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Abstract Time-resolved laser-induced incandescence (LII)
is a technique for in-situ soot particle size distribution mea-
surements with the limitation that the distribution function
has to be assumed (often monodisperse or lognormal) in
the signal analysis. Since it is established that size distri-
butions sometimes are bimodal, it is of interest to under-
stand the influence from such distributions on the LII signal,
and consequently what information can be extracted from
experimental LII signals. The influence of the parameters
of the bimodal lognormal distribution on the evaluation us-
ing a monodisperse or lognormal distribution was investi-
gated. A range of bimodal distributions were tested and it
was found that a unimodal evaluation of a signal from a bi-
modal distribution is only slightly affected by its small-size
mode, meaning that LII can be used to determine the ap-
proximate parameters of the large-size mode.

1 Introduction

Laser-induced incandescence (LII) is a diagnostic method
for remote measurements of soot properties within hot reac-
tive gases as well as in cold flows, such as in the gases of
a combustion process and in its exhausts [1, 2]. Although
the method was proposed and demonstrated already in the
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1970s [3, 4], it has been most actively developed during the
last 15 years for measurements of soot volume fractions and
particle sizes [5–13]. The basic principle of LII is that soot
particles are heated by a short laser pulse to temperatures
of 3500–4000 K, and the subsequent increased blackbody
radiation from the particles is analyzed in terms of volume
fractions and/or sizes. The time-resolved LII signal can be
analyzed in terms of particle size, since the cooling of the
soot particles proceeds with different rates depending on
their sizes. The evaluation is performed using a heat and
mass transfer model for the laser-heated particles [14–16].
LII has proven to be useful in fundamental studies as well as
in applied measurements, but there are still a number of is-
sues that need to be addressed to improve the understanding
of the fundamental processes and thereby also the accuracy
of the evaluated soot properties.

Although particle sizing using LII was discussed and
demonstrated already by Weeks and Duley in 1974 [3], it
was not until the studies by Will et al. [17, 18] and Roth and
Filippov [19] in the middle of the 1990s that LII demon-
strated its potential for soot particle sizing in flames. In
these studies, a monodisperse size distribution was assumed
and evaluated. However, soot particle distributions gener-
ally consist of a range of different particle sizes, and the
lognormal size distribution has been shown to be a good
approximation for various flame conditions, see for ex-
ample [20–24]. Evaluation of both the shape and position
of a size distribution from an LII signal is a challenging
task, which is why the distribution is often fixed to a log-
normal shape, leaving two parameters to fit: the geomet-
ric mean diameter, dg , and the geometric standard devia-
tion, σg . Even when such a parameterized distribution is as-
sumed, the analysis can be cumbersome, since the minimum
in the least-squares fit procedure is shallow in the parame-
ter space spanned by dg and σg , which has been discussed
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thoroughly in [12]. Also, a lognormal size distribution may
not always be the best assumption. In a recent investigation
of LII signals recorded from measurements in a Diesel en-
gine, it was shown that a theoretically calculated LII signal
from a multi-lognormal distribution agreed better with an
experimental LII signal than that from a single-lognormal
distribution [25].

An important aspect in the evaluation of a size distribu-
tion from an LII signal is that the signal is relatively insen-
sitive to the smaller particles of the distribution. The main
reason for this is that the radiation from soot particles in the
Rayleigh regime, in which particle sizes are much smaller
than the wavelengths [26], is proportional to the particle
volume when the particles have the same temperature. Also
contributing to the insensitivity is the fact that the approxi-
mately exponential cooling rate is larger for the smaller par-
ticles, because of their larger surface to volume ratio. Since
the LII signal is stronger for particles with higher temper-
ature (∼T 5, where T is the absolute temperature) this dif-
ference in cooling rate leads to a decreased sensitivity of
the LII signal to smaller particles. This means, that not only
do the smaller particles have a much smaller contribution
to the LII signal when all particles are heated to the same
temperature by the laser pulse, but also that their relative
contribution becomes successively smaller as the particles
cool.

In addition to the investigations where lognormal dis-
tributions have been observed, several studies during the
last decade have found soot size distributions in flames
to sometimes be bimodal [27–29]. Abid et al. [29] made
measurements in a premixed ethylene/oxygen/argon flame,
stabilised on a sintered porous plug burner, using a scan-
ning mobility particle sizer (SMPS). The measurements
were made for different flame temperatures and at different
heights above burner, and some of the experimental cases
showed bimodal distributions. Stirn et al. [27] also used
an SMPS to measure soot particle size distributions in eth-
ylene/air flames on a stainless-steel McKenna burner, at a
number of heights above the burner (HAB) and equivalence
ratios, Φ . For some conditions, the measured size distribu-
tions were bimodal, also at heights where aggregation has
not yet become dominant. A general question thus arises,
and that is to what extent the mode with small sizes (from
now on called the small-size mode) of a bimodal distrib-
ution influences the evaluation of the size distribution. Al-
though this topic has been partially treated in other stud-
ies [2, 30], in this work we present a theoretical investi-
gation of how various parameters of a bimodal distribu-
tion influence the evaluated particle size distribution. It is
shown that for some cases the evaluated size distribution
closely resembles the large-size mode of the bimodal distri-
bution. Moreover, the influence of the start time of the signal
analysis on the evaluated particle size distribution is investi-
gated.

2 LII model and evaluation procedure

The LII model that is used for the evaluation of all LII
signals in this work is the one described in Bladh et al.
[16], with the modifications that the sublimation sub-model
is turned off, since the particle temperature never exceeds
3600 K. The laser pulse heating and subsequent cooling of
the soot particles is described in the model using heat and
mass balance equations. The particles are assumed to be
graphite-like and hence values of material constants asso-
ciated with graphite are used. As a consequence, the small-
size mode and the large-size mode of a bimodal distribution
are assumed to consist of particles with the same proper-
ties in the analysis in the present work. When applying this
analysis to a real bimodal distribution in the soot growth
region of a flame, it should be noticed that especially the
small-size mode may have significantly different properties.
The implication of this is discussed in Sect. 3.4.

The experimental parameters used in the model are sim-
ilar to those used in Bladh et al. [23]: The laser pulse at
1064 nm is a spatial tophat with a Gaussian time profile
(FWHM = 10 ns). The laser fluence is 0.12 J/cm2 and the
signal is detected at 575 nm. The particle size distributions
that are used in the model are discretised with a step size
of 0.05 nm for the diameters. The heat accommodation, αT ,
was set to 0.3 and the absorption function E(m) was set to
0.4, which are within the spans of values from recent inves-
tigations [2]. As will be discussed later, the sensitivity on the
presented results from these parameters was marginal.

The evaluations of particle sizes from LII signals were
made according to the procedure in Bladh et al. [23]. The
least-squares fit of a modeled signal to the simulated exper-
imental signal is made from 20 ns after the signal peak until
the end of the signal at 900 ns after the peak, unless other-
wise stated, and the two signals are normalised at the start
of the evaluation interval.

When using LII to evaluate primary particle sizes, some
assumptions need to be made regarding the shape of the size
distribution. One of the most common parameterized distri-
butions that have been used in evaluations is the lognormal
distribution, which has been shown to describe soot particle
distributions reasonably well [20–24]. To find dg and σg of
a lognormal distribution in a fit to an LII signal created from
a lognormal distribution is a mathematically ill-posed prob-
lem [12]. There is, however, a unique solution to the prob-
lem, and it has been shown that there is just one minimum
in the residual (χ2) surface of the fit, making it straightfor-
ward to find the solution using a least-squares fitting algo-
rithm [12]. A residual surface was calculated for the case
where modeled signals from lognormal distributions were
fitted to a signal from a modeled bimodal lognormal distrib-
ution. This surface was found to have a shape similar to that
of the residual surface described above. This indicates that
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Table 1 Case A: Parameters for bimodal lognormal distributions sim-
ilar to those acquired by Stirn et al. [27] in an ethylene/air flame on
a stainless-steel McKenna burner at Φ = 2.1 and HAB = 10 mm.
The weight of the large-size mode has been normalized to w2 = 1.
dg1 and dg2, σg1 and σg2, and w1 and w2 are the geometric mean parti-
cle diameters, the geometric standard deviations, and the weights of the
small-size mode, p1, and the large-size mode, p2, respectively. Case B:
A range of cases where the large-size mode is fixed and the small-size
mode weight and geometric diameter are varied

Case w1 dg1 [nm] σg1 w2 dg2 [nm] σg2

A 0.75 4.2 1.23 1.0 11.1 1.34

B 0–10 3.0–11.0 1.3 1.0 11.0 1.3

this problem is similar: it is ill-posed but has a unique so-
lution, and there are no local minima in the residual surface
that can cause problems for the fitting routine.

To assess the influence of the small-size mode on the
evaluation of an LII signal, a bimodal lognormal size dis-
tribution is created. The parameters of the distribution are
similar to those in a distribution presented by Stirn et al.
[27], acquired using an SMPS from ethylene/air flames on a
stainless-steel McKenna burner at an equivalence ratio (Φ)

of 2.1 and a height above burner (HAB) of 10 mm. This
case was chosen since our measurements at similar condi-
tions [23] suggest that the particles in this distribution are
mostly non-aggregated, making it reasonable to assume that
also the SMPS sizes mainly correspond to isolated particles.
The parameters of this distribution are shown in Table 1,
case A. The bi-lognormal distribution, pb , is given by

pb(d) = w1p1(d) + w2p2(d)

p1(d) = pn(d, dg1, σg1)

p2(d) = pn(d, dg2, σg2)

pn(d, dg, σg) = p(d, dg, σg)

max(p(d, dg, σg))

p(d, dg, σg) = 1√
2πd lnσg

exp

(
−

(
ln(d/dg)√

2 lnσg

)2)
(1)

In (1), dg1 and dg2, σg1 and σg2, and w1 and w2 are the
geometric mean particle diameters, the geometric standard
deviations, and the weights of the small-size mode, p1, and
the large-size mode, p2, respectively. The function p is the
standard lognormal function and pn is the peak-normalized
lognormal function. Instead of p,pn is used in the following
tests, since it does not change its peak value with dg , making
it easier to understand the influence of the weight parame-
ter, w, and the geometrical mean diameter, dg , separately.
It should be noted, that even if σg is fixed, the standard de-
viation of pn becomes larger with larger dg , which is also
common for experimental data [27, 29].

The bimodal distribution has been constructed in such a
way that the weights w1 and w2 are the values of the peaks
of the small-size mode, p1, and the large-size mode, p2, re-
spectively. When the modes overlap, the positions of the
peaks of the bimodal distribution become slightly shifted
from the peaks of the modes when viewed separately. When
the distance between the modes becomes smaller, leading to
a stronger overlap, the combined shape of the two modes
forms a distribution where the individual peaks gradually
disappear. Still, in this theoretical work, we use the defi-
nition bimodal for such distributions, as they are obtained
using two separate lognormal functions.

3 Results and discussion

3.1 Evaluation of an experimental size distribution

The size distribution A in Table 1 was used as input data
to the LII model to simulate an LII signal, which was then
evaluated as if it was originating from a unimodal lognor-
mal distribution. The original and evaluated size distribu-
tions are shown in Fig. 1. The lognormal parameters of the
evaluated distribution are dg2 = 10.8 nm and σg2 = 1.35. It
is shown that the evaluated unimodal distribution is similar
to the large-size mode of the bimodal distribution, both in
position and shape, and that it is slightly shifted towards the
small-size mode. Since LII is more sensitive to the larger
particles, mainly due to the volume dependence of the sig-
nal, this result is not unexpected.

Because fitting of an experimental LII signal using a log-
normal size distribution is known to be sensitive to noise
and other inaccuracies [12], it can be informative to fit a
modeled LII signal based on a monodisperse size distribu-
tion to the simulated LII signal. Even if size distributions are
not monodisperse in reality, the evaluated particle diameter
gives a rough estimate of the particle sizes in the probe vol-
ume, which can be sufficient in some cases. The monodis-
perse fit to the simulated LII signal from the bimodal log-
normal distribution is shown in Fig. 1, and gave the result
d = 14.8 nm. As expected, the fitted monodisperse size dis-
tribution is biased towards the larger particle sizes within
the bimodal lognormal distribution [31]. To see the influ-
ence from the small-size mode on the monodisperse fit, a
monodisperse fit was also done for an LII signal simulated
from just the large-size mode of the bimodal lognormal dis-
tribution. It has not been plotted in the figure, since it differs
with less than 0.5% from the result of the fit to the bimodal
distribution. This very small difference is attributed to the
relative insensitivity to smaller particles of the LII measure-
ment method.

To assess the influence of the heat accommodation coef-
ficient, αT , and the absorption function, E(m), on the cal-
culated values, these parameters were varied in the intervals
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Fig. 1 The solid curve shows
the bimodal lognormal
distribution A from Table 1,
where the large-size mode
parameters are dg2 = 11.1 nm
and σg2 = 1.34. The dashed
curve shows the lognormal
distribution, found by evaluating
a simulated LII signal from the
bimodal distribution, with
dg2 = 10.8 nm and σg2 = 1.35.
The position of the evaluated
monodisperse size is shown by
the dotted line, with
d = 14.8 nm. This evaluated
monodisperse size was the same
(within 0.5%) if only the
large-size mode was used to
simulate the LII signal. All
evaluations started 20 ns after
the peak of the signal

αT = 0.2–0.6 and E(m) = 0.3–0.5. Their influences on the
lognormal evaluation were found to be negligible: the max-
imum deviations from the results above were below 0.5%
for dg and below 0.2% for σg . Additionally, varying the de-
tection wavelength resulted in negligible influence on the
evaluated size distribution.

3.2 Influence of size and position of the small-size mode

The tests of the influence of the small-size mode in a bi-
modal lognormal distribution in the previous section were
made for a certain distribution similar to one that was mea-
sured experimentally. To assess the influence of a wider va-
riety of bimodal distributions on the evaluated sizes, signals
from bimodal lognormal distributions were first simulated
using the LII model, with the parameters shown in Table 1,
case B. The large-size mode was fixed at dg2 = 11.0 nm
and σg2 = 1.3, and the geometric standard deviation of the
small-size mode was fixed at σg1 = 1.3. These values were
chosen to be similar to the distribution tested in the previ-
ous section, but since σg shows relatively small variations
in sooting flames, the geometrical standard deviation was
fixed at the same value to simplify the analysis of the re-
sults. Since only the relative weights of the modes are rel-
evant when evaluating the shape of the size distribution, in
this test the peak value of the large-size mode, w2, is always
set to one. The ranges of the weight of the small-size mode
(w1) and geometric diameter (dg1) in Fig. 2 were chosen
to approximately cover the ranges found in [27] and [29]:
w1 = 0–10 and dg1 = 3.0–11.0 nm.

The LII signal simulated from the bimodal distribution
was first evaluated with the assumption that it was origi-
nating from a monodisperse distribution. The monodisperse

case was tested since it is the most simple type of evalua-
tion, with only one size parameter in the fit, de, instead of
two, (dg, σg), for the lognormal distribution. The evaluated
monodisperse size, called the monodisperse equivalent size,
was plotted as a function of the geometric mean diameter,
dg1, and the weight, w1, of the small-size mode of the bi-
modal distribution, in Fig. 2a. Before discussing the features
of Fig. 2a, it should be noted that the monodisperse evalu-
ation will result in a diameter of 14.0 nm if the small-size
mode is not present. It is this value that the data in Fig. 2a
should be compared to.

There are two features that can be immediately observed
in Fig. 2a. Firstly, if the geometrical mean diameter of the
small-size mode, dg1, is kept constant, increasing the weight
w1 of the small-sized mode results in a decrease in the eval-
uated monodisperse diameter, independent of which dg1 is
chosen. This is obviously the effect of the smaller particles
getting more influence on the shape of the signal decay as w1

is increasing. Secondly, keeping w1 constant and decreasing
dg1, starting with dg1 equal to the geometric mean of the
large-size mode, initially results in a decrease in evaluated
monodisperse size. This is because the contributions of the
two modes to the signal are of similar magnitude, meaning
that as the mean of the small-size mode decreases, it will ini-
tially pull the monodisperse equivalent size towards smaller
values. However, the strength of the signal originating from
the small-size mode decreases with dg1, due to its smaller
volume fraction and shorter decay time, meaning that the in-
fluence of the small-size mode on the signal eventually will
become so small that the evaluated size starts to increase,
once again approaching the monodisperse equivalent size of
the large-size mode. At the turning point there is a mini-
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Fig. 2 (a) The monodisperse size evaluated from LII signals simu-
lated from bimodal lognormal distributions with different values of dg1
and w1. For the bimodal distributions, the parameters of the large-size
modes are fixed at dg2 = 11.0 nm and σg2 = 1.3, while only the geo-
metrical width of the small-size modes is fixed, σg1 = 1.3. The solid
black lines are contour lines showing the deviation from the evaluated

monodisperse size of the large-size mode. The dashed black line shows
where the minimum in between the peaks of the bimodal distribution
disappears when moving from left to right in the figure. (b) Plots A–D
show how the shape of the bimodal distribution changes when w1 = 2
and dg1 increases as shown in (a). In each plot the individual modes
are shown as well as the total size distribution

mum evaluated diameter that depends on w1. Larger values
of w1 will result in a smaller minimum evaluated equiv-
alent diameter, and this minimum will appear for smaller
values of dg1 the larger w1 is. By analyzing the figure in
more detail, it can be stated that if the weight of the small-
size mode is less than 75% of that of the large-size mode,
the monodisperse equivalent size is at most 5% lower than
that evaluated for the large-size mode only. If the weight of
the small-size mode is less than 200% of that of the large-
size mode, the monodisperse equivalent size is at most 10%
lower.

The bimodal distributions marked in Fig. 2a as A, B, C
and D, with w1 = 2 and different dg1, are shown in Fig. 2b.
In distribution A the two peaks are clearly recognizable, but
they are gradually moved closer to each other in B and C,
and they form a single peak in D. The dashed black line in
Fig. 2a marks the limit where the local minimum in between
the two peaks in the bimodal distribution disappears when
dg1 is increased.

When evaluating the bimodal signal using a unimodal
lognormal distribution with geometrical mean diameter, dg ,
and geometrical standard deviation, σg , the results are sim-
ilar to the case when evaluating using a monodisperse dis-
tribution. The graph for dg , equivalent to Fig. 2a, appears
similar to that of the monodisperse equivalent size, de, while
σg tends to get slightly larger values when the weight of the
small-size mode is increased.

3.3 Influence of the start time of evaluation

It was demonstrated in Fig. 1 that the evaluation of a bi-
modal size distribution using a lognormal size distribution
to a large extent corresponds to the large-size mode of the
distribution. A question that arises is if the experimental
arrangement or theoretical analysis can be adjusted so that
the evaluated lognormal size distribution even more resem-
bles the large-size mode of the distribution. As has been pre-
viously mentioned, the contribution of smaller particles in a
size distribution to the LII signal becomes smaller for longer
times from the particle heating due to their higher cooling
rate. This means, that when evaluating a polydisperse parti-
cle size distribution as if it were monodisperse, the evaluated
particle size will depend on which part of the signal that is
used for the evaluation. A later start time for the analysis
thus means smaller influence from the small-size mode.

To investigate the influence of the start time of the evalua-
tion, the monodisperse equivalent size was calculated for the
bimodal distribution A in Table 1, for different values of the
start time, as shown in Fig. 3. It is shown that the monodis-
perse equivalent size becomes larger the further from the
peak of the signal the evaluation starts, which is expected
since the smaller particles then get less influence on the sig-
nal. Thus a delayed start of evaluation will decrease the in-
fluence of the small mode resulting in evaluated sizes closer
to the large size of a bimodal distribution. However, the
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Fig. 3 The evaluated
monodisperse equivalent size of
the bimodal distribution
specified in Table 1, case A, as a
function of the start time of the
evaluation (after peak signal
value). The monodisperse
equivalent size increases with
start time since the influence of
the smaller particles in the
bimodal distribution decreases
with time. The total signal
length from time of peak was
900 ns

scheme does at the same time increase uncertainties as a re-
sult of increasing influence of noise when relying on later
parts of the LII signals, making the scheme unsuitable for
many experimental investigations.

3.4 Influence of different particle properties of the two
modes

One assumption in the present work is that the particles
in the two modes of a bimodal size distribution have the
same properties. This assumption is apparently questionable
for the bimodal distributions observed in the nucleation and
growth region of premixed flat flames [27, 29, 32], since it
is well known that particles undergo changes in morphol-
ogy, chemical composition, and optical properties. These
changes may influence the heating and cooling rates of the
particles when using LII. For example, it can be expected
that the smaller particles close to the sizes where particle
nucleation occurs are more transparent [32, 33], meaning
that particle temperatures become lower and their contribu-
tion to the total LII signal smaller than what the theoreti-
cal investigation shows. Recent experimental findings in our
own group indicate that particles at lower heights in a flat
sooting premixed flame are heated to lower temperatures for
constant laser fluence [34]. This may be interpreted as orig-
inating from a variation in E(m) as a function of height,
but also variations in the physical properties of the parti-
cles, like their density and heat capacity will influence the
results. Another assumption is that the particles independent
of size can be heated to temperatures up to 3600 K. Soot
is considered to mainly be a disordered graphite structure,
and graphite has a sublimation temperature of 3915 K [35].

Since graphite is one of the substances with the highest sub-
limation temperature it is plausible that a smaller particle
with less graphitic structure and higher hydrogen content
has a lower sublimation temperature. Following this argu-
mentation, the contribution from the small-size mode in a
real experimental situation will most probably be less than
what the theoretical investigations in this paper show.

4 Conclusions

The simulated LII signal from bimodal lognormal primary
particle size distributions was evaluated using a model for
LII, assuming the signal originated from a monodisperse or
a unimodal lognormal distribution. It was generally found
that the small-size mode has relatively little influence on the
evaluated particle size.

A parameter study was made, by finding the monodis-
perse equivalent particle size of a bimodal lognormal size
distribution for a range of different weights and positions of
the small-size mode. The estimated monodisperse equiva-
lent size was relatively insensitive to the size and position of
the small-size mode. If the weight of the small-size mode is
less than 75% of that of the large-size mode, the monodis-
perse equivalent size is at most 5% lower than that evaluated
for the large-size mode only. If the weight of the small-size
mode is less than 200% of that of the large-size mode, the
monodisperse equivalent size is at most 10% lower.

The evaluation start time of a time-resolved LII signal
was varied, and it was shown that monodisperse evaluations
of signals from bimodal lognormal distributions resulted in
larger particle sizes when the start position was delayed.
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A delay of the start position for the evaluation suppresses
the impact of the smaller particles with faster signal de-
cay. However, such procedures should be made with cau-
tion since reliable size evaluations will become increasingly
difficult as the signal-to-noise ratio becomes lower at later
times.
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