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A N6rmal Stress Subgridscale Eddy

ViscOsity Model in Large Eddy Simulati6n

ラージ・エディ・シミュレーションにおけるノーマルストレス渦粘性係数モデル

Kiyoshi HORIUTI*

堀 内   潔 ・

1. Motivation and οbiectiVe

The Smagorinsky subgrid-scale eddy viscosity model
(SGS-EVM) is commonly used in large eddy simulations
(LES) to represent the effects of the unresolved scales on
the resolved scales. This model is known to be limited
because its constant must be optimized in different flows,
and it must be modified with a damping function to
account for near-wall effects. The recent dynamic model
(Germano et al., 199I) is designed to overcome these
limitations, but is computationaly intensive as compared
to the traditional SGS-EVM. In a recent study using
direct numerical simulation date, Horiuti (1993) has
shown that these drawbacks are due mainly to the use of
an impropei velocity scale in the SGS-EVM. He also
proposed the use of the subgrid-scale normal stress as a
new velocity scale that was inspired by a high_order
anisotropic representation model. The testing of Horiuti
(1993), however, was conducted using DNS data from a
low Reynolds number channel flow simulation. It was felt
that further testing at higher Reynolds numbers, and also
using different flows (other than wall-bounded shear
flows) are necessary steps needed to establish the validity
of the new model. This is the primary motivation of the
present study. The objective is to test the new model
using DNS databases of high Reynolds number channel
and fully developed turbulent mixing layer flows. The use
of both channel (wall-bounded) and mixing Iayer flows is
important for the development of accurate LES models
because these two flows encompass many characteristic
features of complex turbulent flows.
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2. Model assessment

The subgrid-scale stress tensor, rr, consists of three
terms (Bardina, 1983)

777=L″+Cヶ+R″          (1)

:   Li=“ ′均=″:り の
=スα7+弓宅, Rヶ

=″
7

where 2 dencte tlle■ltcred ve10dty component and

イ=件一Zd?nOte the sCs cOm10nent bfあ.ιJ is tlle
Leo■ard term,O is thC Cross term,and R″ls thc scs

Reynolds strcss.The indictsブ=1,2,3,corК spold to the

d i r e c t i O n s為ン, a n dスW i t h  χ t h e  s t r c a n■w i s c  c o o r d i n a t e

(“1=″),y the nOrmal(crOSS‐Stttam)tOOrdhate(“ 2=ツ),
and z the spanwise cObrdhate(″3=″)・
The Lёo■ard term in cq(1)iS nOt lnOd61ed but is

treatcd explicitly by applying the nlter,whilc the other

two terms(CIJ and R♪need tO bc modcled.A succcssflll
model br thc cross term is a modelsuggested b,Bardna

(1983)whcre,

C77=“鋳十物ィ

This model has been tested by Bardha(1983)for

homogeneous 10ws and by HO五 ud(1989)fOr thざc・llannel

■Ow and was found to be a g00d model for thc crOSs

tcrms.This mοdel pレill not be tested further in this、vOrk.

For the R″  terms, the eddy 宙 scOsity model by

Smagoinsky(smagOHnsky,1963):

R″～得らち晰十り, ②
ち=0対2[かがJ, S″=券+券,

and the Bardina model
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Flg l ッ ーdlstrlbuim Of tlle SGS― Rcynolds shCar stFCSS.

(“ο″′″″みE=Ec)

Ril-c(i-a)@j-i). (3)

are two of several models which are used in LES

computations. In these models, Cs and C are model

constants, and Eo:1J,11,12 and v. are respectively the

SGS turbulent kinetic energy and SGS eddy viscosity

coefficient. A is the characteristic SGS length scale whose

value is defined as (L'xLyL,z)1/3, L,x,Ly and Az are the

grid intervals in the x,y, and z directions, respectively. In

an eddy viscosity approximation, u" is -written as the

product of a characteristic time scale z and a velocity scale

E r/2.

v"--C,rE (4)

where C, is a model constant. z is then expressed as

(Horiuti, 1993)
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where e is the dissipation rate of E6 and C. is a model

constant. Smagorinsky model assumes that E:Ecin (4).

In the present study, we make use of the direct

numerical simulation flow fields available at CTR to

directly test the various approximations. The fields we

consider are homogeneous in two-directions. To compute

the large-eddy flow fields, we fllter the DNS fields by

applying a two dimensional Gaussian fllter in the i:L,3

directions. In the major gradient direction (i=2), a

top-hat filter is applied to the channel flow fields. No filter

was applied in this direction (l=2) to the mixing layer flow

field. This is due to the fact that, occasionally, the doubly

filtered (fr) grid-scale variables were larger than the

singly filtered ones (-)). This is due to the inaccuracy of a

top-hat filter in regions where grid spacing is sparse'

The DNS databases we used, were the fully developed

incompressible channel flows at Re' (Reynolds number

based on the wall friction velocity u" and the channel

height)=366 (Kim et a\.,1987) and 790 (Kim' L992)' and

the incompressible mixing layer at Re6 (the Reynolds

number based on the momentum thickness and the

velocity difference):240O (Moser and Rogers' 1992)' We

started with the low Reynolds number channel flow data

as a confidence test. We found that the results obtained in

this case are consistent with the previous work of Horiuti

(1993) which used a different set of DNS data, but at the

Fig. 2. y-distribution of the SGS-Reynolds shear stress
(model with E=uru))

same Reynolds number.

The high Reynolds number channel flow field started

with 256x193x792 grid points which was filtered to

64x97x48 grid points. The mixing layei flow field started

with 512x210x 192 and was filtered to 64x210x48 grid

points. These LES grid point numbers were ihosen so

that the turbulent kinetic energy retained in the SGS

components is still large. SGS model evalutions were

conducted by cornparing the y-distribution of the mean

values averagedinthe x-z plane (denoted by <0>)' and

also by comparing the y-distribution of the root-mean-

square (ims) values of the exact terms with the model

predictions. Only the y-distribution of the mean values

are shown in the present report because the rms values

were found to give similar results.

!.1. A proper eildy viscosity velocity scale

2.1.1 Channel f law

The y-distribution of the SGS Reynolds shear stress

<u', uL> obtained with E:Ec and C,:0.L, in (4) is

cornpared with the DNS data in Fig' 1. While the

agreement between the model and the term is good in the

centeral portion of the channel, the agreement deterio-

rates near the wall where, the model predicts a very large

peak relative to the actual data. This overprediction of

the shear stress near the wall when E6 is used for E in (4)
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implies that a damping function is needed to account for
the presence.of the wall. This near wall overprediction of
the stress is similar to the near-wall behavior of one-point
closure models (see Rodi & Mansour, 1992). This
behavior of one-point closure models is attributed to the
rapid reduction of the Reynolds shear stress (as the wall is
approached) due to the preferential damping of the
normal stress (Launder, 1987, and Durb in, L992'). I{oriuti
(1993) reasoned that the same wall damping effects
should hold ftue for the SGS field. Indeed, when the SGS
normal stress ui tlis trsed for E (with C,--0.23, see Fig.
2), the model agrees well with SGS Reynolds shear stress
near the wall without introducing an additional darnping
function. But, the model is less effective as compared to
using the total energy in the core region of the channel.
The main deficiency in the core region is attributed to
excessive grid stretching in the y-direction due to the
mapping used in conjunction with Chebyshev expansions.
In an actual LES computation finite differences can be
used in the y ditrection and a more uniform grid and
therefore a more isotropic SGS energy distribution can be
expected in this case.

The anisotropy effects of the grid can be evidenced by
the y-distribution profile of the ,flatness parameter' ,4
(Lumley, 1978) averaged in the x-z plane. In this case,4
is defined as

a
,4=[1- 

8 {A2-4}],A2:a1p11, A3=a1p,1,aa;, (6)

|  _  t _
aii:tulu;- 

7 
6,p)p'pj/k, k:7 u'aul

We find (see Fig. 3) that in the core region of the channel,
4-0.35, which is much smaller than the expected A:1
when the small scale turbulence is isotropic. In the region
around )r=0.1, 1 peaks around l-0.5, and then gradual-
ly decreases to 0,35 at the channel center. The v-

SEISAN_KENKYU

| | | | | | 1研究 速 報

distribution of 4 for the unfiltered DNS data does nor
show this overshoot and is close to A:1, around the
centerline. The grid spacing in the central region of
channel seems to be too sparse, therefore a considerable
anisotropy exists in the SGS turbulence fluctuations. In
fact, when the SGS-EVM model with E=drLin (4) was
used in an actual LES channel flow calculations at high
Reynolds number (Re":1230, (Horiuti, 1993), good
agreement with experimental data was found. The pre-
sent comparisons for the high Re channel flow confirm the
conclusions of Horiuti (1993) based on the low Re channel
flow fields.

For the records, the y-distribution of the conventional
Van Driest damping function ((l-exp (-y+/26.0)) (nor-
malized with value of A at the channe.l center) is inc.luded
in Fig. 3. It should be noted that the ,flatness parameter'
/ has a similar distribution across the channel as the Van
Driest function, suggesting that A may be used as an
alternative method to damp the eddy viscosity near the
wall (Horiuti, 1992).

2.1.2 Mixing layer

The y-distribution of ffi obtained using E=Eo
(C,:0.20) and E:tdul (C":0.26) in (4) are compared
with the DNS data in Fig. 4 and 5, respectively. Both
cases show good agreement of the model with the DNS
data, indicating that the two models are equivalent in this
case. It should be noted that the optimized C, values
obtained for the l$u)model in the channel flow at lower
Re (0.?2), at high Re (0.23), and in the mixing layer (0.26)
are very close. This implies that the model constant of the
SGS normal stress model is rather universal independent
on the type of flow, whereas the optimized C" values for
the E:Ecmodel were respectively 0.11, 0.10, 0.20. This
is further indication of the potential strength of the
model.
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2.2均 ″“ガ″α′ο″″′働ο″q′滋ι SCS滋 乃“ル″ ′“argy

To effectively usc thc model advocated in tlle prcvlous

sections a modcl for the normal stiesscs is needed.We

tan ёithcr carry ёquatiois for the normal stress or

estimatc the energy in the subgrid‐scalcs from the energy

in the large scales.In tcsing thc scale―similarity modёl of

Bardina(1983),Horiuti(1993)found g00d cOrrclation

between the model and the data. Thc modcl rcads,

Ec～Cκ(ン′
―″X“
一レDノ2,       (8)

ああ=CN(ゎ-2)(■―L),

where a constant different from unity、vas needcd lt was

pointed out tllat the optinlized model constants CK and

CN‐WCre nOt equal to unity becausc the scale‐ similarity

model provides a partial estilnate of the whole SGS

nuctuations whch resides h thc宙 dniり of the Clltoff‐

wavc number(=″ △)The pOor perゃ rmanCC Of thc

model whcn thesc coeficients are set Cqual to unity oall

be evidcnced by the fact thatin this case the SGS IIatness

parameter И  becomes identically zcro Ourely two―

dimentional state)。 We have optimized Ct/CN for the

low‐R`,the high‐R`channcl,and the lllixing layer flowS

and found 7.0/120,70/90,and 9.0/12.O to be representa―

tive values for thesc■Ows.We n6te that thcy are slightly

(but t。lCrably)sensitive to the type of flow neld,and that

they are genera■ y close to cach othcr.

3.Summary

An ultilnate goal of the present study is to devclop an

SGS model WhiCh yields good prcdictiolls of‐ turbulellt

■Ows in a complex geometry.Of particular interest is the

flow ovcr a backward‐ fadng step ln this case,whie the

flow is bounded by thc Walls, the intcrnal mixing laycr

prescnt in this ■o"plays a lnaior rolC i, Setung thc

turblence levcls ln this work,a proper vclocity scalc for

the SGS-EVM viscosity was determined for the fully

developed channel and the mixing layer flows. In the

channel, a clear advantage over more conventional

treatments was shown by using the normal stress' It was

also shown that the SGS normal stress is equally useful as

the total SGS turbulent energy for modeling in mixing

layers. The model constant in the normal stress model

was found to be fairly independent on the type of flow'

The generalized normal stress model will be tested in the

backward-facing step flow in both 'a prioti' and 'a

posteriori' manner in the futurij. Although the Bardina

model constants C6 and C1,. in Eq. (8) are rather

consistent in three different flow fields, some variance was

noticed. An attempt to determine these coefficients more

accurately'using the Dynamic scale model approach is

curently underwaY.
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tional Exchange Program, University of Tokyo.
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