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Alternative LES and Hybrid RANS/LES for Turbulent Flows

After more than 30 years of intense research on large-edion to the mean flow may also be required depending on the
simulations(LES) of turbulent flows based on eddy-viscosity subvariant of the RANS model. A new trend, which had a fair amount
filter models[1], there is now consensus that such an approachdésuccess, is to combine RANS with LES in order to exploit the
subject to fundamental limitations. It has been demonstrated fobast features of both approaches in a complementary manner. LES
number of different flows that the shear stress and strain tens@scapable of simulating flow features which cannot be handled
involved in subfilter eddy-viscosity models have different topowith RANS, such as significant flow unsteadiness and strong
logical features rendering scalar eddy-viscosity models inaccuratertex-acoustic couplings. However, this added capability carries
There have been other proposals that do not employ the assumgtgh computational cost—at least an order of magnitude more
tion of colinearity of strain and stress embedded in the eddgxpensive than RANS, and it is a particularly important problem
viscosity models, e.g., the scale-similarity model of Bardida when LES is applied to the entire flow domain. As a consequence,
However, such models are numerically unstable, and more recagbrid RANS/LES approaches have been developed restricting
efforts have focused on developing mixed models, combining the use of LES to flow regions where it is crucially needed while
essence the dissipative eddy-viscosity models with the more asing RANS elsewhere. Such developments are thought to be par-
curate but unstable scale-similarity models. The results from sutitularly effective for practical flow configurations.
mixed models have been mostly satisfactory but the implementa-These new advances both on the LES as well as the RANS
tion and computational complexity of the combined approadhonts have attracted a lot of interest recently and have comprised
have limited its popularity. a special focus of several workshops and conferences. Four well

Recognizing the aforementioned difficulties but also motivatesttended invited sessions on “Alternative LES and Hybrid RANS/
by new ideas pioneered at the Naval Research Laboratory by l&S” addressing this timely subject were organized by one of us
Boris, several researchers have abandoned the classical form(fa-.G) at the 40th AIAA Aerospace Sciences Meeting at Reno,
tion and started employing the original, unfiltered, Navier-StokdsV, Jan. 14—-15, 2002. Thirteen selected papers from those ses-
equations(NSE) instead of the filtered ones. In this case, oneions are included in this special issue of JFE: The first nine are
could useab initio scale separation with additional assumptiondevoted to alternative LES formulations, and the following four to
for stabilization, or invoke monotonicity via nonlinear limitershybrid RANS/LES.
that implicitly act as a filtering mechanism for the small scales. In thefirst paper Domaradzki and Radhakrishnan use concepts
The latter was the original proposal of Boris et[&] in the early from their SGS estimation modeling approach to develop an LES
1990s, although as a concept it goes back to von Neumann grdcedure which employs the NSE truncated to an available mesh
Richtmyer, who were working on explicit artificial dissipationresolution. Operationally, the procedure consists of numerically
schemes. It was actually this concept that also motivated Smagotving the truncated NSE and a periodic processing of the small-
rinsky [4] in developing his model. An intriguing feature of thescale component of its solution. The use of this approach is ex-
monotonically integrated LE$or MILES) approach[3], is the emplified by simulations of Raleigh-Bard convection. In the
activation of the limiter on the convective fluxes and its role isecond pape¥on Kaenel et al. describe their approximate decon-
generatingmplicitly a tensorial form of eddy-viscosity that acts tovolution model for LES based on a second-order finite volume
stabilize the flow and suppress oscillations. scheme, in which an approximation of the unfiltered solution is

Today development of more sophisticated subgrid s¢a&S obtained by repeated filtering, and given a good approximation of
models is actively pursued, armdternativenonclassical formula- the unfiltered solution, the nonlinear terms of the NSE are com-
tions are being developed. The features of the new LES modelsted directly. The effect of scales not represented on the grid is
can be investigated based on the partial differential equations sabdeled by a relaxation regularization involving a secondary filter
isfied by the numerical solution—the modified LES equationgperation. Simulations of a supersonic turbulent channel flow with
which reveal the competing effects of discretization and explidhis approach are presented. In thi@rd paper Visbal and
SGS modeling. From this perspectiad, numerical schemes pro- Rizzetta describe an LES approach on curvilinear grids combining
vide a built-in implicit SGS model effectively enforced by thethe use of 4th and 6th-order compact differencing and 10th-order
leading order discretization errors. The modified LES equatiorisw-pass Patype filtering schemes. The performance of their
analysis can likewise be used to address the extent to whiclagproach is illustrated in the simulation of decaying compressible
specific implicit SGS model might be adequate by itself wheisotropic turbulence and turbulent channel flow.
suitable algorithms are used, or when additional filtering and/orIn the fourth paper in the monotonically integrated LES
approximate deconvolution procedures are included as part of iMILES) approach, Grinstein and Fureby focus on the unfiltered
overall LES approach. NSE and on emulatingnear the LES cutoff the high-wave-

For turbulent flows of industrial complexity the Reynoldsnumber end of the inertial subrange region—characterized by thin
averaged Navier-Stokg®RANS) equations, with averaging typi- filaments of intense vorticity embedded in a background of weak
cally carried out over time, homogeneous directions, or across aorticity. This motivates using numericélux-limiting) schemes
ensemble of equivalent flows has been employed. Additioniaicorporating a sharp velocity-gradient capturing capability oper-
semi-empirical information on the turbulence structure and its rating at the smallest resolved scales. A formal analysis of MILES
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is carried out based on the modified equations and applicatiooféers the opportunity to gain some insight into application of
discussed include both free and wall-bounded flows. Infiftte DES to a complex flow experiencing smooth-surface separation
paper, Margolin et al. demonstrate the effectiveness of monotand to also assess corrections for streamline curvature and a non-
nicity (sign preserving formulations by arguing that the leadinginear constitutive relation applied to the underlying RANS
order truncation error introduced by nonoscillatory finite volumenodel. In theeleventh paperForsythe et al. computed the super-
schemes represents a physical flow regularization term, providisgnic flow around a missile base using DES along with several
necessary modifications to the governing equations that arRANS models. This work offers an opportunity to compare DES
when the motion ofobservables-finite volumes of fluid con- and RANS predictions against experimental measurements in a
vected over finite intervals of time—is considered. Their analysompressible flow, allowing assessment of corrections to the
is based on Burgers’ equations and the modified equations, d&R4NS models for compressibility. Predictions of the base pres-
illustrated with simulations of fully developed turbulence. In thesure and structure of the wake are among the results that are
sixth paper Yan et al. report the first LES predictions of heapresented.
transfer in adiabatic and isothermal supersonic flat-plate boundaryin the twelfth paper Morton et al. use DES to predict the flow
layers using the MILES technique. over a delta wing at 27 deg angle of attack, contrasting the calcu-
In the seventh paperthe basic modeling idea in the simulationlations against unsteady RANS predictions that include correc-
method presented by Fan et al. is similar to that used in shotifins for streamline curvature. A key feature of the configuration
capturing, where intrinsically discrete equations are satisfied amd a challenge to models is prediction of vortex burst over the
thin modeled regions. Their vorticity confinement method doesing. Results of the flow structure are presented along with quan-
not attempt to accurately discretize the flow equations, but, rathetative comparison to experimental measurements of kinetic en-
serves as an implicit nonlinear model of the vortical structuresgy levels in the vortex core. In théirteenth and final paper
directly on the grid, where structures at the smallest soales Fasel et al. apply a hybrid RANS-LES approach coined as “Flow
grid cellg are captured and treated effectively as solitary waveSimulation Methodology” in which a contribution function is in-
Applications presented include simulations of flows over rountloduced to delineate the level of predicted stress that is modeled
and square cylinders and a realistic helicopter landing ship. In taad resolved. Application of the method to wall-bounded and
eighth paperKirby and Karniadakis present an overview of theiopen flows is presented.
spectral vanishing viscosit§§VV) method and its proper use in  We would like to thank Prof. Kyle Squires for summarizing the
achieving monotonicity without changing the forntapectral ac-  highlights of the RANS/LES papers. On behalf of all authors con-
curacy of their discretizations. Some new enhancements of tiduting to this special issue, we are grateful to JFE Technical
technique presented here include a new SVV filtering for the coRditor, Prof. Joe Katz, for recognizing the timeliness and impor-
tinuous Galerkin method in which filtering is accomplished on tance of this subject, and we offer sincere thanks to Ms. Laurel
fully orthogonal set of modes, and a proposed new method kburphy for her patience and skill in coordinating various aspects
compute adaptively the viscosity amplitude according to the locaf the review and processing of the papers.
strain. Results for turbulent incompressible channel flow are pre-
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pape';_ Persson et_ al. _conS|der the homogenization method _as ah] Deardorff, J. W., 1970, “A Numerical Study of Three-Dimensional Turbulent
ternative to the filtering approach fundamental to conventional’ ~ channel Flow at Large Reynolds Numbers,” J. Fluid Meet(2), p. 453.
LES; it consists of finding a so-called homogenized problem—[2] Bardina, J., 1983, “Improved Turbulence Models Based on Large Eddy Simu-
i.e., finding an homogeneous “material” whose overall response lation of Homogeneous Incompressible Turbulent Flows,” Ph.D. thesis, Stan-
. “ i . ford University, Stanford, CA.
IS close to that of ,the h,etemgeneous material” when the size Of[3] Boris, J. P., Grinstein, F. F., Oran, E. S., and Kolbe, R. J., 1992, “New Insights
the inhomogeneity is small. The authors develop an ~ in Large Eddy Simulations,” Fluid Dyn. Resl0, p. 199.
homogenization-based LES model using a multiple-scales expari4] Smagorinsky, J., 1983, “The Beginnings of Numerical Weather Prediction and
sion technique and taking advantage of the scaling properties of General Circulation Modeling: Early Recollections,” Adv. Geophy§, p. 3.
the NSE. This method is used to simulate forced homogeneous

isotropic turbulence and turbulent channel flow, and results are Fernando F. Grinstein
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