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ABSTRACT

We report on large-eddy simulation of flow in a dol
replica of a non-premixed swirl burner in which teyesis
was detected when transiting from an attached flamge

to a short lifted flame and vice versa (Hibnerle2@03,
Tummers et al. 2008). The unconfined highly swilin
annular jet is generated by rotating the outer gipéhe
annular air supply at 4000 rpm, while gas is feaulgh

an inner annulus. The swirl number, controlled hg t
flow rate, range from 2.8 for the stable (“bluedrfie) to
4.9 for the unstable (“yellow” flame). The air amael
Reynolds numbers are 11250 and 2250 respectively for
the maximum, to 6400 and 1300 for the minimum flow
rate case. The LES results agree well with thelablai
experimental data, reproducing notably differemésiand
strengths of the central recirculation bubbleshia $table
and unstable jets. It is shown that the flow undesy
different adjustments when approaching from diffiére
initial states to a state in the hysteresis regibere both,
the stable and unstable combustion regimes hava bee
observed experimentally at the same swirl numb&:26.

INTRODUCTION

Swirling motion imposed on flames is widely applied
for stabilizing industrial burners. A low-pressugegion in
the jet core, created by a sufficiently strong wiauses a
breakdown of the elongated attached but unstahtexo
and formation of a short, lifted, stable toroidaiusture.
The separation bubble created or enhances by tire sw
motion enhances recirculation of the combustiordpets
thus providing a continuous and stable source af far
flame ignition. The enhanced shear in the envelppin
curved shear-layer augments the mixing and condrusti
However, the trend may be reversed for a high iatedt
too low axial flow rates due to local suppressibmixing
and momentum transfer, and lead even to
laminarization.

Swirling jets have attracted much attention amibreg
research community not only because of their irrgalst
relevance, but also because of a number of integest
physical phenomena. Destabilization and stabitirati
depending on the swirl strength and flow configiorat

local

augmentation of turbulence generation, vortex lieak

at strong swirls, effects of confinement and presdield,
secondary shear and strain rates due to streamline
curvature and rotation, are only some of the festuhat
attract attention. But numerical predicting of jeith high

swirl rates poses still much of a challenge.

The vortex breakdown plays a significant role ie th
transition from one flow pattern to another. A n@niof
researchers have detected hysteresis, i.e. thadittom
from one to another regime can occur at different
conditions, and also that different regimes care tplace
at the same conditions, all depending on whether th
transition is approached from a stable lifted flarnehe
unstable attached flame or vice versa.

While experimental evidence on flame hysteresis is
well documented, few computational results dealiitip
this phenomenon are available in the literaturevefs
recent LES of flows relevant to the configuratioaré
considered reproduced the main flow features and
turbulence statistics generally in accord with #éhailable
experimental data, e.g. Wang et al. (2004), Faga@blal.,
(2007), Garcia et a. (2006), Jones at al. (2012\pray
others. However, most published numerical simufatio
(LES and DNS) of swirling jets are limited to low t
moderate swirls and relatively low Reynolds number.
Moreover, most studies focus just on one configomat
and regime, but little has been reported on numakric
investigation of transition from one to anotherimegs and
the effect of the initial flame state on the flovvs the
hysteresis region. Also, most numerical studiessican
confined swirling flows with no free entrainmenthieh
are generally more stable and pose less uncertainty
defining and treating the inflow and open boundary
conditions.

In an experiment with a rotary-pipe swirl burner
Hubner et al, (2003) and Tummers et al. (2008) diotinat
the flame changes from a long, sooty (yellow) flame
much shorter, onion-shaped (blue) lifted flamehasflow
rates are increased at a constant air-to-fuel raid a
sufficiently high rotation rate (> 3500 rpm), Fig The
opposite happens when increasing flow rate of &owel
flame, but the transition to a stable blue flameuned at
a much higher flow rate for the same rotation.
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Fig. 1: Views of stable (A) and unstable (B) flanfiest)
and the stability diagram with hysteresis regidiiil{ner
et al.2003)

Moreover, in the intermediate range both regimes
have been detected at the same conditions, degendin
from which side this state is approached. Becausbeof
solid rod placed centrally in the burner, both ftmm
contain recirculation bubbles. However, in contrista
relatively weak recirculation in the yellow flaméhe
recirculation bubble in the blue flame is largerdan
stronger. While the upward transition occurs sutidehe
downward transition is characterized by gradual and
unstable changes in the flame shape. As showngnlFi
right, the downward transition allows the blue f&ain the
range of the flow rates previously characterizedthoy
yellow flame in the upward transition.

Hubner et al. (2003) detected a hysteresis alamlih
flows in the same configurations, tough in a milétm
compared to the flame where the effects of density
variation in combusting situations may be significa

We report on LES study of flow in a computational
cold replica of the experiment of Hubner et alugiag on
the experimentally observed hysteresis. The aito gain
an insight into and better understanding of thehrarism
and conditions that lead to different flow regimesder
the same controlling parameters. The high rotation
number, defined as a ratio of maximal tangentidbaity
and the bulk axial velocityN =U,,, /U, is another

novelty of the research. It ranges from 2.8 for the
maximum flow rate case, to 4.9 for the minimal floste
case. A role of vortex breakdown in formation of
dominant flow pattern has also been investigated.

The large eddy simulations should make it posdible
investigate the effects of the vortical and turbake
structure at very strong swirl and its effect ore th
transition from one to another regime. This workais
follow-up of an earlier RANS study (HadZiabdéet al.
2012) and is also a precursor for the simulatiornthef
reacting case which should mimic the full experitnen

We considered four cases corresponding to the
experiment, indicated in Fig 1 rigt by A0, Al, BadaBO.

It is recalled that AO corresponds to a fully sealiblue)
flame at N=2.8, BO to an unstable (yellow|) flame at
N=4.9, whereas Al and B1 correspond to a stable and
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unstable flame detected at the same conditidl¥s3.(L6)
when approaching from the stable and unstable flame
respectively. The conditions for the four cases are
summarised in Table 1, (velocities in m/s).

Case N Ugas Uair Réyas Reyr
A0 2.80 4.14 5.20 2250 | 11250
Al 3.26 3.30 4.16 1750 9700
B1 3.26 3.30 4.16 1750 9700
BO 4,91 2.38 3.00 1300 6400

Table 1: flow parameters of the cases considered

FLOWS AND COMPUATIONAL DETAILS

The flow considered is a cold model of the rotaigep
swirl burner investigated experimentally by Hibeéral,
(2003) and Tummers et al (2008). The burner is nade
two 1320 mm long concentric annular ducts withaheer
and inner diameters of 70.3 and 38 mm (air), ancr32
24 mm (gas), respectively, and a solid rod of 24 dim
placed at the centre. The swirl is generated inaier
(air) annulus by rotating its outer wall at a camstspeed
of 4000 rpm. The swirl number was imposed by adjgst
the flow rate to replicate the experiment. Theaaid fuel
Reynolds numbers (based on the hydraulic diametees)
ranged from 11250 and 2250 respectively, for the
maximum to 6400 and 1300 for minimum flow rate case

The LES was performed using the TU Delft
unstructured finite-volume computational code Tvirko
The filtered Navier-Stokes and continuity equatidos
incompressible fluid were closed by the dynamic
Smagorinsky subgrid-scale model. The diffusion and
convection terms in the momentum equations are
discretised by the second-order central-differesaeme,
whereas the time-marching was performed using Ig-ful
implicit three-level time scheme. The computational
domain shown consists of a cylinder ofDLdiameter and
16D height (whereD=70.3 mm denoting the rotating wall
inner diameter is used throughout the paper as the
characteristic dimension). The convective outflos i
imposed at the exit boundary, while constant presaias
imposed on the open lateral boundary. A small ool
with a velocity profile from RANS with a maximum of
5%U,was imposed at the bottdnee boundary at - 10
It is reported by several authors that the infleen€ the
co-flow boundary is minor as long as the co-flowrigd,
(Hadziabdic & Hanjalic 2008, Garcia et al. 2007.-Nip
condition was imposed for velocity at all wall balamies.

In order to have the inflow condition as close as
possible to the reference experiments, the two iabax
(non-swirling and swirling) annular jets enteringet
burner have been generated by precursor LES offiow
the preceding annular passages over the actutd finicts
length. The velocity field from these simulationsasy
recorded and stored at every time step. These wiate
subsequently used to define the inflow velocity
components for the two coaxial jets.

The mesh consists of about 13 mill hexahedral cells
(N,xNxNg=210x228%x264) clustered towards the burner
mouth to resolve the steep gradients of the erghyoity.
The maximum wall distance of the centre of the wall
adjacent cells expressed in wall units was less tharhe
mesh resolution quality was checked by comparirgy th
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characteristic mesh siz& =[AzxAr xrA6)"® with the
Kolmogorov length scale n=(*/¢&)** (with the

dissipation ratee taken from the RANS solution of the
same flow, HadZiabdi et al. (2012). The maximum
A/ nwas everywhere less than 12, apart from the region
very close to the burner mouth where it reachedvétee

of 16, thus in accord with the common criterion for
sufficiently fine LES mesh quality.

The computations of cases Al and B1 have been done
by starting from the fully convergent solutions thieir
stable counterparts, AO and BO, with a step-adjestrof
the flow rate to the value corresponding to Al/Bbsa

RESULTS

Time averaged and instantaneous flow fields

Figure 2 provides an overview of the time-averaged
recirculation bubbles for the two reference cadés,
stable A0 and the unstable BO configuration. Intecast
to the combusting cases, the A0 bubble is smaller,
enveloped by strong and symmetric axial motion gio
a bit asymmetric), whereas the BO bubble is muofela
asymmetric and unsettled with some streamlines leggg
above the stagnation point despite a long averaging
period. However, the averaged negative velocityr ahre
area from the centre to the “eye” of the bubble, is
considerably higher in the AO than in the BO ca3@X
versus 0.09 oWy, testifying of a substantially stronger
recirculation, as could be expected in view of acimu
stronger shear in the shear layer encompassingutbigle.

The bubble size and shape for the A0 and Al case
agree well with the experimental data of Hibnerl(®0
The computed length of the recirculation zone D.76
compared with the measured value @7Zhe agreement
with experiments is also confirmed by comparisorhaf
measured and simulated mean velocity profiles
(normalised with the bulk velocity dgl,k), shown in Fig 3.
The axial and radial velocities agree very wellhwihe
measured data. A small discrepancy in the sharkspaia
r/R=0.45 (outflow from the inner (“gas”) duct)
immediately after the nozzle exi/p=0.11) is probably
due to insufficient experimental resolution.

The experimental data for the tangential velocity i
the cold regime are not available. Because of #maes
imposed hydrodynamics, we compare computations with
the data obtained in the AO flame. Indeed, thepmgded
tangential velocity shows similar shapes as thesorea
ones at all axial locations, except that the expenial
profiles are shifter towards the jet periphery apeeted
due to strong thermal expansion.

For comparison, LES results for the Al case are als
shown, but no experimental data for the cold regare
available. The visual images of the A0 and Al flarook
very similar, but because of a difference in thalafkow
(about 20% in the bulk velocity) some modificatioofs
the velocity field are expected. These are visibleall
profiles hinting at the bubble widening and larger
entrainment, as indicated by a larger radial véjoait
zZ/ID=0.28, and a faster decay in the axial and tangenti
velocity. A broader overview of the flow structuoeer
the larger domain (up @wD=6) for all four cases is given
in Fig 4 showing the tangential and axial velodisids
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together with the streamlines. One can see thaAthend

B1 bubbles are similar in size (as expected in \oéthe
same flow conditions), though but the B1 bubble is
somewhat larger, more asymmetric and less settled.

The above observations are also reflected in the
instantaneous field, illustrated in Fig. 5. WhileetAO
streamlines, despite wiggles, show unidirectionakla
flow everywhere above the bubble, and a strong
entrainment of the surrounding flow below it (snigot
close to hemispherical streamlines), the BO pictlrews
some irregular recirculating patches within andvabtihne
bubble and much more nonuniform tangential véyoci
field. The A1 and B1 cases are relatively simithqugh
both showing some features of their stable counttsp

Transients from stable to unstable regimes

The evolution of the jets approaching the interrati
states Al and B1 when starting from AO and BO
respectively, is illustrated in Fig 6 by selectetpshots
of the instantaneous tangential and axial velecig@d
streamlines shown at the time instants (expresséerins
of the flow-through timer = D/Uy ) after the start of the
computations from the respective stable cases AOB&nh
While the transition from AO (with relatively stabtlose-
to-parallel streamline pattern) to Al proceeds vist
exhibiting clearly destabilization effects alreaalyer 1=4
and reaching the well-established Al case (with a
somewhat larger recirculation bubble than in AOkmaf
1= 20,the BO to B1 proceeds much more slowly and takes
over a hundred of flow-through times to reach &acap
though still rather unstable B1 state. In both sase sees
a gradual change of the bubble size, with the tatdsAl
and Bl showing some similarity, but still being
sufficiently different to confirm different stahbiii sates
despite the equal flow conditions. The BO to Bhsition
is especially interesting, as an increase in thalax
velocity shows a clear trend to pull and elonghteinitial
bubble while contracting its radial dimension. Aadm
dipole forms at the nozzle, grows displacing and
eventually breaking up the original bubble intoraaer
attached one and a secondary recirculation abpwith
is swiftly convected along the flow, until eventyabnly
the basic bubble sustains.

CONCLUSIONS

The LES simulations of isotherrnal model of a flame
experiment reproduced the conditionally stable megi
(AO) well in accord with the available experimendata,
thus providing credibility in the LES of other casehe
unstable BO and the two cases at equal conditidhsnd
Bl supposed to correspond to the hysteresis region.
Differences between the computed cold Al and Blehav
been detected, though substantially smaller thaervkd
experimentally in flames. Due to the uncertaintyhiow
weaker is the hysteresis in the cold flow, at giége it is
difficult to say if the simulations actually reprackd the
phenomenon. Possibly, the transitions from onentiheer
regime occurs also at different conditions in adctbw
than in flames, where a sudden flame lift-off caonchn
easier be detected. The issue will hopefully beifid
after the computations are continued from the AA1o
transition further to BO, and the BO to B1 furthierAQ,
which are currently in progress.
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Fig . 2 A close look at the burner near-field axialocity field . Left: A0, N=2.8; right: B0, N=4.91
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Fig. 3 Comparison of velocity profiles for AO and Aases. From left to right: radial, tangential argl components. Symbols:
experiments for the AO case. Note: axial and radddcities are for the cold AO and the tangent@ocity for the AO flame.

AO: N=2.8 Al: N=3.26 B1: N=3.26 BO: N=4.91

Fig. 4 Comparison of mean velocity components ar@gilines in the vertical cut plane for the foases considered. Top:
tangential velocity, bottom: axial velocity.
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Fig. 5 Snapshots of instantaneous velocity fields ifedéht regimes. Top: tangential velocity; bottomiahvelocity

Transition fromAO to A1 =

1=6 1=16 T=100(A1)

Transition fromB0 to B1 =

1=89 £BO) 1=110

Fig. 6 Time evolution of the instantaneous stréaenpatterns and axial velocity field in the deyetent of the B1
regime when starting from BO (top) and of the Adinee when starting from AO.



