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Abstract

The coherent/incoherent decomposition of the subgrid-scale stresses based on the wavelet de-noising procedure is exploitec
in the framework of large-eddy simulation of turbulence. Dynamwiori tests based on thaerfect modeling approach are
performed for decaying isotropic turbulence. The theoretical performances of deterministic/stochastic subgrid-scale models are
evaluated during the simulation. The main result is that in large-eddy simulations low order statistics can be almost exactly
reproduced when only the effect of the coherent subgrid-scale modes is accounted for, while the incoherent subgrid-scale
stresses not affecting the energy transfer.
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1. Introduction (RANS)[2], large-eddy simulation (LES3-5] or lat-
tice Boltzmann method (LBM)6] must be used. In the
RANS approach the statistical mean velocity is solved
for, while in LES the filtered NS equations are solved
for the large-scale velocity field. In both RANS and
LES approaches suitable closure models must be in-
troduced to take into account the effect of unresolved
turbulent motions. Alternatively, turbulent flow can
also be modeled by exploiting the Boltzmann kinetic
equation instead of the Navier—Stokes ones with the
Jattice Boltzmann methodology.

In this work we focus on the LES approach. In par-
msponding author. ticular, we study the effect of dett_erministic/stochastic

E-mail address: giuliano.destefano@unina2({. De models for the unresolved subgrid-scale (SGS) stres-
Stefano). ses. The nearly universal approach in LES is to use

In numerical simulation of turbulent flows the
computing requirements increase so rapidly with the
Reynolds number that the applicability of direct nu-
merical simulation (DNS), i.e. the fully resolved nu-
merical solution of Navier—Stokes equations, is lim-
ited to regimes of low practical intereft]. Thus, in
order to overcome this difficulty, other approaches,
such as Reynolds-averaged Navier—Stokes equation

0010-4655/$ — see front mattér 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.cpc.2005.03.047


http://www.elsevier.com/locate/cpc
mailto:giuliano.destefano@unina2.it

G. De Sefano et al. / Computer Physics Communications 169 (2005) 210213 211

deterministic models, by defining the SGS force as which the coherent eddies correspond to the de-noised

a given function of the resolved field. An alternative flow field [12]. De-noising is obtained through wavelet

approach is to use stochastic modeling, by also con- filtering, which is performed in wavelet space by

sidering a noise contribution to the model. In fact, a wavelet coefficient thresholding. Namely, given a tur-

stochastic force can be added to a classical eddy vis-bulent velocity field, a forward wavelet transform is

cosity term to develop improved mod¢l§. The mo- first performed and wavelet coefficients below a given

tivation behind stochastic modeling is the recognition threshold are set to zero, then an inverse transform is

that large-scale motions are randomly forced through performed, so obtaining the coherent (de-noised) ve-

non-linear interaction with small-scale eddies, result- locity field.

ing in bi-directional energy transfer, e[8]. Stochas- Previous studies have clearly demonstrated that

tic models more realistically mimic the behavior of such a filter is able to decompose an instantaneous

filtered direct numerical simulation (DNS), since dif- turbulent field into a non-Gaussian coherent part (cor-

ferent flow realizations can be observed for the same responding to the energetic coherent eddies) and an

initial large-scale field. However, flow realizations for incoherent one, which is close to Gaussian white

stochastic LES are different from the filtered DNS so- noise[13].

lution. Actually, it is impossible to construct an LES

model providing large-scale velocity that matches the

filtered DNS field realization by realization. Turbu- 2. Resultsand discussion

lence is characterized by energetic eddies that are lo-

calized in space and contain significant energy at all  When considering the filtered incompressible Na-

length-scales, from the characteristic length-scale of vier-Stokes equations for the filtered veloaity,

the physical domain down to the Kolmogorov one. .

In fact, visualization of three-dimensional turbulence 9%, , ik _ 10p 0% 9Tjk

from laboratory as well as numerical experiments has 0¢ Xk p Ox; Oxxdxy  Oxg

shown the presence of basic structures, namely vor- ' . —

ticity tubes, at all the flow scales, e.§9]. When a the SGS stresses are d'efme&g@: Ujttk = Ujitk =

low-pass filter is used with LES, the small-scale co- & + itk + wju;, while u’; = u; —it; stands for

herent energetic eddies are filtered out. Therefore, theth® SGS velocity field. After introducing the coher-

effect of these small-scale energetic structures, here-ent/incoherent decomposition of the SGS field by us-

after referred to as coherent SGS modes, must be mod-Ng the wavelet de-noising procedure;, = u’,_ +

eled. It has been hypothesized from preliminary results «;_, the SGS stresses can be consistently decom-

that the coherent SGS modes have a disproportionatelyposed. In fact, the effect of SGS coherent modes

strong effect on the total SGS dissipation and thus on is taken into account by theoherent SGS stresses,

the evolution of the resolved field. Here, some numeri- f(.‘fh) = ijup, + ) iix +u_uj_, while the ef-

cal experiments are performed to assess the theoreticafect of SGS incoherent modes by thecoherent

effect of coherent/incoherent SGS modes. ~ SGS stresseg‘;',i‘c) = ijuf_ +u_ig + '+

_ The_present analysis is conducted for decaying W, +u_u,_. This way, the SGS stresses split

isotropic turbulence de, = 72, by means of thper- J=km o =R _(coh) . —(ino)

fect modeling approachl0,11] The procedure con- ~ accordingtorjx =7 ;" + 7~ and the same decom-

sists in building the DNS database and exploiting it to position holds for the SGS dissipation(z ;.S jx), the

evaluate the SGS force on the LES space—time grid, contributions from coherent and incoherent SGS fields

then performing LES runs supplied with these known being defined asoherent SGS dissipation anthco-

stresses. In fact, though unfeasible for flows of prac- herent SGS dissipation.

tical interest, nevertheless DNS remains an invaluable Inareal LES the SGS stresses are unknown quanti-

tool when studying turbulence mod¢is. ties, which must be somehow modeled in terms of the
Also, the concept of coherent/incoherent turbu- resolved field. In this theoretical analysis, the effect of

lence decomposition based on wavelet de-noising is coherent and incoherent SGS stresses is considered us-

exploited, by adopting the simple idea according to ing the perfect modeling approacfil1]. Namely, 16
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Fig. 1. Energy decay for LES supplied with coheren) @nd in-
coherentJ) SGS stresses, compared to truncated DNS (solid) and
no-modeled solutions (dotted).

LES is supplied with the known SGS stresses evalu-
ated by definition upon a reference $2BNS solu-
tion.

For the purpose of the discussion, we assume that
the fixed thresholding level decomposes the SGS field
into coherent and incoherent components. For the ac-
tual value,e = 0.015 a time average compression
of about 94% is obtained. It has been verified that
the residual incoherent field corresponds to a nearly
Gaussian white noise. In addition, it has been shown
that both coherent and incoherent SGS modes con-
tribute to local bi-directional energy transfer with the
net energy transfer from large to small scales almost
entirely corresponding to the coherent mofles.

The study is conducted by performing different
LES, namely supplied with only the perfecbher-
ent, only the perfecincoherent, and the perfect total
SGS stresses. Energy evolution in time for the differ-
ent solutions is shown ifig. 1. For comparison, the
truncated DNS and the no-model LES solutions are
also reported. It turns out that when supplying the sim-
ulation with only the coherent SGS force, one obtains
very good results while, on the contrary, supplying
only the incoherent SGS modes gives no substantial
contribution to the model, the solution practically co-
inciding with the no-modeled one. As a trivial but
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Fig. 2. Energy spectrum for LES supplied with coherettj and
incoherent [0) SGS stresses, compared to truncated DNS (solid)
and no-modeled solutions (dotted).
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Fig. 3. SGS dissipation for LES with only coherent)( only inco-
herent (dashed) and total (solid) stresses.

same performances have been verified over the time
in terms of spectral energy distribution. For example,
in Fig. 2 the energy density spectrum after’liine
integration steps is illustrated. By supplying only the
incoherent SGS modes, the solution shows the same
energy pile-up characteristic of the no-model solution.
Fig. 3shows the time evolution for the SGS dissipa-
tion for the different solutions. It appears evident how
few coherent SGS modes are responsible for almost all

necessary verification, it has been verified that LES the SGS dissipation. The issue is further clarified by
supplied with the total stresses provides results that looking at the different contributions to the SGS dissi-
are indistinguishable from the filtered DNS ones. The pation for LES supplied with the total perfect stresses
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Fig. 4. Coherent4), incoherent (dashed) and total (solid) SGS dis-
sipation for LES with total stresses.

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

Thus, it is demonstrated that modeling incoherent
SGS modes has a negligible effect upon the large-
scale energy dynamics. Supplying pure coherent SGS
stresses provides results that are very close to trun-
cated DNS. In fact, the low order statistics are rela-
tively insensitive to the effect of the incoherent SGS
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may be attributed to the dominant role of the inco-
herent SGS modes on any stochastic estimation. Thus,
one can also argue that different SGS models should
be adopted for the corresponding contributions to the
LES solution. Namely, deterministic models should be
used to mimic the effect of the unresolved coherent
modes and stochastic models for the incoherent ones.
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