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Abstract

The coherent/incoherent decomposition of the subgrid-scale stresses based on the wavelet de-noising procedure i
in the framework of large-eddy simulation of turbulence. Dynamica-priori tests based on theperfect modeling approach ar
performed for decaying isotropic turbulence. The theoretical performances of deterministic/stochastic subgrid-scale m
evaluated during the simulation. The main result is that in large-eddy simulations low order statistics can be almos
reproduced when only the effect of the coherent subgrid-scale modes is accounted for, while the incoherent sub
stresses not affecting the energy transfer.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In numerical simulation of turbulent flows th
computing requirements increase so rapidly with
Reynolds number that the applicability of direct n
merical simulation (DNS), i.e. the fully resolved n
merical solution of Navier–Stokes equations, is li
ited to regimes of low practical interest[1]. Thus, in
order to overcome this difficulty, other approach
such as Reynolds-averaged Navier–Stokes equa
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(RANS)[2], large-eddy simulation (LES)[3–5] or lat-
tice Boltzmann method (LBM)[6] must be used. In th
RANS approach the statistical mean velocity is solv
for, while in LES the filtered NS equations are solv
for the large-scale velocity field. In both RANS an
LES approaches suitable closure models must be
troduced to take into account the effect of unresol
turbulent motions. Alternatively, turbulent flow ca
also be modeled by exploiting the Boltzmann kine
equation instead of the Navier–Stokes ones with
lattice Boltzmann methodology.

In this work we focus on the LES approach. In p
ticular, we study the effect of deterministic/stochas
models for the unresolved subgrid-scale (SGS) st
ses. The nearly universal approach in LES is to
.
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deterministic models, by defining the SGS force
a given function of the resolved field. An alternati
approach is to use stochastic modeling, by also c
sidering a noise contribution to the model. In fact
stochastic force can be added to a classical eddy
cosity term to develop improved models[7]. The mo-
tivation behind stochastic modeling is the recognit
that large-scale motions are randomly forced thro
non-linear interaction with small-scale eddies, res
ing in bi-directional energy transfer, e.g.[8]. Stochas-
tic models more realistically mimic the behavior
filtered direct numerical simulation (DNS), since d
ferent flow realizations can be observed for the sa
initial large-scale field. However, flow realizations f
stochastic LES are different from the filtered DNS s
lution. Actually, it is impossible to construct an LE
model providing large-scale velocity that matches
filtered DNS field realization by realization. Turb
lence is characterized by energetic eddies that are
calized in space and contain significant energy at
length-scales, from the characteristic length-scale
the physical domain down to the Kolmogorov on
In fact, visualization of three-dimensional turbulen
from laboratory as well as numerical experiments
shown the presence of basic structures, namely
ticity tubes, at all the flow scales, e.g.,[9]. When a
low-pass filter is used with LES, the small-scale c
herent energetic eddies are filtered out. Therefore
effect of these small-scale energetic structures, h
after referred to as coherent SGS modes, must be m
eled. It has been hypothesized from preliminary res
that the coherent SGS modes have a disproportiona
strong effect on the total SGS dissipation and thus
the evolution of the resolved field. Here, some num
cal experiments are performed to assess the theore
effect of coherent/incoherent SGS modes.

The present analysis is conducted for decay
isotropic turbulence atReλ = 72, by means of theper-
fect modeling approach[10,11]. The procedure con
sists in building the DNS database and exploiting i
evaluate the SGS force on the LES space–time g
then performing LES runs supplied with these kno
stresses. In fact, though unfeasible for flows of pr
tical interest, nevertheless DNS remains an invalua
tool when studying turbulence models[1].

Also, the concept of coherent/incoherent turb
lence decomposition based on wavelet de-noisin
exploited, by adopting the simple idea according
-

l

which the coherent eddies correspond to the de-no
flow field [12]. De-noising is obtained through wavel
filtering, which is performed in wavelet space
wavelet coefficient thresholding. Namely, given a t
bulent velocity field, a forward wavelet transform
first performed and wavelet coefficients below a giv
threshold are set to zero, then an inverse transfor
performed, so obtaining the coherent (de-noised)
locity field.

Previous studies have clearly demonstrated
such a filter is able to decompose an instantane
turbulent field into a non-Gaussian coherent part (c
responding to the energetic coherent eddies) an
incoherent one, which is close to Gaussian wh
noise[13].

2. Results and discussion

When considering the filtered incompressible N
vier–Stokes equations for the filtered velocityuj ,

∂uj

∂t
+ ∂ujuk

∂xk

= − 1

ρ

∂p

∂xj

+ ν
∂2uj

∂xk∂xk

− ∂τ jk

∂xk

,

the SGS stresses are defined asτ jk = ujuk − ujuk ≡
uju

′
k + u′

j uk + u′
j u

′
k , while u′

j = uj − uj stands for
the SGS velocity field. After introducing the cohe
ent/incoherent decomposition of the SGS field by
ing the wavelet de-noising procedure,u′

j = u′
j> +

u′
j<, the SGS stresses can be consistently dec

posed. In fact, the effect of SGS coherent mo
is taken into account by thecoherent SGS stresses
τ

(coh)
jk = uju

′
k> + u′

j>uk + u′
j>u′

k>, while the ef-
fect of SGS incoherent modes by theincoherent
SGS stresses,τ (inc)

jk = uju
′
k< + u′

j<uk + u′
j>u′

k< +
u′

j<u′
k> + u′

j<u′
k<. This way, the SGS stresses sp

according toτ jk = τ
(coh)
jk +τ

(inc)
jk and the same decom

position holds for the SGS dissipation,−〈τ jkSjk〉, the
contributions from coherent and incoherent SGS fie
being defined ascoherent SGS dissipation andinco-
herent SGS dissipation.

In a real LES the SGS stresses are unknown qua
ties, which must be somehow modeled in terms of
resolved field. In this theoretical analysis, the effec
coherent and incoherent SGS stresses is considere
ing theperfect modeling approach[11]. Namely, 163
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Fig. 1. Energy decay for LES supplied with coherent (P) and in-
coherent (1) SGS stresses, compared to truncated DNS (solid)
no-modeled solutions (dotted).

LES is supplied with the known SGS stresses ev
ated by definition upon a reference 1283 DNS solu-
tion.

For the purpose of the discussion, we assume
the fixed thresholding level decomposes the SGS fi
into coherent and incoherent components. For the
tual value, ε = 0.015 a time average compressi
of about 94% is obtained. It has been verified t
the residual incoherent field corresponds to a ne
Gaussian white noise. In addition, it has been sho
that both coherent and incoherent SGS modes
tribute to local bi-directional energy transfer with t
net energy transfer from large to small scales alm
entirely corresponding to the coherent modes[13].

The study is conducted by performing differe
LES, namely supplied with only the perfectcoher-
ent, only the perfectincoherent, and the perfect tota
SGS stresses. Energy evolution in time for the diff
ent solutions is shown inFig. 1. For comparison, the
truncated DNS and the no-model LES solutions
also reported. It turns out that when supplying the s
ulation with only the coherent SGS force, one obta
very good results while, on the contrary, supplyi
only the incoherent SGS modes gives no substa
contribution to the model, the solution practically c
inciding with the no-modeled one. As a trivial b
necessary verification, it has been verified that L
supplied with the total stresses provides results
are indistinguishable from the filtered DNS ones. T
Fig. 2. Energy spectrum for LES supplied with coherent (P) and
incoherent (1) SGS stresses, compared to truncated DNS (so
and no-modeled solutions (dotted).

Fig. 3. SGS dissipation for LES with only coherent (P), only inco-
herent (dashed) and total (solid) stresses.

same performances have been verified over the
in terms of spectral energy distribution. For examp
in Fig. 2, the energy density spectrum after 103 time
integration steps is illustrated. By supplying only t
incoherent SGS modes, the solution shows the s
energy pile-up characteristic of the no-model soluti

Fig. 3shows the time evolution for the SGS dissip
tion for the different solutions. It appears evident h
few coherent SGS modes are responsible for almos
the SGS dissipation. The issue is further clarified
looking at the different contributions to the SGS dis
pation for LES supplied with the total perfect stres
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Fig. 4. Coherent (P), incoherent (dashed) and total (solid) SGS d
sipation for LES with total stresses.

in Fig. 4. The SGS dissipation mostly comes from t
coherent component, with the effect of the incoh
ent subgrid scales being essentially non-dissipative
fact, a very large fraction of the SGS dissipation
sults from only the 6% (on average) of the SGS mo
that are coherent.

Thus, it is demonstrated that modeling incoher
SGS modes has a negligible effect upon the lar
scale energy dynamics. Supplying pure coherent S
stresses provides results that are very close to t
cated DNS. In fact, the low order statistics are re
tively insensitive to the effect of the incoherent SG
stresses, the energy transfer between resolved
residual scales being almost exclusively governed
interactions with coherent SGS modes.

The strong message is that the effect of the co
ent SGS modes needs to be modeled, while mode
the incoherent stochastic component is less impor
for recovering low order statistics. This fact partia
explains why deterministic SGS models work in LE
since they reproduce the effect of the coherent S
modes. At the same time, the lack of success in sh
ing significant statistical correlation ina-priori tests
may be attributed to the dominant role of the inc
herent SGS modes on any stochastic estimation. T
one can also argue that different SGS models sh
be adopted for the corresponding contributions to
LES solution. Namely, deterministic models should
used to mimic the effect of the unresolved coher
modes and stochastic models for the incoherent on
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