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Abstract 

The self-starting capability of straight-bladed Darrieus vertical axis wind turbines (VAWTs) remain 
a major constraint for their widespread deployment, particularly in urban environments with highly 
variable wind conditions. This article presents an in-depth review of technological strategies aimed 
at enhancing the self-starting performance of Darrieus VAWTs, classified into five key categories: (1) 
aerodynamic blade profile design, (2) rotor structural configuration, (3) passive flow control, (4) 
active flow control, and (5) incident flow augmentation. Multiple approaches are analyzed, 
highlighting design parameters, operating conditions, and performance metrics, with a focus on 
torque coefficient and power coefficient during the startup phase. Findings suggest that hybrid 
strategies can substantially enhance initial torque generation, such as combining optimized profiles 
with control mechanisms. Nevertheless, critical challenges remain, including limited experimental 
validation, insufficient use of 3D simulations coupled with structural models, and a lack of 
comprehensive assessments regarding technical and economic feasibility. A future research agenda 
is proposed, emphasizing the integration of artificial intelligence, additive manufacturing, and real-
world testing for the development of more autonomous, efficient, and urban-adaptable wind 
turbines. 

Keywords: Darrieus VAWT; self-starting; turbine optimization; urban wind energy 
 

1. Introduction 

Growing concerns about climate change, environmental degradation, and the depletion of 
natural resources have led to a global imperative to reduce dependence on fossil fuels for energy 
generation. This challenge has been further intensified by rapid population growth and the resulting 
increase in energy demand, which have exacerbated the environmental impacts associated with 
intensive fossil fuel use [1]. 

In this context, renewable energy sources have become a central pillar in the transition toward 
more sustainable energy systems. Among these, wind energy has emerged as one of the most 
promising alternatives, thanks to its technical viability and its potential to significantly reduce 
greenhouse gas emissions. According to the International Energy Agency [2], the power sector 
emitted 13 gigatons of carbon dioxide in 2021, more than one-third of global energy-related 
emissions. To meet global climate targets by 2030, renewable capacity must triple, with wind and 
photovoltaic solar energy leading this growth. 

The International Electrotechnical Commission [3] emphasizes that expanding renewable 
energy not only helps mitigate climate change, but also supports rising energy demand, particularly 
in developing regions. In this regard, vertical axis wind turbines (VAWTs) have gained renewed 
attention for small-scale and urban applications due to their ability to capture wind from any 
direction and operate more reliably in turbulent environments [4,5]. 
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Among VAWT configurations, the H-type Darrieus turbine stands out for its compact design 
and structural simplicity, making it suitable for residential or distributed generation scenarios. While 
their nominal power is typically low due to size constraints, large-scale deployment of these turbines 
could significantly contribute to renewable electricity generation. However, one major limitation 
remains: their poor self-starting capability, primarily due to insufficient starting torque at low Tip 
Speed Ratios (TSR) [4,6,7]. 

This problem has been extensively documented in the literature, prompting the development of 
various strategies aimed at improving startup performance through aerodynamic blade redesign. 
Common approaches include asymmetric profiles, modified geometries, hybrid Savonius-Darrieus 
rotors, and both passive and active pitch control mechanisms [8,9]. Many of these solutions involve 
a trade-off between improved self-starting and reduced steady-state efficiency, typically reflected in 
a lower Power Coefficient (CP) at high TSR values [4]. 

Given the diversity of existing approaches and the absence of a comprehensive review that 
integrates their principles and results, this article aims to critically analyze the state of the art in blade 
design strategies to enhance the self-starting performance of H-type Darrieus VAWT. The goal is to 
classify key aerodynamic strategies, compare their technical effectiveness, and discuss their benefits, 
limitations, and future research directions. 

The remainder of this paper is organized as follows: Section 2 presents the aerodynamic and 
operational background of Darrieus-type VAWTs, highlighting their self-starting limitations. Section 
3 provides a comprehensive review of five strategic approaches aimed at enhancing self-starting 
capability. Section 4 offers a critical discussion comparing the strengths, weaknesses, and feasibility 
of each strategy. Section 5 identifies current research gaps and outlines future directions, including 
emerging technologies. Finally, Section 6 presents the main conclusions of the study. 

2. Technical Fundamentals of Self-Starting in Darrieus-Type Wind Turbines 

Wind turbines are commonly classified into two categories based on the orientation of their 
rotational axis: horizontal-axis wind turbines (HAWTs) and VAWTs [10]. HAWTs feature a 
horizontal axis parallel to the ground and operate in either upwind or downwind configurations [11]. 
In contrast, VAWTs are further subdivided according to the dominant aerodynamic force acting on 
their blades: drag-driven designs, such as the Savonius rotor, and lift-driven designs, with the 
Darrieus rotor being the primary representative. The latter can be categorized into three main 
variants based on blade geometry: eggbeater (curved-blade), helical, and H-type with straight blades 
[12]. Figure 1 illustrates the main VAWT configurations, highlighting their distinct geometric 
characteristics. 

The H-type Darrieus VAWT employs straight blades arranged parallel to the rotational axis, 
connected to a central shaft through radial arms. This geometric layout provides an efficient 
structural solution that maintains a consistent lift path throughout the rotor’s revolution. Compared 
to other variants such as the helical or eggbeater designs, the H-type exhibits a simpler aerodynamic 
behavior that is more straightforward to model, albeit extremely sensitive to incoming flow 
conditions. In this type of turbine, blade design, including airfoil profile, angle of attack, and angular 
positioning, plays a critical role in aerodynamic torque generation [5]. Therefore, understanding the 
operating principles and aerodynamic interactions associated with this configuration is essential for 
optimizing overall performance, particularly during transitional phases such as startup. 
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Figure 1. Main configurations of VAWTs: (a) Savonius, (b) Darrieus Eggbeater, (c) Helical Darrieus, (d) H-rotor 
Darrieus. 

2.1. Evolution of the Self-Starting Concept and Torque Generation in Darrieus-Type Turbines 

VAWT of the Darrieus type in the “H” configuration operate based on a lift-driven principle. 
When wind flows over the blade, a lift force (FL) is generated perpendicular to the relative airflow. 
This force arises from the pressure difference between the upper and lower surfaces of the airfoil. If 
the angle of attack is appropriate, a component of this force aligns with the direction of rotor rotation, 
producing the torque needed to drive the system. Simultaneously, a Drag Force (𝐹𝐷) acts parallel to 
the airflow and opposes the blade’s motion, resulting from friction and pressure differences [13]. 
Figure 2 presents a schematic representation of the lift and drag forces acting on the blades to generate 
the aerodynamic torque that drives the system. 

 

Figure 2. Schematic of aerodynamic forces acting on the blades of an H-type VAWT. 

At low wind speeds, such as those present during startup from rest, the blades rapidly traverse 
regions of the rotation cycle where the angle of attack changes abruptly, making it difficult to 
consistently generate favorable lift forces. As a result, the aerodynamic torque is often insufficient to 
overcome the system’s inertia, preventing the rotor from accelerating in a sustained manner. The 
pitching moment induced by these aerodynamic forces affects the angular stability of the blade, 
especially during transient phases [11]. The self-starting phenomenon in H-type Darrieus turbines is 
closely linked to how aerodynamic torque is generated in the early stages of rotation. Consequently, 
the design of the blade profile and its interaction with the incoming flow play a critical role in the 
turbine’s ability to start without external assistance. This challenge has motivated extensive efforts to 
understand and redefine the self-starting concept from both experimental and theoretical 
perspectives. 

Over time, various studies have sought to more precisely define the self-starting behavior in this 
type of turbine. In the context of HAWTs, Ebert and Wood [14] defined startup as complete when the 
turbine begins to extract significant power from the wind. This definition was later adapted for 
VAWTs by Kirke [15], who proposed that a turbine is considered self-starting if it can accelerate from 
rest to the point of producing useful power without the need for external assistance. 

Hill et al. [16] experimentally analyzed the startup of a three-bladed Darrieus turbine 
(NACA0018 profile) in a wind tunnel at 6.0 m/s, identifying four distinct phases: (1) initial 
acceleration, (2) dead band, (3) final acceleration, and (4) steady operation. This sequence was later 
confirmed by Sun et al. [17], who evaluated H-type turbines with NACA0018 and NACA4418 profiles 
under both laminar and turbulent flow conditions. The dead band, also referred to as the plateau 
phase, is characterized by near-zero or even negative net torque, making it difficult for the rotor to 
continue accelerating. However, experimental and field observations have shown that, in some cases, 
the turbine can traverse this region without external intervention [18]. Figure 3 presents the startup 
process of a Darrieus-type wind turbine, highlighting the four identified phases. 
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Figure 3. Transients self-start behavior of a Darrieus H-type wind turbine showing TSR evolution through four 
operational phases. 

Worasinchai et al. [19] challenged the “significant power” criterion due to its dependence on the 
load connected to the system, arguing that it lacks precision. Instead, they proposed a more robust 
definition: a turbine should be considered self-starting only if it can accelerate from rest to a TSR at 
which continuous aerodynamic thrust is generated along the blade’s path, allowing it to overcome 
resistive torque and reach a stable operating regime. 

This view was supported by Du [20], who emphasized that startup should be considered 
successful only if the turbine reaches its optimal operating condition without any mechanical or 
electrical assistance. In line with this perspective, Celik [21] defined self-starting as the process by 
which a turbine accelerates from rest to a TSR high enough to sustain stable operation. 

More recently, Selvarajoo and Mohamed [22] investigated the effects of dynamic stalls on the 
startup of a three-bladed Darrieus turbine using NACA0012 profiles. Through simulations with 
QBlade and a custom MATLAB module named DRAFA (Darrieus Rotor Aerodynamic Force 
Analysis), they visualized aerodynamic forces and flow trajectories. Their results showed that, during 
the dead band phase, reverse dynamic stall events occur, producing a negative average torque. An 
effective startup begins when dynamic stalls emerge, enabling sustained rotor acceleration. These 
findings highlight the critical role of dynamic flow behavior in turbine startup performance and 
underscore the importance of aerodynamic insight for designing self-starting blades. 

2.2. Critical Parameters for the Characterization of Aerodynamic Performance 

The aerodynamic behavior of an H-type Darrieus turbine is strongly influenced by 
dimensionless parameters that enable the evaluation of its performance under both steady-state and 
transient conditions. These parameters allow for standardized comparisons between different 
designs and help predict the system’s behavior in response to airflow conditions. 

The FL and FD, generated by the interaction between the airflow and the aerodynamic profile, 
are used to define the dimensionless coefficients CL and CD, as described by Zhu et al. [23]. These are 
critical parameters for characterizing aerodynamic performance. 𝐶௅ ൌ 2𝐹௅𝜌𝑐𝑉௥௘௟ଶ    (1)

𝐶஽ ൌ 2𝐹஽𝜌𝑐𝑉௥௘௟ଶ     (2)

where (𝜌) is the air density, (𝑐) is the chord length, and (𝑉rel) is the relative velocity of the incoming 
flow. 

Additionally, Zhu et al. [23] emphasized the importance of the 𝐶𝑀 and the 𝐶𝑃 for characterizing 
the overall performance of the system, given by: 𝐶ெ ൌ 2𝑇ത𝜌𝐴𝑅𝑉ஶଶ   (3)
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𝐶௉ = 2𝑃𝜌𝐴𝑉ஶଷ (4)

where (𝐴) is the swept area of the rotor, and (𝑉∞) is the free-stream wind velocity. (𝑇ത) refers to the 
average torque over a full revolution, and (P) is the generated power, calculated as: 

𝑇ത = ෍𝑇ሺ𝜃ሻଶగ
଴    (5)

𝑃 = 𝜔𝑇ത    (6)

where (𝜔) is the angular velocity of the turbine rotor in rad/s. According to Burton et al. [24], the 𝐶𝑃 
is used to estimate the efficiency of a wind turbine by relating the mechanical power extracted to the 
available kinetic power of the wind. 

The tangential force (𝐹𝑇) and normal force (𝐹𝑁) acting on the blade also give rise to dimensionless 
coefficients 𝐶𝑇 and 𝐶𝑁, respectively [23]: 𝐶் = 2𝐹்𝜌𝑐𝑉௥௘௟ଶ    (7)

𝐶ே = 2𝐹ே𝜌𝑐𝑉௥௘௟ଶ    (8)

Another essential parameter is the Reynolds number (Re), which relates inertial forces to viscous 
forces in the flow and determines the aerodynamic regime (laminar or turbulent) [11]: 𝑅௘ = 𝜌𝑉ஶ𝐷𝜇 = 𝐼𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠  (9)

where (D) is the rotor diameter and (𝜇) is the dynamic viscosity, which is related to the kinematic 
viscosity (𝜈) by: 𝜈 = 𝜇𝜌 (10)

In the case of a rotating blade, the Reynolds number can also be estimated using the blade’s 
linear velocity (Vb) and the chord length (c): 𝑅௘ = 𝜌𝑉௕𝑐𝜇   (11)

TSR (𝜆) is one of the most critical parameters as it directly affects energy extraction efficiency 
[25]. It is defined as the ratio between the blade tip speed and the free-stream wind velocity [26]: 𝜆 = 𝑉௕𝑉ஶ = 𝜔𝑅𝑉ஶ = 𝜋𝐷𝑁௥௣௠60𝑉ஶ  (12)

(𝑁rpm) is the angular velocity in revolutions per minute (rpm), and (R) is the rotor radius. 
Alternatively, it can be expressed in terms of the 𝐶𝑃 and 𝐶𝑀 [24]: 𝜆 = 𝐶௉𝐶ெ   (13)

Figure 4 illustrates the velocity triangle and the main forces acting on the blade, facilitating the 
understanding of the aerodynamic analysis. 
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Figure 4. Velocity triangle and aerodynamic force decomposition on a rotating blade in a Darrieus-type wind 
turbine. Modified from Celik [21]. 

2.3. Specific Self-Starting Challenges 

Improving self-starting capability and reducing the time required to initiate rotation are critical 
for Darrieus-type VAWTs, especially in regions with low wind speeds [27]. A major limitation of 
these turbines lies in their low aerodynamic torque generation at low TSR, which can occasionally 
result in negative net torque, preventing the rotor from overcoming its initial inertia [28]. 

This behavior is intensified in the so-called dead zone, a phase during which the net torque is 
nearly zero or negative, hindering the transition to sustained acceleration. Overcoming this region 
without external assistance strongly depends on rotor geometry and optimized design parameters 
[17,20]. Figure 5 illustrates some of the geometric parameters relevant to H-type Darrieus turbines, 
such as rotor diameter (D), blade height (H), chord length (c), and swept area (A). 

Solidity (σ), defined as the ratio between the total blade area and the swept rotor area, directly 
influences startup torque. High solidity increases the initial torque but reduces the maximum Cₚ, 
shifting its optimal value to lower TSRs [29,30]. Conversely, low-solidity turbines are more 
aerodynamically efficient but less capable of self-starting at low TSR values. The number of blades 
(N) also affects startup stability; turbines with three blades have demonstrated effective self-starting 
performance when appropriately designed [20,31]. 

 
Figure 5. Characteristic geometric parameters of H-Type Darrieus VAWT. 

The airfoil shape of the blades is also critical. Classic symmetrical NACA airfoils (e.g., 
NACA0012, NACA0018) have been widely used, but recent designs focus on improved aerodynamic 
performance under non-ideal conditions. These include natural laminar flow airfoils, thick 
symmetrical profiles, and biomimetic modifications such as sinusoidal tubercles on the leading 
edge— inspired by humpback whale fins [32,33]. 
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The angle of attack (α) varies cyclically as the rotor spins, impacting lift generation and 
consequently torque output. Poor control over this angle can induce dynamic stall, compromising 
startup performance. Blade pitch angle (β) control can mitigate these effects by maintaining an 
optimal angle of attack across azimuthal positions [13,21,34]. 

Under low wind conditions, the rotor’s moment of inertia (J) and the resistive torques (TResist) 
become dominant. These include: the frictional torque (TF), which depends on the condition of the 
bearings and the material and surface roughness of the blades; the inertial torque (TJ), determined by 
the blade’s mass and radius; and the aerodynamic drag torque (TD), which is influenced by the drag 
coefficient (CD). To achieve effective startup, all of these must be overcome by the aerodynamic torque 
(TA) generated by lift forces. The balance among these torques defines the self-starting capability of 
the system [21,26]: 𝑇ோ௘௦௜௦௧ = 𝑇ி ൅ 𝑇௃  ൅ 𝑇஽ (14)𝑇ௌ௘௟௙ିௌ௧௔௥௧௜௡௚ = 𝑇ோ௘௦௜௦௧ െ 𝑇஺ (15)

Minimizing (TResist) and maximizing (TA) through refined blade design and material selection is 
essential to ensuring reliable autonomous startups. 

3. Technological Approaches for Enhancing the Self-Starting Capability of H-
Type VAWT’s 

This section presents a structured review of the main strategies proposed in the literature to 
improve the self-starting capability of straight-bladed Darrieus-type VAWTs. To this end, a 
systematic search was conducted in scientific databases such as Scopus, IEEE Xplore, Web of Science, 
and ScienceDirect. The following search string was used: 

(“improvement” OR “performance”) AND (“cut-in speed” OR “self-start” OR “self-starting” OR 
“low wind speed”) AND (“Darrieus-H” OR “vertical axis” OR “VAWT”) AND (“airfoil” OR “shape 
J” OR “flap Gurney”) AND PUBYEAR > 2018 AND PUBYEAR < 2026 AND (LIMIT-TO 
(LANGUAGE, “English”)) AND (LIMIT-TO (DOCTYPE, “ar”)) 

The selection focused on studies specifically addressing improvements to the starting 
performance of Darrieus-type “H” VAWTs. This analysis revealed several recurring technological 
approaches, which are explored and discussed in detail in the following subsections according to 
their specific focus and implementation strategy. 

3.1. Geometrical Optimization of the Airfoil 

This strategy includes studies focused on the design and analysis of novel aerodynamic profiles; 
one of the most promising proposals has been the use of “J”-type blades. This profile is derived from 
modifications to conventional “S”-type airfoils by partially removing a section of the upper or lower 
surface, resulting in an asymmetric shape that enhances vortex formation in specific regions of the 
blade. The “J” and “S” airfoil types are shown in Figure 6, where their key geometric differences are 
visually compared. 

 

Figure 6. Surface geometry comparison between (a) S-type and (b) J-type airfoils used in VAWTs blades. 

Several studies have explored the effectiveness of this modified geometry. Farzadi et al. [35] 
analyzed J-shaped blades derived from the NACA0021 profile using 3D CFD simulations (URANS 
with k-ω SST and k-ε turbulence models), evaluating their behavior under various TSRs and blade 
heights. Their results indicate that dynamic stall vortices dominate the mid-span region of the blade, 
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and as the blade height increases, these vortices shift toward the blade tips, extending stagnation 
regions that contribute positively to torque generation. At TSR = 1.0, an increase in CM of 10% was 
observed for a height of 0.8 m, and up to 44% for a height of 3.0 m. Figure 7 shows the three-
dimensional vortex distribution along the surface of the J-type blade, highlighting how its geometry 
enhances torque generation. 

 
Figure 7. Three-dimensional vortex distribution over a J-type airfoil, showing flow behavior variation along a 
blade section at TSR = 1. Adapted from Farzadi et al. [35]. 

Naik and Sahoo [28] conducted a combined experimental and numerical investigation on curved 
J-type airfoils derived from the NACA4418 profile, generated by removing sections near the trailing 
edge. Their findings revealed that an airfoil with a 70% opening ratio enhanced the turbine’s 
efficiency by approximately 25% and significantly improved the self-starting torque. In earlier work, 
Naik and Sahoo [36] modified the NACA4415 profile by trimming portions of either the upper or 
lower surface, producing J-type variants with different opening ratios. Two-dimensional CFD 
simulations showed that airfoils with opening ratios ranging from 40% to 80% achieved CP between 
0.488 and 0.517, values consistently higher than those of the original NACA4415. Additionally, 
upper-surface cuts yielded better aerodynamic performance compared to lower-surface 
modifications. Figure 8 illustrates the three airfoil configurations examined: the baseline NACA4415, 
a J-type profile with an upper-surface cut, and another with a lower-surface cut, offering a clear 
geometric comparison of the structural alterations introduced. 

 

Figure 8. Geometric comparison of airfoil configurations: (a) baseline NACA4415, (b) J-type profile with lower-
surface cut, (c) J-type profile with upper-surface cut. Adapted from Naik and Sahoo [36]. 

Farzadi and Bazargan [37] conducted 3D CFD simulations to analyze vortex interactions 
induced by the “J”-shaped geometry under various wind conditions, using blades derived from the 
NACA0021 profile. Their findings revealed that at low TSRs, the “J”-type blades increased the 
average torque by 37.5% at a wind speed of 5.0 m/s and by 26.9% at 10.0 m/s. However, at higher 
TSRs, a reduction in torque of up to 10% was observed, attributed to vortex shedding from the blade 
tips. Bel Laveda et al. [38] aerodynamically evaluated a three-bladed VAWT (blade length = 3.0 m, 
“J”-type NACA0015 profile, chord = 0.4 m, fixed angle of attack) using CFD simulations based on 
URANS turbulence models (k-ω SST and k-ε), along with structural analysis via finite element 
modeling. Their results showed an improvement in the CM of 18.34% with the k-ω SST model and 
5.84% with the k-ε model, compared to the straight NACA0015 blade. 
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Maalouly et al. [39] used CFD combined with the Taguchi method to evaluate NACA 0012, 0015, 
0017, and 0021 airfoils, varying the chord length between 0.2 and 0.8 m and the angle of attack at 0°, 
2°, and 4°. The results revealed that chord length is the most critical parameter: longer chords favor 
self-starting capability, while shorter chords enhance steady-state performance. The optimal 
configuration was achieved with a NACA0017 airfoil, a 0.6 m chord length, and a 4° angle of attack, 
providing the best trade-off between starting capability and operational efficiency. 

Celik et al. [40] proposed a series of J-shaped airfoils with opening ratios (OR) ranging from 0% 
to 90%, applied to a vertical-axis wind turbine with a diameter of 0.75 m and three blades based on 
various baseline profiles (NACA0012, 0018, 2518, and 4518, in both standard and inverted 
configurations). Each blade had a chord length of 0.083 m and a moment of inertia of 0.3 kg·m², 
operating under TSR between 1.5 and 3.0. They performed 2D CFD simulations using the SIMPLE 
method to evaluate dynamic self-starting behavior, emphasizing that this capability cannot be 
inferred solely from the CP or static CM. Their results indicate that larger opening ratios significantly 
improve self-starting performance, although an OR of 90% reduces efficiency at higher TSR values. 
They also found that a slight pitch angle (β) of 2° enhances startup, while an OR of only 10% is 
insufficient to overcome static inertia. Figure 9 depicts the various geometric cut configurations used 
to generate the J-shaped profiles, clearly illustrating how the opening ratio influences aerodynamic 
form. 

 

Figure 9. Geometric variations of J-type airfoils with different opening ratios (OR), as used by Celik et al. [40]. 

Finally, Celik et al. [41] designed a hybrid blade by combining a NACA0018 airfoil in the central 
section with “J”-type tips featuring a 40% OR. Both 2D and 3D CFD simulations revealed significant 
improvements in self-starting capability and high-TSR performance. Among the six evaluated 
configurations, this combination exhibited the best aerodynamic behavior. Figure 10 illustrates the 
proposed hybrid blade geometry, highlighting the distribution of the conventional and modified 
segments. 

 

Figure 10. Proposed hybrid blade configuration with a central NACA0018 section and J-type tips featuring a 
40% OR, including NACA0018 end caps. Image adapted from Celik et al. [41]. 

Table 1 summarizes the main findings from these studies within the aerodynamic design 
strategy aimed at enhancing the self-starting capability of the Darrieus-type VAWT. 
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Table 1. Aerodynamic profile design strategies for improving VAWT self-starting performance. 

Refere
nce 

Method VAWT Parameters  
TSR, Wind 

Speed 

Self-Starting Improvement 

Results 

[35] 

CFD 
Simulations 
(2D/3D), 
URANS, k-ω 
SST & k-ε 

NACA0021, J-
profile; N=3, D=1.2 
m, H=0.8–3.0 m, 
c=0.2 m 

λ = 0.25 – 1.5 𝑉ஶ=10.0 m/s 

J-profile improves startup 
torque, especially for long 
blades and low TSR. 

[28,36] 

CFD 
Simulations 
(2D), URANS, k-
ω SST; 
Experimental 
Wind Tunnel 
Tests 

NACA4418/4415, J-
profile; N=3, D=2.5 
m, H=1.0 m, c=0.4 
m 

λ = 1.6 𝑉ஶ=10.0 m/s 

J-profile enhances torque at 
low TSR; 70% OR gives ~25% 
efficiency gain; top-surface 
cut performs better. 

[37] 

CFD 
Simulations 
(3D), URANS, k-
ω SST 

NACA0021, J-
profile; N=3, D=1.2 
m, H=1.2 m, c=0.2 
m 

λ = 0.5 – 1.5 𝑉ஶ= 5.0 - 20.0 
m/s 

J-profile increases startup 
torque by 37.6% at 5 m/s and 
26.9% at 10 m/s; less efficient 
at high TSR. 

[38] 

CFD 
Simulations 
(3D), URANS, k-
ω SST & k-ε; 
FEA Structural 
Analysis 

NACA0015, J-
profile; N=3, D=2.5 
m, H=3.0 m, c=0.4 
m 

λ = 0.6 – 1.6 𝑉ஶ=10.0 m/s 

18.34% improvement in 
startup torque (k-ω SST); 
5.84% (k-ε); aluminum alloy 
used. 

[39] 

CFD 
Simulations 
(2D), k-ω SST; 
Taguchi 
Optimization 

NACA0012/15/17/2
1; c=0.2–0.8 m; 
β=0°, 2°, 4°; N=3, 
D=0.85 m 

λ = 0 – 3.5 𝑉ஶ=7.0 m/s 

Longer chord improves 
transient startup; NACA0017, 
c=0.6 m, β=4° yielded best 
overall performance. 

[40] 

CFD 
Simulations 
(2D), k-ω SST, 
SIMPLE 
Algorithm 

Various base 
airfoils 
(NACA0012/18/25/
45); OR 0–90%; 
N=3, D=0.75 m, 
H=0.6 m, c=0.083 m 

λ = 1.5 (Bajo) 

-3.0 (Alto) 𝑉ஶ =4.0 - 6.0 
m/s 

OR = 90% improves self-start 
at low TSR; OR = 10% fails to 
initiate rotation; β = 2° 
optimal. 

[41] 

CFD 
Simulations 
(2D/3D), RANS, 
Self-start Model 

NACA0018 center 
+ J-profile tips 
(OR=40%); N=3, 
D=0.75 m, H=3.0 m, 
c=0.083 m 

λ = 1.5 (Bajo) 

-3.0 (Alto) 𝑉ஶ=5.0 m/s 

Hybrid blade (NACA0018 
center + J-tips) showed best 
startup performance and peak 
efficiency. 
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3.2. Configuration Strategies for H-Type VAWTS 

One of the most effective strategies to enhance the self-starting capability of vertical Darrieus 
wind turbines lies in the geometric configuration of the rotor. Sun et al. [17] conducted a comparative 
study in a closed-loop wind tunnel to evaluate the aerodynamic power performance and self-starting 
behavior of H-type three-bladed Darrieus turbines and helical-bladed VAWTs under controlled 
turbulence levels (0%, 6.7%, and 11.9%). The study employed NACA0018 and NACA4418 airfoils 
with pitch angles of 0°, –3°, and –6°, analyzing CP, CM, TSR, and startup time. Results showed that 
while helical turbines operated over a wider TSR range, H-type turbines required 25% to 53% less 
startup time. The NACA0018 profile yielded higher aerodynamic efficiency but lower self-starting 
ability, whereas the NACA4418 profile improved startup performance under turbulent conditions at 
the cost of a reduced CP. Additionally, a moderate negative pitch angle (β = –3°) did not significantly 
improve performance compared to a neutral setting (β = 0°), and a more negative angle (β = –6°) led 
to a considerable reduction in CP in both turbine types. 

Huang et al. [42] proposed a five-bladed H-type Darrieus turbine with variable solidity (σ), 
modeled through 2D CFD simulations across three operational stages: self-startup, steady rotation, 
and power generation underload. The results demonstrated that an initially high solidity (σ = 0.83) 
reduced the self-starting time, while a subsequent lower solidity (σ = 0.417) improved efficiency in 
the steady-state regime. This strategy increased the rotor’s projected area from 0.486 m² to 0.972 m² 
and the generated power from 53.42 W to 100.39 W, representing a 188% improvement. Figure 11 
illustrates the proposed five-bladed H-type Darrieus wind turbine, designed to vary solidity across 
different operational stages. 

 
Figure 11. Five-bladed H-type Darrieus wind turbine with a variable solidity mechanism for enhanced multi-
stage performance, as proposed by Huang et al. [42]. 

In a separate study, Huang et al. [43] evaluated the use of a locally variable radius in a six-bladed 
Darrieus turbine configuration (comprising three inner and three outer blades) equipped with 
NACA0018 airfoils. The inner radius (R1) was varied as a fraction of the fixed outer radius (R2 = 
0.4 m), resulting in three models with R1 values of 0.15 m, 0.20 m, and 0.25 m. Two-dimensional CFD 
simulations revealed that the minimum static torque increased by up to 2.8 times compared to the 
conventional configuration, indicating substantial improvements in self-starting capability. Figure 12 
illustrates the proposed geometric configuration, highlighting the R1 and R2 distributions across the 
six-blade layout. However, experimental validation and three-dimensional simulations are still 
required to assess the influence of 3D flow effects. 
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Figure 12. Six-bladed H-type Darrieus turbine with a locally variable radius (R₁/R₂) for improved self-starting 
performance, as proposed by Huang et al. [43]. 

Du et al. [44] conducted an experimental wind tunnel analysis to evaluate the effects of surface 
roughness (wooden blades with rough texture vs. aluminum tape with smooth finish), aspect ratio 
(AR = 6 and AR = 7), pitch angle (0°, -2°, -4°), and solidity (σ = 0.67, 0.81, 1.0) on turbines employing 
NACA0021, NACA4415, and DU06W200 airfoils made of laminated wood. The results indicated that 
increasing the aspect ratio from 6.0 to 7.0 and applying certain negative pitch angles enhanced self-
starting capability. Additionally, rough surfaces delayed flow separation and improved performance 
under high solidity conditions, whereas they were detrimental under low solidity configurations. 

Regarding hybrid configurations, Mirzaeian et al. [45] proposed a dual-row VAWT featuring 
three conventional airfoils in the outer row and three J-shaped blades in the inner row, as illustrated 
in Figure 13. Using CFD based on RANS equations and Taguchi design of experiments, they 
optimized key parameters including airfoil type, TSR, inter-blade angular spacing, solidity, and 
radial ratio. The resulting design achieved a peak CP of 0.52 and exhibited improved vortex 
entrapment, which reduced downstream vorticity and enhanced self-starting performance. 

 
Figure 13. Dual-row VAWT configuration with outer conventional blades and inner J-type blades, as proposed 
by Mirzaeian et al. [45]. 

Ahmad et al. [46] developed a hybrid VAWT consisting of two concentric rotors: an inner H-
rotor with three curved DU06-W-200 blades and an outer rotor with three straight NACA0018 blades. 
CFD simulations revealed a maximum CP of 0.486 at a TSR of 3.0, outperforming conventional hybrid 
turbines by 11%–13%. Furthermore, the static torque remained positive throughout the entire 
azimuthal range, confirming the system’s self-starting capability. In a previous study, Ahmad et al. 
[47] replaced the Savonius rotor in an existing hybrid VAWT with a concentric Darrieus H-rotor. 
Using a Design of Experiments (DOE) approach based on the Box–Behnken method, along with CFD 
simulations employing a sliding mesh technique and optimized curved blade profiles, the resulting 
model achieved a CP of 0.491 and self-started at a wind speed of 2.81 m/s. Figure 14 illustrates the 
proposed geometric configuration of the hybrid Darrieus-based VAWT with dual concentric rotors. 
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Figure 14. Hybrid Darrieus-based VAWT with dual concentric rotors: inner curved DU06-W-200 blades and 
outer straight NACA0018 blades, as proposed by Ahmad et al. [46]. 

Finally, recent innovations include the use of blades with surface texturing. Seifi et al. [26] 
evaluated NACA0015 blades with embossed features through DMST simulations and wind tunnel 
testing at wind speeds ranging from 1.0 m/s to 9.0 m/s. Their findings showed a 34.6% reduction in 
the starting force and a 12.5% increase in the CP. In a follow-up study, Seifi et al. [7] applied Particle 
Swarm Optimization (PSO) to optimize the NACA0015, NACA4412, and NACA4415 profiles, 
demonstrating that textured blades achieved a 21.97% improvement in starting torque compared to 
conventional blades. However, the specific geometric characteristics of the surface embossing were 
not disclosed. Figure 15 illustrates the proposed NACA0015 blade with surface embossing as 
analyzed in these studies. 

 
Figure 15. Textured NACA0015 blade with surface embossing for self-starting enhancement, as investigated by 
Seifi et al. [7]. 

Other approaches, such as the integration of auxiliary blades, as shown in Figure 16, led to a 22% 
increase in the CP and an 84% increase in the static CT. Additionally, dual-stage turbines with phase 
angles of 30° and 90° significantly reduced startup times compared to conventional configurations 
[48]. 

The use of dual-stage turbines with variable phase angles, as illustrated in Figure 17, has 
demonstrated through CFD numerical simulations that a 0° phase angle yields the poorest self-
starting response. In contrast, dual-stage configurations with inter-rotor phase angles between 30° 
and 90°, under wind speeds starting at 4.0 m/s, show significantly improved startup performance. 
The results indicate that an appropriate angular offset can enhance self-starting capability by 
modifying wake interactions and the flow structure between rotors [49]. 
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Figure 16. Dual-stage VAWT configurations with 30° phase-shifted rotors and integrated auxiliary blades. 
Modified from [48]. 

 
Figure 17. Conceptual diagram of a dual-stage Darrieus-type VAWT with a 90° inter-rotor phase shift. Modified 
from [49]. 

Table 2 provides a comparative summary of the most relevant recent studies on geometric 
configuration strategies for vertical-axis Darrieus wind turbines aimed at enhancing their self-
starting capability. 

Table 2. Design configuration strategies to enhance self-starting in Darrieus-type VAWT. 

Refere
nce 

Method 
VAWT 

Parameters 

TSR, Wind 

Speed 

Self-Starting Improvement 

Results 

[7] 
DMST, 
MATLAB, PSO 
optimization 

NACA0015/4412/4
415; N=3, R=0.175 
m, H=0.35–0.75 m, 
c=0.071 m 

λ=0–3.0, 𝑉ஶ =1.0–10.0 
m/s 

Optimized NACA0015 with 
embossing required 0.0805 
Nm start torque (21.97% 
better). 

[17] 
Experimental, 
Closed-circuit 
wind tunnel 

NACA0018/4418; 
H and helical 
blades; β=0°, -3°, -
6°; D=0.68 m, 
RA=1.25, c=0.172 
m 

λ=0.25–3.0, 𝑉ஶ=5.0 m/s 

Straight blades require less 
start time; NACA0018 offers 
higher CP but lower start; 
NACA4418, vice versa. 

[26] 

DMST, 
MATLAB, Wind 
tunnel with 4 
fans 

NACA0015, 
embossed; N=3, 
R=0.175 m, H=0.35 
m, σ=1.15, c=0.071 
m 

λ=0–2.5, 𝑉ஶ =0.5–11.0 
m/s 

Embossed blades reduced 
starting force by up to 34.6%. 

[42] 
2D CFD 
simulation, SST 
(k-ω), URANS 

NACA0018; 
σ=0.417, 0.83; N=5; 
D=0.6–2.10 m; 
Jz=0.0683–0.8362 
kgm²; c=0.075 m 

λ=1.25–5.0, 𝑉ஶ=7.9 m/s 

High solidity favored self-
starting, low solidity 
improved generation; 188% 
power increase vs fixed 
solidity. 

[44] 
Experimental, 
Wind tunnel 

NACA0021/4415/
DU06W200; β=0°, -
2°, -4°; R=0.30–0.45 

λ=0.2–2.5, 𝑉ஶ=7.0 m/s 
Higher AR and some negative 
β favored self-start; surface 
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m; H=0.6–0.7 m; 
σ=0.67–1.0 

roughness helped in high 
solidity only. 

[45] 

2D CFD 
simulation, SST 
(k-ω), RANS, 
Taguchi DOE 

NACA0015/DU06
W200-J; N=3 
(inner/outer); c=0.4 
m (outer), 0.27 m 
(inner) 

λ=0.5–2.5, 𝑉ஶ =10.0 m/s 

Hybrid VAWT reduced 
downstream vorticity and 
wake effects, improving low 
TSR efficiency. 

[46] 
2D CFD 
simulation 

DU06-W-200 
(inner), 
NACA0018 
(outer); N=3 (both) 

λ=1.0–5.0 
Positive static torque across all 
angles, confirming self-
starting ability. 

[47] 

3D CFD, RANS, 
DMS Q-Blade, 
DOE (Box-
Behnken) 

DU06W200; N=3, 
R=0.789 m, 
H=1.605 m, 
σ=0.67–1.0; β=-
3.41°; c=0.547 m 

λ=1.0–5.0, 𝑉ஶ =2.81–7.5 
m/s 

Max CP = 0.491 at TSR = 3.0; 
static torque positive; self-
start at 2.81 m/s. 

[48] 
CFD simulation 
(k-ε), 
Experimental 

NREL S823 + aux 
blades; N=3, D=0.3 
m, c=0.1 m (main), 
0.05 m (aux) 

λ=0.4–2.0, 𝑉ஶ=6.0 m/s 

Auxiliary blades maintained 
positive torque at all azimuth 
angles, ensuring self-starting. 

[49] 
2D CFD 
simulation, SST 
(k-ω), URANS 

NACA0018; N=3 
inner/outer; R=0.5 
m; c=0.06 m (outer) 

λ=0–6.0, 𝑉ஶ =4.0–10.0 
m/s 

Phase-shifted twin-rotor 
VAWTs (30–90°) improved 
start at ≥4.0 m/s. 

3.3. Passive Flow Control Implementation for Self-Starting Enhancement 

Wiśniewski et al. [51] reported CP improvements of up to 90 % using unilateral GFs. They 
compared two mounting configurations: conventional unilateral (mounted on either the internal or 
external blade side) and a bilateral “fish-tail” configuration, illustrated in Figure 18. CFD simulations 
showed that unilateral flaps maximize the CP, whereas bilateral flaps increase the CM, albeit with a 
slight reduction in overall aerodynamic efficiency. 

Yan et al. [52], through URANS-based CFD simulations on straight NACA0018 blades, 
confirmed the effectiveness of GFs in enhancing CL, CM and CP under low TSR conditions (1–2), by 
mitigating dynamic stall effects. 

 

Figure 18. Schematic representation of GF configurations: (a) unilateral and (b) bilateral “fish-tail” type. 
Modified from [51]. 

Chakroun and Bangga [53] numerically investigated flap heights ranging from 0.005c to 0.06c of 
the chord and installation angles between 90° and 105° at the trailing edge. The optimal configuration 
was found to be 0.01c with a 90° angle, which delivered the highest power output at a TSR of 2.13. 
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Bianchini et al. [54] reported a 21.3% increase in CP using GF with a 3% chord height mounted on the 
inner side of NACA0021 blades. Syawitri et al. [55] identified the optimal Gurney flap configuration, 
considering height, angle, and position, on the NACA0021 airfoil using 2D CFD simulations and the 
Taguchi design method. The optimal geometry, defined by a flap height of 0.03c and an angle of 90°, 
achieved average improvements in the Cₚ of 233.19% at low TSR, 69.94% at medium TSR, and 41.36% 
at high TSR. 

More recently, Eltayeb and Somlal [56] conducted a comparative study between GFs and Planar 
Fins (PF) on NACA0015 blades. Using CFD simulations, they evaluated multiple parameters, 
including position (50%–90% of the chord), deflection angles (10°, 90°, and 120°), and heights (0.15c 
to 0.25c), as illustrated in Figure 19. Their findings revealed that certain PF configurations (0.6c, 10°) 
outperformed GF by up to 9.8%, significantly reducing negative torque and improving startup torque 
stability by as much as 35%. Conversely, some GF setups (0.25c, 120°) exhibited stable torque 
behavior but incurred higher drag at low wind speeds, which negatively impacted overall efficiency. 

 

Figure 19. Geometric configurations of Gurney Flaps (GF) and Planar Fins (PF) evaluated on NACA0015 blades, 
as studied by Eltayeb and Somlal [56]. 

Cavities integrated into the airfoil surface induce vortex structures that delay flow separation 
and enhance adhesion, although they often require active control to maintain vortex stability [57]. 

Sengupta et al. [58] conducted a CFD study using S1046 and NACA0021 airfoils to evaluate the 
aerodynamic effects of circular cavities positioned on the inner or outer surface of the airfoil, at 
distances of 0.25, 0.5, and 0.75 times the chord length from the leading edge. Simulations were 
performed at wind speeds of 5.0, 6.0, and 7.0 m/s. Results showed that circular cavities improved self-
starting capability only at 5.0 m/s, while at 7.0 m/s, the smooth blade without cavities demonstrated 
superior aerodynamic performance. Ibrahim et al. [9] integrated circular suction cavities into 
NACA0021 airfoils. Using 2D CFD simulations with a URANS model, they reported up to a 28% 
increase in the Cₚ at TSR = 2.0 compared to blades without cavities, attributing the improvement to 
stall suppression under low and moderate TSR regimes. 

Sobhani et al. [59] investigated the effects of various cavity shapes (circular, square, and 
triangular) on NACA0021 airfoils using CFD. Their findings revealed that circular cavities, with 
diameters equal to 8% of the chord length and positioned near the leading edge, significantly 
enhanced turbine performance. At TSR = 2.6, a local increase of up to 18% in Cₚ was observed, with 
an average improvement of 25%. Yousefi et al. [60] tested circular cavities (0.08c) near the leading 
edge of NACA0021 blades. CFD simulations explored variations in the number, size, location, and 
geometry of cavities, as illustrated in Figure 20. The results showed an 18% increase in Cₚ at TSR = 
3.5, along with improved torque availability, thereby enhancing self-starting capability. 

 

Figure 20. Circular cavity configurations on NACA0021 blades evaluated for self-starting improvement, based 
on Yousefi et al. [60]. 
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Yoo & Oh [61] optimized the position, diameter, and depth of dimples on NACA0021 airfoils. 
Using CFD combined with artificial neural networks and genetic algorithms, they evaluated 
diameters of 0.02c, 0.04c, and 0.06c placed at locations ranging from 0.5c to 0.9c. Their results showed 
that small dimples near the trailing edge could increase Cₚ by up to 6.5% and improve Cₘ due to 
delayed flow separation and reduced wake effects. Mitchell et al. [62] introduced flow-control slots 
on NACA0012 airfoils, as shown in Figure 21. Through 2D CFD simulations, they examined the 
effects of varying slot number and size on aerodynamic performance. Significant improvements, 
nearly tripling both Cₘ and Cₚ, were observed at high angles of attack (>90°) and low TSRs. In contrast, 
lower angles and higher TSRs led to decreased torque coefficients. 

 

Figure 21. NACA0012 airfoil with flow-control slots used for self-starting enhancement, as proposed by Mitchell 
et al. [62]. 

Zhu et al. [63] investigated combinations of GF and circular cavities on NACA0021 airfoils, as 
illustrated in Figure 22. The results showed that all GF configurations improved the Cₚ, with the 
external-side flap and cavity configuration yielding the highest performance, up to a 17.9% increase 
in Cₚ at TSR ≈ 3.1, while also reducing torque fluctuations significantly. 

 
Figure 22. NACA0021 airfoil with combined Gurney flap and circular cavity configurations, as analyzed by Zhu 
et al. [63]. 

Separately, Kord and Bazargan [64] integrated GFs on J-type airfoils, as shown on Figure 23, 
with relative heights of 0.75%, 1.75%, and 2.75% of the chord. Using CFD simulations with the RANS 
model and SST k–ω turbulence model at an inlet velocity of 10 m/s, they found that the 0.75% internal 
flap increased power output by 10–12% at TSR ≈ 2.25. In contrast, external or dual-side configurations 
resulted in reduced overall efficiency. 
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Figure 23. Gurney flap configurations applied to J-type airfoils: (a) internal side, (b) external side, and (c) both 
sides, as evaluated by Kord and Bazargan [64]. 

The use of tubercles or leading-edge protuberances (LEPs), inspired by the biomimetic design of 
humpback whale flippers, has proven to be an effective strategy. Elangovan and Pillai [33] employed 
S1046 airfoils with grooved leading edges, as illustrated in Figure 24, and demonstrated that the LEP3 
configuration nearly eliminates dynamic stalls and significantly improves self-starting performance 
across wind speeds ranging from 6 to 20 m/s. They also analyzed the effect of blade pitch angles from 
−20° to 20°, showing that negative angles yield high initial torque due to the peak in the CM. 

 

Figure 24. Biomimetic blade geometries with leading-edge protuberances (LEPs) of varying amplitude: (a) 
straight blade, (b) large-amplitude LEP1, (c) moderate-amplitude LEP2, and (d) low-amplitude LEP3, inspired 
by humpback whale flippers [33]. 

Gonçalves et al. [65] integrated sinusoidal protuberances into NACA0018 airfoils, as shown in 
Figure 25. Using CFD, they tested four amplitudes (ℎ  = 0.008c, 0.015c, 0.025c, 0.035c) and four 
wavelengths (λ = 1/10c, 1/8c, 1/6c, 1/3c). Results indicated increases of up to 46% in the Cₚ at 5.5 m/s 
and 20% at 9.0 m/s, along with significantly improved self-starting performance from as low as 
5.5 m/s, compared to 7.0 m/s for unmodified blades. 

 

Figure 25. Schematic diagram of a NACA0018 airfoil featuring a biomimetic sinusoidal leading-edge 
protuberance, illustrating amplitude (h) and wavelength (λ) parameters [65]. 
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Zamani et al. [66] incorporated porous materials into the DU06-W-200 airfoil, as shown in Figure 
26. 2D CFD simulations revealed widespread improvements in Cₚ and CM coefficients across a broad 
TSR range, with enhanced starting ability especially when the porous medium was applied on the 
pressure side of the blade. 

 

Figure 26. Application of porous material on the pressure side of a DU06-W-200 airfoil, as modeled in Zamani 
et al. [66]. 

Mohamed et al. [67] introduced a longitudinal slot into the NACA0018 airfoil, as illustrated in 
Figure 27. Through 2D CFD analysis, they demonstrated that the slot significantly delays flow 
separation, yielding up to three times more torque and power (CM ≈ 0.15, Cₚ ≈ 0.30) at a TSR of 
approximately 2. 

 

Figure 27. NACA0018 airfoil modified with a longitudinal slot to enhance aerodynamic performance, as studied 
by Mohamed et al. [67]. 

Table 3 provides a comparative summary of the passive control strategies applied to the blades 
of Darrieus-type VAWTs aimed at improving their self-starting capability. 

Table 3. Passive flow control strategies for improving the self-starting capability of Darrieus-type VAWTS. 

Refere
nces 

Method VAWT Parameters  
TSR, Wind 

Speed 

Self-Starting Improvement 

Results 

[9] 
CFD 2D, SST (k–
ω), URANS 

NACA0021 with 
circular cavity, 
N=3, D=1.03 m, 
σ=0.25, c=0.0858 m 

λ=1.6–3.1 

Cavities enhance initial torque 
by reducing separation and 
stabilizing flow at low to 
moderate TSR. 

[23] CFD 2D 

NACA0018 with 
GF, N=3, R=0.75 m, 
H=2.25 m, c=0.09 
m, GF_H=0.5%–
1.75%, 
GF_W=0.04%–
0.12% 

λ=2.75–3.75, 𝑉ஶ=9.0 m/s 

Improved upstream force and 
torque stability lead to better 
blade rotation. 

[33] 
Wind tunnel 
experiment 

S1046 with 
tubercles 
N = 4, D = 0.90 m 

𝑉ஶ =6.0 – 20.0 
m/s 

LEP blades show superior 
self-starting capability 
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H = 0.70 m, σ = 0.78 
c = 0.1435 – 0.16 m 
β = -20° to 20° 

compared to unmodified 
blades. 

[51] 
CFD 2D, SST (k–
ω), URANS 

NACA0012/15/18/2
1 with GF, N=1–3, 
D=1.03–3.50 m, 
σ=0.057–0.250, 
c=0.086–0.200 m, 
GF_H=0%–5% 

λ=3.30–4.45, 𝑉ஶ =8.0–13.0 
m/s 

Interior GF increases CM, fish-
tail GFs enhance torque but 
reduce CP slightly. 

[52] 
CFD 2D, SST (k–
ω), URANS 

NACA0018 with 
GF, N=3, R=0.85 m, 
c=0.246 m, 
GF_H=1.0%–5.0% 

λ=1.0–3.5, 𝑉ஶ=8.0 m/s 

GF delays dynamic stalls, 
increasing CL, lift-drag ratio, 
and CM. 

[53] 
CFD 2D, SST (k–
ω), URANS 

NACA0021 with 
GF, N=2, R=1.0 m, 
β=6°, c=0.265 m, 
GF_H=0.5%–6.0%, 
GF_A=90°–105° 

λ=0.5–3.0, 𝑉ஶ=8.0 m/s 

GF at low AOA increases lift 
and load stability, aiding 
blade rotation initiation. 

[54] 
CFD 2D, SST (k–
ω), URANS 

NACA0021 with 
GF, N=3, R=0.515 
m, c=0.0858 m, 
σ=0.249, 
GF_H=1%–3% 

λ=2.1–6.0, 𝑉ஶ=9.0 m/s 

Internal GF at 0.003c yields 
21.3% CP improvement at 
TSR=2.4 with better CM. 

[55] 
CFD 2D, RANS-
LES, Taguchi 

NACA0021 with 
GF, D=1.03 m, N=3, 
c=0.0858 m, 
GF_H=0.02c–0.04c, 
GF_A=60°–135°, 
GF_P=0–0.07c 

λ=1.44–3.3, 𝑉ஶ=9 m/s 

Optimized GF (0.03c, 90°) at 
trailing edge improved CP at 
low TSR, enabling earlier 
torque generation. 

[56] 
CFD 2D, SST (k–
ω), URANS 

NACA0015 with 
GF and PF, N=3, 
R=1.0–2.5 m, 
c=0.16–0.4 m, 
PF_P=0.50c–0.90c, 
GF_H=0.15c–0.25c, 
GF_A=90°–120°, 
PF_A=10°–120° 

λ=0.8–4.5, 𝑉ஶ=5–10 m/s 

PFs outperform GFs in 
reducing negative torque and 
enhancing low speed self-
start. PF at 0.7c, 10° yielded 
maximum CM. 

[58] 
CFD 2D (k-ε), 
Experimental 

S1046, NACA0021 
with circular 
cavities, N=3, D=0.4 
m, H=0.4 m, σ=0.6, 
c=0.08 m 

λ=0.5–2.0, 𝑉ஶ=5–7 m/s 

Internal cavity improved self-
start only at 5 m/s; 
unmodified performed better 
at 7 m/s. 
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[60] 
CFD 2D, SST (k–
ω), URANS 

NACA0021 with 
circular cavities, 
N=3, R=1.03 m, 
c=0.0858 m 

λ=2.0–3.5, 𝑉ஶ=8.0 m/s 
Circular cavities near leading 
edge boost startup torque. 

[61] 

CFD 2D, 
URANS, 
Spalart-
Allmaras, GA 

NACA0021 with 
dimples, N=3, 
D=NE, c=NE 

λ=2.5, 𝑉ஶ =9.0 
m/s 

Small dimples near the 
trailing edge increase CP and 
maximize CM via flow 
separation delay. 

[62] 
CFD 2D, SST (k–
ω) 

NACA0012 with 
vent slots, N=3, 
R=1.0 m, c=0.2 m 

λ=0–3.0, 𝑉ஶ=5.0 m/s 

Vent slots improve startup 
torque at AOA >90° and low 
TSRs. 

[63] 
CFD 2D, SST (k–
ω) 

NACA0021 with 
GF + cavities, N=3–
6, c=0.0858 m, 
σ=0.175–0.5, 
GF_H=2% 

λ=1.0–3.1, 𝑉ஶ=9.0 m/s 

External GF + dimples 
increase aerodynamic force at 
low TSR, aiding startup. 

[64] 
CFD 2D, SST (k–
ω), RANS 

Du06-W-200 with 
J-profile and GFs, 
N=3, D=3.7 m, 
c=0.297 m, 
GF_H=0.75%–
2.75% 

λ=0.6–2.5, 𝑉ஶ=10 m/s 

Only internal GF improved CP 
at high TSR. External or dual 
flaps lowered global 
efficiency. 

[65] 
CFD 3D (k-ε), 
Experimental 

NACA0018 with 
sinusoidal LEPs, 
N=3, D=0.45 m, 
H=0.45 m, σ=0.5, 
c=0.075 m 

λ=1.0–4.0, 𝑉ஶ =5.5–9.0 
m/s 

CP increased to 46% at 5.5 m/s 
and 20% at 9.0 m/s: better self-
starting at 5.5 m/s. 

[66] 
CFD 2D, SST (k–
ω), URANS 

DU06-W-200 with 
porous stripes, 
N=3, D=3.7 m, 
H=3.3 m, c=0.27 m 

λ=0.5–4.0, 𝑉ஶ=10.0 m/s 

Porous media on pressure 
side improve CP and CM, 
enhancing low speed self-
start. 

[67] CFD 2D (k–ε) 
NACA0018 with 
slot, N=3, D=4.7 m, 
c=0.47 m, σ=0.3 

λ=0–4.0, 𝑉ஶ=8.0 m/s 
Slotted profile triples CM at 
TSR<2, enhancing self-start. 

3.4. Active Flow Control Implementation for Self-Starting Enhancement 

Unlike passive control, active flow control involves the application of external energy or 
dynamic mechanisms to actively modify aerodynamic flow behavior in real-time. This approach 
allows for greater adaptability under changing operating conditions [68]. Using actuators such as 
plasma devices, adaptive blades, or synchronized movable mechanisms, active control offers 
significant potential to improve self-starting capability and maximize operational efficiency. 

The working principle of plasma actuators is based on the generation of an electric field between 
two electrodes by applying a high voltage alternating current, as illustrated in Figure 28. This induces 
ionization of the surrounding air, generating a wall-attached jet that delays flow separation over the 
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airfoil surface [69]. Early studies focused on analyzing flow behavior and dynamic stall mitigation in 
Darrieus VAWT blades using plasma actuators applying only constant force [70]. 

 

Figure 28. Operating principle and schematic implementation of Dielectric Barrier Discharge (DBD) plasma 
actuators for active flow control in VAWT blades [69]. 

Chavoshi & Ebrahimi [71] investigated the impact of plasma actuators on Darrieus VAWT using 
CFD simulations based on finite volume method and the URANS model with transition modeling. 
They evaluated rotor performance under both constant and variable angular velocity conditions. 
With plasma off, negative torque was observed for TSR < 1.5. With plasma on at TSR = 0.5, torque 
improved by 128%, becoming positive. For 1.5 < TSR < 2.0, power increased by up to 260%. Under 
free angular velocity conditions, TSR improved by 8%, reducing startup time. 

In a previous study, Chavoshi & Ebrahimi [72] analyzed the capability of dielectric barrier 
discharge plasma actuators to control dynamic stalls. They simulated three configurations: inboard, 
outboard, and double-sided actuators. The inboard and double-sided configurations reduced 
Karman vortices and improved CP by 10%, while the outboard actuator had minimal effect. 

Daraee & Abbasi [73] studied the influence of actuator position (10% to 90% chord length, both 
internal and external surfaces) and activation timing, concluding that proper placement delays flow 
separation and enhances self-starting. Subsequently, Abbasi & Daraee [74] explored the use of time-
varying force plasma actuators. Using 2D unsteady CFD and the Shyy et al. [75] model, which 
simplifies the electric field as a triangular force region, they evaluated different waveforms (constant, 
sine, cosine, ramp, pulse). Results showed net energy increases of up to 35.59% (sine) and 37.28% 
(cosine), highlighting the effectiveness of active flow control in reducing losses and improving initial 
torque. 

Gao et al. [76] developed an adaptive blade system for a four-bladed Darrieus VAWT with 
NACA0018 profile, integrating drag and lift modes via hybrid active control, as shown in Figure 29. 
At low wind speeds, blades operate in drag mode, at high speeds, in lift mode. They used CFD 
simulations with 6DOF and dynamic meshing, validated with wind tunnel experiments. The system 
reduced startup wind speed by 34.7% and increased CM up to 1.82 times at an 80° blade opening 
angle. However, long-term durability was not assessed. 
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Figure 29. Hybrid active control system integrating drag and lift modes in an adaptive-blade Darrieus VAWT, 
as proposed by Gao et al. [76]. 

Liu et al. [77] proposed a combined cavity and Gurney flap (GF) configuration for a three-blade 
NACA0021 Darrieus VAWT, where the GF changes position during rotation to reduce windward 
resistance and increase CP. In 2D CFD simulations, they compared clean blades, blades with cavity 
and fixed GF, and blades with cavity and movable GF. The fixed GF increased CP by 37.5% (TSR = 
2.04) and 21.2% (TSR = 2.33). The movable GF improved performance by reducing flow separation 
and increasing startup torque, with activation angle being the most critical parameter. 

Table 4 presents a summary of the above-mentioned strategies focused on the implementation 
of active control systems in Darrieus VAWT blades to enhance self-starting capability. 

Table 4. Active flow control strategies for improving the self-starting capability of Darrieus-type VAWTS. 

Refere
nce 

Method VAWT Parameters  
TSR, Wind 

Speed 

Self-Starting Improvement 

Results 

[71,72] 

2D CFD 
Simulation 
URANS model 
with transition 
(y–Reθt) 

NACA0021 with 
plasma actuator 
N = 3, D = 1.028 m, 
H = 1.0 m, c = 0.085 
m, σ = 0.25 

λ=2.4 𝑉ஶ=9.02 m/s 

The plasma actuator mitigates 
dynamic stall by reducing 
negative torque at low TSRs, 
shortens startup time, and 
increases CP. 

[73,74] 

2D CFD 
Simulation 
URANS with 
SST (k–ω) model 

NACA0022 with 
time-varying 
plasma actuator 
D = 0.6 m, c = 0.1 m, 
H = 0.4 m 

λ=2.45 𝑉ஶ=5.07 m/s 

Time-varying sinusoidal and 
cosinusoidal forces enhance 
torque CM and CP by delaying 
flow separation, enabling 
improved self-starting 
capability. 

[76] 

2D CFD 
Simulation with 
6DOF and RNG 
k–ε model 
Experimental 
wind tunnel 
tests 

NACA0018 with 
hybrid drag-lift 
adaptive blade 
N = 4, R = 0.66 m, H 
= 0.73 m, c = 0.1 m 

λ=0 – 5 𝑉ஶ=6.0 m/s 

Hybrid control lowers cut-in 
wind speed. At 80° blade 
opening, torque coefficient CM 
nearly doubled, confirming 
improved startup 
performance. 

[77] 

2D CFD 
Simulation 
URANS with 
SST (k–ω) model 

NACA0021 with 
moving Gurney 
flap and cavity 
N = 3, D = 1.03 m, c 
= 0.086 m, σ = 0.25, 
GFH = 1.5% 

λ=1.43 – 3.29 𝑉ஶ=9.0 m/s 

The cavity-Gurney flap 
combination enhances 
aerodynamic efficiency in 
specific operating ranges. The 
moving flap outperforms the 
fixed one by adapting to blade 
rotation, reducing negative 
torque and aiding startup. 

3.5. Incident Flow Enhancement for Improved Starting Performance 

The power extracted by a vertical-axis wind turbine (VAWT) is proportional to the cube of the 
incoming wind speed. Consequently, even small increases in flow velocity can significantly enhance 
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aerodynamic performance and self-starting capability. This relationship has driven the development 
of various technological strategies aimed at increasing the airflow impinging on the rotor blades. 
These include ducts, stators, diffusers, guide vanes, wind concentrators, and auxiliary blades [78]. 
Additionally, recent studies have explored the role of wake interactions between adjacent turbines as 
a collaborative passive technique to facilitate startup. 

Chegini et al. [79] proposed a hybrid configuration combining a three-blade NACA0021 
Darrieus rotor with a two-blade Savonius rotor, enhanced by flat deflectors. Using unsteady CFD 
simulations with the SST k-ω turbulence model, they observed a 26.91% increase in CP at TSR = 1.45 
compared to the unmodified Darrieus rotor. However, performance declined at higher TSRs due to 
the low efficiency of the Savonius rotor. The implementation of front, side, and combined deflectors 
yielded additional improvements up to 40%, underscoring the potential of passive devices in hybrid 
VAWTs, albeit with directional limitations. 

Ghafoorian et al. [8] examined the integration of auxiliary blades and deflectors into a VAWT 
rotor with NACA0021 blades, as illustrated in Figure 30. Through 2D CFD simulations, they 
optimized the pitch angle and position of the auxiliary blades, achieving both improved efficiency 
and a reduction in the minimum required TSR for startup, from 1.4 to 0.7. While deflectors enhanced 
performance at high TSRs, they had minimal impact on starting behavior. The study’s limitations 
include the use of a single blade profile for both primary and auxiliary blades and the absence of 3D 
simulations to capture full aerodynamic effects. 

 

Figure 30. VAWT configuration with integrated auxiliary blades and deflectors to enhance starting performance 
and efficiency, as investigated by Ghafoorian et al. [8]. 

Wang et al. [80] investigated the aerodynamic effects of a passive diffuser placed downstream 
of a five-blade Darrieus VAWT, as depicted in Figure 31. Using CFD simulations and laboratory tests, 
they evaluated the influence of diffuser length and opening angle. Results showed a 31.42% increase 
in the maximum CP at TSR = 0.65–0.75 and a 26.79% improvement in torque coefficient, indicating a 
positive effect of the diffuser on self-starting capability. 

 
Figure 31. Aerodynamic enhancement of a five-blade Darrieus VAWT using a downstream passive diffuser, as 
studied by Wang et al. [79]. 
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Fatahian et al. [81] conducted 2D and 3D CFD simulations to analyze the starting process of a 
three-blade NACA0018 VAWT, accounting for rotor inertia. They applied the Taguchi method and 
ANOVA to optimize parameters such as the angle between adjacent turbines. Results indicated that 
an optimized layout could reduce the downstream turbine’s start-up time from 6.7 to 4.6 seconds by 
leveraging the accelerated wake flow from the upstream rotor. This research opens new directions 
for collaborative layout design in VAWT wind farms. 

Li et al. [82] designed convex wind concentrators based on B-spline curves, installed above and 
below a straight-bladed Darrieus rotor. Using CFD simulations and an orthogonal experimental 
design, they optimized the concentrator’s geometric parameters. Results showed that the device 
increased flow velocity near the blades, reduced low-pressure zones, and enhanced the maximum CP 
by 52.7% and the average torque coefficient by 24.7%. 

Table 5 provides a comparative summary of the reviewed strategies aimed at enhancing incident 
airflow to improve the self-starting performance of Darrieus-type VAWTs. 

Table 5. Incident flow augmentation techniques for improved starting performance in Darrieus VAWTS. 

Refere
nce 

Method VAWT Parameters  
TSR, Wind 

Speed 

Self-Starting Improvement 

Results 

[8] 

2D CFD 
simulation 
SST (k–ω) 
model, URANS 

NACA0021 (main 
and auxiliary 
blades), 
Deflectors 
N = 3, D = 1.03 m, c 
= 0.0858 m 

λ=0.5 – 3.5 𝑉ஶ=9.0 m/s 

Auxiliary blades with 
optimized pitch angle and 
position improved efficiency 
and starting performance. 
Deflectors only enhanced 
torque CM. 

[78] 

2D CFD 
simulation and 
experiments 
SST (k–ω) 
model, URANS 

NACA0021 with 
rear flat diffuser 
N = 5, D = 1.03 m, H 
= 1.456 m 

λ=1.5 – 4.5 𝑉ஶ=9.0 m/s 

Downstream diffuser 
increased maximum CP by 
31.42% at TSR 0.65–0.75, and 
CM by 26.79%. 

[79] 

2D CFD 
simulation 
SST (k–ω) 
model, URANS 

Hybrid Darrieus: 
NACA0021, N = 3, 
D = 1.03 m, c = 
0.0858 m 
Savonius: 
N = 2, D = 0.2 m 

λ=1.0 – 4.0 𝑉ஶ=9.0 m/s 

Hybrid Darrieus-Savonius 
turbine demonstrated self-
starting at low TSR. Deflectors 
counteracted drag effect of 
Savonius rotor at high TSR. 

[80] 

2D and 3D CFD 
simulation 
SST (k–ω) 
model, URANS 

NACA0021, Two 
Darrieus VAWTs 
N = 3, D = 0.75 m, H 
= 1.0 m, c = 0.083 m 

λ=1.0 – 4.0 𝑉ஶ=8.0 m/s 

Optimized turbine 
arrangement reduced 
downstream rotor start-up 
time from 6.7 s to 4.6 s by 
utilizing the upstream 
accelerated flow. 

[81] 
2D CFD 
simulation 
SST (k–ω) model 

NACA0018, Upper 
and lower wind 
concentrators 

λ=0.2 – 2.2 𝑉ஶ =4.0, 5.0, 
8.0, 10.0 m/s 

Concentrators increased 
average CM: 
23.3% at 4.0 m/s, 24.7% at 5.0 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 August 2025 doi:10.20944/preprints202508.0025.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.0025.v1
http://creativecommons.org/licenses/by/4.0/


 26 of 33 

 

N = 3, D = 0.6 m, H 
= 0.5 m, c = 0.1 m 

m/s, 22.8% at 8.0 m/s, 21% at 
10.0 m/s. 

4. Critical Discussion of the State of the Art on Self-Starting Strategies in 
Darrieus VAWTS 

The systematic evaluation of technological strategies aimed at enhancing the self-starting 
capability of straight-bladed Darrieus VAWTs reveals a broad spectrum of approaches, each with 
specific advantages depending on the operating regime, implementation complexity, and 
experimental validation level. The five categories discussed, aerodynamic profile optimization, 
structural configuration, passive control, active control, and incident flow augmentation, provide 
complementary solutions to the inherent challenges of the self-start phenomenon. 

Although several strategies have shown promising results, others still fall short of generating 
sufficient initial torque to ensure startup without external assistance. In many studies, the focus has 
been primarily on maximizing the CP, often neglecting the dynamic behavior of the CM during early 
stages of rotation. 

Aerodynamic profile optimization has focused on geometric modifications, such as J-shaped or 
hybrid airfoils, to increase torque at low TSR. This strategy is advantageous due to its direct 
applicability during design without requiring additional subsystems, although trade-offs between 
startup and nominal efficiency remain a concern. 

Structural configuration, involving variations in blade number, length, or positioning (including 
asymmetric and retwisted blades), redistributes aerodynamic forces effectively but introduces 
challenges in mechanical integrity and manufacturing cost. 

Passive control, including the use of GFs, cavities, or textured surfaces, provides robustness and 
low-cost implementation. However, these techniques often operate effectively only within narrow 
wind speed ranges and are sensitive to flow variability. 

Active control, utilizing plasma actuators, adaptive blades, or movable mechanisms, offers 
dynamic performance improvements and high adaptability. Despite these advantages, challenges 
remain in terms of energy requirements, control complexity, and long-term durability. 

Incident flow augmentation, using wind concentrators, diffusers, auxiliary blades, or turbine 
array arrangements, can significantly enhance local wind velocity and improve startup capability. 
However, these approaches often require additional space and demand rigorous validation in 3D 
and real-world environments. 

Table 6 presents a global comparative summary of these strategies, evaluated against criteria 
such as technological feasibility, implementation cost, scalability, reliability, and maintainability. 

Table 6. Comparative summary of technological strategies to enhance the self-starting of Darrieus-type 
VAWTS. 

STRATEGY Main Objective Key Advantages Limitations Validation Level 

Aerodynamic 

Profile 

Optimization 

Increase torque at 

low TSR by 

modifying blade 

shape and 

parameters 

No external 

systems; effective 

at low wind 

speeds 

Trade-off with 

high-TSR 

efficiency 

Mainly 2D CFD; 

limited 

experimental 

validation 

Structural 

Configuration 

Redistribute 

aerodynamic 

forces through 

blade 

Can enhance 

torque generation 

without energy 

input 

Requires 

structural 

adjustments; 

Numerical with 

some experimental 

models 
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arrangement and 

structure 

mechanical 

complexity 

Passive Flow 

Control 

Delay flow 

separation using 

surface 

modifications 

(e.g., Gurney 

flaps, cavities) 

Low-cost; no 

external energy 

required 

Limited 

effectiveness 

across wide TSR 

range 

Validated in CFD; 

limited full-scale 

trials 

Active Flow 

Control 

Actively modify 

flow via actuators 

to boost torque 

during startup 

High adaptability 

and potential 

performance 

boost 

Requires energy, 

complex control 

systems, and 

robust materials 

Mostly CFD; lacks 

real-world 

validation 

Incident Flow 

Enhancement 

Increase wind 

speed impacting 

rotor via ducts, 

deflectors, 

auxiliary blades 

Improves local 

wind velocity and 

startup 

performance 

Space 

requirements, 

sensitivity to 

wind direction 

Combination of 

CFD and 

experiments; 

mostly 2D 

Overall, findings suggest that there is no universal solution to the VAWT self-starting challenge. 
Instead, a hybrid approach that combines strategies (e.g., optimized airfoils with active or passive 
control) may offer the most robust path forward toward efficient and autonomous turbine operation. 

From an engineering perspective, several key research gaps remain: 
Structural reliability and durability: few studies consider manufacturability or full life-cycle 

assessments. 
Three-dimensional simulation: 2D CFD models dominate the literature, limiting representation 

of complex aerodynamic phenomena. 
Experimental validation: many proposals are not supported by wind tunnel tests or full-scale 

experiments, reducing their practical relevance. 
Metric standardization: there is no established consensus on minimum wind speeds or TSR 

values for benchmarking startup performance. 
Notably, while active control and incident flow enhancement strategies demonstrate high 

potential, they entail greater technological and economic challenges, reinforcing the need for 
comprehensive cost-benefit analyses and real-world trials. 

5. Research Gaps and Future Trends 

Based on the critical review of the literature, several limitations hinder the advancement of 
robust and efficient solutions for the self-starting of Darrieus-type VAWTs. A key problem is the 
widespread reliance on two-dimensional simulations that fail to incorporate coupled structural 
models capable of evaluating fluid–structure interaction (FSI) during the startup phase. This 
omission restricts the predictive accuracy and practical relevance of many proposed solutions. 

Moreover, there is a notable lack of experimental validation, both in wind tunnel tests and field 
deployments. Most proposed approaches are assessed exclusively through CFD simulations, without 
empirical data to support their effectiveness. This gap compromises the reliability of conclusions, 
particularly in real-world scenarios characterized by turbulent, low-speed, or highly variable wind 
conditions. 
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Another critical gap lies in the limited attention given to the manufacturability and long-term 
durability of novel designs. While several studies introduce innovative geometries and control 
strategies, few address implementation feasibility, cost analysis, or material life-cycle performance. 

In response to these limitations, several promising trends are emerging. One such trend is the 
integration of artificial intelligence into active control systems, enabling adaptive real-time 
adjustments of blade pitch or auxiliary mechanisms to enhance startup under varying conditions. 
Another significant avenue is the application of 3D printing technologies for manufacturing hybrid 
blades with complex geometries and customized material properties, facilitating the design of 
profiles specifically tailored for self-starting conditions. 

Additionally, the development of fully coupled 3D simulations (CFD + FSI) represents a major 
step forward in accurately modeling startup dynamics, including structural bending, torsion, and 
resonance. Such simulations can substantially enhance the understanding and validation of startup 
performance before physical prototyping. 

Finally, increased research efforts are expected in multi-objective optimization, integrating 
aerodynamic, structural, and control parameters through evolutionary algorithms or machine 
learning techniques such as neural networks and reinforcement learning. 

6. Conclusion 

This article has reviewed and systematized the current technological strategies aimed at 
enhancing the self-starting capability of straight-bladed VAWTs, categorizing them into five key 
approaches: aerodynamic profile design, structural configuration, passive flow control, active flow 
control, and incident flow enhancement. Each strategy presents distinct advantages and challenges 
regarding efficiency, applicability, complexity, and technological maturity. 

The findings indicate that there is no single universally effective solution; however, hybrid 
strategies—particularly those combining aerodynamic optimization with adaptive control systems—
show strong potential to overcome current limitations. Despite progress, several critical challenges 
remain: the lack of experimental validation under real-world conditions, insufficient consideration 
of three-dimensional effects in simulations, and the absence of comprehensive studies on reliability, 
manufacturability, and lifecycle performance. 

Consequently, the development of self-starting VAWTs demands an interdisciplinary approach 
that integrates advanced aerodynamics, functional materials, control electronics, and computational 
modeling. The future of this field points toward smarter, adaptive, and customizable solutions 
powered by artificial intelligence, additive manufacturing, and real-world urban testing. These 
directions will not only improve the efficiency and autonomy of VAWTs but also accelerate their 
adoption as a distributed energy source in sustainable energy networks. 
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