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Abstract

This study investigates the aerodynamic performance of vertical axis wind turbines
(VAWTS), focusing on a novel dual-airfoil morphing mechanism for H-type Darrieus tur-
bines. By leveraging the aerodynamic benefits of two distinct airfoil profiles, the proposed
design adapts dynamically to varying wind speeds, enhancing overall efficiency. The
methodology includes airfoil selection and aerodynamic analysis using the Double Mul-
tiple Stream Tube (DMST) model, simulated in QBlade software. The numerical model
was validated against established benchmark data, confirming its accuracy. Key findings
reveal that among all tested airfoils, the NACA 64(2)-415 airfoil achieves the highest
power coefficient at low wind speeds, while the FX 84-W-127 airfoil performs optimally
at higher wind speeds. Inspired by biomimetic principles, a morphing strategy and mech-
anism is proposed to transition seamlessly between these two profiles and enable broader
operational adaptability. This innovative approach demonstrates significant potential for
improving the energy capture efficiency and viability of VAWTs, contributing to the ad-
vancement of renewable wind energy technologies.

Keywords: airfoil; aerodynamic; QBlade; H-type Darrieus wind turbine; power
coefficient; DMST model; morphing mechanism; design; wind energy

1. Introduction
Background and Motivation

In recent years, the energy sector has witnessed significant advancements in technol-
ogies categorized as “renewable,” which aim for clean and inexhaustible energy produc-
tion by harnessing the Earth’s diverse resources. Wind energy is a valuable resource that
requires systems designed to harness its kinetic energy and convert it into mechanical
power. When this mechanical energy is used to rotate a shaft connected to an electricity
generator, the system is referred to as a wind turbine (WT).

The WTs available in the commercial sector are divided into horizontal axis wind
turbines (HAWTSs) and vertical axis wind turbines (VAWTs) [1,2]. In HAWTS, the shaft
rotates horizontally with the blades spinning perpendicularly to the ground, while in
VAWTs, the shaft rotates vertically with the blades spinning parallel to the ground.
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HAWTs have long been the primary choice for commercial electricity generation, thanks
to years of extensive research and development [2]. On the other hand, VAWTs are cur-
rently being explored in research due to their unique advantages. Compared to HAWTs,
VAWTs can operate at lower tip-speed ratios [2] and do not require yaw control mecha-
nisms [3]. They are omnidirectional, i.e., independent of wind direction [4], perform better
in turbulent or non-uniform airflow conditions [5], and generate less noise [6], making
them simpler and more suitable for installation on rooftops in urban and suburban areas,
where wind conditions are often highly variable and intermittent [7]. VAWTs further
stand out for their straightforward design, featuring a single moving part, the rotor, and
uniform, untwisted blades that are easier to manufacture compared to the twisted and
tapered blades of HAWTs. Additionally, most VAWT components are located at ground
level, significantly simplifying maintenance [8]. Due to these advantages, VAWTs have
gained significance in wind energy research, evidenced by the increasing volume of aca-
demic publications [9], addressing diverse VAWT configurations.

The classification of VAWTs is then divided into drag-type (Savonius) turbines and
lift-type (Darrieus) turbines [10]. Savonius turbines, although generally less efficient at
converting wind energy into usable power, are well suited for small-scale applications
due to their simple design and reliability [11]. They also have better startup characteristics
against low wind speed compared to Darrieus turbines. On the other hand, Darrieus tur-
bines, patented by Georges Jean Marie Darrieus in 1931 [12], are known for their ability to
achieve higher power coefficients, making them more efficient in energy conversion. Dar-
rieus VAWTs are further classified into H-Darrieus, D-Darrieus, and Helical-Darrieus
[13]. The H-Darrieus has a simple vertical blade design, the D-Darrieus features double-
curved blades for improved efficiency, and the Helical-Darrieus uses helical blades for
better torque and reduced noise. The main components of a typical H-Darrieus VAWTs
are the blades, central shaft, generator, struts or arms, and the base or support structure.
The efficiency of VAWTs is influenced by dynamic stalls, which occur when the rotor
blades” varying angle of attack (AOA) surpasses the static stall threshold. While blade
performance may initially improve during dynamic stall, the release of vortices down-
stream leads to a sharp decline in power generation due to a significant reduction in lift
[14].

Conventional VAWTs often suffer from low aerodynamic efficiency, poor self-start-
ing capability, low torque generation, early stall, strong wake interference, and perfor-
mance constraints across a limited tip-speed ratio (TSR) range. To overcome these limita-
tions, recent studies have explored morphing strategies (blade shape morphing, leading
edge morphing, trailing edge morphing, and surface morphing, etc.), inspired by biomi-
metic principles. These include variable pitch systems (efficiency gains of 13-78.9%),
adaptive flaps to reduce wake losses (efficiency gains of 10-54%, Gurney flaps for im-
proved pressure recovery (power efficiency increase of 2.7-37.5%), and deformable air-
foils that enhance lift and delay stall (power coefficient increases of 8-90%) [15,16].

The impact of profile changes, including inward semicircular dimples, Gurney flaps,
and trailing edge flaps improve the aerodynamics of turbine blades and maximize average
torque in VAWTs [17,18]. The authors in [19] compare the performance of a VAWT with
and without morphing blades, showing that the proposed morphing approach improves
power output by 46.2% of the overall power out. Loth et al. [20] proposed a morphing
segmented blade concept for extreme-scale wind turbines to enhance efficiency and re-
duce weight but highlights limitations like flutter instability and dynamic stall requiring
active control. Milojevic et al. [21] presented a novel shape morphing compliant structure
with embedded actuators capable of adapting its shape on demand, addressing manufac-
turing challenges by improving the design methodology to eliminate intersecting struc-
tural elements. Zhang et al. [22] developed a dynamic camber morphing wing, including
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compliant leading and trailing edges, which facilitates significant deflection and enhances
aerodynamic performance while preserving structural integrity under aerodynamic and
structural loads. Such approaches demonstrate the potential of morphing to significantly
improve turbine overall performance and power efficiency.

Various researchers have proposed multiple approaches based on distinct physical
considerations. This study presents a dual-airfoil morphing system for H-type Darrieus
VAWTs utilizing two distinct airfoil profiles, one suited for low wind speeds and the other
for high wind speeds—to improve power efficiency under varying wind conditions. This
novel approach combines the aerodynamic advantages of two distinct airfoils, enabling
seamless adaptation without complex mechanical systems, inspired by biomimetic design
principles observed in nature. The proposed system seeks optimal turbine performance
in both low and high wind regimes, significantly improving energy capture while simpli-
fying mechanical complexity.

The key novelties and significant contributions of this research are as outlined below:

e A dual-airfoil profile design is introduced, combining two airfoils with distinct char-
acteristics through a novel morphing transition to enhance power performance un-
der variable wind conditions.

e The new design allows for a low cut-in speed, effectively addressing one of the main
issues of Darrieus-type vertical-axis wind turbines, that is, their inability to achieve
the starting torque required for high-speed rotation.

e  The present study aims to introduce a novel morphing approach to improve the aer-
odynamic efficiency of VAWTs in fluctuating wind conditions. This research empha-
sizes idea formulation and numerical analysis, whereas future research will concen-
trate on implementation and experimental validation.

This manuscript is structured as follows: Section 2 outlines the methodology, includ-
ing the selection of airfoils and the DMST simulation model. Section 3 introduces the con-
cept of the morphing strategy, mechanism, and its design. Section 4 presents the results
and discussion, covering simulation validation and airfoil performance analysis at low
and high wind speeds. Section 5 outlines the proposed morphing coefficient of the power
(Cp) curve, while Section 6 highlights the main conclusions and future research.

2. Methodology
2.1. Selection of the Airfoils

The selection of airfoils for this study is based on aerodynamic power efficiency and
the geometric design feasibility of blade morphing transitions between profiles under low
and high wind speed conditions. Airfoils showing high power efficiency over an extensive
range of tip-speed ratios (TSRs) were evaluated. In addition to power efficiency, the geo-
metric profile’s cross-sectional suitability for seamless morphing was also considered. Key
geometric characteristics of an airfoil, including chord length, camber, and thickness, as
illustrated in Figure 1, are well known to significantly influence its aerodynamic perfor-
mance. VAWTs operate based on the lift force produced by the airfoil [23]. To improve
their aerodynamic efficiency, researchers either optimize custom airfoil designs or select
the most suitable option from existing ones.
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Figure 1. Main geometric features of an airfoil.

In this study, multiple airfoils with varied characteristics were analyzed, with the
airfoil “.dat’ files obtained from the UIUC Airfoil Data Site [24]. These airfoils included
variations in thickness, camber position, symmetry, and asymmetry, incorporating both
4-digit and 6-digit airfoils from diverse families. It is worth noting that the selection of the
airfoil was determined by the flow model illustrated in Figure 2.
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Figure 2. Flow model of the airfoil selection approach.

The flowchart outlines a process for selecting an airfoil for H-type Darrieus VAWTs,
based on the Reynolds number (Re) and aerodynamic power efficiency, aimed at identi-
fying suitable airfoils for varying wind speeds. The airfoils were analyzed at two distinct
Res: 1.03 x 105 for low wind speed and 2.05 x 105 for high wind speed. The Re were calcu-
lated using (Re = pVL/u), where p is the air density [kg/m?3], V is the free-stream veloc-
ity (wind speed) [m/s], L is the characteristic length (chord length of the airfoil) [m], and
u is the dynamic viscosity of air [Pa.s]. The TSR ranges of 0.5-2.5 and 1.5-3.5 were selected



Machines 2025, 13, 739

5 of 19

for low and high wind speeds, respectively. These ranges encompass both low-efficiency
and optimal aerodynamic performance regions, and they are consistent with the typical
operational limits of VAWTs [25]. This selection, for the specified Re, enables observation
of the turbine’s behavior under both suboptimal and optimal conditions for performance
analysis.

Following the computation of the aerodynamic coefficients, the subsequent step eval-
uates if the power coefficient is within the acceptable range or if an alternative airfoil se-
lection is required. The lower constraints reflect the typical efficiency of H-type Darrieus
VAWTs, and the power coefficient must remain under the Betz limit (0.593) [26], which
defines the theoretical maximum efficiency for all wind turbines. By evaluating this range,
we ensure that the chosen airfoils encompass those proficient in operating efficiently un-
der both low and high wind speed conditions, thus maximizing energy extraction within
actual aerodynamic constraints.

The power extracted by the wind turbine is a fraction of the available wind power,
determined by the turbine’s efficiency, represented by the power coefficient Cp, which is
a dimensionless parameter [-]. The power output P [in watts] can be expressed as

Po=1/2 (Cp. 0. A. V2. (1)

where 0 is the air density [kg/m?], A is the swept area of the turbine [m?], and V?- is the
freestream velocity [m/s]. The actual energy captured by a wind turbine will always be
less than 59.3% efficient, which is known as the Betz limit [26].

It is evident from equation (1) that the turbine’s power output increases proportion-
ally with the swept area A. The geometry of this area is described by the rotor’s Aspect
Ratio (AR), which is defined as follows:

AR =H/D 2)

where H is the blade height [m], D is the rotor diameter [m], and Aspect Ratio AR is,
therefore, dimensionless [-]. In this study, the design turbine has a blade height of 1.45 m
and a rotor diameter of 1.45 m, resulting in an AR of 1.0, as illustrated in Figure 3.

H/D=1
‘ il /"/ \\‘\
| \D
H L N J ) \
/, \ \‘\ ............... ,f'/
=

Figure 3. H-type vertical axis wind turbine Aspect Ratio.

Using numerical analysis allows us to explore design parameters in a more cost-ef-
fective and controlled manner compared to building multiple physical prototypes for each
configuration. It is worth noting that this study is limited to a computational investigation
using the DMST model, which enables detailed analysis of the aerodynamic performance
of airfoils under varying wind conditions. These results serve as a foundation for the
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future implementation of the morphing concept, including experimental validation and
mechanical prototyping.

2.2. DMST Simulation Model

Previous research has presented different aerodynamic models for VAWTSs, such as
the double multiple stream tube (DMST) [27], multiple stream tube (MST) [8], Vortex
model [28], cascade [29], and panel methods [30]. Each model has specific strengths and
limitations. In this study, the aerodynamic performance and power efficiency of VAWTs
were analyzed through using the DMST model, which was originally proposed by Para-
schivoiu in 1988 [27]. This model combines the MST approach with the double actuator
disk theory [31]. By dividing the rotor plane into multiple vertical stream tubes, the DMST
model accounts for both the upstream and downstream flow, iteratively solving for the
induction factors and wake effects to determine the aerodynamic forces acting on the tur-
bine blades. An additional actuator disc in the downwind section, representing a second-
ary induction factor, enables the turbine to interact with the wind flow twice. This en-
hancement improves the accuracy of predictions compared to the traditional MST method
[32]. Additionally, the DMST model requires considerably less computational time com-
pared to the three-dimensional vortex model, while providing enhanced accuracy over
the MST model in predicting aerodynamic blade loads [27]. Its main advantage is its sim-
plicity and strong correlation between theoretical predictions and experimental results.
However, the DMST model tends to overestimate power for high-solidity turbines and
often faces convergence issues, especially downstream and at higher tip-speed ratios [8].

To utilize the DMST method, QBlade software (QBladeCE_2.0.8_win) was employed.
QBlade serves as an open-source platform for the design and aerodynamic analysis of
wind turbines (HAWTs and VAWTs), developed by David Marten [33]. QBlade seam-
lessly integrates XFOIL, utilizing the viscous—inviscid panel method to generate 2D airfoil
profiles for blade design, calculate lift and drag coefficients, and enable 360° polar extrap-
olation, all of which are critical for turbine performance analysis [34].

To assess the aerodynamic efficiency of different airfoils for the H-type Darrieus
VAWT, several key parameters were examined using QBlade.

The geometric and operational parameters such as blade height, rotor diameter, and
tip-speed ratios were selected based on design recommendations and performance data
reported in previous studies [35,36,]. These choices align with standard configurations
commonly used in small-scale Darrieus-type wind turbines. These parameters are crucial
for understanding the aerodynamic behavior of the airfoils and assessing the power con-
version efficiency under various operating conditions. The parameters used in the simu-
lation are listed in Table 1.

Table 1. Geometric and operational parameters.

Parameters Notation Value Measure

Geometric and Design parameters

Chord length C 0.25 m

Rotor radius Rrotor 0.725 m

Swept Area As 2.1 m?

Rotor diameter Drotor 1.45 m

Height H 1.45 (12D) m

Number of blades N 3 -

Aspect ratio AR 1 -

Operational parameters

Low wind speed \Y 6 m/s

High wind speed \4 12 m/s
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0.09

0.04

Y [m]

0.01

0.06

Tip-speed ratio A 0.5-3.5 -
Max Epsilon for convergence € 1x10° -
Relax factor - 0.3 -

3. Concept of Morphing in Designing VAWTs

This mechanism introduces a novel approach to enhancing the power efficiency of
VAWTs through the dynamic morphing of VAWT blades. Unlike conventional airfoil
cross-section optimization, morphing mechanisms are typically based on single airfoil de-
signs, such as leading-edge morphing, trailing-edge morphing, and thickness-to-camber
ratio optimization. This study combines the aerodynamic advantages of two distinct air-
foils to create a blade system that seamlessly adapts to varying wind conditions. By uti-
lizing this mechanism, the airfoil transitions between profiles without requiring complex
actuators or heavy mechanical systems, offering a lightweight and efficient solution for
optimizing turbine performance in real time. The dual-airfoil morphing approach, de-
picted in Figure 4, ensures that the turbine operates at its maximum aerodynamic poten-
tial in both low and high wind regimes, significantly improving overall energy capture.
Figure 5 illustrates the CAD model layout, providing a detailed representation of the
morphing airfoil’s design and functionality.

What distinguishes this innovation from other morphing techniques is the use of two
complementary airfoil profiles that function optimally under different wind conditions,
combined with the application of morphing and biomimetic design principles. In nature,
organisms such as birds and fish dynamically adapt their shapes in response to environ-
mental factors, inspiring the development of a morphing system capable of adjusting its
aerodynamic properties on demand. By mimicking these biological strategies, the pro-
posed H-type Darrieus VAWT blade design not only enhances performance across a
broader range of wind speeds but also simplifies the mechanical complexity typically as-
sociated with adaptive systems. The integration of these biomimetic principles into the
turbine design opens new possibilities for sustainable and efficient wind energy genera-
tion, encouraging further exploration of lightweight, adaptive structures that dynamically
respond to changing environmental conditions.

Airfoil (Low wind speed)

Airfoil (High wind speed)

38

Morphing zone

<

0.1

e

KN

0.4

X/

0.2

0.3 0.5 0.9 1

X[m]

0.6 0.7 0.8

Figure 4. Blade morphing concept between two airfoils. The morphing zone enables smooth transi-
tion from a low wind speed (black) to a high wind speed (blue) airfoil to optimize aerodynamic

performance across varying wind speeds.
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Figure 5. CAD model layout of the proposed morphing H-Darrieus VAWT design airfoil (dimen-
sions are in meters).

3.1. Morphing Airfoil Strategy for Varying Wind Speeds

The strategies may involve passive and active flow control devices to manage the
aerodynamic performance of VAWTs. Building on this, the present study identifies two
optimal airfoil profiles: one suitable for low wind speeds and the other for high wind
speeds, as detailed in Section 4.2, for performance validation. To effectively bridge these
two designs, we propose a prescribed active control strategy that dynamically morphs the
airfoil profile from its initial shape at low wind speeds to its final shape at higher wind
speeds.

The air bladder will gradually deflate and be positioned at the lower section of the
blade (morphing zone) between the thicker and thinner airfoil, as illustrated in Figure 4.
To prevent abrupt numerical changes from the initial to final airfoil shape during morph-
ing, the first step is to determine optimal interpolated profile geometries. This can be
achieved by reducing thickness through modifications to the lower surface coordinates of
the initial airfoil, as illustrated in Figure 6, facilitating a smooth transition between the
initial and final profile shapes.

After establishing the intermediate profiles, to assess the aerodynamic transition dur-
ing morphing, the fixed intermediate profiles Al, A2, and A3 were simulated under inter-
mediate wind speeds. Their performance is presented and discussed in Section 4.3. These
results demonstrate smooth aerodynamic progression from one profile to another. To in-
vestigate continuous deformation of the blade to more closely replicate real-time morph-
ing dynamics, future simulations will use computational fluid dynamics (CFD) with user-



Machines 2025, 13, 739 9 of 19

defined functions (UDFs) to dynamically control airfoil deformation. These UDFs will
monitor wind speed and initiate gradual shape changes between the initial and final air-
foil profiles, maintaining aerodynamic efficiency during the transition. In doing so, the
authors anticipate that several numerical and technical challenges may arise, including
mesh quality management during morphing, precise control of shape updates over time,
and the added mechanical complexity introduced by the control strategy, which involves
moving parts and mechanisms that may present additional challenges.

0.09

Airfoil Initial shape
Inter- Airfoil A1
0.04 Inter- Airfoil A2
Inter- Airfoil A3
Airfoil Final Shape

0.01

Y [m]

0.06

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X [m]
0.09
0.04

0.01

0.06

Figure 6. Prescribed morphing pathway between initial and final airfoil profile shapes.

3.2. Control System Design for Morphing Mechanism

Designing a dynamic control system for morphing H-type VAWTs involves effi-
ciently integrating all components. The design model comprises three blades, a rotor shaft,
a generator, a base (support), connecting arms, a controller, an inflatable bladder, sensors,
and an air compressor. The shaft is the primary component, conveying the rotational en-
ergy created by the turbine blades to the generator, resulting in efficient power transmis-
sion. The air compressor inflates the bladder to achieve low-speed airfoil characteristics.
Sensors collect input data for the controller, while the control unit serves as the central
processing system, receiving data, processing it, and sending signals for actuation.

The system operates in three stages: data acquisition, decision making, and actuation.
Figure 7 illustrates the proposed workflow of the control mechanism. The anemometer
sensor continuously calculates the wind speed and transfers the data to the control unit,
while the pressure sensor monitors the bladder’s internal pressure and provides feedback
to the control unit. The control unit compares the wind speed against pre-set thresholds:
for low wind speeds (below 6 m/s) it inflates the bladder, and for high wind speeds (above
6 m/s) it deflates the bladder. Based on the wind speed, the control unit activates the air
compressor to inflate the bladder. During this process, the pressure sensor ensures the
bladder inflates to the required pressure and signals the control unit to stop the compres-
sor once the target pressure is achieved. When wind speeds increase beyond the thresh-
old, the control unit opens the solenoid valve to release air from the bladder, allowing it
to deflate.

The generator, powered by the turbine shaft, supplies the energy needed for the
morphing mechanism to function effectively. It is worth noting that shape changes would
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not occur frequently, as average wind speeds tend to vary over hours rather than minutes.
Although detailed energy consumption calculations have not yet been performed in this
study, preliminary estimates suggest minimal actuation energy. For instance, commer-
cially available small air compressors—such as those used for inflating beach mattresses—
typically operate at 5V and 5 A, consuming approximately 25 W while handling relatively
large air volumes. Given the low actuation frequency and small air volume involved in
our model, the expected energy consumption per activation remains extremely low. Con-
sequently, the total energy demand for blade morphing is anticipated to remain well be-
low 1% of the turbine average output, ensuring a positive net energy gain.
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Figure 7. Workflow of the control mechanism for the morphing H-type VAWT.

4. Results and Discussion
4.1. Numerical Simulation and Model Validation

The current numerical simulations were validated for reliability and accuracy by
comparing them with experimental results obtained by Abbot, I. H., and Von Doenhoff
[37], using the NACA 0012 airfoil at a Reynolds number of 3.0 x 10-¢. Validation was car-
ried out by analyzing the lift coefficient (Ct) and drag coefficient (Cp) curves across AOAs
from 0° to 20°, using XFOIL integrated within QBlade. The numerical predictions exhib-
ited very good agreement with experimental data, as illustrated in Figure 8.

Figure 8a presents Ct. as a function of AOA, demonstrating close alignment with ex-
perimental values in the linear region (low to moderate AOA). This confirms that the sim-
ulation accurately captures the airfoil’s aerodynamic behavior in this range. Near stall, the
experimental data shows a sharper drop in Cu. than the simulation predicts—a known
limitation of XFOIL, which does not account for complex three-dimensional effects such
as flow separation at high AOAs [38]. Despite this, the overall trend confirms that XFOIL
provides reliable predictions for lift performance in the pre-stall region. Figure 8b com-
pares Cr and Cp, showing good agreement in the low-drag region. Deviations at higher
Cw values are attributed to post-stall prediction limitations in XFOIL. Given that this study
focuses on airfoil performance at zero angle of attack, these results support the suitability
of QBlade for evaluating aerodynamic characteristics under such conditions.

Further validation of the DMST-based numerical simulation was performed using
experimental data from Castelli et al. [39] across a range of TSRs. Figure 9 shows the com-
parison of the power coefficient (Cp) versus TSR. It can be observed that the current sim-
ulation results follow the experimental trend, with deviations becoming more pro-
nounced beyond a TSR of 2.5. These differences can be attributed to uncertainties with the
experimental data such as boundary conditions, blade surface roughness, wake-blade
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Lift Coefficient [-]
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interactions, and the blade-spoke connection—particularly influential at higher TSRs, as
discussed in [40—-42]. The DMST model also tends to overestimate Cp at high TSRs, due to
dynamic stall effects not being considered, which are difficult to predict under conditions
of rapidly changing angles of attack and turbulence.
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Figure 8. Comparison between experimental and the adopted aerodynamic model, (a) lift coefficient

as function of AOA, (b) lift coefficient as functions of drag coefficients.
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Figure 9. Comparison of simulated power coefficient as a function of TSR: using Castelli et al. Ex-

perimental data [39].

4.2. Airfoil Performance Analysis at Low and High Wind Speeds

This study examined the performance of various airfoil profiles under different wind
conditions, specifically 6 m/s for low wind speed and 12 m/sec for high wind speed. To
develop a morphing mechanism for a small H-type Darrieus VAWTs, the main goal is to
find one airfoil that works best at low wind speeds, with a tip-speed ratio (TSR) of up to
2.5, and another that works best at high wind speeds, above a TSR of 2.5. The simulations
were conducted with uniform turbine parameters: rotor radius of 0.725 m, chord length
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Coefficient of power [-]
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of 0.25 m, swept area of 2.1 m? TSR range of 0.5 to 3.5, air density () of 1.225 kg/m3, air
viscosity (u) of 1.789 x 10-% kg/m-s, maximum epsilon for convergence (&) of 1 x 105, and
a relaxation factor to 0.3. Furthermore, correction factors, such as tip loss and variable
induction factors, were applied to simulate the conditions in more realistic media. An in-
vestigation of Cp as a function of TSR was conducted for each airfoil, emphasizing per-
formance under varying wind conditions. Airfoils exhibiting a substantial decline beyond
specific TSR values and a low power coefficient were deemed inappropriate for the in-
tended morphing blade design.

Through a narrowed evaluation of the aerodynamic performance of the three-bladed
H-type VAWT, utilizing airfoils such as the NACA 64(2)-415, AH 93-W-257, NACA 64(3)-
618, AH 93-W-145, AH 93-W-215, AH 93-W-174, Bergey BW-3 (smoothed), FX 84-W-175,
SG 6043, and FX 84-W-150, distinct operational regimes were illustrated across the inves-
tigated tip-speed ratios. Figure 10 illustrates the correlation between Cp and TSR at wind
speeds of 6 m/s, demonstrating varying aerodynamic characteristics over the TSR spec-
trum.

Figure 10a indicates the maximum Cp values as follows: Cp is 0.30 at a TSR of 2.0,
0.25 at a TSR of 1.75, 0.17 at a TSR of 1.75, 0.30 at a TSR of 2.25, and 0.28 at a TSR of 2.25.
The peak power coefficients correspond to the NACA 64(2)-415, AH 93-W-257, NACA
64(3)-618, AH 93-W-145, and AH 93-W-215 airfoils, respectively. The power coefficient of
AH 93-W-215 at TSR values of 2.25 and 2.50 exceeds that of the NACA 64(2)-415; however,
the overall power coefficient at a TSR of 0.5 to 2.0 is lower. The NACA 64(3)-618 airfoil
demonstrates superior performance relative to other airfoils at a TSR of 1.0 or less, but its
performance begins to deteriorate at elevated TSRs. The AH 93-W-257 airfoil exhibited
superior Cp values relative to other airfoils at a TSR < 0.75, yet it was lower to the NACA
64(3)-618 at a TSR = 1.15.

Figure 10b shows that the minimum Cp of 0.01 corresponds to the FX 84-W-175 air-
foil, while the maximum Cp of 0.25 is associated with the AH 93-W-174 airfoil. In the TSR
range of 1.0 to 2.25, the AH 93-W-174 airfoil demonstrates superior power coefficient val-
ues relative to other airfoils, establishing it as the most efficient airfoil in Figure 10b,
whereas the NACA 64(2)-415 airfoil is notable in Figure 10a.

By comparing the two airfoils’ highest power efficiencies across the investigated
TSRs, we find that the NACA 64(2)-415 obtains a peak Cp of 0.30 and the AH 93-W-174
reaches a peak Cp of 0.25. As a result of this, the NACA 64(2)-415 is an efficient airfoil
design for TSR values between 0.5 and 2.5, which corresponds to low wind speeds. These
findings strongly support the recommendation of the NACA 64(2)-415 for applications
involving low wind speeds.
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Figure 10. (a,b) Coefficient of power vs. tip-speed ratio for low wind speed DMST simulation.
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The simulation results for low wind speed conditions were subsequently investi-
gated for high wind speed conditions at a Reynolds number of 2.05 x 107, utilizing the
same turbine settings presented in Table 1. This analysis assesses the response of airfoils
to elevated wind speed situations and identifies profiles that sustain or enhance efficiency
across the evaluated tip-speed ratios. After the preliminary evaluations of several airfoils,
a selection comprising the FX 84-W-127, MH 102, MH 104, FX 77-W-153, NACA 4418,
NACA 4415, USNP4 (smoothed), FX 83-W-108, SG 6042, and SG 6043 was chosen for com-
prehensive analysis, as shown in Figure 11.

Figure 11a illustrates that the FX 84-W-127 and MH 104 attain peak Cp values of 0.35
and 0.33 at a TSR of 2.75, respectively. On the other hand, the MH 102, FX 77-W-153, and
NACA 4418 exhibit peak Cp values of 0.34, 0.27, and 0.28 at a TSR of 2.50, respectively.
The NACA 4418 airfoil has a minimum power coefficient of 0.04 at a TSR of 1.50, whereas
the FX 84-W-127 airfoil demonstrates a maximum power coefficient of 0.35 at a TSR of
2.75. The FX 77-W-153 airfoil shows superior performance regarding the power coefficient
relative to other airfoils at a TSR < 2.0; however, it experiences increased drag at elevated
TSRs, suggesting it is not an appropriate option for our requirements. The MH 102 airfoil
demonstrates a pronounced Cp peak within a specific range of tip-speed ratios (2.0 to 2.5)
when compared to the FX 84-W-127, MH 104, FX 77-W-153, and NACA 4418, but experi-
ences a significant decline in performance beyond a TSR of 2.5. The MH 104 and NACA
4418 airfoils exhibit moderate performance at the evaluated tip-speed ratios.

Figure 11b illustrates airfoils comprising the NACA 4415, USNP4 (smoothed), FX 83-
W-108, SG 6042, and SG 6043. The USNP4 (smoothed) airfoil demonstrates the highest
coefficient of power within the range of 1.5 < TSR < 2.0, whereas the SG 6043 presents the
lowest Cp values in this TSR range, with the FX 83-W-108 and SG 6042 showing moderate
performance. With an increase in the tip-speed ratio, the USNP4 (smoothed) and SG 6043
airfoils exhibit a significant decline in their power coefficients, indicating their unsuitabil-
ity for the specified conditions. The power coefficient of the NACA 4415 increases with
TSR beyond 2.0, peaking at a TSR of 2.50, followed by a slight decline. The NACA 4415
demonstrates a minimum Cp of 0.06 at a TSR of 1.50 and a maximum Cp of 0.28 at a TSR
of 2.50. The maximum power coefficients for the USNP4 (smoothed), EX 83-W-108, SG
6042, and SG 6043 airfoils within the analyzed TSR range are 0.23, 0.23, 0.24, and 0.16,
respectively, all of which are below the Cp peak of 0.28 observed for the NACA 4415.

This comparison resulted in the selection of an appropriate airfoil for high wind
speeds. Among the airfoils analyzed, the FX 84-W-127 exhibits the highest Cp at 0.35, oc-
curring at a TSR of 2.75. In contrast, the NACA 4415 reaches a peak Cp of 0.28 at a TSR of
2.5. The minimum Cp values are 0.11 at a TSR of 1.50 for the FX 84-W-127 and 0.06 at a
TSR of 1.50 for the NACA 4415. The NACA 4415 exhibits an earlier stall effect in compar-
ison to the FX 84-W-127. This indicates that the FX 84-W-127, which exhibited stable and
consistently high Cp values throughout the TSR range, provides enhanced and reliable
performance in high wind speed conditions. The aerodynamic design of the FX 84-W-127,
noted for its streamlined profile and optimal lift-to-drag ratio, makes it effective for energy
capture at high wind speeds.
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Figure 11. (a,b) Coefficient of power vs. tip-speed ratio for high wind speed DMST simulation.
4.3. Aerodynamic Performance of Intermediate Airfoils
To further support the aerodynamic feasibility of the proposed morphing approach,
independent simulations were conducted for the intermediate fixed airfoil profiles Al,
A2, and A3 at Reynolds numbers of approximately 1.20 x 105, 1.54 x 105, and 1.88 x 105,
respectively. As shown in Figure 12, the lift coefficient increases steadily with the angle of
attack across the three profiles, while the drag characteristics remain within a similar
range. This behavior demonstrates a smooth aerodynamic transition from one profile to
another. Although these profiles were evaluated as fixed geometries rather than through
continuous deformation, the consistent trend in aerodynamic performance confirms that
the morphing transition can be achieved without introducing abrupt aerodynamic
changes. The near-linear increase in lift performance validates the strategy’s effectiveness
in adapting to varying flow conditions.
1.6
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Figure 12. Aerodynamic performance of intermediate airfoils at Reynolds numbers A1: 1.20 x 105,
A2:1.54 x 105 and A3: 1.88 x 10°.

5. Proposed Morphing Coefficient of Power Curve

It is possible to make H-type Darrieus VAWTs work much better using a morphing
airfoil design mechanism that changes between two profiles based on the wind speed. At
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low wind speeds, the turbine operates with an airfoil profile such as that of the NACA
64(2)-415. The increased camber and surface area of the thicker profile generate a strong
pressure differential, resulting in higher torque output. This characteristic is critical for
overcoming the turbine’s inertia and facilitating reliable startup. Furthermore, the thicker
airfoil’s drag, typically a drawback in other conditions, serves as an advantage for initiat-
ing rotation at low wind speeds. The power coefficient curve for the thicker profile shows
good performance in low tip-speed ratio ranges, showing that it is a good choice for the
beginning stages of turbine operation. As wind speed increases, the operational require-
ments of the turbine shift, necessitating a transition to an airfoil profile such as that of the
FX 84-W-127. This new morphing airfoil design takes the best parts of both profiles and
combines them into one. The blade shape adapts dynamically to optimize performance
across a broad spectrum of wind speeds. During low wind conditions, the airfoil behaves
like the NACA 64(2)-415; as wind speed increases, the airfoil transitions to resemble the
FX 84-W-127’s profile. This innovative adaptability will enable the turbine to achieve a
broader operational range and a higher maximum power coefficient than either of the
individual profiles. It is worth noting that the Cp curves provide a comparative baseline,
illustrating how the initial and final airfoils perform optimally in different wind-speed
ranges—from low to high. This performance distinction forms the aerodynamic basis for
the proposed morphing strategy, which aims to combine the strengths of both airfoils
across broader operating conditions.

The morphing Cp curve shown in Figure 13 is a conceptual estimate derived from
the performance trends of the two fixed airfoils and does not represent an experimentally
validated model. While it demonstrates the theoretical aerodynamic potential of blending
these profiles, the morphing blade has not yet been physically implemented or tested.
Therefore, the proposed approach should be regarded as an early-stage concept. Further
development, including mechanical design, control system integration, and physical test-
ing, will be necessary to confirm its feasibility for real-world applications.
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Figure 13. Power coefficient (Cp) vs. tip-speed ratio (TSR) for the following profiles: (Red marker)
NACA 64(2)-415 (Cp at Re = 1.03 x 10°), (Green marker) FX 84-W-127 (Cp at Re = 2.05 x 10%), and
(Black line) proposed morphing Cp curve.
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6. Conclusions

This study examined the aerodynamic performance of vertical axis wind turbines
(VAWTSs), with a focus on a novel dual-airfoil morphing mechanism designed for H-type
Darrieus turbines. VAWTs are increasingly recognized for their ability to generate power
regardless of wind direction, making them ideal for locations with highly variable wind
conditions. The proposed design takes advantage of two distinct airfoil profiles, allowing
the turbine to dynamically adapt to different wind speeds. This dynamic adjustment en-
hances overall efficiency, leading to better energy capture performance across a broader
range of operating conditions.

The research methodology involved careful selection of airfoils and conducting aer-
odynamic analyses using the Double Multiple Stream Tube (DMST) model, simulated
through QBlade software. The DMST model is commonly used for wind turbine perfor-
mance prediction, providing accurate simulations of the turbine’s behavior under varying
conditions. Through these simulations, the study evaluated the effectiveness of different
airfoils in optimizing turbine performance across various wind speeds.

The findings reveal that the NACA 64(2)-415 airfoil performs best at lower wind
speeds, achieving the highest power coefficient in those conditions. Meanwhile, the FX
84-W-127 airfoil outperforms others at higher wind speeds. These results highlight the
importance of tailoring airfoil choices to specific wind conditions to maximize efficiency.

Inspired by biomimetic principles, the study introduces a morphing mechanism that
enables the turbine to seamlessly transition between these two airfoils. This mechanism
allows the turbine to adapt to changing wind speeds, ensuring optimal performance in
varying conditions. The ability to shift between airfoil profiles in real time expands the
turbine’s operational range and improves its energy capture efficiency.

This innovative approach offers significant potential for enhancing the performance
and practical viability of VAWTs. By improving adaptability and efficiency, the proposed
design could play an important role in advancing renewable wind energy technologies
and making VAWTSs a more competitive option for large-scale energy production.

It is important to note that while QBlade provides a robust framework for simulating
aerodynamic performance using the DMST model, it has certain limitations. The software
is based on simple assumptions that might not fully explain complex flow phenomena
like three-dimensional effects, detailed turbulence interactions, and unstable aerodynamic
forces in very dynamic situations. We recommend complementing QBlade simulations
with advanced CFD modeling and experimental validation for more accurate and com-
prehensive analyses, especially for real-world applications.

This study analyzed a range of airfoils for their aerodynamic efficiency under both
low and high wind speed conditions and developed morphing strategies to adapt to
changing wind environments, with the goal of improving the power efficiency of vertical
axis wind turbines. However, several recommendations persist for subsequent research,
for example, implementing and optimizing the proposed morphing strategy through de-
tailed CFD simulations to validate and assess aerodynamic behavior during profile tran-
sition. This will better quantify the performance gains achieved across the entire operating
range, from low to high wind speeds. Furthermore, emphasis will be given to assessing
practical implementation challenges, such as control responsiveness, structural feasibility,
and the real-time adaptability of the morphing system. Our future research activities will
focus on investigating these aspects.
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Abbreviations
The following abbreviations are used in this manuscript:

WTs Wind turbines

HAWT Horizontal axis wind turbine
VAWT Vertical axis wind turbine
DMST Double multiple stream tube

Cu Lift coefficient

Co Drag coefficient

AOA Angle of attack

Cp Power coefficient

TSR Tip-speed ratio

MST Multiple stream tube

Re Reynolds number

AR Aspect ratio

H Blade height

C Chord length

D Diameter

CAD Computer-aided design

CFD Computational fluid dynamics
R Rotor radius

\Y% Free stream velocity

Inter. Interpolated

UIuC University of Illinois Urbana-Champaign
UDFs User-defined functions
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