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An evaluation of LES for jet noiseprediction

By B. Remboldy, J. B. Freundz A N D M. Wang

Large-eddy simulation (LES) is an attractiv e candidate for prediction of jet noise,since
it resolvesunsteady °ow structures over a range of length scales,but it remains unclear
how the subgrid-scalemodeling a®ectsits noise-prediction capability. The present study
makesa direct evaluation of LES using the approximate deconvolution model against a
corresponding direct numerical simulation (DNS) of a 5:1 aspect ratio rectangular jet at
Mach 0.5. The DNS spectra and directivit y are asanticipated for a low-Reynolds-number
jet, and we compare these to LES predictions. We ¯nd that the LES spectra match the
DNS onesat low frequencies,but the higher frequencyportions are highly contaminated
by spurious waves particularly at upstream angles. A correction for the subgrid-scale
contribution to the Lighthill source terms based on approximate deconvolution of the
velocities doesnot changethe LES prediction.

1. Intro duction
The successof e±cient RANS models in °uids engineeringhas not extended to the

prediction of noise, even when the only objective is to predict general trends, and it is
not obvious how to improve their ¯delit y given the complexity of statistical noisesources.
Since the inherent °ow unsteadinessis the sourceof jet noise, LES is attractiv e for its
prediction. The computation of °ow induced noisehas its unique di±culties, and several
important issuesarise when extending an establishedDNS capability, which of courseis
only applicable in the low-Reynolds-number limit (e.g. Freund 2001), to noise.With LES
additional questions,such as the e®ectsof subgrid-scalemodeling and numerical errors,
must be addressed.

LES can be most easily applied if the bulk of the noise, at least at frequenciesof
interest, comesfrom scalesthat are retained in the simulation, and do not have to be
modeled. This is believed to be the casebasedon statistical analysis, and it seemsthat
high-frequency noise does indeed come from the vicinit y of the jet nozzle (Narayanan,
Barber & Polak 2000).One objective of this study is to con¯rm that LES can predict the
louder, lower-frequencynoise.Another objective is to seeif the subgrid-scaleturbulence
modelsdirectly a®ectthe noiseprediction. The subgrid-scalestressterms in the spatially
¯ltered Navier-Stokes equations are closed by a model, which also appears as a noise
sourcebut is not necessarilyaccurate. Their e®ectson the resolved scalesthus need to
be evaluated. Discretization errors can also play a larger role in LES than in DNS since
the spectra are typically truncated by the mesh at a much higher energy level, which
is another potential problem for LES of jet noise. Thus, we also investigate a spurious
generation of noiseby numerical errors. A long-term objective is to correct this spurious
e®ect.

To investigate theseissueswe useDNS results for a rectangular jet with Mach number
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0:5 and Reynolds number 2000 (based on theshorter dimension of the nozzle) rectan-
gular jet (Rembold, Adams & Kleiser 2002). Rectangular jets are of current interest
becausein somecasesthey are quieter than their axisymmetric counterparts. They also
have enhancedmixing properties (Grinstein 2001), which is important in somemilitary
applications. A previous LES study by Rembold, Adams & Kleiser (2001) using the
approximate deconvolution subgrid-scalemodel (Stolz & Adams 1999, Stolz, Adams &
Kleiser 2001) showed turbulence statistics in agreement with the DNS in the transition
region, but the jet's noise was not computed. In this study we use Lighthill's theory to
compute the far-¯eld noise, and compare the noise predicted using the DNS and LES
source terms. Our formulation of Lighthill's theory is outlined in section 2. Section 3
covers the results from the DNS database,and comparisonsbetweenLES and DNS are
made in section 4.

2. Far-¯eld sound computation
Lighthill's equation reads
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equivalent noise source, the far-¯eld sound at point x is evaluated using the free space
Green's function and the divergencetheorem as
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where R = jx ¡ y j and Ri = x i ¡ yi . Evaluation is simpli¯ed by reformulating (2.3) in
frequencyspacein dimensionlessform, as

½(x; ! ) =
M 4

4¼

Z

V

Ri Rj

R3 ! 2Tij (y ; ! )e¡ iM R ! d y ; (2.4)

since this avoids the interpolation neededto compute retarded times in (2.3). Both for-
mulations correctly represent the quadrupole nature of the source,and have beenshown
to facilitate an accurate numerical evaluation (Bastin, Lafon & Candel 1997). The vari-
ables are non-dimensionalizedusing jet exit quantities and L 1=2 de¯ned in ¯gure 1. In
evaluating (2.4) we neglect¿ij which is typically small (Goldstein 1976).The secondterm
in the tensor is also small in nearly-isentropic °ow, and so is also expected to be small
here. Thus for the present analysis we retain only ½ui uj in the sourcetensor.

3. DNS results
3.1. Databasedescription

The coordinate systemand a visualization of the jet simulation are shown in ¯gures 1 and
2, respectively. Relevant physical and computational parametersare listed in table 1. A
high-order compact ¯nite-di®erencealgorithm wasusedto solve the compressibleNavier-
Stokesequationsin Cartesian coordinates; it iss fully discussedby Rembold et al. (2002).
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Figure 1. In°o w pro¯le and coordinate
system

Figure 2. Flow topology visualized by
density isosurface

L 1=L2 5
ReL 1 =2;j 5000
M j 0:5
T1 =Tj 0:936143
Strouhal Number (= L 1¼f =uj ) 2.7066
grid (x; y; z) 337£ 229£ 229
box (15 £ 14 £ 14) L 1=2
computational time 78:8
time samplesused 552
averagesampling interval 0:1435

Table 1. Parameters of the jet DNS database. The subscript j denotes jet-center quantities.
Unless noted, quantities are non-dimensionalized by ½j , uj , and L 1=2.

A smoothed laminar top-hat velocity pro¯le, as suggestedby Yu & Monkewitz (1990),

u(´ ; ³ ) =
1

(1 + sinh[j´ j sinh¡ 1(1)]2n 1 ) (1 + sinh[j³ j sinh¡ 1(1)]2n 2 )
(3.1)

de¯ned the in°ow, where ´ and ³ are the cross-streamcoordinates normalized by the
corresponding velocity half-width L i =2, i = 1; 2. The parameters n1 = 9 and n2 =
n1L 2=L1 gave a common vorticit y thicknesses± = ±i = L i =[

p
2ni sinh¡ 1(1)] in both

directions. A linearly-unstable eigenmodewassuperimposedon this in°ow at St = 2:7066
in order to trigger transition.

A total of 552samplesin time (dimensionlesstime interval 78:8) of the full DNS ¯elds
were used to compute the sound sources.This set was subdivided into sub-intervals of
¯v e overlapping sets of 192 sampleseach. The Lighthill stress tensor was computed in
each interval, and time transformed using a discreteFourier transform. The sampleswere
windowed in time using a function constructed from a half-period of a cosinefunction,
which ramped the signal smoothly to zero over 50 samplesat the beginning and end of
each window to reducespurious high frequenciesintro duced by the ¯nite samplelength.
Figure 3 shows a windowed °uctuation pressuresignal at y = z = 0, x = 6:2. The data
was unfortunately stored at non-equidistant intervals, but the change of the interval
length was less than one percent, and the associated error in the evaluation of Fourier
sumswas shown to have negligible consequencefor the frequenciesof interest.

The far-¯eld soundspectra wereobtained by numerical evaluation of (2.4) using trape-
zoidal rule quadrature. The sourceterm Tij goesto zeroat large y and z and at the in°ow
boundary, which allows integrating all the way to the domain boundaries.At the out°ow
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Figure 3. Pressure °uctuation signal at sensorpoint on the jet-center-axis in the transition
region of the DNS ¯eld.
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Figure 4. Instantaneous contours of T11 (a,d), T12 (b,e) and T13 (c,f ) in the major (a-c) and
minor (d-f ) jet-plane, © origin of the far-¯eld arcs.

boundary it is alsosmall comparedto its sizein the transition area,though not zerosince
turbulent structures leave the domain. We therefore smoothly ramped down the source
terms closeto the out°ow boundary in order to avoid a®ectingthe volume integral by
leaving sources.It was found that the in°uence on the particular form of the smoothing
function is weak and therefore the samewindow function as in time was applied.

3.2. Acoustic analysis

In order to visualize the location and structure of the sound sourceswe plot in ¯gure
4 contours of the dominant sourcetensor components T11; T12; T13 in the two jet-center
planes.Here the °ow is from left to right and in streamwise direction the entire physical
domain is shown. In the lateral directions only the part with signi¯cant sourceterms is
shown. From this visualization we seethat the maximum sourceterms are obtained at
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Figure 5. Sound pressure level along an arc of radius 60L 1=2 around the transition area in
the major ± and minor ² jet-planes; expected Doppler-scaling .

the edgesof the jet around the location where the potential core closes.The location
of the peak of the source does not necessarilycoincide with the virtual origin of the
radiated sound, since most of the components do not radiate to the far-¯eld. This was
shown by Freund (2001), who actually ¯ltered the sourceterms in order to only obtain
the radiating components. However, it doesgive the indication that the dominant noise
producing structures are located in the transitioning shear layers. Far-¯eld spectra and
intensities were computed on two arcs in the y = 0 and z = 0 planes at a radius of
60L 1=2 and with angle µ measuredfrom the downstream axis. The center of the arcs
x = 5; y = 0; z = 0 is labeled in ¯gure 4 (a). In ¯gure 5 the radiated sound-pressure-level,
SPL = 10log10(p02=p2

r ef ), is plotted for the two arcs, taking the standard dimensional
referencecondition pr ef = 2 £ 10¡ 5Pa. The anticipated directivit y basedon a Doppler
scaling

SPL »
1

(1 ¡ M ccos(µ))5 (3.2)

with assumedconvective Mach number M c = 0:6M is also plotted.
We observe a directivit y of the jet peaking near µ = 35±. At this angle, the SPL

in the major jet-plane is 5dB lower than that in the minor jet-plane. This e®ect is
reversed at µ = 75±. This trend is consistent with experiments of non-axisymmetric
jets which typically show that noise is more directive in the minor plane (Kinzie &
McLaughlin 1999),although we note that theseobservations are for supersonicjets. The
overall directivit y matcheswell with the expecteddirectivit y for uniformly moving sound
sources.

Figure 6 shows noise spectra, (pp¤)
1
2 =½j u2

j , at six angles for each of the two arcs.
The spectra are highly peaked, as expected for a forced low-Reynolds-number jet. At
µ = 5±, the two spectra nearly coincide, which is not surprising since the observation
points are very closeat low angles to the jet. For µ = 30±, the spectrum in the minor
plane is slightly higher at most frequencies.By µ = 150±, the spectra are °atter and
now not dominated by the forced instabilit y frequency. We observe a slight increaseof
the far-¯eld spectrum at the high frequency end in this case,which is unphysical. This
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Figure 6. Far-¯eld spectra for di®erent µ (h(i¢)¤ denoted complex conjugate quantities). µ =
(a) 5± , (b) 30± , (c) 60± , (d) 90± , (e) 120± , (f ) 150± , on the arc at radius 60L 1=2 in the major

and minor jet-planes. Also plotted are the spectra from a round jet DNS (Freund
2001) ± and experiments of Stromberg et al. (1980) at µ = 30 degrees.

might be causedby the non-equidistant time steps which was neglected in the sound
analysisand is being investigated further. For comparisonwe also plot for all anglesthe
far-¯eld spectrum (arbitrary units) of the DNS data of Freund (2001) and experiments of
Stromberg,McLaughlin & Troutt (1980)at an angleof 30degrees.If the Strouhal number
is scaledsuch that L 2 correspondsto the jet diameter, the drop-o®in the spectra matches
the present data.

4. LES results
4.1. LES database

The physical parameters of the LES match the DNS. The °ow was computed using
the approximate deconvolution model, as described in Stolz et al. (2001) and Rembold
et al. (2001) on a 141£ 77£ 77 mesh,which corresponds to one-third the DNS meshin
each direction. We found, however, it necessaryto increasethe size of the downstream
absorbing \sp onge" layer over that used in the DNS to suppressre°ections from the
out°ow plane (streamwise thicknessof the sponge in DNS is 1:6L 1=2, compared with
4:8L 1=2 in LES). The simulation parameters are listed in table 2. Note that for the
LES we usedconstant time steps,and the temporal sampling rate wasapproximately 1:5
times that of the DNS. Temporal windowing of the sameform asfor the DNS wasapplied
to the entire data set. In ¯gure 7 we show the analogouspressure-°uctuation signal at
a sensorpoint in the transition region of the jet with the temporal window function
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grid (x; y; z) 141£ 77 £ 77
box (18 £ 14 £ 14) L 1=2
computational time 90
samplesused 1000
sampling interval 0:09

Table 2. Parameters of the jet LES database.
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Figure 7. Pressure °uctuation signal at sensorpoint on the jet-center-axis in the transition
region of the LES ¯eld.

applied. Instead of ensemble-averaging over several sub-samples,spectral binning, which
like windowing is a rigorous means of reducing variance, was applied to smooth the
spectra. A bin width of ¢ ! = 0:35 was used. The spectra and far-¯eld sound were
computed in exactly the sameway as for the DNS.

4.2. Acoustic analysis

Naturally , in LES only ¯ltered quantities are directly available for computation of the
Lighthill source,although deconvolution potentially o®ersa meansof correcting this. In
the approximate deconvolution model, an approximate inverse of the ¯lter is used to
partially recover un¯ltered data, which is then usedto model subgrid-scalee®ectson the
¯ltered °ow ¯eld, uG . The overbar denotes¯ltered quantities and the superscript G is
usedfor represented quantities on the LES grid. We de¯ne u? asour best approximation
for the un¯ltered ¯eld. Stolz et al. (2001) and Rembold et al. (2001) discussedthis in
detail and showed that this approach is e®ective for °ow simulations. Thus, it is tempting
to ask whether parts of the sound spectrum can also be recovered in an LES.

The sourcetensor Tij can be decomposedinto a part that can be represented on the
LES grid (TG

ij ) and a part that cannot (T SG
ij ), just as the velocity ¯eld u is decomposed

into a ¯ltered ¯eld represented on the grid uG plus two error terms:

Tij = TG
ij (u) + TSG

ij (u)
| {z }
mo deled

; u = uG + (uG ¡ uG )
| {z }

¼u ?

+( u ¡ uG )
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Figure 8. Instantaneous contours of T11 (a,d), T12 (b,e) and T13 (c,f ) in the major (a-c) and
minor (d-f ) jet-planes from the LES database, © origin of the far-¯eld arcs.
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Figure 9. Sound pressure level along an arc in the major ± and minor ² jet-plane of radius
60L 1=2 around the transition area; expected Doppler-scaling .

We useda ¯v e-point explicit ¯lter in computational spacewith two vanishing moments
in physical space.The sourcetensor components beyond the grid cuto® T SG

ij (u) cannot
be recovered and must be modeled.Theseare not consideredhere. The represented part
of the tensor TG

ij (u) is a function of u but can be evaluated in LES only from the ¯ltered
¯eld uG . Seroret al. (2001) have shown that the acousticspectra computed from incom-
pressible homogeneousisotropic turbulence can be improved when the Lighthill stress
tensor, basedon resolved velocities, is supplemented by the subgrid-scalecontribution.
In the present study we investigated whether the far-¯eld spectral prediction can be im-
proved when uG is replacedby u? ¼ uG , as is done for the °ow computation. First, we
computed the far-¯eld sound using T G

ij (uG ) and then compared it with the prediction
using deconvolved quantities T G

ij (u?). The di®erenceis found to be insigni¯cant, as will
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Figure 10. Far-¯eld spectra at for the (a) 5± , (b) 30± , (c) 60± , (d) 90± , (e) 120± , (f ) 150± , for
the arc at radius 60L 1=2 in the major and minor jet-plane. Spectra for a round
jet of the DNS of Freund ± and experiments of Stromberg et al. (1980) at an angle of 30
degrees.

be discussedlater. The following results are basedon the ¯rst formulation of the source
term.

The instantaneous sourcedistribution, plotted in ¯gure 8, is seento be very similar
to the distribution in the DNS case(see¯gure 4) with maximum valuesat the edgesof
the jet. Quantitativ e analysis in the far-¯eld, however, reveals signi¯cant discrepancies
betweenthe DNS far-¯eld and the LES data (see¯gures 5 vs. 9). Whereasthe directivit y
in the main radiation direction (at anglesaround 30 degrees)is well recovered,we observe
spurious radiation of the LES jet at higher angles.The far-¯eld spectra show that the
spurious noise is at high frequencies,where a rapid increasein the acoustic intensity in
the far-¯eld is found, particularly at high angles.For referencethe data of Freund (2001)
and Stromberg et al. (1980) at µ = 30 degreesare again plotted. Careful examination of
the origin of thesespuriouswavesis neededand ways to suppressthem have to be found.

The same analysis was repeated with the source tensor based on the deconvolved
velocities to include the subgrid-scalecontribution. We found no signi¯cant di®erence
betweenthe resultsusing the two sourceformulations. At this point it is not clearwhether
the subgrid-scalecontribution is indeed small or is overwhelmedby numerical errors. In
order to reliably predict the soundradiation from LES calculationsand study the subgrid-
scalemodeling e®ects,the sourceof thesespurious waves¯rst needsto be identi¯ed and
eradicated.
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5. Conclusions
We have computed the far-¯eld sound of a Mach 0:5 low-Reynolds-number rectangu-

lar jet using a DNS databaseand Lighthill's acoustic analogy in frequency space,and
analyzedthe sound pressurelevel and the frequencyspectra along two arcs in the major
and minor jet planes. The directivit y is found to match the theoretical prediction and
the spectra show characteristics similar to comparabledata in the literature. In a second
step we performed an LES of the same°ow using 1=33 the DNS mesh size and again
computed the sound.We found that the low frequencypart of the far-¯eld spectra is well
reproduced by the LES using source formulations basedon both the ¯ltered velocities
and the approximately deconvolved velocities. However, spurious waves from the LES
data resulted in an unphysical increaseof the spectral level at higher frequencies,and
no subgrid-scalecontribution has been observed. For reliable prediction of the far-¯eld
sound with compressibleLES this spurious e®ecthas to be analyzed further.
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