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Abstract

Large Eddy Simulations (LES) of a Mach number M =
0.9, round jet with a high Reynolds number Rep =
4 x 10° are performed. In first LES, a selective filter-
ing removing grid-to-grid oscillations without affecting
the resolved scales is used alone to take into account
the dissipative effects of the unresolved scales. Flow
and noise are shown to be independent on the filter-
ing. In second LES, the dynamic Smagorinsky eddy-
viscosity model (DSM) is also applied. Results are found
not to be appreciably modified when a subgrid scale ki-
netic energy is combined with the DSM. Moreover, the
flow features differ significantly using the DSM or us-
ing the filtering alone. Using the DSM, the jet devel-
ops faster with higher turbulence intensities and larger
length scales, and the high-frequency components in the
velocity and sound spectra are reduced. This supports
that the effective Reynolds number of the simulated flow
is artificially decreased by the use of an eddy viscosity.

1. Introduction

Solving the Navier-Stokes equations for simulat-
ing turbulent flows raises important issues which
need to be addressed to ensure that the solutions are
physically correct and are not artifacts of the com-
putational procedure. This is particularly the case
for the numerical dissipation, whose effects are to be
minimized so that they do not exceed the physical
mechanisms nor do govern the flows. For instance
in Direct Numerical Simulation (DNS) where all the
turbulent scales down to the energy-dissipating sca-
les are solved, one must check that the molecular
viscosity dominates the numerical dissipation. In
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Large Eddy Simulation (LES) where only the tur-
bulent scales discretized by the grid are calculated,
this point is quite different since the scales affected
by viscous diffusion are lacking. An artificial damp-
ing is then required to dissipate the turbulent kinetic
energy, and in practice to ensure stability.

The usual LES approach to account for the dissi-
pative effects of the subgrid scales rests on an eddy-
viscosity hypothesis.! Models such as the famous
Smagorinsky model? have thus been developed to
express the eddy viscosity from physical consider-
ations. They have been improved by the formula-
tion of dynamic procedures®™® to estimate the coef-
ficient adjusting the amplitude of the eddy viscos-
ity directly from the computed scales. These pro-
cedures are based on the use of the eddy-viscosity
model twice, to represent the subgrid stress tensors
associated, respectively, to the grid filter and to an
arbitrary test filter of larger width. The major ben-
efit using dynamic procedures is that the eddy vis-
cosity should vanish for laminar flow. However the
eddy-viscosity approach still suffers from several de-
ficiencies. The eddy-viscosity closure assumes a one-
to-one correlation between the subgrid stress and the
resolved strain rate tensors although very little cor-
relation really exists.® The dynamic procedures are
also quite sensitive to the numerical errors” and to
the shapes of the test filters.® Despite these limi-
tations, the eddy-viscosity models are widely used,
notably in combination with other parametrizations
of the subgrid stress tensor’*%19 in mixed models.

One important question raised by an eddy-viscosi-
ty model is about the effective Reynolds number of
the simulated flows.!"»'2 Since the eddy and the
molecular viscosities have the same functional form,
one can expect an eddy viscosity of higher ampli-
tude than the molecular viscosity to define the ef-
fective flow Reynolds number. Its value might thus
be artificially decreased. Moreover, an eddy viscos-
ity may dissipate the turbulent energy through a
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wide range of scales up the larger which should be
dissipation-free. Alternatives to the eddy-viscosity
models have therefore been proposed.!> One inter-
esting approach consists in damping the turbulent
energy by numerical procedures.!* To closely con-
trol the numerical dissipation, it appears especially
appropriate to use compact'316 or selectivel” filters
whose properties are optimized in the wave number
space to eliminate short waves without affecting the
resolved scales. The use of compact filtering with-
out additional subgrid model was recently tested by
Visbal and Rizetta!® who obtained better results us-
ing compact filtering alone than with Smagorinsky
models for isotropic turbulence. In an earlier work,
selective filtering was also chosen by the authors to
take into account the dissipative effects of the unre-
solved scales with the aim of performing Reynolds-
Number-Preserving LES. The circular jet thus sim-
ulated displayed properties in good agreement with
relevant measurements.!!

In the present paper, LES of the same jet with
a Mach number M = 0.9 and a Reynolds number
Rep = 4 x 10° are presented to study the influence
of the subgrid modelling on jet flow and noise, which
are expected to be significant at such a high Rep.
Two kinds of simulations are carried out using selec-
tive filtering alone or in combination with the Dy-
namic Smagorinsky Model (DSM). To ensure that
the scales involved in the dynamic procedure are well
calculated, the numerical solver displays spectral-
like accuracy, providing negligible dissipation and
dispersion on the resolved scales. The first object
of this work is to demonstrate that the flow solution
is independent on the filtering when filters used are
sufficiently selective. The second is to show the pos-
sible effects of the addition in the DSM simulations
of a scale subgrid kinetic energy, usually proposed as
modelling for the isotropic part of the subgrid stress
tensor.'® The third and main object is to compare
the results obtained with and without the DSM, to
investigate the influence of an eddy viscosity model
on the turbulent jet features, and especially on the
effective flow Reynolds number. Note that the role
of the eddy viscosity will be further discussed in a
next paper?° from the kinetic energy balance.

The numerical procedure is presented and the
different simulations are defined in section 2, dis-
playing also snapshots of vorticity and pressure. The
influence on results of the selective filtering and this
of the subgrid scale kinetic energy in the DSM sim-
ulations are shown in sections 3 and 4, respectively.
The flow and sound fields obtained with the filtering
alone and with the DSM are compared in section 5.
Finally concluding remarks are drawn in section 6.

2

2. Simulation parameters

2.1 Numerical procedure

The numerical algorithm is this of earlier sim-
ulations!'!2! of the present isothermal round jet at
M = 0.9 and Rep = 4 x 10°. The filtered compress-
ible Navier-Stokes equations?? are solved using low
dispersive and low dissipative schemes.!” A thirteen-
point finite-difference scheme is used for spatial dis-
cretization while an explicit six-stage Runge-Kutta
algorithm is applied for time integration. For stabil-
ity, grid-to-grid oscillations are removed thanks to
a selective filtering reported in the next subsection.
To compute the noise, non-reflective boundary con-
ditions as well as a sponge zone at the outflow®® are
implemented.

The inflow conditions and the numerical param-
eters of the simulations are those of the simulation
referred to as LESac in earlier papers.'2! Meanflow
profiles are imposed at the inflow boundary with a
ratio between the shear-layer momentum thickness
and the jet radius of dg/ro = 0.05. Random distur-
bances are added to the velocity profiles in the shear
layer zone to seed the turbulence.?* The excitation
procedure is described in detail in a recent paper?!
where the effects of the inflow conditions on flow and
sound fields are studied for the present jet.

The computational domain is discretized by a
12.5 million point Cartesian grid with 15 points in
the jet radius rq. The flow is computed up to an
axial distance of 25r5. The sound field is calculated
radially up to 15rg from the jet axis, and resolved
for Strouhal numbers St = fD/u; < 2. Finally, the
simulation time T is long enough to achieve conver-
gence of results, as shown for instance by the corre-
sponding Strouhal number D/(Tu;) = 9.9 x 10™%.

2.2 Definition of the different simulations

In all simulations, an explicit filtering is applied
to the density, momentum and pressure. The fil-
ters used!'! were designed to eliminate short waves
without affecting the resolved scales discretized at
least by four grid points. Their transfert functions
can be found in references.''” One can expect this
selective filtering to act as the subgrid scales by dis-
sipating the turbulent energy transferred from the
resolved scales.

To define the LES, remind that the application
of a central, 2NV 4+ 1 point stencil filter to a variable
U, on a mesh of spacing Az, is performed as

N
U7 (o) = U (20) — 04 Z d;U (zo + jAx)

j=—N
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where 0 < g4 < 1 and d; are the filter coefficients.
Four simulations are carried out with the param-
eters reported in Table 1. Note that the simula-
tion referred to as LESsf corresponds to the simula-
tion LESac whose results have been presented pre-
viously.'*'7 In the simulations LESsf and LESsf2,
the filtering is used alone without additional subgrid
models, every two and three iterations respectively,
with o4 = 2/3.

sfevery o4 | vp | ksgs

LESsf 2A¢ 2/3 | no | no
LESsf2 3At 2/3 | no | no
LESdsm 2At 2/3 | yes | no
LESdsm2 2A¢t 2/3 | yes | yes

Table 1: Parameters of the simulations, sf is used for
selective filtering, At is the time step.

In LESdsm and LESdsm2, the filtering is applied
as in LESsf, but eddy viscosity v; and subgrid ki-
netic energy k4, are also involved. The eddy vis-
cosity and subgrid scale kinetic energy are used to
approximate the deviatoric and isotropic parts of the
subgrid stress tensor 7;;, then expressed as

Tij = Pusu; — puu; ~ 2,ut§£ — 2pksgs6ij/3

where the superscript D denote the deviatoric part,
the bar and tilde indicate the LES filterings for com-
pressible turbulence, see in Moin et al.* for more
details. The eddy viscosity is parametrized using
the Smagorinsky model as p; = pCA?S, and the
SGS kinetic energy as kyys = CrA%S? where A =
(AzAyA2)'/3 and § = (25;;S;;)'/2. The coeffi-
cients C' and CT are computed from a dynamic Ger-

mano-Lilly*® procedure leading to
C = (LjMy;) /(M};) and Cr= (L) /(N)

where " represents a fifteen-point stencil test filter'”
of width k.Az = 7/2, () a second-order filter, and

o~

Ly = pugpu;/p— [pwi pa;/p)
M;; = 2pA%S(Si; — Skkdi;/3)

—[2ﬁA2S(Si]' - Skliéz’j//\'g)]
N = —2pA28? 4 [2pA252)

with 7 denoting test-filtered quantities.

Profiles for r = ry of the coefficients C and Cf
obtained in LESdsm2 are presented in Figure 1. Al-
though not shown, note that the coefficient C' takes
very close values in LESdsm and LESdsm2. Its mean
value of about 0.02 in the turbulent flow region stands
in the range of values obtained for isotropic turbu-
lence, from the Smagorinky constant yielding C2? =

0.18% = 0.032, or from numerical simulations.*19:2%

The mean value of Cy, about 0.01, corresponds also
fairly well to the values calculated for isotropic tur-
bulence.*2
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Figure 1: Profiles for r = ¢ of the dynamic coefficients
C and Cj for the simulation LESdsm2: instan-
taneous, and — — — time-averaged values.

In next sections, profiles plotted to compare the
results obtained from the different simulations will
follow the line type definition of Table 2.

LESsf
LESsf2 - —-
LESdsm - - -
LESdsm?2

Table 2: Line types used for the four simulation profiles.

2.3 Instantaneous vorticity and pressure

Figures 2 and 3 present snapshots of the vorticity
norm and of the fluctuating pressure for the simula-
tions LESsf and LESdsm.
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LESsf

-15 - -15
-15 -5 5 15 -15
2l
Figure 2: Snapshots of the vorticity |w| in the flow and Figure 3: Snapshots of the vorticity and of the fluctu-
of the fluctuating pressure p’ outside, for the simulation ating pressure for the simulation LESdsm. See caption

LESsf: in the x — y plane at z = 0 and in the y — z plane of Figure 2 for details.
at = 11rp. The color scales are from 0 to 8 x 10* s~*
for the vorticity and from —70 to 70 Pa for the pressure.
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The jet developments in LESsf and LESdsm look
alike. They are characterized by core lengths x.
of 10.2r¢ and 10.4ry, respectively, determined here
from the centerline mean axial velocities later shown
in Figure 11 using u.(z.) = 0.95u;. However it
seems that the turbulent flow field displays more fine
scales in LESsf, and that possible coherent struc-
tures are more apparent in LESdsm. A similar ob-
servation is made for the sound field, which contains
visibly more high-frequency components in LESsf
than in LESdsm as illustrated in the transverse pla-
nes, see in section 5 for detailed comparisons be-
tween the results from the two simulations.

3. Influence of the selective filtering

The sensitivity of LES results to the filtering
should depend on the filter properties. Visbal and
Rizetta!® have for instance shown that low-order fil-
ters provide excessive dissipation for decaying iso-
tropic turbulence and that at least 6th order is re-
quired to obtain correct results. Another example
of the effects of filtering in LES is given by Uzun et
al.2® who reported that the features of a circular jet
can vary according to the filters used.

In the present simulations, the filters are suffi-
ciently selective so that the filtering exerts no in-
fluence on the resolved scales discretized by more
than four grid points. The larger resolved scales,
which are the major energy-containing scales and
which thus determine the amount of energy to be
dissipated, are unaffected. Therefore the dissipation
rate, and consequently the LES results, should be
independent on the filtering procedure. Physically,
the turbulence spectra are truncated at the grid cut-
off wave number k9" = 7/Az, but accuratly cal-
culated up to the filtering cut-off wave number here
close to k3f = 7/(2Ax). Energy is transferred, fol-
lowing the turbulent cascade process, from the re-
solved to the filtered scales characterized by k > k2/,
and is then diffused by the filtering.

The negligible influence of the selective filtering
on the present LES results is demonstrated by the
quite similar properties of the flow and sound fields
obtained from the simulations LESsf and LESsf2
where the filtering is applied every two and three
iterations respectively. Among the compared pa-
rameters, an excellent agreement is observed for the
mean flow, the turbulence intensities, the velocity
spectra and length scales, and for the sound levels
and spectra, see for example Figures 4 and 5 dis-
playing centerline profiles of the rms axial-velocity
fluctuations and sideline acoustic levels.
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Figure 4: Centerline profiles of the rms-value of the
fluctuating axial velocity. See Table 2 for the line types.
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Figure 5: Overall sound pressure levels for r = 15r¢.
See Table 2 for the line types.
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Figure 6: Centerline profiles of the rms-value of the
fluctuating axial velocity. See Table 2 for the line types.
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Figure 7: Owverall sound pressure levels for r = 15r¢.
See Table 2 for the line types.

4. Influence of the SGS kinetic energy

For compressible turbulence, eddy-viscosity mod-
els are usually combined with a model of the isotropic
part of the SGS stress tensor based on SGS kinetic
energy.!® The physical justification of a SGS kinetic
energy can be questioned by the mixing-layer simu-
lations of Vreman et al.??> where the small correla-
tion between the SGS stress tensor and the dynamic
Smagorinsky model was found to still decrease when
a SGS kinetic energy is added. The effects of SGS
kinetic energy are also very unclear. They were as-
sumed to be negligible in most turbulent flows by
Erlebacher et al.!® who noticed that the isotropic
part of the SGS tensor is dominated by the ther-
modynamic pressure. This was supported by Zang
et al.>” who obtained indistinguishable results from
LES of compressible isotropic turbulence with coef-
ficients C; = 0.0066 and 0.066.

In the present DSM simulations LESdsm and
LESdsm2, SGS kinetic energy is only used in LES-
dsm2. No significant discrepancies are found be-
tween the results obtained from the two simulations,
which show that the influence of the SGS kinetic en-
ergy on the simulated flow is negligible. This could
have been expected from the above considerations,
by noting that in LESdsm?2 the ratio between the cal-
culated SGS kinetic energy and the ambient pressure
is about 2 x 10~* and that C; is about 0.01. The
very small dependence on the SGS kinetic energy
model is observed for flow and noise features, and
is here illustrated by Figures 6 and 7 presenting the
rms-values of the centerline axial velocity fluctua-
tions and the acoustic levels for both LESdsm and
LESdsm?2.

6

5. Selective filtering versus eddy viscosity

The results obtained from the simulations LESsf
and LESdsm are now compared to show the effects of
the DSM on the turbulent jet. In LESdsm, since the
mean eddy viscosity is about 40 times the molecular
viscosity, one can expect the effective flow Reynolds
number to be reduced from Rep = 4 x 10° to a value
of Re,, ~ 10%*. The discrepancies between LESsf
and LESdsm should mainly result from this artificial
decrease.

5.1 Flow field

5.1.1 Shear-layer development

As suggested by the core lengths provided in sec-
tion 2.3 for LESsf anf LESdsm, the shear-layer de-
velopment appears poorly affected by the use of the
DSM. This is shown for instance by the streamwise
variations of the shear-layer thickness and of the in-
tegral length scales presented in Figure 8, which are
found to be very similar in LESsf and LESdsm.

0.6

12
x/rO

Figure 8: Profiles for r = ro of the axial length scale
Lﬂ) /ro. See Table 2 for the line types.

The profiles for r = rg of the rms velocity fluctu-
ations are also in fair agreement. They have similar
shapes, as in Figure 9 for the axial velocity fluctu-
ations, with peaks reached at the same axial loca-
tions. The peak magnitudes, given in Table 3, are
only slightly decreased in LESdsm. The ratios be-
tween the maxima of the axial and radial velocity
fluctuations are also very close. This supports that
the shear layers have similar structure in the two
simulations, with and without the DSM. The shear
layer development seems to be much more dependent
on the excitation properties as reported in a recent
paper.2! In particular, the high values found for

vl.s With respect to measurements®® were observed
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to be reduced when the first azimuthal modes are
removed from the inflow forcing.

0.24
0.2

0.16

12
x/rO

Figure 9: Profiles for r = 7o of the rms-value of the
fluctuating axial velocity. See Table 2 for the line types.

(u;‘ms)P (U;ms)P (v;'ms)lJ

uj uj (U’Lms)p
LESsf 0.203 0.186 0.92
LESdsm 0.193 0.175 0.91

Table 3: Rms peak values for r = ro of the fluctuating
velocities 4’ and v'. The subscript p is used for peak.

To study the shear-layer turbulence, the u'-velo-
city spectra are shown for z = 6r¢g and r = rg in
Figure 10. The spectra from LESsf and LESdsm are
dominated by peaks characterized by similar Strou-
hal numbers and levels, indicating that the instabil-
ity waves growing in the transitional shear layer are
not significantly affected by the DSM. This could
mostly result from the dynamic procedure which
provides negligible values of coefficient C' in the shear
layer for about x < 479 as shown in Figure 1. It
can be also noted that at the high flow Reynolds
number Rep, and even at the DSM effective Re,,,
the influence of viscosity on instability waves is ex-
pected to be small.?? Although the eddy viscosity
is significant only for = > 4rg, its dissipative effects
on turbulence are yet clearly visible on the veloc-
ity spectra at £ = 6r9. The turbulence components
with St > 0.7 are indeed reduced in LESdsm with
respect to LESsf. This illustrates that the eddy vis-
cosity affects a wide range of resolved wave numbers,
located well below the filtering cut-off Strouhal num-
ber St3f ~ 2.1.

5.1.2 Jet flow development

Discrepancies between the results from LESsf and
LESdsm are more apparent on the jet development
downstream of the potential core. The mean flow

7
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Figure 10: Spectral power densities of the u'-velocity for
x = 6r9 and r = 1o, as a function of Strouhal number
St = fD/u;. See Table 2 for the line types.

properties for instance are found to appreciably dif-
fer. The decay of the centerline axial velocity and
the jet spreading are more rapid in LESdsm with the
eddy-viscosity model than in LESsf. The streamwise
variations of the centerline mean axial velocity are
presented in Figure 11, where experimental data for
two Mach M = 0.9 jets, at low Rep = 3.6 x 10° and
at high Rep = 10° Reynolds numbers respectively,
are also plotted. A good agreement is observed be-
tween the velocity profile from LESsf and this mea-
sured for the high Rep jet, whereas the profile from
LESdsm stands between the two experimental ones.
This may indicate that the high Reynolds number
Rep = 4 x 10° calculated from the jet inflow pa-
rameters is only preserved in the LESsf simulation.
In LESdsm, the effective Reynolds number appears
to be decreased. It seems intermediary from the ex-
perimental Reynolds numbers, and then corresponds
well to the Re,, ~ 10% estimated from the mean
eddy-viscosity value v; ~ 40v.

The centerline profiles of the fluctuating velocity
magnitudes are also found to differ with and with-
out the DSM. As shown for example in Figures 4
and 6 for the fluctuating axial velocity, the ampli-
tude peaks in LESdsm occur about one radius later
than in the LESsf simulation, with slightly enhanced
values. These peak values are given in Table 4 for the
axial and radial velocities, and they agree fairly well
with the range of corresponding measurements.?!:3°

(u;'ms)l)/uj (U;ms)l)/uj
LESsf 0.131 0.118
LESdsm 0.140 0.120

Table 4: Rms peak values of the ' and v’ velocities on
the jet axis. The subscript p is used for peak.
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Figure 11: Profiles of the mean centerline velocity
uc/uj. See Table 2 for the line types. Measurements:
o Lau et al.3® (M = 0.9, Rep = 10°), ¢ Stromberg et
al.3 (M = 0.9, Rep = 3.6 x 10®), both shifted in the
axial direction for the comparison.

To discuss the effects of the eddy viscosity mod-
elling on turbulence magnitude, it is more inter-
esting to look at the turbulence intensities calcu-
lated using the local centerline velocity u.. The cen-
terline profiles of axial turbulence intensities from
LESsf and LESdsm are presented in Figure 12. The
self-similarity region where u..,,./u. ~ 0.25 on the
jet axis3? is not observed in either of the simula-
tions. Note that this region was shown to be still not
reached in LESsf for z = 60rg in a previous study.!!
The increase of turbulence intensities in LESsf is
slower than in LESdsm, and also seems to agree bet-
ter with measurements for a jet at same Mach and
very similar Reynolds number.?® At this point, it
should be reminded that the distance necessary for
the turbulence intensities to become self-similar ap-
pears dependent on the Reynolds number. In high
Reynolds number jets, the self-similarity is reached
experimentally far downstream from the nozzle, at a
distance of about 100 radii,?? whereas it is observed
for x = 25rg in very low Rep jets computed by Di-
rect Numerical Simulation.?* A faster increase in
turbulence intensities should indicate a lower Rey-
nolds number. Thus as the velocity decays, the
turbulent intensities may point out that the effec-
tive Reynolds number is preserved in LESsf, but de-
creased in LESdsm by the eddy viscosity model.

The integral longitudinal length scales calculated
on the jet axis from the axial fluctuating velocity are
now presented in Figure 13. They appear to increase
linearly with the downstream distance in both sim-
ulations LESsf and LESdsm. The growth rates are
found to be similar, and compare to this obtained ex-
perimentally by Wygnanski and Fieldler®? as shown

8
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Figure 12: Centerline profiles of the turbulence intensity
Upms/Uc. See Table 2 for the line types. + measurements
of Arakeri et al.3® (M = 0.9, Rep = 5 x 10°), shifted in
the axial direction for the comparison.

in an earlier simulation using a larger grid in the
axial direction.!! Tt is striking to notice that the
length scales are significantly larger in LESdsm than
in LESsf for a given axial distance. Since the integral
length scales observed in the shear layer from LESsf
and LESdsm in Figure 8 are nearly the same, the dis-
crepancies on the jet axis should mainly come from
the region at the end of the potential core where the
transition from shear layer to jet turbulence occurs.
The eddy-viscosity DSM may thus affect appreciably
the dynamics of this region.

0.8
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Figure 13: Centerline profiles of the axial length scale
L&) /ro. See Table 2 for the line types.

The u'-velocity spectra obtained in the developed
jet for x = 20r¢ on the jet axis are shown in Fig-
ure 14. They are calculated from the temporal spec-
tra using the Taylor hypothesis, as previously de-
scribed in detail.'! As expected, the spectrum from
LESsf collapses in the vicinity of the filtering cut-off
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wave number approximated by k3f = 7/(2Az). In
LESdsm, the spectrum shape is appreciably changed
with respect to LESsf and it would be more difficult
to define a cut-off wave number because of the dissi-
pative effects of the eddy viscosity on all scales. The
magnitude of the higher wave numbers is reduced
while this of the energy-containing lower wave num-
bers is enhanced in agreement with the increase in
turbulence intensity. These modifications of spec-
trum shapes result in the description given in sec-
tion 2.3 of a turbulence containing less fine scales
in LESdsm than in LESsf, as for a lower Reynolds
number.
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Figure 14: One-dimensional spectrum E{" (k1) of the
u’ velocity for £ = 20ry on the jet axis, as a function of
the axial wave number k1. See Table 2 for the line types,
------- filtering cut-off wave number k¢/.

Finally, characteristic wave numbers are reported
in Table 5 for £ = 20rg on the jet axis. The trans-
verse Taylor and Kolmogorov scales are calculated
using the relations for isotropic turbulence, A\, =
(LY ves [t ny) Y/ and i = (L34 (e [t )12,
where v,y = v in LESsf but vey = v + 14 in LES-
dsm. The use of eddy viscosity in LESdsm decreases
spectacularly the wave numbers associated to the
Taylor and Kolmogorov scales. In particular, the
Kolmogorov wave number gets closer to the range
of the resolved wave numbers given by k < k2f.

LY kSN, KT 1y
LESfs1 160 1100 4800 - 200000
LESdsm1 130 - 700 1100 14000

Table 5: Wave numbers associated to the axial integral
scale, the filtering cut-off, and the transverse Taylor and
Kolmogorov scales Ay and 7, for £ = 207 on the jet axis.

9

5.2 Acoustic field

The profiles for » = 15rg of the sound pressure
levels given directly from the simulations LESsf and
LESdsm are presented in Figure 15. The sound
levels in LESdsm are reduced by about 1 dB with
respect to LESsf for z < 247y, but they are in-
creased further downstream. This change according
to the direction of sound emission leads us to investi-
gate the properties of the acoustic field in the down-
stream and in the sideline directions where two dis-
tinct noise components are likely to be respectively
dominant.?1:24
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Figure 15: Overall sound pressure levels for r = 15r¢.
See Table 2 for the line types.
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Spectra and azimuthal correlation functions of
the acoustic field are first calculated in the down-
stream direction, for £ = 297¢ and r = 12rg as in
earlier papers.'2! The correlation functions from
LESsf and LESdsm, not shown here, are quite sim-
ilar, both displaying the high azimuthal correlation
measured for angles about § = 30° from the jet
direction.!! The mechanism generating the down-
stream acoustic radiation should therefore be the
same in the two simulations. This is clearly demon-
strated by the sound spectra presented in Figure 16,
which are strongly dominated by peaks at the same
Strouhal number St ~ 0.3. The sound levels do not
differ much, 125.2 dB in LESsf versus 126.3 dB in
LESdsm, and were shown to correspond to the far-
field experimental levels':?! for § = 30° from the
jet axis. To discuss the way the DSM may increase
the downstream sound levels, remind that these lev-
els were found to vary as the maxima of centerline
turbulence intensities in recent LES.2! The results
from LESsf and LESdsm, see for instance in Table 4,
conform to these observations. Thus the increase of
the downstream sound levels in LESdsm may result
from the higher magnitude of the velocity fluctua-
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tions obtained on the jet axis just after the potential
core using the DSM.

SPL(Pa%/St)

St

Figure 16: Sound pressure spectra as a function of
Strouhal number St = fD/u; for x = 29ry and r = 12rg,
at an observation angle § ~ 30° from the jet axis. See
Table 2 for the line types.

The features of the pressure field are now inves-
tigated in the sideline direction for x = 11lry and
r = 15rg. As previously, the azimuthal correlation
functions calculated from LESsf and LESdsm are
very close, which indicates that the sound sources
contributing mostly to the sideline noise in the two
simulations are of same nature. The sound corre-
lation decreases rapidly with the azimuth in accor-
dance with experimental data.!! Tt must also be
noted that it is slighty enhanced in LESdsm with
respect to LESsf. The effects of the subgrid mod-
elling on the sideline noise properties are much more
visible on the sound spectra presented in Figure 17.
Their shapes are indeed strongly altered, with maxi-
mum for Strouhal St ~ 0.7 in LESsf but for St ~ 0.4
in LESdsm. The use of eddy viscosity in LESdsm
thus results in the reduction of the high frequency
noise components, which was already apparent in
the pressure snapshots of Figure 3. The modifica-
tion of the sideline spectrum shape is all the more
significant because it was found to be nearly un-
changed in recent LES using different parameters of
inflow forcing.2! The sound levels at the study point,
124.1 dB in LESsf versus in 122.9 dB from LESdsm,
vary however as in these latter simulations, as the
peak amplitudes of the fluctuating radial velocity in
the shear layer, shown in Table 3. The levels are
also higher by about 4 dB than expected from the
far-field measurements for 8 ~ 75° from the jet axis.
This overestimation was connected to the excessive

! . magnitude in the shear layer, attributed to the

UTmS .
inflow forcing properties.?!
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Figure 17: Sound pressure spectra for £ = 1179 and
r = 1570, at an observation angle § ~ 75° from the jet
axis. See Table 2 for the line types.
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6. Conclusion

This paper compares the flow and sound fields
calculated by Large Eddy Simulations for a subsonic,
high Reynolds number circular jet using different
subgrid scale modellings. The influence of the mech-
anism used to dissipate the turbulent kinetic energy
instead of the subgrid scales is especially investi-
gated. The jet properties are thus observed to differ
appreciably when a selective filtering is used alone
or in combination with the eddy-viscosity Dynamic
Smagorinsky Model. The jet develops faster after
the potential core with the eddy viscosity model
than without, displaying for instance higher turbu-
lence intensities and larger length scales.

These results show that the large scale features
in free shear flows depend appreciably on the way
the energy is dissipated. Indeed, whereas the se-
lective filtering exerts dissipation only on the scales
discretized by a small number of grid points, typi-
cally between two and four points, the eddy viscosity
affects all flow scales. The eddy-viscosity model also
appears to result in an artificial decrease of the effec-
tive Reynolds number of the simulated flow, which
should question its use for flows where the Reynolds
number is an important parameter which must be
preserved.
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