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The effects of swirl configuration and airflow distribution on the structure of swirl-stabilized spray flames are

investigated in a combustor featuring a twin-fluid fuel atomization nozzle, coannular airstreams, and helical-vane

swirl assemblies. The flames investigated are similar to those employed in gas turbine combustion engines. A novel

lifted swirl-stabilized spray flame, obtained with a particular set of experimental conditions, is described. Three-

dimensional particle image velocimetry data are used to analyze the structure of the airflow associated with the lifted

flame. The lifting effect is shown to result from an interaction between the atomization airstream and the

recirculation zone in the flow, which creates two distinct recirculation regions. Only the larger far-field recirculation

zone is able to stabilize combustion effectively, and the structure of the airflow is found to determine the regions of

heat release associated with the flame. Detailed information on the structure and characteristics of the fuel spray,

obtained using phase-Doppler particle analysis, is also presented. The twin-fluid atomization approach is shown to

provide effective atomization over awide range of operating conditions,while simultaneously allowing a great degree

of control over the flame structure.

Nomenclature

D10 = arithmetic mean diameter
D32 = Sauter mean diameter
GZ = axial momentum of flow
G� = angular momentum of flow
h = swirler height
L = characteristic length scale
p = local pressure
p1 = ambient pressure
Re = Reynolds number
Rc = swirler central radius
Ri = inner radius
Ro = outer radius
r = radial location
S = swirl number
tZ = translation of a helical assembly in units of length
U = mean radial velocity
V = mean axial velocity
v0 = fluctuating component of axial velocity
W = mean tangential velocity
w0 = fluctuating component of tangential velocity
� = air annulus width
�i = inner air annulus width
�o = outer air annulus width
�r = rotation of a helical assembly in degrees
�B = swirler local blade angle
�o = swirler outer blade angle
� = dynamic viscosity
� = local density

I. Introduction

SWIRL-STABILIZED flames have been found to possess
extremely useful characteristics, such as large turndown ratios,

rapid fuel vaporization, and efficient mixing, thus allowing the
design of compact and stable combustion systems [1]. The
investigation described here deals with the behavior of a swirl-
stabilized, methanol-fueled combustor, which features a swirl-
stabilization arrangement found in many compact high-energy-
density combustors, such as those in gas turbine engines.

Essential observations on the nature and characteristics of swirling
flows have been presented by Gupta et al. [1]. In a swirling flow, the
rotation of the fluid plays a significant role in determining the
structure and behavior of the flow. The centrifugal force created
by the rotation of the fluid forces the flow toward the outer walls of
the duct. The degree of rotation of a flow can be characterized by
the swirl number S, which is a nondimensionalized ratio between the
mean axial momentum andmean angular momentum of the flow [1]:

S� G�
Gz � L

(1)

whereG� is the angular momentum,GZ is the axial momentum, and
L is a characteristic length associated with the flow (usually the duct
diameter). In a situation in which the flow is annular, the inner and
outer radii of the annulus are referred to as Ri and Ro, respectively.
An approach by which the swirl number of a flow can be obtained is
presented next [1]:

S� G�
Gz � Ro

(2)

G� �
Z
Ro

Ri

�� � V �W � � � v0 � w0� � r2dr (3)

Gz �
Z
Ro

Ri

�� � V2 � � � v02 � �p � p1��dr (4)

In this approach, V and W represent the axial and angular
components of the mean velocity. The fluctuating components of
velocity in the axial and angular directions are represented by v0 and
w0. The local density is denoted by�, the local pressure is represented
by p, the pressure of the ambient surrounding the flow is denoted by
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p1, and the variable r indicates radial location. However, this
expression contains several terms in Eqs. (3) and (4) that cannot
generally be obtained experimentally. The local density � is not
usually available and, in practice, is generally assumed to be a
constant. The pressure is assumed to be a constant as well. The
turbulent shear stress term, which depends on the correlation
between v0 and w0 in Eq. (3), is also difficult to measure
experimentally. Thus, the pressure-dependent term and the term
involving the shear stress are generally omitted in the calculation of
the swirl number, and an approximate swirl number can be obtained
on the basis of mean axial and radial velocities as a function of radial
location, as shown in Eq. (5):

S�
R Ro
Ri
V �W � r2dr

Ro �
R Ro
Ri
V2dr

(5)

This approximate swirl number is accurate to within 2–3% of the
value obtained when the full expressions, including the turbulence-
related terms, are used [2]. Flows are generally compared in the
literature on the basis of swirl numbers calculated at the exit plane of
the duct from which the rotating flow emerges.

Flowswith high swirl numbers are found to display characteristics
that have proven to be very useful in the field of combustion. If the
swirl number of a simple flow emerging from a round duct is greater
than 0.6, theflowdisplays vortex breakdown [3]. In this situation, the
pressure at the center of the flow is reduced dramatically by the
rotation. Fluid from the downstream region, which has a lower
velocity and therefore a higher pressure, is forced back upstream,
forming a recirculation region in the flow. In a combustor, this
recirculating material helps to ignite the relatively cold incoming
material, and this makes it possible to stabilize a flame in the
combustor at much higher fuel and airflow rates than would
otherwise be possible. In cases in which there is a central obstruction
in the flow, such as a fuel nozzle or bluff-body flame stabilizer, some
recirculation downstream of the obstruction would usually occur,
even if the swirl number were zero. When rotation is imparted to the
flow, this recirculation region downstream of the obstruction
increases in size and combustion is stabilized more effectively [4].
The recirculation region in this case has a distinct tulip shape, and
flames stabilized through this approach usually have the same shape.

The recirculating flow in the combustor is also quite turbulent, and
this provides a useful degree ofmixing. In nonpremixed combustors,
in which the fuel and oxidizer are injected separately, rapid and
complete mixing is desirable for high combustion efficiency to be
achieved. A very effective strategy in combustion has been to inject
gaseous or liquid fuel directly into the recirculation zone. If the fuel is
injected as a liquid, the fuel droplets evaporate rapidly in the hot
recirculating gas. This approach is often employed in gas turbine
applications [5]. However, because the recirculated material consists
largely of product gases, the concentration of unreacted oxidizer in
the recirculation region is low. Ignition of the fuel does not occur
until the heated vaporized fuel is brought into contact with unburned
oxidizer at the boundary of the recirculation region. Turbulent
distortions of the flow then mix the combusting material to promote
rapid and complete combustion.

In previous studies of swirl-stabilized systems featuring a central
obstruction, the flames have been attached to the object in the center
of the flow. The region of the reaction zone closest to the obstruction
interacts with it and may be quenched by its close proximity to the
object. Such a flame is shown schematically in Fig. 1. This
phenomenon may create considerable difficulties, because quench-
ing of combustion reactions in this way may cause increases in
unwanted emissions, excessive local heating of the combustor
components, and sooting [6,7].

The problems associated with attached flames can be avoided if
the flame is lifted. In a lifted flame, combustion does not occur near
the central object. Instead, the flame is located some distance
downstream of the object. Lifted swirl-stabilized flames, obtained in
flows with a central obstruction, have not been described in the
literature. The present investigation will demonstrate that a lifted

flame can be obtained if a twin-fluid atomizing nozzle is used to inject
a liquid fuel spray into a swirling flowwith particular properties. This
novel approach allows the control of swirling flow structure and
flame in an entirely new way and may make it possible to create
flames with more desirable characteristics.

II. Experimental Equipment

The combustor used to carry out the present investigations is
shown schematically in Fig. 2.An injector assembly containing inner
and outer air annuli and a centrally positioned twin-fluid atomizing
nozzle was used to feed fuel and air into the system. The outer
diameter D of the larger air annulus in the injector was 62 mm.
Swirlers were installed at the exits of the air annuli throughwhich the
combustion air was fed. Atomization-air and fuel streams were
injected into the combustor through the atomizing nozzle. The
combustor was unenclosed in the investigation described here.

A commercially available fuel nozzle (type 30610-1, Delavan
Spray Technologies) was used in this study. It was rated by the
manufacturer to atomize 1.9 liter/h ofwater (or 0.5 gal/h), using an air
pressure drop of 0.68 bar and an atomization-airflow rate of 22.6
standard liter/m. The nozzle produced a solid-cone spray, with a
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Fig. 1 Schematic of attached swirl-stabilized spray flame

Fig. 2 Swirl-stabilized spray burner schematic, showing swirler

assemblies and twin-fluid fuel nozzle.
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mean droplet diameter of approximately 30 to 50 �m. In a twin-fluid
atomizing nozzle of this type, the fuel stream is brought into contact
with a rotating stream of atomizing air, for which the flow rate can be
adjusted independently [8]. The atomization-airflow rate will
generally represent less than 1%of the total air fed to the burner, but it
is the only important parameter in determining the atomization
characteristics of the nozzle.

To ensure that optical diagnostics could be applied in studies of the
combustor, the entire system had to move in three dimensions,
relative to the fixed optics. The combustor system was built on a
three-dimensional positioning stage. The stage consisted of a heavy
aluminum plate, 2.5 cm thick, which could be raised or lowered by
means of four screw jacks positioned at the corners. The screw jacks
were operated by a linked transmission so that all four jacks turned at
the same time and at the same speed. The transmissionwas controlled
by a high-precision steppermotor, and the y position (vertical height)
of the combustor could thus be controlled with precision on the order
of 1 �m. The total travel in the vertical direction was approximately
60 cm. A schematic of the experimental facility is shown in Fig. 3.

Translation in two horizontal directions, referred to as the x and z
axes, was accomplished by building the combustor on a smaller
platform on top of two linear positioning tracks, also controlled by
stepper motors. These motors were geared differently from the one
controlling the y position (or vertical elevation) of the burner and
were used to position the system with a precision on the order of
2:5 �m.

The axes of motion of the burner were aligned with the axes of the
optical diagnostic systems used in the experiments. The precision of
the alignment was such that the burner could be translated 30 cm
along the path of one of the lasers, with a lateral displacement away
from the laser path of less than 100 �m. All three stepper motors
were actuated by a single programmable controller unit.

Compressed air was supplied to the burner by a screw-drive
compressor system. The air was regulated in two stages to control
variation in the airflow rates to within less than 1% of their total
value. The air handling system used to supply air to the burner is also
shown in Fig. 3. Air from the compressor was fed at 85 psig to a set of
choked-orifice flow-measurement devices. This approach was
employed so that the inner combustion air, outer combustion air, and
atomization airstreams were controlled and measured separately
before being fed to the burner. Orifices made by O’Keefe Controls
were installed in each line to produce the necessary choking
conditions. The manufacturer-supplied orifice calibration was used
to determine theflow rates. The pressure upstreamof each orificewas
measured using digital pressure gauges. The temperature of the air
entering from the compressor was measured using a thermistor-type
thermometer installed in the air line near the orifices.

Further steps were taken to introduce seeding material into the
inner and outer combustion airstreams. For nonintrusive optical
particle image velocimetry (PIV) studies of the motion of the

nonreacting airflow associated with the combustor during operation,
it was necessary to introducemarker particles into the flow so that the
flow could be tracked. The seeding process and the properties of the
droplets are discussed subsequently.

The methanol fuel supplied to the burner was stored in a
pressurizable stainless-steel vessel. Fuel was then passed through a
turbine flowmeter (MacMillan model G112). The fuel calibration
was checked by direct flow rate measurements. A needle valve
downstream of the flowmeter was used to control the flow rate. The
flow rate of methanol was controlled to within 0:1 ml=min.

The swirlers used to impart rotation to the airflows were of
particular importance. To obtain a symmetrical flow, swirlers must
be machined to very tight tolerances [9]. Swirl vanes may be flat or
they may be curved in a variety of ways [1]. For this investigation,
helical-vane swirlers were employed, as these are compact, can be
inserted directly into an air duct, and can be machined from a single
piece of stockwithout any further assembly steps. The degree of twist
associated with helical-vane swirlers can be characterized by some
amount of rotation �r in degrees per some lateral translation tZ in
units of length.

Each helical swirler had 12 vanes, and the vane thickness of each
blade was approximately 1 mm. The vane thickness varied by a few
microns from swirler to swirler, due to the different swirler
geometries, but within each assembly, all vanes were of exactly the
same thickness. The most important characteristic of any swirler is
the outer blade angle, for the simple reason that centrifugal effects
force rotating flows outward, and the swirl properties imparted to
most of the air will depend on the properties of the swirl vanes near
the outer wall of the duct [4]. In a flat-vane swirl assembly, the local
blade angle, defined as the angle between the blade surface and the
centerline of the swirler, is constant and does not vary with radial
location. In a helical-vane assembly, the local blade angle varies with
radial location r, due to the blade geometry. An expression for the
local blade angle �B in a helical-vane assembly is given next:

�B�r� � tan�1
�
�r � r
tZ

�
(6)

The outer blade angle �o of a helical swirl assembly can be found if
the dimensions and the twist of the vanes are known:

�o�r� � �B�Ro� � tan�1
�
�r � Ro
tZ

�
(7)

The important dimensions of a helical-vane swirler are illustrated
in Fig. 4. They are the central radiusRc, the inner radiusRi, the outer
radius Ro, and the height h.

In the present work, the swirl number of each swirler was
calculated on the basis of three-dimensional particle image
velocimetry observations of flows emerging from each swirler
assembly. These data are presented in the Results and Discussion
section.

For purposes of comparison, each swirler was classified according
to its outer vane angle and according to type (the two types being
inner and outer). For example, a swirler designed to be inserted in the
inner air duct and that features an outer vane angle of 45 deg is
referred to as swirler 45-i. A swirler designed to be inserted into the
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outer air annulus and that features an outer vane angle of 42 deg is
referred to as swirler 42-o.

Four inner and four outer swirlers were used in the course of the
experiments described subsequently; they are shown in Fig. 5. The
inner swirlers featured outer vane angles of 0, 30, 45 and 60 deg
(from the vertical axis). The outer swirlers featured swirl angles of 0,
42, 70, and �70 deg (counterswirl).

Swirlers with a positive outer vane angle imparted counter-
clockwise rotation to the air (seen from the top into the burner),
whereas the outer swirler with a negative vane angle (�70 deg)
caused the air to rotate in a clockwise direction. This unique swirler
was created so that the effect of counter-rotation on the structure of
the flame could be examined. In a counter-rotating arrangement, the
airstreams in the inner and outer annuli rotate in opposite directions.
Swirler assemblies with a 0 deg swirl angle are essentially flow
straighteners and are referred to here as null swirlers. The null-o
swirler, shown in the second row in Fig. 5, shares the same
dimensions as the other swirler assemblies. The dimensions and
properties of the swirlers used in the current investigation are given in
Table 1.

III. Diagnostics

A. Direct Flame Imaging

The global features of flames associated with the combustor were
examined and recorded with a digital camera with a 3.3 megapixel
detector. Aperture, exposure times, and focal length could all be
controlled manually or automatically. Manual control was employed
to optimize the images obtained. In the experiments described
subsequently, a 0.5 s exposure time was used to record the flame
images. The long exposure timewas necessary for two reasons. First,
methanol produces a flame with low luminosity. Second, the flames
were quite turbulent, and it was found that a 0.5 s integration interval
helped produce repeatable flame features from one image to the next.
Flame luminosity is an indicator of heat release, and because the
methanol flame produced sufficient observable radiation in the
visible spectrum, the images obtained show the averaged regions of
heat release associated with the flame. The images were scaled with
the aid of reference exposures, wherein grids of known dimensions
were photographed. These grids could then be overlaid onto the

flame images. The main limitation was the number of pixels in the
images. All dimensions associated with the flame images were
accurate to within less than 1 mm.

B. Particle Image Velocimetry

PIV involves photographing light scattered by small seed particles
present in a flow. The seed particles or droplets are illuminated by a
laser sheet [10]. Three-dimensional (3-D) PIVdepends on analysis of
images from two cameras, so that the full three-dimensional data
associated with the flow can be obtained. Each digital camera
captures image pairs, and an algorithm produces a two-dimensional
(2-D) vector field. Then each set of 2-D vector fields is analyzed to
reconstruct the full 3-D vector field. A PIV system built by Integrated
Design Technologies was used in these investigations.

To examine the behavior of the flows, the combustion airflows
were seeded with polydisperse propylene glycol droplets with mean
diameters in the 4–5 �m range. The droplets were produced using a
TSI model 9306 six-jet atomizer [11]. The droplets were able to
resolve turbulent structures occurring in the flow at scales that were
approximately 30 times larger than the Kolmogorov scale and were
thus able to provide useful information onmean velocities in theflow
[12,13].‡

The flow was illuminated by a laser sheet obtained using a twin-
cavity 532 nm pulse laser system, producing pulse energies from 50
to 200mJ. The duration of each pulse was approximately 3–5 ns. The
laser head was pumped and fired at 5 Hz, and the time interval
between pulses was adjusted depending on the features of the flow.

The monochrome cameras used had a resolution of 1360 �
1036 pixels (1.4 megapixels). The pixel size on each detector was
4:7 �m. Each camera was fitted with a 532 nm narrow-band-pass
filter and a mechanical shutter to ensure that only laser light reached
the detector and to prevent overexposure of the second image in each
image pair. The cameras were positioned on either side of the laser
sheet to capture light at a 30 deg forward-scattering angle. This
arrangement allowed each camera to image an examination region
that extended 30 mm horizontally and 25 mm vertically above the
burner. Two hundred image sets were obtained for each experiment,
to obtain accurate measurements of mean velocity. Further details of
the technique are provided by Linck [2].

Fig. 5 Swirlers used in the swirl-stabilized spray burner.

Table 1 Properties of swirlers

Swirler Type Ri, mm Ro Rc, mm h, mm Twist, deg/mm �o, deg

Null-i Inner 9.53 19.82 8.71 18.71 0.00 0.0
30-I Inner 9.53 19.82 8.71 18.71 1.69 30.3
45-I Inner 9.53 19.82 8.71 18.71 2.83 44.5
60-I Inner 9.53 19.82 8.71 18.71 5.06 60.3
Null-o Outer 20.70 30.99 19.86 25.40 0.00 0.0
42-o Outer 20.70 30.99 19.86 25.40 1.69 42.4
70-o Outer 20.70 30.99 19.86 25.40 5.06 70.0
�70-o Outer 20.70 30.99 19.86 25.40 �5:06 70.0

‡Private communication with J. Wallace, 2005.
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C. Phase-Doppler Particle Analyzer

The fuel spray produced by the twin-fluid atomizing nozzle was
investigated using a 2-D phase-Doppler particle analyzer (PDPA)
manufactured by Aerometrics, Inc. [14]. The system provided two
components of droplet motion, as well as droplet size information
about each droplet measured. Details of this technique are given
elsewhere [15]. The technique measured the size, as well as the
velocity in the axial and radial directions, of individual droplets at
particular locations in the spray.

A 300 mW argon-ion laser was used to create the necessary laser-
measurement junction. Reliable information was obtained by
allowing the instrument to acquire data for up to 2 min, or until
10,000 droplets had been measured at a given measurement location
[16].

In the polydisperse sprays investigated here, the laser power and
photomultiplier (PMT) voltage had to be optimized so that each
channel was flooded less than 1% of the time at the point in the spray
at which flooding of the channel was most likely to occur. Data were
then acquired throughout the spray using these settings.

Each channel had to be calibrated at the correct PMT voltage
setting using a calibration diode. Measured values were found to be
very repeatable, particularly in regions in which the frequency of
droplet acquisition was greater than 50 Hz. Mean diameters were
found to vary by approximately 0:5 �m from one run to the next, and
mean velocities varied by less than 1% between successive runs at
any measurement location.

IV. Airflow Conditions

In this investigation, two airflow conditions were examined. The
Reynolds number of the flow through each swirler depended on the
volumetric flow rate of the air moving through the air annulus. For
thefirst airflowcondition (called airflowcondition 1), 5:47 g=s of air
were fed through each swirler. For the second airflow condition
(called airflow condition 2), 9:3 g=s of air were fed through each
swirler. The Reynolds number Re at the swirler inlet was calculated
based on the width of the annulus �, axial velocity, density, and
dynamic viscosity of the flow �:

Re� V � � � �
�

(8)

In the combustor, �i and do were the widths of the inner and outer
annuli, respectively. The swirler inlet Reynolds numbers in airflow
condition 1 were 3:23 � 103 and 1:8 � 103 in the inner and outer
swirlers, respectively. The Reynolds number of the outer swirler was
smaller, because the cross-sectional area of the outer swirler was
larger than that of the inner swirler.

Airflow condition 2 featured 9:3 g=s of air passing through each
swirler. The Reynolds numbers of the flows through the inner and
outer annuliwere 5:5 � 103 and 3:1 � 103, respectively. The relevant
parameters of these experimental conditions are given in Table 2.

V. Results and Discussion

A. Swirl Numbers

To compare the results from this study with those of others in the
literature, it was necessary to measure the swirl condition associated

with the flow from each individual swirler. The swirl number was
calculated using Eq. (5). All three components of velocity were
obtained experimentally, and the axial and tangential mean velocities
were integrated across the flow.

Contours of the mean axial, radial, and tangential velocities of the
flow emerging from the 45-i swirler under both airflow conditions
andwith noflow emerging from the outer swirler are shown in Fig. 6.
The structure of the airflowchanged very littlewhen theflow ratewas
changed. The values of themean velocities scaledwellwithflow rate,
but the shape of the flow contours did not change greatly.
Interestingly, the contours of the flowwere quite complex, due to the
nature of the swirler. Because the flow emerged directly from the
swirler, it was seen to form a series of adjacent spiraling jets, rather
than a single smooth rotating column of air. The adjacent jets
emerging from each open space between swirl vanes interacted and
mixed as they proceeded downstream. Flows of this type have not
been examined in detail in the literature, although they are
representative offlows occurring in gas turbine combustors, inwhich
the flow often emerges directly from the swirler unit and then
interacts with the fuel spray.

The swirl numbers obtained by radially integrating mean air
velocity values at an elevation 1 mm above each swirler, with the
laser plane bisecting an open space between the vanes of each
swirler, were also found to change only slightly when the airflow
condition was changed. The changes observed were due to changes
in boundary-layer thickness inside each swirler [2]. The swirl
numbers of flows emerging from different swirlers at each airflow
condition are given in Table 3.

B. Effect of Swirl Configuration on Flame Structure

The swirl configuration in the injector had a significant effect on
flame structure, and to investigate this effect, 12 swirl configurations
were examined at a single atomization airflow rate, airflowcondition,
and fuel flow rate. The flames associated with each swirl condition
were photographed using an exposure time duration of 0.5 s.

The airflows were set so that airflow condition 2 was achieved. No
seeding was present during this set of experiments. The fuel nozzle
was supplied with 0:14 g=s of atomizing air to provide effective
atomization of 31 ml=min of methanol. Assuming complete
combustion, the thermal load of the flame was 8.2 kW.

Swirl conditions were categorized according to the inner and outer
swirlers employed. The flames are shown in Fig. 7. They are grouped
according to the outer swirler employed in each configuration. All
four outer swirlers were employed. However, only the 30-i, 45-i, and
60-i swirlers were used here. It was found that if the null-i swirler was
used, no stable flame could be obtained with the combustion airflow
rates used here. Even in the case of the 30-i swirler, a flame was
stabilized only if used in combination with the 70-o or �70-o
(counter) swirlers. These combustion airflow rates were selected to
approximate overall fuel-lean equivalence ratios. If these flows had
been introduced into a sealed combustor (as opposed to the
unenclosed conditions described here), the equivalence ratio would
have been 0.35.

All the flames obtained were between 150 and 240 mm in length.
The maximum width of each of the flames was comparable, with
each flame displaying a maximum diameter of approximately 40–
60 mm.

In the cases inwhich a small outer swirl anglewas employed (null-
o or 42-o), the flame geometry depended primarily on the geometry
of the inner swirler. In cases in which the outer swirl angle was large
(70-o or �70-o), the flames obtained with each inner swirler did not
vary dramatically in size or shape. The counterswirling flames
obtained with the�70-o outer swirler did not vary dramatically from
their coswirling counterparts, though the flame region did appear to
be slightly shorter. Thismay indicate that mixing of fuel and oxidizer
occurs more rapidly in the counterswirling flames.

Themost compact flame obtained was achieved by use of the 45-i/
null-o configuration, with the visible flame terminating 150 mm
downstream of the fuel nozzle exit. This flame was also lifted, with
combustion beginning 30 mm downstream of the fuel nozzle. This

Table 2 Airflow conditions

Airflow
condition 1

Airflow
condition 2

Inner-annulus mass flow rate 5:47 g=s 9:3 g=s
Outer-annulus mass flow rate 5:47 g=s 9:3 g=s
Inner-annulus volume flow rate 4.5 liter/s 7.7 liter/s
Outer-annulus volume flow rate 4.5 liter/s 7.7 liter/s
Inner-annulus average velocity 4:8 m=s 8:1 m=s
Outer-annulus average velocity 2:7 m=s 4:6 m=s
Inner-annulus Reynolds number 3:23 � 103 5:5 � 103

Outer-annulus Reynolds number 1:8 � 103 3:1 � 103
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lifting effect was extremely interesting, because lifted swirl-
stabilized flames formed downstream of an obstruction in the flow
have not been observed before [1,3–5]. The presence of the
atomizing air from the fuel nozzle was an additional factor in this
case. The effect of the atomizing-air jet on the flow, in both the
nonreacting and reacting cases, was investigated further to examine
this lifting effect.

C. Structure of a Lifted Flame and the Effect of the Atomizing-Air

Jet on the Recirculation Zone

The 3-D PIV technique was used to understand the structure of the
45-i/null-o flowfield. The PIV technique cannot be applied
effectively if a fuel spray is present. The fuel droplets are generally
much larger than the seeding droplets and do not faithfully follow the
airflow. The PIV images obtained in such a case could provide
information on the features of the fuel spray [17], butwould not allow
the realflowfield of the gaseous phase to be examined. A fuel spray is
inherently necessary for combustion to occur, however, and so only
the nonreacting-airflow field could be conveniently observed.
Because the structure of the flame is closely linked to the features of
the airflow field, the nonreacting airflow provides important
information in the analysis of the flame structure, as shown
subsequently.

A series of observations were carried out using the 45-i/null-o
swirl configuration. A region of the flow extending from the
centerline to a maximum radial distance of 30 mm was examined.

Axial locations from 1 to 24 mm downstream from the swirler exit
planewere examined. Both airflowconditions and three atomization-
airflow-rate cases were examined. The atomization-airflow rate in
each case was scaled according to the airflow condition, to examine
whether similar flow structures could be created across a range of
flow conditions when a central atomization-air jet was present.

In the first atomization-air case (called atom.-air case 1), the flow
rate of atomization air was 0 g=s for both airflow conditions. In the
second case (called atom.-air case 2), the flow rate of atomization air
was 0:04 g=s for airflow condition 1 and 0:08 g=s for airflow
condition 2. Atom.-air case 3 provided 0:07 g=s of air for airflow
condition 1 and 0:14 g=s of air for airflow condition 2. The
relationship between the airflow conditions and atomization-air
cases is given in Table 4.

The objective of this approachwas to examine scaling. If the effect
of the atomization jet on the flowfield can be scaled with Reynolds
number, then the flowfield geometry can be controlled by controlling
the atomization-airflow rate, and a uniform flowfield can be
established across a range of flow rates.

Figure 8 shows a comparison of axial velocity contours at both
airflow conditions using atom.-air cases 1 and 2. In atom.-air case 1,
the recirculation region in both flows extended all the way down to
the atomization nozzle. In atom.-air case 2, a scaled atomization
airflow was present. This flow emerged from the fuel nozzle at the
centerline and produced the positive axial velocities seen at the
centerline and extending 10 mm upward into the flow. For both
airflowconditions, the presence of atomization air produced the same
effect on the recirculation region. Two separate recirculation regions
were produced: one confined to the region immediately surrounding
the fuel nozzle and the other extended further downstream. These are
referred to as the near-field and far-field recirculation regions,
respectively.

Given that the effect of the atomization-air jet can be scaled with
the flow rate of the swirling flow, all three atomization cases were
examined at a single airflow condition. Figure 9 shows comparisons
of mean axial velocity contours associated with the three
atomization-air cases under airflow condition 2. Atom.-air case 3

Fig. 6 Mean axial, radial, and tangential, velocity contours of flows emerging from 45-i swirler at two different airflow conditions.

Table 3 Swirl number S

Swirler Airflow condition 1 Airflow condition 2

30-i 0.4 0.4
45-i 0.7 0.8
60-i 1.1 1.2
42-o 0.5 0.6
70-o 1.6 1.7
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produced the most dramatic effect. In this case, the separation
between the near-field and far-field recirculation regions was
complete. Because this case corresponded to the airflow features
used in the flames described previously, the lifting effect seen in the

45-i/null-o flame can be explained. The near-field recirculation
region cannot stabilize combustion. Instead, combustion is stabilized
at the boundary of the far-field recirculation region, which also
accounts for the geometry of the flame and the lifted flame structure.

The examined region of the flow in each flowfield case was
somewhat limited. This limitation was addressed by carrying out a
series of carefully indexed experiments at increasing vertical
elevations above the injector. The observationswere carried out in an
effort to map the extent and geometry of the far-field recirculation
region associated with airflow condition 2 and atom.-air case 3. The
contours of axial velocity were mapped and the data were plotted on
the same set of coordinates. The resulting contours of mean axial
velocity, showing the near-field and far-field recirculation zones in

Fig. 7 Effect of swirl configuration on spray flames. Dimensions in the axial and radial directions are in millimeters.

Table 4 Atomization-air cases

Atomization-air case Airflow condition 1 Airflow condition 2

1 0:0 g=s 0:0 g=s
2 0:04 g=s 0:08 g=s
3 0:07 g=s 0:14 g=s
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the 45-i/null-o flow, are shown in Fig. 10. The features of the
nonreacting airflow correspond to the 8.2 kW (45-i/null-o swirl)
flame shown in Fig. 8. The features of the flow, including the
recirculation zones, show a direct connection to the shape of the
luminous region of the flame. This correspondence in features is
shown more directly in Fig. 11, in which the contour plot and the
flame are compared directly on either side of the centerline.

The implications of this observation are significant. It has been
known for some time that many features of premixed swirl-stabilized
flames depend on the features of the flowfield. However, the results
shown in Fig. 11 indicate that the nonreacting-airflow field can also
be used to directly analyze the features ofmuchmore complex liquid-
fueled flames, created using fuel sprays obtained from twin-fluid
atomizing nozzles, as examined here.

Thermal effects, droplet evaporation, and other issues associated
with the presence of the fuel spray clearly play only a minor role in
shaping the flame. The overall volume of the far-field recirculation
zone is somewhat larger in the reacting flow, due to heat release, but
the shape of the structure is determined by the structure of the airflow.
Thus, themomentumfluxes of the swirling airflows and atomization-
air jet determine the features of the flow.

D. Effect of Thermal Loading on Flame Geometry

One other factor was found to be important in determining the
geometry of the flame. The thermal load of the flame has a significant
impact on its length, and the effect of this parameter on the 45-i/null-o
flame was examined. Again, an unconfined experiment was

Fig. 8 Mean axial velocity (V mean) contours showing effect of atomization-air jet on the airflow field scaled with airflow condition.

Fig. 9 Mean axial velocity (V mean) contours showing effect of atomization-air jet on the airflow field at a single airflow condition.
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undertaken, and airflow rates were set so that airflow condition 2 was
obtained. An atomization-airflow rate corresponding to atom.-air
case 3 was used to atomize the fuel stream.

The flame was then examined at two different thermal loads. First,
the 8.2 kW flame described previously was imaged. Then the fuel
flow rate was doubled, so that a thermal load of 16.4 kW was
achieved. The flame was imaged again. The two flames are shown in
a side-by-side comparison in Fig. 12,with half of eachflameon either
side of the centerline. The increased thermal load was seen to double
the length of the flame.

Other aspects of the flame geometry remained unchanged. The
lower edge of the reaction zone remained in the same position at
16.4 kWof thermal loading, as for the 8.2 kWflame. Thewidth of the
flame changed only slightly. Essentially, the increased heat release
associated with the higher thermal load caused the far-field
recirculation region to increase in length, due to the increased
expansion of gases in this zone. Features of the flame that were not
affected by this downstream heat release, such as the liftoff height,
were unaffected by the changes in thermal load. It is not clear on the
basis of this set of observations whether the relationship between
thermal load and flame length is linear for a wider range of
experimental conditions. It appears unlikely that this would be the
case, particularly in a confined flame, in which wall interactions
would play a role. However, across the range of conditions examined
here, the length of the flame does appear to vary linearly with thermal
load, at least approximately, and the lifting effect was not impacted
by the increase in thermal load.

The effect of thermal load on flame structure also appears to be
independent of fuel type. Linck et al. [18] compared the structures of
unconfined and confined methanol and kerosene spray flames, in
which the flow rates of combustion and atomization air, as well as the
thermal load, were equivalent. As can be seen in Fig. 13, the structure
of the unconfined flames was very similar for both fuels. The color of
the flames was different, due to soot and soot precursors in the
kerosene flame that were not present in the methanol flame, but the
location, shape, and size of the flames were very similar. This
is significant because the volumetric flow rate of methanol fuel is
double that of kerosene for an equivalent thermal load. Confined
flames at atmospheric pressure, fired at the same thermal load, are
shown in Fig. 14. Again, the flame structures appear to be quite
similar.

Fig. 10 Mean axial velocity contours showing near-field and far-field
recirculation zones.

Fig. 11 Comparison of mean axial velocity contours in nonreacting

flow and 8.2 kW flame.

Fig. 12 Comparison of 16.4 and 8.2 kW flames.
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The confined kerosene flame looks larger in Fig. 14, but in fact, the
flames had very similar structures. In the kerosene flame, luminous
particulates allowed the camera to image regions of theflow inwhich
the methanol flame emits very little radiation, and as a result, the
image of the kerosene flame appears somewhat larger.

E. Flame Scaling

Thus far, two important factors have been identified that
determine, to a great degree, the structure of the reaction zone in the
swirl-stabilized spray flame. The results shown here have
demonstrated that the flame structure is largely controlled by the
airflow parameters and thermal load of the flame. Using this
approach, it was possible to create a scaled flame at airflow
condition 1 using atom.-air case 3 with an 8.2 kW thermal load that
shared many of the features of the 16.4 kW flame (which was created
using airflow condition 2 and atom.-air case 3). Note that the
atomization-airflow rate was scaled with the Reynolds number of the
combustion airflow, so that atom.-air case 3 required that 0:07 g=s of
atomization air were fed when airflow condition 1 was applied and
required that 0:14 g=s of atomization air were fed when airflow
condition 2was applied. In other words, the flow rates of combustion
air through the swirlers, fuel, and atomization air were all reduced by
a factor of approximately 2 to create the scaled flame.

Figure 15 indicates that this approach to scaling of flames is valid
with certain caveats. The flame shown in the figure was an 8.2 kW
flame at airflow condition 1 and did, in fact, closely resemble the
16.4 kW flame at airflow condition 2. There were some differences:
for example, the length and shape of the flame were not quite the
same. The differences may be due to other factors, such as
entrainment of air from the surroundings, the amount of energy
needed to vaporize the fuel, relative velocities of droplets in the fuel
spray, fuel droplet size distributions, and surface tension effects in
the fuel spray. The fuel spray is considered in greater detail
subsequently. The flame can at least be approximately scaled if the
relationship between airflow and thermal loading parameters is
maintained from one operating condition to another. As long as the

relationship is the same and the system pressure and effective fuel
atomization are maintained, a very similar flame structure should be
observed.

F. Effect of Airflow Distribution on Flame Structure

Given that the scaled flame at airflow condition 1 and at a thermal
load of 8.2 kW seemed to share important structural features with the
16.4 kW flame at airflow condition 2, further experiments were
carried out to examine the effect of airflow distribution on the flame
structure. The 8.2 kW thermal load was retained, and the total
combustion-airflow rate was held constant at 10:94 g=s. Recall that
for airflow condition 1, equal volumetric airflow rates were fed
through each annulus. The proportion of air fed through the inner and
outer annuli was then varied, so that in the first case, only 25% of the
total air was fed through the inner annulus and 75% of the total air
was fed through the inner annulus. The three distributions examined
will be referred to as the 25=75, 50=50, and 75=25 distributions. The
swirl configuration was not altered and remained as the 45-i/null-o
configuration.

The three flames created by the different airflow distributions are
shown in Fig. 16. An increase in the proportion of air fed through the
inner annulus increased the overall swirl in the flow, because only the
air flowing through the inner swirler had any swirl imparted to it. The
flame obtained using the 75=25 combustion-airflow distribution was
not lifted; in this case, the swirl in the airflow was large enough for
combustion to be stabilized all the way upstream at the fuel nozzle
exit. The 25=75 distribution was lifted, and the location at which
combustion was initiated occurred at the same axial location as in the
flame obtained with the 50=50 distribution. The flame from the
25=75 distributionwas narrower and longer than those from the other
distributions.

The most compact flame was still the one produced by the 50=50
airflow distribution. Increasing the amount of swirl in the flow (as
was the case with the 75=25 distribution) did not necessarily produce
a more compact flame. The factors controlling the flame geometry
are more complex; mixing, droplet evaporation, and heat-release
location all play a role in shaping the reaction zone, and these factors
are linked to the flowfield characteristics in complex ways. These
phenomena represent an avenue of further examination.

Fig. 13 Unconfined kerosene (left) and methanol (right) flames, at

equal thermal load [18].

Fig. 14 Confined kerosene (left) and methanol (right) flames, at equal

thermal load [18].

Fig. 15 Scaled 8.2 kW flame.
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G. Fuel Spray Characterization

1. Planar Laser Scattering

The structure of the flame has been shown to depend primarily on
the flowfield characteristics and on the thermal load. A detailed
understanding of the spray characteristics is necessary to develop a
thorough understanding of the factors that affect the flame structure.

The 45-i/null-o flame has already been characterized at two
scaling conditions. Further aspects of this flame are now considered.
Because the flame structure appeared to be optimal when the 50=50
airflow distribution was employed, this condition was also applied
during characterization of the fuel spray. The fuel spray was
examined under airflow condition 2 and atom.-air case 3. Thus,
9:3 g=s of air were fed through each of the combustion-air annuli,
and 0:14 g=s of atomization air was fed through the fuel nozzle.

Two fuel flow rates were examined. The fuel flow rate of
31 ml=min corresponded to a thermal load of 8.2 kW. A 16.4 kW
thermal load was also examined with a fuel flow rate of 62 ml=min.
The fuel sprays were first imaged under noncombusting and
combusting conditions using planar laser scattering. Components of
the PIV system, including the lasers and one of the cameras, were
used to obtain these images. As in the PIV procedure described
previously, a narrow-band-pass filter fitted to the camera optics and a
mechanical shutter were used to remove the image of the flame in the
combusting cases, thus allowing only images of the droplets
illuminated by the laser sheet to be detected by the camera.

Planar laser scattering images of the 8.2 kW fuel spray under
noncombusting and combusting conditions are shown in Fig. 17.
Images of the 16.4 kW fuel spray under noncombusting and
combusting conditions are shown in Fig. 18. The images are
monochrome and have been inverted, so that fuel droplets appear as
dark regions in the image. At both fuel flow rates, the fuel formed a
solid-cone spray with an included angle of approximately 60 deg.
The spray associated with the 16.4 kW fuel flow rate was much
denser, particularly near the fuel nozzle. This was reasonable,
because the volumetric flow rate of fuel through the nozzle in this
case was doubled. The sprays were very symmetrical at both thermal
loads.

In the combusting cases, the smaller droplets in the spray were not
seen in regions more than 35 mm above the fuel nozzle. This was

Fig. 16 Effect of airflow distribution on scaled 8.2 kW flame.

Fig. 17 Fuel spray images, 8.2 kW fuel flow rate.

Fig. 18 Fuel spray images, 16.4 kW fuel flow rate.
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reasonable, because the heat from the flame eliminated these droplets
rapidly. Large droplets also became scarce at elevations over 55 mm
above the fuel nozzle. Some isolated droplets with unusually large
diameters persisted even further downstream in the flow; this can be
seen more clearly in the 16.4 kW spray case.

2. Phase-Doppler Particle Analysis of Fuel Spray

More detailed information about the characteristics of the fuel
spray was obtained using the PDPA system. Data were gathered on
one side of the combustor centerline at an elevation of 35 mm above
the fuel nozzle exit. This locationwas chosen because droplets at this
elevation in the spraywere fully formed, spaced outwidely enough to
pass individually through the measurement junction, and only
beginning to burn away. Data were gathered at 2 mm intervals until
the edge of the spray was reached.

Plots of droplet mean axial velocity and mean radial velocity are
shown in Fig. 19. It is apparent that the primary factor influencing the
shape of the curves, particularly near the combustor centerline, was
the presence or absence of combustion. The 8.2 kW curve and the
16.4 kW curve share the same shape and nearly the same values at
every radial location. It should be noted that the number density and
consequent volume flux of fuel droplets was lower in the 8.2 kWcase
than in the 16.4 kW case, due to the smaller amount of fuel present.
However, the axial and radial velocities were not apparently
influenced significantly by the changes in thermal load, because the
atomization-airflow rate was scaled to keep the spray characteristics
consistent.

Plots of the arithmetic mean diameter and Sauter mean diameter,
referred to asD10 andD32 in the literature [19], are shown in Fig. 20.
Again, the shapes of the curves appear to be influenced more by the
presence or absence of combustion than by the fuelflow rate. This is a
clear indication that the twin-fluid atomization system employed in
the burner provided effective fuel atomization across a wide range of
fuel flow rates. The D32 was generally larger than the D10, as
expected, because of the range of droplet sizes observed in the population. TheD32 is sensitive to large droplets in the spray. Even if

they do not occur frequently, they may affect the D32 of the entire
population. This accounts for the noise seen in theD32 curves. Only
a few large droplets are necessary to introduce considerable variation
into the calculated value ofD32 at a given location. Again, the spray
characteristics were very similar at both thermal loads, whereas the
total fuel volume flux was scaled with the thermal load.

3. Effect of Atomization-Airflow Rate on Fuel Spray

The effect of the atomization-airflow rate on the fuel spray
properties is also important. For both fuel flow rates, the D10 and
D32 were measured at the spray centerline, and the atomization-
airflow rate was varied across a wide range. The data gathered are
shown in Fig. 21. A certain minimum amount of atomization air is
necessary to atomize a given fuel flow rate. Above this minimum,
however, the atomization-airflow rate can be varied across a wide
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Fig. 19 Plots of fuel droplet mean axial (top) and radial (bottom)
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Fig. 20 Plots of droplet mean arithmetic diameter (D10, top) and
Sauter mean diameter (D32, bottom).
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range (in this case, from about 0.09 to about 0:21 g=s) without any
significant change in the mean droplet diameters. The twin-fluid
atomization provides flexible, stable atomization across a wide range
of operating conditions, which reveals that atomization-airflow rate
and fuel flow rate are not necessarily linked. A given atomization-
airflow rate can be set to achieve the correct flame structure, and as
long as it is sufficient to provide effective atomization, the fuelwill be
effectively atomized across a range of power settings.

One characteristic of the fuel spray was found to vary with
atomization-airflow rate. Themean velocities of droplets in the spray
at the centerline were observed to increase nonlinearly with
atomization-airflow rate, as shown in Fig. 22. This effect is not
particularly important, however, because it is simply linked to the
increasing atomization-air jet velocity. Themomentum of individual
droplets, 30–50 �m in size, does not appear to have a significant
effect on the flame structure. The atomization-air jet plays a much
larger role in determining the structure of aflamedue to its interaction
with the other airflows fed into the burner.

VI. Conclusions

Several points must be made regarding the observations presented
in this study. The effect of the atomization-air jet on the structure of
the flames investigated is quite significant. The lifting behavior of the
flame depends on the relationship between themomentum flux of the
atomization-air jet and the swirl strength of the flow. When the flow
rate of the atomization air is great enough, relative to the flow rate of
the swirling combustion air, two distinct recirculation regions are
created. Combustion is stabilized on the outer boundary of the larger
far-field recirculation region. If the total swirl imparted to the flow is
increased beyond a certain point, the lifting effect is no longer
observed. This may imply the existence of some critical relationship
between the atomization-air jet and swirl strength. Other parameters,
such as the relative swirl strength of the inner and outer combustion
airflows,were found to have a less dramatic effect on the geometry of
the flame. An inner swirler featuring an outer vane angle of at least
45 deg was necessary to obtain stable combustion in all of the cases
examined. An inner swirler with an outer vane angle of 30 deg
allowed a flame to be stabilized only if used in combination with
outer swirlers featuring outer vane angles of 70 deg. Flames obtained
with counter-rotating swirler arrangements were found to be slightly
smaller than similar corotating flames, likely due to greater mixing
between the counter-rotating flows. However, the lifted flame was
significantly more compact than similar nonlifted flames, indicating
that this effect may also make it possible to design more compact
combustors. The compactness of the lifted flame appears to be due to
improved mixing, because the fuel spray is allowed to proceed some
distance downstream before interacting with the recirculation zone
and flame front. The lifting effect associated with the 45-i/null-o
swirl configuration offers the potential to improve combustion
control of swirl-stabilized, liquid-fueled systems.

The twin-fluid atomization technique atomized fuel effectively
across a wide range of flow rates, even when the atomization-airflow

rate was held constant. This demonstrates that the atomization-
airflow rate can be adjusted to obtain a particular flame geometry and
that the thermal load of theflame can then be controlled by changes in
the fuel flow rate.

Other investigators, working with premixed systems, have
described lifted premixed flames produced by a unique type of low-
swirl injector (LSI). Cheng et al. [20] found that if rotation is
imparted to the outer layers of a round, turbulent, premixed jet, the jet
expands downstream of the injector and a flame is stabilized in that
region of the jet in which the flame speed matches the velocity of the
flow. The flames described by Cheng et al. are lifted and do not
interact directly with the injector. However, the flames described in
the present work differ fundamentally from lifted premixed flames
obtained from an LSI. A flame produced by an LSI does not
recirculate, and flames of this type have been described thus far only
in premixed systems.On the other hand, the liftedflames discussed in
the present work do have recirculation regions. Johnson et al. [21]
presented a useful comparison of premixed lifted flames created with
a low-swirl injector and premixed attached flames created with a
more conventional high-swirl injector. Johnson et al. found that lifted
premixed flames produced up to 60% less NOx than comparable
attached premixed flames. It is possible that similar benefits may be
observed if lifted liquid-fueled flames of the type discussed here are
compared with more conventional attached liquid-fueled flames.
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