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Dynamic wall modeling for large-eddy simulation of complex
turbulent flows
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The efficacy of large-eddy simulation~LES! 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 Moin@Flow Turb. Combust.63, 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 Physics.@DOI: 10.1063/1.1476668#
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I. INTRODUCTION

Large-eddy simulation~LES! of wall-bounded flows be-
comes prohibitively expensive at high-Reynolds number
one attempts to resolve the small but dynamically import
vortical structures in the near-wall region. The Reyno
number scaling of the required number of grid points
nearly the same as for direct numerical simulation.1,2 To cir-
cumvent the severe near-wall resolution requirement, L
can be combined with a wall-layer model. In this approa
LES is conducted on a relatively coarse grid designed
resolve the desired outer flow scales. The dynamic effect
the energy-containing eddies in the wall layer~viscous and
buffer regions! are determined from a wall model calcul
tion, which provides to the outer flow LES a set of appro
mate boundary conditions, often in the form of wall she
stresses. Wall models which supply wall stresses to the L
are also called wall stress models.

The simplest wall stress models are analogous to
wall functions commonly used in Reynolds-averag
Navier–Stokes~RANS! approaches except that they are a
plied in the instantaneous sense in time-accurate calc
tions. The wall function provides an algebraic relationsh
between the local wall stresses and the tangential veloc
at the first off-wall velocity nodes. This approach was fi
employed in a channel flow simulation by Schumann,3 who
assumed that the streamwise and spanwise velocity fluc
tions are in phase with the respective surface shear s
components. A number of modifications to Schuman

a!Telephone: ~650! 604-4727; fax: ~650! 604-0841; electronic mail:
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model have been made by, for example, Gro¨tzbach4 and
Werner and Wengle5 to eliminate the need fora priori pre-
scription of the mean wall shear stress and to simplify co
putations, and by Piomelliet al.6 to empirically account for
the phase shift between the wall stress and near-wall tan
tial velocity due to the tilting of near-wall eddies. See Refs
and 8 and the references therein for a review of the vari
wall stress models.

The algebraic wall stress models mentioned above
imply the logarithmic~power! law of the wall for the mean
velocity, which is not valid in many complex flows. To in
corporate more physics into the model, wall stress mod
based on boundary-layer approximations have been prop
in recent years.7,9,10In this method, turbulent boundary-laye
~TBL! equations are solved numerically on an embedd
near-wall mesh to compute the wall stress. These equat
are forced at the outer boundary by the instantaneous tan
tial velocities from LES, while no-slip conditions are applie
at the wall. The turbulent eddy viscosity is modeled by
RANS type model, such as the mixing-length model w
wall damping. Reasonable success has been achieved in
dicting attached flows and flows with fixed separation poin
such as the backward-facing step flow. Cabot and Mo7

found that, in the case of the backward facing step, impro
solutions were obtained when the mixing-length eddy visc
ity was lowered from the standard RANS value. A dynam
procedure was suggested to determine the suitable m
coefficient.

The present work is concerned with the use of wall mo
els in the LES of complex turbulent flows with stron
favorable–adverse pressure gradients and incipient sep
tion. Wall models based on TBL equations7 and their simpler
3 © 2002 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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2044 Phys. Fluids, Vol. 14, No. 7, July 2002 M. Wang and P. Moin
variants are analyzed and applied to the LES of bound
layer flows past an asymmetric trailing-edge shown in Fig
The results are compared with those from the full LES w
resolved wall-layers of Wang and Moin11 and the experimen
tal measurements of Blake.12 The primary interest in this
type of application is the predictive capabilities of th
method for flow separation, surface pressure fluctuatio
and aerodynamic noise.

It will be shown that the LES with wall modeling pro
cedure can result in drastic savings in computational c
with minimal degradation of flow statistics compared w
the fully resolved LES. The wall model based on full TB
equations and dynamically adjusted eddy viscosity is su
rior to its simpler variants based on the instantaneous
law. A main objective of this article is to highlight the nee
for reducing the value of RANS eddy viscosity when it
used in the LES context. We will show that this is importa
for all flows, particularly attached flows. A dynamic proc
dure is used to determine the mixing-length model coe
cient, and the simulation results are found to be in very go
agreement with those from the full LES.

II. THE TRAILING-EDGE FLOW

The flow configuration is shown in Fig. 1, which depic
contours of the mean streamwise velocity of turbule
boundary-layer flows past an asymmetric trailing-edge
computed by Wang and Moin11 using standard LES with wal
resolution. This flow was originally studied experimenta
by Blake12 using a model airfoil at chord Reynolds numb
of 2.153106. The trailing-edge tip-angle is 25 degrees.
the numerical simulation, only the aft section~approximately
38% chord! of the airfoil and the near wake are included
the computational domain, and the inlet Reynolds numb
based on the local momentum thickness and boundary-l
edge velocity are 2760 on the lower side and 3380 on
upper side. These values, obtained from an auxiliary RA
calculation, are used to duplicate the experimental conditi
at the LES inflow station, although some questions rem
concerning their fidelity. Details of the trailing-edge LES c
be found in Ref. 11.

The complexity of the flow is best illustrated in Fig.
which plots the distributions of the mean pressure coeffic
Cp ~solid line! and skin-friction coefficientCf ~3100,
dashed line! along the upper surface of the airfoil sectio
The tip of the trailing-edge is located atx1 /h50. As the flow
approaches the trailing-edge, it first experiences favora

FIG. 1. Boundary-layer flow past an airfoil trailing-edge~from Ref. 11!. The
contours ~20.081 to 1.207 with increment 0.068! represent the mean
streamwise velocity normalized by the free-stream value. The tip of
trailing-edge is located atx1 /h50.
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pressure gradient, causing flow acceleration and increa
skin friction. A region of adverse pressure gradient ensu
leading to flow deceleration and eventually unsteady sep
tion. The skin friction decreases and becomes negative in
separated zone near the tip of the trailing-edge. It is wo
noting that the discontinuous slope at the skin friction pe
corresponds to the intersection of the flat surface with
curved one~hence a discontinuity in surface curvature!.
Given the presence of strong favorable–adverse pres
gradients and flow separation, and the complex respons
the skin friction, this flow provides an interesting test case
evaluate the predictive capabilities of wall models.

III. SIMULATION METHOD

A. LES setup

The same energy-conserving, hybrid finite-differenc
spectral scheme with dynamic subgrid-scale~SGS! stress
model13,14used for the wall-resolved LES11 is employed. The
numerical code is written in a staggered grid system in bo
fitted coordinates. The computational domain is identica
that of the full LES. It is of size 16.5h, 41h, and 0.5h, where
h denotes the airfoil thickness, in the streamwise (x1), wall-
normal~x2 or y!, and spanwise (x3) directions, respectively
Measured by the inlet boundary-layer thicknessd0 on the
upper side, the domain size is approximately 57d03141d0

31.7d0 . The grid is coarsened from 1536396348 to 768
364324, which represents a 5/6 reduction in the number
grid points compared to the full LES. The total reduction
CPU time, due to both the smaller number of grid points a
larger time steps, is over 90%.

The new LES grid is chosen to resolve the desired fl
scales in the outer layer and is thus, in principle, not stron
dependent on the Reynolds number. The first off-wall vel
ity nodes at the computational inlet are located at the low
edge of the logarithmic layer. On the staggered mesh
ployed, their distance to the wall, in wall units, is given b
Dx2w

1 '60 for u2 andDx2w
1 '30 for u1 andu3 , as compared

to Dx2w
1 '2 for u2 and Dx2w

1 '1 for u1 and u3 in the full

e

FIG. 2. Distributions of the mean pressure and skin-friction coefficie
along the upper surface, obtained from full LES~Ref. 11!.
Cp ;---- Cf3102.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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2045Phys. Fluids, Vol. 14, No. 7, July 2002 Dynamic wall modeling for LES of complex flows
LES. A constantDx2w ~in physical units! is maintained for
all the grid cells adjacent to the surface, and hence the v
of Dx2w

1 varies with the streamwise coordinate in proporti
to the square root of the magnitude of localCf ~cf. Fig. 2!.
As will be demonstrated later, the computational solutio
are rather insensitive to the choice ofDx2w within a reason-
able range.

B. Wall stress models and implementation

Since the LES does not resolve the viscous subla
approximate wall boundary conditions are needed. The w
normal velocityu2 is set to zero on the wall. For the tange
tial velocities the boundary conditions are imposed in ter
of wall shear stresstwi ( i 51,3) determined from wall mod
els of the form7,9

]

]x2
~n1n t!

]ui

]x2
5Fi , i 51,3, ~1!

where

Fi5
1

r

]p

]xi
1

]ui

]t
1

]

]xj
uiuj . ~2!

The eddy viscosityn t can be obtained from an appropria
RANS model. Here we employ the simple mixing-leng
eddy viscosity model with near-wall damping7

n t

n
5kyw

1~12e2yw
1/A!2, ~3!

whereyw
15ywut /n is the distance to the wall in wall unit

~based on the local instantaneous friction velocityut!, k is
the model coefficient, andA519. The pressure in Eq.~2! is
assumedx2-independent, equal to the value from the out
flow LES solution. Equations~1! and ~2! are required to
satisfy no-slip conditions on the wall and match the ou
layer solutions at the first off-wall LES velocity nodes:ui

5ud i at x25d.
Two simpler variants of the above wall model, withFi

50 andFi51/r ]p/]xi , are also of interest. They are pa
ticularly easy to implement because Eq.~1! reduces to an
ordinary differential equation, which can be integrated fro
x25d down to the wall to give a closed-form expression f
the wall shear stress components

twi5m
]ui

]x2
U

x250

5
r

E
0

d dy

n1n t

H ud i
2FiE

0

d ydy

n1n t
J . ~4!

In particular, the case withFi50 is called the equilibrium
stress balance model. It can be shown from Eqs.~1! and~3!
that this model implies the logarithmic law of the wall for th
instantaneous velocities ford1@1, and linear velocity distri-
butions ford1!1.

In the general case, however, the full TBL equatio
~1!–~3! have to be solved numerically to obtainu1 andu3 ,
and hencetw1 andtw3 . This model is henceforth referred t
as the TBLE model, following Cabot and Moin.7 The
boundary-layer equations are integrated in time along w
the outer flow LES equations, using essentially the same
Downloaded 15 Jul 2002 to 171.64.116.91. Redistribution subject to A
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merical scheme~hybrid finite difference–spectral, time
advanced using Crank–Nicolson method for the diffus
term and third order Runge–Kutta scheme for convect
terms!. The wall-normal velocity componentu2 is deter-
mined from the divergence-free constraint. Note that unl
in the LES, no Poisson equation is required since the p
sure is assumed constant in the wall-normal direction. T
grid for wall layer computation coincides with the LES gr
in the wall-parallel directions. In the direction normal to th
wall, 32 points are distributed uniformly between the airfo
surface and the first off-wall velocity nodes for LES, with
resolution ofDx2

1'1 near the inlet. The computational co
for solving the boundary-layer equations is insignifica
compared with that for the outer layer LES because~1! there
is no need to solve thex2-momentum equation and the Poi
son equation for pressure, and~2!, more importantly, the re-
maining equations are much simplified in the locally o
thogonal wall-layer coordinates~no cross-derivative terms!,
in contrast to the full Navier–Stokes equations in gene
curvilinear coordinates used for the LES.

To determineyw
1 and hence the wall-layer eddy viscosi

n t in Eq. ~3!, the friction velocityut is required, which de-
pends on the wall shear stress. In the present implementa
ut5((tw1 /r)21(tw3 /r)2)1/4 is evaluated using the instan
taneoustwi values from the previous time step. In this sen
the simplified models given by Eq.~4! are algebraic. A fully
coupled evaluation usingtwi at the current time step is als
feasible through an iterative procedure. However, based
previous experience, this is not expected to produce not
able changes in the solution.

IV. RESULTS AND DISCUSSION

A. Simplified models

A good indicator of wall model performance is the pr
diction of the mean skin friction coefficientCf . In Fig. 3, the
Cf distributions obtained from the simplified models~4! with
Fi50 and Fi51/r]p/]xi ~solid and dashed lines respe
tively! andk50.4 ~the von Kármán constant!, are depicted.
Both models predict well the skin friction on the lower su
face ~lower curves! and the flat section of the upper surfa
~upper curves!. As the upper boundary-layer flow enters th

FIG. 3. Distribution of the mean skin friction coefficient computed usi
LES with the simplified wall models given by Eq.~4!. Fi50; ---- Fi

51/r(]p/]xi) ; •••••• full LES.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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2046 Phys. Fluids, Vol. 14, No. 7, July 2002 M. Wang and P. Moin
region of strong favorable pressure gradient, the model w
pressure gradient predicts better the qualitative behavio
Cf , including the peak location and the discontinuous slo
at the peak. Significant deviation between both model p
dictions and the full LES solution~dotted line! occurs down-
stream of theCf peak, where the flow undergoes a favorab
to-adverse pressure gradient transition, suggesting that t
not included in the model, such as the convective terms,
important. Note that the separated region with negativeCf is
predicted reasonably well by both simplified models, b
cause the local Reynolds number is low and hence the flo
resolved despite the coarse LES grid.

B. TBLE model: The effect of model coefficient

The skin friction coefficient computed using the fu
TBL equations~1!–~3! and the standard von Ka´rmán con-
stantk50.4 is plotted in Fig. 4 as the dashed lines. It sho
better qualitative trend than the simpler model predictio
However, the magnitude is overpredicted in most regio
particularly on the flat surface, by up to 20%. This overp
diction can be explained as follows: If the streamwise co
ponent of Eqs.~1! and ~2! are integrated from the wall toy
5d and then time-averaged, one obtains

t̄w15m
]U1

]x2
U

x250

5
r

E
0

d dy

n1n t

3H Ud1
2

1

r

]P

]x1
E

0

d ydy

n1n t

2E
0

d
E

0

y ]

]xj
u1ujdy8

n1n t
dyJ . ~5!

Note that to facilitate the analysis,n t has been treated a
constant in the time-averaging as a first approximation. U
like Eq. ~4!, the above equation is nonpredictive because
nonlinear convective terms are not knowna priori. Nonethe-
less, an analysis of Eq.~5! yields useful insights about th

FIG. 4. Distribution of the mean skin friction coefficient computed usi
LES with the TBLE wall model@Eqs.~1!–~3!#. ---- k50.4; dynamic
k; •••••• full LES.
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model. The first term in the curly brackets, which is alwa
positive, represents the wall shear stress from an equilibr
stress balance model. The second term accounts for the m
pressure gradient effect, which contributes positively~nega-
tively! to the wall shear stress under favorable~adverse!
pressure gradient. The contribution from the nonlinear ter
is represented by the last term in the brackets. This p
denoted byt̄w1

c , can be expanded to give

t̄w1
c 52

r

E
0

d dy

n1n t

3H E
0

d 1

n1n t

]

]x1
E

0

y

u1
2dy8dy1E

0

d u1u2

n1n t
dyJ .

~6!

The first term in Eq.~6! vanishes if the flow is homogeneou
in the streamwise direction, such as in a turbulent chan
flow. In the case of a flat-plate boundary layer with ze
pressure gradient, it makes a positive, albeit small, contri
tion to the wall shear stress due to the thickening of
boundary layer. The dominant contribution tot̄w1

c comes
from the second term, which is positive for a flat pla
boundary layer.

Thus we have shown analytically that, at least on the
section of the airfoil, the inclusion of the nonlinear terms
the wall model equation increases the wall stress, causing
overprediction shown in Fig. 4 if contributions from othe
terms in Eq.~5! are not altered. To offset this increase, t
only option is to reduce the turbulent eddy viscosityn t and
hence the multiplication factor before the curly brackets
Eq. ~5!. This mainly affects the equilibrium part of the wa
stress~first term inside the brackets!. The pressure-gradien
and nonlinear parts of the wall stress are insensitive ton t

because it appears both inside and outside the brackets
opposite effects.

The physical explanation for requiring lowern t , as
pointed out by Cabot and Moin,7 is the fact that the Reynold
stress carried by the nonlinear terms in the boundary-la
equations is significant. Hence, instead of modeling the t
stress as in typical RANS calculations, the eddy-viscos
model is expected to account for only the unresolved par
the Reynolds stress. Cabot and Moin7 suggested to comput
the model coefficient dynamically by matching the stres
between the inner layer~wall model! and outer layer~LES!
solutions. In the present case, since the horizontal grid is
same for both the LES and wall model calculations, a
because the velocities are matched at the edge of the
layer, the resolved portions of the nonlinear stresses from
inner and outer layer calculations are approximately
same. To match the unresolved portions of the stresses
proximately, we equate the mixing-length eddy viscosity
the SGS eddy viscosity at the matching points,^n t&
5^nSGS&, from which the model coefficientk is extracted

using Eq.~3!: k5^nSGS&/^yw
1(12e2yw

1/A)2&. The averaging
denoted by the angular brackets is performed in the span
direction as well as over the previous 150 time steps to
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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2047Phys. Fluids, Vol. 14, No. 7, July 2002 Dynamic wall modeling for LES of complex flows
tain reasonably smooth data. One difficulty with this meth
is that nSGS is poorly behaved at the first off-wall velocit
nodes because the velocities at the wall are not well defi
~we used slip velocities extrapolated from the inter
nodes to compute the strain rate tensor andnSGS!. As a prac-
tical matter, the matching points for eddy viscosities a
moved to the second layer of velocity nodes from the w
instead.

The dynamically computedk at three time instants is
exemplified in Fig. 5, where the solid lines represent th
on the upper side and dashed lines on the lower side. T
are found to be only a small fraction of the standard value
0.4. This figure indicates that on average, on the flat surfa
only less than 20% of the Reynolds stress is modeled by
mixing-length eddy viscosity. The rest is directly account
for by the nonlinear terms in the wall layer equations.
using the reduced, variable model coefficientk, the com-
puted skin friction coefficient is much improved, as demo
strated by the solid line in Fig. 4. This modeling approa
gives better overall agreement with the results of the w
resolved LES, compared with the two simpler wall mod
whose predictions are illustrated in Fig. 3. In what follow
the term ‘‘TBLE model’’ implies the model with a dynami
cally adjusted eddy viscosity, and the computational so
tions are generated using this model unless specified o
wise.

In the implementation of the LES–wall-model couplin
one may be concerned with the sensitivity of solutions to
matching location, i.e., the location of first off-wa
tangential-velocity nodes on the LES grid. In the pres
study, this position is fixed at the lower edge of the log lay
near the inlet. While a systematic evaluation of the matchi
position effect has not been conducted, we have repe
calculations by moving the matching position 20% clos
to ~farther away from! the wall relative to the origina
position; the predictedCf , represented in Fig. 6 by th
dashed ~chain-dotted! lines, shows little deviation from
the originalCf denoted by the solid lines, indicating that th
solution is relatively insensitive to the matching positi
within the range tested. The velocity statistics, not sho
here, also show little change with varying matchi
positions.

FIG. 5. Dynamic coefficient for the mixing-length eddy viscosity used in
TBLE wall model at three time instants. upper side; ---- lower side.
Downloaded 15 Jul 2002 to 171.64.116.91. Redistribution subject to A
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C. Comparison with full LES and experiment

Comparisons of the velocity predictions using the w
modeling approach described above and those from the
LES11 show very good agreement. In Fig. 7 the mean vel
ity magnitude, defined asU5(U1

21U2
2)1/2 and normalized

by its valueUe at the boundary-layer edge, is plotted as
function of the vertical distance to the upper surface, at~from
left to right! x1 /h523.125, 22.125, 21.625, 21.125,
20.625, and 0~trailing-edge!. With the exception of the
trailing-edge point, these locations correspond to the m
surement stations in Blake’s experiment.12 The mean veloc-
ity profiles obtained with wall modeling~solid lines! agree
extremely well with the full LES profiles~dashed lines! at all
stations, including those in the separated region which st
at x1 /h521.125. The agreement between both compu
tional solutions and the experimental data is also reasona
and the potential reasons for the observed discrepancie
discussed in Ref. 11.

Figure 8 depicts the profiles of the rms streamwise
locity fluctuations at~from left to right! x1 /h524.625,

FIG. 6. Effect of the position of LES/wall-model velocity coupling on th
mean skin-friction coefficient. original matching position; ----
matching position 20% closer to the wall;• • • matching position
20% farther away from the wall;•••••• full LES.

FIG. 7. Profiles of the normalized mean velocity magnitude as a functio
vertical distance to the upper surface, at~from left to right! x1 /h
523.125,22.125,21.625,21.125,20.625, and 0. LES with TBLE
model; ---- full LES; • Blake’s experiment~Ref. 12!. Individual profiles are
separated by a horizontal offset of 1 with the corresponding zero lines
cated at 0, 1, ..., 5.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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2048 Phys. Fluids, Vol. 14, No. 7, July 2002 M. Wang and P. Moin
22.125,21.625,21.125,20.625, and 0. Again, excellen
overall agreement between the present solutions and tho
the full LES is observed, with the notable exception
x1 /h521.125, where the solution with wall modelin
agrees~perhaps fortuitously! better with the experiment
Note that in the attached boundary layer~first three stations
from left!, the wall-modeling solution does not capture t
turbulence-intensity peak which lies below the first off-w
velocity nodes on the LES grid. The experimental profi
miss the peaks even more severely, possibly due to lim
spatial resolution or high-frequency response.

In Fig. 9 the mean streamwise velocity profiles~normal-
ized by free-stream velocityU`! are compared at select nea
wake stationsx1 /h50, 0.5, 1.0, 2.0, and 4.0. The solid line
are obtained from the present simulation, and the das
lines are from the full LES. The corresponding rms strea
wise velocity fluctuations are depicted in Fig. 10. The agr
ments between the LES solutions with and without w
modeling are good near the trailing-edge and deterio
gradually in the downstream direction. This is caused by

FIG. 8. Profiles of the root-mean-square~rms! streamwise velocity fluctua-
tions as a function of vertical distance to the upper surface, at~from left to
right! x1 /h524.625,22.125,21.625,21.125,20.625, and 0. LES
with TBLE model; ---- full LES; • Blake’s experiment~Ref. 12!. Individual
profiles are separated by a horizontal offset of 0.15 with the correspon
zero lines located at 0, 0.15, ..., 0.75.

FIG. 9. Profiles of the normalized mean streamwise velocity in the wake
~from left to right! x1 /h50, 0.5, 1.0, 2.0, and 4.0. LES with TBLE
model; ---- full LES. Individual profiles are separated by a horizontal off
of 1 with the corresponding zero lines located at 0, 1, ..., 4.
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much reduced grid resolution in the case of LES with w
modeling. The grid has been coarsened by the same fact
the wake as in the wall-bounded region, even though the w
model does not play a role there. Apparently, this has cau
insufficient grid resolution, particularly in the streamwis
and spanwise directions.

D. Comparison with simpler models and no-model

The above results demonstrate that the TBLE mo
with a dynamically adjusted eddy viscosity, used in conjun
tion with LES, can accurately reproduce the full LES so
tions at a drastically reduced computational cost. In this s
tion we seek to establish that:~1! This method gives bette
results than the traditional wall models based on the ins
taneous logarithmic law; and~2! the LES indeed benefits
from wall modeling, i.e., the same accuracy cannot
achieved by LES on a comparable grid without wall mod
ing.

As pointed out previously, forFi50 andyw
1@1, a com-

bination of Eqs.~1! and~3! gives the log law for the instan
taneous velocities. The skin friction predictions using th
simplified model and the one withFi51/r]p/]xi are less
accurate than that given by the TBLE model in the region
strong pressure gradients~see Figs. 3 and 4!. In Fig. 11, the
performance of the TBLE model is compared with that
both simplified models in terms of the mean velocity mag
tude profiles near and inside the separated region~the last
four stations in Fig. 7!, where the differences are more pr
nounced. Relative to the full LES profiles~dashed lines!, the
LES solutions obtained using the model withFi50 ~chain-
dotted lines! are significantly less accurate than those o
tained using the TBLE model~solid lines!. With the inclu-
sion of pressure gradient,Fi51/r]p/]xi , the velocity
profiles ~chain-dashed lines! are much improved, although
they remain noticeably less accurate than the TBLE mo
results. The same trend has been observed in the turbul
intensity profiles.

To further establish the gain in using the TBLE mod
we compare solutions with those from coarse-grid LES
comparable computational cost without wall modeling.

g

at

t

FIG. 10. Profiles of the rms streamwise velocity fluctuations in the wake
~from left to right! x1 /h50, 0.5, 1.0, 2.0, and 4.0. LES with TBLE
model; ---- full LES. Individual profiles are separated by a horizontal off
of 0.15 with the corresponding zero lines located at 0, 0.15, ..., 0.60.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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the two test cases examined, the grids are identical to tha
the LES with wall modeling in the wall-parallel planes.
the direction normal to the wall, 64 and 96 grid cells, cor
sponding to the number of grid cells in the LES with wa
modeling and the full LES, respectively, are employed. Th
are distributed appropriately~Dx2w

1 <1, with 35 to 50 grid
points inside the attached boundary layers! to ensure ad-
equate near-wall resolution. The resulting skin friction dis
butions are shown in Fig. 12, and the mean velocity mag
tudes are shown in Fig. 13. Evidently, the skin friction
underpredicted everywhere in the two no-model ca
~dashed and chain-dotted lines in Fig. 12!. Both are much
less accurate than the TBLE model prediction~solid lines!.
Increasing the wall-normal resolution from 64 to 96 gr
cells is seen to have little effect on the solution, because
near-wall streaks, which have a strong effect onCf , are nei-
ther resolved on the wall-parallel grid nor modeled. In F
13, the mean velocity magnitude profiles are plotted at
same four station as in Fig. 11. They again show that the
coarse-grid LES predictions, denoted by the chain-das

FIG. 11. Comparison of mean velocity magnitude profiles obtained u
LES with different wall models, at~from left to right! x1 /h521.625,
21.125,20.625, and 0. • • • model withFi50; model with
Fi51/r(]p/]xi) ; TBLE model; ---- full LES. Individual profiles are
separated by a horizontal offset of 1 with the corresponding zero lines
cated at 0, 1, 2, and 3.

FIG. 12. Comparison of the mean skin friction coefficient computed us
LES with wall modeling and those from coarse-mesh LES without w
modeling. ---- coarse-mesh LES with 64 wall-normal grid cells;• • •

coarse-mesh LES with 96 wall-normal grid cells; LES with TBLE
model;•••••• full LES.
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and chain-dotted lines, are less accurate than the results
the LES with TBLE model~solid line!. The profiles are too
full near the wall, which leads to delayed separation, a
increasing the wall-normal resolution alone does not impro
the solutions.

E. Wall pressure fluctuations

Of particular interest in aeronautical and naval applic
tions is the predictive capability of the method for surfa
pressure fluctuations and noise radiation. A preliminary
sessment of the former is given here, whereas the n
evaluation is deferred to future studies. Figure 14 depicts
frequency spectra of surface pressure fluctuations obta
from LES in conjunction with the TBLE model and com
pares them with those from the full LES and Blake’s expe
ment. The variableq` used in the normalization is the dy
namic pressure, defined asrU`

2 /2. Relative to the
experimental data, the pressure spectra from the simula
employing the wall model are of comparable accuracy
those from the full LES, although the resolvable frequen
ranges are narrower due to the coarser grid. However, r
tive to the full LES spectra, the spectral levels are somew
overpredicted, particularly in the attached flow region@Figs.
14~a!–14~c!#. This phenomenon has also been observed p
viously in channel flow LES with wall models. The discre
ancies may be attributable to the approximation of wall pr
sure by the cell-centered values adjacent to the wall and
fact that in the present LES formulation the ‘‘pressure’’ a
tually contains the subgrid-scale kinetic energy. The latte
negligibly small at the first off-wall pressure node if the wa
layer is resolved but may not be negligible in the pres
case because of the coarse mesh. This issue needs
examined in future investigations.

V. CONCLUSIONS

In summary, we have examined systematically the
merical method of combining LES with wall modeling fo

g

o-

g
l

FIG. 13. Comparison of mean velocity magnitude profiles obtained us
LES with wall modeling and those from coarse-mesh LES without w
modeling, at~from left to right! x1 /h521.625, 21.125, 20.625, and 0.
• • • coarse-mesh LES with 64 wall-normal grid cells

coarse-mesh LES with 96 wall-normal grid cells; LES with
TBLE model; ---- full LES. Individual profiles are separated by a horizon
offset of 1 with the corresponding zero lines located at 0, 1, 2, and 3.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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FIG. 14. Frequency spectra of pressure fluctuations on the upper surface atx1 /h5(a) 23.125,~b! 22.125,~c! 21.625,~d! 21.125,~e! 20.625, and~f! 0.
LES with TBLE wall model; ---- full LES; • Blake’s experiment~Ref. 12!.
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simulating complex wall-bounded flows. It is demonstrat
that when a RANS type eddy viscosity is used in wall-lay
equations that contain nonlinear convective terms, its va
must be reduced to account for only the unresolved par
the Reynolds stress. A dynamically adjusted wall-mo
eddy viscosity is employed in the LES of turbule
boundary-layer flows past an asymmetric trailing-edge. T
method is shown to be superior to simpler wall models ba
on the instantaneous log law. It predicts low-order veloc
statistics in very good agreement with those from the
LES, at a small fraction of the original computational cost.
particular, the unsteady separation near the trailing-edg
predicted correctly. The frequency spectra of surfa
pressure fluctuations also appear promising, although the
fect of wall-modeling on their predictions needs to be exa
ined more critically and quantified.
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4G. Grötzbach, ‘‘Direct numerical and large eddy simulation of turbule
channel flows,’’ inEncyclopedia of Fluid Mechanics, edited by N. P. Cher-
emisinoff ~Gulf, West Orange, NJ, 1987!, Chap. 34, pp. 1337–1391.

5H. Werner and H. Wengle, ‘‘Large eddy simulation of turbulent flow ov
and around a cube in a plane channel,’’ inProc. Eighth Symp. Turb. Shea
Flows, 1991, pp. 1941–1946.

6U. Piomelli, J. Ferziger, P. Moin, and J. Kim, ‘‘New approximate bounda
conditions for large eddy simulations of wall-bounded flows,’’ Phys. F
ids A 1, 1061~1989!.

7W. Cabot and P. Moin, ‘‘Approximate wall boundary conditions in th
large-eddy simulation of high Reynolds number flow,’’ Flow, Turbu
Combust.63, 269 ~2000!.

8F. Nicoud, J. S. Baggett, P. Moin, and W. Cabot, ‘‘Large eddy simulat
wall modeling based on suboptimal control theory and linear stocha
estimation,’’ Phys. Fluids13, 2968~2001!.

9E. Balaras, C. Benocci, and U. Piomelli, ‘‘Two-layer approximate boun
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



rd

ng

at

d-

o-

2051Phys. Fluids, Vol. 14, No. 7, July 2002 Dynamic wall modeling for LES of complex flows
ary conditions for large-eddy simulation,’’ AIAA J.34, 1111
~1996!.

10W. Cabot, ‘‘Large-eddy simulations with wall-models,’’ inAnnual Re-
search Briefs~Center for Turbulence Research, NASA Ames/Stanfo
Univ., 1995!, pp. 41–50.

11M. Wang and P. Moin, ‘‘Computation of trailing-edge flow and noise usi
large-eddy simulation,’’ AIAA J.38, 2201~2000!.
Downloaded 15 Jul 2002 to 171.64.116.91. Redistribution subject to A
12W. K. Blake, ‘‘A statistical description of pressure and velocity fields
the trailing edge of a flat strut,’’ David Taylor Naval Ship R & D Center
Report 4241, Bethesda, Maryland~1975!.

13M. Germano, U. Piomelli, P. Moin, and W. H. Cabot, ‘‘A dynamic subgri
scale eddy viscosity model,’’ Phys. Fluids A3, 1760~1991!.

14D. K. Lilly, ‘‘A proposed modification of the Germano subgrid scale cl
sure method,’’ Phys. Fluids A4, 633 ~1992!.
IP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp


