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Abstract

This study investigates the enhancement of the aerodynamic performance and efficiency of horizontal-axis wind turbine
(HAWT) blades through passive trailing-edge morphing. The novelty of this work lies in the application of substantial
trailing-edge deflection at 50% chord to a NACA 2412 airfoil for HAWT applications. The effects of three deflection
angles (+5°, +10°, and +15°) were investigated numerically and experimentally under low-Reynolds-number operating
conditions. Numerical analyses, conducted using the k—¢ turbulence model and the multiple reference frame (MRF)
approach, were complemented by experimental validation using a 350-mm-diameter HAWT prototype in a low-speed
wind tunnel. The primary objective was to assess the influence of trailing-edge morphing on the coefficient of power,
flow characteristics, and surface pressure distributions. The results show that the coefficient of power generally increases
with the tip-speed ratio (TSR) within the optimal operating range before declining at higher TSRs. Importantly, trailing-
edge deflection significantly enhanced the coefficient of power across most TSRs, with the +15° deflection consistently
yielding the highest performance in both the numerical and experimental analyses. The numerical and experimental
coefficient-of-power values agreed within 10%, while the blade with a +15° trailing-edge deflection demonstrated a
substantial 46.5% increase in performance relative to the straight blade at a TSR of 6.0. These findings demonstrate that
passive trailing-edge morphing is a promising approach for improving the aerodynamic efficiency of small-scale HAWTs,
particularly under low-Reynolds-number operating conditions.

Keywords: Aerodynamic Performance; Computational Fluid Dynamics (CFD); Horizontal Axis Wind Turbine (HAWT);
Low Reynolds Number; Multiple Reference Frame (MRF); Trailing Edge Morphing

INTRODUCTION

The rising global demand for sustainable energy has
accelerated the development of renewable technologies,
with wind energy emerging as a leading sector. HAWTs
remain the dominant choice in large-scale wind power
generation due to their proven efficiency and technological
maturity (Ameduri & Concilio, 2020; Apata & Oyedokun,
2020; Barbarino et al., 2011; Manwell et al., 2010; Nabhani
et al., 2025; Tummala et al., 2016). However, consistently
high performance across fluctuating wind speeds, especially
at low Reynolds number conditions typical of small-scale
turbines or during low-wind scenarios for larger systems,
continues to present a critical challenge (Akhter & Omar,
2021; Roslan et al., 2022; Saemian & Bergada, 2025;
Temesgen Terefa et al., 2025; Yan et al., 2019).

HAWT blades

Traditional utilize fixed geometries

optimized for rated wind speeds, resulting in limited
adaptability and suboptimal energy capture under off-
design conditions. Although pitch control mechanisms
provide some flexibility, their complexity, inertia, and
inability to address spanwise performance issues restrict
their efficacy. Recent engineering focus has shifted toward
advanced blade adaptation strategies, inspired by biological
morphing techniques and aimed at real-time aerodynamic
optimization (Ajaj et al., 2016; Bi et al., 2020; Khedr,
2025).

Morphing technology, particularly trailing edge morphing,
enables dynamic modification of blade camber, directly
influencing lift and drag -characteristics (Huang et
al., 2019; Maguire et al., 2024; O’Brien et al., 2017,
Parancheerivilakkathil et al., 2024; Saemian & Bergada,
2025). Adjusting trailing edge deflection alters the effective
angle of attack, which can maintain optimal operating
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states and significantly mitigate flow separation especially
at low Reynolds numbers (Akhter et al., 2023; Chen &
Qin, 2017). Prior studies have demonstrated improved
acrodynamic performance and lift-to-drag ratios for airfoils
with trailing edge morphing (Cheng et al., 2023; Clements
& Dijidjeli, 2023; Douglas et al., 2019; Kan et al., 2020;
Kodigaddi, 2026; Kodigaddi et al., 2026; Kodigaddi &
Venkataramana, 2025; Wang et al., 2023).

Complementary passive strategies, such as surface
dimpling, have shown promise in further delaying flow
separation and reducing drag in low Reynolds number
regimes. The addition of dimples induces turbulence in
the boundary layer, helping sustain attached flow and
enhancing blade efficiency (Arunvinthan et al., 2021;
Mohammadi & Maghrebi, 2020). However, the interplay
between trailing edge morphing and dimpled surfaces
in HAWT blade design remains insufficiently explored,
particularly at critical trailing edge regions (Li & He, 2023).

Despite incremental advancements, there is a clear gap
concerning the use of morphing and tailored geometric
modifications under low Reynolds number conditions for
HAWT blades. Prior research largely investigates these
strategies in isolation, without addressing their synergetic
effects or validating their utility for small-scale, low-wind
turbines. While trailing edge morphing at extended chord
lengths has been previously reported (Zhuang et al., 2020),
its application to small-scale horizontal axis wind turbines
operating under low Reynolds number conditions remains
relatively limited. The present study addresses this gap
by combining detailed CFD analysis with experimental
validation to assess aerodynamic performance over a
range of tip speed ratios. Using a NACA 2412 airfoil as
the baseline, trailing edge morphing up to 50% chord is
investigated for deflection angles of +5°, +10°, and +15°,
with a focus on improving performance in low-wind regimes
where flow separation and reduced lift significantly affect
turbine efficiency.

The primary objective of this work is to enhance both
the aerodynamic performance and efficiency of HAWT
blades by applying passive trailing edge morphing on
a NACA 2412 airfoil. The focus is on quantifying the
effects of three different trailing edge deflection angles
under low Reynolds number conditions, aiming to improve
coefficient of power and overall energy capture relative
to conventional blade designs (Kodigaddi et al., 2022;
Kodigaddi et al.,, 2026; Kodigaddi & Venkataramana,
2025). Preliminary results demonstrate that the proposed
morphing strategy achieves meaningful improvements in
coefficient of power compared to non-morphing blades.
The approach supports more flexible and responsive blade
operation across changing wind conditions, confirming its
value as a promising solution for optimizing energy output
in small-scale and low-wind HAWT applications.

The structure of the paper includes the methodology section
concisely described the selection of the base airfoil and
outlined the blade design process, detailing the setup for
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both CFD analysis and experimental wind tunnel testing.
It also included a mesh independence validation to ensure
numerical accuracy. The results and discussions presented
a comparison of key numerical and experimental outcomes,
focusing on pressure, velocity, turbulence, surface pressure,
streamlines, and coefficient of power improvements
observed with various morphing configurations. The
conclusion summarized the primary findings, emphasized
the significant aecrodynamic gains achieved through passive
trailing edge morphing, discussed the close agreement
between CFD and experimental results, and highlighted
opportunities for future research in adaptive wind turbine
blade design.

MATERIALS AND METHODS
Airfoil selection

The NACA 2412 airfoil, with its 2% camber at 40%
chord and 12% thickness-to-chord ratio, was selected for
this study due to its proven aerodynamic efficiency, lift
generation at low angles of attack, structural robustness,
gradual stall behaviour, and extensive data availability,
making it a reliable foundation for integrating advanced
features like trailing-edge morphing in HAWT blades
(Kassa et al., 2024). Aerodynamic enhancement was
further achieved through controlled trailing edge deflection
starting from the 50% chord, where three configurations
+5°, +10°, and +15° deflection were examined to improve
performance, particularly under low wind speed conditions
where traditional blades underperform (Giammichele
et al., 2024; Kodigaddi et al., 2025; Mowla et al., 2025).
The parabolic morphing of the trailing edge was adopted
and modeled as shown in Figure 1 (Douglas et al., 2019;
Kaul & Nguyen, 2015). CFD simulations were conducted
for each configuration to determine the optimal deflection
angle that maximizes energy capture while maintaining
mechanical feasibility. Wind turbine performance was
assessed with reference to the Betz limit (Kulak et al.,
2024), the present research encompasses a comprehensive
analysis using multiple test cases as detailed in Table 1.
Where o is angular velocity in rad/s.

Blade design parameters

For experimental validation, the full-scale design was
scaled down by a factor of three, resulting in prototype
blade lengths of 150 mm and a rotor diameter of 350 mm. A
uniform 3° pitch angle and passive trailing edge deflections
(+5°, +10°, +15° from 50% chord) were employed to
maintain favourable angle of attack, enhance camber-
induced lift, and delay stall (Kodigaddi & Venkataramana,
2025; Li et al., 2025; Sudhamshu et al., 2016). This scale
was selected to align with laboratory constraints while
preserving aerodynamic similarity through proper scaling
techniques (Burdett & Van Treuren, 2012). The design
employs a linear scaling approach across seven sections:
Section 1 remains at full scale (1.0), while Sections 2
through 7 are successively reduced by a scale factor of
0.125 relative to the preceding section.
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Figure 1: Comparison between the NACA 2412 and Trailing edge morphed at +5°, +10° and +15° deflection angles

Table 1: Test cases considered for both numerical and experimental studies

Target TSR o @ V=2 m/s (rad/s) o @ V=3 m/s (rad/s) o @ V=4 m/s (rad/s) o @ V=5 m/s (rad/s)

1 11.429 17.143 22.857 28.571
2 22.857 34.286 45.714 57.143
3 34.286 51.429 68.571 85.714
4 45.714 68.571 91.429 114.286
5 57.143 85.714 114.286 142.857
6 68.571 102.857 137.143 171.429
7 80 120 160 200
8 91.429 137.143 182.857 228.571
i
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Figure 2: Sectional dimensions of the scaled HAWT blade prototype

This results in Section 7 having a scale ratio of 0.25, as
illustrated in Figure 2.

Computational domain and boundary conditions

The geometric model was constructed using ANSYS
Workbench 2024 R2 Design Modeler for low Reynolds
number analysis. A cylindrical rotating domain with a
diameter of 400 mm was created to enclose the HAWT
rotor, extending 50 mm axially both upstream and
downstream to capture critical near-field aerodynamic
effects. This rotating region was embedded within a larger
rectangular stationary fluid domain with dimensions
600 mm x 600 mm in cross section, extending 500 mm

upstream and 1500 mm downstream to allow for complete
wake development and minimize domain-induced effects.
The overall computational setup, including both rotating
and stationary zones, is illustrated in Figure 3. Boolean
operations were used to isolate the rotating and stationary
domains, and named selections were applied to define
boundaries and interfaces for accurate mesh generation
and solver assignment. The domain was discretized using
unstructured tetrahedral elements, with refined meshing
around the rotor blades to resolve complex boundary-layer
behaviour and wake structures. A detailed view of the
meshing strategy in the entire domain and a zoomed region
around the rotor is shown in Figure 4.
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Figure 3: Computational domain setup: (a) front view and (b) side view
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Figure 4: Meshing: (a) around the blade and (b) fluid domain

To simulate the aerodynamic performance, a uniform
velocity inlet boundary condition was imposed at the
upstream face, specifying a constant freestream velocity
with 5% turbulence intensity and a turbulent viscosity ratio
of 10. A pressure outlet with a static gauge pressure of 0
Pa was assigned at the downstream boundary. Convergence
was set to 10 for all equations. To solve the turbulent flow
near the airfoil surface or wall, the y* predicted through
first spacing = 0.03 mm is 0.9893 and it is sufficient to
achieve turbulent flow near the airfoil surface (wall) (y* <
1) (Somashekar & Immanuel Selwynraj, 2022). All solid
surfaces, including the rotor blades, hub, and domain walls,
were modelled as no-slip walls. For turbulence modeling,
the k-epsilon (k-¢) turbulence model was selected due to its
robustness, computational efficiency, and proven accuracy
in simulating a wide range of internal and external flow
problems (Daroczy et al., 2015; Mane et al., 2025). The
cylindrical region enclosing the rotor was defined as a
Rotating Domain, treated using the MRF. @ was specified
based on the target TSR. The outer rectangular region
remained a Stationary Domain, with its external faces
modelled as no-slip walls to maintain confinement of the
flow field.

Grid independence study

A grid independence study was conducted using three levels
of mesh refinement coarse, medium, and fine across three
element types: TET4 (linear tetrahedral), TET10 (quadratic
tetrahedral), and TET15 (higher-order tetrahedral) as
shown in Figure 5. The primary metric evaluated was the
percentage of elements with a quality index above 0.75,
ensuring both mesh fidelity and numerical stability. The

(b)

quality index improved with increasing mesh resolution
and element complexity. For coarse meshes, the quality
index ranged from 0.81 (TET4) to 0.85 (TET15). Medium
meshes showed a substantial improvement, with the TET10
configuration achieving the highest quality index of 0.95
at 1,209,765 elements. Further refinement to fine meshes
provided negligible gains, with quality indices plateauing
around 0.945-0.95, indicating that mesh convergence
was achieved. Based on this trend, the medium-density
mesh with TET10 elements was selected as the optimal
configuration for subsequent computational simulations.
This choice provided a balance between mesh quality
and computational efficiency, ensuring reliable numerical
results without excessive processing time.
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Figure 5: Variation of mesh quality index with the number
of elements, demonstrating mesh convergence
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Experimental setup and test conditions

The HAWT blade was fabricated using advanced 3D
printing technology with polylactic acid (PLA) material
for testing in the wind tunnel. PLA was selected as the
printing material due to its excellent printability, adequate
strength-to-weight ratio for small-scale applications, and
good dimensional stability, which ensured that the airfoil
geometry remained intact under the low Reynolds number
testing conditions.

A 3-bladed HAWT prototype, with a rotor diameter of
350 mm (radius R=175 mm) and a constant pitch angle of
3°, was evaluated experimentally in a low-speed, open-
circuit, suction-type wind tunnel. The schematic of the

Wind Tunnel Test Section

HAWT

Generator

anan
UL
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experimental setup is presented in Figure 6, while Figure 7
shows the physical test setup and electrical connections used
for voltage measurement. The wind tunnel specifications
and the experimental flow conditions are summarized
in Table 2 and Table 3, respectively (Sergiienko et al.,
2022). The experimental measurements were based on
electrical output from the coupled generator system. The
rotor rotational speed was measured using electrical output
(voltage) was recorded. The support tower introduces
blockage and flow interference, potentially affecting wake
development and measured performance. Its relatively
large diameter may contribute to minor deviations between
CFD and experimental results. Future work will adopt
slender supports and apply blockage correction to improve
accuracy.

Voltmeter

o004y

Voltage measurment
without b use rheastat

Data Acquistion

=N

o0d
o

]

(@)
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Figure 7: HAWT (a) placed in wind tunnel and (b) connection for voltage measurement

Table 2: Specifications of the low-speed wind tunnel used for the experimental performance evaluation of the HAWT

prototype

Parameter Value

Wind Tunnel type Low speed, open circuit, and suction type.
Test section size Square cross section: 0.6m height, 0.6m width
Test section Length 2000 mm

Contraction ratio 9:1

Velocity range 0 to 50 m/sec

Max axial fan speed 1500 rpm

Drive AC motor 20 Hp

Power requirement

AC, 3 Phase, 440 volts, 64 amps

Turbulence level 0.3% to 0.7%
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Table 3: Experimental operating conditions used for performance testing of the HAWT prototype

Parameter Value
Altitude 920 m above sea level
Freestream density (p_) 1.133 kg/m*
Dynamic viscosity (u,_) 1.7e® Ns/m?

Freestream velocity (V) 2,3, 4 and 5 m/sec

Reynolds number (Re)

3.9 x10% 5.9 x10%, 7.9 x10* and 9.9x10*

RESULTS AND DISCUSSIONS

Table 4 presents the pressure contours at multiple spanwise
sections of the wind turbine blade for various TSRs and
blade deflection angles. These plots reveal the distribution
of pressure around the blades, highlighting the primary lift
mechanism. At all TSRs, a high-pressure region is seen
on the lower surface (pressure side), while a low-pressure
region forms on the upper surface (suction side). This
pressure differential is more pronounced at higher TSRs
and moderate blade deflection angles, suggesting improved
lift and torque generation. The +10° deflection shows
strong pressure gradients, indicating optimal aerodynamic
performance under those conditions.

Table 5 illustrates velocity contours at spanwise sections of
the blade under different TSRs and blade configurations.
These contours show how the incoming flow accelerates
around the blades due to energy extraction. A noticeable
reduction in axial velocity immediately downstream of
the rotor indicates the formation of a wake. The highest
reduction occurs at TSR 7, consistent with more effective
energy extraction. Additionally, tip vortices are visible
as high-speed zones near the blade tips, confirming the
presence of strong rotational flow and secondary flow
structures. The degree of velocity recovery downstream
provides insights into wake development and flow
reattachment.

Table 6 illustrates turbulent kinetic energy contours,
which represent zones of high turbulence intensity
caused by blade—fluid interaction. Higher TKE values are
predominantly observed in the wake region, especially
behind the blade tips, where strong vortices and shear
layers form. Among the configurations, the +10° and +15°
deflection blades at TSR 6 and 7 generate the most intense
turbulence, likely due to more aggressive flow detachment
and stronger vortex structures. The increased TKE signifies
energy dissipation and enhanced mixing, which can
influence downstream turbine performance in wind farms
(wake interference).

Table 7 depicts surface pressure distributions on the blade
surfaces under different operating conditions. These visuals
help identify regions of high and low pressure across the
blade surface. For all configurations, strong suction (low
pressure) appears near the leading edge on the suction

side, especially in the mid-span to tip region. The highest-
pressure differentials occur with +10° deflection blades
at TSR 6 and 7, indicating enhanced lift. The figures also
show more uniform pressure distribution at optimal TSRs,
which supports the turbine’s efficiency and reduced flow
separation.

Table 8 illustrates surface streamlines to provide a visual
representation of flow adherence and direction on the
blade surfaces. For TSRs 5 through 7, most configurations
show attached flow along the blade span, particularly at
+5° and +10° deflections. Minor flow separation is evident
near the root and at the trailing edge, especially for the
+15° deflection at higher TSRs. The helical pattern of the
streamlines confirms the rotational nature of the flow and
efficient momentum transfer from the wind to the rotor. This
figure is crucial in validating blade design effectiveness in
maintaining attached flow and minimizing stall.

The present study compares the numerical and experimental
evaluation of the coefficient of power (C) for a HAWT
equipped with passive trailing edge morphing at various
deflection angles (+5°, +10°, and +15°) under low
Reynolds number conditions as shown in Figure 8. The
blade geometry is based on a NACA 2412 profile, and the
morphing is applied over 50% of the chord length from
the trailing edge. The results are analyzed for a range of
TSR from 2.0 to 8.0 for both the conventional straight
blade and the morphing configurations. A clear trend is
observed wherein C increases with increasing TSR up to
a certain point, after which it begins to decline, consistent
with the characteristic power-coefficient behaviour
reported for small-scale wind turbines operating at low
Reynolds numbers, where rotational speeds beyond the
optimum tip speed ratio increase profile drag and promote
earlier flow separation (Kulak et al., 2024; Sudhamshu
et al.,, 2016). Furthermore, the addition of trailing edge
deflection significantly enhances the C, across most TSRs,
with +15° deflection yielding the highest performance
both numerically and experimentally, in agreement with
the general finding that increasing trailing-edge camber
through morphing or flap deflection raises the power
coefficient of small-scale wind turbine rotors (Ali et al.,
2021; Giammichele et al., 2024; Mansi & Aydin, 2022).
This confirms the aerodynamic benefit of morphing in
enhancing lift and delaying separation, thus improving
turbine efficiency.
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Comparing numerical predictions with experimental
measurements, the overall variation in C_is within
+10%, which is generally acceptable given the inherent
limitations in replicating exact conditions in CFD and wind
tunnel experiments, and is comparable to the numerical-
experimental deviation reported for other trailing-edge-
flap-equipped small-scale HAWTs evaluated under
similarly low wind speeds (Yin et al., 2024). For instance,
at TSR 6.0, the numerical Cp for +15° deflection is 0.5075,
while the experimental C, is slightly higher at 0.5252,
resulting in a percentage difference of approximately 3.5%.
Atlower TSR values, such as 3.0, a slight underprediction is
observed in experiments compared to simulation, possibly
due to laminar-to-turbulent transition not being fully
captured in the wind tunnel or unsteady wake interactions
not accounted for in the steady numerical model, an
effect consistent with the strong sensitivity of measured
performance to transition location previously reported for
low-Reynolds-number airfoils (Kassa et al., 2024).

Ceylon Journal of Science 55 (4) 2026: 1661-1674

The mismatch between numerical and experimental results
can be attributed to several factors. Firstly, the numerical
model assumes ideal surface finish and perfect geometry,
while experimental blades may have slight manufacturing
tolerances, surface roughness, or minor asymmetries.
Secondly, the CFD simulations may use turbulence
models (such as SST k-o) that do not fully capture laminar
separation bubbles or transition zones, which are especially
significant at low Reynolds numbers, a limitation also
highlighted in comparative turbulence-model assessments
for rotor aerodynamics (Daroczy et al., 2015). Thirdly,
wind tunnel blockage effects, support interference, and
instrumentation errors may introduce discrepancies in
experimental measurements. Additionally, the simplified
assumption of 2D or quasi-3D simulations in numerical
analysis may fail to fully represent the 3D nature of flow
near blade tips, where vortex formation and induced drag
play a more dominant role.

Table 4: Pressure contours across the blade sections under different trailing-edge morphing deflections

Blade TSR 5

Straight blade

Pressure
Contour 4

1.220e+02
1.031e+02
8.417e+01
6.524e+01
4.631e+01
2.737e+01
8.443e+00
-1.049e+01
-2.942e+01
-4.835e+01
-6.728e+01
-8.621e+01
-1.051e+02
-1.241e+02
-1.430e+02
-1.619e+02
-1.809e+02
[Pa]

+5° deflection
blade

+10° deflection
blade

+15° deflection
blade

TSR 6 TSR 7

I L,
i '
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Table 5: Velocity contours across the blade sections under different trailing-edge morphing deflections
Blade TSR 5 TSR 6 TSR 7

Straight blade

Velocity
Contour 1

2.862e+01

2.683e+01

450 ; 2.504e+01
5° deflection blade 5 3260401
2.147e+01

1.968e+01

1.789e+01

1.610e+01

1.431e+01

1.252e+01

1.073e+01

+10° deflection 8.945e+00
7.156e+00

blade 53676+00
3.578e+00

1.789e+00

0.000e+00

[m s*-1]

+15° deflection
blade

Table 6: Turbulent Kinetic Energy (TKE) contours across the blade sections under different trailing-edge morphing
deflections

Blade

TSR 6

Straight blade

Turbulence Kinetic N
Contour 1
3.838e+00
3.598e+00
° : 3.359e+00
+5° deflection blade 31196400
2.880e+00
2.640e+00
2.401e+00
2.161e+00
1.922e+00
1.682e+00
. 1.442e+00
+10° deflection 1.203e+00
9.633e-01
blade 7.238¢-01
4.842¢-01
2.447e-01
5.160e-03
M2

+15° deflection

blade
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Table 7: Surface Pressure Contour on Blades under different trailing-edge morphing deflections
Blade TSR 5 TSR 6 TSR 7

S

Straight blade

Pressure
Contour 6

1.220e+02

1.031e+02

, 8.417e+01

+5° deflection blade 6.524e+01

4.630e+01

2.737e+01

8.443e+00

-1.04%e+01

-2.942e+01

-4.835e+01

-6.728e+01

-8.621e+01
o : -1.051e+02
+10° deflection blade 12416402
-1.430e+02
-1.619e+02
-1.809e+02

[Pa]

+15° deflection blade

P

N
r

Table 8: Streamline Visualization on Blade Surface under different trailing-edge morphing deflections

Blade TSR 5 TSR 6 TSR 7
Straight blade H, e e
Velocit / : ;
Streamline 1 - 4 -
290226401 -
I
+5° deflection blade 2.191e+01 I‘;
1.461e+01 :T . =
£\ o\ I
I M enlpnuummnmw. |,
+10° deflection blade 7.305e+00 /- L. aom
s /i - - i
0.000e+00 .
[m s™-1] \ \

+15° deflection blade

RERERRRG thi
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From a performance perspective, the morphing blades
show substantial improvements over the straight blades.
For example, at TSR 6.0, the experimental C]D of the +15°
deflected blade is 0.5252, compared to 0.3586 for the
straight blade, which translates to a 46.5% performance
gain. Even a moderate deflection of 10° yields a significant
increase (~26.4%). This magnitude of enhancement agrees,
in trend, with previous studies on trailing-edge morphing
and flap devices for small-scale wind turbines, although the
absolute gains reported in the literature vary considerably
depending on the deflection angle and chordwise extent of
the morphed or hinged region. The present enhancement is
closely comparable to that reported by (Alietal.,2021), who
observed power augmentations of up to 53% for a morphed
trailing edge on a small-scale wind turbine, with the largest
gains occurring under low-wind, low-TSR-equivalent
conditions like those examined here. In contrast, the
present gains are considerably higher than the 8.3% (BEM)
to 12% (3D CFD) power coefficient increase reported by
(Mansi & Aydin, 2022) for a fixed trailing-edge flap at TSR
7.0, and the 15.24% increase reported by (Yin et al., 2024)
for an optimum morphed trailing-edge flap deflected by
only 3° on the NREL Phase II wind turbine at a comparable
tip speed ratio (TSR = 5.95). This difference is attributed
primarily to the larger deflection angle used in the present
study (up to +15°, versus 3° in (Yin et al., 2024)) and the
greater chordwise extent of the morphed region (50% of the
local chord, compared with the 20-30% typically employed
in the literature), both of which increase the effective
camber and lift generated over a larger portion of the blade,
consistent with the established dependence of trailing-
edge-flap performance gains on deflection magnitude and
flap chord fraction (Zhuang et al., 2020). Taken together,
these comparisons indicate that the direction and general
scale of the present findings agree with earlier work,
while the specific magnitude of the improvement reflects
the more aggressive morphing configuration adopted
here relative to most previous studies. These findings
demonstrate that trailing edge morphing can be a promising
approach to enhance aerodynamic efficiency in small-
scale wind turbines, particularly in environments where
the flow is less energetic and prone to early separation.
Although the +15° deflection configuration demonstrates
the highest performance within the tested range, adopting a
fixed geometry may lead to suboptimal performance under
varying wind conditions. Morphing provides the flexibility
to dynamically adjust blade camber, thereby optimizing
performance across a wider range of operating conditions,
which is essential for real-world wind energy applications.

The present study focuses on aerodynamic performance
at low wind speeds; however, its implications for annual
energy production (AEP) can be inferred. AEP depends
on both the turbine efficiency and the wind speed
distribution (Manwell et al., 2010). The results show
consistent improvement in the coefficient of power <€) for
morphing configurations within the 2—5 m/s range, which
is commonly encountered in low-wind environments. Even
modest gains in C_at these speeds can significantly enhance
overall energy yield. The +15° deflection exhibits the best
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performance, indicating strong potential for improved
energy capture under low wind conditions. However, higher
camber may increase drag at elevated wind speeds, limiting
its effectiveness beyond the tested range. Therefore, while
fixed morphing improves low-speed performance, adaptive
morphing is more suitable for maximizing AEP under
varying wind conditions. A detailed AEP analysis using
site-specific wind data is recommended for future work.
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Figure 8: Figure 8: (C)-TSR curves for straight and
trailing-edge-morphed blades (+5°, +10°, +15°): (a)
numerical and experimental results; (b) comparison of (Cp)
enhancement at TSR 6.0 with published data (Ali et al.,
2021; Mansi & Aydin, 2022; Yin et al., 2024)

CONCLUSION

This study successfully investigated the efficacy of passive
trailing edge morphing, specifically with 50% chord
deflection, in enhancing the aerodynamic performance and
efficiency of HAWT blades under low Reynolds number
conditions. Through a comprehensive approach combining
CFD simulations and experimental wind tunnel testing
of a NACA 2412-based prototype, the impact of various
deflection angles (+5°, +10°, and +15°) was meticulously
evaluated. The findings conclusively demonstrate that the
application of passive trailing edge morphing significantly
improves the turbine’s coefficient of power across the tested
TSR range. Notably, the 15-degree deflection configuration
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consistently yielded the highest performance, both in
numerical predictions and experimental measurements,
highlighting its effectiveness in optimizing the blade’s
aerodynamic profile. A substantial performance gain of
up to 46.5% in C was observed for +15° deflected blade
compared to the conventional straight blade at optimal
TSR, underscoring the considerable benefits of camber
control. This study demonstrates substantial aerodynamic
improvements with the proposed trailing-edge morphing
configuration, confirming its potential for enhancing
the performance of small-scale wind turbines. The close
agreement between numerical and experimental results
(generally within 10% variation) validates the accuracy
of the computational model while acknowledging
inherent discrepancies attributed to idealizations in CFD
and experimental factors. This research underscores the
considerable potential of passive trailing edge morphing as
a promising technology for augmenting the aerodynamic
efficiency of small-scale HAWTs, particularly in
environments prone to low wind speeds and viscous flow
phenomena where traditional fixed-geometry blades often
struggle. The insights gained are crucial for developing
adaptive blade designs capable of maintaining optimal
performance across fluctuating operational conditions.
Future work should focus on exploring dynamic morphing
strategies, optimizing the chord-wise and span-wise
distribution of deflection, and investigating the practical
integration of actuation mechanisms into full-scale
prototypes. Further scope should be on implementing
active trailing edge morphing for very low Reynolds
number flows.
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