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1. INTRODUCTION

This second semi-annual report summarizes the progress made in the last six months. The overall
objectives of this research are to develop new methods to evaluate subgrid models and then to uti-
lize these methods to improve the chosen subgrid models. The subgrid models investigated in this
research are chosen primarily for application in high Reynolds number complex flows. Prelimi-
nary studies of these models have been completed. A priori analysis v.ing data from direct numer-
ical simulations (DNS) homogeneous isotropic flows was carried out, and then the models were
implemented in large-eddy simulation (LES) codes and further evaluated. Two types of analysis
methods have been developed so far. The first method uses information in Fourier (spectral) space
and evaluates the interscale energy transfer as a function of the wavenumbers resolved in the LES.
The second, uses information in the physical space and uses cross correlation analysis to investi-
gate the behavior of subgrid models. The physical space analysis method will be the primary anal-
ysis tool for the next year’s study, since the next phase of research will focus on complex flows
such as flows past rearward facing steps and swirling flows.

In the following, we discuss recent developments of the last six months. Some of the results have
been described in more detail in the papers (Menon and Yeung, 1994a, 1994b; Kim et al., 1994)
and, therefore, will not be repeated here. These papers (or the extended abstracts) are included as
appendices to this report.

2. ANALYSIS OF SUBGRID MODELS USING DNS AND LES OF ISOTROPIC TURBU-
LENCE

In this phase of research, homogeneous isotropic turbulence was used as a test flow field to
develop analysis methods. This was motivated by the fact that isotropic turbulence has been stud-
ied extensively in the past and detailed DNS data is available. In addition, the computational
domain is very simple and therefore, methods using spectral techniques can be used to identify
features of the flow which are not possible using physical space methods and vice versa. Both
incompressible and compressible isotropic fields have been studied using two different finite dif-
ference codes. These codes have been validated by comparing the DNS predictions by these codes
with the results obtained using the well know spectral code of Rogallo.




2.1 Analysis of Incompressible Isotropic Turbulence

Various subgrid models were evaluated in both spectral and physical space using high resolution
DNS data. Subsequently, these models were implemented in coarse grid LES. The spectral space
method was used primarily for a priori analysis while the physical space method was used for
both a priori and posteriori analysis. For a priori analysis, very high resolution data (using 1283
grid) was used. All the posteriori analysis were carried out using LES data and without using any
DNS information. This approach is essential for future application to high Reynolds number flows
since DNS data for such flows will not be available.

For the physical space analysis of the subgrid models, LES using different grid resolutions is first
carried out. Then, using top hat filtering, the modeled subgrid stresses and the energy transfer are
correlated between the two LES data fields. For example, LES was carried out using 32* grid
and 16> grid using identical initial flow field and using the same subgrid model. Then, at a chosen
instant, the resolved field in the 323 grid is filtered to compute the subgrid stresses and energy
transfer in the 16° grid. This field is considered ‘exact’, as far as the coarser grid is concerned,
since the length scales that are unresolved (and hence modeled) in the coarser grid are supposed to
be resolved in the finer grid LES. Therefore, if the model is working properly this ‘exact’ field
must be reproduced by the subgrid model in the 16x16x16 grid. Cross correlation analysis
between the modeled and ‘exact subgrid stresses and the energy transfer was carried out. If the
correlation is high, it would suggest that the subgrid model behaves consistently for different grid
resolutions and that the subgrid energy transfer is modeled correctly in the 16x16x16 LES. With
this approach, model validation does not require DNS data and, more importantly, since the same
flow field is being investigated, the model can be investigated directly in the flow field and geom-
etry of interest. Furthermore, this approach allows an immediate assessment of the capability of
the subgrid models in the coarsest grid.

Note that, the results of the above analysis methods do not provide any information on the accu-
racy of the results. Comparison with experimental data (or DNS data, where ever possible) is
essential to demonstrate the accuracy of the LES. So far, for isotropic flows, DNS data have been
used to evaluate the accuracy of the LES results, but future studies will be directed to more com-
plex flows for which no DNS data is available. Comparison with experimental data will have to
be carried out in such cases. It is expected that the analysis methods for mode] validation will also
have to be further developed for complex flows, for example, to handle the near wall effects.

Various subgrid models have been implemented and evaluated using the techniques described
above. More details of the analysis methods are given in Menon and Yeung (1994a, 1994b). The
subgrid models studied so far are:

(a) the classical Smagorinsky’s eddy viscosity model

(b) the dynamic (Germano's) eddy viscosity model

(c) a spectral eddy viscosity model

(d) a new scale similarity model )
(¢) a one-equation model for the subgrid kinetic energy with and without stochastic backscatter
(f) a dynamic one-equation model for the subgrid kinetic energy

(g) a two-equation model for the subgrid kinetic energy and subgrid helicity (k-h model)




Smagorinsky's model is very popular in literature; however, it has been shown to require signifi-
cant modifications (primarily adjustment of the ‘constant’) for good agreement with experimental
data. The major ‘breakthrough’ in subgrid model development is the application of the algebraic
ideatity of Germano to evaluate dynamically the constant in Smagorinsky’s model. In Menon and
Yeung (1994a), we studied the classical model with fixed constant while in Menon and Yeung
(1994b) and Kim et al. (1994), we studied the dynamic eddy viscosity model.

The scale similarity model is a modified version of the original Bardina’s model and was pro-
posed by Meneveau (Liu et al., 1993) based on analysis of high Reynolds number experimental
data on turbulent jets. It is based on the idea that the energy transfer at the resolved grid resolution
is self similar to the energy transfer occuring at a resolution twice as coarse. This method, there-
fore, uses a test filter (an approach very similar to Germano’s) to compute the scale-similar sub-
grid stresses in terms of the resolved field. Computationally, this model is very simple and easy to
implement. However, as discussed in Menon and Yeung (1994a), there are some inherrant limita-
tions to this model when used in LES. This model can predict backscatter but the amount of back-
scatter may exceed the real backscatter. This can result in numerical instability and, therefore,
some sort of backscatter control is necessary. More details of the analysis of this model are given
below and in Menon and Yeung, (1994a).

The one equation model for the subgrid kinetic energy (k-equation model) was chosen keeping in
mind the requirements for practical high Reynolds number LES. It is expected that for high Rey-
nolds number LES of complex flows, the grid resolution practically possible (due to resource con-
straints) will be limited. Therefore, simple dissipative models (¢even with dynamic evaluations)
may not be sufficient for practical LES. In addition, the assumption of local equilibrium between
the production and dissipation of the kinetic energy (an assumption implicit in all algebraic eddy
viscosity models) may be violated. The k-equation mode] with fixed coefficients was investigated
in Menon and Yeung (1994a), while the dynamic k-equation model is investigated in Menon and
Yeung (1994b) and Kim et al. (1994).

We are also investigating more advanced models for high Reynolds number flows. One such
model is a two-equation model for the subgrid kinetic energy and subgrid helicity (the k-h model).
Helicity is non-zero only if the flow is locally 3D. Thus, if the small scales are anisotropic or non-
homogeneous (which can occur if the grid is coarse, the geometry is complex, and the Reynolds
number is very high) then simple eddy viscosity models or even the one-equation models, may
not be able to take into account this small-scale, local 3D effects. Some preliminary studies of this
model have been compieted and results are discussed below.

2.1.1 Summary of the Results

The results of the analysis of these subgrid models have been reported in the papers attached in
the Appendices. Here, we briefly summarize those results and then discuss some new results
recently obtained.

The analysis of the eddy viscosity models (models (a) and (c)), the scale similarity model (model
(d)) and the one-equation model (model (¢)) were reported in Menon and Yeung (1994a). The a
priori analysis showed that for fine grid resolution, the scale similarity model had the highest cor-




relation with the exact subgrid stresses and energy transfer. However, for a coarse grid LES, this
correlation dropped significantly indicating that this model is not appropriate for coarse grid LES.
This result was understandable since the scale similarity concept implies that the energy transfer
at two grid levels are self similar. As the grid is coarsened, this similarity begins to breakdown.
For the low Reynolds number flows studied in Menon and Yeung (1994a), there was no clear iner-
tial range resolved in the DNS. This made it difficult to fully evaluate this model. This model was
proposed for high Reynolds number flows (based on experimental data at Re=310) where a dis-
tinct inerital range existed. Scale-similarity assumptions hold very well in the inertial range and,
thus, this model would be applicable. However, this implies that to use this model an inertial
range must be resolved in the LES. This may be an unacceptable requirement in high Reynolds
number flows (since, it implies a very high grid resolution) and, thus, at present, this model
(although very elegant) appears to have limited use for LES of complex, high Reynolds number
flows.

Smagorinsky’s mode! (with fixed constant) was quite poor when compared to the other models.
The k-equation model (with fixed coefficients) was better than the eddy viscosity model but had a
correlation Jower than the scale similarity model. Interestingly, when the grid was coarsened, the
scale similarity model became poorly correlated; however, the k-equation model did not show
such a behavior. This suggests that the k-equation model has the potential for modeling the sub-
grid stresses and energy transfer in coarse grids.

Subsequent to this a priori analysis, these models were implemented in a LES code and simula-
tions were carried out using different grid resolutions. To compare the results, all simulations
were begun with nearly identical initial conditions. Thus, at t=0, all the flow fields were highly
correlated. The analysis was carried out at an instant when the flow had evolved to realistic turbu-
lence. The correlation analysis using just the LES data showed a completely different picture. All
models showed very poor correlation (compared to a priori tests). Both the eddy viscosity model
and the scale similarity model appeared to model the subgrid stresses quite poorly compared to
the one-equation mode}.

These results clearly highlight the fact that subgrid models that appear to be quite good in a priori
analysis may not be as good when implemented in actual LES. Furthermore, it appeared that the
k-equation model had the best capability to model the subgrid stresses in coarse grid LES.

The study in Menon and Yeung (1994a), employed the models with fixed coefficients. Since it had
been shown by other researchers that the dynamic eddy viscosity model is quite superior to Sma-
gorinsky's classical model, it was decided to revisit these models but by allowing for dynamic
evalutation of the coefficients. The dynamic eddy viscosity model and a dynamic version of the k-
equation model was then analyzed using the methods developed above. Some of these results will
be reported in details in Menon and Yeung (1994b) and Kim et al (1994). It has been shown that
the dynamic procedure significanly improves the correlations. An interesting observation was
that, compared to the dynamic Germano’s model, the dynamic k-equation model showed a much
better improvement and was clearly superior for coarse grid LES. This has given confidence that
for coarse grid LES for high Reynolds number flows, the use of such higher order models may be
beneficial. This is an issue that will be revisited using more complex flows in the second year of
this research.




We are now investigating a new two-equation model. The governing equations are shown in the
Appendix and the subgrid model is essentially the model proposed by Yoshizawa (1993). We
expect that in the course of our study, this model (if useful) will undergo some changes. For
example, so far, results have been obtained using fixed coefficients. We expect the dynamic pro-
cedure will improve this model and, therefore, we are now in the process of including a dynamic
procedure to solve this model.

We simulated a simple periodic flow field for the Taylor-Green Vortex. This field is primarily 2D
and will not contain any helicity. This was confirmed by carrying out LES using the k-h model
and showing that the subgrid helicity was negligible. Next, the spanwise velocity field was
changed by adding a cosx term. This allows the large-scales to become 3D while still satisfying
continuity. We were interested in determining if this flow field would generate small-scale 3D
structures and, if so, would the new k-h mode] be able to predict the helicity in the unresolved
scales.

We looked at three quantities: (1) the correlation between subgrid helicity and large-scale vortic-
ity, (2) the accuracy with which subgrid helicity is being modeled, and (3) the relevance of helic-
ity to the subgrid stresses (that is, the effect of non-eddy viscosity terms in the stress model that
appears explicitly due to helicity).

In Fig. 1a and 1b, we show 3D visualization of the vortex tubes (constant vorticity isosurfaces)
along with contours of subgrid helicity as predicted by the model. The subgrid helicity is only
shown on a certain plane. Figure 1a shows the field as seen in a 32x32x32 LES, while in Fig. 1b,
the results are shown for a 16x16x16 LES. It can be seen that regions of intense vorticity are sur-
rounded by regions of high-magnitude subgrid helicity. This indicates significant production of
small-scale helicity by the breakdown of the large scale structures. This result also implies that the
unresolved scales may be locally anisotropic.

Correlation between the large-scale helicity (due to the resolved fields) and the subgrid helicity
was also computed. This correlation should be very low, in fact, it should ideally be zero, since
the model is supposed to compute the subgrid helicity only due to the anisotropy or non-homoge-
neity in the small-scales and, therefore, should not correlate with the large-scale helicity. The
computed correlations were also very small with the 32x32x32 LES predicting a value of 1.03E-4
and the 16x16x16 LES predicting a value of 5.6E-4. These resuits showed that the k-h model has
been implemented correctly and appears to be predicting the correct physics.

Correlation between the subgrid helicity modeled in the 16x16x16 LES and the subgrid helicity
predicted by filtering the 32x32x32 LES data into a 16x16x16 grid was also carried out. If the
model behaves accurately in both grids then this correlation should be high. Our preliminary data
showed a correlation of 0.736 which is reasonably high. Figure 2a shows the subgrid helicity
computed using the 32x32x32 LES data filtered to 16x16x16 grid, and Fig. 2b shows the model
prediction in the 16x16x16 LES. Clearly, the model is behaving reasonable well in both grids.

This study is not yet completed and there are still some unresolved issues. For example, the inclu-
sion of helicity model did not improve the subgrid energy transfer correlation. However, our pre-
vious study using fixed coefficients for the k-equation model also showed poor correlation(Menon




and Yeung, 1994a), while with dynamic evaluation, the correlation improved significantly (Kim et
al., 1994). Therefore, we are now beginning to evaluate dynamically the constants in this k-h
model

Note that, adding one more equation will increase the computational cost. Therefore, before such
models are proposed for LES application, it must be clearly demonstrated that it is superior to the
conventional eddy viscosity model. The tests using Taylor-Green vortex or isotropic turbulence
may not be appropriate to evaluate this model. Therefore, we are now starting to implement this
model into the code developed to simulate more complex flows such as flows past rearward facing
steps. If this model is superior for such flows, then the additional cost of computation may be bal-
anced by the ability of the new model to handle complex flows using relatively coarser grids
(thereby, decreasing computational cost). This is the primary goal of this research.

2.2 Analysis of Compressible Isotropic Turbulence

Some studies were also carried out to extend the analysis methods to study compressible flows.
As noted before, the analysis methods are supposed to be independant of the type of flow field
studied and, therefore, with some minor modifications should be applicable in compressible
flows. To compare with the incompressible flow results, we began by simulating low Mach num-
ber (essentially incompressible) isotropic turbulent flow fields. So far, only the compressible ver-
sions of the eddy viscosity model (Erlebacher et al., 1987), the dynamic eddy viscosity model,
and the scale similarity model have been implemented and evaluated. Here, we will summarize
some of the more recent results of this study. More details of this work will be included in the
final version of the paper Menon and Yeung (1994b).

Figures 3a and 3b show, respectively, the correlation of the exact subgrid stress t_, (obtained
from 64° DNS data) with the eddy viscosity model and scale-similarity model predictions as a
function of filter width. Again, as before, box filters have been employed. The results for the ear-
lier incompressible data are also shown. These figures show the characteristic decrease in correla-
tion when the grid is coarsened with the scale similarity model showing most rapid decrease. The
compressible data is quite close to the incompressible data since very low Mach number flow has
been simlated. However, note that, two completely different numerical solvers and subgrid mod-
els were employed for this comparison.

Figures 4a and 4b show, respectively, the correlation between exact energy transfer 1,.5,; and the
modeled energy transfer for the two models. Again, both models show that with decrease in grid
resolution, the correlation decreases. The scale similarity model again shows a strong dependance
on the grid resolution. However, for relatively fine mesh, the scale similarity model is quite supe-
rior to the eddy viscosity model. This is in agreement with the incompressible flow results dis-
cussed in Menon and Yeung (1994a).

Since the incompressible study showed that the dynamic subgrid models are superior to the mod-
els with fixed coefficients, we are now in the process of evaluating dynamic subgrid models for
compressible flows. Preliminary results show good agreement with the results of Moin et al.
(1993). More results of this study will be be reported in the near future.
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3. LES OF FLOWS PAST REARWARD FACING STEPS

We are now getting ready to simulate more complex flows such as flows past rearward facing
steps. We have completed preliminary validation studies using the simple eddy viscosity model
(with no dynamic evaluation) and have demonstrated the ability of our numerical solver to repro-
duce results consistent with earlier studies. For example, Fig.5 shows the variation of reattache-
ment distance (normalized by step height) as a function of Reynolds number. Also shown are
results obtained by other researchers. Clearly, our LES solver is in good agreement with earlier
studies. Figures 6a and 6b show, respectively, the vortical structures downstream of the step for
the two Reynolds numbers. As Reynolds number increases, more complex flow patterns are

formed as expected.

The above results were obtained using the classical eddy viscosity model. These earlier calcula-
tions were carried out to determine the accuracy of the code and to resolve all the programming
issues. Therefore, detailed analysis of the data have not been carried out. Since the analysis of
subgrid models in isotropic turbulence clearly suggest that the dynamic models are superior, we
are now in the process of including the dynamic models into this code. It is expected that all
future calculations in this configuration will be carried out using dynamic models (such as the
dynamic k-equation and dynamic k-h models) and for relatively high Reynolds numbers. The
exact test conditions have not yet been finalized since we want to first make sure that there is suf-
ficient experimental data for model validation in such flows.

4. PLANS FOR THE NEXT YEAR

The research carried out in the first year focussed on simple flows such as isotropic turbulence.
The methods developed for analysis of subgrid models will now be used for more complex flows.
Therefore, from now on, all studies will focus of complex, high Reynolds number flows. Two test
flows have been chosen for subgrid model validation studies. The first configuration is the rear-
ward facing step described above. The second configuration is a co-axial jet shear layer with and
without swirl.. This type of highly 3D swirling flow occurs in many flow situations and has some
interesting features associated with swirl induced mixing. This flow is also sufficiently complex
and there is some experimental data for comparison. Both these configurations will be studied
using the same numerical solver and subgrid models. We are interested in determining if the same
type of subgrid model is capable of simulating accurately these two different types of flows.
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Figure 3. Cross correlation analysis of compressible subgrid models using DNS data of compress-

ible, decaying, homogeneous isotropic turbulence at Re = 10. Subgrid stress correlation obtained
using box filter.
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chamstwristies at the large scales aye distorsed as & sosult of
wielal forsiag. Nowever, he strustuse of ©0 amall scales is
ast dvestly affested. The paramoters of %hs forcing scheme
&e chas © seproduce oms seslization of he ststionsry iso-
wopic twbuleass studiod exxlier [12] ot s Re, =90.

Sulenss, ass showa in Pigws 13, with Kolmogorov sceling of
@s vasishles. & is clsarly soon et the energy in e lurps
satlss Is gratly incseased by e forcing. On e other band,
Ge opaatral sheapes ot the small scales e very similer. The
el spestral anups ot e high wevenumber ond are
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Dusayling ead foveed isovepic twrbulenss was also simuleted
aig @ falo-Affsass cods. Ths fosced simuistion
ampioyed & foscing method [13] Gat differed from the so-
chastls fosing empioyed far DNS in epestral spase. There-

[ EEE————
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Mare dotailed ovalustions of the various statistisn] quentities
Gusk = ths dissipation rats showness, okc.) chowed hat the
Physical spese snds is sapable of mprodusing stetisties very
similer © these abtained by Ge apeciral code.

& SUBGRID ENERGY TRANSFER AND MODELS

Twe differvat methodolagios bave bess employed % snelyas

e mouls of e simuistions. The e, selies entisely an the
Towier spess information and chossly ollows the method
doveloped earlier by Domeredaki ot ol {8]. The secoad, selies
eatirely ea s physical sgpecs infosmation and, st pressat,
empioys » varisty of tchaiques t» sharastarise e behavicr
of e models.

3.1. Subgrid Trunster and Modeling i Fourier Spocs
The Powier spess sopsessatution of the Navisr-Siokss egue-
tions may be wriiien ss:

[%wt’] ) = N,) a

where a,(k) is e welocky Geld in s Fourier apase at o
wevaumber mods k (of magaiteds £), v is he kinematic
vissosity, snd N (k) is the scalincer orm which iaciedes the
offecs of advection, gresswe and imcompressibility and is
given by

M) = -2 ra®ifana-plr @

vhare P ()ek, (. =R 1. /2%) +&, (By-R k/2%) end
&y s B Koascher dalia tsmecr. A wiad in wovenumber
apece is o slosed wianghe formed by the modes &, p, and k-p.
The istsgral above & takes over all possibls Griads thet may
b0 formed with he mode k &5 5 member.

Domersdzki et al. [8] introduced & technique ia Fourler space
which involves a decomposition of the various tarms into
‘sescived” sad "subgrid” somponents. This is sscomplished
by istvroducing & wavenumber cutoff ot &, and thea, for exam-
pls, e soalincer term mey be decomgosed into:

N)s N BIR)+ N,°(RIR,) RSR,) e

The smeovived scalinesr torm, N, (R IR,), sopresests soatribe-
tonms from those triad istersctioas that couple 2 Jsoived mode
& £&, © two other resoived modes (1o, with both paad k~p
i the sesoived sunge below £,). On ths other band, the sost of
@s tled atersctions, which souple e sescived modes ®©
oubgrid medes (with ot icest ene of p and k~p in s subgrid
u-.‘:fk:k).llwbyhm*n

Baergy Guencfer botwees difSevent ssnles is supresssted by
wisdic iatractions. The total (ute of) energy Gansir © &
Mwix bk dnbis subgrid scales,

B givea by °(R1R,) = Rl " @IN, (R 12, ] . whare the aster-

Sk dsnotes somplex conjugats and Re indicates e ssal purt.

The subgrid wansfor spectrum functics s Bhen givea by:
TRik,) = p ) TEiR,)

L R 5

L)

Slove, To(kIR,) is ¢ funclica of wavesumber megnitede &
saly, snd the shel) thickness AR, is takes as wnity for souveni-
onss. Summstion over gpectral shells, dencted u;h




o, is ase wed In e Houmation of e casvgy (pectum
Soastien B(k) e e enargy of dissssts Powrier mades:

u)--}?.mcm The ennrgy specorum Bi(k) of the

weived svales (La., for R ££,, sigaified by supersaript L) ot
wovenumber & evolves by:

$rw e caviipee e Ta) )

whee T I4,) mpuesssts easrgy Gunshr fum interactions
wih sescived eseles saly. and T°(k IR,) mpmessats interac-
Usns whh subgrid modes which must be modeled in 3 LES.

A sbgld eldy vissesity is ohen wed © parumevins s
wbgrid motiens, with the specwal subgrid scale (SGS) eddy

vissssity defiasd as [8):
VIR = = ik)

)

‘Ths somrespondiag modeled subgrid soalinear teem is given
by: Nm(RIR)==v,(kIR)E s, amd the
mbgid wmefer is T™(RIL,) = Re] 0, "G)N, =R IL]. A

. RER )

strsightforwesd substitution of the peosented sbove
Inads © e wiation:

ToEL,) ) aE)x k)

YY) L z-—a——m . RSk (4]

A fwrber summation over he spectral shell £ would yield
unity oo the right bend side, which indicates that the speceal
eddy viscosity modsl accousts for the total ensrgy Sansfer ©
& spectra) shell correctly. However, it mey be sesn that this
mods] sssumes thet energy and enssgy tansfer bave the same
foem of disvidution whiia & given spectral shell. Ia other
wasds, energy and energy ransfor ave assumed © bs eatively
n phase with each other in wavenumber spece. This assump-
o, of course, devistes from the exact specwral equations.

The exsct and modeled subprid sculinesr terms and energy
tansfers cbizined from DNS and LES heve bosn analyaed for
amngs of k,. Thees sesuls will be discussed ia Section 4.

33. Subgrid Tragshr and Modeling in Physieal Space

In physical space, e insompressible Navier-Stokes equations
e Sluered using o spatial fler of sharacteristic wid A (typi-
aally. the grid meolution) wesuiting in the Shered LES eque-
tons:

%-0 @)

%4!,% = --%[%\,oq +vVE )

whevs §i(x, 7) is e resoived welocky Seld ead Ge sebgrid
seals (SOS) stress teascr ¢y is defined os: ty= uu; =R E,. &
bas besa shown that groper cholos of the Shering process Is
csssntial ¢ maintaia model ecnsistency {16). Vasicus types
of Shucing prosesses beve booe studied ia he past, sush = the
@p het, he Conssion, and the Pourier aut off Shers {9.14]). In
s prosent stady. we amploy the ©op hat Sher which is son-
sideved approguiate for finits-difference methods.

i0-3

The goal of 3OS modeling is o vogvesest the G5 sess 3y In
Grms of ths senived Sl Ex. ¢) i ouch & menner Bat e
modeled 303 shuses wopressat a5 much oo possibls e exact
steasss. In addition, he cnergy Sux © the umsescived scales
given by E(A) = =2, 5, st elso be modeied seasonsbly well
by e subgrid modsl. Thess issuss will be sddvessed ia this
oty

Variouws medsls have bosn prepossd, e most populer cns
being the Smagorinsky’s model:

% = 3G, o)

where, the supwecript § fndicstes e model, & 5 e
Smagorinsky’s sonstant and

. %[%o-:ﬂ a0)

is ®s sescived sets-of-owsin asce, whers 151 = 1253, 102,

‘The dysamic modeling approach (4.7] ees bs weed © compute
e constant G5 a5 & purt of the solution, as described eles-

whare. Al presest, we heve ot implemented s dynamic
model in e LES but will sansider i in ths noer futwre.

Sese, wo eeasider two sow $GS models for amalysis aad
application. The first is & ons-equation mode] for the mdgrid
M.-ua_,-%[;'-q. The metivation bebind
e choice of this mode] is two-fold. Pirst, as noted easlier, &
is concsivable that in high Reynolds sumber Sows (or when
vary coarss grids e employed), he waresolved scales mey

. coatsin easrgy-containing sceles. In this esse, the contribu-

tion of e subgrid saergy © the mscived 5GS steesss may
beve © be emplicily computed. Sesced. we e also
iaterested in LES of seacting flows. Por LES of pramined
scombustion weing & Ghin flams model, the Swbulent Same
speed must b determined &5 & function of &e lamiser Same
speed and the rescived subgrid kinstic energy [13]. In such a
ouss, explicit evalustion of the SGS kinatic eaergy is required.
A compressidle version of &e &, wods! is emveatly being
weed for LES of premized sombustion ia » ramjet {15]. One

models bave been wsed osslier for chanue! flows
{12,18). and it was shown thet i gave more accurate sesults
when very comsss grids were meed (18].

The exact eguetion for &, is st derived by Bhering e
enact equations for e kinstic emsrgy &,3/2 end sebtracting
*tﬁmwbbmww
&'72. A posshis closwrs flor s trms in e R, oquation b -
eonsidersd is the hllowing form:

S et 223

where the teve torms 00 s right-bend-sids of Eguation (11)
sopmest, sespectively, e production, dissipstion and tren-
sport processes. Here, he sabprid sweeses t,* (sossidersd
equivalent © Ty) & modeled in trms of the 3GS eddy
viscosky v, as:

o = 3, a2)
whers the 8GS oddy viscosity s v, = G, Vi, A The mode!

constants e chosss based on eslier study [16] ® be
G =009, C,=0.916 and 0, = 1.0. X has a0t yot boun ests-




ished f Gaes sonstints or G form of s tomms i Bq. 11
e aggeegeiate Bor high-Re LES. For enampis. & hes bosn
anted uting 8 & priori stady in channel flow, theat the dissips-
Gae madsl in ageation (11) is entamely pocr {19).

T lovestigans e babevior of e X, model, e tarms for the
pooduntion, dimipation and tansport Srom e aaact eguetion
v campund by Ghering the DNS dats and then surreiated
whb %o medel! terms in Bquation (11). The vesnlis (ot
shoun) anggns Get G Sanpert snd produstion terms i the
aedel eguatise are carselated quits wall with e exact toems
@i s comnlation greater hat 0.6). However, the dimsipation
Gun v possly cowslated. This sesult agrues with the eavlier
chsarvatios Gt the dissigation medel aseds ® be Awther
inguovement. This will bs addressad ia & futwre study.

¥ subgyid asnins contais cnwrgy-csntaiaing eddics. hen thers
s & good chanee Sor beskasatier of casryy from the subgrid
ssales ® Be mevived snales. Fwrhermers, emlier stndies
15.5] have shown et forwerd sastier (by e eddy vissoeity
tum) and beskssatier are twe distinet prossesss. Thesefore,
Gme twe ofloo must bo modeled ssperately. Using the
wnals of Chasnov [3). & phonomenciogical medal for mo-
chostic baskseatier was derived eastier [15) by sssuming that
e busheeatter offect can bs modeled by & madom forcs
which satisfes asrtain sonstrnints. The sesulting form of the
Sashopstter esntridbution © e subgrid swess mods! e be

weition 882
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The secoad model weed is 5 modified scale similarity model
propossd by Lis ot al. [9]. This mods! was derived wing &

malyis of bigh Re, (= 310) expsrimental dota
obtsinnd Srom & turbulent jot and is of the form:

W" = aflnly as)

oy vy

whers s svess Iy = &F; ~ ¥, emn bs computed entirely
fom e velochy feld. Nas, e tids indicetes
fiuring ot & teale 24 and is sominiscent of the Oesmeno idon-
ity [6}. Ths ccastant ¢; wes dotermined ia [9] © bs asound
MSu . ‘This mods! is similer ® e sonle similaricy
mods! proposed esslisr [20) end & con be shown Bat the
ensrgy Sz © e subgrid seale K, = - Ly 3, will exhibit both

ssatier) and megative (backscotier) in the
Sow. Nowovss, i bes bosn noted eurtier [9.20), and i the
gvosent iudy, Gt his beckpsstior (which mey aot be seal)
oun sonulk n numerionl instebility. Honse, o sontrol s back-
seatieg, 6 soeler function N/;s) is ueed fa eems of Jy, & dimen-
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shos of the Sow Beid end Lin ot al 9] bed ® make some
asumgtisss ®© determins the euaibution fum e Gisd
dimsasion. Thareftss, o ovalusts this subgrid medel, both ¢
priori snalysis uwsing DNS sesuits and LES, wes casried out.
Variows foxms of beckecatier coatiol wes studied. However,
for LES, fUUy;) wes chossn the dyliset
ol 19) ouch that k) = | —onp(~20/,5°N. ¥ & 20,

ol ) =0, fy; <0. -

Te eury ont analysis is phyvical space, methods hat sely
eatisely oo physical spase infosmaticn beve bess amployed.
‘To obtain & mecswre of Gs acourecy of s model, eorselatics
easficisnt (definsd in ths wounl manner) bave boea weed
quantify the sesuits. Thees sesults s discssed below.

4. RESULTS AND DISCUBSIONS

In Gis saction, we describe the sesults of our study asing both
@e DNS and LES ming the variow models deecsibed sbove.
Ths analysis in s spectrel specs and physical spacs ars dis-
omeed in soperate section.

$GS eddy viscosity, he subgrid and ths sesoived emsrgy
vansfor definsd earlier in Section 3.1, we shown ia Fig. 2
(ad.£) for decaying isowopic awbulenss (st Re, =20). ko
bo moon Bhat ©e 9GS eddy viscosity

small values ot low £ /&, for sulatively high valnes of e ont-
off waveaumber. This indicetes thet s SGS energy transfor

i
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of T°kIk,), md, boncs, & lurge and
viscosity. The strength of tis local wrensfer, which is evident
in Pig. 2(b), dopends, of courss, on the energy in scales of siss
i s order of 1/&,. and, henos, weakens with incvensing 2,

In Pig. 3(s) & mey bs soen Bt the SGS eddy viscosity st the
owest sutofl wavenumber £,2103 Qins A) has & much
grester valus then ths deta ot higher spectral eutoffs. This is &
occasequence of the subgrid wamefer taking va & more local
sharscter s the spectral eutoff 5 moved ® lower
waveaumbers. Thot is, anergy Gamsfor butwesn Ge Jargest
ssales 3nd e subgrid scales besomes such mose sigaificant
¥ he subgrid range is sxpended ® incleds intermediste scales
Get are clossr 10 the largest seales. The sptns In line A 2t e
low wavenumber ead is partly o sesult of e fall-off in e
casrgy spectrum (see Fig. la) &8 e low wevenumber limit is
appronched.

The behsvicr of the resolved ensrgy Sansfer (TR IR,), s Tig.
2c)) which sepreseats imeractions wholly among Ge
sesclved ssales, i also of interest. The aigns of this wansher
fndicats & is soasistendly & forwand cassads, drswing
from Jower ® bigher wavenumber modes. At lasge R, e
sesoived interactions sloss 1o fuk, takes oo 8 acalocal charsc-
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quiintive @ffonass b chowved for A=133, with back-
esetter and nogative eddy vissosity found in ©s forced -
bulsass dots. Fer the lowest sposiral outolf £,510.3 (ine A),
@e subgrid visesslty is aleo mush Jwger hen et for higher

auiolh, s in G sase of desaying twbuleacs. On s sther
nad, ns uptern a2 s low wovenumber end is sbemrved; this
o bs undersiood by noting thet in the expression for eddy
vissesity, the susgy spectram appoers in he denominator snd
B @s low wevenumber range, e spocirum is newrly fiat (sse
Rg. 1a)

Sists B0 bwent wevenumber modes are foresd in stationary

oosws ot the lowest acanero wavenumber shell in the simula-
tees. Whils e soture of ¢ forward emicade Tamaics
unshenged, thess forved modss, being highly energetic, loss »
large amount of ensrgy % other sesolved modes (and, for low
speceral autolls, to the subgrid scales as well).

To cssess ths purformencs of the 503 eddy viseosity mode!
(Bq. 6). s Importast eriterion is bow well the energy Gansfer

mey ssnslads thet the aligament betwosn these vestors s aot
wull prodionnd. Third, G0 medel praduses botier agresment
wiih DNS dats In the decaying sass sompared © e forsed
oass. This i ant aurprising, sines e ardficial foveing bes 2

to-3

Figure 42 shows the scaled energy spectrs for
e 64° DNS (st & Ro = 10). and for 32° and 16* LES ming

LES grid ming s ©0p bat Sher. Thus, &8 ¢ = 0, all the fnitial
Selds wers highly somrelsted ia the physical specs. (Resuks
of e physical space analysls will bs disoussed in e mext
sectics). However, ia Fourier space, dus 10 the form of the
ansfer fanction for the top het Sher, e initiel snergy spec-
s will be quits differest for e disest and darge addy simols-
tous. This would show wp in the eventsal evolution of e
Sow Beld when analynsd fa e Fowier sgpece. Howsver, ¥
e smaletions we self comistest, §s Kolmogorov scaled
speotes should exhibit sisilerity, os ssen In Pigures 4.

Pigwe 6 wad 4c thow, mepsctively, the energy spactrs (nor-
malized by Ge kinetic snergy) and disspation spestrs (nosmal-
150d by @e dissipation rate) 88 5 fenction of wevensumber.
The disagresment betwesa the DNS and LES seguits Is move
spparent In Gese Sgmes. The sermalised snergy spects
shows thet all the LIS dats prudict higher poek snergy ot 8
lower wavesumber han prodicnd by DNS. Both the &y, sad
similerity sodels predict ncarly the sams pock value (sbont
25 peresnt higher thas exact) and losstios with 32° sesolu-
Son. However, a5 e grid is courmnnd, s &, model shows
o such larger pask snergy hen s similerity mods). Prtber,
oo kuly,, the saurgy in B0 bigh wovenumbers is much
lowsr for @ LES. The disvipation spectrs pesks ot dusger
wavesumbers (by & facktr of 2) and all the dots shows simflar
troads. However, since energy is lower neer kady,. B¢ LES
seouls predict lower dissipation whea sompared ® ths DNS
seouis. Thess moults suggest that the dissipation modeied by
e subgrid models is insufiicient snd neads © be imgroved.




e acalincsr tarm wess a0t sosrelated very well.

Tas amalysis of the LES dats wming & shniler method showed
Gt e were signiScant differsnces ia the energy and dissi-
pation spectrs for all the sases studied. This is understandable
sinoe e initial specirs for the LES wers differsnt from st
for the DNS 28 o sesukt of initialization thet meinteined high
osrrelation in the pbysical space. ARl the SGS modsls appesr
© mode] dissipation wery poorly ead, also, predict much
higher energy in lower wavenumbers than pvedictad by the
DNS data. Using s spactral autoff ot &, = 10, & was shown

also, 8ot predicied very well, with the &, sodal predictiag &

SUmMPORInts (T, Ty Ty ) The data shows Bt e eorvelation
docveases with an incresse in Sher widkh for all cases, with
e similyrity mods! showing the largest decrense. The simi-
lority mode) with Seckscatter sontrol has lower surseletion
when compared o s same mode! without heckacetier soe-
vol. This is comistent with e meults shown by Lin ot al
19). The oddy viscosity mode! of Smagorinsky consiseendy
shows the lowest eomselstion. a8 seee s earlier smudies. The
&y, model shows quits high surrelation for thess stresses with
ouly & wesk dependence on the Slwr widd. The eurselstion

Mgars 82 shows the energy flux sorelation for Re;, of 90 for
©e modeh shown in Figure 7 and Figure Sd shows ths seargy
fux socreletion for the models for owo differsnt Reymolds
aumbers. As soted easliss, the snergy Sux © e umresclved
ssules §s dofinsd 28 E(A) = -~ 5%, st o Sher widkh A for the
exest cnwgy fux. For the subgrid madels, ty s replaced by
the spprogrists model (s.g., Bquations 12 ead 15). For small

Siass e casemble-svaraged valws of the ensrgy Sz <B(4)>
should be of e asder of the dissipation yaie £ 8 somperiscn
wen eusvied out for all the models studied bere. The sosuks
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@s high R, data. The large varistion in the valus of ¢ may
be s artifect of the limited rangs of scales sesoived ia the
greseat DNS dats and the groblems with the similarity mode!
(disoussnd sbove) when the grid is coarvensd. This jesus
aseds fyther study.

A priori saalysis of the DNS dats st Re), = 10 was aliso cwried
out since this data s wsed for somperieos with LES predic-
tons (ss disouseed in Figws 4). Compariscn of the Sow
strustures, snd, the stress snd enerpy flux surrelations showed
o plotuse very aimiler © that ssva at ths higher Rey (and theve-
fase, act shown). The seals similuity mods! cemsistently
showed & much betier sorrsiation for both stressss and the
eaevgy Sux when sompaed © s &, model whils the
Smagoriasky’s mode! sonsistendy gave very Sow eomeiation.
2'““.“““-&---1-&

The subgrid models were thes implemented in LES asing 32°
aad 16 grid sesoiutions. Por LES, @ flow Seld was initial-
1n0d by » Seld that was the the Slused initial Seld ueed for the
64> DNS. Hoeacs, ot t=0 e physical spece Selds were
highly csrselsted (akhough, in the Fowrier space there was
qQuits & bk of discrepancy, see Figum 4) Howeves, the sesults
thowed et o8 ime ovoived, the DNS end LES became
highly ansomelsted. This can esally dotermined by visualiz-
ing ©o flow svuctams ia the DNS aad LES felds. This
poins ® G fant het menls Srom 8 prievi anelysis do act gro-

vids the groper guidelines fur evalusting the bebevior of the

o-%

subgrid models in an actmal LES.

This was frther sonfismed by eurvying ot the carveletion
smalysis. To ssalyss the LES msults, he DNS data cbiained
o8 e 64’ grid meciution, aad the LES dets eitained on e
32’ grid were Slused © the 16° gid. Thea, B energy S
poodiotnd from these two simuistions of the 16* grid sesols-
tos wes compered ® e model predigtion ia e astual 16°
9id LES. The nauiss showed Ghat ol B¢ models predicand
very poor comeltion (oss s 0.1) whes s 16 gid LES
wes sompared 0 Ghe Sasnd DNS dute oot of G0 same grid
Ivel. The somperiscn betwesn ®e twe LES showed that the
ensrgy flux comrelstion for e scale similarity model wes very
low (womd 0.12) whils the &, mode! predisted s mistively
higher valus of wrowsd 0.35. again mggests that whea
coars grids ase employed in LES, s &, model sppess ©
bshave much botiss. Al this junctwe, bowever, the scals
similarity mods! connot be disregardad since, a8 acted show,
oven the ¢ priovi estimates showed that, in coares grids ths
seals shmilesity sssumptions mey be bvesking down. & &,
thessfore, sscessary 1 sevisit this analysis using LES of moch
bigher Re;, with 2 sascashle sesciutios of e inertial vangs.
This bas ot been acempied since & requires encessive grid
sescivtion and computations] sesources.

Sastead, & seriss of simulations weve carried out using e 32°
and 16° grid resclution for am iaitia) Rey = 10°. This is & very
high Reywoids sumber and is probably beyond the eapebility
of the subgrid models weed in this study. Thersfcre, the meuits
of tis sudy can culy be qualitatively amalyasd by carrying
out relative compurison of the bebavior of e subgrid modsls.
However, acts thet, in high Reynoids sumber fows, the grid
sssclution thet is ecomomically practical is Nkaly © be ©o
soaree o sesolve the inertiel rangs.

PFigure 10 shows e snergy spoctna for them bigh Reynolds
aumber simulstions ot & tims of 1 = 12. & was found et the
scale similerity model did aot sontaie suficient dissipation
and therefore, for thess simulations. the Bquation 1S (with
Nis)=1) ws supplementnd by o Smagoriasky's eddy
viscosity model, in effect, making this model » modified ver-
sios of the mized mode! proposed sartier {20]. The spectre
shows Gt bolb the modiSed similarity mods! and e &,
model bebaves ia a timiler menner. The speces for all cases
appears %o bs lsveling off st around the samws losstios sad & is
sl that Ge ontoff oscurs ot & wsveaumber 8t which

sigaificant snsrgy costaining scales remain waresolved. This
1s s expacied for such high Reynolds sumber simulations.

The swess end energy Sz scevelation betwese e 32° grid
and the 16’ grid LES was cmsvied out for this oase. Figures
11s md 110 show, mepectively, the stoess sad snergy Sux
eurvelations (obtained i the 16% grid) as o Amction of the ini-
Gl Rey. As discussed bafore, the computed scereistion in the
LES s mach lower Gt in the ¢ priovi snclyeis. Farbasmon,
witd incresse in Re;, the cormlstion for ol s models
docvease indicating 8 seriows groblem with e dissipation
modeling. Ths &, mode! withont e stoshastic beckscatter
model (Bqustion 13) showed a slightly Jower sorwiation indi-
oating Sat ©e backacatier modsl (akhough not very effective)
doss sesult in & higher corselation. More importantly, for all
e cuses studied bere, the &, model showed & much higher
scrmlstion st this grid sesciution. This suggests St although
@s &y, mods! aeeds improvements, it warrests fwrther inves-
tigation for applicstion is high Reynolds sumber fows.

e B
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8 CONCLUBIONS

Direct and lurge oddy simulations of forced and decaying so-
wepic trbulense has basa performed wsing & pesudospecwal
and & Guit-difforence sads. Subgrid modeh that include 8
sas-aquation subgrid kinetic ensrgy mods! with and without &
snshastic backscatier forcing term and & asw ecale simnilarity
medel heve besa analyned ia both the Fourier space and pby-
eisal qpass weing high msciutioa DNS deta. The specwral
opess analysis showed that ensrgy transfer scross the cueoff
wovenmmber &, is dominated by local insersction. Casrelation
aualysls of %e modeled sad exact poslinesr terms sad the
obgrid eangy suasfer ia physical spacs showed very Jow

Ia physical specs, & prieri analysis of the stress and energy
Suasier sorreistion betwesa the sxact valus and the modeled
Gems wes surried omt for & range of Rey. Results show Bhat
Ghe svess and energy Sux predicted by the hoth the subgrid
Sodels sotrelates very well with the DNS dats with the scale
similarity model showing very high correletion for masonsble
@id meciution. However, with decreass in grid resolution, the
scals similerity model becomes mare ancorrelated when com-
pared © e kinstic energy modsl.

When e subgrid models wers wsed for LES, comrelation with
e DNS nsults was very low. This was in spite of keeping
s initial Sow feld for all the simulations highly corvelated.
This suggests hat e ssults of & priori analysis cannot be
weed 0 predict the babavior of the subgrid models in actual
LES. The amalysis of he LES data obtained on very coarse
@rids showed that the scale similarity mode]l bebaves very
poorly when sompared © the &, mode] which consistently
showed much higher cocrelation. Thess results suggest that
the scale similarity model can be wsed only for mistively fine
grid resoluticn, whereas, the kinetic ensrgy mods! can bs used
even in sourse grids. This was furdher demonswatad by carry-
fng out LES st & very high Re, for which the scale similarity
mode] bad nsarly awo sorrslation whils e &, model mill
had (albsit) Gnite value.
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EXTENDED ABSTRACT

The current state-of-the-art in subgrid models is essentially varisnts of the simple eddy viscosity
model first proposed by Smagorinsky in 1963. This is in spite of the serious limitations of such models that
have been brought into attention in recent studies. For example, backscatter of energy from the uaresolved
10 the resolved scales bas been observed %o occur in direct sumerical simulations (DNS) data (Psomelli et
al., 1991) clearly demonstrating that the unresolved subgrid processes cannot be modeled by a purely dissi-
pative mechanism. In addition, the "constant” (the Smagorinsky constant) appears t© vary from flow to flow
and, thus, the subgrid model required further fine-tuning for a specific flow. Recent attempts $0 improve
the eddy viscosity model involves the adaptive evaluation of the subgrid constant (Germano et al., 1991)
aad an explicit modeling of the subgrid backscatter process (Chasnov, 1991). In spite of these develop-
meats, it is not yet clear if such simple models are sufficient for large-eddy simulation (LES) of high Rey-
nolds number flows.

The objective of this paper is t0 evaluate the effect of the form of the chosen subgrid model on the
computed interscale energy transfer process between the resoived and unresolved scales in LES. The even-
tual goal of this research is t0 develop a subgrid model that will perform adequately in LES of high Rey-
solds sumber flows. To investigate the effect of the subgrid model on the interscale energy transfer pro-
cess, we begin the study by carrying out both DNS and LES for identical flow conditions and then soalyz-
ing the energy transfer process using a method developed recently by Domaradzki et al. (1993). They bave
demonstrated that sub-grid scale (SGS) energy trtansfer quantities can be readily extracted from DNS data.
In incompressible fiow, the energy spectrum E(k) of the resolved scales at wavenumber k evolves by

%sl(g) = —2vE2EL(R) + T(IK) + T'RIR,), k<k m

where v is the kinematic viscosity, &, is a cut-off wavenumber separating the resolved and sub-grid scales,
Tk |k,) represents enesgy transfer from interactions with resolved scales only, and 7T°(R IX,) represents
interactions with SGS modes. If the form of the spectral SGS eddy viscosity is chosen as
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Gen, Be behavior of e eddy viscosity as a function of the cutoff wavenamber can be determined, since,
in DNS, all torms in equation (1) are known. There are some problems with this approach whes LES is
oconsidered. In LES, the last torm in Equation (1) s modeled by the subgrid model. Thas, the emergy
wanafer process Reer e cutoff wavesumber will be affected by the form (or choice) of the subgrid model
weed 10 yepresent he effoct of the waresclved scales.

This paper will address this particular issue by compering the results from DNS and LES asing vari-
ous eddy viscosity models such as those studied eartier by Chasnov (1991) and Germano et al. (1991). In
addlion, a ono-equation model for the subgrid nwbulent kinetic energy (Menon, 1992) and a two-equation
model for the subgrid axbulent kinetic energy and subgrid helicity (Yoshizawa, 1993) will be evaluated.
Higher csder subgrid models are considered essential for simulating high Reynolds number flows since,
with the available grid resoletion the lcugth scales that remain unresolved can contain a significant smount
duw.hmmmmgthmm Models that
inciade subgrid helicity (mote that, helicity defined as 7', is exactly 2ero for two-dimensional structures)
may be sbie 10 account for the asymmetry in the subgsid scales. These models will be studied using both
spectral and physical space (finite-volume) flow solvers. At present, the method of snalysis is similar ©
that proposed by Domaradzki et al. (1993); however, we bope 10 develop an equivalent method of analysis
that can be weod directly in the physical space and will not require transforming the flow field into
wavesnber space. This is particularly important since high Reynolds number flows of practical interest
occwr ia complex domaing (¢.g.. rearward facing steps) and, thus, it will not be possibie © evaluate the
cuergy transfer using Fourier wransforms.

In this paper, we cousider the energy transfer properties of decaying incompressible and compressi-
bie isotropic awrbulence. In the following, we show and compare preliminary results obtained by four dif-
ferent methods: DINS using the constant-density pseudo-spectral algorithm of Rogallo (1981), DNS using a
compressible finite-volume code (Menon, 1992) at low Mach sumber, LES using & compressidle eddy
viscosity model in the finite-volume code, and LES using a finite-difference incompressible code. The
DNS sad LES data are obtained with 64° and 32° grid points, respectively. Except for differences in
sumerical resclution and methods, the parameters are chosen 1 simulate statistically the same flow in all
cases. More detalls of the nusnerical methods and the subgrid models will be given in the final paper.

Begianing from a isotropic Gaussisn random field with a specified initial energy spectrum, the

fieid is allowed 10 evolve until 2 “realistic” self-similar state is developed (as in Yeung and
Beassour 1991). Results from a 64° calculation show & power-law decay of energy, with exponent 1.31
consistent with grid-generated twbulence data, and small-scale universality illustrated by the collapse of
high-wavenumber spectra st different times under Kolmogorov scaling, as shown in Figures 1a-d. It is
imteresting 10 note that both the DNS sesults agree remaskably weil and, farthermore, that the LES data also
shows very good agreement with the DNS data.

The flow ficlds &t various times were analyzed. Here, the result obtained at & time 1=9.0 (which
corsesponds 0 around 20.5 initial eddy-turmover times) was selected for further analysis. By this time, the
twbulence is well developed, and the Taylor-scale Reynolds sumber (based on the ram.s. velocity and Tay-
lor microscale) is spproximately 11 (slowly decressing with time). Figures 2a - 2 shows the shapes of the
nomaelized cacrgy and dissipation spectna at the chosen time for the four different cases. The DNS data
from both simulations are well resolved and also agree with each other remarksbly well. The peaks of
energy and dissipation spectra are scparated by a factor of two. The LES data also agrees reascnably with
the DNS results, however, the peak value of both the energy and dissipation is slightly higher.

Figuses 3, 4 and S show the eddy viscosity (Equation (2)), subgrid transfer, 7°(k IX,) and resolved
teamafer TR (£,), respectively, for different cutoff wavenumnbers, k.. Although the range of scales available
fa our 64° calculations is limited, ncvertheless, some interesting conclusions may be drawn, 10 be
confirmed by 128° recults that will be obtained by the time of the Symposium. Results for the Jowest cut-
off chosea (X, = 5) are somewhat erratic, becanse they correspond 10 LES with a very coarse filier, and
becamse of statistical varisbility associasted with the resolved-scale emergy spectrum (EL(R)) st Jow
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wavenumbers. For higher cutoffs, spectral eddy viscosity increases sharply as the cutofl wavenumber is
approached (Figure 3a-c). Note that for the LES case (Figure 3¢), the cutoff wavenumber k=13 is actually
the maximem wavenumber in the resolved field. At small k/&,, the spectral eddy viscosity is megative,
showing an inherent Mmitation of the eddy viscosity concept itself. These features are consistent with the
segults of Domaradzki et al. (1993), who studied a Taylor-Greea vortex and presented the variation of
V(R Ik,), but not the transfers (TR IR, ) and T°(k |1k, )) as & fumction of k/k,. »

Figure 4 shows that the effect of sub-grid acales is mainly 10 exwact energy from the Jarge scales, but
there is also & non-negligible backscatier (T°(k |, > 0) effect acting on the largest scales. We plan 10 study
further this effect by explicidy modeling the backscatter process as done earlier by Chasnov (1991). Figure
$ shows that the aature of interactions among the resolved scales themaclves is primarily forward cascad-
ing: with energy loss (Tk Ik,) < 0) at low & / k. and energy gain (TR ik,) > 0) as k / k. approaches unity.

These results will be further validated for the final paper by carrying out 128° DNS simulations. As
noted above, subgrid models, such as the eddy viscosity model with adaptive evaluation of the constant
(Germano et al., 1991) and the one-equation and two-equation models, will be implemented in both the
finlte-volume codes and the effect of the subgrid mode] on the energy transfer process will be investigared
in detail using a serics of LES at various grid resolution. The effect of increasing the Reynolds number
will also be investigated. The results of these studies should shed light on the deficiencies and strengths of
the subgrid models snd provide a direction for improving the models so that high Reynolds number flows
can be simulated.
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1. INTRODUCTION

‘The dynamic subgrid scale (SGS) modeling technique, introduced by Germano e? al. (1991),
has been successfully applied to various types of flow fields (see Moin et al., 1994 for a recent
review). There are three important features of this modeling approach. First, the model constant,
the so-called Smagorinsky'’s constant, is not prescribed a priori, rather, it is determined as a parnt
of the solution. This approach removed one of the major problems associated with the
Smagorinsky's eddy viscosity model which was the determination (and fine-tuning) of the
constant for different flows. Second, the dynamic model shows the correct asymptotic behavior
nesr walls and third, as a result of the dynamic evaluation, the constan? can become negative in
certain regions of the flow field and thus, appears to have the capability to mimic backscatter of
energy from the subgrid scales to the resolved scales. This last feature is perticularly attractive
since direct sumerical simulation (DNS) data has shown that backscatter effect can dominate
over a significant portion of the grid points in the flow flield (e.g., Plomelli ez al., 1991).
However, large-eddy simulations (LES) using this dynamic model has shown that the backscatter
effect of Germano's model can be excessive and can cause numerical instability. Some recent
efforts (Moin et al., 1994; Piomelli and Liu, 1994) were direcied particularly to develop better
methods 10 evaluate the constant. However, these studies still assume that the form of the eddy
viscosity, as proposed by Smagorinsky, is still appropriste and valid for the entire range of flows.
Recent DNS studies of decaying isotropic turbulence suggest that the assumption of the local
equilibrium between the SGS energy production and dissipation rate (which was used to derive
the Smagorinsky model) may not be satisfied over a large portion of the grid points. This lack of
Jocal equilibrium can be significant when the flow fields at different grid resolutions are related
t0 each other, as is the case in the dynamic model.

In this paper, these issues are addressed by considering two new subgrid models that do not
require Jocal equilibrium between the SGS energy production and dissipation rate. These models
have been developed using the dynamic modeing approach and therefore, there are no constants
that have to be prescribed a priori. The first model that is studied is a8 dynamic version of the

Kolmogorov's scaling expression for eddy viscosity and the second model is a one-equation
mode! for SGS kinetic energy.

Using LES of decaying isotropic turbulence st various Reynolds sumber, the behavior of
these new dynamic models have been compared 10 the predictions of the dynamic model based .
on the Smagorinsky's eddy viscosity concept. An eventual goal of this research is to determine




the form of a dynamic subgrid model that will provide realistic results over a8 wide range of
Reynolds oumber and grid resolution.

The numerical simulations were carried out using a finite-difference code that is second-order
accuracy in time and fifth-order (the convective terms) and sixth-order (the viscous terms)
accuracy in space using upwind-biased differences (Rai and Moin, 1991). Time-accurate
solutions of the incompressible Navier-Stokes equations are obtained by the artificial
compressibility approach (Rogers ef al., 1991) which requires subiteration in pseudotime to get
the divergence-free flow field. Earlier (Menon and Yeung, 1994), this code was validated by
carrying out DNS of decaying isotropic turbulence and comparing the resulting statistics with the

predictions of a well known psuedo spectral code (Rogallo, 1981).

2. DYNAMIC SUBGRID MODELING

In the following, the forms of the dynamic subgrid models studied here are briefly described.
More details of the modeling approach will be given in the final paper.

2.1 Dynamic Smagorinsky Model

The primary requirement in LES is the modeling of the SGS stresses that result from the
spatial filtering of the instantaneous incompressible Navier-Stokes equations. If an appropriate
filter is employed (here, awphamtetwlthaﬂluwmA is used, where, Ais the grid
spacing), then the true SGS stress tensor is: T, ® v, ~¥¥,. This stress tensor must be modeled

wcmmmwmdmmmmmymyvmomydmfamSGSm
tensor is of the form:

where C is the model coefficient, S, is the resolved scale strain rate tensor
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mnd [§] = (25,5,)". Here, the overbar on the flow variables indicates the result of Sering o

themdscaleA lnmedynmicmodeunzwmd:.awalmmybamﬂw
mmamumegddwdemuA and a test filter A (typically chosen to be twice of the
pidﬂltaA)husedw&termlnethemddcodﬂdalCuapmofmedmuhdomnms if the

spplication of the test filter on any variable ¢ is denoted by é or (¢), then it can be shown that

L, = 5~ % = (&%) &
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similarity of the subgrid stress, 7, can be modeled in the same way as T, resulting in the
following expression:

Substituting (1) and (4) into (3), one can obtain an equation for C

L,-38, L =2CM, ®)
where
M, =~ (&[5, -2 (515)) ©

Equation (5) is a set of 3« indenendent equations for one unknown C. To minimize the error
from solving this overdoservined system, Lilly (1992) proposed a least square method which

yields
1 LM,

c=1iM 7

IM,M, o

Past studies (e.g., Zang et al., 1992; Yang and Ferziger, 1993) using this approach have shown
that the value of C obtained from Equation (7) can vary widely in the flow field. This can cause
numerical instability. To relieve this problem, spatial averaging is typically performed for both
the numerator and the denominator on the RHS of (7) (Piomelli, 1993). Usually, this averaging is
done only in the directions of flow homogeneity (e.g., Moin e7 al., 1991). In the present study of
homogeneous isotropic turbulence, averaging is implemented over the eatire computational
domain, hence C is a function of time only.

2.2 Dynamic Kolmogorov Scaling Model

Recently, Wong and Lilly (1994) reevaluated the KolmogorovOs scaling expression for the
eddy viscosity. The representative variables characterizing SGS fluctuations are the SGS energy
dissipetion rate € and the SGS length scale which can be approximated by the grid interval A.
Using dimensional arguments, the subgrid eddy viscosity can be written as,

vy = C &% ®

Here, the mode! coefficient C, has the dimension related to € (precisely, C, = ¢"?). This simple
expression for vy can be robust because it does not employ the assumption of local equilibrium

between SGS energy production rate and dissipation rate which was adopted to derive the
Smagorinsky model (and which is implicit in the dynamic model described in Section 2.1).
Another advantage of this model is that, due to the simplicity of the model, the total




computational time can be significantly reduced. However, this mode! can be valid only by
employing a dynamic modeling method to determine the model cefficient. Otherwise, there may
be no way to prescribe this non-dinmensionless coefficient by a fixed value. The resulting

equation for C, is expressed as follows,

L - 38, L =-2G,(a7-37)3, ©)

2.3 Dynamic k-equation Model

Amﬂaademoddu:l_sommmdusmdy.mslsaoneeqmﬂmmoddfau
SGS kinetic energy k(-(u,.’-z’)lz). This model was recently evalusted by Menon and

Yeung (1994) through a priori tests using DNS of decaying and forced isotropic turbulence. In
this model, an evolution equation for k can be written in the following form

ok ok ou, d ok
LIy SLAPRIY g R P PP
3 + ¥ o, T, %, €+ a, (v., ax,.) (10)
where
T, =-2v;§, +§6,k . vr=C, k"4 an

Als0, one can model the dissipation rate € (% v[(aui/ax,)i -(ai,/ax,)’])usmgk.as

kY
£ = C, -IAP 12

Menon and Yeung (1994) chose the model coefficients, based on an earlier study (Yoshizawa,
1993), to be C,=0.0854 and C,=0.916. However, these values were found to cause excessive
dissipation of large-scale energy for isotropic turbulence. In the present study, we apply the
dynamic modeling technique to obtain appropriate values of the coefficients. To impiement the
Mcwmwdﬂmﬂcqagyxammmwlevdumqwmsisobuined
by using the trace of (3), K = L,/ 2+ k. Thus, using the procedure described earlier, equations
for both C, and C, can be derived:

L, --%8,1,, =-2¢,(Ak"§ -3 ("5)) (13)
(a2 2205
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Here, equation (14) is a scalar equation for a scalar unknown and thus, we can obtain the exact
value for C, without applying the least square method.

Oue may think that the merit of the LES approach lies in the simplicity of the model used for
the simulations and that, this merit may be lost by using the higher-order models such as the one
-equation model. However, the increased cost of this type of model is compensated by the
improvement in the accuracy resulting by not assuming local balance between the SGS energy
production and dissipation rate. According to our a priori test using relatively high resolution
DNS (using 128x128x128 and 64x64x64 grid resolutions), over a large portion of the grid points
in isotropic turbulent flow, local equilibrium assumption is violated. This implies that models
that do not require local equlibrium such as the one-equation model has the poteatial to produce
better results than the Smagorinsky-type model. The earlier studies using the one-equation model
with fixed values of the coefficients (Menon and Yeung, 1994) improved the results when
compared to the Smagorinsky’s model with fixed value of coefficient. However, the results were
poorer than the results obtained using the dynamic Smagoringsky’'s model. Analysis of the
simulation data showed that this was due to a poor prediction of both the production and
dissipation terms in (10) using fixed coefficients. Especially, the prediction of the dissipation
terms was very poor. In the present study, the use of the dynamic procedure to evaluate the
coefficients results in & much better prediction of both the production and dissipation terms in the
k-equation model. This in turn improves significantly the results of the LES using the dynamic k-

equation subgrid model.
3. PRELIMINARY RESULTS AND DISCUSSION

To evaluate the three different dynamic SGS models (described in Sec. 2), LES of decaying
homogeneous isotropic turbulence were conducted. Starting from an initially divergent free
wvelocity field with a prescribed energy spectrum, the flow is allowed to develop into realistic
decaying turbulence. The flow under consideration is modeled in & cubic box with periodic
boundary conditions, and two grid resolutions, 32x32x32 and 16x16x16, were employed for the
simulations. The simulations were performed for three different initial Taylor Reynolds numbers
Re, =30, 100 and 1000. In the following, preliminary results are discussed to highlight the

behavior of the new dynamic subgrid models. The results discussed here are obtained by using
the flow field at an instant in time where the flow field has relaxed to a realistic decaying
turbulence and the Reynolds number of the flow field is decreasing very slowly.

To evaluate the self consistency of the dynamic models, the LES results obtained on the
32x32x32 grid resolution were compared to the LES results obtained on the 16x16x16 grid. To
ensure that both grid resolution simulations are being performed using nearly identical initial
conditions, the initial flow field for the 16x16x16 grid simulation is obtained by filtering the
32x32x32 grid resolved flow fleld. The resulting flow flelds from these two different resolution
simulations can be related using the mathematical identity, (3). By this approach, the modeled
wq<u,u,>mummmmemmasmmmndumw«nm
highly correlsted if the subgrid model performed correctly at the two grid levels. To quantify the
behavior of the subgrid model, correlation coefficients (defined in the usual manner) are
wmneduﬁngthenﬂwuoﬁemofmesdmfa{u,u,}.lbvﬁaﬁmof& averaged

correlation coefficients of these three anisotropic components are shown in Fig. 1 as a function of
the Taylor Reynolds number at the instant of the comparison. The correlation coefficient is very
high for all the models over the entire range of Taylor Reynolds numbers. However, the




oorrelation coefficient for the dynamic Smagorinsky model decreases with increase in the
Reynolds numbers. Although the comrelation coefficient for the dynamic Kolmogorov scaling
model is always higher than the others, it was found using spectral space analysis that this model
has some problems in predicting the dissipation rate of the SGS turbulent energy. This model is
more dissipative in the earlier transitional stage and less dissipative in the fully developed
turbulent stage. This problem may be caused by the lack of direct modeling of the dissipation
rate when the KolmogorovOs scaling for the eddy viscosity is used. In any event, the results
shown in Fig. 1 clearly suggest that the modeis that do not make the assumption of local
equilibrium between the production and dissipation rate produce better results than the dynamic
Smagorinsky's model. This is important gince the eventual goal of LES methodology is to
develop subgrid models that will allow simulation of high Reynolds number flows using
relatively coarse grids (grid resolution restrictions are typically imposed due to computer
resource limitations).

Fig. 2a shows the variation in the dynamically evaluated constants with time during the
simulation for Re, =100 and Fig. 2b shows the variation of the model constant with the Taylor

Reynolds numbers. Obviously, the model coefficients go through changes in the earlier
transitional stage. However, after some time, all coefficients reach an asymptotic state with the
exception of C, in Kolmogorov's scaling expression which keeps decreasing as the kinetic
energy decreases. Also, the values of the coefficients st this asymptotic state are almost
independent on Reynolds number except for C, in k-equation model because €, and hence C,
which is generated from direct modeling of €, is very sensitive to the grid resolution and
Reynolds number. The resulting constants are similar to the values obtained in earlier studies.
For example, in the present study, the dynamic Smagorinsky model! predicts that the
Smagorinsky model coefficient C, (which is the square-root of dynamic mode! coefficient C)
should be about 0.165. This is very close to the value of 0.17 suggested by Lilly (1966) for
homogeneous isotropic turbulence with cutoff in the inertial subrange. It is noteworthy that
determing the model coefficient using the dynamic Smagorinsky model may have some
limitations. This model predicts its model coefficient to be negative for a long period of time in
the earlier transitional stage. Even this period of time increases with increasing initial Reynolds
sumber. Obviously it leads to numerical instsbility. To prevent this problem from happening, we
impose the constraints that C should be always larger than 0.01. This kind of oumerical
instability was not brought about by the other models.

Fig 3a shows contours of the SGS kinetic energy on 32x32x32 grid directly obtained by LES
using the dynamic k-equation mode). This result is compared to the prediction by the LES using
the same model but differnt resolution, 16x16x16 grid, (Fig. 6b) at an arbitrary (but same) slice
of the 3D field. The comparison shows that there is significant similarity between two LES
results of different grid widths and thus confirmes the self consistency of the dynamic k-equation
model. The peak values of the coarser grid (16x16x16) results are approximately twice of those
from the finer grid (32x32x32). This is reasonabie because the coarser grid which has the lower
cutoff wave number should contain the larger SGS kinetic energy inside of its subgrid regioas for
the same Reynoids number.

4. FUTURE WORK TO BE INCLUDED IN THE FINAL PAPER




The results obtained so far show that the dynamic models that do not assume local
equilibrium between the SGS energy production and dissipation rate perform significantly better
than the dynamic model based on the classical Smagorinsky's eddy viscosity model. Further
simulations are underway to confirm this result using finer grid resolution and for higher
Reynolds sumbers. Comparison of the LES results with the DNS results for representative
(relatively low Reynolds numbers) cases will also be carried out. Finally, these models will be
evaluated for different flow cases. For example, the Taylor-Green vortex flow, which has been
weed by Domaradzki e1 al. (1993), is considered a good test problem. This is, due to flow
symmetry, 8 flow at a relatively high Reynolds number can be simulated using relatively coarse
resolution. The results of these studies will be described in more detadls in the final paper.
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FIG. 1. Comrelation between the LES results on 32x32x32 grid and on 16x16x16 grid as a function
of the Taylor Reynolds oumber at the instant of the comparison.
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FIG. 3. Comparison of the contours of the SGS kinetic energy from two different LES using the
dynamic k-equation model: (2) LES on 32x32x32 grid; (b) LES on 16x16x16 grid.




