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ABSTRACT

This paper considers issues relating to the
development of hybrid models of turbulence
which blend automatically between conven-
tional unsteady Reynolds-Averaged Navier-
Stokes (URANS) simulation and large-eddy
simulation (LES), according to the local grid
density. Several independent research efforts
have already been directed toward locally em-
bedded LES, using both zonal approaches and
emerging hybrid methods; the latter attempt-
ing to capture the switch between LES and
RANS within a single modeling framework.
This paper reviews some existing develop-
ments in the area and identifies several shared
philosophies and common goals, as well as
a remaining weakness, concerning the trans-
fer of kinetic-energy between unresolved and
resolved components. A framework is intro-
duced in an attempt to account for this missing
kinetic-energy transfer.

INTRODUCTION

Reynolds-Averaged Navier-Stokes (RANS)
equations and single-point turbulence closures
continue to dominate the field of engineering
predictions of turbulent flow, both for quasi-
steady and unsteady flows. Thus, the same
RANS models are often entrusted to the task
of returning statistical information from flows
which display large-scale unsteadiness. How-
ever, experience suggests that this leap of faith
in RANS is often not justified. Flows involv-
ing large-scale unsteady motion may contain
many regions where RANS models operate
outside their calibration range. In addition,
bulk unsteadiness contributes significantly to
the time-averaged Reynolds-stress tensor and
it seems rather unlikely that the current gen-
eration of turbulence models would be capa-
ble of providing a universal description for
the averaged effects of these large-scale co-
herent motions. Conventional RANS models
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may allow some large-scale motion to be cap-
tured as part of a time-dependent simulation,
but they tend to give an overly-diffusive re-
sponse to perturbations on time-scales smaller
than that associated with the local state of
the turbulence. Whilst DNS and traditional
LES remain elusive tools for most practical
high-Reynolds number flows, in the last few
years there has been a growing realization that
unsteady flows may not be best served by a
technology such as RANS, which imposes lim-
its on the representation of the flow physics
which, beyond some measure, cannot be im-
proved by increased temporal and spatial res-
olution. Thus, there is a strong motivation
to explore alternative, intermediate, modeling
frameworks.

Although the concept of near-wall model-
ing has been employed in LES for many years,
one of the earliest suggestions for a genuine hy-
brid LES/RANS method came from Speziale
(1996), who proposed a Reynolds-stress trans-
port model in which components of the stress-
tensor would be damped by some function
of the local mesh spacing in order to recover
an LES-type behavior (with the correct DNS
limit) on fine grids. Many aspects of Speziale’s
approach were incomplete, but it nonetheless
provided the first framework for hybrid simu-
lations, linking existing LES and RANS tech-
nologies.

Following Speziale’s proposals, Wernz and
Fasel (2000) continued to perform calculations
on boundary-layer flows, in which respectable
results were reported using RANS with an un-
steady forcing to circumvent the natural ten-
dency to return a statistically steady flow.
Spalart et al. (1997,2000) have been pur-
suing their own hybrid method, termed ‘De-
tached Eddy Simulation’ (DES), which is for-
mulated as an elegantly simple modification
to the one-equation Spalart-Allmaras (1994)
RANS model. In the original DES model,
the wall-distance, d, is replaced by d' =



min(d, CpesA), with Cpgrs a model constant

and A = (A:cAyAz)% a measure of the local
cell-size (a more recent variant of DES, due
to Strelets (2001), is based on Menter’s SST
model). In fine grid regions, DES elevates the
destruction terms in the RANS model and thus
progressively erodes the local levels of u;. This
is a little different to Speziale’s (1996) proposal
in which the Reynolds-stress tensor is instantly
damped in refined-grid regions.

Following the work of Speziale (1996), a
hybrid approach, termed ‘Limited Numeri-
cal Scales’ (LNS) was outlined in Batten et
al. (2000), in which the Reynolds-stress tensor
is damped via:

Rij = aR;j(m),

where R;;(m) is the stress tensor derived from
some RANS model and « is a latency factor,
used to ‘hide’ the decaying, resolvable por-
tion of the turbulence kinetic energy from the
mean flow. In the original proposal of Speziale
(1996), the eddy-viscosity damping was deter-
mined as some function of the Kolmogorov
scale - an idea which has more recently been
pursued by Peltier et al. (2000) and Aruna-
jatesan and Sinha (2001). However, even if
the Kolmogorov length scale could be known
precisely in arbitrarily complex strain fields,
there is no convincing argument for the use of
a length scale which does not relate to any re-
solvable structures. Batten et al. (2000) there-
fore proposed an alternative (and parameter-
free) definition of a:

a = min(lvpgs, Wrans)/lVrRANS

where lvpgg is the product of the length and
velocity scales used in the chosen LES model
and lvgans is the product of the (realizable)
length and velocity scales used in the chosen
RANS model. Given the above definition of
o, the LNS model behaves in one of only two
modes - LES (if @ < 1) or RANS (if a = 1),
thus there are no modifications that necessi-
tate a re-calibration in either of these cases.
The physical interpretation of the above is that
ak corresponds to unresolved and, indeed, un-
resolvable sub-grid turbulence kinetic energy
which must, therefore, be modeled. The quan-
tity (1 — )k is interpreted as resolvable turbu-
lence kinetic energy which could, and should,
be represented directly, given the local grid res-
olution.

On structured grids, the LNS mesh-size es-
timate, La, is defined as 2max[Az, Ay, Az].
Hence, whilst LNS can be made to operate in

‘detached-eddy simulation mode’ by an appro-
priate choice of mesh (large-aspect ratio near-
wall cells will force local RANS behavior), no
special significance is placed on wall proximity
and the approach allows either LES or RANS
methods to be active in any region, depending
upon local grid spacing’.

Example applications of the original LNS
scheme, relating to both inherent and forced
unsteadiness are shown in Figures 1 through
4. Figs. 1 and 2 show the eddy-viscosity and
sound-pressure levels generated in the wake
of a low-speed flow over a square cylinder
(Batten et al., 2000). Figs. 3 and 4 show
the effect of high-frequency synthetic-jet ac-
tuators on the separated flow over an airfoil
section (Parekh and Glezer, 2000). These high-
frequency disturbances typically present dif-
ficulties for conventional unsteady RANS, as
unsteadiness tends to be strongly suppressed,
often to the point where steady results are gen-
erated regardless of the spatial or temporal
accuracy employed.

Despite the reported successes with existing
hybrid RANS/LES methods, all the hybrid ap-
proaches outlined above share a common flaw,
namely, that resolvable components of turbu-
lence kinetic energy get discarded (through
dissipation at the finest scales), in order to sat-
isfy the reduced eddy-viscosity requirements
on a fine grid. In reality this dissipated en-
ergy corresponds to longer-wavelength struc-
tures which should have been resolved directly
on the mesh. An interesting paper by Cannon
et al. (2000) presents a useful example. Can-
non et al. (2000) used two separate models at
an interface upstream of a flame-tube combus-
tor, with an unsteady RANS calculation form-
ing the inlet condition to an LES zone within
the combustor. Since no additional transport
equations were carried into the LES region, the
unresolved turbulence kinetic energy was effec-
tively discarded at the inlet. Fortunately, this
error was probably not very significant in the
application studied by Cannon et al. (2000),
since the downstream flow-field was reported
as inherently unsteady and therefore likely to
have dominated any effect of the unsteady up-
stream boundary condition. This rather lucky
scenario forms a common pattern for almost all
flows solved to date using hybrid RANS/LES
models. Regardless of whether equations are
actually solved for turbulence kinetic energy

INB. Beware of the possible confusion over the name ‘De-
tached Eddy Simulation’! It has been pointed out by Spalart
(2000), that DES can itself (according to the mesh spacing) op-
erate in a more general mode than simply a near-wall model for
LES.

160



or total energy, current practice implies unre-
solved kinetic energy being (incorrectly) con-
verted instantly to thermal energy.

TOWARDS EMBEDDED LES

There are certainly many relevant flow sce-
narios, such as cavities, base-flows, wakes and
massive separations, in which flow unsteadi-
ness is inherently strong and self-sustaining.
In these situations, existing RANS/LES hybrid
methods may require no further modifications
in order to show improved predictions, rela-
tive to unsteady RANS calculations. However,
a caveat that hinders the general applicabil-
ity of these hybrid methods, is the uncertainty
over correct boundary conditions for the LES
‘zone’ and the subsequent danger of predict-
ing incorrect (even steady) solutions when no
strong, inherently unsteady behavior exists to
trigger the quasi-steady incoming RANS-type
flow. In the following, one possible framework
is explored in an attempt to generalize the hy-
brid methods.

RANS-to-LES Interface Regions

The need for appropriate upstream bound-
ary conditions in LES or DNS is well recog-
nized (see for example, Druault et al. (1999),
Lee et al.(1992) and Kondo et al.(1997)).
Druault et al.(1999) show the dramatic ef-
fect of different inlet treatments in DNS, with
great improvements reported by using a lin-
ear stochastic estimation based on few sam-
pled inlet time histories. In a general-purpose
hybrid LES/RANS scheme, the ‘boundary’ or
‘interface’ to a zone need not comprise a sin-
gle mesh line, but rather any finite-width do-
main over which the spatial resolution grad-
ually increases. In general, no experimental
or DNS time-history data will be available at
RANS/LES interface regions (if this were avail-
able, the upstream RANS calculation would
be redundant) and therefore the model equa-
tions need to account for this energy exchange
via some form of stochastic reconstruction or
synthesis of the unsteady turbulent field which
is being represented, in a statistical sense, by
the RANS data. The hybrid model would
then shoulder the responsibility of automati-
cally transferring the appropriate fraction of
turbulence energy into ‘resolved’ kinetic en-
ergy. The resulting method would not consti-
tute a zonal approach, however, since the same
set of equations would be solved throughout
the entire domain.

The task of synthesizing turbulence is more
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complex than the development of the basic
(hybrid) transport equations, which require
few additional modeling assumptions and, at
least in the case of LNS, no additional pa-
rameters beyond those appearing in the un-
derlying RANS and LES models. The con-
version from statistically-steady to unsteady
kinetic energy requires some knowledge of the
two-point space-time correlation and since this
information is not available from single-point
RANS closures, further modeling assumptions
are needed. However, a number of interesting
developments, very relevant to this problem,
have already been made in the areas of parti-
cle dispersion and acoustics.

Synthesizing Turbulence

One of the earliest attempts at synthesiz-
ing turbulence was a Fourier method proposed
by Kraichnan (1969), in which an unsteady
velocity field was reconstructed in physical
space from isotropic turbulence. More recently,
Kraichnan’s synthesis of turbulence has been
extended and applied to the problem of deter-
mining the driving sources for acoustics solvers
by Karweit et al.(1991), Bechara (1994), Lafon
(1997), Bailly et al.(1996,2000) and Kalitzin et
al.(2000). However, these Fourier methods do
not yet account for anisotropy or convection
effects on the reconstructed field and appear
difficult to extend to arbitrary (unstructured)
meshes. For that reason, an alternative frame-
work has been pursued by the present authors
in the context of acoustics simulations. In
this approach, a model system of equations is
solved for the reconstructed turbulent velocity
components, ut:

oput  opulm; 9 [_. Oul
ot " ow, ~ m; \PPrgg, ) TS (W

in which the source terms, S;, (taken from
the work of Zhou and Leschziner (1991)) ac-
count for the covariance of the velocity fluc-
tuations and the temporal correlation in the
small time-step limit. The diffusion term con-
tains a non-linear, anisotropic coefficient, Dy,
designed to coagulate the synthesized blobs of
turbulence, mimicking the effect of the spatial
correlation in the limit of small mesh-spacings.
An example of an instantaneous perturbation-
velocity field reconstruction for a backward-
facing step flow is shown in Fig.5, based on tur-
bulence statistics obtained from the non-linear
Reynolds-stress closure of Craft and Launder
(1996).



The above synthesis allows the local con-
vective fluxes to be augmented by the recon-
structed velocity fluctuations. This procedure
conserves momentum globally, but introduces
perturbations into the mean flow. The time
averages of these perturbations will be consis-
tent with the underlying Reynolds-stress ten-
sor, provided this is realizable?. The disadvan-
tage is the added complexity and additional
transport equations. This has motivated a
simpler approach in the present context of hy-
brid RANS/LES models, in which transport
equations are eliminated and only the source
terms are retained on the cell faces. A length-
scale correction, [, = min(eCa/k?,1), is in-
stead introduced into the perturbation fluxes
in order to satisfy, approximately, the spatial-
correlation in the limit of small inter-cell dis-
tances.

CHANNEL FLOW EXAMPLE

An example calculation is considered for
the case of fully-developed turbulent flow in
a channel, with a Reynolds number of 3250,
based on the channel half-height and bulk ve-
locity. Periodic boundary conditions were used
in the spanwise direction, where 64 points were
used to cover the span of 27h/3, with h the
channel height. In the wall-normal direction,
64 points were used, clustered to ensure y+ < 1
for the first off-wall nodes. A total of 128
points were used in the streamwise direction
(length 10h), with an unconventional stretch-
ing deliberately imposed to force RANS be-
havior in the first few, highly stretched cells
and LES behavior after the rapid clustering at
z = 2.5 (see Fig.6). Any resolvable fraction of
the turbulence energy, (1 — )k, is converted
into perturbations in the convective fluxes (see
Figs.7 and 8), whilst the statistically-steady in-
flow was maintained by recycling the RANS
profile in the highly-stretched upstream cells
and re-introducing this at the inlet, with a cor-
rection for the bulk velocity.

Fig.8 illustrates the spanwise velocity com-
ponent in the channel, showing the initiation
of unsteady motion as the fine grid is encoun-
tered. Further investigations are needed to
examine the required length of the interface
zone and quality of predictions there; these
are both expected to depend on the fidelity
of the synthesized turbulence. Furthermore,
attention needs to be turned to the issue of
time averages on the reconstructed fluxes when

2In reality, disturbances to the mean flow must start to alter
the target anisotropy tensor.
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the convective Courant numbers in the small-
est cells become larger than unity, as occurs
here because of the quasi-steady treatment of
the very near-wall region in combination with
an implicit, dual time-stepping scheme. In gen-
eral, the switch from RANS to LES should
depend upon both spatial and temporal res-
olution.

CONCLUSIONS & FUTURE PROSPECTS

This paper has considered the possibility
of generalizing the existing class of hybrid
RANS/LES methods to allow LES (and there-
fore DNS) regions to be embedded within
larger, statistically-steady, RANS-type flow
fields. Although there is an important class
of inherently-unsteady flows for which exist-
ing hybrid RANS/LES methods can probably
be applied without further modifications, it is
naturally tempting to pursue a generalization
of these models, which would give a plausi-
ble response, regardless of the local spatial and
temporal resolution.

Specifically considered here, was the issue of
interfacing from RANS to LES. The generation
of artificial turbulence, ie., the reconstruction
of time-dependent velocity fields from statisti-
cal data, is an area in which we expect to see
significant future developments which would
benefit a number of areas, including tradi-
tional LES (with or without wall modeling),
hybrid RANS/LES, sprays, particle dispersion
and acoustics. A synthesis involving a real-
istic representation of spatial correlations and
coherence is likely to be challenging on arbi-
trary (unstructured and hybrid) grids, as there
is an almost infinite number of properties of
the Navier-Stokes equations which will not be
satisfied by this artificial turbulence. However,
even a crude synthesis of the resolvable turbu-
lence kinetic energy may be preferable to the
current practice of discarding it outright.
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Figure 1: Unresolved component of effective eddy viscosity
from LNS simulation of flow in a square-cylinder wake
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Figure 2: Predicted sound pressure levels for the square
cylinder wake

Figure 3: LNS simulation of synthetic-jet control with actu-
ators off
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Figure 4: LNS simulation of synthetic-jet control with actu-
ators on
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Figure 5: ‘Synthesized’ turbulent velocity perturbations over
a backstep
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Figure 6: Spanwise-cut through a section of the 3D channel
grid showing the rapid clustering at x=2.5

Figure 7: Decay of the unresolved turbulence energy at the
=2.5 region

Figure 8: Development of spanwise velocity showing initia-
tion of unsteady motion in refined-grid region





