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Laser-induced incandescence for soot particle
size measurements in premixed flat flames

Boman Axelsson, Robert Collin, and Per-Erik Bengtsson

Measurements of soot properties by means of laser-induced incandescence ~LII! and combined scattering–
extinction were performed in well-characterized premixed ethylene–air flames. In particular, the pos-
sibility of using LII as a tool for quantitative particle sizing was investigated. Particle sizes were
evaluated from the temporal decay of the LII signal combined with heat balance modeling of laser-heated
particles, and these sizes were compared with the particle sizes deduced from scattering–extinction
measurements based on isotropic sphere theory. The correspondence was good early in the soot-
formation process but less good at later stages, possibly because aggregation to clusters began to occur.
A critical analysis has been made of how uncertainties in different parameters, both experimental and
in the model, affect the evaluated particle sizes for LII. A sensitivity analysis of the LII model identified
the ambient-flame temperature as a major source of uncertainty in the evaluated particle size, a con-
clusion that was supported by an analysis based on temporal LII profiles. © 2000 Optical Society of
America

OCIS codes: 140.3460, 280.1740, 280.2470.
u
l
m
t
R
t
i
s
e

1. Introduction

The incandescence from laser-heated soot particles
was observed by Eckbreth in 1977.1 At that time,
the phenomenon was considered a problem in Raman
measurements. However, during the past 15 years,
use of the method of laser-induced incandescence
~LII! to measure the properties of soot has been con-
sidered. During the past several years numerous
studies and applications of LII have proved its utility
as a diagnostic tool for measurements of both soot
volume fraction and particle size.2–18 Part of the
ncreased interest in LII must be attributed to tight-
ned particulate-emission standards. Meeting
hese standards will require a better understanding
f soot formation and oxidation in combustion sys-
ems; thus there is a need for a new diagnostic tool
ith high spatial and temporal resolution. In this

ontext LII has been used inside the cylinders of die-
el engines, for example,19 as well as in exhaust gas

flows.20 Although much progress on application of
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LII to practical combustion situations has been made,
it is necessary to test the potential of the technique
further and to identify basic limitations in well-
characterized flames, for example, laminar flat
flames burning on porous-plug burners. Flames on
such a burner are easily probed with laser diagnos-
tics, and each height represents a time in the soot-
formation process.

We have used laser diagnostics to investigate lam-
inar premixed ethylene–air flames. Flame tem-
peratures were measured with rotational coherent
anti-Stokes–Raman spectroscopy ~CARS!. Soot vol-

me fractions were evaluated from measurements of
aser-induced incandescence and extinction measure-

ents, and soot particle sizes were evaluated from
he temporal profile of the LII signal and combined
ayleigh scattering–extinction measurements. In

his investigation we aim to explore further the abil-
ty of using the temporal profile of the LII signal for
oot particle sizing; we discuss critical issues in the
valuation of particle sizes with both techniques.

2. Soot Diagnostic Fundamentals

A. Scattering–Extinction

The combined measurements of scattering and ex-
tinction have been widely used in determining soot
volume fraction and soot particle size in both diffu-
sion flames and premixed flames.21–23 The calcula-
tion of soot properties is based on the Rayleigh theory
20 July 2000 y Vol. 39, No. 21 y APPLIED OPTICS 3683
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for isotropic spheres, in which the diameters of the
spheres are much smaller than the laser wavelength.
In this section, only relations that are important for
the final conclusions are elucidated; the full theory
can be found, for example, in Ref. 24. From the
theory it is obvious that the soot volume fraction fv
can be extracted from an extinction measurement if
the refractive index m is known:

fv 5
l

6p

Kext

E~m!
, E~m! 5 2ImSm2 2 1

m2 1 2D , (1)

where l is the wavelength and Kext the extinction
coefficient. Further, if an elastic scattering mea-
surement is made in an identical configuration, a
measure of the soot particle diameter des can be eval-
uated:

des 5 lS 4
p2D1y3FE~m!

F~m!G
1y3SQvv

Kext
D1y3

,

F~m! 5 Um2 2 1
m2 1 2U

2

. (2)

he scattering factor Qvv from a flame measurement
is obtained from calibration measurements in gases
with known cross sections, whereas Kext is evaluated
xperimentally from an absorption measurement.
xtinction caused by scattering is negligible for a
article in the Rayleigh regime, i.e., when the particle
s much smaller than the laser wavelength, which

akes the extinction coefficient equal to the absorp-
ion coefficient.

Equations ~1! and ~2! are valid for isotropic spheres
in a monodisperse system with particle sizes much
smaller than the laser wavelengths. Naturally, the
theory is not totally applicable to an ensemble of soot
particles in a flame, which we discuss throughout the
paper. In the early stages of soot formation, just
after nucleation, the assumptions of the theory are
more valid than in later stages when the individual
particles more likely tend to form aggregates of soot
particles in the forms of chains and clusters. During
this aging the size distribution becomes wider, and
the composition of the soot particle changes toward a
higher carbon content. Thus both uncertainty in the
refractive index and the assumption of monodisper-
sivity are limitations to the theory in its present form.

The particle diameter evaluated from a scattering–
extinction measurement is called the volume-
equivalent sphere diameter des. In flame regions
where aggregation occurs, the calculated volume-
equivalent diameter gives information about neither
the soot aggregate structure nor the size of the pri-
mary particles that constitute the soot aggregate.
References 14 and 25, e.g., describe investigations of
the soot aggregate structures in which laser-heated
soot was thermophoretically sampled and studied
with transmission-electron microscopy.
684 APPLIED OPTICS y Vol. 39, No. 21 y 20 July 2000
B. Laser-Induced Incandescence

LII became a laser diagnostic technique for soot di-
agnostics after the pioneering research of Melton in
1984.2 The use of LII makes it possible to make
spatially and temporally resolved measurements of
soot volume fraction in simple flames as well as in
more-complex combustion systems.19,26 Normally,
laser light from a pulsed laser is directed through the
flame, which results in rapid heating of particles to
temperatures of 4000–4500 K. The detector could
be a photomultiplier tube for point measurements or
an image-intensified CCD for two-dimensional pla-
nar visualization. Important issues to consider for a
LII measurement are the characteristics of the inci-
dent laser light, and the detection range, spectral as
well as temporal. These issues have been thor-
oughly investigated; see, e.g., Refs. 3, 7, 13, and 27.

The choice of laser wavelength for LII is not criti-
cal, inasmuch as soot absorbs strongly in a large spec-
tral region from the ultraviolet to the infrared. To
prevent fluorescence interference to the LII signal
from polyaromatic hydrocarbons, one should not use
a laser wavelength in the ultraviolet.6 Fluorescence
from laser-produced C2 radicals as a result of soot
vaporization can be observed by use of laser wave-
lengths in resonance with the Swan bands of C2.
This signal can, however, under some circumstances
also be used for soot diagnostics.6 In most LII ex-
periments either the fundamental wavelength 1064
nm or the second-harmonic wavelength at 532 nm of
a Nd:YAG laser has been used as the laser source.

The choice of detection wavelength is somewhat
more complex, because there are both advantages
and disadvantages for a given choice. Calculations
by Melton showed that the LII signal has a depen-
dence on the soot particle diameter raised to a power
of ~3 1 0.154yldet!, which favors the use of long de-
tection wavelengths, ldet,2 because the relationship
between the LII signal and the soot volume fraction
will thereby be improved. Also, if a short detection
wavelength is used, the LII signal will be biased to-
ward particles with higher final temperature, i.e.,
larger particles.2,27 A shorter detection wavelength,
however, will minimize the contribution from back-
ground flame emission to the LII signal, which can be
a problem in applications in which background sup-
pression is not possible and the flame is physically
large.28

For the best proportionality to soot volume frac-
tion, the detection gate should be prompt and not too
long @;25–100 ns ~Ref. 27!#. A delayed detection
ate biases the LII measurements in favor of large
articles.2,7,27,29 Such is also true for long gate

widths.29 The detected LII signal has to be cali-
brated to give an absolute value of soot volume frac-
tion. A well-characterized flame, for which the soot
volume fractions have been calculated from, for ex-
ample, extinction measurements, is often used for
this purpose. The calibration is not a major problem
in open configurations, but in, e.g., in-cylinder mea-
surements, the calibration could be more complex.
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The idea of using the temporal profile of the LII
signal to determine particle size was proposed by
Melton,2 but the first published measurements were
performed by Will et al.9; there the combination of

easurement and modeling of the LII signal gave the
article size. The simple idea is that the temporal
ecay of the LII signal from a larger soot particle is
onger than for a smaller soot particle. One can de-
ermine the temporal decay either by analyzing the
urve directly18,30 or by taking the ratio between the

signals within two time gates.13,17,18 The latter
method has the advantage of making possible two-
dimensional measurements of particle size.17 Re-
gardless of the method chosen, interpreting the
detected signal in terms of particle size requires mod-
eling. The evaluated particle size will be the pri-
mary particle size dp,13,31 unlike in scattering
measurements, for which the volume-equivalent
sphere diameter des is the measured quantity.

When the particle cools, the signal decreases, and
in addition there is a wavelength shift of the signal.
The decay time will thus depend not only on the
particle size but also on the detection wavelength.
Therefore it is necessary to know the transmission
characteristics of optical components in the collection
system. In the present investigation we selected a
narrow spectral interval, using a narrow-band inter-
ference filter with a center wavelength of 400 nm and
a bandwidth of 10 nm.

To evaluate a primary particle diameter from the
measured temporal decay time of the LII signal re-
quires a model for the particle cooling. The model
that we used is the one proposed by Melton2 in the
form suggested by Will et al.17

3. Experiment

Measurements were made in two premixed ethylene–
air flames burning on a sintered stainless-steel plug
~a so-called McKenna burner! with a diameter of 60

m.32 The equivalence ratios of the two flames
were 2.1 and 2.3, and both flames had a constant gas
flow of 10 Lymin ~at 273 K and p 5 0.1 MPa!. The
flame was stabilized with a steel plate, of the same
diameter as the burner, at a height of 21 mm above
the burner surface. The burner was mounted upon
a vertical translator, and measurements were made
in a region from 3 to 17 mm above the burner surface.
Inasmuch as the flame was premixed and one dimen-
sional, it was possible to study the temporal develop-
ment of the soot-formation processes.

A frequency-doubled pulsed Nd:YAG laser pro-
vided 532-nm radiation for all measurements pre-
sented in this investigation. We used an aperture
with a diameter of 3 mm with which to select a ho-
mogeneous part of the laser beam with an original
diameter of 10 mm. The difference in the laser pulse
energies that are suitable for absorption and LII mea-
surements is orders of magnitude, and the desired
energy was reached by means of a variable attenua-
tor.

The extinction measurement was made in a con-
ventional way: The laser light was split into two
beams, one of which was directed through the flame
while the other acted as a reference beam.23 The
3-mm beams were vertically focused with f 5 200 mm
cylindrical lenses and monitored on an image-
intensified CCD detector. To minimize the influence
of small fluctuations in the flames, we averaged 20
accumulations at each measurement height. A de-
tection gate width of 40 ns was used to minimize the
influence of background luminosity. There is a gen-
eral problem in measuring small absorptions with a
high accuracy. Often stable continuous lasers are
used for this purpose, but in the present measure-
ments a pulsed laser was used. An advantage of
using a pulsed laser for absorption measurements is
the temporal resolution, and it was with future re-
search in mind that we used a pulsed laser in this
investigation. For the accumulated measurements
it was estimated that an absorption of 1.0% could be
measured with an uncertainty of 10–15%, and in the
results from the flame measurements presented here
no absorption less than 0.6% was considered. Re-
cently, cavity ringdown spectroscopy was demon-
strated to be a useful technique for measuring small
absorptions in sooting flames.33

For the scattering measurements vertically polar-
ized laser light was focused onto a horizontal sheet
over the center of the burner with an f 5 1000 mm
cylindrical lens. As for the extinction measure-
ments, a homogeneous part of the beam was chosen
by use of a 3-mm aperture. The laser fluence was of
the order of 1023 Jycm2, thus well below the vapor-
ization limit for soot particles. The scattered light
from the flame was monitored with an image inten-
sified CCD detector with a 30-ns gate width. To
avoid disturbances, we collected 100 accumulations
for each measurement height and used a 532-nm
interference filter with 3-nm bandwidth in front of
the detector to discriminate background luminosity.
To ensure that the measurement was not disturbed
by stray light, we compared the scattered signal ~Qvv!
rom nitrogen with the scattered signal from meth-
ne. Following literature values, the ratio between
hese signals should be 2.15.34 Inasmuch as this

value was experimentally verified, we concluded that
the contribution from stray light was insignificant.
The scattered signal from soot particles was directly
calibrated to the scattered signal from nitrogen in
consecutive measurements with the identical exper-
imental setup.

The LII signal was generated with a laser energy of
;4.5 mJypulse that was focused by a cylindrical lens
~ f 5 1000 mm! onto a horizontal sheet above the
center of the burner. The thickness of the laser
sheet was ;280 mm, which resulted in a correspond-
ing laser fluence of 0.56 Jycm2. This fluence was in
the plateau region, as can be seen from Fig. 1, in
which the LII signal is presented as a function of
laser fluence for the present experimental setup. A
photomultiplier tube detected the resultant LII sig-
nal from the sooting flame. Six hundred accumula-
tions of the temporal decay of the LII signal were
averaged on a digital oscilloscope with a temporal
20 July 2000 y Vol. 39, No. 21 y APPLIED OPTICS 3685
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resolution of 2 ns. An interference filter with a cen-
ter wavelength of 400 nm and a 10-nm bandwidth
was used in front of the detector because such a short
detection wavelength strongly reduces the influence
of background luminosity. Examples of experimen-
tal decay curves for several heights above the burner
~HAB! are shown in Fig. 2. A longer signal decay
reflects larger soot particles, and higher in the flame
the decay time is longer. The experimental signals
at 10, 12, and 14 mm gave evaluated primary particle
sizes of approximately 9, 14, and 16 nm, respectively.
The peaks at 70 and 210 ns are electrical distur-
bances, which had a negligible influence on the eval-
uated particle size, as we discuss below.

In the heat-transfer model, a rectangular spatial
beam profile was chosen for the laser beam and a
Gaussian temporal profile ~9 ns FWHM! was used for
the pulsed laser. It has been shown that the choice
of a rectangular instead of a Gaussian spatial profile
has little effect on the evaluated particle diameter.17

The model was evaluated in the 395–405-nm spectral
region. During the growth process a soot particle
undergoes significant structural changes as well as
changes in chemical composition35,36 that lead to vari-
ations in the refractive index. The refractive index

Fig. 1. Incandescence intensity as a function of incident laser
fluence for the experimental setup.

Fig. 2. Experimental decay curves for three HAB values. The
curves have been normalized at a time position of 83 ns.
686 APPLIED OPTICS y Vol. 39, No. 21 y 20 July 2000
was chosen to be m 5 1.56–0.46i,37 as for the evalu-
ation of the scattering–extinction measurements.

4. Results

The results from the extinction measurements are
presented in Fig. 3. Soot volume fractions are pre-
sented as a function of HAB, as are the relative LII
signals for the equivalence ratio F 5 2.3. The
prompt LII signal corresponds well to the measured
soot volume fraction as shown in many previous stud-
ies, for example, in Refs. 2, 3, 5, and 13. In Fig. 4 the
evaluated soot particle sizes from combined
scattering–extinction measurements are shown.
These results are important in the following analysis
for comparison with soot particle sizes obtained from
the time-resolved LII signal. In the calculations, a
monodisperse size distribution was assumed and a
complex refractive index of m 5 1.56–0.46i ~Ref. 37!
was chosen. The uncertainties introduced by these
assumptions are discussed below.

The particle sizes were evaluated from the time-
resolved LII signal during cooling from vaporization
temperatures to the ambient-flame temperature.
The measured property, the decay time t, defines the

Fig. 3. Soot volume fraction as a function of HAB for the studied
flames. The relative LII signal profile is included for the F 5 2.3

ame, and it has been normalized to the profile derived from
bsorption measurements at a position of 11 mm.

Fig. 4. Evaluated particle diameter from scattering–extinction
measurements as a function of HAB for the studied flames.
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time that it takes for the signal to decrease to 1ye of
ts original value. The decay time from the modeled
II signal was fitted to the experimental LII signal
etween 90 and 550 ns after the peak intensity.
herefore the conduction term rather than the vapor-

zation term dominated the temperature decay. Be-
ause a first-order exponential function resulted in a
ad fit to the temporal LII signal, most likely because
small amount of vaporization was still occurring, a
ouble-exponential function was used, as described in
ef. 18. During the evaluation it became clear that

he short decay time did not contain any significant
ize information. Thus to reduce the complexity of
he double-exponential fit we fixed the short decay
ime to 20 ns and used the evaluated long decay time
s a measure of the particle size.
The decay time was evaluated from measurements

t 8–17 mm above the burner in the flame, with the
teel plate acting as a flame stabilizer at a 21-mm
AB. It was obvious that the flame stabilizer had

ignificant influence on the flame characteristics, as
s illustrated in Fig. 5, which presents the evaluated
ecay time as a function of HAB for two positions of
he stabilizing steel plate, at 21 and 26 mm above the
urner. It is evident that the evaluated decay time
t lower heights, up to 12-mm HAB, is not influenced
y a changed position from 21 to 26 mm of the flame
tabilizer. At higher heights the flame conditions
hange, and the decay time is longer when the steel
late is fixed at a position higher than 26 mm. The
esult of a longer decay time is generally interpreted
s larger soot particles, but, as will be seen in the
nalysis, the flame temperature will also influence
he particle size.

The particle sizes from both scattering–extinction
easurements and time-resolved LII are shown in
ig. 6. The volume-equivalent sphere diameter des

is evaluated from the combined scattering–extinction
measurements with the assumption of Rayleigh the-
ory, and dp is evaluated from the temporal profiles of
the LII signal. Temperatures measured with CARS
were used as input values for the heat-transfer
model. It was the variant called dual-broadband ro-
tational CARS that was applied to this flame, and
this CARS variant had previously been successfully
used for temperature measurements in sooting
flames.38 Evaluated temperatures are expected to
have an uncertainty of better than 3% ~Ref. 39! in the
egion of interest ~8–17 mm! for which the tempera-
ure drops by ;300 K for increasing height.

At low heights in the flame the correspondence
etween des and dp is good. Although there are

many uncertainties, as we discuss in Section 4, the
similarity of these sizes implies that the aggregation
of primary particles to clusters is of minor importance
in this region.

At heights above 12 mm the evaluated size from
scattering–extinction measurements, des, deviates
from the evaluated primary particle size, dp. A

lausible explanation for this is that the aggregation
f soot will have an increasing influence on the soot
article size profiles. Following the research re-
orted in Refs. 5 and 17, the relation between des

and dp for a cluster of n particles should be des 5
n1y3dp, and a comparison of des and dp had been
made in earlier studies as an attempt to determine
the number of primary particles per aggregate.9 Re-
alizing the importance of knowing the correct tem-
perature for the determination of dp, we must
question the accuracy of such measurements. Al-
though we have knowledge of the temperature in the
present flame, a deduced value of the number of pri-
mary particles per cluster would have a high uncer-
tainty. It must also be pointed out that neither the
extinction measurements of soot volume fraction nor
the measurements of des are temperature dependent,
apart from the small influence on the complex refrac-
tive index.

An extra point has been added in Fig. 6 at a HAB
of 17 mm. This is the evaluated primary particle
size with an assumed flame temperature 200 K
higher than the temperature of ;1400 K measured
with CARS. Thus a 200-K too-high ambient tem-
perature leads to an underestimation of 18% ~14.8
nstead of 17.5 nm! in the evaluated primary particle
ize.
Fig. 5. Decay time as a function of HAB for the flame stabilizer at
21 and at 26 mm above the burner surface.
Fig. 6. Particle diameter measured with scattering–extinction
~des! and time-resolved LII ~dp!.
20 July 2000 y Vol. 39, No. 21 y APPLIED OPTICS 3687
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4. Discussion

The results in Fig. 6 illustrate uncertainties for the
time-resolved LII technique. Also, the scattering–
extinction technique has inherent limitations. In
what follows, we perform a critical evaluation of
sources of errors and of how the errors affect the
conclusions that can be drawn from a comparison of
evaluated particle sizes for the two techniques.

The refractive index plays a vital role in the deter-
mination of both soot volume fraction and particle
size by scattering-extinction measurements and has
been a subject for discussion.40 Several refractive-
index values are quoted in the literature based on
type of soot and measurement technique. Any
choice of a complex refractive index of soot will have
a large effect on the accuracy of the results. In this
investigation we use the refractive index for acety-
lene soot m 5 1.56–0.46i as determined by Dalzell
nd Sarofim37 for our scattering–extinction measure-

ments as well as for the LII model. The use of one
value for the refractive index for all experimental
cases is not ideal. It has been shown that the value
of the refractive index varies with both fuel equiva-
lence ratio and HAB, and this change can be related
to changes in chemical composition and temperature
of the flame soot.35 Thus the refractive index differs
not only among flames but also within the same
flame, causing inaccuracies. The variations of the
refractive index within a premixed methane–oxygen
flat flame were investigated by Charalampopoulos
and Felske.41 They combined classical light-
scattering with dynamic light-scattering measure-
ments and evaluated the refractive index from these
measurements. Their results showed, for increas-
ing heights in the flame, an increase in the real part
of the complex refractive index from 1.4 to 1.8 and in
the imaginary part from 0.4 to 0.8. Although the
flames treated in Ref. 41 were different from those
that we consider here, we can use their evaluated
values to estimate the uncertainty in particle size by
choosing one value of the complex refractive index.
When the factor @E~m!!y~F~m!#1y3 in Eq. 7 of Ref. 41
is evaluated, the value will be in the 0.93–1.24 range
for the complex refractive indices at different heights.
For m 5 1.56–0.46i chosen here, the factor will be
.07 and thus in the middle of the range. The un-
ertainty incurred in the evaluated particle size by
ssumption of a constant value of the refractive index
s thus estimated to be as high as 15%, with a possible
verestimation at the lowest flame heights that turns
nto an underestimation higher in the flame.

In the evaluation of particle size from scattering–
xtinction measurements, a monodisperse particle
ize distribution is assumed. This has the conse-
uence that the average particle size will be overes-
imated when the actual size distribution in the flame
s polydisperse. The overestimation of des emanates

from the fact that Kext ; ~particle diameter!3 and
Qvv ; ~particle diameter!6.42 A size distribution for
the soot particles can also be expected to influence the
evaluated particle sizes from LII measurements. In
688 APPLIED OPTICS y Vol. 39, No. 21 y 20 July 2000
the evaluation of the decay time leading to the deter-
mination of dp, larger particles will incandesce longer
and more intensely than smaller particles. This be-
havior will consequently bias the exponential fit to-
ward larger particles. Particle size distribution can
be measured by transmission-electron microscopy fol-
lowing thermophoretic sampling in flames, and a re-
cent publication reported measurement of a standard
deviation in primary particle size of 20%.43

The heat-transfer model for laser-heated particles
was tested by a theoretical sensitivity analysis simi-
lar to that described in Ref. 17. The analysis was
based on a 10% increase and decrease of each input
parameter in the decay model, and it was performed
for a 10-nm and a 20-nm particle. The result was
similar to that of Ref. 17 in identifying the ambient
gas temperature as the largest source of uncertainty.

A parameter that has a minor influence on the
evaluated particle size in sensitivity analysis is laser
fluence. However, in the heat-transfer model no
morphological changes in the soot as a result of in-
creased laser fluence are taken into consideration.
To test this effect we made an experimental study of
the variation of decay time as a function of laser
fluence for two identical measurements; the results
are shown in Fig. 7. It is apparent that low laser
fluence below the vaporization limit leads to a longer
decay time, in agreement with the results of Ni et al.7
In Fig. 1, where the incandescence signal is presented
as a function of laser fluence, there is a distinct tran-
sition to a plateau region at ;0.2 Jycm2. A similar
transition to more stable behavior can also be found
in Fig. 7 at approximately the same position. It is
also interesting to note that the decay time varies
with laser fluence, even in the so-called stable region,
and introduces a source of error for the evaluated
particle diameter. The variation of laser fluence in
the plateau region with laser fluences of 0.2–2.5
Jycm2 gives rise to a 3% uncertainty in the evaluated
particle diameter dp for a particle size of 15 nm.

The two profiles of decay time in Fig. 7 exhibit
nearly identical behavior with respect to laser flu-
ence. Although the details of the curves are hard to
identify, the cause of the change most probably has to

Fig. 7. Fluence dependence of the decay time for two consecutive
measurements with identical experimental setup.
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do with morphological changes in flame soot as a
result of laser heating of particles, which have been
investigated by Vander Wal et al.14 We have ob-
served that the spatial beam profile influences the
measured curves, which may explain why the curve
shape in Fig. 7 differs from the curve shape measured
by Ni et al.7

Apart from uncertainties treated in the theoretical
sensitivity analysis, some electrical disturbance
could be noted in the temporal LII signal in Fig. 2 at
70 and at 210 ns. The electrical disturbance was
coupled not to the detected LII signal but to the ac-
tual detection process. Inasmuch as the evaluation
starts at 90 ns after the laser pulse, these distur-
bances will not affect the evaluated particle size sig-
nificantly. By fitting the curves with or without
taking the area around 210 ns into account, we found
that the error introduced for a 17-nm particle was
0.2% and in a 7-nm particle, 2%.

The precision of the evaluated particle size from
LII was also investigated in that 50 single-pulse mea-
surements of the decay curve were evaluated. The
relative standard deviation of dp was 3% for a 17-nm
particle, and the mean value corresponded to those of
measurements when 600 decay curves were accumu-
lated. This result is encouraging for future mea-
surements. In situations in which accumulated
measurements of decay times for particle sizing are
impossible, e.g., for turbulent combustion, the only
alternative is to perform single-pulse measurements.

An interesting study was recently presented by
Vander Wal et al. in which particle sizes evaluated
from the temporal decay of the LII signal were com-
pared with the sizes evaluated from transmission-
electron micrographs.18 It was observed that the
two techniques were in good agreement at flame lo-
cations where the soot clusters had an open
branched-chain appearance. This observation is im-
portant, because it shows that a rather simple heat-
transfer model for LII, which, for example, does not
take interconnectivity into account, also gives reason-
ably good results in evaluating primary particle size.
It is clear that the present model does not fully ex-
plain experimental observations44 and that further
development is needed.

5. Conclusion

In the present study we have investigated the use of
laser-induced incandescence ~LII! as a tool for soot

article sizing by analyzing the temporal decay of the
ncandescence signal after laser heating. The par-
icle sizes were evaluated by a comparison of the
xperimental signal decay with that from a heat-
alance model of a laser-heated particle. The study
as performed in flat premixed laminar ethylene–air
ames, which are well suited for systematic investi-
ations of soot-formation processes by the use of laser
iagnostics.
In the lower part of the flame, from soot inception

ollowed by growth to a size of ;12 nm, the particle
izes evaluated by LII were in good agreement with
he particle sizes evaluated from scattering–
xtinction measurements. Although both tech-
iques have inherent uncertainties, the results

ndicate a low degree of aggregation in this part of the
ame.
In the higher part of the flame, where the soot

articles had grown to sizes greater than ;12 nm,
article sizes evaluated from LII and scattering–
xtinction showed a difference that may be explained
y increased aggregation. We also realized that
nowledge of the temperature is of utmost impor-
ance for successful use of this time-resolved LII tech-
ique for particle sizing. As an example, an
verestimation of the ambient-flame temperature of
4% led to an underestimation of the evaluated par-
icle size of 18%. This determination was supported
y a sensitivity analysis performed on the heat-
alance model. From the analysis we found that the
argest error emanates from uncertainties in the
mbient-gas temperature and thus from the initial
emperature of the soot particles. There are several
imitations on the heat-transfer model for laser-
eated particles in its present form; however, for ap-
lications in turbulent sooting flames with large
uctuations in temperature, a limiting parameter
ill still be knowledge of the ambient-flame temper-
ture.

Rotational CARS measurements of temperatures
n flames made by Christian Brackmann and Joakim
ood are gratefully acknowledged. We are also

hankful for the general interest of and stimulating
iscussions with Marcus Aldén. This research was
nancially supported by the Foundation of Strategic
esearch through the Center for Combustion Science
nd Technology, the Swedish National Energy Ad-
inistration, and the Swedish Research Council for
ngineering Sciences.
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