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Abstract

A five-slot contoured nozzle burner was used to create multiple lifted partially premixed flames in close prox-
imity. The burner permits the stoichiometry gradient below each edge flame and the separation distance between
stabilization points of the flames to be separately controlled. In previous work, we showed that edge-flame interac-
tions lead to a bifurcation in the flame stabilization, where the liftoff height of neighboring edge flames differs even
in symmetric flow fields. As the composition gradient below each flame is decreased, the edge flames broaden.
Flow around the edge flames leads to an aerodynamic interaction, where upstream conditions below one flame are
modified by the neighboring flame. These interactions cause a liftoff height difference between the two flames.
Further reduction of stoichiometry gradient causes the neighboring flames to merge and approach the structure of
a single premixed flame. In this work, the equivalence ratio gradient and separation distance between stoichiomet-
ric points were varied by controlling the burner slot equivalence ratios, so that these interactions could be studied
in greater detail. Rayleigh scattering was used to measure flame curvature and calculate local stoichiometry gradi-
ents below each flame stabilization point. Planar laser-induced fluorescence signals of hydroxyl and formaldehyde
were measured to provide qualitative comparisons of relative reaction rates between flames. Neighboring edge
flames were found to behave based solely on local conditions below each flame. Only aerodynamic interactions
were observed and no chemical or thermal interactions, caused by heat or radical transport between flames, were
observed. The bifurcated flame response can be described simply from the effects that flow around the flame
structure has on local velocities and scalar dissipation rates.
© 2008 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The propagation and liftoff behavior of single lam-
inar edge flames has been researched extensively in
an attempt to characterize and model the behavior of
edge flames in partially premixed flows. The edge-
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flame structure can result in a triple flame when the
local stoichiometry includes both rich and lean re-
gions around the stabilization point that occurs near
stoichiometric conditions. In turbulent flows, partially
premixed mixtures of fuel and air can be present with
a range of local scalar dissipation rates and length
scales, causing numerous stoichiometric crossings
and rich and lean regions within a few millimeters of
each other [1]. These stoichiometric crossings within
Published by Elsevier Inc. All rights reserved.
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close proximity can yield multiple stabilization points
and multiple neighboring propagating edge flames,
which may interact with each other. Wason et al. [2]
have recently shown that interactions between neigh-
boring triple-flame structures can yield a bifurcated
flame response where the two interacting edge flames
stabilize at different heights even in symmetric flow
fields. This paper focuses on these interactions of
lifted neighboring edge flames and examines in detail
the physical origin of the bifurcation, using optical di-
agnostics to measure the conditions below both edge
flames. Quantitative information on the scalar dissi-
pation rates leading to edge-flame bifurcation will aid
in the development of models for flame propagation
in turbulent environments, where flame interactions
may take place and alter overall flame stability. In ad-
dition, flame fronts within the leading edge of each
experimental configuration were measured using pla-
nar laser-induced fluorescence (PLIF) to determine
hydroxyl and formaldehyde distributions. These im-
ages were used to estimate relative HCO formation
rates, as demonstrated by Paul and Najm [3]. Com-
parisons are made between these measurements to
determine the levels of both aerodynamic and chem-
ical interactions between the bifurcated neighboring
edge flames.

2. Background

The triple-flame structure, which was first ob-
served by Philips [4], can be created under partially
premixed conditions with a stoichiometric crossing
and both lean and rich regions, where the base of
the flame stabilizes near the stoichiometric point. The
triple-flame structure consists of three branches, a rich
premixed branch, a lean premixed branch, and a char-
acteristic trailing diffusion branch [4,5], as depicted
in Fig. 1, where mixing between separate fuel and air
flows creates a stoichiometry gradient with a single
stoichiometric point. Experimental studies performed
by Philips [4] on laminar edge flames found that the
propagation speeds could be as much as five times the
laminar burning velocity. This observation led to fur-
ther interest in triple flames and detailed studies by,
for example, Kioni et al. [6,7], Santoro et al. [8], and
Kim et al. [9]. Kioni et al. [6] and Kim et al. [9] used
a slot burner to determine the effects of scalar dissipa-
tion on the velocity of the edge flame structure, while
Santoro et al. [8] used a counterflow diffusion flame
to study scaling of flame stabilization and velocity on
the strain rate.

Early numerical analysis of the triple flame formed
in a nonuniform mixture [10–13] studied propagation
velocity behavior, but did not incorporate heat release
from the flame, allowing simplification of analysis.
Fig. 1. Lifted edge flame showing characteristic three-branch
structure.

Ruetsch et al. [14], however, incorporated heat re-
lease and showed that velocity divergence around the
edge-flame structure caused by heat release resulted
in a deceleration of flow leading up to the flame edge,
as observed by Philips [4]. Kioni et al. [7] and Kim
et al. [9] verified the observation of Philips [4] that the
velocity of the flow leading up to the edge-flame front
decreased to approximately the laminar flame speed,
using particle imaging velocimetry (PIV) measure-
ments of the flames. This 2-D velocity divergence,
shown in Fig. 1, is a critical part of edge-flame sta-
bility and enables the edge-flame structure to propa-
gate in faster flows than a 1-D planar premixed flame.
Ruetsch et al. [14] found that the propagation veloc-
ity is proportional to the laminar stoichiometric burn-
ing velocity and the square root of the density ratio
between unburnt and burnt mixtures. Dold [11] fur-
ther showed that the triple-flame propagation speed
depends inversely on the transverse mixture fraction
gradient and must be above the maximum adiabatic
laminar flame speed of the system; this effect of con-
centration gradient below a single edge flame has led
to many experimental studies [2,6,7,15,16].

A very important observation for single-edge-
flame behavior is that the edge-flame curvature mea-
sured at the local flame front changes depending on
the upstream concentration gradient [15]. Fig. 2 de-
picts two triple flames with different upstream scalar
dissipation rates. For sharp concentration gradients
or high scalar dissipation rates (right, Fig. 2), a nar-
row spatial region of flammable stoichiometry exists
and the edge-flame structure is narrow. This results
in high flame curvature at the base of the triple flame
and reduced flow divergence around the flame. The
low flow divergence also results in reduced deceler-
ation of the flow going into the stabilization point
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Fig. 2. The concentration gradient below each edge flame is
directly proportional to the curvature at the leading edge of
each flame.

and therefore a reduced overall flame propagation ve-
locity, as reported by Dold [11]. Conversely, with a
lower scalar dissipation rate (left, Fig. 2), the flam-
mable region is expanded, resulting in a broader flame
with lower flame curvature and more flow divergence.
Hirota et al. [17] clearly demonstrated this strong cor-
relation between flame curvature and the upstream
concentration gradient for single edge flames. Hirota
et al. [17] also found that even as the upstream veloc-
ity exiting from the burner changed, the relationship
between the concentration gradient just at the flame
edge and the flame curvature was unchanged.

In general, lower scalar dissipation rates lead to
higher edge-flame propagation speeds, as shown by
Dold [11] and Kioni et al. [6,7]. However, Kim
et al. [15] showed that as the concentration gradient
below the flame decreases to very small values, a crit-
ical concentration gradient exists where a minimum
liftoff height or a maximum edge-flame propagation
velocity is observed. Below this critical gradient, the
trailing diffusion branch weakens, representing a tran-
sition from partially premixed to planar premixed
propagation.

Apart from studying effects of upstream stoi-
chiometry conditions on an edge flame, other experi-
ments have been performed studying chemical inter-
actions between flame branches. Azzoni et al. [16]
found that neighboring edge flames could cause
changes in the diffusion branch and affect propagation
velocities of the overall flame structure. Counterflow
studies performed by Lockett et al. [18] also exam-
ined chemical interactions between branches.

In turbulent nonpremixed flows, mixing of fuel
and air by large-scale flow structures can cause nu-
merous stoichiometry gradients [19] with multiple
stoichiometric points within a few millimeters of
each other, as shown by measurements of Brock-
hinke et al. [1] in a lifted hydrogen jet. With multiple
stoichiometric crossings, the stabilization of multiple-
edge-flame structures and interactions between these
flames may occur; these interactions could be either
chemical or aerodynamic. The work of Ghosal and
Vervisch [5] presented numerical simulations in prac-
tical nonpremixed flow fields, showing complicated
mixing structures that provided multiple edge-flame
Fig. 3. Neighboring edge-flame configurations seen by Wa-
son et al. [2] with decreasing concentration gradients from
left to right.

stabilization locations. Our group [2] studied possi-
ble interactions of multiple neighboring laminar edge
flames. The present work examines these interactions
in detail, using optical diagnostics to probe the local
mixing conditions at each stabilized flame.

Wason et al. [2] created multiple lifted edge flames
using a planar slot burner, where the concentrations
of five individual slots were varied to create a nonuni-
form concentration gradient at the exit of the burner.
The use of five slots allowed two concentration gra-
dients with two stabilization points. The previously
studied flame configurations are depicted in Fig. 3,
and planar images of hydroxyl in these flames are
available in [2]. Under large concentration gradients
(high local scalar dissipation), shown in the left panel
of Fig. 3, the two neighboring edge flames stabi-
lized at symmetric liftoff heights; however, there was
an aerodynamic interaction as the flames were tilted
away from the centerline of the burner. Without the
neighboring edge flame, the trailing diffusion flame
branch is vertical. Aerodynamic interactions here re-
fer to changes in the flame resulting entirely from
changes in the cold fuel and airflows upstream of the
flame. As the concentration gradient below the flames
was decreased, the individual edge flames broadened,
as shown in Fig. 2, and a symmetric liftoff height
was no longer maintained. One flame, denoted the
upper flame in this paper, had a greater liftoff height
than the lower flame. This configuration is depicted in
the middle panel of Fig. 3. Further reduction of con-
centration gradients initially caused the liftoff height
difference to increase. However, eventually the indi-
vidual edge flame structures broaden sufficiently to
cause the neighboring flames to attach by their rich
premixed branches, as shown in the right panel of
Fig. 3. Once the flames become attached to one an-
other, the upper flame moves down toward the lower
flame with a decrease in the stoichiometry gradient.
A further decrease in gradient caused an approach
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to premixed conditions and the flames merge into
a single structure. Wason et al. [2] performed OH
PLIF and PIV measurements on these flames and
found that for the merged flames, OH layers were
connected between flame branches, thus making pos-
sible a chemical interaction. Chemical interactions
here refer to changes in the flame caused by trans-
port of radicals and heat between individual flames.
For separate flame configurations, interactions were
presumed to be dominated by aerodynamics around
the flames themselves. This paper focuses on a de-
tailed study of the interactions of lifted neighboring
edge flames reported by Wason et al. [2] for under-
standing on how interactions could affect stability of
turbulent flames.

3. Specific goals

Determination of the cause of the bifurcation ob-
served by Wason et al. [2] requires an understanding
of the local conditions below and through each edge-
flame structure. In particular, the flow divergence
around the lower flame structure can alter the flow and
mixing field for the upper flame, resulting in an aero-
dynamic interaction. Likewise, when the flames are
merged, heat and radical transport could cause a ther-
mal or chemical interaction altering the stability of the
flame. Quantitative measurements of the scalar dissi-
pation rates below each flame structure are important,
since the local concentration gradient below a single
edge flame affects the flame curvature and propaga-
tion velocity of the flame. In this paper, Rayleigh
imaging was used to quantify the fuel concentration
gradients directly below each flame and for extrac-
tion of flame front curvature. Flame fronts within the
leading edge of each flame configuration were mea-
sured using PLIF to determine qualitative hydroxyl
and formaldehyde concentrations and to estimate rel-
ative HCO formation rates based on the intensity of
the combined signal [20]. Comparisons between the
intensity of signals from flames were used to de-
termine whether chemical interactions were present.
Quantitative measurements of concentrations are not
needed for this comparison; thus only relative fluo-
rescence intensities without calibration were utilized.
Comparisons between neighboring flames and single
flames were made to determine whether aerodynamic
or chemical interactions cause the flame bifurcation.
The results from this work are used to suggest which
parameters should be included in a detailed model of
flame propagation in turbulent flows where flame in-
teractions may be present.
Fig. 4. Five-slot burner with contoured converging nozzle.

4. Experimental apparatus

Interacting lifted edge flames were created using a
burner with five slots, as shown in Fig. 4. The burner
consists of a rectangular base, which houses the inlets
for each 14 × 120 mm slot. The slot exits contain steel
wire mesh and 1/2′′-thick, 1/8′′-cell aluminum hon-
eycomb to distribute and straighten the flow. This flow
is then passed through a contoured converging nozzle,
which acts to create a flat velocity profile at the exit of
the burner. The contoured nozzle is 100 mm in length
with an inlet cross section of 120 × 75 mm and an
exit cross section of 25 × 40 mm, matching the outlet
dimensions of the straight geometry burner of Wason
et al. [2] and giving the burner a 3:1 convergence ratio
in two dimensions.

The nozzle also acts to smooth the discrete com-
position gradients from the five slots. The exit of
the burner contains a section of 1/4′′-thick, 1/16′′-
cell steel honeycomb, which minimizes any horizon-
tal components of velocity as the flow exits the cor-
ners of the nozzle. The honeycomb also behaves as
a flame arrestor preventing flashback into the noz-
zle. A 5-mm-wide continuous inlet surrounding the
burner exit is used for nitrogen guard flow to isolate
the edge flames from the surrounding room air. The
nitrogen for the guard flow was supplied through a
series of rotometers to ensure uniform nitrogen deliv-
ery.

Flow for the burner was provided using electronic
pressure regulators coupled with precision choked
orifices. Ten regulators were connected to the burner,
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Fig. 5. Rayleigh scattering experimental setup: (l) lens,
(a) aperture, (f) filter. Lens set A was used for large area
2-D Rayleigh imaging while lens set B was used for finer
line measurements.

as each slot requires one for air and one for fuel.
The flows were sufficiently mixed prior to entering
the five-slot burner. Ethane was used as the fuel for
measurements because of its higher molecular weight
(compared to methane, used in [2]), close to that of
air, further helping to maintain a constant velocity
profile along the exit of the burner, independent of
concentration profile.

Testing of edge-flame interactions was performed
by using two symmetric stoichiometry gradients as in
Fig. 3. The slots of the burner were set so that the
ethane concentration varied from a lean, to a rich,
and then back to a lean concentration across the five
slots. The two outer slots, one and five in Fig. 4,
were run with only air (an equivalence ratio of zero),
while slots two and four were maintained at equal lean
equivalence ratios. Increasing the equivalence ratio of
slots two and four caused the stoichiometric crossings
of the concentration profile at the exit of the burner
to spread apart, as discussed within the results. The
center slot, slot three, was varied from an equivalence
ratio of 1.25 to 25 to vary the gradient of ethane below
each flame.

Rayleigh scattering measurements were performed
using a dual-cavity 50 mJ/pulse Nd:YAG laser with
a 6-ns pulse width at a wavelength of 532 nm, shown
in Fig. 5. For 2-D Rayleigh scattering, a laser sheet
was formed using an f = −30 mm cylindrical lens
to expand the beam and a spherical lens to focus into
a sheet (Fig. 5, lens set A). This sheet was passed
through the centerline of the burner and included the
area underneath each of the edge flames. An iris was
used to cut the lower edge of the laser sheet so that
the sheet did not reflect from the burner surface dur-
ing imaging. After the laser sheet passed through the
flame, it was sent to a large beam dump to help reduce
back reflections.
Line Rayleigh measurements were also taken to
improve signal-to noise-ratios for some cases and as
a comparison to the 2-D Rayleigh measurement that
was performed. In this case, a much smaller laser
sheet was created by not expanding the 10-mm laser
output. This procedure allowed an increased signal
but limited the area for which Rayleigh information
was obtained. The laser sheet was formed by combin-
ing −30-, 100-, and 500-mm focal length cylindrical
lenses (Fig. 5, lens set B) to narrow the width of the
sheet.

A LaVision imaging system was used for the
Rayleigh signal collection, including a frame-straddl-
ing 1024 × 1280 CCD camera (Model Flow Mas-
ter 3S) and DaVis postprocessing software. A Nikon
50-mm lens was attached to the camera. A 532-nm
optical pass filter was attached to the camera lens
to limit collection of flame emission and background
lights. Imaging was performed with on-chip integra-
tion, where 300 images were accumulated on the cam-
era. For the line Rayleigh, where laser energy density
was larger, 20 images were accumulated on the cam-
era.

Rayleigh scattering collection was performed with
an exposure time of 10 µs. In each case, additional im-
ages were taken with only nitrogen flow through the
burner to measure any remaining surface scattering,
and with only ethane through the burner for determin-
ing the flat field image and calibration. The nitrogen
images were used as a background subtraction from
both the flame image and the pure ethane image. In
order to acquire a normalized image of ethane mole
fraction, the background-corrected flame image was
divided by the background-corrected pure ethane im-
age. This relationship is

I = [Signal] − [Background]
[Ethane] − [Background]

= [(XO2)σO2 + (XN2)σN2 + (XC2H6)σC2H6 ]
[(1)σC2H6 ] − [(1)σN2 ]

(1)− [(1)σN2 ]
[(1)σC2H6 ] − [(1)σN2 ]

,

where the mole fractions of the scattering species (Xi )
and their scattering cross-sections (σi ) determine the
Rayleigh signal. The overall laser intensity was con-
stant between each two measurements and cancels
from this relationship. This normalization also takes
into account any laser energy differences in the imag-
ing plane. This corrected image, I , varies from zero to
unity. If the scattering cross sections of nitrogen and
oxygen are assumed equal, this image directly repre-
sents ethane mole fraction in the isothermal regions
of the flow below each flame, as shown in
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Fig. 6. Calibration for correction of normalization scheme
used for Rayleigh imaging.

I = [(1 − XC2H6)σN2 + (XC2H6)σC2H6 ] − [(1)σN2 ]
[(1)σC2H6 ] − [(1)σN2 ]

(2)= XC2H6(σC2H6 − σN2 )

(σC2H6 − σN2 )
= XC2H6 .

However, a small difference in the oxygen and nitro-
gen cross-sections actually exists, 5.245 × 10−27 cm2

for oxygen and 5.10 × 10−27 cm2 for nitrogen [21],
causing a slight deviation in measured versus actual
ethane mole fraction. A calibration of known ethane
mole fraction (XC2H6 ) in relation to the measured
quantity, I , was performed in a simple laminar jet for
calibration. Fig. 6 shows this calibration, which was
used to provide correction for individual Rayleigh im-
ages.

PLIF imaging of hydroxyl and formaldehyde
species concentrations was implemented to allow
comparison between neighboring flame reaction rates.
These measurements are qualitative and are only used
to compare relative intensities of reaction rate be-
tween neighboring flames. The experimental setup
for PLIF imaging is shown in Fig. 7. For measure-
ments of HCHO and OH, two laser beams were
passed through a plane across the exit of the burner.
A Spectra Physics Pro-230-10 Nd:YAG laser with
a 7-ns pulse width was used to create both beams.
The doubled output at 532 nm was used to pump a
Sirah Precision Scan dye laser, while the simultane-
ous tripled output from the Nd:YAG laser was directly
used for the HCHO measurements at a wavelength
of 355 nm. The pumped dye laser, containing Rho-
damine 590 dye, was used for OH measurements.
The dye laser was tuned to excite the P1(8) or the
P1(4) transitions in the X–A(1,0) vibronic band of
OH at wavelengths of 285.59 and 283.47 nm, re-
spectively. The multiplication of each fluorescence
image can be used for investigation of the relative
Fig. 7. Hydroxyl and formaldehyde PLIF experimental
setup: (m) mirror, (l) lens, (a) aperture, (f) filter, (i) image
intensifier, (c) cuvette.

forward reaction rate for CH2O + OH → HCO
+ H2O [20]. These line locations were determined
through simulations of OH spectra to determine one
line that was isolated with minimum temperature sen-
sitivity, the P1(8) transition, and one line with tem-
perature sensitivity to combine with HCHO temper-
ature sensitivity and yield forward reaction rate [20],
the P1(4) transition. Pulse energies for these beams
were approximately 2.0 and 1.6 mJ for the P1(4)

and the P1(8) lines, respectively. The 355-nm beam
for HCHO had a pulse energy of approximately
50 mJ.

Alignment of the beams was accomplished so that
each beam would pass through the same set of aper-
tures. The beam for OH measurements from the dye
laser was passed through two cylindrical lenses of fo-
cal lengths −30 and 100 mm, to increase the vertical
height of the beam by a ratio of about 3. The beam for
HCHO measurements was used at its laser exit height
to maintain a higher energy density of the beam across
the imaging plane. Both beams were passed through
an f = 500 mm cylindrical lens to focus the beam
width to a thin sheet as it crossed through the imaging
area.

Imaging of all fluorescence was performed by a
1317 × 1035 pixel Photometrics series 300 liquid-
cooled camera, Fig. 7. Fluorescence was collected
through a UV-Nikkor 105-mm f/4.5 lens. This lens
focused the fluorescence image onto a DEP-GenII im-
age intensifier, which was gated for 1 µs at each laser
pulse. This small gate was used to minimize chemilu-
minescence collection from the flame during imaging.
The image of the intensifier was then collected by a
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Fig. 8. Rayleigh scattering images from neighboring edge flames with changing concentration gradients below the flames.
150-mm focal length lens coupled to a Nikkor 50-mm
lens attached to the Photometrics camera.

Two different optical filters were used for the flu-
orescence imaging. For OH measurements, a filter
centered around 308 ± 5 nm was used. During the
OH measurements, the 355-nm beam was blocked,
and during measurements of HCHO, the 283-nm
beam was blocked after exiting the dye laser. For
imaging of HCHO, the OH filter was replaced by a
450 ± 40 nm band-pass filter (Omega Optical Inc.
50450 450DF70D) with approximately 70% trans-
mission within its pass range. This range was shown
to cover the broadband HCHO fluorescence when ex-
cited by a 355-nm beam [22].

The laser beam energy profiles were measured
prior to each data set. For the dye laser beams, the
laser was passed through a removable UV-transparent
cuvette. This cuvette was filled with a linearly flu-
orescent solution. The fluorescence within the cu-
vette was imaged using the same LaVision CCD cam-
era used for the Rayleigh scattering measurements.
A Nikkor 200-mm f/4 UV lens was attached to the
camera, which was exposed for 10 µs during each
laser pulse. A 100-image average was taken for each
OH beam profile. For HCHO, the beam distribution
correction was measured using Rayleigh scattering
from pure ethane with the 355-nm beam. A rectangu-
lar mask around the imaging area was used to min-
imize scatter, while the filter used for HCHO was
removed to allow Rayleigh signal to pass to the in-
tensifier.

For imaging of each flame under various flow con-
ditions, the burner was placed on a three-axis transla-
tion stage. The location of each flame was set so that
the leading edge of the flame of interest would fall at
the center of the image.
5. Results and discussion

The redesigned five-slot burner, used to create a
2-D controllable concentration gradient, was tested to
recreate interactions observed by Wason et al. [2] and
neighboring flame behavior was found to be similar
to that previously described. Three example Rayleigh
images are shown in Fig. 8. For each flame, the equiv-
alence ratio in slots 2 and 4 of the burner was fixed
at 0.75, and the central slot 3 equivalence ratio was
varied from 1.25 to 25. These cases represent be-
havior with two stoichiometric crossings, in which
the concentration along the exit of the burner is that
of lean to rich, then back to lean concentrations of
ethane. As the equivalence ratio within slot 3 was de-
creased, the gradient of ethane concentration below
each flame was also decreased, as shown in Fig. 3.
Images in Fig. 8, from left to right, represent this de-
creasing equivalence ratio in the central slot of the
burner. These Rayleigh images show the three stable
modes depicted in Fig. 3 in which, from left to right,
both flames stabilize at similar heights for symmet-
ric conditions, one of the flames maintains a differ-
ent liftoff height than that of its neighbor, and finally
a merged flame in which the rich branches of both
flames are connected. As with the flames described by
Wason et al. [2], the flames become asymmetric im-
mediately when lit; however, a metal rod can be used
to pull the upper flame down and switch which flame
edge is lower. A further description of this bifurcation
is provided in [2].

The Rayleigh images from Fig. 8 can be used to
measure the fuel distribution and therefore the ethane
concentration gradients below the flames where the
temperature is constant. In addition, the flame edge
is readily apparent in the Rayleigh images as a sharp
contrast in signal due to the lower density and scat-
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tering within the flame. In the middle panel of Fig. 8,
the fuel distribution can be clearly observed to shift
to the right toward the upper flame due to the flow
divergence induced by the lower flame. A primary
goal of this paper is to assess if the upper flame sta-
bilizes under the same local conditions as the lower
flame and therefore to determine if the bifurcation is
only a result of aerodynamic interaction or is affected
by thermal interactions between flames. The Rayleigh
imaging from Fig. 8 was used to determine both the
ethane concentration gradient below each flame and
the flame curvature of each edge flame. Extraction of
the concentration gradient below each flame used a
nonlinear least-squares Gaussian fit on each horizon-
tal line below the leading edge of each flame. Fig. 9
shows a close-up of the case with Φ2 = Φ4 = 0.75

Fig. 9. Location of stoichiometric points for case with large
concentration gradient below each flame.
and Φ3 = 25, as in the left panel of Fig. 8. The sto-
ichiometric locations are indicated by small crosses
in the figure, as determined from the Rayleigh curve
fits. An example of the curve fit along the line shown
in Fig. 9 is shown in Fig. 10. After the Rayleigh signal
was fitted along each horizontal line below all flames,
the concentration gradient was determined using the
analytical derivative of the fit at the stoichiometric
mole fraction crossing of the fit, as shown in Fig. 10.
The concentration gradients reported in the remain-
der of this paper were averaged over the gradients
for each line between 1 and 2 mm below each flame
front. This distance was found to be far enough from
the flame so that no preheating of the gases had oc-
curred, and the gradient over this distance was nearly
constant, so that averaging could be used to improve
signal-to-noise ratios.

In addition, the effect of the orientation of the gra-
dient relative to the tilted flames was accounted for
by correcting the gradient below each flame by using
the angle of the stoichiometric contour at the lead-
ing edge. The angle of the stoichiometric contour was
determined using position information on each stoi-
chiometric point below the flame. A fit was made to
the stoichiometric contour points and the angle at the
leading edge was extracted from the fit.

The liftoff heights of both edge flames were also
determined from the lowest location in the Rayleigh
image, with a rapidly decreasing signal due to tem-
perature increase. At the intersection of the stoichio-
metric line and the flame front, the flame curvature
was determined by fitting an arc to the local region
around the stabilization point. Points for the arc fit
were taken along the region where the Rayleigh signal
Fig. 10. Example Gaussian fit of Rayleigh data under the lower flame of a separated flame case.
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Fig. 11. Liftoff height difference versus ethane concentration
gradient in neighboring edge flames.

quickly drops due to a drop in gas density associated
with a high temperature zone. The fit was performed
using points spanning about 5 mm along the leading
edge of each flame.

Fig. 11 shows the difference in liftoff height be-
tween the lower and upper flame (�LOH) versus the
local ethane concentration gradient below the lower
flame. As the central slot equivalence ratio is in-
creased, the local ethane concentration gradient also
increases. The flows in slots 2 and 4 were held at
an equivalence ratio of 0.75 for these measurements.
Starting from the far right of Fig. 11, with high central
slot equivalence ratio, the two edge flames stabilize
within approximately 7 mm of one another, as shown
in the left panel of Fig. 8. The nonzero liftoff height
difference is discussed subsequently. As the central
slot equivalence ratio is decreased, the upper flame
moves higher, as shown in the middle panel of Fig. 8.
Once the liftoff height difference exceeds approxi-
mately 33 mm, the upper flame moves outside the
field of view of the Rayleigh imaging system. On the
left of Fig. 11, as the ethane fuel concentration gra-
dient is further decreased, the upper flame begins to
move back down into the field of view of the image
and is now merged with the lower flame, as shown in
the right image of Fig. 8. For the lowest measurable
concentration gradient, with a central slot equivalence
ratio of 1.25, the flames are no longer two distinct
edge flames but merge into an almost single premixed
edge flame. OH PLIF images showing this merger as
discussed in [2].

The nonzero liftoff height difference in Fig. 11
was examined by altering the horizontal separation
distance between the stoichiometric crossings on each
concentration profile below the two edge flames. To
change the separation distance, the equivalence ra-
tios of slots 2 and 4 were varied and the horizon-
tal location of the stoichiometric points was deter-
Fig. 12. Measured distance between stoichiometric points as
a function of varying equivalence ratio in slots 2 and 4 of the
five-slot burner.

Fig. 13. Liftoff heights versus measured ethane concentra-
tion gradient 1 mm below each lower edge flame. The equiv-
alence ratio of each data set refers to slots 2 and 4, which
control stoichiometric point separation.

mined from the Rayleigh images as shown in Fig. 11.
Fig. 12 shows the stoichiometric separation distance
for equivalence ratios in slots 2 and 4 of 0.5, 0.75,
and 1.0, with a changing equivalence ratio in the cen-
ter slot (φr). By increasing the slot 2 and 4 equiv-
alence ratios, the horizontal separation distance be-
tween flames can be increased by as much as 4 mm.

Fig. 13 shows measured liftoff height differences
between the upper and lower flame branch versus
measured ethane mole fraction gradients below the
lower flame branch for three sets of data with dif-
ferent equivalence ratio values in slots 2 and 4. The
Φ2,4 = 0.75 data are repeated from Fig. 11. With
an equivalence ratio of 0.5 in slots 2 and 4, sepa-
rated edge flames occur for gradients below the lower
flame above 0.015 mm−1. For shallower gradients, a
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Fig. 14. Difference between concentration gradients below
neighboring edge flames and liftoff height difference versus
the central slot equivalence ratio.

merged flame structure is observed. For very rich cen-
ter slot flows with higher gradients below the lower
flame, the liftoff height difference levels off to a
value of about 16 mm. The difference in liftoff height
reaches this minimum value and does not decrease
with richer flow in the center slot.

Increasing the separation distance between the sto-
ichiometric points by increasing the equivalence ratio
of slots 2 and 4 to 0.75 resulted in a similar over-
all trend in the liftoff difference between flames. The
transition from a merged flame structure to a sep-
arated flame structure occurred at similar concen-
tration gradients. Moreover, the difference between
liftoff heights at high fuel concentration gradients
approached 7 mm as the equivalence ratio was in-
creased in the center slot. For equivalence ratios in
slots 2 and 4 of 1.0, thus further separating the sto-
ichiometric points below the flames, the difference
in liftoff heights with large local gradients is only
3 mm. The width of each individual edge flame in-
creases as the stoichiometry gradient below the flame
decreases (Fig. 2). For narrow edge flames, the inter-
actions are diminished and nearly symmetric flames
are achieved (right of Fig. 13). However, the width of
the edge-flame structure that causes interactions is rel-
ative to the distance between edge-flame stabilization
locations. For smaller horizontal separation distances,
larger interactions are observed, while for larger sep-
aration distances, the flames can become completely
symmetric. The transition from merged to separate
flames for each case occurred at a similar concentra-
tion gradient of about 0.015 mm−1.

Figs. 11 and 13 are each plotted against only
the lower flame’s local concentration gradient. The
Rayleigh images were also used to extract the con-
centration gradient below the upper flame for com-
parison. Fig. 14 shows the difference in ethane mole
fraction gradient between the lower and neighboring
Fig. 15. Correlation between flame curvature and local lead-
ing edge concentration gradient for all stability configura-
tions.

upper flame,

�C2H6 gradient = ∂XC2H6

∂x

∣
∣
∣
∣
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− ∂XC2H6

∂x

∣
∣
∣
∣
lower

,

(3)

versus the central slot equivalence ratio. When the
flames are merged together, there is a slight scatter
in the difference between the concentration gradients
below each flame; this scatter takes place around a
value of zero. For a central equivalence ratio greater
than 5.0, when the flames are separated, there is no
discernible difference in the concentration gradient
below the neighboring flames. This zero difference
suggests that the upper flame’s stabilization is iden-
tical to that of the lower flame and that the dominant
interaction causing a liftoff height difference is purely
due to changes in the upstream flowfield for the upper
flame due to flow divergence around the lower flame
(aerodynamic interaction).

Hirota et al. [17] showed for single edge flames
that the local flame curvature was linearly related to
the local fuel concentration gradient, independent of
other experimental conditions such as overall flow ve-
locity. A similar analysis of interacting edge flames is
shown here, where the Rayleigh images were used to
determine curvature of the upper and lower flames.
The flame curvature was extracted at the stoichio-
metric streamline crossing point of the leading edge
of each flame. Fig. 15 shows local curvature ver-
sus ethane gradient for both upper and lower neigh-
boring flames irrespective of the configuration of
the flames; i.e., both merged (below approximately
0.015 mm−1) and separated flames are included in
the figure. A nearly linear relationship between these
quantities is present as in [17]. The common correla-
tion of all flames suggests that each flame, whether it
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Fig. 16. Relative heat release zones of neighboring edge flames under various ethane concentration gradients. Contours are
determined from the multiplication of OH and HCHO fluorescence intensity, which correlate to qualitative HCO production
rate. Rayleigh images for the flame configurations are shown in the middle.
is at a greater liftoff height, separate or merged, is be-
having as though it was a single flame based solely on
the local conditions upstream of its flame edge.

Thus far, evidence has been given suggesting that
flame interactions have been dominantly aerodynam-
ically driven; however, to further examine the possi-
bilities of aerodynamic and chemical effects on the
interaction between these neighboring edge flames,
a relative reaction rate comparison of neighboring
flames was made. PLIF imaging of OH and HCHO
was performed and together these PLIF images were
used to determine the qualitative heat-release zone at
the leading edge of each flame. The PLIF images were
not calibrated as to concentration and no reaction rate
premultiplier was used to determine these relative re-
action rates. However, the temperature dependence of
the reaction rate and its distribution should be quali-
tatively captured by these fluorescence intensity mea-
surements. Fig. 16 shows the multiplication of OH
and HCHO fluorescence images to produce a quali-
tative reaction rate contour for both upper (right) and
lower (left) flame edges. The three sets of data com-
prise several flame configurations including separated
flames with high local fuel gradients (top), separated
flames with the upper flame out of the image (mid-
dle), and merged flames (bottom).

For separated flames, the maximum relative reac-
tion rate zone (presumed to correlate with maximum
heat release) occurs at the leading edges of both the
upper and lower flames. This region also occurs at
the same location as the stoichiometric streamline de-
termined from Fig. 9. However, as the flames inter-
act more strongly, the peak heat release moves away
from the leading edge of the flame. The stoichiometric
streamlines for these cases also show that the inter-
section of the stoichiometric line and the flame edge
is pushed outward toward the lean side of the flame
and corresponds to the same location as the peak re-
action rate. It appears that the interactions between the
edge flames push the stoichiometric points outward so
that the stabilization points do not occur at the lowest
leading edge of the flame.

Heat release profiles through neighboring flames
are compared in Figs. 17 and 18. For separated edge
flames, the relative reactions rate profiles show iden-
tical behavior with the same width and maximum
reaction rate. Note that the PLIF imaging approach
to estimating this reaction rate is not quantitative in
that no calibration for absolute reaction rate was per-
formed, but relative comparisons between flames are
independent of these calibrations. For the merged
flames, shown in Fig. 18, that maximum values of
relative heat release appear to differ by almost a fac-
tor of 2. However, the cause for this difference is
believed to result from a small unsteadiness of the
upper flame, when the flames are merged. Single-
shot images of the OH distribution in the upper flame
show a small 1-mm oscillation in the liftoff height,



S. Kostka Jr. et al. / Combustion and Flame 154 (2008) 82–95 93
Fig. 17. Relative reaction rate profiles across flame
edge at stoichiometric points of flame for separate-sym-
metric-flames configuration.

Fig. 18. Relative reaction rate profiles across flame edge at
stoichiometric points of flame for merged-flames configura-
tion.

which will broaden the region of heat release mea-
sured using averaged PLIF images and at the same
time lower the maximum value. To compare the reac-
tion zone intensities of these merged flames the area
below these cross-sections was integrated to obtain
a total reaction rate value. The areas were found to
be 21.87 counts × mm and 21.79 counts × mm for
the lower and upper flame, respectively. These val-
ues indicate that even for the merged flames, the total
reaction rate intensities are within 1% of each other,
and the 1-mm positional oscillation is likely the only
cause for the difference of Fig. 18.

Flame interactions have been shown to be domi-
nated by aerodynamic effects below the flame edges,
and there is a critical gradient for the transition be-
Fig. 19. Schematic of flame interactions based on flame cur-
vature and stoichiometric separation distance.

Fig. 20. Relationship between ψ and �LOH for all flame
cases studied. A transition between merged and separate
flames occurs near ψ = 1.

tween merged flames and separate flames. This crit-
ical gradient can be physically understood by exam-
ining the flame curvatures and separation distances as
shown in Fig. 19. A parameter, ψ , can be computed
that relates the combined flame curvatures (related
to flame widths) to the stoichiometric separation dis-
tance between the flames as

(4)ψ = ρ1 + ρ2

δstoich
,

where ρi is the radius of curvature at the leading
edge of the neighboring flame of interest and δstoich
is the stoichiometric separation distance. ψ indicates
when two neighboring flames would begin to over-
lap based on their curvatures and the distance between
them. Fig. 20 shows the computed values of ψ com-
pared to changes in liftoff height between each of the
flames in this study. The transition between merged
and separate flames takes place around ψ = 1. As ψ

goes to zero, there is no interaction between flames,
as the stoichiometric separation distance is large rel-
ative to the flame curvatures. For ψ > 1, a merged
flame configuration occurs, and for ψ � 1 the con-
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centration gradient below the flames is smoothed and
approaches premixed conditions.

For the flames in this study, the upper and lower
flame stabilize at the same concentration gradient and
therefore similar flame curvature (see Fig. 15). Thus,
under these symmetric conditions, Eq. (4) reduces to

(5)ψ ≈ 2ρ

δstoich
.

Therefore, the value of ψ approaches 1 when the ra-
dius of curvature of the flames approaches half of the
stoichiometric separation distance. For the case of the
experiments performed in this paper, the stoichiomet-
ric separation distance was ≈10 mm (Fig. 12); there-
fore the critical radius of curvature would be about
5 mm. Fig. 15 shows that this curvature (1/5 mm =
200 m−1) occurs near a concentration gradient of
0.015 mm−1.

6. Conclusions

Neighboring edge-flame interactions were cre-
ated using a five-slot burner, modified from previous
work, in which flow velocity was kept constant us-
ing a contoured nozzle and the fuel concentration
profile was varied to create multiple stoichiometric
crossings in close proximity. The liftoff characteris-
tics of the neighboring flames were similar to that
found by Wason et al. [2]. In particular, for large sto-
ichiometry gradients and large separation distances,
the neighboring edge flames stabilize at similar liftoff
heights and show minimal interaction. When the
stoichiometry gradient below the lifted edge flames
is decreased, one neighboring flame’s liftoff height
increases. Eventually, with further decreasing stoi-
chiometry gradients, the two edge flames merge and
the liftoff height difference begins to decrease. Fur-
ther reduction of the stoichiometry gradients results in
the two edge flames merging until the flames appear
to be a single premixed flame. It was observed that as
the separation distance between interacting flames in-
creases, the liftoff height difference decreases. Sym-
metric liftoff height conditions can exist, but the sep-
aration distance between neighboring flames must be
sufficiently large relative to the width of the individ-
ual flames.

Flame interactions were observed while changing
the stoichiometric separation distance and concentra-
tion gradient below the two neighboring edge flames.
Rayleigh scattering measurements were used to de-
termine the concentration gradients and flame cur-
vature. A correlation between these values showed
that neighboring edge flames behaved as single flames
based upon local upstream conditions. OH and HCHO
PLIF measurements were used to determine the rela-
tive intensity and location of the heat release zone of
each flame. Qualitative reaction rates of neighboring
edge flames were found to be similar, independent of
the configuration of the flames, also suggesting that
minimal chemical interaction was present between
flames. Thus, only aerodynamic interactions were ob-
served for all cases examined.

A critical fuel mole fraction gradient of about
0.015 mm−1 was found to define the transition from
merged to separate flames for all experimental cases.
If the radius of curvature of the two flames in sum is
greater than the stoichiometric separation distance be-
low the neighboring flames, the flames will merge and
decreasing fuel concentration gradients will cause the
liftoff height difference to decrease. When the flame
curvatures add to less than the separation distance, the
flames remain separated and decreasing fuel concen-
tration gradients below the flames lead to increasing
liftoff height differences.

For large stoichiometry gradients (high scalar dis-
sipation rates), neighboring triple flames are narrow
and do not significantly alter the flow upstream of
neighboring flames. However, as the gradient is de-
creased, the flames broaden and the divergence of
flow around a single edge flame causes an increase
in the scalar dissipation rate on nearby streamlines.
These steeper local gradients cannot initially sup-
port the stabilization of a second edge-flame struc-
ture, requiring additional mixing times resulting in
the observed liftoff height differences. As the flames
continue to broaden, past the critical gradient related
to the flame curvatures and separation distances, the
flames merge. Modeling of lifted flame stabilization
or edge flame propagation in a turbulent nonpremixed
flow where stoichiometry gradients will exist over a
range of scales can include these interactions by con-
sideration of the local conditions in the isothermal
regions of the flow. Single edge-flame studies that
characterize the propagation velocity and curvature
of an edge flame versus the scalar dissipation rate
provide sufficient information for describing multiple
edge-flame propagation provided that the local mix-
ture gradient conditions are correctly described.
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