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ABSTRACT10

The present study reports an experimental investigation of the near-field aeroacoustic charac-11

teristics of a cambered NACA 65-410 airfoil. The experiments were performed in an aeroacoustic12

wind tunnel facility at a moderate chord-based Reynolds number of 4.2 × 105. Detailed static and13

dynamic surface pressure information were recorded to reveal the pre- and post-stall dynamics. By14

varying the angle of attack through 7◦ to 15◦, a stall behavior similar to thin airfoil stall is observed15

from the evolution of the static and dynamic surface pressure spectra at different chordwise loca-16

tions. Moreover, while the surface pressure spectra shows a monotonic decrease with a constant17

gradient after entering full stall, the pre-stall behavior shows a different trend and resembles partly18

of the attached and stalled flows. Furthermore, the unsteady surface pressure spectra are compared19

to those obtained from a NACA 0012 airfoil, showing notable differences of the near-field stall20

dynamics. A scaling formula proposed by a previous study is applied to the present pressure21

spectra, and found to scale well except for measurements close to the leading-edge. The present22

near-field measurements and the streamwise and spanwise length scales can be useful input to the23
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modelling of airfoil separation and stall noise for cambered airfoils.24

25

INTRODUCTION26

Airfoil stall noise is an important aspect of airfoil self-noise, and can potentially be a major27

contributor to environmental noise, for instance when wind turbines are operated at pre-stall and28

even post-stall conditions. Airfoil stall noise is generated through the interaction between the29

turbulent structures in the separated shear layer with the airfoil surface, as these structures are30

convected past the airfoil, resulting in significant surface pressure fluctuations (Brooks et al. 1989).31

The aerodynamic and aeroacoustic characteristics of a stalled airfoil is much less studied than32

attached flow conditions, since most engineering designs tend to focus on airfoils operating well33

below the stall angle of attack to prevent undesirable effects, e.g. loss of lift and drastic increase34

in drag. Nevertheless, pre- and post-stall aerodynamics and aeroacoustics can be of immense35

interest to engineering applications such as wind turbines, rotors and turbojet engines (Petrilli et al.36

2013), where the airfoils are susceptible to changing inflow conditions. Moreover, when an airfoil37

is stalled, its self-noise, i.e. stall noise, increases significantly, making it not only detrimental38

to public health, but also a primary hindrance to the large-scale deployment of wind farms for39

renewable energy harvesting (Moreau et al. 2009).40

Early experimental and numerical studies of stall aerodynamics include those from Jones (1934),41

Mccullough and Gault (1951) and Reilly (1967). Yet, research into airfoil self-noise with separated42

or stalled flow conditions remained very much limited until the 1970s (Kurtz and Marte 1970).43

Brooks et al. (1989) conducted the first systematic study of airfoil self-noise, from trailing-edge44

noise to separation and stall noise. Building upon the measurements of several NACA 0012 airfoils,45

Brooks et al. (1989) proposed a semi-empirical noise prediction model for airfoil self-noise, often46

known as the BPM (Brooks, Pope andMarcolini) model. They argued that the model can be applied47

to other airfoil profiles, assuming the profiles have similar boundary layer properties. However,48

flow properties and the associated noise generation mechanisms vary notably for heavily loaded49

airfoils (Moreau et al. 2008). In the case of airfoil stall, the characteristics of the flow separation,50
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i.e. the stall type, are dependent on the airfoil Reynolds number and profile shape, amongst others.51

Moreau et al. (2009) conducted experimental and numerical studies of the stall noise of a NACA52

0012 airfoil at a relatively low Reynolds number. Employing simultaneous measurements of the53

surface pressure fluctuation and far-field noise spectrum, they developed a simplified model for54

predicting stall noise. Later, Schuele and Rossignol (2013) performed aeroacoustic measurements55

of a stalled DU-96-W-180 airfoil, and also derived a stall noise model based on trailing-edge noise56

theory. More recently, Bertagnolio et al. (2015) experimentally investigated the surface pressure57

fluctuation spectra of several different airfoils, including NACA 0015 and NACA 63-418 airfoils58

in pre- and post-stall conditions with Reynolds numbers ranging from 1.6M to 6M. Moreover,59

they attempted to scale the pressure spectra along the chordwise locations with varying Reynolds60

number, such that it can serve as an input to the accurate modelling of stall noise. Extending61

this work, Bertagnolio et al. (2017) subsequently presented more comprehensive surface pressure62

measurements, and proposed a stall noise prediction model based on a surface pressure spectra63

scaling.64

Several high-order accurate numerical studies on stall noise have also emerged, such as Moreau65

et al. (2008), Wolf and Lele (2012), Kocheemoolayil and Lele (2016), Turner and Kim (2020a,66

2020b). Moreau et al. (2008) performed large-eddy simulations (LES) on a NACA 0012 airfoil at67

post-stall angles of attack of 16◦ and 18◦ and found extraneous sound sources at low frequencies.68

Turner andKim (2020b) attributed the low frequency increase to the shear layer structures scattering69

at the trailing-edge while the increase at medium to high frequencies remains unresolved. Indeed, as70

remarked by Turner andKim (2020a), the existing literature on stall noise are ‘under-developed’ and71

more importantly, the generation mechanisms of airfoil stall noise are ‘under-explained’. Therefore,72

it demands for more research efforts to better understand airfoil stall noise, and ultimately to73

develop control and mitigation strategies, especially since noise emission regulations are becoming74

growingly stringent (Jarup et al. 2005; Nobbs et al. 2012).75

The present experimental study is inspired by the need to better understand and more accurately76

model airfoil stall noise, particularly for different airfoil profiles and Reynolds numbers. By exper-77
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imentally characterizing the near-field aeroacoustic characteristics of a cambered NACA 65-41078

airfoil at a moderate Reynolds number, the study aims to provide a more comprehensive surface79

pressure fluctuation spectra and correlation length scales at this flow regime, when the angle of at-80

tack is varied from pre- to post-stall, i.e. partial flow separation to full stall. Subsequently, the study81

compares the results with those obtained from a NACA 0012 airfoil in the same facility at similar82

flow conditions to highlight the different behaviors of the unsteady aerodynamic loading during83

stall. Furthermore, with the knowledge of the unsteady surface pressure along the airfoil chord, the84

scaling approach proposed by Bertagnolio et al. (2015) for airfoils undergoing separation and stall is85

applied to examine the effectiveness of the pressure spectra scaling for the cambered airfoil profile.86

The presented near-field aeroacoustic results can serve as useful inputs for the modelling of airfoil87

separation and stall noise. In the following sections, the experimental set-up and the airfoil model88

will be briefly introduced. Subsequently, the experimental measurements of the surface pressure89

fluctuation spectra and correlation length scales will be presented to characterize the NACA 65-90

410 airfoil at pre- and post-stall conditions and compare the results to those of a NACA 0012 airfoil.91

92

EXPERIMENTAL METHODOGLOGY93

All experimental measurements of the NACA 65-410 airfoil have been carried out in the94

aeroacoustic wind tunnel facility of the University of Bristol. Since the detailed design and the95

characterisation of the flow uniformity and turbulence level have been reported by Mayer et al.96

(2019a), only a brief summary of the wind tunnel facility will be provided here. As shown in Fig.97

1, the hybrid closed-circuit open-jet tunnel has a 8.4:1 contraction ratio nozzle, measuring 0.775 m98

× 0.5 m at the nozzle exit. The free-stream turbulence intensity at 𝑈∞ = 20 m/s is approximately99

0.2% without low frequency filtering. A Kevlar-walled test section is mounted securely to the100

nozzle exit to house the NACA 65-410 airfoil. The tensioned Kevlar walls at the top and bottom101

allow airfoil aeroacoustic measurements at high, i.e. post-stall, angles of attack without significant102

angle of attack corrections for sufficiently small chord length. Interested readers are advised to refer103

to Mayer et al. (2020) for more discussion on the transmission loss and aerodynamic corrections of104
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Fig. 1. 3D schematic of the aeroacoustic wind tunnel facility and the Kevlar-walled test section of
the present experimental set-up.

the test section. The airfoil is located approximately one airfoil chord, 𝑐 = 300mm, away from the105

nozzle exit, and aligned at the center of the nozzle to ensure uniform flow past the airfoil.106

NACA 65-410 Airfoil107

The NACA 65-410 airfoil used in the present study represents a family of highly cambered108

thin airfoil profiles, which is often considered a viable ‘starting point’ for design of turbine blades109

(Westphal and Godwin 1951). Also, unlike the classic symmetric NACA profiles such as NACA110

0012 and NACA 0015, there are fewer experimental characterizations of cambered airfoil profiles.111

The present 300mm-chordNACA65-410 airfoil ismachined fromaluminiumwith a hollow internal112

to accommodate both the static pressure ports and dynamic pressure transducers. As shown in Fig.113

2, the static pressure ports, for collecting the static pressure information, are distributed in the114

chordwise direction along the centreline on suction and pressure sides of the airfoil (slightly115

offset from the dynamic transducers), while the dynamic transducers are distributed in chordwise116

and spanwise directions in order to capture both the streamwise and spanwise flow correlation117

length scales. The dynamic transducers are primarily located on the suction side to provide a118

fine resolution to the dynamic events and the associated flow structures. There are two types of119

dynamic pressure transducers installed in the airfoil: direct-sensing transducers with Knowles FG-120

5 June 29, 2021



23629-P16 condenser microphones; and where the space is more limited toward the trailing-edge of121

the airfoil, remote-sensing transducers with Panasonic WM-61A microphones. All these dynamic122

pressure transducers were calibrated against a G.R.A.S. 40PL free field microphone with known123

sensitivity, to determine the sensitivity and phase transfer functions prior to the experiments. The124

working principle, calibration and limitations of the dynamic transducers have been discussed in125

greater details in Mish (2003), Szöke (2019) and Vemuri et al. (2020). To eliminate possible tonal126

noise from Tollmien-Schlichting instabilities and ensure turbulent boundary layer over the trailing-127

edge of the airfoil at pre-stall angles of attack, zigzag turbulators of 6mm width were applied to128

both the suction and pressure sides of the airfoil at approximately 12% of the chord, similar to those129

used by Lyon et al. (1997) and Garcia-Sagrado (2008).130

Experiment and Post-processing Parameters131

The airfoil was tested at a constant free-stream velocity of 𝑈∞ = 20m s−1, corresponding to132

𝑅𝑒𝑐 = 4.2 × 105 based on the length of the airfoil chord. In order to carry out correlation and133

coherence analyses of the unsteady surface pressure between different dynamic transducers, all134

signals from the 56 dynamic transducers were collected simultaneously by National Instruments135

PXIe-4499 sound acquisition module at a sampling rate of 215 Hz. The data were then post-136

processed with the calibration transfer functions to obtain the calibrated pressure fluctuation time137

series, and subsequently transformed into the frequency domain via Welch’s method (Welch 1967),138

using a Hamming window size of 213 with a 50% window overlap to obtain the power spectral139

density (PSD) of the surface pressure fluctuations, 𝜙𝑝𝑝. The resulting pressure fluctuation PSD has140

a resolution of Δ 𝑓 = 23 Hz and an uncertainty of approximately ±1.5 Hz/dB at 95% confidence141

level (Afshari et al. 2019). For the static pressure measurements, the data from the static pressure142

taps were registered by two MicroDaq-32-DTC pressure scanners at 1000Hz for a duration of143

60 s, and time-averaged to obtain the mean pressure coefficient (𝐶𝑝) distributions over the airfoil.144

The sampling rate of the pressure scanners was chosen such that it complies with the maximum145

sampling frequency for obtaining accurate measurement with sufficiently large sample size.146

147
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Fig. 2. The instrumented NACA 65-410 airfoil model with zoomed-in view of distribution of the
suction side pressure taps and dynamic pressure transducers.

RESULTS AND DISCUSSION148

To investigate the changes of the near-field aeroacoustic characteristics of the NACA 65-410149

airfoil from pre- to post-stall flow conditions, the angle of attack is systematically varied through150

𝛼 = 7◦ to 15◦ to gain a complete picture of its stall behavior. It is determined that under the151

present experimental conditions, the NACA 65-410 airfoil experiences full stall at a geometric152

angle of attack of 𝛼 = 12◦. Subsequently, four distinct angles of attack, 𝛼 = 7◦, 10◦, 13◦ and153

15◦, have been selected to perform the study, which correspond to pre-, near-, full- and deep-stall154

conditions. It should also be mentioned that the experimental measurements on NACA 0012 have155

been carried out previously at similar Reynolds number, with a more comprehensive range of angles156

of attack surveyed. Based on the stall behavior, two angles of attack, 𝛼 = 15◦ and 18◦, will be157

used correspondingly to represent the full- and deep-stall scenarios for comparison in the following158

section. Further details of the NACA 0012 experiments can be found in Mayer et al. (2019b, 2020).159

Static surface pressure distribution160

Before going into the surface pressure fluctuation spectra results, it is useful to first examine the161

steady aerodynamic behavior of the airfoil from the time-averaged pressure distribution. Figure 3162

shows the time-averaged pressure distribution of the NACA 65-410 airfoil at the four chosen angles163
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of attack. The good agreement between the𝐶𝑝 distribution at𝛼 = 7◦ and the results from theXFOIL164

simulation at 𝛼 = 6.2◦, which is superimposed onto the experimental data in the figure, suggests a165

minor angle of attack correction from the present set-up. It should be remarked that the difference166

between the XFOIL simulation and the experimental results may partly be attributed to the edge167

effects of the airfoil, which produce spanwise flow variations along the airfoil surface, resulting in168

the reduction the effective angle of attack. Nevertheless, as a stalled airfoil can be identified clearly169

from both its static pressure distribution and unsteady surface pressure fluctuation spectra along170

the airfoil chord, the results analysis and discussion hereafter will adhere to the geometric angle of171

attack. A closer examination of the 𝐶𝑝 distribution shows that the airfoil is indeed fully stalled at172

𝛼 = 13◦ and 15◦ when the𝐶𝑝 distribution along the suction side is largely flat. However, at 𝛼 = 10◦,173

the 𝐶𝑝 distribution undergoes a gradual increase from 𝑥/𝑐 = 0.1 to 0.2, different from either the174

sharp increase at 𝛼 = 7◦ or the plateau at 𝛼 = 13◦. Therefore, from the time-averaged static pressure175

distribution, it is suspected that partial flow separation takes place on the suction side of the airfoil176

at 𝛼 = 10◦ near the leading-edge. By comparing the changes of the static pressure coefficients over177

increasing angle of attack, as shown in Fig. 3, with the experimental investigation on cambered178

airfoils by Mccullough and Gault (1951) and Gault (1957), the NACA 65-410 airfoil under the179

present flow condition shows likely the behaviour of a thin airfoil stall. For instance, at 𝛼 = 10◦,180

the flow over the airfoil first separates close to the leading-edge with subsequent reattachment at181

approximately 𝑥/𝑐 = 0.2. As the angle of attack increases, the separation extends over the entire182

airfoil chord and the airfoil becomes fully stalled. This behaviour is in good agreement with the183

𝐶𝑝 results fromMccullough andGault (1951) for a double-wedge airfoil undergoing thin airfoil stall.184

185

Dynamics of surface pressure fluctuations186

When the vortices in the boundary layer or the separated flow are convected past the airfoil, the187

dynamic interaction process between the turbulent structures and the airfoil surface induces surface188

pressure fluctuations. Expectedly, the energy frequency contents of the surface pressure fluctuation,189

𝜙𝑝𝑝, will increase as the flow separates with growing turbulent structures originating and developing190
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Fig. 3. Time-averaged static pressure distribution (𝐶𝑝) of the NACA 65-410 at pre- and post-stall
angles of attack of 𝛼 = 7◦, 10◦, 13◦ and 15◦.

along the shear layers. Figure 4 shows the contour variations of the surface pressure fluctuation191

spectra from 𝛼 = 7◦ to 15◦ for the two chordwise locations of 𝑥/𝑐 = 0.23 and 0.65. The reference192

pressure 𝑝0 is 2 × 10−5 Pa. Also, note that for the sake of brevity, results further downstream of193

𝑥/𝑐 = 0.65 are not presented here since these two locations represent the overall behavior of the194

unsteady surface pressure spectra well. Generally, a notable increase in the low frequency energy195

contents ( 𝑓 ≤ 1000Hz) of the surface pressure fluctuation spectra can be observed when the airfoil196

is approaching stall beyond 𝛼 = 10◦, indicating the presence of large-scale turbulent structures197

as the flow over the airfoil suction side separates. This is accompanied by a decrease in the high198

frequency energy contents since the smaller turbulent structures are being lifted away from the199

airfoil surface in the separated flow. Recall that Moreau et al. (2009) and Turner and Kim (2020b)200

observed significant increase of far-field noise at low frequencies of approximately below 400 Hz201

for stalled airfoils, hence, the growth of energy contents at low frequencies in the near-field surface202

pressure fluctuation correlates well with the elevated noise levels at the low frequencies. Moreover,203

the increase appears to take place gradually over two to three degrees of angle of attack, suggesting204

possibly a flow transition to partial separation before stall. Indeed, such transition can be clearly205

observed by comparing the spectra variations with the angle of attack at the two chordwise locations206

of 𝑥/𝑐 = 0.23 and 0.65, as shown in Figs. 4(a) and 4(b) respectively. At 𝑥/𝑐 = 0.65, the notable207
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Fig. 4. Contour maps of the unsteady surface pressure spectra from 𝛼 = 7◦ to 15◦ at 1◦ interval
measured at the chordwise locations of (a) 𝑥/𝑐 = 0.23 and (b) 𝑥/𝑐 = 0.65

increase in low frequency energy contents takes place immediately after approximately 𝛼 = 10◦,208

whereas at 𝑥/𝑐 = 0.23, such increase appears to first occur between the frequency range of 500 Hz209

≤ 𝑓 ≤ 1200 Hz and subsequently the spectra become comparable to those at 𝑥/𝑐 = 0.65 after the210

airfoil is fully stalled. Recall from the static pressure distribution in Fig. 3 that at 𝑥/𝑐 = 0.23, the211

flow undergoes separation and reattachment process, hence showing noticeably different spectral212

behaviour from those measured at further downstream locations.213

Figures 5 and 6 provide a more direct assessment of the changes in surface pressure fluctuation214

spectra for eight different chordwise locations from the leading-edge to the trailing-edge at the four215

selected angles of attack, 𝛼 = 7◦, 10◦, 13◦ and 15◦. Note that in order to discern each spectra216

clearly, each angle of attack is further divided into two subplots. For 𝛼 = 7◦, the surface pressure217

fluctuation spectra at low frequencies ( 𝑓 ≤ 1000Hz) first increase to reach a local maximum before218

decreasing with a gradient of approximately 𝑓 −1 in the mid frequencies, followed by a faster roll-off219

of 𝑓 −3 at 𝑓 ≥ 6000Hz. The power spectral density (PSD) magnitude increases consistently from220

the leading-edge to the trailing-edge. Such development and dynamics are typical of the surface221

pressure fluctuation spectra for an attached airfoil flow, similar to those reported by Garcia-Sagrado222

(2008) and Mayer et al. (2019b) for a NACA 0012 airfoil. Thus, it can be seen that the flow223

remains fully attached to the airfoil at 𝛼 = 7◦. Increasing angle of attack to 𝛼 = 10◦ will see224

the spectra increase shortly at the low frequencies of 𝑓 ≤ 400Hz, and then decay with an almost225
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Fig. 5. Power spectral density of the surface pressure fluctuations at eight chordwise locations
from the leading-edge to the trailing-edge of the NACA 65-410 at near-stall angles of attack of (a)
𝛼 = 7◦ and (b) 𝛼 = 10◦.

Fig. 6. Power spectral density of the surface pressure fluctuations at eight chordwise locations
from the leading-edge to the trailing-edge of the NACA 65-410 at post-stall angles of attack of (a)
𝛼 = 13◦ and (b) 𝛼 = 15◦.
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Fig. 7. Power spectral density of the unsteady surface pressure fluctuations of the NACA 0012
airfoil at post-stall angles of attack of (a) 𝛼 = 15◦ and (b) 𝛼 = 18◦ for comparison with the present
NACA 65-410 under similar flow conditions.

constant gradient of approximately 𝑓 −2. For post-stall angles of attack, 𝛼 = 13◦ and 15◦, the surface226

pressure fluctuation spectra essentially follow a monotonic decrease with a constant gradient of 𝑓 −2227

throughout the frequency range investigated. Signs of an accelerated roll off at high frequencies can228

be observed toward 𝑓 ≥ 7000Hz. Bertagnolio et al. (2015, 2017) and Mayer et al. (2020) reported229

similar behaviors of the surface pressure fluctuations when their airfoils entered full stall. However,230

unlike the symmetric NACA 0015 and NACA 0012 airfoils in their studies, the cambered NACA231

65-410 shows a much smaller magnitude of fluctuations in the spectra from the leading-edge to the232

trailing-edge, agreeing with the results of the NACA 63-418 airfoil by Bertagnolio et al. (2017).233

234

Comparison of the surface pressure spectra between NACA 65-410 and NACA 0012235

An important aspect of the present study is to compare the post-stall surface pressure fluctuation236

spectra between the symmetric NACA 0012 airfoil and the cambered NACA 65-410 airfoil, where237

both experiments were carried out in the same test section, and with similar airfoil parameters238

(i.e. chord length and aspect ratio) and flow conditions (i.e. Reynolds number and free-stream239

turbulence level). As such, the comparison highlights the distinctive stall dynamics of the two240

airfoil profiles.241

Figure 7 shows the surface pressure fluctuation spectra of the NACA 0012 airfoil at two angles242
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of attack of 𝛼 = 15◦ and 18◦, respectively, corresponding to the full- and deep-stall conditions243

of the NACA 65-410. It should be mentioned that since the aerodynamic loading on the NACA244

65-410 is constantly higher than that of the NACA 0012 even after full stall, the two angles of attack245

from NACA 0012 were chosen such that they represent immediately after stall (15◦) and well into246

stall 18◦ conditions, respectively, similar to the NACA 65-410 stall conditions. Three chordwise247

measurement locations of 𝑥/𝑐 = 0.3, 0.63 and 0.85 were chosen to be close to those presented for248

the NACA 65-410 in Fig. 6. The overall dynamics of the surface pressure fluctuations resemble249

that of the cambered airfoil with mostly monotonic decrease of approximately 𝑓 −1.8 gradient across250

the range of frequencies investigated. However, there are two notable differences between the251

symmetric and cambered airfoils. Firstly, there is a spectral hump at low frequencies ( 𝑓 ≤ 300Hz)252

for the chordwise locations of 𝑥/𝑐 = 0.3, which may be associated with distinct flow features of253

the NACA 0012 airfoil during stall. Note that the surface pressure spectra of the NACA 65-410 at254

𝑥/𝑐 = 0.3 is not presented here for the sake of brevity, however, the result does not show a clear255

spectral hump at similar frequencies. Secondly and more importantly, as briefly discussed in the256

earlier section, the magnitude variation of the surface pressure fluctuation spectra of the NACA257

0012 airfoil from leading-edge to trailing-edge is considerably more significant than those for the258

NACA 65-410 airfoil (refer to Fig. 6). Moreover, the PSD magnitude increases with increasing259

downstream distance, which is a direct contrast to the NACA 65-410 airfoil results. For the NACA260

65-410, the PSD magnitude drops slightly across the frequency range as the measurement location261

moves downstream toward the trailing-edge. This observation is consistent with the measurements262

performed by (Bertagnolio et al. 2015) for their NACA 0015 and NACA 63-418 airfoils at much263

higher Reynolds number. Their NACA 0015 airfoil exhibits notable increase in the PSD magnitude264

of the surface pressure fluctuations from the leading-edge to the mid chord, whereas the magnitude265

remains comparable for NACA 63-418 from mid chord to the trailing-edge. The dynamics of the266

changes in surface pressure spectra are yet to be full understood, but it points to the fact the scaling267

of the surface pressure fluctuation spectral may take different forms for different airfoils.268
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Fig. 8. Autocorrelation of the unsteady surface pressure spectra of the NACA 65-410 at the angles
of attack of 𝛼 = 7◦, 10◦, 13◦ and 15◦. The time-domain coefficients,𝑅𝑝𝑝 (𝜏), are shown for the
chordwise locations of (a) 𝑥/𝑐 = 0.23, (b) 𝑥/𝑐 = 0.55 and (c) 𝑥/𝑐 = 0.88 and the corresponding
normalized frequency domain power spectral density, 𝜙𝑝𝑝/𝜙𝑝𝑝,𝑚𝑎𝑥 , are shown for the chordwise
locations of (d) 𝑥/𝑐 = 0.23, (e) 𝑥/𝑐 = 0.55 and (f) 𝑥/𝑐 = 0.88.

Characteristics of the turbulent structures269

To investigate the characteristics of the turbulent structures associated with the surface pressure270

fluctuations, auto-correlation and cross-correlation analyses of the surface pressure fluctuation271

signals were performed using both the streamwise and spanwise dynamic transducers. The auto-272

correlation provides an indication of the frequency of the most energetic turbulent structure exerting273

on the measurement location and cross-correlation analysis allows evaluation of the correlation274

length scales of the structures.275

Figure 8 shows the distribution of autocorrelation coefficients in the time domain, 𝑅𝑝𝑝 (𝜏), and276

the corresponding 𝜙𝑝𝑝 in the frequency domain, of the unsteady surface pressure fluctuations for the277

chordwise locations of 𝑥/𝑐 = 0.23, 0.55 and 0.88 at the four angles of attack. The autocorrelation278

results represent the evolution of the turbulent structures from the leading-edge to the trailing-edge279

of the airfoil in the pre- and post-stall conditions. The normalized autocorrelation coefficients in280
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time domain are determined as follow (Palumbo 2012),281

𝑅𝑝𝑝 (𝜏) =
𝑝′(𝑡)𝑝′(𝑡 − 𝜏)

𝑝′𝑟𝑚𝑠
2 , (1)282

where the prime indicates the fluctuating part of the quantity and ‘𝑟𝑚𝑠’ means the root-mean-283

square operation. The decay gradient and the time lag 𝜏 of the coefficient distribution can provide284

useful information of the scale of the dominant turbulent structures. Moreover, its frequency285

domain power spectral density, 𝜙𝑝𝑝, can then be determined by applying fast Fourier transform to286

the autocorrelation function, which identifies the prominent frequencies associated with the flow287

structures. Note that here, unlike in the previous section on unsteady surface pressure results,288

here, 𝜙𝑝𝑝 is normalized with the respective maximum magnitude, i.e. 𝜙𝑝𝑝/𝜙𝑝𝑝,𝑚𝑎𝑥 , to show the289

frequencies peaks more clearly. As can be observed in Fig. 8, the frequencies associated with290

the turbulent structures decrease continuously as the angle of attack increases from 𝛼 = 7◦ pre-291

stall to 15◦ post-stall, regardless of the measurement location. Moreover, there exists a marked292

difference between near-stall and post-stall conditions. When the airfoil is at full stall 𝛼 ≥ 13◦,293

the autocorrelation coefficient function, 𝑅𝑝𝑝 (𝜏), widens considerably, suggesting that the surface294

pressure fluctuations are primarily influenced by the large-scale turbulent vortices, corresponding295

to low frequency energy contents present in the separated shear layers, which are responsible for296

the stall noise. A deeper stall leads to noticeably larger turbulent structure, and therefore increase297

of stall noise at even lower frequencies. When the measurement location moves downstream, the298

autocorrelation peak associated with the dominant flow structures shifts to lower frequencies, for299

instance, comparing 𝛼 = 13◦ from Figs. 8(d) to 8(f). This is expected as the turbulent structures300

grow in size as they convect downstream in the separated flow. However, it should be remarked this301

growth of the boundary layer is physically different from flow separation and stall. At near-stall302

angle of attack of 𝛼 = 10◦, the autocorrelation function exhibits some distinct changes when the303

measurement location moves from the leading-edge to the trailing-edge of the airfoil, see Fig. 8(a)304

to 8(c), possibly due to the dynamic flow development between attached and separated states.305
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According to the BPM model (Brooks et al. 1989) and an earlier study by Moreau et al. (2009),306

the size and associated frequency of the turbulent structures along the spanwise directions are equally307

crucial in understanding andmodelling of airfoil separation and stall noise. With spanwise dynamic308

transducers at several chordwise locations toward the trailing-edge, the spanwise correlation length,309

Λ( 𝑓 ), can be determined as (Maryami et al. 2019; Maryami et al. 2020):310

Λ( 𝑓 ) =
∫ ∞

0
𝛾( 𝑓 , [𝑧)𝑑Δ𝑧, (2)311

where the coherence between two surface pressure signals, 𝛾( 𝑓 , [𝑧), is defined as,312

𝛾2( 𝑓 , [𝑧) =
|𝜙𝑝𝑚,𝑝𝑛 ( 𝑓 , [𝑧) |2

𝜙𝑝𝑚,𝑝𝑚 ( 𝑓 , [𝑧)𝜙𝑝𝑛,𝑝𝑛 ( 𝑓 , [𝑧)
. (3)313

Here, [𝑧 denotes the spanwise location of the measurement in z-direction. Due to limited number314

of spanwise transducers, a summation of the coherence between each pair of transducers will be315

largely inaccurate. Hence, in practice, the calculated coherence 𝛾( 𝑓 , [𝑧) between each transducer316

pair is fitted through an exponential function, which then is substituted into Eq. 2 to determine the317

spanwise correlation length, Λ( 𝑓 ) (Palumbo 2012). The exponential function can be written as:318

𝛾( 𝑓 , [𝑧,0, [𝑧,𝑖) = 𝑒
|[𝑧,0−[𝑧,𝑖 |

𝐿𝑐 ( 𝑓 ) , 𝑖 = 1, 2, 3... (4)319

Each
��[𝑧,0 − [𝑧,𝑖

�� represents the distance between a pair of spanwise microphones and 𝐿𝑐 ( 𝑓 ) is the320

frequency dependent length computed for the best exponential fit. Under the present experimental321

conditions, the uncertainty of the spanwise length scale is estimated to be 7% based on the primary322

uncertainty of the dynamic transducer and the exponential fit at 95% confidence interval (Bendat323

and Piersol 2011; Palumbo 2012).324

Figure 9 shows the correlation length, normalized by the airfoil chord 𝑐, for two chordwise lo-325

cations of 𝑥/𝑐 = 0.72 and 0.88. The correlation length at low frequencies ( 𝑓 ∼ 50Hz) increases by326

almost an order of magnitude at post-stall conditions, compared with the pre-stall angles. Between327
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Fig. 9. Spanwise correlation length, Λ, as determined from Eq. 2 and normalized by chord 𝑐, at
the angles of attack of 𝛼 = 7◦, 10◦, 13◦ and 15◦ for the chordwise locations of (a) 𝑥/𝑐 = 0.72 and
(b) 𝑥/𝑐 = 0.88.

the two post-stall cases, the length scale almost doubles when the angle of attack increases from328

𝛼 = 13◦ to 15◦. Nevertheless, both length scales decrease rapidly and converge to their pre-stall329

counterparts after approximately 𝑓 = 150Hz. At even higher frequencies of 𝑓 ≥ 200Hz, the330

spanwise length scales of the associated turbulent structures at 𝛼 = 10◦ surpasses those at post-stall331

angles. Furthermore, moving from 𝑥/𝑐 = 0.72 to 0.88, the spanwise length scales experience332

further growth except at 𝛼 = 15◦, where a slight decrease is observed. Results from the spanwise333

turbulent length scales correspond well with those from the autocorrelation analysis, because at334

post-stall conditions, the flow dynamics are primarily governed by the low frequency energy con-335

tents associated with the large-scale turbulent structures. From the spanwise length scale results,336

the spanwise scale of the turbulent structures of the fully stalled NACA 65-410 can be as large as337

approximately half of the airfoil chord, i.e. 0.45𝑐.338

339

Scaling of the surface pressure spectra340

In the stall noise model proposed by Moreau et al. (2009) from their combined experimental341

and numerical studies, the surface pressure spectra can be approximately scaled with𝑈3∞, based on342

a NACA 0012 airfoil at angles of attack of 𝛼 = 16◦ and 18◦. Bertagnolio et al. (2015, 2017) later343

attempted to scale the surface pressure fluctuation spectra for their stall noise model. Based on the344
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Fig. 10. Scaling of the unsteady surface pressure spectra (∼ 1/(𝑙𝑈3∞)) of the NACA 65-410 at
post-stall angles of (a) 𝛼 = 13◦ and (b) 𝛼 = 15◦ and free-stream velocity of𝑈∞ =20m s−1.

Fig. 11. Scaling of the unsteady surface pressure spectra (∼ 1/(𝑙𝑈3∞)) of the NACA 65-410 at
post-stall angles of (a) 𝛼 = 13◦ and (b) 𝛼 = 15◦ and free-stream velocity of𝑈∞ =30m s−1.

relatively linear relationship between the downstream distance and the unsteady surface pressure345

spectra, they argued that the scaling should be proportional to ∼ 𝑙𝑈∞
3, where 𝑙 is the characteristic346

length associated with the stall dynamics. Subsequently, the unsteady surface pressure spectra can347

be scaled as (Bertagnolio et al. 2017):348

𝜙𝑝𝑝,𝑙 = 𝜙𝑝𝑝/(𝑞2 · (𝑙/𝑈∞)), (5)349

where 𝜙𝑝𝑝,𝑙 is the power spectral density of the unsteady surface pressure fluctuation normalized by350

the characteristic length 𝑙, and the dynamic pressure of the free-stream, 𝑞 = 0.5𝜌𝑈2∞. Moreover, the351

characteristic length, 𝑙, can be taken as the length from the flow separation point to the measurement352
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location. As the airfoil is fully stalled, 𝑙 can be reasonably taken as 𝑑𝑥𝑖, where 𝑑𝑥𝑖 is the distance of353

𝑖𝑡ℎ transducer to the leading-edge, with sufficient accuracy (Bertagnolio et al. 2015). This can be354

clearly seen from both the relatively flat static pressure coefficient and the monotonically decreasing355

unsteady surface pressure spectra along the airfoil chord the flow separates from the leading-edge.356

Figures 10 and 11 show the scaled surface pressure fluctuation spectra plotted against the357

characteristic Strouhal number, 𝑆𝑡𝑙 = 𝑓 𝑙/𝑈∞ for the NACA 65-410 airfoil at the two free-stream358

velocities of𝑈∞ = 20m s−1 and 30m s−1, for the post-stall angles of attack of 𝛼 = 13◦ and 15◦. The359

additional experiments at 𝑈∞ = 30m s−1 were performed to examine the influence of the velocity360

variable,𝑈∞, on the scaling approach. It can be observed that the unsteady surface pressure spectra361

along the airfoil chord collapse relatively well for both free-stream velocities, which reaffirms the362

effectiveness of the scaling approach at the present range of Reynolds numbers for the NACA363

65-410 profile. However, there exists noticeable discrepancies for the measurement locations close364

to the leading-edge, which could suggest that a separate scaling or an additional length scale factor365

should be considered for the leading-edge measurements, likely due to their close distance to the366

flow separation point and hence enduring different flow effects. Moreover, at near-stall conditions,367

it is often difficult to accurately identify the flow separation point, and hence, a different approach368

may be considered for airfoils which are yet to be fully stalled from the leading-edge.369

CONCLUSIONS370

At high angles of attack, an airfoil experiences stall with elevated self-noise, known as stall371

noise. The present study experimentally investigated the near-field aeroacoustic characteristics of a372

cambered NACA 65-410 airfoil from pre- to post-stall conditions, and compared the stall behavior373

with that obtained from a symmetric NACA 0012 airfoil at similar test conditions. By varying the374

geometric angles of attack from 𝛼 = 7◦ to 15◦ at moderate Reynolds number, the changes in the375

surface pressure fluctuations from pre-stall to partial separation and then full stall were recorded,376

with pressure transducers distributed along both the streamwise and spanwise directions. The377

surface pressure fluctuations, pressure autocorrelation function and spanwise correlation length378

results show that the near-field dynamics of the stalled NACA 65-410 is primarily dominated by379
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turbulent structures at low frequencies. This effect is even more pronounced when the airfoil enters380

deep stall. On the other hand, at near-stall conditions, the airfoil displayed notable variations in381

the surface pressure spectra along the chord and its frequency energy content associated with the382

turbulent structures.383

Comparisons with the symmetric NACA 0012 airfoil showed some marked differences in the384

stall behavior between the two airfoils. For instance, the PSD magnitude of the surface pressure385

spectra varies more significantly from the leading-edge to the trailing-edge during full stall. More386

importantly, the PSD magnitude increases with increasing downstream distance for the NACA387

0012, opposite to that of the NACA 65-410. By defining the characteristic length of the stalled388

airfoil, the scaling approach proposed by Bertagnolio et al. (2017) has been applied to the surface389

pressure spectra of the NACA 65-410 airfoil at post-stall conditions. The results show that the390

unsteady surface pressure can be scaled effectively except at locations close to the leading-edge.391

Nevertheless, further studies of the scaling laws for the transition range of angle of attack, where392

partial separation occurs, are necessary.393

394

DATA AVAILABILITY395

Some or all data, models, or code that support the findings of this study are available from the396

corresponding author upon reasonable request.397

398

ACKNOWLEDGEMENTS399

The authors would like to acknowledge the financial support from EPSRC for the present study400

via research grant No. EP/R010846/1 and the second author would like to also acknowledge the401

support from EPSRC DTP scholarship.402

403

REFERENCES404

20 June 29, 2021



Afshari, A., Azarpeyvand, M., Dehghan, A. A., Szöke, M., andMaryami, R. (2019). “Trailing-edge405

flow manipulation using streamwise finlets.” Journal of Fluid Mechanics, 870, 617 – 650.406

Bendat, J. S. and Piersol, A. G. (2011). Random data: analysis and measurement procedures. John407

Wiley & Sons, Hoboken, New Jersey.408

Bertagnolio, F., Madsen, H. A., Fischer, A., and Bak, C. (2015). “Experimental characterization409

of stall Noise - toward its modelling.” Proceedings of the 6th International Conference on Wind410

Turbine Noise, Glasgow, United Kingdom. AIAA 2009-3198.411

Bertagnolio, F., Madsen, H. A., Fischer, A., and Bak, C. (2017). “A semi-empirical airfoil stall412

noise model based on surface pressure measurements.” Journal of Sound and Vibration, 387,413

127–162.414

Brooks, T. F., Pope, D. S., and Marcolini, M. A. (1989). “Airfoil self-noise and prediction.” Report415

No. NASA-RP-1218, NASA Langley Research Center, Hampton, Virginia, United States.416

Garcia-Sagrado, A. (2008). “Boundary layer and trailing-edge noise source.” Ph.D. thesis, Univerity417

of Cambridge, United Kingdom.418

Gault, D. E. (1957). “A correlation of low-speed, airfoil-section stalling characteristicswith reynolds419

number and airfoil geometry.”Report No. NASA TN-3963, AmesAeronautical Laboratory,Moffet420

Field, CA, United States.421

Jarup, L., Dudley, M. L., Babisch, W., Houthuijs, D., Swart, W., Pershagen, G.and Bluhm, G.,422

Katsouyanni, K., Velonakis, M., Cadum, E., and Vigna-Taglianti, F. (2005). “Hypertension423

and exposure to noise near airports (hyena): Study design and noise exposure assessment.”424

Environmental Health Perspectives, 113(11), 1473–1478.425

Jones, B. M. (1934). “Stalling.” The Aeronautical Journal, 38(285), 753–770.426

Kocheemoolayil, J. G. and Lele, S. K. (2016). “Large eddy simulation of airfoil self-noise at high427

Reynolds number.” 22nd AIAA/CEAS Aeroacoustics Conference, Lyon, France. AIAA 2016-428

2919.429

Kurtz, D. W. and Marte, J. E. (1970). “A review of aerodynamic noise from propellers, rotors,430

and lift fans.” Report No. NASA TR-32-1462, California Institute of Technology, Pasadena, CA,431

21 June 29, 2021



United States.432

Lyon, C. A., Selig, M. S., and Broeren, A. P. (1997). “Boundary layer trips on airfoils at low reynolds433

numbers.” 35th Aerospace Sciences Meeting and Exhibit, Reno, Nevada. AIAA 1997-0511.434

Maryami, R., Azarpeyvand, M., Dehghan, A. A., and Afshari, A. (2019). “An experimental inves-435

tigation of the surface pressure fluctuations for round cylinders.” Journal of Fluids Engineering,436

141(6), FE–18–1285.437

Maryami, R., Showkat Ali, S. A., Azarpeyvand, M., and Afshari, A. (2020). “Turbulent flow438

interaction with a circular cylinder.” Physics of Fluids, 32(1), 015105.439

Mayer, Y. D., Kamliya Jawahar, H., Szöke, M., Showkat Ali, S. A., and Azarpeyvand, M. (2019a).440

“Design and performance of an aeroacoustic wind tunnel facility at the University of Bristol.”441

Applied Acoustics, 155, 358 – 370.442

Mayer, Y. D., Zang, B., and Azarpeyvand, M. (2019b). “Aeroacoustic characteristics of a NACA443

0012 airfoil for attached and stalled flow conditions.” 25th AIAA/CEAS Aeroacoustics Confer-444

ence, Delft, Netherland. AIAA 2019-2530.445

Mayer, Y. D., Zang, B., and Azarpeyvand, M. (2020). “Aeroacoustic investigation of an oscillating446

airfoil in the pre- and post-stall regime.” Aerospace Science and Technology, 103, 105880.447

Mccullough, G. B. and Gault, D. E. (1951). “Examples of three representative types of airfoil-448

section stall at low speed.” Report No. NASA TN-2502, Ames Aeronautical Laboratory, Moffet449

Field, CA, United States.450

Mish, P. F. (2003). “An experimental investigation of unsready surface pressure on single and451

multiple airfoils.” Ph.D. thesis, Virginia Polytechnic Institute and State University, Virginia452

Polytechnic Institute and State University.453

Moreau, S., Christophe, J., and Roger, M. (2008). “LES of the trailing-edge flow and noise of454

a NACA 0012 airfoil near stall.” Proceedings of the summer program, Center for Turbulence455

Research, Stanford University.456

Moreau, S., Roger, M., and Christophe, J. (2009). “Flow features and self-noise of airfoils near stall457

or in stall.” 15th AIAA/CEAS Aeroacoustics Conference, Miami, Florida. AIAA 2009-3198.458

22 June 29, 2021



Nobbs, B., Doolan, C. J., and Moreau, D. J. (2012). “Characterisation of noise in house affected by459

wind turbine noise.” Proceedings of Acoustics 2012, Fremantle, Australia.460

Palumbo, D. (2012). “Determining correlation and coherence lengths in turbulent boundary layer461

flight data.” Journal of Sound and Vibration, 331(16), 3721–3737.462

Petrilli, J. L., Paul, R. C., Gopalarathnam, A., and Frink, N. T. (2013). “A CFD database for airfoils463

and wings at post-stall angles of attack.” 31st AIAA Applied Aerodynamics Conference, 2916.464

Reilly, D. N. (1967). “A usefulmethod of airfoil stall prediction.” Journal of Aircraft, 4(6), 567–568.465

Schuele, C. Y. and Rossignol, K.-S. S. (2013). “Trailing-edge noise modeling and validation for466

separated flow conditions.” 19th AIAA/CEAS Aeroacoustics Conference. AIAA 2013-2008.467

Szöke, M. (2019). “Trailing edge noise control using active flow control methods.” Ph.D. thesis,468

University of Bristol, United Kingdom.469

Turner, J. M. and Kim, J. W. (2020a). “Aerofoil dipole noise due to flow separation and stall at a470

low reynolds number.” International Journal of Heat and Fluid Flow, 86, 108715.471

Turner, J. M. and Kim, J. W. (2020b). “Effect of spanwise domain size on direct numerical472

simulations of airfoil noise during flow separation and stall.” Physics of Fluids, 32, 065103.473

Vemuri, S. S., Liu, X., Zang, B., and Azarpeyvand, M. (2020). “On the use of leading-edge474

serrations for noise control in a tandem airfoil configuration.” Physics of Fluids, 32(7), 077102.475

Welch, P. (1967). “The use of fast fourier transform for the estimation of power spectra: a method476

based on time averaging over short, modified periodograms.” IEEE Transactions on audio and477

electroacoustics, 15(2), 70–73.478

Westphal, W. R. and Godwin, W. R. (1951). “Comparison of NACA 65-series compressor-blade479

pressure distributions and performance in a rotor and in cascade.” National advisory committee480

for aeronautics, United States.481

Wolf, W. R. and Lele, S. K. (2012). “Trailing-edge noise prediction using compressible large eddy482

simulation and acoustic analogy.” AIAA Journal, 50(11), 1637–1651.483

23 June 29, 2021


