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Abstract

McKenna burners are widely used in the combustion community for producing “flat” premixed flames. These
flames are considered as standards for the development and calibration of optical techniques. Rich premixed flames
produced by McKenna burners are frequently investigated in order to understand soot formation processes both
by optical and by sampling techniques. Measurements are normally performed along the axis of the flames, with
a uniform distribution of temperature and species concentration assumed in the radial direction. In this work it is
shown that the soot radial profiles of rich premixed ethylene–air flames produced by a McKenna burner with a
stainless steel porous plug may be far from being “flat.” Soot is mainly distributed in an annular region and nonsoot
fluorescing species are present in the core of the flames. This surprising result was verified under several working
conditions. Furthermore, flames cannot be considered axial-symmetric but present a skewed soot distribution.
Another McKenna burner with a bronze porous disk was used to produce flames of the same equivalence ratio and
flows. These flames show a completely different soot radial profile, closer to the claimed flat distribution. These
results cast doubts about the conclusions drawn in several studies on soot formation performed with a stainless
steel McKenna burner.
© 2008 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

McKenna burners have been widely used for
many years to produce flat premixed flames [1]. The
flame is assumed to be one-dimensional and consid-
ered as a standard, at least under lean and close-to-
stoichiometric conditions. The burner is employed
in many laboratories around the world for the de-
velopment and calibration of optical diagnostic tech-
niques [2–6]. Coherent anti-Stokes Raman scattering
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measurements have been performed by Prucker and
co-workers on H2/air flames in order to determine
temperatures for many stoichiometries (from 0.5 to
1.3), flow rates, and heights above the burner [7]. The
corresponding exhaust gas composition has been de-
rived from equilibrium calculations. Moreover, spa-
tial uniformity in the flame radial direction is also
claimed. Recently, a high-accuracy Rayleigh scatter-
ing thermometry system has been used by Sutton et
al. to calibrate a premixed flat-flame burner with an
equivalence ratio of 0.8–1.5 [8]. Measurements were
performed on a propane/air flame, but, as the authors
observed, similar results could be obtained with any
Published by Elsevier Inc. All rights reserved.
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fuel and oxidizer. In such work it has been verified
that the burner and the associated gas mixing system
can be considered as a standard for combustion tem-
perature and species.

Several works, reported in the literature, are also
performed under rich conditions, devoted to the study
of the mechanisms responsible for soot formation,
and consequently to the investigation of both gas
species and nanoparticles. As reported by many au-
thors, measurements performed by using several op-
tical and sampling techniques result to be very help-
ful for the implementation and validation of chemi-
cal kinetics codes [9–15]. In particular, the McKenna
burner was recently proposed and utilized as a stan-
dard burner for the development of the laser-induced
incandescence (LII) technique [16–18].

Different models of this burner are commercially
available, with either a stainless steel or a bronze
porous disk. In the literature, not all authors report
detailed and complete information about their exper-
imental conditions. For example, few specifications
are usually given by authors about the utilization of
the nitrogen shroud, which makes it possible to avoid
the air entrainment responsible for the formation of
an external diffusion flame.

During an investigation of the influence of a sam-
pling probe on soot distribution in rich premixed
flames from a McKenna burner, we observed a hollow
soot distribution. Puzzled by this finding, we tested
several burners: two brand new ones made of stainless
steel but, according to the manufacturer, produced by
different pressing machines, a used one made of stain-
less steel, and belonging to a different research group,
and a new one made of bronze. For all the burn-
ers made of stainless steel, a hollow soot distribution
was found, while a nearly “flat” distribution was ob-
served for the burner made of bronze. In this work,
the results of our investigation of soot distribution in
rich ethylene/air premixed flames produced with the
two models (i.e., steel and bronze) of the burner are
presented. Scattering line imaging and laser-induced
incandescence (LII) are employed to analyze soot dis-
tribution in such flames. Moreover, to distinguish the
contribution from soot nanoparticles from that com-
ing from different “nonsolid” species, laser-induced
fluorescence measurements are also carried out. Ex-
tinction and scattering line-imaging measurements
are performed to investigate the flames produced by
the bronze burner. A wide range of flame conditions
are studied in terms both of equivalence ratio and of
gas mixture flow rate. As mentioned, all three stain-
less steel burners give similar soot distributions. The
measured soot profiles are slightly asymmetrical, de-
pending on the relative orientation of the burner and
of the laser beam used for diagnostics. This orienta-
tion cannot be easily adjusted. Therefore, in this work,
Table 1
List of the investigated flames

Flame C2H4
(mg/s)

Air
(mg/s)

Total flow
rate (mg/s)

C/O φ

1 23.40 124.80 148.20 0.92 2.76
2 22.17 156.00 178.17 0.7 2.1
3 24.25 153.85 178.10 0.78 2.34
4 28.06 149.82 177.88 0.92 2.76

results obtained in only one new burner made of stain-
less steel will be presented, together with the results
of the bronze one, for comparison.

2. Experimental setup

Atmospheric-pressure laminar premixed ethyl-
ene/air flames as produced by McKenna burners
(Holthuis & Associated, Sebastopol, CA) are studied.
The main body of the burner consists of a water-
cooled porous plug of 60 mm diameter. Two kinds
of burner main body, stainless steel and bronze, are
tested. To shield the flame from the surrounding air,
an external shroud of nitrogen, flowing at 15 L/min
(310 mg/s), is used. Moreover, for flame stabilization,
a stainless steel plate of diameter 60 mm is placed
20 mm above the burner mouth. The flames inves-
tigated are reported in Table 1. Flame 1 has been
studied extensively in our laboratory in the frame
of other projects, while the other three cover a wide
range of equivalence ratios φ with the same total flow
rate, as required for the stability condition and soot
detection limit. The flames 1 and 4 make it possible
to test the influence of the gas flow rate at a fixed φ.

Mass-flow meters (Bronkhorst, AK Ruurlo, the
Netherlands) are used for controlling the flows of eth-
ylene, air, and nitrogen. The burner is placed on a
motorized XYZ table to investigate the flame both in
the axial and in the radial direction.

Different optical techniques including extinction,
line imaging of the Rayleigh scattering, laser-induced
incandescence (LII), and laser-induced fluorescence
(LIF) are implemented. In the following, only a few
words are spent on describing the experimental setup;
more details about the techniques can be found in the
references [19–28].

2.1. Extinction

For extinction measurements, the red line (λ =
647 nm) of an Ar+Kr+ laser (Coherent Innova 70C)
is mildly focused (1/e laser beam diameter of about
300 µm) into the flame and the transmitted radiation
is collected, by means of a two-lens system, at the
entrance of a small integrating sphere and measured
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with a photosensor (Hamamatsu H5783-01). This col-
lecting apparatus makes it possible to avoid beam
steering due to thermal gradients at the flame edges.
The signal is processed by a digital lock-in amplifier
(Stanford, Model SR850 DSP) triggered by a me-
chanical chopper to discriminate against flame emis-
sion. The acquisition is driven by a personal com-
puter. Each signal results from an average over 300
samples.

2.2. Scattering line-imaging

As for line imaging of the scattering, two lines
of the same Ar+Kr+ laser (514 and 647 nm) are
separately sent across the flame. The resulting scat-
tered radiation, in the form of a picture of the flame
crossed by the laser beam, is collected using an ap-
propriate optical system. This apparatus consists of a
cassegrain objective (Nikon, 500 mm focal length),
used to avoid chromatic effects, and a CCD camera
(PCO pixelfly, 12-bit) driven by a PC. Two inter-
ferential filters (514 nm, �λ = 9 nm, and 647 nm,
�λ = 10 nm) placed just in front of the CCD camera
are used for the two laser wavelengths. The collected
images are processed by Image Pro Plus and MATH-
CAD software as described in Section 3.2.

2.3. Laser-induced incandescence

Laser-induced incandescence is performed using
the fundamental beam (1064 nm, 7 ns FWHM) of
a Nd:YAG laser (Quanta System, SYL 202) operat-
ing at 6 Hz. The laser beam is steered onto a di-
aphragm (aperture 3 mm) selecting a portion of nearly
homogeneous light distribution. The diaphragm aper-
ture is imaged on the flame axis, using a lens (f =
285.7 mm, � = 70 mm) with a magnification of 1.
Efforts are spent to obtain a quite uniform-intensity
cross section with sharp edges in the probe volume, as
verified with a camera [26,27,29]. The incandescence
signal is collected and focused, using a system of two
spherical mirrors, onto the entrance slit (height 2 mm)
of a monochromator (Jobin Yvon H20) coupled with a
photomultiplier (Hamamatsu R955, 1.5-ns rise time).
The mirrors make it possible to overcome the limita-
tion resulting from imperfect achromaticity of com-
mercial lenses. The two-mirror system is positioned
at 30◦ with respect to the incident laser beam direc-
tion, to increase the probe volume and, consequently,
the incandescence signal. The alignment of the receiv-
ing optics and the laser beam cross section makes it
possible to obtain a probe volume with good trade-
off between signal sensitivity and spatial resolution.
The incandescence signal time decay is detected with
a fast digital oscilloscope (Tektronix, 1 GHz, 5 Gs/s),
Fig. 1. Axial profile of soot volume fraction (flame 1,
φ = 2.76). The two symbols (open and closed) refer to mea-
surements carried out in different days.

optically triggered by the laser shot. The detection
window of the monochromator is set at 450 nm. The
signal is stored in a PC and processed with a MATH-
CAD program. For this kind of measurement no ab-
solute calibration procedure is performed.

2.4. Laser-induced fluorescence vs scattering

Finally, in order to distinguish the contribution of
fluorescent species from the scattering signal, a laser-
induced fluorescence (LIF) detection apparatus is also
set up by using three excitation wavelengths (488,
514, and 647 nm) of the Ar+Kr+ laser. The result-
ing signal is focused by a lens (f = 150 mm) onto a
quartz optical fiber and sent to the entrance slit of a
spectrograph (JY UFS 200, with reciprocal linear dis-
persion of 24 nm/mm) matched with an intensified
diode array (Tracor Northern TN-1710). The overall
spectral resolution was 6.25 nm. A polarizer is placed
directly in front of the optical fiber to select the polar-
ized components of the emitted radiation.

3. Measurements on the stainless steel burner,
results, and discussion

3.1. Extinction

Fig. 1 shows an axial profile of the soot volume
fraction, fv, of flame 1, as obtained by extinction
measurements and utilizing the refractive index of
Ref. [30]. Similar trends are exhibited by the other
flames. The results are obtained by considering the
line-of-sight measurements of the transmitted inten-
sity of the laser across the flame, ratioed to the length
of the pathway of the laser in the flame, which in turn
was measured by the imaging of the light scattering.
The average value of the extinction coefficient and,
consequently, of fv can be derived. This is true in the
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Fig. 2. Soot volume fraction radial profiles in flame 1 (top)
and flame 2 (bottom) at HAB = 14 mm.

case of uniform radial distribution of soot across the
flame. To verify this lateral profiles of extinction mea-
surements are also taken. Assuming axial-symmetric
geometry of the flame, lateral line-of-sight measure-
ments are symmetrized and processed with an Abel
inversion procedure in order to derive the local values
of the extinction coefficient [31]. Fig. 2 shows radial
profiles of fv for flames 1 and 2 at height 14 mm
above the burner. The flames considered here encom-
pass the entire range of equivalence ratio and the flow
rates investigated; therefore the following considera-
tions can be also extended to the “intermediate” cases.
Both flames show radial profiles of soot volume frac-
tion very far from being uniform: high values of fv
are observed in an external annular region, with a
minimum in the inner part of the flame. The observed
behavior is more evident for flame 1, where no soot
concentration is measured on the axis. Therefore, at
least for these flames, it is inferred that the average
value of the extinction coefficient cannot be used to
evaluate the value of fv on the axis.

The influence of the flame stabilization tools on
the structure of the soot distribution is also investi-
gated. Some tests are carried out using different stabi-
lization devices: two plates of diameter 60 and 63 mm
and different thickness were used, as well as a system
composed of a 60-mm plate with a central hole for the
introduction of an oil-cooled probe. This last device
is generally used when sampling for gravimetric and
GC analysis [12,14]. The results, not reported here,
proved that the “anomalous” radial soot distribution
observed cannot be attributed to a particular shape of
the stabilizing plate.

3.2. Scattering

As described in the experimental section, scatter-
ing measurements are carried out in the green and
red spectral regions. It is well known that the scat-
tering signal depends on the sixth power of the soot
Fig. 3. Picture of the typical flame emission plus the scatter-
ing signal of the laser beam crossing the flame at 514 nm.

particle diameter, dp, and it allows, in conjunction
with extinction (which depends on d3

p ), to derive the
particle size. As discussed in the following, this sig-
nal can provide information about the soot distribu-
tion [32]. Fig. 3 shows a typical image collected with
the CCD camera, where the scattering signal from the
laser at 514 nm is superimposed on the emission ra-
diation from the flame. The image of the scattering,
as well as the emission signal, shows a very evident
nonuniform structure with high-intensity regions, one
stronger than the other, at each side of the flame. This
effect is well visible in spite of the fact that 514 nm is
not the best wavelength for this application, as will be
discussed further on. In order to obtain scattering pro-
files from images such as the one in Fig. 3, a proper
processing procedure is applied. Two sets of 10 im-
ages, one with and the other without the laser, are col-
lected to increase the signal-to-noise ratio. Each set
is processed by a MATHCAD program: after a sym-
metrization routine, averaged pictures are built, which
are then subtracted to derive the image of the scat-
tering. The scattering radial profile at a given height
above the burner is obtained by vertical binning of
six pixels. Measurements are performed at different
heights above the burner. In Fig. 4, profiles at 514 nm
(top) and 647 nm (bottom) are presented for flame 1.
While for the case of λscatt = 514 nm profiles from 8
to 15 mm are shown, scattering signals cannot be de-
tected with the red line below 12 mm with our laser,
due to a lower scattering cross section. Profiles at
greater heights were not taken because of potential in-
terferences between the wings of the laser beam, the
stabilizing plate, and soot deposited onto it. The fea-
tures of the curves are quite different. In particular, at
647 nm, moving up in the flame, the profiles show the
same structure, with two external peaks and a min-
imum in the center. On the contrary, for 514 nm, all
curves are quite flat across the flame, with small peaks
only at the greatest height (HAB = 15 mm). This dif-
ference is more evident by directly comparing the pro-
files corresponding to the same height for the two sets
of measurements. For example, at HAB = 15 mm, the
ratio between the peak and the minimum is 0.75 with
the green line and 0.39 with the red one. From this
observation, two considerations can be made: the ra-
dial nonuniformity is confirmed, and different species
are responsible for the signals generated by the two
wavelengths, as discussed in Section 3.4.
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Fig. 4. Scattering line-imaging signals as a function of the
height above the burner, as obtained for λscatt = 514 nm
(top) and 647 nm (bottom).

3.3. Laser-induced incandescence

The laser-induced incandescence technique was
performed as widely described in previous works
[26,27]. The incandescence signal time decay is
recorded by taking the average over 300 individual
LII curves. The “prompt” signal is evaluated with
integration over a 4-ns gate width around the peak
(1 ns before and 3 ns after). This signal is known
to be proportional to the soot volume fraction [23].
Measurements are carried out using a laser fluence
of 495 mJ/cm2, which ensures that they fall above
the threshold limit, in the plateau region, with a con-
stant soot temperature of about 4000 K in the probe
volume [26,27]. In the present work no calibration
procedure is performed and the incandescence signal
is scaled with the soot volume fraction measurements
obtained with the extinction technique. LII radial pro-
files (closed symbol) for flames 1 and 2 at height
14 mm above the burner are shown in Fig. 5, together
with the extinction measurements (on the left y axis,
open symbol) and the scattering profiles at 647 nm
(right y axis, solid line). Raw data are considered for
LII, without any symmetrization or other processing
routine. The curves in the two sets are quite over-
lapped, especially in the case of flame 1. The slight
discrepancy observed in the central part of flame 2 is
mainly due to the mathematical inversion procedure
for extinction. Since the incandescence technique is
local, very sensitive, free of any processing, and re-
lated only to carbonaceous particle detection, this
ensures that the flame structure observed is reliable,
confirming the same soot distribution obtained with
Fig. 5. Radial profiles of fv in a stainless steel burner with
the extinction measurements (open circle) and the incan-
descence signal (closed circle) properly scaled. Scattering
profile under the same conditions (HAB = 14 mm) is shown.
Results refer to flame 1 (top) and flame 2 (bottom).

the classical but more elaborated extinction measure-
ments. Similar behavior is exhibited by the line imag-
ing of the scattered intensity at 647 nm, whose radial
profiles are also superimposed (in arbitrary units) on
the same graph (solid line). There are slight discrep-
ancies between the profiles, such as a shift between
the peaks and a different peak-to-minimum ratio.
These differences can be due to different time aver-
aging of the measurements and also may arise from
the fact that LII, extinction, and scattering techniques
depend differently on soot parameters. In any case,
all three techniques show that the soot distribution
is far from being flat. It is important to point out
that the ratio of scattering and extinction measure-
ments is related to soot particle diameter. If this ratio
is almost constant, it means that the particle size is
almost constant as well and, therefore, the scattering
intensity can be utilized, with some caution, for the
line visualization of the soot volume fraction distrib-
ution. In Ref. [24], Bengtsson and Aldén show one-
dimensional images of a nearly flat soot distribution in
an ethene/oxygen/nitrogen flame produced by a stain-
less steel McKenna burner. The measurements were
obtained with laser-induced fluorescence of C2 from
laser-vaporized soot (LIF(C2)LVS) and with 50-ns
time-delayed laser-induced incandescence. Both ex-
periments used a tunable laser at 563.4 nm for exci-
tation and a bandpass filter at 514 nm coupled with a
diode array detector with a minimum gate of 100 ns
for detection. This flat distribution, in contrast with
our finding, could in principle be due to different
burner construction or to other experimental differ-
ences (such as flame equivalence ratio, not indicated
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Fig. 6. Laser-induced fluorescence measurement (A–B) ex-
cited by λ = 514 nm, obtained from the difference between
the total signal emitted from the flame in the presence of the
laser (A) and the contribution due to the flame emission (B).

in Ref. [24]) difficult to investigate at this point. How-
ever, comparison of these results could indicate that
different versions of the McKenna burner can produce
different soot distributions.

3.4. Laser-induced fluorescence

The contribution of “nonsolid” species to the scat-
tering signal was evaluated at three different excita-
tion wavelengths, λexc. In Fig. 6, typical emission
signals are shown for the case of λexc = 514 nm for
a VV polarization arrangement. The bottom panel
(A–B) represents the fluorescence spectrum collected
on the flame axis at HAB = 14 mm. This signal re-
sults from the difference between the light intensity
observed in the presence of the laser (A) and the
flame emission (B). The experimental arrangement
enhances the scattering, but the fluorescence signal is
nevertheless strong and presents a wide unstructured
band, with contributions of Stokes and anti-Stokes
bands around the excitation line at 514 nm. Broad-
band fluorescence spectra excited by an Ar+ laser
were similarly observed in rich flames [20,33], and
a LIF signal, attributed to polycyclic aromatic hydro-
carbons, PAHs, was also detected with pulsed laser
excitation at 563.4 nm [24].

Fluorescence spectra, as obtained with the three
excitation wavelengths, are reported in Fig. 7. The
spectra at λexc = 488 and 514 nm present a similar
band shape, centered on the related excitation wave-
length. In both cases, the contribution of the laser
scattering, corresponding to the small peak at the
laser wavelength in each spectrum, can be considered
quite negligible with respect to the fluorescence con-
Fig. 7. Laser fluorescence spectra relative to the excitation
at wavelengths 488, 514, and 647 nm. A typical laser line at
514 nm is shown.

tribution. Just to give an idea of the spectral width
used, a typical laser line at 514 nm is reported in
Fig. 7. Different behavior is exhibited by the signal
for λexc = 647 nm, where no fluorescence band is ob-
served. Therefore, the scattering signal in the red re-
gion can be considered almost free from any fluores-
cence contribution, and consequently it is related only
to solid, mature soot particles. Notice the very small
signal residue at the laser wavelength, due to scatter-
ing. In contrast, for the other excitation wavelengths,
the fluorescence signal is very significant compared
to the laser scattering. In other words, in these last
cases, the total, elastic and inelastic, scattering signal
measured on the flame axis (see Fig. 4) is due to the
emission from solid and nonsolid species. As a further
analysis, the behavior of the 514 nm excited fluores-
cence signal is investigated, moving vertically in the
flame. To this purpose, the same heights above the
burner as in the scattering line-imaging measurements
are considered, and the relative spectra are shown in
Fig. 8. The spectra are very similar, with increasing
intensity with the height, showing that the contribu-
tion of fluorescence from “nonsolid” species is im-
portant along the flame axis.

Comparing the results from the different tech-
niques employed, a quite complex structure of the
soot distribution in the stainless steel McKenna burner
is revealed. In particular, the presence of species that
do not absorb in the red region but scatter/fluoresce
in the visible has been observed. It is important to
emphasize that, performing scattering measurements
from soot, particular care in the choice of the scat-
tering wavelength has to be taken, because the signal
at 514 nm is not related only to soot. This wave-
length is often used in the literature and, even when
some correction is carried out in order to take into
account the contribution to the scattering from flu-
orescing species, this procedure is at least question-
able.
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Fig. 8. Behavior of the fluorescence signal spectra moving
vertically in the flame. Measurements refer to the excitation
at 514 nm.

D’Alessio and co-workers studied the formation
of nanoparticles of organic carbon (NOC) with optical
and sampling techniques [34–36]. Their work shows
that NOC are initially transparent to visible light and
can only be detected with UV excitation and fluores-
cence [35]. In our work, nonsoot particles present in
the core of rich flames produced by the stainless steel
burner have been revealed, with strong fluorescence
spectra excited in the visible. It will be interesting to
investigate the nature of these fluorescent species.

4. Measurements on the bronze burner and
comparison with the stainless steel one

In order to obtain information on the flame struc-
ture produced with the bronze burner, line-scattering
measurements at 647 nm are carried out for all flames
at different HAB. As an example, Fig. 9 shows the
scattering profile at 14 mm, in arbitrary units, super-
imposed on the soot volume fraction profile obtained
by extinction at the same height. Similar behavior is
exhibited at other heights. Because of the different
dependence on soot particle size, scattering and ex-
tinction measurements cannot be exactly compared,
as previously recalled. In any case, Fig. 9 shows that
with a bronze porous disk, soot is concentrated in the
central part of the rich premixed flame. The decrease
of fv toward the borders is due to the nitrogen shield,
which dilutes and cools the flame. This distribution is
completely different from the one observed in Fig. 5
and can be considered as more resembling the flat
distribution expected according to the manufacturer’s
design. Fig. 10 shows a comparison between flames of
identical equivalence ratio, φ = 2.76, but with differ-
ent flow rates produced by bronze and stainless steel
Fig. 9. Comparison of line scattering profile and fv by ex-
tinction measurements in flame 1, produced by the bronze
burner (HAB = 14 mm).

Fig. 10. Comparison of the line-scattering profiles for
flame 1 and 4 produced by stainless steel and bronze burners.

plugs. The bronze configuration seems to work prop-
erly, while the stainless steel one always produces an
annular soot distribution.

As already described, the soot volume fraction
profiles result from mathematical processing, where a
symmetrization procedure is performed and any slight
nonuniformity can be masked. An analysis of the raw
images related to the line scattering with the bronze
plug is carried out to inspect if the soot distribution
can be considered axial symmetric. Fig. 11 shows the
images of flames 1 and 4 (same as Fig. 10) in gray
levels chosen in order to enhance the discrepancies.
Flame 4 shows an almost symmetric structure with a
maximum of the emission intensity in the center of
the flame due to the line-of-sight measurements. This
is consistent with the flat behavior of the scattering.
Similar results are obtained also for flames 2 and 3
(not reported here). A dissymmetry in the total inten-
sity is evident for flame 1, probably due to a critical
stability condition of the flame with a lower gas flow
rate.



F. Migliorini et al. / Combustion and Flame 153 (2008) 384–393 391
Fig. 11. Images of flame and line scattering for flame condi-
tions 1 and 4 produced by the bronze burner.

Table 2
Integrated soot fraction at 14-mm HAB

Flame Stainless steel
(ppm cm2)

Bronze
(ppm cm2)

1 (φ = 2.76) 1.955 6.457
2 (φ = 2.1) 0.632 1.868

In order to understand if, for the two burners,
the different structures correspond to a different soot
amount, or, conversely, if the same soot load is dif-
ferently distributed at a given flame section, the inte-
grated soot fraction over a section, Fv(z), at a certain
height, z, is considered. With fv(r, z) being the local
value of the soot volume fraction, the integrated value
can be derived as follows [25,37,38]:

(1)Fv(z) = 2π

R∫

0

fv(r, z)r dr = πR2fv(z).

The integrated soot fraction is expressed in ppm cm2

and reported in Table 2 at HAB = 14 mm for flames 1
and 2, obtained with the stainless steel and bronze
plugs.

As expected, an increase of Fv with φ is observed
for both burners. Results obtained with the bronze
plug are considerably higher than in the other case
(more than a factor of 3). This finding is also evident
by comparing the absolute values of Figs. 9 and 5
(flame 1). This consideration, together with the hol-
low fv structure of the radial distribution previously
shown, makes it possible to infer that any effect due
to external perturbations, such as influence of the sta-
bilizing plate or air entrainment across the nitrogen
shield, can be neglected. In contrast, as the burner
main body consists of a porous plug with a helical
shape cooling system embedded therein, the differ-
ences could be related to the burner material and to
the cooling system.

Some tests on the velocity field of the fresh gas
mixture just above the burner mouth are performed
Fig. 12. Temperature mapping of burner mouth after flame
switch off for bronze (a) and stainless steel (b) porous plugs.
The total temperature change is on the order of 10 K.

with the stainless steel plug. These measurements
(not reported here) are carried out using a hot-wire
anemometer. Moving the burner in the XY directions,
the entire cross section at HAB = 7 mm is checked,
resulting in no significant variations across the flow
field.

As for the cooling, an important aspect could be
the uniformity of the tubing distribution with respect
to the burner mouth, which cannot be checked. More-
over, the tubing material can also play a role. In fact,
while for the bronze plug the coil is copper-made, for
the other burner the same stainless steel material is
used. Consequently, with the thermal conductibility
being very different for the two cases, both across the
plug and from plug to tubing, a thermal effect can not
be discarded.

The temperature distribution across the burner sur-
face is considered by using an infrared thermo cam-
era (Inframetric 760 E). The experimental procedure
adopted to detect the burner surface temperature was
the following. The flame is kept on for about 30 min
for stabilization, and then it is switched off and the
stabilizing plate is swung off as well. Thermal pic-
tures of the burner surface are immediately collected.
As no exact calibration for the burner material (bronze
or stainless steel) could be performed, no scale is re-
ported for the measurements. Nevertheless, since the
detector was previously calibrated for iron, the vari-
ation across the burner surface can be appreciated.
Fig. 12 shows the results for the bronze burner sur-
face (a) and the stainless steel one (b). While the
mapping for bronze is almost uniform, a variation of
the temperature of about 10 K outlining a bell-like
shape is found for stainless steel. This axial symmet-
ric structure could be correlated with the annular soot
distribution, although the small difference in the in-
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Fig. 13. Temperature profiles with flame on and thermocou-
ple at HAB = 3 mm for the two types of burner.

let temperature of the reactants does not justify the
strong variation in the soot profile. An even more sur-
prising result comes from flame temperature measure-
ments carried out by a radiation-corrected thermocou-
ple (Pt/Pt–Rh(10%), 127 µm) close to the porous plug
surface. The results for both types of plug are reported
in Fig. 13, for HAB = 3 mm. The two profiles are
quite similar and almost flat. Then, from the one hand,
an undeniable difference in soot distribution obtained
with the two porous plugs exists, and on the other
hand, this effect occurs even though geometry, flow
rates, temperatures, and flow fields can hardly ac-
count for it. It must be concluded that the combustion
system here considered is not as simple as it might
appear and that it should be further and thoroughly
investigated both experimentally and from model cal-
culations, taking into account minor effects.

5. Conclusions

The surprising results described in this work lead
to the following conclusions.

(1) Although fed by the same ethylene and air flow
rates, McKenna burners with a stainless steel or
bronze porous plug produce different flames both
in soot distribution and in absolute values of fv.

(2) Rich premixed ethylene–air flames produced
with a stainless steel porous disk exhibit an annu-
lar soot distribution. In the core of these flames,
nonsoot fluorescing species are present.

(3) The use of short-wavelength visible laser light
for soot measurements by extinction and scatter-
ing techniques in rich premixed flames can result
in significant errors due to the presence of fluo-
rescing species.

(4) Studies of soot formation mechanisms in rich
premixed flames must be conducted preferen-
tially in McKenna burners with a bronze porous
disk. In general, it is suggested that researchers
verify the “flatness” of the flames investigated.

(5) The differences in soot distribution observed us-
ing the stainless steel versus the bronze porous
disk in flames with the same input stoichiome-
tries, flow rates, and geometry suggest that minor
effects or usually unconsidered parameters might
need to be taken into account in studying soot
formation mechanisms.

The authors hope that this work will help in clari-
fying the role that different versions of the McKenna
burner can have in the determination of a standard
burner for the combustion community. Researchers
are advised to describe in detail the experimental con-
ditions utilized for their investigations.
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