International Journal of Heat and Fluid Flow 27 (2006) 603–610
www.elsevier.com/locate/ijhﬀ

Large eddy simulations of round free jets using explicit ﬁltering
with/without dynamic Smagorinsky model
Christophe Bogey *, Christophe Bailly
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Abstract
Large eddy simulations (LES) of round free jets at Mach number M = 0.9 with Reynolds numbers over the range
2.5 · 103 6 ReD 6 4 · 105 are performed using explicit selective/high-order ﬁltering with or without dynamic Smagorinsky model
(DSM). Features of the ﬂows and of the turbulent kinetic energy budgets in the turbulent jets are reported. The contributions of molecular viscosity, ﬁltering and DSM to energy dissipation are also presented. Using ﬁltering alone, the results are independent of the ﬁltering
strength, and the eﬀects of the Reynolds number on jet development are successfully calculated. Using DSM, the eﬀective jet Reynolds
number is found to be artiﬁcially decreased by the eddy viscosity. The results are also not appreciably modiﬁed when subgrid-scale
kinetic energy is used. Moreover, unlike ﬁltering which does not signiﬁcantly aﬀect the larger computed scales, the eddy viscosity is
shown to dissipate energy through all the turbulent scales, in the same way as molecular viscosity at lower Reynolds numbers.
 2006 Elsevier Inc. All rights reserved.
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1. Introduction
In simulations, important issues need to be addressed to
ensure that the solutions are physically correct and that
they are not artifacts of the computational 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. In large eddy simulation (LES)
where only the turbulent scales discretized by the grid are
calculated, this point is particularly crucial. The scales
aﬀected by viscous diﬀusion are indeed lacking. An artiﬁcial damping is therefore required to dissipate the turbulent
kinetic energy, and in practice to enforce stability.
An eddy viscosity is generally introduced in LES to
account for the dissipative eﬀects of the subgrid scales.
The widely-used dynamic Smagorinsky model (DSM) is
based on this hypothesis. In this model, especially devel*
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oped by Moin et al. (1991) for compressible turbulence,
the eddy viscosity is expressed from physical considerations
and its amplitude is estimated from the computed scales.
However, the use of eddy viscosity in LES still raises
important questions. For instance eddy-viscosity models
might dissipate the turbulent energy excessively. They
might also aﬀect a wide range of turbulent scales up to
the larger ones, even at high Reynolds numbers. Moreover,
since eddy viscosity has the same functional form as molecular viscosity, it is diﬃcult to deﬁne the eﬀective Reynolds
number of the simulated ﬂows (Domaradski and Yee,
2000; Bogey and Bailly, 2005b).
Alternatives to the eddy-viscosity approach, based on
ﬁltering for modelling the eﬀects of the subgrid scales, have
been proposed. One way consists in using low-dissipative
schemes for time and space discretization, while explicitly
applying a compact/selective ﬁlter to the ﬂow variables
with the aim of aﬀecting only the wave numbers located
near the grid cutoﬀ wave number. In this case, the dissipation on the larger resolved scales is minimized and energy is
only removed when it is transferred to the smaller scales
discretized by the mesh grid. This LES methodology was
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recently successfully applied to isotropic turbulence, channel ﬂows and jets (Visbal and Rizzetta, 2002; Rizzetta et al.,
2003; Mathew et al., 2003; Bogey and Bailly, 2006a). Visbal
and Rizzetta (2002) obtained for instance better results
using ﬁltering alone than with Smagorinsky models for isotropic turbulence. In their approximate deconvolution
model, Stolz et al. (2001) also introduced a relaxation term
that is very similar to the explicit selective ﬁltering. Their
LES of channel ﬂows showed a signiﬁcant improvement
over the results obtained using DSM.
The channel ﬂow conﬁguration is indeed one of the most
considered test cases in numerical ﬂuid dynamics. Simulations of free shear ﬂows have however been developed over
the last few years. Large eddy simulations have for instance
been performed with the aim of investigating the noise generated by round jets, as illustrated by the recent papers of
Andersson et al. (2005), Bodony and Lele (2005) and Bogey
and Bailly (2006a,b). Free shear ﬂows have also been computed in order to study subgrid modelling in LES. Subgrid
models have thus been evaluated by comparing LES results
to results obtained by direct numerical simulation (DNS)
for mixing layers and plane jets (Vreman et al., 1997; Le
Ribault et al., 1999). The grid/subgrid-scale interactions
have moreover been analysed from DNS database of planar jets (Akhavan et al., 2000; Da Silva and Métais, 2002).
In the present study, Large eddy simulations of round
free jets at Mach number M = uj/c0 = 0.9 (uj is the jet exit
velocity, c0 the speed of sound in the ambient medium) are
reported. The simulations are performed with low-dissipative numerical schemes (Bogey and Bailly, 2004), using
explicit selective/high-order ﬁltering with or without
dynamic Smagorinsky model. A jet at a high Reynolds
number ReD = ujD/m = 4 · 105 (D is the jet diameter, m
the kinematic molecular viscosity) was ﬁrst simulated by
the authors (Bogey and Bailly, 2006a) using ﬁltering alone.
The computed ﬂow and sound ﬁelds were found to be in
agreement with measurements at high Reynolds numbers.
This jet at ReD = ujD/m = 4 · 105 is now simulated using
a ﬁltering of diﬀerent strength. It is also computed using
DSM involving eddy-viscosity with or without subgridscale kinetic energy. The motivation is here to study the
inﬂuence of the ﬁltering and of DSM on jet ﬂow. Jets with
lower Reynolds numbers over the range 2.5 · 103 6
ReD 6 104 are also calculated using ﬁltering alone, with
the aim of reproducing the eﬀects of the Reynolds number
on jet development. These LES data at low Reynolds numbers will be compared to the DSM results at ReD = 4 · 105.
Moreover, the dissipation mechanisms involved in the present LES, i.e., molecular viscosity, ﬁltering and DSM, will
be investigated. The dissipation rates due to these mechanisms will be evaluated from the energy budgets, and the
aﬀected scales will be characterized.
The present paper is organized as follows. First the
parameters of the diﬀerent simulations are described. Flow
features obtained from the LES are then shown. The
kinetic energy budgets are subsequently calculated, and
the contributions of molecular viscosity, explicit ﬁltering

Table 1
LES parameters: jet Reynolds numbers ReD, frequencies of application of
the ﬁltering (Dt = 0.85 · (r0/15)/c0 is the time step), dynamic Smagorinsky
model (DSM) application and core lengths xc
ReD

Filtering
frequency

DSM

xc/r0

LESsf
LESsf2
LESdsm
LESdsm2

4 · 105
4 · 105
4 · 105
4 · 105

2Dt
3Dt
2Dt
2Dt

–
–
mt
mt + ksgs

10.2
10.2
10.4
10.4

LESre1
LESre2
LESre3

104
5 · 103
2.5 · 103

2Dt
2Dt
2Dt

–
–
–

10.7
11.3
13

and DSM to the dissipation are presented. Finally concluding remarks are drawn.
2. Simulations
The speciﬁcations of the simulations are given in Table 1.
Initial conditions are deﬁned for isothermal round jets with
centerline velocities and diameters yielding a ﬁxed Mach
number M = 0.9 and various Reynolds numbers. LESsf,
LESsf2, LESdsm and LESdsm2 jets are at the high
Reynolds number of ReD = 4 · 105, while LESrel, LESre2
and LESre3 jets are at ReD = 104, 5 · 103 and 2.5 · 103,
respectively.
The numerical algorithm is that of the reference simulation LESsf, described in detail and referred to as LESac in
Bogey and Bailly (2006a). The ﬁltered compressible
Navier–Stokes equations are solved using numerical
schemes developed in Bogey and Bailly (2004), which were
optimized in the Fourier space in order to minimize the dispersion and the dissipation errors for the scales discretized
by more than four grid points. Spatial derivatives are
obtained by explicit fourth-order thirteen-point centered
ﬁnite-diﬀerences. Time integration is taken in account by
an explicit second-order six-stage Runge–Kutta algorithm.
Grid-to-grid oscillations are removed by an explicit ﬁltering, involving fourth-order thirteen-point and twentyone-point ﬁlters, which were designed in order to damp
the scales discretized by less than four grid points without
aﬀecting the larger scales. The ﬁltering is applied explicitly
to the density, momentum and pressure variables, every
two or three iterations, sequentially in the grid directions.
Note that, due to the explicit time integration, the time step
is only Dt = 0.85 · (D/30)/c0. It is therefore expected to be
quite smaller than the characteristic time scales of the turbulent ﬂow. This is of importance in order to avoid an
accumulation of energy at the smaller scales discretized.
The computational domain is a 12.5 million point Cartesian grid with 15-points in the jet radius (Dy = r0/15).
The ﬂow is computed axially up to x = 25r0, and radially
up to y, z = 15r0. The discretizations in the y and z directions are indeed the same, and are symmetrical about the
jet axis. The mesh spacing is moreover uniform in the jet
ﬂow with Dy = Dz = Dx/2. Finally, non-reﬂective bound-
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Fig. 1. Centerline proﬁles of the DSM coeﬃcients C and CI. Mean values:
— LESdsm2,  LESdsm; instantaneous values: - - - LESdsm2.
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with . denoting test-ﬁltered quantities. The SGS kinetic energy is used in the LESdsm2 simulation but ksgs = 0 in
LESdsm.
Proﬁles along the jet axis of the coeﬃcients C and CI are
presented in Fig. 1. The mean values of C in LESdsm and
LESdsm2 are in particular very close. They are about 0.02
in the turbulent ﬂow region, standing in the range of values
obtained for isotropic turbulence from the Smagorinky
constant yielding C 2s ¼ 0:032, or from numerical simulations (e.g., Speziale et al. (1988), Moin et al. (1991), Erlebacher et al. (1992)). The mean value of CI in LESdsm2 is
about 0.01 and corresponds also fairly well to the values
calculated for isotropic turbulence.
Axial proﬁles of the eddy viscosity and of the SGS
kinetic energy are shown in Fig. 2. The simulations LES-
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ui ~
qmt e
S Dij  ð2=3Þk sgs dij
uj  q
i uj ’ 2
where the superscript D denote the deviatoric part, and the
bar and tilde indicate the LES ﬁlterings for compressible
turbulence, see Moin et al. (1991). The eddy viscosity
is parameterized using the Smagorinsky model as mt ¼
C I D2 e
CD2 e
S, and the SGS kinetic energy as k sgs ¼ q
S 2 where
1=2
1/3
and e
S ¼ ð2f
S ij f
S ij Þ . The coefﬁcients C
D = (Dx Dy Dz)
and CI are computed using the dynamic procedure of Lilly
(1992)

x/r

0
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ary conditions are used, with the addition of a sponge zone
at the outﬂow.
In all simulations, mean axial velocity at the jet inﬂow
boundary is deﬁned by a hyperbolic-tangent proﬁle with
a ratio dh/r0 = 0.05 between the shear-layer momentum
thickness and the jet radius. Mean radial and azimuthal
velocities are set to zero, pressure is set to the ambient pressure, and the density proﬁle is obtained from a Crocco–
Busemann relation. To seed the turbulence, small random
velocity disturbances are added in the shear layer following
the procedure used in the LESsf simulation. The eﬀects of
the inﬂow conditions and forcing were investigated in
Bogey and Bailly (2005a).
In LESsf and LESsf2, the selective ﬁltering is used alone,
every second and third iteration, respectively. In LESdsm
and LESdsm2, ﬁltering is applied as in LESsf but in combination with the dynamic Smagorinsky model (DSM). In
the DSM, an eddy viscosity mt and a subgrid-scale kinetic
energy ksgs are introduced to approximate the deviatoric
and isotropic parts of the subgrid stress tensor Tij , then
expressed as
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Fig. 2. Centerline proﬁles of the ratios mt/m between eddy and molecular
viscosities, and ksgs/p0 between SGS kinetic energy and ambient pressure.
Mean values: — LESdsm2,  LESdsm; instantaneous values: - - LESdsm2.

dsm and LESdsm2 provide mean values of eddy viscosity
that are very similar. In the turbulent region, the eddy
viscosity mt is of the order of ﬁfty times the molecular
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viscosity, which might lead to an eﬀective Reynolds numf D ¼ uj D=mt ’ 8  103 , as already discussed in
ber of Re
Bogey and Bailly (2005b). The SGS kinetic energy in LESdsm2 is found to be small with respect to the ambient pressure, with ksgs/p0 ’ 5 · 104. This agrees with Erlebacher
et al. (1992) who noticed that the isotropic part of the
SGS tensor is dominated by the thermodynamic pressure
in most turbulent ﬂows.
Finally, in the simulations LESre1, LESre2 and LESre3,
the ﬁltering is used alone as in LESsf. Note that the two
Reynolds numbers ReD in LESre1 and LESre2 enclose
f D expected using DSM
the eﬀective Reynolds number Re
in LESdsm.
3. Flow properties
Snapshots of vorticity are presented in Fig. 3 for the
simulations LESsf and LESdsm at ReD = 4 · 105, and for
LESre2 at the low Reynolds number of ReD = 5 · 103.
The ﬂow ﬁelds from LESsf and LESre2 show that the turbulent development of the jets depends appreciably on the
Reynolds number. In LESsf at ReD = 4 · 105, the turbulent
ﬂow ﬁeld displays a large range of vortical scales, whereas
in LESre2 at ReD = 5 · 103 a part of the ﬁne scale is lacking. Furthermore, as the Reynolds number decreases, the
generation of vortical structures in the shear layer occurs
farther downstream. This trend must be due to the decrease
of the growth rates of instabilities by viscosity at low Reynolds numbers (Michalke, 1984). Consequently, the potential core length xc, determined here from the centerline

mean velocity uc using uc(xc) = 0.95uj, increases as the Reynolds number decreases, as reported in Table 1. The present core lengths are moreover comparable to the core
lengths of 12r0 measured for Mach 0.9, transitional jets
at both low and high Reynolds numbers by Stromberg
et al. (1980) and Arakeri et al. (2003).
In LESdsm, the jet development appears fairly similar to
that obtained in LESsf. The core lengths are for instance
very close as shown in Table 1. This point must be related
to the dynamic procedure which reduces the magnitude of
the eddy viscosity in the transitional shear layer. However,
there seems to be less ﬁne scales in LESdsm than in LESsf,
and the turbulent ﬂow ﬁeld from LESdsm appears intermediary between that from LESsf and that from LESre2.
The proﬁles of centerline mean axial velocity are presented in Fig. 4 for the diﬀerent jets. They are shifted in
the axial direction to yield identical core lengths xc in order
to compare properly the velocity decays after the potential
core. The proﬁles from the LES at the high Reynolds number of ReD = 4 · 105 are plotted in Fig. 4(a). The velocity
decay is clearly more rapid in the LES using DSM. Moreover the proﬁles from the simulations LESsf and LESsf2,
where ﬁltering is applied alone but at a diﬀerent frequency,
are identical. In the same way, using DSM with or without
ksgs in LESdsm and LESdsm2, the results do not diﬀer
appreciably.
The velocity proﬁles from LESsf, LESdsm and the LES
at low Reynolds numbers are displayed in Fig. 4(b). The
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Fig. 3. Snapshots of vorticity in the plane z = 0 for: (a) LESsf,
(b) LESdsm, and (c) LESre2. Representation of the two vorticity-norm
contours associated with the magnitudes jxj · r0/uj = [1.05, 3.15].

Fig. 4. Centerline mean axial velocity for: — LESsf, + LESsf2, 3
LESdsm, · LESdsm2, - - - LESre1, – Æ – Æ LESre2, Æ     LESre3.
Measurements: s Arakeri et al. (2003) (M = 0.9, ReD = 5 · 105), ,
Stromberg et al. (1980) (M = 0.9, ReD = 3.6 · 103). The proﬁles are shifted
with respect to the LESsf proﬁle to yield identical core lengths.
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simulations LESsf, LESre1, LESre2 and LESre3, performed using ﬁltering alone, provide velocity decays after
the potential core that are faster as the Reynolds number
decreases. This behaviour is in accordance with the experimental data available for M = 0.9 jets. The velocity decay
of the LESre3 jet at ReD = 2500 is indeed similar to that
measured for a jet at ReD = 3600 by Stromberg et al.
(1980). A good agreement is also observed between the
results from the high Reynolds number jet of LESsf and
from the experimental, initially laminar jet at ReD = 5 ·
105 of Arakeri et al. (2003). As for the velocity decay from
LESdsm, it is found to stand between those from LESre1
and LESre2. This supports that using DSM the eﬀective
Reynolds number of the jet is reduced down to
f D ¼ uj D=mt ’ 8  103 .
Re
The centerline proﬁles of the turbulent axial velocity
u0rms are now presented in Fig. 5. For the jets at
ReD = 4 · 105, in Fig. 5(a), the peak of u0rms is shown to
be higher using DSM. In the same way as for the velocity
decay in Fig. 4(a), there is also no signiﬁcant eﬀect of the
ﬁltering frequency nor of the subgrid-scale kinetic energy
on the turbulence intensity.
In Fig. 5(b), the proﬁles from LESsf, LESre1, LESre2
and LESre3 indicate that the amplitude of the peak of u0rms
increases as the Reynolds number decreases. This trend is
supported by direct numerical simulation (DNS) and measurements. The proﬁle from the LESre3 jet at ReD = 2500
compares indeed favorably with that from the DNS jet at
ReD = 3600 computed by Freund (2001), while the proﬁle
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4. Energy balance and dissipation mechanisms
The budget of the turbulent kinetic energy is now calculated in order to determine the contributions of the explicit
ﬁltering, molecular viscosity, and DSM to energy dissipation in the present LES. The ﬁltering contribution is evaluated as the balance of all the other terms in the energy
budget, calculated explicitly from the LES ﬁelds. The
admissibility of doing so is justiﬁed by the negligible dissipation of the time-integration algorithm. The maximum
amount of dissipation provided by the Runge–Kutta algorithm, obtained for the higher angular frequency resolved,
is indeed only of 3 · 105 per iteration. Note that the
higher angular frequency resolved, (xDt)max, = 1.63, is
deduced from the higher wave number calculated by the
spatial scheme, (kDy)max = 2.13, for the present CFL number of 0.85 and a convection velocity of uj. The equation
for the energy budget is derived from the ﬁltered Navier–
Stokes equations given in Bogey and Bailly (2006a):
o
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from the LESsf jet at high ReD agrees fairly well with that
from the experimental jet at ReD = 5 · 105 of Arakeri
et al. (2003). Finally note that the u0rms peak from LESdsm
is between those from LESre1 and LESre2.
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Fig. 5. Centerline proﬁles of the rms ﬂuctuating axial velocity for: —
LESsf, + LESsf2, 3 LESdsm,  LESdsm2, - - - LESre1, - Æ - Æ LESre2,
Æ     LESre3; s measurements of Arakeri et al. (2003) shifted axially by
6.5r0 (M = 0.9, ReD = 5 · 105); n DNS results of Freund (2001) shifted
by 1.8r0 (M = 0.9, ReD = 3600).

where the turbulent kinetic energy is k ¼ h
qu02
i =2i. Density,
velocity and pressure are represented by q, ui and p, the turbulent and subgrid stress tensors by sij and Tij . The tilde
and overbar indicate Favre and Reynolds grid-ﬁltered
quantities, and the prime ﬂuctuating quantities. Statistical
averaging is denoted by h.i, and ½ui  ¼ hqui i=h
qi. Except
for the ﬁltering dissipation Dﬁlter, all the terms are calculated directly from the LES data. The main ones are those
corresponding to meanﬂow advection, production, viscous
dissipation, turbulence diﬀusion, pressure diﬀusion, and
the possible DSM contribution. The present energy budget
equation was recently used in Bogey and Bailly (2005c) for
a jet at the same Reynolds number as that investigated
experimentally by Panchapakesan and Lumley (1993).
LES results and measurements were found in this case to
agree very well.
As an illustration, the energy budget across x = 20r0 is
shown in Fig. 6 for the high Reynolds number simulation
LESsf using ﬁltering alone. We can notice that, the viscous
dissipation being negligible, the dissipation is only due to
the ﬁltering. The present curves agree qualitatively fairly
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well with corresponding experimental curves of the literature, see for instance Panchapakesan and Lumley (1993).
However they must be compared with care because the
location x = 20r0 is far from the self-similarity region
(Wygnanski and Fiedler, 1969), where the measurements
are done.
We now focus on the dissipation mechanisms involved in
the LES, and more especially on their magnitudes evaluated
from the energy budgets. Their contributions at x = 20r0 are
presented in Fig. 7 for LESsf and LESsf2, LESdsm2, and
LESre2. The eﬀects of molecular viscosity are found to be
negligible in Fig. 7(a) and (b) for the jets at ReD = 4 · 105,
but signiﬁcant in Fig. 7(c) at ReD = 5 · 103. This results
from the fact that, as the Reynolds number increases, the
scales aﬀected by molecular viscosity are smaller and tend
to be not discretized by the grid. In particular at a suﬃciently high Reynolds number, most of these scales are likely
not to be resolved. In this case, the energy dissipation must
be provided almost entirely by the SGS modelling.
In LESsf and LESsf2 using selective ﬁltering alone, the
energy dissipation is thus only supplied by the ﬁltering as
shown in Fig. 7(a). In these two LES, where the ﬁltering
is applied, respectively, every second and third iteration,
the dissipation rates are moreover very close. This demonstrates that the dissipation rate in the present LES is independent of the ﬁltering strength and, consequently, is
determined only by physical mechanisms. This important
feature is undoubtedly due to the high selectivity of the ﬁltering which does not appreciably dissipate the scales discretized by more than four grid points. Energy is thus
expected to be removed only when it is transferred from
the large scales to the small scales aﬀected by the ﬁltering.
In LESdsm2, the energy dissipation is also taken into
account by the DSM. In Fig. 7(b), it thus appears to be
ensured both by the ﬁltering and by the eddy viscosity, in
comparable proportions. We can ﬁnally note that the contribution of the SGS energy is negligible, as suggested by
Erlebacher et al. (1992) and by the very small values of ksgs
displayed in Fig. 2.

−0.015

(b)
0

−0.005

−0.010

−0.015

(c)

y/δ

0.5

Fig. 7. Dissipation rates and DSM contributions to the energy budget
across x = 20r0. (a) LESsf: — molecular viscosity, - - - ﬁltering, LESsf2: ·
molecular viscosity, + ﬁltering; (b) LESdsm2: — molecular viscosity, - - ﬁltering, - Æ – Æ eddy viscosity, Æ     SGS energy and (c) LESre2: —
molecular viscosity, - - - ﬁltering.

To characterize the scales aﬀected by the diﬀerent dissipation mechanisms, the one-dimensional spectra of u 0 —
ð1Þ
velocity, Eu0 ðk 1 Þ where k1 is the axial wave number, have
been calculated at x = 20r0 on the jet axis. The features
of the dissipations as a function of the wave number k1
are then obtained by considering the following quantities:
ð1Þ
ð1Þ
mk 21 Eu0 ðk 1 Þ for the molecular viscosity, hmt ik 21 Eu0 ðk 1 Þ for
ð1Þ
the eddy viscosity, and Dsf ðk 1 DxÞEu0 ðk 1 Þ for the ﬁltering,
where Dsf is the transfer function of the ﬁltering procedure
used. The corresponding curves are presented in Fig. 8 for
the simulations LESsf and LESsf2, LESdsm2 and LESre2.
Fig. 8(a) and (b) illustrate clearly that the selective ﬁltering and the eddy viscosity dissipate energy through diﬀerent turbulent scales: the ﬁltering through the smaller
resolved scales located beyond the ﬁlter cutoﬀ wave number k fc , represented here by a vertical dotted line, and the
eddy viscosity through a wide range of scales including

C. Bogey, C. Bailly / Int. J. Heat and Fluid Flow 27 (2006) 603–610

1

(a)

k r

10

20

1 0

609

increases when the ﬁltering is applied more frequently,
and therefore would have to be checked for a frequency
of application signiﬁcantly higher than in the present simulations. Note also that in the high Reynolds number jet
considered, the eﬀects of the explicit ﬁltering on the large
scales are stronger than those of molecular viscosity.
Ideally, this should be avoided. Unfortunately, at suﬃciently high Reynolds numbers, the eﬀects of molecular viscosity are negligible and it is diﬃcult to meet this
requirement because of the numerical dissipation, even
when very low dissipation space and time discretization
schemes are used.
5. Conclusions

(b)
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1 0

1

(c)

k r

k r
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20

1 0

Fig. 8. Features of the diﬀerent dissipation mechanisms for x = 20r0 and
r = 0, as a function of the axial wave number k1: (a) LESsf: — molecular
viscosity, - - - ﬁltering, LESsf2:  molecular viscosity, + ﬁltering;
(b) LESdsm2 and (c) LESre2: — molecular viscosity, - - - ﬁltering, -Æ-Æ
eddy-viscosity contribution. The curves are normalized by u3j . The
logarithmic Y-axis scale ranges from 4 · 108 up to 4 · 105. The dotted
line represents the ﬁltering cutoﬀ wave number k fc ¼ p=ð2DxÞ whereas the
grid cutoﬀ wave number is k gc ¼ p=Dx.

the larger ones. This may be a major deﬁciency of eddyviscosity models, especially at high Reynolds number
where the dissipation on the large scales must be very
small. The shape of the dissipation curve due to eddy
viscosity in LESdsm2, in Fig. 8(b), is also very similar to
that due to molecular viscosity in LESre2 at ReD = 5 ·
103, in Fig. 8(c). Since eddy and molecular viscosities have
the same functional form, they act similarly on the turbulent scales.
Finally in Fig. 8(a), there are only very little diﬀerences
between LESsf, and LESsf2, where the ﬁltering is applied
at a lower strength. In both cases, energy is dissipated
through the small scales such that k 1 > k fc , and the dissipation on the large scales such that k 1 < k fc is very small.
However, the amount of dissipation on the large scales

In this work, Mach 0.9, round free jets at diﬀerent Reynolds numbers have been simulated using low-dissipation
schemes. In order to take into account the eﬀects of the
subgrid scales, a selective ﬁltering was applied explicitly
with and without dynamic Smagorinsky model. The ﬂow
developments have been compared. Kinetic energy budgets
have also been calculated and the diﬀerent dissipation
mechanisms have been investigated. The main results are
the following:
• In the LES using selective ﬁltering alone, ﬂow and dissipation features are shown to be independent of the ﬁltering strength, because of the high selectivity of the ﬁlter.
The ﬁltering dissipates energy through the smaller
resolved scales, and its contribution to the total energy
dissipation is higher as the Reynolds number increases.
• The inﬂuence of the Reynolds number on the jet development appears to be well reproduced in the LES using
the ﬁltering alone. This point shows that the eﬀective
Reynolds number of the simulated jets agrees well with
the Reynolds number ReD = ujD/m given by the initial
conditions using this LES approach.
• In the LES using DSM, a signiﬁcant part of the energy is
dissipated by the eddy viscosity through a wide range of
turbulent scales including the larger ones. Since eddy
viscosity has the same functional form as molecular viscosity, the eﬀective ﬂow Reynolds number is artiﬁcially
f D ¼ uj D=mt . This point is
decreased down to about Re
strongly supported by the ﬂow development obtained
from the LES using DSM which are similar to those
observed at lower Reynolds numbers.
• The use of a subgrid-scale kinetic energy in DSM has no
signiﬁcant inﬂuence neither on the ﬂow properties nor
on the kinetic energy budget.
It is hoped that the present results would be of interest
to point out the special features of the explicit selective ﬁltering and of the subgrid-scale models based on eddy-viscosity. They show the crucial importance of the
additional dissipations used in LES to take into account
the eﬀects of the subgrid scales. Eddy-viscosity models
appear not to be recommended to study ﬂow phenomena,
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such as jet noise (Bogey and Bailly, 2006b), where the Reynolds number is a key parameter. In that case, the explicit
ﬁltering approach may be one of the appropriate ways.
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