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Abstract

The objective of this work is to present the results of time-dependent numerical predictions of a turbulent symmetry breaking vortex
breakdown in a realistic gas turbine combustor. The unsteady Reynolds-averaged Navier—Stokes (URANS) equations are solved by
using the k—e two-equation model as well as by a full second-order closure using the Reynolds stress model of Speziale, Sarkar and Gatski
(SSG). The results for a Reynolds number of 5.2 x 10*, a swirl number of 0.52 and an expansion ratio of 5 show that the flow is emerging
from the swirler as a spiral gyrating around a zone of strong recirculation which is also asymmetric and precessing. These flow structures
which are typical for the spiral type (S-type) vortex breakdown have been confirmed by PIV and local LDA measurements in a corre-
sponding experimental setup. Provided that high resolution meshes are employed the calculations with both turbulence models are capa-

ble to reproduce the spatial and temporal dynamics of the flow.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Vortex breakdown is a very effective way of establishing
a recirculation zone in a swirling flow and thus a premise for
aerodynamical flame stabilization in high intensity combus-
tion chambers (Gupta et al., 1984). Despite its importance
in engineering applications and more than four decades of
investigation, there is still no general accepted theory
explaining all aspects of the vortex breakdown phenome-
non. Specific features like different flow states and the tran-
sition between them as well as theoretical attempts to
describe the specific states of flow have been presented in
comprehensive reviews (Leibovich, 1978, 1984; Escudier,
1987, 1988; Lucca-Negro and O’Doherty, 2001). However,
as Hall (1972) stated in an early review ‘“‘there does not ap-
pear to be any simple set of numbers that would fix the po-
sition of breakdown”. On the other hand, the different
patterns of vortex breakdown could be characterized in
terms of integral parameters like Reynolds number Re, swirl
number S (or swirl parameter 2) and the expansion ratio £
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(Sarpkaya, 1971; Faler and Leibovich, 1977). At higher
Reynolds numbers, only the bubble form (B-type) and the
spiral form (S-type) vortex breakdown have been observed
(Leibovich, 1984). For gas turbine combustor flows with Re
higher than 1.8 x 10*, Gupta et al. (1984) mention two
states, one with a large precessing vortex core (PVC) and
the other one with a large PVC which is damped depending
on the radial pressure gradient. The flow structures de-
scribed by Gupta et al. (1984) as PVC resemble the S-type
vortex breakdown characteristics which have been observed
also by other investigators (Sarpkaya, 1971; Faler and
Leibovich, 1977). This breakdown type exhibits an internal
stagnation point and a zone of reversed flow which accord-
ing to Leibovich (1978) are key elements of vortex break-
down. In order to avoid any ambiguity, it seems advisable
to use the notation of precessing (or S-type) vortex break-
down to distinguish between a precessing vortex breakdown
and a precessing vortex core (PVC) without vortex break-
down which was investigated by Guo et al. (2001).

As pointed out by Durbin (2002) recently, Reynolds
averaging of the Navier-Stokes equations (RANS) is not
limited to statistical stationary flows nor to unsteady flows
with a spectral gap between the mean-flow unsteadiness
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and the turbulent fluctuations. This finding was confirmed
by the unsteady-RANS (URANS) computations of Iacca-
rino et al. (2003) for the flow over a surface mounted cube,
which showed very good agreement with experiments and
large eddy simulations (LES). In the case of recirculating
highly turbulent swirl flows, Wegner et al. (2004) compared
URANS results with LES and experimental data and could
prove good coincidence.

In this paper, we will show that the URANS method is
capable to predict a spiral type vortex breakdown with a
precession frequency of about 1800 Hz in a high Reynolds
number swirling flow which is typical for combustion
applications. The predicted instantaneous and averaged
flow fields are compared to experimental data. A more de-
tailed investigation of the early vortex breakdown stages in
the present case suggests a mode selection scenario like that
proposed by Ruith et al. (2003) in their numerical investi-
gations of a laminar, unconfined vortex breakdown.

2. Geometry

In this study we concentrate on the CFD prediction of a
realistic gas turbine combustor consisting of the swirler and
the axisymmetric combustion chamber (Fig. 1). The com-
putational domain as well as the experimental setup in-
cluded not only the swirler and the combustion chamber
as shown in Fig. 1, but also the plenum upstream of the
swirler (cf. Fig. 3). The flow inside the plenum was very
homogeneous (which was verified by PIV measurements)
and thus allowed good experimental control and consis-
tency between the real flow and the prescribed inlet bound-
ary conditions in the computations. The flow enters the
swirler radially, is then guided by slots through the swirler
and leaves it almost in tangential direction (Fig. 2). The
fluid leaves the combustion chamber through a concentric
annular channel. As it can be seen from Fig. 1 the flow is
axially accelerated by this constriction at the outlet of the
combustion chamber. As Escudier and Keller (1985) have
pointed out, this helps to turn the flow from a subcritical
state after the vortex breakdown to a supercritical flow at
the outlet. By this measure, the sensitivity of the recircula-
tion region to the outlet conditions can be reduced and an
adequate location for specifying the outlet boundary condi-
tion can be found. In an a posteriori evaluation, we have
found in the present case swirl angles (¢ = arctan®, where
w is the tangential and u, the axial velocity component) at
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Fig. 1. Geometry of combustor.
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Fig. 2. Cross-section of the swirler.

Table 1
Dimensionless numbers characterizing the flow

Reynolds number Swirl number Expansion ratio Strouhal number
_ u-2r; Dy R¢

2
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the outlet of 40° and less, which clearly indicates a super-
critical flow in the sense of Squire (1960) and, thus, meets
the criterion for a suitable outlet boundary condition, as
suggested by Escudier and Keller (1985).

The fluid is air at ambient conditions with no combus-
tion. Because of the low Mach number, the flow can
be considered as incompressible. For all calculations
presented in this work, the identical global parameters as
defined in Table 1 have been used (Re=5.2x 10%
S=0.52 and £ =5). In Table 1 # denotes the bulk velocity
in the nozzle; Dy, the flux of angular momentum; 1y, the
flux of axial momentum; r;, the inner radius of the nozzle;
and Rc, the combustion chamber radius as indicated in
Fig. 1.

3. Computational method
The CFD package CFX5 was used for solving the Rey-

nolds-averaged Navier-Stokes equations on an unstruc-
tured mesh with 2.5 x 10° tetrahedral elements and about
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Fig. 3. Computational model including the plenum and the inlet and
outlet boundary.
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Fig. 5. Time series of the monitoring points obtained from numerical
calculation (SSG model).

e

(b)
[mis]
%0
83
75
68
61
53
46
38
31
24
16
9
2
©
13
21
-28
-35
43
50
(d)

(e) ()

Fig. 6. A period of axial velocity fluctuations in the azimuthal plane 5 mm downstream the swirler exit (SSG model). Phase angle (a) ¢ =0, (b) ¢ =2n %,
(¢) o =2n% (d) ¢ =2n, (¢) ¢ =2n} and (f) ¢ =273
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0.5 x 10° computational nodes. At the wall, prismatic ele-
ments were used for a better boundary layer resolution
and pyramidal elements for connecting the tetrahedral with
the prismatic elements. A high resolution spatial discretiza-
tion scheme of second order, which is locally modified for
boundedness reasons (Barth and Jespersen, 1989) and a
first-order-backward-Euler scheme for temporal discretiza-
tion were employed. The time step was set to 10™> s which
allows the detection of frequencies in the kHz range. In
Fig. 3, the complete computational model is presented to-
gether with the locations where the inlet and outlet bound-
ary conditions were specified. In order to justify a
homogeneous flow at the inlet, the mesh was extended to
include the plenum. The inlet velocity was set at the plenum
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entry uniformly to u = 0.281 m/s, which was confirmed
by PIV measurements. The turbulence intensity was
prescribed to 3% and the turbulent length scale to 5 X
10~ m. At the outlet boundary condition only the pressure
was specified to a value of 1 bar, which corresponds to the
ambient pressure of the experiment. Therefore, a very good
consistency between the experimental and the numerical
setup is ensured regarding the boundary conditions. For
the computations presented below steady and symmetric
velocity distributions at the inlet were specified. The time-
dependent and three-dimensional flow evolved completely
naturally. For the analysis of the periodic flow (time series,
spectral analysis, averaging, etc.) the time steps for the
settling of the flow were neglected. In a second numerical
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Fig. 7. A period of axial velocity fluctuations in the meridional plane (SSG model). Phase angle (a) ¢ =0, (b) ¢ =21, (c) ¢ = 271%, (d) ¢ =213,

(e) ¢ =2n# and (f) ¢ =273
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Fig. 8. Iso-surfaces of the axial velocity u = —14 m/s (dark) and 35 m/s (bright). (a) Cut-out for the figures (b) and (c), (b) SSG model and (c¢) k—¢ model.

investigation, the evolution of the vortex breakdown was
studied in detail (Section 6).

In order to evaluate the sensitivity to discretization
errors, the calculation was carried out additionally on a
refined computational grid with 3.3 x 10° elements (which
corresponds to an increase in the number of elements of
30%) and with the second-order-backward-Euler scheme
for temporal discretization. The results were identical to
that on the coarser grid. Thus, we are confident that the
influence of the discretization error is negligible.

4. Results
4.1. Predictions with the Reynolds stress model (SSG)

The Reynolds stress model used for closure of the Rey-
nolds-averaged Navier-Stokes equations was that of Spezi-
ale et al. (1991) with a nonlinear pressure-strain model.
After a short transition time, typical periodic structures
evolved in the flow. An excerpt of the time series of the
axial velocity at the two monitor points (Fig. 4) is shown
in Fig. 5. Both time evolutions are strongly dominated by
periodic patterns. In Figs. 6 and 7 a complete period of
the quasi-periodic flow structures is shown by six instanta-
neous contour plots of the axial (x direction) velocity com-
ponent in an azimuthal plane 5 mm downstream the swirler

exit (Fig. 6) and in the meridional plane (x—y plane)
(Fig. 7). As Fig. 6 reveals, the region of recirculating flow
(u < 0) as well as the flow being discharged from the swirler
(u > 0) are out of the center and do precess around the axis
of symmetry. From Fig. 7 it is evident that first signs of
symmetry breaking appear upstream of the divergent part
of the swirler, and that the central recirculation zone pen-
etrates upstream back into the swirler. As the axial velocity
is the dominating component of the velocity vector, similar
structures can be obtained by plotting the absolute value of
the velocity.

For a better perception of the flow structures presented
in Fig. 8(b) and (c), the orientation and view on the config-
uration used for these pictures is shown in Fig. 8(a). The
three-dimensional structure of the predicted flow is visual-
ized in Fig. 8(b) where two iso-surfaces of the axial velocity
are plotted. The iso-surface of the fluid emerging from the
swirler (axial velocity u = 35 m/s) is brightly colored. The
iso-surface for u = —14 m/s is marked by the darker color
and exhibits two separate regions of reversed flow. One
which is nearly axisymmetric and resembles a bubble. It
is located in the combustion chamber. The other one has
a spiral shape and extends from the combustion chamber
to the swirler nozzle. The spiral structure of the emerging
fluid in Fig. 8 has an opposite sense of winding to the basic
flow rotation which is in agreement with the experimental
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Fig. 9. Contour plots of the axial velocity and the contour line u = 0 m/s
as predicted by the k— model. (a) Maximal penetration of reversed flow
and (b) minimal penetration of reversed flow.

observations of Lambourne and Bryer (1961), Escudier and
Zehnder (1982) and Briicker (1993).

As the temporal evolution (Figs. 6 and 7) indicates,
there is a spiraling motion of the emerging fluid as well
as of the recirculating fluid. These coupled flow zones
gyrate with a frequency of about 1800 Hz. This is one of
the dominating periodicities found in the time series at
the monitoring point 2 (Fig. 5) which will be discussed in
detail in a later section (see also Fig. 12).

4.2. Predictions with the two-equation model (k—e)

The flow features described in the previous section could
be completely reproduced by the k—e turbulence model with
the standard set of constants (Launder and Sharma, 1974).
The differences to the results of the SSG model were small,
which is confirmed by comparing Fig. 8§(b) and (c). Conse-
quently, plots equivalent to Figs. 6 and 7 are not presented
for the k—¢ prediction. Instead, the results as obtained by
the k—e turbulence model are used to discuss another flow
feature. In Fig. 9 the contour plot of the axial velocity
including the contour line of u=0m/s is presented for
two instantaneous time steps. Close to the symmetry axis
where the radial and the tangential velocity component
are nearly vanishing, the zero velocity contour line indi-
cates the stagnation point. The results as displayed in
Fig. 9(a) reveal that there is a very thin zone of flow recir-
culating from the combustion chamber to the rear wall of
the swirler. At a later time, the stagnation point is shifted
downstream. It is now located at the onset of the divergent
exit section of the swirler as shown in Fig. 9(b). Our results
indicate a fairly periodic upstream and downstream move-
ment of the stagnation point with a frequency of approxi-
mately 400 Hz which is different from the frequency of the
vortex precession shown in Figs. 6 and 7. This oscillation of

L F o e A e

X
~
S
b

4
By

\

X

Fig. 10. Instantaneous PIV result of the flow structures in the meridional plane.
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Fig. 11. Spectral power densities at monitor point 1. (a) FFT from LDA, (b) FFT from SSG model and (c) FFT from k—e model.

the stagnation point is a common feature of vortex break-
down flows as Faler and Leibovich (1977) and Leibovich
(1978) have observed for both modes of breakdown. Calcu-
lations with the Reynolds stress model showed similar
results.

It was not expected to find such a similarity of the pre-
diction with the different closure models, especially because
it is known from many investigations, that the k—e model
leads in many cases to quite different results when predict-
ing swirl flows compared to a full Reynolds stress transport
approach (cf. Bradshaw, 1973; Speziale, 1991; Launder,
1996). Indeed, typical values for the Reynolds stress tensor
in the nearfield of the swirler are predicted by the k—e mod-
el six to seven times higher than those of the SSG model.
Similarly, the turbulent eddy viscosity calculated from
U = QCM% is three to four times higher for the k—e predic-
tion compared to the SSG model. A comparison of the typ-
ical ratio of the eddy viscosity y to the molecular viscosity
W shows that % ~ 500 for the k— case and "—: ~ 150 for the
SSG prediction. Therefore, it is quite clear that the Rey-
nolds stresses are dominating the stress tensor in both
cases, which might have been expected. From these find-
ings it may be concluded that the complete stress tensor

including laminar and turbulent effects may play an infe-
rior role compared to the inertial and temporal terms in
the Navier—Stokes equations for the flow case under con-
sideration. It has to be kept in mind, that early theoretical
considerations of Squire (1960) and Benjamin (1962) have
treated the axialsymmetric vortex breakdown as an inviscid
phenomenon and it was confirmed by recent numerical
studies (cf. Brown and Lopez, 1990; Althaus et al., 1995;
Wang and Rusak, 1997) that the mechanisms leading to
the bubble type vortex breakdown are as a matter of fact
mainly inviscid. In the light of these previous investiga-
tions, our findings which suggest an essentially inviscid
mechanism for the turbulent, spiral type vortex breakdown
might not be surprising.

5. Comparison to experimental results
5.1. Temporal fluctuations

In order to validate the numerical results, a test rig in
1:1 scale and with access for optical diagnostics to the

combustion chamber was setup. 2D-LDA (Laser—Doppler
anemometry) measurements (in backscatter mode) and
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Fig. 12. Spectral power densities at monitor point 2. (a) FFT from LDA, (b) FFT from SSG model and (c) FFT from k—e model.
Table 2

The Strouhal numbers corresponding to the frequency peaks of Figs. 11
and 12

Srl Sr2 Sr3

(f~ 1800 Hz) (f~ 1400 Hz) (f'~ 400 Hz)
LDA measurements 0.66 0.51 0.15
Results with k—e model  0.65 0.49 0.16
Results with SSG model 0.68 0.50 0.16

PIV (particle image velocimetry) investigations have been
performed at the same flow conditions as those investi-
gated in the numerical computations (air flow at ambient
pressure and temperature). Droplets generated by a
Laskin-nozzle (90 vol% of the droplets smaller than
1.8 um and 50 vol% smaller than 1.0 um) were introduced
in the plenum upstream of the swirler (which ensured a
homogeneous distribution at the swirler inlet) and served
as tracer particles. In Fig. 10, the instantaneous velocity
field as recorded by PIV at a meridional cross-section of
the combustion chamber is presented together with the
schematic of the swirler exit. The two velocity compo-
nents in the x—y plane are shown as vectors. Because of
the strong centrifugal forces, the marker particles are

_ I
25-19-14 -9 4 0 2 7 12 17 23 28 33 38 44 49 54 59 65 70

[mis] -

Fig. 13. Contour plot of the time-averaged axial velocity in the meridional
plane.

moving radially outwards of the vortex core. The darker
regions in Fig. 10 indicate that no velocity could be deter-
mined because of the absence of particles. Thus, these re-
gions correspond to regimes of the vortex core. In
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accordance with the numerical predictions, the experimen-
tal results show a helical structure. The circles in Fig. 10
indicate the sense of rotation of the spiraling vortex core.
Moreover, the experiments also confirm that the vortex
structure exhibits an axial displacement as it was found
in the predictions (Fig. 7).

A more quantitative comparison is shown in Figs. 11
and 12. The power density spectra of the axial velocity
component as obtained from a fast-Fourier-transform
(FFT) of the LDA data are compared to those extracted
from the calculations with the Reynolds stress model and
the k—e model. The power density spectra have been deter-
mined for monitor point 1 (Fig. 11) and monitor point 2
(Fig. 12). At monitor point 1, a predominant peak at
around 400 Hz is found from the experiments as well as
from the predictions. The peak of the calculated time series
is at 440 Hz, about 10% higher than for the measured time
series. For monitoring point 2, the spectra show three dis-
tinct peaks. One at 400 Hz which is also found at monitor
point one and two additional ones at about 1400 Hz and
1800 Hz. Comparison to the experimental data reveals that
the higher frequencies were predicted with a deviation of
less than 3%.

The discrepancy between the amplitudes of the power
density peaks of the measured and the numerical time ser-
ies in Figs. 11 and 12 can be partially attributed to the time
series duration. While the measurements provided time ser-
ies of at least 10 s length, the numerical time series were
limited to 0.02 s (starting and settling period not included)
in order to limit the computational effort. Additionally,
within the URANS approach the main part of the turbu-
lent spectrum is modelled and, therefore, this fraction is
not included in the spectra. Therefore, exactly matching
the amplitudes of the experiment by the predictions cannot
be expected. Nevertheless, as the frequencies are predicted
correctly also the Strouhal numbers as defined in Table 1
are in very good agreement (Table 2).

5.2. Time averaged flowfield

For deriving the time averaged flow quantities, the cal-
culated flowfield was averaged over 2500 time steps, which

corresponds to a physical time period of 0.025 s. This time
period contains circa 10 pulsation cycles of the stagnation
point (f'~ 400 Hz) and more than 45 precession cycles
(f~ 1800 Hz). In Fig. 13 the averaged axial velocity in
the meridional plane is presented. The spiral structure in-
side the swirler and the combustion chamber is completely
removed by the averaging process, and the averaged flow
quantity exhibits a high degree of axisymmetry, especially
in the regions where the flow is dominated by high periodic
fluctuations, namely the exit of the swirler and the inlet of
the combustion chamber. From the time averaged velocity
field as presented in Fig. 13, radial velocity profiles were ex-
tracted at three different distances downstream the swirler
exit. These axial velocity profiles are compared with the
time averaged LDA measurements (for which the integra-
tion period is at least 10 s) in Fig. 14. Although the radial
distributions of the measured and the calculated profiles
have similar characteristics, there is still a deviation of
15-30%. One source of uncertainty is the separation of
the tracer particles in the LDA measurements caused by
high centrifugal forces which was also observed in the
PIV snapshot in Fig. 10. Consequently the velocities of
the vortex core region (with a tracer particle deficit) are
underestimated compared to the regions at the edge of
the vortex core (with a tracer particle excess) by the averag-
ing process. As Hehle et al. (2002) have shown, in such sit-
uations a phase-resolved averaging gives different and
potentially better estimations of the velocity than simple
averaging over all recorded events. A further advantage
of this averaging technique was shown in the work of Cala
et al. (2004), where phase averaging was combined with the
LDA technique. For a similar flow case Cala et al. (2004)
were able to extract the spiraling vortex core as well as
the helical recirculation zone from the phase-averaged
data, which is impossible by means of conventional time
averaging.

6. Breakdown-mode selection
A further question to be studied was how the vortex

breakdown mode selection takes place. It was one of the
crucial questions of present research, if and how the spiral
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Fig. 15. The transition from the bubble type vortex breakdown to the spiral type unsteady vortex breakdown in the meridional plane (SSG model).
(@) AT=1x10"*s, (b) AT=3x10"*s, (c) AT=5x10"*s, (d) AT=7x10"*s, () AT=8x10"*s and (f) AT=9x 107*s.

type and the bubble type vortex breakdown are related to
each other (Leibovich, 1978, 1984; Escudier, 1988; Lucca-
Negro and O’Doherty, 2001). Although the idea that the
bubble type is the basic breakdown type and the transition
to spiral type evolves from a helical instability in the bubble
type vortex breakdown wake (Escudier et al., 1982) or in

the shear layers enclosing the recirculation bubble (Escu-
dier and Keller, 1983) was proposed 20 years ago, there
was no prove of this theory until the experimental work
of Briicker and Althaus (1995). In their setup the spiral
type mode evolved from the bubble type, which always
was observed first. The next important breakthrough were
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direct numerical simulations (DNS) of Ruith et al. (2003).
They found that helical instabilities with an azimuthal
mode of m = —1 (spiral structure) and m = —2 (double
helix) evolved in the wake of the primary bubble type vor-
tex breakdown. However, the work of Briicker and Althaus
(1995) as well as the calculations of Ruith et al. (2003) were
limited to low Reynolds number (Re = 100-300) flows
which were unaffected by the containment.

In order to investigate if the scenario is also valid for the
highly turbulent flow under concern, first a steady calcula-
tion was performed until the state was reached where the
global mass and momentum balances are satisfied with
an error of 1-2%. Starting out from these results the un-
steady calculations were commenced. The SSG turbulence
model was used for closure of the Reynolds stress transport
equations. In Fig. 15 the transition sequence from a quasi-
axisymmetrical vortex breakdown in the combustion cham-
ber to the spiral structures dominating the swirler exit is
depicted. At the beginning of the time dependent calcula-
tion, the reference time was set to zero. The snapshot in
Fig. 15(a) shows the axial velocity distribution in the
meridional plane for a time step 10™*s after the unsteady
calculation was started. It reveals a central, highly axisym-
metric recirculation zone, which is typical for the bubble
type vortex breakdown. At the next displayed time step
(AT =3x10"*s), the recirculation zone moves upstream
and penetrates into the swirler. Simultaneously, the (axial)
recirculation velocity increases up to —30 m/s and more.
The following time step (AT = 5x 10~*s) illustrates that
the pronounced recirculation zone on the axis of the swirler
extends to the backplane of the swirler. Now the vortex
breakdown also dominates the central channel of the swir-
ler, nonetheless the flow is still mainly axisymmetric. The
first clear signs of an asymmetric flow are visible at the time
step AT =7x10"*s, where the emerging fluid shows an
axial displacement of the velocity maxima, as well as a
strong reverse flow on the central axis. This picture is more
pronounced in the last two time steps presented in
Fig. 15(e) and (f). Both snapshots elucidate that the recir-
culation velocity inside the swirler is decreasing and, at
the same time, an axial velocity maximum develops in close
vicinity to the minimum marking the deflected vortex core,
which deviates significantly from the axis of symmetry.
Fig. 15(f) clearly indicates the appearance of the spiral type
vortex breakdown.

The physical time for the transition from the bubble
type to the spiral type vortex breakdown adds up to about
10~ s, which corresponds to approximately two rotations
of the spiralling vortex core. The transition sequence pre-
sented in Fig. 15 is similar to that observed by Briicker
and Althaus (1995) from particle tracking velocimetry
(PTV) investigations. It provides a qualitative link to the
DNS calculations of Ruith et al. (2003). Our results suggest
that the mechanism which is responsible for the vortex
breakdown mode selection at the high Reynolds number
is similar to that reported by Ruith et al. (2003) for the lam-
inar flow at Reynolds numbers of Re =~ 100-300.

7. Concluding remarks

A precessing (S-type) vortex breakdown with complex
dynamical behavior was predicted with the URANS meth-
od. Two distinct quasi-periodic flow features were cap-
tured. First, the flow emerging from the nozzle as well as
the recirculating flow exhibit a spiral shape and are gyrat-
ing around the axis of symmetry. It was found that this pre-
cession has a distinct frequency which could be observed in
the time series of the axial velocity. Second, the axial pul-
sation of the vortex breakdown gives rise to a second dis-
tinct frequency. The helical structures of the spiraling
vortex core as well as predominant frequencies were con-
firmed by PIV visualization and LDA measurements.

Although it is well known that the k— model suffers
from drawbacks like over-prediction of eddy viscosity
and is not capable to capture the anisotropic turbulence
of swirling flows (cf. Bradshaw, 1973), the highly unsteady
flow patterns of the present flow could be predicted with
good accuracy. The two different turbulence models yielded
quite different turbulent quantities. But the recovering of
the unsteady flow structures was relatively insensitive to
the exact values of the turbulent quantities predicted by
the different turbulence models. Thus, it may be concluded
that the essential mechanism leading to the spiral type vor-
tex breakdown is even in the turbulent flow case not much
affected by the turbulence of the flow.

Another frequently mentioned limitation of two-equa-
tion turbulence models is the so-called spectral gap, which
means that an appropriate difference between the time
scales of the main flow and the turbulent time scales is re-
quired. In the present case it was shown that, although
the time scales are not separated, the URANS models per-
formed quite well. Thus, there seems to be no inherent lim-
itation for the resolution of transient flow phenomena up to
several kHz. This finding was pointed out by Noll et al.
(2001) previously. Additionally, it should be mentioned that
the resolution of the unsteady flow features was very sensi-
tive to the grid size in the region of the helical structures.
Especially the k— model has the tendency to damp the
development of the instability leading to the spiral shaped
flow structures. Only if the cell size at the swirler exit was
reduced to below 0.5 x 1073 m, the flow features could be
reproduced in detail. This confirms the statement of Menter
et al. (2003) that there is no absolute scale introduced by the
statistical averaging until the grid limit is reached.

The time averaged flowfields from the numerical calcula-
tions with the SSG Reynolds stress model have been found
to be in reasonable agreement with experimental results. In
the time averaged flowfield the spiral structures are re-
moved by averaging over a relatively short time span.

From the investigation of the breakdown mode selec-
tion, it was found that the transition from bubble to the
spiral type vortex breakdown is similar to the one in the
laminar flows.

Finally, it is worth mentioning that combustion might
change the flowfield characteristics seriously as stated
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previously by Escudier and Keller (1985) and Escudier
(1988). This effect has been confirmed by extensive experi-
mental and numerical studies of Schildmacher et al. (2003)
and Selle et al. (2004) revealing that the precessing vortex
structure visible in the cold flow might disappear in react-
ing flow. This phenomenon is due to the axial flow acceler-
ation caused by the flame. As Escudier and Keller (1985)
have mentioned, by axial flow acceleration the flow can
be turned from a subcritical state after vortex breakdown
to a supercritical state.
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