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ABSTRACT

This paper on airfoil turbulence interaction noise reveals the nature of the relation between the distortion type of turbulent structures and
radiated far-field noise. The turbulence interaction phenomenon is explored through comprehensive simultaneous hot-wire, surface pressure,
and far-field noise measurements. Two grid turbulence cases are utilized to examine the effect of the coherent structure’s length scale
compared to the airfoil’s leading-edge radius. The results show that the turbulent structures with a size comparable to the leading-edge radius
disperse into smaller three-dimensional structures, losing their spatial coherence in the vicinity of the stagnation point. In contrast, the struc-
tures with larger integral length scales distort into highly coherent two-dimensional structures, yielding an increase in the surface pressure
fluctuation energy spectra and the chordwise extent of the affected area by the interaction phenomenon, which is found to be responsible for
the increased levels of far-field noise. The turbulence characteristics of the flow far upstream of the stagnation point determine the unsteady
loading behavior at the stagnation point yet have little influence on the unsteady loading of the full airfoil chord. The stagnation point veloc-
ity fluctuations manifest a strong link to the remainder of the airfoil chord, as well as the near-field hydrodynamic to far-field acoustic signal
coherence, while demonstrating no communication with the surface pressure fluctuations at the stagnation point.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0142704

I. INTRODUCTION

Noise generated by a turbulent flow interacting with a lifting
body is an important societal concern. This noise mechanism is gener-
ated by a host of everyday items, from turbofan engines to household
appliances. In most applications, a turbulent flow is generated, which
interacts with a body. In certain instances, the interaction can be an
effective noise generation mechanism. The efficiency of this noise gen-
eration depends on the ratio between the length scale of the turbulence
structures and the leading edge radius with which it interacts.

The generation of a turbulent flow in a controlled environment,
such as a wind tunnel, was first proposed in the inaugural works of
Simmons et al.1 and has sustained serious interest since.2–7 Generally,
a grid of round or square rods is employed to disturb the smooth flow,
that is, characteristic of wind tunnel facilities. A simple, passive turbu-
lence generating grid can generate homogeneous, nearly isotropic tur-
bulence within ten mesh lengths downstream of the grid.5 To improve
the isotropy, a small axisymmetric contraction is employed, which
strains the turbulent fluctuations so that each velocity fluctuation
component becomes equal.3 More recently, research on turbulence

generation in aeroacoustic facilities has gathered attraction due to soci-
etal concern of turbulence interaction noise. Geyer et al.8 linked the
pressure drop across nets and screens to the self-noise generated by
the grid and created a prediction tool for noise generated by nets or
screens. Bowen et al.7 studied the effect of grid geometry and associ-
ated flow properties on grid self-noise, in addition to turbulence inter-
action noise with case studies involving airfoil and cylinder models.

The interaction of a turbulent flow with a body has undergone
significant research to date and is comprehensively reviewed by Mish
and Devenport.9 Two main areas of research are the airfoil response to
the turbulent flow and the effect of the turbulent flow impinging on a
body. Initially, analytical models were developed with the concept of
the body modeled as a flat plate at zero angle of attack, stemming from
the works of Von K�arm�an and Sears10 and Sears.11 These initial works
are based on incompressible flow assumption where a sinusoidal up-
wash gust interacts with a flat plate. This was further developed by a
host of researchers to include compressibility effects to have the inter-
action of a compressible skewed gust response,12,13 compressible two-
dimensional gust response,14,15 and then to have compressible skewed
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non-convected gust response.16–18 To include the effects of airfoil
geometry and angle of attack, analytical models are required to
account for the distortion of the incoming gust due to the airfoil body.
Rapid distortion theory (RDT) is the basis for this analysis, which was
introduced by Hunt,19 It is a method for calculating the turbulent
velocity around a bluff body upstream of areas of detached flow, based
on specific conditions relating to the integral length scale of the turbu-
lent structures to the radius of the bluff body. Goldstein and Atassi,20

along with McKeough21 and Mckeough and Graham,22 utilized the
RDT to calculate the airfoil response.

A common goal of turbulence interaction noise research is to
develop theoretical and empirical models from the airfoil response
to turbulent gust to utilize as prediction tools. The previous research
into the noise generated due to turbulence interaction with a solid
body is stemmed from Curle and Lighthill23 acoustic analogy, which
proposes the source of the aerodynamic noise as the unsteady pressure
fluctuations on the airfoil for a compact source. The pressure fluctua-
tions result from the interaction of the solid airfoil surface with the
incoming turbulent flow in low Mach number flows. Perhaps the most
influential model for the prediction of turbulent interaction noise is
that of Amiet,18 in which linearized airfoil theory is utilized to calculate
the aerodynamic response from an incident gust, then accounting for
scattering effects and the mean flow of the unsteady lift is propagated
to the acoustic far-field. Specifically, the spanwise correlation of the
vortical structures and the integral length scale of the upwash velocity
fluctuations are vital to the noise prediction. Paterson and Amiet24

showed that thoroughly characterizing the turbulent inflow allows the
prediction of turbulence interaction noise by an experimental study,
where the surface pressure fluctuations and far-field noise were mea-
sured for a NACA 0012 airfoil and compared to the analytical model.

The dominant noise source of an airfoil in a turbulent flow is the
impingement on the leading edge, provided the level of turbulence
intensity is sufficient.25 Until recently, several studies have sought to
improve the prediction of turbulence interaction noise with extensions
of Amiet’s theory or further experimental investigation. Gershfeld26

studied the noise from thick airfoils in turbulent flows and demon-
strated attenuation in the power spectrum of the noise due to airfoil
thickness, relating the reduction to the product of the convection
wavenumber and half the airfoils maximum thickness. Observations
made by Moreau and Roger27 reported the effect of angle of attack and
airfoil shape on the turbulence interaction noise. Their study reported
a slight effect to the far-field noise with changing the angle of attack
but observed airfoil thickness having a substantial consequence of the
far-field noise, i.e., a 10 dB reduction when the thickness of the airfoil
exceeds the integral length scale of the turbulence. Devenport et al.28

also observed the sensitivity of the far-field noise in isotropic turbu-
lence to limited angle of attack. Specifically, Devenport et al.28

observed a significant sensitivity to the airfoil response function due to
the distortion of the flow. However, the distortion effects are neutral-
ized by the averaging of the response function due to the isotropic
turbulence energy spectrum. Provided calculations for a NACA 0015
airfoil show a significant increase in turbulence interaction noise with
an increasing angle of attack in anisotropic turbulence. The low sensi-
tivity to angle of attack that was previously observed was corroborated
in an experimental study by Celik et al.,29 which also demonstrates
the low sensitivity to angle of attack extends to the lift and drag
spectra too.

The turbulent inflow conditions have been identified as an
important factor by Amiet for noise generation and were extensively
studied by Hutcheson et al.30 In an experimental study, variations to
the inflow conditions and geometries demonstrated that the noise gen-
eration increases as the length scale and the turbulence intensity
increase. In recent studies, the airfoil geometry has been identified and
addressed as an important factor in noise generation.26–28,31

Comparatively, Bowen et al.7 observed significant changes to the tur-
bulence interaction noise in the experimental study performed with a
NACA0012 airfoil immersed in twelve different turbulent flows of
varying turbulence intensity and integral length scale. Furthermore,
rapid distortion theory has been utilized for the improvement of noise
prediction of airfoil-turbulence interaction where Christophe,32

Santana et al.,33 and Zamponi et al.34 demonstrated the sensitivity
of the ratio between the leading edge radius and integral length scales
of the flow. More recently, turbulence interaction noise has been the
subject of noise reduction studies through the use of flow control
techniques. Serrations35–39 and porous materials34,40–46 in various con-
figurations have been effectively implemented to reduce turbulence
interaction noise. However, there still lacks physical observation of the
mechanisms in turbulence interaction noise and how it is reduced
using flow control devices.

This experimental study aims at reporting the observed turbu-
lence interaction noise in multiple turbulent flows in conjunction with
the in-depth assessment of the turbulent velocity field, airfoil response,
and their link. The manuscript demonstrates how the turbulence
intensity and integral length scale of the turbulence structures can
affect the far-field noise through the distortion of the in-flow turbu-
lence and the differences in airfoil response. This study also assesses
the direct link between the surface pressure response of the airfoil and
the far-field noise through near-to-field coherence. The paper is orga-
nized as follows. Section II provides a detailed explanation of the facil-
ity and the experimental setup, including instrumentation and post-
processing techniques. The observations and discussions of the paper
begin with the far-field noise in Sec. III, followed by the mean flow
pressure field analysis in Sec. IV. The spectral analysis of the velocity
fluctuation in the turbulent inflow along the stagnation streamline is
assessed in Sec. V. The airfoil response to the turbulent flow is pre-
sented and discussed in Sec. VI, and its link to the turbulent in-flow is
assessed through pressure–velocity coherence study in Sec. VII. The
near-to-far coherence analysis is presented in Sec. VIII. Finally, con-
cluding remarks are given in Sec. IX.

II. MEASUREMENT SETUP

The interaction of a turbulent flow and an airfoil is a complex
phenomenon, which requires a comprehensive assessment of the
flow field around the leading edge and the response of the airfoil.
The experiments were conducted in the aeroacoustic wind tunnel
facility at the University of Bristol. The aeroacoustic wind tunnel is
a temperature-controlled closed-loop, open-jet type with a
500� 775mm2 rectangular nozzle exit area and is capable of deliv-
ering free stream velocities up to 40m/s. The nozzle opens into an
anechoic chamber, which has the dimensions of 6.7m in length,
4m in width, and 3.3m in height, and is acoustically treated
with glass wool wedges to achieve a cutoff frequency of f¼ 160Hz.
The turbulence interaction study is performed with a heavily
instrumented NACA0012 airfoil with a chord of c¼ 200mm.
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The reference Cartesian coordinate system (x, y, z) is located at the
stagnation point on the leading edge of the airfoil to describe the
details of the experimental setup. A schematic of the experimental
setup is provided in Fig. 1 with the details of the passive grid
located inside the nozzle to generate a highly turbulent flow. This
section details the experimental setup including, turbulent flow
generation, flow characterization using constant temperature ane-
mometry (CTA) hot-wire apparatus, unsteady surface pressure
measurements, and far-field noise measurements.

A. Airfoil configuration

A NACA0012 airfoil with a chord of c¼ 200mm, a span of
s¼ 500mm, and a leading edge radius r¼ 3.17mm, as depicted in

Fig. 2, was used in this study. The airfoil was positioned at the
center of the potential core of the wind tunnel (350mm downstream
of the contraction nozzle outlet at x¼ 0mm) and is mounted within
sideplates to ensure a roughly two-dimensional flow. The airfoil was
heavily instrumented with steady and unsteady surface pressure mea-
surement transducers. The instrumentation was implemented by
means of brass tubes installed into pre-determined channels over the
airfoil and smoothed into the surface of the airfoil using two-part
epoxy resin. The smooth surface of the airfoil and the epoxy resin was
achieved by sanding, incrementally increasing the grit number up to
600 to achieve an approximate surface roughness of Ra ¼ 0:13
�10�6 m. In order to alleviate high pressure attenuation of the signal,
the pressure taps are drilled perpendicular to the airfoil surface using
a 0.4mm drill bit. The 88 unsteady surface pressure measurement

FIG. 1. The experimental setup in the aeroacoustic facility: (a) the schematic of the setup, (b) a picture of the setup, and (c) the turbulence grid geometry definition.

FIG. 2. The schematics of the experimental setup including (a) the airfoil and (b) a closer view of the spanwise measurement locations.
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taps were connected to Panasonic WM-61A condenser microphones
using a remote sensor configuration. For a more detailed explanation
on the unsteady surface pressure measurement technique by remote
sensors, see Mayer et al.47 and Sagrado.48 The remote sensor micro-
phones were calibrated in situ for both phase and magnitude refer-
enced to a single GRAS 40PL microphone, which has a flat sensitivity
for a broad range, i.e., 10Hz to 10 kHz. The reference GRAS 40PL
microphone was calibrated using a GRAS 42AA pistonphone calibra-
tor. The unsteady surface pressure measurement was acquired at a
rate of 215Hz for 16 s. The unsteady surface pressure measurement
locations were distributed over the entire chord of the airfoil for
streamwise measurements, i.e., 0 < x=c < 0:92. Moreover, in order
to obtain information along the span of the airfoil, at four streamwise
locations, i.e., x=c ¼ 0, 0.1, 0.25 and 0.36, measurements at four span-
wise separations were acquired, i.e., Dz=r ¼ 1:67, 3.43, 5.47 and 7.97.
The 36 static pressure measurement locations cover the chord of the
airfoil between 0 < x=c < 0:92. Steady pressure data were obtained
from two Chell MicroDaq-32 pressure acquisition systems, and sam-
pled for 32 s at a sampling frequency of 1000Hz. The streamwise
locations of the steady and unsteady pressure measurements are pro-
vided in Table I.

B. Far-field measurement

Noise generated due to the interaction between the turbulent
flow and the airfoil was measured with a far-field microphone array.
The array consisted of 23 GRAS 40PL free-field microphones, which
are arranged on an arc in 5� increments between polar angles of 40�

and 150�. The center of the arc is positioned such that the microphone
at polar angle h ¼ 90� is directly positioned above the leading edge of
the airfoil at a distance of y¼ 1.75 m. Each microphone was calibrated
prior to the tests using a GRAS 42AA pistonphone calibrator, reducing
microphone uncertainty to 60.2 dB.

C. Turbulence generation

The normal smooth operation of the aeroacoustic facility has a
freestream turbulence intensity of less than 0.2%.49 To enable a turbu-
lence interaction noise study, the turbulence intensity of the flow is
elevated by utilizing passive turbulence grids placed within the con-
traction nozzle of the wind tunnel, 1040mm upstream of the nozzle
exit. The grid position within the contraction nozzle had a high

contraction ratio which does not affect the normal background noise
of the wind tunnel jet while delivering a high-level turbulence inten-
sity.7 This enables the use of direct measurement of the interaction
noise and avoids the use of more complicated techniques such as
acoustic beamforming arrays. Moreover, direct far-field noise mea-
surements allow for accurate and reliable low-frequency measurement,
noise directivity, and coherence analysis between the near-field and
the far-field. Turbulence interaction noise generation can vary signifi-
cantly based on the integral length scale of the turbulence (Kx) relative
to the body it is interacting with. Two grids were employed to vary the
in-flow turbulence characteristics and address the effect of the turbu-
lence length scale on the interaction noise. Grid 1 was designed to gen-
erate integral length scales (Kx) of the same order as the leading edge
radius (Kx � r), whereas grid 2 was designed to generate integral
length scales larger than the leading edge radius (Kx > r). The depic-
tion of the grids with the definition of geometric properties is demon-
strated in Fig. 1. The geometric properties of grids and the properties
of the generated flow are outlined in Table II.

D. Hot-wire anemometry setup

The flow field around the leading edge was characterized by con-
stant temperature anemometry measurements. Two Dantec 55P16
single-wire probes were used in tandem configuration to obtain two-
point correlations and were operated using a Dantec Streamline Pro
system with a CTA91C10 module. The data were acquired using a
National Instruments PXIe-4499 module mounted in a National
Instruments PXIe-1026Q chassis. The data were simultaneously sam-
pled from both probes at a rate of approximately 32 kHz for a duration
of 8 s. Both the single-wires were calibrated daily using a Dantec
54H10 calibrator. The uncertainty of the velocity measurement was
estimated as 2.72% for a free-stream velocity of 20m/s. The tandem
probes were arranged along the z axis at the center of the jet plume
core, see Fig. 2(a). The hot-wire probes were traversed using a
ThorLabs LTS300 300mm translation stage with stepper motor along
the x axis with a positioning accuracy of 65 lm. The probes were ini-
tially positioned on the leading edge of the airfoil at x¼ 0, y¼ 0, with
the left probe positioned directly in front of the stagnation sensor. The
probes were then traversed up to x ¼ �300mm upstream to acquire
measurements at 35 streamwise locations. Two-point correlations for
a broad range of separation distances were obtained with repeated tra-
verse measurements with the separation distance ranging between 5.3
<z < 27 mm (corresponding to 1:67 < Dz=r < 6:40).

III. FAR-FIELD NOISE

We first consider the results of the far-field noise measurements
to show the effect of turbulence properties on the radiated noise

TABLE I. Streamwise locations of the remote sensor transducers for unsteady pres-
sure measurement.

Transducer x/c Transducer x/c

p1 0 p10 0.25
p2 0.03 p11 0.31
p3 0.05 p12 0.36
p4 0.06 p13 0.46
p5 0.08 p14 0.52
p6 0.10 p15 0.66
p7 0.16 p16 0.79
p8 0.17 p17 0.87
p9 0.19 p18 0.92

TABLE II. Geometric properties of each grid and the flow properties measured at the
contraction nozzle exit at a freestream velocity of U1 ¼ 20 m/s.

Grid
Diameter
d (mm)

Mesh
M (mm)

Solidity,
r

Turbulence
intensity,
TI (%)

Integral
length scale,
Kx (mm)

Grid 1 19 75 0.45 4.8 5.9
Grid 2 45 223 0.35 10.1 10.8
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characteristics. Direct noise measurements can highlight the
frequency-dependent energy contribution to the overall sound level.
In addition, the directivity of the radiated noise can be assessed
through the results of the polar array. In the present study, the far-
field noise was measured using the polar array described in Sec. II. The
far-field results are presented in two forms in Fig. 3. The first is the
frequency-energy content of the pressure fluctuations measured by
the microphone at h ¼ 90�, which is directly above the leading edge of
the airfoil. The power spectrum, /pp of the pressure fluctuations was
estimated using Welch50 method, where the data from the transducers
were segmented for 32 equal lengths with 50% overlap and windowed
by the Hamming function, and the resulting spectrum had a frequency
resolution of Df ¼ 2Hz. The power spectral density results (PSD) are
presented in terms of dB/Hz and calculated as, 10 log10ð/pp=p

2
0Þ,

where p0 ¼ 20 lPa is the reference sound pressure. The second form
of the far-field noise results presentation is in terms of the overall
sound pressure level (OASPL), which is calculated for each micro-
phone over the polar array to display the directivity of the noise radia-
tion. The OASPL is calculated by integrating the energy spectrum over
a pre-determined frequency range. The non-weighted OASPL results
are calculated for each microphone as 10 log10

Ð
ð/ppð f Þ=p20Þdf , where

the integration of the PSD data is carried out over the frequency range
of f¼ 160–20 000Hz.

Figure 3(a) displays the frequency-energy content of the interac-
tion noise observed at the far-field for two inflow conditions in com-
parison with the associated grid noise and wind tunnel jet background
noise at a freestream velocity of U1 ¼ 20 m/s. Recall that grid 1 gen-
erates a flow with a turbulence intensity of 4.8% and integral length
scale of Kx ¼ 5:9 mm, and grid 2 generates a flow with a turbulence
intensity of 10.1% and Kx ¼ 10:8 mm. The results are presented for
the microphone located at a polar angle of h ¼ 90�, directly above the
leading edge of the airfoil. The energy content of the background noise
of the wind tunnel jet and the grid noise are almost identical, signify-
ing that the self-noise of the grids does not affect the airfoil noise.
Examining Fig. 3(a), it is apparent that the airfoil generates signifi-
cantly higher noise when interacting with the flow produced by grid 2

than grid 1. The small broadband hump in the results of the
NACA0012 airfoil for the inflow generated by grid 1 is a footprint of
grid self-noise.7 As seen from the results in Fig. 3(a), the turbulence
interaction can lead to significant noise increase at low and mid-
frequencies.27 This will also be the frequency range of interest in our
near-field analyses provided below, including energy spectrum analy-
sis, airfoil response, and near-field to far-field coherence investigations.
A detailed discussion on the noise characteristics of the turbulence
grid, and interaction noise can be found in authors recent paper.7

Figure 3(b) presents the OASPL directivity results for the interaction
noise generated for the two different turbulent inflows along with the
grid noise and wind tunnel jet background noise at a freestream veloc-
ity of U1 ¼ 20 m/s. The OASPL directivity results are presented for
polar angles of 40� < h < 135�, where h ¼ 40� is the upstream as
presented in Fig. 3(b). The directivity results suggest that the interac-
tion noise generated by the airfoil in both turbulent flows generate sig-
nificantly higher noise over the background noise level. Moreover, the
OASPL results obtained from the flow generated by grid 2 is almost
double that of the flow generated by grid 1 over the background level.
Finally, there is no apparent change to the directivity patterns for both
cases over the majority of angles presented. At the far reaches of the
array, (i.e., h < 50� and h > 125�), there is a reduction in the OASPL
for the results of the grid 1 case, compared to the results of the grid
2 case. The results underline the effect of the inflow turbulence charac-
teristics on the interaction noise. The increased level of turbulence
intensity and integral length scale generated by grid 2 are attributed to
the increased turbulence interaction noise.

IV. MEAN FLOW PRESSURE FIELD

In this section, we examine the effect of different inflow condi-
tions on the mean aerodynamic loading using the mean wall-pressure
coefficient and the root mean square (r.m.s.) of wall-pressure coeffi-
cient results. The results are presented for a freestream velocity of
U1 ¼ 20m=s, corresponding to a chord-based Reynolds number of
Re ¼ 2:5� 105. Mean wall-pressure data for the airfoil are presented
as non-dimensional mean pressure coefficient (Cp) and root mean

FIG. 3. Far-field noise generated by a NACA0012 airfoil immersed in the turbulent flow generated by two turbulence grids of differing geometric properties compared with the
grids’ self-noise, and the background noise of the wind tunnel jet for (a) the energy spectra measured at the 90� microphone and (b) overall sound pressure level directivity.
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square (r.m.s.) of the pressure coefficient Cp;rms. The mean wall-
pressure coefficient is defined as Cp ¼ ðp� p1Þ=ðps � p1Þ, where
p1 is the static pressure of the flow, and ps is the airfoil stagnation
pressure. The root mean square pressure fluctuation is defined as
Cp;rms ¼ ðp� �pÞ0:5=ðps � p1Þ, where �p is the measured mean pres-
sure. The Cp and Cp;rms results are presented for the laminar inflow
case and the two turbulent inflows generated by grid 1 and grid 2.
The laminar flow case is included here as this is previously used to
validate the pressure distribution of the airfoil against XFoil pre-
dictions.29,51 Recall that Table II reports the flow properties gener-
ated by each grid.

Figure 4 presents the Cp distribution over the airfoil for a ¼ 0�.
As the airfoil and the pressure field around the airfoil are symmetric,
the presented results are average values recorded on the pressure and
suction side of the airfoil for each chordwise (streamwise) location.
The results reveal that each inflow condition yields in comparable Cp

values, signifying that the inflow conditions do not change the mean
pressure distribution over the airfoil. However, Cp;rms results show a
strong dependency to the inflow condition, despite a similar overall
behavior along the chord. The highest level of pressure fluctuation
over the airfoil is generated by grid 2, which generates a turbulent flow
with larger flow structures and higher turbulence intensity. The Cp;rms

results for the grid 1 case are slightly higher than the laminar inflow
case, yet they display a similar behavior over the chord. It is worth not-
ing that an increase in the turbulence intensity level from 0.2% (lami-
nar inflow) to 4.8% (grid 1) does not affect the Cp and Cp;rms

magnitude significantly over the airfoil. However, the Cp;rms results
from grid 2 case shows a substantial increase over the region
0 < x=c < 0:5. The results suggest that an increase in turbulence
intensity may not directly affect the Cp and Cp;rms distribution, and
there may be other governing mechanisms that dictate the change in
the Cp;rms. As the mean pressure field shows little dependency on the
turbulence inflow conditions, it would be reasonable to consider that it
will not contribute to the significant difference in the far-field noise
results between the two cases. The upstream velocity field is explored

next to understand how inflow with different conditions evolve (dis-
torts) in the vicinity of the airfoil.

V. TURBULENT IN FLOW AND STAGNATION

The presence of the airfoil in the flow creates a velocity stagnation
around the leading edge which is felt far upstream of the airfoil. To
elucidate how the stagnation point affects the upstream velocity field,
velocity measurements were acquired by hot-wire measurement, uti-
lizing a single-wire probe traversed from directly in front of the leading
edge to five leading edge radii upstream, i.e., �5 < x=r < �0:01.
Figure 5(a) presents the velocity change along the streamwise direc-
tion, measured by a single-wire probe for both the turbulent inflows
generated by grid 1 and grid 2, normalized by the freestream velocity,
U1 ¼ 20 m/s. Additionally, Fig. 5(b) presents the root mean square
of the velocity fluctuations for the same upstream range for both tur-
bulent inflow cases, normalized by the root mean square of the velocity
fluctuations of the freestream flow (u00) for each respective grid at
x=r � �32. It is worth noting that this manuscript adopts the nota-
tion used by Hinze52 for velocity fluctuations (u) and root mean
square velocity fluctuations (u0). Evident in Fig. 5, both flows gener-
ated by grid 1 and grid 2 experience a comparable effect due to
the stagnation between �5 < x=r < �1:5. However, between �1:5
< x=r < �0:01, the velocity magnitude differs substantially between
the two cases where the flow generated by grid 2 experiences a more
significant reduction in velocity. The r.m.s. velocity fluctuation results
presented in Fig. 5(b) reveal a drastic variation due to stagnation. The
magnitude of the r.m.s. velocity fluctuation reduces to a trough
approaching the leading edge at around x=r ¼ �0:15. The r.m.s. mag-
nitudes then experience a significant increase in the proximity of the
leading edge, which is consistent with the previous experimental
observations.34 Consistent with the results of mean velocity, the results
of velocity fluctuations produced by grid 2 appear to be more sensitive
to the presence of the airfoil and have a more significant reduction
when compared with the results from grid 1 case. Furthermore, in the
vicinity of the leading edge, the velocity fluctuation values of the flow

FIG. 4. Comparison of (a) non-dimensional mean pressure coefficient and (b) (Cp) and root mean square of the mean pressure coefficient (Cp;rms) for the NACA 0012 airfoil in
a smooth and two turbulent flows generated by grid 1 and grid 2.
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generated by grid 1 exceed the fluctuation of the upstream value,
u0=u00 ¼ 1:04. In contrast, the r.m.s. velocity fluctuation of the flow
generated by grid 2 does not increase beyond u0=u00 ¼ 0:88. As sug-
gested by Amiet,18 the re-distribution of the energy into the upwash
component is linked to the noise generation. Although the r.m.s.
velocity fluctuation from grid 2 displays a more significant reduction
compared to that of grid 1, it is worth noting that the recovery of the
r.m.s. of velocity fluctuation for the grid 2 case is also more significant.

To understand the frequency-energy content of the velocity fluc-
tuations along the stagnation line for the inflow generated by each grid
(the line which passes through y¼ 0 and z¼ 0 and extends through
6x axis), the power spectrum of the velocity fluctuations (/uu) was

estimated using Welch50 method. The power spectral density results
(PSD) of the velocity fluctuations are presented in terms of dB/Hz and
calculated as, 10 log10ð/uu=u

02
0 Þ, where u00 is the r.m.s. velocity fluctua-

tion of the freestream measured at x=r � �32. Figure 6 presents the
velocity fluctuation PSD for the flow generated by grid 1 and grid 2.
The results are presented for six locations along the stagnation line
between �4:74 < x=r < �0:01 and the freestream value, for both the
flow generated by grid 1 [Fig. 6(a)] and grid 2 [Fig. 6(b)]. The PSD
results in Fig. 6 clearly demonstrate a significant change in the high-
frequency energy content between cases, potentially signifying differ-
ent decay behaviors. Evident in Fig. 6, the flow from grid 1 is subject
to two high-frequency decay gradients where all the velocity PSD

FIG. 5. Stagnation line flow properties measured by single-wire probe for (a) normalized flow velocity (U=U1) and (b) normalized r.m.s. velocity fluctuation (u0=u00) at a free-
stream velocity of U1 ¼ 20 m/s.

FIG. 6. Power spectral density of the velocity fluctuation along the stagnation line, upstream of the NACA 0012 airfoil leading edge between �4:74 < x=r < �0:01 measured
by a single-wire probe for two turbulent inflows produced by (a) grid 1 and (b) grid 2 at a freestream velocity of U1 ¼ 20 m/s.
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profiles collapse, i.e., f �5=3 and f �7=2. However, the results of the grid
2 case exhibit only one decay gradient where all the PSD profiles col-
lapse, i.e., f �5=3 at mid-frequencies. Furthermore, the velocity PSD
decay gradient increases toward the leading edge at higher frequencies.
The velocity fluctuation PSD results of the flow generated by grid 2
show a reduction in the energy content across the full spectra as it
approaches the leading edge of the airfoil for the region
�4:74 < x=r < �0:25. This result coincides with the reduction of
r.m.s. velocity fluctuations for the same region in Fig. 5(b). Close to
the leading edge �0:25 < x=r < �0:01, a noticeable increase in the
energy content at low-frequency is evident. In contrast, the energy
spectra of the flow generated by grid 1 have a twofold behavior, which
is not concurrent across the full frequency range. At higher frequen-
cies, f> 1000Hz, there is a reduction in the magnitude of the velocity
fluctuation PSD approaching the leading edge. At lower frequencies,
f< 100Hz, there is a small reduction in low-frequency energy content
approaching one leading edge radius from the airfoil, x=r > �1.
Inside one leading edge radius from the airfoil, x=r < �1, the low-
frequency energy content increases significantly. However, this
result does not mimic the r.m.s. velocity fluctuation results observed in
Fig. 5. The trough in the r.m.s. velocity fluctuation (x=r � 0:5) is closer
to the leading edge than the location of minimum velocity fluctuation
PSD level (x=r � 1) in Fig. 6(a). Another interesting observation is the
appearance of a crossover frequency for each case, a frequency where
there is no significant change in any distance from the leading edge
stagnation point. The crossover frequency for the results of grid 1 case
is observed at approximately f � 1000Hz, whereas for grid 2 case is at
approximately f � 500Hz. For both sets of the results, this corre-
sponds to the region where the decay gradient is f �5=3.

To further understand the frequency-dependent contributions to
the velocity fluctuations, the pre-multiplied energy spectra, i.e.,
f/uu=u

02
0 , are presented. To ease the interpretation of the results, both

energy spectra were normalized by the square of the freestream level
of velocity fluctuation, u020 . Presenting the PSD of the velocity

fluctuations multiplied with the frequency further accentuates the
high-frequency behavior, where decay gradients are evident along the
stagnation stream. Furthermore, the presentation of the energy spectra
in Fig. 7 enables comparison of energy contribution, where the equal
area under the curve represents an equal contribution to energy.53 In
other words, the pre-multiplied energy spectra profiles that retain a
quasi-plateau shape represents a relatively even distribution of the
energy across different scales. The velocity fluctuation pre-multiplied
energy slightly reduces over a broad range of frequencies, except a nar-
rowband region at around f¼ 1000Hz, compared to the freestream
results at x=r � 32 in the case of grid 1. However, at the vicinity of the
airfoil (x=r ¼ �0:01), the low-frequency energy content exceeds the
corresponding freestream level. Considering the r.m.s. velocity fluctua-
tion results discussed in Fig. 5(b) together with the pre-multiplied
energy spectra results, it is reasonable to conclude the following points.
The reduction in the r.m.s. velocity fluctuations is mainly driven by
the decrease in low-frequency energy content. Moreover, the over-
shoot of the r.m.s. velocity fluctuation, i.e., the recovery beyond the
freestream level, is mainly driven by the energy content increase at
f< 100Hz, where the pre-multiplied energy levels surpass the free-
stream levels. Comparing the two cases under examination, the energy
content for the grid 2 case is slightly higher than the grid 1 case at the
far upstream, where the effect of the airfoil is not felt. Nevertheless, a
drastic reduction of the energy content is evident as the flow
approaches the leading edge until the vicinity of the stagnation point,
x=r ¼ �0:01, where a substantial increase in low-frequency energy is
accompanied by a drastic reduction at high-frequency energy content.
Similar to the discussions for the grid 1 case, considering the r.m.s.
velocity fluctuation results together with the pre-multiplied energy
spectra, we can conclude that the reduction in the low-to-mid fre-
quency drives the decreased level of the r.m.s. velocity fluctuation.
Furthermore, the recovery of the r.m.s. velocity fluctuation to the
upstream levels is driven primarily by the increased low-frequency
energy content.

FIG. 7. Pre-multiplied energy spectra of the velocity fluctuations f/uu=u002 along the stagnation line, measured upstream of the NACA 0012 airfoil leading edge between
�4:74 < x=r < �0:01 by tandem single-wire probes for two turbulent inflows produced by (a) grid 1 and (b) grid 2 at a freestream velocity of U1 ¼ 20 m/s.
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The nature of the velocity fluctuations can be realized by examin-
ing the probability density function (PDF) of the velocity fluctuations,
which allows an in-depth understanding of the occurrence, strength
and symmetry of the fluctuations along the stagnation line. Figure 8
presents the PDF of the velocity fluctuations for the flow generated by
grid 1 and grid 2 at six locations along the stagnation line between
�4:74 < x=r < �0:01 in comparison with the results obtained at
x=r � 32, which represents the undisturbed flow at an upstream loca-
tion. The PDF results for grid 1 case show no significant change com-
pared to the freestream PDF. Along the stagnation line, approaching
the minimum fluctuation location (i.e., x=r � �0:4, see Fig. 5), there
is a slight reduction in the tails of the distribution. Nevertheless, this
recovers in the region where distortion is evident (i.e., x=r ¼ �0:01).
On the contrary to the results for the grid 1 case, the PDF results for
the grid 2 case, shown in Fig. 8(b), exhibits a change in the nature of
PDF results, i.e., a pronounced deviation from the freestream results,
which signifies an increase in the level of velocity fluctuations.
Approaching the point of minimum velocity fluctuations (i.e.,
x=r � �0:25, see Fig. 5), there is a significant reduction in the width
of the PDFs, signifying a reduction in the magnitude of the velocity
fluctuations. In the region of turbulence distortion, �0:24 < x=r
< �0:01, there is a recovery in the positive tail of the PDF, yet a fur-
ther reduction in the negative tail of the PDF. This is exacerbated close
to the leading edge x=r ¼ �0:01, where the peak in the PDF is no lon-
ger centered at u¼ 0 and is approximately centered at u � �0:75,
with a significantly deviated tail in the positive direction. The behavior
signifies an increase in the velocity fluctuations in one direction and is
no longer uniform about u¼ 0.

The changes in the velocity fluctuation PDFs are elaborated with
the skewness’ and kurtosis analysis along the stagnation line.
Skewness, S(u), is the third moment of velocity fluctuation u and pro-
vides insight into the shape of the PDF of u, and is defined as
SðuÞ ¼ u3=ðu2Þ3=2. It is worth noting that a symmetric distribution of
the velocity fluctuation PDF denotes a skewness value of zero.54

Kurtosis (or flatness) is the fourth moment of u and is defined as

KðuÞ ¼ u4=ðu2Þ2. The theoretically expected kurtosis value for a
freely decaying turbulence is K(u)¼ 3, which indicates that the PDF of
the velocity fluctuations has a Gaussian distribution.54 Intermittent,
large deviations from u indicate a high kurtosis, where a time series
with deviations close to the mean is expected to have a low kurtosis
value. Figure 9 presents the skewness (left) and kurtosis (right) of the
velocity fluctuations along the stagnation line for both the flows gener-
ated by grid 1 and grid 2 for a freestream velocity of U1 ¼ 20 m/s. At
a first glance, a noticeable difference between the skewness and kurto-
sis results of grid 1 and grid 2 cases is evident, which is consistent with
the previous discussions on Fig. 8. For the upstream region of the air-
foil leading edge (�5 < x=r < �1), the results of both flows exhibit
the skewness and kurtosis characteristics of a freely decaying turbulent
flow, with expected values of SðuÞ � 0 and KðuÞ � 3. However, a sub-
stantial increase in both the skewness and kurtosis values are evident
in the vicinity of the leading edge of the airfoil for the flow generated
by grid 2. In addition, skewness and kurtosis values display a minute
change compared to the upstream results for the grid 1 case. These
results suggest large, positive velocity fluctuations in the vicinity of the
airfoil leading edge for the flow generated by grid 2. Furthermore, the
results hint at a change in the nature of the turbulence interaction with
a change in the turbulence characteristics, i.e., turbulence intensity and
integral length scale of the coherent structures.

The temporal characteristics of the flow approaching to the airfoil
leading edge can be assessed from the autocorrelation of the velocity
fluctuations, which is defined as RuuðsÞ ¼ ðuðt þ sÞuðtÞÞ=u02, where
u is the velocity fluctuation measured by the single-wire probe at
streamwise location x/r, u0 is the root mean square of the velocity fluc-
tuation, and s is the time-delay. Figure 10 presents the results of the
velocity autocorrelation for both flows generated by grid 1 and grid 2,
measured along the stagnation line for a freestream velocity of
U1 ¼ 20m/s. The time delay is non-dimensionalized by the local
velocity at the corresponding measurement location, Ux, and the lead-
ing edge radius, r. Figure 10 further highlights the distinctions of the
turbulent inflows of each grid, and how they differ in the proximity of

FIG. 8. Probability density function of the velocity fluctuations P(u) along the stagnation line for (a) grid 1 and (b) grid 2 at a freestream velocity of U1 ¼ 20 m/s.
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the leading edge. Along the stagnation line, the velocity autocorrela-
tion width reduces until x=r ¼ �0:96 approaching the leading edge
for the grid 1 case. Beyond x=r ¼ �0:96, the velocity autocorrelation
width increases until the airfoil stagnation point, i.e., x=r ¼ �0:01.
The increase in the width of the velocity autocorrelation along the
stagnation line in the vicinity of the stagnation point appears to be due
to large-scale structures, as the initial decay region, which is an indica-
tor of the contribution from the smallest coherent structures in the
flow,55 has no discernible change among cases. The velocity autocorre-
lation results for the grid 2 case displays a more gradual change
compared to the results of the grid 1 case. The results show a signifi-
cant reduction in the width of the velocity autocorrelation up to
x=r ¼ �0:33. Beyond this point, as the flow approaches to the

stagnation point, the magnitude velocity autocorrelation width reduc-
tion decreases. A closer examination of Fig. 10(b) reveals that the ini-
tial decay rate of the velocity autocorrelation remains similar within
x=r > �0:33, which indicates a change in the larger scale structures
within the flow field. The further reduction in the velocity autocorrela-
tion width in the results of grid 2 is not observed in grid 1 results. As
with Figs. 5–7, the change in the energy content of the flow approach-
ing the stagnation point appears to occur at a different location for
each case, alluding to a dependency on the turbulence properties of
the inflow.

Having identified the change in the energy content using velocity
PSD and the flow behavior using statistical analysis and velocity auto-
correlation, we can now study how the flow structures change

FIG. 9. Skewness [S(u)] and Kurtosis [K(u)] of the velocity fluctuation along the stagnation line for both inflows generated by (a) grid 1 and (b) grid 2 at a freestream velocity of
U1 ¼ 20 m/s.

FIG. 10. Velocity fluctuation autocorrelation along the stagnation line for both inflows generated by (a) grid 1 and (b) grid 2 at a freestream velocity of U1 ¼ 20 m/s.
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approaching to leading edge by the spanwise coherence of the velocity
fluctuations. Moreover, as the spanwise characteristics of the turbulent
structures is an input to the airfoil turbulence noise prediction,18 it
may allow us to bridge the gap between the far-field results and veloc-
ity field. The magnitude-squared of the spanwise coherence is calcu-
lated as

c2uiuj ð f ;DzÞ ¼
j/uiujð f Þ

2j
j/uiuið f Þjj/ujujð f Þj

; (1)

where c2uiuj ð f ;DzÞ is the spanwise coherence calculated between two
single-wire probes in a tandem configuration located at zi and zj, sepa-
rated by Dz, and /uiuj denotes the cross-power spectral density of the
velocity fluctuations. Figure 11 shows the spanwise coherence results
at six positions along the stagnation line for the flow generated by grid
1 at a freestream velocity of U1 ¼ 20 m/s. The corresponding r.m.s.
velocity fluctuation plots, presented in Fig. 5, is also placed in the plots
with a marker showing the measurement location. Figure 11(a) shows
the results of the spanwise velocity coherence for the freestream flow
measured at x=r � 32. At this location, the spanwise velocity coher-
ence is observed over the frequency range of 60 <f < 400Hz with a
peak value of c2uiuj � 0:55 at the closest spanwise separation, z=r
¼ 1:67. As the spanwise separation distance between the probes
increases, the level of velocity coherence reduces monotonically. An
inspection of the coherence level behavior along the stagnation line

reveals that as the flow approaches the stagnation point, the spanwise
velocity coherence reduces significantly and reaches to an almost zero
level at the leading edge. Recalling the velocity autocorrelation results,
which indicates the streamwise timescale of the structures [Fig. 10(a)],
at the point where the velocity autocorrelation timescale reaches its
fastest decay (x=r ¼ �0:96), the spanwise velocity coherence level has
more than halved from its upstream value [see Fig. 11(c)]. It is worth
mentioning that the streamwise position where the spanwise velocity
coherence is observed to be near-zero (x=r ¼ �0:33) for all separation
distances coincides with the location where the velocity autocorrela-
tion width starts to increase [Fig. 10(a)] and the energy content at low-
frequencies increase [Figs. 6(a) and 7(a)].

Figure 12 presents the results of the spanwise coherence of the
velocity fluctuations for the flow generated by grid 2 along the stagna-
tion line. At first glance, the results displayed in Fig. 12 show a higher
level of spanwise velocity coherence compared to that of grid 1 case.
At the freestream location (x=r � 32), Fig. 12(a), the highest level of
velocity coherence is for the freestream location, similar to the grid 1
case. Considering the figure as a whole, the spanwise velocity coher-
ence level reduces for the shorter separation distances up to
x=r ¼ �0:33, then increases up to the stagnation point. Interestingly,
from the upstream of the leading edge (x=r ¼ �0:96) to the stagna-
tion point, the level of spanwise velocity coherence for the largest three
separation distances (z=r ¼ 6:40; 4:16 and 0.96) systematically
increases. The comparable level of spanwise velocity coherence for all

FIG. 11. Spanwise magnitude-square coherence (c2ui uj ) of velocity fluctuations measured by tandem hot-wire probes at multiple spanwise separations (Dz=r) for the flow gen-
erated by grid 1 for (a) the freestream at x=r � �32, and locations along the stagnation line (b) x=r ¼ �4:74, (c) x=r ¼ �0:96, (d) x=r ¼ �0:33, (e) x=r ¼ �0:15, and (f)
x=r ¼ �0:01.
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separation distances is observed in the vicinity of the stagnation point
(x=r > �0:33), which suggests that the flow becomes 2D at this point.
Moreover, in this region where the flow is considered to become two-
dimensional (x=r > �0:33), the velocity autocorrelation initial decay
rate is consistent as seen in Fig. 10(b). The considerably different
behavior of the spanwise velocity coherence between the two cases can
be corroborated by the skewness and kurtosis results (Fig. 9), where a
significant increase in skewness and kurtosis were observed for the
flow generated by grid 2 but not for case grid 1. The results suggest
that the increase in the energy content in grid 1 case could be due to
the dispersal of the turbulent structures, whereas for the results of grid
2, is due to the distortion of the flow structures in to more two-
dimensional structures. The significant difference in the evolution of
the flow structures along the stagnation line observed between the two
cases may influence the far-field noise observed. The airfoil response
to these flows should shed more light on the nuances between the
flows.

VI. AIRFOIL RESPONSE

In Sec. V, the upstream effect of the airfoil was characterized for
two different flow conditions along the stagnation line. This section
focuses on exploring the effect of inflow conditions on the unsteady
surface pressure fluctuations over the airfoil in detail.

Analysis of the airfoil response to the turbulent inflows has
revealed a significant effect that depends on the turbulence length
scale, Kx and the turbulence intensity level. Empirical models, such as

Amiet’s model,18 suggest that the turbulent inflow dictates the level of
the airfoil noise. Figure 13 shows the results of the power spectral den-
sity of the surface pressure fluctuations obtained from the pressure
transducers along the chord of the NACA0012 airfoil. The figure
presents the results for the flow generated by grid 1 on the top row
[Figs. 13(a)–13(c)] and grid 2 on the bottom row [Figs. 13(d)–13(f)]
for frequencies between 100 < f < 5000Hz. To aid the interpretation
of the results, Fig. 13 presents the surface pressure PSD results for
three sections of the airfoil chord where figure couples [Figs. 13(a) and
13(d), 13(b) and 13(e), and 13(c) and 13(f)] display the results from
sensors p1–p7, p8–p12, and p13–p18, respectively. Moreover, each
transducer is color coded on the airfoil schematics, and the associated
energy spectra result is presented with the same color. Initial inspec-
tion of Fig. 13 reveals that for both inflow cases, the highest energy
level is generated at the stagnation point (p1), and it exhibits a signifi-
cantly different spectral distribution with multiple decay gradients
compared to the results obtained from the rest of the transducers.
Further to this, the frequency energy content of the flow over the
entire airfoil, i.e., across all transducers, is significantly higher for the
grid 2 case compared to that of grid 1 case. The surface pressure PSD
results scale with f �7 at high frequencies in the case of grid 1 [Fig.
13(a)], whereas for the results of grid 2 case, PSD results scale with
f �7=2 [Fig. 13(d)]. After the stagnation point, the surface pressure PSD
results over the airfoil leading edge scales with f �5=2 [Figs. 13(a) and
13(d)] and reduces steadily with downstream distance, i.e.,
0:03 < x=c < 0:19. As the flow develops along the surface of the

FIG. 12. Spanwise magnitude-square coherence (c2ui uj ) of velocity fluctuations measured by tandem hot-wire probes at multiple spanwise separations (Dz=r ) for the flow gen-
erated by grid 2 for (a) the freestream at x=r � �32, and locations along the stagnation line (b) x=r ¼ �4:74, (c) x=r ¼ �0:96, (d) x=r ¼ �0:33, (e) x=r ¼ �0:15, and (f)
x=r ¼ �0:01.
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airfoil, 0:17 < x=c < 0:35, as shown in Figs. 13(b) and 13(e), the low-
frequency energy content of the surface pressure PSD results decrease
and the high-frequency energy content increase for both cases.
However, the surface pressure energy spectra results clearly demon-
strate the distinction between airfoil response in two different turbu-
lent flows as there is a significant shift to the location where the decay
rate of the energy spectra changes from f �5=2 to f �3=4. The energy
spectra start to scale with f �3=4 later, at around x=c ¼ 0:25, for lower
TI and smaller incoming turbulent structure size, i.e., grid 1 case, com-
pared to the results of the grid 2 case, where the scaling changes at
around x=c ¼ 0:16. Between 0:46 < x=c < 0:92, nuances between
the surface pressure response of the two flows are evident, as displayed
in Figs. 13(c) and 13(f). The surface pressure PSD exhibits a mono-
tonic reduction for the grid 1 case with a change in energy decay rate
along the chord line toward the trailing edge. In addition, around
f � 1000Hz, the energy spectra reaches a plateau with no decay for
most of the transducers. On the contrary, surface pressure PSD results
for grid 2 case exhibit relatively consistent magnitudes over
0:55 < x=c < 0:92 and scales with f �1=2. Considering the far-field
noise prediction models,18 the results suggest that the leading edge
region of the airfoil is mainly responsible for the airfoil–turbulence
interaction noise, as the pronounced differences regarding energy lev-
els between grid 1 and grid 2 are observed at around 0 < x=c < 0:2.
However, variations in the surface pressure PSD results between the
two turbulent inflows are evident along the entire chord of the airfoil.
The increased energy level and earlier change in the spectral distribu-
tion of the energy content (PSD) for grid 2 case could be attributed to
the elevated far-field noise observed for this case.

Having previously considered the spanwise coherence of the
velocity fluctuations approaching the stagnation point, the coherence
between the surface pressure fluctuations is considered to understand
the spanwise extent of the turbulent structures over the airfoil surface
due to its importance in empirical models.18 The magnitude-squared
coherence between the signals obtained from surface pressure mea-
surement locations for various spanwise separation distances (Dz) at
multiple streamwise locations (x/r) was calculated as follows:

c2pipjð f ;DzÞ ¼
j/pipjð f Þ

2j
j/pipið f Þjj/pjpjð f Þj

; (2)

where c2pipjð f ;DzÞ is the spanwise coherence calculated between two
transducers at the same chordwise position zi and zj, separated by Dz,
and /pipj denotes the cross-power spectral density of the pressure fluc-
tuations. Figure 14 presents the surface pressure fluctuation
magnitude-squared coherence for four spanwise separation distances
at four streamwise locations, x=c ¼ 0; 0:1; 0:25 and x=c ¼ 0:36 for
the flows generated by grid 1 and grid 2. Schematics displaying the
transducer locations are presented to ease the interpretation of the
results. At first glance, the elevated coherence magnitudes for the grid
2 case compared to that of case 1 indicates that the spanwise pressure
coherence (c2pipj ) at the stagnation point is sensitive to the characteris-
tics of the turbulent inflow, as shown in Figs. 14(a) and 14(e). As the
flow develops over the leading edge, Figs. 14(b) and 14(f), a strong
spanwise pressure coherence is observed for both cases. The similar
coherence magnitudes across cases for corresponding transducer pairs
suggest a lack of dependency on the turbulent inflow characteristics.

FIG. 13. Power spectral density level of the surface pressure fluctuations over the NACA 0012 airfoil measured by remote sensors: [(a) and (d)] transducers p1–p7
(0 < x=c < 0:16), [(b) and (e)] transducers p8–p12 (0:17 < x=c < 0:35), and [(c) and (f)] transducers p13–p18 (0:46 < x=c < 0:92), for two turbulent inflows produced by
grid 1 (top) and grid 2 (bottom).
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Further downstream, at x=c ¼ 0:25 and x=c ¼ 0:36, the pronounced
difference of the spanwise pressure coherence levels between cases
indicates an increased level of dependency to the turbulent inflow
characteristics. In more detail, the level of spanwise coherence at the
stagnation point, presented in Figs. 14(a) and 14(e), appear to be rep-
resentative of inflow turbulence, as the larger structures of grid 2 gen-
erate a stronger low-frequency spanwise coherence. The highest level
of coherence is observed at x=c ¼ 0:1, and unlike the stagnation point,
is comparable for both turbulent inflows. The coherence results from
both flows exhibit high magnitudes at low frequencies, which steadily
decays up to f¼ 1000Hz. The highest coherence level, observed at the
closest spanwise separation distance, i.e., z=r ¼ 1:67, has a mono-
tonic decrease with an increase in the separation distance. As the
flow develops over the airfoil, the spanwise pressure coherence
results at locations x=c ¼ 0:25 and x=c ¼ 0:36 are respective of the
length scale and turbulence intensity level of the associated turbu-
lent inflow, i.e., higher coherence magnitudes are evident for the
grid 2 case and lower for the grid 1 case. These observations are
consistent with the results at the stagnation point (i.e., x=c ¼ 0).
Further to this, the frequency range of the high level of pressure
coherence is consistent with the previously discussed velocity
coherence along the stagnation line (Fig. 12). It should be noted
that the frequency range of the elevated far-field noise results pre-
sented in Sec. III (Fig. 3) overlaps with the frequency range of the
elevated spanwise coherence results.

A complementary analysis to the spanwise pressure coherence is
the streamwise coherence of the surface pressure fluctuations, which
may reveal the streamwise spatial extent of the flow structures and
elaborate the link between the stagnation point pressure fluctuations
to airfoil response over the rest of the chord. Figure 15 presents the
contour map of the surface pressure fluctuation magnitude-squared
coherence calculated between the reference transducers p1 (x=c ¼ 0)
and p2 (x=c ¼ 0:03) to all downstream transducers for the flows gen-
erated by grid 1 [Figs. 15(a) and 15(b)] and grid 2 [Figs. 15(c) and
15(d)]. The most striking result to emerge from Fig. 15 is the pro-
nounced effect of the turbulence characteristics on the streamwise
coherence levels and the substantial change the streamwise pressure
coherence experiences regarding its reference, i.e., the change from the
stagnation point (x=c ¼ 0, p1) to a slightly downstream location
(x=c ¼ 0:03, p2). Comparing the streamwise pressure coherence
results obtained with respect to the reference point p1, a higher level of
coherence to the downstream transducers is evident for the flow gen-
erated by grid 1. However, even though the coherence levels are lower
for the grid 2 case, it persists further downstream on the airfoil over a
broader range of frequencies when compared to the result of the grid 1
case. Furthermore, the results also display that the peak coherence fre-
quency decreases for both cases as the separation distance between the
transducers increases. Considering the results with respect to the sec-
ond reference location, x=c ¼ 0:03 [p2, Figs. 15(b) and 15(d)], for
both grid 1 and grid 2 cases, substantially increased coherence levels

FIG. 14. Spanwise magnitude-square coherence (c2pi pj ) of surface pressure fluctuation measured between remote sensors with four spanwise separations (Dz=r ) for (a) and
(e) x=c ¼ 0, (b) and (f) x=c ¼ 0:1, (c) and (g) x=c ¼ 0:25 and (c) and (g) x=c ¼ 0:36 where the top row is the airfoil response to the flow generated by grid 1, and the bot-
tom row is grid 2.
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are displayed, especially with the transducers located in the vicinity of
the reference transducer. At this location, there appear to be two
main streamwise pressure coherence trends in the results of
both cases, a significant low-frequency coherence between 100< f
< 600Hz, which rapidly decays with downstream distance, and a sec-
ondary coherence region, initially centered between 1000
< f < 2000Hz at 0:03 < x=c < 0:045. In addition, in the case of grid
1, the streamwise pressure coherence results display a reduced level of
dependency on the streamwise separation distance between 1000
< f < 2000Hz, where the coherence level varies in the narrowband
between 0:4 < c2pipj < 0:6. For grid 2 case, however, the streamwise
pressure coherence level range is almost doubled, i.e.,
0:2 < c2pipj < 0:6, and the footprint of the structures interacting with
the leading edge is felt much further downstream.

VII. PRESSURE–VELOCITY COHERENCE

Having examined the spanwise velocity coherence and both the
spanwise and streamwise pressure coherence, we can garner more

information by assessing the coherence between the velocity fluctua-
tions along the stagnation line and the pressure fluctuations over the
surface of the airfoil. The velocity–pressure coherence analyses may
help us to characterize the spatial and temporal evolution of the coher-
ent structures of the turbulent inflow and how they interact with the
airfoil body. A single-wire hot-wire probe was utilized for velocity fluc-
tuation measurement along the stagnation line between �4:74 < x=r
< �0:01 while the pressure fluctuations were simultaneously sampled
for all transducers on the airfoil. The coherence between the pressure
and the velocity signals can be found from

c2piuj ð f ;DxÞ ¼
j/piujð f Þ

2j
j/pipið f Þjj/ujujð f Þj

; (3)

where /piujð f Þ denotes the cross-power spectral density function cal-
culated between the velocity and pressure signals, and Dx is the dis-
tance between the single-wire probe and the pressure transducer on
the airfoil located at xi and xj, respectively.

FIG. 15. Streamwise magnitude-square coherence (c2pi pj ) of surface pressure fluctuation measured between remote sensors along the chord of the airfoil for (a) and (c) trans-
ducer p1 located at x=c ¼ 0 to downstream transducers p2–p18, and (b) and (d) transducer p2 located at x=c ¼ 0:03 to downstream transducers p3–p18 for grid 1 (top row)
and grid 2 (bottom row).
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Figure 16 displays the pressure–velocity coherence (p–u coher-
ence) between the velocity fluctuations measured at x=r ¼ �4:74 and
x=r ¼ �0:01 on the stagnation line to the pressure fluctuation mea-
sured at the front half-chord of the airfoil (0 < x=c < 0:5) for grid 1
(top row) and grid 2 (bottom row). Figure couples [Figs. 16(a) and
16(c), and 16(b) and 16(d)] show the p–u coherence results for velocity
probe located at x=r ¼ �4:74 and x=r ¼ �0:01, respectively. A sche-
matic illustrating the velocity measurement locations with an arrow
indicating the array of pressure transducers along the chord is placed
at the top row to ease the interpretation of the results. Consistent with
the previous discussions on the coherence results (spanwise velocity
coherence and streamwise and spanwise coherence of the pressure
fluctuations), the frequency range of elevated pressure–velocity coher-
ence is concurrent with the frequency range of the elevated turbulence
interaction noise as presented in Fig. 3. Figure 16 provides an insight
into how the airfoil surface pressure response is linked to the flow at
two upstream locations along the stagnation line. The results show a
high p–u coherence at low frequencies for grid 1 case, which indicates

a close association of the pressure at p1, the stagnation point, to the
velocity fluctuations at x=r ¼ �4:74 as presented in Fig. 15(a). A sec-
ondary but weaker coherence region is evident over the chordwise
region 0:05 < x=c < 0:3. The spatial extent and distance to the lead-
ing edge of this secondary coherence island reduce as the frequency
increases. In the case of grid 2, p–u coherence demonstrates a similar
behavior to the upstream location (x=r ¼ �4:74), as presented in
Fig. 16(c). However, at the stagnation point over the airfoil, a lower
p–u coherence is evident compared to that of grid 1 results.
Furthermore, the secondary coherence island spreads until x=c ¼ 0:5
for low frequencies. The p–u coherence between the stagnation point
velocity (x=r ¼ �0:01) and the pressure transducers over the airfoil is
presented in Figs. 16(b) and 16(d). The p–u coherence appears to peak
at low frequencies and are evident for the chordwise region of 0:03
< x=c < 0:4 for grid 1 and 0:03 < x=c < 0:5 for grid 2. In the case of
grid 2, the p–u coherence is significantly higher over a broader fre-
quency range with an extended spatial range compared to the results
of the grid 1 case. A further inspection of Fig. 16 reveals some

FIG. 16. Pressure–velocity magnitude-square coherence (c2pi uj ) for grid 1 (top row) and grid 2 (bottom row), (a) and (c) c2pi uj between the hot-wire probe located at x=r ¼ �4:74
to pressure transducers between 0 < x=c < 0:5, (b) and (d) c2pi uj between hot-wire probe located at x=r ¼ �0:01 to pressure transducers between 0 < x=c < 0:5.
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resemblance to the streamwise pressure coherence results [Fig. 15, par-
ticularly for Figs. 15(b) and 15(d)], which corroborate the understand-
ing of the relation between the velocity at the vicinity of the stagnation
point and the airfoil surface pressure response.

In order to obtain a complete picture, Fig. 17 displays the coher-
ence between the velocity fluctuations measured along the stagnation
line (0 < x=r < �3) to the surface pressure fluctuations measured at
two points on the airfoil x=c ¼ 0 [Figs. 17(a) and 17(c)] and x=c
¼ 0:03 [Figs. 17(b) and 17(d)], for both turbulent inflows generated
by grid 1 (top row) and grid 2 (bottom row). A schematics of the refer-
ence pressure transducers on the airfoil and the axis of velocity mea-
surement is placed at the bottom row to ease interpretation of the
results. At first glance, the p–u coherence results display a remarkable
change between the two chordwise pressure measurement locations
on the airfoil surface, in further corroboration with the streamwise
pressure coherence results displayed in Fig. 15. Considering the p–u

coherence between the velocity fluctuations along the stagnation line
and the pressure fluctuations at the stagnation point (x=c ¼ 0, p1), the
highest level of coherence is observed to the furthest upstream location
in the case of grid 1, as displayed in Fig. 17(a). Furthermore, the pres-
sure–velocity coherence level is significantly higher for the flow gener-
ated by grid 1 when compared to the p–u coherence results obtained
from the grid 2 as presented in Fig. 17(c). Moreover, the peak coher-
ence level in the case of grid 2 is frequency-dependent, unlike grid 1
results, and mostly lies in between �1 < x=r < �2. As the flow
approaches the stagnation point, the low-frequency content of the
coherence is reduced for both cases. However, the reduction behavior
of the low-frequency coherence alters between the two cases. The p–u
coherence for the flow generated by grid 1 appears to drop monotoni-
cally, approaching the stagnation point. In contrast, for the flow from
grid 2, an abrupt drop of p–u coherence is evident between
0:33 < x=c < 0:96, which corresponds approximately the region of

FIG. 17. Pressure–velocity magnitude-square coherence (c2pi uj ) for grid 1 (top row) and grid 2 (bottom row), (a) and (c) c2pi uj between pressure transducer p1 located at x=c
¼ 0 to upstream measurement locations of hot-wire probe between 0 < x=r < �3 and, (b) and (d) c2pi uj between pressure transducer p2 located at x=c ¼ 0:03 to upstream
measurement locations of hot-wire probe between 0 < x=r < �3.
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the lowest energy content region (Fig. 5) and smallest timescale
(Fig. 10) in the velocity fluctuation. At the second chordwise position,
x=c ¼ 0:03, the p–u coherence behavior completely flips. The pressur-
e–velocity coherence peaks at the closest velocity measurement point
to the stagnation point (x=r ¼ �0:01) and reduces as the separation
distances increases. The p–u coherence levels are significantly higher
for the grid 2 case over a broader frequency range and for larger sepa-
ration distances between the velocity probe and the pressure trans-
ducer compared to the results of the grid 1 case. Overall, the p–u
coherence results for the chordwise position x=c ¼ 0:03 are respective
of the incoming turbulent flow with a counter-intuitive behavior at the
stagnation point. The presented data indicate that the characteristics
of the stagnation point are sensitive to the incoming flow far upstream,
and as the velocity measurement location approaches the stagnation
point, the communication between the pressure transducer at the stag-
nation point and velocity probe. The loss of communication could be
due to the redistribution of the energy from the streamwise compo-
nent of the velocity to the crosswise or upwash component.
Furthermore, it is worthwhile to note the pressure fluctuations over
the airfoil have a strong connection to the velocity fluctuations in the
vicinity of the stagnation point.

VIII. NEAR-FIELD TO FAR-FIELD PRESSURE
COHERENCE

After discussing the pressure and velocity coherence results, it is
now useful to address the relation between the surface pressure

fluctuations over the airfoil to the far-field noise in detail. The near-
field to far-field coherence is calculated by using Eq. (2), where the
pressure fluctuations are obtained from the surface pressure trans-
ducers and far-field microphone array. Figure 18 shows the near-field
to far-field pressure coherence between all the near-field pressure mea-
surement locations over the entire chord of the airfoil to the far-field
microphone at h ¼ 90�, positioned directly above the leading edge of
the airfoil. The top and bottom rows of Fig. 18 display the results of
the flow generated by grid 1 (with turbulence intensity of 4.8% and an
integral length scale of 5.9mm) and grid 2 (with turbulence intensity
of 10.1% and integral length scale of Kx ¼ 10:8 mm), respectively.
Figure couples [Figs. 18(a) and 18(d), 18(b) and 18(e), and 18(c) and
18(f)] are displaying the results associated with the surface sensors
p1–p7, p8–p12, and p13–p18, respectively. A color is assigned to each
transducer on the airfoil surface to ease the interpretation of the
results, and the associated coherence curve is presented accordingly.
Depicted in the figure, the level of near-field to far-field increases from
near-zero values at the stagnation point to elevated values over the
leading edge of the airfoil, which then reduces around the trailing edge
for both grid 1 and grid 2 cases.

Furthermore, the frequency range of the highest near-field to far-
field pressure coherence coincides with the frequency range of the
observed turbulence interaction noise (see Fig. 3). Comparing the
coherence levels of grid 1 case to grid 2 case, a pronounced decrease is
evident for the entire measurement locations over the chord. This is
an expected result due to the high levels of far-field noise and surface

FIG. 18. Near-field to far-field magnitude-square coherence (c2pi pj ) between the surface pressure fluctuations to the far-field noise measured at h ¼ 90� for two turbulent
inflows produced by grid 1 (top row) and grid 2 (bottom row) where (a) and (d) are transducers p1–p7 (0 < x=c < 0:16), (b) and (e) are transducers p8–p12
(0:17 < x=c < 0:35), and (c) and (f) are transducers p13–p18 (0:46 < x=c < 0:92).
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pressure fluctuations observed and discussed in Figs. 3 and 13, respec-
tively. Furthermore, considering the results for the grid 2 case, the
chordwise region where coherence to the far-field exhibits elevated
results extends up to x=c ¼ 0:7. In both cases, the near-field to far-
field coherence is most significant over the region of 0:17 < x=c
< 0:35 [Figs. 18(b) and 18(e)], which then reduces toward the trailing
edge. For the results of the flow generated by grid 2, the high levels of
near-field to far-field pressure coherence is sustained along the chord
up to x=c ¼ 0:52. It is worth noting that the stagnation point appears
to be the only location on the airfoil that exhibits no discernible coher-
ence to the far-field for both cases. From this observation, it is possible
to deduce that although the incoming flow dictates the flow behavior
of the stagnation point, it may be the rest of the airfoil response that
radiates the sound to the far-field. Furthermore, the spatially persistent
and increased near-field to far-field coherence level along the chord of
the airfoil for the grid 2 case, the flow with the larger Kx and higher
turbulence intensity may be associated with the increased far-field
noise levels.

An assessment of the directivity of the near-field to far-field
coherence may help us explore the details about the preferred propa-
gation direction of the unsteady surface pressure fluctuations to far-
field when exposed to different inflow conditions generated by grid 1
and grid 2. Figure 19 presents the magnitude squared coherence
results calculated between the surface pressure fluctuations at trans-
ducer locations p2, p5, p9, and p13 on the airfoil to the microphones
on the far-field array (40� < h < 150�) for the flows generated by grid
1 (top row) and grid 2 (bottom row). To ease the interpretation of the
results, a color is assigned to each microphone on the far-field array
and the associated coherence curve regarding the microphone is

presented accordingly. A general inspection of the results reveals that
coherence levels are significantly higher for the grid 2 case compared
to grid 1, irrespective of the transducer location on the airfoil surface,
which is consistent with the results of the preceding Fig. 18. A closer
examination of the grid 1 results show that the coherence level is
almost always lower for high polar angles. Furthermore, the difference
between the coherence values peaks at lower frequencies. Another
important observation is the gradual increase in overall coherence lev-
els up to p9, after which a decrease in coherence magnitude is evident.
The reduction in the coherence to far-field is consistent for all the sur-
face pressure measurement transducers until the trailing edge, which
is not shown here for brevity. Comparing the results of grid 2 case
with grid 1, the overall elevated coherence values peak around p9 loca-
tion. Moreover, the elevated results for the coherence level is sustained
for the transducers further downstream until p15 (x=c ¼ 0:655).
Another feature to be underlined is the more consistent coherence lev-
els for the grid 2 results. This result may appear somewhat counter-
intuitive; however, considering the directivity of the OASPL [Fig.
3(b)], the large and small observer angles (h) show different behaviors
between the flows of grid 1 and grid 2.

IX. CONCLUSION

This study presents an in-depth experimental investigation to
address the effect of turbulence characteristics on the radiated interac-
tion noise. Two passive grids were utilized to vary the turbulence char-
acteristics of the flow, which enables a detailed examination of the
airfoil interaction phenomenon with larger and smaller coherent struc-
tures in the flow in conjunction with the radiated noise.

FIG. 19. Near-field to far-field magnitude-square coherence (c2pi pj ) between the surface pressure fluctuations and the far-field noise measured from the microphone array for
polar angles 40� < h < 150� for two turbulent inflows produced by grid 1 (top row) and grid 2 (bottom row) for (a) and (e) p2 (x=c ¼ 0:03) to far-field array, (b) and (f) p5
(x=c ¼ 0:08) to far-field array, (c) and (g) p9 (x=c ¼ 0:19) to far-field array, and (c) and (g) p13 (x=c ¼ 0:46) to far-field array.
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Far-field noise results showed that turbulence interaction noise sig-
nificantly increases with increased in the turbulence intensity and inte-
gral length scale of the flow structures. The associated flow field is
studied by steady pressure measurement, unsteady pressure measure-
ments and velocity measurements. Mean-pressure coefficient results
over the airfoil demonstrated that the inflow conditions, i.e., laminar
and two turbulent inflows, do not affect the mean pressure distribution,
yet there is some sensitivity to the root mean square of the pressure coef-
ficient results. Analysis of the velocity measurements obtained along the
stagnation line demonstrated that flow with higher turbulence intensity
and a larger integral length scale significantly reduces the r.m.s. velocity
fluctuations and the subsequent recovery in the proximity to the leading
edge. Skewness and kurtosis analysis of the velocity fluctuation hints at
a change in the nature of turbulence interaction. Results reveal a signifi-
cant positive skewing of the velocity fluctuations, coupled with an
increased kurtosis for the flow where the turbulence intensity is higher,
and the flow structures are larger compared to the leading edge radius.
There is no significant change to either skewness or kurtosis when the
integral length scale of flow structures is comparable to the leading edge
radius. A closer examination of the approaching flow with the two-
point velocity coherence measurements along the stagnation line
revealed that the flow structures of the size comparable to the leading
edge radius are broken up, whereas flow structures with larger sizes dis-
tort and become more two-dimensional.

The airfoil surface pressure response demonstrated increased
energy levels for surface pressure fluctuation spectra over a larger extent
of the leading edge for the flow with larger structures and increased tur-
bulence intensity. Interestingly, both cases showed a high spanwise pres-
sure coherence at x=c ¼ 0:1. The pressure–velocity coherence results
suggest that the airfoil response is mainly influenced by the characteris-
tics of the flow in the proximity of the stagnation point, whereas the
flow characteristics at the stagnation point are associated with the flow
further upstream. Finally, near-field to-far-field coherence analysis
exhibits no discernible connection between the stagnation point and the
radiated far-field noise. In contrast, the leading edge as a region is identi-
fied as the primary contributor to the radiated far-field noise. Moreover,
the near-field to far-field coherence peaks around the thickest part of
the airfoil and persists over a larger extent of the airfoil chord for the
inflow condition with larger turbulence structures.
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