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Abstract

:

Micro Air Vehicles (MAVs) airfoils usually operate at low Reynolds number conditions, where viscous drag will consume a large amount of propulsion power. Due to the small dimensions, many drag reduction methods have failed, resulting in limited current research. To develop an effective method of reducing viscous drag, transverse grooves were placed on the surface of MAVs airfoils in this study, and a numerical investigation was implemented to uncover the corresponding flow control law as well as the mechanism. Research has shown that transverse grooves have an impact on the drag and lift of airfoils. For drag, properly sized transverse grooves have the effect of reducing drag, but under high adverse pressure gradients or when the continuous arrangement of grooves is excessive, the optimal drag reduction effect achieved by the grooves is weakened, and even the drag increases due to the significant increase in pressure difference. In severe cases, it may also cause strong flow separation, which is not conducive to MAV flight. For lift, the boundary vortex in the groove has the ability to reduce the static pressure near the groove. However, high adverse pressure gradients or too many grooves will thicken the boundary layer and increase the blockage effect, resulting in a large static pressure on the grooved side of the airfoil (with an increase in drag). From the perspective of circulation, the static pressure changes on the suction and pressure surfaces have opposite effects on lift. Considering the comprehensive aerodynamic performance of the airfoil, we designed a high lift-to-drag ratio airfoil with grooves, which increased the lift-to-drag ratio by 33.747% compared to the smooth airfoil. Based on the conclusions, we proposed preliminary design criteria for grooved airfoils, providing guidance for subsequent research and applications.
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1. Introduction


By virtue of smaller size and lower speed (<15 cm, 10–20 m/s [1]), Micro Air Vehicles (MAVs) are more portable, more covert, and quieter. Consequently, they have extensive applications in both military and civilian contexts [2,3]. In comparison to rotary-wing and flapping-wing configurations, fixed-wing MAVs, characterized by their higher lift–drag ratios, offer the greatest endurance [4] for a given mass. However, fixed-wing MAVs often operate within low Reynolds number flow regimes, where flow is predominantly governed by viscous drag, leading to a substantial depletion of propulsion energy.



To mitigate drag and enhance airfoil performance, researchers have undertaken extensive investigations from both active and passive control perspectives. These techniques include plasma actuation [5,6,7], drag-reducing riblets [8,9,10], flexible wings [11,12,13], and airfoil optimization [14,15,16]. Although having been proven effective in controlling the flow of airfoils, most of these techniques are still not perfect in reducing the viscous drag of small-scale airfoils owing to complicated structures, extra energy cost, or shortage of drag reduction ability. At present, the mainstream research direction in improving the aerodynamic performance of MAVs is focused on airfoil shape, such as directly modifying individual geometric parameters of the airfoil or changing the profile through machine learning and other means. For example, O’meara et al. [17] modified the chord length of the airfoil to suppress the generation of separation bubbles at low Reynolds numbers. Mueller et al. [18] systematically studied the influence of leading-edge geometry on the flight performance of micro air vehicles through wind tunnel tests and made optimizations. Hosseini et al. [19] used machine learning to obtain the optimal configuration of two airfoils placed in series in the incoming flow, and Gad-el-Hak et al. [20] directly optimized the geometric shape of the airfoil using genetic algorithms. However, these methods can only target specific airfoils and have a long research period. In contrast, the modeling method [21,22] can quickly be designed for different working conditions. Then, to develop modeling flow control techniques characterized by a simple structure, low cost, and strong ability of drag reduction seems essential to improve the aerodynamic performance of MAVs airfoils.



Characterized by a simple structure and low manufacturing cost, transverse grooves have been proven efficient in reducing the drag near a solid surface. Transverse grooves represent surface structures that are recessed into the wall and extend perpendicularly to the mainstream flow. Their shapes mimic the occurring dunes found in low-entropy forms in the natural world, typically adopting a V-shape [23]. NASA has proposed the “Micro-Air Bearings” theory (MABS) to elucidate the drag reduction mechanism of this approach [24], such as in Figure 1. In this theory, the stable boundary vortices generated in the grooves act analogously to bearings, rotating and replacing the friction between fluid and the wall with that of the fluid and vortex to reduce viscous drag. Moreover, NASA [24] also pointed out that low-speed flow near the wall will stagnate on the windward side of the groove head and separate on the leeward side (Figure 1, right), resulting in pressure drag. Finally, the drag reduction effect of the transverse groove depends on the difference between the reduced viscous drag and the increased pressure drag.



Subsequently, a quantity of experiments and numerical simulation studies conducted by scholars reaffirmed this theory [25,26,27]. Following these developments, transverse grooves have been widely used in the field of engineering. For instance, Wang et al. [28] designed grooves on Mixed Flow Fans, achieving a reduction of approximately 38% in turbulent energy near the leading edge and a simultaneous reduction in noise. Liu et al. [29] introduced transverse grooves within petroleum pipelines, effectively reducing velocity gradients near the wall and obtaining a drag reduction benefit of 3.21% in a water tunnel. Furthermore, Lufthansa Group [30] applied grooved thin films to a Boeing 777 aircraft, resulting in a reduction of approximately 1% in drag, which means annual fuel savings of approximately 370 tons per aircraft per year. In addition, in 2022, Li et al. [31] combined their work with previous research results to derive a mathematical relationship between the size of transverse grooves and their drag reduction rate. This drag reduction model reduced the design cycle of transverse grooves greatly.



Based on the previous findings, it can be concluded that the transverse grooves may be effective in reducing the viscous drag of MAVs airfoils. Since the flow structures of low-Reynolds number MAVs airfoils are quite different from that of traditional large-Reynolds number flow conditions, it is believed that the influence of transverse grooves on the MAVs airfoils must be different from that on traditional airfoils. However, there is a paucity of relevant research regarding the application of transverse grooves on the airfoils of MAVs. To help establish a transverse groove-based viscous drag reduction technique, this paper applies transverse grooves to MAVs airfoils, and the impact of groove placement strategies on low-Reynolds number airfoil aerodynamic performance as well as the underlying physical mechanisms were numerically investigated. Section 2 introduces how to arrange grooves at different positions on the NACA2412 low-speed airfoil based on the drag-reduction model, as well as the numerical simulation methods used. Section 3 and Section 4 respectively outlines research on the position and range of groove arrangement, and provides potential physical mechanisms behind the changes in aerodynamic parameters through the analysis of velocity and vorticity fields. Finally, a grooved airfoil with optimal aerodynamic performance, characterized by the highest lift–drag ratio, was designed. Based on the above conclusions, we propose preliminary design criteria for grooved MAV airfoils (Section 4). Section 5 summarizes the entire article.




2. Simulation Setup


2.1. Geometric Model Selection


In order to approximate the authentic operating conditions of low-altitude flight for MAVs, numerical simulations employed air as the flowing material, with an environmental temperature of 298.15 K and an atmospheric pressure of 1 atm. For fixed-wing MAVs, the selections of airfoils often lean towards well-established low-speed airfoils. Therefore, the NACA2412 airfoil (chord length, c = 100 mm) was chosen. This particularly non-symmetric airfoil exhibits superior aerodynamic performance even during low-speed flight [32]. The typical Reynolds number for MAVs is on the order of     10   5     [11]. Considering that the chord length was 100 mm, finally, the incoming velocity was set as 15 m/s, and the Reynolds number for the airfoil was approximately   1.03 ×   10   5    , which conformed to the operational conditions of MAVs. The primary objective of this study was to employ transverse grooves to reduce viscous drag, and as such, the grooves were placed in regions of the airfoil surface where pressure drag was slight. To investigate the influence of adverse pressure gradients (APG) on flow, Clauser [33] defined the Clauser parameter β to quantify the magnitude of adverse pressure gradients, as depicted in Equation (1).


  β =     δ   *       τ   w       d P   d x    



(1)







In Equation (1),     δ   *     represents the displacement thickness of the boundary layer,     τ   w     denotes the local shear stress, and   d P / d x   represents the pressure gradient along the streamwise direction (positive for adverse pressure gradients and negative for favorable pressure gradients). This parameter was employed in our study to assess the extent of adverse pressure gradients. Figure 2 illustrates the distribution of β on the suction and pressure surfaces of the NACA2412 airfoil under the aforementioned flight conditions. Due to the tendency for airfoil flow separation at low angles of attack (AOA) under low Reynolds numbers [11], the angle of attack of the airfoil in Figure 2 is merely 2 degrees.



It can be observed that near the airfoil leading and trailing edges, both the suction and pressure surfaces exhibit high values of β, indicating the presence of large pressure drag in these regions (β > 2 [34]). To minimize interference and facilitate research, the chord length of the airfoil was evenly divided into four segments, spanning from 20% to 80% of the chord length, and sequentially designated as the “Front(F),” “Middle(M),” “Rear(R),” and “Tail(T)” sections. Grooves would be positioned on the corresponding suction and pressure surfaces in these designated locations, as depicted in Figure 3. The adverse pressure gradient in these areas was not significant.



For the transverse V-shaped symmetrical grooves, the most critical geometric parameters are aspect ratio (W/H) and depth (H) (shown in Figure 1). When the aspect ratio of the groove is approximately 2, the boundary vortex structure within the groove is most stable, which is conducive to drag reduction [35]. The selection of groove depth was guided by the Transverse Groove Drag Reduction Model [31], which builds upon the stability of boundary vortices, deriving quantitative relationships among the local Reynolds number, groove dimensions, and drag reduction rate from the vortex dynamics. It allows to directly obtain the groove depth corresponding to the highest drag reduction rate based on the local Reynolds number. The derivation process did not fully consider the impact of strong turbulence, and the model only has high accuracy at low Reynolds numbers (  1.09 ×   10   4   − 5.44 ×   10   5    ), which is suitable for the working condition in our research. Due to the fact that the kinematic condition for boundary vortex stability, i.e., the induced velocity equals the migration velocity, is still valid, and the research operating conditions are within the scope of the literature, in subsequent research, all grooves maintained the aspect ratio of 2, and the grooves’ initial depths were collectively determined by the local Reynolds number and the Transverse Groove Drag Reduction Model. Furthermore, taking into account the research findings on the influence of adverse pressure gradients on the reduction of drag [36,37,38], a slight adjustment was made to the initial depths of the grooves based on the Clauser parameter β. Specifically, we conducted flow simulations on inclined plates and extended the relationship between slip velocity, dimensionless velocity, depth of grooves, and β. Finally, the new slip velocity was reintroduced into the drag reduction equation, and the optimal drag reduction size of the groove under the adverse pressure gradient was obtained. This adjustment ultimately yielded the groove depths utilized in the study.




2.2. Solving Methods for Flow Simulations


The principle of fluid dynamics necessitates adherence to three fundamental conservation laws: the law of mass conservation, the law of momentum conservation (expressed through the Navier–Stokes equations), and the law of energy conservation. Their respective mathematical expressions are denoted by Equations (2)–(4):


    ∂ ρ   ∂ t   +   ∂   ∂   x   i       ρ   u   i     =   S   m    



(2)






    ∂   ∂ t     ρ   u   i     +   ∂   ∂   x   j       ρ   u   i     u   j     = −   ∂ p   ∂   x   i     +   ∂   τ   i j       ∂     x   j       + ρ   g   i   +   F   i    



(3)






    ∂   ρ T     ∂ t   +   div  ⁡    ρ u T     =   div  ⁡      k     C   p       grad  ⁡  T       +   S   T    



(4)







In the provided equation,   ρ   represents fluid density,   t   denotes time,     x   i     represents the length in the i-direction,     u   i     corresponds to the velocity components in the i-direction, and     S   m     stands for a user-defined source term. The variable   p   signifies the static pressure of the fluid element,     τ   i j     denotes the stress tensor on the element’s surface,     g   i     and     F   i     respectively represent the gravitational force and external volumetric forces in the i-direction,     C   p     is the specific heat capacity,   T   represents the static temperature,   k   is the fluid heat transfer coefficient, and     S   T     accounts for internal heat generation within the fluid and viscous dissipation. These conservation equations, along with various other fluid dynamic equations, collectively form a set of nonlinear partial differential equations using numerical methods to approximate analytical solutions.



When simulating the flow near the grooves, DeGroot et al. [39] conducted a comparative analysis between the numerical methods of Reynolds Averaged Navier–Stokes (RANS) and Direct Numerical Simulation (DNS). The findings revealed that the RANS method not only was cost-effective but also met the required accuracy. Furthermore, the work by Wokoeck et al. [40] demonstrated that, in comparison with experimental results, the RANS method also could effectively simulate the realistic flow around airfoils. Consequently, in this study, the RANS approach was employed for flow simulation computations. Within the RANS, the velocity is decomposed into time-averaged velocity and instantaneous velocity, introducing Reynolds stress terms in the equations. It is necessary to employ turbulence models to close the system of equations. Shome et al. [41] compared the experimental results and evaluated the accuracy of the k-omega SST model in predicting parameters such as airfoil pressure, lift, and drag coefficient at low Reynolds numbers, believing that it is suitable for MAVs. Combining their research and considering the sensitivity of the k-omega SST model to flow separation and the capability to accurately capture near-wall flow characteristics [42], it was selected for the numerical simulation.



The transport equations of the model are as follows, where     P   k     and     P   ω     are the generating terms, and k and ω are turbulent kinetic energy and dissipation coefficient, respectively.


    ∂ k   ∂ t   +   u   j     ∂ k   ∂   x   j     =   1   ρ     P   k   − β ′ k ω +   1   ρ     ∂   ∂   x   j         μ +     μ   t       σ   k         ∂ k   ∂   x   j        



(5)






    ∂ ω   ∂ t   +   u   j     ∂ ω   ∂   x   j     =   1   ρ     P   ω   − β   ω   2   +   1   ρ     ∂   ∂   x   j         μ +     μ   t       σ   ω         ∂ ω   ∂   x   j        



(6)







Subsequently, the accuracy of the numerical simulation method was validated in the following sections.




2.3. Computational Domain and Boundary Conditions


For an airfoil, a sufficiently large C-shaped computational domain can effectively mitigate the adverse impact of boundary conditions on the flow [43]. Therefore, the computational domain was established as depicted in Figure 4, with the airfoil positioned at the center of the domain. The shortest distance from the airfoil trailing edge to each boundary of the computational domain was 15 times the chord length, fully satisfying the computational requirements [44]. The size of the fixed wing MAV is relatively small, and we consider that its airfoil has little variation in spanwise direction. Therefore, a two-dimensional grid was used, and the calculation was also two-dimensional.



In Figure 4, the inlet velocity was set at 15 m/s, the outlet pressure was maintained at 0 Pa (gauge pressure), and the airfoil surfaces were treated as no-slip wall boundaries. Structured quadrilateral grids were generated using the commercial software ICEM 18.2, with a first-layer grid height of 0.001 mm (the     y   +     value less than 1), aiming to fulfill the computational requirements of the k-omega SST model while accurately capturing geometric variations in the normal direction of grooves. Additionally, uniform grid refinement was implemented in the streamwise direction of the grooves to ensure the accuracy of the flow simulation near the grooves. Ultimately, the mesh achieved a minimum angle of 43.3 degrees and a Jacobian Ratio minimum value of 0.876, indicating that the mesh exhibits favorable orthogonality and possesses overall high quality. This meticulously crafted mesh was employed for pressure-based implicit computations using the RANS method within the commercial software Fluent 18.2. Due to the selected cruising state for the calculation conditions and stable flow, we adopted a steady state calculation.




2.4. Validation of Grid Independence and Computational Accuracy


In order to enhance computational efficiency while ensuring accuracy, grid independence validation was conducted. Figure 5 presents the relative variation in total drag of the airfoil under different levels of grid refinement. It can be observed that when the number of grid cells exceeds 100,000, the relative change in drag remains below 0.5%. Consequently, the grid with approximately 100,000 total nodes was ultimately chosen for the subsequent accuracy validation of simulation, with grid cell counts ranging from 800,000 to 1.2 million in cases where the airfoil featured grooves.



Figure 6 illustrates the lift coefficients of the airfoil at various angles of attack using the numerical methods mentioned above and compares them with the experimental results of the NACA2412 airfoil at low Reynolds numbers [45].



It can be observed that within the range of 0 to 16 degrees of angle of attack, the computational results exhibit a notable agreement with the experimental data. Particularly noteworthy is the fact that the deviation in lift coefficient for cases with small angles of attack does not exceed 1%. This confirms that the numerical computation and grid partitioning methods employed in this study can exactly reflect the aerodynamic performance of the airfoil. Therefore, the simulation methods were adopted for subsequent research.





3. Effect of Grooves Position on Aerodynamic Performance of Airfoil


In order to improve the flight performance of MVAs, it is imperative to increase the battery capacity while concurrently reducing the energy consumption per unit time of propulsion. The former is intricately linked to the lift coefficient of the airfoil, whereas the latter is contingent upon the drag coefficient of the airfoil. The expressions for the lift coefficient and drag coefficient are delineated in Equations (7) and (8), as follows:


    C   L   =   L     1   2   ρ     V     2   c    



(7)






    C   D   =   D     1   2   ρ     V     2   c    



(8)







In the equations, “L” represents lift, “D” denotes drag, and “c” stands for the characteristic length of the airfoil. The comprehensive impact of both lift and drag on aerodynamic performance is expressed through the airfoil lift–drag ratio (CL/CD). To contrapuntally distribute grooves over a wide range, it is significant to investigate the influence of groove placement. Consequently, we positioned grooves on both the suction and pressure surfaces corresponding to the front, middle, rear, and tail sections, as illustrated in Figure 3, to systematically explore their aerodynamic performance. The depths of the grooves are determined collectively by the local Clauser parameter (β), the local Reynolds number, and the drag reduction model (Li et al.) [31]. When the span is within 5 mm, we assume that the local Reynolds number and β remain relatively constant, and the groove depth (H) in this segment remains consistent. The specific groove depths for each segment are illustrated in Figure 7. The number of grooves is the range divided by the width (rounded off).



We placed these transverse grooves on various segments of the airfoil suction and pressure surfaces, as depicted in Figure 3. The aerodynamic performance parameters of the airfoil are presented in Figure 8. In this figure, the blue dashed line represents the data corresponding to the smooth airfoil without grooves for reference.



From Figure 8a, it is evident that in most cases, the airfoil with grooves experiences a significant reduction in drag coefficient. Moreover, regardless of whether the grooves are placed on the suction or pressure surface, those positioned closer to the leading edges result in a lower drag coefficient for the airfoil. Therefore, in subsequent designs, it is advisable to place grooves close to the front portion of the airfoil. In comparison to the suction surface, grooves on the pressure surface exhibit relatively similar drag reduction capabilities across different positions, with variations occurring primarily in the rear section. In terms of drag reduction effectiveness, placing grooves on the front section of the suction surface yields the smallest drag coefficient and the highest drag reduction rate. Additionally, when grooves are positioned in the middle section of the suction surface, the drag coefficient of the airfoil is still lower than that corresponding to the pressure surface. However, when grooves are positioned in the rear section of the suction surface, their drag reduction capabilities notably diminish compared to the grooves in the same location on the suction surface. And when grooves are placed in the tail section of the suction surface, the drag reduction effect rapidly deteriorates, so much so that the drag coefficient even surpasses that of the smooth airfoil, which is detrimental to flight. This observation indicates that after placing grooves in positions characterized by significant adverse pressure gradients (as illustrated in Figure 2), the benefits of grooves in reducing viscous drag can no longer offset the increase in pressure-induced drag, leading to a rapid increase in overall drag. Consequently, this region was avoided when subsequently arranging the grooves.



From the perspective of lift coefficient (Figure 8b), when grooves are placed on the pressure surface, the change in the airfoil lift coefficient is little, with variations not exceeding 1% in magnitude compared to the smooth airfoil. However, when grooves are positioned on the pressure surface, there is a more pronounced alteration in the lift coefficient. When grooves are located on the front section of the suction surface, there is a substantial increase in the airfoil lift coefficient. In contrast, when grooves are situated in the middle section, although the lift coefficient remains higher than that of the smooth airfoil, the increment is less than half of that observed in the front section. Furthermore, when grooves are placed in the rear or tail section of the suction surface, the aerodynamic performance of the airfoil deteriorates rapidly, causing the lift coefficient to drop below that of the smooth airfoil.



Due to the relatively stable lift coefficient and drag coefficient, as depicted in Figure 8c, there is little variation in the lift–drag ratio when grooves are placed at different locations on the pressure surface. These results exhibit higher lift–drag ratios greater that of the smooth airfoil, and indicate that the aerodynamic performance of the airfoil can experience a modest improvement when appropriately sized grooves are placed on any segment of the pressure surface. For grooves on the suction surface, owing to the smaller drag coefficient and larger lift coefficient, the airfoil lift–drag ratio can be significantly enhanced when grooves are positioned in the front and middle segments. The effects of placing grooves on the rear and tail segments of the suction surface, conversely, lead to a rapid deterioration in the airfoil aerodynamic performance, especially in the tail section. On the whole, the variations in the drag coefficient largely align with the trends observed in groove-induced drag reduction under adverse pressure gradients [37,38], where groove drag reduction rate becomes greater under mild adverse pressure gradients (Figure 2, Front and Middle sections of the suction surface), but deteriorates as the adverse pressure gradient approaches a strong magnitude (β = 2) (Figure 2, Rear and Tail sections of the suction surface). Due to the absence of significant pressure gradients on the pressure surface, the drag reduction effects observed in various segments are similar. In order to investigate the reasons behind the impact of grooves at different locations on the suction surface on the lift coefficient, Figure 9 compares the pressure distributions near the suction surface.



The pressure contours in Figure 9b–f show that the grooves on the suction surface have almost no effect on the pressure distribution near the pressure surface. As illustrated in Figure 9a, when grooves are positioned in the front or middle section of the airfoil, the pressure distribution on the suction surface closely resembles that of the smooth airfoil, with pressure values reduced only in the vicinity of the grooves and their downstream regions. This is evident in Figure 9c,d as an expansion of the deep blue region (pressure below −80 Pa) compared to the smooth airfoil (Figure 9b). The source of this pressure drop is the stable rotating vortex in the groove. The high-energy vortex in the groove injects momentum into the low-energy fluid near it, causing an increase in radial velocity and pressure drop [46,47]. So, this phenomenon only occurs in the grooves and their downstream vicinity. The pressure drop on the suction surface implies an increase in lift, resulting in an increase in the lift coefficient. Conversely, when grooves are placed in the rear or tail section of the suction surface, as indicated by the green and purple dashed lines in Figure 9a, the overall pressure on the suction surface increases. This is because arranging grooves in areas with high adverse pressure gradients such as the rear or tail section can quickly thicken the boundary layer near the rear of the suction surface (as shown in the enlarged image of Figure 9e,f, where the blue low-speed area near the airfoil increases), which strengthens the blockage effect and increases the overall pressure on the suction surface. In Figure 9e,f, this is manifested as a reduction in the blue regions representing low pressure to varying degrees, signifying a decrease in lift and a substantial drop in the lift coefficient.




4. Effect of Grooves Range on Aerodynamic Performance of Airfoil


Purposefully arranging appropriately sized grooves on the front or middle section of the suction surface, as well as on the front, middle, rear, or tail section of the pressure surface, can enhance the aerodynamic performance of the airfoil. However, the mere simultaneous placement of these grooves on the same airfoil does not guarantee the attainment of maximum aerodynamic benefits at low Reynolds numbers. It remains uncertain whether grooves situated on the rear section contribute to the aerodynamic performance of the airfoil due to the interactions among the grooves when the range of groove placement on the suction surface is extensive. To address these issues and ultimately design an airfoil with the highest lift–drag ratio, an investigation into the impact of widely placed grooves on the airfoil surface is imperative.



Because of the severe deterioration of airfoil aerodynamics resulting from the tail section grooves on the suction surface, we restricted the large-range grooves to the front-middle and front-middle-rear sections of the suction surface. Grooves on the pressure surface can be continuously positioned in the front-middle, front-middle-rear, and front-middle-rear-tail sections. After arranging these grooves, the aerodynamic parameters of the airfoil were as depicted in Figure 10.



Comparing with Figure 8, in most cases, the lift–drag ratios of the airfoils were dramatically improved with the large-range of grooves (Figure 10c). For instance, when grooves are placed in the front-middle section of the suction surface, the drag coefficient decreased to 0.016 and the lift coefficient increased to 0.381, resulting in an increased lift–drag ratio of the airfoil to 23.635 (smooth airfoil: 20.733). From both a drag reduction and lift enhancement perspective, this project is markedly superior to the sole placement of grooves in one segment of the suction surface. Analyzing the trends of the black dots in Figure 10c, it can be observed that when large-range grooves are positioned on the pressure surface, airfoil with grooves placed in the front-middle section and front-middle-rear-tail section exhibit higher lift coefficients compared to only one section. The lift coefficient increases from around 21.5 to 22. However, for the grooves in the front-middle-rear section on the pressure surface, although their lift–drag ratios show improvement compared to the smooth airfoil, they remain lower than the grooves placed solely in the front section of the pressure surface. This phenomenon is attributed to the unexpected fact that as the number of grooves increases on the airfoil, the drag coefficient actually rises (in the front-middle-rear-tail section project, the increase in lift-to-drag ratio is mainly owed to an increase in the lift coefficient).



To understand why a large number of grooves can weaken the overall drag reduction effect, an exploration of the underlying reasons is imperative. Moreover, it is noteworthy that Figure 10 lacks data for the scenario where grooves are placed in the front-middle-rear section on the suction surface. This omission is due to the emergence of strong non-steady-state phenomena during calculations. As depicted in Figure 11, the overall drag coefficient is elevated and exhibits continuous fluctuations, rendering the calculation results challenging to analyze comprehensively.



In order to investigate the reasons for the increase in drag coefficient and why the above non-steady-state phenomena occured, we analyzed the velocity and vorticity contours of the flow.



Comparing Figure 12a–c, it becomes evident that when grooves are extensively placed on the suction surface, certain separation structures manifest near the grooves that are unlikely to appear at high Reynolds numbers and low angles of attack. For instance, when grooves are arranged on the front-middle section (Figure 12b) or front-middle-rear section (Figure 12c) of the suction surface, wavy, low-speed regions (depicted in blue) appear in proximity to the grooves. In the enlarged local images, it is evident that there are obvious shedding vortices near the grooves. In the case of the front-middle section, this tendency is less conspicuous; however, when grooves are positioned in the front-middle-rear section, this separation phenomenon extensively occurs near the rear portion of the suction surface. Moreover, the wake region exhibits heightened instability, characterized by the expansion of the blue low-speed region at the trailing edge and the rapid curvature of streamlines. When grooves are exclusively placed in the front section of the suction surface (Figure 12a), almost no such phenomenon is observed. This elucidates why, when grooves are arranged on the front-middle-rear section of the suction surface, the drag coefficient exhibits significant fluctuations with iteration steps. Furthermore, a comparison between Figure 12d,e reveals that when grooves are positioned on the front-middle section of the pressure surface, the blue low-speed region near the rear part of the pressure surface enlarges. This implies an increase in boundary layer thickness near the rear, resulting in elevated drag, aligning with the trends observed in the black dots of Figure 8a. This phenomenon also increases the static pressure on the pressure surface, resulting in an increase in the overall lift coefficient of the airfoil, as shown in Figure 10b. In contrast, when grooves are placed on the front-middle-rear-tail section of the pressure surface, not only does the boundary layer near the tail thicken, but the wake also exhibits mild instability, with minor deviations observed in streamlines near the trailing edge.



From Figure 13, the vorticity near the grooves increases to varying degrees, indicated by the proliferation of regions with strong vorticity (depicted in red). When grooves are only placed in the front section of the suction surface, the change in vorticity distribution is slight. However, when grooves are positioned in the front-middle section of the suction surface, mild fluctuations in vorticity distribution are observed in the vicinity of the airfoil midsection (Figure 13c), but the duration is not long, indicating the onset of weaker flow separation. When grooves are arranged in the front-middle-rear section of the suction surface, a series of detached, bubble-like structures form near the rear part of the suction surface (Figure 13c). This demonstrates the evolution and rupture of separation bubbles, causing highly unstable flow. In Figure 13e,f, when grooves are extensively placed on the pressure surface, the vorticity intensity on the pressure surface increases, particularly near the trailing edge. This signifies an augmented turbulence level. Because the diffusion rate of turbulent vortices greatly exceeds that of viscous vortex diffusion, the boundary layer thickness increases, leading to an elevation in the drag coefficient.



To mitigate the impact of increased turbulence levels, the possibility of discontinuously placing grooves on the airfoil surface was explored. Figure 14 provides a comparative analysis of the variation in aerodynamic parameters of airfoils when grooves are positioned in the front-middle-rear-tail section, front-middle-tail section, and middle-rear section of the suction surface, and the middle-rear section of the pressure surface.



It can be observed that when grooves are absent on the rear section or front-tail section of the pressure surface, the drag coefficient is lower than that of the grooves placed in the front-middle-rear-tail section of the pressure surface. When grooves are positioned on the middle-rear section of the suction surface, the airfoil drag coefficient is lower than that of the smooth airfoil but remains higher than the grooves placed in the front-middle section of the suction surface. From the perspective of lift coefficient, the intermittent placement of grooves leads to an overall reduction in the lift coefficient. However, due to a more significant reduction in drag coefficient, grooves in the front-middle-tail section of the pressure surface yield the highest lift–drag ratio.



From the velocity contours near the airfoil in Figure 15, it can be observed that when grooves are intermittently placed on the front-middle-tail section of the pressure surface, the overall velocity distribution of the airfoil is similar to that of a smooth airfoil without grooves. Due to the reduced interaction between grooves, the wake becomes significantly more stable (as evidenced by the reduced streamline deflection in Figure 15c). In the locally enlarged image of Figure 15f, the distribution of vortices near the pressure surface is more uniform than when the grooves are continuously placed in the front-middle-rear-tail section of the pressure surface (Figure 15e), resulting in a thinner boundary layer and greater stability in the wake region. Consequently, there is a substantial reduction in the drag coefficient. But at the same time, the thinner boundary layer highlights the ability of the grooves themselves to reduce static pressure, resulting in a decrease in static pressure on the pressure surface and a decrease in lift coefficient. From the perspective of comprehensive aerodynamic performance, arranging grooves in the front-middle-tail section of the pressure surface will still increase the lift–drag ratio.



Based on the analysis above, it is evident that by introducing grooves in the front-middle section of the suction surface and the front-middle-tail section of the pressure surface, one can achieve their respective maximum lift–drag ratios. Therefore, the ultimate choice was made to simultaneously incorporate appropriately sized grooves in both the front-middle section of the suction surface and the front-middle-tail section of the pressure surface and then compare their aerodynamic performance with airfoils that have grooves solely on the suction or pressure surface.



As depicted in Figure 16, when grooves are simultaneously incorporated in both the front-middle section of the suction surface and the front-middle-tail section of the pressure surface of the airfoil, there is a substantial reduction in the overall drag coefficient of the airfoil. Furthermore, the lift coefficient is extremely higher compared to airfoils with grooves on only one surface. The combination of lower drag coefficient and higher lift coefficient results in a remarkable enhancement of the lift–drag ratio, increasing from 20.733 for the smooth airfoil to 27.730. This represents an approximately 33.75% improvement in aerodynamic performance, which can greatly improve the endurance of MAVs.



Based on the above conclusions, we summarize the preliminary design criteria for grooved MAV airfoil: the grooves should be arranged as far as possible in the low adverse pressure gradient region of the airfoil surface (β < 0.5), such as near the leading edge. This is because under high adverse pressure gradient, the effect of grooves on drag reduction and lift increase becomes weak, and it is also easy to cause separation, resulting in flight instability. On the other hand, with low pressure gradient, too large a range of grooves can quickly increase the thickness of the boundary layer, offsetting the aerodynamic benefits brought by the grooves. Adopting a discontinuous arrangement at the rear of the airfoil can reduce this effect, further improving the lift-to-drag ratio of the airfoil. These theories have certain guiding significance for the design of grooved airfoils, but the quantification of parameters requires further research in our follow-up work.




5. Conclusions


This study focused on the low-speed NACA2412 airfoil as the research subject, employing numerical simulation techniques to investigate the feasibility of implementing transverse grooves as a drag-reduction structure on the airfoil of the MAV. Additionally, it conducted an analysis of the physical mechanisms underlying the influence of various groove placement schemes at low Reynolds numbers on the lift–drag ratio of the airfoil. Based on the rules, we have designed a grooved airfoil with a high lift–drag ratio and proposed preliminary design criteria for grooved MAV airfoils that have a certain guiding significance for subsequent research. The specific research findings are as follows:




	(1)

	
The grooves near the leading edge of the airfoil exhibit lower drag, with the lowest drag coefficient decreasing from 0.0179 to 0.0167 compared to the smooth airfoil. As the groove position moves backwards, the unfavorable pressure gradient will reduce the drag-reduction effect of the grooves. The grooves on the pressure surface have a slight impact on the lift coefficient of the airfoil, whereas the grooves on the suction surface cause a significant change in the lift coefficient. At the front, the ability of the grooves themselves to reduce static pressure will reduce the static pressure on the suction surface and increase lift. As the groove position moves back, the thickening of the boundary layer causes an increase in static pressure on the suction surface, resulting in a decrease in the lift coefficient from 0.380 to 0.332 (smooth airfoil: 0.370). Therefore, the relationship between the lift–drag ratio and groove position is similar to the lift coefficient.




	(2)

	
When grooves are widely deployed on the suction surface of the airfoil, grooves positioned in the front-middle section yield the best aerodynamic performance (low β). In contrast, excessive grooves on the suction surface can cause airflow separation, and the degree of separation is positively correlated with the range and the local adverse pressure gradient. When significant separation occurs, it results in a series of separated bubbles causing disorder flow, which will be detrimental to the flight of MAV. On the pressure surface, widespread grooves will thicken the boundary layer, ultimately leading to increased drag and lift. Intermittently placing groove on the airfoil can reduce mutual interference between grooves, reducing this impact.




	(3)

	
Simultaneously introducing grooves in both the front-middle section of the suction surface and the front-middle-tail section of the pressure surface of the airfoil has yielded the optimal aerodynamic performance, a 33.747% increase in lift-to-drag ratio. This result confirms the effectiveness of the application of transverse grooves on MAVs, and we have also given preliminary design criteria: do not arrange grooves in high adverse pressure gradient areas (β > 0.5), and under low adverse pressure gradients, discontinuous arrangements of large-scale grooves should be adopted at the rear of the airfoil.
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Figure 1. Transverse grooves and MABS theory. 
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Figure 2. Distribution of β on the NACA2412 airfoil surface. 
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Figure 3. Surface position division of NACA2412 airfoil. 
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Figure 4. Schematic representation of the computational domain grid and boundary conditions. 
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Figure 5. Validation of grid independence. 
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Figure 6. Validation of computational accuracy. 
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Figure 7. Depth of grooves at different positions on the airfoil surface. 
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Figure 8. Effect of grooves at different positions on aerodynamic parameters of airfoils: (a) CD; (b) CL; and (c) CL/CD. 
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Figure 9. Pressure distribution of airfoils (suction surface grooves): (a) Pressure on suction surfaces; (b) smooth airfoil; (c) front section; (d) middle section; (e) rear section; and (f) tail section. 
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Figure 10. Effect of grooves at different ranges (continuous) on aerodynamic parameters of airfoils: (a) CD; (b) CL; and (c) CL/CD. 
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Figure 11. Drag coefficient changes with the number of iterations. 
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Figure 12. Velocity contours of airfoils with grooves arranged in different ranges (suction surface grooves: (a,b), pressure surface grooves: (d–f): (a) front section; (b) front-middle section; (c) front-middle-rear section; (d) smooth airfoil; (e) front-middle-rear section; and (f) front-middle-rear-tail section. 






Figure 12. Velocity contours of airfoils with grooves arranged in different ranges (suction surface grooves: (a,b), pressure surface grooves: (d–f): (a) front section; (b) front-middle section; (c) front-middle-rear section; (d) smooth airfoil; (e) front-middle-rear section; and (f) front-middle-rear-tail section.



[image: Applsci 13 12371 g012]







[image: Applsci 13 12371 g013] 





Figure 13. Vorticity contours of airfoils with grooves arranged in different ranges (suction surface grooves: (a,b), pressure surface grooves: (d–f): (a) front section; (b) front-middle section; (c) front-middle-rear section; (d) smooth airfoil; (e) front-middle-rear section; and (f) front-middle-rear-tail section. 
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Figure 14. Effect of grooves at different ranges (discontinuous) on aerodynamic parameters of airfoils: (a) CD; (b) CL; and (c) CL/CD. 
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Figure 15. Velocity (upper) and vorticity (lower) contours of airfoils with grooves arranged on the pressure surface: (a,d) smooth airfoil; (b,e) front-middle-rear-tail section; and (c,f) front-middle-tail section. 
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Figure 16. Aerodynamic performance of single or double-grooved airfoils: (a) CD; (b) CL; and (c) CL/CD. 
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