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Introduction

D EVELOPING suppression methods for the jet noise relies on
accurate computations of the sound radiated from the turbu-

lent mixing layer. The aim of this study is to develop an ef� cient
numerical tool with nonre� ecting boundary conditions to evaluate
the near-� eld source of the jet noise and portion of the acoustic
� eld using the direct numerical simulation of Navier–Stokes equa-
tions. Recently, many high-orderaccurate � nite difference schemes
have been suggested for computationalaeroacoustics.Three differ-
ent categories of numerical schemes have been proposed for com-
putationalaeroacoustics.These categoriesincludeexplicitMacCor-
mack schemes with operator splitting (see Ref. 1), compact � nite
difference schemes proposed by Lele,2 and the dispersion-relation-
preserving scheme developed by Tam and Webb.3

The explicit MacCormack schemes with operator splitting are an
extensionof the two–four dissipativescheme developedby Gottlieb
and Turkel,4 which is fourth-order accurate in space and second-
order accurate in time. The two–four scheme itself is an extension
to the second-order MacCormack scheme. One-sided differences
are used in the explicit MacCormack schemes to add dissipation
for the numerical stability. The accuracy of these schemes is im-
proved by Hixon1 by adding one point on the opposite side to each
of the one-sided differences. Thus, the dispersion and dissipation
errors are minimized for each one-sided difference. The new fam-
ily of MacCormack schemes is tested on benchmark problems. In
this work, these schemes are used to study the nonlinear instabil-
ity of subsonic jets using the unsteady compressibleNavier–Stokes
equations. Moreover, the numerical boundaries can generate spu-
rious waves that may render the computed solution entirely un-
acceptable. Several boundary conditions have recently been pro-
posed for computationalaeroacoustics.These boundary conditions
include characteristicmethods,5 asymptotic analysis of the govern-
ing equations,6 buffer domain technique,7 and matching layer.8

Numerical Method and Results
The governing equations are the unsteady compressible Navier–

Stokes equations, which are used in conservative form and cylin-
drical coordinates. The governing equations can be written in the
following vector form:
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High-order-accurate MacCormack-type schemes with operator
splitting (see Ref. 1), up to sixth-orderaccurate in space and fourth-
order accurate in time, are used to discretize Eq. (1). The operators
are alternatedwith symmetricalvariantssuch that the schemesmain-
tain their accuracy as explained by Mankbadi et al.9 and Owis and
Balakumar.10

The treatment of the boundariesis essential for the jet noise com-
putations.Differentboundaryconditionsare testedhere for subsonic
jet simulations.At the in� ow boundary,nonre� ectingboundarycon-
ditions are used.These boundaryconditionsare based on specifying
the incoming and the outgoing characteristic waves. At the out-
� ow and radiation boundaries, three different boundary conditions
are considered. These boundary conditions are the characteristic
boundary conditions, buffer domain, and perfectly matching layer.
For the characteristicboundaryconditions,all of the incomingchar-
acteristics are set equal to zero, and the outgoing characteristicsare
calculated from the interior points. The buffer domain technique
is proposed by Streett and Macaraeg.7 The technique is based on
gradually reducing the ellipticity of the Navier–Stokes equation.
The sources of the ellipticity in the equations are smoothly reduced
to zero through multiplication by an attenuation function. The per-
fectly matching layer is applied by Hu8 for Euler equations. In this
technique, a region is attached to the computational domain at the
boundarieswhere exponentialdamping terms are added to the gov-
erning equations to damp the disturbance.

The growth of the instability waves is computed for a high-
Reynolds-number supersonic jet to evaluate the explicit MacCor-
mack schemes. A comparison between MacCormack schemes is
presented for a different number of points per wavelength. A
two-dimensional axisymmetric jet with supersonic Mach number
(M j D 1:5) and high Reynolds number (Re D 1:27 £ 106 ) is consid-
ered for the comparison. We found that the optimized dispersion-
relation-preserving (DRP) scheme produced minimum dispersion
and dissipation errors compared with all other explicit MacCor-
mack schemes. Even after reducing the grid size in the axial direc-
tion from 17 points per wavelength to 9, the results producedby the
DRP scheme is not much affected.As the grid size in the axial direc-
tion is reduced to 9 points per wavelength, the two–four scheme has
high dispersion error compared with the DRP scheme as shown in
Fig. 1a.The resultsindicatethathighergrowthrate is obtainedfor the
two–four scheme, although this scheme should have higher dissipa-
tion error. Using a coarse grid introduces a numerical disturbance,
which grows due to the � ow instability and, hence, higher wave
amplitude is obtained. A comparison between the two–six scheme
and the dispersion-preserving scheme is introduced in Fig. 1b. The
results indicate that the dispersion error for the two–six scheme
with the coarse grid is lower than that of the two–four scheme with
the same grid size and that the amplitude of the axial velocity dis-
turbance is relatively higher than that of the dispersion-preserving
schemefor the � negrid.However, the two–six and four–six schemes
are much better than the two–four scheme; the best results are pre-
dictedwith the optimizeddispersion-preserving scheme.The results
of the boundary treatments for the jet problem are introduced in
Figs. 2 and 3. Different boundary conditions such as characteristic
boundary conditions, buffer domain method, and perfectly match-
ing layer techniqueare comparedwith a referencesolutionobtained
from long-domain simulation. A subsonic cold jet with M j D 0:85
and Reynolds number 2500 is considered for the comparisons.The
computationaldomain of interest is extended to 50 radii in the axial
direction and 15 radii in the radial directionwith grid dimensionsof
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a) 2–4 and DRP schemes

b) 2–6 and DRP schemes

Fig. 1 Axial velocity disturbance vs axial distance for different grid
size, Mj = 1:5 and Re = 1:27 £ £ 106.

Fig. 2 Time history of the pressure disturbance for one periodic cy-
cle (——, buffer domain; ¤, long domain; -¢ -, characteristic boundary
conditions; and - - - -, matching layer).

500 £ 200 points. A uniform grid is used in the axial direction, and
the grid is clustered in the radial direction at r D 1 with clustering
parameter 4.5. For the perfectlymatching layer technique,a layer of
7 radius length and of 70 grid points is attached close to the out� ow
boundary at the downstream location. Another layer with the same
thickness is added at the radiation boundary, and 30 grid points are
used for this layer. A buffer domain with 12 radius thickness and
120 points is used in the axial direction. The time signal of the pres-
sure disturbancesat differentpositions in the computationaldomain
is presented in Fig. 2 for different boundary conditions.The results
indicate that maximum wave re� ectionsare causedby the character-
istic boundaryconditions.As a result of the characteristicboundary
treatment, the phase and amplitude of the pressure disturbancesare
completelydifferent from those of the long-domainsimulation.The

a) r = 7:5

b) r = 6

Fig. 3 Amplitude of the pressure disturbance vs axial distance for dif-
ferent lengths of matching layers.

buffer domain technique caused some changes of the predicted dis-
turbanceamplitudebut the resultsare still better than thosepredicted
by the characteristicboundary conditions.Minimum re� ections are
caused by the matching layer technique at the out� ow boundaries.
The resultsobtained by the perfectlymatching layer are in excellent
agreement with the reference solution for the whole computational
domain, as shown in Fig. 3a. The variation of the pressure distur-
bance amplitude with the axial distance for the � rst subharmonic
(!/2) is introduced in Fig. 3a.

It is clear from Fig. 3 that minimum re� ections are caused by the
matching layer technique whereas the characteristicboundary con-
ditions render the solution completely different from the reference
solution.Thus, the matching layer technique is the kind of boundary
treatmentthatonemight rely on for the jet noise simulationsbecause
it is not as computationally expensive as the buffer domain tech-
nique, and it is nearly perfect for the out� ow boundary treatments.
Decreasing the length of the perfectly matching layer might causes
some re� ections at the out� ow boundary.To determinethe lengthof
the matching layer required for minimum wave re� ections, a com-
parison between two matching layer results with different lengths
is shown in Fig. 3b. Two jet simulations are done to calculate the
variation of the pressure disturbance amplitude with the axial dis-
tance. The � rst simulation is done with a layer of 15 radius length
in the axial direction and the second simulation is computed for a
layer of 4 radius length. The same absorption coef� cients are used
for both layers. The results indicate that some re� ections are caused
by the shorter layer specially near the out� ow boundary. However,
the wave re� ections are still very small, and the amount of wave re-
� ection does not exceed 2% of the pressure disturbance amplitude.

Conclusions
A numerical method is developed to compute the jet noise us-

ing the explicit MacCormack schemes and nonre� ecting boundary
conditions.The computationsindicatethat theoptimizeddispersion-
relation-preservingscheme produces minimum dispersion and dis-
sipation errors compared with all other explicit MacCormack
schemes. In addition,the results indicate that the perfectlymatching
layer technique gives minimum re� ections at the out� ow bound-
aries. Therefore, the perfectly matching layer technique is suitable
for the jet noise simulations.
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Nomenclature
C p = pressure coef� cient
C pmin = peak suction pressure coef� cient
c = airfoil chord
f = frequency of oscillation, Hz
k = reduced frequency, ¼ f c=U1
M = freestream Mach number
p = static pressure
s; n = coordinates along and normal to airfoil surface
x; y = chordwise and vertical distance
® = angle of attack
®0 = mean angle of attack
Ä = spanwise component of vorticity

I. Introduction

I T was shown in earlier work1 on unsteady separation control
that changing the leading edge curvature of an NACA 0012 air-
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foil was effective in producing signi� cant stall delay (about 5 deg
at M D 0:3) throughdecreasingleading-edge� ow acceleration.The
extremesensitivityof the airfoilpeak suctionpressureto the � ow ac-
celeration around the airfoil leading edge resulted in reduced peak
suction levels when the nose radius was increased. Rounding the
leading edge also distributed the low-pressure region over a wider
extent on the airfoil upper surface, reducing the leading-edge ad-
verse pressure gradient, thus making it possible for the airfoil to
reach higher angles of attack before stalling, in both steady and un-
steady � ows. As a result, satisfactory airfoil performance ensued
over a larger operating envelope. In Ref. 1, certain intermediate
shapes are identi� ed that were dynamic stall vortex free. The redis-
tribution of the vorticity � ux arising from tailoring the nose radius
can eliminate the dynamic stall vortex completely and vastly im-
prove a pitching airfoil force and moment loops. Thus, such a � ow
controlmethod is very valuable for compressibledynamic stall con-
trol, which is always a leading-edge type of stall, dominated by a
strong clockwise vortex convecting over the airfoil.

Although in Ref. 1 control of compressible dynamic stall us-
ing � xed, round nosed airfoils was demonstrated,rotor applications
require dynamic airfoil shape adaptation because of the large dif-
ferences in � ow speeds on the advancing and retreating sides. Fur-
thermore, the U.S. Army has stipulated that the next generation
of helicopters be signi� cantly more capable in terms of load ca-
pacity and maneuverability.This requires removing the constraints
imposed by the onset of dynamicstall to enlarge the � ight envelope.
One way a given rotor blade can deliver improved performance is
if the potential � ow� eld over it is suitably altered, so that it can
respond to the rapidly changing � ow conditions as it � ies through
a cycle. It is proposed here to use dynamic shape adaptation as a
means to achieve this and to avoid compressible dynamic stall on
its retreating side. Proper blade adaptationrequires determining the
shapes that the airfoil can take without stallingduringsuch a maneu-
ver. These shapesdependon the conditionsencounteredby the rotor
blade. To satisfactorily employ this technique, the � uid mechanics
of the � ow over airfoils of different shapes need to be understood,
and have been discussed in Ref. 1.

The present experiments were focused on controlling the � ow
over a sinusoidally oscillating airfoil by determining the dynamic
shape variations that produced the right nose curvature at each in-
stantaneous � ow condition, thus producing the most attached � ow
over the rangeof anglesof attackof interest.A sharp-to-roundshape
change pro� le was chosen, while always maintaining the airfoil
shapes within the range of a previously determined attached � ow
envelope,1 to achieve the desired � ow control effect.

II. Description of the Experiment
Practical implementation of real-time adaptation of an oscillat-

ing airfoil requires overcoming the demanding challengesof design
and fabrication.A NACA 0012 derivative airfoil, known as the dy-
namically deforming leading edge (DDLE) airfoil, with 15.24-cm
chord was specially developed for the present purpose. Its leading
20% is cast from a carbon–� ber composite; the rest is machined
from solid metal. The composite � ber is about 50 ¹m thick at the
leading edge and is attached with a tang to a mandrel, shaped to the
NACA 0012 pro� le, housed inside the airfoil. The mandrel, driven
by brushless servomotors, translates in the chordwise direction by
less than 2 mm to produceup to 320% continuouschange in the air-
foil leading-edge radius. For convenience, the various shapes used
are denotedby integers,with 75-¹m mandrel displacementfor each
shape number change.Shape 0 correspondsto the NACA 0012 pro-
� le. More details about the DDLE airfoil design may be found in
Ref. 2.

A typical deformation schedule consists of rounding the nose
by retracting the leading edge, holding the � nal shape for a dwell
period, and extending the leading edge back to the original shape.
As stated earlier, prior studies1 identi� ed dynamic stall vortex-free
geometries, based on which oscillating airfoil shape-changesched-
ules that offered the most potential for success were determined.
Two shape-change schedules, one fast and the other slow, along
with the correspondingangle-of-attackvariations, shown in Fig. 1,
were used in this study (for details, see Ref. 3). The oscillations in


