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Abstract 7 
 8 
The present study investigates the efficacy of sinusoidal trailing edge (TE) serrations as a passive 9 
means for the reductions of airfoil broadband noise, theoretically and experimentally. 10 
Comprehensive parametric studies are conducted to determine the effect of serration amplitudes 11 
and wavelengths on the noise reduction performance of a NACA airfoil. Initially, the present 12 
paper shows the use of the Trailing-Edge Noise Model (TNO) for the accurate predictions of the 13 
surface pressure spectrum near the TE and hence the far-field noise using the Wiener-Hopf 14 
method. The predicted spectra and the noise reduction levels showed good agreement with the 15 
measurements for a wide range of frequencies. The present study reveals that the local maxima of 16 
the overall noise reductions occur when the transverse turbulence integral length scale is either 17 
1.2 or 0.2 times the serration wavelength, which corresponds to λ/Λt = 0.833 or 5, where λ and Λt 18 
are the serration wavelength and integral length scale. One of the key findings of the paper is that 19 
the serration wavelength at which the highest noise reductions occur when the acoustic emissions 20 
vary inversely with the modified Strouhal number Sthm (i.e., wsste (ω)/wbl (ω) ∝ 1/Sthm) for narrow 21 
(i.e., small wavelengths) and wider serrations (i.e., large wavelengths), where wsste and wbl are the 22 
acoustic emissions radiated from the serrated and baseline airfoils. Further, the TE serrations are 23 
also observed to reduce leading-edge (LE) noise along with the self-noise, which indicates the 24 
efficacy of TE serrations in reducing the total far-field noise.  25 
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1.  Introduction 40 
 41 

The acoustic emissions from various lifting surfaces, such as airfoils, turbine blades, fan 42 
blades, etc. are of primary concern in several strategically important sectors in the country, 43 
including environment, energy, and transport. It is an important obstacle for the expansion of 44 
airport traffic and the proper deployment of on-shore wind farms. This paper aims to overcome 45 
this problem by developing novel airfoil trailing edge (TE) designs that are effective in reducing 46 
overall far-field noise over a broad range of operating conditions. The acoustic radiations in 47 
aircraft can arise from different sources such as airfoil-turbulence noise (ATI), airframe noise, 48 
pylon noise, landing gear noise, etc. Out of these, fan broadband noise i.e., ATI is the primary 49 
noise source from the civil aircraft except during the landing. The reductions of airfoil-turbulence 50 
noise are imperative for the development of new airports as well as the expansion of the existing 51 
airports since they create huge noise pollutions to the surrounding environments. Also, the noise 52 
generated creates a lot of health-hazardous like sleep disturbance, hearing impairment, etc., to 53 
those who are living close to the airports. Earlier studies revealed that airfoil broadband noise is 54 
considered as the dominant source from commercial aircraft and hence immediate attention is 55 
required for the mitigation of the airfoil broadband noise. Because of the growing aircraft industry 56 
in the early 1990s and the development of wind farms later, researchers started addressing the 57 
airfoil trailing edge noise problem using various passive treatments such as serrations, brushes, 58 
and porous trailing edges. Although several works of literature are available for the control of 59 
airfoil broadband noise through various serration geometries, the novel idea of providing 60 
sinusoidal i.e., wavy trailing edge (TE) serrations for reducing airfoil broadband noise are scarce. 61 
Therefore, this paper provides a detailed experimental investigation into the use of sinusoidal 62 
trailing edge serrations as a passive means for minimizing airfoil broadband noise. For this, a 63 
systematic parametric study is performed for different serration amplitudes 2h and wavelengths λ 64 
to determine the key serration parameters i.e., λ and h of the foil which provide the best 65 
noise reductions over a wide range of frequencies. Some of the pertinent literature on the airfoil 66 
trailing edge noise are given below: 67 

 68 
Amiet [1–3] developed a theoretical method for predicting the far-field acoustic radiations 69 

from an airfoil placed in a turbulent stream and later he extended this theory to predict the trailing 70 
edge noise. For predicting the trailing edge noise, he used the surface pressure spectrum upstream 71 
of the trailing edge as a suitable input. In this study, the noise is considered as produced by the 72 
surface dipoles close to the trailing edge. He observed that the trailing edge noise from the airfoil 73 
is typically very small as compared to those generated by the oncoming turbulence levels of 1%. 74 

 75 
Azarpeyvand et al.[4] analytically and numerically, investigated the trailing edge noise 76 

reduction of a semi-infinite flat plate using periodic trailing edge serrations. They developed 77 
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analytical expressions to predict far-field acoustic spectra for various serrations such as sawtooth, 78 
sinusoidal, slitted, slitted-sawtooth, and sawtooth-sinusoidal. They noticed that the far-field 79 
acoustic radiations could be substantially reduced by applying complex periodic serrations at the 80 
trailing edge of the foil. Further, they showed that the slitted sawtooth serration is the best 81 
serration geometry for the reduction of trailing edge noise from low to mid-frequency ranges. 82 

 83 
Bachmann et al.[5] systematically, compared the acoustic radiation characteristics of a 84 

barn owl’s feathers with a pigeon one and accentuated the specific characteristics of the owl’s 85 
feathers on macroscopic/microscopic levels, which are liable for the generation of sound. They 86 
found that the owl generates slow noise as compared to the pigeon due to the existence of 87 
tubercles (i.e., serrations) at the wing’s leading edge and fringes at the edges. They proposed that 88 
the mechanisms responsible for the noiseless flight of the owl could be utilized for aerodynamic 89 
benefits, which might result in the development of new wings for modern aircraft. 90 

 91 
Brooks et al.[6] developed a semi-empirical prediction method for the self-noise generated 92 

from an airfoil placed in a smooth flow. Five self-noise mechanisms such as (1) Turbulent 93 
boundary layer trailing edge noise, (2) Laminar boundary layer vortex shedding, (3) Separation 94 
stall noise, (4) Trailing edge bluntness - vortex shedding noise, and (5) Tip vortex noise, due to 95 
specific boundary layer phenomena were identified and modeled. The predictions were observed 96 
to match well with the measurements made on seven NACA0012 airfoils of various sizes in a 97 
wind tunnel up to a Mach number of 0.21 for the range of angles of attack from 0o to 25.2o. Also, 98 
they noticed that the predictions showed good agreement with the published data for the three 99 
self-noise studies made on various airfoil geometries up to a Mach number of 0.5. Further, they 100 
showed that the prediction method matched very well with the rotor broadband noise measured in 101 
a large anechoic wind tunnel.  102 

 103 
  Gruber [7] experimentally, investigated the use of saw-tooth serrations as a passive means 104 
for reducing airfoil broadband noise. They studied the effect of various serration parameters 105 
namely, (i) serration height and (ii) serration wavelength on the noise reduction performance of 106 
the foil for various jet velocities and angles of attack. They showed that sharper serrations provide 107 
superior far-field noise reductions. They observed noise reductions of up to 5	𝑑𝐵 up to a certain 108 
critical frequency, beyond which the noise level increases. They revealed that the noise reduction 109 
arises due to the attenuation of the interaction between the incident and scattered pressures, which 110 
results in the decrease of the phase speed along the serrated edges as compared with the straight 111 
ones. 112 

Dassen et al.[8] experimentally, investigated the effect of trailing edge serrations on 113 
airfoils and flat plates for the reductions of airfoil self-noise. They observed that the serrated 114 
plates provided noise reductions of up to 10 dB from 1 to 6 kHz, while serrated airfoils showed 115 
reductions from up to 8 𝑑𝐵. They noticed that the misalignment of the teeth by 10o relative to 116 
flow direction provided noise reductions less than 2	𝑑𝐵, while an increase of the radiated noise is 117 
observed for 15o.  118 
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 119 
Oerlemans et al.[9] characterized the acoustic sources of the rough blade, clean blade 120 

tripped blade, and untreated blade to check the dominancy of the trailing edge noise for the range 121 
of jet speeds from 6 to 10 𝑚𝑠'(, using a large horizontal microphone array of about 58 𝑚. They 122 
observed that the blades generate higher noise radiations to the ground during their downward 123 
movement than the rotor hub. Also, they noticed that the blade noise is mainly generated in the 124 
outer section of the blades rather than the tip. Further, they observed that the tripped blade 125 
generates higher noise radiations as compared to the other cases mentioned above. 126 

 127 
Moreau and Doolan [10] experimentally, studied the noise reduction performance of the 128 

saw-tooth trailing edge serrations of a flat plate airfoil for the range of chord-wise Reynolds 129 
numbers from 1.6 × 105 to 4.2 × 105. They observed that the trailing edge serrations could 130 
provide noise reductions of up to 13 dB in the narrow band noise levels due to the attenuation of 131 
the trailing edge vortex shedding. Also, they revealed that the mechanism of noise reduction is 132 
due to the influence of the trailing edge serrations on the hydrodynamic field at the location of the 133 
source. 134 

 135 
Dassen et al.[11] predicted the trailing-edge noise using the newly developed model and 136 

compared the predicted spectra with the measured one. They revealed that the noise generation 137 
induced by the suction side turbulence is predicted accurately while those produced by the 138 
pressure side turbulence are slightly over predicted. 139 

 140 
Sivakumar [12] experimentally, investigated six different trailing edge (TE) serration 141 

geometries, namely, (i) three serrations with a single large triangular geometry at the TE, (ii) two 142 
serrations with varying orientation with respect to the airfoil, and (iii) straight-edged baseline 143 
plate, on the flow-induced noise of an airfoil for the range of chordwise Reynolds numbers from 144 
1.8 × 105 to 5.7 × 105. They observed substantial noise reductions of up to 6	𝑑𝐵 for the triangular 145 
serrations with included angles less than 45o, which showed good agreement with Howe’s 146 
prediction. Also, they observed the highest noise reductions for the frequencies above 5 147 
𝑘𝐻𝑧	where the TE noise dominates over the leading edge (LE). 148 

 149 
         Doolan and Moreau [13]  reviewed the earlier experimental trailing edge noise studies and 150 
compares the measured noise data for the NACA0012 airfoil with the two numerical predictions. 151 
The literature review and comparison showed the (i) extent of the available data, (ii) scatter in the 152 
results, and (iii) cause of the scatter. They also suggested the requirements of new experimental 153 
and numerical studies for understanding the physics of sound generation in detail. 154 
 155 

Chong et al. [14] experimentally, investigated the reductions self-noise by introducing 156 
non-flat plate saw-tooth serrations at the trailing edge of an airfoil. They observed that the non-157 
flat plate type serrations provide significant reductions of the broadband self-noise as well as the 158 
elimination of the high-frequency noise observed with flat plate type serrations. Also, they 159 
noticed that the narrowband vortex shedding noise due to the bluntness at the root of the serration 160 
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is less pronounced for wider serration angles. Further, they used non-flat plate type trailing edge 161 
serration with woven-wire mesh for the control of the narrowband vortex shedding noise. 162 

Herr and Dobrzynski [15] experimentally, studied the aeroacoustic and aerodynamic 163 
effects of trailing edge brush devices in DLR’s AWB for the range of Reynolds numbers from 2.1 164 
× 106 to 7.9 × 106. They found that the trailing edge noise frequencies scales with Strouhal 165 
number based on a reference length and the radiation intensities follow a velocity to the fifth 166 
power law, for both the reference and the brush trailing edge geometries. Further, they found that 167 
the length of the brush edge is a key parameter for the reduction of the trailing edge noise. They 168 
observed that the presence of brush at the trailing edge results in the suppression of narrow band 169 
bluntness noise as well as the reduction of the broadband noise. 170 

Zhou et. al. [16] experimentally and theoretically, studied the effects of the velvety 171 
structures on the TE noise as well as the boundary layer characteristics of a flat plate model. They 172 
found that the velvety coating modifies the boundary layer characteristics as well as the TE noise 173 
spectrum. They noticed that the velvety coating suppresses the vortex shedding phenomena. Also, 174 
they found that the presence of velvety coating can provide significant reductions of the high-175 
frequency noise by reducing the wall-normal velocity gradient and turbulent intensities near the 176 
wall. 177 

Sandberg et. al. [17] investigated the potential noise reduction mechanism of a NACA-178 
0012 airfoil. They used an immersed boundary method, which was capable of representing 179 
arbitrary three-dimensional geometries, for direct noise computations of various configurations 180 
that were not previously feasible.  181 

Avallone et. al. [18] experimentally, studied the mechanism of the TE noise convecting 182 
the turbulent boundary layer of the NACA0018 airfoil. They showed that the flow pattern is more 183 
complex at the near wake than at upstream of the serration which was characterized by counter-184 
rotating stream-wise-oriented vortical structures due to root and tip of the serration. They, also 185 
found that the conventional assumption of frozen turbulence adopted in the analytical model may 186 
limit the correct prediction of the far-field noise in the presence of spanwise-varying trailing-edge 187 
geometries. 188 

León et. al. [19] investigated the flow past a NACA 0018 airfoil model having the saw-189 
tooth trailing Edge. They noticed that the presence of stream-wise vortices that originates from 190 
the TE is primarily influenced by the serration flap angle. They also noticed that the TE noise was 191 
reduced at lower frequencies but higher frequencies, the noise level increases.  192 

 193 
Although several studies are available on different TE serrations such as slits, sawtooth, sawtooth 194 
with holes, slitted sawtooth Gruber [7] for the control of airfoil self-noise but detailed systematic 195 
parametric experimental study on the sinusoidal TE serrations for the control of overall noise is 196 
very limited in the literature. Further, the idea of sinusoidal LE serrations evolved from the 197 
biomimetics of barn owl wing, which is applied on the TE of the airfoil in the present study to 198 
reduce the overall broadband noise. It is expected that the sinusoidal serrations have smooth 199 
tips/roots and hence better mixing of the boundary at the root is possible, which reduces scattering 200 
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as compared to sharper sawtooth serrations. Therefore, the present study aimed at understanding 201 
the effect of smooth sinusoidal TE serrations for the reductions of airfoil overall broadband noise. 202 
The literature mentioned above clearly reveals that the TE serrations are a potential device for 203 
minimizing airfoil broadband noise, however, the detailed systematic parametric experimental 204 
study of the sinusoidal TE serrations for the control of airfoil broadband noise is nearly limited. 205 
Therefore, the present study aimed at understanding the effect of sinusoidal TE serrations as a 206 
passive means for the reductions of total aerodynamic noise over a wide range of frequencies. For 207 
this, a total of 32 serrated airfoil geometries comprising all combinations of the sinusoidal TE 208 
serrations with wavelengths (λ/C0) of 0.0333, 0.0667, 0.10, 0.1333, 0.2 and amplitudes (h/C0) of 209 
0.0333, 0.0667, 0.10, 0.1333, and 0.1667 are systematically investigated to quantify the effect of 210 
different serration parameters on the airfoil noise reductions. The studies are performed for 211 
various jet speeds of 20, 30, and 40 𝑚𝑠'(. The far-field acoustic radiations of different TE 212 
serrated airfoils are compared with baseline NACA65(12)10 airfoil i.e., un-serrated TE to 213 
determine the best serration parameters which provide the highest noise reductions over a wide 214 
range of frequencies. Further, the noise reduction performance of the sinusoidal TE serrated 215 
airfoils is quantified by finding the relation between the turbulence integral length scale and 216 
serration wavelengths, which provide maximum noise reductions. 217 

 218 

2.  Experimental set-up and procedure 219 

2.1. Test models studied 220 

        A NACA65(12)10 airfoil [150	𝑚𝑚 × 310 𝑚𝑚] with a slot at the trailing edge (TE) was 3D 221 
printed using ABS (Acrylonitrile butadiene styrene) material to obtain a smooth surface. The 222 
height and depth of the slot are kept as 10mm and 15mm, respectively for mounting different 223 
serration inserts. The different serration inserts are made using the laser i.e., laser cut in a 2	𝑚𝑚 224 
thick acrylic sheet. Far-field acoustic measurements are conducted for various TE serration 225 
parameters to quantify the effect of serration parameters on the noise reduction performance of 226 
the airfoil. Also, the introduction of serration inserts into the slot of the airfoil results in the 227 
formation of a small step near the trailing edge which may affect the flow dynamics. Therefore, 228 
speed tapes are provided over the step to obtain smooth flow when it passes through the junctions 229 
between the airfoil surface and the serration insert. Schematic of the sinusoidal serration showing 230 
various parameters, as well as a photograph of the 3D printed NACA65 (12)10 airfoil with TE 231 
serrations are shown in [Fig. 1]. In the present study, the serration geometries are limited to 232 
sinusoidal (i.e., wavy) profiles, since the effects of these profiles at the trailing edge of the airfoil 233 
were not systematically studied in detail for the reductions of airfoil broadband noise. The chord 234 
length of the TE serrated NACA65(12)10 airfoil with an amplitude h and wavelength λ is given in 235 
Eqn. (1) by Narayanan et al. [20] as follows:                                                           236 
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C(y) = C0+ h sin (2πy/λ)                                                                                                                  (1)                                                                                                       237 

 238 
 239 

where C0 is the mean chord and y is the span-wise distance.  240 

 241 
2.2. Open-jet wind tunnel facility  242 

         An open-jet wind tunnel facility is placed inside an in-house built anechoic chamber with an 243 
overall working space of 2.6 𝑚 x 1.7 𝑚 x 2.20 𝑚 (tip-to-tip) developed at IIT (ISM) Dhanbad. It is 244 
used for generating flow over airfoils. Sushil et al. [21] found that the lower cut-off frequency of 245 
the built anechoic chamber is 315	𝐻𝑧 within ±0.5 𝑑𝐵.  246 
 247 

 248 

(a)                                                                                 (b) 249 

Fig.1. (a) Schematic of the sinusoidal serration showing various parameters, (b) TE serrated 250 
airfoil, used in the present study 251 
 252 
This indicates that the chamber is anechoic for the range of frequencies of interest (i.e. from 1 to 253 
15 kHz) of the present study. The jet flow to the open jet tunnel is given by a centrifugal fan 254 
(Capacity: 10000 𝑚,ℎ𝑟'(, Max RPM: 2936) mounted on the slab driven by a 20 𝐻𝑃 motor. Anti-255 
vibration pads are provided on the slab for damping the excessive vibrations caused due to 256 
shaking of the blades. A variable frequency drive (Make: CG Power, Model: VSU48-024-257 
20CNB) is used to vary the speed of the motor. The air from the fan initially passes through a 258 
transition piece to a rectangular duct mounted on the wall and is then guided by a diffuser. 259 
Subsequently, the flow enters a settling chamber provided with a series of meshes/honeycomb 260 
sections to obtain a low noise and uniform flow. Ultimately, the flow passes through a rectangular 261 
nozzle having a contraction ratio of 8:1. The height/width of the nozzle exit is 0.15 / 0.30	𝑚, 262 
respectively. The schematic and photograph of the experimental facility are given in [Fig. 2] and 263 
[Fig. 3]. In this facility, the flow speed can be varied between 20 to 50 𝑚𝑠'(. The baseline and 264 
serrated airfoil test models are kept in the turbulent stream using two side plates to sustain two-265 
dimensional flow, as shown in [Fig. 3b].  266 
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 267 
To maintain the quiet and uniform flow, wire meshes and honeycombs and are provided in the 268 
settling chamber. In the open jet wind tunnel, the jet deflection occurs and hence the geometric 269 
angle of attack and effective angle of attack will be different, which can be taken care of by 270 
correction in the angle of attack. In real aircraft, the jet deflection will not occur and hence the 271 
correction is not required. So, open jet wind tunnels are generally used for smaller angles of 272 
attack. With the aid of Kevlar extensions, open jet wind tunnels can be used for higher angles of 273 
attack. The present study is done for smaller angles of attack and hence Kevlar extensions are not 274 
required.  275 
 276 
As pointed out by Brooks et al. [6], in the presence of an airfoil, the flow from the open-jet wind 277 
tunnel is deflected downwards. As this deviation does not occur in free air, it is important to 278 
correct for it to determine the effective angle of attack (α) in free air. In the present paper, all the 279 
experiments are conducted at 0° geometric angle of attack since the effective angle of attack is 280 
same as the geometric one in the present study. Also, the far-field noise characteristics show 281 
similar behavior at low angles of attack. The correction of the geometrical angle of attack is 282 
reported by Gruber [7] in which he explained that the geometrical angle of attack αg is corrected 283 
by considering the geometrical factor ζ to obtain the equivalent angle in free air αe for an 284 
equivalent lift force. The geometrical angle of attack αg of the test rig is defined as the angle 285 
between the flow and the chord line. The effective angle of attack αe=αg/ζ, where, ζ= (1 +286 

2σ)6+√12σ , and  σ = 8
9

:;
<=
>
?
6
and c and H are the airfoil chord and the height of the jet, 287 

respectively. 288 
 289 
 290 

 291 
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 292 

Fig.2. Schematic of the open jet wind tunnel setup placed inside an anechoic chamber 293 

 294 

                      (a)                                                                    (b) 295 

 296 
 297 

Fig.3. Photographs of (a) microphone array comprising of six free-field condenser microphones 298 
placed at an equidistant distance from the center of the airfoil inside an anechoic open jet wind 299 
tunnel facility, (b) TE serrated NACA airfoil placed in the turbulent stream. 300 
 301 
2.3. Measurement and Instrumentation 302 

        Far-field noise measurements from the airfoils are made using an array of a six-quarter-inch 303 
free-field condenser microphone (Make: GRAS, Model no.:40PH 277551) having a sensitivity of 304 
50 𝑚𝑉𝑃𝑎'(	at 250 𝐻𝑧. The radius of the microphone array is 0.65 𝑚 from the trailing edge of the 305 
airfoil. These microphones are positioned between emission angles of 60o and 135o measured 306 
relative to the downstream jet axis. Noise measurements are carried for a 10	𝑠 duration at a 307 
sampling frequency rate of 50	𝑘𝐻𝑧. The data is transferred to a PC using NI 15 LABVIEW 308 
software through a four-channel simultaneous sampling data acquisition system (Make: NI, 309 
Model: channel Chassis- CDAQ 9174, Module: NI 9222 C Series). The recorded time-series data 310 
is divided into FFT blocks of 1024 data points each. The acoustic spectra obtained from each FFT 311 
block are averaged and the Hanning window is used to determine FFT. Acoustic data are recorded 312 
for the three mean jet velocities (U) of 20, 30, and 40 𝑚𝑠'(. The jet velocity is measured using a 313 
digital manometer (Make: PCE, Model: HVAC-2). The sound power level is calculated by 314 
integrating the pressure spectra over the polar array of six microphones. Sound power level 315 
reductions are determined by subtracting sound power radiated by the serrated airfoil from the 316 
baseline straight edge profile as shown in Eq. (5). To prevent the presence of tonal noise 317 
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component in the far-field, which generally arises due to Tollmien-Schlichting (T-S) instability 318 
waves convecting in the laminar boundary layer, the flow in the vicinity of the airfoil’s leading 319 
edge is tripped using a rough tape on both the sides (i.e., suction and pressure) of the airfoil to 320 
obtain fully developed turbulence in the boundary layer. The acoustic radiation is expressed in 321 
terms of sound pressure level spectrum SPL, defined in Eq. (2) 322 

                                                           323 

 SPL (f) = 20log10 B	
CDD(E)
FGHI

		J                                                                                                           (2)                                                                                                                                                                                                           324 

 325 
where 𝑆FF(𝑓)	is the spectral density of the acoustic pressure and 𝑝NOE  = 20 x 10-6 𝑃𝑎. 326 

 327 
The spectral density of the acoustic power 𝑆P(𝑓)radiated between the emission angles [60°–328 
135°], 𝑤NOE= 10-12 𝑊,	∆𝜃 = 15o is calculated using the Eq. (3) given by Narayanan et al. [21] is 329 
as follows: 330 
 331 
 332 
 𝑆P (f) =WXY

ZX	[
   \	∑ (CDD(^_)`CDD(^_ab)

6
)cde

fd( x	∆𝜃	h                                                                               (3)                                                                                                                                                                                    333 

 334 
 335 

where L is the span of the airfoil, R is the radius of the microphone array, ρ is the density of the 336 
ambient air (𝑘𝑔𝑚',) and a is the speed of sound, (𝑚𝑠'(). 337 
The sound power level spectrum PWL assuming cylindrical radiation from a line source is 338 
determined using the Eq. (4) given by Narayanan et al.[20] is as follows: 339 
 340 

 PWL (f) =10log(m B	
Cn(E)
PGHI

	J                                                                                                            (4)                                                                                                                                                                                                      341 

 342 
 343 

The sound power reduction level between the baseline and sinusoidal TE serrated NACA airfoils 344 
is determined using the Eq. (5) given below: 345 
 346 
 ∆PWL (f) = 10log(m \	

Cn(E)o
Cn(E)p

	h                                                                                                       (5) 347 

 348 
2.4. Turbulence characterization 349 

       The classical theory of flat plate (Amiet [22] and Roger and Moreau [23]), indicates that the 350 
far-field acoustic emissions due to the interaction of a flat plate with a turbulent flow can be 351 
entirely predicted from the spectrum of the unsteady component of velocity normal to the flat 352 
plate. Hotwire anemometry is used to characterize the turbulence at the location of the airfoil’s 353 
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leading edge, i.e., 100	𝑚𝑚 from the nozzle exit. In airfoils, noise radiation can either occur from 354 
the leading edge or the trailing edge and these are classified as leading-edge interaction noise and 355 
trailing edge self-noise. To quantify the dominant noise radiation zone, the stream-wise velocity 356 
spectra are measured using a single wire hot wire positioned at 100	𝑚𝑚 downstream from the 357 
nozzle exit to characterize the impinging turbulence. It is observed that the measured velocity 358 
spectra showed good agreement with the von-Karman spectrum [Fig. 4] for isotropic and 359 
homogeneous turbulence with a turbulence intensity (TI) of around 3% and 12	𝑚𝑚 stream-wise 360 
integral length scale (ILS). This turbulence intensity is adequate to make the leading edge noise 361 
source dominant over the trailing edge one for the range of frequencies (i.e., low to mid 362 
frequencies, 1 𝑘𝐻𝑧 to about 5 𝑘𝐻𝑧) as reported by Gruber [7]. The turbulence integral length scale 363 
is determined by matching the theoretical von Karman as well as Liepmann spectra to the 364 
measured streamwise velocity spectra, assuming ideal isotropic turbulence. The comparison of the 365 
measured velocity spectra with the theoretical one must be useful to typify the flow with 366 
minimum velocity fluctuations. The measured velocity spectra showed good agreement with the 367 
von-Karman as well as Liepmann spectra for the longitudinal isotropic turbulence [Fig. 4] similar 368 
to those given in Narayanan et al. [20] and Chaitanya et al. [24], thus corroborating that the 369 
turbulence produced in the test setup is nearly isotropic. The turbulence intensity and the integral 370 
length scale at the location of the airfoil’s LE (i.e., at a distance of 100 mm from the nozzle exit) 371 
are kept constant in the present experiments. The sound produced by an airfoil in a turbulent 372 
stream is due to the unsteady component of velocity normal to the airfoil and hence our primary 373 
interest in this paper is, therefore, the normal component of turbulence velocity. The integral 374 
length scale Λt allied with the normal velocity component responsible for the sound generation 375 
from the airfoil is inferred from the streamwise length scale as 6 𝑚𝑚. Earlier studies by Gruber 376 
[7] reported that the impinging turbulence intensity levels greater than 2% make the leading edge 377 
noise dominant over the trailing edge self-noise. A turbulence intensity of around 3% in the 378 
present experiments indicates that the far-field acoustic measurements from the airfoil comprise 379 
overall noise (i.e., leading-edge interaction as well as trailing edge self-noise).The uncertainty in 380 
the acoustic pressure measurement is within ± 0.5	𝑑𝐵, including repeatability factors. The 381 
uncertainty in the measurement of ambient temperature inside the anechoic chamber is within ± 382 
1℃. The frequency resolution of the spectra is 48.83	𝐻𝑧. The uncertainty in the measurement of 383 
velocity is within ± 1%, including repeatability factors.  384 
 385 
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 386 

Fig.4. Comparison of the measured stream-wise velocity spectrum (ϕuu) with von-Karman and 387 
Liepmann model for longitudinal isotropic turbulence, at mean jet velocities 20 and 30 𝑚𝑠'(. 388 
. 389 

3. Results and discussions 390 

3. 1.   Analytical prediction: 391 

3.1.1.   Development of an analytical model to predict the far-field noise from the serrated airfoil 392 

            The prediction of the far-field noise from a serrated airfoil of chord ‘C’ and span ‘y’ in a 393 
uniform stream of velocity U is considered by Lyu and Ayton [25], which provides an analytical 394 
solution for the TE noise using the Wiener-Hopf method as follows: 395 
 396 
 397 

𝑆FF(𝑟, 𝜃, 𝑦) ∼
(
:8N

sin6 ^
6
∑ ∫ ∏ (𝜔, 𝑘6){

|
'| } ~'�b'��

�b'�� =��(^)
𝐸�(−𝜅� 𝑐𝑜𝑠 𝜃)}|

�d'|

6
sgn(ℜ(𝜅�))d𝑘6															(6) 398 

 399 
where (𝑟, 𝜃, 𝑦) denotes the location of the observer in the cylindrical coordinate system (𝑥/𝛽, y, 400 
z), i.e. y represents the spanwise axis, 𝜃 is the polar angle in the plane formed by (𝑥/𝛽 , z) along 401 

the  𝑥/𝛽 axis (𝜃 = 0 represents the 𝑥/𝛽 axis) and 𝑟 = �<X
�
?
6
	+	𝑧6. Also, 402 

 403 

ℎ
'
=
ℎ
𝛽 ; 	𝑘 = 𝜔𝑀; 	𝛽	 = 	~1 − 𝑀6;	𝑘( =

𝜔
0.7 ;	𝑘( = 	

𝑘( + (𝑘𝑀 − 𝑘(𝑀6)
𝛽 	;	𝜒� = 𝑘6 	+ 2𝑛𝜋;	 404 

𝜅� = �𝑘6 − 𝜒�6 405 
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 406 
𝐸�(−𝜅� cos 𝜃) = ∫ 𝑒f��b'�� ��p(^)�� (¡)𝑒f6�π¡d𝜂(

m  and Πt is the surface-pressure spectrum. 407 
 408 
It is further simplified by replacing the integration with the summation, given by: 409 

  𝑆FF(𝑟, 𝜃, 𝑦) ∼
(
:8£

sin6 ^
6

�b'�

��b'� ��p(^)�
9 ∑ ∏ (𝜔, 2𝑛𝜋){ ¤𝐸��−𝑘 cos𝜃�¤|

�d'|
6
                               (7) 410 

 411 
 412 

where 𝑘 is defined by 𝑘 = �
�	

 413 

 414 
The surface-pressure spectrum Πt is calculated by the Chase model in (Lyu and Ayton [25] and 415 
Chase [26]), which is given by 416 
 417 

Π{(𝜔, 𝑘6) =
:¦§9

¨8©ª9
�b9«`	�99«

<(`	�b9«`		�99«?
¬

-                                                                                               (8) 418 

where TI = turbulent intensity and 419 
 420 

𝑘O = 	
√𝜋⎾(5/6)
𝐿{⎾(1/3)

; 𝑘(6« =
𝑘(
𝑘O
	; 𝑘66« =	

𝑘6
𝑘O

 421 

 422 
 423 
Though the simplified Eq. (7) has saved a great amount of computational cost as compared to that 424 
in Eq. (6) and gave results that are in good agreement with the experimental data the Chase model 425 
used to predict the wall pressure spectrum is quite outdated, 426 
 427 
Earlier, Chase has assumed the semi-infinite rigid plate in which the radiated pressure involved 428 
the calculation of the diffraction of the short hydrodynamic waves (U/f) produced from the sharp 429 
edge into the sound with the larger wavelength (c/f). This was a nice assumption but, by 430 
considering the semi-infinite rigid plate, it shadowed the secondary leading-edge interactions 431 
which cause the third slope at higher frequencies as seen in the experiments.  432 
Recently, Stalnov et al. [27] have extended the TNO-Blake model to predict the airfoils self-noise 433 
and developed an equation to calculate the surface pressure spectrum. The surface pressure 434 
spectrum obtained from this equation matches well with the measured spectra from mid to high 435 
range where trailing edge self-noise dominates over leading-edge interaction noise. The results 436 
obtained are in accordance with the frequencies from mid to high range where the TE noise 437 
dominates. The equation used for calculating the surface pressure spectrum in the present 438 
prediction is given by: 439 
 440 

∏ (𝜔)¦²³ = 	 :8Z9

´µ|(·)
∫ 𝛬6|66
¹
m 𝑈=(𝑥6) »

¼½b(X9)
¼X9

¾
6 ¿99(X9)
½À9(X9)

𝛷66 <
·

½À(X9)
, 𝑘, = 0? 𝑒'6|�|X9d𝑥6              (9) 441 
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 442 
 443 
where, 𝛬6|66 is turbulent length scale, 𝛬Â|, is the spanwise correlation length, 𝑈= is the convective 444 
velocity of each point 𝑥6 inside the boundary layer and 𝛷66(𝑘(, 𝑘, = 0) is the normalized vertical 445 
velocity spectrum which is given by: 446 
 447 

𝛷66(𝑘(, 𝑘, = 0, 𝛽(, 𝛽,) = 	
4
9𝜋

𝛽(𝛽,
𝑘O6

<�b�b
�H
?
6

Å1 + <ꞵb�b
�H
?
6
Æ
¬


 448 

 449 

𝑘O(𝑥6) = 	
√𝜋

𝛬((|((𝑥6)
⎾(5/6)
⎾(1/3) 450 

 451 
where, 𝛬((|((𝑥6)the longitudinal integral length scale and 	𝛽(, 𝛽6, 	𝛽, are the stretching factors 452 

given by 	𝛽( = 1, 	𝛽6 =
(
6
, 	𝛽, =

,
:
. Assuming the isotropic condition, the longitudinal integral 453 

length scale is related to the transverse length scale by 𝛬((|((𝑥6) = 	2	𝛬6|66(𝑥6).  454 
 455 
As we can see, the surface pressure spectrum derived by Stalnov et al. [27] is independent of the 456 
span-wise wavenumber (k2 = 0). Hence to get accurate predictions, we need to incorporate the 457 
dependence of the span-wise wavenumber (k2) in the surface pressure spectrum model. Roger and 458 
Moreau [28] have achieved this by introducing the spanwise correlation length (𝑙È) given by: 459 
 460 
  Pw (ω,𝑘6)= (

8
∏ (𝜔)ÉcÊ 𝑙È(𝜔, 𝑘6)	                                                                                               (10)  461 

where, Pw is the wall-pressure wave-number spectral density, and y is the spanwise correlation 462 
length defined as Moreau and Roger [29]: 463 
 464 

  𝑙È(𝜔, 𝑘6)	=  
Ë

(ÌÀÍÀ)

�99`<
Ë

(ÌÀÍÀ)
?
9                                                    465 

By replacing the Chase Surface Pressure model in Eq. (7) with the modified TNO-Blake model in 466 
Eq. (10), we get the following equation, 467 
 468 

 𝑆FF(𝑟, 𝜃, 𝑦) ∼
(
:8£

sin6 Î
6

�b'�

��b'� ��p(Î)�
9 ∑ ∏ (𝜔)ÉcÊ ¤𝐸��−𝑘 cos(𝜃)�¤|
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6
                               (11) 469 

 470 
 471 
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 since ∏ (𝜔)ÉcÊ  is independent of the wavenumber along the spanwise direction, we can move 472 
this term outside the summation part which gives Eq. (12)   473 

 𝑆FF(𝑟, 𝜃, 𝑦) ∼
1

4𝜋2𝑟 𝑠𝑖𝑛
2 𝜃
2

𝑘1−𝑘

<𝑘1−𝑘 𝑐𝑜𝑠(𝜃)?
2 ∏ (𝜔)TNO ∑ Ó𝐸𝑛 <−𝑘𝑐𝑜𝑠(𝜃)?Ó∞

𝑛=−∞
2
                                   (12) 474 

 475 
The equation derived is similar to the one obtained by Moreau et al. [30]  476 
By using the modified TNO-Blake model, it gives three advantages to Eq. (12) over Eq. (7) 477 
 478 

(1) Firstly, it incorporates the secondary leading-edge interactions that were missing in the 479 
Chase model, making our predictions even more accurate for the far-field noise.  480 
 481 

(2) Further, the spanwise correlation length is included in Eq. (12), which takes care of the 482 
spanwise variations in the far-field noise prediction of the sinusoidal serrated airfoil. 483 
 484 

(3) With the introduction of the modified TNO-Blake model, we can get more accurate TE 485 
noise predictions at a much lower computational time. 486 
 487 

The analytical predictions are fairly accurate since the profile/parameters of NACA 65(12)-10 488 
airfoil, used in the present study are taken from the XFOIL data. The mathematical formula C(y) 489 
= C0+ h sin (2πy/λ) is used to design and develop the TE serrated airfoils. The same formula is 490 
used in the analytical predictions, where C0 is the mean chord and y is the span-wise distance also 491 
is taken into consideration to carry out the analytical prediction. 492 
 493 
The analytical predictions are done with the help of the Trailing Edge Noise Model (TNO). The 494 
anisotropic turbulence is taken care of by introducing the stretch factors.  In the TNO model, we 495 
have assumed that the surface pressure fluctuations are the same for all the serrated airfoils since 496 
we need measured boundary layer parameters as input for predicting the surface fluctuations but 497 
here we predicted the boundary layer parameters using XFOIL data and hence due to this there is 498 
some variance between the experimental data and the predicted one, however, the predictions are 499 
reasonably accurate and can benefit the readers working in the area to get a rough idea about the 500 
noise emissions from the TE serrated airfoils prior to the design and development of the next 501 
generation low noise airfoils.  502 
 503 
3. 2. Validation: 504 

3.2.1.   Baseline airfoil 505 

The model developed above is validated with the experiments performed on NACA 65(12)-10 506 
airfoil in the test facility described above. To check the improvement in the revised model, it is 507 
compared with Lyu and Ayton’s model [Fig 5] for the baseline airfoil. The parameters required 508 
for the prediction of surface pressure fluctuations using the TNO model are obtained from the 509 
XFOIL software at point C0  Eq. (1) and are used for all the calculations. The validation has been 510 
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done for two freestream velocities viz 30 and 40 𝑚𝑠'(., which are compared in [Fig. 5a] and [Fig. 511 
5b] respectively. 512 
 513 

 514 
                  (a)                                                              (b) 515 

 516 
 517 
 518 
Fig. 5. The sound pressure level comparison of the Lyu and Ayton model with the modified TNO 519 
model for baseline w.r.t present experiment for (a) 30	𝑚𝑠'( (b) 40	𝑚𝑠'(  respectively. 520 
 521 
It can be observed that by the incorporation of the modified TNO model in calculating the surface 522 
pressure spectrum, there is a significant improvement in the prediction of the far-field spectra as 523 
compared to the model proposed by Lyu and Ayton [25]. The model is now able to predict the 524 
far-field noise, especially at higher frequencies where the TE noise dominates over the LE ones. 525 
The deviations from the experimental results for both models are shown in [Fig. 5a] and [Fig. 5b] 526 
for 30 and 40 𝑚𝑠'(	respectively. For the major part of frequencies, the standard deviation of the 527 
spectra of the models is lies within the range of ± 4 𝑑𝐵, within the frequency range of our interest. 528 
For the major part of frequencies, the deviation lies within about ± 4	𝑑𝐵.   529 

 530 
The analytical predictions are done with the help of the Trailing Edge Noise (TNO) Model. The 531 
anisotropic turbulence is taken care of by introducing the stretch factors. In the TNO model, we 532 
have assumed that the surface pressure fluctuations are the same for all the serrated airfoils since 533 
we need measured boundary layer parameters as input for predicting the surface fluctuations near 534 
the trailing edge but here we predicted the boundary layer parameters using XFOIL data and 535 
hence due to this there is some variance between the experimental data and the predicted one, 536 
however, the predictions are reasonably accurate and can benefit the readers working in the area 537 
to get a rough idea about the noise emissions from the TE serrated airfoils prior to the design and 538 
development of the next generation low noise airfoils. The idea of modifying the present Weiner-539 
Hopf method is to provide readers with a tool to calculate reasonably accurate noise emissions 540 
from the TE serrations. This is done with the help of the Trailing Edge Noise (TNO) Model to 541 
calculate the surface-pressure spectrum of the airfoil near the trailing edge. A comparison is made 542 
between the Lyu & Ayton Model and the modified TNO Model and is shown in [Fig. 5]. With the 543 
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modifications, the model can now more precisely capture the far-field spectrum as compared with 544 
the previous model.  545 
 546 
 547 
3.2.2 Comparison of the far-field noise spectra and reductions obtained from predictions and 548 
experiments: 549 
 550 
          The results obtained from Eq. (12) are compared directly with the experimental data. The 551 
data is plotted for two different uniform jet velocities i.e. 30 and 40 𝑚𝑠'( at a radius, r = 0.65 𝑚. 552 
As observed from the experimental data, the serration showing the highest reductions for λ/C0 = 553 
0.2, h/C0 = 0.1667 at θ = 90o (i.e. the observer is directly above the airfoil’s trailing edge) is 554 
chosen and plotted in [Fig. 5].. For both velocities, it is observed that the spectral shape is well 555 
captured by the predictions. It is well known that the jet noise dominates at low frequencies and 556 
leading-edge interaction noise dominates from low to mid-frequency ranges. Also, from mid to 557 
high frequency ranges the trailing edge noise starts to dominate over the leading edge one. At 558 
lower frequencies, the deviations with the experiments might be due to the dominance of jet noise 559 
and interaction noise as mentioned above but as we move towards the higher frequencies.   560 
 561 
Some deviations will always exist with the experiments because of the presence of noises due to 562 
other major sources such as the jet noise and vortex pairs, which form interference peaks and 563 
eventually gives rise to the scattered experimental data. To get a clear picture of the accuracy of 564 
the modified TE noise model devised above, we need to eliminate the scattering of the 565 
experimental data. This can somehow be achieved by comparing the differences in the SPL 566 
spectra ∆SPL of baseline with serration for both, the predictions and the experiments. 567 
∆SPLØ�[ÙÈ{f=[Ù  is calculated using the formula: 568 
 569 
∆SPLØ�[ÙÈ{f=[Ù = 𝑆𝑃𝐿Ø�[ÙÈ{f=[Ù	Ú[�OÙf�O − 	𝑆𝑃𝐿Ø�[ÙÈ{f=[Ù	CONN[{f��                                             (13) 570 
 571 
From [Fig. 6], the r.m.s ∆SPLØ�[ÙÈ{f=[Ù  is within about ± 4	𝑑𝐵 band w.r.t. the ∆SPLÛXFONfÜO�{[Ù  572 
for a wide range of frequencies. Thus, it reveals that with the use of a modified TNO model along 573 
with the TE far-field noise equations derived using the Wiener-Hopf method, we can get more 574 
accurate ∆SPL predictions. 575 
 576 
 577 
                                                                             (A) 578 
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                                                     579 

                        (a)                                                 (b)                                                     (c) 580 
 581 
 582 

                                                     (B)  583 

                      584 

(d)                                                 (e)                                                 (f) 585 

Fig. 6. Comparison of predicted SPL and ∆SPL with experimental SPL and ∆SPL for λ/C0 = 0.2, 586 
h/C0 = 0.1667 for (a,d) Baseline (b,e) serration (c,f) ∆SPL at 2 different velocities (A) 30 𝑚𝑠'( 587 
(B) 40 𝑚𝑠'(. 588 
 589 
In general, the spectral shape is well captured by the predictions for both the jet velocities. It is 590 
well known that the jet noise dominates at low frequencies and leading-edge interaction noise 591 
dominates from low to mid-frequency ranges. Also, from mid to high frequency ranges the 592 
trailing edge noise starts to dominate over the leading edge one. At lower frequencies, the 593 
deviations with the experiments might be due to the dominance of jet noise/interaction noise but 594 
as we move towards the higher frequencies, the predictions come in close agreement with the 595 
experiments. 596 
 597 
The discrepancies observed in the calculations [Fig. 6] can be associated with the given three 598 
reasons.  599 

1. Using experimental data for surface-pressure spectrum: The boundary layer values used in 600 
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the TNO model are calculated with the help of XFOIL. It is assumed that the values 601 
remain constant irrespective of the TE serration used but in actuality, this cannot be true. 602 

2. TE noise interference on the overall noise spectra: As observed from the later work in the 603 
paper, noise radiations from TE serrations do interfere with the LE noise and hence the 604 
overall noise spectra. However, in the current modification, it is not incorporated due to 605 
difficulty. 606 

3. The shear layer correction effects on the far-field noise are not included in the present 607 
modifications since it makes the problem more complicated. Further, the shear layer 608 
correction effects may be significant at higher jet velocity, that is why the deviation 609 
between the present predictions and the experiments are higher at higher jet velocity (Fig. 610 
6 (c) as compared to Figs. 6 (a) and (b).   611 
 612 

The present predictions may be improved if all the above-mentioned can be incorporated, 613 
however, it is for future work as it will deviate the scope of the current paper. Some deviations 614 
will always exist with the experiments because of the presence of noise due to other major 615 
sources such as the jet noise and vortex pairs, which form interference peaks and eventually gives 616 
rise to the scattered experimental data.  617 
 618 
 619 
3.2.3. Analytical approach on the effect of serration amplitude (h) on the TE noise:  620 

          As observed from the experimental results given in Section 4.1.3, the noise reductions can 621 
be increased by increasing the serration amplitude, h. However, observing the effect of h, 622 
specifically on TE noise, cannot be seen clearly as the experimental data is mixed with other 623 
noises such as the jet noise, leading-edge noise, and vortex pairs. The high accuracy of Eq. (12) in 624 
predicting the TE noise makes it a good approach to examine the effect of h for the same serration 625 
wavelength.  626 
 627 

 628 
 629 
                                        (a)                                                                      (b) 630 
 631 

 632 
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 633 
 634 
Fig.7. Analytical comparison of predicted far-field TE noise for different h/C0 and λ/C0= 0.2 at 635 
(a) 30 𝑚𝑠'( (b) 40 𝑚𝑠'(. 636 
 637 
The predicted far-field TE noise reductions at λ/C0 = 0.2 and different serration amplitudes are 638 
shown in [Fig. 7], for different jet velocities of 30 𝑚𝑠'( and 40 𝑚𝑠'(. In general, all the TE 639 
serrations are providing significant noise reductions from about 2 kHz onwards which indicates 640 
the efficacy of sinusoidal TE serrations in reducing broadband noise. It is observed that longer 641 
amplitude serrations i.e. for higher h/C0, showed the highest noise reductions for both the jet 642 
velocities. Also, the striking feature observed is that the frequency at which the highest noise 643 
reduction provided by the longest serration shifts to a higher value for a higher jet velocity of 40 644 
𝑚𝑠'(. As h decreases it is seen that the maximum noise reductions provided by the serration shift 645 
to mid-frequency from higher one and this behavior are observed for both the jet velocities. At the 646 
maximum noise reduction zone, the noise reductions are observed to decrease with a decrease in h 647 
values, which reveals that the longer serrations could provide higher noise reductions as 648 
compared to shorter ones, thus corroborating the experimental findings. This behavior is observed 649 
at the mid-frequency range for a jet velocity of 30 𝑚𝑠'(	and the high-frequency range for a jet 650 
velocity of 40 𝑚𝑠'(. Thus, theoretical prediction reveals that the highest reductions provided by 651 
the TE serrations are observed from mid to high-frequency ranges as compared to the low-652 
frequency range. [Fig. 7] shows the variations in the noise reduction level w.r.t reference line ( 0 653 
𝑑𝐵) since the values above the reference line show the noise reduction level while the values 654 
below it show the noise enhancement level. Hence, we conclude from the figure that the 655 
maximum noise reduction zone is found to be at the self-noise region.  656 
 657 
 658 
 659 
4. Experimental spectral results 660 

4.1. Spectral features 661 

4.1.1. Acoustic spectra comparison of sinusoidal and triangular TE serrations  662 

          The spectra shown in the paper are based on far-field acoustic measurements of the overall 663 
noise radiated (i.e., leading-edge interaction noise + trailing edge self-noise) from the baseline 664 
and TE serrated airfoils. The sound power level spectra of the sinusoidal i.e., wavy TE serrations 665 
with λ/C0 = 0.0333, h/C0 = 0.1667 and λ/C0 = 0.1667, h/C0 = 0.1667 introduced at the trailing 666 
edge of a NACA airfoil are compared with triangular i.e., v-serrated ones for the same parametric 667 
conditions in[ Fig. 8] at the jet velocity of 40 𝑚𝑠'(, to understand the efficacy of the sinusoidal 668 
TE serrations over triangular ones. It is observed that the sinusoidal i.e., wavy TE serrations (solid 669 
red curve) showed lower far-field acoustic emissions as compared to v-serrations (solid blue 670 
curve) over a wide range of frequencies from about 0.5-10 𝑘𝐻𝑧. In general, it is observed that the 671 
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far-field acoustic radiations from the sinusoidal TE serrations are lower than v-serrations for the 672 
range of frequencies from about 0.5-10 𝑘𝐻𝑧 as well as 15-20 𝑘𝐻𝑧, irrespective of the jet 673 
velocities. It reveals that the sinusoidal TE serrations could effectively reduce the far-field 674 
acoustic emissions as compared to the v-serrations. Also, for all the jet velocities studied, the far-675 
field acoustic emissions of the sinusoidal TE serrations are observed to be much lower than the v-676 
serrations for the frequencies from about 4-10 𝑘𝐻𝑧. Thus, the present study indicates that the 677 
sinusoidal serrations could effectively reduce trailing edge self-noise which generally arises at 678 
high frequencies (i.e., > 5 𝑘𝐻𝑧) as reported by Sivakumar et al. [12]. In general, it is noticed that 679 
the wider sinusoidal TE serrations [Fig. 8b] generate lower overall acoustic emissions as 680 
compared to narrow ones [Fig. 8a] for the range of frequencies from about 0.5-10 𝑘𝐻𝑧, at all jet 681 
velocities studied.  682 
 683 
 684 

 685 
                                  (a)                                                                         (b)  686 
 687 
 688 

 689 
 690 
 691 
Fig.8. Acoustic spectra comparison of sinusoidal and v-serrated NACA airfoil at h/C0 = 0.1667 692 
(a) λ/C0 = 0.0333 and (b) λ/C0 = 0.1667, for a jet velocity of 40 𝑚𝑠'(. 693 

 694 
. 695 
The probable reason for the lower far-field noise emissions provided by the sinusoidal TE 696 
serrations may be due to the presence of weak compact root sources as a result of the smooth 697 
mixing of the upper and lower boundary layers at the root of the sinusoidal serrations, which 698 
reduces the edge scattering and hence the far-field noise as compared to the v-serrations. Thus, it 699 
demonstrates that the sinusoidal serrations act as the best passively modified TE profiles for 700 
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achieving significant reductions of the overall noise as well as trailing edge self-noise as 701 
compared to v-serrations. 702 
 703 
4.1.2. Sound pressure spectra comparison of baseline NACA airfoil, and TE serrated NACA 704 
airfoils 705 
 706 
           Typical acoustic spectra of overall far-field noise from baseline NACA airfoil and 707 
sinusoidal i.e., wavy trailing edged NACA airfoils are compared in [Fig. 9] at U = 30 𝑚𝑠'(, for 708 
all TE amplitudes h/C0 at a fixed λ/C0 value of 0.1667. 709 

 710 

 711 
 712 
 713 

 714 
 715 
 716 
Fig.9. Typical acoustic spectra comparison of baseline NACA airfoil and TE serrated NACA 717 
airfoils at a λ/C0 value of 0.1667 and h/C0 values of 0.0333, 0.0667,0.10, 0.1333, 0.1667, for a jet 718 
velocity of 30 𝑚𝑠'(. 719 
 720 

 The paper emphasizes the substantial reductions of the far-field acoustic emissions for the range 721 
of frequencies from about 4-10 𝑘𝐻𝑧, from the overall broadband noise measurements. The leading 722 
edge interaction noise is the dominant one as compared to the trailing edge self-noise due to 723 
impinging turbulence intensity > 2% in the present experiments as mentioned earlier. The 724 
background noise measured at the same jet velocity [Fig. 9] is observed to be significantly lower 725 
than the overall acoustic radiations from the realistic airfoils, which indicates that the background 726 
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noise does not affect the far-field acoustic radiations from the baseline and serrated foils. The 727 
background noise measurements are made with the jet flow in the presence of side plates but 728 
without airfoil. The considerable noise reductions of about 2	𝑑𝐵 are limited to the frequencies 729 
from 4-10 𝑘𝐻𝑧, where the trailing edge self-noise dominates over the leading edge interaction 730 
noise.  731 
A striking feature of the sound pressure spectra obtained with sinusoidal TE serrations is that the 732 
far-field acoustic emission levels in the spectra obtained with the baseline for the range of 733 
frequencies from about 4-10 𝑘𝐻𝑧 are much reduced, while the characteristic oscillations are not 734 
reduced. Unlike leading-edge serrations, the pressure jump along the span and across the chord is 735 
nearly coherent due to the reduced scattering of the pressure by the sinusoidal TE serrations. The 736 
probable reason for the reduction in the scattering of the pressure by the serrated TE may be due 737 
to the presence of weaker surface pressure fluctuations than the serration peaks as a result of the 738 
smooth mixing of the upper and lower boundary layers at the root of the serrations. The 739 
interference peaks as shown in [Fig. 9] are not suppressed like those observed for leading-edge 740 
serrations are given in Narayanan et al. [20], while the peaks shift to a lower level thus reducing 741 
the far-field acoustic emissions. It also shows that the far-field acoustic emission levels decrease 742 
with a decrease in the amplitude of the sinusoidal TE serration for a fixed λ/C0 value of 0.1667 for 743 
the range of frequencies from about 0.5-10 𝑘𝐻𝑧, while much-reduced emission levels are noticed 744 
for the range of frequencies from about 4-10 𝑘𝐻𝑧. Thus, it reveals that the shorter sinusoidal TE 745 
serrations generate lower far-field acoustic emissions as compared to the longer ones for a fixed 746 
value of λ/C0. 747 
 748 
 749 
4.1.3. Sound power level spectra comparison of baseline and serrated- NACA-65 airfoils 750 

           The sound power spectra of baseline and sinusoidal TE serrated airfoils at a fixed λ/C0 751 
value of 0.0333 and h/C0 values of 0.0333, 0.0667, 0.10, 0.1333, 0.1666 are shown in the right-752 
hand side of [Fig. 10].  753 
 754 

 755 
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 756 

 757 
Fig.10. Sound power level spectra comparison of baseline and TE serrated NACA airfoils at λ/C0 758 
= 0.20 and different h/C0 values for various jet velocities 759 
 760 

It is observed that the far-field acoustic radiations of the baseline TE serrated NACA airfoil with 761 
λ/C0 = 0.0333 and h/C0 = 0.0667 are almost the same for a certain range of frequencies and jet 762 
velocities. In general, it is observed that the baseline NACA airfoil radiates higher far-field noise 763 
for the entire range of frequencies from 4-10 𝑘𝐻𝑧 as compared to the TE serrated airfoils except 764 
for the serrated one with λ/C0 = 0.0333 and h/C0 = 0.0667 as mentioned above. It is observed that 765 
the sinusoidal TE serrated NACA airfoil obtained with λ/C0 = 0.0333 and h/C0 = 0.0333, 766 
generates the lowest far-field acoustic radiations for the range of frequencies from 4-10 𝑘𝐻𝑧, as 767 
compared to other TE serrated NACA airfoils. Further, it reveals that the far-field acoustic 768 
radiations are observed to decrease with an increase in h/C0 value from 0.0667 to 0.1666, for the 769 
range of frequencies from 4-10 𝑘𝐻𝑧, except for the smallest h/C0 value of 0.0333, which showed 770 
the lowest emission levels as mentioned above. Also, the far-field acoustic radiations of the 771 
baseline and sinusoidal TE serrated NACA airfoils are observed to increase with the increase in 772 
jet velocities. Thus, it reveals that h/C0 values play a crucial role in modifying the far-field 773 
acoustic radiations when compared to a fixed λ/C0 value of 0.0333, for all the jet velocities. The 774 
lower far-field radiations provided by the sinusoidal serrated TE airfoil may be due to the 775 
presence of weaker surface pressure fluctuations in the vicinity of the TE as a result of the 776 
reduced velocity fluctuations in the vertical cross-section close to the TE as reported by Tang et 777 
al. [31]. Further, the surface pressure fluctuations are primarily concentrated at the peaks of the 778 
sinusoidal TE serrations rather than disseminated throughout the span of the straight edge baseline 779 
airfoil. Thus, it reveals that the radiation of weaker surface pressure fluctuations primarily from 780 
the peaks of the sinusoidal TE serrations results in the reduced far-field noise as compared to the 781 
straight edge baseline where the intense surface pressure fluctuations throughout the span of the 782 
airfoil radiate to the far-field. The noise reductions provided by the sinusoidal TE serrated NACA 783 
airfoils are given in the following section. 784 
 785 
5. Sound power reduction levels  786 

5.1. Sound power reduction levels (∆PWLs) of sinusoidal TE serrated NACA-65 airfoils  787 

       The sound power level reduction levels (∆PWLs) of TE serrated NACA airfoils at λ/C0= 788 
0.0333 and 0.2 for different h/C0 values are compared in [Fig. 11] at three different jet velocities. 789 
 790 
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 791 
                                          (a)                                                                     (b)  792 

 793 

 794 
                                           (c)                                                                     (d)  795 

 796 

 797 
                                             (e)                                                                    (f)  798 
 799 

 800 
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Fig.11. Sound Power Level Reduction (∆PWL) comparison for) λ/C0 = 0.033 shown in (a, c, e ) 801 
and λ/C0 = 0.2 shown in (b, d, f) at different jet velocities of 20, 30 and 40 𝑚𝑠'( resp. 802 

 803 
 804 
 It is observed that the sound power reductions are highest (i.e., about 2 𝑑𝐵) for the smallest h/C0 805 
value of 0.0333 (i.e., smallest amplitude serration) for the range of frequencies from 1-15 𝑘𝐻𝑧. 806 
Also, another noteworthy feature observed for the range of frequencies from 5-10 𝑘𝐻𝑧 is that the 807 
noise reduction decreases with a decrease in h/C0 values, whilst the highest reductions are seen 808 
for the smallest h/C0 value of 0.0333 as mentioned above. Similar behaviors are observed for all 809 
jet velocities studied. Further, it reveals that the noise reduction decreases with an increase in jet 810 
velocities for all h/C0 values. At high frequencies from 10-15 𝑘𝐻𝑧, the noise reductions of the 811 
shorter serration (i.e., h/C0 = 0.0333) are slightly higher than longer one (i.e., h/C0 = 0.167) at a 812 
jet velocity of 20 𝑚𝑠'(, while at higher jet velocities the noise reduction provided by the shorter 813 
and longer serrations are the same. Similarly, the noise reductions provided by the serrations with 814 
h/C0 = 0.10 and h/C0 = 0.1333 are also the same, for the range of frequencies from 10 to 15 𝑘𝐻𝑧, 815 
while the lowest noise reduction is provided by the serration having an h/C0 value of 0.0667. 816 
At a higher λ/C0 value of 0.2, higher sound power reductions of about 2	𝑑𝐵 and 1.5	𝑑𝐵 are 817 
observed at smallest and largest h/C0 values of 0.0333 and 0.166, for the range of frequencies 818 
from about 4-12 𝑘𝐻𝑧 and 7-15 𝑘𝐻𝑧 at jet velocities of 20 and 30 𝑚𝑠'(. Also, it is observed that 819 
the noise reductions of about 2 𝑑𝐵 provided by the smallest and largest h/C0 values of 0.0333 and 820 
0.166 are almost the same at a higher jet velocity of 40 𝑚𝑠'(	and are observed for the range of 821 
frequencies from 1-15 𝑘𝐻𝑧. For all the jet velocities, the sinusoidal TE serrated airfoils with h/C0 822 
values of 0.0667, 0.10, and 0.1333 provided lower noise reductions of about 0.5 to 1 𝑑𝐵 for the 823 
range of frequencies from 1-15 𝑘𝐻𝑧. Thus, the present study demonstrates that the highest noise 824 
reductions could be achieved with both the narrow - shorter serrations as well as wider - shorter 825 
serrations. The longer and shorter serrations are based on amplitudes while wider and narrow 826 
serrations are based on the wavelengths. The sinusoidal TE serrations with wavelengths (λ/C0) of 827 
0.0333, 0.0667, 0.10, 0.1333, 0.2 and amplitudes (h/C0) of 0.0333, 0.0667, 0.10, 0.1333, and 828 
0.1667 are been compared. The longer and shorter serrations based on amplitude are 0.0333 and 829 
0.1667 respectively and wider and narrow serrations based on the wavelengths are 0.0333 and  830 
0.2 are as follows. 831 

Subsequently, it also reveals that the higher noise reductions are possible with the narrow - 832 
longer serrations as well as wider - longer serrations. The probable reason for the reductions in the 833 
overall far-field noise provided by the sinusoidal TE serrations may be due to the reductions in 834 
the surface pressure fluctuations near the serrated trailing edge as a result of the reduced vertical 835 
velocity fluctuations as reported by Tang et al. [31]. It also reveals that the surface pressure 836 
fluctuations are primarily concentrated at the tip of the TE serrations but the surface pressure 837 
fluctuations occur throughout the span of the straight edge baseline airfoil. The surface pressure 838 
fluctuations concentrated at the tip of the sinusoidal TE serrations primarily lead to the far-field 839 
acoustic radiations, while the surface pressure fluctuations throughout the span of the baseline 840 
airfoil radiate to the far-field, which results in the weak acoustic radiations from the sinusoidal TE 841 
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serrated airfoils as compared to baseline airfoil. The acoustic radiations from the subsequent 842 
serrated tips interfere incoherently and reduce the airfoil self-noise. The generation of weak 843 
acoustic radiations from the tip of the sinusoidal TE serrations propagate upstream and interfere 844 
destructively with the strong radiations emanated from the leading edge, thus creating a feedback 845 
loop between the upstream propagating acoustic waves from the TE with the strong leading-edge 846 
radiations and reduces the leading edge noise along with the self-noise, which results in the 847 
reductions of the overall noise in the far-field. The reductions of the overall noise along with the 848 
trailing edge self-noise which dominates from mid to high-frequency range demonstrate the 849 
establishment of the feedback loop and far-field interference with the noise radiated from the TE 850 
with the LE. It also portrays that the TE modifications could modify the far-field interference 851 
effects for a wide range of frequencies without modifying the flow field near the leading edge of 852 
the airfoil.  853 

The presence of a feedback loop is evident from the directivity plots given in Section 7.1. 854 
One of our earlier papers Chaitanya et al. [24] showed that the sinusoidal leading-edge serrations 855 
can also reduce the trailing edge self-noise, thus confirming the effectiveness of the sinusoidal 856 
serrations (i.e., leading/trailing) in controlling the leading edge interaction noise along with 857 
trailing edge self-noise. The present paper shows the efficacy of sinusoidal trailing-edge 858 
serrations in reducing the overall noise by reducing the leading edge interaction noise along with 859 
trailing edge self-noise. 860 
 861 
6. Overall noise reduction characteristics 862 
 863 
6.1. Overall sound power reduction levels of sinusoidal TE serrated NACA-65 airfoils 864 
 865 
       The overall sound power reduction level ∆OAPWL comparison of TE serrated NACA 866 
airfoils with λ/Λt for various h/C0 values is shown in [Fig. 12] at jet velocities of 20, 30 and 40  867 
𝑚𝑠'(, where λ is the serration wavelength and Λt is the transverse integral length scale(𝑚𝑚). The 868 
∆OAPWL is calculated for the range frequencies from 0.1-10 𝑘𝐻𝑧 and 4-10 𝑘𝐻𝑧. The overall 869 
sound power level OAPWL(f) is determined by integrating the sound power for the range of 870 
frequencies from 0.1-10 𝑘𝐻𝑧 and 4-10 𝑘𝐻𝑧 as given in Eq. (14). 871 
 872 

OAPWL (f) = 10log(m B∑ (P(𝑓𝑖)
	PGHI

)�
fd( 	J																		0.1<  fi  < 25 𝑘𝐻𝑧                                           (14)     873 

 874 
 875 

where	𝑤(fi) is the sound power in Watts and 𝑤NOE  = 10-12 	𝑊. The sound power reduction level 876 
∆OAPWL (f) is determined using the Eq. (15) given below 877 
 878 
∆OAPWL (f) = 10log(m \∑ (P(𝑓𝑖)Ý

P(𝑓𝑖)p.
)�

fd( 	h                                                                                      (15) 879 
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 880 
                                              (a)                                                          (b)  881 

 882 
                                            (c)                                                           (d)  883 

 884 
                                            (e)                                                           (f)  885 

 886 
 887 
 888 
Fig.12. Variation of ∆OAPWL with λ/Λt for different serration amplitudes h/C0 for the various 889 
frequency ranges i.e. (a, c, e) 0.1-4k𝐻𝑧 and (b, d, f) 4-10k𝐻𝑧 for jet velocity 20 𝑚𝑠'(, 30 𝑚𝑠'(and 890 
40 𝑚𝑠'(	resp. 891 
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 892 
For all the jet velocities studied, the lowest noise reduction of about 2 and 1	𝑑𝐵  is observed at 893 
λ/Λt = 1.67 for the range of frequencies 0.1-10 𝑘𝐻𝑧 and 4-10 𝑘𝐻𝑧 and the noise reductions 894 
increases on either side of λ/Λt = 1.67 for all h/C0 values. It reveals that the longer serrations 895 
provide higher noise reductions for all the λ/Λt values and the highest noise reductions are seen for 896 
the λ/Λt values of 0.833 and 5, which are observed to be independent of jet velocities. Also, it 897 
shows that higher noise reductions are possible with longer/narrow as well as longer/wider 898 
serrations. The present investigation shows that h/C0 is a crucial parameter in controlling the 899 
interaction as well as self-noise reductions as compared to the λ/C0. Thus, the present study 900 
demonstrates that the presence of sinusoidal trailing edge serrations in airfoil could effectively 901 
control the high-frequency self-noise due to the reduction in the surface pressure fluctuations 902 
close to the trailing edge as a result of the reduced velocity fluctuations. It also shows that the 903 
control of the overall noise i.e., leading-edge interaction + trailing edge self-noise over a wide 904 
range of frequencies. 905 
It is observed from [Fig. 12] that the local maxima are observed to occur when the transverse 906 
turbulence integral length scale is either 1.2 [i.e. 1/0.833] or 0.2 [i.e. 1/5] times the serration 907 
wavelength, which corresponds to λ/Λt = 0.833 or 5. It indicates that the minimum noise 908 
reductions occur when λ/Λt = 1.67 and local maxima of the noise reductions occur on either side 909 
of the λ/Λt = 0.833 and 5.   910 
 911 
6.1.1. Development of an empirical expression to determine overall sound power reduction levels 912 
of sinusoidal TE serrated NACA-65 airfoils  913 
 914 
         The variation of overall sound power reductions ∆OAPWL with h/C0 for narrow and wide 915 
serrations i.e., λ/C0 = 0.033 and 0.2 are shown in [Fig. 13] at different jet velocities since the 916 
present study reveals that h/C0 is the key parameter in controlling the far-field noise reductions. 917 
The ∆OAPWL is determined by integrating the sound power for the range of frequencies from 4 -918 
10 𝑘𝐻𝑧 at which trailing edge self-noise dominates over interaction one and the TE serrations 919 
show significant noise reductions. It is observed that for both the λ/C0 values, ∆OAPWL 920 
decreases with an increase in h/C0 values, and a minimum ∆OAPWL is attained for h/C0 values of 921 
0.066 and 0.1 depending on the flow velocities. For both the λ/C0 values, ∆OAPWL is observed to 922 
increase with the increase in h/C0 beyond an h/C0 value of 0.1 at all jet velocities studied. 923 
Regression analysis is performed to determine the ∆OAPWL for other h/C0 values and jet 924 
velocities due to their unique behavior for both the λ/C0 values at all jet velocities. Based on this, 925 
an empirical expression is developed to determine the ∆OAPWL and h/C0 values, which is 926 
applicable for all the λ/C0 values and jet velocities. The second-order poly-fit with correlation 927 
coefficient rc > 0.95, strongly recommends the quadratic dependence of ∆OAPWL with h/C0. The 928 
empirical expression obtained for the ∆OAPWL based on the second-order poly-fit is given  929 
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 930 

                                   (a)                                                                    (b)  931 

Fig.13. Variation of overall sound power reductions (∆OAPWL) with various h/C0                           932 
for (a) λ/C0 = 0.0333 (b) λ/C0 = 0.2 at different jet velocities. 933 
 934 
Table 1  935 
Value of constants a, b and c to predict ∆OAPWL for different h/C0 values at a λ/C0 value of 936 
0.033 for different jet velocities used in Eq. 15. 937 
 938 
 939 

Velocity
	(𝑚𝑠'()                

a b     c 

     20                 308 -58.30 3.12 

     30                                                                 269 -49.80 2.58 

     40                        196 -39.20                              2.16 

 940 

Table 2  941 
Value of constants a, b and c to predict ∆OAPWL for different h/C0 values at a λ/C0 value of 0.2 942 
for different jet velocities used in Eq. 15. 943 
 944 

Velocity
	(𝑚𝑠'()                

a b     c 

     20                 297 -53.30 2.79 

     30                                                                232 -44.70 2.43 

     40                   221 -42.80                        2.26 

 945 
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∆OAPWL = a (h /C0) 2 + b (h /C0) + c                                                                                       (16) 946 

where a, b and c are constants obtained from the second-order fit. The values of the constants a, 947 
b, and c at λ/C0 values of 0.033 and 0.2 are given in Tables 1 and 2 for all the jet velocities. 948 
 949 
6.1.2. Strouhal number scaling law for the sinusoidal trailing edge serrations  950 

         The variation of normalized sound power reduction ∆PWL’  i.e., ∆PWL / ∆PWLmax with 951 
modified Strouhal number, Sthm for smaller, intermediate, and larger λ/C0 values of 0.0333, 952 
0.0667, and 0.2 of the sinusoidal trailing edge serrated airfoils are shown in [Fig. 14] for jet 953 
velocities of 30 and 40 𝑚𝑠'(	respectively. For both jet velocities, the normalized sound power 954 
reduction spectra of the sinusoidal trailing serrated airfoils are observed to coalesce on a modified 955 
Strouhal number Sthm , for λ/C0 values of 0.0333 and 0.2 [Fig. 14(a,c)] and [Fig. 14(d,f)] while no 956 
coalesce is observed for an intermediate λ/C0 value of 0.0667 [Fig. 14b] and [Fig. 14e]. The 957 
modified Strouhal number Sthm is the Strouhal number obtained when it is multiplied by a 958 
constant factor (1 + log(λ/Λt)), which depends only on the serration wavelength if the transverse 959 
integral length scale is constant. The modified Strouhal number is given as 960 
 961 

  Sthm = fh/U(1 + log(λ/Λt)) = sth (1 + log(λ/Λt))                                                                          (17)  962 

 963 
where the Strouhal number sth = fh/U. Thus, the present study reveals that the normalized sound 964 
power reduction ∆PWL’ with modified Strouhal number Sthm is almost independent of jet speed. 965 
Chaitanya et al. [24] reported that sound power reduction spectra of the sinusoidal leading-edge 966 
serrated airfoils coalesce on the Strouhal number sth for a certain optimum wavelength λ/Λt ~ 4 967 
where the maximum noise reductions occur, while for the sinusoidal trailing serrated airfoils 968 
coalesce on the modified Strouhal number Sthm for λ/C0 values of 0.0333 and 0.2, where the 969 
maximum noise reductions are obtained, while coalesce is not seen for a λ/C0 value of 0.0667. It 970 
indicates that there exists a certain wavelength narrow or wider, λ = λ’ at which greater noise 971 
reductions are possible. 972 
 973 

 974 
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                          (a)                                                           (b)                                                (c)  975 

 976 

                       (d)                                                                 (e)                                             (f) 977 

 978 

 979 
Fig.14. Variation of normalized sound power reduction ∆PWL’ with modified Strouhal number 980 
Sthm at (a) λ/C0 = 0.033 (b) λ/C0 = 0.066 (c) λ/C0 = 0.2 at U = 30 𝑚𝑠'(and (d) λ/C0 = 0.033 (e) 981 
λ/C0 = 0.066 (f) λ/C0 = 0.2 at U = 40 𝑚𝑠'(. 982 
 983 
The present study reveals the presence of a geometric similarity condition at which the noise 984 
reduction is a function of four length scales, serration amplitude, gust wavelength λh i.e., U/f, 985 
serration wavelength (λ), and transverse integral length scale (Λt). Here we show that this finding 986 
is consistent with the assumption that the length l’ (ω, h, λ, Λt) of the acoustic sources along the 987 
sinusoidal trailing edge scales linearly with the modified Strouhal number. In the present analysis, 988 
the length l’ of the acoustic source along the sinusoidal trailing edge can be expressed as 989 
 990 

l’(ω,h,λ, Λt) = 𝜂Þ(h, λ, Λt) λh (ω) = η(h)(1 + log(λ/Λt) λh (ω)                                                         (18)  991 

where 𝜂Þ (h, λ, Λt) = η(h)(1+log(λ/Λt)), 𝜂Þ and η are dimensionless constants. The total acoustic 992 
radiation from the sinusoidal trailing edge serration wsste can be written as the acoustic power per 993 
tip wtip multiplied by the number of tips Ntip, i.e., wsste(ω) = wtip(ω)Ntip(λ) by assuming that the 994 
sound power radiated from each tip is roughly the same. Further, the acoustic power radiated from 995 
each tip is assumed to be equal to the length, l’ of the source along the sinusoidal trailing edge 996 
and acoustic power per unit length is wl(ω), then the acoustic power from the tip wtip(ω) can be 997 
written as 998 
 wtip(ω) = wl(ω)l’(ω, h, λ, Λt)                                                                                                        (19) 999 
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 where l’ is the length of the source given by Eq. (18)  1000 

The sound power radiation from the sinusoidal trailing edge serration can therefore be written as:                                       1001 
wsste(ω)= wl(ω)	𝜂Þ(h, λ, Λt) λh(ω)Ntip(λ)                                                                                         (20) 1002 
  1003 
wsste(ω) = wl(ω)η(h)(1 + log(λ/Λt)) λh(ω) Ntip(λ)                                                                          (21) 1004 
 1005 
where λh = U/f and Ntip(λ) = L/λ, where L is the span of the airfoil. 1006 
 1007 
The acoustic power from the baseline airfoil with a straight trailing edge can be written as,  1008 

wbl(ω) = wl(ω)L = wl(ω)Ntip (λ) λ                                                                                                (22)  1009 

The ratio of the acoustic power radiated from the sinusoidal trailing edge serrated airfoil to the 1010 
baseline is therefore 1011 
wsste(ω)/wbl(ω)= 𝜂Þ (h, λ,Λt) λh / λ’                                                                                                 (23) 1012 
 1013 
wsste(ω)/wbl(ω) = η(h)(1 + log(λ/Λt)) λh / λ’                                                                                  (24) 1014 
 1015 
where λ’ is the serration wavelength corresponding to the maximum noise reduction. λ’ can be 1016 
expressed in terms of serration amplitude and serration inclination angle tan(θ’) = 4h/ λ’. The 1017 
ratio of the sound power from the sinusoidal trailing edge serrated airfoil and the baseline maybe 1018 
written as : 1019 
 1020 
wsste(ω)/wbl(ω) = η(h)(1 + log(λ/Λt) λh tan(θ’)/4h                                                                         (25) 1021 
 1022 
wsste(ω)/wbl(ω) = η(h)(1 + log(λ/Λt) U tan(θ’)/4fh                                                                        (26) 1023 
 1024 
wsste(ω)/wbl(ω) = η(h)(1 + log(λ/Λt)tan(θ’)/4fh/U                                                                         (27) 1025 
 1026 
wsste(ω)/wbl(ω) = η(h)(1 + log(λ/Λt)tan(θ’)/4sth                                                                                                             (28) 1027 
 1028 
wsste(ω)/wbl(ω) ∝ 1/Sthm                                                                                                                 (29) 1029 
 1030 
where Sthm is the modified Strouhal number. The generalized equation for predicting the ∆PWL’ 1031 
is approximated as: 1032 
 1033 
∆PWL’=alog(Sthm)+b                                                                                                                   (30) 1034 
 1035 
Table 3  1036 
 1037 
Value of constants a and b for the best line fitted for two different velocities 30 𝑚𝑠'(	and 40 1038 
𝑚𝑠'(	where ’a’ and ’b’ are constants whose values are given in table 3 and are shown in [Fig. 14]. 1039 
 1040 

 1041 
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Velocity	(𝑚𝑠'()                                a    b 

         30                   -1.965             1.834 

           40                 -0.524              0.786 

   

 1042 

7. Directivity characteristics  1043 
 1044 
7.1.     Sound power level directivity comparison of baseline and sinusoidal TE serrated NACA-65 1045 
airfoils for different serration parameters 1046 
 1047 
The sound power level directivities of baseline and sinusoidal TE serrated NACA airfoils at λ/C0 1048 
value of 0.2 are compared in [Fig. 15] for different h/C0 values and jet velocities. The sound 1049 
power levels are determined by integrating the power spectral densities over the range of 1050 
frequencies from 4-10 𝑘𝐻𝑧 at which the sinusoidal TE serrations provide significant noise 1051 
reductions. In general, it is observed that baseline airfoil shows higher directivity as compared to 1052 
the sinusoidal TE serrated airfoils formed for different h/C0 values at fixed λ/C0 value, even 1053 
though they show a common feature of downstream directivity. It reveals that the acoustic 1054 
radiations of both the baseline and TE serrated airfoils increase with the increase in jet velocities 1055 
and lower radiations are observed for TE serrated airfoils at all emission angles. For both the 1056 
baseline and TE serrated airfoils, the highest directivity is seen at an emission angle of 127.5o.  1057 

 1058 

 1059 

                       (a)                                           (b)                                            (c) 1060 

 1061 

 1062 
 1063 
Fig.15. Sound power level directivity comparison of baseline and TE serrated airfoils (λ/C0 = 0.2 1064 
for different h/C0 values) at jet velocities of (a) 20 𝑚𝑠'( (b) 30 𝑚𝑠'(and (c) 40 𝑚𝑠'( 1065 
 1066 
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The lower far-field acoustic radiations provided by the sinusoidal TE serrated airfoils may be due 1067 
to the reduced surface pressure fluctuations close to the trailing edge as a result of the reduced 1068 
velocity fluctuations as reported by Tang et al. [31]. In TE serrated airfoils, the surface pressure 1069 
fluctuations close to the trailing edge are expected to be concentrated at the tip while in baseline 1070 
straight edge airfoil the surface pressure fluctuations are concentrated throughout the span of the 1071 
airfoil. In TE serrated airfoils tip sources are mainly radiating to the far-field and hence far-field 1072 
noise is much lower than baseline airfoil, where the radiations occur throughout the span of the 1073 
baseline. Also, the root sources are not contributing to the far-field noise in sinusoidal TE serrated 1074 
airfoils due to the smooth mixing of the upper and lower boundary layers at the root. 1075 
As observed earlier, the presence of TE serrations is found to reduce the overall noise. This 1076 
indicates that interaction noise is also reduced along with the TE noise. To understand the 1077 
reduction of the leading edge noise component, we have plotted the sound power level directivity 1078 
[Fig. 16]of baseline and TE serrated airfoil (λ/C0 = 0.2, h/C0 = 0.166) for three different range of 1079 
frequencies (0.1-4 𝑘𝐻𝑧, 4-10 𝑘𝐻𝑧 and 0.1-10 𝑘𝐻𝑧). These frequencies are chosen to classify the 1080 
dominant noise zones, namely, LE dominant 0.1-4 𝑘𝐻𝑧 and TE dominant (4-10 𝑘𝐻𝑧) on the 1081 
overall noise (0.1-10 𝑘𝐻𝑧). It is observed that from 0.1-4 𝑘𝐻𝑧 [Fig. 16a]. both baseline and TE 1082 
serrated airfoils show strong upstream directivity. In contrast, at frequencies from 4-10 𝑘𝐻𝑧 [Fig. 1083 
16b], a strong downstream directivity is observed. However, for the overall range of 0.1-10 𝑘𝐻𝑧, a 1084 
strong upstream directivity is noticed in [Fig. 16c], similar to LE dominant range. Further, the 1085 
radiation levels for all emission angles increase with the increase in jet velocities for all the 1086 
above-mentioned cases. 1087 

 1088 

 1089 

                      (a)                                                (b)                                                (c)  1090 

 1091 

 1092 
Fig.16. Sound power level directivity comparison of baseline and TE serrated airfoil (λ/C0 = 0.2, 1093 
h/C0 = 0.166) obtained for the range of frequencies (a) 0.1-4 𝑘𝐻𝑧 (b) 4-10 𝑘𝐻𝑧 (c) 0.1-10 𝑘𝐻𝑧 at 1094 
20 𝑚𝑠'(, 30 𝑚𝑠'(and 40 𝑚𝑠'(	jet velocities. 1095 
 1096 
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Also, it is observed that the baseline radiates higher acoustic emission levels for all emission 1097 
angles as compared to the TE serrated ones for all the range of frequencies mentioned above. For 1098 
the range of frequencies 0.1-10 𝑘𝐻𝑧 [Fig. 16c]  and 0.1- 4 𝑘𝐻𝑧 [Fig. 16a]; the highest directivity is 1099 
observed at an emission angle of 67.5o for both the baseline and TE serrated plates at all jet 1100 
velocities. Thus, it reveals that the frequencies lying in the range from 0.1- 4 𝑘𝐻𝑧 lead to the shift 1101 
in directivity from upstream to downstream. To understand the shift in directivity from upstream 1102 
to downstream, the sound power level directivity of baseline and TE serrated airfoil (λ/C0 = 1103 
0.166, h/C0 = 0.166) at frequencies of 500 𝐻𝑧, 800 𝐻𝑧, and 1 𝑘𝐻𝑧 are compared in [Fig. 17]. A 1104 
striking feature observed is that the acoustic radiations occurring at a frequency of 500 𝐻𝑧 [Fig. 1105 
17a] show upstream directivity for both the baseline and TE serrated airfoil and the highest 1106 
directivity is observed at an emission angle of 67.5o. At a frequency of 800 𝐻𝑧 [Fig. 17b], the 1107 
directivity of both the airfoils gradually shifts from upstream to the vertical direction (i.e., 90o to 1108 
the jet axis) and the highest directivity is observed at an emission angle of 90o. At a frequency of 1109 
1 𝑘𝐻𝑧 [Fig. 17c], both the airfoils show downstream directivity at all jet velocities, and the highest 1110 
directivity is observed at an emission angle of 127.5o similar to the range of the frequencies from 1111 
4-10 𝑘𝐻𝑧 . 1112 

 1113 

 1114 

             (a)                                         (b)                                               (c)  1115 

 1116 

Fig.17. Sound power level directivity comparison of baseline and TE serrated airfoil (λ/C0 = 1117 
0.166 h/C0 = 0.166) at frequencies of (a) 500 𝐻𝑧 (b) 800 𝐻𝑧 and (c) 1 𝑘𝐻𝑧. 1118 
 1119 
 1120 
For all the frequencies, 500 𝐻𝑧, 800 𝐻𝑧, and 1 𝑘𝐻𝑧, the baseline plate shows higher acoustic 1121 
emission levels for all emission angles and the far-field acoustic radiations increase with the 1122 
increase in jet velocities. The directivity shift observed above leads to a conclusion that there 1123 
must be some feedback loop from the serrated TE which results in the reduction of the LE noise 1124 
along with the TE noise and hence the overall noise. The feedback mechanism as mentioned 1125 
above is evident from the switching of the directivity from downstream to upstream or vice versa. 1126 
The potential mechanisms of the reduction of the interaction noise (low to mid frequencies i.e., 1127 
0.5 to about 4 𝑘𝐻𝑧,) might be due to the destructive interference between the upstream radiating 1128 
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acoustic waves from the TE and the radiations from the straight LE., while the reductions of self-1129 
noise (mid to high frequencies i.e.,4 to about 10 𝑘𝐻𝑧) arises due to the redistribution of the 1130 
radiated far-field acoustic emissions from the tip of the TE serrations; as reported by Ayton [32]. 1131 
Thus, it reveals that the introduction of sinusoidal serrations acts as the best passive means for the 1132 
reduction of total noise over a wide range of frequencies. 1133 
 1134 
8. Velocity profiles 1135 

8.1.   Mean boundary layer velocity profiles of baseline and TE serrated NACA-65 airfoils 1136 
 1137 
        In this section, the mean boundary layer velocity profiles for the baseline and sinusoidal TE 1138 
serrated airfoils are compared to understand the modifications in the boundary layer due to the TE 1139 
serrations. Hot-wire measurements were performed to measure the mean velocity profiles in the 1140 
vicinity of the sinusoidal trailing edge.[ Fig. 18a] shows the schematic of different sections of the 1141 
sinusoidal profile at which measurements were taken.[ Fig. 18b]shows the comparison between 1142 
mean velocity profiles at the tip, root, and the hill of the sinusoidal serrations with the baseline. 1143 
The data is acquired with the hot-wire sensor 10	𝑚𝑚 upstream of the trailing edge at a free stream 1144 
velocity of 20 𝑚𝑠'(. It is observed that the boundary layer is thicker at the root and thinner at the 1145 
tip of the serrated airfoil. Further, the boundary layer at the hill is much thicker than the tip and 1146 
the thickness is close to the root thickness. The boundary layer thickness of the baseline airfoil is 1147 
in between the tip and root of the serrated airfoil. Earlier studies by Blake [33] and Stalnov et al. 1148 
[34] reported that the surface pressure in the vicinity of the trailing edge and hence the far-field 1149 
noise can be determined by integrating the product of the mean shear rate and the mean square 1150 
velocity through the boundary layer. Blake [33] showed that the presence of a reduced mean 1151 
velocity gradient results in the reduction of the surface pressure and hence the far-field noise. The 1152 
presence of the thinner boundary layer at the tip of the serrated airfoil results in higher mean shear 1153 
gradients and the thicker boundary layer at the root results in a lower mean velocity gradient, 1154 
while the mean shear rate at the hill is close to the root. The boundary layer thickness of the 1155 
baseline airfoil is in between the tip and root of the serrated airfoil. The presence of higher mean 1156 
shear gradients at the tip of the serrated airfoil leads to a large surface pressure spectrum at the tip 1157 
and hence the far-field noise from the tip of the serrated airfoil is higher as compared to root and 1158 
oblique surface. 1159 
 1160 
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 1161 
 1162 
                          (a)                                                                         (b) 1163 
 1164 

 1165 
 1166 
 1167 
Fig.18. (a) Schematic of the boundary layer profiles measured at different locations of the TE 1168 
serrated NACA airfoil (b) Comparison of the boundary layer mean velocity profile of baseline, 1169 
Root, Oblique/hill, and Tip of the TE serration for λ/C0 = 0.2 and h/C0 =0.1667 at 0◦ angles of 1170 
attack. 1171 
 1172 

 1173 
                              1174 
                                  (a)                                                                         (b) 1175 
 1176 

 1177 

 1178 
Fig.19. (a)The magnitude squared coherence comparison of Root -Tip, Root- Root & Tip- Tip for 1179 
serration having λ/C0 = 0.033 and h/C0 =0.1667 at near wake zone for 20ms-1at 0◦ angles of 1180 
attack. (b) The coordinate axis of the aerofoil where,+X represents the streamwise direction; +Y 1181 
represents the direction towards the spanwise direction of the foil, and +Z represents the normal 1182 
to the chord and towards the phased microphone array. 1183 
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 1184 
The mean square spanwise coherence is compared between Tip –Tip, Tip-Root, and Root-Root of 1185 
the TE serrations along spanwise [Fig. 19b] with Strouhal number in [Fig. 19a] to show that the 1186 
surface pressure fluctuations are primarily concentrated at the tip of the TE serrations. It reveals 1187 
that the presence of strong spanwise correlation at Tip-Tip of the serration indicates the presence 1188 
of higher surface pressure fluctuations and hence the far-field noise as compared to the Root-Tip 1189 
and Root-Root of the serration. Also, spanwise de-correlation observed at the Tip-Root and Root-1190 
Root of the TE serration indicates less noise radiations to the far-field as reported by Kim et. al. 1191 
[35] for the LE serrations. Thus, it reveals that the significant noise radiations occur primarily 1192 
from the tip of the TE serrated airfoil. The higher noise radiations provided by the baseline are 1193 
due to the presence of noise radiations throughout the span of the airfoil, even though the mean 1194 
shear rate is lower as compared to the tip of the serrated airfoil. 1195 
 1196 
9. Conclusions 1197 

The present paper shows the effectiveness of the sinusoidal trailing edge serrations as a passive 1198 
means for the reduction of airfoil broadband noise. A detailed systematic parametric study is 1199 
performed to investigate the effect of serration amplitudes and wavelengths on the noise reduction 1200 
performance of the serrated airfoil and hence to find out the best serration parameters which 1201 
provide large noise reduction over a broad range of frequencies. Initially, the acoustic spectra of 1202 
the baseline and the sinusoidal serrated airfoils are analytically predicted using the Weiner-Hopf 1203 
method, by replacing the Chase model with the TNO model, since the TNO model considers the 1204 
secondary leading edge interaction effects and provides better predictions of the surface pressure 1205 
close to the trailing edge and hence the far-field noise. Further, the acoustic spectra and noise 1206 
reductions obtained from the predictions are compared with the measured data, which showed 1207 
good agreement over a broad range of frequencies. The comparison of acoustic spectra between 1208 
the sinusoidal trailing edge serrations and V-shaped serrations for the same parametric conditions 1209 
reveals that the sinusoidal serrations could emit lower far-field emissions and provide higher 1210 
noise reductions over an abroad range of frequencies. It is also observed that the longer sinusoidal 1211 
serrations provide higher noise reductions as compared to shorter ones, while both the narrow and 1212 
wider serrations show significant noise reductions. Also, the trailing edge serrations are observed 1213 
to reduce the turbulence interaction noise along with airfoil self-noise, thus reducing the overall 1214 
far-field noise. The reason for the reductions of overall noise (i.e.,  interaction + self-noise) could 1215 
be due to the smooth mixing of the boundary layers from the suction and pressure surfaces, at the 1216 
root of the serrations while at the tip of the serrations the mixing of the boundary layers is not 1217 
possible, similar to the baseline case, where the mixing of the boundary layers is not possible 1218 
throughout the span. The contribution to far-field noise arises from the surface pressure 1219 
fluctuations concentrated at the tip of the TE serrations whereas noise emissions occur from the 1220 
entire span of the baseline airfoil, which results in the reductions of the overall far-field noise due 1221 
to TE serrations. The tip source is the dominant noise source in TE serrations while the root 1222 
source and oblique surface are not dominant. The reductions of the overall far-field noise due to 1223 
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TE serrations could be due to the destructive interference of the acoustic radiations from the 1224 
subsequent tip of the serrations as well as the incoherent radiations from the root/oblique sources. 1225 
The inverse variation of the sound power radiated from the sinusoidal serrated trailing edge with 1226 
the modified Strouhal number indicates that the length of the sources along the sinusoidal trailing 1227 
edge varies linearly with the gust wavelength. The radiations in TE serrated airfoils primarily 1228 
arise from the tips of the serration, which is evident from the formation of a thinner boundary 1229 
layer as compared to the root as well as hill. Also, the radiations from the neighboring tip sources 1230 
interfere incoherently and reduce the airfoil self-noise. The weak acoustic radiations (upstream 1231 
propagating) from the tips of the TE serrations could interfere destructively with the radiations 1232 
from the LE and reduces the interaction noise along with the self-noise, which is evident from the 1233 
shift in the directivity from downstream to upstream. Thus, it indicates that the reduction of 1234 
overall noise might be due to the formation of a feedback loop between the acoustic waves 1235 
originated from the tip of the serrations and the straight leading edge. 1236 
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