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Abstract

Many practical 
o w problems are situated in axisymmetric geome-
tries. RANS 
o w solvers can lower the computational e�orts dramatically
by taking this axisymmetry into account and computing only a segment
of the 
o w. However, the extension of this concept to LES computations
is not straight forward, since the boundary conditions imposed on the
axis of symmetry are altering the instantaneous 
o w �eld. In this study,
the importance of the intro duction of an axis of symmetry to LES com-
putations is assessedby computations of a 
o w with and without swirl
over an axisymmetric expansion. The LES computations are performed
on a full 3D mesh and a 90� segment of the geometry. The results are
compared and the in
uence of the axis is put into relation with the gain
in computational costs.

1 In tro duction

Numerical tools basedon the Reynolds-averagedNavier-Stokes(RANS) formu-
lation have entered the industrial engineering cycle since many years. They
o�er especially in the �eld of combustion research and gas turbine combustors
crucial informations which can not be gathered by experimental investigations
[Krebs et al., 1999].

� current address: Stanford Univ ersity, Center for Turbulence Research, Bldg. 500, Stan-
ford, CA, 94305-3030, USA, Jorg.Schluter@stanford.edu
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Figure 1: Deviation model of a gas turbine burner

In the recent time, the advantages of Large Eddy Simulations (LES) have
been noticed by industry. In the area of combustion research, the resolu-
tion of the time-developing 
o w �eld delivers a variety of additional informa-
tion which can be used for the modeling of 
ames [Pierce and Moin, 1998a],
[Colin et al., 2000]. However, the huge computational costs of LES are still a
hurdle for industry to accept LES as an everyday tool. Worldwide e�orts are
madeto optimize 
o w solversand modelsin order to to render LES asattractiv e
as RANS for industrial applications.

Many practical 
o w problemsare situated in axisymmetric geometries.One
possibility of RANS 
o w solvers to lower computational e�orts in thesecasesis
to take the axisymmetry of the geometry and the Reynolds-averaged
o w �eld
into account and to compute only a pie-segment of the 
o w. As an examplecan
be taken the swirl 
o w of an industrial gasturbine burner (Fig. 1). The complex
geometry with a multitude of vanesand injection systemslets the number of
mesh points climb easily to over twelve million mesh points, even if a very
coarsemesh is applied [Schl•uter, 2000]. In an industrial framework, an LES
computation would be not feasible, if a considerablelong physical time-span is
to be computed. In this particular case,with the assumption of axisymmetry
the geometry can be cut down to a 20� angle of the burner and the number of
meshpoints reducedby a factor of 18.

However, the extensionof this conceptof axisymmetry to LES computations
meets some problems. While the geometry and the time-averaged quantities
may be axisymmetric, the instantaneous 
o w �eld is not. Thus, the boundary
conditions which have to be imposedon the axis of symmetry will alter the 
o w
�eld and intro duce an error. This additional error might not be an obstaclefor
industrial applications, if it is small enough to justify this approach in order
to keep computational costs low. Aim of the present LES investigation is to
quantify the e�ect of the axisymmetric approach to LES computations, particu-
larly with regard to LES of swirl 
o ws. In order to assessthe importance of the
error and to determine the gain of computational resources,the investigation
reported here performs LES computations on two di�eren t 
o ws and each on
two di�eren t meshgeometries.
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2 Problem Setup

2.1 Swirl Flo ws

Sinceswirl 
o ws can be found in numerous industrial applications like cyclone
separators,
o w over delta wings and especially swirl combustors, many experi-
mental investigationsdealt with the investigation of swirl 
o ws(e.g. [Faler and Leibovich, 1977],
[Faler and Leibovich, 1978], [Escudier and Zehnder, 1982], [Farokhi et al., 1989]
and many others). However, sinceswirl 
o ws are sensitive to exterior in
uences
[Gupta et al., 1984] the numerical investigation of swirl 
o ws is di�cult.

RANS 
o w solversare able to reproducethe basic 
o w featuresof the vortex
breakdown [Hogg and Leschziner, 1989] and even dynamic featureslike precess-
ing vortex cores[Guo et al., 2001]. However, the comparison of the numerical
results against experimental data is not always satisfactory.

The highly unsteadynature of swirl 
o wsmakesnumerical 
o w solversbased
on an LES formulations more promising. Several investigations have shown,
that LES computations are able to compute the jet [Akselvoll and Moin, 1996]
and swirl [Pierce and Moin, 1998a] characteristics of a typical swirl combustor
geometryand are able to reproduceexperimental investigationsaccurately. The
drawback of thesecomputations werea high spatial discretization of the problem
and, as a consequencethereof, high computational costs.

The current investigation tries to evaluate possibilities to reduce the com-
putational costsof LES of swirl 
o ws.

2.2 Flo w Con�gurations

The present LES computations try to reproduce the results from the experi-
mental investigation of Dellenback [Dellenback, 1986], [Dellenback et al., 1988]
on a 
o w at an an abrupt axisymmetric expansion(Fig. 2). This experimental
investigation has well documented 
o w parameters and velocity pro�les taken
by LDA measurements upstream and downstream of the expansion. This gives
a clear de�nition of the inlet boundary conditions and the possibility to compare
the 
o w development closely. The expansionratio is about 1:2 which leads to
a crosssection area ratio of 1:4. This geometry and 
o w con�guration can be
seenas an idealized gas turbine combustor.

In the experimental investigation the 
o w with di�eren t swirl numbers S,

S =
1
R

R1
0 r 2 �u �wdr
R1

0 r �u2dr
(1)

were investigated.
The LES computations will concentrate on two 
o w con�gurations:

1. The 
o w without swirl (S=0.0). Here, a simple axisymmetric step 
o w is
examined.
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Figure 2: geometry of the test-case

2. The 
o w with a strong swirl (S=0.6). Here, vortex breakdown takesplace
and the e�ect of the axis of symmetry on the recirculation zone can be
investigated.

Both 
o w con�gurations are computed at a Reynolds-number Re=30,000.

2.3 Mesh Geometries

The computations are performed on two di�eren t meshes(Fig. 3):

1. A full three-dimensionalmesh,which is the usual way to perform an LES
computation.

2. A 90� pie segment of the axisymmetric geometry.

Furthermore, a so called 2D axisymmetric mesh has been used created by
a very thin slice of the axisymmetric geometry and only one cell in azimuthal
direction. Although the 2D computation can not be seenas a real LES com-
putation, since the turbulence in the third direction is strongly disturb ed, 2D
LES and DNS computations have shown some potential in cases,where not
the turbulence itself was subject of research, but chemical processesor model
development. However, the computational results of the 2D computations had
very strong disagreements, quantitativ ely as well as qualitativ ely, so that this
approach has been abandoned. This underlines the fact, that turbulence has
always to be treated as a three dimensional phenomenon.
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Figure 3: Meshesused for the swirl 
o w investigation. full 3D geometry (left),
90� axi-symmetric cut (center) and 2D axi-symmetric mesh(right)

Figure 4: Side view on the 90� axi-symmetric mesh near the step, the axis of
symmetry is below

Care was taken to generateboth meshesso that they resemble each other as
best aspossible,although it wasnecessaryto modify them closeto the axis. The
meshesare structured meshes.The computational domain starts two diameter
D upstream of the step. The test section is 20.5D long and ends in a chamber
with a diameter of 20D (Fig. 4). The chamber downstream of the test-section
is part of the computed domain and ends 10D downstream in a non-re
ecting
outlet. On the surfacesof the walls lies an O-grid. The thicknessof the �rst
cell on the surfacehas a y+ = 35. This mesh is around 1

4 D thick.
The full 3D meshhasan H-meshin the center and consistsin total of 75000

mesh points.The 90� axi-symmetric mesh has also an H-mesh in the center,
albeit shifted, so that oneedgeof the H-meshforms the axis of symmetry. This
meshhas a sizeof 22000points.

An additional �ner full 3D mesh with 410,000mesh points and a y+ = 15
was created in order to assessthe sensitivity of LES to the meshsize.

2.4 Inlet Conditions

It seemsfavorable to start with the computations well upstream in order to not
disturb the vortex roll-up at the step by a closely spaceddomain inlet. For-
tunately, in the experimental investigation 
o w measurements were made two
diameters upstream of the step. This gives the possibility to let the computa-
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tions start at this point.
The measurements indicate, that there is already turbulence present at this

location. The possibilities to imposefully developed turbulence at the inlet of a
domain is limited in LES, since temporally evolving boundary conditions have
to be imposed. This can be done by a computation of a turbulent pipe 
o w
in the preprocessingprocessand by using the data from this computation as
boundary conditions [Pierce and Moin, 1998b]. However, it is di�cult to de�ne
theseboundary conditions on both meshgeometrieslikewise. In order to ensure
that di�erences betweenthe computations on the two meshesare solely e�ects
from the axisymmetric approach and not from the boundary conditions, laminar
velocity pro�les in shape of the measuredpro�les are imposedat the inlet.

2.5 Axisymmetric Approac h

The impact of the assumption of axisymmetry for the 
o w can be described
as followed. In an axi-symmetric coordinate system ([x; r; � ] with the velocity
components [ux ; ur ; u� ] respectively) the following boundary conditions have to
be applied on the axis: ur = 0, u� = 0 and @u x

@r = 0.
In a Reynolds-averagedapproach this can be ful�lled easily under the as-

sumption of symmetric temporal mean values. For an unsteady approach how-
ever, like LES, these boundary conditions have to be applied at every instant.
Although the geometry might be axi-symmetric, the turbulence is not. Since
it is assumed, that ur and u� are zero on the axis, these quantities have a
turbulence intensity of zero at the axis as well. In the caseof ur it means,
that there is no turbulent transport crosswisefrom the axis. Furthermore it
has to be mentioned, that many unsteady non-axisymmetric 
o w instabilities
exist. The phenomenonof so called precessingvortex cores is the most common
non-axisymmetric 
o w instabilit y in swirl 
o ws [Gupta et al., 1984]. It hasbeen
shown, that LES of the full 3D geometry is a very powerful tool to investigate
these instabilities [Schl•uter et al., 2001]. Of course,an axisymmetric approach
is unsuitable to addressthis particular problem, which might intro duceanother
error.

3 The Flo w Solver

3.1 Mathematical Form ulation

The basic idea of LES is to resolve the larger scalesof motion of the turbulence
while approximating the smaller ones. To achieve this, a �lter is applied to the
continuit y equation and the transport equations of momentum. Applying the
Favre �lter

� eQ = �Q =
Z + 1

�1
�Q (x; t) G (x � x0) dx0 (2)
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leadsto the following equations for momentum ui :

@�� eui

@t
+

@�� eui euj

@x
+

@p
@x

=
@� ij

@x j
+

@Tij

@x j
with (i; j = 1; 2; 3) (3)

3.2 Subgrid Scale Mo del

The term Tij results from the convective terms gui uj , which is split into a re-
solved part on the left hand side of the equation directly delivered by the LES
calculation and an unresolved part on the right hand side, which needsto be
modeled.

An eddy viscosity approach is usedfor the subgrid scales:

Tij = 2� t Sij +
1
3

Tll � ij (4)

with

Sij =
1
2

�
@ui

@x j
+

@uj

@x i

�
(5)

The simplicit y of this model allows fast computations and hencea higher spatial
discretization and an increaseof the resolved part of the spectrum.

To determinethe eddy viscosity � t the Filtered Smagorinskymodel [Ducros et al., 1997]
de�ned on a high-pass�lter H P was used:

� t = (C2� x)2
q

2H P( ~Sij )H P( ~Sij ) with C2 = 0:37 (6)

The high pass�lter H P �lters out the lower half of the resolved frequency in-
cluding the mean 
o w (0Hz). This means, the eddy viscosity is only active
on velocity gradients due to high frequent 
uctuations. Thus, it is zero at the
wall and in laminar 
o ws. This model o�ers an improved behavior in transi-
tional 
o ws than the Standard Smagorinskymodel [Smagorinsky, 1963] and was
optimized to work for wall boundary layers.

3.3 Present Implemen tation

For the LES calculations the AVBP parallel solver developed at CERFACS and
the Oxford University [Sch•onfeld and Rudgyard, 1999], basedon the parallel li-
brary COUPL [Sch•onfeld and Rudgyard, 1998] wasused. The program handles
structured and unstructured meshesand is second-orderaccurate in spaceand
and third order accuratein time. It is basedon a compressibleformulation of the
Navier-Stokesequations. The Navier-Stokescharacteristic boundary conditions
(NSCBC) have beenimplemented [Poinsot and Lele, 1992].

Although other 
o w solversmight havebeenmore e�cien t for this particular
problem (incompressible, structured), it was also aim to proof, that this 
o w
solver is able to compute swirl 
o ws in order to extend the investigation to
reacting 
o ws in complex gasturbine burners.
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Figure 5: In
uence of meshcoarsening.Pro�les for swirl number S=0.6 (strong
swirl). circles: measurements, solid line: LES on mesh with 75,000 points,
dashedline: LES on meshwith 410,000points. Averaging time-span 0.1s
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Figure 6: S=0.0, magnitude of azimuthal vorticit y component of an instanta-
neoussnapshotof the 
o w �eld (black: maximum, white: minimum), black line
indicates recirculation zone,above: 3D full, below: 3D 90� axi-symmetric.

Figure 7: S=0.0, magnitude of azimuthal vorticit y component of the time-
averaged 
o w �eld (black: maximum, white: minimum), black line indicates
recirculation zone, above: 3D full, below: 3D 90� axi-symmetric, averaging
time-span: 0.2s

4 Computational Results

4.1 Accuracy of Mesh Resolution

Since long averaging time-spans are consideredcrucial to obtain proper statis-
tical data, it is desirable to use coarsemeshesin order to speed-up the com-
putations and to compute long physical time-spans. In order to determine the
in
uence of meshcoarseningoneexemplary computation wasperformed on two
di�eren t meshes,one on a coarsemeshwith 75,000meshpoints, and the other
a �ne meshwith 410,000meshpoints.

To compute the same physical time-span, the computation on the coarse
meshwasabout nine times faster than on the �ne mesh. This can be associated
to two e�ects. First, the computation of lessmesh points takes obviously less
time. Second,on the coarsemesh larger time-step between two iterations can
be used, since an acoustic wave needs more time to propagate between two
adjacent meshpoints.

Fig. 5 depicts the velocity pro�les obtained by the computations and com-
pares them to measurements for the casewith a swirl number S=0.6. It can
be seen,that both computations are in good agreement with the experiment.
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Figure 8: Expansion 
o w, S=0.0 (no swirl), ux axial component, solid lines:
LES computation, circles: experimental data, above: 3D full, below: 3D 90�

axi-symmetric, averaging time-span: 0.2s

The computation on the �ne mesh is in a slightly better agreement than the
computation on a coarsemesh. Nevertheless, the improvement of the results
by the re�nement of the meshdo not justify the increasedcomputational costs.
The coarsemeshdoespredict reasonablywell the swirl 
o w.

4.2 Axisymmetric Approac h: No Swirl S=0.0

The investigation of the in
uence of the axisymmetric approach has beendone
on the coarser mesh. First, the casewithout any swirl (S=0.0) is examined.
Fig. 6 depicts an instantaneous snapshot of the vorticit y distribution of this
case. In both computations the roll-up of coherent structures at the step can
be seen.About 4 to 5 diameter downstream of the step the coherent structures
are destroyed and only small scalestructures exist.

While the initial vortex roll-up in the full 3D caseappears to be nearly
axisymmetric, further downstream the axisymmetry is lost and some vortex
structures even cross the axis. The time averagedvorticit y �eld of these two
computations is illustrated in �g. 7. The recirculation zones, indicated by a
black line, demonstratedeviations in the shape. Sincethe recirculation zonesin
the full 3D computation exhibit deviations on the upper and the lower part of the
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Figure 9: Expansion 
o w, S=0.0 (no swirl), u02
x axial turbulence intensity, solid

lines: LES computation, circles: experimental data, above: 3D full, below: 3D
90� axi-symmetric, averaging time-span: 0.2s

step, the divergenceof the full 3D and the 3D 90� axi-symmetric computation
can be explained by the fact, that the averaging time span was not su�cien tly
long.

Fig. 8 depicts a comparison between the computations and the measure-
ments of the time-averagedaxial velocity ux . The outermost left pro�le is the
pro�le which was imposedat the inlet, which explains the overall accordance
in this pro�le. The secondpro�le from the left was taken still upstream of the
step. All other pro�les are taken at di�eren t downstream positions behind the
step.

In the case,where the full geometry was computed, the computation of the
expansion
o w is in good agreement with the measurements in the axial velocity
component. There are slight di�erences in the spreadingrate of the mixing layer
closeto the step. The reattachment length is well determined. Various former
computations, especially RANS computations, had di�culties to determine this
length properly [Rodi, 1996].

The 3D 90� axi-symmetric computation has greater deviations, especially
closeto the axis. While the reattachment length is well determined, there is a
surplus of axial momentum closeto the axis. This surplus can be assignedto
the problem, that there is no turbulent radial component u02

r on the axis. Hence,
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Figure 10: Expansion 
o w, S=0.0 (no swirl), u02
r radial turbulence intensity,

solid lines: full 3D LES, dashedlines: 90� segment LES, averaging time-span:
0.2s

there is no turbulent transport from the axis to the outer 
o w. Initially , in the
upstream pipe, the velocity maximum is located on the axis. This momentum
can be transported to the rest of the 
o w only by viscous transport.

In the experimental investigation the axial turbulent intensity u02
x (�g. 9) was

measured. Comparing the experimental data to the full 3D LES computation,
it can be stated, that the turbulent axial velocities are underestimated. This is
probably due to the fact, that the inlet of the computed domain is too closeto
the step and the turbulence is not fully developed in the upstream pipe.

In order to clarify the problem of the description of the radial turbulence
component u02

r , �g. 10 depicts the development of this quantit y behind the
step. Unfortunately no measureddata is available, but since the full 3D LES
computation has a good agreement with the experiment, the full 3D LES case
can be taken asa referenceof what to expect in an experiment. Directly behind
the step, the turbulence is concentrated near the mixing layer of the jet and even
in the full 3D caseno turbulence hasyet arrivednear the axis. This is the reason,
why the agreement between the full 3D and the 90� segment computations is
still high (�g. 8) at this point. Further downstream in the full 3D casethe
maximum of the turbulence intensity of the radial velocity component shifts
towards the centerline of the geometry. Sincethe axial symmetric computation
doesnot predict any turbulence in radial direction on the axis the pro�les start
to disagreewith the full 3D case,and the pro�les of the axial velocity begin to
disagreenear the axis (�g. 8).

4.3 Axisymmetric Approac h: Strong Swirl S=0.6

Adding swirl upstream of the expansionalters the 
o w �eld dramatically. Fig.
11 shows an instantaneous snapshot of the vorticit y distribution and the re-
circulation zone. At this swirl number, vortex breakdown takes place and a
recirculation zone on the axis develops. In the full 3D computation this recir-
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Figure 11: S=0.6, magnitude of azimuthal vorticit y component of an instanta-
neoussnapshotof the 
o w �eld (black: maximum, white: minimum), black line
indicates recirculation zone,above: 3D full, below: 3D 90� axi-symmetric

Figure 12: S=0.6, magnitude of azimuthal vorticit y component of the time-
averaged 
o w �eld (black: maximum, white: minimum), black line indicates
recirculation zone, above: 3D full, below: 3D 90� axi-symmetric, averaging
time-span: 0.2s

culation zonestarts near the expansionand closes1.5 diameter downstream. It
is highly distorted by turbulence and is not axi-symmetric.

The shape of the recirculation zone in the axi symmetric computation is
remarkably di�eren t to the recirculation zone in the full 3D computation. The
recirculation zonecrawls upstream closeto the inlet of the domain and it does
not closedownstream.

Fig. 12 depicts the vorticit y distribution of the time-averaged
o w �eld. It
can be seen,that the axi-symmetric computation disagreesqualitativ ely with
the full 3D case.

Fig 13 comparesthe axial velocities ux of the LES computation with the
experimental data. Both computations determine the reattachment of the 
o w
at the outer wall well. The full 3D computation is in good agreement with the
experiment, although the thicknessof the recirculation zoneis underestimated.

In the experiment, the recirculation zonedoesnot closedownstream, while
the full 3D LES computation predicts a weak positive axial velocity on the axis
far behind the step. It hasto be mentioned, that in the unsteady
o w �eld, some
pockets of the recirculating zoneare 
oating downstream from time to time. In
�g. 11 a detached recirculating zone 
oating downstream can be seenin the
full 3D computation. It is probable, that the recirculation on the axis in the far
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Figure 13: Expansion 
o w, S=0.6, ux axial component, solid lines: LES compu-
tation, circles: experimental data, above: 3D full, below: 3D 90� axi-symmetric,
averaging time-span: 0.2s

�eld of the experiment is a product of a frequent passingof these recirculation
bubbles and that the LES computation underestimates the frequency of the
detachments of recirculating bubbles.

An unsteady approach to examine the recirculation zone is mandatory for
the following reason: looking on the experimental Reynolds-averaged
o w �eld,
the impression of a connected weak recirculation zone from the expansion to
the outlet far downstream is given. Looking at the LES computation, frequent
bubbles of strong recirculation zonespassingthe test section can be found. In
the �rst case, 
uid mass from far downstream is convected upstream to the
expansion,while this is not the casein the unsteady approach.

The axi-symmetric computation overestimatesthe strength of the inner re-
circulation zone. The overestimation of the momentum on the axis was already
explained in the unswirled case. It is due to the lack of turbulent momentum
exchangein radial direction. The turbulence in radial direction is probably one
important factor for the frequent detachment of the recirculating bubbles.

For the full 3D casethe agreement betweenLES and experiment of the axial
turbulence intensity u02

x is better than in the unswirled case(�g. 14). Obviously,
the turbulence created by the recirculation zone is much higher than the free-
stream turbulence in the arriving pipe 
o w. This underlines the capability of
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Figure 14: Expansion 
o w, S=0.6, u02
x axial turbulence intensity, solid lines:

LES computation, circles: experimental data, above: 3D full, below: 3D 90�

axi-symmetric, averaging time-span: 0.2s

the swirl 
o w to create turbulence and enhancemixing. The high production
rate of turbulence of the recirculation zone is one of the reasonsfor the good
ignition characteristics of swirl burners.

The sameobservations madefor the axial velocity ux apply to the azimuthal
velocity component u� of the swirl 
o w (�g. 15). The meanvaluesof the full 3D
computation arein excellent agreement with the experiment. The axi-symmetric
computations overpredict the azimuthal momentum close to the axis. Again,
this can be explained by the missing radial turbulent transport.

A look at the azimuthal turbulence intensity u02
� reveals some interesting

observations (�g. 16). Again, the full 3D computation is in good agreement.
Note, that the azimuthal turbulence intensity is not zero on the axis. Since in
the axi-symmetric computations u� = 0 is imposedon the axis at every instant,
u0

� has to be zero as well. The comparison of the axi-symmetric computations
with the experiment show the greatest deviation on the axis. Becausethe inner
recirculation zoneis bound to the axis and can not move crosswiseto the 
o w,
the azimuthal turbulent intensities are underestimated throughout the domain.
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Figure 15: Expansion 
o w, S=0.6, u� azimuthal component, solid lines: LES
computation, circles: experimental data, above: 3D full, below: 3D 90� axi-
symmetric, averaging time-span: 0.2s

4.4 Computing E�orts

The motivation for the axi-symmetric simpli�cation was to reduce the compu-
tational costs. The computational e�ords of the axisymmetric computation was
lower by a factor of 3.24 comparedto the full 3D computation.

The computational costs do not depend linearly with the number of mesh
points. In the present implementation, the periodic patchesin the axi-symmetric
casesneeda special treatment in the 
o w solver. This exchangeof information
between the two periodic patches causesadditional communication between
processors,which slows down the axisymmetric computation.

5 Conclusions

In order to assessthe applicabilit y of the axisymmetric approach to LES com-
putations, two di�eren t grid topologies were investigated to reproduce an ex-
pansion 
o w and a swirl 
o w with LES: a full 3D and a 3D 90� axi-symmetric
geometry.

The LES approach has shown, that it can reproduce expansion 
o ws and
swirl 
o ws, if the full 3D mesh is used. Already with a low number of mesh
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Figure 16: Expansion 
o w, S=0.6, u02
� azimuthal turbulence intensity, solid lines:

LES computation, circles: experimental data, above: 3D full, below: 3D 90�

axi-symmetric, averaging time-span: 0.2s

points it is possible to obtain reasonably good results. This can be explained
with the fact, that the here computed 
o ws are dominated and characterized
by large scaleturbulence, which is resolved even on coarsemeshes.

The impact of the axisymmetric approach on LES was discussed.The error
in the LES computations using an axisymmetric assumption were high. Espe-
cially in the computations of the swirl 
o w the axisymmetric computations did
not even reproduced the basic 
o w characteristics properly. The unexpected
high error induced by the axisymmetric assumption make the usageof this ap-
proach little advisable. Although the gain in computational costs was remark-
ably, in the author's opinion they do not justify the usageof an axisymmetric
approach for thesekind of 
o ws. However, sincethe failure of the axisymmetric
assumption for LES can be associated with the underprediction of the radial
turbulence intensity on the axis, the 3D axisymmetric approach might still have
an area of application on 
o ws where naturally no turbulence is present on the
axis (e.g. an axisymmetric di�user) or the axis of symmetry is not part of the

o w (e.g. a blade of a turb o fan).

The full 3D LES computations have shown, that they can predict 
o ws of
interest for industrial applications. Despite the high costs of the 3D LES, the
advantages of this approach are promising in order to predict practical 
o w
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con�gurations.
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