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Turbulent nonpremixed swirl-stabilized flames are common in practical combustors and form the next
level of complexity after piloted and bluff-body stabilized flames. Modeling swirling flows remains a chal-
lenge especially when the swirl level is high enough to induce vortex breakdown and recirculation. This
paper presents experimental results on the velocity field and the stability characteristics of a new swirl
burner which has well-defined boundary conditions. This burner is capable of stabilizing turbulent non-
premixed flames which have high swirl numbers and which may have a significant degree of turbulence–
chemistry interactions. A Monte Carlo–based probability density function (PDF) method is also used to
compute the same turbulent, highly swirling flame using the simplest models for velocity (SLM), turbulent
frequency (JPM), and molecular mixing (IEM). A single flamelet library is used here to represent chemistry.
These simple computations reproduce the correct flow structure and compare well with the measured
velocity field. Refinements to the computations and more extensive measurements in such flows are forth-
coming.

Introduction

Swirl burners of gaseous as well as liquid fuels are
currently used in a wide range of applications such
as engines, turbines, furnaces, gasifiers, and boilers.
When of sufficient strength, swirl will produce a
large adverse pressure gradient in the direction of
the flow, which leads to vortex breakdown and flow
reversal. The recirculation zone, which then forms,
carries back to the burner’s exit plane hot combus-
tion products which act as a stabilizing source for the
flame. The recirculating vortex may be associated
with an unsteady precessing motion which remains
incompletely understood in both reacting and non-
reacting flows [1,2]. Despite these possible instabil-
ities, swirl combustors have the added advantage of
improved combustion efficiency, better ignition sta-
bility, and reduced emissions of pollutants. These
positive effects are believed to result from improved
mixing rates due to enhanced turbulence levels [3].

Early studies of swirling, flows have focused on
understanding the complex nature of their stability
and fluid dynamics. Designs of experimental burners
varied considerably, and the available measurements
were limited to flowfields and mean compositions
[4–12]. Although an improved picture of swirling

flows has emerged from these studies, many impor-
tant areas remain vague and require further re-
search. Vortex breakdown, and the ensuing forma-
tion of a recirculation zone, remains a poorly
understood phenomenon. The structure of the re-
circulation zones(s) which are critical for flame sta-
bilization is not yet resolved. Transient effects of lo-
calized extinction and reignition processes on the
structure of swirling flames are very important for
modeling such flows. Little or no measurements of
temperature and composition fields exist in swirling
flows with such dominant finite-rate chemistry ef-
fects. Issues of pollutant formation remain unclear
despite the common perception that such flames
lead to lower emissions of oxides of nitrogen (NOx).

Recent progress in modeling and computational
capabilities have put a number of advanced numer-
ical methods within reach of computing finite-rate
chemistry effects in turbulent reacting flows [13–15].
Xu and Pope [16] have recently advanced the prob-
ability density function (PDF) approach to compute
local extinction and reignition in pilot-stabilized tur-
bulent diffusion flames. The International Workshop
on Measurement and Computation of Turbulent
Nonpremixed Flames is bringing together numerical
and experimental efforts to advance knowledge and
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Fig. 1. Schematic of the new swirl burner.

computational capabilities in turbulent nonpremixed
combustion [17]. Both piloted and bluff-body sta-
bilized flow are adopted as model problems for this
workshop series. Swirl flows form the next level of
complexity in approaching model problems which
closely resemble practical combustors. A good swirl
burner which forms a focus for further experimental
and numerical studies must (1) have strong enough
swirl to cause vortex breakdown and recirculation,
(2) have simple well-defined boundary conditions,
(3) be amenable to laser diagnostic methods, and (4)
have a region of the flame where the interaction be-
tween turbulence and chemistry is significant.

This paper is the first report from a continuing
project which aims at developing an improved quan-
titative understanding of the structure of swirling
nonpremixed flames and providing a comprehensive
data bank which may be used as a benchmark for
model validation. The specific objectives of this pa-
per are

• To outline a new design for a simple swirl burner
which forms an ideal model problem for investi-
gating the complexities of swirl-stabilized flows.
Another swirl burner that is currently under in-
vestigation is the Tecflam burner for which de-
tailed experimental data are starting to appear
[18,19]. We believe, however, that the burner con-
figuration presented here has simpler boundary
conditions, is more amenable to laser diagnostics,
and is more appropriate for investigating basic is-
sues of turbulence–chemistry interactions.

• To report the stability characteristics of the burner
and some initial measurements of the velocity and
turbulence fields.

• To demonstrate the capability of the PDF ap-
proach, using the simplest submodels, to predict
the correct flow structure in such complex fields.

Burner Design and Stability Characteristics

A schematic of the new swirl burner used in this
study is shown in Fig. 1. It has a 50 mm diameter
bluff-body (DB � 50 mm) with a 3.6 mm central
fuel jet. Surrounding the bluff-body is a 60 mm di-
ameter annulus for the primary swirling air stream.
Swirl is introduced into the primary air stream by
three tangential inlets, each 7 mm in diameter,
which are positioned 150 mm upstream of the
burner exit plane and inclined 15� upward to the
horizontal plane. The swirl number may be easily
varied by changing the relative flowrates of tangen-
tial and axial air in the primary stream. The burner
assembly is situated in a wind tunnel providing a
coflowing secondary air stream of 20 m/s with a free
stream turbulence level of around 2%. The wind
tunnel has an exit cross section of 150 � 150 mm.
The fuel used is compressed natural gas (CNG)
which is more than 90% methane by volume, the
remaining components being primarily carbon di-
oxide, propane, and ethane.

Stability Characteristics

There are at least three parameters which control
the stability characteristics and the physical proper-
ties of the flame: the bulk fuel jet velocity �Uj� and
the bulk axial and tangential velocities in the primary
air stream, �Us� and �Ws�, respectively. The coflow
velocity in the secondary air stream, �Ue�, may also
influence the flame. In this paper, two parameters,
�Us� and �Ue� are kept constant at 33.2 and 20 m/s
respectively, while �Uj� and �Ws� are varied. Stability
characteristics for CNG flames are presented in Fig.
2 with respect to the geometric swirl number Sg and
the momentum flux ratio of jet fuel to axial primary
air

2q �U �j j
2q �U �a s

Here qj and qa are the densities of fuel and air, re-
spectively. The geometric swirl number Sg is defined
as the ratio of the tangential over the axial flowrate
in the primary air stream. The solid line represents
a best fit for the experimental data. Blow off occurs
for flames above the solid line, and this is defined as
the condition at which the flame starts to break in-
termittently. This may happen either at the base of
the bluff body or in the neck region which occurs
downstream of the recirculation zone.

For a swirl number of zero, the flame character-
istics are similar to those stabilized on a bluff body
[20]. The flame is about 1 m long and consists of a
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Fig. 2. Stability diagram for the swirl flame showing the
fuel to primary air momentum flux ratio

2q �U �j j� �2q �U �a s

versus geometric swirl number Sg. The solid line represents
the best fit for the blowoff limit. Blowoff occurs above the
solid line. Flames below the solid line are stable. The
square shows the flame selected for further investigations.

recirculation zone on the bluff-body face and a neck
zone further downstream where extinction occurs.
At a fixed, non-zero swirl number and at low mo-
mentum flux ratio, the flow is dominated by the co-
flowing air, and the fuel is engulfed within the recir-
culation zone and burns on the face of the
bluff-body. As its flowrate increases, the fuel pene-
trates the recirculation zone and burns in a jetlike
manner. Further increase in the fuel flow rate even-
tually causes flame extinction. In the region where
the geometric swirl number is between 0.8 and 1.2,
the swirling flame is less stable than the standard
bluff-body flame. It is believed that transition to vor-
tex breakdown is occurring in this range of swirl
number, causing the flame to become less stable. At
higher swirl, the flame shortens to about 0.2 m in
visible length, becomes more stable, and blows off
in the neck region, while the recirculation zone fur-
ther upstream remains alight. It should be noted that
the computations presented here are for steadily
burning flames far from blow off.

Velocity Measurements

The velocity measurements are taken using a stan-
dard Aerometrics two-dimensional laser Doppler ve-
locimetry (LDV) system and a 4 W argon ion laser.
The measurements are performed in two stages.
First, the axial u and radial v components are mea-
sured, and then the same flames are scanned at the
same axial locations but in a different direction such
that the axial u and tangential w components of ve-
locity are now measured. This gives mean velocities

�U�, �V�, �W� and root mean square (rms) fluctua-
tions, u�, v�, and w�. Also, shear stresses �uv� and
�vw� may be obtained as well (but these are not pre-
sented here). The seeding used is submicron parti-
cles of magnesium oxide powder fed through the
primary air as well as the main fuel. The error as-
sociated with the velocity measurements is of the
order of 4.0%.

PDF Computations

The numerical approach is based on the transport
equation for the joint PDF of velocity, composition,
and turbulent frequency. A Lagrangian method is
used to solve the Eulerian PDF transport equation,
and stochastic differential equations (SDEs) are
formed to model particle properties for velocity, dis-
sipation, and molecular mixing terms. The SDEs are
solved by a pseudo-time marching scheme over a
time step, Dt. The simplified Langevin model (SLM)
[15] is used for velocity, and the Jayesh–Pope model
(JPM) is used for turbulent frequency [21]. A simple
steady flamelet model is used so that the only com-
position considered is mixture fraction n. Molecular
mixing is represented here by the simple IEM model
(interaction by exchange with the mean). Further
details of these models may be found elsewhere
[15,22]. The code solves the PDF equations for
plane and axisymmetric, statistically two-dimen-
sional flows. It uses a particle-mesh numerical
method where the solution domain is divided into a
number of cells in the x and y direction (Mx and My,
respectively), and the the fluid within each cell is
represented by a number of stochastic particles, Npc.
An elliptic flow algorithm is used to determine the
mean pressure field which is used in the velocity
equation while ensuring that the mean conservation
equations of mass and momentum are satisfied. A
rectangular grid is used here, and the mean prop-
erties are determined for each grid node. The in-
stantaneous properties are carried by stochastic par-
ticles within each cell.

Boundary Conditions

Figure 3 shows the boundary conditions used for
selected fields of mean axial velocity �U� and its var-
iance, mean tangential velocity �W�, the mean mix-
ing frequency �x�, and the shear stresses �uv� and
�vw� at the exit plane of the burner. Details of the
boundary conditions used in the fuel jet, primary,
and secondary air streams are given below.

Mean velocities
In the fuel jet, �V� � �W� � 0, and the mean axial

velocity is specified by a modified power law of the
form
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Fig. 3. Boundary conditions at the exit plane of the swirl burner. Shown are radial profiles for the mean axial and
tangential velocities �U� and �W�, variance of the axial velocity �uu�, mean mixing frequency �x�, and shear stresses �uv�
and �vw�. All quantities are in SI units.

n|y|
�U� � 1.218 U 1 � (1)j � �d

where n � 1/7, Uj is the bulk fuel jet velocity (here
Uj � 60.3 m/s), y is the radial distance from the jet
centerline, and d � 1.01 � Rj where Rj is the fuel
jet radius of 1.8 mm. The factor of 1.01 is added so
that the velocity gradients are finite at the walls.

In the primary swirling air stream, �V� � 0, and
the mean axial and tangential velocities are specified
as per equation 1, with y being the radial distance
from the center of the annulus and d � 1.01 times
the half width of the annulus. The bulk axial and
tangential velocities in the swirl annulus are 33.2 and
15.4 m/s, respectively. In the secondary air stream,
measured values are used for the mean axial velocity
[23] and �V� � �W� � 0.

Normal and shear stresses
Measured values of �uu� are taken in the fuel jet

and in the secondary air stream [23]. It is also as-
sumed that �vv� � �ww� � 0.5 �uu�. The shear
stresses are specified as follows, but note that the

shear stresses in the secondary air stream were in-
correctly specified as �uv� � �0.4�uu�. This is not
expected to affect the results since, in another set of
calculations, no effects were observed when the
shear stresses in the boundary conditions were
changed by a factor of four.

y
in the fuel jet �uv� � 0.5 �uu� (2)

Rj

in the secondary air stream �uv� � �0.4�uu� (3)

where y is radial distance from the centerline. It is
also assumed that in both the fuel jet and the sec-
ondary air stream, �uw� � �vw� � 0.

In the primary air stream, rms fluctuations u� and
w� are assumed to increase linearly with radial dis-
tance from the center of the annulus, |y|. Specified
values for u� and w� are 5.11 m/s and 2.37 m/s at
the center of the annulus, and these increase re-
spectively to 9.61 m/s and 4.46 m/s at the walls. It
is assumed that v� � w�. The shear stresses at the
walls of the swirl annulus are taken as �uv�w �
0.0025 and �vw�w � 0.0025 where U0 and2 2U W0 0
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W0 are the mean axial and tangential velocities in
the center of the annulus. The shear stresses are
then assumed to vary lineraly across the annulus
from ��uv�w and ��vw�w at the inner wall to
��uv�w and ��uv�w at the outer wall. It is also as-
sumed that �uw� � 0 across the annulus.

Mean turbulent frequency
The mean turbulent frequency in the fuel jet and

in the secondary air stream is taken as

��U�
�x� � 0.27 (4)� ��y

where y is the radial distance. In the primary swirling
air stream, the mean turbulent frequency is given by
�x� � cP/k where c is a factor taken here as 0.25, k
is the turbulent kinetic energy, and P is the produc-
tion which is specified as

��U� ��W�
P � � �uv� � �uw� (5)� ��y �y

It should be appreciated that there is considerable
uncertainty in the specifications of the boundary
conditions. It is, of course, desirable to have mea-
sured profiles at the burner’s exit plane. Such mea-
surements are forthcoming.

Calculations were performed with different pro-
files for the turbulence levels, shear stresses, and
mean mixing frequency at the burner’s exit plane.
The computed results for the mean velocity and rms
fluctuations are very sensitive only to the initial mean
frequency profiles and are much less sensitive to
other parameters. A fourfold change in the shear
stresses made almost no difference to the computed
results. However, changing the mean turbulent fre-
quency by decreasing the factor c from 1.0 to 0.25
leads to an increase of about 30% in the calculated
peak rms fluctuations u�. It should also be noted that
the computed peak values of u� remain somewhat
lower than the measurements, as will be shown later.
On this basis, the value of c � 0.25 was selected for
the calculations reported hereon.

Numerical Issues

In a thorough investigation of the numerical issues
associated with the convergence of particle-mesh al-
gorithms for PDF methods, Xu and Pope [22] have
identified three sources of numerical error. (1) Sta-
tistical error due to the number of particles repre-
senting the joint PDF being finite. This error ap-
proaches zero as N�0.5. (2) Bias which is a
deterministic error in the mean moments resulting
from the statistical error. Bias scales with N�1. (3)
Discretization error, which is also deterministic and
is due to a finite time step Dt and a finite cell size
(Dx, Dy). A necessary and underlying prerequisite to

numerical convergence is that statistically stationary
solutions are obtained.

Xu and Pope [22] proposed the following scheme
to obtain numerically accurate solutions.

1. Apply time averaging after statistical stationar-
ity is reached. This reduces the statistical error by a
factor of (2s/Tt)0.5 where Tt is the total time over
which time averaging is performed and s is a time
scale which is proportional to the local time scale
determined by the inverse of the mean frequency.

2. To reduce the deterministic error, perform two,
preferably three, independent calculations with dif-
ferent sets of numerical parameters such that

2 2 2M M M1 2 3� � � � � 1 (6)
N N N1 2 3

The parameters � and Mi are chosen such that all
solutions are in the asymptotic range of convergence
of the method.

3. Use these calculations to apply a Richardson
extrapolation to obtain a numerically accurate solu-
tion for the mean fields which corresponds to very
large values of N and M. The scheme adopted in this
paper uses three independent calculations to obtain
the extrapolated solution.

Numerical and Experimental Conditions

The flame selected here for further investigation
had a bulk jet velocity of 60.3 m/s, which corre-
sponds to a Reynolds number, based on the fuel jet
diameter (Dj � 3.6 mm) of 12,800. The fuel used
was CNG. In the primary, swirling air stream, the
bulk axial and tangential velocities were 33.2 m/s
and 15.4 m/s, respectively. The axial velocity in the
secondary air stream was 20 m/s, and the visible
length of the flame was about 0.2 m. The selected
flame was stable and was about 50% away from blow
off, as indicated by the square symbol on the stability
diagram shown in Fig. 2. Chemistry was represented
in the PDF calculations using the computed struc-
ture of a steady laminar flamelet of CH4, which has
an intermediate strain rate of 200/s and a peak flame
temperature of 1920 K. The laminar flamelet com-
position was computed as a function of mixture frac-
tion only. A single strain rate was used throughout
the computations, and no account was made for
thermal radiation. The flow was axisymmetric
around the fuel jet centerline, and the size of the
solution domain was x � 1000 mm and y � 150
mm. The axial domain was intentionally taken to be
long to prevent any feedback from the exit condi-
tions. The solution was monitored on each time step
at six sensitive locations in the flowfield to ensure
that statistical stationarity was reached all over the
solution domain. One monitoring point, at the cen-
terline of the exit plane, ensured that there was no
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TABLE 1
Numerical parameters used in the swirl flame

calculations

Swirling Flame Runs

Case 1 Case 2 Case 3

Cells in x � y directions 50 � 50 60 � 60 70 � 70
Particles per cell Npc 208 300 408
Total steps 12,000 14,000 17,000

Start of time averaging at 8,000 9,500 12,000
Average time-step size (ls) 10.12 8.03 6.51
Average CPU time per

step (s) 16.8 53.4 75.1

Fig. 4. Measurements and computations of mean axial velocity and its rms fluctuations at various axial locations in the
swirl flame. Squares, measurements; ——, calculations 70 � 70 cells (case 3); – – –, calculations 60 � 60 cells (case 2);
• • •, calculations 50 � 50 cells (case 1); — •—, Richardson extrapolation. Units of velocity are m/s.

backflow from the outflow boundary. Standard con-
stants were used with the simple SLM, JPM, and
IEM models, and the numerical values used are
given below:

C C C C C C C0 x1 x2 x3 x4 x5 �

2.1 0.562 0.9 1.0 0.25 0.2 2.0
All computations were performed on Intel ma-
chines. Calculations were repeated for three differ-
ent numbers of cells, Mi, and number of particles
per cell, Npc such that

2M1� � � 12
N1

This is adequate such that all calculations are in the
asymptotic range. Various parameters and compu-
tational requirements for each calculation are given
in Table 1.

Results and Discussion

Figure 4 shows measured and computed radial
profiles for the mean and rms fluctuations of the axial
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Fig. 5. Measurements and computations of mean tangential velocity and its rms fluctuations at various axial locations
in the swirl flame. Squares, measurements; ——, calculations 70 � 70 cells (case 3); – – –, calculations 60 � 60 cells
(case 2); • • •, calculations 50 � 50 cells (case 1); – •– Richardson extrapolation. Units of velocity are m/s.

velocity at various axial locations in the flame. Four
computed profiles are shown on each plot: three for
each of cases 1, 2, and 3, and the fourth profile is
obtained from the Richardson extrapolation. Com-
parisons are presented for x/Db � 0.1, 0.4, 0.8, 1.2,
and 1.8.

Although there are differences on and near the jet
centerline, the mean axial velocity is computed ad-
equately at outer radial locations. The first recircu-
lation zone, which seems to be centered around
r/Rb � 0.4 and extends for about one bluff-body
diameter downstream of the burner’s exit plane, is
reproduced correctly in the computations. Rb is the
bluff-body radius (Rb � 25mm). At x/Db � 1.8, the
negative mean axial velocities measured on and close
to the centerline indicate that a second recirculation
zone exists further downstream. This aspect is not
reproduced adequately by the calculations. The rms
fluctuations of the axial velocity are significantly un-
derpredicted on and close to the centerline for all
axial locations shown here. At larger radial locations,
the rms levels decrease and are very close to the
computations.

Figure 5 shows measured and computed radial
profiles for the mean and rms fluctuations of the tan-
gential velocity at various axial locations in the flame.
As in Fig. 4, four computed profiles are shown on
each plot, with the fourth profile being obtained
from the Richardson extrapolation. Comparisons are
also presented for x/Db � 0.1, 0.4, 0.8, 1.2, and 1.8.

Both mean and rms fluctuations of the tangential
velocity compare very well with the measurements
at all axial locations shown here. At x/Db � 0.1, the
rms fluctuations of the tangential velocity are un-
derpredicted, but the high levels of swirl measured
right across the face of the bluff body are repro-
duced well by the calculations. This implies that the
first recirculation zone is rotating around the jet cen-
terline at an average of about 10 m/s. Consistent
with the axial velocity, the centerline rms fluctua-
tions are also underpredicted, but to a lesser extent.

Discussion

The swirling flame discussed here is stable and
shows a complex flow pattern as expected for such a
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flow geometry. Downstream of the first recirculation
zone, which is located near the jet exit plane, there
exists a neck region of the flame where the interac-
tion between turbulence and chemistry becomes sig-
nificant as flame blow off is approached. This neck
region, unlike that in bluff-body stabilized flames,
has a complex flow pattern with a second recircula-
tion zone that lies closer to the centerline and has a
high degree of swirl. The entire flame is very short
and shows no soot formation, which is a necessary
requirement for future laser diagnostics.

It may be seen from Figs. 4 and 5 that the differ-
ences in the results from the calculations on the
three different grids are, in general, quite small. The
Richardson-extrapolated values can therefore be
treated as accurate numerical solutions to the mod-
eled PDF equations.

The success of this modeling study is very en-
couraging considering that this is the first time that
full PDF methods have been applied to strongly
swirling flows. Earlier PDF computations of swirling
flames have been mainly restricted to moderate swirl
levels [24]. The fact that the flow structure is com-
puted adequately reinforces the view that this ge-
ometry is well suited for further studies. Moreover,
there is significant scope for improving the PDF
computations by using more advanced velocity mod-
els such as Lagrangian isotropization of production
model (LIPM) and mixing models such as Euclidean
minimum spanning tree (EMST) [25] as well as de-
tailed chemical kinetics. It should be noted here that
using detailed chemical kinetics with the PDF ap-
proach is already possible through the use of In situ
adaptive tabulation (ISAT) methods [26]. This has
already been demonstrated successfully for pilot-sta-
bilized flames [27–29].

Conclusions

• A new swirl-stabilized burner was introduced as a
platform for further experimentation and model-
ing of swirl-stabilized turbulent nonpremixed
flames.

• The flowfield measurements presented here for a
selected flame with strong swirl showed a complex
flow pattern with two recirculation zones, one near
the bluff body and another further downstream in
the neck region. Both recirculation zones were
swirling at a high tangential velocity.

• The stability characteristics of the burner showed
that, at sufficiently high swirl, the flames were
more stable than bluff-body stabilized flames,
were much shorter, and may blow off in the neck
region downstream of the first recirculation zone.
This is the region where the interaction between
turbulence and chemistry is most significant.

• PDF–Monte Carlo computations of these flows
using flamelet chemistry and the simplest models

for velocity (SLM), frequency (JPM), and mixing
(IEM) produced a flowfield that compares well
with the measurements. This provides a strong in-
centive that the PDF approach, when applied with
more advanced models and detailed chemistry, has
a better chance of computing the correct compo-
sitional structure of these complex flames even
when close to blow off.
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COMMENTS

Carine Francois, SNECMA/CORIA, France. Did you try
a computation on the same configuration without time av-
eraging?

Author’s Reply. No, we did not perform any computa-
tions without time averaging. It is mentioned in the paper

that time averaging is an essential tool to reduce the sta-
tistical error and should be part of the computational pro-
cedure. It is important, however, to commence time av-
eraging after a statistically stationary solution is reached.
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