
                          Kamliya Jawahar, H., Azarpeyvand, M., & R. Illario da Silva, C.
(2021). Acoustic and flow characteristics of an airfoil fitted with
morphed trailing edges. Experimental Thermal and Fluid Science,
123, [110287]. https://doi.org/10.1016/j.expthermflusci.2020.110287

Peer reviewed version
License (if available):
CC BY-NC-ND
Link to published version (if available):
10.1016/j.expthermflusci.2020.110287

Link to publication record in Explore Bristol Research
PDF-document

This is the author accepted manuscript (AAM). The final published version (version of record) is available online
via Elsevier at 10.1016/j.expthermflusci.2020.110287. Please refer to any applicable terms of use of the
publisher.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the
published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/

https://doi.org/10.1016/j.expthermflusci.2020.110287
https://doi.org/10.1016/j.expthermflusci.2020.110287
https://research-information.bris.ac.uk/en/publications/82eaf4f5-280b-4818-9dfc-56436996dc64
https://research-information.bris.ac.uk/en/publications/82eaf4f5-280b-4818-9dfc-56436996dc64
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Abstract

An experimental study of a simple NACA 0012 airfoil fitted with two different flap profiles was carried out

to characterize their aerodynamic and aeroacoustic performance. The airfoil with a flap deflection angle of

β = 10◦ was tested for a wide range of angles of attack at a chord-based Reynolds number of Rec = 2.6×105.

The aerodynamic lift and drag measurements show improved lift-to-drag performance for the morphed flap

airfoil compared to the hinged flap airfoil at low angles of attack. Surface flow visualization and boundary

layer measurements on the suction surface of the flap show delayed separation for the morphed flap airfoil.

Higher-order moments of the wall pressure fluctuations were also used to observe the flow separation over

the flap. Additionally, Particle Image Velocimetry was also used to study the flow over the flap and at

the airfoil wake. Flow measurements showed that the downstream wake development could be significantly

influenced by the flap camber. The mean velocity contours at the wake showed increased wake velocity deficit

and turbulent kinetic energy for the morphed flap airfoil. The turbulent kinetic energy results displayed a

characteristic double peak behavior which was also the dominant characteristics of the streamwise Reynolds

shear stress component. Near-field unsteady surface pressure fluctuations and far-field noise measurements

show reduced point spectra and noise levels for morphed flap configuration at low angles of attack but

considerably increased noise levels at high angles of attack compared to hinged flap configuration.
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1. Introduction

S
hape-adaptive structures have improved the aerodynamic performance of wind turbine blades and air-

plane wings by reducing their weight and decreasing design complexity. These compliant light-weight

control surfaces are often known as morphing structures. These structures have smooth geometric changes

and their continuous structural surfaces remain conformal to the flow. In general, significant noise and drag

reduction are envisaged through morphing structures. Therefore, it is of fundamental importance in the5

concept synthesis of morphing structures to thoroughly investigate the flow behavior and mechanisms of

performance improvement.

Several studies on the implementation of morphing structures on airfoils strongly suggest that the smoother

airfoil curvature has significant effects on their aerodynamic performance. In NASA’s projects, such as the

Elastically Shape Future Vehicle project [1] and Adaptive Compliant Trailing edge [2, 3], showed the full-10

scale capabilities of morphing wing with improved lift and drag reduction performance during take-off and

landing. The significant aerodynamic benefits of a smooth variable camber flaps were presented by Hetrick

et al.[2], where the results reported a 3.3% improvement in the lift-to-drag ratio and a possible 15% savings

in the fuel costs. Interestingly, this study further highlighted that variable camber flaps required 33% less

actuation force and 40% increased control authority compared to hinged flaps. The aerodynamic studies15

using biologically inspired Fish Bone Active Camber morphing flap in comparison with hinged flap by Woods

et al.[4] showed improvements of up to 20 − 25% in the maximum obtainable lift-to-drag ratio for the mor-

phing flap. Daynes et al.[5] demonstrated that the morphing flap can produce the same lift as that of the

hinged flap with a 30% less flap tip deflection for the same flap length. Wind tunnel tests by Yokozeki et

al.[6] using morphing airfoil made from corrugated structures demonstrated preferable high lift coefficients20

compared to the conventional flap. Consequently, this superior performance was believed to be due to the

seamless morphing deformation. In particular, an innovative trailing edge morphing mechanism that uses a

honeycomb core with axial variable stiffness developed by Ai et al.[8, 9], was used as the morphing profile for

the experimental and computational studies carried out by Kamliya et al.[10–13]. Furthermore, the results

demonstrated the superior aerodynamic capabilities of the morphed flap. The results also indicated that the25

surface camber of the morphing flap has a high influence on the aerodynamic performance of the airfoil and

that the effect of the morphing flap camber increases with increasing flap deflection and flap camber.

Most of the studies available on morphing airfoils have specifically focused on the morphing mechanism

and the internal structures [1–9] rather than the aerodynamic and aeroacoustic characteristics of the airfoil.

Previous studies have solely emphasized on the basic aerodynamic characteristics such as the lift and drag30

coefficients. A recent computational study by Kamliya et al.[13] pointed out that the small changes in the

flap camber profile for the morphed flap can significantly alter the aerodynamic behavior compared to the

hinged flap. Subsequently, a morphed airfoil with a high flap camber resulted in increased lift and drag when

compared to the airfoil with low flap camber and hinged flap. Furthermore, the boundary layer behavior

showed delayed separation for the morphed flap airfoil relative to the conventional hinged flap configuration.35
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Moreover, the turbulence levels at the wake were also found to be significantly altered especially for the

morphed flap with higher intensity, relatively. Ultimately, this study concluded that independent morphing

of the top and bottom surfaces of the airfoil would aid the favorable delayed separation while reducing the

unfavorable increased drag. The use of morphing trailing edges were proposed for aerodynamic improvement

and trailing edge noise reduction in multiple studies [10–16]. In principle, the use of morphing surfaces40

aims to address transition and separation delay, lift enhancement, drag reduction, turbulence augmentation

and noise suppression [17]. However, the ability of the morphing trailing edges to reduce noise is yet to be

proven and documented, which the current study aims to fulfil. An ideal method of morphing should be able

to achieve the control goal without affecting other goals adversely. In reality, continuous compromises and

trade-offs are required for a particular design goal since its almost impossible to decouple the interlinked flow45

behavior [17], i.e., lift and drag forces and noise emission in the case of the high-lift systems.

Complimenting the previous studies, the current experimental study thoroughly investigates the aerody-

namic and aeroacoustic behavior of a hinged and morphed airfoil. This paper presents a detailed aerodynamic

and aeroacoustic study with lift and drag measurements, surface flow visualization, boundary layer measure-

ment using hot-wire, wake flow visualization using Particle Image Velocimetry, surface pressure fluctuation,50

pressure-velocity coherence analysis and far-field noise measurements.

2. Wind tunnel and experimental setup

A NACA 0012 airfoil, fitted with two different trailing edge flaps, were experimentally tested at the low

turbulence closed-circuit wind tunnel facility at the University of Bristol. The wind tunnel has an octagonal

working section of 0.8 m × 0.6 m × 1 m, contraction ratio of 12:1, a maximum velocity of 100 m/s, operates55

with turbulence levels as low as 0.05% [18] and was used for Particle Image Velocimetry measurements.

The aerodynamic force measurements and oil flow visualization were carried out in the open-jet closed-loop

wind tunnel with an open test section of length 2 m and nozzle diameter of 1.1 m. The open-jet wind

tunnel is capable of reaching a maximum reliable flow speed of 30 m/s and with a turbulence intensity

of 0.5%. Aeroacoustic measurements, such as the near-field surface pressure fluctuations, boundary layer60

measurements and far-field noise measurements were carried out in the closed circuit open-jet aeroacoustic

wind tunnel facility at the University of Bristol. The aeroacoustic facility has a nozzle exit of 0.775 m × 0.5 m

and a contraction ratio of 8.4:1 providing turbulence levels as low as 0.25% [19]. The tested NACA 0012

airfoil has a chord length of c = 0.2 m and a span length of l = 0.45 m. The flow over the airfoil was tripped

at 0.1c (see Fig. 1(a)) on both sides of the airfoil using a serrated turbulator tape with a height of 0.5 mm65

and serration angle of 60◦ [20, 21]. The tests were carried out at the free-stream velocity of U∞ = 20 m/s,

corresponding to the chord-based Reynolds number of Rec = 2.6 × 105. The airfoil was designed such that

it facilitates installation of two interchangeable flaps with a length of b = 0.06 m (0.3c) and a flap deflection

angle of, β = 10◦ (see Fig. 1(b)).

Ai et al. [8, 9] reported the preliminary aerodynamic and aeroacoustic performance of novel morphed70
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flaps using an Xfoil-BPM model. Subsequently, these results [8, 9] were used to design several morphed

flap camber profiles for further parametric studies [10–13]. Various tests were carried out to determine the

aerodynamic characteristics for all the morphed flap profiles at different flow conditions. In the current study,

the flap profiles with the lowest CL (Hinged Flap, HF) and highest CL (Morphed Flap, MF) (see Fig. 1(b)),

employed in the previous studies [10–13], were thoroughly investigated to further improve our understanding75

of the aerodynamic, aeroacoustic and wake turbulence characteristics of such airfoils.

To study the flow pattern over the flaps, oil-flow visualization tests were carried out. The airfoil was

covered with a matt black vinyl sheet to visualize the flow better. Subsequently, a mixture of paraffin and

oleic acid in a ratio of 20:1 along with the white pigmenting agent titanium dioxide was used in the present

study. In order to effectively capture the boundary layer behavior, the consistency of the oil mixture was80

tested to have the inertial forces of the oil mixture lower than viscous and surface tension forces [22, 23] Two

circular side-plates with chamfered edges with a radius of 0.17 m were used to reduce the three-dimensionality

effects of the flow around the airfoil.

Aerodynamic lift and drag force measurements were carried out using an AMTI OR6-7-2000 force platform

mounted at the base of the set-up. The data were collected for a period of 16 s with a sampling frequency of85

2000 Hz, which deemed sufficient based on an uncertainty analysis of the collected data.

Particle Image Velocimetry (PIV) was used to obtain the time-averaged flow quantities in the x− y plane

around the airfoil and in the wake region. The tests were performed for the angles of attack of α = 0◦, 2◦, 4◦,

6◦ and 8◦ at a free-stream velocity of U∞ = 20 m/s. A matt black vinyl sheet was used to cover the airfoil

to reduce the laser reflection from the airfoil’s surface (see Fig. 1(a)). As shown in Table 1, a total of three90

measurement windows (W1, W2 & W3) of the same size were used for every tested angle of attack. The

PIV measurements were carried out using a Dantec DualPower 200 mJ Nd:YAG laser with a width of 1 mm

and wavelength of 532 nm placed, mid-span of the airfoil. The laser sheet was set to have a time interval of

18 µs between each pulse and a repetition rate of 2.5 Hz. A mixture of Polyethylene glycol 80 with a mean

diameter of 1 µm was used to seed the air inside the low turbulence wind tunnel. A total number of 240095

images for each measurement window were captured using a FlowSense 4 MP CCD camera with a resolution

of 2078× 2078 pixels and 14 bit, corresponding to field view of 9.5 cm × 9.5 cm. The PIV images were then

analyzed with the DynamicStudio software from Dantec. The ensemble average of the acquired images were

used to calculate the mean velocity components in the streamwise (U) and crosswise (V ) directions of the

flow using,100

U =
1

N

N∑
i=1

ui, (1)

V =
1

N

N∑
i=1

vi, (2)

where N is the the sample number, ui and vi are the discrete instantaneous streamwise and crosswise velocity
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components, respectively. The time-averaged stress tensors were calculated using,

u′u′ =
1

N

N∑
i=1

(ui − U)2, (3)

v′v′ =
1

N

N∑
i=1

(vi − V )2, (4)

−u′v′ =
1

N

N∑
i=1

(ui − U)(vi − V ), (5)

k =
1

2
(u′u′ + v′v′), (6)

where u′u′ and v′v′ are the time-averaged normal Reynolds stress tensor, −u′v′ is the Reynolds shear stress

component and k is the turbulent kinetic energy. The u′ and v′ terms represent the fluctuating streamwise

and crosswise velocity components, respectively.105

The unsteady surface pressure measurements were acquired at four streamwise locations on the suction

and pressure surface of the flaps for both the HF and MF airfoils (see Table. 1). The measurements were

performed using remote sensing microphone probes (see Fig. 2) made from Panasonic WM-61A microphones

and 1.6 mm diameter brass tube with 0.4 mm pinholes that were connected to the pressure tap brass tubes

using a plastic tubing with an inner and outer diameter of 0.8 mm and 4 mm [24]. It should be noted that due110

to the high-frequency dissipation within the small flexible tubes, the measurement from the remote sensors

are restricted to a narrow frequency range. For the present setup, the remote sensor calibration with the

G.R.A.S. 40PL microphone showed a flat frequency response between f = 100 and 4000 Hz, which covers

the frequency range of interest in the current study. In order to eliminate the spurious tones related to the

standing waves in the flexible tubing, an acoustic termination tube of 2 m (determined from a parametric115

study) was used for each port (see Fig. 2b). The measurements were performed at four streamwise locations

at an equidistance of x/c ≈ 0.12 on both the suction and pressure surface right after the flap hinge point,

as shown in Table. 1. Far-field measurements were also carried out using Panasonic WM-61A microphones

placed at an angle of 90◦ and a distance of 1 m above the flap trailing edge. The calibration of the near

and far-field microphones was carried out using a pistonphone calibrated G.R.A.S. 40PL microphone. The120

data were acquired using a National Instruments PXIe-4499 modules mounted in a National Instruments

PXIe-1062Q chassis. The data for all the microphones were simultaneously collected for 120 seconds at a

sampling frequency of fs = 215 Hz. The power spectrum of the wall pressure and far-field measurements were

obtained using the power spectral density (PSD) of the pressure signals with the Hanning window having a

50% overlap. The acquired data were averaged for 220 times to yield a frequency resolution of ∆f = 2 Hz.125

The sound pressure level (SPL) spectrum was calculated from SPL = 20 · log10(prms/pref ), where prms is

the root-mean-square of the acoustic pressure and pref = 20 µPa is the reference pressure.
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The velocity fluctuation within the boundary layer at two flap locations (BL1 & BL2) were measured for

both the HF and MF airfoils using hot-wire anemometry (see Table. 1). A Dantec 55P16 single hot-wire

probe with a 5 µm diameter and 1.25 mm long platinum-plated tungsten wire sensor, operated in a constant130

temperature mode using an overheat ratio of 1.8 was used for the measurements. The temperature probe

was connected to StreamWare Pro V5.14 software package and driven by Dantec Streamline Pro CTA 91C10

modules. The hot-wire probe was calibrated using a Dantec 54H10 two-point mode hot-wire calibrator. The

data were logged using National Instrument PXIe-4499 system with a sampling frequency of fs = 215 Hz for

a time duration of 14 s. The data for the BL1 & BL2 along with the above mentioned respective remote135

sensors were logged simultaneously to perform coherence studies. The probe was mounted on a 1 m long

slender cylindrical steel arm connected to a two-axis (x−y) ThorLabs LTS300M traverse system to minimize

the effect of the traverse system on the airfoil and wind tunnel.

(a)

x/c

0.5 0.6 0.7 0.8 0.9 1
-0.06

-0.04

-0.02

0

0.02

0.04

0.06

y
/c

  Hinged-Flap

  Morphed-Flap

  NACA 0012

Flap Length, b

β=10
°

(b)

Figure 1: a) NACA 0012 airfoil set-up in the low-turbulence wind tunnel for PIV measurements and b) Geometric details of the

NACA 0012 airfoil with a flap deflection angle of β = 10◦ characterized into Hinged Flap and Morphed Flap airfoils.

0.4 mm pin hole

Acoustic termination tube (2 m)Pressure ports on the airfoil

Panasonic WM-61A

microphone
1.6 mm brass tube

Polyurethane tube

15 mm 19 mm

10 mm

(a) (b)

Figure 2: Schematic of the remote sensing microphone probe configuration (a) full view of the remote sensor and (b) Cross-

sectional view of the remote sensors with description.

2.1. Wavelet analysis

The mean values of the wavelet coefficient modulus from the continuous wavelet transform are employed140

in the present study to capture the local oscillating features. In the continuous wavelet transform method, the

signal is projected over a basis of support functions provided by the translation and dilatation of a mother
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Table 1: Schematic of the surface pressure measurements locations, hot-wire location and camera window locations used for the

PIV measurements.

W1

W2

W3

Flow (U  )8

9.5 cm

S2 S3

P1 P2 P3 P4

S1

BL1
BL2

S4

Suction side (x/c) Pressure side (x/c)

S1 0.745 P1 0.745

S2 0.780 P2 0.790

S3 0.810 P3 0.835

S4 0.855 P4 0.865

BL1 0.745 - -

BL2 0.855 - -

wavelet function. The following is the definition of the continuous wavelet transform used in the present

study [25, 26],

Wx(t, a) =
1√
Cψ

∫ ∞
−∞

x(τ)ψ∗
( t− τ

a

)
, (7)

where a is the scale dilatation parameter corresponding to the width of the wavelet, τ is the translation145

parameter corresponding to the position of the wavelet, 1/
√
Cψ is a constant that takes the mean value of

ψ(t) into account and ψ∗
(
t−τ
a

)
is the complex conjugate of the dilated and translated mother wavelet ψ(t).

The Morlet kernel was chosen as the mother wavelet, as reported analytically in [15, 25]. In the present

study, at first, the continuous wavelet transforms were applied to the hot-wire signal fluctuations at every

measurement point to acquire the time-frequency distribution of the signal. Then, to better understand the150

fluctuating characteristics of the flow, arithmetic mean of the wavelet coefficient modulus (µ(|Wx|)) at every

measurement point and frequency was calculated using the following,

µ(|Wx|) =
Σti=1|Wx|

t
, (8)

where t is the time step. It is well known that the Fourier spectra of a given signal can be recovered by

integrating the wavelet coefficient modulus in time, providing a spectra less affected by statistical uncertainties

[26]. However, in the present study it was observed that the (µ(|Wx|)) was better suited to represent the155

mean fluctuations in the flow. It should also be noted that the mean and the integration of the wavelet

coefficient modulus were indifferent to each in terms of energy distribution.

3. Results and discussion

3.1. Aerodynamic force measurements

The results of the aerodynamic force measurements for the NACA 0012 airfoil fitted with the Hinged Flap160

(HF) and Morphed Flap (MF) having a flap deflection angle of β = 10◦ are presented in Fig. 3. A serrated

turbulator tape was used on both sides of the airfoil surface to ensure a turbulent boundary layer flow over

flap region. The tests were carried out for the angles of attack ranging from α = −5◦ to 15◦. The results
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Figure 3: Aerodynamic force measurements results (a) lift coefficient, (b) drag coefficient, (c) lift-to-drag ratio, and (d) drag

polar curve for the Hinged Flap and Morphed Flap airfoil at a free-stream velocity of U∞ = 20 m/s (Rec = 2.6 × 105).

of the lift coefficients CL − α, presented in Fig. 3a, show a better overall lift performance for the MF airfoil

compared to the HF airfoil. The CL-α curve for the MF airfoil, on average has a lift increase of ∆CL = 0.19165

compared to the HF airfoil over the entire range of the tested angles of attack. The largest difference in

the lift coefficient between the HF and MF airfoils of ∆CL = 0.22 was produced at α = −5◦ and the lowest

∆CL = 0.16 was found at the stall angle of attack α = 13◦, which corresponds to a 14% increase in the lift

coefficient for the MF airfoil relative to the HF airfoil at CL,max. The MF airfoil reduces the angle of attack

for a given lift coefficient by α = 3◦ compared to the HF airfoil. The stall angle of both the airfoils remained170

unchanged, in accordance with the results in the literature [27]. The drag coefficient results CD−α presented

in Fig. 3b show a generic airfoil CD −α trend with lower values of CD at low angles of attack and increasing

values of CD as the angle of attack is increased. The difference in the drag coefficient between the HF and

MF airfoils were found to be ∆CD = 0.015 at the angle of attack α = −5◦ with the MF airfoil having larger

drag coefficient relative to the HF airfoil. The largest difference in the drag coefficient ∆CD = 0.055 was175

found at the post-stall angle of attack α = 15◦, with the MF airfoil producing higher CD values. In the

pre-stall regions, the largest ∆CD = 0.034 was found at the stall angle of attack α = 13◦.

The lift-to-drag coefficient ratio results and the drag polar curves for both the HF and MF airfoils are

presented in Fig. 3c and 3d, respectively. The lift-to-drag coefficient ratio results in Fig. 3c show a large

difference between the HF and MF airfoils at low angles of attack. Additionally, this difference in performance180

between the two airfoils decreases as the angle of attack is increased. Results further suggest that the MF

airfoil has an overall superior aerodynamic lift performance compared to the HF airfoil. However, there is
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no or insignificant difference in the CL/CD performance between the two airfoils for angles of attack larger

than α > 7◦. In particular, the largest difference in the lift-to-drag coefficient ratio of ∆(CL/CD) = 0.98 was

found between the HF and MF airfoils at the angle of attack α = −5◦ with the MF airfoil portraying better185

performance with larger values of CL/CD. As the angle of attack is increased to α = 0◦ and 5◦, the difference

in the ∆(CL/CD) value reduces to 0.85 and 0.33, respectively. This corresponds to an increased performance

of up to 26% and 6% for the MF airfoil relative to the HF airfoil. The largest value of CL/CD = 5.60

was achieved by the MF airfoil at α = 5◦. Furthermore, the drag polar curves presented in Fig.3d clearly

illustrate the aforementioned phenomenon of the MF airfoil reducing the effective angle of attack for a given190

lift coefficient by α = 3◦. Moreover, the drag polar plot also shows that the MF airfoil produces slightly

higher lift and a lower drag at α = 10◦ compared to α = 13◦ of the HF airfoil.

The aerodynamic characteristics of the MF airfoil with the trailing edge profile non-conformal to the

flow are very similar to that of the Gurney flaps with flap length in the range of 0.25 − 1% chord length.

Aramendia et al. [28] demonstrated improved CL/CD performance for Gurney flaps especially at negative195

and low angles of attack from α = −5◦ to 7◦, very similar to the aerodynamic characteristics of MF airfoil

as observed here. Li et al. [29] demonstrated that Gurney flap with just 45◦ flap angle as opposed to the

usual 90◦ could result in a increase in CL,max of 12.3%. Similar to the Gurney flap, the increase in lift for the

MF airfoil presented in this study could be attributed to the increase in the effective camber of the airfoil.

Moreover, kamliya et al. [11–13] has shown from surface pressure distribution that the increased lift for the200

MF airfoil is a result of increased suction on the upper surface, and increased pressure on the lower surface

compared to the HF airfoil. Similar observations were made for the Gurney flap when compared with its

respective Baseline by Li et al. [30]. This increase in overall loading for the MF airfoil could be due to the

finite pressure difference that the MF airfoil introduces at the trailing edge similar to that of the Gurney flap.

The finite pressure difference at the trailing edge increases the total circulation and therefore the lift [31].205

3.2. Surface flow visualization

The oil-flow visualization technique was used on both the suction and pressure surface of the airfoil to

visualize the boundary layer behavior and flow separation on the airfoil flap surfaces. These tests were carried

out for the angles of attack ranging from α = −4◦ to 16◦ in increments of 2◦ on both sides of the airfoil.

However, for brevity, the results are presented only for the suction side, of the airfoil at the angles of attack of210

α = 0◦, 2◦, 4◦ and 8◦, see Fig. 4. In contrast, the flow visualization results for the airfoil pressure side are not

presented due to the absence of any particular flow feature or separation on the airfoil flap surfaces for the

entire range of tested angles of attack. The photographs of the oil-flow visualization are presented in Fig. 4.

The results of the HF and MF airfoils are presented in the left and right columns, respectively, with the

different rows showing different angles of attack. The use of the serrated turbulator formed turbulent wedges215

downstream of the serrated turbulator at x/c = 0.1, in line with previous flow visualization studies [20, 21].

Additionally, smaller regions of recirculation were found in-between the serration wedges, which may have

served to trip the flow and led to the formation of the turbulent wedges. These are seen as horizontal lines

9



Hinged Flap Morphed Flap

(a) α = 0◦, HF (b) α = 0◦, MF

(c) α = 2◦, HF (d) α = 2◦, MF

(e) α = 4◦, HF (f) α = 4◦, MF

(g) α = 8◦, HF (h) α = 8◦, MF

Figure 4: The photographs of the oil-flow visualization patterns over the suction surface of the Hinged Flap and Morphed Flap

airfoil at the vicinity of the flap tested at a free-stream velocity of U∞ = 20 m/s (Rec = 2.6 × 105). The red dashed line ( )

denotes the flow separation location.

in the photographs in Fig. 4. The vertical lines observed in Fig. 4 are the shade arising due to the pressure

taps that lay beneath the black vinyl used to cover the airfoil. Furthermore, the results over the trailing edge220

flap clearly indicate that the boundary layer flow on the suction surface of the HF airfoil appear to become

turbulent and separate at the flap hinge point at x/c = 0.7 for all the presented angles of attack. This is

due to the sharp change in airfoil surface at the flap hinge point transitioning to the the trailing edge with

β = 10◦. Whereas, in the case of the MF airfoil, the flow does not become turbulent or appear to separate

over the flap until x/c = 0.95 for angles of attack of α = 0◦ and 2◦ since the airfoil surface smoothly transits225

to the trailing edge with β = 10◦. The separation past x/c = 0.95 is due to the sharper gradient of the

airfoil surface closer to the trailing edge. Consequently, in the case of MF airfoil, as the angle of attack is

10



increased, the flow separation progresses upstream from the trailing edge of the flap to locations x/c = 0.8

and x/c = 0.7, especially for the angles of attack α = 4◦ and 8◦, respectively. This can be attributed to

the finite pressure difference at the trailing edge for the MF airfoil as seen in previous studies [11–13] and230

Gurney flap [29–31].

3.3. Flap flow characteristics
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Figure 5: Skewness of the surface pressure fluctuations between S1 and S4 on the suction surface and P1 and P4 on the pressure

surface for the Hinged Flap and Morphed Flap airfoils at angles of attack between α = 0◦ and 12◦ with an increment of 2◦.

The flow visualization results have indicated the flow to separate just after the flap hinge point for the

HF airfoil and progressively separate from the trailing edge of the flap for the MF airfoil. When considering

wall-bounded flows, it is well known that the near-wall region accounts for the highest levels of shear and

turbulence production. To further understand the flow behavior over the flap region, higher-order moments

of the wall pressure signal (S1-S4 and P1-P4) probability density function, i.e., skewness, was calculated.

Skewness is the non-dimensional third moment, which represents the deviation of the signal from the normal

Gaussian distribution. If the data is close to Gaussian distribution the skewness is said close to zero. For a

stochastic signal x, skewness (s) can be defined as,

s =
E(x− µ)3

σ3
, (9)
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where µ is the mean of x, σ is the standard deviation of x, and E(·) represents the expected value. Meijering

and Schroder [33] have shown that the skewness factor could be considered as a criterion to detect laminar-

to-turbulent flow. Furthermore, Chabert et al. [34] has performed an in-depth study on the skewness235

to show that the separated flow has skewness factor higher than that of the attached flow regions. The

transition from attached to the separated region is characterized by an increase in skewness. Similarly, for

the current study, a skewness factor of s = 0.05 has been used as a threshold to determine flow separation.

As suggested by Chabert et al. [34], the thresholds are defined only to track the rise in the skewness factor

at incipient separation along the flap. It should be noted that univariate statistical analysis of unsteady240

pressure fluctuations could also be used to determine the relative flow conditions [35, 36].

In the present study, the surface pressure fluctuation measurements were carried out for the HF and MF

airfoils at angles of attack ranging from α = 0◦ to 12◦ with an increment of 2◦ at a free-stream velocity

of U∞ = 20 m/s. It is noteworthy that the results are presented for the streamwise location range of

x/c = 0.745 − 0.865 and the maximum distance between two consecutive wall pressure measurement probe245

locations was approximately ≈ 0.045c. Figure 5 presents the skewness for the surface pressure fluctuations

at the location S1-S4 on the suction surface (Figure 5a and 5b) and P1-P4 on the pressure surface (Figure 5c

and 5d) of the flap for both the airfoils (see Table 1). The results are presented in terms of the microphone

location and angles of attack. The skewness results for the HF airfoil at the suction surface suggest that the

flow is separated (s > 0.05) at and after S2 for angles of attack α > 2◦. For the HF airfoil, at increased250

angles of attack α > 6◦, the results report increased skewness factor for the unsteady pressure measurements

at the locations S1-S4. For the MF airfoil, the skewness results show values of s < 0.05, implying attached

flow at the presented measurement locations up to the angle of attack of α = 10◦. These results are also in

accordance with the flow visualization results, which showed the separation point progressing upstream from

the trailing edge with increasing angle of attack. Given that the aerodynamic behavior for the MF airfoil is255

similar to the Gurney flap, this separation progressing upstream from the trailing-edge could be triggered by

a similar recirculation that occurs at the trailing edge for Gurney flap [31].

The flow visualization tests further demonstrated that the flow does not separate on the pressure surface

of the flap. Therefore, for the skewness results presented at the pressure surface, the increase in skewness

could be interpreted as the increase in turbulence levels relative to the other measurement locations on the260

same surface. The results for the HF airfoil indicate high skewness levels at the locations P1 and P2 for

angles of attack α < 6◦ relative to P3 and P4. The results for the pressure surface of the MF airfoil show

increased skewness for the locations P3 and P4 closer to the trailing edge relative to P1 and P2 for all the

presented angles of attack with higher values at α < 6◦. Overall, the skewness values at the vicinity of the

trailing edge are higher for the MF airfoil compared to the HF airfoil. This could be due to the higher surface265

camber for the MF airfoil relative to the HF airfoil. Also, this may be due to the finite pressure difference at

the trailing edge for the MF airfoil that behaves very similar to airfoils with Gurney flap.
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3.4. Time-averaged flow field

The time-averaged flow field over the HF and MF airfoils’ flap and wake regions were measured using

PIV technique. The tests were carried out at a free-stream velocity of U∞ = 20 m/s, and at the angles of270

attack ranging from α = 0◦ to 8◦ with an increment of 2◦. However, for the purpose of brevity, the results

are presented only for the angles of attack of α = 0◦ and 8◦. In Fig. 6, the results of the non-dimensional

time-averaged streamwise velocity contours for the HF and MF airfoils are presented in the left and right

columns, respectively. The streamwise velocity results in Fig. 6 reveals that for the angles of attack α = 0◦,

the flow separates at the hinge location x/c = 0.7 for the HF airfoil but remains close to the wall, whereas for275

the MF airfoil, the flow separates only at x/c = 0.95, consistent with the flow visualization observations in

Fig. 4. The results for the MF airfoil show negative velocity close to the trailing edge indicating a separation

bubble, which is absent in the case of the HF airfoil. The results for the angle of attack α = 8◦, in Figs. 6c

and 6d, show that the flow separates at the hinge point x/c = 0.7 for the HF airfoil, while in the case of MF

airfoil the flow completely separates only at x/c = 0.9. The results from the surface flow visualization in Sec.280

3.2 and mean velocity contours presented here have confirmed flow separation close to the trailing edge for the

MF airfoil, thereby altering the flow field at the trailing edge. This would in turn alter the Kutta condition

at the trailing edge most likely resulting in a recirculation region close to the trailing edge. Furthermore, the

stagnation point is further downstream where the streamlines meet to form the wake. Similar observation of

stagnation point further in the wake and recirculation region at the trailing edge were previously documented285

for Gurney flap by Jeffrey et al. [31].

The non-dimensional time-averaged normal components of the Reynolds stress tensors (u′u′, v′v′) over

the flap and wake region of the HF and MF airfoils are presented in Figs. 7 and 8. The same color scales are

used for each angle of attack and cases to facilitate comparison of the plots for the presented results. The

boundary layer separation locations over the flap region as discussed above were observed to be distinct in the290

Reynolds stress tensor plots for both the airfoils. It should be noted that since the PIV was carried out at a low

sampling rate, the high frequency fluctuations could have been missed especially in the shear layer regions

resulting in reduced fluctuation quantities at the wake. Therefore, the following time-averaged Reynolds

stress tensor results represent steady state turbulence that allows us to make only qualitative comparisons

between the tested configurations and angles of attack. The results of the time-averaged streamwise normal295

Reynolds stress components (u′u′) in Figs. 7a and 8a clearly show two distinct regions with high u′u′ values

found at the wake location for both the airfoils at all the presented angles of attack. For the angle of attack,

α = 0◦, the regions of high u′u′ values are found on both the upper and lower side of the wake. The stresses

on the suction side wake decay quicker compared to the pressure side wake at further downstream locations

for both airfoils. The MF airfoil has higher values of u′u′ on the suction side relative to the HF airfoil for300

this angle of attack. For the angle of attack α = 8◦, the values of u′u′ are wider compared to the previously

discussed lower angle of attack. The early separation at this angle of attack gives rise to higher values of

u′u′ over the flap surfaces for both airfoils. The pressure side of the MF airfoil has the highest values of u′u′
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compared to the HF airfoil. These high values for the MF airfoil are due to the trailing edge tip interacting

with the flow at high angles compared to the trailing edge tip of the HF airfoil and higher surface camber.305

The contours of the time-averaged crosswise normal Reynolds stress component v′v′ in Figs. 7b and 8b show

increased magnitude of v′v′ at regions close to the trailing edge. The MF airfoil produces higher values of

v′v′ close to the trailing edge relative to the HF airfoil for both presented angles of attack. The increased

stress levels for the MF airfoil at the pressure side wake also corresponds to the increased skewness indicating

higher turbulence on the pressure surface discussed in the previous sections. The increased stresses for the310

MF airfoil is expected due to the separated flow and the most likely recirculation close to the trailing edge

similar to the previous studies of Gurney flaps [31].

Figure 6: The non-dimensional time-averaged streamwise velocity contours from PIV for the Hinged Flap and Morphed Flap

airfoils.

3.5. Wake Development

The wake flow field of both the HF and MF airfoils were studied experimentally using the PIV technique.

The PIV measurements were taken in the airfoil mid-span position and detailed line plots are presented315

for six downstream locations, x/c = 1.025, 1.05, 1.10, 1.20, 1.40 and 1.60. The flap trailing-edge point is

assumed as the datum point (y/c = 0). The non-dimensional time-averaged streamwise velocity profiles

are presented in Figs. 9a and 9b. The velocity profiles for all the tested angles of attack at the near-wake

location x/c = 1.025 show an increased velocity deficit for the MF airfoil relative to the HF airfoil. At further

downstream locations, x/c = 1.20, 1.40 and 1.60, the overall results for both angles of attack show that the320

wake velocity for the MF airfoil has an increased flow deflection angle compared to the HF airfoil. This

increased flow deflection suggests an increase in effective camber similar to previous studies on Gurney flaps

[30, 32]. This reaffirms that the MF airfoil indeed behaves very similar to Gurney flaps. The wake for the MF
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Figure 7: The non-dimensional time-averaged Reynolds stress contours for the Hinged Flap and Morphed Flap airfoils at angle

of attack α = 0◦.

Figure 8: The non-dimensional time-averaged Reynolds stress contours for the Hinged Flap and Morphed Flap airfoils at angle

of attack α = 8◦.

airfoil was also observed to be slightly wider with increased velocity deficit relative to the HF airfoil at all the

downstream wake locations. Essentially this means that the drag is increased for the MF airfoil compared to325

the HF airfoil. This is in agreement with the increased drag coefficients for the MF airfoil discussed earlier

in Fig. 3b.

The non-dimensional time-averaged turbulent kinetic energy (TKE) results for the HF and MF airfoils

at the angles of attack α = 0◦ and 8◦ are presented in Figs. 9c and 9d. The TKE magnitude results

highlights the characteristic wake double peak behavior close to the trailing edge that arises due to the330

interaction of the two different boundary layers from the upper and lower sides of the airfoil. As a result
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Figure 9: The non-dimensional, time-averaged, velocity profiles (a) and (b), turbulence kinetic energy (c) and (d), and Reynolds

stress tensor (e) and (f), for Hinged Flap ( ) and Morphed Flap ( ) airfoils at angles of attack α = 0◦ and 8◦.

of the high angle at which the MF airfoil’s trailing edge interacts with the free-stream flow, high TKE

magnitude with a peak toward the lower surface was observed. This was evident for all the angles of attack,
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at the near-wake location, x/c = 1.025 and 1.05 close to the trailing edge. In the case of the HF airfoil, the

TKE magnitude is significantly lower relative to the MF airfoil at these peak regions. Additionally, at the335

locations x/c = 1.10 and 1.20, the TKE magnitude peak for the HF airfoil was observed to be lower than

the MF airfoil. Subsequently, this difference in the TKE magnitude between the two airfoils reduces at the

further downstream locations. At far-wake locations, x/c = 1.40 and 1.60, it is observed that the MF airfoil

has a wider wake toward the airfoil lower surface than that of the HF airfoil. The Reynolds shear stress

components (u′v′) are presented in (e) and (f) plots of Figs. 7, 8, and 9. The shear stress u′v′ for the MF340

airfoil is larger than that of the HF airfoil at the near-wake locations x/c = 1.025, x/c = 1.05 and x/c = 1.10

for all the presented angles of attack. However, the stresses at far-wake downstream locations are similar for

both the cases at all the presented angles of attack, particularly with the MF airfoil having a wider shear

relative to the HF airfoil due to the increased angle of the trailing edge tip to the free-stream flow.

The aerodynamic characteristic studies presented in the previous sections showed an increased CL/CD345

for the MF airfoil compared to the HF airfoil. The flow on the airfoil surface and the wake flow behavior

shows us that the MF airfoil has delayed separation and increased turning angle. This increased turning

angle aids in the increased lift mentioned above, furthermore, the longer region of attached flow near the

trailing edge of the MF airfoil aids in the reduction of form drag. This hypothesis is further supported by

the flow behavior seen previously in the Gurney flap studies [37, 38].350

3.6. Unsteady surface pressure measurements

The unsteady wall pressure fluctuations were studied using remote sensing microphones for both the HF

and MF airfoils. The suction (S1-S4) and pressure (P1-P4) flap surfaces were both equipped with four remote

sensing microphones each at various streamwise locations detailed in Table 1. The wall pressure spectra

at various streamwise locations are presented as a function of frequency in Fig. 10. The results for the HF355

airfoil are presented in the left column and those for the MF airfoil are presented in the right column. The

wall pressure spectra at S1 on the suction side for angles of attack ranging from α = 0◦ to 12◦ presented

in Figs. 10a and 10b show increased energy at the presented frequencies for the HF airfoil compared to the

MF airfoil. At S1, a marginal increase in SPL was observed with the increase in angle of attack for both

the tested cases. Interestingly, for the MF airfoil, a large increase in the SPL was observed compared to the360

other angles of attack at frequencies f > 1000 Hz. The results for streamwise locations S2, S3 and S4, at

first glance, show increase in SPL with increasing angle of attack in accord with expectations. However, the

level of increase for varying angles of attack is more prominent in the case of the HF airfoil than the MF

airfoil. Another key observation is that the SPL appears to increase in the low frequency range and reduces

in high frequency range with increasing angles of attack. Moreover, this increase in SPL at low frequency365

range appears to be case specific with HF airfoil showing increased levels at f < 500 Hz, whereas the MF

airfoil showed increased levels at f < 1000 Hz. Although the results show a gradual increase in SPL for

increasing angles of attack, a sudden increase from α = 10◦ to 12◦ was observed only in the case of the MF

airfoil.
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Figure 10: The near-field wall pressure point spectra at various streamwise locations over the suction surface of the flap for both

the Hinged Flap and Morphed Flap airfoils at angles of attack α = 0◦ to 12◦ at Rec = 2.6 × 105.

When comparing different streamwise locations at low angles of attack α < 4◦, the results for the HF370

airfoil, shows increased SPL at f < 4000 Hz for the location S1 (x/c = 0.745) right after the flap hinge point

(x/c = 0.7), whereas for the MF airfoil, increased SPL levels were found only at S4 (x/c = 0.865) compared

to the other measurement locations. These observations could be attributed to the delayed flow separation

for the MF airfoil relative to the HF airfoil. These results also correspond to the delayed flow separation for

the MF airfoil at high angles of attack, previously seen in the surface flow visualization and skewness results.375

The wall pressure spectra for the pressure surface (P1-P4) for both the HF and MF airfoils show similar
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SPL amongst themselves for all the presented angles of attack (data not presented here for the sake of brevity).

For the HF airfoil, a marginal increase in SPL was observed right after the flap hinge point at location P1

relative to the other locations. For the MF airfoil, all the streamwise location (P1-P4) showed a very similar

trend. Overall, the wall pressure fluctuation results have shown higher SPL for the HF airfoil compared to380

the MF airfoil over the flap on the suction surface at the locations up to x/c = 0.855 in accordance with the

previously discussed surface flow visualization and skewness results.
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Figure 11: Overall sound pressure level calculated from the near-field wall pressure point spectra at various streamwise locations

over the suction and pressure surface of the flap for both the Hinged Flap and Morphed Flap airfoils at angles of attack α = 0◦

to 12◦ at Rec = 2.6 × 105.

To further understand and to provide a general quantitative estimation of the unsteady loading, the

overall sound pressure level (OASPL) of the near-field surface pressure fluctuations on the suction side are

calculated and presented in Fig. 11a and 11b. The overall sound pressure level was resolved for a frequency385

range from f = 100 to 4000 Hz. In general, the results for the MF airfoil are lower than that of the HF airfoil.

For increasing angles of attack, the HF airfoil shows a slight increase in the OASPL at various streamwise

measurement points. On the contrary, a substantial difference in the OASPL between the angles of attack

is observed for the MF airfoil. Furthermore, the OASPL increases at location S4 closer to the trailing edge

and is substantially different at high angles of attack (α > 8◦) for the MF airfoil, whereas for the HF airfoil,390
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the OASPL remains the same at S4 for high angles of attack. It is important to note that high OASPL is

observed for the HF airfoil right after the flap hinge point (S1) whilst a slight relative reduction is observed

closer to the trailing edge (S4). In the case of the MF airfoil, high OASPL is observed at location closer to

the trailing edge (S4) relative to S1. When considering the OASPL on the pressure side (Fig. 11c and 11c) at

P1 both the HF and MF airfoil show very similar levels of OASPL. However, at further downstream locations395

P3 and P4, the MF airfoil shows considerable increase in the OASPL compared to the HF airfoil for all the

angles of attack. Interestingly, at α = 12◦ both the airfoils show similar OASPL at P4. These observations

would further aid in the understanding of the far-field noise presented later.

3.7. Boundary layer measurements

Figure 12: The non-dimensional mean total velocity profiles and turbulent intensity within the boundary layer region at the

streamwise location BL1 and BL2 on the suction surface for the Hinged Flap ( ) and Morphed Flap ( ) airfoils at angles

of attack α = 0◦ and 8◦ at Rec = 2.6 × 105.

Hot-wire anemometry method was used to study the flow behavior within the boundary layer over the400

flap region. A single hot-wire probe was used to make measurements at 58 points equidistant above the airfoil

surface for a distance of y/c = 0.25 at two streamwise locations (BL1 and BL2) for both the HF and MF

airfoils at the angles of attack α = 0◦ and 8◦, at a free-stream velocity of U∞ = 20 m/s. Two measurement

lines BL1 and BL2 were made above the remote sensing microphones S1 and S4 over the flap region for both

the airfoils (see Table 1). Although the data is not presented here, skewness and kurtosis in the boundary405
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layer were used to inspect the homogeneity of the boundary layer turbulence to determine separation and

boundary layer thickness. The results of the non-dimensional mean velocity at the location BL1 for both the

airfoils are presented in Figs. 12a and 12c for the angles of attack α = 0◦ and 8◦, respectively. At the angle of

attack α = 0◦ at BL1 the velocity profiles show no significant difference between the two cases. Additionally,

at the angle of attack α = 8◦, the non-dimensional velocity for the MF airfoil is about 3.4% higher relative410

to the HF airfoil at y/c = 0.05. Furthermore, the boundary layer thickness (δ) for the MF airfoil is about

13% smaller relative to the HF airfoil with δ = 0.035c for the HF airfoil and δ = 0.031c for the MF airfoil.

This is most likely due to the absence of any sharp transitions on the airfoil surface that results in increased

velocity with thinner boundary layer closer to the trailing edge.

In the present study, the adopted definition for turbulence strength was u′rms =

√
u′(t)2 and turbulence415

intensity was u′rms/U∞. The results of the non-dimensional turbulence intensity (u′rms/U∞) in Figs. 12e

and 12g show increased velocity fluctuations for the HF airfoil compared to the MF airfoil at all the presented

locations. However, at BL1 a marginal increase of about 1.8% in turbulence intensity for the MF airfoil is

seen for y/c = 0.005 − 0.02. As seen in Fig. 12e, at the angle of attack α = 0◦, close to the airfoil surface,

the turbulence intensity is about 14% higher for the HF airfoil compared to the MF airfoil. As the angle of420

attack is increased to α = 8◦, at BL1, the turbulence intensity is about 21% higher for the HF airfoil close

to the airfoil, whereas at y/c = 0.02 this difference reduces to 14% relative to the MF airfoil.

The results in Figs. 12b and 12d show the non-dimensional mean velocity at the location BL2 for the

angles of attack α = 0◦ and 8◦, respectively. At first glance, the results evidently show a larger boundary

layer for the HF airfoil relative to the MF airfoil at both the presented angles of attack with a higher mean425

velocity for MF airfoil. For the angle of attack α = 0◦, at the location BL2, the mean velocity is about

6.9% higher for the MF airfoil relative to the HF airfoil. In particular, the boundary layer thickness for the

MF airfoil is about 27.5% smaller than that of the HF airfoil relative to the HF airfoil with δ = 0.029c for

the HF airfoil and δ = 0.021c for the MF airfoil. It is observed that the mean velocity for the MF airfoil is

8.4% higher for the MF airfoil relative to the HF airfoil at the angle of attack α = 8◦ at the location BL2.430

Specifically, at BL2, the decrease in velocity gradient (δU/δy) compared to BL1 and from α = 0◦ is indicative

of flow separation for the HF airfoil at BL2, whereas for the MF airfoil, the flow appears to be attached for

the same. Additionally, the boundary layer at BL2, for the MF airfoil, (δ = 0.041c) is about 22.6% smaller

relative to the HF airfoil (δ = 0.053c).

The non-dimensional turbulence intensity (u′rms/U∞) at the location BL2 for the angles of attack α = 0◦435

and 8◦ is presented in Figs. 12f and 12h, respectively. Interestingly, at BL2, the turbulence intensity results

are suggestive of flow separation for the HF airfoil, at the angle of attack α = 8◦. unlike α = 0◦. Subsequently,

for the HF airfoil, at BL2 location y/c = 0.02, the turbulence intensity is about 57% higher at the angle of

attack α = 0◦ and about 72% higher at the angle of attack α = 8◦ relative to the MF airfoil. Nevertheless,

this difference in turbulence intensity increases to 78% for the HF airfoil at a distance of y/c = 0.04, which is440

yet again indicative of flow separation. Moreover, the increased turbulence for the HF airfoil at α = 8◦ can
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be seen up to a wall distance of y/c = 0.05, whereas for the MF airfoil it can be seen up to only y/c = 0.04.

To summarize, for both the presented angles of attack the MF airfoil shows increased velocity with reduced

turbulence intensity relative to the HF airfoil over the flap region up to the location BL2 (x/c = 0.855) except

at location BL1 for α = 0◦.445

3.8. Pressure-velocity coherence analysis

Pressure-velocity coherence is an important parameter used to identify airfoil noise source by locating

the large-scale structures and their collective motions in the flow [39]. Therefore, to better understand the

boundary layer hydrodynamic field, the changes in the boundary layer flow structures over the flap of the

HF and MF airfoils were studied using the spatial coherence between surface pressure fluctuations and the450

boundary layer total velocity fluctuations. Simultaneous surface pressure measurements and boundary layer

velocity measurements were performed at two streamwise locations BL1 and BL2 at the free-stream velocity

of 20 m/s. A single hot-wire probe measurement was made at 58 points equidistant above the airfoil surface

for a wall distance of y/c = 0.25 above the S1 and S4 microphones at BL1 and BL2, respectively. In order to

understand the relationship between boundary layer flow structure fluctuation and the pressure exerted on455

the flap, the coherence between pressure and velocity was calculated. The pressure-velocity coherence was

normalized using a recent method proposed by Zang et al. [39] that takes the flow turbulence into account

to eliminate the ’spurious’ regions of high coherence that usually occurs at regions of sharp transition from

turbulent boundary layer to low turbulence free-stream. The coherence with modified normalization was

calculated using,460

γ̃2piuj
(y, f) =

| Φpiuj (y, f) |2

Φpipi(f)Φujuj
(y, f)

(
u′rms(y)

U∞

)2

, (10)

where pi refers to the surface pressure fluctuation measurement from the S1 and S4 remote sensors and uj

denotes the velocity fluctuation measured at a distance y above the microphone. Their detailed locations are

provided in Table 1. The u′rms is the root-mean-squared of the velocity fluctuations and U∞ is the free-stream

velocity. The pressure-velocity coherence between the first surface remote sensor, S1, and its corresponding

boundary layer (BL1) and the second surface remote sensor, S4, and its corresponding boundary layer (BL2)465

for the HF and MF airfoils at the angle of attack α = 0◦ and α = 8◦ are presented in Fig. 13. For both the

airfoils, at the angle of attack α = 0◦, the normalized coherence (γ̃2piuj
) at the location S1-BL1 (see Figs. 13a

and 13b) shows marginal γ̃2piuj
levels close to the wall, with increased levels between f = 400− 1500 Hz for

the HF airfoil and f = 400− 4000 Hz for the MF airfoil. At location S4-BL2, in Figs. 13c and 13d the γ̃2piuj

levels are located at a low frequency range of f = 200 − 800 Hz within y/x = 0.02 for the HF airfoil and470

f = 300− 1000 Hz within y/x = 0.015 for the MF airfoil. For increased angle of attack α = 8◦, at S1-BL1,

the high levels of γ̃2piuj
are very similar to α = 0◦ in terms of the frequency of the high coherence level regions

for both the airfoils. Furthermore, the areas of increased coherence are observed up to y/c = 0.02 and not
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just close to the airfoil surface. At S4-BL2, for α = 8◦ increased levels of γ̃2piuj
are observed at low frequency

range f = 100− 400 Hz at y/c = 0.01− 0.035 for the HF airfoil and f = 200− 1000 Hz within y/c = 0.03.475

Figure 13: Boundary layer normalized pressure-velocity coherence contours (γ̃2piuj
) at the locations S1-BL1 and S4-BL2 for the

Hinged Flap and Morphed Flap airfoils at α = 0◦ and 8◦.
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3.9. Unsteady boundary layer characteristics

It is well established that the airfoil noise is largely influenced by the fluctuating properties of the flow at

the vicinity of the airfoil trailing edge [40]. Therefore, an analysis of the velocity fluctuations over the flap

region and at the vicinity of the trailing edge was carried out. In order to better understand the fluctuating

properties, wavelet analysis is presented as a supplementary tool alongside the power spectral density (PSD)480

of the velocity fluctuations (Φuu). In principle, if fluctuations at a given time are smooth, the wavelet

coefficients remain small, however, their value increases with larger fluctuations and irregular structures.

Consequently, these wavelet coefficients correspond to the fluctuations at a given scale and a given point

rather than the entire signals strength. The boundary layer velocity fluctuations at angles of attack α = 0◦

and 8◦ are presented in Figs. 14 and 15, respectively. The PSD contours of the velocity fluctuations (Φuu)485

are presented in the left and the mean wavelet coefficient modulus (µ(|Wx|)) in the right column. At first

glance, it is evident that the Φuu, calculated using Fourier transform, appears to spread the energy in the

low-frequency range within the boundary layer and the mean wavelet coefficient can precisely identify the

islands of increased fluctuations with higher frequency resolution. For the HF airfoil, the Φuu, at angle of

attack α = 0◦, exhibits increased energy within the boundary layer (δ1 and δ2) for f = 100 − 5000 Hz at490

locations BL1 and BL2. Moreover, at BL2, increased Φuu was observed at frequencies f > 1000 Hz within

y/c ≈ 0.02. Having considered Φuu, it is also reasonable to look at µ(|Wx|) in the boundary layer. The

µ(|Wx|) contour plot for the HF airfoil show increased mean fluctuations very close to the airfoil surface over

f = 1000− 4000 Hz. For the MF airfoil at BL1, the increased fluctuations were observed to concentrate over

f = 2000 − 4000 Hz within y/c ≈ 0.01. At BL2, a concentrated island with increased fluctuations at about495

f = 1000− 2000 Hz within y/c ≈ 0.01 was observed slightly above the HG airfoil surface. In the case of the

MF airfoil at BL2, the increased fluctuations remain close to the airfoil surface within y/c ≈ 0.01 and are

found over f = 2000− 3000 Hz.

Following that analysis, the contours of Φuu and µ(|Wx|) at a higher angle of attack α = 8◦ are presented

in Fig. 15. At the first position BL1, the Φuu results show increased spectral energy over f = 100− 5000 Hz500

within y/c ≈ 0.03 for both the airfoils. Particularly, larger values of Φuu were observed within y/c ≈ 0.02 at

f = 100 − 2000 Hz for the HF airfoil and within y/c ≈ 0.01 over f = 100 − 1000 Hz for the MF airfoil. At

the subsequent flow separated position BL2, increased spectral energy was observed at regions further away

from the surface for up to y/c ≈ 0.04 over f = 100− 1000 Hz for the HF airfoil. Whereas, for the MF airfoil,

the regions with high spectral levels are found only up to y/c ≈ 0.02 within f > 1000 Hz since the flow is505

attached. The µ(|Wx|) results for both the HF and MF airfoils at BL1 show increased fluctuations close to

the airfoil at f = 800−3000 Hz and f = 2000−3000 Hz, respectively. At BL2, for the HF airfoil, the µ(|Wx|)

points out increased fluctuations slightly above the airfoil surface concentrated at about f = 500− 1500 Hz

and located at about y/c = 0.02. Conversely, for the MF airfoil, the increased fluctuations captured by the

large µ(|Wx|) remain close to the airfoil surface and are located between f = 1000− 2000 Hz.510

Overall, the Φuu calculated using the Fourier transform method spreads the energy in the low-frequency
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range. In contrast, the µ(|Wx|) evidently isolates the low-frequency fluctuations predominantly due to their

ability to capture large scales with high scale resolution. In general, for the HF airfoil, the peak frequencies

with increased fluctuations (µ(|Wx|)) appear at about f = 800 − 1500, whereas for the MF airfoil, this

frequency is increased to f = 1000−3000 Hz. It is noteworthy that even though the frequencies identified by515

the pressure-velocity coherence in the previous section are moderately similar to the frequencies observed in

the PSD, the frequencies with increased levels of γ̃2piuj
are considerably lower than the frequencies observed

with high levels of µ(|Wx|). These results would further aid in the interpretation of the far-field noise

presented in the next section.

Figure 14: Contours of the power spectral density of and mean wavelet coefficient modulus of the velocity at streamwise locations

BL1 and BL2 over the suction surface of the flap for both the Hinged Flap and Morphed Flap airfoils at angles of attack α = 0◦

at Rec = 2.6 × 105.
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Figure 15: Contours of the power spectral density of and mean wavelet coefficient modulus of the velocity at streamwise locations

BL1 and BL2 over the suction surface of the flap for both the Hinged Flap and Morphed Flap airfoils at angles of attack α = 8◦

at Rec = 2.6 × 105.
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3.10. Far-field noise measurements520

Far-field noise measurements were carried out to assess the noise generated from the HF and MF airfoils.

The tests were carried out in the open-jet aeroacoustic wind tunnel facility for angles of attack ranging from

α = 0◦ to 12◦, with an increment of 2◦. The results of the sound pressure level spectra from a far-field

microphone at 90◦ above the trailing edge at a distance of 1 m for the both the airfoils are presented in

Fig. 16. The results show that the background noise due to the wind tunnel jet flow is well below both the525

airfoil noise levels. At low angles of attack, such as α = 0◦ and 2◦, the HF airfoil portrays increased noise

levels between f = 300− 2000 Hz. As the angle of attack is increased above α = 4◦, the SPL results for the

MF airfoil show a tonal peak that begins to arise at f = 2000 Hz and gets stronger with increasing angles

of attack. However, the tonal noise reduces at α = 12◦. Therefore, this increase in noise above f = 2000 Hz

can be attributed to the energized attached flow on the suction surface of the MF airfoil and also due to530

the increased spectral energy for the MF airfoil closer to the trailing edge. It should also be noted that the

recirculation region close to the trailing edge observed in the PIV results might be a contributing factor for

the observed tonal behavior for the MF airfoil, in line with the tones observed in Gurney flaps [41]. From

the skewness and near-field surface pressure fluctuations, it is evident that the flow separates at α = 12◦

for the MF airfoil, which also corresponds to the reduction in observed tone. Additionally, the increase in535

noise at f > 2000 Hz also corresponds to the increased velocity fluctuations seen in the wavelet analysis of

the boundary layer for the MF airfoil. It should be noted that increased pressure-velocity coherence levels

neither captures the tones nor pinpoints the frequency as precisely as the wavelet analysis.

In addition to the point spectra of the far-field measurements, contour plots of the difference in noise levels

between the HF and MF airfoils, and the MF and HF airfoils are shown in Fig. 17a and 17b, respectively540

for better visualization. The results are presented in terms of the frequency and angle of attack with the

contours showing the difference in SPL. Overall, the MF airfoil not only has a higher CL/CD compared to

the HF airfoil at lower angles of attack but also improves the noise performance of the airfoil at low angles of

attack. However, at higher angles of attack, even though the two airfoils possess the same CL/CD, the MF

airfoil performs poorly with a tone at f = 2000 Hz and higher noise levels of up to 10 dB.545

To further improve our understanding of the differences in noise levels between the airfoils, an estimation

of the OASPL for the far-field microphone is presented in Fig. 18. The overall sound pressure level was

resolved for a frequency range from f = 100 Hz to 10000 Hz for the far-field measurements. The OASPL

evidently showed lower noise levels for the MF airfoil at low angles of attack (α = 0◦ and 2◦) with a reduction

of upto 1-2 dB and increased noise levels for higher angles of attack with maximum values of up to 3 dB at550

α = 8◦. Interestingly, at α = 12◦ the MF airfoil shows noise levels similar to that of the HF airfoil, which

can be attributed to the early flow separation. Ultimately, these results reaffirm the MF airfoil’s capability

for noise reduction at low angles of attack with enhanced aerodynamic characteristics.
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Figure 16: Far-field noise spectra at 90◦ and 1 m above the airfoil trailing edge for the Hinged Flap and Morphed Flap airfoil

at a free-stream velocity of U∞ = 20 m/s.

Figure 17: Difference in SPL between the two airfoils for angles of attack ranging from α = 0◦ to 12◦ with an increment of 2◦.
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Figure 18: Overall sound pressure level calculated from the far-field microphones for the Hinged Flap and Morphed Flap airfoil

for angles of attack ranging from α = 0◦ to 12◦ with an increment of 2◦.

4. Conclusions

The aerodynamic and aeroacoustic performance along with the flow characteristics of a NACA 0012555

airfoil fitted with Hinged and Morphed flaps were investigated using experimental techniques. The airfoil

was tested for a flow velocity of U∞ = 20 m/s, corresponding to a chord-based Reynolds number Rec =

2.6 × 105. Aerodynamic lift and drag measurements, surface flow visualization, unsteady surface pressure

measurement, boundary layer measurement, and flow measurements using PIV technique were carried out to

better understand the flow characteristics of the Hinged Flap (HF) and Morphed Flap (MF) airfoils. The lift560

and drag measurements showed an relative increase of up to CL,max = 14% for the MF airfoil. Additionally,

the MF airfoil shows improved CL/CD performance compared to the HF airfoil with an improvement of up to

6% at low angles of attack. The surface flow visualization results exhibited delayed separation over the flap

for the MF airfoil compared to the HF airfoil. Furthermore, skewness of the wall pressure fluctuations showed

earlier separation for the HF airfoil relative to the MF airfoil on the suction surface of the flap, whereas on565

the pressure surface, the MF airfoil showed higher skewness closer to the trailing edge. Subsequently, similar

observations were also made in the sound pressure level of the wall pressure fluctuations.

The mean velocity results demonstrated an increased wake deficit for the MF airfoil compared to the

HF airfoil at the near-wake locations x/c = 1.025, 1.05 and 1.10 along with increased flow turning angle at

far-wake locations x/c = 1.20, 1.40 and 1.60. Furthermore, the results of the turbulent kinetic energy at the570

airfoil wake was up to 50% higher for the MF airfoil relative to the HF airfoil for both the presented angles of

attack. The turbulent kinetic energy displayed a characteristic double peak behavior, a major component of

the streamwise normal Reynolds stresses (u′u′). The peak values of the u′u′ was observed close to the trailing

edge point with the MF airfoil having relatively higher values. The Reynolds shear stress component (u′v′)

for the MF airfoil is larger than that of the HF airfoil at the near-wake locations for the presented angles of575

attack. The increased turning angle for the MF airfoil results in the increased lift and the larger region of

attached flow near the trailing edge resulting in the reduction of form drag and improved CL/CD for the MF

airfoil. Additionally, over the flap region, the boundary layer measurements showed a larger thickness with
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earlier flow separation for the HF airfoil compared to the MF airfoil for angles of attack α = 8◦.

Furthermore, the pressure-velocity coherence exhibited high γ̃2piuj
levels at f < 1000 Hz for the HF airfoil580

and at f < 2000 Hz for the MF airfoil. The boundary velocity fluctuations showed increased energy at

low-frequency f > 1000 Hz close to airfoil surface for both the airfoils. Interestingly, the wavelet analysis

showed increased fluctuations for the HF airfoil at f = 1000−2000 Hz but in the case of MF airfoil increased

fluctuations at f = 1500− 4000 Hz. Significantly, far-field noise measurements demonstrated improved noise

performance for the MF airfoil at low angles of attack and increased noise levels with a tonal behavior at585

high angles of attack. In particular, the tonal frequency observed in the far-field measurement for the MF

airfoil are in line with the frequencies indicating increased fluctuations from the wavelet analysis. Ultimately,

this study demonstrated that the MF airfoil has improved aerodynamic behavior with delayed separation

and improved noise performance at low angles of attack compared to the HF airfoil but comes at a cost of

increased noise with a tonal behaviour at high angles of attack.590
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