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ABSTRACT The temporal behavior of the laser-induced incan-
descence (LII) signal is often used for soot-particle sizing,
which is possible because the cooling behavior of a laser-heated
particle is dependent on the particle size. The heat- and mass-
transfer model describing the temporal LII-signal behavior has
in this work been extended to include the influence of the pri-
mary particle-size distribution and the spatial distribution of
laser energy. When evaluating primary particle size, a monodis-
perse size distribution is often assumed, although it is well
known that a polydisperse distribution is a better description of
the real situation. In this work the impact of this assumption
is investigated for Gaussian and lognormal size distributions
of different widths, and the result is a significant bias towards
larger particle sizes because of the higher influence of larger par-
ticles on the LII signal. Moreover, the dependence of the LII
signal on the laser fluence is studied for different spatial dis-
tributions of the laser energy. The top-hat, Gaussian sheet and
Gaussian beam distributions were tested and it is established
that the LII signal is strongly dependent on the choice of dis-
tribution. However, in this case the influence of particle size is
minor.
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1 Introduction

Quantitative measurements of soot properties are
of great importance in the quest of reducing particle emis-
sions from combustion processes. Soot is formed in locally
fuel-rich zones at elevated temperatures, a situation that for
instance occurs in Diesel engines, and the presence of soot
can be seen as an indicator of an insufficient combustion pro-
cess. Soot particles are also unhealthy for humans since they
are small enough to follow the breathing air into the lungs
where they can be deposited, and polyaromatic hydrocarbons
(PAHs) condensed on the soot surface increase the risk of can-
cer [1]. There is an increasing need for powerful tools that
are able to quantify the amount of soot as well as its prop-
erties. Laser-induced incandescence (LII) has proved to be
a promising technique in this respect. The technique is based
on measurements of the Planck radiation from laser-heated
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soot particles and, dependent on the choice of detector and
data analysis, the technique may yield both the soot volume
fraction and the soot primary particle size.

Measurements of the soot volume fraction have turned out
to be relatively straightforward since this quantity, as shown
by Melton [2] and later also others (see for example [3] and
references herein), is approximately proportional to the LII
signal in the visible-wavelength region. For quantitative data
of the soot volume fraction the signal must be calibrated. Sev-
eral approaches have been developed and the most common is
to measure light extinction in a flat calibration flame (see for
example Bengtsson and Aldén [4]). This technique has also
been successfully applied in an online setup [5]. The sensitiv-
ity of this technique can be further enhanced by using a cavity
ringdown setup [6, 7].

For particle-size measurements the time-resolved signal
has been studied, since the decay of the signal reflects the
particle cooling, which in turn is dependent on the particle
size [2, 8–11]. The technique is then often referred to as time-
resolved laser-induced incandescence (TIRE-LII). The inter-
pretation of the results is here much more complicated than
for the soot volume fraction. Attempts have been made to
calibrate primary particle sizes by using flames in which the
particle sizes are measured using thermophoretic sampling
and transmission electron microscopy (TEM) [12]. Even if
this approach is possible, it is complicated and time consum-
ing. Therefore, one usually uses a theoretical model of the
time-resolved LII signal for evaluation of the primary particle
size.

The time-resolved LII signal is derived from a heat- and
mass-transfer model for soot particles that are heated by laser
radiation. Models used today are based on the one presented
by Melton in 1984 [2], where the basic principle is heat- and
mass-balance equations for a single spherical soot particle
exposed to an intense laser pulse. Since Melton’s work, dif-
ferent improvements of the model have been made and which
is the best choice can be argued. Roth and Filippov developed
a model which had the benefit of yielding an analytical expres-
sion for the decay constant [11]. However, their model does
not treat soot vaporization and can thus not be utilized at high
laser fluences. Usually the vaporization process is included
in the model. The process is treated as a surface vaporization
and the primary particle size is thus a function of time. Small-
wood et al. discussed the treatment of soot vaporization in the
model [13]. The heat transfer from the heated particle to the
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surrounding gas is another area for which different treatments
are found. One of the reasons is that a typical LII application
makes it necessary to use an expression valid for the transi-
tion regime between the free-molecular and the continuum
regime [14, 15].

Recently, a thorough investigation of the physical pro-
cesses involved during the soot-particle heating process has
been performed by Michelsen [16]. Attempts have been made
to model not only heating and cooling of the particles, but
also structural changes due to the intense laser radiation. It is
proposed that processes like Stephan flow (transport of mass
and energy away from a particle undergoing vaporization,
thus reducing the heat-transfer rate) and thermal annealing
(structural changes within the soot particles because of the
high temperature when exposed to the laser pulse) may be
important. This new model has been used for comparison
with detailed measurements by Witze et al. [17], and some
improvement in comparison with previous models could be
observed [16].

Previous studies of TIRE-LII have identified a number of
uncertainties in the evaluation of the signal in terms of particle
size. The temperature of the surrounding gas must be known
for the heat-transfer term to predict the cooling rate properly,
and Will et al. have shown that the error in evaluated particle
size introduced by an uncertainty in gas temperature is quite
large [10]. Much of the optical data for soot that is needed for
the model to be able to yield proper predictions is unknown.
Usually data for carbon is used. The hydrogen content of soot
may differ substantially at different regions in flames and for
different flames, which may give varying material properties
that affect the primary particle size. Other implications are
that soot primary particles in real combustion processes form
clusters, and in addition they have a size distribution. Also,
the spatial energy distribution of the exciting laser pulse has
a great impact on the overall signal, since the particles are ex-
posed to different laser fluences.

Notation Parameter Values used Unit Reference

D Primary particle diameter Variable m
E(m) Refractive index function for absorption Im((m2 −1)/(m2 +2)) -
λ Laser wavelength 532×10−9 m
q(t) Laser irradiance Gaussian, 10 ns FWHM W/m2

ka Heat conduction coefficient of air 0.12 W/mK [13]
T Particle temperature Variable K
Tg Temperature of surrounding gas 1800 K
G Geometry-dependent heat transfer factor 22.064 - [13]
λMFP Mean free path 0.5665×10−6 m [13]
∆Hv Heat of vaporization of soot See Fig. 1 J/mole [13]
Mv Molecular weight of soot vapor See Fig. 1 kg/mole [13]
R Universal gas constant 8.31 J/moleK
β Evaporation coefficient 0.8 - [18]
�s Density of soot 2.2×10−3 kg/m3 [13]
cs Specific heat of soot 2.1×10−3 J/kgK [13]
k Boltzmann’s constant 1.38×10−23 J/K
h Planck’s constant 6.63×10−34 Js
c Velocity of light 2.997×108 m/s
Pv Vapor pressure of soot See Fig. 1 Pa [13]
m Refractive index of soot 1.56–0.46i - [19]
R(λ) Spectral response function Not used -
ε Emission coefficient 4πD · E(m)/λ - [18]
Mb

λ Blackbody spectral radiation function See for instance [10, 18] W/m3 -

TABLE 1 The parameters and func-
tions in the heat- and mass-transfer
model for TIRE-LII. Many of these pa-
rameters have not been altered since they
have not been the focus of this study

In the present study we have concentrated on two param-
eters only and their influence on the TIRE-LII signals: the
primary particle-size distribution and the spatial laser-energy
distribution. The previous TIRE-LII model has therefore been
extended to be able to accommodate these parameters. The
model has been used to predict the fluence dependence of the
integrated TIRE-LII signal for different spatial distributions
of laser energy. We also present predictions of the overesti-
mation introduced in the evaluated primary particle size when
assuming monodisperse particle-size distributions when the
real distribution is polydisperse.

2 Theory

Although the attempts at developing a model for
TIRE-LII have used the same basic principles, the point has
not been reached where the researchers on LII use the same
formulas and parameters for the evaluation. The current work
is based on the treatment presented by Snelling et al. [18] and
Smallwood et al. [13], a treatment that is much related to that
of Hofeldt [9]. The two balance equations can be written ac-
cording to (1).

π2 D3 E(m)

λ
q(t)− 2ka(T − Tg)πD2

D+ GλMFP
+ ∆Hv

Mv

dM

dt

+qrad − 1

6
πD3�scs

dT

dt
= 0, (1)

dM

dt
= 1

2
�sπD2 dD

dt
= −πD2βPv(T )

√
Mv

2πRT
.

The parameters are given in Table 1 and Fig. 1. For the refrac-
tive index, m, the value from Dalzell and Sarofim has been
used [19]. Some properties of soot are unknown, and in these
cases data of carbon has been used instead [20]. The other pa-
rameters have been chosen from Smallwood et al. [13]. From
(1) a pair of coupled first-order differential equations can be
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FIGURE 1 The vapor pressure, molecular weight and heat of vaporization
of carbon as a function of temperature. These functions have been used in the
present study as values for soot, and they have been derived using data from
Smallwood et al. [13] originally derived from thermodynamic calculations by
Leider et al. [20]

formed and these are solved numerically for the unknown
functions T(t) and D(t). The signal is calculated using these
functions and the general expression has been given by Will et
al. as the expression in (2) [10].

SLII ∝ D2
∫

R(λ)ε(D, λ)Mb
λ(T, λ)dλ. (2)

However, in the present study the signal is derived using
single-wavelength detection, thus avoiding this numerical in-
tegration routine. In addition, the term qrad, which also has
to be integrated over wavelengths, is set to zero, since it has
been shown to be orders of magnitude smaller than the other
terms [10, 18]. These two simplifications make the computa-
tional time much less since two numerical integration routines
can be avoided. No detailed studies dealing with parameters
and terms in these equations will be presented here.

3 Extension of the heat- and mass-transfer model

Equations (1) are derived for a single spherical par-
ticle of a certain size exposed to a certain laser energy. This
means that the equations in a real situation should be ap-
plicable only to soot with a monodisperse size distribution
where the particles are exposed to equal fluence (J/cm2),
for example a top-hat spatial distribution of the laser energy
(Fig. 2a). Usually the laser energy has a non-uniform spatial
distribution. Ideally it is Gaussian. Here different cases occur
dependent on the beam-shaping optics. For imaging measure-
ments a laser sheet is usually formed using cylindrical optics.
If only the central region of the sheet is used for the measure-
ments this would yield a top-hat–Gaussian distribution, here
called a Gaussian sheet (see Fig. 2b). For point measurements
the beam is focused with a spherical lens which, without any
apertures, yields a circular symmetric Gaussian distribution,
here called a Gaussian beam (Fig. 2c).

The primary particles have a certain size distribution,
which generally is assumed to be somewhat skewed, and is
therefore often fitted to lognormal distributions [21]. Some-
times a Gaussian distribution has been considered to describe
the real distribution adequately [22].

The extension of the model to include size and spatial
energy distributions uses the method of linear combination,
where the system of (1) and the LII signal response, (2), is
solved for a discrete number of values of the initial diameter
D0 and the laser fluence F. The chosen diameter D0 is given
for the differential equation solver as an initial value for D(t),
whereas the fluence F is used by the program to derive the
time-dependent laser irradiance function q(t) according to

q(t) = F × f(t), (3)

where f(t) is the temporal distribution function for the laser-
pulse energy. If not specified otherwise, the temporal distribu-
tion is Gaussian with a duration of 10 ns using the full width
at half maximum (FWHM). The resulting TIRE-LII-signal
curves from the numerous calculations are later added in frac-
tions determined by the distribution functions for D0 and F.
The method follows four main steps as depicted in Fig. 3.

In step 1 the distribution functions are used to determine
the set of different values of the parameters D0 and F. The
program performs calculations for any parameter for which
the distribution function exceeds 1% of its maximum value.
In step 2 (1) are solved for all combinations of the deter-
mined values. In step 3 the TIRE-LII signal is derived using
(2) and in step 4 the distribution functions are used to de-
rive the coefficients in the linear combination. For the spatial
distributions, the coefficients are determined by the amount
of soot exposed to a certain energy. For the Gaussian sheet
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FIGURE 2 3D view of the three different spa-
tial distributions of laser energy used in this study.
a Uniform laser energy distribution (tophat),
b Gaussian sheet where one dimension is Gaus-
sian, and c Gaussian beam, which is a circular-
symmetric Gaussian. The thick lines indicate the
function along which a discrete number of LII sig-
nals are solved. The marked areas are used by the
linear combination routine to determine the frac-
tions that a certain TIRE-LII-signal curve should
add to the overall signal curve

FIGURE 3 A schematic overview of the extended model for TIRE-LII

this is proportional to the rectangular areas in Fig. 2b, and for
the Gaussian beam it is proportional to the ring-shaped areas
shown in Fig. 2c. It was verified that a resolution of 60 differ-
ent fluences covering the range of the spatial distributions and
60 different diameters covering the range of the particle-size
distributions was satisfactory. This was established by starting
at a lower resolution and increasing the number of iterations
until the resulting signal curve did not change. It may be noted
here that the high resolution is most important for the spatial
laser-energy distribution, since the TIRE-LII signal is highly
dependent on the laser-energy distribution, whereas it shows
less dependence on the particle-size distribution.

4 The monodisperse particle-size approximation

When evaluating data from TIRE-LII measure-
ments, a monodisperse particle-size distribution is often an-
ticipated. In reality the soot particles have a polydisperse size
distribution [21, 22]. Since larger particles yield stronger LII
signals than smaller, there should be a bias in the evaluation
towards larger particles. This is depicted in Fig. 4.

Generally, the real distribution is considered narrow
enough not to affect the results to a large extent. However,
to the authors’ knowledge, no thorough investigation has
been presented where the bias has been quantified. Using the
extended TIRE-LII model for polydisperse primary particle-
size distributions with a certain average particle diameter
and comparing the resulting signal decay with monodis-
perse signal decays, a best fit can be found for a certain

FIGURE 4 When the LII-signal decay is used for evaluating the primary
particle size using a model that works with monodisperse distributions, a bias
is introduced yielding a primary particle size (Dmono) larger than the mean of
the distribution (D̄poly). The figure illustrates the effect for a Gaussian soot
particle size distribution

monodisperse particle diameter. When comparing with the
polydisperse distribution, a parameter has to be chosen. For
the Gaussian distribution this naturally becomes the mean of
the distribution.

A peak fluence just below the vaporization threshold was
chosen in these calculations to avoid any impact of vaporiza-
tion, since this process initiates particle-size reduction, thus
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making interpretation of data more complicated. The TIRE-
LII signals were calculated for a 600-ns interval, and were nor-
malized at a time after the prompt signal where other effects
than the heat transfer were considered negligible. The best fit
was found by calculating the variance between the values in
the polydisperse decay and the values in different monodis-
perse decays, finding the minimum of these variances. The
method was used iteratively. The curve shapes of the TIRE-
LII signal derived from the polydisperse and monodisperse
distributions are not exactly equal. However, the differences
are so small that they are considered negligible compared to
the uncertainty introduced in an experiment using for instance
a PMT. The interpreted monodisperse primary particle size
for a Gaussian size distribution is given in Fig. 5. All cal-
culations are performed with a top-hat spatial laser-energy
distribution.

It is shown in Fig. 5 that, for a FWHM 60% of the aver-
age diameter, the bias approaches 8 nm for the 50-nm particle.
The question is if these distributions are representative for
real soot. Köylü and Faeth determined that the standard de-
viations of their measured primary particle-size distributions
were in the range 17%–25% of the mean primary particle
diameter [22]. In FWHM of a Gaussian distribution this would
mean 40%–60%, which shows that our results are highly rele-
vant for a real measurement situation.

As previously mentioned, measured particle-size distri-
butions have often been fitted with a lognormal distribu-
tion [21, 23]. Therefore, lognormal distributions were tested
and the biases compared to the ones introduced using the
Gaussian distribution. For a comparison to be possible the dis-
tributions had to be chosen in a certain way. A decision was
made to use distributions that have the same average and stan-
dard deviation. This makes the lognormal distribution have its
peak at shorter diameters than the Gaussian, since the lognor-
mal distribution is skewed. This is illustrated in Fig. 6.

The lognormal and Gaussian distributions generally gave
similar biases for the same average and standard deviation of

FIGURE 5 The effect of overestimating the primary particle size because
of the assumption that the particle-size distribution is monodisperse. The
curves show the evaluated monodisperse primary particle size from Gaussian
size distributions of different relative widths, where the average size of the
distribution is 10, 30 and 50 nm, respectively

FIGURE 6 The lognormal and Gaussian distributions with equal mean and
standard deviation. In this case the mean was 50 nm and the standard devia-
tion 12.7 corresponding to the 60% relative FWHM of the Gaussian function

the distributions. However, the lognormal distribution gave
somewhat larger biases than the Gaussian and the largest dif-
ference occurred for the 60% FWHM Gaussian with aver-
age diameter 50 nm. The lognormal distribution gave the bias
10 nm instead of 8 nm for the Gaussian.

5 The spatial distribution of laser energy

One of the more well-known properties of LII is the
plateau region that often occurs in a plot of LII signal versus
laser fluence (here called the fluence curve). This feature of
LII is popular among experimentalists, since it enables meas-
urements of LII-signal intensity to be relatively unaffected
by fluctuations in the laser-pulse energy. Generally, this be-
havior is explained by the non-uniform spatial distribution of
laser energy, which induces signal contributions from vapor-
ized soot and non-vaporized soot at the same time.

Soot particles that are exposed to a very high fluence will
rise to a temperature high enough for vaporization to occur.
This makes the LII signal decay faster than it would have
without shrinkage, thus making a time-integrated signal cov-
ering the decay less than without vaporization. This is illus-
trated in Fig. 7, where the behavior of the time-resolved LII
signal is visualized for a range of fluences. Measurements
using different spatial distributions of laser energy have been
performed earlier [24, 25], and so have some modeling re-
sults [18]. However, these have not been in detail for different
shapes of Gaussian distributions and different particle sizes,
and a more complete investigation concerning this behavior is
here presented.

With the extended model used here, the LII signal as
a function of fluence has been calculated for the three spatial
distributions of laser energy in Fig. 2. When performing in-
vestigations such as this, it is extremely important to be aware
of the definitions. The top-hat distribution has finite edges and
a constant fluence, while the other two distributions do not.
Fluence curves are often presented as a function of mean flu-
ence, i.e. the total pulse energy divided by a certain area, most
often using the 1/e2 definition for the Gaussian distribution.
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FIGURE 7 The TIRE-LII signal as function of both time and peak fluence
for a top-hat profile and primary particle size 50 nm. The signals have been
normalized for the peak value of the strongest signal curve. Notice how the
maximum of the prompt signal levels out with increasing fluence, while the
delayed signal decreases drastically

FIGURE 8 Modeled peak fluence curves from 100-ns gate starting before
the laser pulse (zero delay). The curves corresponding to the Gaussian sheet
show a plateau region as often found experimentally

We have chosen to plot the curves versus peak fluence since
then all three cases have the same peak fluence vaporization
threshold, here defined as the laser fluence at which vaporiza-
tion starts somewhere in the measurement volume. Also, the
temporal distribution of laser energy has to be considered for
precise definition of the gate-delay time. In experiments the
delay time is often defined from the start of the laser pulse.
However, the temporal distribution of laser energy was in the
present study modeled as Gaussian. Therefore, no obvious
definition exists for defining the start of the pulse. We defined
the delay as zero when the laser pulse has reached 1% of its
maximum irradiance.

In Fig. 8 normalized fluence curves are shown for the
three spatial energy distributions. The TIRE-LII signal has
been integrated starting with a zero delay and going on for
100 ns. The vaporization threshold peak fluence for the cal-
culations in Fig. 8 was shown to be ∼ 0.1 J/cm2. The calcu-
lations have been performed for two primary particle sizes
with monodisperse distributions. Obviously the top-hat spa-

FIGURE 9 Fluence curves from 18-ns gate starting 20 ns after the start of
the laser pulse. As the prompt signal is not integrated the impact of vaporiza-
tion is larger on the curves

tial energy distribution reaches a maximum and then de-
creases. The Gaussian sheet does in fact reach a plateau,
while the Gaussian beam, though it levels out a bit, in-
creases in the entire interval. The size of soot particles does
not seem to have a great impact on the curves, but obvi-
ously the influence of this parameter differs for the energy
distributions. The top-hat distribution seems to be most af-
fected, while the Gaussian beam shows curves with high
similarity.

The choice of gate timing (integration interval) has a large
impact on the fluence dependence of the integrated signal.
With the integration interval of Fig. 8 both the prompt sig-
nal and parts of the decay are collected. Following Snelling
et al. [18] the integration interval was set to start after the
laser pulse (20-ns delay) and with just an 18-ns gate. The
results here look quite different as depicted in Fig. 9. Here
the vaporization process influences the signal to a higher ex-
tent than it did for the 100-ns integration presented in Fig. 8.
This is because the prompt signal is not detected using this
delayed gate. Tests with the model suggest that the prompt
signal will have a rather small increase for increasing flu-
ence, while the delayed signal drastically decreases because
of the vaporization shrinking the particles as depicted in
Fig. 7.

The use of a short delayed gate as in Fig. 9 may lead to
poor signal to noise ratio – something that could be circum-
vented using a longer gate. The model predicts the signal to
noise ratio to be improved by more than a factor of two by
using a 100-ns gate instead of the 18-ns gate with the same
delay time in both cases. However, the overall appearance of
the normalized fluence curves does not differ, something that
could be attributed to the fact that the heat transfer is by far the
dominant process in the delayed time domain.

Obviously, the choice of gate timing affects the signal sub-
stantially. In Fig. 10 fluence curves for the 18-ns gate used for
Fig. 9 have been presented for different choices of delay time.
All curves are derived for a top-hat distribution of laser energy
and the primary particle size was 10 nm. The large change in
overall appearance of the curves is evident as the delay is in-
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FIGURE 10 Fluence curves from 18-ns gate using different delay times. The
curves are derived for the top-hat laser-energy distribution and the primary
particle size is 10 nm

FIGURE 11 Fluence curves for a top-hat spatial energy distribution for dif-
ferent FWHMs of the temporal laser-energy distribution

creased. However, when the delay is long enough the shape
only changes marginally.

6 Discussion

The overestimation of the particle size introduced
when using a model assuming a monodisperse distribution
was shown in Fig. 5. For none of the distributions tested did
the bias get larger than 20% of the mean primary particle size.
Compared to some other sources of error in the TIRE-LII
model, some may argue that this error is of minor importance.
Will et al. [10] have in a parameter study shown that uncer-
tainty in the gas temperature is very critical. Their terms in the
model are essentially the same as the ones used in this study,
and comparisons are therefore possible. According to Will et
al. uncertainties in absolute gas temperature must be at least
100 K for the relative error in evaluated primary particle size
to approach 20%. For systems with totally unknown tempera-
ture the errors may be large but, using the Coherent Antistokes

Raman Spectroscopy (CARS) technique, flame temperatures
can be determined with uncertainties in the range of 50 K [26].
Thus, if the temperature is established, the influence of the
bias due to the erroneous assumption of monodisperse particle
distributions is even more important.

The fluence curves derived for different spatial laser-
energy distributions show its importance for the overall sig-
nal. The model predicts a plateau region for the Gaussian
sheet, which is a well-known experimental feature. The pri-
mary particle size does not seem to have a great impact on
the curves, but the smaller particles do seem to reach the
plateau regime for somewhat smaller fluences than do the
larger particles.

It is of utmost importance to point out that the laser fluence
really is not enough to fully describe the influence of the laser
pulse on the LII signal. Since the fluence is not time dependent
it does not take into account the temporal distribution of the
laser pulse. In Fig. 11 the top-hat fluence curve for the 50-nm
particles of Fig. 8 has been plotted for different FWHMs of
the Gaussian temporal laser-energy distribution. The figure
clearly shows the significance of taking the temporal distri-
bution into account. During experiments with a specific laser
system, the temporal distribution may be regarded as constant,
and in that case the fluence can be used, but when comparing
fluence curves measured using different lasers it is important
to keep the influence of the temporal distribution in mind.

The influence of the spatial distribution of laser energy on
the evaluated primary particle size is another very important
issue. Since mass loss of the particles is modeled as surface
vaporization, the primary particle size is altered by the laser,
meaning that the decay constant may differ substantially for
different laser-pulse energies. For non-uniform spatial laser-
energy distributions with energies high enough for vaporiza-
tion to occur, the particles in the measurement volume will
be exposed to different energies, thus creating a rather large
range of primary particle sizes. If vaporization is not taken
into account, the evaluated primary particle size will here be
biased towards smaller diameters. Experiments can be per-
formed with low laser energies, thus avoiding vaporization
altogether [11].

There are many uncertainties related to the model used
in this study. Vander Wal et al. have in detailed investiga-
tions using TEM showed that the soot particles drastically
change in structure after being exposed to a high-energy laser
pulse [27, 28]. The shape, density and optical properties are
likely to change because of this. This would surely affect
the model predictions for higher fluences. Another import-
ant issue is the influence of the morphology on the evaluated
primary particle size. If the structure makes the total surface
area smaller than it would have been if the particles were not
connected, the cooling rate would decrease, and the primary
particle size would be overestimated. For structures where the
primary particles are loosely connected in widespread struc-
tures the heat-transfer properties may be only marginally af-
fected by the aggregate structure because the total area may
be considered nearly the same as if the particles were not
connected. In recent studies by Dankers et al., the aggre-
gate structure showed no influence on the LII signals [29].
There is also the need for further development of the phys-
ical model for vaporization and heat conduction. There is



248 Applied Physics B – Lasers and Optics

also some confusion regarding the choice of heat-transfer
treatment in the model. There exist a number of expressions
and it is not obvious which one is the best description for
LII.

Because of the issues discussed above, we intend to pur-
sue further investigations of the behavior of the extended
theoretical model for TIRE-LII in the near future. The work
so far has mainly been aimed at invoking the size distribu-
tion and the laser spatial energy distribution into the model.
However, more detailed investigations of the parameters and
terms in the heat- and mass-balance equations are intended as
a second stage. In addition, specially designed experimental
studies are planned in order to get a comparison with model
predictions.

7 Conclusions

The temporal profile of a laser-induced incandes-
cence signal is often used for evaluation of primary particle
sizes in combustion systems. In this work a theoretical model
for time-resolved laser-induced incandescence has been ex-
tended to include particle-size distributions and different spa-
tial distributions of the laser energy.

When evaluating primary particle size, a monodisperse
size distribution is often assumed, although it is well known
that a polydisperse distribution is a better description of the
real situation. The overestimation of the primary particle size
because of this assumption has been quantified for Gaussian
and lognormal size distributions of different widths. As an ex-
ample, it was shown that the overestimation for a Gaussian
distribution with a FWHM of 60% and an average primary
particle size of 50 nm (that may be found in a real situation)
gave an evaluated monodisperse primary particle size that was
18% higher than the average size for the distribution. Thus, the
effect should not be neglected.

The dependence of the LII signal on the laser fluence is
often used by experimentalists to find an appropriate laser-
pulse energy to use during experiments. This so-called fluence
curve was studied for different spatial distributions of the laser
energy. It was established that the fluence curve was strongly
dependent on whether the distribution was a top hat, Gaussian
sheet or Gaussian beam. However, the influence on the fluence
curve for different particle sizes was minor. Additional tests
showed the behavior of the fluence curve for a change in gate

width and position as well as for the time duration of the laser
pulse.

In the near future, further theoretical work will be done
in the development of the model, and experiments will be de-
signed to test the modeling results.
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