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Abstract 
The demand for renewable energy is driven by the depletion and adverse environmental impacts of fossil fuels. 
There is a growing global consensus for research and development of renewable energy, including wind. In the 
current study, National Renewable Energy Laboratory (NREL) Phase VI wind turbine blade is integrated with 
morphing trailing-edge, installed on the aft-30% blade chord, across outboard 75% blade span. The morphing 
trailing-edge generates unique topology for each wind speed such that the glide ratio is maximized along the blade 
span. Three-dimensional transient computational fluid dynamics (CFD) analyses are conducted over low to medium 
wind speeds to investigate the blade aerodynamics. The analyses exhibit significant increments in the low-speed 
shaft torque and power of the morphed blades compared to the baseline. The integration of morphing trailing-edge 
high-lift flow control mechanism on the NREL Phase VI blade enhanced energy harvesting and reduced the wind 
turbine cut-in wind speed. Comparative investigations are also conducted to assess the improvements in thrust, 
bending moment, and aerodynamic load distribution, as well as alterations in the pressure, flow field, turbulence, 
surface flow, and wake. The aeroacoustics directivity of the wind turbines exhibits marginal far-field noise 
increment in case of morphing trailing-edge integrated blades. 
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Nomenclature 
 
C -   blade chord (m) 
R -   blade span (m) 
x/C -   chord fraction 
r/R -   span fraction 
D -   wind turbine diameter (m) 
H -   hub height (m) 
Uw -   wind speed (m/s) 
CP -   power coefficient 
Cprs -   pressure coefficient 
CL -   lift coefficient 
CD -   drag coefficient 
CL/CD -   lift-to-drag ratio 
λ -   tip speed ratio 
α -   angle of attack (°) 
β -   trailing-edge (MTE) deflection (°) 
f -   frequency (Hz) 
SS -   Suction surface  
PS -   Pressure surface

 

  



1. Introduction 1 
There is a growing consensus to phase out carbon-intensive energy sources in favor of environmentally friendly, 2 
sustainable alternatives such as solar, wind, hydro, wave, geothermal, and biogas. Wind energy has gained 3 
popularity due to its technological maturity and cost-effectiveness. As of 2021, wind energy generated 27% of the 4 
net Global Renewable Energy (GRE) production [1]. Small-scale horizontal axis wind turbines, with rotor diameters 5 
of up to 20m and power ratings of up to 100kW, are becoming popular as independent power sources. They are 6 
more affordable and have lower operating and maintenance costs, making them a reliable option for off-grid rural 7 
and suburban areas [2,3]. They are also suitable for areas with low wind potential [4,5], such as sub-Saharan Africa 8 
where 77% of the global population without access to electricity lives [6]. Small-scale wind turbines present a viable 9 
and attractive renewable energy solution for achieving Sustainable Development Goal (SDG 7) which aims to 10 
ensure access to clean and affordable energy [6]. However, their commercial success depends on economic 11 
feasibility of generated power, which is determined by initial cost per watt of power and unit cost per kWh [7].  12 

Blade design and optimization is a major focus of research in academia and industry [8,9]. Researchers have 13 
developed various mechanisms for controlling flow transition/separation and managing turbulence on/around the 14 
blades to enhance the aerodynamic performance and load stability of wind turbines [10]. These mechanisms can be 15 
broadly classified into active and passive control techniques. Passive techniques involve installation of 16 
microstructures, such as vortex generators [11], winglets [12], slats [13–16], riblets [17], surface texture/roughness 17 
[18], and slot/dimples/grooves [19], which manipulate pressure gradient across the blade surface to improve flow 18 
characteristics and aerodynamic performance. Active flow control mechanisms use a network of microsensors 19 
installed across the blade surface, which actively process sensor feedback to maintain or achieve optimal 20 
aerodynamic response through necessary local actuations [10,20]. Popular active control devices include flaps [21–21 
30], plasma actuators [31], blowing/suction [32], and blade chord/camber/span/twist morphing [33–38], among 22 
others. Passive control techniques are characterized by simple structure, low cost, and easy implementation, but 23 
they offer a narrow adaptation range and poor regulation performance. Active techniques, on the other hand, offer 24 
greater flow control flexibility but require a small range of external energy input. 25 

Conventional high-lift devices such as flaps manipulate the effective camber of a wing/blade to regulate 26 
aerodynamic forces by altering the chordwise pressure distribution [39]. However, these discrete control surfaces 27 
have several disadvantages, including exposure to wear and corrosion, high costs, weight penalties, increased 28 
aerodynamic drag, and aeroacoustic noise. Numerous structural morphing concepts have been developed as efficient 29 
alternatives to provide seamless, smooth, gradual changes in the contour to enhance flow control while minimizing 30 
inherent aerodynamic losses, noise, and structural vibration [40]. Several review articles have focused on innovative 31 
morphing technologies for use in aerospace [40–42], wind turbines [10,33,43], and helicopter rotors [44,45]. 32 
Morphing trailing-edge flaps are among the most effective flow control mechanism for wind turbines [46,47]. They 33 
effectively tailor the aerodynamic response of wind turbines under a range of steady and unsteady wind conditions, 34 
providing relative increments of up to 0.13 in the lift coefficient and nearly 80% reduction in lift fluctuation [48,49]. 35 
They have also been used for load alleviation [50,51] and stall control [52,53], resulting in up to a 13% reduction 36 
in blade-root bending moment [54] and up to a 15% reduction in extreme and fatigue loads on the shaft, nacelle, 37 
and tower [55]. 38 

Most previous research on morphing trailing-edges (MTE) has focused on large-scale turbines for load control and 39 
regulation. However, the design and application of MTE for power augmentation in small-scale turbines is a 40 
research area yet to be fully investigated. In previous work [56–58], the authors successfully demonstrated the 41 
significance of MTE in maximizing energy extraction. They designed and developed a trailing-edge morphing 42 
module integrated across the outboard 70-85% blade span of a small-scale wind turbine, demonstrating up to 53 % 43 
power augmentations. The current research aims to further explore the potential of MTE in small-scale wind 44 



turbines, specifically in lowering the cut-in wind speed and increasing the start-up torque. This holds the potential 45 
to significantly increase annual energy production (AEP) and reduce the levelized cost of energy (LCOE) of the 46 
wind turbines. An NREL Phase VI wind turbine is equipped with MTE across the outboard 75% blade span to 47 
evaluate the subsequent performance enhancement and power augmentation. 48 

2. Blade and Morphing Trailing-edge Design 49 
2.1 Baseline Wind Turbine 50 

This study focuses on a National Renewable Energy Laboratory (NREL) Phase VI research wind turbine, shown in 51 
Fig. 1 [59]. It is a two-bladed, fixed-pitch, stall-regulated, horizontal axis wind turbine operated in an upwind 52 
configuration. The design, components, and operating parameters of the wind turbine are detailed in Table 1. The 53 
aerodynamic analysis in this research uses the NREL Phase VI (Experiment: Sequence H) blade as the benchmark. 54 
This blade is referred to as the "Baseline blade" in the following text. The three-dimensional CAD model of the 55 
baseline blade is shown in Fig. 2. It has a linearly tapered and twisted planform, which is shown in Fig. 3. The blade 56 
has a span of R = 5.029 m, measured from the wind turbine hub center at r = 0 m. The blade's cylindrical root spans 57 
0.508 m ≤ r ≤ 0.883 m, transitioning into the S809 airfoil at r = 1.257 m. The blade planform beyond this point, 58 
1.257 m ≤ r ≤ 5.029 m, features the S809 airfoil contour. Flatback airfoils are commonly used in design and 59 
production due to their aerodynamic, structural, and manufacturing feasibility. Therefore, it should be noted that 60 
the blades modeled in this research have trimmed trailing-edges equivalent to 0.5% of the sectional chord length. 61 

2.2 Morphing Trailing-Edge Design 62 

The NREL Phase VI wind turbine blades are shaped by the S809 airfoil. To create a morphing trailing-edge, the 63 
aft-30% chord region of the S809 airfoil is modified geometrically. The proposed morphing trailing-edge features 64 
a smooth, seamless camber deflection, based on the author's previous research in Ref. [34,35,60,61]. The morphing  65 

 

Fig. 1.: NREL Phase-VI wind turbine [59] 

Table 1: Design and operating parameters of NREL Phase-VI 

wind turbine. 

NREL Phase-VI Wind turbine 
Number of blades 2 
Wind turbine diameter (D) 10.06 m 
Hub height (H) 12.2 m 
RPM 72 
Cut-in wind speed 5 m/s (l = 7.6) 
Rated wind speed 13.5 m/s 
Cut-out wind speed 25 m/s (l = 3.3) 
Rated power 19.8 kW 
Cone angle 0° 
Blade tip pitch angle 3° 
Blade profile S809 
Blade chord (C) (0.358-0.737) m 
Blade thickness (t/C) 21% 

 

 66 



 67 
Fig. 2: NREL Phase-VI wind turbine blade: (a) cross-view, (b) iso-view, and (c) top-view. 68 

  69 
Fig. 3: Geometric design of NREL Phase VI Baseline blade.  70 



 71 
Fig. 4: Schematic of S809 morphing airfoil (blue), integrated with (red) morphing trailing-edge (MTE). 72 

trailing-edge deflection angle (β) is defined as the angle formed by the intersection of the deflected chord line with 73 
the original at the 70% chord length from the leading-edge, as shown in Fig. 4. 74 

A comprehensive parametric study is conducted to determine the optimal trailing-edge topology based on varying 75 
flow conditions. The design optimization is performed with the objective to maximize lift (CL) while minimizing 76 
drag (CD) increment, resulting in a maximized lift-to-drag ratio (CL/CD) achievable through trailing-edge morphing. 77 
This is accomplished by modeling fifteen S809 airfoils, each with a chord size (C) of 0.305 m and span of 0.01C. 78 
Each airfoil model featured a unique trailing-edge deflection angle, ranging from β = 0° (baseline) to β = 15°. In 79 
order to determine the ideal trailing-edge deflection angle (β) for achieving the highest lift-to-drag ratio (CL/CD) at 80 
each incidence angle (α), the models are subjected to a range of angles of attack, α = -6° - 20°. The selected range 81 
of angles of attack (α) is carefully determined based on the variation in the inflow angles of attack across the blade 82 
span with the windspeed. 83 

The simulations are performed using the k-ω Shear Stress Transport turbulence model and a coupled pressure-based 84 
algorithm with a least-square cell-based scheme and second-order discretization. The numerical modeling used in 85 
this study is adapted from the author's previous work in Ref. [61]. The CFD simulations are conducted at a uniform 86 
inflow of 50 m/s, corresponding to chord-based Reynolds number of 1 million. 87 

The performance of the morphing airfoils is compared to that of the conventional S809 airfoil. The results showed 88 
that the morphing airfoils exhibited a significant improvement in CL/CD, particularly at angles of attack of α ≤ 10°. 89 
The highest CL/CD ratio exhibited by designed morphing airfoils over the tested angles of attack (α), is plotted 90 
against the conventional airfoil in Fig. 5. The relative CL/CD enhancements achieved by the morphing airfoils are 91 
summarized in Table 2. 92 

The Baseline blade is divided into small sections based on design data from the literature [59]. Each section, ranging 93 
from 0.25 ≤ r/R ≤ 1.0, is treated as a three-dimensional S809 airfoil. The trailing-edges of these sections are 94 
optimized to maximize the lift-to-drag ratio (CL/CD) based on the incoming angles of attack (α). As a result, four 95 
unique blades with morphing trailing-edges (referred to as "MTE blades") are designed for the tested wind speeds 96 
of Uw = 3, 5, 7, and 9 m/s. The spanwise morphing of the generated MTE blades is shown in Fig. 6. The MTE blades 97 
are labeled "MX", where M indicates a morphing trailing-edge and X specifies the corresponding wind speed. 98 

3. Computational Fluid Dynamics Modeling 99 
In this study, the commercial Ansys Fluent Solver is used for numerical modeling and analysis. The specific 100 
turbulence model, computational domain and grid, boundary conditions, and solver settings employed in the 101 
Computational Fluid Dynamics (CFD) analyses are described in this section. 102 



 103 
Fig. 5: Glide ratio performance of S809: Baseline, and Morphing airfoils. 104 

Table 2: Maximum relative glide ratio enhancements achieved through various MTE deflections (b), over tested angles of attack (a). 105 

Angle of Attack (a) MTE deflection (b) Relative enhancement D(CL/CD) 
-6° 15° 157% 
-5° 15° 183% 
-4° 13° 220% 
-3° 13° 294% 
-2° 12° 487% 
-1° 11° 3453% 
0° 11° 471% 
1° 10° 180% 
2° 8° 97% 
3° 8° 56% 
4° 6° 33% 
5° 5° 11% 
6° 4° 11% 
7° 3° 6% 
8° 2° 3% 
9° 1° 2% 
10° 1° 1% 
11° 1° 2% 
12° 1° 3% 
13° 1° 3% 
14° 1° 3% 
15° 1° 2% 
20° 1° 7% 

 106 



  107 
Fig. 6: Optimized trailing-edge deflection (b) of the NREL Phase-VI MTE blades for different wind speeds. 108 

3.1 Turbulence Modeling 109 

The CFD analysis involves the application of the Navier-Stokes Equations (NSEs), a set of partial differential 110 
equations that describe the fundamental physical laws of conservation of mass, momentum, and energy [62]. To 111 
solve these equations, the computational domain is divided into smaller finite-volume elements, and the equations 112 
are numerically approximated using discretization techniques. The local solutions obtained from each element are 113 
then iteratively combined to obtain a global solution. 114 

In this research, the Menter's two-equation eddy-viscosity Shear Stress Transport (SST) k-ω model is used for its 115 
accuracy and reliability in predicting external flows in various aerodynamic applications. This hybrid model 116 
combines the k-ε and standard k-ω models, and can switch between them in order to provide robust computations 117 
across the domain, from the far-field freestreams to the near-wall viscous sublayers. The SST k-ω model is 118 
particularly useful in predicting adverse pressure gradients, flow transitions, free shear flows, and boundary layer 119 
dynamics [63,64], making it a popular choice in wind turbine aerodynamics research for its ability to accurately 120 
model flow transitions and stall phenomena [65–69]. 121 

The SST k-ω model formulates the conservation of mass, and momentum, in conjunction with the transport of- 122 
turbulence kinetic energy, and specific dissipation, through Eqs. (1)-(4), as follows: 123 
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where, u represents the velocity vector, 𝜇& denotes turbulent eddy viscosity, 𝑟 denotes fluid density, 𝑝̅ denotes 128 
pressure, 𝑆 indicates strain tensor, and 𝜔 symbolizes specific dissipation. 129 

3.2 Computational Domain and Grid 130 

The NREL Phase VI wind turbine used in this study has a two-bladed configuration with rotational symmetry 131 
around the hub. This offers the scope to model just one blade for significant grid size and computational expense 132 
reduction by utilizing 180° periodicities. The aerodynamic interactions of the tower and nacelle are not included in 133 
this study for simplicity. The computational domain used has a semi-cylindrical geometry extending 25 meters (5R) 134 
upstream and 50 meters (10R) downstream of the blade, with radii of 0.5 meters (0.1R) and 25 meters (5R) at the 135 
semi-cylindrical frictionless walls serving as the Virtual Wall and Symmetry, respectively. The domain features 136 
two axisymmetric sub-domains to accurately capture the near- and far- field flow dynamics. The dimensions and 137 
boundary conditions of the computational domain are shown in Fig. 7. These boundaries are placed sufficiently far 138 
to avoid any wall effects on the near-field computations, and prevent the backflow anomaly [68]. 139 

The computational domain is used to generate high-resolution hexahedral mesh using Ansys ICEM software. The 140 
preliminary mesh is designed with 35 inflation layers normal to the blade surface to precisely capture the boundary 141 
layer dynamics. The first-cell height is adjusted to 0.02 mm, in order to fulfill the non-dimensional wall-distance 142 
criterion of (Y+ < 1), proposed for SST k-ω model [66]. The meshing scheme used for high-resolution grid 143 
generation is adopted from author’s previous work in Ref. [58]. The control volume grid is presented in Fig. 8, 144 
along with close-ups of the blade tip, and surface meshing. 145 

3.3 Boundary Conditions and Solver Settings 146 

In this research, the Single Reference Frame (SRF) methodology is used for numerical analysis. This approach 147 
assigns the angular speed of the wind turbine to the reference frame while modeling the surrounding flow field as a 148 
steady entity [70]. The boundary conditions used in the simulations, shown in Fig. 7,  have been found to be effective 149 
in previous studies [58,68,69]. The governing Unsteady Reynolds-averaged Navier–Stokes (URANS) equations 150 
and the SST k-ω transport equations are solved using a pressure-based coupled scheme, which allows for faster 151 
convergence by treating the continuity, momentum, and transport equations as a coupled system [71]. The spatial 152 
discretization for cell face value interpolation is performed using a second-order Upwind scheme, while cell gradient 153 
and secondary diffusion terms are calculated using a least-square cell-based scheme. A second-order implicit 154 
scheme is used for temporal discretization to achieve stability at larger timesteps by avoiding inherent Courant–155 
Friedrichs–Lewy (CFL) constraints. The simulation period in this study is approximately 1.68 seconds, representing 156 
two rotational cycles of the NREL Phase VI wind turbine. The transient timestep size is 0.003 seconds, performing 157 
a minimum of 30 iterations/timestep. A convergence criterion of 10-5 is used to monitor the normalized scaled 158 
residuals. Finally, the aerodynamic results are computed by averaging the values obtained over the final 500 159 
timesteps (approximately 15000 iterations) of the simulation [69]. 160 



 161 
Fig. 7: Computational domain and boundary conditions used in CFD modeling [flow direction: -z axis]. 162 

 163 

 164 
Fig. 8: CFD mesh: (a) control volume grid, (b) blade-tip mesh close-up, and (c) blade surface mesh.  165 



3.4 Mesh sensitivity analysis 166 

A grid independence study is conducted to ensure that the results are not influenced by the mesh resolution. Four 167 
meshes of progressively increasing resolution are tested, as summarized in Table 3. The convergence test is 168 
performed for a range of wind speeds (Uw = 5-9 m/s) to verify the accuracy and reliability of the aerodynamic 169 
predictions at different tip speed ratios (λ). The performance of the grid is evaluated by comparing the Coefficient 170 
of Power (CP) obtained for the different wind speeds. As shown in Fig. 9, the CP predictions from the different 171 
meshes diverge slightly at higher wind speeds (lower tip speed ratios). The CP results from the Fine and Ultra-fine 172 
grids differ by ≤ 0.4% over the tested range. Therefore, the Fine grid (11 million cells) is selected for this research 173 
to achieve the necessary precision at a reasonable computational cost. 174 

 175 

Table 3: Detailed parameters of tested NREL Phase-VI wind turbine grids.  176 

Parameters Coarse Grid Medium Grid Fine Grid Ultra-fine Grid 

Wrap-around nodes 114 230 348 460 

Leading edge nodes 8 15 23 25 

Trailing-edge nodes 8 15 23 25 

First-layer height (m) 2 x 10-5 2 x 10-5 2 x 10-5 2 x 10-5 

Growth rate 1.2 1.2 1.2 1.2 

Total Cells 4.5 x 106 7.7 x 106 11.0 x 106 14.3 x 106 
 177 

 178 
Fig. 9: Grid sensitivity analysis using four meshes of sequentially increasing size: (4.5-14.3) million cells. 179 

3.5 Aeroacoustics 180 

The outboard region of wind turbine blades, spanning from 0.75 ≤ r/R ≤ 0.95 of the blade radius, is known to be the 181 
primary source of noise, owing to high local inflow velocities [72]. Whereas the dominant noise sources within 182 
blade regions of r/R ≤ 0.75 are associated with frequency of f < 1 kHz, and thus, can be neglected while modelling 183 
noise disturbance. In this research, the noise generated by the NREL Phase-VI blades is simulated in the outboard 184 



region using the Large Eddy Simulation (LES) model and the Ffowcs-Williams and Hawkings (FW–H) acoustic 185 
analogy. The simulations use a transient timestep size of 1 x 10-6 seconds to satisfy the condition of CFL < 1, for a 186 
total duration of 0.075 seconds simulating 35 degrees of blade rotation which is sufficient for wind turbine noise 187 
prediction [73]. The acoustic computations are performed using a dense grid of approximately 11 million hexahedral 188 
cells, as shown in Fig. 10. The domain size and boundary conditions are referred from the literature featuring wind 189 
turbine computational aeroacoustics [73]. The dimensions of the annular domain are normalized with the blade span 190 
and tip chord. 191 

 192 

   (a)       (b) 193 

Fig. 10: Computational Aeroacoustics (CAA) modeling: (a) domain and boundary conditions, (b) structured LES grid. [flow direction: -z 194 
axis]  195 



4. Results 196 
4.1 Model Validation 197 

The reliability and accuracy of the CFD modeling is evaluated by comparing the computed predictions with 198 
experimental data from the literature [59]. The results for the Baseline blade are obtained for a wind speed range of 199 
Uw = 5-13 m/s, which corresponds to a tip speed ratio range of λ = 2.9-7.6. This range is chosen to assess the 200 
accuracy of the computational model in simulating blade aerodynamics over the pre-stall to stalled flow conditions. 201 
The CFD model used in this study accurately predicts the low-speed shaft torque and power over the tested wind 202 
speed range, with a relative error of ≤ 5.5%. The power coefficient (CP) of the Baseline blade, shown in Fig. 11, is 203 
in good agreement with the experimental results. Additionally, the CFD results are validated by comparing the 204 
computed pressure distribution on the blade surface with the experimental results at five span stations (r/R = 0.30, 205 
0.47, 0.63, 0.80, 0.95) for two wind speeds (Uw = 5 and 9 m/s). The corresponding pressure coefficients for the 206 
Baseline blade also demonstrate good agreement with the experimental results (refer supplementary data).  207 

4.2 Torque and Power  208 

The numerical analysis of the modeled NREL Phase-VI Baseline and MTE blades were analyzed for low-speed 209 
shaft torque and resulting power generation over a wind speed range of 3-9 m/s, corresponding to tip speed ratios 210 
of λ = 12.6-4.2, respectively. The superiority of the MTE blades, particularly at low wind speeds, is evident from 211 
the detailed comparative analysis in Table 4. The MTE blades show torque and power increments of up to 103.8 212 
N.m and 0.8 kW, respectively, at a wind speed of 5 m/s, corresponding to a relative increase of 39.9%. Additionally, 213 
the power coefficient (CP) of the simulated models is evaluated, with the MTE blades demonstrating higher 214 
efficiency in power generation than the Baseline blade. The comparative CP plots in Fig. 12 show relative 215 
enhancements for the MTE blades at all tested wind speeds. The maximum CP increase of 0.14 is achieved by the 216 
MTE blades at a wind speed of 5 m/s (λ = 7.6), corresponding to a 39.9 % relative increase. It is worth noting that 217 
the MTE blades significantly reduce the cut-in wind speed to 3 m/s, exhibiting torque increment of up to 600% and 218 
generating 0.55 kW of power, thereby boosting the wind turbine AEP and overall productivity. 219 

 220 
Fig. 11: Computational validation of NREL Phase-VI Baseline blade through power coefficient (CP) prediction.  221 



Table 4: Torque and Power variation of the NREL Phase-VI: Baseline, and MTE blades. 222 

Wind speed, 
Uw (m/s) 

Tip Speed 
Ratio (λ) 

Torque (N.m) Power (kW) Relative 
Increment Baseline MTE Baseline MTE 

3 12.6 10.48 73.4 - 0.55 600.4%# 

5 7.6 260.02 363.82 1.96 2.74 39.9% 

7 5.4 734.18 789 5.54 5.95 7.5% 

9 4.2 1307.22 1396.14 9.86 10.53 6.8% 
# The relative increment is computed for torque, as there is no power generation for the Baseline at 3 m/s wind speed. 223 

 224 
(a)       (b) 225 

Fig. 12: Performance variation of NREL Phase-VI: Baseline, and MTE blades, exhibiting (a) Coefficient of power (CP), and (b) relative 226 
increment in power coefficient (ΔCP), with respect to tip speed ratio (λ). 227 

To investigate the impact of trailing-edge morphing on wind turbine performance, the torque distribution is analyzed 228 
along the blade span in Fig. 13. The results present a similar overall trend for both blades with increasing wind 229 
speed. The torque steadily increases along the inboard sections, reaching a peak near the r/R = 0.8 span station, 230 
before gradually decreasing over the outboard span stations (r/R > 0.8) with a sharp drop near the blade tip (r/R > 231 
0.95). The MTE blades show significant torque increments across the entire blade span compared to the 232 
corresponding Baseline blade, with relative increments up to (157, 226, 111)%, (70, 43, 9)%, (10, 9, 6)%, and (12, 233 
5, 3)%, at the blade span stations of r/R = 0.29, 0.83, and 0.98 for wind speeds of 3, 5, 7, and 9 m/s respectively. It 234 
is noteworthy that at a wind speed of 3 m/s (λ = 12.6), the Baseline blade produces driving torque only over the 235 
outboard half-span (r/R ≥ 0.5). The inboard sections of the Baseline blade exhibit negative torque values due to 236 
negative local angles of attack (α), as detailed in the upcoming sections. In contrast, the MTE blades produce 237 
favorable torque over the entire span, resulting in an increase in the power coefficient and a reduction in the cut-in 238 
wind speed. The sectional torque analysis in Fig. 14 shows that Region II (0.63 ≤ r/R ≤ 0.81) is the most favorable 239 
zone for the enactment of trailing-edge morphing on the Baseline blade to increase power output. It is followed by 240 
Regions I (0.81 ≤ r/R ≤ 1.0), III (0.44 ≤ r/R ≤ 0.63) and IV (0.25 ≤ r/R ≤ 0.44), in terms of torque contributions. 241 



 242 
(a)       (b) 243 

 244 
(c)       (d) 245 

Fig. 13: Spanwise distribution of Torque, of NREL Phase-VI: Baseline, and MTE blades. 246 

 247 

 248 
(a) M3   (b) M5   (c) M7   (d) M9 249 

Fig. 14: Torque generation over different sections of MTE Blades presenting: (red) regional torque contribution, and (blue) relative increment 250 
(%) compared to the Baseline.  251 
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4.3 Thrust and Flap Bending Moment 252 

During operation, wind turbines are subjected to axially moving inflow which generates thrust force on the blades. 253 
This force results in concentrated stresses at the blade root, known as flapwise bending moment. These parameters 254 
indicate the amount of kinetic energy harnessed by the blades from the incoming wind. The thrust force and resulting 255 
flapwise bending moment are calculated for the wind speed range of 3-9 m/s. A detailed comparison is provided in 256 
Table 5. As expected, the thrust force and bending moment on the blades increase with wind speed due to the 257 
increase in inherent kinetic energy at higher speeds. The MTE blades experience relatively larger thrust force and 258 
resulting bending moment, as seen in Fig. 15. The increments in thrust and bending moment are up to 140 N (45.8%) 259 
and 505 N·m (47.6%) respectively, at a wind speed of 5 m/s. At the reduced cut-in wind speed of 3 m/s, the MTE 260 
blades experience 367% and 325% increments in the thrust and flapwise bending moment, respectively. This is 261 
largely attributed to the blade camber enlargements achieved through trailing-edge morphing. 262 

The effect of trailing-edge morphing on blade aerodynamics is further analyzed through spanwise thrust assessment. 263 
The load distributions for the blades exhibit a similar trend with increasing wind speed, as depicted in Fig. 15. The 264 
thrust force steadily increases across the inboard regions, with maxima observed at span stations 0.8 ≤ r/R ≤ 0.9. 265 
This is followed by a sharp decrease in the thrust force in the outboard tip region of r/R > 0.9. The MTE blades 266 
demonstrate relatively higher thrust forces across the entire blade span for all tested wind speeds. The relative 267 
increments in thrust are recorded up to- (210, 273, 263)%, (66, 57, 67)%, (10, 14, 18)%, and (15, 6, 6)%, at the 268 
blade span stations of r/R = 0.29, 0.9, and 0.98, for wind speeds 3, 5, 7, and 9 m/s (l = 12.6, 7.6, 5.4, and 4.2), 269 
respectively. 270 

4.4 Pressure and Flow Field 271 

In order to better understand the flow dynamics of the blades, pressure and flow visualization are conducted at five 272 
span stations, r/R = 0.30, 0.47, 0.63, 0.80, 0.95, across the simulated models, for a wind speed range of 3-9 m/s. 273 
Pressure coefficient contours with velocity streamlines are presented in Fig. 17-18 for only two wind speeds of Uw 274 
= 3 and 9 m/s, to maintain brevity. The results showed that the MTE blades, which have a modified trailing-edge 275 
topology, exhibit larger pressure gradients across the surfaces compared to the Baseline blade. The contours in Fig. 276 
17-18 reveal increment in the pressure gradient with the buildup of larger negative and positive pressure zones on 277 
the suction and pressure surfaces of the MTE blades, respectively. This is attributed to the increased mean camber 278 
of the respective blade sections. Additionally, the MTE blades showed a decrease in the pressure coefficient suction-279 
peaks by up to 534%, 279%, 3%, and 7% for wind speeds of 3, 5, 7, and 9 m/s, respectively. The pressure coefficient 280 
(Cprs) distribution around the Baseline and MTE blades are presented in Fig. 19. The exhibition is limited to span 281 
stations showcasing maximum Cprs relative enhancements, subject to the tested wind speeds. It is to be noted that 282 
the suction-surface Cprs-peak traverses from the leading-edge to mid-chord region under the influence of highly 283 
cambered profile of the MTE blades at lower wind speeds of 3 and 5 m/s. The Cprs distribution is synonymous with 284 
the Cprs contours provided in Fig. 17-18. These results correspond with the observed increment in torque and power 285 
output seen in the previous section.  286 

The inherent blade twist and inflow Reynolds number variation, both contribute to the increase in local angle of 287 
attack (α) towards the blade root. The local incidence angles across the blade span 0.25 ≤ r/R ≤ 1.0 range from α = 288 
(-7.3-1.5)°, (2.9-6.3)°, (7.4-12.6)°, and (10.3-19.2)° for wind speeds of Uw = 3, 5, 7, and 9 m/s, respectively. This 289 
increase in local angles of attack modifies the flow behavior across different span stations of the blades. At wind 290 
speeds of 3, 5, and 7 m/s, the blades experience attached flow, however, at a wind speed of 9 m/s, the Baseline and 291 
MTE blades experience flow transition and separation over the midspan region due to the increase in local angles 292 
of attack up to (α) = 19.2°. This is accordingly visualized at the span stations of r/R = 0.63 in Fig. 18 (c-d). It is 293 
worth noting that at a wind speed of 3 m/s, the local angles of attack are negative between span stations of 0.25 ≤ 294 
r/R ≤ 0.45, resulting in negative aerodynamic forces, torque, and thrust as seen in Fig. 13 and Fig. 16.  295 



Table 5: Thrust and Flapwise bending moment of the NREL Phase-VI: Baseline, and MTE blades. 296 

Wind speed, 
Uw (m/s) 

Tip Speed 
Ratio (l) 

Thrust (N) Flapwise Bending Moment (N.m) 

Baseline MTE Increment Baseline MTE Increment 

3 12.6 69.8 325.8 367 % 277.9 1182.2 325.4 % 

5 7.6 305.4 445.4 45.8 % 1062.3 1567.6 47.6 % 

7 5.4 544.3 590.9 8.6 % 1842.0 2016.1 9.5 % 

9 4.2 749.1 808.9 8.0 % 2499.0 2675.9 7.1 % 

    297 
(a)       (b) 298 

Fig. 15: Comparative analysis of: (a) Thrust, (b) Flapwise bending moment; of NREL Phase-VI: Baseline, and MTE blades. 299 

4.5 Skin Friction and Surface flow 300 

The airflow over wind turbine blades is complex and three-dimensional. The boundary layer dynamics are affected 301 
by the centrifugal and Coriolis forces, which drive the inflow radially outward and amplify the chordwise pressure 302 
differential, respectively [62]. Skin friction plays a crucial role in subsonic flow regimes, facilitating the transfer of 303 
momentum from the inflow to the blade surface, leading to the development of turbulent boundary layers. These 304 
layers are characterized by turbulent eddies that decrease the boundary layer thickness, reducing pressure drag on 305 
the blade and delaying flow separation. The skin friction contours, and surface flow streamlines are used to 306 
investigate the variations in airflow characteristics across the blade surface. The skin friction contours are color-307 
coded and overlapped with surface flow streamlines to indicate variations in the flow pattern. The visualizations in 308 
Fig. 20-21 show unsteady flows primarily over the suction surface due to the thick blade profile. These flows 309 
originate from the blade root region and increase with wind speed. Skin friction decreases in the chordwise direction 310 
due to the loss of kinetic energy and in the spanwise direction due to the increment in local incidence angles (α), 311 
which advance flow transition/separation. 312 

At lower wind speeds of 3-7 m/s, the inflow is fully attached to the blade with an unsteady flow pattern developing 313 
radially outward from the root with the increment in wind speed, as apparent in Fig. 20 (a-d). The MTE blades 314 
significantly increase the skin friction across the blade span at lower wind speeds owing to the strengthening of the 315 
boundary layers caused by the increase in mean blade camber. At higher wind speed of 9 m/s, the airflow 316 
characteristics exhibit significant alterations depicted in Fig. 21, with unsteady radial flows originating from the 317 
blade root and extending across approximately 85% of blade suction surface. It is accompanied by flow-detachment 318 



 319 
(a)       (b) 320 

 321 
(c)       (d) 322 

Fig. 16: Spanwise distribution of Thrust of NREL Phase-VI: Baseline, and MTE blades. 323 

over aft-50% blade chord across span stations of 0.35 £ r/R £ 0.85, as detected in Fig. 18 (c-d). The MTE blades 324 
exhibit comparatively higher skin friction across the blade span due to the optimized, morphing trailing-edge 325 
topology. 326 

4.6 Flow Turbulence 327 

Turbulent kinetic energy (TKE) is a measure of the energy associated with the random motion of fluid particles in 328 
a turbulent flow. In laminar flow regimes, small spatial disturbances or perturbations can easily grow and lead to 329 
separation. Higher levels of TKE can be beneficial in suppressing flow separation by promoting mixing of the flow. 330 
The inherent turbulent eddies and vortices prevent the growth of disturbances and tend to maintain a laminar flow 331 
over the surface. TKE is measured for both Baseline and MTE blades subjected to wind speeds ranging from 3-9 332 
m/s (l = 12.6-4.2). The normalized TKE (TKE/Uw

2) visualization presented in Fig. 22-23 for the trailing-edge region 333 
at different span stations shows progressive amplification in the radially outward direction. The exhibition is limited 334 
to two cases of Uw = 3, and 9 m/s, for the sake of brevity.  335 

The increment in wind speed further intensifies turbulent kinetic energy, owing to the magnification of local 336 
incidence angles (a) across the span. It is accompanied by enlargement and traverse of the turbulent core farther 337 
from the trailing-edge, along with considerable wake expansion. The presented contours also exhibit the 338 
characteristic double-peak wake, that arise due to the intermixing and subsequent interaction of boundary layers 339 
from across the blade surfaces. 340 

The MTE blades exhibit significant increments in TKE compared to the Baseline blade, which is attributed to the 341 
acceleration of inflow over the blade suction surface induced by the magnification of the mean blade-camber. The 342 
relative amplification in peak-TKE is recorded up to 79%, 40%, 10%, and 20% for wind speeds of 3, 5, 7, and 9  343 



  344 

  345 

  346 
Fig. 17: Pressure coefficient (Cprs) contours superimposed with velocity streamlines around the NREL Phase-VI blades: (left) Baseline, and 347 
(right) MTE, subjected to wind speed of Uw = 3 m/s, at different span stations.  348 

m/s, respectively. The increased TKE at low wind speeds strengthens the boundary layers and suppresses flow 349 
transition. The spike in TKE detected at span stations of 0.47 ≤ r/R ≤ 0.80 at a wind speed of 9 m/s in Fig. 23 (c-d), 350 
is due to the transition of laminar flow into turbulent flow caused by the separated flow regime detected in Fig. 18 351 
(c-d) and Fig. 21 (a-b).  352 
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  355 
Fig. 18: Pressure coefficient (Cprs) contours superimposed with velocity streamlines around the NREL Phase-VI blades: (left) Baseline, and 356 
(right) MTE, subjected to wind speed of Uw = 9 m/s, at different span stations.   357 
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   (a)       (b) 359 

 360 
   (c)       (d) 361 

Fig. 19: Pressure coefficient (Cprs) distribution around the NREL Phase-VI: Baseline, and MTE blades subjected to wind speeds of: (a-d) 3, 362 
5, 7, and 9 m/s, at different span stations.   363 
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 366 

 367 

Fig. 20: Skin friction coefficient contours with superimposed surface-flow streamlines on NREL Phase-VI blades: (a & c) Baseline, and (b 368 
& d) MTE, subjected to windspeed of Uw = 3 and 5 m/s.  369 
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 372 
Fig. 21: Skin friction (streamwise) coefficient contours with superimposed surface-flow streamlines on NREL Phase-VI blades: (a) Baseline, 373 
and (b) MTE, subjected to windspeed of Uw = 9 m/s.  374 

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

r/R



  375 

  376 

  377 
Fig. 22: Normalized Turbulent Kinetic Energy (TKE/Uw2) contours around the NREL Phase-VI blades: (left) Baseline, and (right) MTE, 378 
subjected to wind speed of Uw = 3 m/s, at different span stations.379 
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  382 
Fig. 23: Normalized Turbulent Kinetic Energy (TKE/Uw2) contours around the NREL Phase-VI blades: (left) Baseline, and (right) MTE, 383 
subjected to wind speed of Uw = 9 m/s, at different span stations.  384 
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4.7 Aeroacoustics 385 

The morphing trailing-edge (MTE) wind turbine blades have substantial impact on the aerodynamic noise due to 386 
variations in skin friction, turbulent kinetic energy, and wake deficit. These alterations may lead to an increase in 387 
turbulent fluctuations and sound radiation, resulting in higher overall noise levels. Factors such as flow separation 388 
and turbulent mixing in the wake region also contribute to this phenomenon. Therefore, further research is 389 
conducted to characterize the aerodynamic noise generated by MTE and Baseline blades. 390 

4.7.1 Vorticity  391 
The vorticity in wind turbine blades plays a significant role in the generation of aerodynamic noise. Vortex shedding 392 
from the trailing-edge of the blade creates a fluctuating pressure field, which generates tonal noise. Vortex 393 
breakdown across the blade surface also leads to the generation of broadband noise with a wide frequency range. 394 
Additionally, the interaction of vortices with boundary layers results in an increase in the turbulent kinetic energy 395 
of the flow, which amplifies the acoustic radiation. The flow-field around the baseline and MTE blades is analyzed 396 
using iso-surface plots of velocity magnitude at different wind speeds in Fig. 24. The results indicate that at lower 397 
wind speeds, vortex shedding is primarily confined to the trailing-edge region. While in the case of MTE blades, 398 
shedding is initiated at the hinge location (x/C = 0.7) of the morphing trailing-edge. As wind speed increases, vortex 399 
dissipation occurs primarily over the aft-50% of the blade chord, which coincides with the flow transition zones 400 
detected in the surface flow and skin friction contours (refer: Fig. 21), as well as the velocity-field measurements 401 
(refer to Fig. 18). 402 

4.7.2 Strain rate 403 
Strain rate plays a crucial role in aerodynamic noise generation. High strain rates lead to the formation of turbulent 404 
eddies and vortices, which transfer energy to the inflow and create acoustic pressure fluctuations. High strain rates 405 
also accelerate the onset of flow transition and separation, altering boundary layer dynamics and increasing turbulent 406 
fluctuations and kinetic energy, resulting in higher broadband noise. The normalized instantaneous surface rate of 407 
strain [Strain Rate*@𝑐&'3 𝑈4C D, where 𝑐&'3 is blade-tip chord length] for blade models is evaluated at different wind 408 
speeds and presented for two representative cases of Uw = 3 and 9 m/s in Fig. 25. It showcases a strain rate gradient 409 
along the blade leading-edge in the radially outward direction. This is due to higher local velocities induced by the 410 
blade rotation. The spatial distribution of strain rate over the MTE blades features a larger gradient, resulting from 411 
the relatively higher inflow velocities across the surface achieved by the acceleration of inflow over the MTE blades 412 
induced by the mean blade camber magnification through trailing-edge morphing. At lower wind speeds, the strain 413 
rate contours in Fig. 25 (a-b) exhibit smooth patterns, indicative of laminar flow across the blade surface. While, at 414 
higher wind speeds the contours in Fig. 25 (c-d) depict a turbulent flow regime. 415 

4.7.3 Far-field Noise 416 
The acoustic analysis of Baseline and MTE-integrated wind turbine is conducted at the wind speed of 9 m/s. In 417 
order to predict the overall noise for the NREL Phase VI wind turbine, which features two blades, an additional 418 
identical source is placed at the relative position of the second blade, as proposed in reference [73]. To simplify the 419 
analysis, the acoustic sources are considered incoherent, which prevents any noise cancellation effects based on 420 
phase differences. The time-averaged approximation of the far-field noise is obtained by evenly placing 36 ground 421 
receivers around the wind turbine in a circular plane at a radius of (H + D/2). 422 

The noise footprint of the NREL Phase VI wind turbine featuring Baseline and MTE blades is presented in Fig. 26. 423 
The Sound Pressure Level (SPL) and Overall Sound Pressure Level (OASPL) are computed across a frequency 424 
spectrum of 100 - 20,000 Hz. The SPL of the MTE and Baseline configured wind turbines captured by the receiver 425 
placed 17.2 m downwind is presented in Fig. 26 (a). As expected, the wind turbine featuring MTE blades generates 426 
higher broadband noise compared to the Baseline counterpart. 427 



 428 

Fig. 24: Instantaneous iso-surface of Q-criterion (Q = 1 x 105 s-2) with contours of normalized velocity (U∞/Uw) for the NREL Phase-VI 429 
blades: (a & c) Baseline, and (b & d) MTE, subjected to wind speeds (Uw): (top) 3 m/s, and (bottom) 9 m/s. 430 

This finding corresponds with the comparatively higher skin friction, turbulent kinetic energy, and wake deficit 431 
exhibited by the MTE blades. The noise level of the MTE-integrated wind turbine is approximately 10 dB higher 432 
than the Baseline over lower frequencies (f < 500 Hz). However, this difference progressively reduces and becomes 433 
insignificant across higher noise frequencies (f > 500 Hz). The computed OASPL plot in Fig. 26 (b) exhibits a 434 
dipole pattern with the lowest noise levels in the wind turbine's rotational plane, as reported in the literature [73,74]. 435 
The overall noise level in the upwind direction is observed to be marginally higher than the downwind. This is 436 
accredited to the Doppler effect induced by the blowing of wind, as previously observed by researchers in [73]. The 437 
MTE configured NREL Phase VI wind turbine exhibits a slightly higher overall noise level (0.25 dB) than its 438 
Baseline counterpart. 439 



 440 

Fig. 25: Normalized Instantaneous surface rate of strain [Strain Rate*!𝑐%&' 𝑈($ %] contours for the NREL Phase-VI blades: (a & c) Baseline, 441 

and (b & d) MTE, subjected to windspeed of Uw: (top) 3 m/s, and (bottom) 9 m/s. 442 



 443 
(a)       (b) 444 

Fig. 26: (a) Sound Pressure Level (SPL), and (b) Overall Sound Pressure Level (OASPL) of the NREL Phase-VI wind turbine featuring:         445 

( ) Baseline, and ( ) MTE blades, subjected to wind speed of Uw = 9 m/s. 446 

Conclusion 447 

The current research presents the design and implementation of Morphing Trailing-edge (MTE) blades on NREL 448 
Phase VI wind turbines, with the aim of investigating the performance of these blades over low to medium wind 449 
speeds (3-9 m/s) through high-fidelity unsteady Computational Fluid Dynamics (CFD) analyses. The MTE blades 450 
significantly improve performance, yielding 40% reduction in cut-in wind speed with increments in low-speed shaft 451 
torque/power (up to 600%), thrust (up to 367%), and bending moment (up to 325%), compared to baseline blade. 452 
The improved performance is attributed to the enhancement of pressure field and flow characteristics through the 453 
magnification of the mean camber of the blade, generating significant reductions in the pressure coefficient suction 454 
peaks (up to 534%). The MTE blades also increase the inherent turbulent kinetic energy of the inflow, producing 455 
greater deficit in wake velocity and turbulent kinetic energy compared to baseline blade. The aeroacoustic signature 456 
of the MTE-integrated NREL Phase VI wind turbine exhibits a marginal increase in overall sound pressure level of 457 
0.25 decibels at 9 m/s wind speed. These findings demonstrate the superiority of MTE blades over conventional 458 
designs and suggest that MTE-integrated wind turbines have potential to promote the use of sustainable energy in 459 
off-grid and remote areas. These wind turbines will not only contribute to the United Nations' sustainable 460 
development goal of extending the outreach of renewable energy (SDG 7), but also reduce the levelized cost of 461 
energy through increased annual energy production.  462 
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