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A large eddy simulation of the flow around a NACA 0012 airfoil at zero incidence is performed at a chord-based
Reynolds number of 500,000 and a Mach number of 0.22. The aim is to show that high-order numerical schemes can
successfully be used to perform direct acoustic computations of compressible transitional flow on curvilinear grids.
At a Reynolds number of 500,000, the boundary layers around the airfoil transition from an initially laminar state to
a turbulent state before reaching the trailing edge. Results obtained in the large eddy simulation show a well-placed
transition zone and turbulence levels in the boundary layers that are in agreement with experimental data.
Furthermore, the radiated acoustic field is determined directly by the large eddy simulation, without the use of an
acoustic analogy. Third-octave acoustic spectra are compared favorably with experimental data.

Nomenclature

skin-friction coef cient, ;=(0:5U %)
o mean-pressure coef cient, (p — Po,)=(0:5U %)
chord length of the airfoil
sound speed in the medium at rest
boundary-layer shape factor, *=
Mach number, U =G,
Reynolds number based on the airfoil chord, U _,c=
Reynolds number based on the momentum
thickness
convection time across the airfoil, c=U_,
S upstream ow velocity
wall-friction velocity U = ¢=
velocity uctuations
N boundary-layer displacement thickness
= boundary-layer momentum thickness
wall-unit curvilinear coordinates
molecular viscosity
dynamic viscosity, =
wall-unit curvilinear coordinate, U =
wall shear, @U=@J,_o
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1. Introduction

ECENT rapid advances in computational aeroacoustics have
greatly increased the scope of problems that can be tackled by
numerical methods. This is particularly true of direct noise
computations, in which the sound waves generated by turbulent
ows are obtained directly from an unsteady compressible
simulation of the Navier—Stokes equations. Such simulations
require great attention to numerical detail, because propagative
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acoustic uctuations generally have energy levels that are several
orders of magnitude inferior to those of the aerodynamic ow
features, and they have wavelengths that are orders of magnitude
larger than those of the ow features. Moreover, acoustic
propagation distances are often large in comparison with the extent
of the source-containing unsteady ow region.

The simulation of high-Reynolds-number ows is now
increasingly feasible, due to the development of high-order large
eddy simulation (LES) approaches that manage to preserve the
small-amplitude acoustic perturbations alongside the larger-
amplitude aerodynamic uctuations over a wide range of wave
numbers. Both explicit schemes such as Tam and Webb’s [1]
dispersion-relation-preserving scheme or those proposed by Bogey
and Bailly [2] and implicit schemes such as Padé-type schemes [3,4]
have been successfully applied to aeroacoustic simulations at high
Reynolds numbers. The eld of jet aeroacoustics has been
particularly active in the advancement of these techniques, and a
number of high-Reynolds-number jet ow simulations can be found
in the literature [5-8].

More recently, work on high-accuracy computations around
curved geometries has shown that high-precision methods are not
restricted to simulations around Cartesian geometries [9-12].
Cylinders and airfoils have so far been the most-studied curved
geometries, due to the large amount of experimental data available
and the fundamental academic interest that they present. A number of
time-accurate numerical studies have been performed around
airfoils, often placed at a small angle of attack to the ow and
generally using an acoustic analogy to obtain far- eld sound
characteristics [10,13-16].

Wang and Moin [13] studied the turbulent ow around the trailing
edge of a Blake airfoil at a chord-based Reynolds number of
Re, = 2:15 x 10°. The incompressible ow data were used to
calculate far- eld acoustic information using an integral formulation
of Lighthill’s equation [17], by approximating the airfoil’s Green
function by that of an in nitely thin at plate. They found a
reasonable agreement between their computed acoustic eld and
Blake’s [18] experimental results for high frequencies, but low-
frequency values were badly estimated, due to the insuf cient
transversal extent of their computational domain. Manoha et al. [10]
performed an LES simulation around a NACA 0012 airfoil at a
chord-based Reynolds number of Re, = 2:86 x 10, placed at 5 deg
of incidence to the incoming ow. A Kirchhoff formulation was used
to calculate the acoustic far eld. Oberai et al. [14] simulated the
incompressible ow around an Eppler 387 airfoil at a Reynolds
number of Re, =1 x 10° and used the results as an input to a
variational form of Lighthill’s equation for the computation of the
acoustic far eld. They then studied the acoustic directivity of the
scattered pressure as a function of frequency and observed, as
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processors with a high-speed In niband™ interconnect showed that
communication overheads remained under 5% of the total
computational time for the grid used in this work and for numbers
of processors ranging up to 126.

The computation presented here describes the ow around a 3-D
NACA 0012 airfoil placed at zero incidence to a ow at a Mach
number of M = 0:22. The airfoil has a chord of ¢ = 10 cm and the
resulting chord-based Reynolds number is Re, =5 x 10°5. The
computation was performed on a 12.3-million point grid, composed
of 1193 points in the circumferential direction, 230 points in the
radial direction, and 45 points in the spanwise direction. The
computational domain is split into 13 subdomains, and the parallel
computation was run on a laboratory cluster of 13 AMD Opteron
processors linked by a standard gigabit Ethernet network. The
computation was run for a total of 108 jterations, of which the rst
400,000 were discarded and the last 600,000 were used to compute
the statistics reported in this work. These 600,000 iterations
correspond to 15 airfoil ow-through times based on the upstream
velocity U . The total computational wall time was approximately
4000 h. Grid resolution is important for such a simulation, if one is to
capture the detailed boundary-layer behavior without using wall
models. Indeed, various studies [29-31] performed in the European
project titled LESFOIL (large eddy simulation of the ow around an
airfoil) have concluded that low grid resolution leads to poor
computational results when transitional phenomena are present.
Furthermore, these studies showed that different subgrid-scale
models tend to show widely varying results on under-resolved
transitional zones, due perhaps to the subgrid-scale viscosity
adversely affecting laminar ow regions. Therefore, in this work,
care is taken to ensure that near-wall grid resolution is satisfactory.
Grid spacings in wall units close to the trailing edge are as follows:

+~20, * ~25 and zt ~ 20 in the streamwise, radial, and
spanwise directions, respectively. The total computational domain
extends out approximately one chord length in the radial direction
and half a chord length beyond the trailing edge in the downstream
direction, and the spanwise extent of the grid corresponds to
approximately 5% of the airfoil’s chord length.

A sponge zone is used in the last 20 points of the wake zone to
minimize the force of vortical structures impinging on the
downstream radiation condition. The sponge zone is implemented by
the combination of strong grid stretching (on the order of 10%
between adjacent grid cells) and an additional Laplacian-type
dissipation term.

III. Results
A. Mean Flowfield

The pressure distribution around the airfoil is an important
parameter, both in terms of aerodynamic characteristics (because it
determines the lift and drag coef cients of the airfoil) and in terms of
boundary-layer behavior (because the pressure gradient is known to
affect the development of both laminar and turbulent boundary layers
[32,33]). This distribution is shown in Fig. 2 and is compared with
experimental values obtained by Lee and Kang [34] for a NACA
0012 airfoil at a chord-based Reynolds number of 600,000 and a
Mach number of M = 0:09. A good agreement is found between the
computational and experimental results. Of importance is the fact
that from X=c = 0:15 down to the trailing edge, the boundary layer is
subject to an adverse pressure gradient.

Results concerning the boundary-layer transition from a laminar to a
turbulent state are now examined. It should be noted that transition is a
very sensitive ow phenomenon and, as such, can be strongly affected
by experimental conditions (in particular, the level of freestream
turbulence [35,36]). Thus, experimental results regarding transition
show spread, and qualitative agreement between the computation and
experimental results is already a challenging goal. As an illustration of
this, experimental transition results from similar con gurations at
relatively low Reynolds numbers are gathered in Table 1. A good
reference for higher Reynolds numbers can be found in [38].

In the present simulation, the position of what might be loosely
referred to as the instantaneous transition zoneries slightly with
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Fig. 2 Mean-pressure coefficient C, = (p — p,)/(0.50 u%) around a
NACA 0012 airfoil: Lee and Kang [34] measurements at Re, = 600, 000
() and simulation results at Re, = 5 x 10° and M = 0.22 (solid line).

time, at a very low rate (substantially lower than the frequencies
associated with most ow events in the boundary layer), because its
Strouhal number based on the airfoil thickness is on the order of
St. = 0:016. Over the total physical simulation time during which
data were collected, only approximately two oscillations of the
transition location were observed, and so the regularity of this
phenomenon could not be ascertained. The beginning of the
transition zone appears to move roughly between Xx=C= 0:4 and
0.55, whereas the end of the zone oscillates between X=c = 0:7 and
0.8. These observed bounds are very approximate by nature: rst,
because only two cycles of the oscillation have been observed, and
second, because it is hard to give a clean de nition of an
instantaneous transition zone. It is believed that this oscillation is not
due to a lack of convergence of the computation, but its origin
remains unclear. It appears not to be imputable to a global oscillation
of the whole computational domain, because the velocity eld near
the upstream and lateral boundary conditions shows no sign of
comparable uctuations, and the pressure eld oscillates by around
1 Pa, which should not suf cient to lead to the observed boundary-
layer behavior. It is also hard to know whether this oscillation is
physical or not, because experimental data suf ciently resolved at
very low frequencies have not been found. Unless otherwise
speci ed, boundary-layer data presented in this work are averaged
over the entire physical part of the run.

A st illustration of the boundary-layer behavior is shown in
Fig. 3. Mean velocity pro les at different points along the chord are
represented according to inner-region scalings [i.e., ut =f (y™)].
Typical laminar boundary-layer behavior is observed up to
x=c= 0:52, where u™ = y* (shown in dashes in Fig. 3) over the
viscous sublayer thickness. Downstream of the point Xx=C = 0:52,
velocity pro les deviate from the viscous U™ = y™ law at a distance
of roughly 10 wall units from the wall. The velocity pro le around
the end of the transition region at X=C = 0:71 exhibits a viscous
sublayer until approximately y* = 10. From y* ~ 10 to around
y*+ =~ 80, the pro le approximately follows the standard logarithmic
law ut = (1= ) In y* + B established for a zero-pressure-gradient
boundary layer (dashed line in Fig. 3, with 1= and B taking the
standard values of 2.44 and 5.2), albeit being slightly above, which is
consistent with the adverse pressure gradient faced by the boundary
layer and is also observed in the experimental data of Lee and Kang
[34]. It is in fact possible to derive a similar logarithmic law
governing the mean velocity in the overlap region when the pressure

Table 1 Transition positions for various experimental works on the
flow around an airfoil at zero incidence

Gartenberg and Roberts [39] Re, = 3:7 x 10° x=c =~ 0:8

Lee and Kang [34] Re, =6 x 10° 0:62 < x=c < 0:78

Kerho and Bragg [37] Re. = 7:5 x 10° 0:65 < x=c < 0:77
Re, =1:25x 105  0:57 < x=c < 0:67
Re, =2:25x 105  0:43 < x=c < 0:50
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scenarios [42]. The maximum value of Ujh =7 is reached at a
streamwise location of X=C ~ 0:63 (see Fig. 7a). The computed
ut pro le at this location shows a good qualitative match with its
experimental counterpart and, in particular, exhibits a plateau in
the region 10 <y*™ <30, albeit less marked than in the
experiment. Mislevy and Wang [43] showed that this plateau in
the early stages of transition is due to the presence of an adverse
pressure gradient by comparing uctuation pro les in transition-
ing boundary layers subject to different adverse pressure
gradients. The height at which the maximum uctuation levels are
reached is slightly lower in the computational results, at
approximately y* ~ 30, to be compared with the value of y™ ~
40 obtained experimentally. The most noticeable discrepancy in
shape is observed for the pro les around x=c = 0:69 (see Fig. 7b).
At this location, the computed pro le peaks well inside the
boundary layer at y™ =18 and closer to the wall than the
measured pro le, which reaches its maximum at around y* = 65.
The uctuation pro les obtained from the computation collapse
cleanly in the viscous sublayer, as should be the case with
properly computed friction velocity values.

The progressive transition to a turbulent state can be observed in
the time histories of the streamwise velocity signals shown in Fig. 8.
The velocity histories are represented as a function of nondimen-
sional time t=t;, where t. = c=U,, is the freestream convection time
over the airfoil. The rst signal is measured at X=Cc = 0:5, the second
is from inside the transition zone at X=C = 0:63, and the last plot is
from the turbulent zone at x=c = 0:85. All three signals are measured
at a height of approximately 15 wall units from the airfoil. Note that
the vertical scale for the rst and last signal is half that of the second
signal, to show signal shapes more clearly. Indeed, the second signal
is measured at the point at which maximum levels of rms uctuations
are observed in the boundary layer, as can be seen in Fig. 5. It is
interesting to note that the signal measured in the laminar zone is
quite irregular. The oscillations are fairly sinusoidal, but their
amplitude varies strongly with time. Fluctuations are thus present
before transition takes place, these perturbations only being
ampli ed once the boundary layer becomes unstable.

A 2-Dview of the ! , vorticity eld around the trailing edge of the
airfoil, presented in Fig. 9a, gives a visual representation of the
process of transition. The appearance of large-amplitude vortical
disturbances is seen to take place very quickly at approximately 60—
65% of the chord in this snapshot. The initially large spanwise
vortical structures break down rapidly to form much smaller
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Fig. 8 Velocity signals in the boundary layer of the NACA 0012 airfoil
at Re. =5 x 10° and M = 0.22, measured at y+ =~ 15 and at different
abscissae along the airfoil for x/c at a) 0.5, b) 0.63, and c) 0.85.

components, which can be seen in Figs. 9b and 9¢c. These views show
snapshots of the streamwise vorticity ! ,, taken from the top and the
side, respectively. Small vortical structures appear around
x=C =~ 0:63, farther downstream than the oscillations apparent in
Fig. 9a, because the boundary-layer instability is initially two-
dimensional and only progressively becomes three-dimensional
once the end of the linear growth region is reached.

Vorticity is arranged in streamwise ribbons of alternating sign, for
which the upstream ends are very close to the wall and the
downstream ends are higher up in the boundary layer. The average
observed length of the vortices varies from around x* =200 at
x=c=0:7 to approximately x* =80 at x=c= 0:95. They are
commonly referred to as horseshoe vorticea the literature [42,44]
and are generally believed to be responsible for the majority of
turbulent energy creation in the boundary layer via their bursting
process. Most of the horseshoe vortices observed are incomplete or
one-sided, as also noted by Robinson [45] in his examination of DNS
data obtained by Spalart [46] for a turbulent boundary layer. The
average length of the horseshoe vortices observed in this work is
comparable with that of X+ = 100 given by Panton [42]. The average
spanwise separation of these longitudinal structures in the
computation is around [Z71= 110, which closely matches the
value of [Z71= 80-100 found by Kline et al. [47].

C. Acoustic Results

The acoustic eld generated by the airfoil is also captured in the
computation. It is, moreover, properly propagated to the
computational domain’s outer boundaries, due to the low dispersion
and low dissipation of the numerical technique used.

A preliminary examination of pressure- eld snapshots shows
them to be free from gross artifacts such as those sometimes induced
by radiation conditions. This is promising, especially given the
geometrical proximity of the radiation conditions to the acoustic
source zone. Indeed, the radiation formulation used in this work is
valid in the far eld for a uniform mean ow [27]. Despite the
distance from the trailing edge to the radiation conditions being of the
same order as the airfoil chord, the far- eld assumption is rather well-
satis ed, because the acoustic source zone is concentrated at the
trailing edge and the wavelengths of the acoustic radiation are small
compared with the chord. However, the mean ow is clearly not
uniform, particularly in the wake zone. The effect of the sponge zone
can be noticed on the acoustic eld shown in Fig. 10, in which
acoustic waves seem to disappear in the downstream direction after
X=C =~ 1:25. This is due to the increased numerical dissipation in the
sponge zone. Figure 10 also shows some slight re ections from the
boundary conditions, but on the whole, they are deemed to be
acceptable here in the context of the preliminary way in which
acoustic levels are computed.

It should be noted that the convergence of the mean ow eldin the
radiation zones during the initial transient phase of the computation
is delicate: the rate at which the mean elds are adjusted with
instantaneous information must approximately match the variation
rate of these elds during the transient period.

Figure 10 shows an instantaneous view of the uctuating pressure

eld around the airfoil. Sound waves can clearly be seen to radiate
away from the trailing edge, the nearly circular aspect of these waves
indicating that the emission zone is almost pointlike in the X-Y plane.
On this particular view, low-amplitude sound waves can also be seen
to be leaving the leading edge. The upstream ow has no incoming
arti cial turbulence, and so it would appear that these waves are the
result of the leading-edge diffracting waves emitted at the trailing
edge. No particular frequency clearly dominates the sound eld, as is
supported by the narrow-band spectrum shown in Fig. 11. The plot
represents the power spectral density, in decibels per Strouhal, of the

uctuating pressure at the edge of the computational domain. The
coordinates of the measurement point are X = 0:1 and y = 0:095.
The Strouhal number used here is based on the chord of the airfoil and
the upstream ow velocity, St, = fc=U _,. At the observation point,
the Strouhal number resolution limit for acoustic waves is St, = 80,
based on a criterion of at least ve points per wavelength. The
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Fig. 12 Time history of the fluctuating pressure at the edge of the
computational domain above the trailing edge of a NACA 0012 airfoil.

domain is taken and scaled, supposing that the radiation is of a two-
dimensional nature in a uniform ow. The two spectra are observed
to match well, with levels issued from the computation being slightly
higher than experimental levels, but with differences not exceeding
3 dB. The simple scaling of pressure from a single point is a
somewhat rough approximation and calls for a few remarks. Indeed,
it rst supposes that the ow from the computational measurement
point (10 cm away from the trailing edge) outward to the
experimental measurement point is uniform, which, judging from the
computational results at the computational domain’s boundaries, is a
reasonable assumption. Furthermore, the simple scaling assumes that
there is no diffraction from the leading edge of the airfoil back toward
the measurement point, because only information on the direct
propagation path from the trailing edge to the measurement point is
used. This acoustic signal therefore does not contain the pressure

uctuations back-scattered by the leading edge toward the
experimental measurement point, but contains the signal back-
scattered toward the point at which the signal is measured in the
computational domain. The assumption that the back-scattering is
negligible at 90 deg to the trailing edge is especially true for higher
frequencies; but, in any case, analytical studies of leading-edge back-
scattering [49] suggest that this effect should remain marginal in the
con guration studied here.

Supposing that the acoustic radiation is two-dimensional leads to
an overestimation of the pressure level that is frequency-dependent,
because the correlation length should depend on the frequency.
Unfortunately, no experimental spanwise coherence data were
provided by Lee and Kang [34] for their experiments. However, in
the present simulation, once well outside the boundary layer, the
pressure correlation across the domain’s width is very high, on the
order of 0.99, and hence the approximation should be suf cient to
compare trends between experimental acoustic data and those
obtained from the computation.

Unlike in experiments, it is not necessary to apply a correction to
sound ray trajectories. Indeed, in experiments, sound propagating
away from the airfoil is refracted by the shear layer of the
experimental jet before reaching the microphone. This is not the case
in the present simulation, because the ow covers the entire
computational domain.

It can be noted that there is no indication of a strongly tonal
Tollmien—Schlichting type acoustic radiation present in Fig. 13. This
is in agreement with experimental observations by McAlpine et al.
[50]foraNACA 0012 airfoil at a Reynolds number of 340,000 and at
zero incidence to the ow. They observed a laminar-to-turbulent
transition shortly upstream of the trailing edge and concluded that
this transition broke any possible Tollmien—Schlichting feedback
loop, thus precluding tonal noise.

IV. Conclusions

The ow around a 3-D NACA 0012 airfoil at a transitional chord-
based Reynolds number of 500,000 and a Mach number of 0.22 was
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Fig. 13 Comparison of SPL in third-octave bands at 1.22 m from a
NACA 0012 airfoil with results by Brooks et al. [48]: experimental results
at Re, = 5 x 10° (solid line) and results from the computation (dotted—
dashed line).

studied numerically with a parallel curvilinear compressible solver
based on high-order methods. The airfoil is placed in a uniform mean

ow at zero incidence to the direction of the ow. According to
available experimental results, the airfoil’s boundary layers at this
Reynolds number are initially in a laminar state and transition toward
turbulent boundary layers along the second half of the airfoil. The
computational results presented in this work show that the location of
the transition zone is well-captured and that the mean velocity eld
after the transition region is well-described by the modi ed turbulent
logarithmic law, including adverse pressure gradient effects.
Furthermore, rms velocity uctuation pro les and skin-friction
values are in reasonable agreement with experimental data. The
acoustic eld resulting from turbulent boundary-layer structures
crossing the trailing edge is also determined in the same computation.

First analyses indicate that acoustic data follow expected trends. A
broadband radiation pattern is observed, and no tonal Tollmien—
Schlichting feedback loop is detected. A reasonable match is
obtained between computational results and corresponding third-
octave acoustic experimental spectra.

It is hoped in the near future to perform similar computations at
different Mach numbers, allowing the comparison of the acoustic
scaling with the analytical dependence on the fth power of the
velocity, which, to our knowledge, has not as yet been veri ed in
compressible computations of turbulent ows crossing a trailing
edge.

Appendix A: Navier—Stokes Equations
in Curvilinear Coordinates
I. Curvilinear Equations
The geometrical transform between the physical domain and its
computational counterpart is characterized by its Jacobian matrix,
which describes the variations of the computational coordinates , ,
and as a function of the physical coordinates X, y, and z, is given by

X X X
J= @ @ oy
@ o o
@z @z @z

The transformed equations can be written as follows [51]:

@ U @1
@tj +@ j[ X(EE_EV)+ y(Fe_Fv)+ Z(Ge_Gv)]
@ 1
+@ j[ X(EE_EV)+ y(Fe_Fv)+ Z(Ge_Gv)]
@1
+—= [ x(Be—E)+ y(Fe_Fv)+ (G —Gy)] =0 (Al)
@ J
where
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U=Guvwe 7 (A2)

and the inviscid and viscothermal uxes are given, respectively, by

0 y 1 0 0 1
u2+p XX
EeZ% uv E E, = Xy g
uw Xz
(el+p)u uxx+vxy+sz_qx
0 1 0 1
v 0
uv Xy
Fe= V2+p F, = vy
VW

0 1 0 1
uw Xz
Ge = vw Gv = yz
w?Z+p

o4
(el+p)w u><z‘|'Vyz‘|'sz_qz

Subscripts denote partial differentiation with respect to the
subscripted variable (i.e., U = @uU=@ The shear stress terms are
given by the following expressions:
=2 20U + U 4+ U)—=(yW + W + W)
(W + w + w)
w=31(yN + W+ W)—(xU+ U+ 4u)
(W + w4+ w)
2=3 (W + W + W)—(Uu 4+ 4u + ,U)
—(yW + W+ W)
= (yU U+ U+ Vv V)
= (U + U+ u+ W+ w4+ ,w)
= (N + NV + V+ W+ W+ W)
O =—K(T + T + 4T)
gy =—k(,T + ,T + ,T)
g, =—-k(, T + ,T + ,T)

where the heat ux terms , 0y, and g, are obtained using Fourier’s
law:

q =—kVT

wherek = ¢ = ( isthe dynamic molecular viscosity speci ed by
Sutherland’s law, Cp is the speci c heat at constant pressure, and  is
Prandtl’s number, for which the value is generally set to 0.72 for
typical air ows).

II. Wall Condition

Atahard surface, velocity components are equal to zero and do not
need to be updated. The equations governing density and total energy
are also simpli ed by the zero velocity at the wall. For instance, for a
wall described by = 0, the density equation thus becomes

e_e@ele .@
@t @ J @xu+@yv

The right-hand spatial derivatives are computed using the one-
sided 11-point differencing scheme for which the details are
presented in Berland et al. .
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