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Investigation of the nonreactive flow in a swirling burner
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1. Introduction

The present study focuses on studying non-
reacting flow in a nonpremixed swirl burner. In order to
reduce harmful emissions, the current trend in burner de-
signing is to operate under fuel lean and swirl combustion.
However, successful designs require a detailed knowledge
of the combustion process. In the nonpremixed case com-
bustion efficiency and pollutant emissions of gas burners
are strongly influenced by the fluid dynamics that controls
mixture formation and chemical reactions [1].

Today, the reduction of pollutant emissions from
fossil fuel combustion process is one of the important aims
of scientific research and this problem arise strictly from
fluid dynamics of the mixture. Swirling flow contributes to
a better and fastest mixing of methane with air because of
the induced turbulence and when the burning is taking
place provides the flame stabilization [2]. Natural gas is
considered as a clean fuel compared to the other fossil fu-
els, but formation of unwanted pollutants, such as nitrogen
oxides, are still taking place while burning this fuel. Under
lean combustion conditions, the peak temperature is re-
duced, NOx emissions are lower, but high CO emission
levels, flash back and flame blow out, may occur.

The phenomena are very complex as many physi-
cal, time and chemical scales are involved, therefore turbu-
lent combustion instabilities multiscale 4D problems
(space and time), like vortex breakdown and vortex pre-
cessing core [3, 4], appear.

Direct evaluation in a nonintrusive way of the
flow pattern in nonreacting flow in a swirl burner is of
great significance, both from the design point of view and
the modelling of the combustion devices with Computa-
tional Fluid Dynamics (CFD) software and with modern
experimental investigation techniques like Particle Image
Velocimetry (PIV).

Numerical simulation of turbulent combustion is
particularly difficult, as the phenomena involved are highly
nonlinear and unsteady. In addition, a direct full simulation
of the problem (Direct Numerical Simulation - DNS), now,
is beyond our computing capability. However, the recent
increase in computational power enables to simulate only
the largest scales of turbulence and capture the possible
instabilities with Large Eddy Simulation (LES) [5-7]. The
formulation of LES equations and models is a difficult and
unsettled aspect of turbulence simulation research, and so
there are several LES approaches. We will use the classical
approach in which the Navier-Stokes equations are for-

mally filtered and subgrid models for unknown terms are
employed [8-10]. Unfortunately, even the best current LES
modelling techniques do not provide reliable and accurate
quantitative predictions in the complicated flow situations
encountered here, so, the numerical simulations will be
validated by an PIV experimental investigation method.

Particle Image Velocimetry measures whole ve-
locity fields in a plane by taking series of two images at a
specified time one after each other (Fig.1). In this way PIV
system determines the magnitude and the direction of the
velocity field.
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Fig. 1 Experimental arrangement for PIV [11]

As reported in many previous works [12, 13], the
fuel injection procedure has a strong impact on pollutant
formation and the PIV technique is very useful in order to
gain information on mixing products between reactants and
to put in evidence the interaction between the fuel jet and
the surrounding stream [14].

2. PIV measurement

Since the flow can be quite fast we have to avoid
blurred images and that is one reason to use laser pulses.
One laser pulse width is only ~10 ns long. The other rea-
son is that the laser light can be focused into a thin light
sheet (~Imm) so that only particles in that plane are ex-
cited. Otherwise the scattered light from particles in other
planes would make this measurement impossible.

The PIV system is composed from a LaserPulse
Dual Nd: YAG laser at 120 mJ/pulse and at a maximum
rate of 15 Hz. For this experiment a spherical lens with
focal length of 500 mm and a cylindrical lens with the fo-
cal lens of -25 mm (equivalent to a divergence angle of
25°) have been used. Digital camera was a model Power-



View Plus 4M, with the resolution of 2048x2048 pixels,
with a 15 frames/sec. A special device — LaserPulse Com-
puter Controlled Synchronizer with triggering channels —
composed from a computer and a synchronizing device is
utilized so that it can synchronize lasers with the camera.
The system can store the first image (frame) fast enough to
be ready for the second exposure. This can be done with
the entire PIV system in Frame Straddling mode.

The Frame Straddling mode is used when PIV
images are acquired for the actual flow field measure-
ments. The control of the Frame Straddling mode is per-
formed in the INSIGHT 3G software, delivered with PIV
system. When the camera is set at the Frame Straddling
mode, the camera takes two consecutive image frames as
one image capture. The timing between the laser exposure
and in these two consecutive images is determined from
Insight 3G software. Minimum frame straddling time is
200 ns and for this case was set to 20 ps. Laser A power
has been set to 70 mJ/pulse and Laser B to 50 mJ/pulse. As
tracing particles we used smoke.

In Fig. 2 the PIV system and swirl burner assem-
bly used for the experimental investigation is presented.
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Fig. 2 PIV system and swirl burner

PIV system is taking two consecutive images
made in Frame Straddling mode. No significant differences
can be made only by eyes in these two images. The appli-
cation Insight 3G is able to see thin differences between
these images, and can establish the direction and magni-
tude of the velocity vectors (Fig. 3).

After the calibration of the PIV setup, the soft-
ware is able to deliver the values of the velocity vectors
field. From the measurement have resulted 2448 vectors,
2372 of them have been precisely determined, only 76 of
them have been obtained by interpolation of the neighbour-
ing vectors, this number represents 3.1% from the total
number of vectors.

Experimental results obtained with the PIV sys-
tem, have been first processed with the application offered
with the system, Insight 3G, but the post processing is real-
ized in Tecplot application. In the figures below instanta-
neous velocity fields on the isothermal case flow of the air
after the burner throat can be seen.

A principal advantage of PIV is its capability to
provide information about the instantaneous flow field. In
Fig. 4 an instantaneous velocity field is presented.
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Fig. 3 Processed PIV image
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Fig. 4 Instantaneous velocity field

In Fig. 5 instantaneous axial velocity vectors for
the same isothermal flow are plotted. A good observation
of the intensity and positioning of the recirculation zones
can be notified by taking account of axial velocity vectors
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Fig. 5 Instantaneous axial velocity vectors



The PIV capability to provide information about
the instantaneous flow field is well illustrated by the two
sets of successive instantaneous images shown in Fig. 6 in
which stream paths for the nonreactive flow of the air are
represented. In the central region can bee seen a central
recirculation zone formed after the burner and there appear
to be a few vortical structures with variable positioning in
the same areas.
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Fig. 6 Instantaneous stream path

Another advantage of PIV is its capability to pro-
vide information about the mean flow field.

Figs. 7-9 show typical time-averaged results. Av-
eraging is done over 80 PIV images. In Fig. 6 mean veloc-
ity field over 80 frames can bee seen.
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Fig. 7 Mean velocity field

In Fig. 8 mean axial velocity vectors are repre-
sented.

Fig. 9 shows well-defined mean stream paths and
a zone of reverse flow in the burner head region.

From the mean flow we can identify the central
toroidal recirculation zone as a permanent zone of recircu-
lation, this area will rise when the combustion is taking
place due to the gases expansion and possibly will cause a
vortex breakdown. Vortices that are developing on the ex-
ternal jet flow (Fig. 6) are moving downstream. Even the
instantaneous velocity fields are looking rather instable;
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Fig. 8 Instantaneous axial velocity vectors
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Fig. 9 Mean stream path

the mean velocity field is revealing that there is a stable
flow.

3. Numerical simulation

Because of the advantages offered by the numeri-
cal simulation investigation method, the study of the swirl
burner has been carried out through this method. Numeri-
cal results are validated by the measurements made on the
same burner with PIV equipment.

The geometrical model is realized in Gambit [15],
and the configuration is 3D one. The grid consists of tetra-
hedral and hexahedral elements, a high density of elements
being constructed in the interest zone (mixing zone, burner
head). The total number of cells is 0.9 million. The studies
were performed by the use of well known CFD software
FLUENT [16]. A segregated solver formulation was used
for these computations (equations are solved sequentially
instead of simultaneously as in coupled solver). Using a
control-volume based technique. Fluent converts the dif-
ferential governing equations to linear algebraic equations
that can be solved numerically. The control volume tech-
nique consists in integrating the governing equations for
each control volume by obtaining discrete equations that
conserve each quantity on a control volume basis. The
solver stores the discrete values of the scalars at the cell



centres and in order to determine the scalars value between
the cells centres, second order upwind scheme was used
for interpolation. Regarding accuracy of results we have
imposed 10 convergence criteria. The governing equa-
tions represent the conservation of mass, momentum (Na-
vier-Stokes), energy and additional species. Fluid proper-
ties are calculated from local gas composition. The LES
turbulence model with associated transport equations is
applied to account for turbulence because of the different
regions of the flow of low Reynolds number alternating
with high turbulence zones. The mixture model used for
this simulation is species transport with mixture material:
methane-air-2step, but the chemical reaction is not initial-
ized. The standard wall functions option for the near wall
treatment was applied as well as the no slip condition at the
wall [17].

This method requires huge computational re-
sources. As a fact, to simulate the nonreactive flow in this
case, on this geometry, for 0.5 seconds of flow, it was nec-
essary 76 days of parallel processing on a parallel network
composed from five PC quad cores with 4GBRAM each.

First, we create the geometry similar with the real
one, we imposed the swirl condition from the air inlet
boundary condition.

The numerical simulation was started with a time
step, corresponding to a CFL number of 0.08. After solu-
tion stabilization the CFL number was raised to ~0.4,
which corresponds to a time step of 10 seconds. The oper-
ating temperature and pressure where respectively 293 K
and 101325 Pa.

Comparisons are made between instantaneous ve-
locity field and time-averaged velocity field over 22500
consecutive time steps. First, we compared the instantane-
ous velocity values at different position in a transversal
plane from the burner head (Fig. 10) with mean velocity
values at the same distances from the burner head
(Fig. 11). Instantaneous velocity values are scattered
around the mean value due to the anisotropic influence of
the swirl flow. In Fig. 11, mean velocity values at different
distances from the swirl burner can be observed more
clearly.
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Fig. 10 Instantaneous velocity values at different distances
from the burner head

In Figs. 12 and 13 we have compared instantane-
ous axial velocity values at different distance, in transver-

sal planes, from the burner head with mean axial velocity
values at the distances from the burner head. The values of
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Fig. 11 Mean velocity values at different distances from
the burner head

instantaneous axial velocities are generally higher than the
mean value of the axial velocity, in some cases being al-
most double. Instantaneous axial velocity values are scat-
tered around the mean value. Central recirculation zone
can be observed clearly in Fig. 12. As comparison, the in-
stantaneous axial velocities are in the same range with the
values of mean axial velocity for the recirculation zone.
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Fig. 12 Instantaneous axial velocity values at different dis-
tances from the burner head
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Fig. 13 Mean axial velocity values at different distances
from the burner head



4. Conclusions

In all the instantaneous images taken by PIV
measurements appears external recirculation zone at dif-
ferent positions.

Both, in numerical simulation and in experimental
results, a central recirculation zone appears. This zone is
maintaining own aspect over all the measurement time.

From quality point, the velocitiy values together
with mean velocity are in agreement with measurement
data. The values of the computed velocity are lower than
the experimental measured one.

External recirculation zones appears both in nu-
merical and experimental investigation diagnostic meth-
ods.

From the instantaneous stream path along all the
captures, the conclusion is that external recirculation zones
are appearing near the burner head, and are travelling
downstream, away from this zone. In the instantaneous
stream path a few vortices structures in the both sides of
the current flow can be seen, but in the mean stream path
image these vortices do not appear anymore because of the
unstable character of the flow.
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F. Bode, C. Giurgea, V. Hodor, P. Unguresan

TEKEJIMO BE ATGALINES REAKCIJOS
SUKURINIAME DEGIKLYJE TYRIMAI

Reziumé

Stkuriniam degikliui eksperimentiskai tirti buvo
taikomi srauto daleliy greiCio lauko matavimo (PIV) ir
skaitmeninis didelio stikurio modeliavimo (LES) metodai.
Dél skyscio dinamikos jtakos miSinio susidarymui ir che-
minés reakcijos $i dviguba kontrolé atlickama tik nagriné-
jant atgalinés reakcijos neturintj srauta. Tyrinéjamas mo-
mentinis srauto tekéjimo grei¢io dydis, aSinis greitis, tra-
jektorija. Momentinio grei¢io lauko ir vidutinio greicio
lauko vertés laiko PIV matavimo atveju skenuojant dau-
giau kaip 80 paeiliui einanciy kadry ir, taikant skaitmenini
matavimo metoda, 22500 paeiliui einanciy laiko intervaly.
Dél stukurinio srauto tekéjimo didelio nepastovumo paste-
béta tam tikry skirtumy. Skaitmeninio modeliavimo rezul-
tatai palyginti su PIV metodu atlikty matavimy rezultatais.
Nustatyta, kad abiem atvejais atsiranda centriné recirkulia-
ciné zona, kuri iSlaiko tam tikra savo padéti per visa mata-
vimo laikotarpi. Kokybiniu atzvilgiu srauto greicio vertés
atitinka matavimais nustatyta viduting greicio verte.
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INVESTIGATION OF THE NONREACTIVE FLOW IN
A SWIRLING BURNER

Summary

An experimental investigation method - Particle
Image Velocimetry (PIV) and a numerical investigation
method — Large Eddy Simulation (LES) - is performed on
a swirl burner. Due to the strong influence of the fluid dy-
namics that controls mixture formation and chemical reac-
tions the present study focuses on studying nonreacting jet.
Velocity magnitude, axial velocity and stream path are
investigated in instantaneous and mean flow. Comparisons
are made between instantaneous velocity field and time-
averaged velocity field over 80 consecutive frames in PIV
case and 22500 consecutive time steps in the numerical
case. There are some differences due to the highly nonsta-
tionary behavior of the swirling flow. The results from
numerical simulation are compared to the results obtained
through PIV diagnostic measurements. Both, in numerical
simulation and in experimental results, a central recircula-
tion zone appears. This zone is maintaining own aspect
over all the measurement time. From quality point, the
velocity values together with mean velocity are in agree-
ment with measurement data.

®. bone, L. I'opres, B. T'onop, I1. Yarypecan

UCCJIENOBAHMA TEHEHMA B HEPEAKTHUBHOMH
BUXPEBOU I'OPEJIKE

Pe3zmomMme

Jns sKCcnepUMEHTaNbHbIX HMCCIECIOBAHUNA BHUX-
peBOil TOpPENKM NPUMEHEH METOJ HM3MEPEHHs CKOPOCTH
nBwKeHus actuil nmotoka (PIV mMeron) u unucinoBoit MeTox
MonenupoBanus Oomnbmmoro Buxps (LES wmerom). Usz-3a
JUHAMHWYCCKUX SIBJICHUM B KUIOKOCTH, UX BJIMAHUSA OKa3bI-
BaeMOro Ha o0pa3oBaHHME COCTaBA CMECH M XHMHYECKOI
peakLuy, MpeCTaBICHHBIE HCCIENIO0BaHUS C(OKYCHpOBa-
HBI TOJIBKO Ha UCCJIEIOBaHUU HEPEAKTHBHOTO TEUEHHS.

B pabote uccienoBaiuch MOMEHTHAS U CPETHSIS
BEJIMYMHBI CKOPOCTH TEUYEHHUs IMOTOKA, €ro oceBasi CKO-
pocTb u TpaekTopusi. OCyIIecTBICH CPaBHUTEIbHBIN aHa-
JIM3 MEXy MOMEHTHBIM ITOJIEM CKOPOCTEH IOTOKa M €ro
CcpeqHel BETMYMHON IO BpPEeMEHH, m3MepsieMoi (ompexe-
JICHHOH) TpH ucmoip3oBaHuu merona PIV ¢ mocnenosa-
TeNBHO UAYImUMH Oosee ueM 80 CHUMKaMH U C HCIIOIB30-
BaHHUEM YHUCIIOBOTO MeToja u3MmepeHus ¢ 22500 mocneno-
BaTEJIbHO WIYLIMMHU WHTEpBalaMH BpemeHu. M3-3a 0oiib-
LIOW HEYCTOMYMBOCTH BHUXPEBOIO TEUYEHMS IIOTOKA yCTa-
HOBJIEHBI HEKOTOPBIE HECOOTBETCTBUS PE3YJIbTATOB H3Me-
penusi. Pe3ynbTarhl, TOJNyYEHHBIE YWCIOBBIM METOJIOM,
COTIOCTABJICHBI C Pe3yJIbTaTaMH, MOJYYEHHBIMU TPUMEHSIS
PIV meton.

B o0oux ciydasx (Tpu MCCIeI0BaHUU YHCIOBOTO
1 3KCIIEPUMEHTAIBHOTO METO/[a) YCTAHOBJIICHO TOSIBJICHUE
LEHTPAIBHON 30HBI PEIUPKYNIALNHA. JTa 30HA MOIJICPKHU-
BAacT OINpEAEICHHOE COOCTBEHHOE MOJO0XKEHHE BO BpEMs
BCEro neproja u3MepeHus. KauecTBeHHO BelnM4YMHA MTHO-
BEHHOW CKOPOCTH IOTOKA COIIOCTABMMa C €ro M3MEPEeHHOI
cpeaHel BETUYUHOM.
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