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large eddy simulation
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Abstract

The hybrid RANS/LES using zonal approach with wall shear stress model
is one of the wall-modeled large eddy simulation (WMLES) techniques devel-
oped to reduce computation cost in high Reynolds number flow simulations. In
this approach, how to exchange flow field information between solutions from
a wall model and LES through the boundary conditions is one of the impor-
tant issues. In general, the wall boundary condition of LES is given as the
instantaneous wall shear stress obtained in the wall model RANS, whereas the
upper boundary condition for RANS is provided as the instantaneous velocity
component acquired from the solution of LES. However, it does not guarantee
an accurate estimation of wall shear stress due to a resolved portion of turbu-
lent shear stresses in RANS. In this study, a new WMLES is suggested which
is directly imposing the instantaneous total shear stress obtained in LES as
the upper boundary condition for RANS, rather than velocity component and
assessed in turbulent channel and boundary layer flows. It is shown that the

present WMLES based on the total shear stress boundary condition predicted



the logarithmic velocity profile and the low-order turbulence statistics at high

Reynolds numbers even with very coarse grid resolution.

Keywords: Large eddy simulations, Wall modeling, Wall shear stress,

Turbulent flows, Numerical modeling
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Chapter 1

Introduction

Using direct numerical simulation (DNS) or large eddy simulation (LES) to
compute turbulent flows at high Reynolds numbers is prohibitively expensive
due to their severe grid resolution requirements near the wall (Chapman, 1979;
Choi & Moin, 2012). In terms of efficiency, applying these methods to problems
of engineering interest is limited. Therefore, various techniques of wall-modeled
LES (WMLES) have been suggested to reduce the number of grids near the
wall by modeling the near-wall dynamics (Schumann, 1975; Cabot & Moin,
2000; Piomelli & Balaras, 2002).

According to Choi & Moin (2012), the grid requirement of LES is estimated
to be proportional to RelLi/ 7, where Rej_ is Reynolds number based on the
flat-plate length in the streamwise direction, L,. This is close to the grid re-
quirement of DNS estimated in Choi & Moin (2012) that is proportional to
Reiz/ " When directly resolving outer layer only and modeling the inner layer
(rather than resolving), Choi & Moin (2012) estimated the grid point require-
ment is reduced to be proportional to Rej . This suggests that WMLES is an
efficient tool for prediction of high Reynolds number flow.

These WMLES approaches are classified into two categories: hybrid RANS /LES

and LES with wall shear stress model, where RANS denotes Reynolds-averaged
Navier-Stokes equation. The hybrid RANS/LES method fall into two categories

again: the zonal approach and non-zonal approach (Piomelli & Balaras, 2002).
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The first type of WMLES is the hybrid RANS/LES. This approach blends
RANS using a turbulent eddy viscosity v; gans near the wall with LES using
a subgrid-scale (SGS) eddy viscosity v;1gs away from the wall. The differ-
ence between the zonal approach and the non-zonal approach is to use a single
mesh and separated grids, respectively. An example of non-zonal approach of
hybrid RANS/LES is detached eddy simulation (DES) (Spalart et al., 1997,
Spalart, 2009). In this approach, a single turbulence model is used in a single
computational grid system, and this model acts as both the RANS and LES
closure models for near-wall and outer regions, respectively, corresponding to
the distance from the wall. The role of this turbulence model is determined
by a wall distance function. This simplicity of using a single turbulence model
within a single grid makes it easy to apply DES to flows around various com-
plex geometries. However, many recent improvements of DES include empirical
parameters that makes the approach complicated (Spalart, 2009).

The second type of WMLES is the LES with wall shear stress model (Schu-
mann, 1975; Lee et al., 2013). In this approach, only the outer layer information
is used for modeling the near-wall dynamics. The wall shear stress (or slip ve-
locity), instead of no-slip, is provided as the wall boundary condition, which
is obtained from outer layer information not resolving the viscous wall region.
This modeling is based on that the relationship between the wall shear stress
and the off-wall streamwise velocity represented by the logarithmic law of the
wall. Since the assumption of the log-law in this approach may not be valid in
complex flow, it is not justified to apply this approach to flows around complex
geometries (Lee et al., 2013; Park & Moin, 2014).

In this study, the hybrid RANS/LES using zonal approach with wall shear
stress model is concerned. In this approach, an LES only resolves outer layer

with very coarse grid resolution near the wall with wall shear stress boundary



condition at the wall. A wall shear stress model based on RANS is solved in
only near-wall region with no-slip boundary condition at the wall, taking the
instantaneous solution of LES as the upper boundary condition at a certain
height above the wall. Then the instantaneous wall shear stress estimated in
the wall model RANS is given back to the LES as a boundary condition at the
wall. Since this method solves RANS in viscous wall region, more accurate wall
shear stress can be obtained. In general, instantaneous velocity components are
imposed as the upper boundary condition of the wall model RANS. However,
it does not guarantee an accurate estimation of wall shear stress due to the
resolved portion of turbulent stresses in the wall model (Kawai & Larsson,
2013; Park & Moin, 2014).

In order to clear up such a problem, several strategies have been suggested
to improve the wall model. Most efforts are concerned with reducing resolved
Reynolds shear stress in the wall model RANS by modifying the model param-
eter x that determines the eddy viscosity v rans of RANS with dynamic proce-
dures. Figure 1.1 is a schematic representation of the eddy viscosities modeled
with each dynamic approach for the wall model RANS and the SGS eddy vis-
cosity obtained in LES, against the wall distance. Wang & Moin (2002) showed
that the nonlinear terms in the wall model RANS increases the wall shear
stress when the standard model coefficient  is used. Cabot & Moin (2000)
and Wang & Moin (2002) was obliged to reduce the eddy viscosity 14 gans in
the wall model by dynamically matching the total shear stress at the matching
location y,, between LES and the wall model RANS. This strategy has been
successful, but additional treatments based on the logarithmic law of the wall
are required (Cabot & Moin, 2000; Wang & Moin, 2002). This is because the
dynamic procedure produces too low eddy viscosity 14 rans over the entire area

of the wall model (Kawai & Larsson, 2013). Kawai & Larsson (2013) suggested
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y-variable dynamic approach that uses the standard model coefficient up to
a critical height y.; from the wall, and uses the dynamic model coefficient
varying according to the distance from the wall between y. and matching
location y,,. The modified eddy viscosity in the wall model RANS v; gang is
then maximized at ye; and equal to the SGS eddy viscosity in LES vy 1rs at
the matching location ¥, to match the total shear stress between RANS and
LES at the plane. A proper wall shear stress is obtained in this modified wall
model, however, additional free parameters are required in order to determine
the critical blending height y..i;, and the optimal values of this free parameters
for the best performance depends on the numerical schemes, the grid gener-
ation and the flow being simulated (Park & Moin, 2014). Recently, Park &
Moin (2014) suggested an improved dynamic wall model in which the dynamic
model coefficient is obtained by directly calculating the resolved portion and
the modeled portion of the turbulent shear stresses from the wall model RANS,
rather than by matching the total shear stress at the matching location 4,,,. This
improved wall model provides a suitable wall boundary condition necessary for
LES without introducing free parameters, but its application is limited because
it requires temporal or spatial averaging (Park & Moin, 2014).

As shown above, previous studies have focused on reducing the resolved
shear stress in the wall model RANS. However, the resolved shear stress which
is produced in the RANS is fundamentally because the velocity components
are not the same in the governing equations of RANS and LES (the governing
equations are described in section 2.1). The Reynolds-averaged velocity is used
in RANS and the filtered velocity is used in LES. Therefore, matching these two
velocity components directly has the feasibility of error. Considering momentum
transfer, it is more important to provide the stress information than to supply

the velocity information. In this study, therefore, the instantaneous total shear
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stress (rather than the instantaneous velocity component) estimated by the
solution of LES is directly imposed as the upper boundary condition of the
wall model RANS without modifying the eddy viscosity of RANS. And the
proposed WMLES based on the total shear stress boundary condition at the
upper boundary for the wall model RANS is assessed in turbulent channel and
boundary layer flows, and compared its results with those of previous WMLES

based on velocity boundary condition.
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Figure 1.1. A schematic diagram of the eddy viscosities modeled with each dy-
namic approach for the wall model RANS and the SGS eddy viscosity obtained
in LES, against the wall distance (Cabot & Moin, 2000; Wang & Moin, 2002;
Kawai & Larsson, 2013; Park & Moin, 2014).
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Chapter 2

WMLES framework

The present WMLES is based on hybrid RANS/LES using zonal approach
with wall shear stress model. Figure 2.1 is a schematic diagram of WMLES of
this study. As described above, LES resolves only the outer-layer scales away
from the wall but not the viscous motions in the inner layer near the wall with
very coarse grid resolution. The wall shear stress condition is applied instead of
the no-slip condition as the wall boundary condition of LES. The instantaneous
wall shear stress estimated in the wall model. The wall model based on RANS
is solved in an auxiliary grid from the wall to a certain position away from
the wall, called a matching location. This grid is embedded in LES mesh and

refined in wall-normal direction only.

2.1 Governing equations

For incompressible flow, the governing equations for LES and wall model

RANS are the continuity and Navier-Stokes equations,

o0,
=0 2.1
e 2.)
8’115 8111-71]- _ 8}5 i L 82111‘ _ (97'”-’ (22)
ot Ox; Ox; ReOx;0xr; Ox;
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where t is the non-dimensional time, (1, x2,23) = (x,y, z) are the non-dimen-
sional streamwise, wall-normal, and spanwise directions, respectively, (u, uz, ug)
= (u,v,w) are the corresponding non-dimensional velocity components, p is the
non-dimensional pressure, Re = UL /v, U and L are the characteristic velocity
and length, respectively, and v is the kinematic viscosity. Here, () denotes the
filtering operation for LES and Reynolds averaging operation for the wall model
RANS, thus, 7;; = w;u; —4;u; is the SGS stress tensor for LES and the Reynolds
stress tensor for the wall model RANS. Note that the governing equations of
RANS are for time-averaged velocity and the governing equations for LES are

for spatially filtered velocity, so the velocity components of the two governing

equations are different.

2.2 Eddy viscosity model
The eddy viscosity model for the stress tensor 7;; is

1 _
Tij — ngk(Sij = —2u1.5;5, (2.3)

where v; is turbulent eddy viscosity, and S;; is the filtered strain rate tensor in

LES and the Reynolds averaged strain rate tensor in the wall model RANS as

- 1 [(0u; Ou,;
Sii == : 2. 2.4
In the LES, the SGS stress tensor 7;; is determined using a dynamic global
eddy viscosity model (Park et al., 2006; Lee et al., 2010). The eddy viscosity of

LES at the first grid cell above the wall is obtained using the extension method
(Cabot & Moin, 2000).
In the wall model RANS, on the other hand, the Reynolds stress tensor 7;;



is modeled with a simple mixing-length eddy viscosity model with near-wall

damping (Cabot & Moin, 2000) as,
v = kyu, D, D = [1—exp (—y+/A+)}2, (2.5)

where k = 0.41 is the von Karman constant, y is wall-normal distance, u, is wall
shear velocity defined as u, = m, Tw is wall shear stress, p is density, D
is near-wall damping function with the damping function parameter A™ = 17,
and y* is the wall-normal distance in wall units.

Most of previous studies have been involved in modifying this model coeffi-
cient k in the eddy viscosity model in the RANS with various dynamic proce-
dures (Cabot & Moin, 2000; Wang & Moin, 2002; Kawai & Larsson, 2013; Park

& Moin, 2014) to reduce resolved shear stress in the wall model.

2.3 Boundary conditions

In the LES, the instantaneous wall shear stress 7, is imposed as wall bound-
ary condition. This wall shear stress is obtained in the embedded wall model
RANS an is given in the horizontal directions as

i, |RANS
LES i ~
= _— 5 — 17 3 . 26
W=l (i=1,3) (26)

LES

In the wall-normal direction, v,

for LES.
The wall model RANS is solved from the wall to the matching location

= 0 is imposed as wall boundary condition

Ym- The instantaneous total shear stress estimated by the solution of LES is
directly provided as boundary condition of this matching location. Specifically,

the boundary conditions are imposed as the instantaneous total shear stresses



in the streamwise and spanwise directions as

U;

(v + 1) En — ;0

! }RANS _ {(ywt) i (2.7)

Ym Ym

~RANS

for i = 1, 3, and as wall-normal velocity component v,”

_ SLES 7J; :
= 0, directly in

wall-normal direction.

2.4 Numerical method

The governing equations 2.1 and 2.2 are solved using a semi-implicit frac-
tional step method and finite volume method based on a staggered grid system:
the Crank-Nicolson method and a third-order Runge-Kutta method are applied
to the diffusion and convection terms, respectively (Spalart et al., 1991). The

second-order central difference scheme is used for the spatial discretization.
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Figure 2.1. A schematic of matching location y,, and boundary conditions of
present wall modeled LES.
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Chapter 3

Numerical Results

3.1 Turbulent channel flows

In this section, I perform WMLES of turbulent channel flow at high Reynolds
numbers imposing the total shear stress as the upper boundary condition of the
wall model RANS. The Reynolds numbers considered are Re, = 2003, 4000,
2 x 10* and 2 x 10°, where Re, = u,h/v, and h is channel half height. The
computational domain size of LES is 27h(x) x 2h(y) x 2wh/3(z). The number
of grid points used for LES is 64(z) x 33(y) x 32(z) and uniform grids are used
in all directions. This domain size and grid spacings are quoted from Lee et al.
(2013), which are comparable to those used in other studies (Lee et al., 2013).
For the wall model RANS, the matching plane y,, is located at fifth off-wall
grid of LES as well as previous findings (Kawai & Larsson, 2012). The domain
size and the number of grid points of the wall model RANS are the same as
those of LES in the wall-parallel directions, and a stretched grid with 33 points
in the wall-normal direction is used while keeping the size of the first off-wall
grid at Ay, =~ 1. In both LES and RANS, periodic boundary conditions are
imposed in the streamwise and spanwise directions.

Figure 3.1 and 3.2 show the mean streamwise velocity profiles of LES and
wall model RANS at Re, = 2003 from the present WMLES based on the total
shear stress boundary condition, together with those from WMLES based on

12



the velocity component boundary condition, the logarithmic profile, and the
result from DNS (Hoyas & Jiménez, 2006). Figure 3.1 is drawn from the wall to
the center plane of the channel, which includes both the near-wall region and
the outer layer, and figure 3.2 is drawn to include the outer layer near match-
ing location only. Note that both of the wall models applied here use standard
model constants rather than modified model constants. The results from present
WMLES show good agreements with DNS (Hoyas & Jiménez, 2006) data and
the logarithmic profile in the LES region. Since the total shear stress is im-
posed as an upper boundary condition of the wall model RANS instead of the
velocity component, the velocity discontinuity occurs at the matching location,
but the wall shear stress required for the wall boundary conditions of LES can
be obtained more accurately. On the other hand, the result from WMLES
based on the velocity component fails to predict the logarthmic profile in the
LES region, despite the continous velocity profile is acquired due to the upper
boundary condition for the wall model RANS. This indicates that the total
shear stress contains appropriate momentum information necessary for the wall
model RANS using a standard model constant.

In figure 3.3, the root-mean-square (rms) velocity fluctuations and Reynolds
shear stress at Re, = 2003 are shown, together with those from DNS (Hoyas
& Jiménez, 2006). The turbulence statistics away from the wall show good
agreements with DNS (Hoyas & Jiménez, 2006) data.

The WMLES at the higher Reynolds numbers are conducted and the mean
velocity profiles are shown in figure 3.4 and 3.5. In these figure, the present
WMLES also show good agreements with the logarithmic profile even at high

Reynolds numbers.

13



3.2 Turbulent boundary layer flows

In this section, I conduct WMLES of turbulent boundary layer low imposing
the total shear stress as an upper boundary condition of the wall model RANS.
The Reynolds numbers considered are Rey = 5200 and 31000, where Rey =
Usol /1, Uy s the free-stream velocity, and € is the momentum thickness. The
computational domain size of LES is 6006, (x) x 400¢(y) x 500o(z), where 6 is
the momentum thickness at the computational inlet. The number of grid points
used in LES is 769(z) x 65(y) x 64(z) and uniform grids are used for all directions.
As well as the case of turbulent channel flow, the domain size and grid spacings
are also comparable to those used in other studies (Lee et al., 2013). For the
wall model RANS, details are almost similar to the case of turbulent channel
flow. The difference is that there is only one matching plane near the lower
wall (or flat plate) in the case of turbulent boundary layer flow. The matching
plane y,, is located at fifth off-wall grid of LES as well as previous findings
(Kawai & Larsson, 2012). The domain size and the number of grid points
of the wall model RANS are the same as those of LES in the wall-parallel
directions, and a stretched grid with 33 points in the wall-normal direction is
used while keeping the size of the first off-wall grid at Ay, ~ 1. In both LES
and RANS, the recycling method (Lund et al., 1998) is used to provide the
inflow turbulence. The recycling location is placed 4806, downstream of the
computational inlet. A Periodic boundary condition is imposed in the spanwise
direction, and a convective boundary condition is used at the computational
exit as du; /0t + cOu;/0x = 0, where ¢ is the plane-averaged velocity at the
exit. At the free-stream, the boundary conditions are given as u = s and
ov/dy = dw/dy = 0.

Figure 3.6 and 3.7 show the mean streamwise velocity profiles of LES and

14



wall model RANS at Reg = 5200 and Reg = 31000 from the present WMLES
based on total shear stress boundary condition, together with those from WM-
LES based on velocity component boundary condition, the logarithmic profile,
and results from previous experiments (De Graaff & Eaton, 2000). As with the
turbulent channel flow, the results from the present WMLES show good agree-
ments with experimental (De Graaff & Eaton, 2000) data and the logarithmic
profile in the LES region, despite the discontinuity of velocity at the matching
location.

In figure 3.8, the root-mean-square (rms) velocity fluctuations and Reynolds
shear stress at Rey = 5200 are shown, together with those from experiments
(De Graaff & Eaton, 2000). The turbulence statistics away from the wall also
show good agreements with experimental data (De Graaff & Eaton, 2000).

3.3 Comparison with a dynamic wall model

In this section, present WMLES is compared with a dynamic wall model.
Several dynamic approaches have been suggested so far, and the y-variable
dynamic eddy viscosity wall model (Kawai & Larsson, 2013) is known as one of
the best performing methods. However, this method requires a free parameter
« which determines level of modification of the eddy viscosity in the wall model
RANS.

Figure 3.9 shows the mean streamwise velocity profiles of turbulent chan-
nel flow at Re, = 2000 from the present WMLES based on total shear stress
boundary condition, together with those from WMLES based on y-variable dy-
namic eddy viscosity wall model varying the free parameter «, and the log-law
profile. Both of these two approaches show good agreements with the logarith-

mic profile, however, the performance of the dynamic wall model rely on the
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free parameter o. Park & Moin (2014) executed similar analysis, and according
to them, the optimal @ depends on the numerical schemes, the grid generation
and the flow being simulated. Nevertheless, the reduction of the modeled shear
stress in the wall model successfully results in the appropriate wall shear stress
necessary to simulate the outer-layer LES. In other words, by adjusting the wall
model RANS, adequate momentum transfer occurs at the matching location.
Also, this appropriate momentum transfer is achieved by only imposing the
total shear stress as the upper boundary condition, without modifying the wall

model.
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Figure 3.1. Time-averaged streamwise velocity profiles in wall units at Re, =
2003 with different boundary conditions at the upper boundary of RANS in
whole near-wall area and outer-layer region: Solid line, total shear stress bound-
ary condition (present); dashed-dotted line, velocity component boundary con-
dition; dashed line, v = y* and v = 2.44Iny™ + 5.2; B, DNS (Hoyas &
Jiménez, 2006).
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Figure 3.2. Time-averaged streamwise velocity profiles in wall units at Re, =
2003 with different boundary conditions at the upper boundary of RANS near
matching location: Solid line, total shear stress boundary condition (present);
dashed-dotted line, velocity component boundary condition; dashed line, u™ =
yT and ut =2.44Iny* + 5.2; B, DNS (Hoyas & Jiménez, 2006).
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Figure 3.3. Root-mean-square velocity fluctuations and Reynolds shear stress
in wall units of LES region at Re, = 2003: Solid line, present WMLES; ll, DNS
(Hoyas & Jiménez, 2006).
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Figure 3.4. Time-averaged streamwise velocity profiles in wall units at Re, =
2 x 10* with total shear stress boundary condition at upper boundary of RANS:
Solid line, present WMLES; dashed line, u* = 2.44Iny™ + 5.2.
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Figure 3.5. Time-averaged streamwise velocity profiles in wall units at Re, =
2 % 10° with total shear stress boundary condition at upper boundary of RANS:
Solid line, present WMLES; dashed line, u* = 2.44Iny™ + 5.2.
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Figure 3.6. Time-averaged streamwise velocity profiles in wall units with dif-
ferent boundary conditions at the upper boundary of RANS at Rey = 5200:
Solid line, total shear stress boundary condition (present); dashed-dotted line,
velocity component boundary condition; dashed line, u™ = 2.44Iny™ + 5.0; A,
Experiments (De Graaff & Eaton, 2000).
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Figure 3.7. Time-averaged streamwise velocity profiles in wall units with dif-
ferent boundary conditions at the upper boundary of RANS at Rey = 31000:
Solid line, total shear stress boundary condition (present); dashed-dotted line,
velocity component boundary condition; dashed line, u™ = 2.44Iny™ + 5.0; H,
Experiments (De Graaff & Eaton, 2000).

23



w
o

o = N
o (¢ - (¢)] N (¢)] w
o e b b b b b b b

o
o

1
[N

N
o

\\\\\l
10°

-
o,
-
o
N

Figure 3.8. Root-mean-square velocity fluctuations and Reynolds shear stress
in wall units of LES region at Rey = 5200: Solid line, present WMLES; B,
Experiments (De Graaff & Eaton, 2000).
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Figure 3.9. Time-averaged streamwise velocity profiles in wall units with dif-
ferent WMLES methods at Re, = 2000: Solid line, WMLES based on total
shear stress boundary condition (present); dashed line, y-variable dynamic ap-
proach (Kawai & Larsson, 2013) with v = 0.5; dashed-dotted line, with o = 1.2;
dashed-dot-dotted line, with o = 2.0; fine dashed line, u™ = 2.44Iny*™ + 5.2,
where « is a free parameter which determines level of modification of the eddy
viscosity in the wall model RANS.
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Chapter 4

Summary and Conclusions

In the present study, the wall-modeled large eddy simulation was suggested
which is directly imposing instantaneous total shear stress as the upper bound-
ary condition of RANS, rather than velocity component and assessed in turbu-
lent channel and boundary layer flows. The wall model RANS for inner-layer
simulation was not modified to reduce the resolved portion of the turbulent
shear stress and only the upper boundary condition for RANS were handled. It
was shown that the present WMLES based on the total shear stress boundary
condition predicted the logarithmic velocity profiles and the low-order turbu-
lence statistics at high Reynolds numbers, even with very coarse grid resolution.
This indicated that imposing the total shear stress as upper boundary condi-
tions of the wall model RANS was good enough to obtain the appropriate wall
shear stress, without modifying the eddy viscosity of the wall model RANS.

In the zonal hybrid RANS/LES with wall shear stress model, it is important
to obtain appropriate wall shear stress necessary for LES from the wall model
RANS. Compared with previous studies, it can be done by adjusting the balance
of the shear stresses calculated in the wall model, and it is also possible to
provide accurate stress information through the matching location as proposed
in the present study. In terms of momentum transfer both approaches force
the flow information of the LES obtained at the matching location to have the

correct amount of momentum in the wall model RANS. Imposing the total wall

26



shear stress as the upper boundary condition of the wall model RANS can easily

accomplish this purpose.
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