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SE-412 96 Göteborg, Sweden

Abstract

This paper deals with the use of a hybrid RANS/LES method. A one-
equation turbulence model is used in the region from the wall and out.
At a certain distance from the wall a one-equation SGS model is used.
Computations have been conducted on an asymmetric diffuser, using a
mesh with insufficient LES resolution in the near-wall region. In order
to increase the number of tests, the majority of the computations have
been conducted on just the inlet channel of the diffuser. Varying the
filter width in the LES region and the extent of the RANS domain, these
results show good results only when the model is shifted towards RANS.
The usual hybrid RANS/LES approach with a switch from RANS to
LES at a matching line does not work (a smooth transition does not help
either). An additional condition seems to be required at the interface.
In the second part of this paper, the use of turbulent structures from
the inlet data as additional conditions at the interface are investigated.
Good hybrid RANS/LES results are obtained for the inlet channel case
and the diffuser.

Introduction and Motivation

Coarse LES fails to predict even simple channel flow when the Reynolds
number is too high. Because of constraints on the resolution near walls,
which lead to excessive computer costs, LES is not a feasible method in
most practical flow situations, where accurate predictions of the bound-
ary layer is important. If, despite the costs, a wall-resolved LES is
undertaken, it gives good results in a range of flows. This has been
demonstrated in simulations of the flow around the A-profile [1] or of
the flow in the asymmetric diffuser [2], which is also studied in the
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present paper. In a wall-resolved LES the structures close to the wall
are sufficiently resolved and the success of the above mentioned simu-
lations only stresses the importance of the near-wall region and its in-
teraction with the outer flow. For flows where the near-wall structures
play a subdominant role, compared to the outer flow structures, LES
has been proven to be a good method, e.g. when predicting the massive
separation around airfoils beyond stall with the DES approach [3–5] or
the wake flow behind a buss [6].

The question is to what extent a well-resolved LES of the outer flow
is important in mildly separated flows or attached boundary layers?
Several studies of near-wall modelling for LES are reported in the lit-
erature. RANS has been used e.g. in Refs. [7–10] and wall-functions
(such as the Werner-Wengle [11] and based on the instantaneous wall
law) have been used in Refs. [12–14]. Applied to mildly separated flows
or attached boundary layers, although giving better results than with
no near-wall model, none of the above mentioned approaches have been
successful. Turbulent structures are used as approximate boundary
conditions to LES in Ref. [15] and a method called LNS where addi-
tional conditions are imposed at the interface between the RANS and
LES region is used in Ref. [16]. Also LES close to the wall, RANS in
the outer region [17] is interesting regarding the matching of the two
methods. Interface criterias at the matching line are investigated in
Ref. [18]. In this paper we aim to study the usefulness of LES in the off-
near-wall region when RANS is used in the near-wall region. It is our
hope that coarse LES in the outer region performs better than RANS
if the near-wall region is modelled and this at an acceptable computing
cost.

This paper is divided in two parts, where in the first part the mod-
els, set-up and results when the standard hybrid RANS/LES is used
are presented. In the second part of this paper the new interface con-
dition is described and results from this approach are presented.

Governing Equations & Modelling Issues

Filtering or time averaging (the bar means filtering in the LES region
and time averaging in the RANS region) of the incompressible continu-
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ity and momentum equations results in � ����������	� (1)� �
����� �������� � � � ��� ��� �� � ������� ������ ��� � �������� ��� � �"!
(2)� �#� � ������� � ��� ���
(3)

Here, � � �
are the subgrid scale (SGS) or turbulence stresses. In LES

they are the contribution of the small scales, the unresolved stresses.
In RANS they are the contribution of all turbulence. In either case they
are unknown and need to be modelled, here using the eddy-viscosity
hypothesis:� � � � �$&% � � �(')'*���,+ �.- / � �

(4)

Here,
/ � � �10243�5 6879;:=<  5 6 <9;: 7?> is the strain rate (filtered in the LES sense

and time averaged in the RANS sense).
The transport equation for the kinetic energy reads:

�
@ -���A ����B�C�"D�B�?@ - � � ����B� � � �  �.- � �
@ -���B� ! �E ',�GFIH @BJLK 2-M H
E 'N�	+ �.- D/ � � D/ � �PO �.- �QFR' M ' @ 0 K 2-

(5)

The one-equation model used in the present computations is based
on the one-equation SGS model by Yoshizawa [19] and the one-equation
turbulence model by Chen and Patel [20]. In the LES region it mod-
els the kinetic energy of the unresolved stresses (

@ - � @TSVUWS
) and in the

RANS region it is a model for the turbulent kinetic energy (
@ - � @

).
The original model constants and length scales are summarised in Ta-
ble 1.

In most of our hybrid RANS/LES computations the
@
-equation RANS

model is switched abruptly to the SGS model at a prescribed node away
from the wall (the matching line). We are able to smooth out the transi-
tion between the two models by using the model described in Appendix.

In the LES region the filter width, X , should be in the order of the
grid size and could e.g. be chosen as the minimum or maximum side
of a finite-volume cell. The filter width (SGS model) should depend
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Chen and Patel Yoshizawa [21]FIH � ��� � �FR' � � ��� � � ���M H + ��� � �
	�� � � �������� 2���� ')K�� � XM ' + ��� � ��	�� � � �������� � 0�� J � � '"K�� � X
Table 1: The original one-equation models.
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Figure 1: Two examples of the constants and length scales away from
the wall at different matching lines (solid line: at

� �A� � � + $��
without

smoothing; dashed line: at
� ��� � ��� ��� with smoothing) and for differ-

ent filter widths in the outer LES region.

on how fine the grid is. The choice is of less importance in a wall-
resolved LES since the influence of the SGS model is small (in the limit,
when the resolution is of DNS quality, the model should produce no
eddy viscosity). However on a coarse mesh, the model should produce
more SGS eddy viscosity in order to account for the contribution of
the unresolved stresses and the influence of the model is larger. The
question is how important the SGS model or choice of filter width is in
the region away from the wall if the near-wall region is modelled? In
our hybrid RANS/LES study and the first part of this paper different
filter widths have been tested when the extent of the RANS-modelled
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region has been increased. Among the filter widths tested are:X ��� ��� � X �CO X � O X�� �X � � X � X � X�� � 0 K JX �	+ ��� � ��	 ���
	X ������ � X ��O X � O X�� � O
where

���
	
is the distance from the wall to the matching line.

Computational setup

Based on the inlet channel height,
�

, and the bulk velocity, �
� , the
Reynolds number is

��� � � � . The outlet channel has a height of
� � � �

(see Fig. 2). More details about the asymmetric plane diffuser case can
e.g. be found in Ref. [22].
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Figure 2: The diffuser case.

Mesh

We have deliberately constructed a coarse mesh (Fig. 3), with a reso-
lution much coarser than a wall-resolved resolution (see Fig. 4). The
mesh consists of + ��� nodes in the streamwise direction and ��� in the
wall-normal direction. In the spanwise direction + � nodes are used and
the grid size, X�� , is set to � � ��� ��� , which means that the extent in this
direction, �
� , is equal to

� � � � . The stretching in the wall-normal di-
rection is

� ��� and the wall distance to the first node,
���0 , is less than�

. � � nodes are placed in the inlet channel in the streamwise direction.
As mentioned in the introduction, computations have been conducted
on the inlet channel. Here the spanwise extent is decreased: using
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Figure 3: The diffuser mesh
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Figure 4: Resolution along the diffuser.

���
nodes and the same resolution giving � � � + � � ��� . Also a finer-

resolution mesh is used: + � nodes and X�� �Q� � � � � �
( � � � ��� $ ���

). Fur-
ther, a stretching of 17 and 11 % in the wall-normal direction are inves-
tigated. With these meshes we wish to study the effect of a stretching
of as much as

� ��� and the effect of the spanwise resolution.
The inlet is located at

� �1� � � � � and the outlet at
� � � � � for

the diffuser and
� � ��� � ��� � for the inlet channel case. Instantaneous

DNS data from a channel computation at
� ���� � � � is used as inlet

boundary condition. At the outlet a convective boundary condition is
used for the velocities.

The time step is set to X � � � � � ����� � � � � (giving a maximum CFL-
number of approximately one). The time averaging is started after 1
flow-through time and the data is then collected for another 2 flow-
through times. For initial test computations, this amount of time is re-
garded as sufficient. In the inlet-channel computations an twice as fine
time step is used and here the time averaging is started after 8 flow-
through times and data is then collected for another 50 flow-through
times.

An incompressible, finite volume code is used [8]. For space discreti-
sation, central differencing is used for all terms. The Crank-Nicolson
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scheme is used for time discretisation. The numerical procedure is
based on an implicit, fractional step technique with a multigrid pres-
sure Poisson solver and a non-staggered grid arrangement [23].

Hybrid RANS/LES results

We now turn to the results and first to those from the inlet-channel
computations. It is of course a minimum requirement to have a model
that works acceptable in the channel flow in order to get reliable results
on the diffuser flow. Figure 5 shows velocity profiles (collected close to
the outlet) for various filter widths and with different extents of the
RANS region. There is little or no difference between a stretching of 11
or 17 % in the wall-normal direction. Thus results from only either one
of the cases are presented. The wall distance to the first node,

���0 , is
less than one in both cases and that is perhaps what is most important.
The figure shows that we get better results the larger the extent of the
RANS region is (except for the pure one-equation RANS computation).

Focusing on the spanwise resolution, the first-order statistics should
preferably not change when going from finer to coarser resolution, if
the SGS model does its job. We get the worst results when the smallest
cell side is used as filter width and best results with X ������ � X �CO X � O X�� �
for the widest range of matching-line distances. In the fine-resolution
case X �

is the largest side and in the coarse resolution case X�� �� � ��� ��� is the largest one. That is, this filter width is sensitive to the
resolution in grid planes parallel to the wall, contrary to e.g. X �
� � � � X �CO X � O X�� �

.
The question is how to interpret the role of the filter width in these

coarse resolution cases? The resolved stresses shown in Fig. 6 are very
low for the computations which agree well with the DNS data, i.e. a
large part of the domain is covered by RANS. The role of the filter
width in these cases seems to shift over to the role of an length-scale
limiter, often used in RANS modelling, in order to set a limit on the
eddy viscosity. The eddy viscosity needs to be limited in the outer parts
of the boundary layer for simple one-equation RANS models [24] to
decrease the production of kinetic energy. The Johnston limiter ( � � �� � � ��� % � F JLK �� ) is equal to � � + � � � ( % � � � + ) and this is close to the filter
width + ��� � � ��� 	 ��� � + �B� �

for the case with
� ��
	�� � � � , which gives very

good velocity profile (see Fig. 5). X � ���� � X ��O X � O X�� �
gives a filter

width of � � ��� ��� in the coarse resolution case, which is smaller than the
Johnston limiter but still explains why the results are slightly better
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Figure 5: Velocity profiles for the inlet channel case
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Figure 6: Resolved stress profiles for the inlet channel case
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compared to the finer-resolution case, for which X �
is the largest side,

where X �	� � ��� $��
at the outlet.

Although X � ���� on the inlet channel gives almost no resolved
stresses, this filter width has been used on the diffuser with a matching
line at

� �� 	 � � � � at the inlet channel. Also filter widths larger than X �
���� has been investigated, ranging up to the Johnston Eddy viscosity
limiter � � � ��� % � F JLK �� . In Figs. 7 to 11 results from these computations
are presented. The filter widths used and also shown in Fig. 7 are (in
increasing order):X ��� �� � X ��O X � O X�� �X ��� �� � X ��O ���
	 O X�� �X � � � �� � X ��O + ��� � ��	 ���
	 O X�� �  $ 	 ���� � X ��O X � O X�� �;� � �X � � � �� � X ��O + ��� � ��	 ���
	 O X�� �  ���� � X �CO X � O X�� �;� � +X � � $
	 ���� � X �CO + ��� � � 	����
	 O X�� �  ���� � X ��O X � O X�� �;� � �X ��� �� � X ��O + ��� � ��	 ��� 	 O X�� �

(6)

The resolved stresses are too high in the inclined-wall region and down-
stream when X ��� �� is used (see Figs. 10 and 11) and thus also larger
filter widths have been used. However, as seen in Figs. 10 and 11, the
profiles shown with thicker lines are computations with practically no
resolved stresses, i.e. they are close to RANS.

Looking at the velocities and the pressure and skin friction coeffi-
cients (Figs. 7 and 8) the more LES-like solutions (the thinner lines)
tend to have too thick separation bubbles. This leads to too high veloc-
ities around the bubble. In the reattachment region the flow is acceler-
ated too much (from going around the too wide bubble, to the reattach-
ment). This is seen as the little dip in the pressure coefficient at the
same place as the large dip in the skin friction. The accelerated flow
then reattaches with too large momentum leading to the high peak inF�� on the lower wall. On the upper wall the velocities are too low be-
cause of continuity. Looking at the more RANS-like computations (the
thicker lines), the thickness of the bubble is much better predicted. Es-
pecially in the inclined wall region the velocities are well predicted.
Downstream of the inclined wall the mechanism of the reattachment
is poorly captured (it is far too slow), the separation bubble being too
long and the recovery length much too long. This is a usual problem
for RANS models: to have a too slow redevelopment of the boundary
layer downstream of the reattachment. More RANS-like results are
presented in Appendix.

The eddy viscosities are shown in Fig. 9. Especially note the dif-
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Figure 7: Diffuser flow.
� � � velocities. The difference between the

computations are shown in the bottom figure, where the filter widths
in the LES region are shown (for details see Eq. 6).

ference of the viscosity in the RANS region in the separation region,
where the viscosity is much lower in the RANS-like computations (the
thicker lines). Note that it is only the filter widths in the outer LES
region that differs between the different computations.
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From the computations on the inlet channel, the results from the
hybrid RANS/LES approach are disappointing, giving good results only
when the the resolved stresses are close to zero and the filter width acts
as an length-scale limiter, limiting the eddy viscosity in the outer parts
of the boundary layer.

Diffuser computations show that although RANS with the eddy vis-
cosity limiter works fine for the inlet-channel case, we get a too large
separation bubble and too slow recovery of the outlet channel boundary
layer. In the more LES-like simulations the redevelopment is better
and the mechanism of the reattachment is better captured.

Perhaps it is important that the simulation is indeed a large-eddy
simulation in the outer region, in order to take advantage of the method
in more complex flow situations where the RANS approach does not
work. It is not enough just using RANS in the near-wall region in or-
der to get good results in the LES region. An additional condition is
needed at the interface. Thus, in the next section we have taken a step
back, looking at the inlet-channel case again, investigating a way of
using turbulent structures from the inlet data as additional conditions
at the interface.
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Hybrid RANS/LES with additional conditions at the match-
ing region

Interface conditions

Instantaneous DNS data from a channel computation at
�  � � � � �

is used as inlet boundary condition. The instantaneous DNS data, at
a prescribed distance from the wall, is transformed along a matching
plane at each time step using Taylor’s hypothesis or the assumption
of “frozen turbulence”. We imagine that the DNS turbulence is frozen
and just convected downstream (see Fig. 12). At each point, � 2 , at the
matching plane, we can compute the travelling time,

�
� , it takes for the

inlet data (at point � 0 ) to reach point � 2 , as�
� ��� � S��S�� � ��
S � � � O

(7)

where
� S

is the velocity along the streamline. However, we modify the
level of the turbulence by scaling it with the kinetic energy at the point,@ � � 2 �

, (from the one-equation model) and the inlet kinetic energy,
@ � � 0 �

,
(from the DNS data):��� � � 2 O � O;� � � ��� � � 0 O � O;�

�
� 	 @ � � 2 �@ � � 0 � (8)

This is computed in the same way for the fluctuations in the other
directions (

� �
and 	 �

). In this way we have got an approximate tur-
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Figure 12: Interface condition using Taylor’s hypothesis.
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Figure 13: Interface condition.

bulent structure at the matching plane. This is implemented in the
code at the first LES cell (see Fig. 13), where a source term equal to� ��� �� � � 2 � � � � � 2 � �P���

, is added to the
�
�

-momentum equation. Here
�

is
the coordinate from the wall into the flow.

Results

Figure 14 shows the results from the simulations of the inlet-channel
flow with the interface condition described above. The coarse mesh is
used, i.e. X�� � � ��� �

. The interface region is placed at a wall distance
of approximately 43 wall units. In the LES region the filter width is set
to the volume of a finite-volume cell ( X � � X � X � X�� � 0 K J ). For compari-
son Fig. 14 also shows the results when no interface condition is used
(
� �� 	 � �T$

, X � � X � X � X�� � 0 K J and X�� � � ��� �
in Fig. 5) and the profiles

for one of the RANS-like computations (
� �� 	 � � � � , X � + ��� � � ��� 	 andX�� � � ��� �

in Fig. 5). Because of the interface condition, the resolved
normal and shear stresses increase in the matching region (they peak
at the matching line). The resolved kinetic energy exceeds that of the
DNS data and the total energy is almost twice as high as the DNS
kinetic energy at the matching line. Nevertheless the velocity-profile
agreement improves considerable, compared to when no interface con-
dition is used. Looking at the eddy viscosity (the bottom figure to the
right in Fig. 14), the idea with hybrid RANS/LES is illustrated: when
reaching the LES region, the eddy viscosity decreases significantly and
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Figure 14: Profiles for the inlet channel case. Dashed lines: RANS-
like computation; dotted lines: hybrid RANS/LES without interface
conditions at

� ��
	 � �T$
; solid lines: hybrid RANS/LES with interface

conditions at
� �� 	 � �T$

.

thus the modelled shear stress (
� � ��

�

� � � � �
�

� S ) becomes low (see bottom
figure to the left), resulting in that the resolved stresses increase. In
Fig. 15 the matching line is varied and set to

� ��
	 � � + . The velocity pro-
files show only slight disagreement and the interface condition seems
to be quite insensitive to the choice of matching-line location.

The results from the simulations with the interface condition ap-
plied on the diffuser flow are shown in Figs. 16-22. Here the solid lines
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Figure 15: Variation of the matching line region in the inlet channel
case. Hybrid RANS/LES profiles with interface condition at

� �� 	 � �T$
(solid lines) and at

� ��
	 � � + (dashed lines).

are results from the new approach and the dashed lines are results
from one of the best RANS-like computations, presented in the previ-
ous section. Streamlines are shown in Fig. 16 for the hybrid RANS/LES
approach and the figure shows that the simulation is instationary in
the LES region. The matching region for the hybrid RANS/LES ap-
proach is at

� ��
	 � �T$
. This values is at the inlet channel. Downstream,

the RANS region is within a constant mass flow (so that the stream-
wise mass flow in the RANS region is constant for all x). The pressure
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Figure 16: Streamlines, time averaged and instantaneous, in 2D and
3D views, from the hybrid RANS/LES simulation with turbulent inter-
face condition.

and skin friction coefficients are shown in Fig. 17. The skin friction
coefficient is reasonably well predicted for the hybrid RANS/LES com-
putation, however the level for the pressure coefficient is too high in
the diffuser. In Fig. 18 velocity profiles are shown and compared to ex-
periments. In the RANS computation we get good results in the inlet
channel and in the inclined wall region, however the separation bubble
is too large and there is a too slow redevelopment of the outlet channel
boundary layer. The hybrid RANS/LES simulation gives good results
all along the diffuser and the length of the separation bubble is close to
the length measured in the experiments. The total shear stresses (re-
solved plus modelled) are shown in Fig. 19. The RANS-like computa-
tion shows good agreement with the experiments. The eddy viscosities
are shown in Fig. 20, note how the RANS region extends far from the
wall in the separated-flow region because of the mass flow condition for
the matching line. The resolved normal stresses in the streamwise and
wall-normal directions are shown in Figs. 21 and 22 respectively. The
stresses are low in the RANS region for the hybrid approach, especially
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in the separated region.

Conclusions & Ongoing Work

For the inlet-channel computations, the results from the standard hy-
brid RANS/LES approach are disappointing, giving good results only
when the the resolved stresses are close to zero and the filter width
acts as an length-scale limiter, limiting the eddy viscosity in the outer
parts of the boundary layer.

Diffuser computations show that although RANS with the eddy vis-
cosity limiter works fine for the inlet-channel case, we get a too large
separation bubble and too slow recovery of the outlet channel boundary
layer. In the more LES-like simulations the redevelopment is better
and the mechanism of the reattachment is better captured.

The results for the hybrid RANS/LES approach using turbulent
structures are promising. The inlet-channel results are good and seem
to be independent of the choice of matching line. Good results are also
obtained for the diffuser flow. In future work still more tests will be
conducted on the diffuser and the approach will also be applied on the
flow around the Aerospatiale A-profile.
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Figure 17: Diffuser flow. F�� (top figures) and F � (figures below) on the
bottom wall (left figures) and top wall (right figures). Solid line: hybrid
RANS/LES with turbulent interface condition; dashed line: RANS-like
computation.

3 6 14 17 20

47 53 60

24 27 30 34 40

Figure 18: Diffuser flow. Velocities,
� � � . Solid line: hybrid RANS/LES

with turbulent interface condition; dashed line: RANS-like computa-
tion.
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Figure 19: Diffuser flow. Resolved and modelled shear stresses,� � � � � . Solid line: hybrid RANS/LES with turbulent interface condi-
tion; dashed line: RANS-like computation.
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Figure 20: Diffuser flow. Eddy viscosities. Solid line: hybrid
RANS/LES with turbulent interface condition; dashed line: RANS-like
computation. 22
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Figure 21: Diffuser flow. Resolved
� ��� �

stresses. Solid line: hybrid
RANS/LES with turbulent interface condition; dashed line: RANS-like
computation.
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Figure 22: Diffuser flow. Resolved
� ��� �

stresses. Solid line: hybrid
RANS/LES with turbulent interface condition; dashed line: RANS-like
computation. 23



Appendix

Smooth one-equation model

In most of our hybrid RANS/LES computations the
@
-equation RANS

model is switched abruptly to the SGS model at a prescribed node away
from the wall (the matching line). This leads to a discontinuity at the
matching line. We are able to smooth out this transition between the
two models by using the model described in Table 2.

Smoothed modelFIH ��� � + �  � � � + ��� � ��� � ������ � � � ��� 	 �;�FR' � � � � ��� � � ��� � ��� � �� ��� � � � ��� 	 �;�M H M
	 � � ��� � M H � � M�	 �M ' M 	 � � ��� � M ' � � M 	 �
whereM H � �	+ ��� � �
	�� � � �� ����� 2� ��� � '(K�� �M ' � �	+ ��� � �
	 � � � �� ����� � 0�� J � ��� � '(K�� �M�	 � 	 �����2  	

� ���2 � � ��� � ������ � � � ��� 	 �;�
Table 2: The smoothed one-equation model.

Here the length scale in the RANS region is limited by an eddy-
viscosity limiter (proposed by Johnston [24]),

M
� � � � � ��� % � F JLK �� , where %

is the boundary layer thickness or as in the diffuser case the distance
from the wall to the centre line and F � � � � ��� . The blending factor,�
, is set to

$
, which means that the blending starts at approximately� � + ��� 	 � $
and ends at approximately

��� �
	 � $
(see Fig. 1). With this

model the matching line,
� �
	

, could either be explicitly set, at e.g. a
prescribed node or at certain wall distance, or implicitly set to X � + ��� � � ,
i.e. the length scale in the RANS region never exceeds the length scale
in the LES region.

RANS-like results on the diffuser flow

In Figs. 23 and 24 results are shown from computations where the
smooth model shown in Table 2 is used. Here the resolved stresses
are close to zero and these results regard RANS-like simulations and
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RANS-modelling issues. The ”filter widths” shown in Fig. 23 are:X ������ � X ��O X � O X�� O � � � ��� % � � � ��� JLK � �X ������ � X ��O X � O X�� O � � � ��� % � � � � � JLK � �X ������ � X ��O X � O X�� O � � � ��� % � � � ��� JLK � �X ������ � X ��O X � O X�� O � � � ��� % � � � ��� JLK � 	 � � ��� � � � ��� �X � � � � ��� % � � � � � JLK �  $ 	 ���� � � � + � � 	 X �CO � �
The matching line distance,

� � 	
, is set to X � + ��� � � for all of these com-

putations.
With the modification of the filter width in the outlet channel, ap-

plied on the computation shown with a thick line, the redevelopment
of the boundary layer is slightly improved in the outlet channel.
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Figure 23: Diffuser flow. Averaged
� � � velocities. The difference be-

tween the computations are shown in the bottom figure, where the fil-
ter widths in the LES region are shown.
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Figure 24: Diffuser flow. F�� (top figures) and F � (figures below) on the
bottom wall (left figures) and top wall (right figures). Same computa-
tions as described in Fig. 23.
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Figure 25: Diffuser flow. Modelled shear stresses (resolved stresses
� � ). Same computations as described in Fig. 23.
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ies of near-wall RANS model within a hybrid LES/RANS scheme.
In W. Rodi and N. Fueyo, editors, Engineering Turbulence Mod-
elling and Experiments 5, pages 17–326. Elsevier, 2002.

[19] A. Yoshizawa. Statistical theory for compressible shear flows with
the application of subgrid modelling. Physics of Fluids A, 29:2152–
2163, 1986.

[20] H.C. Chen and V.C. Patel. Near-wall turbulence models for com-
plex flows including separation. AIAA Journal, 26:641–648, 1988.

[21] C. Fureby. Large eddy simulation of rearward-facing step flow.
AIAA Journal, 37(11):1401–1410, 1999.

29



[22] 8th ERCOFTAC/IAHR/COST workshop on refined turbulence
modelling. In June 17-18, Helsinki University of Technology,
Helsinki, Finland, 1999.

[23] P. Emvin. The Full Multigrid Method Applied to Turbulent Flow in
Ventilated Enclosures Using Structured and Unstructured Grids.
PhD thesis, Dept. of Thermo and Fluid Dynamics, Chalmers Uni-
versity of Technology, Gothenburg, 1997.

[24] L.J. Johnston. Solution of the Reynolds-averaged Navier-Stokes
equations for transonic aerofoil flows. The Aeronautical Journal,
pages 253–273, 1991.

30


