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Small Unmanned Aerial Vehicles (UAVs) are becoming more common as electronic systems 5 

decrease in size and weight. These aircraft fly below a Reynolds number of 250,000, where, in 6 

clean flow, the wing boundary layer undergoes laminar to turbulent transition for a significant 7 

portion of the wing chord. However, many UAVs fly at low altitude, where significant levels 8 

of turbulence are encountered due to terrain roughness. The present study was carried out to 9 

understand how this turbulent flow changes the performance of the UAV wing, in particular, 10 

how this influence may vary with the camber of the airfoil form. Two airfoils, a NACA0012 11 

and a NACA4412, were tested in relatively clean and highly turbulent flows in a wind tunnel. 12 

Testing was conducted at Reynolds numbers of 50,000 to 200,000, with turbulence intensities 13 

from 1.3% to 15%. Under increasing turbulence intensities, in contrast to prior flat plate 14 

research, the maximum lift coefficient was seen to decrease by up to 30% for the cambered 15 

airfoil, compared with a 5% rise for the symmetrical form. The influence of the Reynolds 16 

number on both airfoils decreased as the turbulence intensity increased, while camber 17 

maintained a point of difference. 18 

Nomenclature 19 

c = wing chord length 20 

Cp = pressure coefficient 21 

Cl = lift coefficient 22 

Cm = quarter-chord pitch-moment coefficient 23 
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Iu = turbulence intensity 24 

Lxx = integral length scale 25 

q = reduced pitch rate 26 

Re = Reynolds number 27 

t = time 28 

Tc = convective time 29 

u = mean onset flow velocity 30 

u’ = onset flow velocity fluctuations 31 

α = angle of attack, AoA 32 

αIu = pitch angle change induced by turbulent onset flow 33 

σ = standard deviation 34 

ρ = density 35 

I. Introduction 36 

he development of small Unmanned Aerial Vehicles (UAVs) has rapidly accelerated since the 1990s, thanks 37 

primarily to the miniaturization of electronic systems [1], essential for propulsion, control and payload capability. 38 

Small UAVs are valuable tools for both civilian and military operators, providing in-the-field response for 39 

reconnaissance, communications, tracking, search and rescue, aerial surveying and photography [1, 2]. For a fixed-40 

wing aircraft, Fahlstrom and Gleason [3] described a small UAV as 0.5 m to 2 m in wingspan, with Pines and 41 

Bohorquez [4] adding that such systems often have a maximum mass of 5 kg. Furthermore, Torres and Mueller [5] 42 

defined the Reynolds number (Re) range for small fixed-wing UAVs to lie in the range 50,000 to 250,000, Kody and 43 

Bramesfield [6] have suggested 100,000 to be a typical Reynolds number for a small UAV. The Reynolds number is 44 

defined for the small, fixed-wing UAV with the mean wing chord as the reference length. Reynolds numbers relevant 45 

to small UAVs are low enough for a significant laminar region to be present in the wing velocity boundary layer. In 46 

the presence of an adverse pressure gradient, such as downstream of the suction peak on the wing, a low-energy 47 

laminar boundary layer may be induced to separate even in smooth flow [7, 8]. As an unbounded free-shear layer, the 48 

flow is less stable than it was as a wall-bounded flow, and so readily transitions to a turbulent shear layer [7, 9-11]. 49 

This shear layer spreads as it entrains more fluid, which may allow the flow to reattach to the wall, enclosing a Laminar 50 

Separation Bubble (LSB) [11-14]. The LSB may be short (a few percent of the chord or less), or long. Increasing the 51 

T 
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Reynolds number accelerates transition, which can make the LSB insignificant, while a stronger adverse pressure 52 

gradient or greater surface curvature may delay reattachment, enlarging the LSB. 53 

 Fig. 1 illustrates the general influence of a short and long LSB on the suction-surface pressure recovery, where the 54 

long LSB significantly distorts the pressure field compared to a small step for a short LSB. The LSB is evident as a 55 

plateau of near-constant pressure reaching out from the separation point on the pressure recovery curve, before 56 

transitioning to a turbulent boundary layer where the plateau ends, and returning to the inviscid pressure recovery 57 

curve as the flow reattaches. Marxen and Rist [15] note that a long LSB can also tend to reduce the suction peak 58 

upstream. This, in turn alters the lift, drag and pitch moment characteristics of the airfoil, changing the effective form, 59 

resulting in significantly different behavior for a given airfoil from the high Reynolds number regime of manned 60 

aircraft. Carmichael [8] suggests that below a Reynolds number of 200,000 an LSB should be present on most airfoils 61 

in clean flow, reducing in length as the Reynolds number increases.  62 

  63 

Fig. 1 Illustrative comparison of short and long LSB effect on suction surface Cp 64 

Due to the LSB, significant hysteresis can be expected in the static lift curve around stall below a Reynolds number 65 

of 70,000 for airfoils with greater than 6% thickness [16-18]. This is shown in Fig. 2, produced from the data of Selig 66 

et al. [18], in two forms, clockwise and anticlockwise. This is due to the influence of the LSB on flow separation and 67 

reattachment; the AoA at which the LSB detaches from the airfoil as the angle increases past stall differs from the 68 

AoA at which the LSB reforms as the angle is decreased from being stalled. Selig et al. [18] identify a clockwise 69 

hysteresis as a short LSB reforming at a lower AoA than that at which it burst, while an anticlockwise loop is a long 70 

LSB collapsing to a short LSB. The airfoil geometry, Reynolds number and airfoil form dictate the nature of hysteresis; 71 

while at a Reynolds number of 150,000 Mueller and DeLaurier [16] found a turbulence intensity of 0.3% to be 72 

sufficient to remove hysteresis for a Lissaman 7769, Cao [19] observed hysteresis at a turbulence intensity of 4.1% 73 

and a Reynolds number of 55,000 with an S1223 airfoil. 74 
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 75 

Fig. 2 Examples of lift stall hysteresis loops at low Reynolds numbers (Based on data of [18]) 76 

 A UAV operating at such Reynolds numbers, however, is limited in altitude, often from 100 to 500 ft above ground 77 

level. At these altitudes, significant roughness effects are evident in the Earth Atmospheric Boundary Layer (ABL), 78 

resulting in high turbulence intensities [20]. Turbulence is irregular flow motion superimposed on the mean velocity, 79 

consisting of vortices of up to 1 km diameter in the ABL down to dissipation scales [21]. Its irregular motion is defined 80 

by statistics, often the turbulence intensity, presented in Eq. 1, where u’ represents the velocity fluctuations from the 81 

mean velocity. As u is the relative speed of the flow to the UAV, the turbulence intensity perceived by the UAV is 82 

usually lower than a static probe due to the UAV motion. 83 

  ′
 

(1) 

 Replicating UAV flight through a city, Loxton [22] recorded turbulence intensities of up to 20.1%, agreeing with 84 

the work of Teunissen [23] and Wang et al. [24] for comparable airspeeds. Also of importance is the Integral Length 85 

Scale of turbulence, Lxx, a measure of the average turbulent eddy size. Teunissen [23] recorded integral length scales 86 

of up to 180 m during his testing at 11 m elevation, a height relevant to small UAVs but which is still impractical for 87 

replicating in a wind tunnel. However, Roadman and Mohseni [25] concluded that eddies an order of magnitude larger 88 

than the wingspan of the UAV produce little effect, being seen as quasi-steady flow. 89 

 The combined effects of turbulence and low Reynolds numbers have been experimentally investigated extensively 90 

for thin airfoils, notably flat plates. It has been generally seen that an increase in the turbulence intensity for a given 91 

Reynolds number and integral length scale delays stall, reduces the lift slope, but results in a higher maximum lift 92 

coefficient and high fluctuation of the lift coefficient [22, 26-29]. The mechanism for this was seen by Ravi et al. [27] 93 

to be due to the formation of leading edge vortices off the sharp leading edge. Although the airfoil may be static, the 94 

instantaneous AoA can see rapidly pitching motion due to the fluctuating onset flow. This effective pitching resulting 95 
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in vortex shedding and delayed stall can be compared to prior dynamic stall research, in which steady pitching airfoils 96 

have been extensively examined [30-34].   97 

 Two notable differences are apparent, however. While in regular sinusoidal pitching the periodic nature of the 98 

flow allows a vortex to regularly form, grow and shed, followed by flow reattachment, the irregular turbulent flow 99 

does not allow such cycles, limiting vortex growth. Compounding this is that regular pitching is effectively two-100 

dimensional; with turbulence it is three dimensional, and so vortices cannot form as a spanwise event and may be 101 

disturbed by adjacent flow phenomena. It is unclear as to whether the trends seen by Ravi et al. [27] continue 102 

indefinitely as turbulence intensity increases due to the irregular nature of the flow. 103 

 However, flat plates are of limited practical use for a UAV, lacking strength and valuable internal volume. Hence, 104 

airfoils with greater thickness are of interest. Laitone [35] found at Reynolds numbers below 70,000 that the 105 

NACA0012 performed worse than flat plates due to the significant effects of the LSB, the round-nosed NACA0012 106 

less-readily forming the leading edge vortices which Ravi et al. [27] observed on a flat plate. However, Huang and 107 

Lee [36] indicate that the flow changes due to sufficiently high onset turbulence intensities may mitigate this effect. 108 

Furthermore, cambered airfoils are popular for their superior lift to drag ratios at high Reynolds numbers. For a thin 109 

cambered arc, Pelletier and Mueller [37] saw the lift to drag ratio still increased compared to a flat plate below a 110 

Reynolds number of 200,000, but with a considerably less linear pre-stall lift curve than their flat plate equivalent. 111 

Shyy et al. [38] also noted a greater sensitivity in the lift coefficient to AoA with a cambered plate and that drag 112 

increased as the maximum camber position moved aft. However, being thin plates with a sharp leading edge, there is 113 

still potential for vortices to form and so produce the effects seen on flat plates. Cao [19], however, showed that a 114 

different process may exist for cambered thick airfoils. Studying an S1223 airfoil at turbulence intensities up to 9.5%, 115 

Cao [19] saw a slight decrease in the maximum lift coefficient for an increase in turbulence intensity, in opposition to 116 

the findings of flat plate research. However, it is not clear whether this phenomenon is a result of the camber or other 117 

aspects of this particular airfoil geometry. 118 

 To assess the influence of camber on a thick airfoil in turbulent onset flow, a comparison is made between two 119 

airfoils sharing the same thickness distribution in the present study: a symmetrical NACA0012 and a cambered 120 

NACA4412. The NACA0012 was selected on the basis of its history as a common reference specimen [39]. The 121 

NACA4412 provided an airfoil identical to the NACA0012 except for its mean curvature. The primary interest in this 122 

work is the change to the time-averaged lift coefficient, and to gauge whether the fluctuations change with the airfoil 123 
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camber. This latter aspect is of interest as Saric et al. [40] noted that camber can reduce receptivity, the process by 124 

which turbulence is taken in by the boundary layer. With this, it can be seen if camber plays a role in the interaction 125 

of a thick wing in turbulent flow, and whether a cambered airfoil is more or less susceptible to flow effects. The 126 

desired end outcome is to assist in the design and operation of small UAVs in adverse weather by use of suitable 127 

airfoils or determining the performance change of those in use. 128 

II. Experimental Method 129 

Testing was conducted on two pressure-tapped airfoils, a symmetric NACA0012 and a cambered NACA4412, in 130 

the University of Auckland Closed-Loop Wind Tunnel. The airfoils share the same thickness distribution, with a 131 

maximum thickness of 12% chord at 30% chord length from the leading edge. The NACA4412 features a maximum 132 

4% camber at 40% chord. The airfoil chord was 0.3 m, and testing at flow speeds of 2.5, 5.0 and 10.0 m s-1 produced 133 

chord-based mean Reynolds numbers of 50,000, 100,000, and 200,000, rounded to the nearest 1000. Both wings had 134 

a span of 0.9 m with a splitter plate on each end, designed per the recommendations of Boutilier and Yarusevych [41]. 135 

The maximum blockage of the test set-up was 3% at 20° AoA, well below the 10% limit [42] beyond which velocity 136 

corrections are required. Fig. 3 shows the test setup in which the wing is mounted vertically from 700 mm above the 137 

floor, the boundary layer thickness being 500 mm. 138 

 139 

Fig. 3 NACA0012 Test Wing in Closed Loop Wind Tunnel, Grid at Inlet, wing 20 m from grid 140 

Testing was conducted over an AoA range of -6° to +20° in 2° increments, for each airfoil. In order to observe 141 

whether any static lift curve stall hysteresis was apparent, after increasing the AoA from -6° to 20°, testing was 142 

repeated for the AoA decreasing from 18° to -6°, also in 2° increments. The wind tunnel was left running at constant 143 



7 
 

speed as the AoA was changed. Table 1 summarizes the test Reynolds numbers and AoA range. Angular accuracy 144 

throughout testing was ±0.1°. 145 

Table 1 Test Parameters 146 

Parameter Values 

Reynolds Number 50,000 100,000 200,000 

Mean Flow Speed (m s-1) 2.5 5.0 10.0 

AoA (°) -6° to 20°, 2° increments 

The surface pressure taps were connected to pressure transducer boxes via 1500 mm of Scanivalve VINL-063 147 

flexible tubing. Each airfoil had 75 pressure taps, 37 each on the upper and lower surfaces and one at the leading edge. 148 

Tap spacing was 5 mm downstream for the first 100 mm of chord on both surfaces, and 10 mm for the remainder. The 149 

five nearest the trailing edge on each surface were 3D-Printed into the airfoil form due to space constraints preventing 150 

installation of flexible tubes. The resulting printed tube length in each case was deducted from 1500 mm to give the 151 

length of Scanivalve tubing required; this was to maintain the total signal transmission length between each surface 152 

pressure tap to the transducer. Dynamic pressure correction to account for tubing signal distortion was via the digital 153 

filter method of Halkyard et al. [43]. The transducers employed were Honeywell XSCL04DC differential pressure 154 

transducers with a range of ±650 Pa and ±1% error. These were arranged into transducer boxes with a maximum 155 

sampling rate of 400 Hz. The transducers were calibrated prior to each test via a Druck DPI615 pressure calibration 156 

unit. Sampling was conducted at 400 Hz for 120 s at each AoA, with a 10 s hold after each AoA change. 157 

The wind tunnel flow was profiled with a TFI Cobra probe, providing a time-history of the flow in all three axes. 158 

The turbulence statistics used to characterize the flow were the turbulence intensity, Iu, and the integral length scale, 159 

Lxx. The latter was derived via the auto-correlation estimate and checked via a von Karman fit to the raw data spectrum. 160 

The baseline turbulence intensity of the empty wind tunnel was 1.3%. Elevated turbulence intensities were generated 161 

by a passive biplane turbulence grid, with rectangular-section members 200 mm bar deep, 800 mm square mesh, 162 

providing a 45% blockage ratio. By positioning the grid 5 m and 20 m upstream from the test wing, turbulence 163 

intensities of 15% and 5% were produced, with the turbulence statistics are summarized in Table 2. 15% was the 164 

highest turbulence intensity possible with the biplane grid while allowing sufficient distance to stabilize the flow as 165 

homogeneous and isotropic. The integral length scale is also within an order of magnitude of the wingspan of a typical 166 

small UAV, meeting the suggestion of Roadman and Mohseni [25].  167 
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Table 2 Turbulence Statistics 168 

Parameter Values 

Grid position (m) N/A 20 5 

Iu 1.3% 5% 15% 

Lxx (m) 0.1 0.35 0.25 

Velocity range ±5.2% ±18.9% ±58.7% 

αIu, max (°) 2.7 12.3 31.3 

σ(αIu) (°) 0.67 2.4 6.9 

While turbulence is a three-dimensional phenomenon, the rapidly varying pitch angle of the airfoil is of most 169 

interest. Even though the airfoil itself is rigidly mounted, the unsteady flow causes instantaneous changes in the AoA. 170 

However, it was impossible to record the instantaneous AoA during testing without disturbing the onset flow. 171 

Presented in Table 2 are the maximum pitch angle, αIu, max, and the standard deviation of the pitch angle, σ(αIu), 172 

recorded during flow profiling, with the corresponding time-series data presented in Fig. 4 over an interval of 10 173 

convective time periods. The convective time, Tc, is defined in Eq. 2 as a non-dimensionalised time, referencing the 174 

physical time, t, wing chord, c and mean flow velocity, u. Also seen is the reduced pitch rate, highlighting the rapid 175 

angular changes occurring and defined as q in Eq. 3. With the turbulence grid, these latter values are considerably in 176 

excess of the value of 0.01 stated by Sheng et al. [44] as necessary for dynamic stall to occur. 177 

 
 

(2) 

 

2
 

(3) 

 178 
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 179 

Fig. 4 Instantaneous pitch angle and reduced pitch rate for all test conditions 180 

A further assessment of the turbulent flow is seen in Fig. 5, presenting the Power Spectral Density (PSD) for each 181 

of the three velocity components at all flow speeds and turbulence intensities. For clarity, while the 2.5 m s-1 data 182 

presents its true value, the higher flow speeds have each been stepped down by three decades. The two elevated 183 

turbulence intensities satisfactorily present similar velocity spectra regardless of axis and match the expected 184 

von Karman -5/3 energy decay, the von Karman curves being generated from the measured turbulence intensity and 185 

integral length scale for each case. The Iu = 1.3% case does not, however, follow this curve, nor do the velocity 186 
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components agree. However, this case is uncontrollable being the raw tunnel signal and presents a much lower signal 187 

strength than either of the turbulence grid cases. 188 

 189 

Fig. 5 Velocity Power Spectral Density for all test conditions, three decade offset for each velocity increase 190 

 191 
The primary outputs were the time-averaged lift coefficient and its unsteady loading. These were derived through 192 

integration of the surface pressures, as per Eq. 4 for the lift coefficient. For each tap, i, the chordwise and chord-normal 193 

separation are defined as dx and dy, respectively and l is the chordwise distance to the quarter-chord position as a 194 

fraction of the airfoil chord. Combining the worst-case pressure transducer error and angular error as inputs to Eq. 4  195 

results in a mean lift coefficient error of Cl ±0.03, with the worst case being Cl ±0.07 at u = 2.5 m s-1. 196 

 

,
0

,
0
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III. Results 197 

A. Time-Averaged Lift Coefficient 198 

Fig. 6 shows the time-averaged lift coefficient against AoA for both airfoils at a Reynolds number of 50,000, with 199 

bars on each point used to show the spread of data via the standard deviation. For comparison, the lift curve obtained 200 

by Tsuchiya et al. [45], for the NACA0012 at a similar Reynolds number of 47,000 and a lower turbulence intensity 201 
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of Iu = 0.5%, is also plotted. A reference 2π rad-1 lift slope is also plotted for a comparison to thin airfoil theory. This 202 

shows that the lift slope is at its greatest around 0° for the NACA0012, corresponding to the nonlinearity seen by Selig 203 

et al. [18] due to the LSB switching between the upper and lower surfaces of the airfoil. Tank et al. [39] indicate that, 204 

with a 0.5° AoA resolution, this develops into a slope inversion, which is not evident at this AoA resolution and 205 

turbulence intensity. At other AoA, the lift slope does not approach the theoretical 2π rad-1, which, as expected from 206 

flat plate literature, decreases as the turbulence intensity increases, most notably between Iu = 1.3% and Iu = 15%. 207 

Little change is seen in the lift slope for the NACA0012 between Iu = 1.3% and Iu = 5%. As per the flat plate literature, 208 

the maximum lift coefficient increases on the NACA0012 between Iu = 1.3% and Iu = 5%. However, this then 209 

decreases again as the turbulence intensity increases to 15%, deviating from the expected trend. This deviation is more 210 

apparent in the NACA4412, which sees a small decrease in the maximum lift coefficient as the turbulence intensity 211 

increases from 1.3% to 5%, and then a greater decrease between Iu = 5% and Iu = 15%. Stall hysteresis was not 212 

observed at any turbulence intensity on either airfoil. Marchman and Werme [46] noted that the Clark Y airfoil, 213 

comparable in thickness distribution to the NACA four-digit series at 12% thickness, was not susceptible to hysteresis. 214 

As expected from the greater variability of the onset flow with increasing turbulence intensity, the spread of lift 215 

coefficients is seen to increase with turbulence intensity, producing a highly dynamic system which is not readily 216 

evident from a pure time-average. 217 
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 218 

Fig. 6 Time-averaged Cl at Re = 50,000, increasing Iu 219 

The lift slopes, at the Reynolds number of 50,000, are further compared in Fig. 7 for both airfoils, normalized 220 

against the theoretical 2π rad-1 slope. As was seen in Fig. 6, the maximum lift slope arises at 0° for Iu = 1.3%, being 221 
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more prominent on the NACA0012 due to its lower lift slope than the NACA4412 at negative AoA. This observation 222 

matches that of Tsuchiya et al. [45], reaching a peak value of 118% of the theoretical 2π rad-1. Although the work of 223 

Spedding and McArthur [47] suggests that the pre-stall lift slope for a two-dimensional airfoil at this Reynolds number 224 

is around 95% of 2π rad-1, the present results show that the average pre-stall lift slope is only 73% of 2π rad-1. This is 225 

also true for the NACA4412, although, with its later stall, this lower slope holds over a wider AoA range, although at 226 

negative AoA the slope is nearer to the 95% of 2π rad-1 of Spedding and McArthur [47]. The sharper stall of the 227 

NACA4412 is also evident, reaching a peak negative slope of -140% of 2π rad-1 at 16°, compared with -56% for the 228 

NACA0012 at 12°. Fig. 6 showed no significant change in lift slope prior to stall for either airfoil with Iu increased to 229 

5%, and this is again seen in Fig. 7. However, the lift slope decreases more gently with a change in AoA above 6° for 230 

the NACA0012 and above 12° for the NACA4412, as the time-averaged stall becomes more gradual and gentle. The 231 

flattening of the lift slope against AoA continues with a further increase in Iu to 15%. At this highest intensity, both 232 

airfoils show a lift slope of 55% of 2π rad-1 below 6°, declining from this to 0% at 20°. At this highest turbulence 233 

intensity, camber has no effect on the lift slope, despite its strong effect on stall behavior and for negative AoA at 234 

lower intensities. 235 
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 236 

Fig. 7 Local lift slope against AoA for each turbulence intensity 237 

 The changes in the maximum lift coefficient with increasing turbulence intensity are shown for all three Reynolds 238 

numbers in Fig. 8. For the NACA0012 at a Reynolds number of 50,000, the maximum time-averaged lift coefficient 239 

can be seen to rise from 0.84 at 10° for Iu = 1.3% to 0.96 at 14° with Iu = 5%, but dropping down to 0.88 at 20° with 240 

further increase in Iu to 15%. While this peak of 0.88 at Iu =15% is still higher than the maximum Cl of 0.84 at Iu =1.3%, 241 

it nonetheless deviates significantly from flat plate literature indicating a rise in turbulence intensity produces a rise 242 

in the peak lift. This difference is more pronounced for the NACA4412 at Re = 50,000, where the maximum lift 243 

coefficient was 1.53 at 14° for a turbulence intensity of 1.3%, dropping to 1.45 at 16° with Iu = 5% and 1.07 at 20° 244 

for Iu = 15%. This decline of 30% between Iu = 1.3% and Iu = 15%, while contrary to the findings of flat plate studies, 245 
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is in agreement with the work of Cao [19] with a cambered S1223 airfoil. This indicates that camber does influence 246 

the interaction of turbulence with the airfoil, and so its performance. 247 

 248 

Fig. 8 Maximum time-averaged Cl against turbulence intensity 249 

Fig. 8 shows that the Reynolds number also has an influence on the maximum lift coefficient, particularly at the 250 

lowest turbulence intensity. Increasing the Reynolds number has opposite effects on the NACA0012 and the 251 

NACA4412: the maximum lift coefficient rises from 0.83 at Re = 50,000 to 0.96 at Re = 200,000 for the NACA0012, 252 

but decreases from 1.54 to 1.41 between the same Reynolds numbers for the NACA4412. As the turbulence intensity 253 

increases, the change due to the Reynolds number collapses, but the spread of the data increases.  254 

Figs. 9 and 10 show the time-averaged lift curves at the higher Reynolds numbers of 100,000 and 200,000, 255 

respectively. As observed for Re = 50,000, the theoretical 2π rad-1 lift slope is only attained around 0° AoA, with little 256 

change in the slope at 5% turbulence intensity from 1.3% but a noted reduction in the slope at Iu = 15%. However, as 257 

was seen in Fig. 8, both Figs. 9 and 10 show the maximum lift coefficient on the NACA4412 does increase slightly 258 

when Iu  is increased from 1.3% to 5%, albeit to a lesser extent than seen on the NACA0012, but then decreases  to 259 

below the Iu = 1.3% peak, at Iu = 15%.  260 
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 261 

Fig. 9 Time-averaged Cl at Re = 100,000, increasing Iu  262 
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 263 

Fig. 10 Time-averaged Cl at Re = 200,000, increasing Iu  264 

The overall effect of the Reynolds number is compiled in Fig. 11, showing the Reynolds number has the greatest 265 

influence over the lift coefficient at Iu = 1.3%. Increasing the Reynolds number at the lowest turbulence intensity 266 
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delays stall for both airfoils, but while this increases the maximum lift coefficient for the NACA0012, it results in a 267 

decrease for the NACA4412, the lift slope of the NACA4412 also adjusting to the shallower slope seen at positive 268 

AoA for the lowest Reynolds number. These changes are responsible for the variability of the low-turbulence 269 

maximum lift coefficient in Fig. 8. At higher turbulence intensities, the effect of the Reynolds number diminishes, the 270 

unsteady flow dominating the lift performance, camber producing a vertical offset in the plots. 271 

 272 

Fig. 11 Time-averaged Cl against AoA at each Reynolds number 273 

The variability at the lowest turbulence intensity is due to the reduced effective curvature of the LSB as the 274 

Reynolds number increases. The LSB is seen to be prominent in Fig. 12 as a plateau on the wing upper surface on the 275 

NACA0012 at 8° AoA, Iu = 1.3% and a Reynolds number of 50,000. While the NACA0012 is seen to have a sharp 276 
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leading-edge suction peak and the LSB closed by 30% chord, the NACA4412 under the same flow conditions in Fig. 277 

13 presents a more gradual pressure-recovery and a further aft LSB, reaching from the maximum camber point at 40% 278 

chord to reattachment at 80% chord. 279 

 280 

Fig. 12 -Cp curve for the NACA0012 with increasing turbulence intensity, α = 8°, Re = 50,000 281 
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 282 

Fig. 13 -Cp curve for the NACA4412 with increasing Reynolds number, α = 8°, Iu = 1.3% 283 

With an increase in turbulence intensity to 5%, the LSB becomes less prominent in the time-averaged pressure curves 284 

on each airfoil. However, discontinuities can still be seen on the NACA0012 between 6% and 20% chord and 33% to 285 

62% chord, remaining more prominent on the latter. This is because the LSB is intermittently present, seen in Fig. 14 286 

for the NACA0012, which presents the maximum and minimum suction Cp under the same flow conditions throughout 287 

the data acquisition. This shows that the LSB is present when the suction peak is evident on the airfoil, but this suction 288 

curve is intermittently lost, removing the LSB. Due to the separated intervals in which the LSB is not present, 289 

incomplete pressure recovery is evident on both airfoils in the time-averaged curves. It is notable that the time-290 

averaged suction peak has increased on the NACA0012 more than on the NACA4412, matching the rise in maximum 291 

lift for this airfoil. At Iu = 15% both airfoils see a decrease in the suction peak and a rise in the trailing edge suction, 292 

with no evidence of the LSB. This indicates that separation events are becoming more prominent in the highly unsteady 293 

flow. 294 
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 295 

Fig. 14 Maximum and minimum suction surface -Cp, NACA0012 at 8 AoA, Re = 50,000, Iu = 5% 296 

The increase in the time-averaged maximum lift coefficient for the NACA0012 with elevated turbulence intensity, 297 

compared to the decrease for the NACA4412, can be linked to the dynamic stall behavior of these airfoils. Carr et al. 298 

[34], testing a NACA0012 airfoil, noted that the addition of a modified leading edge to add camber to the airfoil 299 

suppressed the growth of the dynamic stall vortex. The significance of this is the effect on the formation of the leading 300 

edge vortices which Ravi et al. [27] identified as the method of increasing the maximum lift coefficient.  301 

Fig. 15 shows a time-history of five convective time periods of the pressure coefficients on the NACA0012 upper 302 

surface at a Reynolds number of 50,000, 14° mean AoA, and a turbulence intensity of 15%. The corresponding 303 

instantaneous lift and pitch moment coefficients for this time interval are presented below the associated pressure 304 

coefficients. The instantaneous AoA is not available, as mentioned already in Section II. Suction events can be seen 305 

travelling from the leading edge to the trailing edge of the airfoil, particularly at 0.75 and 4.1 Tc. These correspond to 306 

the leading edge vortices forming and then shedding. From the slope of these traces the events can be seen to travel 307 

along the chord at approximately between 30% and 50% of the free flow mean velocity, matching the observation of 308 

Leishman and Beddoes [48] for the passage of a regular, periodic dynamic stall vortex. 309 
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 310 

Fig. 15 NACA0012 5 Tc time-history of a) –Cp and b) Cl and Cm at α = 14°, Iu = 15%, Re = 50,000 311 

As is also seen with a regular dynamic stall cycle, particularly evident at 4.1 Tc in Fig. 15, is the effect these suction 312 

events have on the resulting force and moment coefficients. There is a strong rise in the lift coefficient and a 313 

simultaneous more-positive shift of the pitch moment coefficient while the vortex grows near the leading edge, 314 

followed by a sharply-negative pitch moment as the vortex travels along the chord and a sharp drop in the lift 315 

coefficient as the vortex separates into the freestream. 316 

Despite the fact this motion is not regular and periodic, Fig. 15 suggests that leading edge vortices are nevertheless 317 

formed and shed intermittently. This is likely the result of the static stall AoA being exceeded intermittently, due to 318 

the pitching component of the turbulent flow. The maximum static lift coefficient is also exceeded considerably during 319 

each of these events, making this a form of irregular dynamic stall. Where differences do arise is that these suction 320 

events are not of consistent strength, as the AoA cycle is irregular, leading to the limited growth of some of the leading 321 

edge vortices. Furthermore, some leading edge suction events, such as are evident around 2 Tc, are suppressed before 322 

they can grow to the point of shedding and convection. This results in an increase in the lift coefficient and a more 323 

positive pitch moment, without generating a strong negative pitch moment and drop in the lift coefficient associated. 324 

It cannot be deduced, however, whether the cause of these limited peaks is a change in pitch angle or a change in the 325 

flow velocity, the pressure coefficient being derived with respect to the mean flow velocity. Between these events, 326 
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periods of separation arise, with a corresponding drop in the instantaneous lift coefficient, and so reducing the mean 327 

lift coefficient for a given AoA. 328 

For comparison, Fig. 16 shows the upper surface –Cp and the resulting Cl and Cm, for the NACA4412, for the same 329 

flow conditions. While it, too, forms the leading edge suction bursts seen on the NACA0012 intermittently, only at 330 

3.9 periods, in the time window shown, does one of these form a suction event which reaches the wing trailing edge. 331 

This produces the expected rise in Cl followed by the negative shift in Cm. For the rest of the 5 Tc sample, however, 332 

this link is weak, with suction events causing a rise in the lift coefficient, but not travelling along the surface to alter 333 

the pitch moment, and so cannot be concluded to be travelling vortices forming. Furthermore, suction changes further 334 

along the chord length portray a slope equivalent to the mean flow speed, faster than seen with dynamic stall vortices 335 

and indicating a different form of interaction. Compared with the NACA0012 in Fig. 15, both the lift and pitch moment 336 

coefficients show less variation. Hence, the addition of camber can be seen to have influenced the response of the 337 

airfoil pressure field to turbulence, making it less susceptible to intermittent dynamic stall events, and so reducing the 338 

overall performance. However, while the NACA4412 does not generate the strong suction peaks of the NACA0012, 339 

it does maintain a higher overall lift coefficient for all turbulence intensities, maintaining its -4° zero-lift AoA and 340 

matching the lift slope of the NACA0012. 341 
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 342 

Fig. 16 NACA4412 5 Tc time-history of a) –Cp and b) Cl and Cm at α = 14°, Iu = 15%, Re = 50,000 343 

B. Unsteady behavior of the Lift Coefficient 344 

Shown in Fig. 17 are the power spectral densities (PSDs) of the Cl fluctuations for both the NACA0012 and 345 

NACA4412 at Re = 50,000. At Iu = 1.3%, several distinct features are evident for the NACA0012. Corresponding to 346 

the lift slope changes in Fig. 6, the fluctuations below 25 Hz are stronger at -2° and +2° than the surrounding AoA, 347 

with the 25 Hz band also prominent at 0°. Where the LSB is prominent, a band of elevated energy with a PSD of 348 

10-4 Hz-1 can be seen above 100 Hz, between 2° and 10°. A sharp rise in energy up to 10 Hz at 12° corresponds to the 349 

airfoil entering its stalled state. After this, a band of energy can be seen decreasing from 6.8 Hz at 14° to 5.3 Hz at 350 

20°, maintaining a constant Strouhal number, St, of 0.22, defined in Eq. 5, using the airfoil projected depth as the 351 

definitive length, L, per Chen and Fang [49], corresponding to bluff-body vortex shedding of the stalled airfoil. 352 

 
 

(5) 
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 353 

Fig. 17 Surface plots of lift coefficient PSD against increasing AoA, Re = 50,000 354 

As with the NACA0012, a reduction in PSD compared to the adjacent AoA can be seen for the NACA4412 at the 355 

zero-lift AoA, α = -4°, although the constant energy band at 25 Hz is not maintained, decreasing in frequency to the 356 

background pre-stall signal at 10 Hz by 4° AoA. A further difference is the energy below 1 Hz is not confined to a 357 

limited AoA range as on the NACA0012, but is rather present across all AoA prior to stall. At stall, there is a similar 358 

rise in energy below 10 Hz as was seen with the NACA0012, with an elevated energy band visible above 16° also 359 

corresponding to a Strouhal number of 0.22. 360 

Increasing the turbulence intensity to 5% sees many of the features evident at Iu = 1.3% dominated by the free-361 

field signal below 10 Hz, peaking below 1 Hz. This dominance of the turbulent signal at low frequencies is due to the 362 

freestream turbulence following a von Karman curve, a -5/3 exponential decay with frequency, as was seen in the 363 
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velocity spectra from the Cobra probe in Fig. 5. The rise in energy around 10 Hz at the static stall angle is still evident 364 

on both airfoils, but with the strongest signal around 0.5 Hz. The low frequency energy increases further at Iu = 15%, 365 

reflecting the rise in the low-frequency energy in the onset flow. At this Iu, little remains of the original airfoil signal.  366 

 367 

Fig. 18 Surface plots of lift coefficient PSD against increasing AoA, Re = 100,000 368 
Increasing the Reynolds number to 100,000 in Fig. 18 sees the overall PSD magnitude decrease by half, but the 369 

overall flow features remain unchanged. The exception to this is the pair of peaks on the NACA0012 at -2° and +2°, 370 

Iu = 1.3%, collapse to a single peak at 0°. The peak frequencies in the AoA range corresponding to the LSB are also 371 

less evident, but the St = 0.22 band is still present with a PSD of 2×10-3 Hz-1 from 14°. The NACA4412 also loses its 372 

higher energy band below 100 Hz for AoA less than 6°. At higher turbulence intensities, the changes are restricted to 373 

the decreased spectral strength at all frequencies. At a Reynolds number of 200,000 in Fig. 19 there is a further halving 374 
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of the PSD magnitude. The NACA0012 also shows a sub-1 Hz band over a wider range of AoA around 0°, but further 375 

changes are limited. 376 

 377 

Fig. 19 Surface plots of lift coefficient PSD against increasing AoA, Re = 200,000 378 

IV. Discussion 379 

Camber is seen to play a role in the response of the lift coefficient to onset turbulence. In particular, the generation 380 

of leading-edge vortices and their passage along the chord of the airfoil are less frequent after the introduction of 381 

camber to a given thickness distribution, in this case adding 4% camber at 40% chord to the NACA0012 form to 382 

produce a NACA4412. This reflects observations of prior dynamic stall research. While the symmetrical form behaves 383 

as per prior flat plate literature to an extent, providing a higher maximum lift coefficient under elevated turbulence 384 
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intensities than in a low-turbulence flow, reducing the lift slope and delaying the time-averaged stall AoA, the 385 

cambered airfoil exhibits a decrease in maximum lift coefficient, below the low-turbulence benchmark, for an increase 386 

in turbulence intensity. The change in the maximum lift coefficient is significant for the cambered NACA4412, a drop 387 

of 30% at Iu = 15% compared with the clean wind tunnel flow at a Reynolds number of 50,000. This is a significant 388 

load reduction, whereas the NACA0012 has a rise in the maximum lift coefficient of 5%. As only two airfoils are 389 

used, it cannot be said that all combinations of camber and thickness distribution will decrease the maximum lift 390 

coefficient by a given percent for a given turbulence intensity, but it nonetheless shows that camber does contribute 391 

its own distinct influence compared with thickness. The lift slope, however, depends on camber only to the extent of 392 

the LSB effects, but is otherwise dictated by the Reynolds number and onset turbulence. The NACA0012 maintains 393 

the advantage in that it does not lose lift like the highly-cambered form, and so, while producing a lower lift coefficient 394 

for a given condition, it will continue to support the original design load in more turbulent flows than its cambered 395 

counterpart. 396 

Furthermore, the NACA0012 shows less energy in the lift coefficient spectra above 10 Hz than the NACA4412, 397 

aiding control response. At higher turbulence intensities, the individual response of the airfoil is, however, less 398 

significant, the onset flow behavior dominating, showing camber only influences the spectra at low turbulence 399 

intensities when the Reynolds number and LSB are significant.  400 

For these reasons, this work indicates that camber may be detrimental to maintaining performance in highly 401 

unsteady flows. However, bearing in mind that this data set consists of two airfoils of one thickness distribution, 402 

further airfoils would be required to determine if predictive trends can be made. These would ideally be NACA four-403 

digit series of 12% thickness under the same flow conditions, to ensure camber is isolated as the sole differentiator. 404 

V. Conclusion 405 

Two airfoils were compared for their performance in highly unsteady flows at low Reynolds numbers, a baseline 406 

symmetrical NACA0012 and a cambered NACA4412. The time-averaged lift coefficients were derived from surface 407 

pressures recorded on each wing. It was seen that the general trend of reducing the lift slope and flattening non-408 

linearities, observed in prior studies with flat plates, holds true for both thick airfoils due to the suppression of the 409 

LSB, independent of camber. However, while the peak lift coefficient for the NACA0012 was increased with a 5% 410 

turbulence intensity compared with 1.3%, in all other cases increasing the turbulence intensity further to 15% resulted 411 
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in a decrease in the maximum lift coefficient. The NACA4412 suffers from this to a greater extent than the NACA0012 412 

as it is less readily able to form strong suction events at the wing leading edge, matching observations from dynamic 413 

stall research. Therefore, the symmetrical form provides more consistent behavior desirable for a UAV entering a 414 

highly turbulent flow. The lift coefficient for both airfoils proved to be less insensitive to the Reynolds number than 415 

camber or turbulence intensity. 416 

Further work is required to assess the flow field around the airfoil, and for this CFD would be of use. It is also 417 

suggested that shifting the maximum camber location chordwise as well as the camber magnitude may vary the 418 

susceptibility of the cambered airfoil to performance change. 419 
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