PHYSICS OF FLUIDS VOLUME 12, NUMBER 7 JULY 2000

LETTERS

The purpose of this Letters section is to provide rapid dissemination of important new results in the fields regularly covered by
Physics of Fluids. Results of extended research should not be presented as a series of letters in place of comprehensive articles.
Letters cannot exceed four printed pages in length, including space allowed for title, figures, tables, references and an abstract
limited to about 100 wordsThere is a three-month time limit, from date of receipt to acceptance, for processing Letter
manuscripts. Authors must also submit a brief statement justifying rapid publication in the Letters section.

An approach to wall modeling in large-eddy simulations

N. V. Nikitin
Institute of Applied Mechanics, Russian Academy of Sciences, Leninsky Pr. 32A, 117334 Moscow, Russia

F. Nicoud?®
Center for Turbulence Research, Stanford, California 94305

B. Wasistho and K. D. Squires
Mechanical and Aerospace Engineering Department, Arizona State University, P.O. Box 876106, Tempe,
Arizona 85287

P. R. Spalart®
Boeing Commercial Airplanes, P.O. Box 3707, Seattle, Washington 98124

(Received 31 January 2000; accepted 5 April 2000

Channel flow with friction Reynolds number Ras high as 80000 is treated by large-eddy
simulation at a moderate cost, using the subgrid-scale model designed for detached-eddy
simulations. It includes wall modeling, and was not adjusted for this flow. The grid count scales with
the logarithm of the Reynolds number. Three independent codes are in fair agreement with each
other. Reynolds-number variations and grid refinement cause trades between viscous, modeled, and
resolved shear stresses. The skin-friction coefficient is too low, on the order of 15%. The velocity
profiles contain a “modeled” logarithmic layer near the wall and some suggest a “resolved”
logarithmic layer farther up, but the two layers have a mismatch of several uit$ in© 2000
American Institute of Physic§S1070-663(00)01607-X]

The principal challenge in the large-eddy simulationgood accuracy is expected once the grid spacing in all direc-
(LES) of wall-bounded flows is the rate at which computing tions is far smaller than the size of the regidn<L.
cost increases with Reynolds number. If the buffer layer and  The present application of DES, in a “LES grid” with
its streaks are resolved, the subgrid-scale stresses are har@l¥< 4, is unnatural but has two motives. The first is to pre-
larger than the viscous stresses, the cost scaling is identicglct the behavior of DES in the recovery of a thickened
to direct numerical simulatiodDNS), and the technique poundary layer, such tha@tcomes to exceed . The second
comes close enough to be called quasi-DNS, or QBMS. s the fact that the formulas of DES provide a viable subgrid-
the streaks and some of the eddies that populate the Iogaritgca|e(SG3 model on a LES grid, with built-in wall model-
mic layer are not resolved, we have “wall modeling” and jng. ts only adjustable constant to date was set in homoge-
the cost scaling can be considerably more favorable. HOWneous turbulence.We could not predict whether wall-
ever, it seems to us unavoidable that much more empiricistgo nded turbulence would be sustained, or how accurate the
will be involved than in QDNS, an empiricism which implies ¢,,ion would be, all of this depending on the grid. We have

the law of the wall. , . ;
. . . “LES” in the title to reflect how, on the present grids, DES
Detached-eddy simulatiofDES) was conceived for ex- amounts to LES with a plausible one-equation SGS model

ternal aerodynam_|cs, with th? juxtap_osmon of th'r.] boundaryand wall modeling. In fact we havesaboptimalSGS model,
layers and massive-separation regibrand has given en-

couraging results for such flowisin its intended use, the because the parent model is constrained by its calibration in

boundary layers are treated entirely with Reynolds-AveragerQANS mode’ i . ) . )
Navier—Stokes(RANS) equations. The user directs the A tangential motive is to stimulate discussion on the
model to operate in that mode by creating a “RANS grid” ambitions and limitations of wall modeling, in terms of grid
with a large spacing parallel to the wall, compared with thespacing and of fidglity of the resolved field. Many proposals
boundary-layer thickness\;> 6. In the separated regions, for near-wall SGS improvements do not depart from QDNS.

We believe that a minimal ambition for wall modeling
permanent address: CERFACS. Toulouse. France should be to remove limits on the wall-parallel grid spacing

' ; ' ' in wall units: A”+ could be large, provided /s is small.

YAuthor to whom correspondence should be addressed; electronic mail ; ¢ .
philippe.r.spalart@boeing.com That goal is well accepted in some circles, but the normal
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TABLE I. Simulation parameters.

Run Re Ny X Ny XN, AXA, A Ay Af Ay) ACq
Al 180 128< 77X 41 A X 4)3m 0.1 0.035 18 0.5 -1%
A2 2000 64 64X 32 2aX 0.1 0.09 200 08  —19%
A3 20000 64 90X 32 2aX 7 0.1 0.1 2000 07  —14%
A4 20000 128 120x 64 2aX 0.05 0.05 1000 02 -13%
A5 80000 64 128x 32 2aX 7 0.1 0.07 8000 04  —14%
B1 3000 64X 64X 32 2aX 7 0.1 0.12 295 03  -22%
c1 2750 64 64X 32 2aX 0.1 0.11 270 11 -11%
c2 23200 64 128x 32 2aX 7 0.1 0.07 2280 1 —5%
grid spacingA, calls for further decisions. In DES as it > X
stands, it is strictly limited in wall unitsA=0(1) at the S=S+ —f,0, fo=1———F—.
. K242’ v 1+ xf, 1
wall; the grid cells are shallow. In contrast, some wall- v
modeling proposals aim at much larger values suct as The functionf,, is

~50 or even unlimited value@vhile maintainingA | <&, of

coursg; the grid cells are not shallow. This echoes the “wall 1+c8, ] . v
functions” of RANS modeling. In good modeling proposals, ~ fw=9 go+ce.| g=r+Cua(r’=r), "= 3ge
w3

clear statements regarding and A, allow the calculation
of the cost scaling with Reynolds number, which is highly  The wall boundary condition is=0. The constants are
relevant to planning.Regarding the fidelity of the fields, we Cpy=0.1355, o=2/3, Cpp=0.622, k=0.41,
believe that any type of wall modeling will produce unreal- ¢  =c,,/«k?+(1+cpp)/ 0, Cyp=0.3, Cua=2, C,1=7.1.

istic coherent structures in a kind of “super-buffer layer” at In a structured gridAx and Az are independent of

the bottom of the LES region. while Ay is refined near the wall, so that there is a layer near

The present DES model is a simple derivative of they o \vail in whichd=d, loosely called the “RANS region,”
Spalart-Allmaras(S-A) one-equation eddy-viscosity RANS

model® The DES modification concerns the destruction
term, and hinges on the length scaandd. In S-A,disthe  fijance in a(well-resolved LES region, a good value for

distance to the nearest wall and expressesithwscid) con- ¢ peing 0.65 In the RANS region, we are confident that
finement of the eddies by that wall. In the DES model, weiha s A calibration of the wall and viscous terms will serve

and a region away from the wall in which=CpgsA, called
the “LES region.” Tests in isotropic turbulence give us con-

replaced with d, which is defined as well, and produce a “buffeted logarithmic layer,” provided
~ i _ the grid patch of size\xX Az is large enough to contain a
d=min(d,CpesA) with A=max(Ax,Ay,Az). large sample of streaks. A first estimate is thatshould be

The role ofA is to allow the energy cascade down to the gridat least several hundred, since a typical streak spacing is 100.

size; roughly, it makes the pseudo-Kolmogorov length scaIeBeFWeen the RANS and LES regions lies a “gray region,” to
which we can only resort for testing.

based on the eddy viscosity, proportional to the grid spacing. The grid scaling with Reynolds number, in DES, is as

We use the largest dimension of the grid cell, in Contras}ollows. For a given level of accuracy only the normal grid

. _ _ . e 1
with the often-used cube-root definition At depends on Reynolds number, and only in the near-wall re-

The model is as follows. The transition terms were re-_. . ;
moved from the S-A mod&land would have no impact ex- J o (in the core region of the channel we hale~A).
We maintainA "~ 1 for the first point, and a stretching ratio

cgpt maybe,ﬂ,aar the QDNS regime. The SGS stresses 8F about 1.15 between grid cells in the log layer. If that ratio
given by —uju; = vi(du;/9x;+ du;/9x;) whereu; is the re-

. . N M is applied systematically, a factor of 10 in Radds only 17
solved field. The eddy viscosity, is given by grid layers for each wall: the evolution is logarithmic. Some
of our grids had somewhat lower ratios and/or lowsef ,
which raised the cost over the estimate. The scaling of the
time step is also very mild. As a result, the computing cost
_ for a given accuracy increases more slowly than powers of
v is the molecular viscosityr is the working variable and Re,, and the economic incentive to use “wall functions” to

= rf fo1= X X=
=vin, fu=———% x=
X3+Cvl

< | =

obeys the transport equation relax theA ~1 requirement is weak.

_ In this communication, results are presented from three
Dv . 1 ~ o~ ~ > computing teams with independent numerics, similar grid
bt CouSvF V(v T 1) V) + Cop(Ve)] designs, and tangible differences in thalistribution. The

U range of Reynolds number Rbased on friction velocity .
et {K] and channel half-depthis from 180(a QDNS to 80 000(a
witwi 1 full LES), but the number of grid points is of the same order,
and does not exceed 1 million. The simulations were con-
Here Sis the magnitude of the vorticity, ducted on personal computers and work stations; this is not a
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FIG. 1. Shear stresses: viscaus); modeled(---); resolved(-—-).
. . 6
computing “grand challenge.” All three codes use finite- I ; | ; i
difference discretizations. The schemes are centéhedte- Py =SV S N R R
fore dissipation freeand second-order accurate for the mo- 10° 100 10® 10° 10 10°
mentum equation. Some codes use upwind differences for +

the transport equation of the SGS model. The time differenc- _
ing is by second-order mixed explicit—implicit schemes. This FIG. 2. Velocity: DES(—); U=y andU" =log(y")/0.41+5.2 (---).

technology is well understood, and each code was tested Qthe grid can support a DNS, although not a very accurate
char_;_?wel DN.S' d h .one. Comparing cases A2 and C1 or A3 and C2 shows the

_The major parameters and error measure, the error I, yoq; effect of numerics anyl grids, although far from
skin-friction coefficientAC;, are in Table I. The letters A, negligible relative to theC; error. Comparing A3 and A4
B, C id_entify o The I_engths not in wall units A€ shows how grid refinement, by a factor of 2, greatly sup-
nor.mahzed.byn. The domain sizes are .Iarge eno_ugh not topresses the modeled stress and expands the resolved stress.
seriously disturb the accuracy. The grids are fairly coarseCOmparing Cases A2 with A3, or C1 with C2, pairs which
compared with an_earlier estimate that1 requires 20 points P&lave the sama but different I'Qe, shows little ’change for
Eounga%-l_a())/elr .th'CkndeslszAQ//hh.: 0'95)('1 fA” rgnls blét ZAA;] the resolved stress. The trade is only between viscous and

aved|/h=0.linstead. I3 . IS ra’l,se rom ©. ©0 0.2, the modeled stresses. In summary, the stresses have the expected
resolved turbulence usually “dies,” leading to a steady ONeyahavior and suggest good numerical stability of DES.
dimensional solution. This solution is inaccurate, because Figur’e 2 shows the mean velocity profiles. Case Al
d<d, so that the model doe®t reduce to the RANS model;  compares well with DNS.When estimating the error in the
at Re=2000 with A /h=0.2, theCs is too low by 47%.  siin-friction coefficientC; at other Reynolds numbers, we
Full RANS is recovered only whed /h=1.5. Identifying  extrapolated from the Moser—Kim—Mansour value at, Re
this “danger zone” is consistent with the first motive cited —590 which had the same domain stzassuming that the
previously. o o defect law applied and=0.41. Specifically, we tookJ

All cases havedx= Az, which is thea priori policy of  —21 26+ l0g(Re/587)/0.41 as the exact value for the cen-

DES. The nafcural tendency, coming from QDNS, is to setgjine velocity (and CfEZIU;’,Z). Wei and Willmarth’s
Ax~3Az. This assumes that the smallest resolved ﬂo"‘high-Reynolds-number casevould put U/ about 0.25
structures will resemble streaks, which is not obvious. Morenigher (still assumingx=0.41) and thereff)re slightly im-

important, a 3-to-1 grid cell is undesirable in practice since itprove the agreement. The profiles collapse up‘tabout 20
requires a previous knovyledge of the wall-shear direction. 5,4 plend into a logarithmic law. The solution is a quasi-
Figure 1 shows the viscous, modeled, and resolved shegfeady RANS, and most of the shear stress is carried by the
stresses for six cases. The viscous stregss appreciable at  model; this is the “modeled log region.” Most profiles are
Re,=180 (A1), much smaller at Re=2500 (A2, A3, C1),  slightly below the S-A log law €C=5.2). This is not due to
and cannot be seen on a linear axis af=R20 000(A4, C2.  DES. It is due to the coarse grids, and does not happen in
Of the two turbulent stresses, the modeled stigfs, +v,) Case A4. After that, the profile rises above the log law sig-
dominates near the wall on the coarser grids, and the rerificantly more than the DNS indicates, resulting in |Gy
solved stress- uv takes over near the center of the channel.values. The fine-grid case A4 brings little improvement in
Case Al has very little modeled stress, a mark of a QDNShe skin friction, relative to A3. This is normal, within a
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range; the height at which the shear stress switches frororetization effects, as opposed to modeling effects. It was
modeled to resolved does not alter the dynamics of théound that the model as it stands leads to an upper part of the
super-buffer layer, which set the relative levels of the wallvelocity profile that is tangibly too high. We made simple

layer and defect layer. The steep region in the super-buffesttempts, such as rounding the distributiondpfcompared

layer neary=1.54 echoes the true buffer layer, near with the simple “minimum” formula above. These tended to

y"=10. worsen the disagreemearying Cpes does not help eithgr
The C1/C2 pair, which most closely follows the DES Gijven time, improvements may come along two branches:

gridding policy, comes close to obeying the defect law in thegne which preserves the S-A calibration so as to remain use-

sense that the upper parts of the profiles are almost an exagble in DES, and another aimed purely at LES. A crude

translation of each othéto be rigorous, defect-law behavior measure for the latter purpose would be to resetto 4, so

could be an artifact of the gridding policy, since it rests onas to lower the modeled log layer.

the same assumptiondt also suggests a “resolved log re-

gion” (0.7x 10*<y* <1.7x 10" for C2), but both the effec- A ckNOWLEDGMENTS
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or gray region between the modeled-stress region and the

resolved-stress region cannot be predicted in advance. I#p. R. Spalart, W.-H. Jou, M. Strelets, and S. R. Allmaras, “Comments on

other words, until the modeling is adjusted there is no reasonthe feasibility of LES for wings, and on a hybrid RANS/LES approach,”

why C shouid be very accurate in the resolved log region. On 1= A0SR eratons Conieice o DNSLES, fuson 14,620

the other hand, an inaccuratein the resolved-stress region (Greyden, Columbus, OH, 1997

can only be attributed to insufficient resolution. With the grid 2M. Shur, P. R. Spalart, M. Strelets, and A. Travin, “Detached-eddy simu-

spacing roughly equal to/10 and second-order differencing, lation of an airfoil at high angle of attack,Fourth International Sympo-
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i i . 24-26 May 1999 edited by W. Rodi and D. Laurend&lsevier, New
In summary, the DES model was applied without adjust- york, 1999.
ment as a SGS model in the LES of channel flow. The simu-*P. R. Spalart and S. R. Allmaras “A one-equation turbulence model for
lations sustain turbulence, and the results are stable angerodynamic flows,” La Recherche Awspatialel, 5(1994. =
fairlv accurate. This raises hope that aradual im rovementsR' D. Moser, J. Kim, and N. N. Mansour, “Direct numerical simulation of
y : P g p turbulent channel flow up to Re 590,” Phys. Fluidsl1, 943 (1999.
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