
Appl. Phys. B 48, 155-164 (1989) Applied .hob- physics 

Physics B "" Chemistry 

�9 Springer-Verlag 1989 

Application of a Pulsed Laser 
for Soot Measurements in Premixed Flames 

P.-E. Bengtsson and M. Alden 

Combustion Centre, Lund Institute of Technology, P.O. Box 118, S-22100 Lund, Sweden 

Received 19 July 1988/Accepted 11 September 1988 

Abstract. A pulsed Nd :YAG laser has been used to perform scattering/extinction 
measurements in fiat, premixed methane/oxygen flames to determine soot particle sizes, 
number concentrations and soot volume fractions. A discussion is given on accuracies in 
these determinations with respect to experimental and theoretical parameters. Absorptions 
were measured through a referencing method which yielded a single-pulse relative standard 
deviation in the normalized signal of 0.7%. The incident laser fluence was kept below 
0.1 J/cm 2 in the focusing point in the flame to avoid soot vaporization effects. Interference in 
the measurements from polyaromatic hydrocarbons (PAH) is also discussed. 

PACS: 78.35, 82.40 

The current environmental situation with large 
amounts of air pollutants caused by inefficient com- 
bustion has led to an intensification of research in the 
field of combustion. Apart from the harmful produc- 
tion of nitric and sulphur oxides, much interest has 
been focused on the soot formation problem and 
different aspects have been reviewed in [1-6]. To 
obtain a basic understanding of the causes of soot 
emission from, e.g., Diesel engines and coal-fired power 
plants, there is a need for fundamental studies in well- 
defined combustion systems. There are several reasons 
for using premixed, laminar flames for fundamental 
soot research, for example, the possibility of producing 
a one-dimensional flame and the easier characteriza- 
tion of parameters such as the C/O ratio (the ratio 
between the contents of carbon and oxygen atoms in 
the fuel-oxidant mixture), which have no obvious 
meaning for a diffusion flame. Diffusion flames can be 
more difficult to investigate due to, for example, curved 
streamlines but are interesting to study since they more 
often resemble real combustion situations. Since the 
subject in this work was premixed flames the following 
discussion will be concentrated on this phenomenon. 

To characterize a flame, it is important to accu- 
rately measure species concentrations and tempera- 
tures. This can be achieved non-intrusively using 
optical techniques, often powerful laser techniques, as 

long as the incident fluence (pulse energy/unit area) is 
low enough not to cause optical breakdown or photo- 
dissociation of molecules or vaporization of particles. 
Also, high spatial resolution can be achieved by 
focusing the laser beams with lenses. Laser techniques 
widely used for diagnostics of combustion processes 
are Coherent Anti-Stokes Raman Scattering (CARS) 
[7-9], Raman Scattering [9, 10] and Laser-Induced 
Fluorescence (LIF) [9, 11]. CARS can be used for 
measurements of temperature and major species con- 
centrations (> 1%). Raman Scattering is used for both 
temperature and concentration measurements, but 
since the signal is very weak it is difficult to use the tech- 
nique in a hydrocarbon-fuelled combustion process, 
which itself has a strong emission and where laser-in- 
duced fluorescence from large molecules and particles 
may mask the weak Raman signals. In this case the 
CARS technique is superior. For measurements of 
minor species, laser-induced fluorescence is preferable. 
Besides species concentrations and temperatures, a 
sooty flame is also characterized by the sizes and 
concentrations of soot particles, which must be deter- 
mined to obtain a more complete picture of the 
combustion processes. Along with the build-up of soot, 
large molecules such as polyaromatic hydrocarbons 
are formed [12, 13], which are also incorporated into 
the soot. Once the soot particles are formed, their 
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growth is relatively well understood [14-17], while 
there are still various theories for the intermediate 
steps preceding the initial formation of the soot 
particles [4] such as polymerization of aromatics, 
condensation of gas species which then graphitize and 
nucleation on ions. More intense research concerning 
the early phases of soot formation processes is there- 
fore justified. 

Pulsed laser sources have received increasing atten- 
tion in combustion research as they allow time- 
resolved measurements of combustion parameters. In 
this paper we report on experiments where a pulsed 
Nd : YAG laser was used for soot particle size, number 
concentration and soot volume fraction determina- 
tions in laminar, premixed, methane/oxygen flames at 
atmospheric pressure. Soot particle sizes and number 
concentrations have previously been determined with 
a combination of extinction measurements with a 
tungsten strip filament lamp, and Rayleigh scattering 
measurements using a continuous wave (cw) laser 
beam directed through premixed, sooty flames [12, 13, 
18]. A thorough treatment of sources of errors and 
accuracies for the technique will be given and a 
comparison with the cw laser/lamp technique will be 
made. Pulsed lasers have previously been used for 
scattering/extinction measurements in sooty diffusion 
flames [19], however, the potential of the technique 
was not discussed. Another technique, which has been 
used for soot particle measurements is Dynamic Light 
Scattering (DLS) [20-22], which is based on the 
broadening of a spectral line which has been scattered 
from molecules or particles undergoing Brownian 
motion. 

Evaluation of soot particle properties from scatter- 
ing/extinction measurements is based on the Rayleigh 
theory for isotropic spheres assuming diameters much 
less than the used laser wavelength, approximately 

d/k<O.J. Also assuming an aerosol with a monodis- 
perse size distribution, the scatter factor, Qvv (the first 
index denotes the polarization of the scattered light 
and the second index the polarization of the incident 
light, V: vertical) is given by [23] 

Qvv  = ~" .F(r~).  N -  , F(r~) = ~---~2- ' ( I )  

where ~ = n -  ik is the complex refractive index of the 
particle, d is the particle diameter, 2 is the wavelength 
of the incident laser light and N is the particle number 
concentration [cm- 3]. 

The extinction coefficient K~xt is given by [23] 

E(r )=-Im[mz+2j (2) 
in the Rayleigh regime, and is approximately equal to 
the absorption coefficient, which means that extinction 
due to scattering is negligible. By combining (1 and 2), 
the number concentration and size can be evaluated 
through the experimentally determined scatter 
factor Qvv and extinction coefficient, K~xt. Inherent 
theoretical parameters, such as the shape and width of 
the soot particle size distribution and the complex 
refractive index of soot, must then be assigned values 
from literature, unless experimentally determined, and 
uncertainties in these values can lead to a considerable 
inaccuracy in the evaluated soot parameters. 

In the next section the experimental set-up is 
described followed by sections describing the measure- 
ments. The paper is concluded with a discussion of the 
results and a summary. 

1. Experimental Set-Up 

The experimental set-up for the scattering/extinction 
measurements is shown in Fig. 1. Three sooty, pre- 
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Fig. 1. Experimental Set-up. BS: Beam 
Splitter, M: Mirror, CL: Cylindrical Lens, 
PD: Photodiode, and A: Aperture 
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mixed, methane/oxygen flames with C/O ratios of 0.50, 
0.54, and 0.62 were investigated under atmospheric 
pressure conditions. A water-cooled porous-plug 
burner produced an approximately one-dimensional 
flame in the region where the measurements were 
performed, up to 10ram above the burner. A flame- 
stabilizing steel plate was placed 30ram above the 
burner platform. The diameter of the burner was 
40 mm and the volume flow was constant (5.4 l/rain at 
STP) for all flames. The sooty region of the meth- 
ane/oxygen flames under study started around 3 mm 
above the burner. This separation was of great im- 
portance, since no unwanted scattering contribution 
from the burner was observed when the laser was 
focused 3 mm above the burner surface. Imaged scat- 
tering measurements were performed to test the flat 
flame approximation, as described in the next section. 
To probe at different heights in the flame, the burner 
was moved vertically by micro-adjustments. 

The light source used for the scattering and extinc- 
tion measurements was a pulsed Nd:YAG laser 
(Quanta Ray DCR-I) with a pulse duration of ,,~ 8 ns. 
The Infra-Red (IR) beam at 1064 nm was frequency 
doubled to green light at 532nm and residual IR 
radiation was separated from the green light with a 
Pellin-Broca prism. For the extinction measurements 
the pulsed laser beam was split into two components, 
one traversing the flame and one acting as a reference. 
The beams were directed to spatially separated parts of 
a diode-array detector and the signals were processed 
by an optical multichannel analyser (OMAIII, 
E G & G  PARC), consisting of 1024 diode elements, 
each 2.5 mmx 25 gin. After splitting, the laser beams 
each had a pulse energy of 0.5 mJ and on the way to the 
diode-array detector, they had to be attenuated by 
about 8 orders of magnitude to avoid saturation of the 
diode array elements. The beams originally had a 
diameter of 8 ram, but were slightly converged by 
lenses with long focal lengths so that when reaching the 
diode array, the beams covered approximately 150 
pixels ~ 3.5 ram. As the diode array has a height of only 
2.5 mm, a cylindrical lens was used to focus the beams 
vertically in order to collect all the light. When the 
diode-array was placed in the focal plane of the 
cylindrical lens, strong saturation of the diode-array 
elements was observed, an effect which was avoided by 
slight defocusing. 

A photomultiplier (EMI 9558 QB) and a BOXCAR 
integrator (EG&G, PARC) were used for the detection 
of the scattered light. The laser pulse entering the flame 
was vertically focused with a cylindrical lens 
(f=350mm).  The pulse energy was attenuated to 
0.5 mJ to avoid soot vaporization effects, which will be 
discussed in the next section. The beam waist at focus 
was determined by vertically translating a razor-blade 

through the beam and registering the signal on the 
diode-array detector. Ninety percent of the laser light 
was found to pass within 150 gin. The width of the laser 
sheet in the flame was 5 mm and the polarization of the 
beam, when traversing the flame, was better than 
200:1. The scattered light was collected perpendic- 
ularly to the laser beam, with an f = 160 mm lens and 
imaged (1 : 1) on the detector slit, which had a height of 
1 mm and a width of 5 mm. A narrow-band inter- 
ference filter, 62 = 3 nm, suppressed wavelengths other 
than the scattered one at 532 nm. A polarizer with an 
extinction ratio of 10 .4 was set to transmit light of 
either horizontal or vertical polarization. Since the 
scattering intensity varied over 5 orders of magnitude 
in the measurements, neutral density filters were used 
to ensure a linear response of the photomultiplier. A 
detector gate of 100 ns was used, and the trigger pulse 
was taken from the laser light via a photodiode. 
Throughout the experiments spurious light, such as 
reflections from glass surfaces, laboratory walls etc., 
was minimized by the use of apertures and metal 
surfaces painted dull black. 

2. Preparatory Measurements 

Prior to the measurements of scattering and extinction 
profiles in the sooty flames, preliminary investigations, 
such as checking the validity of the assumption of a 
one-dimensional flame were performed. Therefore, the 
laser light was directed through the flame and focused 
with an f =  500 mm lens and, to avoid laser vapor- 
ization of the soot particles, the pulse energy was 
restricted to 5 gJ. The laser light traversing the flame 
was imaged, with a magnification ratio of ~ 0.2, onto a 
diode-array detector with an f =  40 mm camera lens. 
Figure 2 shows a single-shot image from a sooty flame, 
with an almost uniform scattering pattern. Detector 
gating and a narrow-band interference filter 
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Fig. 2. Single-pulse scattering image from a sooty flame, used to 
confirm the validity of the assumption of a one-dimensional 
flame 



158 P.-E. Bengtsson and M. Ald6n 

"--7 

v 

g 

y~ 

' " i ( )  -2 . . . . . .  2ib-1 . . . . . . .  i . . . . . .  i'() I . . . . . .  iO 2 . . . . . .  i'() 3 '[j/'C'II12 ] 

Loser Fluence 

Fig. 3. Scattered intensity as a function of laser fluence, which 
does not show a linear relationship for fluences above 0.1 J/cm 2 
due to vaporization of soot particles 

(62 = 3 nm) were used to suppress the flame emission to 
a negligible level compared with the scattering. 

Another effect which has to be confirmed is the 
linear dependence of the scattering signal on the 
incident laser fluence, which means that no significant 
vaporization of the soot particles occurs in the region 
under study. Laser vaporization of soot has previously 
been observed for laser fluences of a few J/cm 2 in sooty 
flames [24, 25]. The dependence of the scattering signal 
intensity on the incident laser fluence was studied by 
focusing the laser beam in the flame with an 
f = 5 0 0 m m  lens and recording the scattered light 
perpendicular to the laser beam using a photomulti- 
plier. As can be seen in Fig. 3, the detected scattering 
signal deviated from the linear relationship with the 
incident fluence when the laser fluence exceeded 

0.1 J/cm 2. Even if the higher fluences totally vaporize 
the soot particles in the laser beam centre, scattering 
signals will be registered which have their origin in the 
wings of the laser beam profile. Thus, when scatter- 
ing/extinction measurements are performed, the inci- 
dent fluence must be below 0.1 J/cm 2 in order not to 
significantly vaporize the soot particles. For very high 
laser fluences (>10ZJ/cm 2 for this set-up), laser- 
induced Cz emission from the Swan bands can be 
observed, an effect which is not completely under- 
stood. This feature and the correlation to soot 
profiles are currently under investigation [26]. 

3. Scattering/Extinction Measurements 

For the extinction measurements the ratio between the 
intensities of the signal and the reference beam was 
registered as described in Sect. 1. However, in a first 

approach, each beam was directed to separate photo- 
diodes connected to a BOXCAR integrator on which 
the signals were recorded and consequently divided. 
With this arrangement, the single-shot relative standard 
deviation of the normalized signal intensity was 
around 4%. Since lower pulse-to-pulse fluctuations in 
the normalized signal were desired, the method men- 
tioned above where the two beams were directed to 
spatially separated parts of a diode-array detector was 
investigated. With this method the relative standard 
deviation of the registered laser pulse intensity using 
single pulses was around 2.0%, but could be reduced to 
~0.7% by normalization with a reference beam. In 
these measurements 20 single shots were averaged, 
which reduced the relative standard deviation to 

0.15%, for the normalized signal. An absorption was 
thus detected as a displacement from the normalized 
signal level and the detection limit was of the order of 
0.2%. In these flame measurements no absorption less 
than 1% was considered. The flames were investigated 
up to a height of 10 mm above the burner, since at this 
height the Rayleigh equations could still be used. The 
extinction coefficient is then equal to the absorption 
coefficient, which was experimentally determined as 

1 
Kext(~ Kabs) = ~ ln(Eo/Er), (3) 

where L is the transmission length in the sooty flame in 
cm, E o is the incident laser pulse energy and Er is the 
transmitted laser pulse energy. The flame length at 
each height was determined from photographs, which 
is the conventional approach. Flame length determina- 
tion can, when the scattering is strong enough, also be 
made from imaged scattering measurements. 

In the scattering measurements, the scatter factor 
can be determined from measurements of scattering 
volumes, solid angles and laser intensities, as per- 
formed by d'Alessio et al. 1-12]. A simpler approach, 
later used by d'Alessio et al. [18], was applied in these 
studies, where the scattering signal from the sooty 
flame was internally calibrated by the scattering signal 
from flowing gases with well-known cross-sections. In 
these experiments methane and nitrogen were used as 
calibration gases, and were passed through the burner 
at room temperature and atmospheric pressure. The 
scatter factor from a gas can be expressed as [27] 

Qvv= 24 N ' (4) 

where the number concentration N can be calculated 
from the ideal gas law and values of the refractive index 
n, and the depolarization ratio, Qv, can be found in the 
literature [27, 28]. 

The results from the scattering measurements are 
shown in Fig. 4. A steep rise - around 5 orders of 
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Fig. 4. The scatter factor Qvv, versns height above the burner for 
sooty methane/oxygen flames at different C/O ratios and a non- 
sooty flame with C/O=0.42 

magnitude - can be observed in the scattering signal 
from the sooty flames up to 10 mm above the burner. 
The scattering from the flame gases in a non-sooty 
flame with C/O = 0.42 was measured and subtracted 
from the scattering signals from the sooty flames to 
obtain correct evaluations of soot particle sizes and 
concentrations, especially in the lower regions of the 
flames. The scattered signal was also compensated for 
absorption by the soot - with values from the extinc- 
tion measurements - since the incident light was 
attenuated before scattering occurred and the scat- 
tered light was attenuated by soot on its way to the 
detector. The flame emission contribution to the 
scattered signal was reduced by detector gating and an 
interference filter so that the contribution to the 
vertically scattered component for all flame points was 
less than 1%. The detection limit for this experimental 
set-up was Qvv ~ 3 x 10-11 cm- 1 str- 1. 

The depolarized scattered component from spher- 
ical Rayleigh scatterers is assumed to be zero, however, 
experimentally a depolarized "scattering" signal was 
detected which strongly increased as a function of 
height above the burner. There are two main contri- 
butions to this depolarized component, QHV. One is 
unpolarized fluorescence from polyaromatic hydro- 
carbons (PAH), which increases slowly with increasing 
height above the burner (see next section) but will give 
the strongest interference in the lower part of the sooty 
region. The other is a depolarized component of the 
elastically scattered light which has its origin in 
anisotropy in particle shape and polarizability 1-13]. 

The depolarization ratio, ~v=QHv/Qvv, did reach 
values up to 50% around 4ram above the burner and 
at heights above 6 rnm above the burner had values 
below 2%. Thus, it is especially important to subtract 
the depolarized component from the polarized compo- 
nent in the lower regions of the sooty flames in order to 
evaluate correct particle sizes and number 
concentrations. 

4. Laser-Induced Fluorescence Measurements 

The unpolarized fluorescence observed in the sooty 
regions of premixed flames is attributed to polyaroma- 
tic hydrocarbons (PAH) [-12, 29, 30]. PAH constitute a 
group of molecules which mainly consist of a small 
number of benzene rings, often 2-5, and support has 
been given for their role in soot formation processes as 
intermediate species [-31]. Sampling methods with 
chromatographic and/or mass spectrometric detection 
of PAH have been used to separate them [-12, 32], but 
have the disadvantage of perturbing the flame pro- 
cesses. Optical methods have the feature of being non- 
intrusive but the broadband unstructured fluorescence 
from the polyaromatics [33-35] makes it difficult to 
separate them. 

The spectral shape of the PAH fluorescence was 
measured for the three investigated sooty flames in the 
region 4-10 mm above the burner. Figure 5 depicts the 
spectral distribution of the depolarized light at a height 
of 5 mm above the burner in the methane/oxygen flame 
with C/O=0.62. Superimposed on the broadband 
fluorescence structure between 400 and 750nm, the 
depolarized elastically scattered component at 532 nm 
can be observed. The broadband fluorescence from the 
methane/oxygen flames peaked around 540 nm, and as 
it was found that the spectral shape of the fluorescence 
was approximately the same for the three sooty flames 
at all heights in the present study, only a portion of the 
spectra, which were unaffected by the depolarized 
component at 532nm, was treated when comparing 
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Fig. 5. Spectral distribution of unpolarized polyaromatic hydro- 
carbon fluorescence for a methane/oxygen flame with 
C/O=0.62, 5ram above the burner. The peak at 532nm is the 
depolarized component scattered by the soot. The spectrum is 
the result of 100 single-shots 



160 P.-E. Bengtsson and M. Ald6n 

3 

C/0=0.62 

0 
L~ 5 6 7 8 9 10 [mm] 

Heighf above burner 
Fig. 6. PAH-fluorescence signal profiles for the investigated 
methane/oxygen flames 

g 
8 

r  

u -  

/ /  
/ 

I 

I 
I 

o:~ o12 o:3 U/cm: 
Laser FIuence 

Fig. 7. Fluorescence signal from polyaromatic hydrocarbons 
versus laser fluence for a flame with C/O = 0.62, 5.5 mm above the 
burner. The arrow indicates the laser fluence used in the 
scattering measurements 

soot absorption is less for this technique compared 
with the cw laser/lamp technique. A rough estimate of 
this ratio can be made by referring to Fig. 5. The ratio 
between the spectrally integrated fluorescence and 
depolarized scattering attributed to soot is defined as b, 
when corrected for spectral variation in the detector 
quantum efficiency. Let the relation between the 
scattering efficiency from soot and absorption effici- 
ency by soot be specified by the factor e, the ratio 
between depolarized and polarized scattering from 
soot by a factor d and the fluorescence yield in the 
visible region ~. Then the ratio between the PAH 
absorption and soot absorption, e, can be estimated 
through the formula 

c . d  
e = b  . - - .  (5) 

For the flame point in Fig. 5, C/O = 0.62 at a height 
of 5mm above the burner, b~50  and c~10 -4. An 
appropriate value of d is ~ 0.02 and ~ ~ 10- 2 [13], and 
together such a low estimated value as e g 10-z will be 
obtained for the ratio between PAH absorption and 
soot absorption 5 mm above the burner, i.e. 2 mm into 
the sooty region of the flame. 

5. Results and Discussion 

Soot particle size and concentration profiles were 
evaluated from the scattering and extinction equa- 
tions (1 and 2), and the size profiles are shown in 
Fig. 8. A monodisperse soot aerosol is then assumed 
with a soot particle refractive index of rh= 1.9-0.55i 
[37]. The increase in the soot particle size with height is 
very rapid due to surface growth and coagulation 
processes with the steepest rise for the most sooty 

the fluorescence signals as represented in Fig. 6. The 
fluorescence signal thus increases as a function of 
height above burner and as a function of C/O ratio. 
Even if the PAH fluoresce more at greater heights, their 
greatest interference with the scattering is in the soot 
inception zone where the fluorescence and the scatter- 
ing are of the same magnitude. 

Another feature observed for the PAH fluorescence 
was saturation of the fluorescence signal when increas- 
ing the incident fluence of the pulsed laser beam, as 
illustrated in Fig. 7, where the arrow indicates the laser 
fluence used in the scattering measurements. The 
saturation corresponds to the statement by Smyth 
et al. [36], that absorption by polyaromatic hydrocar- 
bons consists of one-photon allowed transitions which 
are easily saturated. This observation of saturation 
may imply that the ratio between PAH absorption and 
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F i g .  8. Soot particle size profiles evaluated from the Rayleigh 
scattering/extinction equations 
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flame. After initial concentrations higher than 
011 cm-3  a fast decrease occurred to concentrations 

around 101~ -3 at 10ram above the burner. The 
decrease is due to coagulation, which is the only 
process affecting the concentrations beyond the soot 
nucleation zone. In Fig. 9 the soot volume fraction 
profiles (fv) are presented, which can be simply 
calculated from the profiles of N and d through the 
formula fv=~C .N.d3/6. However, the N d  3 term is 
directly measured in the extinction coefficient and the 
soot volume fraction can be deduced through the 
expression 

l g e x  t " )~ 
fv = g ' ~ .  (6) 

The curves reveal that only a small part of the total 
soot volume is due to the soot nucleation process, 
instead surface growth reactions are predominant. 

The accuracy in the evaluated numbers is limited 
both by experimental and theoretical uncertainties. 
When considering the experimental uncertainties, the 
inaccuracy in the extinction measurements will be due 
to the general problem of accurately measuring small 
absorptions, part of the absorption may be due to large 
molecules such as polyaromatic hydrocarbons and 
some uncertainty in the determination of the flame 
length. The flame length is generally determined from 
flame photographs and taken as the luminous flame 
width, which is assumed to correspond to a uniform 
absorption path length. The error in the flame length 
determination can be estimated to be less than 5%. 

To estimate the accuracy in the absorption mea- 
surements, a study of the signal processing is perfor- 
med. Each of the beams (signal and reference) covered 
around 150 diode-array pixels with approximately 

5000 counts in each, which led to a total value of 
~7 x 103 counts, which originated from ~7 x 10 6 

photons [--38] leading to a Poisson noise of less than 
0.1%. However, in practice the relative standard 
deviation for the normalized single-shot signal was 
0.7% and the main contribution to this may be noise 
due to differences in the detector characteristics for the 
different parts of the diode array [-39]. When 20 shots 
were averaged in these measurements, the relative 
standard deviation for the normalized signal was 
reduced to 0.15% and for such low values other noise 
sources such as detector read-out noise will obtain 
increasing importance. An absorption of 5% can, with 
this technique in single-shot performance, be estimated 
to be measured with an accuracy of 20%, which in 
these measurements was reduced to 4% when 20 shots 
were averaged in each data point. 

Concerning the accuracy in the scattering measure- 
ments, a potential uncertainty is the scattering calibra- 
tion with a methane gas flow. The maximum difference 
between such calibrations was 5 %. The flame emission 
contribution to the vertically polarized scattering 
signal was reduced to less than 1% for all flames using 
detector gating and interference filters. The relative 
standard deviation of the scattered signal on the 
photomultiplier was typically around 6 % due to flame 
fluctuations, laser pulse-to-pulse fluctuations and de- 
tector noise. Averaging over 20 shots, led to a reduc- 
tion in this number to ~ 3 %. At the first flame points, 
where scattering from soot occurs, the accuracy is 
worse because of the need to subtract both flame gas 
scattering and depolarized "scattered" light. From the 
foregoing reasoning, accuracies in the determination of 
Qvv and Ke~t can be estimated and these are given in 
Table 1 for two flame points, 5 and 10ram above the 
burner for a flame with C/O = 0.54. The accuracies for 
single-shot measurements are also calculated for the 
higher flame point. The dependence of N, d, and fv on 

2 the experimentally obtained parameters a r e  Kext/Qvv, 
(Qvv/Kext) 1/3 and K~t, respectively, and accuracies in 
these are also presented in Table 1. It can thus be seen 
that, from an experimental point of view, the most 
reliable determination is of the soot particle size and 
the least accurate of the soot particle concentration. An 
effect which has not been taken into account in Table 1 
is the inaccuracy introduced by a low spatial resolution 
in the flame measurements. From Fig. 8 it can be seen 
that the soot particle size will increase ~ 1 nm over a 
length of 150 ~tm which was approximately the reso- 
lution in the measurements. 

When comparing different experimental ap- 
proaches, the scattering/extinction method using a cw 
laser for the scattering measurements and a tungsten 
strip filament lamp for the extinction measurements 
will of course have the same theoretical limitations as 
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Table 1. The estimated accuracies in the experimental parameters 
for three experimental situations. In the last columns it is shown 
how they contribute to the accuracy (rms values) in the evaluated 
soot particle properties, x is the height above the burner 

/O \1/3 Flame ~vv 
condition Qvv Kext ~ fv 2 

C/O =0.54 8% 15% 23% 6% 
x = 5 m m  

C/O =0.54 6% 6% 10% 3% 
x = 10mm 

C/O =0.54 8% 12% 19% 5% 
x = 10mm 
single-shot 

the pulsed laser technique. Experimentally, the cw 
laser/lamp technique is limited to stationary pheno- 
mena, whereas the short pulse duration of a pulsed 
laser can be used for the investigation of non-stationary 
phenomena. With lock-in detection the scattering 
signal will be "lifted off' the background flame 
emission for the cw laser/lamp technique, instead 
of suppressing the background as for the pulsed laser 
technique. The absorption measurement is more accu- 
rate for a lamp than for a pulsed laser even in this 
approach where the signal is normalized, since the 
stability of a lamp is of the order of 0.05%-0.1% [13, 
18]. However, other referencing methods in absorp- 
tion measurements with pulsed lasers may be competi- 
tive with the lamp technique [403. Interesting is also 
the application of this pulsed laser technique in 
combination with other pulsed laser diagnostic techni- 
ques such as CARS. 

When discussing the different features of the scat- 
tering/extinction techniques, it is appropriate to briefly 
make some comparisons with the Dynamic Light Scat- 
tering technique (DLS) [20-22], which is based on the 
spectral broadening of light scattered from particles or 
molecules undergoing Brownian motion. The diffusion 
coefficient, deduced from the experiment, can be 
converted to a soot particle size through an experi- 
mentally determined temperature and information on 
parameters such as the fluid viscosity, the mean free 
path and the nature of particle-molecule collisions. If a 
monodisperse soot particle size distribution is assumed 
the soot particle size determination will be independ- 
ent of the complex refractive index. To obtain the 
number concentration, Dynamic Light Scattering 
(DLS) must be combined with a measurement of the 
static light scattering intensity and then the un- 
certainty in the complex refractive index will again be 
introduced. It seems that the dynamic light scattering 
method does not have the capability to measure as 

small particles as the scattering/extinction method. 
The smallest determined particle size for dynamic light 
scattering in [22] was 70 A, whereas in these measure- 
ments particle sizes down to 30-40,~ were inferred, 
and for the conventional cw laser/lamp scattering/ex- 
tinction technique particle sizes down to 15-20,~ [41] 
have been reported. However, an advantage of DLS 
compared with the scattering/extinction technique is 
the possibility of spatially resolved measurements. 

Concerning the theoretical limitations, (1 and 2) are 
based on the assumptions of an optically thin, mono- 
disperse system of spherical scatterers, which have sizes 
much less than the utilized laser wavelength. Since the 
evaluated soot particle sizes are less than 1/10 of the 
laser wavelength 532 nm, the Rayleigh scattering equa- 
tion is sufficient and no extension to the Mie equa- 
tions has to be made. When entering the Mie regime, 
an increased forward scattering can be seen, which can 
thus be used as an experimental indication that the 
Rayleigh criterion is becoming invalid. In the Rayleigh 
regime the scattering is negligible compared with the 
absorption, and the flame can be regarded as optically 
thin with a negligible contribution from multiple 
scattering effects. The assumption of spherical soot 
particles is acceptable in the early phases of soot 
formation before chain formation occurs. This has 
been proven with the aid of electron micrographs 
which show that the sampled soot particles are spher- 
ical [41]. 

To use the scattering/extinction equations, know- 
ledge of the complex refractive index of soot, rfi = n -  ik, 
is required. The easiest and most general treatment is 
to select a previously determined value from the 
literature and apply it at all flame heights. However, 
the soot particle properties change with flame height, 
for example, a nucleated soot particle has a high 
hydrogen content while an aged particle is dehydro- 
genated [16]. Accordingly, it is not surprising that the 
complex refractive index of soot changes with height 
above the burner, as has recently been shown by 
Charalampopoulos and Felske [22], who performed 
in-situ measurements at different heights in a sooty 
methane/oxygen flame with a combination of the 
dynamic light scattering and static light scattering/ex- 
tinction methods and found an increase in both the real 
and imaginary parts of the refractive index when the 
nucleated soot particles are growing. Many techniques 
have been used to determine the complex refractive 
index of soot and many of them are questionable, e.g. 
ex-situ measurements which suffer from potential 
sampling interference [423. Different complex refrac- 
tive indices of soot has been suggested, e.g. 
rfi= 1.56- 0.46i [433, rh= 1.9 - 0.35i [44], rfi= 1.7 --0.8i 
[45], rfi=2.0-1.0i [46], and rfi=1.90-0.55i [37]. 
When evaluations of d, N, and fv are made with these 
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values of rh, the calculated relative standard deviations 
in the determination old, N, and fv are ~ 10%, ~ 60%, 
and ~40%,  respectively. 

Another critical assumption is that of a monodis- 
perse size distribution of the soot particles, since 
several reports have shown that a polydisperse size 
distribution is a better description of the sooty flame 
condition. For example, Wersborg et al. [47] found 
that nucleated soot particles tend to have a narrow 
Gaussian size distribution, while aged soot particles 
are better described by a broader logarithmic normal 
distribution. Support for a logarithmic normal distri- 
bution has also been found in other studies [-41, 45], 
where the sampled soot particles were analysed by 
electron microscopy. Another size distribution, the 
self-preserving size distribution (SPSD), suggested by 
Lai et al. [48], is reached during flame conditions 
where free-molecule coagulation theory from Brown- 
ian motion is applicable. As a sooty flame region is 
covered, which exhibits nucleation as well as coagula- 
tion and surface growth, it is difficult to assume 
correct distributions and correct widths at the different 
flame heights. Because of these uncertainties, a mono- 
disperse size distribution has been used in these 
calculations at all heights. Using this treatment the 
number concentrations will be underestimated, 
whereas the particle sizes will be overestimated. The 
choice of either the monodisperse or the self-preserving 
size distribution will give a difference in the determina- 
tion of N of approximately a factor 2. Thus the 
theoretical uncertainties are significant. 

6. Summary 

A pulsed Nd : YAG laser has been used to perform 
scattering/extinction measurements in fiat, premixed 
methane/oxygen flames to determine soot particle 
sizes, number concentrations and soot volume frac- 
tions. The accuracies in these values are limited by 
uncertainties in experimental and theoretical param- 
eters, where the main theoretical uncertainties are 
the assumptions of a certain soot complex refractive 
index and a certain soot particle size distribution. This 
is a conventional approach, even though the 
inaccuracies in the determination of soot properties 
resulting from these assumptions were calculated to be 
larger than those introduced experimentally. However, 
in this study, effort was concentrated on the examina- 
tion of the pulsed laser technique and uncertainties in 
experimental parameters. In this study a monodisperse 
size distribution has been chosen and a complex 
refractive index of rh= 1.9-0.55i [37]. 

Experimentally, inaccuracy in the measurement of 
the extinction coefficient will arise from the flame 

length determination, the general uncertainty in the 
measurement of small absorptions and possible non- 
soot absorption interference by large molecules such as 
polyaromatic hydrocarbons in the soot nucleation 
region. Difficulties in measuring small absorptions 
with a pulsed laser are due to inherent pulse-to-pulse 
fluctuations. However, by splitting the laser pulse into 
a signal beam and a reference beam, and forming the 
ratio between their intensities, the normalized signal 
will, to a large extent, be independent of pulse-to-pulse 
fluctuations and the relative standard deviation of the 
single-shot normalized signal was 0.7%. By averaging 
over 20 single-shots, the accuracy in the measurement 
of an absorption of 5% was ~4%.  

To avoid soot vaporization, the incident laser 
fluence in the flame centre was kept below 0.1 J/cm 2, 
but despite this restriction a high sensitivity in the 
scattering measurements was achieved. The detection 
limit was Qvv~3 x 10 -21 cm -~ str -1 and the burnt 
flame gas scattering was easily detected with Qvv ~ 2.5 
x 10 .9 cm-~ str-2. A flame emission contribution to 

the scattering was reduced to below 1% using detector 
gating and interference filters. 

The unpolarized fluorescence from polyaromatic 
hydrocarbons was observed to increase strongly with 
the height above the burner and with the C/O ratio. 
The PAH fluorescence interference is, however, most 
serious in the lower part of the sooty flames. At about 
the laser fluence used in the scattering measurements, 
saturation behaviour was registered in the fluorescence 
signal. 

Single-shot measurements were also performed 
and due to the short time scales probed, there is a 
potential for the application to non-stationary 
phenomena. 
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