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Direct numerical simulations have been conducted of the flow over NACA-0006 and NACA-0012 airfoils. For all
cases multiple sources of noise have been observed. At low frequencies, the contribution of trailing-edge noise
radiation is significant, while for the high frequencies, the radiated noise appears to be due only to flow events in the
transition/reattachment region on the suction side. Cross correlations of acoustic and hydrodynamic quantities,
combined with ray-acoustic theory, are used to identify the main source locations. While the physical origin of
trailing-edge noise can be clearly identified using these methods, the situation is less clear for additional noise sources
that radiate at high frequency. Evidence suggests that these additional noise sources are located downstream of
transition on the suction side of the airfoil, in the region directly downstream of boundary-layer reattachment.

Nomenclature
Cy = lift coefficient
C,, = correlation coefficient
c = speed of sound or airfoil chord length
Cr = mean skin-friction coefficient
D = computational-domain spanwise width
E = total energy
f = frequency
M = Mach number
Ng, N, = number of grid points in &£ and 1 directions
Pr = Prandtl number
p = pressure
Doo = freestream pressure
)2 = fluctuating part of pressure
p* = complex conjugate of pressure
q; = conduction term of the energy equation
0 = second invariant of the velocity gradient tensor
R = gas constant or computational-domain radius
Re = Reynolds number based on airfoil chord
S = variance
Sr = Strouhal number
T = temperature
t, = time
u, v, w = Cartesian velocities
Uso = freestream velocity
w = computational-domain wake length
x,y,z = Cartesian coordinates
o = airfoil incidence
y = ratio of specific heats
At = time-step
8 = Kronecker delta
" = dynamic viscosity
& = curvilinear wall-tangential and wall-normal
coordinates
P = density
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standard deviation
shear-stress tensor

1. Introduction

HEN considering airfoil self-noise most studies focus upon

trailing-edge noise. Indeed, Brooks et al. [1] classified five
mechanisms for airfoil self-noise, all but one of which have noise
generated mainly by the interaction of disturbances with the airfoil
trailing edge. It is therefore usual to consider only trailing-edge noise
for the purposes of airfoil self-noise prediction. An important
example is Amiet’s classical theory [2] for trailing-edge noise, which
is widely used for the design of airfoils [3,4]. Amiet’s theory predicts
the far-field noise produced by the turbulent flow over an airfoil,
using only the airfoil surface pressure difference as input, and
assumes that all noise is generated at the airfoil trailing edge.
Recently, the presence of additional noise sources distinct from
sources at the airfoil trailing edge has been observed. In a two-
dimensional numerical study, Tam and Ju [5] observed that vortices
in the airfoil wake may themselves generate pressure waves, via a
mechanism independent of the airfoil trailing edge. In a three-
dimensional numerical study of an airfoil at incidence exhibiting a
separation bubble, Sandberg et al. [6] observed the transition/
reattachment region to act as a source of noise distinct from the airfoil
trailing edge, possessing markedly different directivity. Similar
behavior was observed in two dimensions [7], in which the nature of
the simulation prevented the development of turbulence. Further-
more, it is known that the leading edge of the airfoil may produce a
backscattering effect, particularly for low frequencies [8]. Since
these noise-production mechanisms are distinct from that occurring
at the trailing edge, they will not be predicted correctly by classical
methods based upon surface pressure difference (e.g., Amiet’s theory
[2]). Clearly determining the nature and significance of noise sources
other than the trailing edge is therefore important for accurate airfoil
self-noise prediction.

Continued advances in computing power mean that direct
numerical simulation (DNS) of airfoil flows for the purposes of
investigating aeroacoustic behavior is now possible. Compressible
DNS is capable not only of accurately representing hydrodynamic
phenomena such as turbulence and transition to turbulence, but also
hydrodynamic noise-production mechanisms and the propagation of
acoustic waves. The hydrodynamic and acoustic behavior can be
computed directly with no modeling and with no interfacing between
solution methods, as is required for hybrid approaches. Early DNS of
airfoil flows were limited to either two dimensions [9,10] or else did
not resolve transition [11]. Despite the preclusion of turbulence, two-
dimensional simulations have proven useful in studying several
aspects airfoil self-noise including the role of wake-vortices in noise
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production [3], the accuracy of Amiet’s theory for predicting self-
noise for finite-thickness airfoils [7] and mechanisms behind tonal
airfoil self-noise [12]. The first turbulent airfoil DNS was performed
by Shan et al. [13], who investigated the effect of pulsed jets as a flow
control measure. Jones et al. [14] later performed a study of an airfoil
with a laminar separation bubble and determined that the observed
turbulence would self-sustain via a three-dimensional absolute
instability, for which a mechanism was proposed. Jones et al.
employed a compressible code and also resolved the acoustic field;
hence, the accuracy of Amiet’s theory for predicting airfoil self-noise
from a three-dimensional flow could also be investigated [6]. It was
determined that for the flow in question, which exhibited multiple
acoustic sources, Amiet’s theory would not be able to accurately
predict trailing-edge noise. In recent years large eddy simulation
(LES) has become increasingly favored for aeroacoustic studies.
Because of the decreased computational expense it is possible to
compute higher-Reynolds-number airfoil flows than are achievable
with DNS. For example, the tonal airfoil noise phenomenon has been
investigated [15] at Reynolds number 1 x 10° and airfoil trailing-
edge noise has been computed successfully [16] at Reynolds number
5 x 10°. The computational expense of LES as a tool for airfoil
aeroacoustic predictions can be reduced further by coupling to a
second, less computationally expensive, method to solve for the
acoustic far field. For example, LES can be used to provide the source
terms for an acoustic analogy [15,17] or can be employed to directly
compute the near-field acoustics before propagating to the far field by
a second numerical method [18,19]. The modeling procedures
inherent in LES make it less suitable for fundamental research,
however: in particular, for flows where accurately capturing
transition is important and a priori knowledge of the transition
location is not available. For such circumstances, DNS remains the
preferred research tool.

The aim of this numerical study is therefore to investigate the
relationship between the acoustic and hydrodynamic fields of
transitional flows over airfoils exhibiting multiple noise sources.
This will be performed by conducting DNS of transitional airfoil
flows that allow investigation of both the hydrodynamic and acoustic
behavior of the flow. The relationship between the acoustic and
hydrodynamic behavior will then be investigated by cross corre-
lations in conjunction with acoustic ray theory. This causality
method has been employed in many experimental studies to identify
acoustic sources for jet noise; for a summary of these studies, see
Bogey and Bailly [20], who also employed the causality method in a
numerical study of jet noise. The method is chosen in preference to,
for example, numerically evaluating a beamforming algorithm, due
to the significantly reduced complexity of the method and a clear-cut
physical interpretation.

II. Governing Equations

The DNS code directly solves the unsteady compressible Navier—
Stokes equations, written in nondimensional form as

d0p | 9 Ly
m + o, (pu) =0 (D
9 d
— (pu;) + w—[pu;uy + pdy — 73] =0 2
ot 0x;,
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where the total energy is defined as E = T/[y(y — 1)M?] + 0.5u;u;.
The stress tensor and the heat-flux vector are computed, respectively,
as
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where the Prandtl number is assumed to be constant at Pr = 0.72 and
y = 1.4. The molecular viscosity u is computed using Sutherland’s
law [21], setting the ratio of the Sutherland constant over freestream
temperature to 0.36867. To close the system of equations, the
pressure is obtained from the nondimensional equation of state
p = (pT)/(yM?). The primitive variables p, u;, and T have been
nondimensionalized by the freestream conditions and the airfoil
chord is used as the reference length scale. Dimensionless parameters
Re, Pr, and M are defined using freestream (reference) flow
properties.

III. Direct Numerical Simulations
A. Numerical Method

Fourth-order-accurate central differences using a five-point stencil
are used for the spatial discretization, with fourth-order accuracy
extended to the domain boundaries by means of a Carpenter
boundary scheme [22]. No artificial viscosity or filtering is used.
Instead, stability is enhanced by appropriate treatment of the viscous
terms in combination with entropy splitting of the inviscid flux terms
[23]. An explicit fourth-order-accurate Runge—Kutta scheme is used
for time stepping. The code is based upon an existing code that has
been previously validated for compressible turbulent-plane channel
flow [23] and, more recently, has been demonstrated to accurately
represent the development of hydrodynamic instabilities [24]. The
code used in the current study is different in that it is applied to a
curvilinear C-type grid with wake connection; however, the same
metric terms were used in previous versions of the code. The
topology of the curvilinear C-grid used is given in Fig. 1. At the
freestream boundary 1", where the only disturbances likely to reach
the boundary will be in the form of linear waves, an integral char-
acteristic boundary condition is applied [25], in addition to a sponge
layer comprising a dissipation term added to the governing
equations. At the downstream exit boundary &%, which will be
subject to the passage of nonlinear fluid structures, a zonal char-
acteristic boundary condition [26] is applied for increased
effectiveness. At the airfoil surface, an adiabatic no-slip condition
is applied, and for three-dimensional simulations, a periodic
boundary condition is applied in the spanwise (z) direction.

B. Grid Resolution and Domain Size

The influence of domain size and grid resolution have been
investigated thoroughly for the flow around a NACA-0012 airfoil at
Re =5 x 10* and @ = 5° in Jones et al. [14], and only a selection of
results is included here. For completeness, the simulation at o = 5°
discussed here is that referred to as case 3DU in Jones et al. [14].

1. Two-Dimensional Analysis

Resolution requirements for DNS of the flow around an airfoil at
incidence are complex, since a variety of fluid phenomena are present

Fig. 1 Topology of the computational domain.
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Table 1 Domain and grid dimensions
for grid resolution investigation at
Re, =5x10* a =5°

Grid Gl G2 G3
R 53 53 73
w 5 5 5

N; 2001 2570 2570
N, 440 440 692
Nt 541 1066 1066
Nyate 1462 1506 1506

and must be resolved. Grid generation is therefore achieved by an
iterative approach. Since the numerical code possesses low dissi-
pation, the presence of underresolved flow phenomena results in
numerical oscillations, particularly in sensitive quantities such as
density gradient. By analyzing simulation results, locations of poor
resolution may be identified, and a new grid may be generated in
order to improve resolution in the necessary locations. The flowfield
data are then interpolated onto the new grid and the simulation is
continued. The iterative grid production process is documented here
for the flow around a NACA-0012 airfoil at = 5°. Simulations were
run on three grids in total, with details given in Table 1.

When run in two dimensions, the upper airfoil boundary layer is
observed to separate near the leading edge of the airfoil. The
separated shear layer subsequently rolls up to form vortices, and
periodic vortex shedding is observed (Fig. 2, grid G3). The system of
laminar separation, shear-layer roll-up, and periodic vortex shedding
causes the lift coefficient to oscillate (Fig. 3, left). When run using
grid G1, C; oscillates in an almost perfectly periodic fashion. Some
evidence of numerical oscillation was observed when isocontours of
vorticity were plotted at sensitive levels; hence, grid G2 was
generated with an increased streamwise grid resolution over the
airfoil surface. When the simulation was continued on grid G2, the
mean C; increased, and the time-dependent behavior became

> 041

(.) 0.I25 0?5 0.I75 1 1.I25
X

Fig. 2 Isocontours of vorticity for the two-dimensional flow around a

NACA-0012 airfoil at Re = 5 x 10* and « = 5°, showing 20 levels over

the range £150, computed using grid G3.

slightly less regular. Numerical oscillations could no longer be
observed in hydrodynamic properties; however, the fundamental
frequency of the vortex shedding remained unchanged. When the
simulation was continued on grid G3 minimal difference was
observed in C;. It appears that grid G2 adequately captures the
vortex-shedding behavior observed in two dimensions, with no
evidence of underresolution. Grid G3 is more suited to three-
dimensional simulations, however, since the increased wall-normal
resolution is more appropriate for resolving turbulence.

The effect of altering domain size may also be investigated by
considering simulations run using grids G2 and G3; grid G2 is of
radius R = 5.3, whereas grid G3 has a radius of R =7.3. The
azimuthal variation of p/ p,, where p is the freestream pressure, is
plotted in Fig. 3 (right) for both grids, at a radius of three chords from
the airfoil trailing edge. At around 0° there is a difference of
approximately 1.5 x 1073 between normalized pressure for the two
grids, presumably caused by differences in resolution in the 7
direction in the wake region; however, this is the only significant
difference observed. The azimuthal pressure distribution in the
potential flow region appears remarkably similar for both cases, and
the difference between grids in this region is significantly less than
P/Po = 1x 1073, If the radius of the domain were increased
beyond seven chords, further changes would be even smaller in
amplitude. It appears then that a domain radius of 5.3 airfoil chords
adequately captures the potential flow about the airfoil; hence, the
chosen domain radius of 7.3 chords is more than adequate.

2. Three-Dimensional Analysis

Using ¢ predictions from XFoil [27], the grid resolution over the
aft section of the airfoil for grid G3 was compared to turbulent-plane
channel-flow data [23], which suggested that grid G3 would be
adequate for three-dimensional simulations. The spanwise domain
width was then selected based upon criteria determined from
simulations of the flow over a backward-facing step [28]; a domain
width of D = 0.2 was chosen, being 9.6 times the maximum bubble
height of §* = 2.09 x 1072 and 7.2 times §* at the trailing edge. The
number of spanwise grid points was chosen to be 96, again based on
the resolution requirements of turbulent-plane channel flow and ¢
predictions via XFoil. During the initial stages of three-dimensional
simulations, flowfield properties were checked in order to confirm
that all fluid structures appeared resolved. A final confirmation of
adequate spatial and temporal resolution is provided by a posteriori
statistical analysis. Grid resolution in wall units, taken at the
maximum turbulent ¢ s location observed within the turbulent region,
was found to differ slightly from XFoil predictions, but was still
found to be well resolved based on turbulent-plane channel-flow
criteria. Resolution in wall units, taken at x = 0.72 where the
maximum ¢, of 7.60 x 1073 is observed, is given in Table 2. Finally,

0.52

CL

0.48

0441

150°/
180°

-150°

0 1 2

-90°

Fig. 3 Left-hand image shows time-dependent C; for grids G1 (dotted line), G2 (dashed line) and G3 (solid line). Right-hand image shows azimuthal
variation of p /p ., over the range 0.99 to 1.005, at three chords (right) radius from the airfoil trailing edge, for grids G2 (dashed line) and G3 (solid line).



2302 JONES, SANDHAM, AND SANDBERG

Table 2 Grid resolution in wall units at the maximum ¢, location
for the three-dimensional flow around a NACA-0012 airfoil at
Re=5x10*and a = 5°

Simulation Axt Azt Ayt Nyt <10

NACA-0012 airfoil at 312 6.02 <I1.0 10
Re=5x10Y, a=5°

Sandham et al. [23] 15 7.5 - 10

in order to confirm that turbulent behavior is resolved over all time
and length scales, spanwise and temporal turbulent kinetic energy
(TKE) spectra were computed [14] and found to exhibit roll-off of
10° and 10°, respectively, comparing favorably with reference
boundary-layer DNS [29].

C. Results and Discussion

Direct numerical simulations were conducted of the compressible
flow around a NACA-0006 airfoil at = 7° and a NACA-0012
airfoil atoe = 5° and @ = 7° for a Reynolds number based on chord of
Re,=5x10* and M = 0.4. Computational grids for the simu-
lations at @ = 7° were generated using the same method as given in
Sec. IIL.B, comparing to the same turbulent channel reference data.
For all simulations the computational domain possessed dimensions
as specified for grid G3 in Table 1 and spanwise domain width
D = 0.2. The computational domains are discretized using 2570 x
692 and 2587 x 692 nonequidistantly spaced points in the lateral and
normal directions for ¢ = 5 and 7°, respectively, resulting in a total of
approximately 1.7 x 10® points. The nondimensional time step was
set to 1.4 x 10~ to satisfy numerical stability criteria of the explicit
time-marching scheme; hence, frequencies up to f ~ 350 will be
resolved with more than 20 steps per wavelength. This compares to

frequencies of f~ 8.5 for the most amplified hydrodynamic
instability waves of the NACA-0012 case ate = 5° [30]. Simulations
are progressed until a statistically stationary state is achieved
(approximately ¢ = 8.4), before capturing statistics over an interval
of At=7.7, with sampling frequency Ar=1x 1073 (every 10
iterations). At = 0 each three-dimensional simulation is subject to a
perturbation in pu; of order 1 x 1073, located within the boundary
layer at x = 0.2. The perturbation extends over a region of 3 x 3 grid
points in the £ and 7 directions and possesses a random amplitude
distribution in the z direction. The intention is to excite absolute
instability mechanisms within the separation that will lead to self-
sustaining turbulence. No further disturbances are added; the
simulations are progressed in time and in each case the laminar—
turbulent transition self-sustains, following the mechanism identified
in Jones et al. [14].

The code used is a variant of the in-house SBLI DNS code, which
has been found to scale with near perfect efficiency to 168,000
processor cores on the ORNL Jaguar cluster. Simulations were
conducted using national supercomputer facilities HECToR and
HPCx. Simulations performed on HECToR used 1024 processor
cores (AMD Opteron 2.3 Ghz, eight cores per node with 8 Gb shared
memory), for a total of approximately 138 h.

1. Instantaneous Flow and Acoustic Fields

The acoustic response of the flow over the airfoil is highly
dependent on the hydrodynamic behavior. In Fig. 4, isosurfaces of
Q = 100, colored by the streamwise vorticity component illustrate
the respective flow patterns. The flow around the NACA-0012 airfoil
at o = 5° separates from the upper airfoil surface due to the presence
of an adverse pressure gradient, at approximately x = 0.10. The
separated shear layer undergoes transition to turbulence and, due
to the subsequent increase in wall-normal momentum transfer,

a) NACA-0012, o= 5°

¢) NACA-0006, o =7°

Fig. 4 Instantaneous isosurfaces of Q = 100, with instantaneous contours of dilatation rate in range [—0.05; 0.05] for the case at « = 5° and [-0.1;0.1]

for cases at @ = 7°.
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reattaches as a turbulent boundary layer at x ~ 0.61. This long
separation bubble with laminar—turbulent transition taking place far
downstream of the leading edge was identified previously to generate
additional noise sources that are not included in classical trailing-
edge theories [6]. Increasing the angle of attack to o = 7° results in a
significantly faster laminar—turbulent transition process and an
earlier turbulent reattachment at x = 0.39. The thinner airfoil at
a = 7° shows an even shorter separation bubble with a developing
turbulent boundary layer extending from approximately x = 0.10 to
the trailing edge. For all cases, on the lower airfoil surface the
pressure gradient is favorable for much of the airfoil chord; hence, at
this comparatively low Reynolds number, the boundary layer
remains laminar.

The main objective of the current research is to investigate airfoil
self-noise. Itis therefore essential that noise generated by the airfoil is
represented accurately by the simulation. In particular, reflections
from the boundaries must not interfere with, or even overpower, the
low-amplitude airfoil self-noise. Instantaneous contours of dilatation
rate at the plane z = 0.1, shown in Fig. 4, illustrate the sound waves
originating from the airfoil flow. The zonal characteristic boundary
condition is able to sufficiently reduce reflections due to the wake
structures passing through the outflow boundary. Pressure fluctu-
ations associated with trailing-edge noise are expected to exhibit a
symmetric wave pattern with respect to y = 0, with predominantly
upstream directed sound radiation and a phase difference of 180°
between radiation above and below the airfoil, as observed for flat-
plate studies [24], and the wave pattern should originate close to the
trailing edge. For all current cases, it is apparent that sound radiation
below and above the airfoil is highly disparate. On the bottom side,
the radiated sound appears to only originate from the trailing edge,
while on the top side multiple sources seem to be present, similar to

-0.5
X
1x1078 < pp* < 1x 1077

X

3x107% <pp* <1x1077
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the previous two-dimensional study [24]. For cases with turbulent
reattachment locations further upstream, the origin of the sound
waves observed above the airfoil (excluding trailing-edge sources) is
also further upstream, indicating that the additional noise sources are
associated with turbulent reattachment.

2. Acoustic Fields in the Frequency Domain

From instantaneous contours of dilatation rate (Fig. 4), it was
observed that sound radiation is highly asymmetric with respect to
the chord line. However, scrutinizing data in the time domain does
not reveal whether the asymmetry is present for the entire frequency
range or whether there are particular frequencies that cause this type
of radiation pattern. The data were therefore transformed to the
frequency domain using one-third-octave averaging about several
target frequencies to account for the broadband nature of the airfoil
self-noise. The modulus of pressure for nondimensional target
frequencies is shown in Figs. 5-9 for the NACA-0012 airfoil at
o = 5°. The reference length and velocity scales for the cases under
consideration are the airfoil chord and freestream velocity,
respectively; hence, the nondimensional frequency f is equivalent
to a Strouhal number Sr = fc/u,..

The frequencies have been chosen to correspond to different
hydrodynamic and acoustic phenomena for each flow configuration.
The lowest frequency in each case lies below the frequency of the
most strongly amplified convective instabilities [31] and corresponds
to the frequency of the vortex shedding observed in two-dimensional
studies of the same airfoil configuration [7]. The frequency f = 7.75
is chosen to lie directly within the range of frequencies expected to be
strongly amplified within the separated shear layer via convective
instability [31]. The highest frequency selected (f = 15) is higher

1 15 0.5 1

X
1x107° < pp* < 1 x 1077

Fig. 5 Isocontours of pp* employing one-third-octave averaging, centered about f = 3.37, f =7.75, f = 15 (from left to right) using 20 levels

exponentially distributed over different ranges; NACA-0012 at o = 5°.

Fig. 6 Isocontours of the real part of acoustic pressure plotted for f = 7.75 (left) and f = 15 (right) for the NACA-0012 airfoil at « = 5°. Black circles

indicate the location of maximum TKE and the mean reattachment point.
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Fig. 7 Pressure power-spectra computed at locations (x,y)=

(0.5,0.5) (upper curve) and (x,y) = (0.5, —0.5) (lower curve) for the

NACA-0012 airfoil at o = 5°.

than that associated with the most amplified convective instabilities
[31]. Additionally, at f = 15 pressure fluctuations over the lower
airfoil surface were limited to very near the airfoil trailing edge [31],
suggesting that acoustic scattering is not efficient at this frequency.

For the NACA-0012 case at o« = 5°, the frequency corresponding
to the vortex shedding of the matching two-dimensional simulation
was f =3.37, shown in Fig. 5 (left). For this one-third-octave-
averaged frequency, the behavior of the radiated pressure is
consistent with trailing-edge noise, i.e., showing an origin at the
trailing edge with a high degree of symmetry about the airfoil chord.
Nevertheless, there appears to be an additional lobe radiating
upstream on the suction side, indicating that at this frequency there is
an additional noise source. The one-third-octave-averaged pressure

05 1
X
1x1078 < pp* <1x 1076

05 0 -0.5

0

1x107% <pp* <1x1076
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modulus at f = 7.75 displays significant noise radiation from the
trailing edge, although the radiation pattern above the airfoil displays
strong modulation most likely due to interference with noise radiated
from additional sources. At the highest frequency considered (Fig. 5,
right), the largest-amplitude pressure fluctuations are present only
above the airfoil and clearly do not originate at the airfoil trailing
edge. Figure 6 shows the real part of acoustic pressure for individual
frequencies, illustrating the wave fronts associated with acoustic
propagation. The origin of the acoustic waves is difficult to determine
to ahigh degree of accuracy, but appears to lie downstream of x = 0.5
for high frequencies. A crude estimate of the source location x, based
on visually tracking wave fronts is determined to be 0.6 < x, < 0.7.
The hydrodynamic nature of this secondary source is not clear.
However, given that acoustic waves appear to originate in the
transition/reattachment region close to the airfoil surface, it seems
possible that fluctuating surface shear-stress components could be an
important source of acoustic radiation, as found for turbulent channel
flow at low Mach numbers by Hu et al. [32]. The contribution of the
additional noise sources to the total airfoil self-noise can be assessed
by computing pressure spectra above and below the airfoil at
(x,y) = (0.5,+£0.5), as shown in Fig. 7. Spectra were obtained by
splitting the pressure time series into three segments overlapping by
50%, before applying Hanning windowing and ensemble averaging
the segmented spectra. For frequencies f < 6 the spectra appear
similar above and below the airfoil, whereas for frequencies f > 10
the spectrum obtained above the airfoil is significantly greater in
amplitude. This suggests that for frequencies f < 6 the airfoil trailing
edge is the dominant noise source, whereas for f > 10 the additional
sources are dominant. It is also apparent that the trailing-edge noise is
greatest in amplitude at very low frequencies, including frequencies
lower than that of the vortex shedding (f = 3.37 for the case at

05 1 05 1
X X

1x107° < pp* <1 x 106

Fig. 8 Isocontours of pp* employing one-third-octave averaging, centered about f = 2.5, 7.75, and 15 (from left to right) using 20 levels exponentially

distributed over different ranges; NACA-0012 at « = 7°.

0.5 1
X

1x1077 < pp* <1x107°

1x1078 <pp* <1x1076

0.5
X

2x 1078 <pp* <1x1076

Fig. 9 Isocontours of pp* employing one-third-octave averaging, centered about f = 3.37,7.75, and 15 (from left to right) using 20 levels exponentially

distributed over different ranges; NACA-0006 at « = 7°.
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Fig. 10 The maximum TKE observed within the upper-surface
boundary layer plotted as a function of x for the NACA-0012 airfoil at
o = 5° (solid line), the NACA-0012 airfoil at « = 7° (dashed line) and the
NACA-0006 airfoil at « = 7° (dotted—dashed).

o =5°). The presence of low-frequency disturbances is not
unexpected for separation-bubble flows (e.g., [33,34]) and hence is
not surprising for the current case, in which the periodic two-
dimensional vortex shedding becomes intermittent for the turbulent
flow. Although the turbulent flow over the trailing edge is essentially
broadband, trailing-edge scattering is more efficient at low fre-
quencies; hence, they appear more prominent. The computational
expense of DNS prohibits the capture of time series sufficient to
analyze very-low-frequency behavior, however; hence, the low-
frequency range will not be studied in detail.

Increasing the angle of attack of the NACA-0012 case to o = 7°
does not qualitatively change the picture, as evidenced by Fig. 8. For
low frequencies, the contribution of trailing-edge noise radiation is
significant, while for the highest frequency investigated, the radiated
noise appears to be due only to the flow events in the transition/
reattachment region on the suction side. However, for f =7.75,
noise is radiated from the transition/reattachment region at a
considerably higher amplitude than for the case at smaller incidence.
For the thinner NACA-0006 airfoil, shown in Fig. 9, higher
amplitudes of pp* are observed for all frequency ranges, indicating
that airfoil self-noise is radiated more efficiently for this case. This
was unexpected, as it was assumed that the thin-airfoil case, due to its
rapid laminar—turbulent transition process, would show the least
remnants of transitional effects and spanwise coherence would be
reduced versus the cases with long separation bubbles, resulting in
reduced noise levels. However, in contrast to the NACA-0012 cases,
most of the radiated noise originates from the transition/reattachment
location and a significant trailing-edge noise contribution can only be
observed at the lowest frequency.

The amplitude of the additional noise sources is greatest for the for
the NACA-0006 airfoil at = 7° and least for the NACA-0012
airfoil atow = 5°. Therefore, from this small sample, it appears that the
amplitude of the additional noise sources increases with the strength
of the adverse pressure gradient, and hence with increasing
convective instability growth rates, in the separated region. The
maximum TKE observed within the boundary layer for the NACA-
0006 airfoil at o = 7° was 0.19 (Fig. 10), whereas for the NACA-
0012 airfoils at« = 7 and 5° the maximum TKEs were 0.16 and 0.11,
respectively, providing evidence that the amplitude of the additional
noise sources is related to that of the turbulent fluctuations in the
transition region.

IV. Cross Correlations for Source Identification

Visual inspection of Figs. 5-9 suggests that, for certain
frequencies, most of the radiated noise originates from the transition/
reattachment region. To investigate the location and nature of the
additional sources acoustic pressure fluctuations in the far field were
cross-correlated with the hydrodynamic behavior in the vicinity of
the airfoil. A cross correlation C, is computed between a hydro-
dynamic variable of interest f (e.g., u velocity or pressure) taken at

some point on or near the surface of the airfoil, denoted as a source
location (x,, y,) at time ¢, and the pressure p taken at some point in
the far field, denoted as an observer location (x,, y,) attime ¢ + At,,
as

c, =1L 5
fp 0/, (&)

where o signifies the standard deviation (or root mean square) of a
function, and S is the covariance.

For a given source and observer location, (x,,y,) and (x,,y,),
respectively, the time taken for an acoustic wave propagating from
the source location to the observer location can in principle be
calculated. Equation (5) can then be solved specifying At,. to
correspond to the propagation time, allowing direct correlation
between the acoustic field and the hydrodynamic field. To determine
the propagation time a simple ray-propagation technique is
employed. The method does not account for refraction effects due to
changes in sound speed; however, such effects are expected to be
small at M = 0.4. In the current case, the mean sound speed exhibits
a maximum deviation less than 3% from the freestream value. Ray-
acoustics theory [35], accounting for refraction effects, was applied
to the case of flow over a NACA-0012 airfoil at o« = 5°, showing no
significant differences compared to the simplified ray-propagation
method. Hence, due to the smaller computational expense, all results
presented in the current paper were obtained using the simplified
technique.

The time and spanwise averaged flowfield of the airfoil
configuration of interest is considered. Given a source location
(x,,y,) with local velocity components ug, v,, and temperature 7,
the path of an acoustic ray with initial propagation vector 6§ may be
computed as follows. The acoustic ray will propagate at c,=
JT/M, with Cartesian velocity components ¢, = ¢, cos6 and
¢, =c,sinf. After a small time Ar the acoustic ray will have
propagated a distance Ax = At(u, + ¢, cos @) and Ay = Ar(u,+
c,sinf). The acoustic perturbation will now be located at
(x1,y1) = (x; + Ax, y, + Ay), with associated fluid properties u,,
vy, and 7. Repeating the process to compute new values of ¢, and ¢,
and integrating in time recovers a trajectory (or ray) that describes the
path of a point on an acoustic wave front. For each point on the
trajectory Y . Atis known; hence, the time taken for an acoustic wave
to propagate to that location is known. This is illustrated in Fig. 11
(left) for arange of 6 originating at a source location within the upper-
surface boundary layer at x; = —0.5.

To solve Eq. (5) to yield meaningful results for given source and
observer locations (x;, y,) and (x,,y,), we need to determine the
acoustic-propagation angle 6 that results in a ray passing through the
point (x,, y,) and the time taken for an acoustic wave to propagate
along this trajectory. To perform this the secant method is employed.
For given source and observer locations (x,,y,) and (x,,y,),
trajectories are computed while varying 6 until a trajectory passing
within a user specified distance to point (x,, y,) is recovered. This
has been performed for a variety of streamwise positions in order to
produce rays passing through the point (x,,y,) = (0.5, 1.0) and is
plotted in Fig. 11 (right). For each source location the time taken for
an acoustic wave to propagate to the observer location is known, and
cross correlations can be computed for this Az,.. This value of Az, is
computed from mean flow data, and in the time-dependent flow the
inherently unsteady behavior present will mean that the propagation
time will vary about this mean.

Given that the airfoil flows exhibit markedly different acoustic
behavior depending upon the frequency range considered, it is
desirable to perform cross correlations in the frequency domain for a
range of frequencies. To achieve this the pressure time series for the
source and observer locations are first Fourier transformed in time.
Frequencies that lie outside the range of interest are then discarded,
and the pressure signal is reconstructed by computing a reverse
Fourier transform of the remaining modes. An example of pressure
signals computed for finite-frequency ranges is plotted in Fig. 12.
The cross correlations presented here are computed from acoustic
and hydrodynamic pressure obtained from the airfoil midspan plane.
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Fig. 11 Left-hand image shows acoustic-propagation rays computed for a variety of wave angles originating at x = 0.5 within the upper-surface
boundary layer, rays were integrated to ¢ = 0.2 using time step At = 1 x 103, Right-hand image shows acoustic-propagation rays for a variety of source
locations within the upper-surface boundary layer, with wave angle specified such that each ray passes through the point (x,,y,) = (0.5,1.0); NACA-

0012 at « = 5°.
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Fig. 12 Pressure fluctuations as recorded at (x, y) = (—1.0, 1.5) for the
NACA-0012 airfoil at o = 5° (solid line) alongside the same pressure
signal plotted for frequencies 0 <f <2 (dashed line) and 9 <f < 20
(dotted line).

The acoustic pressure was stored every 10 iterations, skipping every
fourth point in £ and 1, and the primitive variables u; and p were also
stored within the airfoil boundary layer every 10 iterations, skipping
every fourth point in & and 7. A preliminary comparison of
correlations between acoustic pressure and either u, v, w or p found
pressure/pressure correlations to yield the clearest results, and hence
the correlations presented here are all of this form. To avoid self-
correlation to acoustic fluctuations within the boundary layer it
would be desirable to correlate acoustic pressure to vorticity.
Unfortunately, due to the reduced spatial resolution of the time-
dependent data capture it is not possible to compute vorticity
a posteriori.

A. Results and Discussion

The three airfoil flows exhibit fundamental similarities in terms of
physical phenomena and flow topology. Accordingly, the important
conclusions drawn in this section hold for all three flows. Although
cross correlations have been performed using data from all three
simulations, results will primarily be shown from the NACA-0012
airfoil case at o = 5°, for the sake of brevity.

1. Quantifying Self-Correlation of Acoustic Waves

A variety of acoustic and hydrodynamic behaviors are present for
these airfoil flows. In terms of hydrodynamic behavior we expect the
upper-surface pressure to be affected by phenomena such as
hydrodynamic instability waves, transition to turbulence and the
passage of turbulent structures. In terms of acoustic behavior, we
expect the surface pressure to be influenced by the passage of
acoustic waves originating not only at the airfoil trailing edge, but
also in the transition and reattachment regions. The correlation of the
acoustic signal at the observer location with the passage of acoustic

waves over the airfoil itself must be accounted for if the correlation
maps are to be interpreted correctly. Before interpreting the corre-
lation map obtained from the upper surface, it is helpful to first
discuss the lower-surface correlation map.

The cross correlation between pressure recorded at an observer
location at (x,,y,) = (0.5, —1.5) and source locations on the lower
airfoil surface is illustrated in Fig. 13 for all frequencies. Also plotted
is the mean acoustic-propagation time from the source location to the
observer location. Correlation data on this line are the most
significant in terms of correlating acoustic behavior at (x,,y,) =
(0.5, —1.5) to hydrodynamic behavior at the source locations. The
lower airfoil surface is subject to a favorable pressure gradient for the
extent of the chord and hence remains laminar. This means that
the lower-surface pressure fluctuations are primarily caused by the
passage of acoustic waves. Furthermore, while trailing-edge noise
will radiate below the airfoil, noise generated in the transition/
reattachment region will not. Effectively, the cross-correlation map
illustrates the self-correlation between trailing-edge noise recorded
at (x,,v,) =(0.5,—1.5) and trailing-edge noise recorded at the
airfoil surface.

It can be seen that the dominant feature of the correlation map is a
region of strong positive correlation, present for the extent of the
airfoil chord. The region of positive correlation intercepts the mean
acoustic-propagation line at x ~ 1.0, which confirms that this region
is associated with noise originating at the airfoil trailing edge. The
fact that the region of positive correlation is inclined with a positive
slope and that the retarded time decreases with distance from the
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Fig. 13 Cross correlation between pressure recorded at (x,,y,) =
(0.5,—1.5) and pressure recorded at the airfoil surface for all
frequencies, plotted using 12 levels over the range C,, = +0.9. Negative
contour lines are shown dashed and the solid line represents the mean
acoustic-propagation timeline.
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trailing edge, is consistent with the upstream propagation of acoustic
waves. The gradient of the positive correlation region provides an
estimate of the propagation velocity. Noting that the axes are
intercepted at approximately (x, Ar) =(0,0.13) and (x, An)=
(1.0,0.79), the propagation velocity is estimated at u, = 1.52,
which appears feasible given that for u,, = 1.0 and M = 0.4 (i.e.,
¢ = 2.5) we would expecta velocity of u, = ¢ — u, (i.e., u, = 1.5).

2. High-Pass Cross Correlations to Surface Pressure

In Sec. IIL.C.2 frequencies in the range 2.5 < f <15 were
determined to be of particular interest with respect to the hydro-
dynamic and behavior response of the airfoil flows. For the purposes
of investigating acoustic sources associated with the turbulent flow, it
is therefore useful to compute cross-correlation maps omitting low
frequencies. The cross correlation between pressure recorded at the
observer location (x,,y,)=(0.5,1.5) and the upper-surface
pressure is plotted in Fig. 14 (left), for frequencies f > 2. It can be
seen that there is a complex spatiotemporal structure. There are two
locations exhibiting large correlation magnitude. The first lies in the
vicinity of x = 0.2 and 0 < At < 0.5 and takes the form of diagonal-
upward-orientated regions of alternating positive and negative
correlation. The second is a pair of diagonal-downward-orientated
regions with positive and negative correlations that lie across
the region 0.5 < x < 1 and intercept A~ 0.8 at the airfoil trailing
edge.

The diagonal-downward regions intercept the mean acoustic-
propagation timeline at the airfoil trailing edge, which strongly
suggests that this feature is associated with trailing-edge noise
production. Moving away from the trailing edge, the Az associated
with this feature increases with respect to the mean acoustic-

0.4 0.6
X

propagation time. It therefore appears that the acoustic signal is
correlating with the turbulent structures in the boundary layer before
they convect over the trailing edge to produce trailing-edge noise.
Effectively, the upstream history of the trailing-edge noise-
production mechanism is observed in this manner. Perhaps surpris-
ingly this feature can be tracked upstream until x ~ 0.2. If we assume
that this feature is associated with the convection of turbulent
structures, we can obtain a velocity estimate of the structures from the
gradient of the diagonal-down regions present on the correlation
map. Noting that the negative structure appears to intercept the axes
at (x, A7) =(0.3,1.98) and (x,Ar) =(1.0,0.85) we obtain a
convection velocity of u = 0.62, which appears reasonable. The
diagonal-upward regions are observable only in the region
0 < x < 0.3, which lies in the laminar region of the flow. The fact
that these regions possess diagonal-upward orientation suggests that
acoustic waves are the dominant source of pressure fluctuations in
this region. It is also interesting to note that in the region 0.25 <
x <0.45 the correlation map exhibits spatiotemporal structure
possessing comparatively smaller wavelengths. In this laminar
separated region strong convective instability growth is expected
[31], and it is likely that the correlation map is influenced by this
behavior.

Although large correlation magnitudes are observed in the laminar
region, it is highly unlikely that this region acts as an acoustic source.
To remove regions from the correlation map that are unlikely to
radiate noise, the correlation map is multiplied by p’'p’(x)/p’ P’ maxs
where p’p’(x) is the root-mean-square (rms) pressure observed at the
source location and p’p’ ., is the maximum rms pressure observed
across all source locations. Scaling the correlation map with rms
source pressure (Fig. 14, right) effectively removes the laminar
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Fig. 14 Cross correlation between pressure recorded at (x,y) = (0.5, 1.5) and pressure recorded at the airfoil surface for frequencies f > 2. Left-hand
image is unscaled and shows 10 levels over the range C,, = 0.3 whereas right-hand image is scaled with rms surface pressure and shows 10 levels over
the range C,,p'p’ (x) /PP max = £2 X 10~!. Negative contour lines are dashed, and thick dashed lines highlight regions discussed in Sec. IV.A.2.
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Fig. 15 Cross correlation between pressure recorded at (x, y) = (0.5, 1.5) and pressure recorded at the airfoil surface for frequencies 2 < f < 6 showing
eight levels over the range 0.06 < ||C,,| < 0.6 (left) and for frequencies 9 < f < 20 showing eight levels over the range 0.037 < ||C,,| < 0.037 (right).

Dashed lines highlight regions discussed in Sec. IV.A.3.
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region from the correlation map. The diagonal-downward-orientated
structure associated with the trailing-edge noise is still present and is
the most prominent feature. Correlation levels are also high in the
region 0.5 < x < 0.6, which corresponds to the transition/reattach-
ment region. It is possible that this feature is related to the additional
noise sources observed in Sec. III.C; however, it should be noted that
this feature did not appear so clearly on the unscaled correlation
map.

3. Cross Correlations for Finite-Frequency Bands

Plotting acoustic pressure for finite-frequency bands suggests that
trailing-edge noise is dominant for lower frequencies, while
additional noise sources located in the vicinity of transition/
reattachment are dominant at higher frequencies (Sec. IIL.C). In an
attempt to isolate these noise sources, cross correlations between
acoustic pressure and the upper airfoil surface pressure are computed
for two finite-frequency ranges. The first frequency range,2 < f < 6,
is selected as being the range over which trailing-edge noise is
expected to dominate. The second frequency range, 9 < f < 20, is
selected as being the range over which the additional noise sources
are expected to dominate. Where correlation maps for finite-
frequency ranges are computed, the modulus of the cross correlation
is illustrated for clarity.

The correlation map for frequency range 2 < f < 6 (Fig. 15, left)
appears very similar to that obtained for frequencies f > 2 (Fig. 14,
left), except the smaller wavelength diagonally-downward-
orientated features located in the region 0.25 < x < 0.45 are not
present. This suggests that the correlation maps are dominated by
the lowest frequency fluctuations present, which will, in general,
tend to contain the most energy. Accordingly, the conclusions drawn
from this correlation map are the same as those for f>2
(Sec. IV.A.2). In contrast, the correlation map for 9 < f <20
appears markedly different. The general structure of this correlation
map is similar to those observed previously: diagonal-upward-
orientated structures are observed in the laminar region, associated
with upstream-propagating acoustic waves, as well as diagonal-
downward-orientated structures, associated with downstream-
convecting hydrodynamic structures. The cross-correlation map
exhibits decreased correlation amplitudes as compared to that for
2 < f < 6, with less pronounced regions of maxima and minima. In
contrast to the previously discussed correlation maps the mean
acoustic-propagation timeline does not intersect a region of high-
amplitude correlation at the airfoil trailing edge, confirming that the
airfoil trailing edge is not a dominant acoustic source for this
frequency range. Regions at which the correlation map is greatest in
amplitude are offset from the mean acoustic-propagation timeline at
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Fig. 16 Cross correlation between pressure recorded at (x,y) =
(0.5,1.5) and pressure recorded within the upper-surface boundary
layer for frequencies 9 <f <20 showing 10 levels over the range
0.026 < ||C,,| < 0.26.

(x, A1) =(0.5,0.95) and (x,Ar) =(0.625,0.95). A possible
explanation for these regions of high amplitude is that they are
associated with hydrodynamic events that lead to noise production
at a later point in time, analogous to the manner in which it is
possible to correlate to turbulence about to convect over the airfoil
trailing edge and produce noise (Sec. IV.A.2). If this is the case, it is
not clear why these regions of high amplitude do not intersect the
mean acoustic-propagation line, as will later be shown for other
observer locations (Sec. IV.A.5).

4. Cross Correlations to Source Locations Within the Boundary Layer

The mechanism for noise production in the vicinity of transition/
reattachment is not yet known, but turbulent fluctuations in this
region are certain to play a primary role. In an effort to more
thoroughly investigate behavior in the frequency range 9 < f < 20, a
cross correlation is computed between an observer location at
(x,y) = (0.5, 1.5) and source locations within the airfoil boundary
layer (as opposed to at the airfoil surface). For each x location, the y
coordinate within the boundary layer corresponds to the location of
maximum turbulent kinetic energy (TKE). This means that the
correlation will include hydrodynamic fluctuations that occur away
from the airfoil surface: for example, those associated with transition
in the separated shear layer.

The cross-correlation map for source locations within the
boundary layer computed for 9 < f < 20 is plotted in Fig. 16. The
correlation map exhibits different regions of correlation maxima/
minima as compared to that obtained by correlating to surface
pressure. However, the cross correlation again exhibits a more
uniform amplitude distribution with no single region of maximum
amplitude. In fact, the peak correlation amplitudes observed have
decreased from |C,,,| ~ 0.37 to ~0.26. Significantly, this means that
acoustic radiation in this frequency range correlates more strongly to
surface pressure than to pressure associated with turbulent
fluctuations within the boundary layer.

5. Effect of Observer Location

To more thoroughly investigate the additional acoustic sources,
the cross correlation between pressure recorded at observer locations
(x,y) = (=1, 1.5) and (x,y) = (1.5, 1.5) to pressure recorded upon
the upper airfoil surface are illustrated in Fig. 17, for the frequency
range 9 < f <20. In contrast to the correlation computed for
observer location (x,y) = (0.5,1.5) (Fig. 15, right), the mean
acoustic-propagation timeline passes directly through correlation
maxima, at x = 0.75 for observer location (x,y) = (—1, 1.5) and at
x=0.65 for observer location (x,y)=(1.5,1.5). That the
maximum correlation amplitude occurs on the mean acoustic-
propagation line for both locations is significant in terms of
identifying a physical origin for the additional noise sources. Itis also
important, however, to note that the maxima do not lie at the same
point on the airfoil surface for both observer locations. No local
maxima are clearly observed to be associated with trailing-edge noise
for either observation location.

6. Surface Pressure Correlations for All Configurations

Cross correlations between acoustic pressure and the upper-
surface pressure for frequency range 9 < f < 20 yielded potentially
enlightening results for the case at @ = 5°; however, the results were
more ambiguous than observed at lower frequencies. To more
thoroughly investigate the problem cross correlations are plotted for
the for the simulations at o = 7° in Fig. 18, for the frequency range
f <9 <20. These can be compared to the equivalent results at
o =5°, in Figs. 3 (left) and 17.

For the NACA-0012 case a region dominated by upstream-
traveling acoustic disturbances is present for 0 < x < 0.15. For the
NACA-0006 case, no such region is observed, due to the stronger
instability growth rates and more rapid onset of transition. A region
of regular coherent downstream-traveling disturbances is present for
both cases, appearing consistent with the convection of insta-
bility waves. For the NACA-0012 case, this occurs in the range
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Fig. 17 Cross correlation between pressure recorded at (x, y) = (—1.0, 1.5) (left) and (x, y) = (1.5, 1.5) (right) and pressure recorded within the upper-
surface boundary layer for frequencies 9 < f < 20 showing 10 levels over the range 0.05 < |C,,| < 0.33. Dashed lines highlight regions discussed in
Sec. IV.A 4.
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Fig. 18 Left-hand image shows the cross correlation between pressure recorded at (x, y) = (0.0, 1.5) and pressure recorded at the airfoil surface for the
NACA-0006 airfoil at o« = 7°, showing eight levels over the range 0.05 < |C,,| < 0.37. Right-hand image shows the cross correlation between pressure
recorded at (x,y) = (0.5,1.5) and pressure recorded at the airfoil surface for the NACA-0012 airfoil at « = 7°, showing eight levels over the range
0.05 < |C,,| < 0.29. Dashed lines highlight regions discussed in Sec. IV.A.

0.15 < x < 0.33, and for the NACA-0006 case, this occurs in the B. Discussion of Additional Sources

range 0.05 < x <0.2. The largest correlation amplitudes for the For the flow around the NACA-0012 airfoil at @ = 5° the point at
NACA-0006 case are observed to occur in this region, indicating that which the separated shear layer reattaches as a turbulent boundary
the additional noise radiated in this frequency range correlates most layer is determined to be x = 0.61 based on the time-averaged skin-
strongly to the instability waves driving transition, and there appear friction distribution. Transition, on the other hand, occurs over a
to be no other clearly defined regions of maximum correlation. For finite streamwise region. Parameters such as the location of
the NACA-0012 case, correlation amplitudes are again significant in minimum skin-friction coefficient (x = 0.54, Fig. 19, left) and peak
the region where primary instability growth occurs; however, there TKE (x = 0.57, Fig. 10) provide an indication of the region over
also appears to be a local correlation maximum located on the mean which transition occurs for separation-bubble flows. In comparison,
acoustic-propagation timeline at x ~ 0.55. cross correlations performed for the frequency range 9 < f <20
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Fig. 19 Left-hand image shows time-averaged skin-friction coefficient for the NACA-0012 airfoil at « = 5° (solid line), the NACA-0012 airfoil at « = 7°
(dashed line) and the NACA-0006 airfoil at « = 7° (dotted—dashed). Right-hand image shows time-averaged streamlines on the upper airfoil surface of the
NACA-0012 airfoil at « = 5° (image is shown stretched in the y direction).
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Fig. 20 Isocontours of the real part of acoustic pressure plotted for f = 15 for the NACA-0012 airfoil (left) and NACA-0006 airfoil (right) at « = 7°.
Black circles indicate the location of maximum TKE and the mean reattachment point.

exhibit peak values lying upon the mean acoustic-propagation
timeline atx & 0.65 and x ~ 0.75 (Fig. 17). Hence, it appears that the
acoustic pressure correlates most strongly to the region directly
downstream of reattachment. It does not appear possible to
distinguish a single location, or point, at which a noise source is
dominant. The origin of acoustic waves generated by the additional
sources can be hypothesized by considering wave fronts illustrated
by plotting the real part of acoustic pressure (Fig. 6). When doing so it
should be noted that acoustic waves with the upstream directivity
exhibited in Fig. 6 (right) will travel with a greater upstream velocity
in the boundary layer (where u is small) as compared to the
freestream (where u is large). This is illustrated by the upstream-
traveling rays in Fig. 11 (left) and means that if the origin of acoustic
waves observed in the freestream (e.g., Fig. 6) is located on the airfoil
surface, this origin may be further downstream than one might
intuitively suppose. Considering Fig. 6 (right) suggests that the
origin of acoustic waves produced by the additional sources lies in
the range 0.6 < x < 0.7. This analysis can be repeated for the two
simulations conducted at o = 7° (Table 3). For the NACA-0012
airfoil at @ = 7° the transition location is determined to be x &~ 0.33.
Plotting acoustic pressure at f = 15 and visually tracing the wave
fronts back to an apparent origin would seem to indicate an acoustic
source downstream of the transition location and of the reattachment
location (Fig. 20, left); however, the origin of the noise does not
appear to be located as far downstream as the cross correlation for this
configuration would indicate (x ~ 0.55, Fig. 18, right). For the
NACA-0006 case atox = 7° the transition location is determined to be
x = 0.2, and, notwithstanding any upstream acoustic propagation
within the boundary layer, the apparent origin of acoustic waves at
f =15 appears in this case to lie close to the transition location
(Fig. 20, right). There also appears to be a secondary noise source
located close to the reattachment point at x = 0.38, close to the
reattachment point, leading to a discontinuity in the acoustic wave
fronts.

It appears then that the behavior of the additional sources is not
clearly defined and varies between the configurations presented here.
For the NACA-0012 case at o =5° evidence suggests that the
additional noise sources do not radiate directly from the transition
region, but instead radiate from a location downstream of the
reattachment point. Conversely, for the NACA-0006 case, the addi-
tional noise sources appear to radiate from a location much closer to
the transition region and to correlate more strongly to instability
waves within the boundary layer. The most intuitive hypothesis for
the additional noise sources is that the turbulent fluctuations present
during transition radiate noise (i.e., as quadrupole sources, with M?
scaling). This appears to be the case for the NACA-0006 airfoil;
however, this mechanism would not appear to explain that the origin
of the noise radiated at o = 5° appears to be downstream of transition.
Turbulent fluctuations in the vicinity of a solid boundary will radiate
more efficiently as surface dipoles (~M?° scaling), and hence it is also
possible that the comparatively weaker turbulent fluctuations present

in the boundary layer downstream of transition might act as noise
sources. However, if the additional noise was simply due to turbulent
fluctuations in the attached boundary layer, acoustic waves would
radiate from all locations downstream of reattachment and the noise
would be lower in amplitude than that produced at the trailing edge,
which is not the case here. Importantly, the separation-bubble flows
considered here possess a markedly different topology to attached
boundary-layer flows. In contrast to an attached boundary-layer flow,
the time-averaged separation bubble exhibits a stagnation streamline
corresponding to flow into the airfoil surface (Fig. 10, right, occurring
atx &~ 0.6). The fact that streamlines immediately downstream of the
reattachment point decrease in height from the airfoil surface with
streamwise distance will enhance the impingement of more energetic
turbulent structures onto the airfoil surface and hence promote noise
production via the more efficient dipolar mechanism. Given that the
amplitude of turbulent fluctuations in the vicinity of reattachment is
significantly higher than that further downstream (Fig. 10), it seems
likely therefore that the reattachment region will act as a noise source.
It should be noted, however, that the turbulent part of the separation-
bubble flow is highly unsteady. Accordingly, the reattachment
process is, in fact, highly unsteady, and reattachment is best regarded
as occurring over a region rather than a point [14] (the instantaneous
skin-friction varies with standard deviation of 8.6 x 1073 about zero
for the case at o« = 5°). Assuming the reattachment process is at least
partly responsible for the additional noise sources, this would
account for the difficulty in distinguishing a singular location for their
physical origin.

Given the above analysis, the question as to why one scenario
would exhibit stronger radiation from the reattachment point and one
case from the transition region must be answered. First, it is likely
that both processes are present for both configurations, but that the
dominant noise source appears most prominently in visualizations
and cross correlations (which elucidate the largest-amplitude
behaviors). Certainly, for the NACA-0006 airfoil there appears to be
two noise sources at f = 15, one located near the transition location
and one located closer to the reattachment location (Fig. 19, right),
which appears to corroborate this hypothesis. Second, the flow
configurations exhibiting differences appear to correspond to a

Table 3 Transition location, reattachment location, and location
where the maximum correlation to surface pressure is
observed for all cases

Geometry o x location of x location x location of
transition of mean maximum
reattachment correlation,
point 9<f<20
NACA-0012 5° 0.55 0.61 0.70
NACA-0012 7° 0.33 0.39 0.55
NACA-0006 7° 0.20 0.40 0-0.2
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preference for each noise-production mechanism. In contrast to
the other flow configurations, the additional noise sources for the
NACA-0006 airfoil appear to radiate most strongly from the
transition region. This configuration exhibits the greatest amplitude
TKE at transition (Fig. 10) and so would be expected to radiate more
strongly here. Furthermore, it is apparent from the skin-friction
distribution (Fig. 19) that the flow exhibits a weaker reattachment,
occurring a greater distance downstream of transition and resulting in
smaller-amplitude skin friction in the attached boundary layer. This
means that the wall-normal velocity at reattachment (i.e., the flow
into the airfoil surface) will be comparatively weaker. In contrast, the
case at @ = 5° exhibits significantly decreased TKE amplitude in the
transition region; however, the TKE amplitude at the reattachment
point is greater than that for the NACA-0006 case (0.11 at x = 0.61
vs 0.95 atx = 0.4), and the reattachment process is more rapid. These
differences would be consistent with an increase in noise amplitude
generated at the reattachment point.

V. Conclusions

Direct numerical simulations of the flow around NACA-0006 and
NACA-0012 airfoils at incidence were conducted, with the aim of
investigating transitional airfoil self-noise. In all cases the upper
airfoil surface exhibited laminar separation, transition to turbulence
and subsequent reattachment as a turbulent boundary layer. The
length of the laminar separation bubble was considerably reduced
and the turbulent reattachment location moved upstream in the higher
incidence cases: in particular, for the thinner airfoil. The lower airfoil
surface remained attached and laminar for the full extent of the airfoil
chord for all configurations. Instantaneous contours of the dilatation
rates in the vicinity of the airfoils suggest that for all cases the
acoustic responses of the airfoil flows are asymmetrical about the
chord line. The contribution of trailing-edge noise radiation is
significant for low frequencies, while for the highest frequency
investigated, the radiated noise appears to be due only to flow events
in the transition and reattachment regions on the suction side. For the
thinner NACA-0006 airfoil, higher acoustic pressure amplitudes are
observed for all frequency ranges, indicating that the airfoil self-
noise mechanism is more efficient for this case.

Cross correlations of acoustic pressure in the far field with pressure
close to or on the airfoil surface were performed. The trailing-edge
noise-production mechanism is clearly observed by computing cross
correlations, indicated by regions of large-amplitude correlation
located at the trailing edge, at aretarded time associated with acoustic
propagation from the source to observer location. This behavior is
present for all observer locations investigated. The upstream history
of the noise-production mechanism is also observed, in that acoustic
pressure at the observer location also correlates to the turbulent
boundary-layer input to the trailing-edge noise mechanism.

An attempt was made to identify the origin of the additional noise
sources by considering cross correlations over the frequency range
9 < f <20, where the additional sources are expected to be
dominant. Despite investigating several observer locations, as well as
source locations in the boundary layer, it was not possible to
determine a single location at which the additional noise sources
radiate. Depending on the configuration, the most significant correla-
tion amplitudes were observed either in the region where primary
instability growth occurs or else for regions directly downstream of
reattachment. Consideration of acoustic wave fronts suggests that the
additional sources radiate from the vicinity of transition and from the
reattachment region. The turbulent fluctuations present during
transition are expected to act as a noise source, radiating via a
quadrupole mechanism. The presence of significant turbulent
fluctuation amplitudes, in conjunction with stagnation flow into the
airfoil surface in the time average, leads to a hypothesis that the
reattachment region also acts as a noise source, radiating via a surface
dipole mechanism. The inability of cross correlations to identify the
additional acoustic source as occurring at a single location, as is
possible for trailing-edge noise, is likely to be because the noise-
production mechanism takes place over a finite region in the most
unsteady part of the flow.
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