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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 homogeneous turbulence assuming a modiﬁed von Kármán 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 classical 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 dominated 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 Ferziger, 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-parallel 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 ejections (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 production. 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 computational resource requirement of accurate LES is prohibitively 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 eddyviscosity 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 wallparallel planes can be used. The grid resolution in this
region is presumably dictated by the requirement of resolving 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 viscosity 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; Kenjereš and Hanjalić,
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 preselected 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-equation 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 matching plane were investigated in Tucker (2003). A one-equation model was used in both regions in Temmerman et al.
(2005), and the cl 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–e turbulence model, later also used by Kenjereš and Hanjalić (2005), in which the ce2 is made into a

Fig. 1. The LES and URANS region.
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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 ce1 = ce2 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 turbulence supplied by the URANS region to the LES region has
no reasonable turbulent characteristics and is not appropriate 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 Dahlström, 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 ﬁltering out any resolved ﬂuctuations at the interface. In Piomelli 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 turbulence assuming a modiﬁed von Kármán 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 trigger 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 ksgs equation and an algebraic length scale.
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For comparison, ﬂuctuations are also taken from a separate DNS simulation, an approach recently described in
Davidson and Dahlström (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 (forcing) 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 generating synthetic ﬂuctuations is ﬁrst presented, after which the
equations and the numerical method are given. In the section 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 ﬂuctuations are then described. The results are reported and discussed, 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
u0i ðxj Þ ¼ 2

N
X



^
un cos jnj xj þ wn rni

ð1Þ

n¼1

where ^
un , wn and rni 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 un, an and hn
(see Figs. 2 and 3) and random phase wn. The probability distributions are given in Table 1.
(2) Deﬁne the highest wave number based on mesh resolution jmax = 2p/(2D), where D is the smallest grid
spacing at the x–z interface plane.

Fig. 2. The probability of a randomly selected direction of a wave in
wave-space is the same for all dAi on the shell of a sphere.

Fig. 3. The wave number vector, jni , and the velocity unit vector, rni , are
orthogonal (in physical space) for each wave number n. The unit vector,
rni , is deﬁned such that rni jni ¼ 0 (superscript n denotes Fourier mode n).
Furthermore, rn3 is parallel to jni (i.e. rn3 ¼ nn3 ). The direction of rni in the
nn1 –nn2 plane is randomly chosen through an.

Table 1
Probability distributions of the random variables
p(un) = 1/(2p)
p(wn) = 1/(2p)
p(hn) = 1/2 sin(h)
p(an) = 1/(2p)

0 6 un 6 2p
0 6 wn 6 2p
0 6 hn 6 p
0 6 an 6 2p

(3) Deﬁne the smallest wave number from j1 = je/p
where je = a9p/(55Lt), a = 1.453, see Fig. 4. Factor
p should be larger than one to make the largest scales
larger than those corresponding to je, and in the
present work p = 2.
(4) Divide the wave number space jmax  j1 into
N = 150 modes, equally large, of size Dj.
(5) Compute the randomized components of jnj according to Fig. 2.
(6) Continuity requires that the unit vector, rni , and jnj
are orthogonal. rn3 is arbitrarily chosen to be parallel
to jni (see Fig. 3), and an and the requirement of
orthogonality give the remaining two components.
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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
Fig. 4. Modiﬁed von Kármán spectrum.

(7) A modiﬁed von Kármán spectrum is chosen, see Eq.
(2) and Fig. 4. The amplitude ^
un of each mode in Eq.
n
(1) is then obtained from ^
u ¼ ðEðjjnj jÞDjÞ1=2 .
n
n
n
n
(8) Having ^
u , jj , ri and w , allows computation of the
expression in Eq. (1).
EðjÞ ¼ a

2
u2rms
ðj=je Þ4
e½2ðj=jg Þ 
je ½1 þ ðj=je Þ2 17=6

j ¼ ðji ji Þ

1=2

;

jg ¼ e

ð2Þ

1=4 3=4

m

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 summarized 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 coordinate system, are computed.
(3) The method described in the previous section is used
to generate isotropic turbulent ﬂuctuations, uH0
i;S , in
the principal coordinate system (denoted by superscript w). The generated isotropic ﬂuctuations are
2
2
H0
re-scaled so that hðuH0
i;S Þ i ¼ hðui;DNS Þ i. Note that,
H0 2
H0 2
although hðui;S Þ i 6¼ hðuj;S Þ i ði 6¼ jÞ, 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 principal direction of the largest ﬂuctuations and vice
versa.
(5) The synthesized ﬂuctuations are transformed back to
the original coordinate system. In this coordinate system the Reynolds stresses of the synthesized ﬂuctuations are equal to the supplied DNS Reynolds stress
tensor (see item 1 above). This means in particular




oui
o 
1 op
o
oui
ui uj ¼ d1i 
þ
þ
ðm þ mT Þ
q oxi oxj
ot oxj
oxj
oui
¼0
oxi

ð3Þ
ð4Þ

where mT = mt (mt denotes the turbulent RANS viscosity) for
y 6 yml (see Fig. 1) and, for y > yml, mT = msgs. The turbulent
viscosity, mT, is computed from an algebraic turbulent
length scale (see Table 2) and kT; 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 gradient. The Reynolds number is deﬁned as Res = usd/m,
where d denotes channel half width and us denotes friction
velocity related to the driving pressure gradient. The o
p=oxi
corresponds to the ﬂuctuating pressure gradient term
whose mean is zero. All quantities in Eqs. (3) and (4) have
been scaled with us and d, and q = us = d = 1 and m = 1/
Res.
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 timeadvancement method is employed for the pressure–velocity
coupling. The discrete form of Eq. (3) can be written as

 1
opnþ1=2
uinþ1=2 ¼ uni þ DtH uni ; uinþ1=2  aDt
q
oxi
1
opn
 ð1  aÞDt
q
oxi

ð5Þ

Table 2
Turbulent viscosities and turbulent length scales in the URANS and LES
regions
URANS region
‘
mT
Ce

LES region
1/2

2.5n[1  exp(0.2k n/m)]
2.5k1/2n[1  exp(0.014k1/2n/m)]
1.0

n denotes the distance to the nearest wall.

‘ = D = (dV)1/3
1=2
0:07k sgs
‘
1.07

1032

L. Davidson, M. Billson / Int. J. Heat and Fluid Flow 27 (2006) 1028–1042
nþ1=2

where H ð
uni ; 
ui
Þ includes the driving pressure gradient,
the convection term, and the viscous and the turbulent
stresses, and a = 0.5 (the Crank–Nicholson scheme). Eq.
nþ1=2
(5) gives 
ui
, which does not satisfy continuity. An intermediate velocity ﬁeld is computed by subtracting the implicit part of the pressure gradient, i.e.
1
o
pnþ1=2
nþ1=2
ui ¼ 
ui
þ aDt
q
oxi
nþ1=2

ð6Þ

nþ1=2

and 
pi
in Eq. (6) are replaced by the velocity
Now 
ui
and pressure ﬁeld at level (n + 1), i.e. 
uinþ1 and 
pinþ1 . Taking
the divergence of Eq. (6) and setting the requirement that
nþ1
the face velocities, 
ui;f
(which are obtained by linear interpolation), satisfy the continuity equation, the following
Poisson equation for pressure is obtained
ui;f
o2 pnþ1
q o
¼
oxi oxi Dta oxi

ð7Þ

The Poisson equation is solved with an eﬃcient multigrid
method (Emvin, 1997). The sequence of solving Eqs. (5)–
(7) is repeated each time step until the momentum and continuity 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 Dahlström (2005b). To generate
the ﬂuctuations a DNS was made of channel ﬂow at
Res = 500. The ﬁnite volume method presented above
was used. The extent of the computational domain was
2p · 2 · 0.5p (x, y, z). Two DNS simulations were carried
out, one with 64 · 64 · 64 cells and one with 96 · 96 · 96
cells. The ﬁrst near-wall computational node was located
at y+ = 0.3 for both meshes and the geometric stretching

in the y-direction was 17% for the 643 mesh and 8% for
the 963 mesh.
The streamwise velocity proﬁle and the resolved RMS
ﬂuctuations are compared in Fig. 5 with the DNS in Moser
et al. (1999) at Res = 595. As can be seen, the agreement is
good.
Using inner scaling (us and m) 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 u 0 and v 0
ﬂuctuations at y+ = 60. As expected, quadrant 2 (negative
u 0 and positive v 0 ) and quadrant 4 (positive u 0 and negative
v 0 ) dominate. This is also the case for the synthesized nonisotropic ﬂuctuations, see Fig. 6b. The events corresponding to these two quadrants contribute to a negative hu 0 v 0 i
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


3=2
ok T
o
o
ok T
k
þ
ðuj k T Þ ¼
ðm þ mT Þ
þ P kT  C e T
oxj
oxj
ot
oxj
‘
ð8Þ
P kT ¼ sijsij ;

sij ¼ 2mTsij

In the inner region (y 6 yml) kT corresponds to the RANS
turbulent kinetic energy, k; in the outer region (y > yml) 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 viscosity and the turbulent length scale are diﬀerent in the
two regions, see Table 2. At the walls, kT = 0.

Fig. 5. Streamwise h
ui proﬁles and resolved RMS ﬂuctuations. Thick lines: present 963 DNS; thin lines: present 643 DNS; markers: DNS Moser et al.
(1999). (a) Velocity proﬁle and (b) RMS ﬂuctuations.
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Fig. 6. Scatter plot of u 0 and v 0 ﬂuctuations at y+ = 60. (a) Present 963 DNS. (b) Synthesized non-isotropic turbulence.

5.2. Forcing conditions
This section describes how forcing conditions are implemented and how the synthesized ﬂuctuations and DNS
ﬂuctuations are mapped to the CFD domain.
Using standard LES-RANS for a fully developed channel ﬂow, the ratio of the centerline velocity to the friction
velocity, Uc/us, is too large, which indicates that the turbulent 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 Uc/us will thus
be decreased by the increased turbulence diﬀusion generated 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 streamwise momentum equation over the control volume and
obtain
Z
ou0f v0f

dV ¼ F jþ1=2 An  F j1=2 An ¼ ðu0f v0f Þjþ1=2  0
oy
V
u0f v0f DV
ð9Þ
¼ u0f v0f An ¼ 
Dy
F jþ1=2 ¼ u0f v0f and Fj1/2 = 0 denote the forcing ﬂuxes at
face j + 1/2 and j  1/2, respectively. DV, An and Dy denote
the volume, the face area and the length of the wall-normal
cell side of the control volume, respectively, see Fig. 7. u0f
and v0f (index f is either DNS or S) denote the forcing ﬂuctuating 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 u0f and v0f 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

Fig. 7. Added ﬂuctuations, u0f ; v0f ; w0f , in a control volume (j = jml + 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 u0f ﬂuctuations are advected by v0f . Hence the
sources for the three momentum equations are taken as
S U ¼ cqu0f v0f An ;

S V ¼ cqv0f v0f An ;

S W ¼ cqw0f v0f An

ð10Þ

Table 3
Presentation of test cases
Forcing

MDNS

MS

u*,w

Pk,f

None
DNS
DNS
Isotropic
Isotropic
Non-isotropic
Non-isotropic
White noise (c  1.4)

–
0.5
0.25
–
–
–
–
0.25

–
–
–
1
0.25
1
0.25
–

1
1.15
1.15
1
1
1.18
1.18
1

–
160
170
150
190
160
230
420

Type of forcing used; values of MS and MDNS used for mapping (see Eqs.
(14) and (15)); the predicted friction velocity ðsw ¼ u2;w Þ; the additional
production, Pk,f (see Eq. (20)), due to the added ﬂuctuations.
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where
c ¼ cc k T ðx; y ml ; zÞ=k f ;

kf ¼

1
2

u2f ;rms þ v2f ;rms þ w2f ;rms

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



nI ¼ 10M S ðV S t þ xmax  xI Þ=Dx
ð11Þ

For DNS ﬂuctuations the cc coeﬃcient was in Davidson
and Dahlström (2005b) optimized to cc = 0.4 and this value
was used in all simulations in the present work. It should be
noted that using a value of cc = 1 in connection with isotropic synthetic ﬂuctuations has a negligible inﬂuence on the
results compared to cc = 0.4. A change in cc changes the
amplitude of the forcing ﬂuctuations, but for isotropic ﬂuctuations 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 gradient is equal to the sum of the two wall shear stresses.
When a forcing term is added to the streamwise momentum equation, the global momentum balance is modiﬁed
and reads (Eq. (3) integrated from (0, 0, 0) to (xmax, 2d, zmax)
and in time)
2dxmax zmax  2chu0f v0f ixmax zmax ¼ 2sw xmax zmax
) sw ¼ 1  hcu0f v0f i

(factor 10 appears because Dx/Dn = 10). Diﬀerent values of
MS have been used, see Table 3. A low MS value gives an
increased streamwise turbulent length scale. Note that it is
important that VS is constant (i.e. time independent) in Eq.
(14), so that the length scales in the n–f domain are properly translated to length and time scales in the CFD domain; constant VS 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 643 simulations. The Taylor hypothesis is used to map DNS ﬂuctuations from the time domain (s) to the matching plane at
each instant (Davidson and Dahlström, 2005b). For the
streamwise ﬂuctuation, for example, we get
u0DNS ðx; y ml ; z; tÞ ¼ u0DNS ðx ¼ 0; y ml ; z; sÞ;
s ¼ M DNS ðt  x=V S Þ

ð15Þ

V S ¼ huy ml i.
For greater detail, see Davidson and Dahlström (2005b).

ð12Þ

For DNS and non-isotropic ﬂuctuations, hu0f v0f i > 0 and
hence sw ¼ qu2;w > 1 (see Table 3). For isotropic ﬂuctuations, hu0f v0f i ¼ 0 and hence the source SU = 0.
5.3. Mapping of forcing ﬂuctuations to the CFD domain
Synthesized turbulence is generated as a single realization in a large two-dimensional n–f plane that extends zmax
(32 cells of size Dz) in the z-direction and 5000Dx (50 000
cells of size 0.1Dx) in the x-direction. To map the synthesized turbulence at each time step to the computational
domain, it is assumed that the n–f plane is convected at a
constant speed, VS, in the x-direction, see Fig. 8. VS is
taken as the time-averaged velocity at the location of the
matching plane, i.e. V S ¼ h
uiy ml . In this way the u0S ﬂuctuation, for example, is mapped from the n–f plane to the x–z
CFD plane as
u0S ðx; y ml ; z; tÞ ¼ u0S ðn; zÞ;

ð14Þ

n ¼ V S t þ xmax  x

ð13Þ

Fig. 8. Mapping of synthesized ﬂuctuations from the n–f plane (dashed
line) to the computational x–z plane at y = yml, see Eq. (14). Dx = 10Dn.
The n–f plane is moving to the right at speed V S ¼ hujml þ1 i.

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) direction. The size of the computational domain is xmax = 4p,
ymax = 2 (geometric stretching of 17%) and zmax = 2p. This
gives a Dx+ and Dz+ of approximately 785 and 393, respectively. In outer scaling, it gives Dx/d = 0.4 and Dz/d = 0.2.
The location of the matching plane is at y = 0.031 (lower
wall), which corresponds to y+ = 62 and 11 cells (=jml  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 Res = usd/m = 2000 (d
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 without forcing are compared in Fig. 9 with the present DNS
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Fig. 9. Streamwise velocities. hui proﬁles. s: 2.5 ln(y+) + 5.2. (a) Solid lines: isotropic forcing, MS = 0.25; dash-dotted lines: isotropic forcing, MS = 1;
dashed lines: no forcing; +: present 963 DNS. (b) DNS forcing. Solid line: MDNS = 0.25; dashed line: MDNS = 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 MS = MDNS = 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 supplied 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 0 u 0 are shown for hybrid LES-RANS with and without
forcing conditions and are compared with 963 DNS data.
Here we ﬁnd that the streamwise two-point correlation

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 drastically reduced, although it does not reach the low values
of the DNS data. In Fig. 11a it can be seen that the magnitude 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 correlation in the z-direction is hardly aﬀected at all, see
Fig. 11b. The reason is that the spanwise correlation without forcing is reasonable well predicted on the given grid
and cannot be further reduced (if it were the spanwise correlation would be zero for f > Dz).
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 MS = 0.25; s: present 963
DNS. Thick lines: resolved; thin lines: modelled. (a) Shear stresses. sm denotes viscous stress. (b) Turbulent kinetic energy.
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Fig. 11. Two-point correlations at y = yml. Solid lines: forcing with isotropic ﬂuctuations with MS = 0.25; dashed lines: no forcing; dash-dotted lines:
present 963 DNS. Markers indicate the grid resolution. (a) BðgÞ ¼ hu0 ðxÞu0 ðx þ gÞi=u2rms . (b) BðfÞ ¼ hu0 ðzÞu0 ðz þ fÞi=u2rms .

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 ﬂuctuations 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-

tions (Fig. 12), the velocity proﬁles (Fig. 9a) and the
resolved shear stresses (Figs. 10a and 13): a large streamwise correlation length (isotropic forcing, MS = 0.25) gives
larger resolved shear stress, and thus smaller centerline
velocity, than a small streamwise correlation length (isotropic forcing, MS = 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
Dx = 4p/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


ou
1
oy y
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
0 0

0 ¼ y hu v ijy þ ðm þ mT Þ

ð16Þ

stot

Fig. 12. Streamwise two-point correlations BðgÞ ¼ hu0 ðxÞu0 ðx þ gÞi=u2rms of
the added ﬂuctuations. Solid lines: isotropic ﬂuctuations using MS = 1;
dashed lines: isotropic ﬂuctuations using MS = 0.25; s: DNS ﬂuctuations
using MDNS = 0.25; +: DNS ﬂuctuations using MDNS = 0.5.

where the terms represent the prescribed driving pressure
gradient, the resolved turbulent shear stress at y, the viscous and modelled turbulent shear stress at y, and the wall

Fig. 13. Shear stresses. MS = 1. sm 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
stot ¼ 1  y

ð17Þ

irrespective of the turbulence model. Note that Eqs. (16)
and (17) are not valid when DNS or non-isotropic ﬂuctuations are used, i.e. when hu0f v0f i 6¼ 0, see Eq. (12). This is discussed in the next section in connection to Eq. (18).
The momentum equations adapt to satisfy a linear variation in stot (Eq. (17)) by increasing/decreasing the timeaveraged 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 larger than for the forcing case. The reason is that, in order to
satisfy Eq. (17), the velocity gradient is increased and
thereby also mT, due to an increase in Pk and kT, 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-predicted 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 Dahlström, 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 MS = 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 forcing agrees fairly well with the DNS data whereas it is over-
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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-isotropic 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 ﬂuctuating components diﬀerently. The largest eﬀect is seen in
the spanwise ﬂuctuations, which are strongly increased.
The resolved shear stress, hu 0 v 0 i, is larger with isotropic forcing than with non-isotropic forcing (see Fig. 13),
and this is true regardless of whether we scale with u*,w
or us. 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, hSUi (see Eq. (10)). The global momentum balance requires that sw  u2;w ¼ 1 þ hS U i, 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 u2;w . Since the time-averaged sources
at the interface are not zero, i.e. hSUi 5 0, Eqs. (16) and
(17) are not valid. Eq. (17) is modiﬁed so that
stot ¼

1  y þ hS U i;
1  y;

y 6 y ml ; y P 2  y ml

y ml < y < 2  y ml

ð18Þ

Note that all terms in the equation above are scaled with
u2;w > 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 diﬀusion 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 mT/m = 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

Fig. 14. Streamwise velocities and turbulent kinetic energy. MS = 0.25. Solid lines: forcing with non-isotropic ﬂuctuations; dashed lines: forcing with
isotropic ﬂuctuations. DNS data from present 963 DNS. (a) hui proﬁles. s: 2.5 ln(y+) + 5.2; dash-dotted line: DNS. (b) Turbulent kinetic energy. Thick
lines: resolved; thin lines: modelled; s: kDNS.
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Fig. 15. Resolved RMS ﬂuctuations. Solid lines: urms; dashed lines: vrms; dash-dotted lines: wrms; s: present 963 DNS. (a) Isotropic forcing with
MS = 0.25. (b) No forcing.

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/d = 0.05 for both isotropic and non-isotropic forcing), and with no forcing it is located further out from the
wall (y/d = 0.114). It 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, D,
large.
The fact that the velocity proﬁles are well predicted
(Fig. 14a) both with isotropic ﬂuctuations (hSUi = 0) and
with non-isotropic ﬂuctuations (hSUi > 0) illustrates that
it is not the time-averaged momentum source that is important; 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 happens 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) stochastic 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 cc = 0.4, see Eq. (11), no improvement was obtained
compared to no forcing. cc 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 c  cc. No improvement was
obtained with cc = 1, but with cc = 1.4 the white-noise ﬂuctuations 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 ﬂuctuations 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 autocorrelation and the two-point correlations are zero, i.e.
B(s > 0) = 0 and B(fi > 0) = 0. However, since the whitenoise ﬂuctuations for x > 0 are taken from Taylor’s
hypothesis, the two-point space-time correlation
Bðg; sÞ ¼ hu0 ðx; tÞu0 ðx þ g; t þ sÞi=u2rms

ð19Þ

is non-zero, and is equal to one where x = VSt (VS denotes
the advection speed at the interface, see Eq. (15)). In
Fig. 17b it can be seen that this condition is satisﬁed at
(g/Dx, s/Dt) = (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 Dahlström (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 ﬂuctuation reads (cf. Eq. (9))

ou0i;f u02;f
P k;f ¼ 0:5 cu0i
ð20Þ
oy
which in discrete form gives 0:5hcu0i u0i;f u02;f i=Dy, where Dy
denotes the grid spacing at the interface. The additional
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Fig. 17. Velocity proﬁle and two-point space-time correlations. Forcing with white noise. c  cc = 1.4, see Eq. (11). (a) Velocity proﬁle. (b) Two-point
space-time correlation. Solid line: g = Dx; dashed line: g = 2Dx; dash-dotted line: g = 3Dx.

production, Pk,f, is actually locally more than one order of
magnitude larger than the usual production, Pk ’ 18, see
Fig. 18 and Table 3. The predicted velocity proﬁles, and
consequently also the resolved shear stresses, using isotropic forcing and non-isotropic forcing (Fig. 14a), DNS forcing (Fig. 9b) and white-noise forcing (Fig. 17a), all with
MDNS = MS = 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 ﬂuctuations 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 MDNS from 0.5 to MDNS = 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 Lx increases only from 0.49 (MS = 1)
to 1.50 (MS = 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

Table 4
Integral length scales of forcing ﬂuctuations
Forcing

MDNS

MS

Lx

Lz

Isotropic
Isotropic
Non-isotropic
Non-isotropic
DNS
DNS

–
–
–
–
0.5
0.25

1
0.25
1
0.25
–
–

0.49
1.50
0.42
1.61
0.60
1.06

0.26
0.26
0.20
0.20
0.068
0.08

Lx and Lz 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 (Dx ’ 0.39 and
Lx ’ 0:5 (MS = 1)). It does not make sense to add ﬂuctuations (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 Lz ’ 0:2
and the resolution is Dz ’ 0.2. No tests have been carried
out with enhanced spanwise length scales.
Note that Lx and Lz are both evaluated using u 0 and do
thus correspond to longitudinal and transversal integral
lengthscale, respectively (they are denoted by Kf and Kg,
respectively, in Hinze (1975)). For isotropic ﬂuctuations
the relation is Lx ¼ 2Lz . As can be seen from Table 4, this
is fairly well satisﬁed. It can be noted that for the non-isotropic 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-isotropic ﬂuctuations are re-scaled (see Section 2.2).
6.4. Overly large turbulent kinetic energy

Fig. 18. Resolved production P k ¼ hu0 v0 iohui=oy. Isotropic forcing with
MS = 0.25.

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 turbulence). 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 Res = 2000 and DNS at Res = 500. Solid
line: isotropic forcing, MS = 0.25; dashed line: no forcing; s: present 963 DNS with Dz+ = 12; +: present 963 DNS with Dz+ = 49.

turbulent kinetic energy. The DNS data with appropriate
spanwise grid spacing (Dz+ = 12) exhibit the correct value
of approximately 0.3. Hybrid LES-RANS exhibits much
too small hu 0 v 0 i/hki as well as too large centerline velocity
(see Fig. 19a), however, as does the DNS with coarse spanwise grid spacing (Dz+ = 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-normal ﬂuctuations (i.e. the shear stress) becomes too weak.
Thus the equations must generate too large resolved turbulent 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. Unfortunately, they do not allow proper resolution of resolved
turbulence. The result is too weak correlation between u 0
and v 0 and hence too large k.
In fully developed channel ﬂow, neither the modeled nor
the resolved turbulent kinetic energy enters the time-averaged momentum equations. The time-averaged momentum
equations only feel the resolved shear stress and the turbulent viscosity, and this is why the overly large total kinetic

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 predicted 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 turbulent kinetic energy equations would be well predicted.
It is, as always, instructive to look at the ﬂow of turbulent kinetic energy, see Fig. 20. In the equation for resolved
kinetic energy, hki, the modelled turbulent kinetic energy,
kT, enters the modelled dissipation term, which extracts
energy from hki. This takes place through the term
eT ’ 2hmT s0ij s0ij i. This oﬀers an alternative way of explaining
the high level of kT, namely that large values of kT are necessary to make the modelled dissipation, eT, suﬃciently
large to reduce hki to proper levels.
The production term in the kT equation in RANS is the
usual 2mTSijSij. Another fact which contributes to give large
kT is that LES and URANS have a second production term
2hmT s0ij s0ij i, which produces kT by means of the resolved ﬂuc-

Fig. 20. Transfer of kinetic turbulent energy. The time-averaged velocity is denoted by U ¼ hui. K ¼ 12 U i U i and hki ¼ 12 hu0i u0i i denote time-averaged kinetic
and resolved turbulent kinetic energy, respectively. DT denotes increase in internal energy, i.e. dissipation.
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tuations. This indicates that eddy-viscosity models developed 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, mT = msgs, is to dissipate
resolved ﬂuctuations. The contribution of msgs to the turbulent diﬀusion of momentum is negligible. In URANS, however, the role of the turbulent viscosity, mT = mt, is twofold:
to dissipate resolved turbulent ﬂuctuations and to give a
non-negligible contribution to the turbulent diﬀusion of
momentum. In the ﬁrst role, mt is in opposition to the
resolved ﬂuctuations (the larger the mt, the more it will
reduce the resolved ﬂuctuations) whereas, in its second
role, it cooperates with the resolved ﬂuctuations in transporting momentum.
7. Conclusions
Hybrid LES-RANS predictions of channel ﬂow have
been presented. It is argued that the main reason why standard LES-RANS performs rather poorly is that the LES
region at the interface is supplied with poor incorrect turbulent 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, turbulent 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 Kármán 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 equations. When using synthesized ﬂuctuations, this could conveniently be achieved simply by truncating the spectrum, i.e.
making jmax 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 je (i.e. by increasing the turbulent length scale, Lt, 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 introduced via Taylor’s hypothesis. However, white-noise ﬂuc-
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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-isotropic 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 (Lt and urms) when generating
the isotropic ﬂuctuations were taken from DNS. In general, 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 separation regions but only for attached boundary layers. Still,
a more general way to introduce the forcing is needed. Perhaps 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 Dahlström
(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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