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Large-Eddy Simulation of a Turbulent Compressible Round Jet
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A large-eddy simulation (LES) of a high-Reynolds-number jet was performed. A numerical scheme that is
uniformly fourth-order accurate in time and space was used to solve the Favre-� ltered Navier–Stokes equations.
The subgrid-scale stresses were computed using a compressible form of Smagorinsky’s model. A cold Mach 1.4
nozzle with a Reynoldsnumberof1:2 £ £ 106 was simulated.In contrast to similarstudies, the entire nozzle geometry
including the nozzle lip was modeled. The LES simulation accurately captures the physics of the turbulent � ow.
The agreement with experimental data is relatively good and improves on results in the current literature. This
improvement can be attributed to the numerical scheme and the modeling of the nozzle. In addition, a two-
point correlation technique was used to quantify the turbulent structures in the jet mixing layer and showed
that computational techniques can be used to characterize such structures for application to Lighthill’s acoustic
analogy. Two-point space correlations were used to obtain a measure of the integral length scale, which proved
to be approximately 1

2 Dj. Two-point space-time correlations were used to estimate the convection velocity for the
turbulent structures. This velocity estimates ranged from 0.57 to 0.71 Uj and is in agreement with theory.

Nomenclature
C = Smagorinsky model coef� cient
C I = Smagorinsky model coef� cient
C² = subgrid-scale turbulent dissipation rate

model coef� cient
cp = speci� c heat at constant pressure
D j = jet diameter
et = total energy per unit mass
L = length of jet potential core
` = integral length scale
Pr = Prandtl number
Prt = turbulent Prandtl number
p = pressure
Q i = subgrid-scaleheat-� ux vector
R = correlation coef� cient
Re j = Reynolds number based on jet diameter
Si j = strain rate tensor
T = temperature
t = time
U = velocity
Uc = convective velocity
Uµ = velocity at angle µ to the jet axis
u, v, w = velocity components
u i = velocity vector
x , y, z = Cartesian coordinates
xi = coordinate vector
° = ratio of speci� c heats
1 = � lter width
±i j = Kronecker delta
² = turbulent dissipation rate
¹ = dynamic viscosity
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½ = density
¾i j = stress tensor
¿ = time delay for two-point correlation
¿i j = subgrid-scale stress tensor
Ái = two-point correlation position vector
Ãi = two-point correlation separation vector

Subscripts

exp = experiment
j = jet
LES = large-eddy simulation
0 = stagnation/total condition
1 = freestream

Superscripts

¡ = spatially � ltered quantity

Q = Favre-� ltered quantity

O = resolved quantity
NN = time-averaged quantity
0 = unresolved quantity
00 = perturbation from time-averaged value
OO = turbulent intensity

Introduction

I N the commercial aircraft industry reducing the noise generated
by the aircraft has become an important focus, as communities

have begun to impose increasingly stringent restrictions on noise
levels near airports. The primary contribution to community noise
is jet noise from the engine at takeoff. The behavior of turbulent
jets and the mechanisms by which they generate sound are not well
understood.Expandingtheboundsof knowledgein jet aeroacoustics
has become the focus of several recent national programs including
NASA’s High Speed Research and Advanced Subsonic Technology
programs.

Computational � uid dynamics (CFD) has the potential to signif-
icantly increase the understanding of jet � ows. CFD methods can
provide detailed data for the entire jet � ow� eld. However, current
methods using Reynolds-averaged Navier–Stokes (RANS) tech-
niques, which model all of the turbulent scales in the � ow, provide
only a time average of the � ow� eld. Large-eddy simulations (LES)
offer the potential for a more realistic representation of the � ow
physics, and hence, improved predictions. LES methods directly
compute the large-scale turbulent structures that carry the majority
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Table 1 Nozzle and ambient conditions

Quantity Symbol Value

Ratio of speci� c heats ° 1.4
Nozzle plenum pressure p0 j 312,410.0 Pa
Nozzle plenum temperature T0 j 300.0 K
Nozzle exit Mach number M j 1.395
Nozzle exit diameter D j 0.0254 m
Jet velocity U j 411.0 m/s
Ambient pressure p1 98,862.0 Pa
Ambient temperature T1 297.0 K
Reynolds number Re j 1:2 £ 106

of the energyand model only the small-scale turbulence.As a result,
LES provides unsteady/turbulent � ow� eld data that can be used to
determine the turbulent and acoustic characteristicsof the jet.

A large-eddy simulation of a turbulent compressible jet from a
nearlyperfectlyexpandedaxisymmetricnozzlewas performed.The
jet has a Reynolds number of 1:2 £ 106 and an exit Mach number
of 1.4. The nozzle exhausted into quiescent air. Table 1 summarizes
the nozzle and ambient conditions.

A completedescriptionof the jet � ow� eld is presented.The time-
averaged � ow� eld is compared to the experimental data of Panda
and coworkers1¡3 to assess the accuracy of the simulation. Instan-
taneous � ow� eld data and turbulent statistics lend insight into the
complexbehaviorof the jet.Correlationof the velocitysignals in the
jet’s mixing layer help quantify the characteristicsof the large-scale
structures.

Governing Equations
The Favre-� ltered Navier–Stokes equations were solved, and the

subgrid-scale turbulent stresses were modeled. The subgrid-scale
modeling is based on the incompressibleSmagorinskymodel.4 Ad-
ditional terms to account for compressibility were added based on
the work of Moin et al.5 and Vreman et al.6

The continuity equation is

@ N½
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The momentum equation is
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where the resolved stress tensor is
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the Favre-� ltered strain rate tensor is
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and the subgrid-scale stress tensor is modeled as
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The energy equation is
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where the total energy is
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the resolved heat � ux is
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and the subgrid-scaleheat � ux is modeled as

Q i D ¡C N½12j QSj
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Prt

@ QT
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(9)

A model for the subgrid-scale turbulent dissipation rate was pro-
posed by Vreman et al.6 and was used here:
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2 N½

´ 3
2

(10)

Sutherland’s law was used to compute dynamic viscosity.
The � lter width 1 was chosen to be a characteristic length of

the computationalgrid. Because the grid is not uniform, this length
varies widely over the grid. The � lter width at each location was
de� ned as the cubed root of the volume associated with each grid
point:

1 D .1x 1y1z/
1
3 (11)

The constants for the subgrid-modelswere chosen based on pre-
vious studies. Erlebacher et al.,7 Moin et al.,5 and Vreman et al.6

derived the model constants based on direct numerical simulation
results.ErlebacherconcludedthatC D 0:012,andMoin gavea range
of values of 0:008· C · 0:014. Moin also provide a range of values
for C I , where 0:0025· CI · 0:009. From thesedata the coef� cients
were chosen to beC D 0:012andC I D 0:00575.Vremandetermined
that C² D 0:6.

Numerical Method
Numerical Scheme

The equations are solved in generalized curvilinear coordinates
using a uniformly fourth-order-accuratenumerical scheme.8;9 This
scheme combines a � ve-stage fourth-order low-dispersionRunge–

Kutta time-stepping algorithm10 with a fourth-order central differ-
ence spatial operator. Arti� cial dissipation is provided, for stabil-
ity, through a solution � ltering technique. The sixth-order � lter of
Kennedy and Carpenter11 was chosen and providesadequatedamp-
ing of spurious waves without adversely affecting the truncation
error of the scheme. The resulting analysis code was run in parallel
on a sharedmemory SiliconGraphicsPowerChallengeworkstation.

Computational Grid
The grid accurately models both the external jet � ow� eld and

the nozzle geometry, including the nozzle lip. Previous studies have
started their calculations at the nozzle exit plane with an assumed
in� ow jet velocitypro� le. This neglectsradial variationin the veloc-
ity pro� le caused by the internal nozzle expansion,effects of under-
or overexpansionof the nozzle � ow, and the effect of the nozzle lip
geometry on the stability and growth rate of the mixing layer.

The initial computational grid used in the study is pictured in
Fig. 1. The dimensionsof the grid were chosen based on a grid den-
sity studyperformedusingan axisymmetricanalysis.8 The resulting
axisymmetric grid contains 301 points in the streamwise direction
and 129 points in the radialdirection.The resolutionin theazimuthal
direction was set by placing one grid plane at every 10 deg. Four
additional planes were necessary to overlap the grid onto itself in
order to maintainfourth-orderaccuracyat theboundary.The compu-
tational domain extends 20 jet diameters downstream of the nozzle
exit and 10 jet diameters from the jet centerline.This “coarse” grid
has dimensions301 £ 129 £ 40 and contains1.5 milliongrid points.
For this grid the spacing in the azimuthal direction is much larger
than the correspondingspacing in the axial and radial directions.A
second grid with greater resolution in the azimuthal direction was
created. To keep the computationalcost down, the length of the do-
main in the streamwise direction was reduced from 20D j to 15D j .
The azimuthal resolutionwas increasedby placingone grid planeat
every 6 deg (64 planes, including the 4 plane overlap). This “� ne”
grid has dimensions 280 £ 129 £ 64 and contains 2.3 million grid
points.

Boundary Conditions
Boundary conditions based on the local one-dimensional prop-

agation of � ow properties were used at the in� ow and out� ow.
While the jet exited into quiescent air in the experiment, a Mach
0.05 freestream was used in the calculation to maintain well-posed
boundariesconditions.This approximationwas shown to have very
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Streamwise, x–y plane

Cross-stream, y–z plane at out� ow boundary

Fig. 1 Computational grid.

little effect on the � ow� eld for RANS calculations of jet � ows.12

Total pressureand temperaturewere speci� ed in the nozzle plenum.
The use of an exit zone to damp re� ected waves from the out� ow
boundarywas exploredin a previousstudy8 and foundnot to be nec-
essary for this case. The grid spacing at the upper and downstream
limits of the domain are suf� ciently large that the numerical scheme
damps any re� ected waves without any additional treatment.A sub-
sonic out� ow boundary condition,which imposes a static pressure,
was speci� ed on the outer portion of the boundary. Near the jet
centerline all conditions were extrapolated to allow for structures
with supersonic velocity to exit the domain properly. A far-� eld
characteristic condition was speci� ed on the outer boundary. The
conditions on the singularity along the jet axis were obtained by
averaging the conditions around the singularity.The no-slip condi-
tion was imposed on the nozzle surfaces. The relatively large grid
spacing at the nozzle wall precludes capturing any turbulent struc-
tures in the boundary layer. There was also no additionalmodeling,
such as a RANS turbulencemodel, to simulate a turbulentboundary
layer.As a result, the simulationproducesa laminar boundaryon the
nozzle walls. This is a reasonable approximationof the experiment
where only very small density � uctuations were measured in this
region.3

Results
The LES simulation was started from uniform initial freestream

conditions, and the jet was impulsively started. Three-dimensional
turbulent structures developed naturally without any external per-
turbation. As already stated, a sixth-order solution � lter was used.
Both 10th- and 8th-order� lters were tried, but they failed to provide
adequate stability around the shock structures found at the nozzle
exit. Once the � ow� eld was established, it was run approximately
two acoustictimes (the time requiredfor a soundwave to traverse the
domain) before data were saved for analysis.The code was then run
an additional two acoustic times to obtain data. Before stopping the
analysis, the time-averagedcenterline velocity pro� le was checked
to ensure that it remained unchangedfor over 5000 iterations. It was
observed that in the region of the jet downstream of the potential
core x=D j > 8 the � ow structures were of a much lower frequency
than in the upstream portions of the jet, resulting in poorer aver-
aging in this area. This observation was also made by Boluriaan
et al.13 As shown later, in the primary area of interest x=D j < 8,
the � ow� eld averages and resulting turbulent correlations are well
converged.Using 16 processorson a Silicon Graphics Power Chal-
lenge machine, the simulation required about two months of calen-
dar time for completion.Data were sampled every 100 iterations for
analysis.

Contours comparing instantaneous and time-averaged velocities
in both the streamwise and cross-stream planes are presented in
Figs. 2–7. The differencebetween the instantaneousand time aver-
age is clear and illustratesthe additional informationprovidedby an
unsteady calculation. The instantaneous velocities show large tur-
bulent structuresthat cannotbe discernedfrom the mean � ow. Large
azimuthal velocities and the appearance of turbulent structures that
cross the jet axis near the end of the potential core indicate a highly
three- dimensional � ow� eld.

The time-averagedvelocitiesclosely resemble both experimental
dataand RANS calculations.But, clearlytheLES solutionis capable
of providing much more insight into the � ow physics of the jet
through the unsteady information.

Instantaneous

Time averaged

Fig. 2 Axial velocity contours.
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Instantaneous

Time averaged

Fig. 3 Radial velocity contours.

Instantaneous

Time averaged

Fig. 4 Azimuthal velocity contours.

Instantaneous

Time averaged

Fig. 5 Total velocity contours at x/Dj = 3.

Instantaneous

Time averaged

Fig. 6 Total velocity contours at x/Dj = 6.
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Instantaneous

Time averaged

Fig. 7 Total velocity contours at x/Dj = 9.

Fig. 8 Time-averaged centerline velocity pro� le.

Comparison with Experiment
The time-averagedvelocitypro� les, forbothcoarseand� negrids,

on the jet centerline are compared to experimental data in Fig. 8.
Both grids yielded very similar solutions. The � ne grid displayed
a stronger initial shock and expansion waves near the nozzle exit
and a slightly more rapid decay of the centerline velocity beyond
the end of the potential core. Both LES solutions predict that the
length of the potential core L is shorter than found experimentally.

Table 2 Error in location of the end of the potential core

Researchers M j Re j LLES ¡ Lexp=D j

Present study 1.4 1:2 £ 106 ¡1.5
Gamet and Estivalezes14 2.0 2:7 £ 106 C5.0
Boersma and Lele15 0.9 3:6 £ 103 C2.8
Constantinescu and Lele16 0.9 3:6 £ 103 C3.5

The difference between the LES simulation and the data is about
1.5 jet diameters. This result differs from others in the literature
where the length of the potential core is consistentlyoverpredicted.
Gamet and Estivalezes14 simulated a high-Reynolds-numberMach
2 jet, and the LES overpredicted the potential core length by about
5 jet diameters. Boersma and Lele’s simulation of a Mach 0.9 jet
with a Reynolds number of 3.6 £ 103 (Ref. 15) overpredicted the
length of the potential core by approximately 2.8 jet diameters.
Constantinescu and Lele16 also simulated a Mach 0.9, 3.6 £ 103

Reynolds-number jet. They overpredictedthe core length by 3.5 jet
diameters and attribute the discrepancy to the “absence of the jet
nozzle in simulations, and the shear-layer state (quasi-laminar).” In
fact, in all of these past works the nozzle geometry was not mod-
eled. This leads to a poor representation of the initial portion of
the jet mixing layer and its development.Table 2 summarizes these
comparisons.This study representsa improvement in potential core
length prediction of approximately 50% over very low-Reynolds-
number simulations,where accuracywould be expected to be better
as a result of the direct simulation of larger portion of the turbulent
scales. For the high-Reynolds-numbercase, which is most compa-
rable to the present study, an improvement of 70% is found.

The shorter potential core, in the present simulation, indicates
that the turbulent eddies are too energetic, invoking too much mix-
ing. The subgrid model may not be providing adequate dissipation
of the large-scale eddies. Adjusting the constants in the Smagorin-
sky model might improve the predictions. But, a rigorous study to
determine the optimal values for these constants is cost prohibitive.
The rate of velocity decay beyond the potential core is very close to
that of the experimental data. In addition, the shock structure near
the nozzle exit is not well resolved in the computation.

Radial pro� les of axial velocity at x=D j D 2, 4, 6, 8, 10, and 12
are shown in Fig. 9. Again, the coarse and � ne grid predictions are
very similar. At x=D j D 2 and 4 the predictionshows less spreading
than the experimental data. The � ne grid predicts a slightly thicker
mixing layer. Because the grid resolutionis not suf� cient to capture
the turbulentstructures in this region, the subgridmodel should pro-
vide the equivalenteffect through increasededdy viscosity.The fact
that both LES solutions predict less jet spreading than the experi-
ment, with the � ne grid solutioncloser to the experimentaldata, is a
second indication that the subgrid model is not producing adequate
dissipation.

Although the agreement with the experimental data is far from
perfect, this calculationdemonstratesimprovementover other high-
Reynolds-number LES calculations in the literature. This can be
attributed to the complete modeling of the nozzle geometry and the
numerical scheme used.

Two-Point Correlations
The statistical characteristics of a turbulent jet have a profound

effect on the sound it produces.These characteristicsare fundamen-
tal to Lighthill’s theory of sound generation.17;18 In this study the
integral length scale and convection velocity of the turbulent struc-
tures in the mixing layer were characterizedusing two-point corre-
lations. Chu19 obtained two-point correlationsexperimentally for a
low-speed jet using hot-wire anemometry. He used these data and
a form of Lighthill’s equation to compute the jet noise. Scott20 pre-
sented preliminary two-point correlation data, obtained with CFD,
for Chu’s jet. This study attempts to improve on Scott’s analysis,
for a high-speed jet, and show that computational techniques can
be used to characterize the turbulent structures for application to
Lighthill’s acoustic analogy.

The general form of the two-point space-time correlation coef� -
cient is
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x/Dj = 2

x/Dj = 4

x/Dj = 6

x/Dj = 8

x/Dj = 10

x/Dj = 12

Fig. 9 Time-averaged radial pro� les of axial velocity.

R.Ãi ; ¿ / D
U 00

µ .Ái ¡ Ãi =2; t/U 00
µ .Ái C Ãi=2; t C ¿/

U 002
µ .Ái ; t/

(12)

where the double superscripts NN./ and ./00 are used to distinguish
time-averaging procedures from the spatial � ltering for the LES
equations. The position vector Ái and the separation vector Ãi are
shown in Fig. 10. The delay time, the time difference between the

upstream and downstream signals, for the space-time correlation is
given by ¿ .

Eight pairs of axial and radial velocity signals with separation
distances from 0.125D j to 1.000D j in 0.125D j increments were
obtained in the jet mixing layer. The two points where the data were
taken were centered about a location six diameters downstream of
the nozzle exit on the jet lip line. The two velocity components
can be combined to obtain the velocity magnitude in the direction
making an angle µ with the jet axis.
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Fig. 10 Schematic for two-point space-time correlations.

0 deg

45 deg

90 deg

Fig. 11 Velocity history for two-point correlations.

Table 3 Velocity statistics at the
two-point correlation location

µ NNU µ =U j
OOU µ =U j

0 0.65417 0.26473
45 0.46029 0.26601
90 ¡0.0032162 0.17076

Fig. 12 Two-point space correlation coef� cient.

Uµ D u cos µ C v sinµ (13)

Eleven hundredsamples, takenat every100 iterations,were used for
the correlations.Time histories of the velocity signals at the points
for the fourth separation 1

2
D j are shown in Fig. 11. Three angles

are examined 0, 45, and 90 deg. The average velocity and turbulent
intensity for each angle are given in Table 3.

Two-Point Space Correlation
Two-point space correlations can be used to estimate an integral

length scale of the � ow. The correlations provide a measure of the
“similarity”of the velocity signals at two points separatedby a � xed
distancebut at the same instant in time. When the correlationis near
unity,one can assume that the velocitysignalat both points is caused
by the same disturbanceor turbulent eddy. By examining two-point
correlationsat severalseparationdistances,we can obtaina measure
of the sizeof theeddy.A plotof the two-pointcorrelationcoef� cients
vs separation distance is shown in Fig. 12. The correlation of the
velocity signal decreases toward zero with increasing separation
distance indicating that the average size of the turbulent structures
is less than the maximum separation distance (one jet diameter).
A rough estimate of the integral length scale was made using the
following expression:

` D
Z 1

0

R.Ãi ; 0/ dÃi (14)

To evaluate the integral, the data were � tted with a sixth-orderpoly-
nomial using the method of least squares.The polynomialwas then
integrated analytically to obtain the length scale. The results are
shown in Table 4. The data at 0 deg indicate that the extent of turbu-
lent structures in this direction are approximately 1

2
D j . The smaller

length scales obtained from the 45- and 90-deg data are caused by
the relatively large region of negative correlation coef� cients for
these data. This effect was also noted by Chu.19

Two-Point Space-Time Correlations
Two-point space-time correlations can be used to determine the

convection velocity of a turbulent eddy. For a given separation dis-
tance a series of two-point correlations are computed, where the
downstream velocity signal is delayed by an increasing amount of
time. The delay time at which the downstream signal is correlated
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Table 4 Integral length scales

µ `=D j

0 0.50161
45 0.37032
90 0.10422

0 deg

45 deg

90 deg

Fig. 13 Two-point space-time correlation coef� cient.

Fig. 14 Convection velocity.

Fig. 15 Convergence of the two-point space-time correlation.

with the upstream signal is the time that was required for the dis-
turbance at the upstream point to convect to the downstream point.
The convection speed is simply the ratio of the separation distance
to the delay time. Plots of the two-point space-time correlations for
each separation are shown in Fig. 13. For each separation there is a
delay time where the signals are clearly correlated (a distinct peak
in the correlation curve). This delay time increases with increasing
separation distance.

The exact locationof the maximum correlationcoef� cient cannot
bedeterminedfrom the discretedataobtainedin the analysis.To � nd
this location, the correlation data were again curve � t with a poly-
nomial. The maximum in the curve is found by differentiating the
polynomial equation. The resulting convection speed Uc is shown
in Fig. 14. The computed convection speeds ranged from 0.57 to
0.71 U j depending on angle and separation distance. For compar-
ison the convection velocity given by Papamoschou and Roshko21

was computed:

Uctheory D
a1U j C a j U1

a j C a1
(15)

The theoreticalvelocity0.56U j is lower than theLES derivedveloc-
ities. As previouslynotedby Thurow et al.,22 this result is consistent
with the “streamselectionrule”of Dimotakis,23 whichsays for com-
pressible shear layers with a supersonic and a subsonic stream the
convectionvelocityof the structureswill deviatefromthe theoretical
value toward the supersonicvalue. The convectionspeed decreases
with increasing separation distance as a result of viscous effects.
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The effectof the relativelyshortaveragingtime on thecorrelations
was explored by studying the convergence of the correlation curve
with increasing number of samples. Five sets of two-point space-
time correlations at the 1

2
D j separation distance were computed

using the � rst 200, 400, 600, 800, and 1000 samples.Figure 15 plots
the correlation curves for each sample size in the region of interest
(near the peak of the correlation). It is clear that the correlation
curve has converged, and that the location of peak in the curve (the
quantity of interest) will not change with additional sampling.

Summary
A large-eddy simulation of a turbulent compressible jet was per-

formed. A nearly perfectly expanded axisymmetric jet with an
exit Mach number of 1.4 and Reynolds number of 1:2 £ 106 was
analyzed.

The Favre-� ltered Navier–Stokes equations were solved using a
uniformly fourth-order-accuratenumerical scheme. The scheme is
based on a low-dispersionRunge–Kutta time-steppingsteppingand
uses a fourth-ordercentral differencespatial operator.Arti� cial dis-
sipation, for stability, is added through solution � ltering. Subgrid-
scale models are adapted from compressible forms of Smagorin-
sky’s original model. The resulting � ow solver was run on a shared
memory parallel computer.

The calculationsshowed that this LES simulationaccuratelycap-
tures the physics of the turbulent jet. The agreement with experi-
mental data relatively is good and improves on results in the current
literature. However, there is still much room for improvement. The
improvedagreementoverpreviouswork can be attributedto the new
numerical scheme and the modeling of the nozzle lip and its effect
on the mixing layer.

A two-point correlationtechniquewas used to quantify the turbu-
lent structures. This work showed that computational methods can
be used to statistically characterize the turbulent structures for use
in Lighthill’s acoustic analogy. Two-point space correlations were
used to obtain a measure of the integral length scale, which proved
to be approximately 1

2
D j . Two-point space-time correlations were

used to obtain the convection velocity for the turbulent structures.
This velocity ranged from 0.57 to 0.71 U j and is in agreement with
the stream selection theory of Dimotakis.23

There are two recommendations for further work:
1) Further research into improving the subgrid-scale models is

necessary.
2) The time required to run a simulation on this relatively sim-

ple geometry severely limits the usefulness of LES. This limit can
be eased if a more ef� cient numerical method is found. As shown,
the time-steppingscheme is typically the factor that limits the com-
putational ef� ciency. A high-order accuracy ef� cient time-stepping
scheme would allow faster turnaround of solutions and more accu-
rate answers on � ner grids.

Althoughthere is roomfor improvementin accuracy,this research
has shown that large-eddy simulation can be used, as is, to provide
new insightand informationabouthigh-Reynolds-numberjet � ows.
The characterizationof the turbulentstructures,integral lengthscale
and convection velocity, can be used to develop improved tools for
predicting the � uid mechanics and acoustics of jets.

References
1Panda, J., and Seasholtz, R. G., “Density Fluctuation Measurement in

Supersonic Fully Expanded Jets Using Rayleigh Scattering,” AIAA Paper
99-1870, May 1999.

2Panda, J., and Seasholtz, R. G., “Velocity and Temperature Measurement

in Supersonic Free Jets Using Spectrally Resolved Rayleigh Scattering,”
AIAA Paper 99-0296, Jan. 1999.

3Panda, J., and Zaman, K. B. M. Q., “Measurement of Initial Conditions
at Nozzle Exit of High Speed Jets,” AIAA Paper 2001-2143, May 2001.

4Smagorinsky, J., “General Circulation Experiments with the Primitive
Equations, Part I: The Basic Experiment,” MonthlyWeather Review, Vol. 91,
March 1963, pp. 99–152.

5Moin,P., Squires, K., Cabot, W., and Lee, S., “A Dynamic Subgrid-Scale
Model forCompressibleTurbulenceand Scalar Transport,”Physics of Fluids
A, Vol. 3, No. 11, 1991, pp. 2746–2757.

6Vreman, B., Geurts, B., and Kuerten, H., “Subgrid-Modelling in
LES of Compressible Flows,” Direct and Large-Eddy Simulation I,
edited by P. R. Voke, Kluwer Academic, Norwell, MA, 1994, pp. 133–

144.
7Erlebacher, G., Hussaini, M.Y., Speziale, C. G., andZang, T. A., “Toward

the Large-Eddy Simulation of Compressible Turbulent Flows,” NASA CR
187460, Oct. 1990.

8DeBonis, J. R., “The Numerical Analysis of a Turbulent Compressible
Jet,” Ph.D. Dissertation, Dept. of Aerospace Engineering and Aviation, The
Ohio State Univ., Columbus, OH, Dec. 2000.

9DeBonis, J. R., and Scott, J. N., “Truncation Error Characteristics of
Numerical Schemes for Computational Aeroacoustics,” AIAA Paper 2001-
1098, May 2001.

10Carpenter, M. H., and Kennedy, C. A., “Fourth-Order 2N-Storage
Runge-Kutta Schemes,” NASA TM 109112, June 1994.

11Kennedy, C. A., and Carpenter, M. H., “Comparison of Several Nu-
merical Methods for Simulation of Compressible Shear Layers,” NASA TP
3484, Dec. 1997.

12Barber, T. J., Chiapetta, L. M., DeBonis, J. R., Georgiadis, N. J., and
Yoder, D. A., “Assessment of the Parameters In� uencing the Prediction of
Shear Layer Mixing,” Journal of Propulsion and Power, Vol. 15, No. 1,
1998, pp. 45–53.

13Boluriaan, S., Morris, P. J., Long, L. N., and Scheidegger, T., “High
Speed Jet Noise Simulations for Noncircular Nozzles,” AIAA Paper 2001-
2272, May 2001.

14Gamet, L., and Estivalezes, J. L., “Application of Large-Eddy Simula-
tions and Kirchoff Method to Jet Noise Prediction,” AIAA Journal, Vol. 36,
No. 12, 1998, pp. 2170–2178.

15Boersma, B. J., and Lele, S. K., “Large Eddy Simulation of a Mach 0.9
Turbulent Jet,” AIAA Paper 99-1874, May 1999.

16Constantinescu, G. S., and Lele, S. K., “Large Eddy Simulation of a
near Sonic Turbulent Jet and Its Radiated Noise,” AIAA Paper 2001-0376,
Jan. 2001.

17Lighthill, M. J., “On Sound Generated Aerodynamically, I. General
Theory,” Proceedings of the Royal Society of London, Series A: Mathemat-
ical and Physical Sciences, Vol. 211, 1952, pp. 564–587.

18Lighthill,M. J., “On SoundGenerated Aerodynamically, II. Turbulence
as a Source of Sound,” Proceedings of the Royal Society of London, Series
A: Mathematical and Physical Sciences, Vol. 222, Feb. 1954, pp. 1–32.

19Chu, W. T., “Turbulence Measurements Relevant to Jet Noise,” Univ. of
Toronto Inst. for Aerospace Studies, Rept. 119, Toronto, ON, Canada, Nov.
1966.

20Scott, J. N., “A Comparison of Numerical and Experimental Results
for Unsteady Flow Associated with Jet Noise,” AIAA Paper 94-0459, Jan.
1994.

21Papamoschou, D., and Roshko, A., “The Compressible Turbulent Shear
Layer: An Experimental Study,” Journal of Fluid Mechanics, Vol. 197, Dec.
1988, pp. 453–477.

22Thurow, B., Lempert, W., and Samimy, M., “MHZ Rate Imaging of
Large-Scale StructuresWithin aHigh SpeedAxisymmetric Jet,” AIAAPaper
2000-0659, Jan. 2000.

23Dimotakis, P. E., “On the Convection Velocity of Turbulent Structures
in Supersonic Shear Layers,” AIAA Paper 91-1724, June 1991.

W. J. Devenport
Associate Editor


