local evidence from spanwise tangential loading, which showed an outward 424 

redistribution of torque-producing contribution in the OA-T-modified region and a more stable loading behavior at high wind speed. 425 

Flow-field diagnostics provided a coherent physical explanation: sectional streamlines and chordwise pressure behavior indicated 426 

that the hybrid configuration consistently reorganizes outer-span loading by promoting a more chordwise-distributed pressure 427 

response (persistent 𝐶𝑝 plateau behavior across speeds) rather than strongly front-loaded behavior, while 3D streamlines in the 428 

stationary frame at 10 m/s showed a more coherent near-tip wake and a more compact tip-vortex development for the hybrid rotor. 429 

At 15 m/s, the turbulent kinetic energy (TKE) fields further supported this trend, with a more confined turbulence footprint for 430 

hybrid model A compared with the broader, more diffused high-TKE region observed for the baseline rotor. Although no direct 431 

aeroacoustic computation was performed, the observed confinement of wake turbulence and reduced diffusion of high-TKE regions 432 

suggest potentially favorable implications for broadband aerodynamic noise mechanisms, which should be quantified in future 433 

dedicated aeroacoustic analyses. Overall, the results support the effectiveness of owl-inspired outer-span hybridization as a practical 434 

bio-inspired design route to enhance energy capture while improving the aerodynamic robustness of the tip region under increasing 435 

wind-speed loading. 436 
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 509 

 APPENDIX A: Figure A1: Outer-Span Sectional Pressure-Coefficient Distributions 510 

 

Figure a Sectional pressure 

coefficient distributions 𝐶𝑝 vs (𝑥/𝑐) 

at outer-span of baseline blade 

stations (70–95% span) for 𝑈∞=5 

m/s 

 

Figure b Sectional pressure 

coefficient distributions 𝐶𝑝 vs (𝑥/𝑐) 

at outer-span of baseline blade 

stations (70–95% span) for 𝑈∞=10 

m/s 

 

Figure c Sectional pressure 

coefficient distributions 𝐶𝑝 vs (𝑥/𝑐) 

at outer-span of baseline blade 

stations (70–95% span) for 𝑈∞=15 

m/s 

 

Figure d Sectional pressure 

coefficient distributions 𝐶𝑝 vs (𝑥/𝑐) 

at outer-span of Model A blade 

stations (70–95% span) for 𝑈∞=5 

m/s 

 

Figure e Sectional pressure 

coefficient distributions 𝐶𝑝 vs (𝑥/𝑐) 

at outer-span of Model A blade 

stations (70–95% span) for 𝑈∞=10 

m/s 

 

Figure f Sectional pressure 

coefficient distributions 𝐶𝑝 vs (𝑥/𝑐) 

at outer-span of Model A blade 

stations (70–95% span) for 𝑈∞=15 

m/s 

Figure A2: Outer-Span Sectional Pressure Distributions 511 
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 512 

Figure A3: Turbulent Kinetic Energy Distributions at Outer-Span Blade Stations (a) 70%, (b) 85%, (c) 90%, (d) 95% for 513 

Baseline and Hybrid Model A Rotors at U∞=5 m/s 514 

 

Figure a Pressure distribution around the 

NREL Phase VI rotor blade sections at 

70–95% span at 5m/s 

 

Figure b Pressure distribution around the 

NREL Phase VI rotor blade sections at 

70–95% span at 13m/s 

 

Figure c Pressure distribution around the 

NREL Phase VI rotor blade sections at 

70–95% span at 15m/s 

 

Figure d Pressure distribution around the 

Model A rotor blade sections at 70–95% 

span at 5m/s 

 

Figure e Pressure distribution around the 

Model A rotor blade sections at 70–95% 

span at 13m/s 

 

Figure f Pressure distribution around the 

Model A rotor blade sections at 70–95% 

span at 15m/s 
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 522 
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 525 

 526 

Table A1 : Baseline 527 Blade Geometry 

Definition (NREL Phase VI) 528 

r (m) r/R Chord (m) Twist (deg) 
Thickness (m 

or %c) 

Twist Axis 

(%c) 

0.508 0.092 0.218 0 0.218 50 

0.66 0.12 0.218 0 0.218 50 

0.883 0.16 0.183 0 0.183 50 

1.008 0.183 0.349 6.7 0.163 35.9 

1.067 0.193 0.441 9.9 0.154 33.5 

1.133 0.205 0.544 13.4 0.154 31.9 

1.257 0.227 0.737 20.04 0.154 30 

1.343 0.243 0.728 18.074 20.95% c 30 

1.51 0.273 0.711 14.292 20.95% c 30 

1.648 0.298 0.697 11.909 20.95% c 30 

1.952 0.353 0.666 7.979 20.95% c 30 

2.257 0.408 0.636 5.308 20.95% c 30 

2.343 0.424 0.627 4.715 20.95% c 30 

2.562 0.463 0.605 3.425 20.95% c 30 

2.867 0.518 0.574 2.083 20.95% c 30 

3.172 0.573 0.543 1.15 20.95% c 30 

3.185 0.576 0.542 1.115 20.95% c 30 

3.476 0.628 0.512 0.494 20.95% c 30 

3.781 0.683 0.482 -0.015 20.95% c 30 

4.023 0.727 0.457 -0.381 20.95% c 30 

4.086 0.739 0.451 -0.475 20.95% c 30 

4.391 0.794 0.42 -0.92 20.95% c 30 

  
(a) 

(b) 

(c) 

(d) 

(a) 

(b) 

(c) 

(d) 
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4.696 0.849 0.389 -1.352 20.95% c 30 

4.78 0.864 0.381 -1.469 20.95% c 30 

5 0.904 0.358 -1.775 20.95% c 30 

5.305 0.959 0.328 -2.191 20.95% c 30 

5.532 1 0.305 -2.5 20.95% c 30 

 529 
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