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SUMMARY

A hybrid LES-RANS modelling approach is proposed. RANS is used in the near wall regions (y* < 60),
and the turbulence is modelled with a k—® model. LES is used in the remaining part of the flow, and
the SGS turbulence is modelled with a one-equation kss model. The same continuity and momentum
equations are solved throughout the domain, the only difference being that the turbulent viscosity is
taken from the k—w model in the RANS region, and from the one-equation ks model in the LES
region. The new modelling approach is applied to two incompressible flow test cases. They are fully
developed flow in a plane channel and the flow over a 2D-hill in a channel. Copyright © 2003 John
Wiley & Sons, Ltd.
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1. INTRODUCTION

In large eddy simulation (LES), a spatial-filtering is made either explicitly or implicitly to the
turbulent flow field, where the filtered, large-scale motion is directly simulated, and the ef-
fect of subgrid-scale (SGS) motion is modelled. Traditional Reynolds-averaged Navier—Stokes
(RANS) approaches do not attempt to resolve any flow structures, but model the effect of
turbulence on the mean flow in terms of representative mean turbulence scales. As a result,
all spectral effects are lost in the time averaging process. For many turbulent flows of en-
gineering importance, indeed, traditional RANS modelling may be an awkward approach or
even may fail to reproduce relevant flow physics. Examples include the flow past a bluff
body that exhibits unsteadiness characterized by large, turbulent structures. By contrast, LES
is viewed as a technique that is able to provide more comprehensive physical insight of such
turbulent flows and thus produce in general more accurate predictions than traditional RANS
approaches.
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However, unlike in (unsteady) RANS computations where the mesh is refined only in the
wall-normal direction, in a full LES a sufficiently refined grid resolution is required in all
directions to account for near-wall flow structures in space. In LES the near-wall grid spac-
ing should be about y* ~ 1 in the wall-normal direction. This is similar to the requirement
in RANS using low-Re number models. The requirement for a well-resolved LES on Ax*
(streamwise) and Az*' (spanwise) in the near-wall region is approximately 100 and 20, respec-
tively [1]. This enables resolution of the near-wall turbulent structures in the viscous sublayer
and the buffer layer (streaks), which are responsible for the major part of the turbulence
production. Thus, for wall-bounded flows at high Reynolds numbers of engineering interest,
the computational resource requirement of accurate LES is prohibitively large [2]. Indeed,
the requirement of near-wall grid resolution has largely deterred the application of LES in
engineering practice. In spite of recent development of a number of advanced SGS models,
see e.g. References [3—11], it should be recognized that the near-wall modelling has been
a severe bottleneck problem to the introduction of advanced LES techniques in numerical
analyses of industrial flow systems.

1.1. Near-wall modelling

In recognition of the necessity of efficient near-wall modelling in LES, in particular for tur-
bulent flows at high Re numbers, several approaches have been proposed to alleviate the
near-wall resolution requirement. These approaches developed so far may be divided into two
categories: the wall-function approach, and the hybrid two-layer approach. The wall-function
method employs a coarse mesh near the wall placing the first off-wall grid node outside the
buffer layer in the boundary layer. This method usually uses some generalized wall laws,
assuming that the wall stress is proportional to the velocity in the first grid node to re-
place the no-slip boundary condition. Such an approach was introduced by Schumann [12].
Similar methods were proposed and further improved by Grotzbach [13] and Piomelli e al
[14]. Although good agreement was reported when applied to simple plane channel flows, the
validity of such methods is questionable for complex flows. Similar to the logarithmic law
used by Mason and Gallen [15] and the power law adopted by Werner and Wengle [16], the
assumption of a local stress equilibrium implied in the wall-function approaches is not valid
for flows with separation. Bagwell et al. [17] proposed the use of linear stochastic estimation
to approximate the wall shear stress and presented very accurate results for plane channel flow.
However, this method requires a priori known two-point correlation tensor (from experiments
or previous DNS), which is unrealistic for practical use.

In the category of hybrid two-layer approaches, the near-wall layer is computed using
approximated model equations and coupled with LES in the off-wall outer (core) region. Two
types of methodologies have been used in formulating the near-wall model. In the first type
of methodology [18, 19], the turbulent boundary layer equations—employing a wall-damped,
RANS-type eddy viscosity—are solved on an embedded mesh in the near-wall layer and,
consequently, the computed wall stress is provided to the first LES off-wall grid node. No-
slip wall boundary conditions is used for solving the boundary layer equations. While this
approach works adequately in predicting mean flow statistics for attached flow, it performs
poorly in separating and reattaching flow [20]. This method has lately been improved by
computing the eddy-viscosity coefficient dynamically using information from the LES region
[21-24].
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Figure 1. (a) The near-wall RANS region and the core LES region. (b) Hill-flow
configuration. 2 =0.028, H =0.057, L =9A, zmax = 9.

In the second type of the two-layer approach, the SGS modelling in the core region is
supplemented with a full RANS transport model in the near-wall region of the wall, see
Figure 1(a). The basic idea is to model the near-wall structure altogether in the context of
unsteady RANS model so that the near-wall grid resolution in the directions parallel to the
wall may largely be alleviated (and thus also the time-step constraint is relaxed). This method
is in the present work called a hybrid LES-RANS method. Among others, the detached eddy
simulation (DES) proposed by Spalart et al. [2] has probably drawn the most attention in
the past years. In DES the one-equation Spalart—Allmaras (S-A) RANS eddy viscosity model
is used in the near-wall region, and the length scale in the model is switched to the local
grid spacing in the core regions, where the model turns into a one-equation SGS model. The
practical reasoning of using DES lies in the argument that a fine-tuned RANS model is able
to give reasonable predictions for attached boundary layer, while LES is powerful to account
for separated regions. The reason for this is that it is easy to resolve massively separated
flows, where the dominated turbulent scales are large. On the contrary, the dominating tur-
bulent scales in boundary layers (the streaks) are much smaller, and they scale with the wall
parameters (inner scaling). Indeed, a number of successful applications of DES have been
reported for flows with massive separation, see e.g. References [25-29]. A dramatic reduction
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in computational cost comparing to a full LES was also reported in simulations for high-Re
number flows around a wing [25,29]. In spite of its encouraging performance for massively
separated flows, DES for attached flows, e.g. channel flows [30], shows a fairly strong depen-
dency on the grid arrangement in the wall-parallel directions. In References [31,32] a hybrid
LES-RANS methodology is employed in which a one-equation model is used both in the
near-wall region and in the core region. The length scale in the near-wall region is related to
the wall distance and the length scale is proportional to the control volume size. Good results
are presented for both fully developed channel flow and for the flow in a ribbed channel.

In this work a hybrid modelling approach is proposed using a two-equation k—w® model in
the near-wall region (the RANS region) combined with a one-equation ks model in the core
region (the LES region), see Figure 1(a). To model the turbulent transport in the momentum
equation, the turbulent RANS viscosity from the k—w model is used in the RANS region,
and the turbulent SGS viscosity from the one-equation model is used in the LES region.
Coarse grid spacing is used in grid planes parallel to the walls. This is the main reason why
hybrid LES-RANS is much cheaper than LES. For simplicity, the matching plane between the
RANS and LES region is presently defined at a pre-selected grid plane, which is located in
the logarithmic part of the boundary layer, i.e. in the fully turbulent region. In the logarithmic
region coarse grid spacing in planes parallel to the wall (Ax and Az) is adequate for LES,
because the grid spacings are dictated by the requirement of resolving the mean flow rather
than the near-wall turbulent processes.

The present hybrid LES-RANS approach is in a way similar to DES. One difference is
that in DES the object is to model the entire turbulent boundary layer with RANS; only the
detached eddies in the outer boundary layer are modelled with LES. In the present hybrid
LES-RANS, the matching plane is located somewhere in the logarithmic part of the boundary
layer.

The paper is organized as follows. In the next section equations, turbulence models and the
numerical method are described. In the following section, results are presented and discussed,
and conclusion are drawn in the final section.

2. THE MODELLING METHODOLOGY

2.1. Equations

The Navier—Stokes equation, time-averaged in the near-wall regions and filtered in the core
region, reads

om0 . 10p 0 oil;

o =R e {“”T%] (1)
o
o @)

where vt =v (v denotes the turbulent RANS viscosity) for y <y (see Figure 1(a)), other-
Wise Vr = Vggs. The first term on the right-hand side of Equation (1) represents the streamwise
driving pressure gradient term, both in the channel flow and the hill flow. In the former case
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the Reynolds number based on the wall-friction velocity Re, is prescribed, and thus f=1.
For the hill flow, in order to get the correct bulk flow rate different values of  were tested.
A value of f=1 was finally chosen which is kept constant in all hill computations.

For both the channel flow and the hill flow, periodic boundary conditions are used in the
streamwise and spanwise directions. No slip conditions are used at the walls in the channel
flow, and at the lower wall in the hill flow. At the upper hill flow wall, because the resolution
is here rather poor (y ~ 30 for the first node), the log-law wall functions is used (no RANS
region is used here).

The bar (7) over the velocity components and pressure in Equations (1) and (2) denotes
time averaging in the RANS region and filtering (volume averaging) in the LES region. Thus
the flow variables in the RANS region and in the LES region are defined in different ways.
When advection of, for example, momentum takes place across the matching plane from the
LES region to the RANS region, a filtered (i.e. volume averaged) velocity is transported into
a region in which the momentum equations are defined by time-averaging. This is somewhat
inconsistent. Nevertheless, if we view the unsteady RANS as a very large eddy simulation
(VLES) in which the flow variables are filtered using a large filtering length scale (equivalent
to the RANS-defined turbulent length scale), consistency is retained. In other words, the
alternative interpretation is that filtering is employed in both the RANS and LES regions, but
with different length scales. The SGS length scale in the near-wall region is defined from &
and o, and in the core region from the cell size. More discussion is given in Section 3.3.

2.2. The hybrid LES-RANS model

A low-Reynolds number k—» model [33] is used in the near-wall layer, and the one-equation
SGS model by Yoshizawa [34] in the core region. The k—w model is formulated as
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The SGS model of Yoshizawa reads

ks 0 - 0 Oksgs ksts

(k) = — <o P, —C, ==

o o )= g {(va) 9X/}+ ke T CA
Vsgs = CkAkslg/sza Pksgs = 2ngSSijSij (4)

A=min{A: A, A}, C=007, C,=105

where &, and { denote the three co-ordinate directions defined by a general curvilinear
grid. The turbulent kinetic energy in the RANS region (y< ym) is denoted by &, and the
SGS turbulent kinetic energy in the LES region (> ymi) by kss. The coefficients in the
ks equation have been slightly modified [35]. Contrary to the standard Yoshizawa model, in
which A =(A:A,A)'3, here the smallest cell side is used. This was found to considerably
improve the channel flow predictions.

The matching plane near the wall is located at y, (see Figure 1(a)). The subscript jmatch 18
used here to denote the cell below the matching plane yy,, for which the following interface
condition is used for w:

. 0w
J = Jmatch- 5 =0 (5)

Contrary to the implementation in Reference [36], no interface condition is used for k& and
k. These quantities are simply transported by convection-diffusion over the matching plane.

2.3. The numerical method

An implicit, two-step time-advancement method is used. The discrete form of Equation (1)
can be written as

_ _ 1 0 n+1 op"
=i+ AtH ! Ul — ;ocAt g ﬁp
Xi Xi

- %(1 — a)At (6)

where H (u!, u;’“/ %) includes the convection term and the viscous and SGS stresses, and « =0.5
(the Crank—Nicolson scheme). Equation (6) gives ﬁf“/ ? which does not satisfy continuity.
An intermediate velocity field is computed by subtracting the implicit part of the pressure

gradient, i.e.

n+1

1 0
gt L AP
u; + p oAt o (7)

U;

Now &'/ in Equation (7) is replaced by the velocity field at level (n+ 1), i.e. "', Taking

the divergence of Equation (7) and requiring that the face velocities ﬁf’}“ (which are obtained
by linear interpolation) satisfy the continuity equation the following Poisson equation for
pressure is obtained

o2 pn+1 p ﬁ;“f

6)(,‘6)(,‘ o Ato 6xi (8)
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The numerical procedure at each time step is summarized as follows:

1. Solve the discretized Navier—Stokes equations for i, v and w.
2. Create an intermediate velocity field i from Equation (7).
3. The Poisson equation (Equation (8)) is solved with an efficient multigrid method [37].
4. Compute the face velocities ﬁf’f (which satisfy continuity) from the pressure and the
intermediate velocity using
-n+1 __ —x 1 ap’H_l
i =i, , aAt ( o )f 9)

Solve the discretized &t and w equations.

The turbulent viscosity is computed.

Step 1 to 6 are iteratively performed until convergence (one or two iterations) is reached.
8. Next time step.

Noaw

Note that an implicit dissipation is present which prevents odd-even decoupling. The inter-
mediate velocity field is computed at the nodes (see Equation (7)) by subtracting a pressure
gradient. Then, after having solved the pressure Poisson equation, the face velocity field is
computed by adding a pressure gradient at the faces (see Equation (9)). As a consequence
of these two steps (Steps 2 and 4) a term is implicitly added, which is the difference be-
tween the pressure gradient at the face and the node. It can readily be shown that this term
is proportional to the third derivative of pressure, i.e. 0°p/dx} [38], which is similar to the
Rhie-Chow dissipation [39].

3. RESULTS

Below the two quantities vy and kr are frequently used. They are defined as follows: for
V< Ymi, V1 = Vi, kr =k, otherwise vr = Vggs, kr = kigs.

3.1. Channel flow

Figure 2(a) shows the predicted (i) velocity ({.) denotes averaging over x, z and ¢) for fairly
coarse meshes, see Table I. A 32 x 64 x 32 (x, y,z) grid is used. It can be seen that for Case
2, in which the matching plane is located at y* =60, and Az" =104, reasonable agreement
with the well-resolved LES by Piomelli [40] is obtained. However, a small kink is visible
near the location of the matching plane. When the resolution is made coarser in the spanwise
direction (Case 3) the agreement with the benchmark LES becomes somewhat poorer in the
LES region than in Case 2. Note that the grid for Case 1, 2 & 3 is much coarser than that
required for a wall-resolved LES. Consequently, when only LES is used (Case 4), the results
are much poorer than those obtained with the hybrid LES—RANS model.

Figure 2(b) presents the predicted resolved velocities fluctuations. The agreement with the
benchmark LES is not good. The predictions are typical of an under-resolved LES: the stream-
wise fluctuations are too large. It should be noted that the resolved stresses are large even in
the RANS region (y/0<0.057).
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Figure 2. Channel flow. Markers: benchmark LES [40]: (a) Thin solid line: Case 1; thick solid line:
Case 2; thin dashed line: Case 3; thick dashed line: Case 4; (b) Case 2. Resolved velocity fluctuations.
Solid line: ums; dashed line: vmms; dash—dotted line: wips.

Table I. Channel flow, Re; =u:6/v=1050 (6 denotes half channel width), xmax =47

(AxT =412). A 32 x 64 x 32 (x, y,z) grid is used for all cases. Size of the computa-

tional domain and position of the matching plane () between the LES and RANS

regions. The jnuen value represents number of cells in the RANS region at each wall.
Note that only LES is used in Case 4.

Case Zmax 0 ym1/5 jmatch y;l Az*

1 7 0.023 4 25 104

2 s 0.057 8 60 104

3 2n 0.057 8 60 208

4 s 0 0 0 104
3.2. Hill flow

The configuration of the hill flow is shown in Figure 1(b). A 104 x 64 x 32 (x,y,z) grid
is used. The matching plane along the lower wall is fixed to grid line number 13, so that
the location of the matching plane is at (ny)/h=0.1 £ 0.02. The cell size in the x and z
directions together with the location of the matching plane (all in wall units) are shown in
Figure 3. As can be seen, high local values in (Ax™) and (Az™) occur above the crest, while
(AxT) =~ (n}) <30 and (Az*) < 80 in the rest of the flow domain. For the nodes adjacent
to the lower wall (y™) < 2. The predictions are compared with a benchmark, wall-resolved
LES [41,42] in which more than 5 million cells were employed. Wall-resolved LES on this
geometry was recently performed also by Temmerman and Leschziner [43] confirming the
results in References [41,42]. The Reynolds number based on the channel height and the
channel bulk velocity is 21500. Note that this is lower than what was used in References
[36,44].

Figures 4 and 5 compare the predicted (i) velocity ((.) denotes here averaging over z and ¢)
and resolved velocity fluctuations with the benchmark LES. The agreement is fairly good. As
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10

Figure 3. Hill flow. Grid spacing and location of matching plane. Solid line: (Ax™);
dashed line: (Az"); dash—dotted line: (n}).

can be seen from the profile at x =24, the backflow with the hybrid LES-RANS model is
slightly too strong. However, this is probably not due to the near-wall treatment. Instead it
is believed to be a result of the shear layer emanating from the top of the hill being insuf-
ficiently resolved. Very small kinks are seen in the (i) profiles close to the location of the
matching plane, but are much less visible than found in the channel flow (cf. Figure 2). The
reason for this is probably that in the hill flow, the convective and diffusive transport across
the matching plane is considerable, which has a smoothening effect on the flow quantities.

3.3. Discussion

The turbulent RANS/SGS viscosities are shown in Figures 6(a) and 7(a). It can be seen that
the turbulent RANS viscosities are large in the RANS region—much larger than is normally
found in LES. Near the matching plane, vy, in the LES region drops down to typical SGS
values of (v)/v<2 for both channel and hill flows. The maximum value of v, for channel
flow (Figure 6(a)) in the RANS region, which occurs near the matching plane, is (V¢ max)/v >~ 9.
When 1D, steady RANS is used to compute the channel flow using the same grid and the
same k—w model, the value of v, at the same location is approximately twice as large. One
of the reasons why the RANS calculation gives larger v, values than the hybrid LES-RANS,
is that in the latter case more modelled turbulent kinetic energy is diffused from the near-wall
region to the core region because k is reduced as k — kg in the LES region (see Figure
6(b)). Another reason is that in the hybrid LES-RANS computations, a substantial part of
the turbulence in the RANS region is accounted for by resolved turbulence, see Figures 2(b)
and 6(b).

Figures 6(b) and 7(b) show the modelled turbulent RANS/SGS kinetic energy. For the
channel flow (Figure 6(b)), the modelled RANS kinetic energy agrees well with the benchmark
values. However, the resolved kinetic energy is as large as the modelled one in the RANS
region. Therefore, the total kinetic energy (sum of modelled and resolved) is much too large.
This is, as also noted in Reference [45], a fundamental problem in hybrid LES-RANS. In
the hill flow (Figure 7(b)), the turbulent RANS kinetic energy is not that large. When a 2D

Copyright © 2003 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2003; 43:1003-1018



1012 L. DAVIDSON AND S. H. PENG

x = 0.005h
3 ‘ ‘
2.5}
< <
S 2 =
1.5
0 02 04 06
(@)/Un
x=2h
3 =—===
2.5}
2,
1_
0.5}
o= T - 0 : : : : ‘
02 0 02 04 06 08 1 0 02 04 06 08 1
(@}/Un (@) /Un

Figure 4. Hill flow. (i) profiles. U, denotes the bulk velocity at the crest of the hill (i.e. at x=0 and
x=1L). Solid lines: hybrid LES-RANS; dashed lines: benchmark LES [41, 42].

RANS computation is performed with the same grid and the same k—w model, the modelled
turbulent kinetic energy is up to 50% larger compared to the hybrid LES-RANS data in
Figure 7(b), but still smaller than the benchmark data. The reason why k is higher in a 2D
RANS computation is, as in the channel flow computations, that less turbulent kinetic energy
is diffused from the near-wall region to the core region.

Figures 8(a) and 9(a) depict the modelled turbulent length scales. The modelled turbulent
RANS/SGS viscosity can be defined as vy o« %/, where % and ¢ represent the turbulent
RANS (SGS) velocity scale and length scale in the RANS (LES) region, respectively. In the
LES region, the SGS length scale is estimated by /EA:ngS/(Ckkslész), see Equation (4). In
order to compare the turbulent RANS and the SGS length scales, the turbulent length scale in
the RANS region is defined in the same way, so that /= vT/(Ckk%/ 2) in both the RANS and
the LES region. As can be seen in Figures 8(a) and 9(a), the turbulent RANS/SGS length
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Figure 5. Hill flow. Resolved (ums) profiles. Solid lines: hybrid LES-RANS;
dashed lines: benchmark LES [41, 42].

scale decreases steeply from the RANS region to the LES region. This is the main reason for
the decrease in the turbulent viscosity (Figures 6(a) and 7(a)) and the RANS/SGS turbulent
kinetic energy (Figures 6(b) and 7(b)).

In unsteady RANS, there should be a scale separation between the modelled time scale,
Tmod>» and the resolved time scale, Ties, s0O that Tioq < Tres. In the RANS region, the turbu-
lent viscosity is computed as v, =k/w, and thus the modelled time scale can be defined as
Tmoda = 1/w. The smallest resolved time scale is related to the smallest resolved length scale,
and it can be defined as Tes= min{As, Ay, Ar}/(kres)? = A/ (kies)'/?, Where kies is the re-
solved turbulent kinetic energy. The modelled and the resolved time scales are compared in
Figures 8(b) and 9(b). Two time scales in the RANS region representative of the modelled
turbulence are presented in Figures 8(b), namely 1/w and 1/|S| (|S|=(25;S;)"?). As can
be seen, the modelled time scale close to the wall is indeed smaller than the resolved one.
However, in a large part of the RANS region, the situation is the reverse: the modelled time
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Figure 6. Channel flow, Case 2. Near-wall region. Turbulent RANS/SGS viscosity and
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Solid line: modelled turbulent RANS/SGS kinetic energy; dashed line: resolved turbulent
kinetic energy; markers: benchmark LES [40].
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Figure 7. Hill flow. Near-wall region. Dashed line, o: x/h = 0.005; thick solid line, *: x/h = 1; thin solid
line, +: x/h = 6. Markers: resolved turbulence from benchmark LES [41, 42]: (a) Turbulent RANS/SGS
viscosity. (b) Modelled turbulent RANS/SGS kinetic energy.

scale is larger than the resolved one. Thus, scale separation between modelled and resolved
turbulence does not exist, and the unsteady RANS performed in the near-wall is formally
not correct. Indeed, it would be more appropriate to denote the near-wall region a VLES
region. The SGS length scale in the VLES region is then /= v./(Cck'/?), which is presented
in Figures 8(a) and 9(a). Note that if the near-wall region is defined as a VLES region, it
does not have any implications in the finite volume code: it remains the same.

There may also be some questions in defining the near-wall region as a VLES region.
In this case, it may well happen that our SGS length scale, /, becomes much larger than
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Figure 8. Channel flow, Case 2. Near-wall region. Turbulent RANS/SGS length scale and tur-

bulent RANS/SGS time scales: (a) RANS/SGS turbulent length scale, /= (vr)/(Cy(kr)"?). (b)

Solid thin line: modelled turbulent time scale u./(d(w)); solid thick line: u./(3|S|); dashed line:
resolved turbulent time scale 1;A/(J (kres)'/?).
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Figure 9. Hill flow. Near-wall region. Turbulent RANS/SGS length scale and turbulent RANS/SGS time

scales: (a) Turbulent modelled length scale /= (vr)/(Cy(kt)"?). Dashed line: x/h =0.005; thick solid
line: x/h=1; thin solid line: x/A=6. (b) Solid lines: modelled turbulent time scale U,/(h{w)); dashed

lines: resolved turbulent time scale U,A/(h{kwes)"?). Thin lines: x/h = 0.005; thick lines: x/h=1.

the filter size, A. Is that acceptable? The answer is probably that it depends on sow much
larger. In the Smagorinsky models, the SGS length scale is in the literature usually chosen
as the cubic root of the cell volume. Near walls this is much larger than the smallest cell
side. However, if the SGS length scale in the VLES region becomes very much larger than
A, it may be necessary to increase the filter size through explicit filtering. This adds high
complexity to the computations, especially since A would in general not be an even multiple
of any cell width, i.e. A # gmin{A¢ A,,A;} where ¢ is an integer. A further complication
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is that the filter width would be a function not only of the space coordinates but also of
time, i.e. A=A(x;,¢). Thus there would appear a commutation error in the time-derivative
term in all equations, because the filter function would be a function of both space and time,
i.e. G=G(x;,t). However, this error would probably be negligible in the same way as the
commutation error due to non-constant filter size in space is negligible [46].

4. CONCLUSIONS

A hybrid LES-RANS model is presented. In the near-wall region, unsteady RANS is used and
the turbulence is modelled with a k4~ model. LES is used in the core region and the SGS
turbulence is modelled with a one-equation SGS model. The matching plane is fixed along a
pre-selected grid plane in the inner part of the logarithmic region. The main idea is to avoid
resolving the near-wall streaks in the viscous and the buffer layer and thereby avoiding the
necessity of using a fine grid in the wall-parallel plane. Instead these near-wall structures are
modelled in the same way as in RANS. However, the large turbulent scales in the core region
(y* =z 60) are resolved by the LES.

The hybrid LES-RANS model has been applied to a fully developed channel flow and a hill
flow. The mean flow is fairly well predicted with a coarse mesh, both for the channel flow
and the hill flow. Kinks in the velocity profiles are observed in the region of the matching
plane. However, this problem is much smaller in the hill flow. The reason is probably that
the transport of mass and momentum across the matching plane by convection and turbulent
diffusion has a smoothening effect. One way to further reduce the gradients across the matching
plane could be to use some kind of smoothing function as proposed by Strelets [29].

One major problem with the hybrid LES-RANS approach, is that the flow provided by the
unsteady RANS to the LES region across the matching plane does not have proper spectral
properties. Although the unsteady RANS equations do predict some resolved time and length
scales, they are not relevant for the LES-resolved turbulence. Thus the LES region in the
core region is supplied by very poor information from the RANS region. In on-going work
[47, 48], resolved turbulent fluctuations u’, v', w’ (taken from a channel DNS and scaled with
k) are superimposed on the RANS velocities i, 0, w at the matching plane. This approach
has been tested for channel flow and the flow in a asymmetric diffuser, and the results are
very promising.
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