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Abstract

The main bottleneck in using Large Eddy Simulations at high Reynolds number is the requirement of very fine meshes near walls. One
of the main reasons why hybrid LES-RANS was invented was to eliminate this limitation. In this method unsteady RANS (URANS) is
used near walls and LES is used away from walls. The present paper evaluates a method for improving standard LES-RANS. The
improvement consists of adding instantaneous turbulent fluctuations (forcing conditions) at the matching plane between the LES and
URANS regions in order to trigger the equations to resolve turbulence. The turbulent fluctuations are taken from synthesized homoge-
neous turbulence assuming a modified von Kdarman spectrum. Both isotropic and non-isotropic fluctuations are evaluated. The new
approach is applied to fully developed channel flow and it is shown that the imposed fluctuations considerably improve the predictions.
It is found that increasing the prescribed turbulent length scale of the synthesized turbulence provides excellent agreement with the clas-

sical log-law.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

When simulating bluff body flows, LES (Large Eddy
Simulation) is the ideal method. Bluff body flows are dom-
inated by large turbulent scales that can be resolved by
LES without too fine a resolution and accurate results
can thus be obtained at an affordable cost (Yang and Fer-
ziger, 1993; Rodi et al., 1997; Krajnovic and Davidson,
2005). On the other hand, it is a challenging task to make
accurate predictions of wall-bounded flows with LES. The
near-wall grid spacing should be about one wall unit in the
wall-normal direction. This is similar to the requirement in
RANS (Reynolds-Averaged Navier—Stokes) using low-Re
number models. The resolution requirements in wall-paral-
lel planes for a well-resolved LES in the near-wall region
expressed in wall units are approximately 100 (streamwise)
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and 30 (spanwise). This enables resolution of the near-wall
turbulent structures in the viscous sub-layer and the buffer
layer consisting of high-speed in-rushes and low-speed ejec-
tions (Robinson, 1991), often called the streak process. At
low to medium Reynolds numbers the streak process is
responsible for the major part of the turbulence produc-
tion. These structures must be resolved in an LES in order
to achieve accurate results. Thus, for wall-bounded flows at
high Reynolds numbers of engineering interest, the compu-
tational resource requirement of accurate LES is prohibi-
tively large. Indeed, the requirement of near-wall grid
resolution is the main reason why LES is too expensive
for engineering flows, which was one of the lessons learned
in the LESFOIL project (Davidson et al., 2003; Mellen
et al., 2003).

The object of hybrid LES-RANS (Xiao et al., 2003;
Davidson and Peng, 2003; Temmerman et al., 2002; Tucker
and Davidson, 2004; Tucker, 2003) is to eliminate the
requirement of high near-wall resolution in wall-parallel
planes. In the near-wall region (the URANS region), a
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low-Re number RANS turbulence model (usually an eddy-
viscosity model) is used. In the outer region (the LES
region), the usual LES is used, see Fig. 1. The idea is that
the effect of the near-wall turbulent structures should be
modelled by the RANS turbulence model rather than being
resolved. In the LES region, coarser grid spacing in wall-
parallel planes can be used. The grid resolution in this
region is presumably dictated by the requirement of resolv-
ing the largest turbulent scales in the flow (which are
related to the outer length scales, e.g. the boundary layer
thickness) rather than the near-wall turbulent processes.
The unsteady momentum equations are solved throughout
the computational domain. The turbulent RANS viscosity
is used in the URANS region, and the turbulent SGS vis-
cosity is used in the LES region.

Much work on hybrid LES-RANS has recently
been carried out (Xiao et al., 2003; Davidson and Peng,
2003; Temmerman et al., 2002; Tucker and Davidson,
2004; Tucker, 2003; Hamba, 2003; Temmerman et al.,
2005; Dejoan and Schiestel, 2001; Kenjeres and Hanjalié,
2005). In Xiao et al. (2003), Davidson and Peng (2003),
Hamba (2003) two-equation models were used in the
URANS region and a one-equation SGS model was
employed in the LES region. One-equation models were
used in both regions in Tucker and Davidson (2004),
Tucker (2003). The locations of the matching planes were
determined in different ways. In some work (Davidson
and Peng, 2003; Hamba, 2003) it was chosen along a pre-
selected grid plane. In Tucker and Davidson (2004) it
was determined by comparing the URANS and the LES
turbulent length scales or was computed from turbulence/
physics requirements. Xiao et al. (2003) used a two-equa-
tion model in the URANS region and blended it into a
one-equation model in the LES region. Different partial
differential equations for automatically finding the match-
ing plane were investigated in Tucker (2003). A one-equa-
tion model was used in both regions in Temmerman et al.
(2005), and the ¢, coefficient at the interface was computed
dynamically to yield a smoother transition between the
URANS and LES regions. Dejoan and Schiestel (2001)
proposed a k—¢ turbulence model, later also used by Ken-
jeres and Hanjali¢ (2005), in which the c,, is made into a
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URANS region
Yy Yt

wall

Fig. 1. The LES and URANS region.

function of the ratio of the RANS and LES length scales.
On a fine mesh the model switches smoothly to LES and
in the limit ¢, = ¢, so that a pure DNS solution is
obtained.

Hybrid LES-RANS is similar to DES (detached eddy
simulations) (Spalart et al., 1997; Spalart, 2000; Strelets,
2001). The main difference is that the original DES aims
at covering the whole attached boundary layer with
URANS, whereas in the present work hybrid LES-RANS
aims at covering only the inner part of the boundary layer
with URANS. In later work DES has been used as a wall
model (Nikitin et al., 2000; Piomelli et al., 2003), and, in
this form, DES is similar to the present hybrid LES-RANS
without forcing.

Although good results have been presented using hybrid
LES-RANS, it has been found that the treatment of the
interface between the URANS region and the LES region
is crucial for the success of the method. The resolved turbu-
lence supplied by the URANS region to the LES region has
no reasonable turbulent characteristics and is not appropri-
ate for triggering the LES equations to resolve turbulence.
This results in too poorly resolved stresses in the interface
region and thereby gives a ramp — also referred to as a shift
—in the velocity profile approximately at the location of the
matching plane (Davidson and Peng, 2003; Nikitin et al.,
2000; Davidson and Dahlstrom, 2005b; Hamba, 2003;
Temmerman et al.,, 2002; Tucker and Davidson, 2004;
Piomelli et al., 2003). The overly small resolved stresses
in the LES region are translated into too small a wall shear
stress. Several modifications have been proposed to remove
this deficiency. Temmerman et al. (2002, 2005) suggested
dampening the modelled stresses in the URANS region
to reduce the total (i.e. resolved plus modelled) shear stress
in the URANS region and thereby reduce the jump in shear
stress across the matching plane. Numerical smoothing was
used at the interface in Tucker and Davidson (2004).
Hamba (2003) proposed a modification of the discretized
streamwise equation at the interface in order to avoid filter-
ing out any resolved fluctuations at the interface. In Piom-
elli et al. (2003) backscatter was introduced in the interface
region with the object of generating resolved fluctuations.

In the present paper we propose adding fluctuations to
the momentum equations at the interface. The turbulent
fluctuations are taken from synthesized homogeneous tur-
bulence assuming a modified von Kdrman spectrum. Both
isotropic and non-isotropic fluctuations are evaluated. No
streamwise momentum is injected in the former case (since
there is no correlation between the added fluctuations in
the streamwise and wall-normal direction), whereas in the
latter case the added fluctuations yield a source term in
the streamwise momentum equation. The object is to trig-
ger the equations to resolve turbulence. How large a part of
the turbulent spectrum that is resolved depends entirely on
the resolution. The momentum equations are solved in the
entire domain and the turbulent viscosity is in both regions
obtained from a one-equations kg, equation and an alge-
braic length scale.
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For comparison, fluctuations are also taken from a sep-
arate DNS simulation, an approach recently described in
Davidson and Dahlstréom (2005b). An interesting, and
rather similar, approach was presented by Batten et al.
(2004), in which synthetic turbulent fluctuations was used
to trigger the resolved turbulence when going from an
URANS region to an LES region. In a study by Larsson
et al. (2005), an approach fairly similar to the present
method was presented. Hybrid LES-RANS was used and
synthetic fluctuations were employed as forcing in the
URANS region.

Adding fluctuations in order to trigger the equations to
resolve turbulence is actually very similar to prescribing
fluctuating turbulent inlet boundary conditions for DNS
or LES (or hybrid LES-RANS). If no triggering inlet
boundary conditions are prescribed in DNS or LES, the
resolved turbulence near the inlet will be too small and a
large streamwise distance is required before the equations
trigger themselves into describing turbulent flow. This is
also the case in hybrid LES-RANS: if no triggering (forc-
ing) is applied at the interface between the LES region
and the URANS region, the resolved turbulence in the
LES region near the URANS region will be too small.

The paper is organized as follows. The method for gener-
ating synthetic fluctuations is first presented, after which the
equations and the numerical method are given. In the sec-
tion that follows we present the DNS simulation from which
the DNS fluctuations are generated. The hybrid LES-RANS
method and the approach used to introduce forcing fluctu-
ations are then described. The results are reported and dis-
cussed, the issue of overly large total turbulent kinetic
energy is addressed, and, finally, conclusions are drawn.

2. Synthesized turbulence
2.1. Isotropic fluctuations

A turbulent velocity field can be simulated using random
Fourier modes. This was proposed by Kraichnan (1970)
and further developed by Karweit et al. (1991), Lee et al.
(1992), Bechara et al. (1994), Bailly and Juvé (1999). The
velocity field is given by

u;(x;) =2 EN: ' cos (K’}xf + W”)G? (1
n=1

where #", Y" and ¢ are amplitude, phase and direction of
Fourier mode n. The synthesized turbulence is generated as
follows. The notation follows that in Billson (2004), Billson
et al. (2003) and more information is given in these papers.

(1) For each mode n, create random angles ¢", o and 6"
(see Figs. 2 and 3) and random phase y". The proba-
bility distributions are given in Table 1.

(2) Define the highest wave number based on mesh reso-
lution #,x = 27/(24), where A is the smallest grid
spacing at the x—z interface plane.

z3
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I

Fig. 2. The probability of a randomly selected direction of a wave in
wave-space is the same for all d4; on the shell of a sphere.
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Fig. 3. The wave number vector, «, and the velocity unit vector, ¢/, are
orthogonal (in physical space) for each wave number n. The unit vector,
a?, is defined such that ¢”x! = 0 (superscript n denotes Fourier mode n).
Furthermore, o} is parallel to x} (i.e. o5 = &}). The direction of ¢! in the
&-&, plane is randomly chosen through o”.

Table 1
Probability distributions of the random variables

p(e") = 1/(2n) 0< ¢"<2n

P = 1/(2n) 0<y"<2n
p(0") = 1/25in(0) 0<0'<n
po") = 1/(2n) 0<o"<2n

(3) Define the smallest wave number from x; = x./p
where x, = 09n/(55L), o = 1.453, see Fig. 4. Factor
p should be larger than one to make the largest scales
larger than those corresponding to k., and in the
present work p = 2.

(4) Divide the wave number space Kpax — K; Into
N = 150 modes, equally large, of size Ax.

(5) Compute the randomized components of «7 accord-
ing to Fig. 2.

(6) Continuity requires that the unit vector, o7, and ]
are orthogonal. ¢} is arbitrarily chosen to be parallel
to k7 (see Fig. 3), and o and the requirement of
orthogonality give the remaining two components.
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Fig. 4. Modified von Kdrman spectrum.

(7) A modified von Kdrman spectrum is chosen, see Eq.
(2) and Fig. 4. The amplitude #" of each mode in Eq.
(1) is then obtained from &#" = (E(|K;’|)AK)1/2.

(8) Having @", «7, o} and ", allows computation of the
expression in Eq. (1).

4
E( ) _ ufms (K/Ke) [—2(x/r<,1)2]
k)=ua K 2117/6
e [+ (k/Ke)] (2)
K = (KiKi)l/z, Kﬂ _ 81/4\)73/4

2.2. Non-isotropic fluctuations

An approach for using the method described above for
synthesizing non-isotropic turbulent fluctuations has
recently been proposed (Smirnov et al., 2001; Billson
et al., 2004; Billson, 2004). The approach can be summa-
rized as follows (Billson et al.):

(1) The Reynolds stress tensor and a turbulent length
scale are supplied (in the present work, they are taken
from DNS at the location of the matching plane).

(2) The principal coordinate directions of the Reynolds
stress tensor are computed and the eigenvalues, i.e.
the normal Reynolds stresses in the principal coordi-
nate system, are computed.

(3) The method described in the previous section is used
to generate isotropic turbulent fluctuations, u}y, in
the principal coordinate system (denoted by super-
script ). The generated isotropic fluctuations are
re-scaled so that ((ul*éi)zz = ((u¥ns)). Note that,
although <(uZ‘S’)2> # ((u?)") (i # j), the shear stresses
in the principal coordinate system are zero.

(4) In order to satisfy continuity the length scales of the
synthesized non-isotropic fluctuations are re-scaled
making the turbulent length scales larger in the prin-
cipal direction of the largest fluctuations and vice
versa.

(5) The synthesized fluctuations are transformed back to
the original coordinate system. In this coordinate sys-
tem the Reynolds stresses of the synthesized fluctua-
tions are equal to the supplied DNS Reynolds stress
tensor (see item 1 above). This means in particular

that the shear stresses are non-zero (provided that
the same was the case for the supplied DNS Reynolds
stress tensor).

3. Equations and numerical method

3.1. Momentum and continuity equations

The incompressible Navier—Stokes equations with an
added turbulent/SGS viscosity read

ow, 0, . . 1dp 0 i,

E + a_xj (ulu/) =0 P) ox; + axj |:(V + VT) an:| (3)
ou;

0 4
o, (4)

where vy = v, (v, denotes the turbulent RANS viscosity) for
¥ < Y (see Fig. 1) and, for y > p,,,;, v1 = vses. The turbulent
viscosity, v, is computed from an algebraic turbulent
length scale (see Table 2) and kr; the latter is obtained by
solving its transport equation, see Eq. (8). The first term
on the right-hand side is the constant driving pressure gra-
dient. The Reynolds number is defined as Re, = u,d/v,
where 6 denotes channel half width and u, denotes friction
velocity related to the driving pressure gradient. The 0p/0x;
corresponds to the fluctuating pressure gradient term
whose mean is zero. All quantities in Egs. (3) and (4) have
been scaled with u, and 6, and p=u,=d6=1and v=1/
Re..

No-slip conditions are used at the walls and periodic
boundary conditions are used in the streamwise direction
(x) and the spanwise direction (z). Neumann boundary
conditions are used for pressure at the walls.

3.2. Numerical method

The numerical solver is based on the fractional step
method (Chorin, 1968). Second-order central differencing
in space is used for all terms. An implicit, two-step time-
advancement method is employed for the pressure—velocity
coupling. The discrete form of Eq. (3) can be written as

=n+1/2
W™ =y A (a1 ) - Lone®?
0 Ox;
1 op”
——(1 —a)At 5
P )

Table 2
Turbulent viscosities and turbulent length scales in the URANS and LES
regions

URANS region LES region
¢ 2.5n[1 — exp(—0.2k"?n/v)] (=4=0N"
vr 2.5k"20[1 — exp(—0.014k"?n/v)] 0.07k}2¢
C, 1.0 1.07

n denotes the distance to the nearest wall.
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where H (! ,a?“/ 2) includes the driving pressure gradient,
the convection term, and the viscous and the turbulent
stresses, and o« = 0.5 (the Crank—Nicholson scheme). Eq.
(5) gives i:,'-'H/ ?, which does not satisfy continuity. An inter-
mediate velocity field is computed by subtracting the impli-
cit part of the pressure gradient, i.e.

n-+1/2

i ntl)2 1 op

u. =u —+ ;OCAt axi (6)

1

Now #'"/% and p/""/* in Eq. (6) are replaced by the velocity

and pressure field at level (n + 1), i.e. '™ and p/*'. Taking
the divergence of Eq. (6) and setting the requirement that
the face velocities, ﬁ;’}l (which are obtained by linear inter-
polation), satisfy the continuity equation, the following
Poisson equation for pressure is obtained

GanHZL@ﬁzf (7)
@x,-@x,- Ato @xi

The Poisson equation is solved with an efficient multigrid
method (Emvin, 1997). The sequence of solving Egs. (5)-
(7) is repeated each time step until the momentum and con-
tinuity equations are satisfied. For greater detail, see
Davidson and Peng (2003).

4. Direct numerical simulations

In the present paper the fluctuations for the forcing
described above are obtained from synthesized turbulence.
For comparison the fluctuations are also taken from a
DNS as in Davidson and Dahlstrém (2005b). To generate
the fluctuations a DNS was made of channel flow at
Re, =500. The finite volume method presented above
was used. The extent of the computational domain was
21 x2x0.57 (x,y,z). Two DNS simulations were carried
out, one with 64 x 64 x 64 cells and one with 96 x 96 x 96
cells. The first near-wall computational node was located
at y© = 0.3 for both meshes and the geometric stretching

20

(@

in the y-direction was 17% for the 64° mesh and 8% for
the 96> mesh.

The streamwise velocity profile and the resolved RMS
fluctuations are compared in Fig. 5 with the DNS in Moser
et al. (1999) at Re, = 595. As can be seen, the agreement is
good.

Using inner scaling (u, and v) the turbulence structure in
the inner logarithmic region is only weakly dependent on
Reynolds number. It is thus believed that these data can
be used for forcing at the interface for a wide range of
boundary layers and that they possess realistic structural
information. One aspect of this is shown in Fig. 6a, which
shows scatter plots for quadrant analysis of the «’' and v’
fluctuations at y* = 60. As expected, quadrant 2 (negative
u’' and positive v') and quadrant 4 (positive u’ and negative
v") dominate. This is also the case for the synthesized non-
isotropic fluctuations, see Fig. 6b. The events correspond-
ing to these two quadrants contribute to a negative (u'v’)
correlation.

5. Hybrid LES-RANS
5.1. The equation for turbulent kinetic energy

A one-equation model is employed in both the URANS
region and the LES region, which reads

akT a _ a akT ki./z
2 g = = P _
& o, k) = 5 {(”"T) ax,] P mCmm g
Pr = =18y, t; = —2v1Sy;

In the inner region (¥ < y,,;) kt corresponds to the RANS
turbulent kinetic energy, k; in the outer region (y > y,,) it
corresponds to the subgrid-scale kinetic turbulent energy
(ksgs). No special treatment is used in the equations at the
matching plane except that the form of the turbulent vis-
cosity and the turbulent length scale are different in the
two regions, see Table 2. At the walls, kt = 0.

0 0.2 0.4 0.6 0.8 1
(b) y/é

Fig. 5. Streamwise (#) profiles and resolved RMS fluctuations. Thick lines: present 96> DNS; thin lines: present 64° DNS; markers: DNS Moser et al.

(1999). (a) Velocity profile and (b) RMS fluctuations.
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Fig. 6. Scatter plot of u’ and v’ fluctuations at y* = 60. (a) Present 96> DNS. (b) Synthesized non-isotropic turbulence.

5.2. Forcing conditions

This section describes how forcing conditions are imple-
mented and how the synthesized fluctuations and DNS
fluctuations are mapped to the CFD domain.

Using standard LES-RANS for a fully developed chan-
nel flow, the ratio of the centerline velocity to the friction
velocity, U./u., is too large, which indicates that the turbu-
lent diffusion is too small. To increase the turbulent
resolved diffusion, forcing fluctuations are added to trigger
the equations to resolve large-scale turbulence. If the mesh
is very coarse, as is usually the case in hybrid LES-RANS,
the turbulence that the momentum equations describe will
not correspond to real turbulence, but this will at least
increase the resolved turbulent diffusion in the wall-normal
direction, which is the chief objective. Ratio U./u, will thus
be decreased by the increased turbulence diffusion gener-
ated by the forcing term. If the mean of this forcing term
is non-zero, it should, in order to increase the wall shear
stress, be positive. Since the forcing term will be added in
a finite volume context, we integrate the term in the stream-
wise momentum equation over the control volume and
obtain

aulfv} ’o
_/V W v = Ff+'/2An - j*1/2An = _(ufvf)j+l/2 -0

u v AV
:_u/U/An:_ S (9)
1r Ay
Fip= —u}v’. and F;_;/, = 0 denote the forcing fluxes at

face j+ 1/2 and j — 1/2, respectively. AV, 4, and Ay denote
the volume, the face area and the length of the wall-normal
cell side of the control volume, respectively, see Fig. 7. v/
and v} (index f'is either DNS or ) denote the forcing fluc-
tuating velocity components in the x and y directions,
respectively. When the forcing fluctuations are taken from
a DNS or from synthesized non-isotropic fluctuations, the
correlation between ), and v, will be negative and hence
the right-hand side of Eq. (9) will be positive, as required.
More important, the added fluctuations also give rise to an

Jj+1/2
vy
Ml/ Control volume j
LES region <_/
Interface
( j—1/2

URANS region 4,

Fig. 7. Added fluctuations, u}, v, w}, in a control volume (j = j,, + 1) in
the LES region adjacent to the interface. The fluctuations are either
synthesized (subscript f=S) or taken from channel DNS (subscript
f=DNS).

additional production term in the equation for resolved,
turbulent kinetic energy, see Eq. (20) and Table 3.

The right-hand side of Eq. (9) can be regarded as a flux
term by which «/ fluctuations are advected by v;.. Hence the
sources for the three momentum equations are taken as

Sy = —pputid,, Sy = —ypvitiA,,

A
Sy = —ypwiv,A, (10)
Table 3
Presentation of test cases
FOI'CiIlg MDNS MS Uy sy Pk,/
None - - 1 -
DNS 0.5 - 1.15 160
DNS 0.25 - 1.15 170
Isotropic - 1 1 150
Isotropic - 0.25 1 190
Non-isotropic - 1 1.18 160
Non-isotropic - 0.25 1.18 230
White noise (y = 1.4) 0.25 - 1 420

Type of forcing used; values of Mg and Mpns used for mapping (see Eqgs.
(14) and (15)); the predicted friction velocity (t,, = uf.w,); the additional
production, Py, (see Eq. (20)), due to the added fluctuations.
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where

1
Y= c}’kT(x7yml7Z)/kf7 kf ) (u?,rms + DZ',rms + Wz’,rms)

2
(1)

For DNS fluctuations the ¢, coefficient was in Davidson
and Dahlstrém (2005b) optimized to ¢, = 0.4 and this value
was used in all simulations in the present work. It should be
noted that using a value of ¢, = 1 in connection with isotro-
pic synthetic fluctuations has a negligible influence on the
results compared to ¢, =0.4. A change in ¢, changes the
amplitude of the forcing fluctuations, but for isotropic fluc-
tuations it does not affect the injected momentum parallel
to the wall (it is zero).

In fully developed channel flow with streamwise periodic
boundary conditions, as in the present work, global
momentum balance requires that the driving pressure gra-
dient is equal to the sum of the two wall shear stresses.
When a forcing term is added to the streamwise momen-
tum equation, the global momentum balance is modified
and reads (Eq. (3) integrated from (0,0, 0) to (Xmax, 20, Zmax)
and in time)

i
25xmaxzmax - 2V<ufvf>xmaxzmax = 2‘L'meaxzmax

(yudyvly) (12)
For DNS and non-isotropic fluctuations, —(u;v;) > 0 and

hence t,, = puiw > 1 (see Table 3). For isotropic fluctua-
tions, —(uv};) = 0 and hence the source Sy = 0.

=17,=1-—

5.3. Mapping of forcing fluctuations to the CFD domain

Synthesized turbulence is generated as a single realiza-
tion in a large two-dimensional -{ plane that extends z,,x
(32 cells of size Az) in the z-direction and 5000Ax (50000
cells of size 0.1Ax) in the x-direction. To map the synthe-
sized turbulence at each time step to the computational
domain, it is assumed that the ¢-{ plane is convected at a
constant speed, Vg, in the x-direction, see Fig. 8. Vg is
taken as the time-averaged velocity at the location of the
matching plane, i.e. Vg = <ﬁ>ym1. In this way the u; fluctua-
tion, for example, is mapped from the - plane to the x—z
CFD plane as

Us(X, Yy, 2, 1) = us(E,2), &=Vt + Xpmax — X (13)

_____________________ 0———————————————————-—;T—>

i ¢ 14
Cell 4, jpy + 1
o
T
Y= Ymu
—
T Matching plane

Fig. 8. Mapping of synthesized fluctuations from the ¢ plane (dashed
line) to the computational x—z plane at y = y,,;, see Eq. (14). Ax = 10A¢.
The &-{ plane is moving to the right at speed Vs = (i;,,1).

The mapping is similar to Taylor’s hypothesis. In discrete
form for cell 7 it reads

é[ = IOMs(Vst+Xmax—X1)/AX (14)

(factor 10 appears because Ax/A¢ = 10). Different values of
Mg have been used, see Table 3. A low Mg value gives an
increased streamwise turbulent length scale. Note that it is
important that Vg is constant (i.e. time independent) in Eq.
(14), so that the length scales in the {-{ domain are prop-
erly translated to length and time scales in the CFD do-
main; constant Vg was found to be less important in Eq.
(15).

The DNS fluctuations are generated as a time series at
x =0 along the z-direction from the present 64° simula-
tions. The Taylor hypothesis is used to map DNS fluctua-
tions from the time domain (7) to the matching plane at
each instant (Davidson and Dahlstrom, 2005b). For the
streamwise fluctuation, for example, we get

u,DNS(x’yml’27 t) = u,DNS(x = O7yml7za ‘C)v
T:MDNs(t—X/Vs) (15)
Vs = <’j{yml>'

For greater detail, see Davidson and Dahlstrém (2005b).
6. Results
6.1. The mesh

A coarse mesh was purposely chosen. The mesh has 32
cells in both the streamwise (x) and the spanwise (z) direc-
tion. The size of the computational domain is x,x = 47,
Ymax = 2 (geometric stretching of 17%) and z,,,x = 2n. This
gives a Ax" and Az" of approximately 785 and 393, respec-
tively. In outer scaling, it gives Ax/6 = 0.4 and Az/5 =0.2.
The location of the matching plane is at y = 0.031 (lower
wall), which corresponds to y© = 62 and 11 cells (=j,,; — 1)
in the URANS region at each wall. Care has been taken to
ensure that all results presented are independent of the size
of the computational domain. It should be mentioned that
on this mesh a pure LES is not able to sustain any resolved
turbulence at all, but a steady solution is obtained.

6.2. The influence of forcing conditions

Fully developed channel flow at Re, = u.6/v = 2000 (&
denotes the channel half width) is used as a test case to
evaluate the effect of different forcing conditions. This flow
may seem to be an easy test case, but it is not. In attempts
to improve the performance of LES in wall-bounded flows,
the Achilles’ heel is the near-wall flow region. The bulk
velocity in fully developed channel flow with periodic
boundary conditions (see Eq. (3)) is entirely determined
by the wall shear stress; consequently the flow is extremely
sensitive to the turbulence in the near-wall region.

The streamwise velocity profiles obtained with and with-
out forcing are compared in Fig. 9 with the present DNS
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Fig. 9. Streamwise velocities. (i) profiles. O: 2.5In(y") + 5.2. (a) Solid lines: isotropic forcing, M= 0.25; dash-dotted lines: isotropic forcing, Ms = 1;
dashed lines: no forcing; +: present 96 DNS. (b) DNS forcing. Solid line: Mpns = 0.25; dashed line: Mpns = 0.5.

and the log-law. It can be seen that the centerline velocity is
strongly over-predicted when no forcing is used, whereas
forcing with Mg = Mpns = 0.25 gives excellent agreement
with the log-law. The reason for the overly large velocities
without forcing is that the resolved shear is too small. It
can be seen in Fig. 10a that it is the resolved shear stress
that increases when forcing is introduced, indicating that
the resolved shear stress without forcing is too small. This
was also observed by Piomelli et al. (2003): when forcing is
introduced, the resolved shear stress increases, which
reduces the bulk and centerline velocity.

The main argument for introducing forcing conditions is
that the LES region adjacent to the interface plane is sup-
plied with poor boundary conditions from the URANS
region. Although the flow coming from the URANS region
is indeed unsteady (it is triggered by the LES region) it does
not have any properly resolved turbulent structures. The
length scales and time scales of the unsteadiness in the
URANS region are not able to trigger the equations in
the LES region into resolving turbulence. An example of
this can be seen in Fig. 11 where two-point correlations
of u'u’ are shown for hybrid LES-RANS with and without
forcing conditions and are compared with 96° DNS data.
Here we find that the streamwise two-point correlation

0 0.2 0.4 0.6 0.8

for hybrid LES-RANS without forcing conditions is very
large indeed. This is a good illustration of the lack of
proper turbulent structures in the URANS region (the
two-point correlation is almost constant in the entire
URANS region [not shown]). When forcing conditions
are added the streamwise two-point correlation is drasti-
cally reduced, although it does not reach the low values
of the DNS data. In Fig. 11a it can be seen that the mag-
nitude of the DNS streamwise integral length scale is
roughly equal to the grid spacing in the hybrid LES-RANS
simulations. Thus it is not reasonable to expect that the
hybrid LES-RANS would yield such a small streamwise
two-point correlation as the DNS.

Whereas the streamwise two-point correlation is
strongly affected when forcing is used, the two-point corre-
lation in the z-direction is hardly affected at all, see
Fig. 11b. The reason is that the spanwise correlation with-
out forcing is reasonable well predicted on the given grid
and cannot be further reduced (if it were the spanwise cor-
relation would be zero for { > Az).

The added fluctuations (DNS or synthesized) include
both large and small scales. It could be argued that only
the small turbulent scales, which are modelled in the
URANS region, need to be added to the momentum

Fig. 10. Shear stress and turbulent kinetic energy. Solid lines: no forcing; dashed lines: forcing with isotropic fluctuations with Mg = 0.25; O: present 96°
DNS. Thick lines: resolved; thin lines: modelled. (a) Shear stresses. t, denotes viscous stress. (b) Turbulent kinetic energy.
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Fig. 11. Two-point correlations at y = y,,,.. Solid lines: forcing with isotropic fluctuations with Mg = 0.25; dashed lines: no forcing; dash-dotted lines:
present 96° DNS. Markers indicate the grid resolution. (a) B(n) = (i (x)u/(x + 1)) /ul,. (b) B() = (/' (2)d (z + {)) /i,

equations in the LES region. We believe this is an incorrect
argument. As we have mentioned earlier, the object of the
forcing fluctuations is to trigger the equations to resolve
turbulence, i.e. to create resolved turbulence. The fluctua-
tions that are the most efficient for achieving this are the
large-scale fluctuations. This is clearly seen from the
streamwise two-point correlations of the added fluctua-
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Fig. 12. Streamwise two-point correlations B(17) = (/' (x)u/(x + 1)} /u2,, of
the added fluctuations. Solid lines: isotropic fluctuations using Ms=1;
dashed lines: isotropic fluctuations using Mg = 0.25; O: DNS fluctuations
using Mpns = 0.25; +: DNS fluctuations using Mpns = 0.5.

tions (Fig. 12), the velocity profiles (Fig. 9a) and the
resolved shear stresses (Figs. 10a and 13): a large stream-
wise correlation length (isotropic forcing, Mg = 0.25) gives
larger resolved shear stress, and thus smaller centerline
velocity, than a small streamwise correlation length (isotro-
pic forcing, Mg = 1). Note that compared to the grid size,
the streamwise scales of the added fluctuations are actually
not large (the grid spacing in the streamwise direction is
Ax = 4n/32 ~ 0.39).

It can be somewhat misleading to compare shear stresses
in fully developed channel flow since the total shear stress
must always balance the driving pressure gradient (the first
term on the right-hand side of Eq. (3)). In order to analyze
the role of the shear stress in more detail, let us average the
u momentum equation in the homogeneous directions (i.e.
x, z and time) and integrate the resulting one-dimensional
Reynolds equation from y =0 to y. We then get

-1 (16)

y

0=y, + (0 +m )

Ttot

where the terms represent the prescribed driving pressure
gradient, the resolved turbulent shear stress at y, the vis-
cous and modelled turbulent shear stress at y, and the wall
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Fig. 13. Shear stresses. Mg = 1. 7, denotes viscous shear stress. Solid lines: forcing with non-isotropic fluctuations; dashed lines: forcing with isotropic
fluctuations. Thick lines: resolved; thin lines: modelled. (a) Full view and (b) zoomed view.
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shear stress, respectively. We obtain the usual result, that
the total stress must behave as

Tt =1 —y (17)

irrespective of the turbulence model. Note that Egs. (16)
and (17) are not valid when DNS or non-isotropic fluctua-
tions are used, i.e. when (u,v};) # 0, see Eq. (12). This is dis-
cussed in the next section in connection to Eq. (18).

The momentum equations adapt to satisfy a linear var-
iation in .o (Eq. (17)) by increasing/decreasing the time-
averaged velocity gradient, whose effect is primarily to
increase/decrease the modelled shear stress via an
increased/decreased production of the modelled, turbulent
kinetic energy, kt (see Section 6.4). Fig. 10a shows that the
modelled shear stress for the non-forcing case is much lar-
ger than for the forcing case. The reason is that, in order to
satisfy Eq. (17), the velocity gradient is increased and
thereby also v, due to an increase in P, and kr, and the
increased turbulent viscosity increases the modelled shear
stress.

The relation between resolved and modelled turbulent
kinetic energy, see Fig. 10b, is similar to that between the
shear stresses. It can be seen that the total turbulent kinetic
energy (i.e. resolved plus modelled) is strongly over-pre-
dicted both with and without forcing. This has been
observed in many hybrid LES-RANS investigations
(Temmerman et al., 2002; Tucker and Davidson, 2004;
Davidson and Dahlstrém, 2005b) and is often referred to
as double counting. The issue of overly large kinetic energies
is discussed in Section 6.4.

6.3. Comparison of isotropic and non-isotropic forcing

In Fig. 14 the streamwise velocity and the turbulent
kinetic energy are presented for isotropic and non-isotropic
forcing conditions with Mg = 0.25. The velocity profile is
well predicted in both cases, and the total turbulent kinetic
energy is, as expected, greatly over-predicted. The resolved
turbulent kinetic energy predicted with non-isotropic forc-
ing agrees fairly well with the DNS data whereas it is over-

predicted with isotropic forcing. It should be noted that
this observation is entirely dependent on how the kinetic
energy is scaled. Here we have chosen to scale the stresses
with the wall shear stress, which is 39% larger with non-iso-
tropic fluctuation than with isotropic fluctuations, see
Table 3.

The individual, resolved RMS fluctuations are shown in
Fig. 15. As can be seen, forcing affects the resolved fluctu-
ating components differently. The largest effect is seen in
the spanwise fluctuations, which are strongly increased.

The resolved shear stress, —(u'v'), is larger with isotro-
pic forcing than with non-isotropic forcing (see Fig. 13),
and this is true regardless of whether we scale with u,,,
or u,. Fig. 13b shows a zoomed view of the shear stresses.
For non-isotropic forcing, the large jump in the modelled
shear stress at the location of the matching plane is clearly
seen. The jump corresponds to the time-averaged added
momentum force, (Sy) (see Eq. (10)). The global momen-
tum balance requires that 7, = uiw =1+ (Sy), see Eq.
(12), which is equal to 1.39, see Table 3. Note that in
Fig. 13 the jump is equal to 0.39/1.39 since all terms in
Fig. 13 are scaled with «? . Since the time-averaged sources
at the interface are not zero, i.e. (Sy) # 0, Egs. (16) and
(17) are not valid. Eq. (17) is modified so that

{1—y+<SU), VSV V22—V
Ttot =
1*% yml<y<27yml

Note that all terms in the equation above are scaled with
ul,, > 1.

The added momentum must be taken up by the wall
shear stress in order to satisfy global momentum balance.
As can be seen in Fig. 13b the modelled and viscous diffu-
sion transport the additional momentum from the interface
plane to the wall (at the interface, i.e. y =0.03, the ratio
between the modelled and physical viscosity is vr/v = 20
and the ratio decreases towards the wall; at y = 0.005 the
ratio is approximately one).

The turbulent viscosity is shown in Fig. 16. As can be
seen, nothing drastic happens at the matching plane. With
forcing the peak in time-averaged turbulent viscosity is

(18)

Fig. 14. Streamwise velocities and turbulent kinetic energy. Mg = 0.25. Solid lines: forcing with non-isotropic fluctuations; dashed lines: forcing with
isotropic fluctuations. DNS data from present 96> DNS. (a) (@) profiles. O: 2.5In(y*) + 5.2; dash-dotted line: DNS. (b) Turbulent kinetic energy. Thick

lines: resolved; thin lines: modelled; O: kpys.
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Fig. 16. Turbulent viscosity. Solid line: non-isotropic forcing; dashed line:
isotropic forcing; dash-dotted line: no forcing.

located in the LES region, rather close to the matching
plane (y/6 = 0.05 for both isotropic and non-isotropic forc-
ing), and with no forcing it is located further out from the
wall (y/6 =0.114). Tt may seem somewhat surprising that
the maximum turbulent viscosity is located in the LES
region rather than in the URANS region, but the reason
is that the grid is very coarse making the filter width, 4,
large.

The fact that the velocity profiles are well predicted
(Fig. 14a) both with isotropic fluctuations ((Sy) = 0) and
with non-isotropic fluctuations ({Sy) > 0) illustrates that
it is not the time-averaged momentum source that is impor-
tant; it is the dynamic properties of the momentum sources
that are crucial. If a constant momentum source is added at
the interface plane, the predicted velocity profile does not
improve (i.e. it is the same as for no forcing); all that hap-
pens is that the wall shear stress is increased by the same
magnitude. If the synthetic fluctuations are replaced by
white noise, the same results are obtained as with no
forcing.

One may reasonably ask why white noise does not work
in the present work whereas in Piomelli et al. (2003) sto-
chastic forcing (white noise) was used and substantial

improvement was achieved (i.e. increased resolved shear
stress and reduced centerline velocity). In the present work
the white-noise fluctuations were generated in the same
way as the DNS fluctuations in Section 5.3 (5000 instants
of fluctuations along a line in the z-direction at x =0).
With ¢, = 0.4, see Eq. (11), no improvement was obtained
compared to no forcing. ¢, was increased to 0.8 but for this
value the simulations diverged due to too strong forcing.
Next, the scaling with local modelled turbulent kinetic
energy was omitted using y =¢,. No improvement was
obtained with ¢, = 1, but with ¢, = 1.4 the white-noise fluc-
tuations manage to trigger the resolved turbulence, see
Fig. 17a.

The white-noise fluctuations are generated with the same
time interval as the DNS fluctuations. To obtain the fluctu-
ations in the whole interface x—z plane, Eq. (15) is used
(Taylor’s hypothesis) with M = 0.25. It should be noted
that since the forcing is white noise, both the autocorrela-
tion and the two-point correlations are zero, i.e.
B(t>0)=0 and B({;> 0) = 0. However, since the white-
noise fluctuations for x>0 are taken from Taylor’s
hypothesis, the two-point space-time correlation

B(n, ) = (u (x, 00 (x + 1,1+ 7)) g (19)

is non-zero, and is equal to one where x = Vit (Vg denotes
the advection speed at the interface, see Eq. (15)). In
Fig. 17b it can be seen that this condition is satisfied at
(n/Ax,t/Ar) = (1,5), (2,11) and (3,17). Further evaluation
of white-noise forcing is out of the scope of the present
work.

As reported in Davidson and Dahlstrém (2005b) the
additional production introduced by the added fluctuations
in the present method is large. The production of resolved
turbulent kinetic energy directly related to the added fluc-
tuation reads (cf. Eq. (9))

oul .l .
Py = —0.5( yu—L2L
k.f <'))l/l, ay
!

which in discrete form gives —0.5(yu/u/ Uy ) /Ay, where Ay
denotes the grid spacing at the interface. The additional

(20)
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Fig. 17. Velocity profile and two-point space-time correlations. Forcing with white noise. y = ¢, = 1.4, see Eq. (11). (a) Velocity profile. (b) Two-point
space-time correlation. Solid line: 7 = Ax; dashed line: # = 2Ax; dash-dotted line: 1 = 3Ax.

production, Py s, is actually locally more than one order of
magnitude larger than the usual production, P, ~ 18, see
Fig. 18 and Table 3. The predicted velocity profiles, and
consequently also the resolved shear stresses, using isotro-
pic forcing and non-isotropic forcing (Fig. 14a), DNS forc-
ing (Fig. 9b) and white-noise forcing (Fig. 17a), all with
Mpns = Mg=0.25, are very similar. In Table 3 it can be
seen that the additional production term is much larger
when using white-noise forcing, indicating that white-noise
forcing is inefficient compared to synthetic and DNS fluc-
tuations in triggering resolved turbulence, which was to
be expected.

The effect of different integral length scales of the forcing
fluctuations is illustrated by the velocity profiles in Fig. 9.
The streamwise integral length scale is enhanced by a factor
of four by setting Ms=0.25 and by a factor of two by
reducing Mpns from 0.5 to Mpns = 0.25. The two-point
correlations of the forcing fluctuations are presented in
Fig. 12 and the integral length scales are compiled in Table
4. (The reason why &, increases only from 0.49 (Mg=1)
to 1.50 (M5 = 0.25) for the isotropic fluctuations is because
of the coarse mesh, which yields inaccurate integration.) It
is reasonable to artificially enhance the streamwise length
scale of the forcing fluctuations considering that the

251
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Fig. 18. Resolved production P, = —(u'v')0(i) /0y. Isotropic forcing with
Mg = 0.25.

Table 4

Integral length scales of forcing fluctuations

Forcing Mpns Mg Ly Z;
Isotropic - 1 0.49 0.26
Isotropic - 0.25 1.50 0.26
Non-isotropic - 1 0.42 0.20
Non-isotropic - 0.25 1.61 0.20
DNS 0.5 - 0.60 0.068
DNS 0.25 - 1.06 0.08

&, and ¥, denote longitudinal and transversal integral length scales
computed from the DNS or synthesized fluctuations.

streamwise resolution in the simulations is similar to the
original streamwise integral length scale (Ax ~0.39 and
L. ~0.5(Mg=1)). It does not make sense to add fluctu-
ations (DNS or synthetic) whose integral length scales are
similar to the grid resolution. The same argument can
indeed be made for the spanwise direction, for which the
situation is similar: the integral length scale is ¥, ~ 0.2
and the resolution is Az ~ 0.2. No tests have been carried
out with enhanced spanwise length scales.

Note that ¥, and .Z, are both evaluated using #’ and do
thus correspond to longitudinal and transversal integral
lengthscale, respectively (they are denoted by A, and A,,
respectively, in Hinze (1975)). For isotropic fluctuations
the relation is ¥, = 2.%.. As can be seen from Table 4, this
is fairly well satisfied. It can be noted that for the non-iso-
tropic fluctuations the ratio between the streamwise and
spanwise integral length scale is even larger. This is
expected since the length scales of the synthesized non-iso-
tropic fluctuations are re-scaled (see Section 2.2).

6.4. Overly large turbulent kinetic energy

Hybrid LES-RANS predicts too high a total (resolved
plus modeled) turbulent kinetic energy, which often is
referred to as double counting, implying that the turbulence
is accounted for twice (i.e by modeled and resolved turbu-
lence). Indeed, it can be seen in Figs. 10b and 14b that the
total turbulent kinetic energy is over-predicted. Fig. 19b
presents the ratio of resolved shear stress and resolved
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Fig. 19. Velocity profiles and ratio of resolved shear stress and turbulent kinetic energy. Hybrid LES-RANS at Re, = 2000 and DNS at Re, = 500. Solid
line: isotropic forcing, Mg = 0.25; dashed line: no forcing; O: present 96> DNS with Az" = 12; +: present 96> DNS with Az" = 49.

turbulent kinetic energy. The DNS data with appropriate
spanwise grid spacing (Az" = 12) exhibit the correct value
of approximately 0.3. Hybrid LES-RANS exhibits much
too small (—u'v')/(k) as well as too large centerline velocity
(see Fig. 19a), however, as does the DNS with coarse span-
wise grid spacing (Az" = 49). The reason is that the mesh is
too coarse to allow the hybrid LES-RANS and the coarse
DNS to correctly predict the near-wall turbulence, and
hence the correlation between the streamwise and wall-nor-
mal fluctuations (i.e. the shear stress) becomes too weak.
Thus the equations must generate too large resolved turbu-
lent kinetic energy to achieve the correct shear stress profile
required by Eq. (17). In hybrid LES-RANS we cannot
avoid this problem. We do want to use coarse grids. Unfor-
tunately, they do not allow proper resolution of resolved
turbulence. The result is too weak correlation between u’
and v’ and hence too large k.

In fully developed channel flow, neither the modeled nor
the resolved turbulent kinetic energy enters the time-aver-
aged momentum equations. The time-averaged momentum
equations only feel the resolved shear stress and the turbu-
lent viscosity, and this is why the overly large total kinetic

el

energy does not give any adverse effect on the mean flow.
In separated flows where all resolved stresses actively enter
the time-averaged momentum equations, too large a pre-
dicted turbulent kinetic energy may have a negative impact
on the quality of the predictions. In flows where the total
shear stress is not dictated by the boundary conditions
(i.e. Eq. (17)), an alternative scenario is that the total shear
stress would be under-predicted and that the total turbu-
lent kinetic energy equations would be well predicted.

It is, as always, instructive to look at the flow of turbu-
lent kinetic energy, see Fig. 20. In the equation for resolved
kinetic energy, (k), the modelled turbulent kinetic energy,
kT, enters the modelled dissipation term, which extracts
energy from (k). This takes place through the term
er =~ 2(vrs) ;). This offers an alternative way of explaining
the high level of &k, namely that large values of kt are nec-
essary to make the modelled dissipation, er, sufficiently
large to reduce (k) to proper levels.

The production term in the k1 equation in RANS is the
usual 2v1S;S;;. Another fact which contributes to give large
kr is that LES and URANS have a second production term
2(vrs, js;j), which produces k1 by means of the resolved fluc-
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Fig. 20. Transfer of kinetic turbulent energy. The time-averaged velocity is denoted by U =
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(w). K =1U;U; and (k) = 1 () denote time-averaged kinetic

and resolved turbulent kinetic energy, respectively. AT denotes increase in internal energy, i.e. dissipation.
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tuations. This indicates that eddy-viscosity models devel-
oped and calibrated for steady RANS should perhaps be
re-calibrated when used in URANS, where a significant
part of the turbulence is resolved.

Fig. 20 is also useful in illustrating the main difference
between LES and URANS. In (well-resolved) LES the
main role of the turbulent viscosity, vt = Vg, 1s to dissipate
resolved fluctuations. The contribution of vy, to the turbu-
lent diffusion of momentum is negligible. In URANS, how-
ever, the role of the turbulent viscosity, vy = v, is twofold:
to dissipate resolved turbulent fluctuations and to give a
non-negligible contribution to the turbulent diffusion of
momentum. In the first role, v, is in opposition to the
resolved fluctuations (the larger the v, the more it will
reduce the resolved fluctuations) whereas, in its second
role, it cooperates with the resolved fluctuations in trans-
porting momentum.

7. Conclusions

Hybrid LES-RANS predictions of channel flow have
been presented. It is argued that the main reason why stan-
dard LES-RANS performs rather poorly is that the LES
region at the interface is supplied with poor incorrect turbu-
lent structures from the URANS region. As a result the
resolved turbulent shear stress in the LES region becomes
too small. To improve the performance of the model, turbu-
lent fluctuations are added at the interface. They are added
as fluctuating momentum sources. The object of the added
fluctuations is to trigger to equations to resolve turbulence.
The turbulent fluctuations are generated by assuming that
they obey a modified von Karman spectrum. The results
obtained are considerably improved. In agreement with
the findings of Piomelli et al. (2003), forcing increases the
resolved shear stress, thereby reducing the centerline and
bulk velocity. It is found that good results are obtained
by increasing the streamwise turbulent length scale of the
added turbulent fluctuations by a factor of four. The
increased turbulent length scale could have been achieved
by filtering out the small-scale turbulence of the forcing
fluctuations before adding them to the momentum equa-
tions. When using synthesized fluctuations, this could con-
veniently be achieved simply by truncating the spectrum, i.e.
making Kkn.x smaller, see Section 2.1. However, this
approach would increase the turbulent length scale in both
streamwise and spanwise direction, whereas in the present
approach only the streamwise length scale was increased.
It should be mentioned that in Davidson and Billson
(2004) a similar approach was used. Instead of truncating
the spectrum, the spectrum was extended towards smaller
wavenumbers by decreasing x, (i.e. by increasing the turbu-
lent length scale, L, used as input). The results were
improved, but not as much as when increasing only the
streamwise lengthscale as in the present study.

It is also found that white-noise fluctuations can be used
as forcing if streamwise space-time correlations are intro-
duced via Taylor’s hypothesis. However, white-noise fluc-

tuations are found to be less efficient in triggering the
equations than DNS or synthetic fluctuations.

Forcing using four different types of fluctuations has
been used in the present study: DNS fluctuations, isotropic
and non-isotropic synthetic fluctuations, and white noise.
The conclusion is that isotropic fluctuations offer the best
solution. They require less input parameters than non-iso-
tropic fluctuations, they do not add any momentum in the
streamwise direction, and they were found to give at least
as accurate results as non-isotropic fluctuations. In the
present work the input used (L and u,,s) when generating
the isotropic fluctuations were taken from DNS. In gen-
eral, this input data can be estimated from characteristic
turbulent velocity and length scales for a given turbulent
boundary layer.

The present work has shown the advantage of adding
forcing fluctuations. The disadvantage is that the present
method is difficult to generalize in many industrial flows.
On the other hand, forcing is probably not needed for sep-
aration regions but only for attached boundary layers. Still,
a more general way to introduce the forcing is needed. Per-
haps fluctuating momentum sources can be added in the
entire URANS region as in Batten et al. (2004), Piomelli
et al. (2003). As mentioned above, isotropic fluctuations
are then probably a better choice that white noise. Another
problem in hybrid LES-RANS is how to define the location
of the matching plane. In Davidson and Dahlstrom
(2005a,b) the flow in a plane asymmetric diffuser and the
around a three-dimensional symmetric hill were simulated,
and in those simulations the location of the matching plane
was defined by the instantaneous streamline.
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