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Noise Prediction of a Rectangular Jet
Using Large-Eddy Simulation

B. Rembold* and L. Kleiser"
Swiss Federal Institute of Technology, CH-8092 Zurich, Switzerland

We investigate the acoustic radiation from a 1:5 aspect ratio transitional rectangular jet predicted by large-
eddy simulation (LES). The approximate deconvolution model was used as subgrid-scale model. It was found
in a previous study that the acoustic far-field prediction when Lighthill’s analogy is applied to data from direct
numerical simulation and LES agrees well for the low-frequency range. However, higher frequencies in the LES
prediction have been contaminated by spurious noise. In the present study, the origin of this nonphysical noise
is analyzed. In the first instance, the applied acoustic far-field analysis method is found to be a limiting factor. A
cutoff frequency estimate is obtained beyond which LES prediction is not reliable, but up to which frequency LES
prediction was good. Second, the influence of the subgrid-scale model is assessed by the analysis of 1) the effect of
reduced deconvolution order and 2) an LES with no subgrid-scale modeling but with spatial filtering after each
timestep instead. Additionally, a higher resolution LES is performed with similar filter width as in the original
LES to reduce numerical errors close to the filter cutoff. Both reduced deconvolution order and spatial filtering
result in a more rapid dropoff of the acoustic far-field spectra up to the cutoff frequency, which is attributed to
the higher dissipation in the flow simulation. This suggests that the type of employed subgrid-scale model is not of
importance for aeroacoustic prediction, given that enough dissipation is provided to dampen spurious waves, but

that as little as possible is provided to reproduce the fluid spectra at higher frequencies.

Nomenclature
Coo = ambient speed of sound
E = total energy
G, G, = filter transfer function
L,, Ls = jetnozzle dimensions
M (M,.) = Mach number (convective)
N = deconvolution order
ny, N3 = parameters of the inflow velocity profile
)4 = pressure
On = deconvolution operator
qi = heat flux components
R, R; = direction vector magnitude, components
N, I = real, imaginary part
Re = Reynolds number
T = temperature
T ; = Lighthill source tensor
t = time
u = vector of conservative variables
x,y;x;,¥; = vector of coordinates; components
At = computational time step
At = sampling interval
8, 6 = vorticity thickness, in coordinate direction x;
n, ¢ = cross-stream coordinates normalized by nozzle
half-width L;/2,i=2,3
0 = radiation angle
K = wave number
Ke = filter cutoff
A = wavelength
I = dynamic viscosity
P = density
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components of the viscous stress tensor
relaxation coefficient, components
w = circular frequency

=
=
[

* = convolution operator

Subscripts

j = jet center quantity

rms = root mean square value

oo = ambient quantity

Superscripts

d = dimensional quantity

- = filtered quantity

* = deconvolved quantity

v = computed with filtered quantities
vk = computed with deconvolved quantities
* = complex conjugate quantity

fluctuating quantity

Introduction

ARGE-EDDY simulation (LES) has been well established as

a simulation tool to predict turbulent flows at higher Reynolds
numbers where direct computation is not feasible. A wide range of
models that have been tested and validated with respect to correct
flow prediction is currently in use to mimic the effect of scales not
represented in an LES. However, when this established LES capabil-
ity is extended to aeroacoustic problems, additional questions must
be addressed concerning the effects of subgrid-scale modeling and
numerical errors on the predicted radiated sound.

LES should, in general, be able to reproduce the lower frequencies
of the far-field sound originating from resolved fluid scales. The use
of low-dissipation subgrid-scale models and high-order nondissi-
pative schemes (like dispersion-relation-preserving' and compact?
schemes) to solve the compressible Navier—Stokes equations can
lead to the generation of spurious pressure waves (grid-to-grid os-
cillations) in a simulation. Even though they are found in many sim-
ulations (for example, see Refs. 3 and 4), their treatment is rarely
documented. Also, the enforcement of boundary conditions can be a
source of unwanted spurious waves.’ For the computation of statisti-
cal mean data, these spurious waves are not of significant importance
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because they are smoothed out by the averaging procedure and have
very small amplitudes. However, for acoustic analysis, they cannot
be neglected and care has to be taken to suppress their generation
and/or to remove them in the simulation or in the data postpro-
cessing. This is particularly important if acoustic and flowfields are
to be computed on the same domain. A spectrum of methods is
currently being used to ensure enough dissipation in LES simula-
tions for aeroacoustic prediction. Examples are 1) constant eddy-
viscosity-type subgrid-scale models, for example, see Ref. 6; 2) the
same models as 1 but with the additional use of artificial selective
damping’ at high wave numbers, for example, see Ref. 3; and 3)
no use of any subgrid-scale model and additionally neglect of the
viscous terms in connection with MILES schemes (see Ref. 8).

In previous work® the ability of LES to use the approximate de-
convolution model (ADM) for predicting the far-field sound radia-
tion was examined in a comparison of direct numerical simulation
(DNS) and LES data of rectangular jet flow. The noise computation
employed Lighthill’s acoustic analogy in frequency space to com-
pute far-field acoustic spectra from the LES flowfields. It was found
that far-field computations based on the filtered LES quantities can
reproduce the lower frequency part of the spectrum well. However,
spurious noise spoiled the acoustic spectra in the high-frequency
domain and led to an overprediction of the overall sound pressure
level, particularly in the upstream direction.

In the present study, an attempt is made to analyze the origin of
the spurious noise of the LES-based prediction. The far-field sound
is analyzed based on Lighthill’s acoustic analogy. The role of the
deconvolution is examined, and the origin of the spurious waves in
the LES is located. Assessments are made based on comparison of
far-field spectra and instantaneous dilatation contours of LES and
DNS-based data.

The motivation for the choice of a rectangular jet as test case is
twofold. On the one hand, nonaxisymmetric nozzle shapes achieve
superior mixing with very little loss of thrust compared to a round
jet. The basic mechanism relies on the introduction of streamwise
vorticity that is responsible for faster mixing and higher entrain-
ment. (See Ref. 10 for a detailed review.) From an acoustic point of
view, this enhanced mixing leads to a reduced overall acoustic power
output, especially for supersonic jets. On the other hand, the nonax-
isymmetry introduces a directivity in the acoustic radiation pattern
of the jet that has been confirmed in many experimental studies.
(See, for example, Refs. 11 and 12.) Along the minor axis of the jet
(the loud plane) a consistently higher acoustic power is observed.
The two main reasons for this directivity are acoustic shielding from
the (nonaxisymmetric) mean flow around the core of the jet and the
different vortex structure behind the nozzle compared to round jets.
Whereas round jets tend to break up through helical modes, dom-
inant flapping modes are found in rectangular jets. It can only be
speculated which particular vortex topology produces which radia-
tion pattern. Numerical simulations can help to obtain more insight
into such phenomena, which makes LES an attractive tool.

Flow Description

The flow test case under investigation was a transitional Mach
0.5 jet issuing from a rectangular nozzle with a Reynolds number
of 5 x 10°. Nondimensionalization was based on jet center quan-
tities u; j, p;j, Tj, and one-half of the longer dimension of the
nozzle L,/2. The coordinate system and dimensions are shown in
Fig. 1. The temperature ratio of the ambient to jet-center temperature
was To,/T; =0.936143. LES data were compared to DNS data for
which the computational domain was [0, 15] x [—7, 7] x [-7, 7],
and the grid consisted of 337 x 229 x 229 points.'>!* The cor-
responding LES simulations were computed on the domain
[0, 18.75] x [—7, 7] x [—7, 7] by the use of a grid of 141 x 77 x 77
points. For the present case, the LES typically consumed about 2% of
CPU time of the DN'S when computing the same physical time span.

Inflow and Boundary Conditions

It is generally agreed on that the downstream development of a
jet strongly depends on the initial conditions at the jet nozzle. Early

Fig. 1 Jet nozzle geometry and coordinate system.

work in that field was done by Bradshaw'> who examined the sen-
sitivity of a mixing layer. Recent publications'®~!® are in agreement
with that finding. Ho and Huerre'? give a review of perturbed shear
layers. A very illustrative example about the influence of jet forcing
is given in Ref. 20, where the aspect of bifurcation, that is, the sepa-
ration of the initial jet into two jets caused by strong inflow forcing
is summarized.

Parameters that influence the downstream behavior of a jet are the
initial shear layer thickness, the shear layer thickness distribution
(which strongly depends on the upstream curvature of the nozzle),
the nozzle shape, Mach and Reynolds numbers, and the turbulence
intensities at the inflow. Additionally, the presence of peaks in the
excitation spectrum at the inflow is of more importance than simply
the integral turbulent intensity?' because the mere presence of one
frequency can trigger instabilities in the jet if the frequency matches
that of an unstable jet mode.

Almost invariably, the collectivity of these parameters is not avail-
able from a particular experiment, the reason being that they are not
documented or simply partially unknown. This makes it difficult
to compare experimental data taken in different facilities and also
computational data with experimental data. Inflow conditions of nu-
merical computations can at best be matched to some degree, and it
is left to the creativity of the researcher how well an experiment is
reproduced by a computation. However, some level of uncertainty
remains.

For the present simulations, clearly defined inflow disturbances
were enforced to avoid instabilities in the jet that are merely triggered
by numerical roundoff errors. We chose an analytical profile on top
of which a linear instability mode was superimposed. The artificial
inflow profile was chosen according to Yu and Monkewitz**:

u(n, ¢) = [1 + sinh[|n| sinh ™" (1)]**2]~"
[1 + sinh[|¢| sinh~" (D] ]! )

The parameters n, =9 and n3 =n,L3/L, ensured equal vorticity
thicknesses § =8; = L;/[+/2n; sinh™!(1)] in both directions. The
cross-stream velocity components of the laminar inflow profile were
set to zero. Transition was triggered by imposition of the most un-
stable varicose mode of the inflow profile, which was computed
according to linear stability theory under the assumption of a par-
allel profile along the x5 direction at x, = 0. (See Ref. 14 for more
details.) The disturbance amplitude measured by the maximum of
its streamwise velocity component was 0.0025, and the forcing fre-
quency was 2.71. At the edges of the jet (x| & 1) the forcing was
ramped down to zero.

In the LES, the boundary condition at the inflow plane was en-
forced by a sponge-layer formulation within a narrow region of 10
gridpoints at the inflow. In this region, the governing equations are
modified with a forcing term that drives the solution to a (given)
target solution. Details of this formulation can be found in Ref. 23.
The target profile for the inflow sponge was chosen to be the laminar
inflow profile with the superimposed instability wave with a spa-
tial evolution over the inflow sponge region as predicted by linear
stability theory. At the lateral and outflow boundaries, nonreflect-
ing boundary conditions®* were applied, also in connection with
a sponge layer. The target solution at the lateral boundaries was
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the quiet ambient flow. At the outflow, the target solution was dy-
namically computed during the simulation by spatial and temporal
filtering of the flowfield in the outflow sponge region.'?

LES Equations

We employed ADM as a subgrid-scale model for the present
simulations.” The basis of ADM is the use of a primary discrete
filter (with kernel G) that is explicitly applied to the Navier—Stokes
equations (Fig. 2). The unknown terms in the LES (the subgrid-
scale stress tensor) are computed directly from approximately de-
convolved quantities #* = Q yu ~ u that are constructed from the
computed filtered fields # with an approximate deconvolution op-
erator Q. The flux terms are computed directly with the approx-
imately unfiltered fields #* and are subsequently filtered with the
discrete filter. The operator Q is obtained by series expansion of
the inverse of the filter G and truncated at finite N. This leads to a
regularized approximate deconvolution operator

N

On=) (I-G)~G"

i=0

)]

where [ is the identity operator. In numerical tests, the deconvolution
order N = 5 was found to be sufficient.? For higher N, the statistical
flow results did not significantly improve.

To model the transfer of energy to the nonresolved small scales, a
relaxation term is added that drains energy from the scales beyond
the filter cutoff. It has the form (I — G,) *u, where G, is a secondary
filter of high order. In ADM, the secondary filter is constructed as

=0nx*G 3)
This relaxation term operates only in the high-wave-number band
(k > k. =2/3m) (to be interpreted in a local sense®® because no
spatial Fourier transform can be defined in complex geometries), and
it serves as an energy sink. The term energy has to be interpreted in a
generalized sense: The relaxation term operates on all conservative
variables, mass, momentum, and energy. Note that this relaxation
term is very similar to the concept of artificial selective damping.’

The filtered conservation equations (for mass, momentum, and
energy) modeled with ADM are, thus,

ap  d(pu;)* I
—t ——=— — p* 4a
o1 0%, xi1(o —p*) (4a)
dpu; a | (pu)*(puy)* vy . —
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Fig. 2 Transfer functions of the primary filter: —, G; ——-, OnG;

and ——, 1-0nG.
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with 7, j=1,2,3. The star superscript refers to a deconvolved
variable and the upside-down caret indicates that the respective
quantities are computed according to their definition but with fil-
tered conservative variables. Quantities denoted by both the star
and upside-down casat superscript are computed similarly, but with
deconvolved variables. [For example, f(a, b)=ab, f =ab, and
f * =a*b*.] The (spatially and temporally varying) relaxation coeffi-
cients x; are determined dynamically. More details on the model can
be found in Ref. 25. For spatial discretization, a sixth-order (at inte-
rior points) compact central scheme? is used for all terms. Time in-
tegration is performed with a third-order low-storage Runge—Kutta
scheme. Detailed code validation against linear stability theory was

carried out,'® and DNS and LES flow results also agreed very well.?

Acoustic Analysis
Lighthill’s equation?”-?® reads

92 92 3%T;;
2P _ 2 2P _ Ty 5)
ot? 3x,~3x,~ 3.X,'3.Xj
with the source tensor
Tij(xJ)=Puiuj+5ij{P c P}_fl/ (6)
10!
v -5
o 1
g 1 e
\ i _.‘;‘,' h -;!'.'
W
B ] !
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Fig. 3 Far-field spectra for 6 =150 deg, on the arc at radius 60L,/2 in

the ——, major and ——, minor jet planes of artificial source field with
----, w” increase.
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Fig. 4 DNSresults: velocity dilatation contours in the major and minor
jet planes.
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Fig. 5 DNS: far-field spectra for 8 =a) 5, b) 30, ¢) 60, d) 90, e) 120, and f) 150 deg on the arc at radius 60L,/2 in the ——, major and ——, minor jet
planes; also, o, spectra from a round-jet DNS, and -- -, experiments of Stromberg et al,3 at =30 deg.
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Fig. 6 DNS: SPL along two arcs of radius 60L,/2 around the transition
area in the o, major and e, minor jet planes; ——, expected Doppler
scaling.

Here,

ou; n du; 28 ouy
T =M\ ot T 3%
P o, T T 3%
is the viscous stress tensor. By the use of 827;;/dx; dx; as the equiv-

alent noise source, the far-field sound at point x is evaluated with
the free-space Green’s function and the divergence theorem as

p(x, 1) =px, 1) — po =

1 RR, 9* ( R\,
et ), R or? i\ Coo Y

@)
where R = |x —y| and R; = x; — y;, respectively. Evaluation is sim-
plified by reformulation of Eq. (7) in frequency space, in dimen-
sionless form, as

M RiR; .
o ) = —=2 f LT (y, w)e  M=Re dy ®)
ar J, R3 /

which avoids the interpolation needed to compute retarded times
in Eq. (7). Both formulations correctly represent the quadrupole
nature of the source and have been shown to facilitate an accurate
numerical evaluation.?”*° In evaluating Eq. (8), we neglect 7;; in
Eq. (6), which is typically small.?”3! The second term in the tensor
is also small for nearly isentropic flow and, thus, was neglected here
as well. It was also recently shown by Freund? through analysis
of DNS data that those assumptions are valid. Thus, for the present
analysis, we retained only pu;u; in the source tensor (6). Because,
for the radiation to the far-field, only the fluctuation of T;; in time
is significant [see Eq. (7)], the temporal average can be subtracted.
Accordingly, in the following 7;; denotes this fluctuation.

A large number of samples in time of the flowfields were used
to compute the sound sources. Those sets were subdivided into
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overlapping subintervals to increase statistical sampling, which is
a standard procedure in signal processing. The interval length was
chosen to resolve the expected lower frequencies well, in particular,
the forcing frequency of the jet. The spectral resolution was given by
the temporal resolution of the stored data. The mean-value-corrected
Lighthill stress tensor was computed in each interval and time trans-
formed by the use of discrete Fourier transform. The samples were
windowed in time with a function constructed from one-half of a
period of a cosine function, which ramped the signal smoothly to
zero over 50 samples at the beginning and end of each window
to avoid spurious high frequencies introduced by the finite sample
length. In the DNS, the data were unfortunately stored at slightly
nonequidistant intervals, but the change of the interval length was
less than 1% and the associated error in the evaluation of Fourier
sums was neglected.

Far-field sound spectra were obtained by numerical evaluation of
Eq. (8) by the use of a trapezoidal rule quadrature directly on the
grid. The source terms 7;; tend to zero at large x, and x3 and at
the inflow boundary, which allows integration all of the way to the
domain boundaries. At the outflow boundary, they are also small
compared to their size in the transition area, though not zero be-
cause turbulent structures leave the domain. We therefore smoothly
ramped down the source terms close to the outflow boundary to
avoid affecting the volume integral by leaving sources. It was found

)

that the influence on the particular form of the smoothing function
is weak, and, therefore, the same window function as for the Fourier
transform in time was applied.

Analysis of Spurious Noise Predicted by LES

In the evaluation of the acoustic emission based on LES data, spu-
rious noise in the high-wave-number region was previously found
to spoil acoustic prediction for higher frequencies, especially for
upstream radiation angles.” When analyzing the origin of this spu-
rious noise, one faces two interwoven phenomena that are difficult
to separate. First, the LES flow simulation can actually be polluted
by unphysical high-frequency noise, which can be caused, for ex-
ample, by the LES model. This is discussed hereafter. Second, the
acoustic analysis procedure itself has its limits up to which predic-
tion is reliable. Also, the computation of 7;; in frequency space can
introduce errors due to finite window length, but this influence was
found to be negligible. Furthermore, the evaluation of the volume
integral (8) in computing the far-field intensities and spectra neces-
sarily introduces errors. During evaluation of DNS results, this is
not a problem due to sufficient grid resolution. In the LES it can be
a limiting factor.

To remain within the accuracy of the discrete volume integral, the
spatial Nyquist frequency must not be exceeded for the integrand.
The change of the argument of the exponential term in Eq. (8) must,

4

10

Fig. 7 LES ADM: symbols as in Fig. 5.
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therefore, be limited from grid point to grid point as 7 > My wAR,
which leads to a maximal frequency of wy,x &~ 40, which is not lim-
iting. Under the assumption that the spatial variation of T;; (y, w) at
a given w is convection dominated, this variation can be connected
to some mean convection velocity u.. For jets, a good estimate
is u. = 0.6, and with a given Nyquist wavelength X, given by the
grid spacing in the x; direction, a maximum temporal frequency
of Wmax =27u. /1, = 14 can be estimated. Beyond that frequency,
the prediction cannot be expected to be accurate and errors ampli-
fied by the w? term in Eq. (8) may dominate. This effect can be
demonstrated by the use of artificial spatial noise for the T;; fields
that is convected with u, = 0.6 in the x; direction. This represents
a convected frozen turbulence field that, in theory, does not radi-
ate at all. The physically meaningless far-field of such a field with
N(T;;) and I(T};) chosen randomly from the interval [0.005:0.005]
is shown in Fig. 3. (This corresponds to typical amplitudes for the
present jet case at a frequency of w = 12.) The unphysical increase
in the spectra can be clearly observed. For the following analy-
sis, we, therefore, considered only frequencies up to a cutoff fre-
quency of w.=12, up to which numerical integration should be
reliable.

The LES results can be themselves affected by high-frequency
noise present in the simulation. If the intention is to compute aeroa-
coustically induced sound directly from an LES flow simulation on
the same grid, one has to suppress the generation of any unmean-
ingful spurious waves in the LES because no spectral separation
can be made. To assess the effect of the LES simulation itself on
the creation of spurious noise, we investigated the following model
variants, which essentially introduce different levels of dissipation
at high wave numbers. Additionally, a standard ADM simulation
(ADMHI) was performed on a more refined grid, but with the same
filter width as the original LES. Thus, we considered the following
conditions:

1) M1: The deconvolution in the ADM procedure aims at re-
covering scales up to the filter cutoff frequency. However, it also
amplifies noise in the unphysical high wave number band above the
filter cutoff in the LES simulation. A reduced deconvolution order
simulation with N =2 was carried out to assess the effect of noise
generation by the deconvolution.

2) M2: To eliminate model influences, high-order filtering after
every time step without any LES model is applied. Here, sufficient
dissipation is ensured solely by filtering all conservative variables
using a high-order filter at each time step of the simulation. As a
filter, of we used the operator (G,)*> = (QyG)%.

3) ADMHI: A higher-resolved LES with the unaltered ADM
model was performed, albeit with the same physical filter width
as in the original LES simulation. The grid was refined here to
183 x 101 x 101. Spurious noise of the order of the Nyquist wave
number should be less dominant and also the volume integration
more accurate.

In Table 1, the number of samples used for the present analysis
are listed for the various cases.

We begin presenting acoustic results from DNS. In Fig. 4, the
dilatation of the velocity field

ui _ pj dp

= ——— 9
0X; Poo Ot ©)

is shown in the major and minor axis plane of the jet. It was com-
puted on a 40 x 35 equidistant grid within the plotting range by
retransformation of p’'(x, w) from Eq. (8) to physical space. The

Table 1 Parameters of the acoustic analysis for the various
cases, number of samples per subinterval

Case No. of subintervals No. of samples At
DNS 5 192 0.14
ADM 10 600 0.09
Ml 1 600 0.09
M2 1 600 0.09
ADMHI 1 800 0.07

base wavelength caused by the forcing frequency of the jet can be
clearly seen. For Fig. 4, the signals look noisy because only one
sample of the DNS time series was used to compute the spectra
T;j(x, ). In Fig. 5 the far-field spectra (pp*)2 along two arcs of
radius 60 in the major and minor jet plane are plotted for various
radiation angles 6 measured from the jet axis. The spectra are highly
peaked at the forcing frequency, which is characteristic for such a
low-Reynolds-number subsonic transitional jet. As a comparison,
we also plot in Fig. 5 the far-field spectrum (arbitrary level) of the

90°

H : i i H H H H o
4 120 100 80 60 40 20 O 20 40 60 80 100 120 0
SPL(dB)
Fig. 8 LES ADM: symbols as in Fig. 6.
90°
0 120 100 80 60 40 20 0 20 40 60 80 100 120 0

SPL(dB)

Fig. 9 LES ADM for frequencies up to w,, symbols as in Fig. 6.

12

4 6 8 10 12 14 16 18 20
a1

Fig. 10 LES ADM results (frequencies up to w,): velocity dilatation
contours in the major and minor jet planes.
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round jet DNS data of Freund?* for all angles and experiments of
Stromberg et al.** at an angle of 30 deg. If the Strouhal number is
scaled such that L; corresponds to the jet diameter, the dropoff in
the spectra is a good match. Experimental observations'? of a more
intense radiation along its minor axis (the loud plane of the jet) are
also found in the data.

In Fig. 6, the radiated sound pressure level (SPL)=
201og,,(pe. / pfef), is plotted for the two arcs, by the use of the stan-
dard dimensional reference condition p; =2 x 10> Pa and under
the assumption of standard atmospheric pressure for the computa-
tion of the speed of sound. The anticipated directivity based on a
Doppler scaling®

SPL ~ 1/[1 — M, cos()]’ (10)

with assumed convective Mach number M, = 0.6 M is also plotted.
The overall directivity matches very well.

The LES noise prediction based on the original ADM formula-
tion could reproduce the lower frequencies of the acoustic far field;
however, the higher frequencies were polluted by spurious noise
(Fig. 7). This resulted in an overprediction of the far-field SPL, par-
ticularly in the upstream direction of the jet (Fig. 8) The overall
prediction was very much improved when the SPL was computed

f)
Fig. 11 LES M1: symbols as in Fig. 5.

from frequencies up to w, (Fig. 9). Accordingly, the far-field dilata-
tion levels for frequencies up to w, of the LES (Fig. 10) compare
well with the ones from DNS. (Note that the phase angle of excita-
tion is different.) They simply lack the higher wave numbers. This
agreement is because the dominant noise sources are at resolved low
frequencies.

The reduced deconvolution order simulation (M1), as well as the
simulation with high-order filtering (M2) consistently showed a too-
rapid dropoft in the spectra (Figs. 11 and 12). This is particularly
true for the M2 case. Note that the spectra are much noisier due to
little statistical sampling, which, however, does not alter the conclu-
sions. Both simulations catch the transition of the jet reasonably well
and correctly predict the low frequencies, especially at the forcing
frequency. However, beginning around w ~ 10, the spectral dropoff
compared to the original LES and DNS is too rapid. The M2 simu-
lation is definitely free of spurious noise in the high wave number
region; however, the same increase in the spectra at upstream an-
gles can be seen as in Fig. 7. This confirms that the acoustic analysis
procedure lacks accuracy in this frequency region. Evaluation of the
acoustic far-field based on the ADMHI data showed essentially the
same far-field prediction as the original lower resolution LES; how-
ever, the spectra reproduced the correct dropoff up to a higher cutoff
frequency according to the more refined grid.
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Fig. 12 LES M2: symbols as in Fig. 5.

Conclusions

An analysis of previously found spurious noise in the acoustic
radiation prediction of rectangular jet flow from LES data based on
Lighthill’s analogy was presented. The unphysical increase in the
far-field spectra at high frequencies, which resulted in an overpre-
diction of the SPL can be attributed mainly to numerical accuracy
limitations of the acoustic analysis procedure. Up to an estimated
cutoff frequency, the LES-based prediction is accurate.

To assess the creation of spurious noise by the subgrid-scale mod-
eling in the LES itself, a reduced-order deconvolution simulation
(N =2) was performed, as well as an LES with no subgrid-scale
modeling that uses high-order filtering only to ensure sufficient dis-
sipation. It was found that both simulations consistently resulted in
a too-rapid dropoff of the far-field spectra and that the unphysical
increase in the far-field spectra at higher frequencies was never-
theless present. This confirms that this spurious noise was mainly
introduced by the acoustic analysis procedure.

The numerical tests suggest that, for aeroacoustic prediction
of jet noise by LES, the exact form of the subgrid-scale mod-
eling is not of importance, given that enough dissipation is en-
sured to dampen spurious noise (grid to grid oscillations) and given
that the LES model does not introduce an exceeding amount of
dissipation.
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