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Abstract

Many practical flow problems are situated in axisymmetric geome-

tries. RANS flow solvers can lower the computational efforts dramatically

by taking this axisymmetry into account and computing only a segment

of the flow. 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 flow field. In this study,

the importance of the introduction of an axis of symmetry to LES com-

putations is assessed by computations of a flow 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 influence of the axis is put into relation with the gain

in computational costs.

1 Introduction

Numerical tools based on the Reynolds-averaged Navier-Stokes (RANS) formu-
lation have entered the industrial engineering cycle since many years. They
offer especially in the field of combustion research and gas turbine combustors
crucial informations which can not be gathered by experimental investigations
[Krebs et al., 1999].

∗current address: Stanford University, Center for Turbulence Research, Bldg. 500, Stan-

ford, CA, 94305-3030, USA, Jorg.Schluter@stanford.edu

1



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 flow field delivers a variety of additional informa-
tion which can be used for the modeling of flames [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 efforts are
made to optimize flow solvers and models in order to to render LES as attractive
as RANS for industrial applications.
Many practical flow problems are situated in axisymmetric geometries. One

possibility of RANS flow solvers to lower computational efforts in these cases is
to take the axisymmetry of the geometry and the Reynolds-averaged flow field
into account and to compute only a pie-segment of the flow. As an example can
be taken the swirl flow of an industrial gas turbine burner (Fig. 1). The complex
geometry with a multitude of vanes and injection systems lets the number of
mesh points climb easily to over twelve million mesh points, even if a very
coarse mesh is applied [Schlüter, 2000]. In an industrial framework, an LES
computation would be not feasible, if a considerable long 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
mesh points reduced by a factor of 18.
However, the extension of this concept of axisymmetry to LES computations

meets some problems. While the geometry and the time-averaged quantities
may be axisymmetric, the instantaneous flow field is not. Thus, the boundary
conditions which have to be imposed on the axis of symmetry will alter the flow
field and introduce an error. This additional error might not be an obstacle for
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 effect of the axisymmetric approach to LES computations, particu-
larly with regard to LES of swirl flows. In order to assess the importance of the
error and to determine the gain of computational resources, the investigation
reported here performs LES computations on two different flows and each on
two different mesh geometries.
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2 Problem Setup

2.1 Swirl Flows

Since swirl flows can be found in numerous industrial applications like cyclone
separators, flow over delta wings and especially swirl combustors, many experi-
mental investigations dealt with the investigation of swirl flows (e.g. [Faler and Leibovich, 1977],
[Faler and Leibovich, 1978], [Escudier and Zehnder, 1982], [Farokhi et al., 1989]
and many others). However, since swirl flows are sensitive to exterior influences
[Gupta et al., 1984] the numerical investigation of swirl flows is difficult.

RANS flow solvers are able to reproduce the basic flow features of the vortex
breakdown [Hogg and Leschziner, 1989] and even dynamic features like precess-
ing vortex cores [Guo et al., 2001]. However, the comparison of the numerical
results against experimental data is not always satisfactory.

The highly unsteady nature of swirl flows makes numerical flow solvers based
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
geometry and are able to reproduce experimental investigations accurately. The
drawback of these computations were a high spatial discretization of the problem
and, as a consequence thereof, high computational costs.

The current investigation tries to evaluate possibilities to reduce the com-
putational costs of LES of swirl flows.

2.2 Flow Configurations

The present LES computations try to reproduce the results from the experi-
mental investigation of Dellenback [Dellenback, 1986], [Dellenback et al., 1988]
on a flow at an an abrupt axisymmetric expansion (Fig. 2). This experimental
investigation has well documented flow parameters and velocity profiles taken
by LDA measurements upstream and downstream of the expansion. This gives
a clear definition of the inlet boundary conditions and the possibility to compare
the flow development closely. The expansion ratio is about 1:2 which leads to
a cross section area ratio of 1:4. This geometry and flow configuration can be
seen as an idealized gas turbine combustor.

In the experimental investigation the flow with different swirl numbers S,

S =
1

R

∫
∞

0
r2ūw̄dr∫
∞

0
rū2dr

(1)

were investigated.

The LES computations will concentrate on two flow configurations:

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

2. The flow with a strong swirl (S=0.6). Here, vortex breakdown takes place
and the effect of the axis of symmetry on the recirculation zone can be
investigated.

Both flow configurations are computed at a Reynolds-number Re=30,000.

2.3 Mesh Geometries

The computations are performed on two different meshes (Fig. 3):

1. A full three-dimensional mesh, 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 seen as a real LES com-
putation, since the turbulence in the third direction is strongly disturbed, 2D
LES and DNS computations have shown some potential in cases, where not
the turbulence itself was subject of research, but chemical processes or model
development. However, the computational results of the 2D computations had
very strong disagreements, quantitatively as well as qualitatively, so that this
approach has been abandoned. This underlines the fact, that turbulence has
always to be treated as a three dimensional phenomenon.

4



Figure 3: Meshes used for the swirl flow 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 generate both meshes so that they resemble each other as
best as possible, although it was necessary to modify them close to the axis. The
meshes are 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-reflecting
outlet. On the surfaces of the walls lies an O-grid. The thickness of the first
cell on the surface has a y+ = 35. This mesh is around 1

4
D thick.

The full 3D mesh has an H-mesh in the center and consists in total of 75000
mesh points.The 90◦ axi-symmetric mesh has also an H-mesh in the center,
albeit shifted, so that one edge of the H-mesh forms the axis of symmetry. This
mesh has a size of 22000 points.

An additional finer full 3D mesh with 410,000 mesh points and a y+ = 15
was created in order to assess the sensitivity of LES to the mesh size.

2.4 Inlet Conditions

It seems favorable to start with the computations well upstream in order to not
disturb the vortex roll-up at the step by a closely spaced domain inlet. For-
tunately, in the experimental investigation flow 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 impose fully 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 flow
in the preprocessing process and by using the data from this computation as
boundary conditions [Pierce and Moin, 1998b]. However, it is difficult to define
these boundary conditions on both mesh geometries likewise. In order to ensure
that differences between the computations on the two meshes are solely effects
from the axisymmetric approach and not from the boundary conditions, laminar
velocity profiles in shape of the measured profiles are imposed at the inlet.

2.5 Axisymmetric Approach

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

∂ux
∂r
= 0.

In a Reynolds-averaged approach this can be fulfilled 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 uφ are zero on the axis, these quantities have a
turbulence intensity of zero at the axis as well. In the case of ur it means,
that there is no turbulent transport crosswise from the axis. Furthermore it
has to be mentioned, that many unsteady non-axisymmetric flow instabilities
exist. The phenomenon of so called precessing vortex cores is the most common
non-axisymmetric flow instability in swirl flows [Gupta et al., 1984]. It has been
shown, that LES of the full 3D geometry is a very powerful tool to investigate
these instabilities [Schlüter et al., 2001]. Of course, an axisymmetric approach
is unsuitable to address this particular problem, which might introduce another
error.

3 The Flow Solver

3.1 Mathematical Formulation

The basic idea of LES is to resolve the larger scales of motion of the turbulence
while approximating the smaller ones. To achieve this, a filter is applied to the
continuity equation and the transport equations of momentum. Applying the
Favre filter

ρQ̃ = ρQ =

∫ +∞

−∞

ρQ (x, t)G (x− x′) dx′ (2)
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leads to the following equations for momentum ui:

∂ρ̄ũi

∂t
+
∂ρ̄ũiũj

∂x
+
∂p

∂x
=
∂τij

∂xj
+
∂Tij

∂xj
with (i, j = 1, 2, 3) (3)

3.2 Subgrid Scale Model

The term Tij results from the convective terms ũiuj , 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 needs to be
modeled.
An eddy viscosity approach is used for the subgrid scales:

Tij = 2νtSij +
1

3
Tllδij (4)

with

Sij =
1

2

(
∂ui

∂xj
+
∂uj

∂xi

)
(5)

The simplicity of this model allows fast computations and hence a higher spatial
discretization and an increase of the resolved part of the spectrum.
To determine the eddy viscosity νt the Filtered Smagorinskymodel [Ducros et al., 1997]

defined on a high-pass filter HP was used:

νt = (C2∆x)
2

√
2HP (S̃ij)HP (S̃ij) with C2 = 0.37 (6)

The high pass filter HP filters out the lower half of the resolved frequency in-
cluding the mean flow (0Hz). This means, the eddy viscosity is only active
on velocity gradients due to high frequent fluctuations. Thus, it is zero at the
wall and in laminar flows. This model offers an improved behavior in transi-
tional flows than the Standard Smagorinsky model [Smagorinsky, 1963] and was
optimized to work for wall boundary layers.

3.3 Present Implementation

For the LES calculations the AVBP parallel solver developed at CERFACS and
the Oxford University [Schönfeld and Rudgyard, 1999], based on the parallel li-
brary COUPL [Schönfeld and Rudgyard, 1998] was used. The program handles
structured and unstructured meshes and is second-order accurate in space and
and third order accurate in time. It is based on a compressible formulation of the
Navier-Stokes equations. The Navier-Stokes characteristic boundary conditions
(NSCBC) have been implemented [Poinsot and Lele, 1992].
Although other flow solvers might have been more efficient for this particular

problem (incompressible, structured), it was also aim to proof, that this flow
solver is able to compute swirl flows in order to extend the investigation to
reacting flows in complex gas turbine burners.

7



0.0 1.0
0.0

0.5

1.0
x/D= −2.0 −0.5 0.25 0.5 0.75 1.0 1.5 2.0 3.0 4.0

Ux

0.0 1.0
0.0

0.5

1.0

Uφ

0.0 0.5
0.0

0.5

1.0

RMS(ux)

0.0 0.5
0.0

0.5

1.0

RMS(uφ)

Figure 5: Influence of mesh coarsening. Profiles for swirl number S=0.6 (strong
swirl). circles: measurements, solid line: LES on mesh with 75,000 points,
dashed line: LES on mesh with 410,000 points. Averaging time-span 0.1s
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Figure 6: S=0.0, magnitude of azimuthal vorticity component of an instanta-
neous snapshot of the flow field (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 vorticity component of the time-
averaged flow field (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 considered crucial to obtain proper statis-
tical data, it is desirable to use coarse meshes in order to speed-up the com-
putations and to compute long physical time-spans. In order to determine the
influence of mesh coarsening one exemplary computation was performed on two
different meshes, one on a coarse mesh with 75,000 mesh points, and the other
a fine mesh with 410,000 mesh points.

To compute the same physical time-span, the computation on the coarse
mesh was about nine times faster than on the fine mesh. This can be associated
to two effects. First, the computation of less mesh points takes obviously less
time. Second, on the coarse mesh larger time-step between two iterations can
be used, since an acoustic wave needs more time to propagate between two
adjacent mesh points.

Fig. 5 depicts the velocity profiles obtained by the computations and com-
pares them to measurements for the case with 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 flow, 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 fine mesh is in a slightly better agreement than the
computation on a coarse mesh. Nevertheless, the improvement of the results
by the refinement of the mesh do not justify the increased computational costs.
The coarse mesh does predict reasonably well the swirl flow.

4.2 Axisymmetric Approach: No Swirl S=0.0

The investigation of the influence of the axisymmetric approach has been done
on the coarser mesh. First, the case without any swirl (S=0.0) is examined.
Fig. 6 depicts an instantaneous snapshot of the vorticity 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 scale structures exist.
While the initial vortex roll-up in the full 3D case appears to be nearly

axisymmetric, further downstream the axisymmetry is lost and some vortex
structures even cross the axis. The time averaged vorticity field of these two
computations is illustrated in fig. 7. The recirculation zones, indicated by a
black line, demonstrate deviations in the shape. Since the recirculation zones in
the full 3D computation exhibit deviations on the upper and the lower part of the
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Figure 9: Expansion flow, S=0.0 (no swirl), u′2x 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 divergence of the full 3D and the 3D 90◦ axi-symmetric computation
can be explained by the fact, that the averaging time span was not sufficiently
long.
Fig. 8 depicts a comparison between the computations and the measure-

ments of the time-averaged axial velocity ux. The outermost left profile is the
profile which was imposed at the inlet, which explains the overall accordance
in this profile. The second profile from the left was taken still upstream of the
step. All other profiles are taken at different downstream positions behind the
step.
In the case, where the full geometry was computed, the computation of the

expansion flow is in good agreement with the measurements in the axial velocity
component. There are slight differences in the spreading rate of the mixing layer
close to the step. The reattachment length is well determined. Various former
computations, especially RANS computations, had difficulties to determine this
length properly [Rodi, 1996].
The 3D 90◦ axi-symmetric computation has greater deviations, especially

close to the axis. While the reattachment length is well determined, there is a
surplus of axial momentum close to the axis. This surplus can be assigned to
the problem, that there is no turbulent radial component u′2r on the axis. Hence,
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Figure 10: Expansion flow, S=0.0 (no swirl), u′2r radial turbulence intensity,
solid lines: full 3D LES, dashed lines: 90◦ segment LES, averaging time-span:
0.2s

there is no turbulent transport from the axis to the outer flow. Initially, in the
upstream pipe, the velocity maximum is located on the axis. This momentum
can be transported to the rest of the flow only by viscous transport.
In the experimental investigation the axial turbulent intensity u′2x (fig. 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 close to
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 u′2r , fig. 10 depicts the development of this quantity behind the
step. Unfortunately no measured data is available, but since the full 3D LES
computation has a good agreement with the experiment, the full 3D LES case
can be taken as a reference of 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 case no turbulence has yet arrived near the axis. This is the reason,
why the agreement between the full 3D and the 90◦ segment computations is
still high (fig. 8) at this point. Further downstream in the full 3D case the
maximum of the turbulence intensity of the radial velocity component shifts
towards the centerline of the geometry. Since the axial symmetric computation
does not predict any turbulence in radial direction on the axis the profiles start
to disagree with the full 3D case, and the profiles of the axial velocity begin to
disagree near the axis (fig. 8).

4.3 Axisymmetric Approach: Strong Swirl S=0.6

Adding swirl upstream of the expansion alters the flow field dramatically. Fig.
11 shows an instantaneous snapshot of the vorticity 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 vorticity component of an instanta-
neous snapshot of the flow field (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 vorticity component of the time-
averaged flow field (black: maximum, white: minimum), black line indicates
recirculation zone, above: 3D full, below: 3D 90◦ axi-symmetric, averaging
time-span: 0.2s

culation zone starts near the expansion and closes 1.5 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 different to the recirculation zone in the full 3D computation. The
recirculation zone crawls upstream close to the inlet of the domain and it does
not close downstream.
Fig. 12 depicts the vorticity distribution of the time-averaged flow field. It

can be seen, that the axi-symmetric computation disagrees qualitatively with
the full 3D case.
Fig 13 compares the axial velocities ux of the LES computation with the

experimental data. Both computations determine the reattachment of the flow
at the outer wall well. The full 3D computation is in good agreement with the
experiment, although the thickness of the recirculation zone is underestimated.
In the experiment, the recirculation zone does not close downstream, while

the full 3D LES computation predicts a weak positive axial velocity on the axis
far behind the step. It has to be mentioned, that in the unsteady flow field, some
pockets of the recirculating zone are floating downstream from time to time. In
fig. 11 a detached recirculating zone floating downstream can be seen in the
full 3D computation. It is probable, that the recirculation on the axis in the far
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Figure 13: Expansion flow, 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

field of the experiment is a product of a frequent passing of 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 flow field,
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 zones passing the test section can be found. In
the first case, fluid mass from far downstream is convected upstream to the
expansion, while this is not the case in the unsteady approach.
The axi-symmetric computation overestimates the 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
exchange in radial direction. The turbulence in radial direction is probably one
important factor for the frequent detachment of the recirculating bubbles.
For the full 3D case the agreement between LES and experiment of the axial

turbulence intensity u′2x is better than in the unswirled case (fig. 14). Obviously,
the turbulence created by the recirculation zone is much higher than the free-
stream turbulence in the arriving pipe flow. This underlines the capability of
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Figure 14: Expansion flow, S=0.6, u′2x 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 flow to create turbulence and enhance mixing. The high production
rate of turbulence of the recirculation zone is one of the reasons for the good
ignition characteristics of swirl burners.

The same observations made for the axial velocity ux apply to the azimuthal
velocity component uφ of the swirl flow (fig. 15). The mean values of the full 3D
computation are in 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 u′2φ reveals some interesting
observations (fig. 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 uφ = 0 is imposed on the axis at every instant,
u′φ has to be zero as well. The comparison of the axi-symmetric computations
with the experiment show the greatest deviation on the axis. Because the inner
recirculation zone is bound to the axis and can not move crosswise to the flow,
the azimuthal turbulent intensities are underestimated throughout the domain.
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Figure 15: Expansion flow, S=0.6, uφ 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 Efforts

The motivation for the axi-symmetric simplification was to reduce the compu-
tational costs. The computational effords of the axisymmetric computation was
lower by a factor of 3.24 compared to the full 3D computation.
The computational costs do not depend linearly with the number of mesh

points. In the present implementation, the periodic patches in the axi-symmetric
cases need a special treatment in the flow solver. This exchange of information
between the two periodic patches causes additional communication between
processors, which slows down the axisymmetric computation.

5 Conclusions

In order to assess the applicability of the axisymmetric approach to LES com-
putations, two different grid topologies were investigated to reproduce an ex-
pansion flow and a swirl flow with LES: a full 3D and a 3D 90◦ axi-symmetric
geometry.
The LES approach has shown, that it can reproduce expansion flows and

swirl flows, if the full 3D mesh is used. Already with a low number of mesh
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Figure 16: Expansion flow, S=0.6, u′2φ 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 flows are dominated and characterized
by large scale turbulence, which is resolved even on coarse meshes.

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 flow the axisymmetric computations did
not even reproduced the basic flow characteristics properly. The unexpected
high error induced by the axisymmetric assumption make the usage of this ap-
proach little advisable. Although the gain in computational costs was remark-
ably, in the author’s opinion they do not justify the usage of an axisymmetric
approach for these kind of flows. However, since the 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 flows where naturally no turbulence is present on the
axis (e.g. an axisymmetric diffuser) or the axis of symmetry is not part of the
flow (e.g. a blade of a turbo fan).

The full 3D LES computations have shown, that they can predict flows 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 flow

17



configurations.
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