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Herein, the pressure-sensitive paint (PSP) was used to quantitatively investigate the aerodynamic effect of an alula-like vortex generator, which is a bio-inspired passive flow control structure. The global pressure distributions on the upper surface at different angles of attack were measured to determine the strength of sectional suction forces on the wing. An alula-like vortex generator equipped at the leading edge of the wing enlarged the area of the suction region (negative pressure coefficient) on the upper surface in both the streamwise and spanwise directions under near-stall and deep-stall conditions, which is related to the generation of lift and avoiding the stall of wing. A wing model equipped with a vortex generator of an 11% height/chord length ratio exhibited the greatest performance at all angles of attack. In this study, the use of PSP technique not only helps to understand the aerodynamic effect of the alula-like vortex generator but also shows a perspective tool for bio-inspired MAVs design.
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1 INTRODUCTION
The development of micro air vehicles (MAVs) motivates the study of the flapping aerodynamics (revolving/sweeping motion and stroke reversal) of natural flyers [1–4]. Unsteady large-scale vortex structures are produced near the leading and trailing edges to produce the suction regions on the lifting surface during flapping flight. If vortex bursting occurs on the outer spanwise locations of wings with a high aspect ratio (AR), it has a greater effect on lift than on thrust [5]. For the flying creatures in nature, there are various ways to control the occurrence of vortex busting, which include the special wing structures, feature morphology, and wing kinematics.
Passive (vortex generators, VGs) and active (modulated pulse jet vortex generator [6, 7] and jet actuator [8]) flow control techniques are both well developed in the fixed-wing aircraft design. For birds, one of the common special wing structures for flow control is alula, which is a small group of feathers attached to the leading edge of a bird’s wing (Figure 1) and usually acts as a flow control device. The Its function is similar to that of an extended leading-edge slat or a VG on an aircraft. The function of alula has been known from previous studies [9–12]. A small streamwise vortex is formed at the tip of the alula which delays a stall and increases lift at slow speeds, and in steep descents during a glide-assisted landing. Longer alula on heavier birds forms the streamwise vortex further from the main wing, which suppresses flow separation at high angles of attack [13].
[image: Figure 1]FIGURE 1 | Alula at the front of the wing which could be seen during flight. Image was taken from Pixabay under the Creative Commons (CC0).
The geometry and dimensions of vortex generators (VGs) were studied for a long time [14–16]. VGs that are positioned at an incidence angle to the local flow act as a passive flow control device by drawing high-energy freestream fluid down to the wing’s surface. The dominant geometric factors are the height, the length and the position of the VG. Near-wall flow inhibits flow separation and up-sweep flows are attenuated. To reduce the number of VGs, Ichikawa et al. [17] showed that increasing the height of a VG generates strong vortices, so is an increase in drag. Note that there is limited data with regard to the effect of VGs on a wing in the flow at low Reynolds number (less than 2 × 105) [18, 19]. In recent years, some researchers have tried to investigate the effect of installing vortex generator on MAVs [20, 21]. Applying bio-inspired design of VG to MAVs is a interesting topic that has not been studied yet. The aerodynamic effect of an alula-like VG was investigated by either particle image velocimetry (PIV) and oil-film experiment in a wind tunnel or numerical simulations [22, 23]. However, there is still no information on the global surface pressure distribution due to a restriction of pressure tube installation for a thin wing.
Pressure-sensitive paint (PSP) is a non-invasive measurement technique which provides the global pressure field on the surface of a model [24, 25]. PSP contains the luminescence molecules that are dissolved in a chemical solvent with the polymer binder. The intensity of the emissions from PSP that is illuminated by a light source is inversely proportional to the magnitude of the pressure on the local surface. The global surface pressure patterns are determined based on static and in situ calibration [26]. The development of PSP technique benefits the understanding on aerodynamics studies and has been successfully and widely applied in the experiments with high-speed flow [27]. However, restricted by the pressure sensitivity of PSP, this technique is rarely used in a low-speed wind tunnel and is still worth to develop in different applications [28–30].
In this study, a bio-inspired passive flow control structure was studied. An alula-like VG, designed with reference to the geometry and configuration of birds, was positioned at a quarter wing span as a simplified wing model. PSP technique is utilized to obtain the global pressure distribution on the upper surface of the wing. Three different flight conditions (pre-stall, near-stall, and deep-stall) were tested for different angles of attack. These pressure distributions were used to determine the strength of the suction forces that are caused by a wing with/without the installation of an alula-like VG. The information shown in this study not only provides the further understanding of wing-alula interaction but also can be used as a concept of passive flow control for bio-inspired MAV design.
2 EXPERIMENTAL SETUP
2.1 Test model design
The test model utilized in this study is a flat plate with and without the alula-like VG. The schematic diagram of the test model is shown in Figure 2A and the geometric dimensions of the test model are shown in Table 1. A T6061 aluminium flat plate without a VG is denoted as the baseline case. The size of flat plate is 100 mm (chord length, c) × 400 mm (span, b) × 5 mm (thickness) and the corresponding AR is 4. A wing model with an AR of 4 is similar to the value for the wing of a hummingbird, which requires less power to hover [31]. The size of the wing model ensures that the blockage ratio of the wind tunnel test is less than 1.5% at all angles of attack testing in this study.
[image: Figure 2]FIGURE 2 | (A) Schematic diagram of the wing model with an alula-like vortex generator and the PSP measurement area. (B) Side view of the PSP measurement system configuration.
TABLE 1 | The geometric parameters, kinematic parameters, and the relative dimensionless parameters of the test model.
[image: Table 1]The geometric dimensions of the alula-like VGs are based on several previous studies. Wang and Ghaemi [32] determined that a rectangular or vane-type VG gives the greatest improvement in flow mixing. The Alula-like VGs tested in this study are all rectangular shaped. The VGs are made of Poly Lactic Acid (PLA) and were 3D printed using a PING DUAL-300 FDM3D printer (Taiwan) which has a net build volume of ∅300 mm × H270 mm and the resolution of 0.05 mm per layer. The size of the VGs is 11.5 mm (chord length) × 35.0 mm (span) with different heights. The heights of the VGs were represented by the dimensionless height h* which is the ratio between the height (h) and the chord length (c) of the VG. The value of h* test in this study is 6% (VG1), 11% (VG2), and 17% (VG3). The right-front edge of the VG was positioned at the leading edge of the wing. For an airfoil at low Reynolds number (Re ≈ 1.6 × 105), Seshagiri et al. [19] determined that an incidence angle, θ, of 25° gives better performance than a value for θ of 15°. Linehan and Mohseni [33] showed that the typical spanwise positions for the alula of real birds are in the range of y* ≈ 0.23–0.36 with the AR ranged from 4 to 6. In this study, all alula-like VGs were mounted at an angle of 25° and were all aligned along the leading edge of the test model and located at y* = 0.26, here y* (=y/b) is the relative distance to the wing root in the spanwise direction.
Linehan and Mohseni [33] also showed that the stall angle for a rectangular flat plate is approximately 23°. Therefore, the angle of attack, α, tested in this study is 10°, 25°, and 45° which represent the pre-stall, near-stall, and deep-stall conditions, respectively. The schematic of the PSP measurement system in the wind tunnel is shown in Figure 2B. An epoxy screen layer (SCR-100) was used to mask machining marks and stains. The PSP was painted onto the upper surface of the model (suction side), and the measured region is located from y* = 0.23 to y* = 0.50 as shown in Figure 2. Despite the measurement of the full-field pressure distribution, to understand the influence of the alula-like VG, the variation of the pressure coefficient along the streamwise direction at y* = 0.32, 0.38, and 0.44 are also determined. Note that the VG was located at x* = 0–0.26 and y* = 0.26–0.35.
2.2 Wind tunnel
All the experiments were conducted in a close-loop low-speed wind tunnel in the Aerospace Science and Technology Research Center of the National Cheng Kung University (ASTRC/NCKU). The wind tunnel contains a honeycomb and five screens upstream of a nozzle with a contraction ratio of 9. The constant-area test section is 1.2 m (height) × 1.8 m (width) and is 2.75 m long. The facility consists of a 450 HP fan (Flakt, FAC-6-280-10-12, Herne, Germany) and an inverter (Fuji medium-voltage IGBT, FRENIC4600FM5e, Tokyo, Japan).
The operated speed of the wind speed, V, ranges from 3 to 67 m/s and is determined by the differential pressure between the inlet and the exit of the contraction section using a GP50 low range differential pressure transducer (Model 216-C-SZ-CA/LB; range = 0–2.6 kPa; static accuracy = ±0.2%FS, Grand Island, New York). In this study, the testing velocity of freestream is 20 ± 2 m/s and the corresponding turbulence intensity is approximately 0.3%. Three repeated runs for each test cases were conducted on different days. The Reynolds number based on the chord length of model and the testing condition, Rec, is 1.23 × 105.
2.3 Pressure sensitive paint and oil flow visualization
As shown in Figure 2B, two excitation light-emitting diode (LED) light sources were used to illuminate the PSP coated surface and the emitted signal was captured by a Charge Coupled Device (CCD) camera. The intensity of the emission is inversely proportional to the partial pressure of oxygen, which is related to the local surface pressure on the test model. The CCD camera used in this study is 14-bit resolution on gray scale. For PSP calibration and wind tunnel testing, the light intensity on the test model is under control at the grey scale ranging from 12,000 to 14,000 (80% of light limitation). The UniFIB PSP utilized in this study were purchased from ISSI Co. (Dayton, Ohio). It is a blend of Fluoro/Isopropyl/Butyl polymer (FIB), Platinum tetra (pentafluorophyenyl) porphine (PtTFPP) and white pigment. The respective ab-sorption and emission spectra for UniFIB PSP are 380–520 nm and 620–750 nm. The response time that is quoted by the manufacturer is 300 ms. It means that the paint cannot be used to detect unsteady flow separation.
Figure 3A shows the pressure calibration setup which was conducted in a chamber with a pressure transducer (Validyne DP103-24, range = ±2.2 kPa; Northridge, California). The paint was excited by using two 2100-lumen LED lamps (Revox SLG-55, Kanagawa, Japan) with a 550-nm short-pass optical filter. A 14-bit scientific-grade CCD camera (PCO Pixelfly, Kelheim, Germany; 1,392 × 1,040 pixels; 1 pixel ≈0.21 mm) with a 600-nm long-pass optical filter was used to acquire luminescent images. The exposure time is 300 ms, as suggested by ISSI Co. The Stern–Volmer equation is shown in Eq. 2.1.
[image: image]
[image: Figure 3]FIGURE 3 | (A) Schematic diagram of the PSP calibration setup. (B) The Calibration curve for UniFIB PSP at a temperature of 26°C. (C) The validation of UniFIB PSP by measuring the pressure coefficient for a NACA0012 airfoil at the freestream velocity of 40.0 m/s and an angle of attack of 15°.
The calibration curve is determined using 64 images with the reference conditions at ambient pressure and 26°C, where A(T) and B(T) are temperature-dependent coefficients.
The calibration curve, Figure 3B, shows a linear relationship between the intensity ratio for the luminescence, Iref/I, and the pressure ratio, p/pref. The value for B(T) (or pressure sensitivity) is 1.04%/kPa. Thermal quenching causes the value of Iref/I to decrease as temperature increases. Temperatures were recorded during the calibration using a K-type thermocouple (Omega; accuracy = ±0.1°C, Norwalk, Connecticut). The reference intensity, Iref, was recorded by taking the wind-off (post-run) images which were captured immediately after the wind tunnel was shut down. The temperature sensitivity of the PSP sensor is 0.4%/°C. In this study, the Cp values of each test was calculated from 64 images captured consecutively. An in-house Matlab code, including a median filter function (removing noise from an image) and speeded up robust features (image registration) were utilized for these images procession which transformed the luminescent intensity to pressure data by using the calibration curve shown in Figure 3A.
The PSP technique determined the global pressure distribution on the upper surface of the wing model. The local pressure coefficient, Cp, and the sectional suction force coefficient, CN,l, are able to be analyzed through the pressure distribution, which are defined as:
[image: image]
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where p∞ is the static pressure of the freestream and the dynamic pressure q∞ is determined using a Pitot-static probe.
To determine the uncertainty of the PSP measurement system used in this study, a NACA0012 airfoil was tested in the wind tunnel at the velocity of 40 m/s and an angle of attack of 15°. The variation of the pressure coefficient along the chordwise direction is shown in Figure 3C which agrees reasonably well with the experimental data from NASA [34]. The average error, standard deviation of measurement, for the PSP sensor is determined by Eq. 2.4 and the value of σ is 0.17, in which the value of Cp ranges from −0.62 to −10.76.
[image: image]
To verify the flow field deduced from the surface pressure distribution, surface oil-flow visualization was also used to locate flow separation and reattachment [35]. This study used a mixture composed of kerosene, lubricant oil (5W 20), titanium dioxide, and oleic acid with a ratio of 67:20:12:1 in weight. The mixture was painted via lightly brushing on the surface of model before experimental process and then the fan was turned on. When the surface oil flow streaks were properly established, the wind tunnel was shut down. Images were immediately recorded using a digital camera.
3 RESULTS AND DISCUSSION
3.1 Surface pressure distribution with/without the installation of a VG
Viscous forces are increasingly more important than inertial forces and the boundary-layer physics varies for Reynolds number less than 106. Due to viscous effect, the flow for a flat plate at a high angle of attack separates on the upper surface that is very close to the leading edge. Breuer and Jovicic [36] determined that there is a gentle pressure distribution near the leading edge. The flow pass through a flat plate is dominated by the shedding behaviour of the trailing edge vortex. Figure 4 shows the surface oil flow pattern of the wing model without the installation of a VG at α = 25° (near-stall condition). The leading-edge flow separation is shown, and the flow reattachment is observed at x* ≈ 0.83–0.90. However, there is no flow reattachment in the case for α = 45° (open separation).
[image: Figure 4]FIGURE 4 | Surface oil flow pattern for the baseline case at α = 25°.
The surface pressure distributions that are measured using PSP for the model with/without the installation of a VG at different angles of attack are shown in Figure 5. For the baseline case, the region with strong suction is measured near the leading edge at a low angle of attack (α = 10°, Figure 5A), followed by a pressure recovery process and a slightly adverse pressure gradient near the trailing edge. As the angle of attack increases (α = 25°, Figure 5B), the size of suction region near the leading edge grows which leads to an increase in lift. Note that there is a reduction in low-pressure region and the area with the adverse pressure gradient increases under a deep-stall condition (α = 45°, Figure 5C). It represents the flow totally separates and is consistent with the surface oil flow visualization.
[image: Figure 5]FIGURE 5 | Surface pressure distributions with/without the alula-like vortex generator at different angles of attack: (A–C) Without the alula-like vortex generator, and (D–L) with different thicknesses of the alula-like vortex generators.
The function of a VG is to maintain the lift by energizing the flow in the boundary layer and delaying flow separation on the upper surface [14]. The effectiveness of the VG depends on the value of h*, which is related to the effective mixing region [19]. Therefore, VGs with different thickness were tested in different angles of attack. For a pre-stall condition (α = 10°), the surface pressure distributions on the upper surface of a flat plate with an alula-like VG are shown in Figures 5D–F. The distributions of the surface pressure in the measurement region are shown for the three different VGs. There is almost no suction near the leading edge and also no adverse pressure gradient near the trailing edge. The deployment of VG3 (h* = 17%) results in higher pressure (or less lift) than that the use of VG1 (h* = 6%) or VG2 (h* = 11%).
When the angle of attack is increased near a stall condition (α = 25°, Figures 5G–I), a thicker VG results in an extension in low-pressure region. Under a deep-stall condition (α = 45°), the VG1 maintains the suction force near the leading edge and also helps to delay the generation of the adverse pressure gradient near the trailing edge (Figure 5J). An alula-like VG prevents flow separation and enhances the generation of lift. The deployment of VG2 or VG3 on the model both creates a larger area with strong suction. Adverse pressure gradient is also barely shown (Figures 5K, L). There is larger vortical structure for flow separation control (α = 25° and 45°) as the height of VG increases. The surface pressure distribution for the model with VG2 enlarges the area of the strong suction region in the streamwise direction. This implies that the VG2 helps to maintain the strength of the leading vortical structure in both the streamwise and the spanwise directions, which is related to the generation of lift. The surface oil flow visualization in Figure 6 also shows that, the wing equipped with VG2, there is a deflection of streak lines at x* ≈ 0.7 which represents flow reattachment even at high angle of attack.
[image: Figure 6]FIGURE 6 | Surface oil flow visualization for a thin flat-plate at α = 45° with the installation of VG2.
3.2 The strength of the low-pressure region with/without the installation of a VG
The aerodynamic effect of VGs can be qualitatively and quantitatively analysed through the surface pressure distribution. Here a cubic spline method is used to fit the variation of the pressure coefficient. Figure 7A shows the variation of Cp along the streamwise direction for the baseline case at different angles of attack and y* = 0.44. At α = 10° and 25° (pre-stall and near-stall conditions), greater negative pressure coefficients are shown near the leading edge and increase along the streamwise direction. There is a significant increase in the pressure coefficient for x* > 0.8. At an angle of attack for the deep-stall condition (α = 45°), the pressure coefficients near the leading edge is greater than the cases at smaller angles of attack which represents the weaker suction on the upper surface. Besides, there is also a significant increase in the pressure coefficient at the middle of the wing along the streamwise direction. The variation of Cp along the streamwise direction with/without the installation of a VG at different angles of attack are shown in Figures 7B–D. In comparison with the baseline case, the model with an alula-like VG show a significant enhancement in the magnitude of the negative pressure coefficient on the upper surface. The VG2, with the moderate thickness, shows the best performance on alleviation of flow separation.
[image: Figure 7]FIGURE 7 | Variation of the pressure coefficient along the streamwise direction: (A) The model without an alula-like vortex generator at different angles of attack and y* = 0.44, and (B–D) comparison for the model with/without an alula-like vortex generator at y* = 0.44 and angles of attack of 10°, 25°, and 45°, respectively.
The value of CN,l corresponds to sectional suction force on the wing model. The integration of the pressure coefficients along the streamwise direction at y* = 0.32, 038, and 0.44 is calculated, as shown in Figure 8. At y* = 0.32, the data for x* = 0–0.25 is not used to integrate the value of CN,l due to the cover of a VG. For the baseline case, the magnitude of CN,l for α = 10° is less than that for α = 25°, but not for α = 45°, which already stalled. The magnitude of CN,l decreases if an alula-like VG is mounted on the wing model. For α = 10° (pre-stall), an increase in h* is less effective and creates more drag penalty. There is an opposite trend for α = 25° (near-stall). The installation of VG2 results in a lower value of CN,l for α = 45° (deep-stall). For y* = 0.38 and 0.44 (outer spanwise locations), the wings equipped with a VG all showed similar effect on CN,l as for y* = 0.32. For α = 25°, the value of CN,l of the wing equipped with VG1 is greater than that for the baseline case. In summary, the alula-like VG benefits on the increasing of entirely strength of the suction force on the upper surface of the wing and delays the stall in a post-stall condition if the VG is sufficiently thick.
[image: Figure 8]FIGURE 8 | The strength of the low-pressure region on the upper surface at different spanwise locations: (A–C) Spanwise locations at y* = 0.32, 0.38, and 0.44, respectively.
The effectiveness of VGs is evaluated by the difference in the suction force coefficient, ΔCN,l [= (CN,l)VG − (CN,l)baseline], with and without the installation of a VG for the same test condition. Figure 9 shows that ΔCN,l varies with the angle of attack at different spanwise positions. For y* = 0.32, the presence of a VG results in a reduction in the value of ΔCN,l for α = 10° and 45° and there is little effect for VG1 for α = 25° (Figure 9A). In the region farther away from the VG (y* = 0.38 and 0.44), the VG helps to maintain the relatively stronger suction of flow for a deep-stall condition (Figures 9B, C). The VG induces vortex structure propagates downstream and results in a relatively more conducive to downstream attached flow in outer spanwise locations. A thin plate wing with VG2 shows the greatest increase in the strength of suction force on the wing, which related to the better aerodynamic performance.
[image: Figure 9]FIGURE 9 | The increase in the strength of the low-pressure region on the upper surface at different spanwise locations: (A–C) Spanwise location at y* = 0.32, 0.38, and 0.44, respectively.
4 CONCLUSION
Discrete pressure taps cannot be used to determine global surface pressure pattern for a thin flat plate wing, and PSP technique is rarely used in a low-speed flow due to a low-pressure sensitivity. This study successfully uses PSP to determine the aerodynamic effect of an alula-like VG on a thin flat plate wing. The pressure distributions on the upper surface at different angles of attack is measured to determine the strength of the sectional suction force. An alula-like VG shows the enhancement of the suction area in both the streamwise and the spanwise directions especially under near-stall and deep-stall conditions. The region with relatively lower pressure on the upper surface was shown for an alula-mounted wing model at α = 45° (deep-stall condition). This is related to the generation of lift and avoiding the stall of wing. The vortex that is induced by a VG propagates downstream and results in an extension in the low-pressure regions or an increase in the sectional suction force coefficient, particularly at the outer spanwise locations. For a value of h* of 11%, VG2 produces the greatest performance in suction force enhancement at all angles of attack. This study successfully demonstrates the application of PSP technique used in the biomimetic low-speed/low-Re flow analysis. It plays an important role for the understanding of biomimetic aerodynamics and the design phase of advanced MAVs development.
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NOMENCLATURE
Abbreviations
AR aspect ratio
B(T) pressure sensitivity
b span
Cp pressure coefficient
CN,l sectional suction force coefficient
c chord length
h height of vortex generator
h* h/c
I intensity for the luminescence
Iref intensity for the luminescence at reference pressure
p mean surface pressure
p∞ freestream static pressure
pref reference pressure, 1 atm
q∞ dynamic pressure
V freestream velocity
T temperature
x longitudinal coordinate
x* x/c
y spanwise coordinate
y* y/b
Greek symbol
α angle of attack
ΔCN,l increment in sectional suction force coefficient
θ incidence angle of vortex generator
σ standard deviation
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