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The variational multiscale method has been shown to perform well for large-eddy simulESh

of turbulent flows. The method relies upon a partition of the resolved velocity field into large- and
small-scale components. The subgrid model then acts only on the small scales of motion, unlike
conventional LES models which act on all scales of motion. For homogeneous isotropic turbulence
and turbulent channel flows, the multiscale model can outperform conventional LES formulations.
An issue in the multiscale method for LES is choice of scale partition and sensitivity of the
computed results to it. This is the topic of this investigation. The multiscale formulation for channel
flows is briefly reviewed. Then, through the definition of an error measure relative to direct
numerical simulatiodDNS) results, the sensitivity of the method to the partition between large- and
small-scale motions is examined. The error in channel flow simulations, relative to DNS results, is
computed for various partitions between large- and small-scale spaces, and conclusions drawn from
the results. ©2004 American Institute of Physic§DOI: 10.1063/1.1644573

The numerical method uses a Fourier basis in the N _ N
streamwise and spanwise directions, and modified Legendre — < kx<§, Os=n,<N, - §< kz<§, (2
polynomials in the wall-normal direction. Full details of the
numerical procedure can be found in Hugle¢sl! The ve-

locity field is decomposed into largés) and small-scaléu’) ~ wherek, andk, are the wave numbers in the streamwise and
components spanwise directions, respectively, angl is the polynomial

order in the wall-normal direction. Modes which do not form
o part of the large-scale motions constitute the small-scale ba-
u=u+u’, (1) sis. All the results presented in the following use 32 modes in
each spatial direction.
For all multiscale cases, the subgrid stress is calculated

according to the wave numbers in the streamwise and spap-

wise directions and the polynomial order in the wall-normal

direction. The partition of the scales is denoted by a scalar

N. Amode, given by k,,n, k), is part of the “large-scale” 7=2vVU, (€)
motions if

where v is the eddy viscosity an&*u’ denotes the sym-

dAuthor to whom correspondence should be addressed. Telepthdng12 metricgl part of the small scales velocity gradient. The eddy
471 3312; fax-+1 512 471 8694; electronic mail: hughes@ices.utexas.edwiscosity may depend on the large, small, or on all scales.
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For the static “large—small” multiscale version of the Sma- C- N L L R B
gorinsky modéei—3the eddy viscosity is calculated from large dynamic
scales 20 " Smagorinsky 7
v1=(CsA)?| V4, (4) st -
U
where C; is the Smagorinsky constant and is a 10 -
discretization-dependent length scale. For the static “small—
small” version of the Smagorinsky model® the eddy vis- st .
cosity is calculated from small scales .
0 L— o I
vr=(CsA)?|Vsu'|. (5) 0.01 0.1 1 10 100 1000

The third multiscale model used in this study utilizes the
dynamic procedure for calculating the Smagorinsky param
eter,C,A.*° Once the ternC A has been computed, based
on the flow field, the eddy viscosity is calculated from all

FIG. 1. Mean streamwise velocity profile at Re395. For the multiscale
resultN=16.

scales(i.e., large plus small scales study was performed for the Re180 case and the results
) and conclusions were similar to those for,R895. Conse-
vr=(CsA)?|Vul. (6)  quently, the Re=180 results are not shown. For the static

large—small, and small-small Smagorinsky model;,

This version will be denoted dynamic “all-small.” Details of =0.1. Note that no wall damping function is used for any
the adopted implementation for computing the Smagorinskyalculations.
parameter can be found in Hughesall Once the eddy The first quantity examined is the mean flow. The egor
viscosity has been calculated, the subgrid stress is calculatédl the mean flow is defined as
according to Eq(3). It is apparent that there are a number of 12

. . . . 1 (o2
possible ways to combine the dynamic procedure with the o_ (= (Ufns—Uio)2d 7

. . . . 51 DNS LE yl
multiscale method. The rationale behind the choice made 512
here is as follows: In our initial studies of static multiscale

4 s .
methods, we used the sarBie as for the static Smagorinsky whereU™ is the mean velocitys is the channel height, and

: D they direction is normal to the wall. The error is examined
model(0.1 in all casels We made no attempt to optimizz, for the previously outlined multiscale cases: The large—small

for the multiscale cases. Analogously, here in our initial ) ) .
. : model; the small-small model; and the dynamic all-small
study of a dynamic multiscale procedure, we selected the

C.A obtained by the conventional dynamic procedure.mOdel' For each LES model, the error is shown as a function
Ags:]ain, no attempt was made to optimiZzA for the dy- Qf the scale p_artit_ionN. The error in_the mean velocity pro-
namic multiscale case. Clearly, to do so would offer potentiarIIe |s.shown in Fig. 3. For the stat!g multiscale models, we
further improvements and would constitute a worthwhile ay-1ave included results for scale partitioNs-16,18,...,32. For
enue of research. Studies have been initiated in which thil® dynamic multiscale model, we have included resuits for

Germano identityis directly applied to the multiscale mod- N=8,10,...,24. These ranges include the optimal locations
els. We hope to report upon this in the near future. and are sufficient to determine the sensitivity of the results as

Turbulent channel flows at Re180, Re=395, and W€ move away from the optimal locations. In addition to the
Re=590 have been previously computed using the stati€or at each computed scale partition, Fig. 3 includes a qua-
large—small and small-small multiscale formulatioris. dratic least-squares fit for each case. For the static large—
Here, results are presented at,R895 for the dynamic all- Small and small-small cases, the error drops rapidly when
small formulation @N’=O.5), the conventional dynamic the partition ratio is close to 0.65. Increasing the size of the
Smagorinsky model, and DNS dét#ull details of the nu- 1arge-scale spaceincreasing N/N’), the error increases
merical formulation and the channel configuration can besteadily as the no model case is approach¢N( =1). De-
found in Hughest al? Mean velocity profiles are compared creasing the size of the large-scale space, the error increases
in Fig. 1. The multiscale results are so close to the DNSapidly away fromN/N’=0.65. While the static large—small
results that it is difficult to distinguish the two responses. Theand small-small formulations can yield very accurate re-
velocity fluctuations in each spatial direction are shown insults, there is sensitivity to the partition between large and
Fig. 2. Both LES models perform well in predicting the small scales. This is evident in the form of the least-squares
streamwise fluctuations. However, the multiscale model iditted quadratic polynomial for the two static cases. The pa-
significantly better than the conventional dynamic model inrabolas are steep away from the optimal partition and the
the other two spatial directions. minima are considerably below the parabolas. Clearly, the

To examine the sensitivity of the multiscale formulations data are more “V” shaped that parabolic. The smallest error
to the scale partition, the deviation of the LES results fromfor the dynamic multiscale case is close NdN’'=0.5. In
the DNS results is quantified for the mean velocity and thecontrast to the static large—small and small-small formula-
velocity fluctuations. All quantities are nondimensional andtions, the dynamic multiscale model is relatively insensitive
are averaged in the streamwise and spanwise directions, atalthe scale partition. This is manifest in the “flatness” of the
in time. All results presented here are for,R895. An initial  fitted quadratic polynomial and the lower minimum. While
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FIG. 3. Error in the mean velocity profile as a function of multiscale parti-
1 T T T T T tion.
09 [ . DNS —
o8 [, - T The error in the velocity fluctuations for the three mul-
01 [/ T - tiscale models is shown in Fig. 4. Again, a quadratic polyno-
o1 ~ - . . .
0.6 [/ dynamic el - mial has been fitted to the results. The error is calculated as
v' 05 ) all-small - 1 (e . . . .
04 g T e= Sj ((Upns—U(es) "+ (VpNs™VLES)
03 dynamic Smagorinsky - —dl2
0.2 ] 12
-~ + + \2
0.1 +(Wpns— Wigs) Ay (8)
0 | L I | 1 | 1
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0 50 100 130 00+ > whereu™, v™, andw™ are the fluctuations in the stream-
Y wise, wall-normal and spanwise directions, respectively. The
() error results for the velocity fluctuations follow the same
trend as the errors for the mean velocity profile. Reference
plateaus are provided for a coarse DNS and the dynamic
Smagorinsky model. The static Smagorinsky model plots
off-scale in this case. The static large—small and small—small
cases attain their minimum error at approximat®yN’
=0.6. As for the mean flow, the minimum error for the dy-
+
w

0.6

dynamic all-small

namic multiscale model is at a lower partition rathd/N’
=0.5. Again, the error increases slowly for the dynamic mul-

04 | 7] tiscale model as the partition moves away from the optimal
02 dynamic Smagorinsky 4 point. The flat nature of the dynamic multiscale error across
| X | | ! | ; different partition ratios indicates its relative insensitivity to
0 o e i .
0 50 100 150 200 250 300 350 400 the_ scale partition. A brogd band of partition ratios yield
o satisfactory results, both in terms of the mean flow and
(C) 0.25 l dynamicI all-small & -
static small-small ~*-@ -~
FIG. 2. RMS velocity fluctuations in thég) streamwise(b) wall-normal 0.2 static large-small =& " 0.,

and (c) spanwise directions at Re395. For the multiscale resulté=16.

0.15 1

the minimum error for the dynamic multiscale model is
slightly larger than that for the other static cases, there exists®
a broad range of partitions for which the dynamic multiscale
model produces satisfactory results. The relative insensitivity
of the dynamic multiscale model can be attributed to its en-
hanced ability to adapt and respond to the flow conditions.
Reference plateaus for the static Smagorinsky model, a
coarse DNS(i.e., no model and the dynamic Smagorinsky
model are included for comparison purposes. As may be in-

0.1

static Smagorinsky e=0.46 (off scale)

0.05 " coarse DNS (nomodel) ~ —--—- h
dynamic Smagorinsky =~ .-~
0 1 1 1 L
0 0.2 0.4 0.6 0.8 1

N/N

ferred from Fig. 1, the conventional dynamic model is qUiteFIG. 4. Error in the velocity fluctuations as a function of multiscale parti-

accurate for this case.

tion.
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velocity fluctuations. Hence, in future channel flow simula-T.J.R.H. was supported by ONR Grant No. 00014-03-1-
tions with the dynamic multiscale method, a partitidhN’ 0263, NASA Ames Research Center Grant No. NAG2-1604,
close to 0.5 could be expected to yield good results and iand Sandia National Laboratories Grant No. A0340.0.
recommended; for the static multiscale methods, partition® A.O. was supported by ONR Grant No. 00014-02-1-0425.
N/N” in the range 0.6-0.7 may also be recommendedG.N.W. was supported by the J. Tinsley Oden Faculty Re-
Smaller partitions are not recommended as they can behawgarch Program, Institute for Computational Engineering and
erratically. This seems due to the very small fraction of large-sciences, The University of Texas at Austin and the Nether-
scale modes which is approximately equal M/ll')%. The  |ands Organization for Scientific Resear®Wo). The au-

static cases are again more sensitive to this than the dynamigors gratefully acknowledge the support provided by these
case. As partitions approach the coarse DNS IiMNtN"  rganizations.

—1, all results behave fairly smoothly and almost monotoni-

cally. This may be seen for the static multiscale cases in Figs.
3 and 4. The dynamic multiscale model behaves similarly
(not shown.

The SenSIt“_”_ty of the variational multiscale method for 7. J. R. Hughes, A. A. Oberai, and L. Mazzei, “Large eddy simulation of
LES to the partition between large and small scales has beenyrpulent channel flows by the variational multiscale method,” Phys. Flu-
investigated and quantified. It has been shown that the mul-ids 13, 1784(2002).
tiscale method, in combination with a dynamic procedure for?T. J. R. Hughes, L. Mazzei, A. A. Oberai, and A. A. Wray, “The multiscale
calculating the Smagorinsky parameter, is relatively insensi- formulation of large eddy simulation: Decay of homogeneous isotropic
tive to the chosen partition. For the static multiscale models,,UPulence.” Phys. Fluidd3, 505(2003. . .

. . A. A. Oberai and T. J. R. Hughes, “The variational multiscale formulation
the computed results are highly accurate at the optimal par-

. ) 7. o of LES: Channel flow at Re=590,” AIAA Pap. No. 2002-1056, Reno,
tition ratio, but are more sensitive to the partition than the \eyada, January 14-17, 2002.

dynamic multiscale model. 4M. Germano, U. Piomelli, P. Moin, and W. H. Cabot, “A dynamic subgrid-
scale eddy viscosity model,” Phys. Fluids3\ 1760(1991).
ACKNOWLEDGMENTS 5D. K. Lilly, “A proposed maodification of the Germano subgrid-scale

. model,” Phys. Fluids A4, 633(1992.
J.H. was supported by Det Norske Veritas and The Re=$r. p. Moser, J. Kim, and N. Mansour, “Direct numerical simulation of

search Council of Norway, Program for Supercomputing. turbulent channel flow up to Re590,” Phys. Fluids11, 943(1999.

Downloaded 27 Aug 2010 to 131.180.130.114. Redistribution subject to AIP license or copyright; see http://pof.aip.org/about/rights_and_permissions



