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Abstract

:

Birds in nature have many unique devices to help them acquire excellent flight abilities under various complex flight conditions. One of the unique devices is the leading-edge alula, located at the junction of the arm wing and the hand wing of most birds. It often spreads out during takeoff and landing, probably playing a similar role to high-lift devices in fixed-wing aircraft. This paper analyzed and reviewed the results of current research on leading-edge alula, finding some important factors, such as the complex flapping motions, flexibility, and the plane and section shape of the wing, that have been ignored in current research to a certain extent. These would greatly affect the conclusions obtained. Hence, for a deeper understanding of the aerodynamic mechanisms and functions of the alula, some new study predictions for future research are presented. In addition, the feasible models and methods for further research based on these predictions are discussed and proposed. For example, the higher-accuracy LES or hybrid LES/RANS method and the combinations of these methods with wind-tunnel experiments using PIV technology are recommended.
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1. Introduction


Flying creatures in nature have evolved for millions of years, with excellent flight ability and environmental adaptability. Unlike fixed-wing aircraft, birds often achieve stable flight even in complicated flight conditions by altering their whole body, including wings and tails [1]. For example, in takeoff and landing, maneuvering and low-altitude preying birds need more lift to support weight and attitude controllability to stabilize flight. During the evolution of birds over millions of years, their wings have formed some unique features and skeletal structures, which are of great help to their flight performance. The leading edge of the avian wing has evolved a unique winglet structure, called the alula, as shown in Figure 1. It is located at the junction of the arm wing and the hand wing of birds, and it consists of a digit bone and 2–6 feathers [1]. The alula is a very important aerodynamic device used by birds to improve their flight ability. During takeoff and landing, due to the low speed of birds, it is necessary for them to increase the angle of attack (AoA) to increase lift in order to balance gravity. However, with the increase in AoA, there is a risk of stalling, which is of great danger to flight. At this time, birds often deflect their alula, playing a role similar to high-lift devices in fixed-wing aircraft [2].



This paper includes two major sections: one evaluates the current research on the function of the alula, and the other predicts studies for future research on the alula. Firstly, the current research progress is analyzed, and comments on the current research are provided. In clarifying this progress, we found that some critical factors were neglected to a certain extent, such as the complex flapping motions, flexibility, and the plane and section shape of the wing. These probably had a great influence on the conclusions acquired. Secondly, some further aerodynamic mechanisms for future study were put forward. Furthermore, on the basis of the study predictions, feasible research models and methods were discussed. Through these analyses and discussions, on the one hand, the progress in current research on the alula can be clarified. On the other hand, this paper can provide guidance for further research on the alula, ultimately providing a better understanding of natural creatures.




2. Evaluation of the Current Research


In this section, we first summarize current research on the alula, including its aerodynamic mechanism, bionic application, deployment mode, and morphological measurements and statistics. Then comments and analysis of current research on the alula are given, including comments on models and methods in current alula research.



2.1. Review of Studies on the Alula


2.1.1. Aerodynamic Mechanism of the Alula


The initial research and discussion on the alula in academia can be traced back to the 1970s [3]. In recent years, with the increasing interest in bionic technology, research on the alula has gradually increased [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22].



Through a summary and analysis of the current research, we can find that some pretty good insights have been gained from studies on the alula. Firstly, studies have found that the alula is mostly used by birds during takeoff and landing, playing the role of delaying flow separation and increasing lift, similar to high-lift devices in fixed-wing aircraft [1,2]. Secondly, there have been two main predictions regarding the aerodynamic mechanisms underlying the lift enhancement of the alula, which are the leading-edge slot effect [4,5] and the vortex generator effect [6].



Addressing the former, Meseguer et al. [4,5] built models of two-dimensional airfoils and three-dimensional wings with alulae by mimicking the geometric characteristics of the pigeon wing, and they investigated the effects of the alula on the aerodynamic characteristics at variable angles of attack using a wind-tunnel experiment. The experimental results for the two-dimensional airfoil showed that the alula has a function similar to the leading-edge slot. At high AoA, the deployed alula can delay flow separation and increase lift by reducing the reverse pressure gradient on the upper surface of the airfoil, as shown in Figure 2. Subsequently, the experimental results of the three-dimensional wing showed that the alula, with suitable geometric parameters, is a very effective high-lift device. Although its length is only 17.5% of the wingspan length, its maximum lift enhancement can be as high as 22%, as shown in Figure 3.



Another hypothetical mechanism of the alula is the vortex generator effect. By inducing downwash flow, the momentum in free inflow is injected into the boundary layer, which decreases the thickness of the shear layer on the upper surface of the wing and delays the flow separation. Lee et al. [6] used a wind tunnel to study the aerodynamic characteristics of static magpie wings with and without alulae. The results showed that the alula can increase the lift coefficient by 1.3–12.7% and delay stall by 5–10°, as shown in Figure 4. At the same time, the flow field measured using digital particle image velocimetry (DPIV) showed that, at high AoA, the streamwise vortices formed at the tip of the alula can induce a strong downwash flow on the upper surface of the wing, which can suppress flow separation and increase lift by transferring momentum from free inflow to the near-wall boundary layer at lower velocity, as shown in Figure 5.



A stable LEV can obviously increase the lift of flying creatures in nature, especially in insects, bats and small-scale birds [7,8,9,10,11,12]. For some specific flying creatures, a stably attached LEV can even enhance lift by 40% [9]. In some large-scale birds, LEV is still appearing during the flight. However, it is not as stable as that of insects and quickly transforms into flow separation [13]. Because of the unique position of the alula (located at the leading edge of the avian wing, at the junction of the hand wing and the arm wing), previous studies proposed a hypothesis for the effect of the alula on the LEV, whereby it can promote the LEV development of the hand wing [1]. Linehan and Mohseni [14,15] conducted wind-tunnel experiments on model alula. The PIV results showed that the alula is able to smoothly merge otherwise separated leading- and side-edge vortical flow, before maintaining the attached LEV on the wing. And it can stabilize a recirculatory aft-tilted LEV on a steadily translating unswept wing at post-stall angles of attack. Sander [16] studied the effect of the alula on a 3D flow structure during gliding and flapping flight by using numerical simulation. The results showed that a vortex formed at the leading-edge of the alula and interacts with the free shear layer formed behind the leading edge of the wing and induces low pressure thus increasing both lift and drag in the gliding flight. While there are negligible changes between the flow structure with and without the alula in the flapping flight, suggesting that the alula provides negligible benefit for flapping flight. However, it is not clear whether the alula has such an effect on the LEV and whether there are other factors of the alula affecting the LEV.




2.1.2. Bionic Application of the Alula


In the past 5 years, many leading-edge devices have been established by imitating the avian alula, and the influence of geometric parameters has been obtained.



Ge et al. [17] studied a 2D airfoil with a bionic leading-edge slot by imitating the avian alula. The results from a wind-tunnel experiment and numerical simulation showed that the bionic leading-edge slot can increase the stall angle and the maximum lift coefficient. Mandadzhiev et al. [18,19] investigated a 2D airfoil with a leading-edge alula device (LEAD) by mimicking the geometric characteristics of the alula, as shown in Figure 6. The effects of variable deflection angles and relative angles of attack of the LEAD were studied in the wind tunnel. The results showed that the LEAD mostly increases the lift at high AoA of the freestream (stall and post-stall cases). A larger deflection angle and a smaller relative angle of attack lead to greater lift, as shown in Figure 7. Following the studies of Mandadzhiev et al. [18,19], Ito et al. [20,21] conducted similar wind-tunnel experiments on the LEAD. They additionally studied the effects of variable distances between the LEAD and the wing root, namely, the spanwise LEAD location. The results showed that the lift generated by the wing–LEAD assembly is very sensitive to the spanwise location of the LEAD, and the maximum lift improvement can be achieved when the LEAD is placed near the semispan length of the wing. Meanwhile, the lift enhancement of the LEAD was higher in the 3D wing compared with the 2D airfoil. Linehan and Mohseni [22] used wind-tunnel experiments to study the effects of the alula-like leading-edge device on the aerodynamic characteristics in a fixed-wing MAV, as shown in Figure 8. The results showed that the alula only works within the limits of AoA, and the aerodynamic characteristics are greatly affected by the distance between the alula and the wing root, as shown in Figure 9. If a single alula or asymmetrically arranged alulae are used, roll can be controlled, with an efficiency one order of magnitude better than traditional flaps and ailerons, as shown in Figure 10. The alula could produce a maximum roll moment of 0.036, which is better than the control force of a −20° flap aileron [23,24,25]. Subsequently, Linehan et al. [26] constructed a sliding-alula wing (SAW) and carried out a wind-tunnel experiment. Then they designed a proportional-integral roll command-tracking controller. They found the SAW can successfully track +/− 15 deg doublet roll commands with less than 3 deg overshoot and a rise time of around 0.5 s while regulating wing-rock-induced roll oscillations to below 5 deg.




2.1.3. Deployment Mode of the Alula


Some researchers proposed that the deployment of the alula is caused by the aerodynamic force applied on the avian wings and the alula, and there is no active control from bird muscles in its deployment, i.e., a passive deflection mode [27]. Austin and Anderson [27] tested the static specimens of water duck wings using a wind tunnel. The results showed that the alula would unfold at a specific angle of attack and velocity combination, as shown in Figure 11. That is, for a given speed, the alula deploys at the smallest AoA. Along with the increase in AoA, the alula gradually opens to the maximum extent. Finally, as the AoA continues to increase, the alula gradually retracts to complete closure. Therefore, it was suggested that the role of the alula is more likely to reduce the risk of stall through a perception of aerodynamic forces. Because the experiment used specimens, it was implied that the deployment of the alula is passively caused by the aerodynamic force.



However, some studies suggest that the deployment of the alula is actively controlled by the muscles of birds, i.e., an active deflection mode [6]. Lee et al. [6] found that the alula unfolds when the flight speed is very low and the aerodynamic force is too small to support the deflection of the alula at this low speed; therefore, they suggested that the alula deflects under the active control of bird muscles. Furthermore, some investigations suggested that the deployment of the alula includes both the passive deflection mode caused by aerodynamic forces and the active deflection mode controlled by avian muscles. These two deflection modes are integrated during variable flight stages [28]. Carruthers et al. [28] trained a steppe eagle and conducted outdoor flight experiments; they then captured pictures of the alula and other special feathers of the steppe eagle at distinct flight stages using high-speed cameras. During landing, they found that the deflection mode of the alula would change from an initial passive deflection mode to an active control mode. However, the deployment mechanism of the alula is still a matter of debate as it is not exactly clear via which mechanism birds deploy their alula.




2.1.4. Morphological Measurements and Statistics of the Alula


There are several studies on the morphology of the alula. The wing platform of the avian wing can be systematically divided into four categories [29,30] (as shown in Figure 12): (a) elliptical wing, with a low aspect ratio and a uniform pressure distribution, can provide good maneuverability. Typical birds: peckers, hornbills, grouses and woodcocks. (b) high speed wing, with low camber airfoils, moderate high aspect ratio and pronounced sweepback of the leading-edge, can sustain high-speed flight. Typical birds: swifts, hummingbirds and swallows. (c) high aspect ratio wing, with large aspect ratio, can help birds soar over water surface with high aerodynamic efficiency. Typical birds: albatrosses, gannets and gulls. (d) high lift wing, with slotted wing tip, moderate aspect ratio and pronounced camber airfoils, can fly efficiently at low speed. Typical birds: eagles, owls, harriers, ravens and pelicans. Alvarez et al. [31] measured several parameters of the wing geometry of almost four hundred and fifty birds. They found all type (a) wings have the alula placed at distances from the wing root ranging from 0.25–0.3 times the wing span, whereas type (b) wings have smaller such distances and type(c)(d) wings have larger distances. Also their results showed that the ratio of the length of the alula to the wing span decreases with the increasing aspect ratio of the wing. Lee and Choi [2] investigated the relationship between the size and shape of the alula and the features of the wing in the Laridae and Sternidae. They found that for Laridae, the aspect ratio of the alula was smaller in the species that have relatively longer wings, but the pattern was opposite in the Sternidae, suggesting the species with high loading potential and long wings exhibit long alula. Linehan and Mohseni [15] measured the alula’s spanwise position on spread-wing specimens. They found that the relationship between the spanwise location of the alula d(the distance of the alula’s root from the wing tip) and the length of the spread wing Lw can be well analyzed using an empirical scaling formula   d = k  L w α   , where  α  is the allometric exponent and k is the allometric coefficient.





2.2. Comments and Analysis of Current Alula Research


Although current research on the alula is a good achievement, limited by research methods and research models, the authors believe that there is still more research to be done.



2.2.1. Comments on Research Models


Current researches often greatly simplify the real model, but these simplifications may affect the judgment of the conclusion, to some extent.



	(1).

	
The unsteady effect of the complex flapping motions is not involved.







To the best of our knowledge, the literature of the alula available at present most adopt static, steady models, whether in wind tunnel experiments or numerical simulations. That is, they do not consider the effects of the complex flapping motions in the real avian flight. However, the flapping motions of birds are very strong during the taking-off and landing (in which the alula plays an important role) [33]. At the same time, many researchers have pointed out that the flapping modes and kinematics of the avian wing is very important to the high-lift and large-thrust during the flight of birds. The typical flapping modes can be divided into four categories: plunge, twist, sweep and fold [33,34,35,36]. Plunging motion is the core mode. In the beginning, researchers revealed the reason birds can produce thrust using a plunging airfoil [37,38]. Subsequently, Ashraf et al. [39] systematically investigated the influence of different plunge parameters on thrust and thrust efficiency. They found the thrust and thrust efficiency increases with the increasing frequency. And the flow structure becomes chaotic as the plunging amplitude increases. Young [40,41] found the thrust efficiency obtains the maximum value when Strouhal number (St) ranges in 0.1–0.4. More details of plunging motion can be found in reference [42]. Twisting motion can also produce thrust. With the increasing twisting amplitude, time-averaged thrust increases, whereas thrust efficiency decreases [43]. Yu et al. [44] found that combining plunging motion and twisting motion will improve thrust performance. And the thrust efficiency peaks when the phase difference between plunging and twisting motion is 90 deg [45]. A sweeping motion will also help birds improve thrust and thrust efficiency [46]. During the downstroke of birds’ slow flight, a forward sweeping motion will also increase the lift [47]. Folding motion will cause the change of wingspan. Wang et al. [48] found that folding motion will increase both the time-averaged lift coefficient and instantaneous lift coefficient. Further research [49,50] revealed that folding motion can also increase the efficiency of lift production and reduce power consumption. Therefore, it may be inadequate to conduct the studies only under static and steady conditions. It is more advantageous to reveal the true aerodynamic mechanisms of the alula after considering the complex flapping motions.



	(2).

	
The influence of elastic deformation caused by flexibility is not involved.







At present, most models adopted in the previous literature are rigid structures, which do not consider the effect of elastic deformation caused by the flexibility of wings. Many studies have proved that flexibility has a significant impact on the thrust, lift and power consumption [51]. Shyy et al. [52] comprehensively overviewed the progress in flapping wing aeroelasticity. Here, we introduce some typical researches. Heathcote et al. [53,54] investigated the influence of flexibility on the thrust using water-tunnel experiments. They found that proper chordwise flexibility can improve thrust coefficient and thrust efficiency [53]. The thrust efficiency gets the maximum when the flexible deformation phase ranges from 95 deg to 100 deg. Meanwhile, proper spanwise flexibility can also improve thrust efficiency, while high spanwise flexibility will damage the thrust [54]. Kang et al. [55] investigated the effect of chordwise and spanwise flexibility on the thrust efficiency using the CFD/CSD coupling method. They found that the wing obtains maximum thrust when it flaps with a flapping frequency near its resonance frequency, whereas the maximum thrust efficiency corresponds to half of the first-order natural frequency. So ignoring the flexibility of the research models also has a negative impact on the accuracy of conclusions.



	(3).

	
The influence of the real avian wing plane and section shape is not involved.







In the current research, the plane shape of the wing is basically simplified to a rectangular wing [18,19,20,21,22]. However, the influence of the plane and section shape on the aerodynamic characteristics is an important factor. Wing plane shape includes wing area, aspect ratio, sweep angle, etc. Wing section shape includes chamber and thickness of the airfoil. These all have significant impacts on the aerodynamic force. Gong et al. [56] investigated the influence of wing shape, aspect ratio on the thrust performance using numerical simulation. They found that the thrust performance of flapping wing firstly increases then decreases with the increasing aspect ratio. Thielicke et al. [57] studied the impact of chamber and thickness of bird-like airfoil on LEV and lift using wind-tunnel experiments. The results showed that both large chamber and small thickness can increase the lift. The large chamber enhances the lift by increasing the bound circulation, while small thickness enhances the lift by promoting LEV formation. Subsequently, Thielicke et al. [58] further investigated the influence of local twist angle of airfoil on the lift and lift efficiency. They found that a negative twist of the airfoil during the downstroke will decrease the lift by suppressing LEV. But this twist can increase the lift efficiency by reducing the power consumption due to vortex shedding. Thus, it is necessary to consider the plane shape and section shape of real birds.




2.2.2. Comments on Research Methods


At present, the methods adopted in current research are usually wind-tunnel experiments and numerical simulations (mainly computational fluid dynamics (CFD)). These two methods have their own advantages. For example, wind-tunnel experiment can reflect the real physical essence and flow field with high accuracy, while numerical simulations can save resources compared with wind-tunnel experiments. However, there are also some limitations when applied to studies on the aerodynamic mechanisms of the alula.



Although wind-tunnel experiments can better reveal the real physical essence, its flow-field visualization has certain limitations. For example, traditional flow visualization methods, such as velvet and oil flow, can only obtain the flow structure on the wing surface, but cannot acquire the flow structure in the wake and far from the wing surface [59]. Advanced particle image velocimetry (PIV) technology can be used to measure the velocity in the wake and far from the wing surface, as well as the entire flow field [60,61]. However, PIV technology is limited by tracer particles and a complicated data processing process. There is some information loss during data processing. In particular, when the fluid has strong acceleration, the tracer particles cannot reflect the real movement of the fluid, thus affecting the authenticity of flow-field visualization [62,63]. However, in order to obtain the detailed aerodynamic mechanisms of the alula, a comprehensive and detailed analysis of the flow structure is indispensable.



On the other hand, numerical simulations can show three-dimensional flow structures in the whole flow field. The Reynolds-averaged Navier–Stokes (RANS) method with various turbulence models is widely used. However, it has strong limitations in simulating large separation and stall conditions [64,65]. Its accuracy is likely substantially inferior to wind-tunnel experiments when considering large separation and stall. Therefore, to better simulate alula mechanisms in large separation and stall conditions, it is necessary to use more accurate turbulence simulation methods, such as large eddy simulation (LES) or the hybrid LES/RANS method [65].






3. Study Predictions and Strategies for Future Research


Taking into account the above analyses of current research on the alula in Section 2, some study predictions for future research are presented involving an improvement of the research models and methods. Whereas these approaches may not yield insight into additional functions of the alula, the deeper aerodynamic mechanisms of the alula can be understood.



Thus, a detailed strategy for improving the research models is proposed. Lastly, according to these suggested improvements, optimal methods for studying the alula are recommended. This process is schematically presented in Figure 13.



We think that the aerodynamic mechanisms of the avian leading-edge alula should be further studied by improving the research models and methods. The detailed strategies for improvements are as follows:



Firstly, the aerodynamic mechanisms of the alula during complex rigid flapping motions and considering the flexible deformation of wings should be studied separately and then concurrently. Secondly, the influence of the wing plane and section shape of avian wings should be included to comprehensively evaluate the wing in a manner that is closest to nature.



To investigate the aerodynamic mechanisms of the three-dimensional alula, two projects are suggested. On the one hand, the aerodynamic mechanisms of a real bird wing with an alula need to be studied. According to the literature and the geometric data from observing birds in vivo, a natural wing model with an alula (imitating the wing plane shape and the cross-section shape of the bird) can be established. Then, according to the literature and the kinematic data from observing birds, the takeoff and landing kinematics of birds can be extracted. Next, the unsteady flow field and aerodynamic characteristics can be acquired by applying the kinematics of takeoff and landing to the established wing model. The aerodynamic mechanisms of the leading-edge alula can be obtained through an in-depth analysis of the flow-field structure.



On the other hand, an appropriately simplified model is necessary to study the aerodynamic mechanisms of the alula.



Firstly, the variable geometric parameters of a simplified model wing with an alula should be studied. The parameters to be studied include the alula length, the alula height, the alula width, the angle according to the three coordinate axes, the distance between the alula and wing roots, and the distance between the alula and the leading edge.



Then, the effect of kinematic modes and motion parameters should be investigated. The most typical three-dimensional flapping modes of birds include plunging, twisting, sweeping, and folding. The flight of birds in nature often combines these four modes of motion, whereby the most important is the plunging motion. Thus, using the plunging motion as the core, researchers should couple the other motion modes and study the effect of the motion parameters. Furthermore, the alula mostly plays a role during takeoff and landing, during which the twisting motion is probably not apparent. Thus, it can be ignored when studying the aerodynamic mechanisms of the alula. The suggested motion modes are as follows:




	(1).

	
Pure plunging motion (plunging amplitude, frequency),




	(2).

	
Plunging and sweeping (plunging amplitude, sweeping amplitude, frequency, phase difference),




	(3).

	
Plunging and folding (plunging amplitude, folding amplitude, frequency, phase difference),




	(4).

	
Plunging, sweeping, and folding (amplitudes, frequency, phase difference).









If researchers are aiming to investigate the effect of the alula during maneuvering, preying, or other flight modes, the twisting motion can also be taken into account.



Lastly, the combined influence of complex rigid flapping motions, flexible deformation of the wing, and wing plane shape and section shape needs to be evaluated.



Taking into account the results from the above-proposed studies, the effects of flexibility and wing plane shape and section shape should be studied using three-dimensional models.



As mentioned above in Section 2.2.2, the LES method or hybrid LES/RANS method, as well as their combination with wind-tunnel experiments using PIV technology, is suggested in future research.




4. Summary


This paper briefly reviewed the research progress on the leading-edge alula of birds, focusing on its aerodynamic mechanisms and applications. Generally speaking, there have been considerable achievements in research on the leading-edge alula. Its functions and aerodynamic mechanisms have been explained to a certain extent. Some exploratory studies have also been conducted, and the influences of variable parameters have been obtained. However, the current research ignored some important factors, which may have greatly influenced the conclusions obtained, such as complex flapping motions, flexibility, and the plane and section shape of the wing. For a deeper understanding of the aerodynamic mechanisms and functions of the alula, we suggest that more in-depth studies should be conducted considering the following aspects:




	(1).

	
The plunging, sweeping, twisting, and folding motions of birds can produce very complex unsteady effects on the function of the alula. Thus, it is necessary to investigate the aerodynamic mechanisms of the alula during complex flapping motions.




	(2).

	
Flexible deformation and wing plane and section shape have a significant impact on the aerodynamic characteristics of flying creatures and may cause special aerodynamic phenomena. Thus, it is necessary to study the aerodynamic mechanisms of the alula taking these factors into account.




	(3).

	
Flying creatures in nature have complex flapping motions, different flexible deformations, and distinct wing plane shapes and section shapes. Therefore, research on the alula simultaneously considering all aspects can best reflect the aerodynamic mechanisms of the alula observed in nature.









Following a comprehensive consideration of accuracy and cost, the LES method or hybrid LES/RANS method, as well as their combination with wind-tunnel experiments using PIV technology, is suggested.
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Nomenclature

	
Abbreviations




	
    C P    

	
Pressure coefficient,   P /  (  0.5   ρ  v 2   )   

	
LEV

	
Leading Edge Vortex




	
    C L    

	
Lift coefficient,   L /  (  0.5   ρ  v 2  s  )   

	
DPIV

	
Digital Particle Image Velocimetry




	
    C D    

	
Drag coefficient,   D /  (  0.5   ρ  v 2  s  )   

	
PIV

	
Particle Image Velocimetry




	
    C M    

	
Pitch moment coefficient,   M /  (  0.5   ρ  v 2  s  )   

	
AoA

	
Angle of Attack




	
    C l    

	
Roll moment coefficient,   l /  (  0.5   ρ  v 2  s b  )   

	
LEAD

	
Leading Edge Alula Device




	
  α  

	
Angle of attack (deg.)

	
CFD

	
Computational Fluid Dynamics




	
  β  

	
Relative angle of attack of alula(deg.)

	
CSD

	
Computational Structural Dynamics




	
  γ  

	
Deflection angle of alula (deg.)

	
RANS

	
Reynolds-averaged Navier-Stokes




	
  d  

	
Distance of the alula root from wing tip

	
LES

	
Large Eddy Simulation




	
  ρ  

	
Density of fluids

	
AR

	
Aspect Ratio




	
  v  

	
Freestream velocity

	
St

	
Strouhal number




	
  s  

	
Wing area

	

	




	
  b  

	
Wing span
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Figure 1. The deflection of the alula in a pigeon’s flight. 
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Figure 2. (a) Pressure coefficient on the upper surface of the airfoil (dashed line: airfoil without the alula; solid line: airfoil with the alula). (b) Flow pattern over the upper surface of the airfoil with the alula at different angles of attack [4]. 
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Figure 3. Variation in lift coefficient with the angle of attack for a pigeon wing model (●: without alula deployment; ○: with alula deployment) [5]. 
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Figure 4. Polar curve based on the lift area and the drag area of specimen at different velocities (different colors represent different freestream velocities; solid line: with the alula; dotted line: without the alula) [6]. 
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Figure 5. (a) Contours of the time-averaged streamwise velocity at five spanwise locations on the wing (upper panel: with the alula; lower panel: without the alula). (b) Artist’s impression of the effect of the alula-tip vortex on flow separation [6]. 
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Figure 6. Schematic of the leading-edge alula device adopted by Mandadzhiev et al. [18,19]. 
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Figure 7. Interaction plots between the lift coefficient and the alula parameters at (a)    α     = 4°, (b)  α  = 10°, and (c)  α  = 18° at Re = 105 [19]. 
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Figure 8. Schematic of the leading-edge alula device adopted by Linehan et al. [22]. 
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Figure 9. (a) Lift, drag, and pitch moment coefficient as a function of angle of attack for dual-opposing alulae placed at various spanwise locations. (b) Change in lift, drag, and pitch moment coefficient relative to baseline wing as a function of the spanwise location of the alula [22]. 
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Figure 10. Effect of the spanwise distance of a single alula from the left wing tip on the roll moment coefficient curves of an AR = 1.5 rectangular wing [22]. 
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Figure 11. Regions with different colors represent the testing condition under which any alula deflection was observed; points represent the condition where the alula had maximum deflection [27]. 
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Figure 12. Classification of wing shape: elliptical wings, high-speed wings, high-aspect ratio wings, and slotted high-lift wing [32]. 
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Figure 13. Predictions for studying the aerodynamic mechanisms of the avian leading-edge alula. 
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