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Numerous investigators have attributed laser-induced broadband fluorescence observed in both rich, premixed
flames and in diffusion flames to small polycyclic aromatic hydrocarbons (PAH). However, the wide variety of
experimental flame conditions and excitation /detection wavelengths have clouded the interpretation of such
measurements, for example, in terms of indicating either the presence of soot precursors or unreactive
by-products (or both). This paper presents PAH fluorescence measurements excited at 283.5 nm and detected
at 400-447 nm in a series of steady and flickering methane, propane, and ethylene diffusion flames burning
at atmospheric pressure in an axisymmetric, coflow configuration. In the flickering flame experiments,
acoustic forcing of the fuel rate is used to phase lock the periodic flame flicker close to the natural flame
flicker frequency caused by buoyancy-induced instabilities. When compared to our earlier measurements of
soot concentrations in the same flames, soot inception in the annular region is found to occur at the interface
between the fluorescing PAH and the region of high radical concentrations. Although the peak PAH
fluorescence signals and maximum soot concentrations do not occur at the same spatial locations, indirect
evidence is presented that the species responsible for PAH fluorescence participate in either soot inception
or growth. In contrast to prior suggestions that PAH fluorescence intensities scale with soot concentrations,
the relative peak PAH fluorescence signals are observed to be 1.0:9.8:5.4 for the steady methane, propane,
and ethylene flames, respectively, whereas the maximum soot levels follow a different trend of 1.0:19:39.
Similar results are observed in the flickering flames, all of which exhibit enhanced PAH fluorescence signals
compared to the steady flames. PAH fluorescence excited at 560.3 nm in the steady flames is also strongest
for propane. Measurements of flame radiation arising from soot particles have also been made, with
detection at 395-547 nm and to a limited degree at 833-900 nm. Visible flame emission is particularly
sensitive to the local soot temperature. Comparison of the luminosity images with those of OH- fluorescence
and soot scattering shows that the luminosity is strongest where the hydroxyl radicals and soot layers overlap,

i.e., in regions of active soot oxidation.

INTRODUCTION

Diffusion flames burning gases, liquids, and
even solid fuels often exhibit a natural flame
flicker arising from buoyancy-induced flow in-
stabilities which lead to the formation of strong,
external vortex rings [1, 2]. These time-varying
flames involve different combinations of resi-
dence time, temperature, stoichiometry, and
strain rate than are commonly found in steady
flames, and as such they can serve as important
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tests of current descriptions of diffusion flame
structure, which are based largely on steady
flame investigations. Little is known, for exam-
ple, about the effect of periodic oscillations
and the accompanying vortex structures on the
chemical and thermal fields within diffusion
flames or on flame emissions. The slow rates of
aromatic hydrocarbon formation and soot in-
ception and growth [3], which render the con-
centrations of aromatics and soot independent
of mixture fraction [4-8], might be expected to
result in a strong sensitivity of these quantities
to the flowfield dynamics present in time-vary-
ing flames. Indeed, our studies of methane,
propane, and ecthylene diffusion flames have
revealed enhanced soot production for flicker-
ing conditions relative to steady flames burning
with the same mean fuel and air flow rates
[9-12]. The observed increases in the soot con-
centration are found to be inversely related to
a given fuel’s sooting tendency [12].
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To complement our earlier results on soot
production in flickering diffusion flames, this
paper presents imaging measurements of
laser-induced broadband fluorescence, which
has been widely attributed to polycyclic aro-
matic hydrocarbons (PAH) and often linked to
soot inception. Images of visible flame lumi-
nosity have also been obtained, which give
insight into soot oxidation processes. In con-
trast to the numerous reports of broadband
fluorescence, little attention has been previ-
ously devoted to the use of luminosity images
beyond simple indication of flame shape. The
combination of broadband fluorescence and
flame luminosity measurements provides infor-
mation at both early and late times in the
evolution of the soot field for steady and flick-
ering hydrocarbon diffusion flames.

MEASUREMENTS OF LASER-INDUCED
BROADBAND FLUORESCENCE

In the 1970s, the first measurements of soot
properties were made using laser methods.
These early experiments were carried out in
premixed flames with visible light (typically
488.0 and 514.5 nm from Ar* lasers) and re-
vealed both large scattering depolarization and
broadband fluorescence in the soot inception
region [13-16], as well as the expected particle
extinction and scattering signatures at later
residence times. High molecular weight hydro-
carbons, possibly soot precursors, were identi-
fied as the species responsible. Despite many
observations of laser-induced broadband fluo-
rescence over the years, the identity of the
fluorescing species and the utility of the ob-
served fluorescence has remained the subject
of considerable study and debate.

Role in Flame Chemistry

Broadband fluorescence would be most useful
for combustion diagnostics if the emitting
species were in fact soot precursors. At ele-
vated temperatures many possible classes of
molecules can absorb and emit light in the
visible and near-UV regions, including single-
ring aromatics (such as the benzyl radical),
polycyclic aromatics, polyenes, and polyynes.
All of these species have been detected in
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flame studies [4, 17-20]. Evidence from com-
bined optical and sampling measurements indi-
cates that polycyclic aromatics are the domi-
nant contributors to broadband fluorescence
excited at either visible or near-UV wave-
lengths. Prado et al. [21] found a good correla- -
tion between the fluorescence intensity and
PAH concentration profiles, while Beretta et
al. [22] observed that their PAH fraction gave
much stronger fluorescence than other classes
of molecules sampled from premixed and dif-
fusion flames. On the basis of those studies,
the laser-induced broadband fluorescence
measurements presented here will be de-
scribed as PAH fluorescence.

Prior work has shown that the PAH fluo-
rescence is observed at earlier times than scat-
tering from soot particles for both premixed
and diffusion flame conditions. The occurrence
of this fluorescence parallels observations of
continuum absorption made in the visible and
near-UV spectral regions [15, 16, 23-33], and
is likely to arise from similar groups of mol-
ecules. PAH fluorescence is typically found
only under sooting conditions in premixed
flames [15, 22, 30, 34], while in diffusion flames
there is often a close proximity in the spatial
locations of the PAH fluorescence and the
soot scattering profiles [4,21,22,35-38]. How-
ever, the link between soot precursors and the
fluorescing species is not clear, since reactive
molecules should exhibit relatively low concen-
trations, while unreactive by-products will ac-
cumulate. In addition, a given PAH molecule
can participate in soot formation under favor-
able conditions of temperature and stoichiom-
etry, whereas under other circumstances the
same species will either oxidize or not be
chemically active. Several investigators have
concluded that the PAH fluorescence observed
in their flames arises from stable by-products
[15, 22, 30] or that the PAH species detected in
sampling studies are unreactive [39-42]. In -
contrast, other studies have linked the PAH
fluorescence to soot precursor molecules based
upon circumstantial evidence such as the spa-
tial location of the fluorescence signal and its
temporal evolution relative to the soot field [4,
15, 21, 22, 36-38, 43, 44]. Several sampling
investigations have also reached the same con-
clusion [17, 45-48].
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A further complication in interpreting PAH
fluorescence signals is the observation that the
fluorescence measured as a function of flame
position arises from a group of molecules whose
composition changes with time [15, 49]. That is,
the relative concentration of the various PAH
species evolves within the flame. Nevertheless,

- numerous studies have established that this

broadband fluorescence is an indicator of con-
ditions conductive to soot formation, as de-
scribed by Kennedy [50]:

The identity of the fluorescent species in sooting diffusion
flames can not be determined unequivocally, and it is by
no means certain that these species are active participants
in the soot particle inception process. Nevertheless, it is
reasonable to assume that the fluorescent species are at
least by-products of the particle formation chemistry, and
as a result they are indicators of the rate of the main soot
particle formation chemistry.

Polycyclic aromatic hydrocarbons have long
been identified as attractive candidates for
soot precursors, both as fundamental building
blocks and, more recently, as species which
participate in reactive coagulation leading to
soot inception [47, 48, 51-54]. McKinnon and
Howard [47] and Marr et al. [52] have also
argued that PAH are important in surface
growth, especially those containing two to four
rings {52].

Spectral Characteristics

Most investigations of laser-induced PAH flu-
orescence have reported spectra which exhibit
a single maximum and show no discernible
structure, using excitation with either visible or
UV radiation. The spectral shapes are found to
be closely similar for flames burning simple
hydrocarbon fuels [55, 56] as well as those of
kerosene, gasoline, and iso-octane—naph-
thalene [57], polystyrene and polymethyl-
methacrylate (PMMA) [58, 59], and pyridine
[15]. In addition, the probe-sampling results of
Toqan et al. [60] showed that the same PAH
molecules are present in both premixed lami-
nar flames and turbulent diffusion flames.
These findings suggest that a common group of
aromatics is formed for different fuels and
combustion conditions.

In contrast to the broad, featureless spectra
reported previously, several studies have de-

scribed structured fluorescence for visible [16,
21, 29, 49, 56, 61, 62] and UV [19, 43, 49, 56,
63] excitation. This has encouraged attempts to
identify specific peaks with particular aromatic
compounds, usually containing two to four
rings, such as acenaphthalene [19, 49, 56, 61].
Given the lack of high-temperature spectral
data and quantum yield information for poly-
cyclic aromatic hydrocarbons [61, 64, 65], these
efforts may only be considered a limited suc-
cess.

EXPERIMENTAL APPROACH

Unconfined laminar diffusion flames were sta-
bilized on a co-annular burner consisting of a
10.2-cm diameter air annulus surrounding a
1.1-cm diameter fuel tube, with a loudspeaker
attached to the plenum below the fuel tube. As
with previous studies [9-12, 66, 67], the optical
diagnostics were phase-locked to a sinusoidal
oscillation of the fuel stream at the 10-Hz
repetition rate of a Nd**:YAG laser, permit-
ting phase-specific measurements to be per-
formed in the time-varying flow fields. Figure 1
shows a schematic of the burner and phase-
locked imaging setup. A synthesized function
generator provided exact reproducibility of the
flickering flame forcing amplitude and the de-
tection phase settings. All conditions were
identical to our recent investigation of soot
production in flickering methane, propane, and
ethylene diffusion flames [12]. The mean fuel
flows were set such that the flow rate of carbon
atoms was approximately the same for each
fuel, with area-averaged fuel velocities of 7.8,
2.6, and 4.1 cm/s and visible flame heights of
79, 85, and 91 mm for the methane, propane,
and ethylene steady flames, respectively. None
of these steady flames emits smoke. Air coflow
velocities were 7.9 cm /s for the methane flame
and 8.7 cm/s for the propane and ethylene
flames.

Measurements were performed on the three
different steady flames and for both moder-
ately and vigorously flickering conditions pro-
duced by applying sine waves of magnitude
0.75 and 1.5 V (peak-to-peak) to the plenum
loudspeaker. In addition to our soot measure-
ments in these flames [10, 12], prior studies
have reported OH- concentrations in the
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Fig. 1. Experimental setup for two-dimensional imaging of axisymmetric diffusion
flames which are acoustically excited and phase locked to the pulsed dye laser
system operating at 10 Hz. Images are recorded using an intensified charge-coupled

device (ICCD) camera.

steady methane flame and in a slightly shorter
(fuel flow velocity of 4.0 cm/s, termed non-
smoking or NS) ethylene flame [68], as well as
CO concentrations [66] and temperature pro-
files [67] in the steady and flickering methane
flames. Most recently, Zhang and Megaridis
[69] have compared the primary soot particle
diameters in the steady and strongly flickering
methane flames.

Laser-Induced PAH Fluorescence

PAH fluorescence was excited at a wavelength
of 283.5 nm and detected at 90° to the propa-

gation direction of the laser beam on an inten-
sified charge-coupled device (CCD) camera us-
ing a short-pass dielectric filter with a band-
pass of 400-447 nm (50% transmission points)
and an f/4.5 100-mm focal length UV lens.
This relatively narrow bandpass was used to
discriminate against flame luminosity from the
soot particles. With the polarization of the
incoming UV radiation horizontal relative to
the detection axis, elastic scattering from the
soot particles was undetectable. In an earlier
investigation [4], spectrally resolved scans of
the PAH fluorescence excited at 282 nm re-
vealed no contributions from molecular species,
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such as C,, in this bandpass. The images shown

here for the flickering flames typically were
collected by acmlmnlming three successive laser
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shots on the CCD array, thus improving the
signal-to-noise ratio compared to single-shot

" measurements while minimizing the effects of

flame movement. Binning the pixels by 3 in
each direction gave an effective spatial resolu-
tion of 250 um per data point with the 3.8:1
imaging optics. Sufficiently stable conditions
existed in the steady flames and at the lowest
height in the flickering flames that 30-shot
averages were taken. Shot-to-shot spatial pro-
files of the laser energy were recorded via
on-camera imaging of a reflection from the
incident laser sheet (see Fig. 1). This informa-
tion was used to account for the variation in
light intensity along the sheet (see below), af-
ter background and flat-field corrections had
been applied to each image.

A limited number of measurements of visi-
ble PAH fluorescence were also made in the
steady propane and ethylene flames. For these
images the incoming beam at 560.3 nm was
vertically polarized, and a detection bandpass
of 590-659 nm (50% transmission points) was
obtained using two glass filters. A polarization

filter oriented to pass only horizontally polar--

ized light discriminated against particle scatter-
ing. Visible PAH fluorescence was not ob-
served in the steady methane flame under these
experimental conditions, which involved pulsed
laser excitation and detection. In our prior
investigation with continuous-wave excitation
(at 488 nm) and lock-in detection, visible PAH
fluorescence was observable in a methane /air
diffusion flame [4].

Earlier work from this and other laborato-
ries has found that both the emission spectra
and the spatial location of the maximum PAH
fluorescence signals in diffusion flames depend
upon the excitation and detection wavelengths.

" For shorter excitation wavelengths in the visi-

ble and UV regions, the fluorescence emission

- becomes stronger and its wavelength of maxi-

mum intensity shifts to the blue relative to
longer wavelength excitation [16, 35, 49, 56,
62]. In addition, for longer detection wave-
lengths the location of the strongest PAH flu-
orescence signal generally shifts closer to the
high-temperature reaction zone in the fuel-rich
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region of diffusion flames [21, 49, 70]. Longer
wavelength detection thus favors the observa-

tion of PAH fluorescence at higher tempera-

tures just to the rich side of the stoichiometric
position in hydrocarbon diffusion flames.

Broad, structureless spectra have been ob-
served in our prior investigations of PAH flu-
orescence in both premixed flames (unpub-
lished results) and in diffusion flames using
visible and ultraviolet excitation wavelengths
[4, 62].) Of particular interest for the present
study are our earlier observations in a CH, /air
diffusion flame [4], where fluorescence profiles
obtained using UV radiation at 282 nm showed
evidence for two populations at early times
(i.e., at low heights above the burner). These
components could be distinguished by their
spatial locations and to a limited degree by the
wavelength of their emission. One feature fol-
lowed a constant-temperature contour with
increasing height above the burner and coin-
cided with the region of soot inception, sug-
gesting that the fluorescing species were asso-
ciated with soot formation. In contrast, the
position of the second peak simply tracked the
convective streamlines into cooler and richer
flame regions and its intensity grew with height
above the burner, apparently indicating that
this second fluorescence component arose from
unreactive by-products. In addition, Smyth
et al. [4] measured PAH fluorescence with
visible excitation at 488 nm; the resulting pro-
files detected at 510 nm were located close to
the soot inception region. Beretta et al. [22]
also found that a feature detected at UV wave-
lengths in a CH, /0O, diffusion flame was not
connected to soot formation, while they at-
tributed a visible feature to species involved in
soot inception.

For the present study, additional measure-
ments of PAH fluorescence were made in a
CH, /air diffusion flame supported on a recti-
linear Wolfhard—Parker burner. The presence
of two components in the profiles was con-

'A structured fluorescence spectrum was detected in a
CH, /0, diffusion flame by Miller et al. [62], but only
when a stabilization plate was positioned close to the
burner surface. Under these conditions considerable recir-
culation of combustion gases and particles occurred.
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firmed for excitation at 283.5 nm. In addition,
longer wavelength detection was found to favor
observation of the PAH feature which is lo-
cated in the soot inception region, as opposed
to the component found at richer and cooler
flame positions. These results were compared
with imaging measurements in the axisymmet-
ric CH,/air diffusion flame, using the same
excitation wavelength and short-pass dielectric
filters along with the intensified CCD camera.
The images obtained in the axisymmetric dif-
fusion flames emphasized the high-tempera-
ture (and thus more interesting) PAH compo-
nent, which is closely linked to soot inception.

Prior to the imaging experiments the laser
energy dependence of the PAH fluorescence
was measured. Signals were linear at low laser
intensities but were too weak to obtain single-
shot images with a reasonable signal-to-noise
ratio. Extending the detection bandpass to
longer wavelengths (such as 500 nm) resulted
in interference from luminosity. At high laser
intensities, laser-induced incandescence pro-
duced strong signals from the soot particles
[10, 12]. For intermediate laser energies the
PAH fluorescence exhibited evidence of partial
optical saturation for intensities slightly lower
than that required for partial saturation of the
S5,(8) transition in the OH: A*3*'« X*II,
(1,0) band. Measurements of the PAH fluo-
rescence were made using laser intensities in
this intermediate regime (peak intensity =1
x 107 W/em? in a bandwidth of 0.4 cm™1),
with care taken to avoid laser excitation of
incandescence from the soot particles. Note
that fully saturated fluorescence signals could
not be obtained using our intensified CCD
camera, since its minimum gate width of 19 ns
is far longer than the laser pulse duration of
~ 5 ns. Thus, even if the detection optics are
configured such that the spatial wings of the
laser sheet do not contribute significantly to
the observed PAH fluorescence, the low-inten-
sity leading and trailing temporal portions of
the beam will produce measurable linear sig-
nals. In the images presented here the ob-
served laser-induced PAH fluorescence was
measured with an 85-ns gate, and the signals
were corrected using an /'/? intensity depen-
dence.
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Flame Luminosity

Visible radiation from the soot particles was
measured using a wide 3-us gate on the inten-
sified CCD camera and a short-pass dielectric
filter (395-547 nm bandpass for transmission .
= 50%). These luminosity signals arise from
all regions of the flame containing soot, unlike
the images of PAH fluorescence (and earlier
work on OH: fluorescence and soot scattering
[9-12]) excited using a two-dimensional laser
sheet. However, most of the luminosity is col-
lected from the image plane at the flame cen-
terline defined by the f/4.5 collection optics
with a nominal depth of field of +2 mm.
Luminosity measurements were also made
at near-IR wavelengths using a long-pass filter
with 50% transmission at 833 nm; the intensi-
fied CCD camera detects light to 900 nm. This
bandpass transmits nearly the identical frac-
tion of the total soot radiation (approximately
1 part in 8000) as the visible bandpass for a
temperature of 1800 K. The near-IR images
are compared with the visible results in the
next section and discussed in terms of the total
soot radiation. Even if the total radiation were
accurately measured, it would not, of course,
faithfully reflect soot concentrations, due to
the strong temperature dependence of soot
emission. Despite the qualitative nature of the
luminosity measurements, they serve as a sen-
sitive indicator of high-temperature soot, espe-
cially when detecting visible flame emission.

OH: Fluorescence and Soot Scattering

The spatial locations of the PAH fluorescence
and visible flame luminosity observed in the
present study can be compared with our carlier
two-dimensional images of OH- fluorescence
and soot scattering [9-12]. OH- fluorescence
marks the high-temperature reaction zone,
while the earliest soot scattering signal indi- -
cates the region of soot inception. For these
measurements the laser wavelength was tuned
to 283.55 nm, corresponding to excitation of
the Q,(8) line of the 4%3,* « X211, (1,0) band
of OH-. Excitation from the N” = 8 level min-
imizes the Boltzmann population correction
for temperature variations (less than 5% over
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the range 1400-2100 K [71]). Filter combina-
tions with differing UV cut-on wavelengths
were employed to vary the attenuation of the
soot scattering signals, whose peak levels vary

by more than a factor of 300 for the different
fuels [12].

RESULTS
PAH Fluorescence

Figure 2 qualitatively compares the early time
development in the steady methane, propane,
and ethylene flames by presenting surface plots
of simultaneous OH- fluorescence, soot scat-
tering, and UV PAH fiuorescence. The OH-
fluorescence occurs farthest from the burner
centerline, while the soot scattering is appar-
ent as a sharp ridge just inside the OH- fluo-
rescence region and PAH fluorescence is widely
distributed in the fuel-rich region. Identical

detection filters were used for the propane and

ethylene flames, whereas a filter which trans-
mitted more of the scattering signal was uti-
lized for the low-sooting methane flame. The
actual OH- concentrations in these steady
flames are the same to within approximately
+5% at H = 7 mm above the burner [68, 72].

Figure 3 presents two-dimensional images in
the steady flames which show PAH fluores-
cence alongside images of OH- and soot scat-
tering. Selected profiles from these images are
overlaid in Fig. 4, clearly displaying the relative
spatial location of the OH-, soot scattering,
and PAH fluorescence. Several features are
evident in these figures:

1. PAH fluorescence appears earliest (i.e., at
the lowest height above the burner) for eth-
ylene, the most heavily sooting fuel investi-
gated here. In the lightly sooting methane
flame the PAH fluorescence is much weaker

Methane

Propane

Ethylene

Fig. 2. Surface plots of OH- fluorescence (farthest from the burner centerline), soot scattering (apparent as a sharp ridge
just inside the OH- fluorescence region), and PAH fluorescence (widely distributed in the fuel-rich region) in the steady
methane, propane, and ethylene flames. Each plot shows a flame portion 25 mm wide by 25 mm high. In these plots the
maximum OH- signals have been scaled to a common value at H = 7 mm. The excitation wavelength of 283.55 nm
coincides with the Q(8) line of the A*2* « X211, (1,0) band of OH- . Identical detection filters (Schott WG295*, Hoya
UV28, and Hoya U340) were used for the propane and ethylene flames, whereas only the Hoya U340 filter was utilized for
the low-sooting methane flame in order to transmit more of the soot scattering signal.

* Certain commercial products and equipment are identified herein in order to adequately specify the experimental
procedure. Such identification does not imply recommendation by the National Institute of Standards and Technology,
nor does it imply that this equipment is the best available for the purpose.
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Fig. 3. Two-dimensional images in the steady methane, propane, and ethylene flames of OH- and soot scattering (left
panel for each fuel; from Ref. 12, Fig. 9) compared to PAH fluorescence (right panel, present work; excitation at 283.5 nm
and detection at 400-447 nm). The scaling for the methane PAH fluorescence image is 10 X more sensitive than for
propane and ethylene. Filters used for detecting the OH- and soot scattering signals were Hoya UV28 and U340 for
methane; Schott WG280, Hoya UV28, and Hoya U340 for propane; Schott WG295 and Hoya U340 for ethylene. Relative
peak PAH fluorescence intensities are given in Table 1, and absolute soot scattering intensities are reported in Ref. 12.

compared to propane and ethylene (note
that the methane PAH fluorescence signals
have been multiplied by 10 in Figs. 3 and 4;
see also Table 1).

. Soot scattering appears at the high-temper-
ature edge of the PAH fluorescence profile
for all of the flames. The location of soot
inception is revealed by the earliest scatter-
ing signals and occurs at the interface be-
tween high radical concentrations (indicated
by the OH- profile) and high aromatic con-
centrations (marked by the PAH fluores-
cence profile). This description of soot
inception conditions is identical to that pre-
sented in our prior mass spectrometric and
optical studies of a CH, /air diffusion flame
[4]. Shaddix and Smyth also reported more
sensitive soot scattering measurements in
these flames using vertically polarized visi-
ble light [12]; the radial locations of the
peak signals are identical to the UV, hori-
zontally polarized scattering results [9].

3. The spatial locations of the maximum PAH
fluorescence and the soot scattering signals
do not coincide. Since the convective
streamlines in these axisymmetric flames
carry the aromatic molecules toward the
burner centerline [73] and the PAH diffu-
sion velocities are low [74], it is unlikely that
at early times most of the fluorescing species
can directly participate in soot inception
and growth. However, some diffusion of the
PAH toward higher temperatures occurs at
higher heights (the inward horizontal veloci-
ties decrease with height above the burner
surface [75]), and soot inception eventually
takes place on the centerline for all of the
flames [12; see Figs. 10 and 11 below].

Table 1 compares the maximum PAH fluo-
rescence signals observed in the steady and
flickering methane, propane, and ethylene
flames. Also shown are the peak soot volume
fractions obtained from our laser-induced in-
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TABLE 1
PAH Fluorescence and Soot Concentrations in Steady and Flickering Flames
Peak PAH Fluorescence” Peak Soot Volume Fraction®
Excitation at 283.5 nm f, (x1075)
Moderately Strongly Moderately Strongly
Steady Flickering Flickering Steady Flickering Flickering
Fuel Flame Flame Flame Flame Flame Flame
Methane 1.0 39 39 0.33 1.8 2.0
Propane 9.8 18 26 6.3 10 8.5
Ethylene 5.4 12 21 13 20 18

? Estimated uncertainties in the relative PAH fluorescence signals are +20% for methane and +10% for propane and

ethylene.
b Values from Shaddix and Smyth [12].

candescence measurements [12]. For the steady
flames, propane exhibits the highest PAH flu-
orescence intensities, followed by ethylene
(which has the greatest soot concentration)
and then methane. It is also of interest to
compare the structure of the PAH images in
the three steady flames (Figs. 3 and 4). For
methane, the largest signals occur near the top
of the flame at the burner centerline. In con-
trast, propane exhibits the strongest signals in
the annular region (H =20 mm above the
burner). Ethylene exhibits the earliest PAH
fluorescence signals low in the flame with an
intense annular region which quickly fills in to
the centerline by H = 25-30 mm; maximum
signals are very similar in the annular and
centerline regions for H = 10-30 mm. The
luminous flame heights in the three steady
flames are about the same: 79, 85, 91 mm for
methane, propane, and ethylene, respectively.
Note that for ethylene, the most heavily soot-
ing fuel, the PAH fluorescence signals first
appear and then disappear faster than for
propane. Both propane and ethylene exhibit a
much more rapid evolution of the PAH fluo-
rescence than methane.

For the PAH fluorescence excited and de-
tected at visible wavelengths, the steady
propane flame again was found to exhibit the
largest signals, ~ 30% greater than for ethy-
lene. Similar to the results discussed previ-
ously, the peak signals in the propane flame
were observed in a localized, annular region,
while the largest signals in the ethylene flame
occurred over an extended area.

Figure 5 presents PAH fluorescence images
for the moderately (0.75-V acoustic excitation)
and vigorously (1.5-V acoustic excitation)
flickering methane, propane, and ethylene
flames. Flickering conditions enhance the PAH
signals for all fuels, most dramatically for
methane (~ 4 X ), followed by propane and
ethylene (~ 2 X for moderately flickering and
~ 2.5-4 X for vigorously flickering conditions).
The strongest fluorescence signals occur fol-
lowing clip-off in the flickering methane and
ethylene flames, whereas for propane the
largest signals are found in the annular region
just prior to clip-off. For a given level of acous-
tic excitation, the width of the PAH fluores-
cence images for the methane flames is con-
siderably greater than for the more heavily
sooting propane and ethylene flames. Our
OH- /soot scattering images and soot profile
measurements [12] also exhibit greater widths
for the methane flames. The observed flame
widths presumably reflect the differing initial
fuel velocities as well as variations in thermal
expansion caused by unequal radiation losses
from the soot layer. Table 1 shows that the
maximum soot concentrations in these flames
vary by factors of 9-39 for the three fuels,
depending upon the combustion conditions.

Flame Luminosity

Figures 6 and 7 present images of visible flame
luminosity (detection bandpass of ~ 395-547
nm) for the steady and flickering methane,
propane, and ethylene flames. Only radiation
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Fig. 6. Visible luminosity images in the steady methane, propane, and ethylene
flames obtained with a detection bandpass of 395~547 nm (50% filter transmission).
The scaling for the methane results is 3 X more sensitive than for propane and

ethylene.

from soot particles is detected in this wave-
length region; emission from electronically ex-
cited CH- at 431 nm [76] and C,: at 438, 474,
_and 517 nm [76] is not observed. For example,
no emission from these species is evident at
low heights above the burner in the methane
flame (Fig. 6), presumably because the soot
luminosity is much stronger than molecular
emission. The most noticeable aspect of the
luminosity results is that the strongest signals
generally appear in highly localized regions,
especially in the flickering flames. Compared
to our measurements of the soot volume frac-
tions and soot scattering signals [9-12; Fig. 3],
the luminosity images reveal somewhat differ-
ent aspects of soot evolution in the steady vs
flickering flames. In the steady methane, pro-
pane, and ethylene flames, the maximum soot
concentrations occur at H = 65, 40, and 35
mm above the burner, respectively [12]. Figure
6 shows that the largest methane luminosity
signals lie at H = 55-70 mm, where soot oxi-
dation is occurring. However, this is not the
case for the more heavily sooting propane and
ethylene flames, due to increased radiation
losses. For example, temperatures are more

than 300 K cooler in the upper region of the
ethylene flame, at H = 70—-88 mm above the
burner, compared to the methane flame [68].
In the propane and ethylene flames the peak
visible luminosity signals occur near the loca-
tion of the maximum soot levels, i.e., in an
annular region at mid-height.

The flickering flames for all three fuels pre-
sent an interesting contrast, in that intense
visible luminosity appears where soot concen-
trations are small, such as at the clip-off loca-
tions and at the tops of the flames which
remain attached to the burner. On the other
hand, the visible emission is relatively weak
where the soot concentrations are highest, typ-
ically at mid-height in the clipped flamelets
[12]. This lack of correlation between the maxi-
mum visible flame luminosity and the peak
soot volume fractions arises because the visible
luminosity is particularly sensitive to high-tem-
perature soot particles, as illustrated by the
computations shown in Fig. 8. Here the emis-
sive power for the total radiation from a black-
body as a function of temperature is compared
to that detected in the bandpasses used in the
visible luminosity experiments as well as in the
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Fig. 7. Visible luminosity images for (A) methane, (B) propane, and (C) ethylene flames obtained under moderately
flickering (left) and vigorously flickering (right) conditions with a detection bandpass of 395-547 nm (50% filter
transmission). The scaling of the methane results is 1.5 X more sensitive than for propane and ethylene, and the phase
settings match those presented in Fig. 5.

limited series of measurements at near-IR  and by the CCD cathode sensitivity; all curves
wavelengths (833-900 nm). To calculate the  were then normalized at 1800 K. For the high
respective curves for the visible and near-IR  temperatures typical of soot oxidation, 1600-
bandpasses, the blackbody emission was multi- 1900 K [77)], the emission curve for the visible
plied by the actual filter transmission functions  bandpass exhibits a much steeper slope with
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Fig. 7. continued

temperature than that for the total radiation.
In other words, the visible emission depends
strongly upon the local soot temperature and is
not a good indicator of the total soot radiation.
An intermediate dependence occurs for the
near-IR wavelength detection bandpass (this

was the longest wavelength region detectable
with our intensified CCD camera). Figure 9
compares selected luminosity images for the
steady and flickering ethylene flames at these
two detection bandpasses. As expected, more
of the soot field is apparent for luminosity
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at 1800 K for each curve; both bandpasses transmit approximately 1 part in 8000 of the total radiation at
this temperature.

detection at near-IR wavelengths, whereas the
visible emission is observable only in much
more restricted regions.

DISCUSSION

PAH Fluorescence Intensities vs PAH
Concentrations

The most striking result of our PAH fluores-
cence measurements is the observation that
the steady and flickering propane flames ex-
hibit peak signals which are consistently
stronger (by 25-80%) than the corresponding
ethylene flames. In contrast, maximum soot
concentrations in the ethylene flames are twice
as large as in propane for all of the flames
(Table 1). In addition, the visible PAH fluo-
rescence signals in the steady propane flame
are ~ 30% stronger than those observed in
the steady ethylene flame. Both propane and
ethylene are heavily sooting fuels compared to
methane [12, Table 1], and both exhibit much

stronger PAH fluorescence signals than
methane. However, if the overall intensity of
PAH fluorescence were a reliable indicator of
soot precursor concentrations, then one might
anticipate that ethylene would also display the
stronger PAH fluorescence, since soot incep-
tion is often regarded as the key step in deter-
mining soot concentrations [3]. In other words,
although the spatial locations of the maximum
PAH fluorescence signals and the peak soot
volume fractions do not coincide, the PAH
fluorescence intensities in the soot inception
regions might be expected to track the maxi-
mum soot signal levels, at least qualitatively.
Examination of the PAH fluorescence pro- -
files for the steady propane and ethylene flames
(Fig. 4) reveals that at H = 5 mm the maxi-
mum PAH fluorescence signal is largest for
ethylene; this flame exhibits a small soot scat-
tering signal by A = 10 mm. Soot inception
occurs more slowly in propane, where a soot
scattering signal does not appear until H = 15
mm. Here the PAH fluorescence intensity at
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the radial location of soot inception is very
similar to that observed in the ethylene flame
(at H = 10 mm), but the peak PAH fluores-
cence signal at richer flame locations is consid-
erably larger. The faster soot production in the
ethylene flame may effectively scavenge aro-
matic species that show up as PAH fluores-
cence in the propane flame [33]. Thus, no
simple picture emerges which relates the in-
tensity of the PAH fluorescence at either the
location of soot inception or in terms of peak
signal levels to the eventual maximum soot
concentrations. Senkan and Castaldi have also
found that PAH production does not parallel
soot levels in rich premixed flames (¢ = 2.5)
burning methane, ethane, and propane [78].

It is tempting to associate the PAH fluores-
cence signal intensities with PAH concentra-
" tions. However, several factors must be identi-
cal for the relative fluorescence intensities to
- accurately mirror PAH concentrations in dif-
ferent flames, including the group of molecules
being excited, the temperature, and the colli-
sional quenching environment. Both the parti-
tion functions of the PAH and the quantum
yields of their emission change markedly as a
function of position in a hydrocarbon diffusion

flame, due to wide variations in the local tem-
perature and chemical composition. The Boltz-
mann populations of low-lying vibrational lev-
els are particularly sensitive to temperature
over the range 1000-2000 K, as demonstrated
in a recent study on formaldehyde fluorescence
in a CH,/air diffusion flame [79]. In addition,
the PAH fluorescence profiles typically extend
over the entire fuel-rich region in these hydro-
carbon diffusion flames, potentially leading to
a considerable variation of the quenching rate
with flame position. The quenching rate for
electronically excited PAH molecules is sensi-
tive to the local O, concentration, while N,,
CO, and H,0 are not expected to quench
excited PAH at appreciable rates [64, 80). Thus,
the lifetime of the PAH fluorescence will vary
depending upon the particular burner system
and upon the spatial location of the fluores-
cence measurement. Gomez et al. [38] deduced
an upper limit of 10 ns for the PAH fluores-
cence lifetime detected in the rich regions of
diffusion flames for several fuels. Cignoli et al.
[63] and Ni et al. [70] have reported longer
lifetimes for PAH fluorescence in C,H,/air
diffusion flames (~ 20 and 30 ns, respectively),
indicative of the slow quenching rates expected
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when O, concentrations are extremely low. In
comparison, the fluorescence lifetimes of radi-
cals such as H-, O:, and OH" are estimated to
be less than 2 ns under our diffusion flame
conditions [68, 71, 811].

Despite the potential pitfalls described
above, several investigators have used PAH
fluorescence intensities as direct measures of
PAH concentrations. Prado et al. [21] reported
a good correlation between the fluorescence
intensity and PAH concentration profiles ob-
tained by quartz microprobe sampling. This
group also studied turbulent natural gas/air
flames in industrial-scale burners and found a
similar relationship between the fluorescence
signals and PAH concentrations [82]. Ni et al.
[70] employed fast detection (5 ns) to minimize
the effects of collisional quenching on the
quantum yield of PAH fluorescence and then
interpreted PAH fluorescence intensities as in-
dicators of soot precursor concentrations.
However, as previously mentioned, the relative
intensities of PAH fluorescence can be used as
a quantitative gauge of PAH concentrations
only to the extent that one can establish that
the combustion conditions are identical in the
different flames under consideration, i.e., that
the local temperatures, collisional environ-
ments, and the identities of the fluorescing
aromatics are the same. In recognition of the
difficulties inherent in proving such close simi-
larity, Kennedy {50] has coined the term “ap-
parent concentration” in discussing relative
PAH fluorescence intensities.

Effect of Combustion Conditions on PAH
Fluorescence

Few prior investigations have discussed the
influence of the local combustion conditions
upon PAH fluorescence or directly compared
intensities for different hydrocarbon fuels.
Prado et al. [21] found that the PAH fluores-
cence signals excited at 488 nm in a CH,/air
diffusion flame correlated with the local equiv-
alence ratio in the range of ¢ =~ 1.3-4.0.
Similarly, Smyth et al. [4] observed that compo-
nents of PAH fluorescence excited with both
UV and visible light followed temperature
isotherms in the 1300-1600 K range for a
CH, /air diffusion flame. Since temperature

K. C. SMYTH ET AL.

correlates with the mixture fraction (at least
for lightly sooting fuels [83]), this is an equiva-
lent result. Note that the concentrations of
individual aromatic species do not correlate
with the mixture fraction [4, 84]. Beretta et al.
[56] found a fivefold increase in the PAH fluo-
rescence intensities in an axisymmetric ethy-

lene /air diffusion flame compared to a meth- -

ane flame using excitation wavelengths of 250
and 436 nm. This agrees very well with our
measurements (see Table 1).

Kennedy [50] burned ethane, propane, bu-
tane, ethylene, propylene, and acetylene in a
Tsuji counterflow diffusion flame configura-
tion, and monitored PAH fluorescence arising
from pulsed excitation at 420 nm. Although
fluorescence intensities were not reported for
the different fuels, he did observe that the
PAH fluorescence signals decreased with in-
creasing velocity gradient (or decreasing resi-
dence time). In these measurements the varia-
tions in peak flame temperatures are expected
to be small, since the strain rates under investi-
gation were far from extinction conditions.
Ethane exhibited the highest sensitivity to the
imposed strain rate, followed by ethylene and
then propylene. This order is the reverse of the
relative sooting tendencies for these fuels [50].
Kennedy concluded that the variation of the
PAH fluorescence intensity reflected the sensi-
tivity of PAH formation to the imposed veloc-
ity gradient.

The enhanced PAH fluorescence intensities
measured in the present study for the flicker-
ing vs steady flame conditions (Table 1) are
consistent with Kennedy’s observations. Kap-
lan et al. [85] have identified longer residence
times as the key factor in their successful pre-
diction of the enhanced soot concentrations
produced in flickering vs steady CH,/air
flames [10, 12]. For example, the residence
time in the soot growth region (i.e., the time

between soot inception and the peak soot con- *

centration) was computed to be three times

longer (37 vs 13 ms) in the flickering flame -

compared to steady flame conditions [85].
Shaddix and Smyth [12, Table 1] observed that
the relative enhancement of soot production in
the flickering flames increased as the sooting
tendency decreased. Similarly, the relative in-
crease in the PAH fluorescence intensity for
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the flickering flames is largest for methane. It
appears that soot inception and growth occur
so fast for a heavily sooting fuel that the added
residence time in the flickering flames has less
of an impact on overall soot production than
for a more weakly sooting fuel. This same
general behavior occurs for the intensity of the
+ PAH fluorescence as well, perhaps reflecting
the effect of PAH scavenging by high soot
concentrations in the propane and ethylene
flames.

The possible role of the molecules responsi-
ble for the PAH fluorescence in soot formation
can be further examined in Fig. 10, which
compares PAH fluorescence profiles in the
steady flames (see Fig. 4) with those of the soot
volume fraction [12]. Similar to the structure of
the soot fields, the PAH fluorescence exhibits
stronger annular signals for the more heavily
sooting propane and ethylene fuels. Centerline
soot production is greatest for methane rela-
tive to the annular region, and the correspond-
ing PAH fluorescence is also relatively intense
on the centerline. For all of the steady flames,
the PAH fluorescence signals disappear as the
soot volume fraction reaches its maximum val-
ues at H = 65, 40 and 35 mm above the burner
for methane, propane, and ethylene, respec-
tively (also see Fig. 4). Rapp and Santoro [86]
reported the same trend for acetylene, diacety-
lene, and benzene concentrations above H =
30 mm in their axisymmetric, nonsmoking
C,H,/air diffusion flame. They concluded that
this depletion of intermediate hydrocarbons
leads to the cessation of particle growth. The
intensity of the PAH fluorescence behaves sim-
ilarly, suggesting that the fluorescing molecules
are involved in soot inception and/or growth.
Another possible explanation for the disap-
pearance of the PAH fluorescence signals is
that the species responsible are oxidized. How-
ever, this is unlikely since PAH exhibit low
" diffusion velocities [74] and the PAH fluores-
cence signals at the centerline disappear well
- before the stoichiometric flame height is
reached (the stoichiometric flame height should
lie close to the luminous flame height [77, 84,
87D.

Figure 11 shows the evolution of the PAH
fluorescence signal along the centerline of the
steady flames, compared to our measurements

of the soot volume fraction [12]. Note that in
these plots there is a direct correlation be-
tween residence time and height above the
burner, since the centerline coincides with a
streamline. For each fuel the PAH fluores-
cence signal reaches a maximum value and
starts to decrease just as soot production be-
gins. The rise and fall of the PAH fluorescence
and soot concentrations overlap most notice-
ably in the methane flame, while for the -more
heavily sooting fuels, propane and ethylene,
the PAH fluorescence signal vanishes by the
time the soot concentration reaches its maxi-
mum centerline value. The results presented in
Fig. 11 lend support to the view that the fluo-
rescing PAH species participate in soot pro-
duction, if not in the early inception step [4]
then later as growth species [47, 48, 51-54, 74].
Thermal decomposition of the aromatic species
could also play a role in the disappearance of
the PAH fluorescence. However, the center-
line temperatures are quite different in regions
where the PAH fluorescence signals decrease
in the methane flame (1675-1850 K) vs the
ethylene flame (1530-1580 K) [75]. The low
temperatures at which the ethylene PAH fluo-
rescence decreases indicate that thermal
breakdown is not the dominant loss process. In
addition, the narrow range of temperatures in
the ethylene flame shows that the fall-off of
the centerline signals is not controlled by the
temperature dependence of the PAH fluores-
cence. Combined with the unlikelihood of PAH
oxidation along the centerline discussed above,
the disappearance of the PAH fluorescence is
most probably caused by soot inception and
growth. This close coupling of the PAH fluo-
rescence to soot growth processes is most ap-
parent for the steady propane and ethylene
flames. In the case of methane the evolution of
the PAH fluorescence occurs later in time
along the centerline (see Fig. 11), such that
PAH destruction via oxidation and thermal
breakdown may also be significant.

Gomez et al. [38] also measured PAH fluo-
rescence (excited at 460 nm) and soot scatter-
ing along the centerline of axisymmetric acety-
lene, 1-butene, 1,3-butadiene, and benzene
diffusion flames burning at their respective
smoke heights. Similar to our results for the
propane and ethylene flames, they observed
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Fig. 10. Comparison of PAH fluorescence profiles in the steady flames (bottom; from Fig. 4) with those
of the soot volume fraction (top; from Ref. 12). Note the indicated relative scalings within each data set;
see also Table 1. The profiles extend from 47 to —7 mm radially for each flame and are shown every 5
mm in height above the burner, offset at each height for clarity.



SOOT DYNAMICS IN FLICKERING DIFFUSION FLAMES

2504 T T T T g T
{ Methane (x10)

Relative PAH LIF Signal

wdd ‘uopoei:[ SUINJOA 100S

Relative PAH LIF Signal

[e=]
]

N
w
(=]
1
-
[}
1
e

Ethylene
200

150

SIS SIS SN I BT AT

Relative PAH LIF Signal
g

w
o
T

0.

0 20 40 60
Height Above Burner, mm

wdd ‘uonoey] swN[OA 100§

widd ‘uonoeI owN[OA 100S

Fig. 11. Relative PAH fluorescence intensity (solid lines; scale at left) and quantitative soot
concentrations (dotted lines; scale at right in ppm, 107%; see Ref. 12) along the centerline of
the steady methane, propane, and ethylene flames. Note that the scaling of the PAH
fluorescence and the soot concentrations for the methane flame is 10 X more sensitive than

for propane and ethylene.

203



204

that the PAH fluorescence signals reached
their maxima just as soot inception occurred
and concluded that the PAH fluorescence is an
indicator of soot inception sites. Santoro et al.
[36] presented evidence linking PAH fluores-
cence to soot inception in ethylene diffusion
flames by noting that the location of maximum
visible PAH fluorescence coincides with a re-
gion where the soot number density increases
rapidly. Recently, Vander Wal studied this
same axisymmetric ethylene flame [44] and ob-
served that along the centerline the PAH
fluorescence signal decreases as soot concen-
trations rise, in agreement with our results
presented in Fig. 11.

In the flickering flames the PAH fluores-
cence does not track the soot volume fraction
closely (Fig. 5). For example, our earlier soot
measurements in propane and ethylene flames
revealed that flame clip-off leads to a burst of
soot production near the base of the clipped
flamelet [12], most likely due to higher temper-
atures in the rich interior region. This is not
reflected in the PAH fluorescence signals at
the same spatial location. In general, the PAH
fluorescence signals are high in the clipped
flamelets (Fig. 5), while the peak soot concen-
trations have stopped increasing [12], suggest-
ing that simultaneous soot production and oxi-
dation are occurring in these regions.

Visible Soot Luminosity

The most intense visible flame luminosity arises
from soot particles at high temperatures, most
likely in regions where vigorous soot oxidation
is occurring. This interpretation is strongly
supported by our measurements of OH- fluo-
rescence and soot scattering [9-12]. Figure 12
compares visible emission images with those of
two-dimensional laser-induced OH- fluores-
cence and soot scattering. In the lightly sooting
methane flames, where radiation losses are
small, the strongest luminosity is observed at
the top of the steady flame (Fig. 6), while in
the flickering flames the most intense signals
are detected at the top and bottom of the
clipped-off flamelet (Fig. 7). For the propane
and ethylene flickering flames, the most in-
tense visible emission occurs at the pinch-off
location. Strong luminosity signals are also ob-
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served at the top of the lower flame (attached
to the burner), as well as at the bottom of the
clipped flamelet (Fig. 7). All of these regions of
intense visible luminosity are where the OH-
fluorescence and soot scattering signals lie im-
mediately adjacent to one another or overlap,
indicating active soot oxidation by OH- (Fig.
12). In contrast, at the locations of the highest
soot concentrations (i.e., where the scattering
signals are largest) there is a clear separation
between the OH- layer and the soot zone. The
weak visible luminosity shows that these re-
gions are relatively cool. Soot breaks out at the
top of the clipped propane and ethylene
flamelets [12], and here OH- concentrations
are small (Fig. 12). The visible luminosity is
also weak, especially for the flickering ethylene
flames, since temperatures and soot oxidation
rates are low.

The only exceptions to this general picture
of strong visible luminosity occurring where
soot is being oxidized are the steady propane
and ethylene flames. Radiation losses are large
in these flames, giving much lower tempera-
tures in the soot oxidation region (by ~ 300
K) than are measured for the steady methane
flame [68, 75]. The result is that the strongest
visible luminosity signals do not appear in the
soot oxidation region for the steady propane
and ethylene flames, but rather in the vicinity
of the highest soot concentrations (Fig. 6).

In summary, intense visible flame luminosity
is an excellent indicator of regions where soot
oxidation is active, while being a poor measure
of the total soot radiation. Visible flame emis-
sion thus complements soot volume fraction
measurements by identifying regions of soot
destruction.

CONCLUSIONS

PAH fluorescence signals excited at both UV
and visible wavelengths in steady and flickering
methane, propane, and ethylene diffusion
flames are strongest for the propane flames,
whereas the peak soot concentrations are
largest in the ethylene flames. Methane flames
exhibit by far the smallest PAH fluorescence
signals and soot concentrations. Although the
relative PAH fluorescence intensities do not
quantitatively reflect PAH concentrations,
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these results suggest that the highest PAH
levels occur in the propane flames. Analysis of
the steady flame results indicates that rapid
soot inception and growth in the ethylene
flames may act to limit PAH populations as the
aromatic species participate in soot produc-
tion.

In the steady flames the PAH fluorescence
signals first appear in an annular region just to
_ the rich side of the high-temperature reaction
~ zone, and soot inception occurs at the inter-
face between the fluorescing PAH and the
location of peak radical concentrations. Along
the centerline of these flames the PAH fluo-
rescence reaches a maximum near the location
of soot inception and then falls as the soot
concentrations increase. These observations
strongly implicate the fluorescing molecules in
soot inception and growth, since PAH oxida-

Luminosity 0H7Soot
Scattering

Fig. 12. Comparison of the visible flame luminosity images (left) with those of
combined OH- and soot scattering (right) for selected flickering flame conditions
(also see Fig. 7).

tion and thermal decomposition cannot readily
account for the disappearance of the PAH
fluorescence.

PAH fluorescence increases for all fuels in
the flickering flames, where longer residence
times favorable for molecular growth and soot
production are available compared to steady
flame conditions. The relative enhancement of
the PAH fluorescence is largest for methane,
which also exhibits the greatest relative in-
crease in soot concentrations for flickering
flames.

Visible flame luminosity monitored at a sin-
gle bandpass is a useful indicator of high-tem-
perature soot but is not a good measure of the
total radiation from soot particles. For flicker-
ing flame conditions, intense luminosity is de-
tected only where significant OH- concentra-
tions overlap the soot layer, i.e., where active
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soot oxidation is occurring. Although the
largest soot concentrations are present high in
the flickering propane and ethylene flames,
visible luminosity signals are weak at these
locations since OH- concentrations are col-

lapsing as soot breaks out.
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