Dynamic Smagorinsky model on anisotropic grids

A. Scotti and C. Meneveau
Department of Mechanical Engineering, Johns Hopkins University, Baltimore, Maryland 21218

M. Fatica
Center for Turbulence Research, Stanford, California 94305-3030

(Received 3 December 1996; accepted 11 February)1997

To examine the performance of the dynamic Smagorinsky model in a controlled fashion on

anisotropic grids, simulations of forced isotropic turbulence are performed using highly anisotropic

discretizations. The resulting model coefficients are compared with an earlier prediction. Two

extreme cases are considered: pancake-like grids, for which two directions are poorly resolved
compared to the third, and pencil-like grids, where one direction is poorly resolved when compared
to the other two. ©1997 American Institute of Physids$51070-663(197)01406-2

The aim of this Brief Communication is to study the wherea;=A;/Az; anda,=A,/A; are the two aspect ratios
performance of the dynamic Smagorinsky model on compli-of the grid.C; is the traditional Smagorinsky constant appro-
cated grid geometries. Consider, as an example, Large edgyiate for isotropic grids. For the original Deardoffip-
simulation(LES) of the flow past a 3-D bluff body: near the proach,f=1.0. In Ref. 4 it was shown, based on theoretical
object, one needs to refine the grid in the spanwise direcarguments for isotropic turbulence, that an improved esti-
tions. For a structured mesh, far downstream the grid may bmate is
greatly expanded in the streamwise direction. Therefore, the
grid can be strongly anisotropic, with elements looking Iike 2 2
sheets or pencils, depending on the kind of refinement im- f(ay,2,)=coshy/ 4 (log a,)*log a,log a,-+ (log a,) ]('3)
posed upstream. Hence, in the far-wake region one may have
a situation where the computational grid is highly aniso-
tropic, even if the turbulence is not far from isotropic.

In LES, the grid filter is dictated by the computational
mesh used to solve the equatio@though, for methods
other than spectral, it is difficult to give a precise definition
qf the fllter_lng operat(_)r as_souated with a given discretiza- [/(Al,Az,As)]z (L ARV Mij) @)
tion). Classical eddy-viscosity models need as input a length- (MijM;;)
scale which is usually associated to the scale at which the

In the dynamic version of this modef, with grid filter-
ing denoted by tilde and test filtering by an overbar, the
length-scale”#(A;,A,,A3) is computed according to

filter operates. It is problematic to define this length when, asvhere( - ) denotes volume averaginy;; 'JD’ ﬁﬁj and
a result of the anisotropy of the grid, the filter is defined byusing Eq.(2)

more than one length scale. For the Smagorinsky model, this

problem was considered first by Deardofind later by % f(ag a)

Schumanrf, Lilly * and Scottiet al,* although in the last two =2|[S[s; - (~ Y20s |sﬂl (5)
papers only theoretically. Aeq @)

On the other hand, the dynamic model does not in prin-
ciple require a length scale to be specified. The question thelfi test and grid filters have the same aspect ratios, then Eq.
arises whether this model is able to correctly simulate isotro¢4) is closed and no expression féfa,,a,) is required.
pic turbulence on anisotropic grids. The main goal of thisOtherwise one can use E(B) to computef and checka

work is to examine this question. posterioriits consistency.
The non-dynamic Smagorinsky model for the SGS stress  In order to compare the various approaches we perform
is written as LES of isotropic turbulence in a periodic box of sider2

Turbulence is maintained by a forcifigon the largest modes
(k=2) with an intensity such that the energy injection rate
f-u is fixed to a constant value = 1.0. The molecular vis-

- cosity is set to zero. The numerical scheme is the same as in
where |S|=12S,S, is the strain-rate magnitude. Here Vincent and MeneguzZilt uses Adam—Bashforth 2 for time
A1,A; andAj are the dimensions of the computational cell stepping, withAt=0.001. The non-linear terms, written in
which will be assumed to pertain to the inertial range. Forrotational form, are evaluated pseudo spectrally. The grids
notational convenience and without lack of generality, let ushave aspect ratics, = A;/A3, a, = A,/A5 ranging from 1

ny= =20 71,45, 89) PSS @

assume A;<A,<A;. Introducing A.q=(A;A,A3)"3 {0 1/16. Grid filtering was performed with a sharp spectral

Z(A1,A,,A3) can be written as cut-off setting to zero the modes outside the ellipsoid
Z(A1,05,A3)=CAqqf(ag,ay), 2) B={k e R¥|(kiA1)?+ (KpA,)%+ (K3A3)2<8/97?},
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FIG. 1. Time averages dfy(a; ,a,) for pancake-like gridsa,= 1 (boxes, FIG. 2. Premultiplied 1-D spectrum of eddy-viscosity models on a pancake-

and pencil-like gridsa,=a; (diamonds. The solid line is the theoretical like grid: Smagorinsky—Deardoftiashed ling modified Smagorinskgdot-
prediction of Eq.(3). The triangle and the star afg,, for, respectively, a  ted ling, dynamic mode(solid line), and dynamic model with isotropic test
pencil-like and a pancake-like grid but using isotropic test filtering. Error filter (circles. The squares sho@(k;) computed from a simulation using
bars are+ o, whereo is the standard deviation about the time average.  the dynamic model on an 32sotropic grid, diamonds are for a $4rid.

hich has the ad ¢ bartall o aliasi Qi (k) = (Ui (K)Uj(—k)) = (4) " 'CyeK 1y (k),
which has the advantage of partially removing aliasing er- . o .
rors. Sufficient additional alias control was achieved by ran—Wheres is the average dissipatioy is the Kolmogorov

dom phase shiftésee Ref. 7, since selected runs using the constant and®;; (k) is the projector on the space orthogonal

£ -rule showed no difference in results. tok. Instgad of simply muIFipIyipg the spectrum by*, dge

’ Computations are performed using the classical non'EO t.he anlnsotropy of th? g.”d’ itis better t.o study the "filter-
dynamic Smagorinsky model with the Deardoff length scale\Ne'ghtecj 1-D premultiplied spectra, defined as
andf=1, as well as with the Smagorinsky model corrected [s2me 3%M3Q; (k) dkydkg

after Ref. 4 including (a;,a,) as evaluated from E¢3). In Clky)= [ adkodks . (6)
both case§:§=0.026. The dynamic model uses test filtering . )

at a scale twice as large as the grid in all directions. In alf©" ideal Kolmogorov turbulenc& (k) is a constant equal

i the Kolmogorov constar@y=1.6.

cases the initial condition is assumed to be a Gaussian fiel ’ ] o
For pancake-like grids the results are shown in Fig. 2.

with k™5 spectrum, random phases and total kinetic energy. )c _
he traditional Smagorinsky—Deardoff case shows a strong

equal to unity. ) ~
To obtain a self-consistent estimate for the dynamid®€@K(pile up at wave numbek;~10. The modified Sma-

Smagorinsky constant we first run LES with the dynamic30rinsky case remains constant at small wave numbers, and
model with isotropic spherical test and grid filter, on & 32 dies outat high wave numbers, without showing any pile-up.

grid. After an initial transient the value stabilizes at 1he dynamic model results fall somewhere in between, but
C§=0.023t5%. Next, we perform LES on anisotropic slightly higher than the expected value Gf . All models

grids characterized by aspect ratmsanda,. The dynamic show a rapid decay at wave numbers above 10. The fact that
results are cast in terms 6fa,,a,), by writing all three models decay fdt;>10 means that those modes

that cannot have access to all the local triadic interactions

(LijMij) experience a high drain of energy so that they do not display
fayn(as,82) = m a Kolmogorov scaling. It appears unlikely that any modifi-
sTea T cation of a scalar eddy-viscosity model could compensate for
whereC2 = 0.023. this behavior.

Figure 1 shows the result for different values of the as-  In the case of pencil-like grid&-ig. 3), as in all cases,
pect ratios, compared to the predictions of E8). The dy- scales between the least and best resolved directions are
namic model reproduces the correct trend for pancake-likenuch less energetic than the Kolmogorov spectrum, as is
grids, but fails with pencil-like grids. To examine the simu- clear from the rapid drop of the premultiplied spectrum
lations more closely, we now focus on two extreme cases: abovek;=16. For the dynamic mode;(k;) is much too
256X 16X 16 grid (pancake and a 12& 128x 16 grid (pen-  large, about twice as high as expected. Therefore, the “un-
cil). For each case, we compare the dynamic model witlderestimation” off observed in Fig. 1 brings consequences
predictions of the non-dynamic Smagorinsky model and witithat cannot be ignored at the scales near the least resolved
the non-dynamic model but including the correction of Eq.direction (due to the integration ovet, andk; in Eq. (6),

(3. even at lowk; there is an effect of pile-up at higk, and

Properties such as total kinetic energy, derivative skewks).
ness in the least resolved direction, etc., are well reproduced The derivative skewness in the best resolved direction is
by all models for both pancake and pencil cases. In the foleonsistent with these differences: we find that the smaller the
lowing we concentrate on the small scale behavior, as quarskewness in magnitude, the more the energy piles up.

tified by 1-D premultiplied spectra. In order to understand the causes of this behavior, we
For isotropic turbulence we know that the spectral tensorecall that the dynamic model comput&s by sampling the

in the resolved inertial range should be given by turbulence between grid and test filter. It could be argued
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5 : — : : differ, and this must be taken into account explicitly in the
dynamic model formulation. We now implement the dy-
) namic model with Eq.5) for Mj;, using the expression
4r ’ 1 given in Eq.(3) for f(a;,a,) andf(a,,a,). Using this for-
7 mulation on a 258 16X 16 simulation yields the result
o] , shown in Fig. 2, while the result for a 128.28x 16 grid is
L SN shown in Fig. '3. '
L, « 107 The resultingf 4,,'s oscillate around an average value of
. 1.66+0.08 and 1.440.134 respectively(see symbols in
[ gggggoooow Fig. 1). At large scales the difference between these runs and
o TRy, - the previous ones are very small. On the other end, at small
B N scales the situation changes as now the premultiplied spec-
trum for pencil-like grid lies flat at 1.4 fok;<10, much
o o - 102 10° closer to the expected value @ . For the pancake-like
k, grid, the premultiplied spectrum also falls closer to a con-
stantCy , although it is still somewhat larger.
FIG. 3. Premultiplied 1-D spectrum of eddy-viscosity models on a pencil- It is concluded that isotropic test filtering improves pre-
like grid _(see Fig. 2 for symb_ols explanatprThe inset shows t_he PDF of dictions of the dynamic model when dealing with highly
LijMj; with same grid but different test filters of the dynamic model for . .. .. . - .
pencil-like grid: anisotropic test-filtesolid line), isotropic test filter anisotropic girds. Perhaps not surprisingly, this conclusion is
(circles. similar to one reached by others in the context of dynamic
LES using non-spectral numerical methods, such as low-
order finite differences. There, it has been found advisable to

that for pencil-like grids these modes behave essentially adprefilter” the results and shift the test filter to larger scéles

2-D turbulence, with the vorticity aligned in the least re- SO thatl the dynam|c'model |sthnot ;;[jrongll)/ affected by nu-

solved direction X3) and a concomitant change in the dy- merical errors occurring near the grnd scale.

namic. To focus on the relevant scales, we analyze the vo

ticity band-pass filtered between test and grid filiez., the _ _ _

statistics ofw’ = & — w). We find that the variances are not ~ We thank J. Jimenez, P. Moin, W. Cabot, D. Carati, and

isotropic, and thab} %/ w4 ~ wy?lw? ~ 0.75, i.e., theflowis  T.Lund for interesting discussions on this subject. This work

not quite 3-D but not 2-D either. More directly related to thewas initiated at the CTR during the 1996 Summer School.

small value of Z or fg,, obtained from the dynamic model, The support of CTR and of NSEETS-9408344is gratefully

in Fig. 3 (insey we show the PDF of;;M;; (solid line). The ~ acknowledged.
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