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The efficacy of large-eddy simulatioibES) with wall modeling for complex turbulent flows is
assessed by considering turbulent boundary-layer flows past an asymmetric trailing-edge. Wall
models based on turbulent boundary-layer equations and their simpler variants are employed to
compute the instantaneous wall shear stress, which is used as approximate boundary conditions for
the LES. It is demonstrated that, as first noted by Cabot and M&aw Turb. Combust63, 269

(2000], when a Reynolds-averaged Navier—Stokes type eddy viscosity is used in the wall-layer
equations with nonlinear convective terms, its value must be reduced to account for only the
unresolved part of the Reynolds stress. A dynamically adjusted mixing-length eddy viscosity is used
in the turbulent boundary-layer equation model, which is shown to be considerably more accurate
than the simpler wall models based on the instantaneous log law. This method predicts low-order
velocity statistics in good agreement with those from the full LES with resolved wall-layers, at a
small fraction of the original computational cost. In particular, the unsteady separation near the
trailing-edge is captured correctly, and the prediction of surface pressure fluctuations also shows
promise. ©2002 American Institute of Physic§DOI: 10.1063/1.1476668

I. INTRODUCTION model have been made by, for example, @bact and
Werner and WengPeto eliminate the need foa priori pre-
Large-eddy simulatioiLES) of wall-bounded flows be- scription of the mean wall shear stress and to simplify com-
comes prohibitively expensive at high-Reynolds numbers iputations, and by Piomelét al® to empirically account for
one attempts to resolve the small but dynamically importanthe phase shift between the wall stress and near-wall tangen-
vortical structures in the near-wall region. The Reynoldstial velocity due to the tilting of near-wall eddies. See Refs. 7
number scaling of the required number of grid points isand 8 and the references therein for a review of the various
nearly the same as for direct numerical simulafiéifo cir-  wall stress models.
cumvent the severe near-wall resolution requirement, LES The algebraic wall stress models mentioned above all
can be combined with a wall-layer model. In this approachimply the logarithmic(powey law of the wall for the mean
LES is conducted on a relatively coarse grid designed taelocity, which is not valid in many complex flows. To in-
resolve the desired outer flow scales. The dynamic effects aforporate more physics into the model, wall stress models
the energy-containing eddies in the wall layeiscous and  based on boundary-layer approximations have been proposed
buffer region$ are determined from a wall model calcula- in recent year$>°In this method, turbulent boundary-layer
tion, which provides to the outer flow LES a set of approxi-(TBL) equations are solved numerically on an embedded
mate boundary conditions, often in the form of wall shear-near-wall mesh to compute the wall stress. These equations
stresses. Wall models which supply wall stresses to the LESre forced at the outer boundary by the instantaneous tangen-
are also called wall stress models. tial velocities from LES, while no-slip conditions are applied
The simplest wall stress models are analogous to that the wall. The turbulent eddy viscosity is modeled by a
wall functions commonly used in Reynolds-averagedRANS type model, such as the mixing-length model with
Navier—StokegRANS) approaches except that they are ap-wall damping. Reasonable success has been achieved in pre-
plied in the instantaneous sense in time-accurate calculaticting attached flows and flows with fixed separation points,
tions. The wall function provides an algebraic relationshipsuch as the backward-facing step flow. Cabot and Moin
between the local wall stresses and the tangential velocitiefgund that, in the case of the backward facing step, improved
at the first off-wall velocity nodes. This approach was firstsolutions were obtained when the mixing-length eddy viscos-
employed in a channel flow simulation by Schumdmwiho ity was lowered from the standard RANS value. A dynamic
assumed that the streamwise and spanwise velocity fluctu@rocedure was suggested to determine the suitable model
tions are in phase with the respective surface shear streggefficient.
components. A number of modifications to Schumann’s  The present work is concerned with the use of wall mod-
els in the LES of complex turbulent flows with strong
3Telephone: (6500 604-4727; fax: (650 604-0841; electronic mail: favorable—adverse pressure gradients and incipient separa-
wangm@stanford.edu tion. Wall models based on TBL equatidrand their simpler
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FIG. 1. Boundary-layer flow past an airfoil trailing-ed@eom Ref. 1. The
contours (—0.081 to 1.207 with increment 0.068epresent the mean -0.50
streamwise velocity normalized by the free-stream value. The tip of the
trailing-edge is located at; /h=0. -0.75 T T y
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variants are analyzed and applied to the LES of boundary- o o .
Iayer flows past an asymmetric trailing—edge shown in Fig. 1FIG. 2. Distributions of the mean pressure and skin-friction cﬂments
. " ~along the upper surface, obtained from full LE®Ref. 11).

The results are compared with those from the full LES Wlthcp;.-.. C, X1
resolved wall-layers of Wang and Mdirand the experimen-
tal measurements of Blaké.The primary interest in this
type of application is the predictive capabilities of the
method for flow separation, surface pressure fluctuationdressure gradient, causing flow acceleration and increased
and aerodynamic noise. skin friction. A region of adverse pressure gradient ensues,

It will be shown that the LES with wall modeling pro- leading to flow deceleration and eventually unsteady separa-
cedure can result in drastic savings in computational codion. The skin friction decreases and becomes negative in the
with minimal degradation of flow statistics compared with Separated zone near the tip of the trailing-edge. It is worth
the fully resolved LES. The wall model based on full TBL hoting that the discontinuous slope at the skin friction peak
equations and dynamically adjusted eddy viscosity is supecorresponds to the intersection of the flat surface with the
rior to its simpler variants based on the instantaneous logurved one(hence a discontinuity in surface curvature
law. A main objective of this article is to highlight the need Given the presence of strong favorable—adverse pressure
for reducing the value of RANS eddy viscosity when it is gradients and flow separation, and the complex response of
used in the LES context. We will show that this is importantthe skin friction, this flow provides an interesting test case to
for all flows, particularly attached flows. A dynamic proce- evaluate the predictive capabilities of wall models.
dure is used to determine the mixing-length model coeffi-
cient, and the simulation results are found to be in very good
agreement with those from the full LES. L. SIMULATION METHOD
Il. THE TRAILING-EDGE FLOW A. LES setup

The flow configuration is shown in Fig. 1, which depicts The same energy-conserving, hybrid finite-difference/
contours of the mean streamwise velocity of turbulentspectral scheme with dynamic subgrid-scé8GS stress
boundary-layer flows past an asymmetric trailing-edge asnodel***used for the wall-resolved LE&is employed. The
computed by Wang and Molhusing standard LES with wall numerical code is written in a staggered grid system in body-
resolution. This flow was originally studied experimentally fitted coordinates. The computational domain is identical to
by Blake*? using a model airfoil at chord Reynolds number that of the full LES. It is of size 161§ 41h, and 0.5, where
of 2.15x10°. The trailing-edge tip-angle is 25 degrees. Inh denotes the airfoil thickness, in the streamwizg) ( wall-
the numerical simulation, only the aft secti@pproximately —normal(x, ory), and spanwisexs) directions, respectively.
38% chord of the airfoil and the near wake are included in Measured by the inlet boundary-layer thicknekson the
the computational domain, and the inlet Reynolds numberspper side, the domain size is approximatelyp$¥ 1415,
based on the local momentum thickness and boundary-layet 1.75,. The grid is coarsened from 153®6x 48 to 768
edge velocity are 2760 on the lower side and 3380 on the< 64X 24, which represents a 5/6 reduction in the number of
upper side. These values, obtained from an auxiliary RANSyrid points compared to the full LES. The total reduction in
calculation, are used to duplicate the experimental condition€PU time, due to both the smaller number of grid points and
at the LES inflow station, although some questions remaitarger time steps, is over 90%.
concerning their fidelity. Details of the trailing-edge LES can ~ The new LES grid is chosen to resolve the desired flow
be found in Ref. 11. scales in the outer layer and is thus, in principle, not strongly

The complexity of the flow is best illustrated in Fig. 2, dependent on the Reynolds number. The first off-wall veloc-
which plots the distributions of the mean pressure coefficienity nodes at the computational inlet are located at the lower
C, (solid line) and skin-friction coefficientC; (X100, edge of the logarithmic layer. On the staggered mesh em-
dashed ling along the upper surface of the airfoil section. ployed, their distance to the wall, in wall units, is given by
The tip of the trailing-edge is locatedat/h=0. As the flow  Ax,,~60 foru, andAx,,~ 30 foru, andugz, as compared
approaches the trailing-edge, it first experiences favorableo AX;W~2 for u, and Axgwwl for u; andus in the full
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LES. A constantAx,,, (in physical unit$ is maintained for 0.008
all the grid cells adjacent to the surface, and hence the valu
of Ax,,, varies with the streamwise coordinate in proportion
to the square root of the magnitude of lo€xl (cf. Fig. 2. 0.004
As will be demonstrated later, the computational solutions ‘
are rather insensitive to the choice &%,,, within a reason- 5 0.002
able range.

0.006

B. Wall stress models and implementation 0,002 ]

Since the LES does not resolve the viscous sublayer
approximate wall boundary conditions are needed. The wall- -
normal velocityu, is set to zero on the wall. For the tangen- z1/h
tial velocities the boundary conditions are imposed in terms o o . _

. . FIG. 3. Distribution of the mean skin friction coefficient computed using
of wall shear stress,,; (i=1,3) determined from wall mod-

9 LES with the simplified wall models given by E@). — F;=0; ---- F;
els of the fornt’ =1Up(aplax;); - full LES.
i Mk =13 1

—(p+ —=F. | = . . .. . .

axz(v "t Xy t Y @D merical scheme(hybrid finite difference—spectral, time-
where advanced using Crank—Nicolson method for the diffusion

term and third order Runge—Kutta scheme for convective
1dp du 49 terms. The wall-normal velocity componeni, is deter-
Fi:; K+ WJF EVE 2 mined from the divergence-free constraint. Note that unlike
i j

_ _ _ ~inthe LES, no Poisson equation is required since the pres-
The eddy viscosity,; can be obtained from an appropriate sure is assumed constant in the wall-normal direction. The
RANS model. Here we employ the simple mixing-length grid for wall layer computation coincides with the LES grid

eddy viscosity model with near-wall damping in the wall-parallel directions. In the direction normal to the
» N wall, 32 points are distributed uniformly between the airfoil
== Ky (1—e Yw/A)2, (3)  surface and the first off-wall velocity nodes for LES, with a
14

resolution ofAx; ~1 near the inlet. The computational cost

wherey., =y,u,/v is the distance to the wall in wall units for solving the boundary-layer equations is insignificant
(based on the local instantaneous friction velocity, x is ~ compared with that for the outer layer LES becaiehere
the model coefficient, and=19. The pressure in E2) is 1S N0 need to solve the,-momentum equation and the Pois-
assumed,-independent, equal to the value from the outer-SOn equation for pressure, at@, more importantly, the re-
flow LES solution. Equationgl) and (2) are required to Maining equations are much simplified in the locally or-
satisfy no-slip conditions on the wall and match the outerthogonal wall-layer coordinate®o cross-derivative terms
layer solutions at the first off-wall LES velocity nodas;  in contrast to the full Navier—Stokes equations in general
=Ug atX,= 4. curvilinear coordinates used for the LES.

Two simpler variants of the above wall model, wigh To determiney,, and hence the wall-layer eddy viscosity
=0 andF,=1/p dplax;, are also of interest. They are par- ¥t in EQ. (3), the friction velocityu, is required, which de-
ticularly easy to implement because H@) reduces to an Pends on the wall shear stress. In the present implementation,
ordinary differential equation, which can be integrated fromu,= ((Tw1/p)?+(7u3/p)®)** is evaluated using the instan-
X,= & down to the wall to give a closed-form expression for taneousr,,; values from the previous time step. In this sense,

the wall shear stress components the simplified models given by E¢4) are algebraic. A fully
coupled evaluation using,; at the current time step is also

_ P u —F-fg ydy 4) feasible through an iterative procedure. However, based on
0 s dy % o vt previous experience, this is not expected to produce notice-
2 o v+, able changes in the solution.

du;
Twi:/J“é)_x2

In particular, the case witk;=0 is called the equilibrium |v. RESULTS AND DISCUSSION
stress balance model. It can be shown from Efjsand (3)

that this model implies the logarithmic law of the wall for the A. Simplified models

instantaneous velocities f@é" > 1, and linear velocity distri- A good indicator of wall model performance is the pre-
butions fors* <1. diction of the mean skin friction coefficie; . In Fig. 3, the

In the general case, however, the full TBL equationsC; distributions obtained from the simplified modés with
(1)—(3) have to be solved numerically to obtaiR andus;, F;=0 and F,=1/pdp/dx; (solid and dashed lines respec-

and hencer,,; and7,5. This model is henceforth referred to tively) and k= 0.4 (the von Kaman constant are depicted.

as the TBLE model, following Cabot and MoinThe  Both models predict well the skin friction on the lower sur-
boundary-layer equations are integrated in time along witHace (lower curve$ and the flat section of the upper surface
the outer flow LES equations, using essentially the same nuupper curves As the upper boundary-layer flow enters the
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0.008 model. The first term in the curly brackets, which is always
positive, represents the wall shear stress from an equilibrium
0.006 ]
stress balance model. The second term accounts for the mean
0.004 ¥ pressure gradient effect, which contributes positiglgga-
' tively) to the wall shear stress under favoralfbverse
S 0.002 pressure gradient. The contribution from the nonlinear terms
o is represented by the last term in the brackets. This part,
denoted byr;,,, can be expanded to give
-0.002
Ly N ?C —_ p
-0.004 T T T - 1
8 -6 -4 2 ] v f‘s dy
z1/h o vty
FIG. 4. Distribution of the mean skin friction coefficient computed using s 1 9 Y su-u
LES with the TBLE wall mode[Egs. (1)—(3)]. - x=0.4: —— dynamic f — | "uldy’dy+ J' 12 gyt
PR full LES. oVt dX1 Jo oVt

©6)

region of strong favorable pressure gradient, the model witiThe first term in Eq(6) vanishes if the flow is homogeneous
pressure gradient predicts better the qualitative behavior qf, the streamwise direction, such as in a turbulent channel
C¢, including the peak location and the discontinuous slopgjow. In the case of a flat-plate boundary layer with zero
at the peak. Significant deviation between both model prepressure gradient, it makes a positive, albeit small, contribu-
dictions and the full LES solutiofdotted ling occurs down-  tion to the wall shear stress due to the thickening of the
stream of theC peak, where the flow undergoes a favorable-noundary layer. The dominant contribution ,, comes
to-adverse pressure gradient transition, suggesting that termgm the second term, which is positive for a flat plate
not included in the model, such as the convective terms, argoundary layer.

important. Note that the separated region with negafiyés Thus we have shown analytically that, at least on the flat
predicted reasonably well by both simplified models, be-section of the airfoil, the inclusion of the nonlinear terms in
cause the local Reynolds number is low and hence the flow ighe wall model equation increases the wall stress, causing the

resolved despite the coarse LES grid. overprediction shown in Fig. 4 if contributions from other
o terms in Eq.(5) are not altered. To offset this increase, the
B. TBLE model: The effect of model coefficient only option is to reduce the turbulent eddy viscosityand

The skin friction coefficient computed using the full hence the multiplication factor before the curly brackets in

TBL equations(1)—(3) and the standard von Kaan con-  Ed. (5). This mainly affects the equilibrium part of the wall
stantx=0.4 is plotted in Fig. 4 as the dashed lines. It showsstress(first term inside the brackgtsThe pressure-gradient
better qualitative trend than the simpler model predictions@nd nonlinear parts of the wall stress are insensitiveto
However, the magnitude is overpredicted in most regionsPecause it appears both inside and outside the brackets with
particularly on the flat surface, by up to 20%. This overpre-OPposite effects.
diction can be explained as follows: If the streamwise com-  The physical explanation for requiring lower, as
ponent of Eqs(1) and (2) are integrated from the wall tp ~ Pointed out by Cabot and Moihis the fact that the Reynolds
= 6 and then time-averaged, one obtains stress carried by the nonlinear terms in the boundary-layer
equations is significant. Hence, instead of modeling the total
= :M‘?U1| — P stress as in typical RANS calculations, the eddy-viscosity
i f9Xz‘X -0 o dy model is expected to account for only the unresolved part of
: fo vt the Reynolds stress. Cabot and Mogsuggested to compute
the model coefficient dynamically by matching the stresses
between the inner laydwall mode) and outer layefLES)

1 9P (4 ydy solutions. In the present case, since the horizontal grid is the
same for both the LES and wall model calculations, and
because the velocities are matched at the edge of the wall

y J layer, the resolved portions of the nonlinear stresses from the
5f0(9—)(ju1u,-dy’ inner and outer layer calculations are approximately the
- f —dy] . (5  same. To match the unresolved portions of the stresses ap-

0 vty proximately, we equate the mixing-length eddy viscosity to
Note that to facilitate the analysis; has been treated as the SGS eddy viscosity at the matching points;)
constant in the time-averaging as a first approximation. Un=(?scs from which the model coefficienk is extracted
like Eq. (4), the above equation is nonpredictive because thesing Eq.(3): k=(vsgd/{y,,(1—e ¥w/A)2). The averaging
nonlinear convective terms are not knowipriori. Nonethe-  denoted by the angular brackets is performed in the spanwise
less, an analysis of Ed5) yields useful insights about the direction as well as over the previous 150 time steps to ob-

51_;&_)(1 ovtu
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. - . . . . FIG. 6. Effect of the position of LES/wall-model velocity coupling on the
FIG. 5. Dynamic coefficient for the mixing-length eddy viscosity used inthe a4 skin-friction coefficient. original matching position; ----
TBLE wall model at three time instants— upper side; ---- lower side. matching position 20% closer to the waft;- —-—- — matching position
20% farther away from the walk;: - - - - full LES.

tain reasonably smooth data. One difficulty with this method
is that vsgsis poorly behaved at the first off-wall velocity ¢ comparison with full LES and experiment
nodes because the velocities at the wall are not well defined

(we used slip velocities extrapolated from the interior g :
nodes to compute the strain rate tensor aggl. As a prac- modeling approach described above and those from the full

11 H
tical matter, the matching points for eddy viscosities are-ES "~ show very good agreement. In Fig. 7 the mean veloc-

H : - _ 2 2\1/2 H
moved to the second layer of velocity nodes from the walllty magnitude, defined ag/=(U7+U3)™“ and normalized
instead. by its valueU, at the boundary-layer edge, is plotted as a

The dynamically computea at three time instants is function of the vertical distance to the upper surfacéfram

exemplified in Fig. 5, where the solid lines represent thoséeft t0 righ x;/h=-3.125, —2.125, —1.625, —1.125,

on the upper side and dashed lines on the lower side. They0-625, and O(trailing-edgg. With the exception of the

are found to be only a small fraction of the standard value offailing-edge point, these locations correspond to the mea-
0.4. This figure indicates that on average, on the flat surfaceSUrement stations in Blake's experlrr?éf'lﬂ'h'e mean veloc-
only less than 20% of the Reynolds stress is modeled by th&Y Profiles obtained with wall modelingsolid lines agree
mixing-length eddy viscosity. The rest is directly accounted®Xtremely well with the full LES profiletdashed linesat all

for by the nonlinear terms in the wall layer equations. Bystatlons, including those in the separated region which starts
using the reduced, variable model coefficientthe com- &t X1/h=—1.125. The agreement between both computa-
puted skin friction coefficient is much improved, as demon-tional solut|ons_ and the experimental data is e_llso reaso_nable,
strated by the solid line in Fig. 4. This modeling approacha”d the potential reasons for the observed discrepancies are

gives better overall agreement with the results of the walldiscussed in Ref. 11. . _
resolved LES, compared with the two simpler wall models ~_Figure 8 depicts the profiles of the rms streamwise ve-
whose predictions are illustrated in Fig. 3. In what follows, !oCity fluctuations at(from left to right x,/h=—4.625,
the term “TBLE model” implies the model with a dynami-
cally adjusted eddy viscosity, and the computational solu-
tions are generated using this model unless specified othel
wise.

In the implementation of the LES—wall-model coupling,
one may be concerned with the sensitivity of solutions to the<. o041
matching location, i.e., the location of first off-wall 32
tangential-velocity nodes on the LES grid. In the presentTz
study, this position is fixed at the lower edge of the log layer &
near the inlet. While a systematic evaluation of the matching-—
position effect has not been conducted, we have repeate
calculations by moving the matching position 20% closer
to (farther away from the wall relative to the original 0 ;
position; the predictedC;, represented in Fig. 6 by the U/,
dashed (chain-dotted lines, shows little deviation from
the originalC; denoted by the solid lines, indicating that the FIG. 7. Profiles of the normalized mean velocity magnitude as a function of
solution is relatively insensitive to the matching position vertical distance to the upper surface, @om left to righy x;/h
within the range tested. The velocity statistics, not showr. _3:125~2.125,71.625,~1.125,-0.625, and 0. — ~ LES with TBLE

Comparisons of the velocity predictions using the wall

0.6

. : . . model; ---- full LES; « Blake’s experimer(Ref. 12. Individual profiles are
her(_e,_ also show little change with varying matching separated by a horizontal offset of 1 with the corresponding zero lines lo-
positions. cated at 0, 1, ..., 5.
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FIG. 8. Profiles of the root-mean-squdrens) streamwise velocity fluctua-  FIG. 10. Profiles of the rms streamwise velocity fluctuations in the wake, at
tions as a function of vertical distance to the upper surfacéran left to (from left to righy x,/h=0, 0.5, 1.0, 2.0, and 4.6—— LES with TBLE
right) X, /h=—4.625,-2.125,-1.625,-1.125,-0.625, and 0—— LES model; ---- full LES. Individual profiles are separated by a horizontal offset
with TBLE model; ---- full LES; « Blake’s experimeriRef. 19. Individual of 0.15 with the corresponding zero lines located at 0, 0.15, ..., 0.60.
profiles are separated by a horizontal offset of 0.15 with the corresponding

zero lines located at 0, 0.15, ..., 0.75.

much reduced grid resolution in the case of LES with wall
) modeling. The grid has been coarsened by the same factor in
—2.125,-1.625,-1.125,-0.625, and 0. Again, excellent e wake as in the wall-bounded region, even though the wall
overall agreement between the present solutions and those Rfpdel does not play a role there. Apparently, this has caused

the full LES is observed, with the notable exception atinsyfficient grid resolution, particularly in the streamwise
x;/h=-1.125, where the solution with wall modeling anq spanwise directions.

agrees(perhaps fortuitously better with the experiment.

from left), the wall-modeling solution does not capture the

turbulence-intensity peak which lies below the first off-wall  1he above results demonstrate that the TBLE model
velocity nodes on the LES grid. The experimental profilesith & dynamically adjusted eddy viscosity, used in conjunc-

miss the peaks even more severely, possibly due to limite]on With LES, can accurately reproduce the full LES solu-
spatial resolution or high-frequency response. tions at a drastically reduced computational cost. In this sec-

In Fig. 9 the mean streamwise velocity profilesrmal- tion we seek to estqplish thatt) This method gives bgtter
ized by free-stream velocity..) are compared at select near- results than th_e trgdmonal wall models ba_sed on the instan-
wake stations; /h=0, 0.5, 1.0, 2.0, and 4.0. The solid lines t@neous logarithmic law; an?) the LES indeed benefits
are obtained from the present simulation, and the dashefom wall modeling, i.e., the same accuracy cannot be
lines are from the full LES. The corresponding rms stream&chieved by LES on a comparable grid without wall model-
wise velocity fluctuations are depicted in Fig. 10. The agree!"9: _ _ .
ments between the LES solutions with and without wall  AS pointed out previously, foF;=0 andy,,>1, a com-
modeling are good near the trailing-edge and deterioratBination of Egs(1) and(3) gives the log law for the instan-

gradually in the downstream direction. This is caused by thdaneous velocities. The skin friction predictions using this
simplified model and the one witk;=1/pdp/dx; are less

accurate than that given by the TBLE model in the region of
strong pressure gradientsee Figs. 3 and)4In Fig. 11, the
performance of the TBLE model is compared with that of
both simplified models in terms of the mean velocity magni-
tude profiles near and inside the separated redioa last
four stations in Fig. ¥, where the differences are more pro-
nounced. Relative to the full LES profilédashed lines the
LES solutions obtained using the model wkh=0 (chain-
dotted line$ are significantly less accurate than those ob-
tained using the TBLE moddkolid lineg. With the inclu-
sion of pressure gradient;=1/pdp/dx;, the velocity
profiles (chain-dashed lingsare much improved, although
they remain noticeably less accurate than the TBLE model
Uy /Us results. The same trend has been observed in the turbulence
_ _ _ o intensity profiles.
z:f'rg‘r}lgl'e;rg"ﬁgsh‘;f;T?h”;)g’"g'.';?i.g"’e;_r(‘),Sgﬁgrz‘.’gsi’el_'g‘;tm?htiwgke' 3 To further establish the gain in using the TBLE model,
model; - full LES. Individual profiles are separated by a horizontal offset W€ COmpare solutions with those from coarse-grid LES of
of 1 with the corresponding zero lines located at 0, 1, ..., 4. comparable computational cost without wall modeling. In

l’z/h
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FIG. 11. Comparison of mean velocity magnitude profiles obtained using=IG. 13. Comparison of mean velocity magnitude profiles obtained using

LES with different wall models, atfrom left to right x,/h=—1.625, LES with wall modeling and those from coarse-mesh LES without wall
—1.125,-0.625, and O0—-—-—-—model withF;=0; —-—- model with modeling, at(from left to righy x,/h=—1.625,—-1.125, -0.625, and 0.
F,=1/p(dp/dx;) ; —— TBLE model; ---- full LES. Individual profiles are —-—-—-— coarse-mesh LES with 64 wall-normal grid cells;
separated by a horizontal offset of 1 with the corresponding zero lines lo=—-—- coarse-mesh LES with 96 wall-normal grid celis;— LES with
cated at 0, 1, 2, and 3. TBLE model; ---- full LES. Individual profiles are separated by a horizontal

offset of 1 with the corresponding zero lines located at 0, 1, 2, and 3.

the two test cases examined, the grids are identical to that of ] ]
the LES with wall modeling in the wall-parallel planes. In and chain-dotted lines, are less accurate than the results from

the direction normal to the wall, 64 and 96 grid cells, corre-the LES with TBLE modelsolid line). The profiles are too
sponding to the number of grid cells in the LES with wall full near the wall, which leads to delayed separation, and
modeling and the full LES, respectively, are employed. Theyncreasing the wall-normal resolution alone does not improve
are distributed appropriatelfAx;,, <1, with 35 to 50 grid the solutions.

points inside the attached boundary layets ensure ad- )

equate near-wall resolution. The resulting skin friction distri-E- Wall pressure fluctuations

butions are shown in Fig. 12, and the mean velocity magni-  Of particular interest in aeronautical and naval applica-
tudes are shown in Fig. 13. Evidently, the skin friction istions is the predictive capability of the method for surface
underpredicted everywhere in the two no-model casepressure fluctuations and noise radiation. A preliminary as-
(dashed and chain-dotted lines in Fig.).1Both are much sessment of the former is given here, whereas the noise
less accurate than the TBLE model predictisolid lines.  evaluation is deferred to future studies. Figure 14 depicts the
Increasing the wall-normal resolution from 64 to 96 grid frequency spectra of surface pressure fluctuations obtained
cells is seen to have little effect on the solution, because thgom LES in conjunction with the TBLE model and com-
near-wall streaks, which have a strong effect@n are nei-  pares them with those from the full LES and Blake’s experi-
ther resolved on the wall-parallel grid nor modeled. In Fig.ment. The variabley.. used in the normalization is the dy-
13, the mean velocity magnitude profiles are plotted at thgyamic pressure, defined agpU2/2. Relative to the
same four station as in Fig. 11. They again show that the twexperimental data, the pressure spectra from the simulation
coarse-grid LES predictions, denoted by the chain-dashegmploying the wall model are of comparable accuracy as
those from the full LES, although the resolvable frequency
ranges are narrower due to the coarser grid. However, rela-
tive to the full LES spectra, the spectral levels are somewhat
- overpredicted, particularly in the attached flow regjéigs.
e . s 14(a)—14(c)]. This phenomenon has also been observed pre-
viously in channel flow LES with wall models. The discrep-
ancies may be attributable to the approximation of wall pres-
sure by the cell-centered values adjacent to the wall and the
K fact that in the present LES formulation the “pressure” ac-
tually contains the subgrid-scale kinetic energy. The latter is
negligibly small at the first off-wall pressure node if the wall
layer is resolved but may not be negligible in the present
0004 % A o A o  case because of the coarse mesh. This issue needs to be
z1/h examined in future investigations.

0.006

0.004 1~

e A}

hE S )

0.002 § )
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FIG. 12. Comparison of the mean skin friction coefficient computed using
LES with wall modeling and those from coarse-mesh LES without wall V. CONCLUSIONS

modeling. ---- coarse-mesh LES with 64 wall-normal grid cetis;—-—- . .
coarse-mesh LES with 96 wall-normal grid celts— LES with TBLE !n summary, we haV_e _exammed _5y3temat|ca||Y_ the nu-
model; ---- - full LES. merical method of combining LES with wall modeling for
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FIG. 14. Frequency spectra of pressure fluctuations on the upper surfacéhat(a) —3.125,(b) —2.125,(c) —1.625,(d) —1.125,(e) —0.625, and{) 0.
—— LES with TBLE wall model; ---- full LES; « Blake's experimeriRef. 12.

simulating complex wall-bounded flows. It is demonstratedNAS facilities at NASA Ames Research Center and on fa-
that when a RANS type eddy viscosity is used in wall-layercilities at the DoD Major Shared Resource Center/
equations that contain nonlinear convective terms, its valuderonautical Systems Center.

must be reduced to account for only the unresolved part of

the Reynold§ st_ress. A dynamica”y adeSted Wa”-mOdellD R. Chapman, “Computational aerodynamics development and out-
eddy viscosity is employed in the LES of turbulent look.” AIAA J. 17, 1293(1979.
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on the instantaneous Iog law. It predicts low-order velocity Briefs (Center for Turbulence Research, NASA Ames/Stanford Univ.,

. . . 1997, pp. 51-66.
statistics In very QOOd agreement with those from the full 3U. Schumann, “Subgrid scale model for finite difference simulations of

LES, at a small fraction of the original computational cost. In trbulent flows in plane channels and annuli,” J. Comput. Phigs 376
particular, the unsteady separation near the trailing-edge is(1975.

predlcted correctly. The frequency spectra of surface- G- Grdzbach, . Plrect numen_cal and. large edd_y S|mulat|on of turbulent
pressure fluctuations also appear promising although the ef_channel flows,” inEncyclopedia of Fluid Mechanicedited by N. P. Cher-
- ! Ly ! emisinoff (Gulf, West Orange, NJ, 1987Chap. 34, pp. 1337-1391.
fect of wall-modeling on their predictions needs to be exam-5H. werner and H. Wengle, “Large eddy simulation of turbulent flow over
ined more critically and quantified. and around a cube in a plane channel,Firoc. Eighth Symp. Turb. Shear
Flows, 1991, pp. 1941-1946.
U. Piomelli, J. Ferziger, P. Moin, and J. Kim, “New approximate boundary
conditions for large eddy simulations of wall-bounded flows,” Phys. Flu-
ACKNOWLEDGMENTS ids A1, 1061(1989.
. "W. Cabot and P. Moin, “Approximate wall boundary conditions in the
The authors would like to thank P. Bradshaw, W. Cabot, large-eddy simulation of high Reynolds number flow,” Flow, Turbul.
and J. Jimeez for valuable discussions during the course ofBCOWbUStﬁ& 269 (2000. _ _ _
this work. This research was supported by the Office of Na- - Nicoud, J. S. Baggett, P. Moin, and W. Cabot, “Large eddy simulation
wall modeling based on suboptimal control theory and linear stochastic
val Research under Grant Nos. N00014-95-1-0221 andestimation,” Phys. Fluidd3, 2968 (2002.

NO00014-01-1-0423. Computations were carried out on the’E. Balaras, C. Benocci, and U. Piomelli, “Two-layer approximate bound-

Downloaded 15 Jul 2002 to 171.64.116.91. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



Phys. Fluids, Vol. 14, No. 7, July 2002 Dynamic wall modeling for LES of complex flows 2051

ary conditions for large-eddy simulation,” AIAA J.34, 1111 12y, K. Blake, “A statistical description of pressure and velocity fields at

(1996. the trailing edge of a flat strut,” David Taylor Naval $hR & D Center
10w, Cabot, “Large-eddy simulations with wall-models,” iAnnual Re- Report 4241, Bethesda, Marylanti975.
search Briefs(Center for Turbulence Research, NASA Ames/Stanford **M. Germano, U. Piomelli, P. Moin, and W. H. Cabot, “A dynamic subgrid-
Univ., 1995, pp. 41-50. scale eddy viscosity model,” Phys. Fluids3\ 1760(1991.
M. Wang and P. Moin, “Computation of trailing-edge flow and noise using *D. K. Lilly, “A proposed modification of the Germano subgrid scale clo-
large-eddy simulation,” AIAA J.38, 2201(2000. sure method,” Phys. Fluids A, 633(1992.

Downloaded 15 Jul 2002 to 171.64.116.91. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



