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Abstract

:

It is projected that, in the following years, the wind-energy industry will maintain its rapid growth over the last few decades. Such growth in the industry has been accompanied by the desirability and demand for larger wind turbines aimed at harnessing more power. However, the fact that massive turbine blades inherently experience increased fatigue and ultimate loads is no secret, which compromise their structural lifecycle. Accordingly, this demands higher overhaul-and-maintenance (O&M) costs, leading to higher cost of energy (COE). Introduction of flow-control devices on the wind turbine is a plausible solution to this issue. Flow-control mechanisms feature the ability to effectively enhance/suppress turbulence, advance/delay flow transition, and prevent/promote separation, leading to enhancement in aerodynamic and aeroacoustics performance, load alleviation and fluctuation suppression, and eventually wind turbine power augmentation. These flow-control devices are operated primarily under two schemes: passive and active control. Development and optimization of flow-control devices present the potential for reduction in the COE, which is a major challenge against traditional power sources. This review performs a comprehensive and up-to-date literature survey of selected flow-control devices, from their time of development up to the present. It contains a discussion on the current prospects and challenges faced by these devices, along with a comparative analysis centered on their aerodynamic controllability. General considerations and conclusive remarks are presented after the discussion.
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1. Introduction


The last few decades were marked with a sharp depletion in global fossil-fuel reserves and a rise in environmental concerns. Consequently, the focus shifted toward eco-friendly and renewable sources for global energy security. The development and optimization of renewable energy sources, i.e., hydro, solar, wind, bioenergy, geothermal, etc., hold the key to achieving sustainable power production. According to the International Renewable Energy Agency (IRENA), the Global Renewable Energy (GRE) capacity at the end of 2019 amounted to 2537 GW, which is equivalent to 34.7% of the Net Global Energy (NGE) capacity [1], and this represents a growth of 7.4% (176 GW) from 2018, in which 2.5% was contributed by wind energy [1]. The share of various renewable energy sources in the GRE capacity is presented in Figure 1a, whereas the steady contribution of wind energy over the last decades is depicted in Figure 2. Accordingly, at the end of 2019, the Global Wind Energy Council (GWEC) reported an increase of 10% in the Global Wind Energy (GWE) capacity, which could be expected to maintain an average growth of 9.2% over the next five years [2]. Such a forecast in the growth of wind energy has been seen to be corresponded by the demand for larger turbines. The modern multi-MW wind turbines feature diametric size of more than 200 m with the projected power generation of up to 15 MW [3]. Some of the world’s most powerful wind turbines include General Electric’s Haliade-X (12–14 MW), Siemen Gamesa’s SG 14–222 DD (14–15 MW), etc. Figure 1b illustrates a comparison of the size of Boeing’s Airbus 380 and the Eiffel Tower with a state-of-the-art offshore wind turbine (SG 14–222 DD), exhibiting a rotor diameter of 222 m with a rated capacity of 14 MW, scheduled to be commissioned in 2024 by Siemens Gamesa [3].



Enlargement in the wind turbine size causes concerns in terms of the ultimate and fatigue loads experienced by the blades. For instance, these multi-MW wind turbine blades operate in the atmosphere several hundred meters above the ground, and they are more likely to experience increased turbulence, local gust-induced fluctuations, wind shear (horizontal and vertical), blade-tower interference, and yaw/tilt misalignment, among others. Moreover, the massive size of blade attracts gravity-induced periodic structural loads. These shortcomings can be compensated by a control mechanism of load alleviation and fluctuation damping to efficiently harness wind energy, while ensuring safety from blade operation. For one, achieving flow control around the blade enhances the aerodynamic and aeroacoustics performance of the blade while mitigating extreme and fatigue loads [4], and this could be done by advancing/delaying transition, enhancing/suppressing turbulence, and promoting/preventing separation. In total, two schemes mainly applied for flow control exist: passive and active. On one hand, the passive mechanism employs geometric shaping and grooving and fixed mechanical-structures, among others, to manipulate pressure gradients for enhanced aerodynamic response and flow control [5]. Conversely, active control employs sensors distributed along the blade profile to capture local variations in the flow conditions and the subsequent adverse blade loading. In both schemes, microprocessors are employed to process sensor-feedback and apply integrated control algorithms to command local actuators, enhancing the system response [6]. However, the fact that flow-control induced enhancements are not mutually exclusive is worth noting; therefore, the selection of flow-control devices may be case-specific to achieve performance goal with minimal tradeoffs.



This article presents a state-of-the-art review of various flow-control devices used for wind turbine performance enhancement, such as flaps (rigid, flexible/ATEG,, and gurney), microtabs (tabs and trailing-edge effectors and MiTE), vortex generators (passive, smart, and micro vortex generators), plasma actuators, and blowing-suction mechanisms (steady and pulsed-blowing/suction, circulation control, and vortex generator jets). A summary of the share of the reviewed flow-control devices in the presented literature is given in Figure 3. The review presents a comprehensive and up-to-date progress in each flow-control device, along with detailed discussions of the associated prospects and challenges toward wind turbine applications.



It also includes a comparative analysis of the aerodynamic enhancement (lift controllability) potential and current state of these devices (Technology Readiness Level, TRL). The review ends with a summary of the main conclusions.




2. Performance Enhancement Devices


2.1. Flaps


Flaps refer to the movable surfaces hinged on a blade/wing to tailor the aerodynamic performance by varying the aerofoil camber. These surfaces effectively enhance the lift by modifying the chordwise pressure distribution [7]. The idea of employing flaps dates back to the 1930s, and, since then, they were broadly employed in two variants based on the torsional stiffness of the blade/wing [8]. Flaps being mounted on torsionally stiff blades exhibit increments and decrements in the aerodynamic load, respectively, based on the deflection toward the pressure and suction-sides, whereas flaps being mounted on torsionally soft blades experience pitching moment and subsequent blade-twisting toward the flap-deflection side. An illustration of rigid flaps is presented in Figure 4. Figure 5 shows a plot of the literature survey of flap size as a function of chord length (%c).



As early as the 1990s, research on flap-based control systems for wind turbines aimed at achieving performance enhancement was initiated by the National Renewable Energy Laboratory (NREL). The studies centered around flap-assisted power regulation and aerodynamic braking [9,10,11] and delaying flow transition [12,13].



Flaps were employed in wind turbines primarily for load control. Stuart et al. numerically analyzed their effectiveness in alleviating blade load in wind turbines, demonstrating specifically their potential for load control and power augmentation [14,15]. Lee et al., 2014 [16] and Castaignet et al., 2014 [17] conducted similar investigations, reporting nearly 20–50% and 14% reductions in root load, respectively, whereas the potential of using segmented flaps for enhanced gust (local) and load control was detailed in [18,19,20].



Ng et al., 2014, 2016 [21,22] carried out extensive numerical studies on the dynamic load alleviation of flaps on the NREL 5-MW turbine, which successfully displayed corresponding reductions of 12 and 20% in blade-root bending moment and tip deflection. Reference [23] suggested harmonic pitch action targeting 1P load, which further enhanced the alleviation to 23 and 36% in root-bending moment and fatigue, respectively. Moreover, a synergy of individual pitch control with active flap deflection for load control [24] alleviated loads not only on the blade, but also on the rotor hub and tower. Further, novel flap-control concepts/strategies of employing local inflow-condition feedback [25] and sinusoidal flap deflection [26] also enhanced the load alleviation.



Flaps potentially effective in power augmentation [27], in the reduction in the levelized cost of energy (LCOE) [28], and load alleviation (after optimization), while maintaining steady power generation [29]. In the studies cited, root-bending moment (power spectral density) was reduced by 87% to 97% at 1P frequency, where the average decrement in power (standard deviation) ranged from 8 to 42%.



Flap mechanisms introduced as of late employ passive activation. These include an inertial-driven flap [30] and a mechanical-driven one comprising springs, dampers, and inverters that collectively sense the angular velocity of the flap to generate actuation torque [31]. These mechanisms were shown to be effective in the significant suppression of load and tip and tower-top (fore-aft) deflection.



2.1.1. Adaptive Trailing Edge Geometry (ATEG)


An efficient camber control by smooth deformation of the aft-portion of the aerofoil generates an adaptive trailing edge geometry (ATEG) [32], and this concept modifies the Kutta condition for airfoil flow and circulation by morphing the camberline, which enhances the lift and aerodynamic efficiency, particularly in off-design operation conditions [33]. ATEG concept is illustrated in Figure 4. Next, several ATEG concepts were developed and tested extensively over the years, including the multi-link design mechanism (DLR) [34], belt-rib concept (DLR and others) [35,36], mechanical/hydraulic concept (SAAB) [37], serrated rib mechanism (Boeing) [38], SMA-based system (DARPA/AFRL/NASA/NGC) [39,40], and piezoelectric actuated system (RISØ and TU Delft) [41,42].



ATEGs research aim to tailor the aerodynamic response of wind turbines under steady and dynamic operations [43,44]. Based on experimental investigations, these mechanisms yield 0.1–0.13 ΔCL-increment and 80% ΔCL fluctuation-reduction, under static and dynamic operations, respectively [44].



Two-dimensional (2D) unsteady-aerodynamic numerical analyses of ATEG-equipped aerofoils were modeled after various potential flow analytical methods [45,46] and analytical expressions [47]. For example, several studies were performed to enhance the aeroelastic response of flaps by load-control optimization [32,48,49]. A 2D aeroelastic model of the ATEG-equipped airfoil was developed and validated to gain insight of the aerodynamic load reductions [32]. The model was analyzed using a proportional-derivative (PD) controller to actively deflect the trailing edge geometry of the airfoil. The load attenuation was computed by acquiring the displacement fluctuations of the airfoil. Likewise, a 2D aeroservoelastic system, coupling the aerodynamic and elastic models was investigated [48]. It was simulated by suspending a 2D airfoil equipped with 10% adaptive trailing edge, using spring-damper system. Consequently, ATEG-equipped 2D aerofoils were reported to gain up to 80 and 95% reduction in normal-force excursion when subjected to steady and turbulent-flow conditions, respectively [48]. Similar aeroelastic model has also been applied on the wind turbine blades using PD control strategy for flapwise deformation [49]. A significant reduction of 60% in the flapwise blade-root moment was achieved with tests on the Vestas-V66 wind turbine [49]. Moreover, Hulskamp et al. [50,51] experimentally demonstrated reductions of 60 to 95% in the blade-root strains.



ATEG application on smart rotors is aimed at load alleviation [52,53] and stall control [54,55]. Several aeroelastic codes were developed for active load control on MW-scale turbines [56,57,58]. Indeed, the load-control effectiveness of ATEGs on wind turbines were reflected in numerous studies [59,60,61,62,63,64,65,66,67].



Comparatively speaking, ATEGs are superior to conventional flaps [59,60], as it requires 30% less of the deflection required to achieve equal lift enhancements. Parametric studies of ATEGs for unsteady and fatigue-load control [61,62] suggest that the decrement in the fatigue load could be attributed to alteration in the flow-blade interactions changing from in-phase to anti-phase at the main load frequencies, thereby damping the interactions and attenuating fatigue loads [62]. Vortex shedding from the deflected ATEG-flap was observed to be detrimental for load control, for instance, the 3D flow effects on a 10-MW wind turbine exhibited 35% deterioration in performance due to vorticity [65].



Accordingly, the introduction of ATEGs on the NREL 5-MW reference turbine resulted in 13% reduction in blade-root bending moment, accompanied by reductions of 15 to 24% in the standard deviation [63]. Reference [64] reported similar results, with the reduction range of 5–15% in the other wind turbine components-shaft, nacelle, and tower. Furthermore, the application of ATEGs on a floating NREL 5-MW turbine led to the successful suppression of the fluctuating load or relative motion of critical components by 25–40% (standard deviation) [66].




2.1.2. Gurney Flaps


Gurney flaps are flat plates mounted perpendicular to the profile on either side of the trailing edge, mainly for performance enhancement and load alleviation, as shown in Figure 4. These plates are named after Dan Gurney, who documented its principle in late 1970s [68]. The working principle involves formation of counterrotating wake vortices that energizes the boundary layer and mitigates flow separation. Next, separation-delay shifts the stagnation point downstream of the trailing edge, thereby enhancing the lift performance of the aerofoil [69]. The optimal size of gurney flaps ranges from 0.5 to 2.0% of the chord length, which is comparable to the (local) boundary-layer thickness, to ensure minimal drag penalty [70]. Gurney flaps are also practically used in active flow-control devices, thus the term microflaps [71].



Gurney flaps were initially applied in the 1970s as flow-control devices in aerodynamic analyses [70]. Practically, they modify air circulation by pronouncing a flow curvature at the trailing edge that augments the lift. Enhancement of lift, with respect to flow curvature, was quantified [72,73,74,75], numerically simulated [76], and experimentally verified [77].



Synthesis of gurney flap and vortex generator controls was also explored to exhibit significant aerodynamic enhancement [73,78]. Flow-control effectiveness of gurney flaps under static and dynamic loadings exhibited significant improvements in coefficients for lift and pitching moment, for both stalled and un-stalled cases [79].



Maughmer and Bramesfeld [80] explored the influence of size and location on the flow-control effectiveness of gurney flaps. Here they observed that the lift enhancement is linearly dependent on the chordwise location and the sizing of flap, which were further complemented by the findings in [81]. Moreover, the influence of aerofoil profile on the effectiveness of gurney flaps was asserted in [82].



Following the results in [83], the scope of serrated and slit gurney flaps was determined in [84,85] aimed at curtailing vibration and noise arising from the solid tab vorticity. The aerodynamic and wake-flow analysis of perforated gurney flaps exhibited an enhanced glide ratio due to uneven deterioration in the aerodynamic loads [86].



As mentioned earlier, gurney flaps are also essential for load alleviation. Active flow control using gurney flaps can demonstrate 70% reduction in dynamic lift [87] and blade load alleviation of up to 35.8% [88]. An extensive study of the influence of active flow control on aerodynamic loading and its dependency on wake-vorticity [89] recommended finite flap deployment for reduced load excursions, which was further established by simulating active gurney flaps on a 5-MW NREL wind turbine [90].



Suggestive explorations of the potential of gurney flaps for power control showed successful improvements in startup performance [90], and power output and efficiency maximization [91]. Gurney flaps applications in diffuser-augmented wind turbines and in the NREL 5-MW turbine enhanced the power coefficient [92] and output power [93], respectively. In addition, parametric investigations for the optimal sizing and positioning of gurney flaps occurred to achieve enhanced aerodynamic performance [94,95], with the numerical analysis [94] on an S810 aerofoil exhibiting up to 70% increment in the glide ratio. Recently, the multi-layer perceptron back-propagation (MLP-BP) was employed to determine the flap sizing for the maximum glide ratio to optimize power output and turbine efficiency [96].





2.2. Microtabs


Microtabs are small translational tabs deployed approximately perpendicular to the profile, slightly upstream of the trailing edge on either side of the aerofoil/blade. The microtab height is usually 1–2% of the chord length, comparable to the boundary-layer thickness, as illustrated in Figure 6. The microtab deployment modifies the trailing edge circulation (Kutta condition) by effectively altering the camber, thereby shifting the stagnation point [69]. By capturing the streamline, deployment on the pressure side enhances lift, thus, leaving the suction side into a recirculation zone in the tab-wake [84]. ∆CL enhancements of up to 0.5 were achieved under moderate angle of attack (AOA), characterized by attached flow conditions [97]. Alternatively, deployment of a microtab on the suction side promotes lift mitigation. Lift reduction is further obtained by placing microtabs in the vicinity of pressure-recovery onset, thereby inducing flow separation. Microtabs may be designed as modular assemblies of the micro-electro-mechanical (MEM) tabs comprising micro dovetail slider-joints actuated by integrated electronic circuits. The literature survey of the microtabs as a function of the chordwise position (x/c) is shown in Figure 7.



Microtabs as aerodynamic devices was initially proposed by van Dam [98]. The earliest studies focused at load enhancements, which successfully demonstrated up to 50% increment in CL [99]. Next, further studies concentrated on the load enhancement performance of active microtabs by spanwise array actuation [100].



Subsequently, a large number of studies hinted the potential of applying microtabs for load control. To verify this experimentally, the tabs were installed on both sides of the trailing edge [97,101,102]. A parametric analysis on the optimal sizing and positioning of microtabs reported that suction-surface tabs effectively alleviated loads only in the linear-lift region, and eventually, they became ineffective over high AOAs [103].



Also, the relationship between a microtab-gap and load control was investigated using 3D computational modeling [104], the results of which suggested that the tab-gap could be detrimental to load enhancement because of the global-pressure alteration triggered by the flow passage. Nevertheless, tab-gaps were shown to significantly improve the glide ratio.



The dynamic behavior of microtabs during deployment and subsequent transient response of lift and drag was comprehensively examined in [105,106,107], describing that transient response is dictated by the tab-deployment speed, that is, a quicker deployment would generate a larger adverse-overshoot. However, the presence of minor transient effects during the experiment was observed to have promoted the microtabs actuation as “on/off” devices. Subsequently, this investigation was pursued on wind turbines using 3D simulations [108,109]. Based on the results, the rapid deployment of microtabs averted any noticeable effects on the blade, because of the shorter adverse-lift response time compared to the structural response time. Additionally, the results highlighted the negligible effect of microtab dynamic response on the load-control potential.



In the case of the analysis of blade loading under the influence of microtab [110], its deployment on the NREL controls advanced research turbine (CART) emphasized an increase in the blade-root bending moment with noticeable increment in blade loads and deflections. This finding was applied for profiling the tabs, resulting in up to 70% reduction in the peak root-bending moments and reduced tip deflections [111]. For aeroelastic control and blade loading, the dynamic performance of microtabs are detailed in [112,113]. Specifically, these studies showed the highly effective load alleviation potential of active microtabs.



In the aeroacoustics studies on wind turbines equipped with microtabs [114,115], the microtabs were identified to be a source of noise, further amplified under gapped-configuration [114]. Porous microtabs were recommended for noise mitigation while targeting the maximum glide ratio [115].



Investigations of the unsteady aerodynamics of microtabs can quantify the phase-lag between tab-deployment and the resulting aerodynamic response, due to vortex shedding [116]. This highlights the potential for tailoring sectional performance by applying a high-frequency deployment scheme. Further analyses of the aerodynamic response of microtabs on wind turbines under dynamic loading are described in [117,118,119], which reported their effective suppression of lift-excursions by up to 91%, whereas their sequential deployment is preferred for sectional lift-adjustments [119]. Moreover, regarding the influence of microtabs on wind turbine aeroelastic control [119,120], active microtabs were observed to be highly effective in unsteady load alleviation over a wide range of frequencies.



Microtabs on wind turbines can also aid in flutter control. For instance, an adaptive-control design based on the Beddoes-Leishman model successfully showed flutter suppression in open/closed loops [120,121,122]. Aside from flutter suppression, the divergence abilities of microtabs could be achieved with larger deployment and longer control time [123]. Furthermore, microtabs exhibit the potential for moderate and deep stall-flutter control [124]. Similar findings were reported in [125], with recommendation of increasing the tab-height and forward positioning to amplify the microtab effectiveness.



Finite-width microtabs were reported to be effective in enhancing aerodynamic performance [126,127,128]. For instance, the finite-tab system could be potentially employed for adaptable load control, based on designed tab height, aspect ratio, and solidity ratio [128].



The tab-height is a critical parameter in microtab performance, which is restricted by its linear actuation. A novel 4-bar linkage mechanism design in [129] was able to increase the tab-height by 70%, which subsequently enhanced the load-control performance.



Reference [130] details an analysis of the potential of microtabs for shock-oscillation suppression and buffet-load alleviation. In the results, the microtabs considerably limited the shock oscillating range and buffet-load fluctuation frequency, by reducing the shock traversing speed and altering the wake-flow velocity behavior.



Microtabs mounted close to the trailing edge become ineffective near stall angles as they get drowned in the separated flow. The load-control effectiveness of microtabs mounted in the fore and mid sections, explored in [131], demonstrate superb load alleviation at both locations, with a slight increment in unsteady forces in the fore section.



The potential of microtabs for power augmentation was explored in [132,133,134]. Accordingly, power enhancement went to as high as 12.5% [133], while the increment in power coefficient was approximately 21% [134]. The tab height was found to promote thrust but deteriorative for output power (by protrusion off the boundary layer) [134].



Located at the trailing edge of the aerofoil/blade are miniature trailing-edge effectors (MiTE), which are mini translational flaps whose size varies from 1 to 5% c (chord length), as shown in Figure 6. Specifically, they are installed on blunt trailing-edge aerofoils and are deployed in three positions: up, down, or neutral (retracted). These control devices aid flow detachment upstream their position and shed a pair of counterrotating vortices downstream, thereby modifying the trailing-edge Kutta condition. In particular, upward deployment of MiTEs results in lift reduction, while downward deployment enhances the lift response.



MiTEs as active load-control devices were first realized in 1998 at the Stanford University [135]. Later, in 2008, a patent was awarded to Lee, Bieniawski, and Kroo for their MiTEs concept [136]. Lee and Kroo extensively studied the load-control effectiveness and aerodynamic response of MiTEs [137,138,139], mainly exhibiting effective flutter suppression [137] and load-control potential [138], while the accompanying steady and unsteady aerodynamics investigations indicated that the lift coefficient increases with the MiTE height [139].



A particle image velocimetry (PIV) analysis on the wake physics of MiTEs [77] allowed the visualization of two vortex-shedding modes constituting the von Kármán vortex street and the intermittent tip-vortex shedding (downstream and upstream of the tab). Besides camber-increment, lift enhancement was attributed to the interaction between the shedding modes. The secondary shedding improved fluid circulation and subsequent lift, by inducing a net-negative velocity on the wake structure. These findings were complemented by [140], who associated the shedding frequencies and amplitudes to the net trailing-edge thickness.



Other investigations on MiTEs focused on wake-vortex alleviation [141], rotor vibration and noise reduction [142], aerodynamic response under supersonic flow-regime [143], and aerodynamic performance of segmented MiTEs [144]. All these studies are inclined toward aerospace applications.




2.3. Vortex Generators


Vortex generators (VG) are usually triangular or rectangular small vanes mounted on the suction-surface incident to the incoming flow. By carrying momentum from the free stream into the inner-flow zone, VGs generate trailing vortices that essentially modify fluid-movement and reenergize the boundary layer, which delay flow separation and enhance the overall lift coefficient [145]. Separation of the boundary layer occurs when the section nearest the wall or leading-edge witnesses flow reversal. Under stall conditions, the separation point is characterized by null/negligible shear stress. The vortices produced by VGs were experimentally observed to possess helical symmetry [146]. VGs are installed as co-rotating and counterrotating arrays to exploit their natural alignment by promoting fluid-entrainment into the boundary layer from the free stream and profile-surface, respectively. An array of VG is illustrated in Figure 4. The counterrotating VGs are more efficient as they advect comparatively higher-momentum fluid into the boundary layer, thereby strengthening the surface flow and making it more resistant to the adverse pressure gradient [147]. Figure 8 displays a plot of the literature survey of vortex generators as a function of size (%c) and position (x/c), relative to the chord.



Next, in the late 1940s, the development of VGs was initiated by Taylor [148,149]. Their application on wind turbines was first set out in the early 1980s, which resulted in an increment of 20% in the Annual Energy Production (AEP) of Mod-2 [150,151] and Mod-0 [152] wind turbines. Subjected to under-rated conditions, an increment of 15.2% in AEP was attained for a 2.5-MW (Mod-2) wind turbine [150]. Another study on an Elkraft wind turbine subject revealed an increase in the maximum power output from 800 kW to nearly 1 MW [153].



A good demonstration of VGs applied in flow control can be found in Lin et al. [145,154,155,156,157], which highlighted the application of miniature VGs for separation control. Although these micro VGs exhibited a fraction of the boundary-layer height, they were equally effective in turbulent-flow conditions. A detailed description of these micro VGs is presented in the next sections. The effect of VGs on the aerodynamic performance of various aerofoils was reported in [75,158]; aerofoils mounted with VGs showed significant enhancements in lift coefficient (CL,max). Further, the interaction of streamwise VG vortices with the crosswise dynamic-stall vortex (DSV) [159] revealed that under dynamic-stall operations, VGs restrain the negative pitching moment to curtail the net drag force and mitigate flow separation.



Because of the miniature size of VGs, when conducting a numerical analysis, a very detailed mesh profiling is essential. Nevertheless, the alternative approach is to model their influence on the boundary layers by considering the generated body forces and boundary-conditions. The BAY model was introduced by Bender et al. [160] to simulate the vane vortex generators. Further developed by the application of the lifting force theory, it was renamed into the jBAY model by Jirasek [161]. A detailed comparative study of VG models, i.e., traditional meshed-VG, AcVG (based on [160]), experimental ([162]), and analytical-modeling of the primary vortex, is presented in [163]. Eventually, the AcVG model was validated and recommended for its practicality in terms of the computational effort and time.



Also, numerous investigations occurred on the application of VGs for aerodynamic performance enhancement. In [78], a 25% increment in lift coefficient (CLmax) was achieved for a stall delay of 6°. Moreover, counterrotating VGs demonstrated superior aerodynamic performance over the co-rotating ones under post-stall conditions [164]. A detailed parametric study on VGs recommended that an optimal adjacent-spacing of 5H (VG height) and a positioning of x/c = 0.15–0.2 enhance the aerodynamic response and post-stall lift behavior, respectively [165]. In terms of size, smaller VGs were observed to outperform their larger counterparts, which is consistent to the findings for a study on the VG-equipped DU97-W-300 blunt trailing-edge aerofoil [166]. Particularly, the drag showed more sensitivity to VG height than the lift, leading to a decrement in the glide ratio with the size-increment. This research was extended by performing parametric investigations on different wind turbine aerofoils [167], using double-row VGs for lift increments at large AOAs, subject to careful sizing and positioning. The superior aerodynamic response of double-row VGs was further demonstrated with comparatively severe boundary-layer suppression and greater stall delays using an S809 aerofoil [168].



Several studies exist investigating the potential of VGs for power augmentation of wind turbines. For instance, researchers found that the power-output increment on a VG-equipped DTU 10-MW turbine in the presence of blade surface roughness could go as high as 10% [169], although such an augmentation was nearly negligible for a turbine with clean blades [170]. This research was extended to the study of the radial dependance of VGs for the desired turbine performance, which concluded that they may be detrimental on the lift increment at high AOAs due to 3D effects [171]. Meanwhile, the practicality of VGs for blade soiling mitigation on wind turbines was explored in [172]. Here, the presence of VGs on the NREL 5-MW turbine mitigated separation and blade soiling, thereby enhancing the AEP from a 6.6% loss to a 1% gain. Moreover, along with a gurney flap, VGs could exhibit overall power generation increments of up to 10.5% on a 5-MW wind turbine [93]. A joint academic-industry study was recently conducted to assess the efficient methods for estimating and quantifying the impact of vortex generators on wind turbine power generation [173].



To gain insights into the wake structure of VGs and its effects, wake visualization using PIV [174,175] and a study of wake evolution [176] were conducted. The wake physics was particularly investigated for CFD modeling and validation using the experimental results [177]. Reference [178] centered on the primary characteristics of the vortex, including its formation, sizing, and trajectory. Eventually, a prediction formula was devised to represent the evolution of vortex size in the wake of VGs. To elucidate the vortex evolution, the wake physics of the primary vortex was recently simulated by performing parametric analysis employing the spanwise velocity, normalized vorticity, and turbulence kinetic energy fields in the VG wake [179].



Accordingly, abundant research exists detailing the effectiveness of VGs for separation control and stall suppression. Experimentally, the NTUA-t18 aerofoil exhibited significant stall delays (up to 5°) and lift enhancements (up to 44%) with negligible drag increment (0.002) in the pre-stall regime [180], which was supported by [181] with recommendations for double-row VGs. Specifically, double-row VGs were shown to successfully eliminate flow separation by accelerating the near-wall flow and overcoming adverse pressure gradient; thus, they are highly effective for dynamic-stall control and separation control on a pitching aerofoil [181,182].



A novel rod vortex generator (RVG) was proposed by Suarez et al., 2016 [183] for separation control. A feasibility analysis performed on S809 aerofoil exhibited 11% increment in glide ratio and separation suppression till the AOA of 12.2°, and these RVGs were further installed on an NREL phase-VI rotor exhibiting 0.54 and 0.67% increments in torque and thrust values, respectively [184]. Meanwhile, aerodynamic-VGs based on CLARK-Y aerofoil (11.7% thickness) [185] demonstrated an increment of nearly 4% in the glide ratio (max) with the potential for up to 25% enhancement in the performance with variations in the flow incident angle (β).



2.3.1. Smart Vortex Generators (VGs)


By enabling active flow control, smart VGs could tailor lift enhancement and stall delay in real-time [186]. They were experimentally demonstrated to produce an increment of 0.16 in the lift coefficient and a stall delay of 1.8° [186]. The adjustable height of Smart VGs enhances the glide ratio by 42% with negligible (0.1%) drag-amplification, under post-stall regime [186]. Further, they may be favored for un-stalling aerofoils with their activation under post-stall conditions [186].




2.3.2. Miniature Vortex Generators (MVGs)


Miniature VGs (10–50%) of the boundary layer, also referred to as micro vortex generators (MVG), can effectively delay separation under certain flow conditions, especially at low speeds [145]. The primary advantage of MVGs is the reduced parasitic drag associated to their tiny size. However, the vortices they generate are comparatively weaker, and therefore, they need to be strategically placed to generate the desired response. Earliest studies involving MVGs were aimed at evaluating separation-control effectiveness [187]. Experimental evaluations involving different orientations and sizes of VGs and MVGs demonstrated the latter’s capability to mitigate flow separation by up to 90% [157].



Various low-Reynolds-number (Re < 106) aerofoils are characterized by a separation bubble in the pre-stall region. This bubble is witnessed in the vicinity (downstream) of the maximum suction pressure point [145] and triggers separation, which creates an unstable shear layer and drastically affects drag. The experimental studies in [188], performed to eliminate the separation bubbles using VGs and MVGs [188], demonstrated the superior drag-reduction capability of MVGs at 38%, against 30% in the case of VGs.



Next, a comparative study of MVGs with varying height and aspect ratios being qualitatively and quantitively analyzed considering the vortex parameters, i.e., trajectory, peak vorticity, and streamwise boundary-layer profiles, is presented in [179]. The vortex trajectory paths for all MVGs were laterally coincident but vertically farther for bigger MVGs. Moreover, the bigger MVGs shed larger primary vortex and greater wall shear stress in the wake, thereby transferring greater energy leading to enhanced stall delay and separation control.




2.3.3. High-Frequency Micro Vortex Generators (HiMVGs)


Similar to smart VGs, high-frequency micro vortex generators (HiMVG) oscillate at high frequencies to produce periodic vortices. The pioneering research on HiMVGs focused fundamentally on flow-separation control [189]. Osborn et al. [190] investigated the separation control potential of HiMVGs over flaps under turbulent-flow conditions. The results showed that that unlike traditional VGs, HiMVGs mitigate flow separation with their dynamic deployment being more effective than static operation.





2.4. Plasma Actuators


Plasma actuators consist of two electrodes, anode and cathode, wired at large voltage-difference to generate electric field and induce “plasma-wind” near the surface, as shown in Figure 6. The “wind” is generated by the impact forces in the electrode gap area of collisive plasma ions and neutral particles (air) [191]. Accordingly, the induced wind acts as a body force and pushes the surrounding fluid, thereby generating the zero-net mass flux (ZNMF) jet, which modifies the airflow profile on the boundary layer and postpone the separation. The plasma-induced jet adds momentum to the boundary layer, and thus, it results in flow instabilities that alter the boundary-layer properties [85,192,193,194]. The actuator’s performance depends on geometrical (electrode shape and thickness, distance gaps, etc.) and electrical parameters (voltage, shape of wave and frequency while AC, etc.), ambient air characteristics (temperature, heat, humidity, wind velocity, etc.), and the dielectric surface design [191,195,196,197]. Plasma actuators are designed with various configurations, some of the primary ones include devices with DC surface corona discharge, AC surface dielectric barrier discharge, sliding discharge, and wall jet [85,191,193,198]. Figure 9 shows a plot of the literature survey of plasma actuators with the dielectric strength (kV) as a function of the chordwise position (x/c).



Plasma actuators were initially developed by Velkoff and Ketchman [199] in the late 1960s, while their application as flow-control devices was first investigated in the 1990s [200,201,202]. Over the years, numerous investigations concerning flow-separation control and aerodynamic enhancement using plasma actuation surfaced [203,204,205,206,207,208,209,210,211,212,213,214,215,216,217,218]. The actuation was reportedly comparable to a minor camber-increment effect, which exhibits increments in aerodynamic forces [203], whereas an aerodynamic analysis of which demonstrated glide-ratio enhancement of 400% and stall delay of 8° [204,205,206]. The effect of unsteady plasma actuation on aerodynamic characteristics is shown in [208], revealing that actuation is comparable to flap-enhancements, without the demerits of form-drag and reduced actuation-power requirement of 10%. The above analyses were extended to actuator-arrays generating a jet-wall effect that induced glide-ratio enhancements of up to 340% [209]. With regards to the influence of actuation symmetry and arrangement [210], up to 67% augmentation in lift coefficient and 63% drag-coefficient reduction were observed with symmetrical actuation, thus delivering better flow control, while streamwise actuation was stressed to be superior to spanwise actuation. These results were backed by a comparative study between micro straight and curved-type plasma actuators [211], in which the superior flow controllability of curved-actuator was attributed to the formation of streamwise vortices. As demonstrated in [212], plasma-actuation-aided circulation control successfully augments the lift coefficient by 0.1 [212], where flow controllability was observed to subside over stall-approach and increment in stream velocity. Thus, unsteady actuation was recommended for enhanced circulation control and load alleviation on wind turbine blades. Plasma actuation on a pitching aerofoil [213] enhanced aerodynamic performance in the dynamic flow field during pitch-up at high AOAs, where the lift enhancement was accredited to the vortex-induced flow entrainment into the boundary-layer preventing separation, and this result was consistent with that reported for the dynamic-stall control [214,219], with corresponding lift-coefficient enhancement (7.1%), stall delay (1.3°), and reductions in hysteresis-loop region (4.5%) and drag-coefficient (44.5%) [214]. An alternating-current (AC) DBD actuator [215], employed in steady and unsteady AC plasma actuations, led to an average CLmax augmentation of up to 120%, with 5° stall delay. Meanwhile, flow control under burst-mode plasma actuation aimed at exploring the optimal burst-frequency for separation suppression [216] revealed that flow controllability is established at light and deep stall angles by the turbulent transition produced by high-burst frequencies (F+ = 6–10) and shear-layer vortex shedding, respectively.



Burst actuation was found effective in controlling stall hysteresis [217], where flow and sectional-lift control could be achieved within the hysteresis region with short actuation-bursts. Accordingly, plasma excitation on flow control using single and dual excitation modes [218] could result to 37 and 127% enhancements in lift coefficient and glide ratio, respectively. Note that in the latter study, all the actuator excitation modes obviously influenced the shear-layer instabilities and wake structures. Besides weakening the trailing edge vortices, the excitations also successfully broke down the upper-surface shear layer.



The optimal positioning of plasma actuators could be achieved ideally at the flow-separation point [197,220], in agreement with [221], at a note that being a function of angle of attack and Reynolds number, the separation point is subject to migration.



Asada et al., 2015 [222] investigated the transient effects arising from plasma actuation, revealing three distinct stages of the flow-physics: (a) flow entrainment into the boundary layer and shear-layer reattachment (aided by spanwise vortices), (b) lift augmentation, and (c) eventual bleeding of the spanwise vortices by fine 3D-vortices to enhance local flow control.



The option of applying a periodic-pulsed nanosecond DBD plasma actuator for flow control is described in [223]. Here, the DBD actuator generates thermal shock by executing rapid energy transfer to the boundary layer, accompanied by heating (nearly 8K/nanosecond). This is followed by pulse-periodic vortices that reenergize the boundary layer and suppress separation, in addition to significantly improving the aerodynamic and aeroacoustics performance. The wake-physics analysis of this actuator revealed similar phenomena, indicating a series of quasi-planar and spherical compression waves, followed by spanwise vortices in the post-stall regime [224]. Moreover, the flow controllability of a nanosecond discharge plasma actuator (NDPA) [225] could be described with impressive aerodynamic enhancements of stall delay (6°), lift augmentation (30%), and drag reduction (22%), which make it superior over micro discharge actuators, as signified by the supremacy of the remarkable shock-effect over the momentum-effect. Additionally, NDPA is effective for dynamic-stall control [226], with steady lift and moment growth accompanying flow reattachment at high Strouhal number (Ste > 2) excitation. In particular, at high excitations, the dynamic-stall vortex is weakened by the bleeding of the leading-edge vortices, due to the induced large-scale structures, and then eventually suppressed at Ste ≈ 10.



For load-control applications, actuation-arrays in various combinations exhibited load controllability over low free-stream velocities [227]. In addition, such load alleviation was attempted through circulation control using multiple-DBD actuators on a wind turbine blade [228], which showed effective load tailoring based on the jet flow direction. Nevertheless, micro-DBD plasma actuators were found effective in load alleviation and stability control [229], where a combination of actuators excited in different modes successfully mitigated aerodynamic load and improved flow stability, thereby alleviating blade fatigue and enhancing aeroelasticity.



Vortex-shedding suppression is among the unique applications of plasma actuators. In [230], effective vortex-suppression from blunt trailing edge demonstrated energy reductions (by a factor of 6) in the shed Von-Kármán modes. Alternatively, plasma actuators can act as vortex generators. DBD actuators were found to produce comparatively stronger vortices than vane-type VGs, to effectively control the rotating stall of a wind turbine [231]. Furthermore, plasma actuators were also shown to be practical in anti/deicing operations on wind turbine blades [232].



In the perspective of using plasma actuation for enhancement of wind turbine performance, the revolution-averaged torque can be augmented by 11–14% [233]. For stall control and power augmentation in off-rated conditions [234], plasma actuation can effectively mitigate the rotating stall by countering Coriolis-induced radial flow and aiding quasi-2D flow reattachment over outboard blade section, which yields to 22% torque-reduction (due to drag) and stall suppression. A field test on a 1.75-MW turbine [235] indicated that actuators can effectively suppress flow separation, resulting in the power augmentation of nearly 5% and expansion of operational wind envelope. For power augmentation under-rated wind conditions, such as that for a 5-MW offshore wind turbine [236], a rotor power enhancement of up to 0.85% was achieved, with a recommendation for actuator-placement in the inboard blade-region to maximize the aerodynamic forces, rotor torque, and power. Furthermore, a theoretical modeling of wind turbine regulation in off-rated conditions using plasma actuation can yield up to 25% enhancement [237], the regulating effect of which was validated by experimental investigations performed at NREL (Denver).




2.5. Blowing-Suction Control


The mechanism of blowing and suction-flow control relates to re-energizing the boundary layer to sustain adverse pressure gradient and delay stall [238]. This is performed by injecting high-momentum air or extracting low-momentum fluid, to and from the boundary layer to postpone separation. Aerodynamic surfaces produce skin-friction that reduces the kinetic energy of the flow. Blowing mass into the flow-stream reverses the boundary-layer friction deceleration and delays separation, thereby extending stall and improving lift performance [239,240]. Sucking low-momentum fluid susceptible to separation prompts replenishment by free stream and energization of the boundary layer, leading to reduced friction, delayed separation, and enhanced performance [7,239,241]. The blowing and suction mechanism are illustrated in Figure 6.



This flow control requires slots/holes in the profile where air can be blown or sucked. These holes are to be placed upstream of the separation point, which itself traverses with the AOA. Therefore, a combined actuation at the leading and trailing edge is desired. However, the presence of multiple slots on the aerofoil surface modifies the effective profile and augments drag, which become prominent at high AOAs. Figure 10 displays a plot of the literature survey of the blowing-suction flow-control, in terms of the jet-momentum coefficient (Cµ) as a function of the chordwise position (x/c).



Prandtl [242] is accredited to introduce the idea of tailoring the boundary-layer characteristics for the desired aerodynamic performance. Since then, blow-suction-flow control was explored for numerous applications [85,241,243,244]. The blow-type control is popular in aviation for stall-extension and landing-speed reduction, as it shortens the runway requirement [245]. Likewise, suction-type control holds promise for sustaining laminar flow over the wings, which reduces the skin-friction drag and improves the fuel economy of the aircraft [244,246].



The blowing mechanism was modified for regulated pulsed blowing to establish control with lesser mass-flow. The fluid-actuators are designed to be triggered by external pressure differential via feeding channels, to produce tangential air jets. The frequency and amplitude of the jet-sweep is dictated by the pressure differential or actuator geometry [247,248,249]. An extensive description of the potential of pulsed blowing for flow control and stall delay is presented in [250,251,252,253,254,255,256]. The effectiveness of periodic blowing is reported to be dependent on slot-location, jet-momentum coefficient, jet pulsed frequency, and the aerofoil profile [250]. Moreover, pulsed blowing was shown to be superior to steady blowing in terms of enhanced performance [250,253,254]. However, in terms of dynamic-stall control [253], its flow-control effectiveness was found to deteriorate upon increment in reduced frequency (F+) and mean oscillatory angles. Meanwhile, the pulsating jets are characterized by a pair of streamwise out-of-phase counterrotating vortices, which empower them for maximum pressure recovery and flow control [254]. A detailed parametric study on pulsation frequency (F+) and momentum coefficient (Cµ) focused toward flow control using pulsating jets, can be found in [255]. Based on the study results, it is ascertained that F+ of unity kerbs the oscillatory amplitude and improves mean load response, whereas Cµ increment is recommended for massively detached flow conditions. The application of pulsed blowing extends to wind turbines [256], demonstrating up to 60% lift enhancement, with stall-extension and significant drag mitigation.



A comparison of the potential of the blowing mechanism against rigid tabs for aerodynamic enhancement is stressed in [257]. Besides attracting lower maintenance, the blow-type control facilitated flexible and rapid actuation compared to the mechanical systems. For the micro-jet, it enhanced lift and moment, with reduced drag and adverse transient lift [257].



Meanwhile, the potential of suction-flow control for aerodynamic enhancement was explored in several studies, such as the parametric study in [258] tackling the influence of suction amplitude, jet coefficient, and jet width. In the result, researchers determined that suction amplitude governs lift and drag enhancement, whereas jet width improves the glide ratio. The enhancement in glide ratio was also achieved with increment in the suction jet length [259]. Suction-control applications extend as well to wind turbines [260], where the enhancement in power coefficient could rise to 2.4 times that in a 0.5-kW wind turbine, owing to flow reattachment and improved aerodynamic efficiency.



Blowing-suction-flow-control is also applicable in aeroacoustics noise mitigation. Noise suppression of up to 16 dB was achieved by blowing steady-jets into the wake vortices [261]. Here, researchers concluded that blow-jets render the wake into smaller vortices that are blown farther by jet momentum. They ultimately lose negative vorticity due to recirculation, leading to reduced noise-levels. Suction-flow control may also render aeroacoustics noise attenuation of up to 3.5 dB [262], which is attributable to the thinning of the boundary layer that leads to reduction in the characteristic length scales of intrinsic eddies. Its application on an NREL 5-MW wind turbine may result in a 2.5-dB noise suppression with net turbine power enhancement of 2% [263]. Nevertheless, the noise attenuation (max 3.2 dB) was shown to be detrimental to the turbine performance. Eventually, the outcomes were tested on N117 industrial wind turbine [264], which revealed aeroacoustics noise suppression of nearly 3.6 dB with 4.75% enhancement in total turbine power. Moreover, a cross-over reduction level of 5 dB was obtained, beyond which the turbine performance degraded due to hardware limitations (pump: collector duct, in particular).



Applying the blowing mechanism for aerodynamic load control is also feasible. In [265], the application of pulsating jets reduced the root mean-square (RMS) of the fluctuating load of wind turbine blades by up to 12%. Moreover, load alleviation induced by a suction or pulsed-blowing coupled mechanism [266] is attributable to boundary-layer extraction (suction) and energizing (blowing), unsteady shear-layer excitation, thrust generation and streamwise vortices. Adaptive blowing (regulated steady blowing) was also credited with load-excursion elimination, by controlling boundary-layer separation using jet-momentum flux [267], with a successful demonstration of the eradication of dynamic-stall vortex using jet momentum under deep stall conditions. Next, dynamic blowing was also successfully applied for lift-excursions and dynamic-stall suppression, to achieve nearly constant phase-averaged lift or mitigated unsteady-aerodynamic loads [268], whereas passive adaptive blowing may be ideal for load alleviation and reduced blade-root bending and tip deflections [269]; mainly, this self-regulatory mechanism is governed by pressure-differential feedback obtained from control-ports on either side of the aerofoil/blade.



An alternative is the use of the counter-flow blow technique, which injects low-energy tangential-jets against the global flow, from the pressure side of the aerofoil near the leading-edge stagnation point. The delay in separation and stall control is attributed to boundary-layer enhancement and virtual-shaping effect [270]. The former is triggered by turbulence-increment away from the wall, which prompts the transfer of high-energy outer flow inwards, whereas the latter makes the aerofoil aerodynamically thicker at high AOAs.



Another flow-control technique employs an alternating jet (blowing/sucking) to obtain a zero, mean air-mass transfer over each sinusoidal oscillatory period. The flow-control effectiveness was reported to be dependent on the oscillatory-jet momentum, frequency, and incident angle [271], and it demonstrated lift-coefficient enhancement of up to 20% in the blade stall region [271].



Simultaneously applying a co-flow jet (CFJ) with the blowing-suction mechanism, featuring injection and extraction ports near the leading and trailing edge, respectively, is more effective than individual blowing/sucking flow control, and it produces lift enhancements of 40–100% over high AOAs [272]. Similar findings were reported by [273], highlighting improved lift, stall margin, and drag mitigation.



2.5.1. Circulation Control


A variant of the conventional blow-type control mechanism, circulation control (CC), works on the Coanda effect [274,275]. It tangentially injects high-momentum air into the boundary layer, particularly at the curved/rounded trailing edge of aerofoil. The authority of high-velocity jet shifts the stagnation point toward the pressure side thereby, improving the overall aerofoil circulation and sectional lift coefficient [76].



Extensive numerical [76,276,277,278,279,280] and experimental [276,281,282,283] research was conducted on CC. One of the concepts involves increasing the trailing-edge curvature to intensify the CC-effectiveness; however, this attracts a huge drag penalty in the absence of a CC-jet [281]. Therefore, the trailing-edge curvature is flattened on the pressure side to improve aerodynamic performance [281].



Accordingly, several studies centered on the design and applicability of Coanda jets in wind turbines exist. For example, the implementation of CC on an NREL Phase-VI wind turbine led to enhanced circulation with the increment in Cµ [76], although the effect was lost at higher wind speeds due to shifting of separation point upstream of the jet. Extensive parametric studies on CC-jets showed the potential of enhancing glide ratio by careful rounding of the trailing edge, along with tailoring of Coanda-jet thickness and momentum coefficient [284,285]. A comparative study on the feasibility of applying CC on a wind turbine presented in [286] reported significant enhancements in lift and drag by separation control and super-circulation. In particular, the lift enhancement was governed by increasing Cµ and/or decreasing slot-height; nevertheless, the performance of the modified aerofoil was degraded in the absence of CC-actuation, (as compared to the reference aerofoil). Therefore, a partial-CC (PCC) flow-control design was proposed as an effective, efficient, and reliable flow control for blunt trailing-edge wind turbines [287], generating higher lift increments with slightly increased drag, at lesser Coanda-actuation power. However, unlike CC, PCC does not degrade performance in the absence of actuation. Moreover, PCC outperformed CC in terms of the aerodynamic figure of merit (AFM) and control efficiency.



The CC-control was successfully implemented for 2D stall suppression, while appreciably improving the effectiveness of CC at high AOAs [280]. Moreover, the jet-momentum requirement to achieve specified flow-control performance was halved in the presence of the Coanda extension, which considerably reduced the actuation-power demand [288]. A comparative study on the effectiveness of CC, triggered by plasma actuators and blowing, reported the superiority of the latter, by generating twice enhancement in the lift coefficient [289].




2.5.2. Vortex Generator Jet (VGJ)


A vortex generator jet (VGJ) is airstream-projected into the crossflow through the aerofoil/blade profile to generate streamwise vortices, and these vortices are dominantly embedded in the boundary layer and lead to entrainment of high-momentum flow toward the surface, thereby controlling flow separation [290]. Besides separation control, a VGJ also augments the lift coefficient and delays stall [291].



In the late 1950s, the concept of VGJs was first proposed by Wallis [292]. Based on extensive research, beside their ability to eliminate drag penalty, VGJs are deemed equally effective as traditional VGs [155]. The separation-control effectiveness of VGJ-arrays is documented in [293], whereas a detailed study [294] asserts that the characteristics of the vortices produced by VGs and VGJs are similar, except that those of VGJs decay faster.



A modified version of the VGJs, referred to as pulsed vortex generator jet (PVGJs), is aimed at the production of pulsed airstreams. PVGJs are highly efficient for stall control, as they induce stronger crossflow vortices while requiring lower mass-flow due to the reduced duty-cycle (usually 10–50%) [250,295,296,297]. Further, PVGJs may be optimized to generate coherent structures, by tailoring-pulsing frequency, jet-velocity ratio, and duty-cycle.



The stall-controllability of VGJs is effective, with significant enhancements in coefficients of lift (+10%) and drag (−50%) [298]. The performance of VGJs is said to improve with Cμ. A passive-VGJ mechanism governed by pressure differential was investigated to exhibit separation delay and stall suppression, besides enhancement in aerodynamic performance [299]. PVGJs also demonstrated separation control, while enhancing lift by up to 20% and limiting the net pressure-loss to 40% [300]. Further, VGJs exhibited effective separation and stall control, induced by shockwaves in transonic flow [301]. For the potential of VGJs for flow control on wind turbines [302], they were reported to demonstrate significant lift enhancement and stall delay, aside from their potential for improving the power output (especially in under-rated conditions).






3. Discussion


3.1. Prospects


The above literature survey of flow-control devices reflects the great prospects of performance enhancement in wind turbines. Flaps are among the most reliable, effective, and low-maintenance aerodynamic enhancement devices. The ATEG-flaps employ minor surface-deflections to generate significant aerodynamic enhancements. Practically, the low surface-inertia of ATEGs facilitates high-frequency operations to tackle extreme and fatigue loads with quick local spanwise-deflections. Gurney flaps offer the benefits of being installed as a retrofit device, without drastic aerodynamic penalties for the blade [83,303]. Next, the minute size of gurney flaps facilitates rapid actuation for effective load control, besides being economical in power and cost demand. Microtabs offer effective load control comparable to flaps, without considerable drag penalty. Moreover, microtabs feature small size and low inertia, allowing rapid deployment and control at slight actuation power, and they can be integrated as arrays or modules to attain global aerodynamic effects. Additionally, the small size of vortex generators allows them to be distributed over the profile to exhibit excellent separation delay and stall suppression with aerodynamic enhancements. Plasma actuators offer ultralight, compact, and robust mechanical architecture, which is economical in terms of actuation power and costs. Plasma actuators operate over a wide range of flow-control modes generating significant aerodynamic enhancements. Blowing-suction-flow-control is quite effective in separation and stall suppression, even at high operational angles. They also exhibit potential for load alleviation and aeroacoustics noise suppression.



Figure 11 displays a comprehensive comparison of the aerodynamic performance of the flow-control devices. The survey conducted in this review was used for data compilation of the lift controllability of the devices in terms of ΔCLmax and relative enhancement (%CLmax). The former parameter signifies enhancement in the maximum lift coefficient, while the latter depicts the relative increment (%) of the same. The data is extracted particularly from wind turbine specific studies covered in the survey. The observation exists that the highest ΔCLmax was reflected in the co-flow (blowing-suction) jet mechanism, whereas the average lift controllability (ΔCLmax) was delivered best in the case of blowing-suction, followed by gurney flaps. The maximum and average lift enhancement by flaps, microtabs, vortex generators and plasma actuators are comparable. In general, the lift controllability by vortex generators, plasma actuators, and blowing-suction-flow-control are superior at high AOAs, due to their excellent stall-extension capabilities. However, at lower AOAs (pre-stall) the enhancements are comparatively less lucrative, except for CC (blowing) and co-flow (blowing-suction) jets.




3.2. Challenges


Definite shortcomings exist with the application of the above-discussed advanced flow-control mechanisms on wind turbines. For example, the aerodynamic performance of the rigid-flaps is dependent on size, which draws drag penalty and adds weight. Additionally, the flap size exhibits a scale-down limitation of being higher than the boundary layer to maintain effectiveness at high AOAs. Moreover, they cannot be operated at extreme deployments, as sharp changes in the camber exhibit a detrimental effect on the glide ratio [7]. Besides, the flaps need segregation to adjust the local blade deflections and prevent spanwise-bending of the blade, which increases complexity, weight, and cost. Other concerns involve mechanical wear/tear and aeroacoustics noise. The deployment of ATEGs exhibits a high-energy requirement, aside from the fatigue concerns for the skin. The durability and reliability of the compliant structure and components are still being investigated.



Essentially, ATEGs may be prone to creep and degradation over long-term applications, which could limit the system performance. Gurney flaps can generally be used as a supplementary performance enhancement device. The application of gurney-arrays for global flow control over the wind turbine blades is still being researched. Shortcomings associated with microtabs circles around flow leakage, aeroacoustics noise, and complex integration. The tab-gaps drastically affect load controllability besides increasing vulnerability to dust, moisture, and rain. Further, MiTEs require blunt-edge blades/aerofoils, which exhibit poor aerodynamic performance when MiTEs are not activated. Aeroacoustics noise was also found to be higher in the case of blunt-edge aerofoils/blades [304]. The primary disadvantage of VGs is the increment of parasitic drag, under attached flow conditions. This is highly undesirable for blade performance and aeroelastic response. Smart VGs effectively delay stall but fail to tailor the overall lift response of blade, which is more crucial for control mechanism. Further, Smart VGs and HiMVGs require slots in the blade geometry, which are major concern for performance deterioration and noise generation. The primary limitation of plasma actuators is their sensitivity to the flow characteristics, with them becoming completely ineffective beyond Re = 105 [305]. Another challenge is the maintenance of a stable electric-wind in all the operational conditions. Thus, the reliability of plasma actuators under rain, snow, hail, dust, lightening, etc., needs to be investigated thoroughly [306,307]. Lastly, the energy conversion process is inefficient with high thermal losses, which need refinement to enhance the power efficiency [195]. The challenge with the blowing-suction mechanism is the incorporation of the actuation system into the blade, which requires major redesigning to reduce the complexity, weight, and cost, while ensuring structural strength and integrity. Next, the drilling of slots in the blade profile undermines strength, and the slots are susceptible to blockages (by ice, dust, water, etc.), which may generate hazardous vibrations and loads due to degraded performance. Rapid flow control requires valves to be housed near slots, creating accessibility issues for repair and maintenance, while exposing the electrical system to lightning strikes. The arrangement of hub-based compressors/pumps and air-tubes passing through the rotating hub-blade joint pose another massive assignment. Furthermore, the induction of compressed air-jet into the cross-stream poses as a noise threat.



The Technical Readiness Level (TRL) of the discussed flow-control device is presented in Figure 12.



Conclusively, most of the devices received rigorous testing in the form of prototypes and field tests (TRL 6–7), to establish their feasibility in terms of reliability, control, and safety. The potential of some, such as flaps (rigid/ATEG), gurney flaps, and vortex generators, were proven, leading to their current commercialization (TRL 9). In addition, they are popular as power-augmentation upgrades in the industry. Flaps and vortex generators were employed under the Energy Thrust program by Siemens Gamesa, to attain 3–5% increment in the AEP [308]. Likewise, Power Plus program by Vestas offers up to 5% AEP enhancement, by installing vortex generators and gurney flaps as aerodynamic upgrades to the wind turbines [309]. Other flow-control devices, i.e., microtabs, plasma actuation, and blowing-suction control, still need to be assessed under pre-production for manufacturability and overall costs (production and operations) of the wind turbine, prior to commercialization.




3.3. Outlook


Flow-control devices hold great potential for wind turbine performance enhancement by tailoring aerodynamic response and load control. The design and development of such devices is still under investigation, with the need to identify the critical parameters and to evade design restrictions to ensure their manufacturability and subsequent commercialization. Further, to obtain the ideal response, these devices are governed by advanced control schemes. Optimization of such control strategies will dictate the scaling of wind turbine size in the future, and thus, essentiates efforts toward their development, based on the accumulated knowledge on unsteady aerodynamics, aeroelastic response, fluid-structure interactions, and advanced dynamics and control. The requirement for multi-scale models to further enhance understanding of interactions between the environment and the wind turbine also exists, such as in the case of reduction in COE and eventual growth of the wind industry, which are being challenged by scale-up limitations. Therefore, a combined effort in fundamental and industrial research is desirable to bring forth wind technology to the advanced stage, that is, of “outsmarting” the scaling laws.





4. Conclusions


The rapidly growing wind-energy industry has been accompanied with the demand for larger wind turbines. Accordingly, the massive blades feature of multi-MW turbines is prone to fatal extreme and fatigue loads and vibrations. Additionally, these blades face intensified turbulence, local gust-induced fluctuations, wind shear, blade-tower interference, and yaw or tilt misalignment, among others, which drastically affect the structural lifecycle and adversely affect the overall COE. In order to compete with traditional power sources, the COE associated with wind energy needs to be reduced. Flow-control devices offer the potential of significant load alleviation and vibration suppression, aside from improved overall aerodynamic response and wind turbine power output. This study-review of flow-control devices attests their aerodynamic controllability for performance enhancement. As shown in Figure 13, the maximum lift enhancement (ΔCLmax) ranges from 0.6–1.3, with impressive relative enhancements (%CLmax) of 72 to 253%. Most of these devices cleared field tests (TRL 7) and are presently at different stages toward commercialization (TRL 9), while flaps and vortex generators are already popular as upgrades in the industry for AEP enhancements of 3 to 5% on multi-MW wind turbines.



As such, this review aimed to present state-of-the-art flow-control devices that hold the potential of contributing exceptionally toward wind turbine performance enhancement.
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Nomenclature




	AEP
	Annual Energy Production



	AOA
	Angle of Attack



	ATEG
	Adaptive Trailing-edge Geometry



	CC
	Circulation Control



	COE
	Cost of Energy



	DBD
	Dielectric Barrier Discharge



	GW
	Gigawatts



	HiMVG
	High-Frequency Micro Vortex Generator



	MiTE
	Mini Trailing-edge Effectors



	MVG
	Micro Vortex Generator



	MW
	Megawatts



	NREL
	National Renewable Energy Laboratory



	TRL
	Technology Readiness Level



	VG
	Vortex Generator



	VGJ
	Vortex Generator Jet
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Figure 1. (a). Distribution of global renewable energy (2019). (b). Size comparison of the largest wind turbine (SG 14–222 DD) with Boeing Airbus A380 and the Eiffel tower. 
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Figure 2. Five-year Global Wind Energy (GWE) capacity forecast. Offshore and Onshore terminologies refer to the installation of wind turbines in the water (ocean and sea), and on land, respectively. 
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Figure 3. Literature share of the reviewed flow-control devices. 
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Figure 4. Wind turbine blade illustrating various flow control devices. 
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Figure 5. Literature survey of rigid, adaptive (ATEG), and gurney flaps. (The empty and filled markers correspond to the numerical and experimental investigations, respectively. The arrows indicate the range of investigation.). 
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Figure 6. A wind turbine airfoil equipped with various flow control mechanisms. 
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Figure 7. Literature survey of microtabs and miniature trailing-edge effectors (MiTE). (The empty and filled markers correspond to the numerical and experimental investigations, respectively. The arrows indicate the range of investigation.). 
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Figure 8. Literature survey of vortex generators. (Empty and filled markers denote numerical and experimental investigations, respectively. Arrows denote the range of investigation.). 
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Figure 9. Literature survey of plasma actuators. (The empty and filled markers correspond to the numerical and experimental investigations, respectively. The arrows correspond to the range of investigation.). 
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Figure 10. Literature survey of blowing-suction control. (The empty and filled markers correspond to the numerical and experimental investigations, respectively. The arrows correspond to the range of investigation.). 
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Figure 11. A comparative plot indicating maximum, average, and minimum lift enhancements (∆CLmax) and relative lift increments (%CLmax) achieved by different flow-control devices. 
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Figure 12. Technology Readiness Level (TRL) of various flow-control devices. 
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Figure 13. Maximum lift-enhancement ΔCLmax and relative enhancement %CLmax of the reviewed flow-control devices. 
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