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Abstract:

Rapid progress in wind energy relies on continual improvements in blade aerodynamics. This paper surveys recent innovations
in blade design both passive and active aimed at boosting efficiency and output of horizontal- and vertical-axis wind turbines.
Key topics include flow-control devices (vortex generators, Gurney flaps, tubercles), advanced blade planforms (winglets,
serrations, diffusers), and adaptive systems (morphing trailing-edge flaps and smart materials). We review experimental and
computational studies (e.g., NREL Phase VI wind tunnel data) that quantify performance gains. For instance, adding upstream
vortex generators can delay stall and raise annual energy yield by ~20%. Diffuser-augmented (wind-lens) rotors have achieved
4-5x power of bare turbines in tests. Active flap systems are now flight-proven to modulate loading and slightly improve
production. All innovations are assessed in context of aerodynamic theory (lift-drag curves, Betz limit), structural trade-offs,
and economic impact. We also discuss vertical-axis turbine designs, where similar concepts (e.g. leading-edge bumps, flaps)
show promise. Overall, combining advanced airfoil shaping, flow-control patches, and dynamic control offers a pathway to
approach fundamental energy limits and make wind power more efficient.

Keywords: Wind turbine blade, aerodynamic flow control, vortex generators, active flaps, diffuser-augmented, morphing
blade, NREL Phase VI, performance improvement.
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Introduction

The efficiency of a wind turbine strongly depends on blade aecrodynamics. Modern turbines strive to approach the Betz limit
(59.3% of available wind energy) but are typically in the 40-50% range under real conditions. Innovations in blade design aim
to harvest more energy per rotor area by improving lift-to-drag performance and extending optimal angle-of-attack range.
Horizontal-axis wind turbines (HAWTs) use rotating, twisted airfoil blades to extract lift from wind. Vertical-axis turbines
(VAWTs) have different flow regimes and often lower peak efficiency, but they allow omni-directional operation.

Various strategies have been proposed to enhance blade performance. Passive flow-control devices (small fins or shape
modifications) can energize the boundary layer and delay stall. Active systems (movable flaps or morphing sections)
dynamically adjust shape in response to wind conditions. Other approaches include novel planforms (e.g. winglets or twin-
rotors) and power augmentation devices (such as diffusers that accelerate the inflow). Each innovation has trade-offs in
complexity and cost, but even small efficiency gains can have large economic impact for large turbines. This survey reviews
aerodynamic principles behind these designs, supported by published experiments and simulations.

Figure 1 Example horizontal-axis wind turbine blade in operation (image: CC BY-SA 2.0). High-Reynolds-number flow
along the blade creates lift that turns the rotor. Key innovations aim to keep this flow attached and maximize lift, especially
near stall conditions.

Conventional Blade Aerodynamics

A baseline wind turbine blade has a high-aspect-ratio planform, twisted along its span so that near the root it sees higher angles
of attack and near the tip lower angles. Common airfoil sections (e.g. the S8xx series) are optimized for smooth lift curves and
gentle stall transitions. For HAWTs, slender, three-bladed rotors dominate utility scales. VAWTs come in two main forms:
savonius (drag-driven half-cylinder blades) and darrieus (lift-driven curved blades). Lift-driven turbines inherently achieve
higher peak power, but their aerodynamics vary strongly with azimuthal position.

In practice, blades experience flow separation near the root at high angles and near the tip in yawed conditions. This limits the
operational tip-speed ratio and overall power coefficient. Improvements in blade design seek to push these limits. Steady 2D
aerodynamic theory provides the lift (C_L) and drag (C_D) of each airfoil section as a function of angle-of-attack (a). Figure
2 illustrates typical lift and drag curves for a wind-turbine airfoil. The lift peaks around a = 12-15° before stalling. Innovations
focus on raising the stall angle or lift plateau, or on reducing drag, by using flow-control and passive design changes.
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Figure 2 Lift (C_L) and drag (C_D) coefficients vs. angle-of-attack for a representative wind-turbine airfoil (RAF-6 derived,
data from Weick 1930). The lift curve (solid) peaks around a~13° then falls due to stall. Effective blade designs extend the
flat-top region to harvest more energy at high wind speeds or improve performance in yaw.

Passive Flow-Control Modifications

Vortex Generators

Vortex generators (VGs) are small, fin-like tabs (airfoil or trapezoid cross-section) placed on the pressure or suction surface of
the blade near the root. They locally mix high-momentum flow into the boundary layer, delaying separation. Early studies for
wind turbines (e.g. on the Boeing MOD-2 turbine) found that VGs can raise the maximum lift coefficient and postpone stall.
For example, NASA/Gyatt (1986) projected up to ~20% boost in annual energy output simply by adding VGs to a large HAWT
blade. The optimum VG geometry is small (~5-10% chord height) and placed at ~20% chord from leading edge. Field
implementations (e.g. on North Dakota turbines) confirmed modest gains in power, especially in turbulent winds. VGs are
simple and passive, requiring no maintenance.

Leading-Edge Protuberances (Tubercles)

Leading-edge tubercles are sinusoidal bumps along the blade’s leading edge, inspired by humpback whale flippers. Theory
suggests they break spanwise coherence of the separation vortex and reduce the strength of full-stall vortices, thus smoothing
stall and enhancing lift past the nominal stall angle. Experiments on isolated airfoils (not yet full-scale blades) have shown 4-
8% improvements in maximum lift and delayed stall. On wind turbines specifically, simulations indicate that adding tubercle
shapes to the blade can slightly increase energy capture at high wind speeds, though complexity and structural concerns have
limited field use so far.

Trailing-Edge Flaps and Tabs

Trailing-edge devices include static flaps and Gurney flaps. A Gurney flap is a small tab at the blunt trailing edge (on the
pressure side). It increases circulation around the blade, raising lift at high a. On vertical-axis turbines, adding Gurney flaps
has given dramatic power boosts at low tip-speed ratios (Himel et al. found up to +233% power coefficient at TSR ~1). In
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horizontal blades, Gurney flaps can increase lift by ~5-10% with minor added drag at moderate a. Similarly, trailing-edge
serrations (sawtooth patterns) have been used to mitigate bluff-body noise and can slightly affect lift distribution, but their net
aerodynamic gain is modest.

187 / 0.35 -
1.6 / = $-809 airfoil with TEF
g A .
Y 0.30{ —*— Pattern | (Lower Micro—Tab)
1.4 Vﬁ) R _— .
—_ : ,q/fA, e [=] Pattern 2 (Upper Micro—Tab)
d 1.2 4 P - & 0254 ~ Pattern 3(Upper/Lower Micro— Tab)
S 3 - o
- = al
g 10 ﬁf S 0.20
5 —— <
l.% 0.8 13/ .- ot * 3 E pe
= ‘ . L 0,15
S 0.6 %L‘}: = S
: s —o— S—809 airfoil with TEF %IJ 0.10 o
E 0.4 o Pattern 1 (Lower Micro—Tab) é ] (" ]
0.2 4 O Pattern 2 (Upper Micro—Tab) / o E'//}
2 Pattern 3(Upper/Lower Micro—Tab) 0.05 o /;,»E’
0.0 1 o e Z.o
T T T T T T 0.00 T T T T T T T
0 5 10 15 20 25 30 -5 0 5 10 15 20 25 30
angle of attack (c°) angle of attack («°)
(@) (b)
=
220
‘9. S -1.0 4
2 200 4 ®  S—809 airfoil with TEF
C:)d . Paltern | (lower Micro—Tab) =
< 180 - /// \\\“ —2— Pattern 2 (upper Micro—Tab) <
o 1604 // N —0— Pattern 3 = 054 ¢
é }Z{/ \ \ (Upper/Lower Micro—Tab) Q -
U B ) 5 g
g S NN = 3
g o o N S 004 i
Pl T B Oy S x
L . N v a & S-809 Standard ‘
T 804 / : 3\ = 47 : o TEDIRESS
= ‘ “e \ & 2 054 %Pé‘ ¢ $-809airfoil with TEF ~ ©
5 601 e, ' X 5 i o Pattern 1 (Lower Micro—Tab)
é 40 A a ;* *  Pattern 2 (Upper Micro—Tab)
. i .
L‘g 20 .04 ® Pattern 3(Upper/Lower Micro—Tab)
5 o
t 0 T T T T T T T T T T
= 0 S 10 0.0 0.1 0.2 0.3 04 0.5 0.6
angle of attack (a°) x/c
(c) (d)

Figure 3 Example of trailing-edge device: CFD simulation of an airfoil with a small winglet/“tab” on the pressure side (red
arrow). In simulation at high angle-of-attack, adding a micro-tab prevented flow separation and raised lift coefficient from
1.79 to 3.06 (a 71% increase). Such add-ons show promise in extreme conditions, though real blades must balance structural
loads.

Winglets and Tip Devices

Tip modifications can reduce induced drag. Winglets (vertical extensions) on turbine tips were tested to reduce tip vortices.
Studies show only small gains (a few percent) on large HAWTs because tip losses are already mitigated by tip speed. However,
on small or low-AR rotors, winglets can improve performance. Tip fences or shrouds are another concept: for example, turbines
with wing-shaped tip rings have shown increased lift at the tip in wind tunnel tests.

Diffusers and Wind-Lens Shrouds

A diffuser or shroud around the rotor can significantly increase effective wind speed through the rotor disk. “Wind-lens’
turbines, with a flanged diffuser, have experimentally shown 2-5x higher power output than bare rotors of the same diameter.
Figure 4 illustrates this effect. Ohya and Karasudani (2010) tested a small diffuser-augmented wind turbine and observed a
four- to five-fold boost in power at given wind speeds. This comes at the cost of more material and weight, and the effect scales
with shroud design; field validation is ongoing. Nevertheless, such power augmentation devices (PADs) remain one of the most
dramatic aerodynamic modifications, and several companies are pursuing commercial designs.
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Figure 4 Diffuser (wind-lens) augmentation dramatically raises rotor power. In experiments, adding a narrow-chord, brimmed
shroud increased output by 4-5x compared to a bare rotor. A simpler wing-profiled ring gave ~2% (grey vs. baseline). These
devices work by creating a low-pressure region behind the blade that pulls more air through.

Active and Adaptive Control

Static devices have fixed benefit but can’t adjust to all conditions. Active flow control uses movable elements to adapt. The
most mature approach is trailing-edge flaps. Large turbines now use hydraulically or electrically actuated flaps to shed loads
and optimize aerodynamics in gusts. For instance, a field trial of a full-scale 4.3 MW turbine with active flaps (8% chord near
the tip) showed reduced fatigue loads while slightly boosting annual energy yield. Similarly, leading-edge flaps (flaps that
deploy near the front of the blade) have been studied for enhancing lift in stall, though deployment on large machines is still
nascent.

Morphing blades encompass flexible or segmented structures that change shape. Examples include bendable trailing-edge tabs
or a spanwise twist mechanism. Aagaard Madsen et al. (2015) described a wind-tunnel test of a morphing trailing-edge flap
that could deflect smoothly along the blade. Theoretical models suggest that active camber control can capture a few percent
more power by keeping each section near optimal lift. Adaptive twist (using distributed anisotropic composites) can also keep
the blade at ideal angle under varying wind speeds. At present these technologies are mostly experimental or limited to small
turbines.

Plasma actuators and synthetic jets have been tested on blades as well. At wind-tunnel scale, placing pulsed plasma actuators
on the blade surface has delayed stall and increased lift slightly. These use ionized air flow near the surface to energize the
boundary layer. Results are promising in controlled tests, but power requirements and scalability remain a challenge.

Vertical-Axis Turbines (VAWT) Innovations

VAWTs, such as Darrieus (egg-beater) rotors and Savonius (bucket) rotors, face unique aerodynamic issues. Dynamic stall as
each blade cycles into and out of the wind is severe. Still, some of the above ideas apply. For example, adding leading-edge
serrations or tubercles to a Darrieus blade can smooth out stall peaks and boost average lift. One study found that a straight-
bladed vertical turbine fitted with triangular trailing-edge serrations gained lift-to-drag at negative pitch angles, expanding its
effective operating range. Gurney flaps on VAWT blades have shown enormous CP gains at low tip-speed ratios - though this
often comes at reduced performance at high RPMs. Small-scale VAW Ts also benefit from enhanced roots (sails) to reduce drag.
Diffusers are less practical on VAWTs. In summary, innovations from HAWT aerodynamics can often be transferred to VAWTs
for incremental gains, but the fundamental difference in flow means specialized research is needed for each subtype.
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Figure 5 Aerodynamic modification in a vertical-axis turbine.

(Top) A Savonius/Sarrus turbine profile. (Bottom) A Darrieus blade cross-section. In one study, adding a Gurney flap to the
Darrieus blade increased the VAWT’s power coefficient by up to 233% at low tip-speed ratios (shown conceptually). Redesigns
like active blade pitch in VAWTs are also under investigation. (Image: CC BY-SA 4.0.)

Computational and Experimental Validation

Advanced blade concepts rely on both CFD and wind-tunnel or field tests. The NREL Phase VI rotor (a 2.9 m diameter, S809-
blade turbine) is a standard test case. Recent CFD work (e.g. Al-Ttowi et al. 2024) simulated this rotor with various turbulence
models and showed excellent agreement with experimental torque and thrust at high wind speeds. The CFD found that the
standard k-¢ model matched the peak torque data most closely. These studies give confidence in using CFD to screen new blade
ideas.

Field experiments have tested many passive devices. For example, a NASA/NREL campaign (Gyatt 1986) instrumented a
MOD-2 turbine before and after adding vortex generators, confirming about a 42% lift increase at one blade section. Wind
tunnel tests at TU Delft of morphing flaps show the ability to withstand full rotation with realistic loads. The four-year full-
scale active flap trial at DTU (helideck-developed by Gomez et al.) demonstrated robustness of flaps over thousands of hours
while trimming loads. Diffuser turbines have been tested outdoors too: Ohya’s team built several prototype wind-lens turbines
and measured output 3-5x that of baseline turbines, confirming small-scale results.

NREL Phase VI validation: The S809 airfoil used on NREL Phase VI is a common design. Al-Ttowi et al. (2024) performed
a high-fidelity CFD study on this rotor. They reported that the simulated power and torque curves matched NREL’s wind tunnel
data very well near the design tip-speed range. This gives confidence that similar CFD can predict power gains for new blade
shapes. Note that for the stalling cases, turbulence modeling still introduces uncertainty; e.g. one study saw the k~w SST model
lagging behind k-¢ in matching measured torques.

Table 1 summarizes typical gains reported for various innovations. Passive devices like VGs and Gurney flaps can give ~10-
30% lift or power improvements in critical regimes. Diffusers can achieve several-fold increases. Active flaps yield modest
gains in annual energy (<5%) but large reduction in loads. These numbers depend on turbine size and wind regime, but underline
the potential of aecrodynamic tweaks.

Table 1 Summary of selected blade aerodynamic enhancements and typical performance gains. The improvements vary with
application and operating point.

Innovation

Effect

Reported Improvement

Source

Vortex Generators

Delay stall on blade root
(mixes flow)

+10-20% in lift or AEP

NASA (1986)

Leading-Edge Tubercles

Stall smoothing, modest

+5-10% Cl near stall

Bio-inspired (2004)

lift gain
Trailing-Edge Gurney Increase camber, higher +30-200% Cp in VAWT
Flaps lift near TE low-TSR cases Hasan et al. (2025)
. . . Few % power, mainly . .
Winglets / Tip Fences Reduce tip vortex losses blade-root load shift Design studies
Diffuser Shroud Accelerate inflow via 2-5x power for given Ohya & Karasudani
pressure drop diameter (2010)
. Real-time camber ~3-5% increased AEP,
Active Flaps (TE/LE) adjustment large load reduction Gomez et al. (2021)
: - o ;
Blade Morphing (camber) Continuous twist/camber few % gain in efficiency Aagaard Madsen (2015)

adaptation

(model)
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Energize boundary layer ~5-10% Cl at stall (wind .
Plasma Actuators via DBD discharge tunnel) Pereira et al. (2017)
. i ial +109 .
Multi-rotor / Dual-rotor TWO cgax1al b lades Potential +10% (concept Conceptual studies
sharing incoming flow study)

Discussion

Advanced blade geometries and devices offer tangible benefits, but they also bring complexity and cost. Passive devices like
VGs and flaps are cheap but fixed, so cannot optimize for all wind speeds. Active systems require controls and maintenance.
Structural penalties must be considered: adding a diffuser increases rotor solidity and gravitational load, while morphing
mechanisms add weight inside the blade. Also, noise is a concern; for instance, trailing-edge serrations and tubercles have been
explored partly to reduce blade-vortex interaction noise.

From a systems perspective, better aerodynamics can lead to smaller turbines for the same output or more energy from a given
turbine. This reduces cost per kWh. Some novel designs also enable new markets: e.g. compact wind-lens devices for urban
settings, or multi-rotor turbines on floating platforms.

Looking forward, integrated design using multiphysics optimization and digital twin monitoring (sensors in “smart” blades)
will allow these innovations to be more fully exploited. Machine learning can tailor blade pitch and shape to real-time
conditions, complementing passive design. Continued wind tunnel campaigns (e.g., using trimmed blade sections at realistic
Reynolds numbers) and full-scale demos are needed to move promising concepts into production.

Conclusion

This paper reviewed a spectrum of aerodynamic innovations for wind turbine blades. Passive flow-control (vortex generators,
flaps, serrations) and active adaptive systems (morphing flaps, camber-change) can each improve lift or delay stall, increasing
energy capture. Power-augmentation devices like diffusers can dramatically raise instantaneous power. Many of these
techniques have been validated in experiments or CFD: e.g. NREL Phase VI tests show good match with simulations, diffuser
turbines have been prototyped, and active flaps have operated multi-year field tests.

Combining multiple innovations (e.g. a twisted blade with VGs and active trailing flaps) is a frontier of research. Future wind
turbines may thus depart from the “smooth slender blade” paradigm, embracing bioinspired textures, hybrid shapes, and smart
materials. With careful validation, these advances promise to squeeze more power out of each gust of wind, helping to meet
renewable energy goals with smaller turbines or lower costs.
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