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LARGE EDDY SIMULATION OF THE FLOW
AROUND A HIGH-LIFT AIRFOIL

Simon Dahlström

Department of Thermo and Fluid Dynamics
Chalmers University of Technology

SE-412 96 Göteborg, Sweden

ABSTRACT

The work presented in this thesis concerns the efforts of conducting a
Large Eddy Simulation (LES) around an airfoil. The airfoil is close to
stall, near maximum lift and the Reynolds number is high. In the flow
a transitional separation bubble is present. With the aim of solving
the flow around an aeroplane, wing or profile at aeronautical condi-
tions, the meshes become inevitably coarse (even for the Aerospatiale
A-profile studied in this thesis) and the near-wall region cannot be re-
solved. The thesis investigates different ways of modelling the near-
wall region: by using wall-functions or by using RANS close to the
wall. As a result of using coarse meshes, numerical problems arise in
the form of unphysical wiggles. This problem is particularly severe in
the airfoil flow with its thin laminar boundary layer. In the thesis a
wiggle-detector scheme has been used and other ways of treating the
laminar region are investigated (by modifying the SGS-models and the
spatial schemes). It is found that the treatment of the laminar re-
gion has a major effect on the turbulent boundary layer further down-
stream. The thesis also discusses the requirements on the resolution
when the near-wall region is (or should be) modelled and tries to see
the benefits of using a Large Eddy Simulation in such simulations.

Keywords: Large Eddy Simulation, Incompressible Finite Volume,
Airfoil, Transition, Mildly Separation, Approximate Wall Boundary Con-
dition, Hybrid RANS/LES.
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1 INTRODUCTION

The focus of the work presented in this thesis has been to apply Large
Eddy Simulation (LES) on a high-Reynolds flow around a profile close
to stall. The work has been a part of the LESFOIL project and is
presently a part of the FLOMANIA project, where besides the airfoil
flow, also the flow in an asymmetric plane diffuser is studied.

In LES the large-scale eddies are resolved and the small scales are
modelled. The uncertainty of the modelling is reduced when the impor-
tant large scales are resolved. This is the case with wall-resolved large-
eddy simulations, where the important near-wall structures are partly
resolved. These structures are large compared to the small-scale tur-
bulence in this region, however, they are not large, compared to other
length scales in the outer part of a boundary layer and wall-resolved
simulations are often not a feasible alternative because they are far too
expensive to perform.

Instead, in the high-Reynolds flow around the airfoil, the minimum
requirements in order to conduct an LES are investigated. In this
approach the near-wall region is to be modelled and the question is:
what resolution is required in the region outside the near-wall region?
The minimum requirement is to resolve large flow structures such as
boundary layers, separation bubbles etc., with a sufficient amount of
nodes. Different types of flow structures are shown in Chapter 2 and
different approaches to solve these flows are described in this chapter.

The value of having a good LES resolution in the off-near-wall re-
gion and to see the benefits of using this LES approach is investi-
gated. In LES the filtered (time-dependent) Navier-Stokes equations
are solved. LES thus gives information about the transients of the flow
and the simulations give a physical representation of the flow as the
time progresses. In Chapter 4 this feature of LES is used to visualise
the different flow regions around the Aerospatiale A-profile.

A major part of the work on the airfoil regards how to achieve an
LES at this high Reynolds number. This is discussed in Chapter 5 and
regards 1) the use of a wiggle detector 2) having a sufficient resolution
in the off-near-wall region and 3) having knowledge of the different flow
regions around the profile. Given that there is no a priori knowledge
of the flow, this can only be gained in an iterative manner discussed
in this chapter. The chapter tries to highlight the considerations and
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requirements in order to get a physically qualitatively good LES. To
get quantitatively better results, especially two issues are discussed:

� Regarding the aerofoil, there is an uncertainty about how to treat
the laminar region, which seems to be crucial to get the transi-
tional bubble at the correct location.

� The other issue regards near-wall treatment. In Chapter 6 differ-
ent near-wall treatments are discussed: wall-functions and the
use of RANS close to the wall. A method using interface condi-
tions with turbulent structures at the interface between the LES
and RANS region is presented.

What are the perspectives of LES? In Chapter 7 the cost and future
for LES are estimated for different LES approaches.
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2 RESOLVING AND MODELLING TURBULENCE

There are a range of aspects concerning turbulent flows. The aim with
this chapter is partly to highlight the difference between modelling
and resolving turbulence and partly to discuss which flow structures
that need to be resolved in different approaches, especially focusing on
RANS and LES.

Flow Structures

A distinction could be made between two types of flow structures:

� Mean flow structures

� Turbulent flow structures

In both LES and RANS the mean flow structures need to be captured
(or resolved). For example when resolving the laminar boundary layer
in Fig. 1, the resolution must be sufficiently fine, in the streamwise

PSfrag replacements

�

Figure 1: Laminar
boundary layer.
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�

Figure 2: Vortices or
eddies in a turbulent
boundary layer.
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Figure 3: Eddies or
turbulent structures
in a wake.
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Figure 4: Separation
bubble.
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Figure 5: Detached
eddies in massively
separated flow.

PSfrag replacements
������� wall units

Figure 6: Near-wall
streaks.
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direction, to capture the increase in the boundary layer thickness. An-
other example is a separation bubble, either a laminar one (see Fig. 4)
or a bubble present in the mean, which needs to be discretized with a
sufficient amount of nodes in the streamwise and wall-normal direc-
tion.

The turbulent flow structures are modelled altogether in RANS and
in LES the important turbulent flow structures are resolved and the
less important (smaller scales) are modelled. Here a distinction could
be made between two types of important turbulent structures:

� Important energy-containing large eddies away from the wall.
Examples are whirls in a turbulent boundary layer, in a wake
or in a massively separated flow (Figs. 2, 3 and 5).

� Near-wall structures such as near-wall streaks (see Fig. 6), hair-
pin vortices, bursting processes, sweeps and ejections.

Near-wall structures

The regions near the wall are the viscous sublayer, the buffer region
and the logarithmic region. The viscous sublayer is a thin region ex-
tending up to eight wall units away from the wall ( 	 wall unit ��� ����� ).
The near-wall streaks are streamwise counter-rotating vortices in this
region. They have an approximate spanwise periodicy of 100 wall units
and a length of 1000 wall units. These turbulent structures are impor-
tant, since they interact with the buffer region and are responsible for
a major part of the energy production through the bursting process [1].
Other mechanisms in the buffer region are sweeps (when high-speed
fluid from the logarithmic region enters the buffer region) and ejections
(when low-speed fluid from the buffer region enters the logarithmic re-
gion). When talking about the near-wall region, it is the region where
the above described structures prevail.

Eddies in the off-near-wall region ( ����� wall units)

Talking about the off-near-wall region, it is the region outside of where
the near-wall structures prevail. In a turbulent flow there are eddies
(whirls and swirls) of different sizes. The eddies are stochastic, how-
ever in the mean, the energy in the eddies of a certain size could be
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collected and an energy spectrum could be plotted. In Figs. 7 and 8
typical energy spectra at different Reynolds numbers are shown at a
point in the turbulent boundary layer.

PSfrag replacements PSfrag replacements

���������	�

�
���������


 ������

Figure 7: Turbulent boundary layer at low Reynolds number and en-
ergy spectrum at a point.
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Figure 8: Turbulent boundary layer at high Reynolds number and en-
ergy spectrum at a point.

As the scale of the eddies get smaller they get more isotropic, re-
gardless of the anisotropy of the large-scale flow. The assumption that
the smallest scales are isotropic is in accordance with Kolmogorov’s
(1941) universal equilibrium theory, which states that if the Reynolds
number is high enough then there exists a range of wave numbers, the
equilibrium range, where the scales are independent of the large scale
flow and depend only on the dissipation rate, � , and the viscosity, � .
The spectrum in Fig. 8 also shows another region, the linear region in
the log-log plot, called the inertial subrange, where the eddies are also
independent of the viscosity. The existence of these regions have been
confirmed in experiments and simulations. For example, Saddoughi
and Veeravalli [2] have found clear indications of local isotropy in the
inertial subrange in their measurements in a high Reynolds turbulent
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boundary layer flow.

Numerical Approaches to Solve Turbulent Flows

DNS

In Direct Numerical Simulation, DNS, almost all scales in a flow field
are resolved, from the largest scales down to the Kolmogorov length
scales. The Kolmogorov scales are the smallest scales in a turbulent
flow, with the length scale, � , time scale, � , and the velocity scale, � ,
given by:

��� �
��� �	��

����� ��� � � �	� � ����� ��� � � � � ����� (1)

The structure of the turbulence becomes finer as the Reynolds num-
ber ( ����� � ��� � � ) increases. Thus the DNS resolution has to increase
with increasing Reynolds number. If the largest scales in a flow are of
the size

�
, the number of nodes required in a DNS, in one direction, is

proportional to
� � � ( 
 ��� � ���� ). The total number of nodes thus scales

like ����� ���� , and the numerical problem becomes too expensive at a rela-
tively low Reynolds number. Further, if walls are present, the near-wall
structures need to be resolved leading to an even stronger dependence
on the Reynolds number (see Chapter 7).

Wall-resolved LES

In a wall-resolved LES, the distance from the wall to the first node
should be at least less than two wall units. Although the velocity pro-
file in the viscous sublayer ( �����! #"%$ ) is linear in the mean, instan-
taneously this need not be the case and ��� must be less than two in
order to resolve the instantaneous velocity gradient close to the wall.
Also the near-wall structures described above need to be sufficiently re-
solved. They can be captured if the sizes of the cells closest to the wall
are within the range of  ����'&)( � ��	* �� , � �� � � and 	* ��+&-, � �%. � [3].

Coarse LES

The fact that the small scales are more isotropic makes them easier to
model and assuming that the inertial range dynamics (and the local
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isotropy) sets in independently of the Reynolds number relative to the
largest scale in the flow,

�
, then the required resolution in an LES is

also independent of the Reynolds number. However, what need to be
stressed, is that the largest scale in a flow could be very small. Looking
at the different types of flows shown in Figs. 1-6 once again, both the
laminar and the turbulent boundary layers could be very thin and so
could the separation bubble.

RANS

In RANS the time-averaged Navier-Stokes equations are solved. The
governing equations for RANS looks exactly the same as the ones for
LES (see Appendix). However the eddy viscosity term plays a com-
pletely different role in the two approaches. In the RANS approach all
turbulence is modelled and the eddy viscosity locks the flow. The prob-
lem is to find a model that is able to model the turbulence in different
types of flows and often the constants need adjusting, depending on
type of flow.

DES

The LES idea seems to work well in the case of turbulence with iner-
tial range dynamics and where the largest scales in the flow are easily
resolved. This is the case for the detached eddies in airfoil flows at
stall (see Fig. 5). In the Detached Eddy Simulation (DES) approach,
RANS is used near walls and LES in the detached part of the flow (see
e.g. [4–7]).

Hybrid RANS/LES

In hybrid RANS/LES, RANS is used close to walls in order to model
the near-wall-region flow. The requirements on the resolution is less
severe for RANS compared to LES, since the structures only need to
be resolved in the mean. In the RANS region the eddy viscosity mod-
els all turbulence. LES is used in the region outside the near-wall re-
gion. Here the eddy viscosity decreases, modelling only the unresolved
stresses, and the resolved stresses increases. The main problem with
hybrid RANS/LES is how the matching between these completely dif-
ferent approaches should be done.
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3 AIRFOIL FLOW

Background

Figure 9 shows the Aerospatiale A-profile and the specific case that
has been studied in the LESFOIL project [8] and now also included as
a test case in the FLOMANIA project.

Some nomenclature for the airfoil now follows. The front part of the
airfoil is called the leading edge and the rear part is called the trailing
edge. The chord of the airfoil, � , is the distance from the leading to
the trailing edge. The upper side of an airfoil is called the suction side
and the lower the pressure side. The angle of attack, � , is the angle
between the chord line and the freestream velocity,

���
.

Measurements of this flow has been carried out in two wind tunnels,
the F1 and F2 wind tunnels at Onera [9]. A range of flow data was
collected in these experiments, at different Reynolds numbers and at
different angels of attacks. However, the case studied in the LESFOIL
project, was the 	 ��� ��� -case and based on the freestream velocity and
the chord of the airfoil the Reynolds number, ���
	 � � � � � � , is equal to
� million. The flow is subsonic with a freestream Mach number of ��� 	* .
This is exactly one of the set-ups carried out in the F2 wind tunnel.
In the F1 wind tunnel, the nearest set-ups were incidences equal to
	 ��� 	 and 	 .�� 	 and Reynolds numbers of ��� ��
 and ��� 	 � million. In both
experiments the boundary layer was tripped at ��� % of the chord on the
pressure side.

PSfrag replacements

���
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Figure 9: Airfoil case.

Near maximum lift and close to stall

In Fig. 10 experimental results of the lift and drag versus the angle of
attack are shown. The dashed line marks the 	 ��� � � -case and we see
that the flow is near maximum lift and the airfoil is close to stall. The
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Figure 10: Lift and drag coefficients versus the angle of attack.

flow separates at about 82.5 % of the chord in the F2 experiments. The
separation is weaker in the experiment in the F1 tunnel, where it oc-
curs at approximately 95 % of the chord. That the flow is closer to stall
in the F2 wind-tunnel measurements is also seen in Fig. 10. A too large
blockage in the experimental setup in the F2 wind tunnel is probably
the main reason for the difference between the two experiments [9].

Take-Off and Landing Conditions

In Fig. 11 the set-up condition for the Aerospatiale A-profile at ��� �
��� 	* and ��� ��� � 	 � � is compared to different conditions for some aero-
planes. The set-up condition is in the region where stall, take-off and
landing occurs for a small aeroplane, such as the Cessna (it differs a
factor of approximately � ). The stall velocity, ��� , the velocity at which
stall occurs, is the minimum velocity during a flight. The take-off and
landing velocities are often related to the stall velocity, as 	 � ����� and
	 � ����� , respectively. Thus the Reynolds number at take-off and landing
is only ��� - ��� % higher than at stall. Comparing with a large air-craft,
such as Boeing 747, the Reynolds number is almost �  times higher
than in the Aerospatiale case, although still in the region where in-
compressible methods (such as those used in the present thesis) apply.
The required resolution at this much higher Reynolds number is esti-
mated in Chapter 7 for smooth 2D and 3D wings.
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Figure 11: Take-off, landing, stall and cruising conditions for some
aeroplanes and the set-up condition for the Aerospatiale A-profile.

Different Numerical Approaches

The flow around the Aerospatiale A-airfoil has been the subject of ex-
tensive studies. Different CFD codes (steady and unsteady RANS,
compressible and incompressible methods) were validated in the EU-
ROVAL project [12] and in the ECARP project [13] on this particular
single-element airfoil. It was found that few RANS models are capa-
ble of handling this flow problem, mainly because of the lack of curva-
ture effects in the eddy-viscosity models. The second-moment closures
(which do take into account curvature effects) produced the best results
[14–16].

Large Eddy Simulation (LES) of flows around airfoils have been
conducted prior to the LESFOIL project, e.g. in a study on the NACA
4412 profile [17], the present A-profile [18] and in extensive studies
including compressible flow [19]. A new study on the Aerospatiale A-
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profile is found in Ref. [20].
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4 USING LES TO VISUALISE AIRFOIL FLOW

Because of the shape of the airfoil and the angle of attack the flow
streams faster on the suction side of the profile. Bernouli’s equation
states that this means low pressure and the opposite on the pressure
side: lower velocity and an increase in the pressure. This is the mech-
anism that make the airfoil lift. In Fig. 12 we see the pressure dis-
tribution around the A-profile. Blue colour is low pressure and red is
high. Almost all over the suction side the pressure is lower than the
freestream pressure, especially in the region around the leading edge,
where there is a pressure peak. At approximately ��� % of the chord
and downstream the pressure fluctuates: the pressure decreases or in-
creases locally resulting in eddies or swirls in the flow. Here in this
region the flow is turbulent.

Figure 12: Pressure contours.

In Fig. 13 the stagnation point region and a part of the very thin
laminar boundary layer are shown. On the suction side, there is a peak
in the pressure gradient near the leading edge. The favourable pres-
sure gradient accelerates the flow around the leading edge. In Fig. 14
streamlines are shown in the transitional region. In the left part of
the figure the streamline does not fluctuate, i.e. the boundary layer is
laminar and then a separation bubble is formed. Inside of this bub-
ble, the streamlines look more chaotic and a transition is taking place.
When the flow reattaches the streamline fluctuates and the boundary
layer is turbulent. In Fig. 15 the axis do not have the same scaling in
order to get a better picture of the transitional bubble and in Fig. 16
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Figure 13: The stagnation point region and the laminar boundary layer
at the leading edge.

Figure 14: Side view of the transitional bubble.

the transitional bubble is seen in a 3D view.
The turbulent boundary layer shown in Fig. 17 grows under the

influence of an adverse pressure gradient. In Fig. 18 a rear view of
streamlines illustrates the turbulent boundary layer and the eddies (or
swirls) that are present at an instant in this region. The fluctuations
get more intense in the turbulent boundary layer in the region close to
the airfoil. Figure 19 shows a side view of streamlines in the trailing
edge region and a small separation bubble is seen. When the angle of
attack increases, this bubble gets larger and finally the airfoil stalls
and looses its lift.

Finally in Fig. 20 a long distance side view of the profile and the tur-
bulence is shown. The turbulent boundary layer along the suction side
is clearly seen and downstream of the trailing edge the wake extends
far downstream of the profile.



15

Figure 15: Side view of the transitional bubble (different scaling on the
axes).

Figure 16: 3D view of streamlines showing the transitional separation
bubble.
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Figure 17: Instantaneous contour plot of the spanwise velocity.

Figure 18: Rear view of streamlines in the turbulent boundary layer.
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Figure 19: Side view of streamlines near trailing edge.

Figure 20: Side view of the profile and wake ( � -contour levels of 0.2 %
of the freestream velocity.
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5 NUMERICAL ISSUES AT HIGH-REYNOLDS
FLOWS

Resolution Iteration Process

In the beginning of the LESFOIL project a mesh, the Chalmers mesh,
was constructed. It consists of 
 ����� �  grid nodes in the streamwise
and wall-normal direction. This will be referred to as the first, initial
or coarse mesh in this chapter. From the results of the computations on
the initial mesh a range of conclusions could be drawn. All conclusions
below but one could be deduced from these initial computations.

� The resolution does not capture all of the large eddies in the tur-
bulent boundary layer until the resolution approaches &)( ���
&�, � � ��� � or ��� � �	� � $ (defined below).

� The possible existence of a laminar separation bubble.

� Poor resolution of the laminar boundary layer.

� Unphysical oscillations are present 
 finer resolution or more
dissipative scheme needed.

� When the trailing edge separation bubble appears it is very thin.

It is difficult to note the last point from the results and knowledge
about the experiments or knowledge about trailing-edge separation
bubbles are necessary. A new mesh, the Chalmers II mesh, was con-
structed in order to take into account the above considerations. This
mesh will be referred to as the second-iteration mesh or the finer mesh
in this chapter. In Table 1 data on the two meshes are shown.

Resolving the flow in the off-near-wall region

None of the meshes have been designed to resolve the near-wall re-
gion. The aim with the second mesh, the Chalmers II mesh, was to
resolve the flow in the region outside the near-wall region (outside the
region where the near-wall structures, described in Chapter 2 prevail).
From the first mesh we could see that the flow was sufficiently resolved
when the resolution was less than approximately ��� � wall units or
��� � �	� � $ . Here ��� and �	� are the number of nodes per boundary
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Mesh Chalmers Chalmers II
mesh mesh

# of grid nodes: 
 ��� � �  	 � � � � 	 � 

# of nodes along the wake: 	 � � 	 	 �
# of nodes on the pressure side: ��� 	 . � �
# of nodes on the suction side: ���
� 
 . $
Length of the cell at the leading edge: ��� � � 	 �
� ��� � � 	 �
�
Height of the cell at the leading edge: ��� � � �
� � �  �� 	 �
	 � � � �
Length of the cell at the trailing edge: ��� � �  ��
� ��� � �  	 �
Height of the cell at the trailing edge: ��� � �
� $ �  �� ���
	 � ��� �
# of cells in the laminar b.l. at the L.E.: 	 	 

Maximum &)( � on the suction side:   �� � ���
Maximum � � on the suction side: . � ��� $
Maximum aspect ratio: . $ . . �
Maximum � -stretching:  �� ��� � � $ �
Maximum � -stretching: ����� 
 � 	 .�� $ �
Size of the computational domain: ���
� � ���
� ���
� � ���
�
Grid refinement along the wake: yes yes

Table 1: Data on the Chalmers mesh and the Chalmers II mesh.

layer thickness, � , in the streamwise and spanwise direction, respec-
tively. Since the boundary layer thickness is not expected to change
much as the Reynolds number increases, this is an estimation of the
required resolution which is fairly independent of this number.

In Fig. 21 spectra on the first and second mesh are shown at a point
in the turbulent boundary layer at ( � ��� ���
� (the wall-normal distance
is approximately the same, however the resolved energy is quite differ-
ent on the two meshes). The wave number spectra in the streamwise
direction are approximate, constructed from frequency spectra. Espe-
cially in the streamwise spectra we see the increased resolution and
the cut-off in "  � � -range regions. On the coarse mesh we barely re-
solve the large scales and are far from resolving the smaller scales in
the inertial sub range. Also note the high anisotropy in the energy on
the coarse mesh, with very low wall-normal stress levels. (A note on
how the cut-off values have been decided on the streamwise spectra:
according to theory the cut-off should be at 	 � ��
 � &)( , however in the
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Figure 21: Wave number spectra in the streamwise (approximate) and
spanwise direction (top and bottom figures, respectively) at a point at
��� � of the chord. Thin lines: Chalmers mesh; thick lines: Chalmers II
mesh.

figure the lines have been cut off at 	 � � 	 � &-( . For higher values the
turbulence is not resolved, perhaps since the spectra are approxima-
tions from the frequency spectra.) The value of having a resolved flow
in the off-near-wall region is investigated in Paper V.

Laminar boundary layer

Figure. 22 shows velocity vectors on the two meshes. From the initial
coarse-mesh computations it was seen that the laminar boundary layer
was not resolved. In the second mesh (the Chalmers II mesh) this was
taken care of, however leading to an increase in the amount of wall-
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Figure 22: Velocity vectors in the laminar boundary layer. Thick vec-
tors: Chalmers mesh; thin vectors: Chalmers II mesh.

normal nodes (128 nodes). On this mesh, the height of the cell at the
leading edge is as small as  � 	 � � � � . In Fig. 23 contour levels of the veloc-
ity in the ( -direction are shown. The red lines are from a computation
on the coarse mesh and the solid lines are from the finer mesh. A wig-
gle detector described later in this chapter is used on the Chalmers II
mesh simulation (resulting in a scheme that is less dissipative than
the second-order van Leer scheme, see Fig. 14 in Paper IV), whereas
on the coarse mesh the van Leer scheme is prescribed in the particular
region shown in the figure. Although a less dissipative scheme is used,
the oscillations present on the coarse mesh do not appear on the mesh
with finer resolution.

Transitional bubble

In Fig. 24 a part of the laminar separation bubble is shown. On the
coarse mesh only an incipient bubble is present (not seen here, in-
stead see Fig. 13 in Paper III). Figure 24 also shows the increase in
the streamwise resolution, necessary in order to capture the transition
and the reattachment of the bubble (see also Fig. 5 in Paper IV).
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Figure 23: Contour levels of the
�

-velocity in the region around the
leading edge. Red lines: Chalmers mesh; black lines: Chalmers II
mesh.

2D/3D approach

From the computations on the first mesh the boundary layer thickness
could be estimated. On the second-iteration mesh this estimate has
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Figure 24: Velocity vectors in the laminar separation region on the
Chalmers II mesh (thin vectors) and velocity vectors on the Chalmers
mesh (thick vectors).

3D region

2D region

Figure 25: The choice of the 2D/3D interface on the Chalmers II mesh
and contour levels of the spanwise velocity ( 	 � of the freestream veloc-
ity).

been used to decrease the number of nodes by using a 2D/3D approach.
On a sufficient distance outside turbulent regions only 2D simulation
is performed (the spanwise amount of nodes is � ). In the 3D region, � �
nodes are used. This 2D/3D approach, which was used by ONERA [21],
saves .  � of the nodes. In Fig. 25 the matching line between the 2D
region and the 3D region is shown. The turbulent region seems to
be dangerously close to the matching line, e.g. at ��� � of the chord,
however in this particular simulation the boundary layer thickness is
overpredicted (see Fig. 11 in Paper IV), much because of a too large
transitional separation bubble in the simulations.
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Figure 26: The Chalmers mesh near the trailing edge region and veloc-
ity vectors on the Chalmers II mesh.

Trailing edge separation bubble

Figure 26 shows an instantaneous plot of a trailing edge bubble from
one simulation on the second-iteration mesh. Also shown is the initial
mesh. Note that the difference between the two meshes in this region is
only in the resolution in the wall-normal direction. The finer resolution
in this direction is needed to be able to capture these very thin trailing
edge bubbles that appears (not necessarily in the mean) at this angle
of attack.

Handling Unphysical Oscillations

Spatial scheme

The central difference scheme (CDS) is often used in LES because of its
non-dissipative and energy-conserving properties. When the momen-
tum equations are discretized in space using this scheme it can produce
odd-even oscillations (grid-to-grid oscillations or wiggles) if the resolu-
tion is poor. In the present computations, to be able to remove un-
physical oscillations, a bounded second-order upwind scheme (the van
Leer scheme) is mixed with the CDS. The schemes are blended and the
convective flux can be expressed as:�� ��������
	 ���� � �
� � �� ��� " � �
� � ������ 	 � 	 " � � �
� � ������ 	���������� (2)

for a face in the � -direction. ����� stands for the central difference
scheme,

� ��� for the 1st-order upwind scheme and
� ����� ����� for the

2nd-order correction to the lower order upwind scheme ( � " 	 is the
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previous iteration). Here � is a blending factor ( ��� ��� 	 ) and, at the
extremes, we have:

� � � : the van Leer scheme
� � 	 : the central difference scheme

with deferred correction [22]

Prescribed transition

In the initial computations the second-order upwind scheme of van
Leer was used in the laminar region and it was gradually blended to
make the CDS active in the turbulent boundary layer. This was used
on the Chalmers mesh to prescribe the transition. More details about
this approach is found in Paper I and Paper III. This is not an ideal
approach, however it might be the only feasible approach when using
very coarse meshes.

Wiggle detector

Wiggle detectors were used in the LESFOIL project [21, 23] and here a
smooth version, that was used on the Chalmers II mesh, is presented.
The wiggle detector checks if a wiggle is present in the � -, � - or 	 -
direction for any of the three velocities. If this is the case the scheme
changes 1 % towards the van Leer scheme, i.e. ��� � � �����
	 � ��� " ��� � 	 � � � ,
where � denotes time step number. Otherwise the scheme is more cen-
tred and �
� � � ������� � �
� 	 ��� � 	 � 	 � .

l−3 l−2 l−1 l l+1 l+2 l+3

Φ

Figure 27: The definition of a wiggle in the computations. In this ex-
ample there is an unphysical wiggle on face

� 	 	 � � , but not on face� " 	 � � .
It is not obvious what is an unphysical wiggle and what is turbu-

lence. This is one reason for changing the scheme smoothly. Apart
from this the wiggle definition is arbitrary and is chosen in order to
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minimise the numerical dissipation, without destabilising the numeri-
cal procedure. In the computations a wiggle is present in the

�
-direction

(
� � � � � � 	 ), if the coefficient of direction changes twice from node to node

in this direction (see Fig.27). That is, if (for any velocity component � )
� ��� � � "����

� � ����"���� � � � � �
� ��� (3)

� ��� � � "���� � �
� � ��� � � "����

� � �
is true, then a wiggle is present and � in the convective flux in Eq. 2
through face

� 	 	 � � is modified ( � � � � �����
	 � ���)" ��� � 	 � � � ).
Treatment of the Laminar Region

Because of the strong coupling between the trailing edge separation
and the pressure peak at the leading edge, all regions around the airfoil
are probably equally important. This is often referred to as a close-to-
the-trailing-edge problem although it could be the other way around. It
is probably possible to get good agreement with the F2-velocity profiles
close to the trailing edge, by using wrong laminar treatments, such as
too high freestream turbulence, too dissipative schemes or other doubt-
ful modifications. Of course, something needs to be done in the laminar
region, e.g. we would rather have a dissipative scheme than wiggles
that contaminate all of the domain. However, it is probably crucial
that the treatment in the laminar region is correct.

On the first mesh the van Leer scheme was used in order to remove
unphysical oscillations and also in order to prescribe the transition.
This is not a satisfactory approach and on the second mesh the wiggle
detector is used and there is no prescribing of the transition. These
simulations are able to capture the laminar separation bubble and to
predict the transition. However, the SGS kinetic energy is not zero
in the laminar region. To treat the laminar region in a correct way
is probably one of the key issues in order to get quantitatively good
results from the airfoil flow simulations.

Parallelisation

The computations have been performed on an IBM SP computer at the
Center for Parallel Computing at KTH. The computational domain is
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decomposed into 36 subdomains on the second mesh. . � � � . in the 3D
domain and . � 	 � 	 in the 2D domain. Dirichlet boundary conditions
are used between the blocks. More details about the parallelisation can
be found in Paper II or Ref. [24].

Numerical Method

The code used is an incompressible finite volume Navier-Stokes solver
called CALC-BFC (Davidson and Farhanieh [25]). The solver is based
on structured grids and the use of curvi-linear boundary fitted coordi-
nates. A few more details about the code is found in Appendix.
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6 NEAR-WALL MODELLING

In a wall-resolved LES the near-wall structures described in Chapter 2
are sufficiently resolved. A wall-resolved LES is not an alternative for
high-Reynolds-number flows however, as seen in the next chapter.

In Paper IV, the value of a coarse LES of the flow around the Aerospa-
tiale A-profile is discussed, in which the region outside the near-wall
region is sufficiently resolved. The value is probably greater in flows
where the near-wall region is less dominant, e.g where curvature ef-
fects, separation and transition are present. For example in Paper IV
it is argued that the prediction of the transition is more important than
the near-wall modelling, in order to get good results on the airfoil flow.

Nevertheless, coarse LES fails to produce accurate results even in
channel flows. This seemingly simple flow is actually very demanding
for LES. The flow is completely determined by the turbulence in the
boundary layers and the small spanwise structures must be resolved
in order to achieve accurate results. In the work presented in this
thesis attempts have been conducted, using the wall-function approach
described below and also to use hybrid approaches, where RANS is
used close to the wall.

Wall-Functions

Numerically, when the near-wall resolution is insufficient, the correct
value of the wall shear stress ( � ��� � � � � ��� � � � � � ��� � � ) needs to be deter-
mined. The wall shear stress is usually assumed to be correlated to the
velocity in the log region through the use of a near-wall law, e.g. the
power law, or the log law. In Paper I and III the wall law in Fig. 28 is
used. This wall-function and how it is implemented are described in
detail in Paper III.

In Fig. 29 velocity profiles are shown for computations where the
no-slip condition is used and where the instantaneous wall law shown
in Fig. 28 is used for the wall-function. The results are slightly bet-
ter when the wall-functions are used on this very coarse mesh (the
Chalmers mesh in Table 1 on page 20) with &)( ����
	 �   �� and &-, ����
	 �
�  �� . However, it is clear from Fig. 28 that a wall law such as the log
law in the wall-functions around the suction side of an airfoil, is not
accurate.
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Figure 28: Wall law used in the wall-function computation in Fig. 29

Hybrid RANS/LES

To be able to model the near-wall structures is often referred to as the
near-wall problem of LES. In the RANS approach however this prob-
lem is not that apparent, since the structures only need to be resolved
in the mean, leading to a relaxation on the requirements on the resolu-
tion in the streamwise and spanwise directions. The idea with hybrid
RANS/LES is to use RANS in the near-wall region, benefitting from
the coarser resolution required. In the region outside the near-wall re-
gion, in the off-near-wall region, LES is used. In Fig. 30 a RANS-like
computation is compared to hybrid RANS/LES, where the matching
line between the two methods is placed at ��� � . � . Note that in the
RANS computation the resolved stresses are almost zero, whereas the
stresses increase in the LES region for the hybrid computation. Look-
ing at the eddy viscosity (the bottom figure to the right in Fig. 30), the
idea with hybrid RANS/LES is illustrated: when reaching the LES re-
gion, the eddy viscosity decreases significantly and thus the modelled
shear stress (

��� �� � � " ��� ��
	 � ) becomes low (see bottom figure to the left),
resulting in that the resolved stresses increase. However, the stan-
dard hybrid RANS/LES approach fails in this channel case, which is
described in detail in Paper V.

Hybrid RANS/LES with Interface Condition

From the results with standard hybrid RANS/LES, it seems as if an
additional condition is needed at the interface. In Fig. 31 the standard
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Figure 29: Coarse mesh simulation (on the Chalmers mesh). Span-
wise and time averaged streamwise velocity profiles. Solid lines: no-
slip wall boundary condition; dashed lines: approximate wall boundary
condition from the wall law in Fig. 28; circles: exp. (F2).

hybrid RANS/LES is compared to a hybrid RANS/LES where an inter-
face condition with turbulent structures are used. The interface condi-
tion is described in detail in Paper V, where also results from diffuser
computations are presented. With this approach there are promising
results for the flows in the channel and in the diffuser.
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Figure 30: Profiles for the inlet channel case (described in Paper V).
Solid lines: RANS-like computation; dashed lines: standard hybrid
RANS/LES with matching line at � �� � � . � .
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Figure 31: Profiles for the inlet channel case (described in Paper V).
Solid lines: hybrid RANS/LES employing interface condition wit tur-
bulent structures; dashed lines: standard hybrid RANS/LES. Matching
lines at � �� � � . � .



34 6 NEAR-WALL MODELLING



35

7 ESTIMATION OF REQUIRED RESOLUTION

In this chapter the future of LES is discussed, especially the require-
ments on LES in order to compute flows around wings. Also the impor-
tance of near-wall modelling (such as hybrid RANS/LES) is stressed.
In Ref. [26] Spalart estimates the feasibility of different methods and
at what year the methods are ready. Here similar estimates are done,
however with the coarse simulations presented in this thesis as a base.

Resolution at ���������
	��
�

So, what are the characteristics of the present simulations? The mesh
consists of ��� � million nodes, the spanwise distance is  � of the chord
and an averaging time of 	 �
� � � � is regarded as sufficient. With a time
step of 	 � 	 � � � � � � � , the required nodes in space and time is ��� � � 	 � � � .
Now supposing the present coarse LES approach should be applied on
a 3D wing with a span of 8 chords, the total amount of nodes would
be  	 � million (it is a factor of 	 � � larger, compared to the present 2D
profile with a spanwise distance of ��� �  � ). As in Ref. [26],

�
spans of

averaging is regarded as necessary for a wing, however the same time
step can be used as for the 2D profile and the required nodes in space
and time becomes ���  �
	 � � � .

Resolution at Higher Reynolds Numbers

In order to estimate the required resolution when the Reynolds num-
ber increases the resolution has to be related to this number. For the
amount of nodes in the streamwise and spanwise direction, the follow-
ing is assumed for an airfoil (with at most incipient separation near
the trailing edge and ����� � � � � � ):

�
� � �� 
 � � &)( � � � �

&)( � �

 ��� ��
�� 
 � � � � ���

&)( � � � ���

�� � � 
 �
&)( � (4)

�
� � �� 
 � � &-, � � � �

&-, � �

 ��� ��
�� 
 � � � � � �

&-, � � � ���

�� � � 
 �
&-, � (5)

Here it is assumed that for the friction velocity:

� �
�
� � �� ��� 	 � � ��� ��� 
 � 	 � � ��� ��� (6)
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where in Eqs. 4-5, as en estimate for an airfoil, the flat plate mean (or
total) skin friction coefficient of Nikuradse is used: � � � ��� �
� � � � ��� ��
�� � � �
(taken from Ref. [27]). In the wall-normal direction the number of
nodes only has a weak dependence on the Reynolds number ( �

� � �� is
proportional to

� � � ��� � ). Here we assume that �
� � �� is independent of

the Reynolds number. The CFL number should be constant (and less
than one) and the number of time steps, � � , becomes:

� � 
 � � � �
&�� 
 � � &)( 
 ��� 
�� � � 
 �

&)( � (7)

Discussion

The present simulations of the flow around the 2D airfoil are viewed
as most feasible (regarding the computing time, not regarding the ac-
curacy) in the year of 2000. This coarse approach is not ready, since it
lacks accuracy in the modelling of the near-wall region and the treat-
ment of the laminar region. Further, time will tell if it is sufficient with
an amount of $ nodes per boundary layer thickness just downstream of
the transition ( �	� � �	� � $ ), as is the case in the present computa-
tions.

Three different roads are marked in Fig. 32:

� Wall-resolved LES with &)( � �  �� and &-, � � ��� just downstream
of the transition.

� Wall-function resolution: a resolution of ��� � wall units ( &)( � �
&-, � � ��� � ) and $ nodes per boundary layer thickness down-
stream of the transition at ��� � ���
	 � � .

� Hybrid RANS/LES resolution: � �� � 	 and ��� � �	� � $ down-
stream of the transition.

The year scale is based on that the computer power increases by a
factor of two every second year. If there are requirements on the res-
olution in wall units, the total amount of nodes in space and time are
strongly dependent on the Reynolds number, as seen in the figure. With
the estimates above the resolution in space and time scales like ��� � � � �
for wall-resolved LES and the LES with wall-unit requirements on the
wall-function resolution. These methods are referred to by Spalart et
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Figure 32: Estimates for 2D wing-profile computations. Square: the
present computation; circles: the ”real-life” Reynolds number at take-
off and landing.

al. as Quasi-DNS (QDNS) methods [4]. If, the near-wall problem is
solved, i.e. there are no requirements on the near-wall resolution in
wall units, the amount of nodes becomes rather Reynolds independent
(if the boundary layer thickness does not increase much). This case
is marked with a horizontal line in Fig. 32. As the Reynolds number
increases, the crucial difference between this approach and QDNS ap-
proaches is illustrated in Fig. 32. The possible road seem to be to use
the hybrid RANS/LES approach in order to conduct simulations at the
”real-life” Reynolds numbers. Here the resolution only needs to be re-
fined in the wall-normal direction and the number of nodes scales like� � � ��� � .

Figure 33 shows the estimations for a 3D wing together with an es-
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timate from Ref. [4], where � 
 � � � � � � � � � � ��� , an unstructured
grid is used and the boundary layer is turbulent from the attachment
line. This high estimate demonstrates how very thin the boundary
layer around the leading edge is. Further, it is assumed that the near-
wall problem is solved.
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Figure 33: Estimates for 3D wing computations. Square: the present
computation; circles: the ”real-life” Reynolds number at take-off and
landing.
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8 SUMMARY OF PAPERS

In this chapter a summary of the papers is given. The main aim with
this chapter is not only to summarise the papers but also to relate the
papers to each other and highlight conflicting conclusions and state-
ments.

Paper I: Large Eddy Simulation of the Flow Around
an Aerospatiale A-Aerofoil

In this paper two meshes were used: the coarse mesh described in
Chapter 5, the Chalmers mesh, and also an even coarser mesh con-
sisting of only

� � � thousand nodes. In the computations, the transition
was prescribed numerically using an upwinding scheme upstream of
the transition and the central difference scheme downstream. The two
schemes were blended in the transition region. In the transition region
the stresses should peak, however in these simulations on these coarse
meshes they are far too anisotropic and we were not able to prescribe
the transition accurately. On the very coarse mesh it was demonstrated
how upwinding in the region around the leading edge, dampens, not
only the unphysical oscillations in this region, but also those other-
wise present in the flow downstream of the transition. This paper was
the first step in the resolution iteration process (described in Chap-
ter 5), where especially the coarse resolution in the laminar region was
stressed. It was found that the wall-function computation gives bet-
ter results compared to when the no-slip condition is used. Also, for
computation

� � , on the very coarse mesh, it was argued that the finer
resolution the spanwise direction ( � � � ��� � � � ) is the cause for the simi-
lar results as for the wall-function computation on the Chalmers mesh.
However, in light of later conclusions, the reason is probably fortuitous
and due to the way the transition was treated.

In the paper it was stated, that in order to do a useful LES when
wall-functions are used, the streamwise resolution should be less than� � � . However, this does not apply on this flow around the airfoil, since
the number of nodes per boundary layer thickness is too small. Later
work suggests that the resolution should be less than ��� � wall units
and on the Chalmers II mesh, at least $ nodes per boundary layer
thickness is used. The constant, � , in the wall law that was used in
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the computations (Eq. 3), is equal to  " � �  � � .

Paper II: Parallel Multiblock CFD Computations
Applied to Industrial Cases

In this paper the parallel code that we use is described in detail. Par-
allel aspects of computations from two different research areas and an
academic test case are presented. The paper shows that the parallel
efficiency is excellent.

Here it is written that a � million nodes mesh is a sufficient wall-
function mesh, whereas we now know that it is not and hope is that the
Chalmers II mesh gives the required wall-function or hybrid RANS/LES
resolution. That is, that a resolution less than ��� � wall units and/or
that $ nodes per boundary layer thickness are sufficient.

Paper III: Large Eddy Simulation of the
Flow Around an Airfoil

Two computations on the Chalmers mesh were presented in this paper,
using the Smagorinsky SGS model and the one-equation SGS model
by Yoshizawa. In this paper (as in Paper I), the boundary layer was
tripped numerically and also here we were not able to prescribe the
transition correctly: the transition either took place too far downstream
or it was too anisotropic and unphysical. In this paper spectra are used
to show the coarse resolution in the off-near-wall region.

Here the spanwise distance was set to � � � ��� 	 � � . It is probably
not necessary to use this wide distance in this mainly attached flow. In
comparison, the wall-resolved LES in Ref. [21] used � � � ��� � 	* � , the
simulations presented in Paper I used � � � ��� � $ � and � � � ��� � � � and
the simulations presented in Paper IV used � � � ��� �  � . In Paper III
as well as in Paper I, the velocity profiles were compared to the experi-
ments in the F2 wind tunnel. It was stated that the computations fail
in predicting the trailing edge separation bubble. What we should note
is that the trailing edge separation is weaker in the F1 wind-tunnel
experiments.
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Paper IV: Large Eddy Simulation Applied to a High-
Reynolds Flow Around an Airfoil Close to Stall

In this paper the one-equations SGS model by Yoshizawa was used on
the second-iteration mesh, the Chalmers II mesh. In the simulations
a wiggle detector and a 2D/3D approach were used. The wiggle de-
tector worked fine and here the transition was predicted, however the
laminar separation bubble was too large and it was concluded that the
treatment of the laminar and transitional regions need further inves-
tigations. The two computations presented in the paper differ only in
the treatment of the laminar region and it was shown that this has a
major influence on the turbulent boundary layer further downstream.

Paper V: Hybrid RANS/LES employing Interface
Condition with Turbulent Structure

In this paper hybrid RANS/LES methods were applied to an asymmet-
ric diffuser and its inlet channel. Varying the filter width in the LES
region and the extent of the RANS domain, these results showed good
results only when the model was shifted towards RANS. It was con-
cluded that the usual hybrid RANS/LES approach with a switch from
RANS to LES at a matching line does not work. Employing turbulent
structures from the inlet data (i.e. DNS data from plane channel sim-
ulations) as additional conditions at the interface, good results were
obtained for the inlet channel case and the diffuser.
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APPENDIX

Governing Equations

Mathematical formulation of Large Eddy Simulation

In LES, the large eddies are solved and the small scales are modelled.
Mathematically, the governing equations are filtered by applying the
filter operator, � , to the equations. The filter operator is defined as:����� � � � � ��� � ��� � & ��� � � � ����� �	�
���
where � ��� � � � � & ��� � �

is the filter function and & is the filter width. An
example of a filter function (used in the present work) is the box filter,
defined in one dimension as� � ( � ( � � ��� 	

� & � ( " & � �-�+( � �%( 	 & � �
� ��
���������� ��� � � (8)

Filtering of the incompressible continuity and momentum equa-
tions results in

� � �
� ( � � � (9)

� � �
�
�
	 �

� (�� � � � � � � � " 	�
� �
� ( �

	 �

� (���� � � � �� (�� " � � �! (10)

where

� � � � � � � � " � � � � (11)

are the subgrid stresses, which are unknown and must be modelled.
In this derivation of the filtered equations, it has been assumed that

the filter operator commutes with the spatial derivatives. This is not
true for all filter functions, � ��� � � � � & ��� � �

(as pointed out in e.g. [28]),
because, in one dimension, the following integral identity is valid:� � � � ( � �

� ( � � � ( � ( � � & � ( � �	� ( � � �� ( � � � ( � � � � ( � ( � � & � ( � �	� ( � 	�
""� � ( � �"# �

� ( � � � ( � ( � � & � ( � � 	 �

� ( � � ( � ( � � & � ( � �%$&� ( �
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i.e. ��� � � � � � 	 � , where � is the commutation error and � is
the spatial derivative operator. It is clearly seen that the commutation
error is zero for those functions that satisfy the following condition:

�

� ( � � � ( � ( � � & � ( � � � "
�

� ( � � ( � ( � � & � ( � � (12)

The functions that satisfy this condition are of the convolution type,� � ( � ( � � & � ( � � � � � ( "'( � � & � ( � � � 
 ��� � � � � � , i.e. they depend only on
( " ( � . Note also that & � ( � must be constant.

The filter width, & , is often the same as the grid size and since the
grid is refined, e.g. close to walls, this leads to a commutation error in
most computations, since then

� & � � ( �
� � .

Reynolds Averaged Navier Stokes formulation

Time averaging of the incompressible continuity and momentum equa-
tions results in

� � �
� ( � � � (13)

� � �
�
�
	 �

� (�� � � � � � � � " 	�
� �
� ( �

	 �

� (�� � � � ���� (�� " � � �! (14)

where here the bar means time averaging. Here � � � is the turbulence
stress term. Note that the equations look exactly the same as the LES
equations (Eqs. 9 and 10).

Models

Eddy viscosity hypothesis

The eddy viscosity, ��� , computed by the models, is related to the un-
known stress term, � � � , using the Eddy viscosity assumption, expressed
as

� � � " 	� � � �*����� �!" � � � � � � � (15)

where � � � � ��
�	� ��

� ��


	 � � 
� � 




is the strain rate (filtered in the LES sense
and time averaged in the RANS sense).
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Smagorinsky subgrid scale model

The subgrid scale stresses (11) are the contribution of the small scales,
the unresolved stresses. They are unknown and must be modelled. The
scales are of the order of the filter width, & , and by using mixing length
theory, the eddy viscosity, � � , is modelled according to Smagorinsky [29]
as:

� � � � � � & � ��� � � � (16)

where � � � � � � � � � � � � . The constant, � � , is set to ��� 	 .
Since the Smagorinsky model is an eddy viscosity model, there is an

assumption of isotropy for the unresolved scales, which means that the
turbulence is in local equilibrium. The SGS kinetic energy equation
then reads

" � � � � � ��� � � ��� ��� � � � 
 � � (17)

where the production term, " � � � � � � , acts as a dissipation term in the
resolved kinetic energy equation (see [3]). This illustrates the main
task of an SGS model: to dissipate the correct amount of energy from
the resolved scales acting through the subgrid scale dissipation,

�
��� � �

� � � � � � .
Yoshizawa’s one-equation subgrid scale model

In Yoshizawa’s one-equation SGS model [30], the transport equation
for the kinetic energy of the unresolved stresses ( 	 � � 	 ��� � ), reads:

� 	 �
�
�
	 �

� (�� ���� � 	 � � � �

� (�� � � � 	 � � � � 	 �� (��  	
	 � " ��� 	 � �����
� (18)

	 ��� � � �
�� � � �� � � � � � � � � � � 	 ������ (19)

The constants are [31]: � � � 	 � �  , � ��� ��� ��
 and
�
� �

� � � & .



46 APPENDIX

Chen & Patel one-equation RANS model

The one-equation turbulence model by Chen and Patel [32] is a model
for the turbulent kinetic energy ( 	 � � 	 ). It reads exactly as the one-
equation model above (Eqs. 18 and 19), however the constants differ:��� � 	 , � � � ��� � � , � � � ��� . �  ��*� � 	 " � ��
�� � ��� � ��� � and�
������� . �  �*� � 	 " � ��
�� 
 � � � ��� � ��� � , where � is the distance to the wall.

Numerical Method

The code used is an incompressible finite volume Navier-Stokes solver
called CALC-BFC (Davidson and Farhanieh [25]). The solver is based
on structured grids and the use of curvi-linear boundary fitted coordi-
nates. The grid arrangement is collocated, and the Rhie and Chow in-
terpolation method [33] is used. The code is parallelised for 3D flows [24]
using block decomposition and the message passing systems PVM and
MPI. The PISO algorithm is used for the pressure-velocity coupling.
The filtered momentum equations (Eqs. 10) are discretized in time us-
ing the Crank-Nicolson scheme and in space using 2nd order differ-
ence schemes (the central difference scheme (CDS) and the van Leer
scheme).

In Paper V an incompressible, finite volume code is used [34]. For
space discretization, central differencing is used for all terms. The
Crank-Nicolson scheme is used for time discretization. The numeri-
cal procedure is based on an implicit, fractional step technique with a
multigrid pressure Poisson solver and a non-staggered grid arrange-
ment [35].
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