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Abstract
Effective temperatures of pulsed-laser-heated soot particles were derived from their thermal emission intensities
using optical pyrometry in a laminar ethylene coflow diffusion flame. The present study concerns conditions of
relatively low laser fluences under which soot particles are heated to temperatures below 3500 K to avoid complications of soot particle vaporization in both the experiment and the numerical calculations. The current nanoscale
heat transfer model for laser-induced incandescence (LII) of soot was improved to account for the effect of the
fractal structure of soot aggregates on the rate of heat loss to the surrounding gas. Mean primary soot particle
diameter and mean aggregate size at the location of measurement were determined using the technique of thermophoretic sampling/transmission electron microscopy analysis. Numerical calculations based on the improved
LII model were conducted to predict the soot particle temperature with known gas temperature, the heat conduction coefficient, the primary particle diameter, and the mean aggregate size, as well as values of assumed soot
absorption function E(m) and the thermal accommodation coefficient of soot α. The experimentally observed
soot temperature history, characterized by the peak value and the temporal decay rate, cannot be reproduced numerically using the values of E(m) and α found in the literature. By utilizing the experimental peak temperature
and temporal decay rate new values of E(m) at 1064 nm and α were determined. Uncertainties in the derived
values of E(m) and α caused by the uncertainty in the primary soot particle diameter and the mean aggregate
size were analyzed. A novel method to determine the values of the soot absorption function E(m) and the thermal
accommodation coefficient α was developed in the present study.
Crown Copyright  2003 Published by Elsevier Inc. on behalf of The Combustion Institute. All rights reserved.
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1. Introduction
Nonintrusive optical diagnostic techniques play an
important role in our understanding of soot formation,
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growth, and oxidation in flames. While traditional
techniques can provide information on soot characteristics, including soot volume fraction by laser extinction [1] and soot morphology (primary particle diameter and aggregate size), by laser scattering [1] and
thermophoretic sampling/transmission electron microscopy analysis (TS/TEM) [2], they suffer various
limitations compared to the more recently developed
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laser-induced incandescence (LII) technique [3–9].
LII has been proven to be a useful diagnostic tool
for spatially and temporally resolved measurement of
soot volume fraction and primary particle size in a
wide range of applications.
A practical method to measure the surface temperature of particles (soot, coal, and carbon) is optical pyrometry, based on the particle thermal emission
intensities detected at two or more wavelengths [10–
13]. When the temperature of soot particles in the
measurement volume is nonuniform, the measured
temperature is an effective temperature and is close
to the peak value within the probe volume [14] or
within the soot layer surrounding the parent fuel particle [13]. Various optical pyrometers have also been
used to monitor the soot particle temperature during LII. Eckbreth [15] measured the laser-irradiated
soot particle surface temperatures using the LII signals detected at two different wavelengths. Snelling
et al. [16] employed a three-wavelength pyrometer to
measure the laser-heated soot particle surface temperatures in a diesel engine exhaust. The primary soot
particle diameter was also inferred from the measured
temperature decay rate using an assumed value of the
soot thermal accommodation coefficient.
A theoretical model describing the nanoscale heat
and mass transfer processes of LII has been developed
and improved over the past 2 decades [9,15,17–20].
However, significant uncertainty may still exist in
the numerical results under conditions of significant
soot evaporation primarily due to the lack of reliable
physical parameters in the soot evaporation submodel,
such as the vapor pressure and the heat of vaporization [21]. To avoid the uncertainty in the evaporation
submodel, the present study focused on low laser fluence, so that the maximum soot particle temperature
remains below 3500 K, ensuring negligible soot evaporation. Uncertainties also exist in the laser energy
absorption and heat conduction submodels in which
the refractive index (m)-dependent soot absorption
function E(m) and the thermal accommodation coefficient α are required to calculate the rate of laser
energy absorption by soot particles and heat transfer
rate between soot particles and the surrounding gas,
respectively. Significant uncertainties exist in the values of the absorption function E(m) of soot in the
visible and near infrared, varying from about 0.2 up
to about 0.4 [22]. The thermal accommodation coefficient of soot is subject to even greater uncertainty
in the literature of LII modeling, from a low value of
0.26 [9] to a high value of 0.9 [18]. An accurate thermal accommodation coefficient for soot/surrounding
gas is essential in the determination of the primary
soot particle diameter since the calculated primary
particle diameter based on the temperature decay rate
is proportional to the accommodation coefficient [16].
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In this study, the three-wavelength optical pyrometer employed previously by Snelling et al. [16] was
used to experimentally measure the laser-heated soot
particle temperatures in a coflow ethylene diffusion
flame. Numerical calculations were also conducted to
simulate the LII experiment using an improved LII
model. The objectives of the present study were (i)
to improve the current LII model by taking into account the shielding effect of heat conduction between
aggregated soot particles and the surrounding gas and
(ii) to develop a novel method of independently deriving the values of soot absorption function E(m) at the
laser wavelength and the thermal accommodation coefficient α by utilizing the experimental peak particle
temperature and the temporal decay rate.

2. Experimental methods
2.1. Experimental setup
The LII experimental setup has been described in
our previous study [16]. A pulsed Nd:YAG laser, operating with 60 mJ/pulse at 20 Hz and 1064 nm,
was used as the excitation source. A half-wave plate
(to rotate the plane of polarization) in combination
with a thin film polarizer (angle-tuned to transmit
horizontally polarized radiation) was used to control
the laser energy per pulse. The beam was then focused with a cylindrical lens to form a sheet through
the probe volume. The beam intensity profiles in
the probe volume were measured with a Coherent
BeamView system. The LII signal from the center
of the laser sheet was imaged onto three photomultipliers equipped with narrow-band interference filters
centered at 397 nm (36 nm FWHM), 501 nm (18 nm
FWHM), and 782 nm (19 nm FWHM), respectively.
Transient signals from the photomultipliers were digitized and transferred to a computer for further analysis. Multipulse averages were acquired with 400 samples per average.
The burner for generating the laminar coflow ethylene diffusion flame at atmospheric pressure used in
the present study has been previously described in detail in Refs. [23,24]. Briefly, the burner consists of a
central fuel tube with a 10.9-mm inner diameter surrounded by an annular air nozzle of 100-mm inner
diameter. The ethylene flow rate was 3.23 cm3 /s and
the air flow rate was 4733 cm3 /s, resulting in a visible
flame height of about 64 mm. The present LII experiments were carried out at a location 42 mm above the
burner exit, on the burner centerline.
Soot morphology at the location of LII measurement in the laminar ethylene diffusion flame was
determined in the present study using the technique
of TS/TEM, similar to that employed previously by
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Fig. 1. A typical TEM photograph of soot sampled at the location of LII measurement.

Köylü et al. [25]. A typical TEM photograph of soot
sampled at 42 mm above the burner exit on the flame
centerline is shown in Fig. 1. Our own unpublished
results based on TS/TEM analyses indicated that the
mean primary soot particle diameter dp and the mean
aggregate size (mean number of primary soot particles per aggregate) Np at the location of LII measurement are respectively 29 nm and 42.
2.2. Optical pyrometry
Assuming the fluence distribution across the laser
beam profile is uniform, all the particles in the laser
volume are heated to the same temperature. The incandescence signal detected by the system at a wavelength λi can be written as

−1 2 3
 
π dp E(mi )
hc
2πc2 h
−
1
exp
,
Ii = C
5
λi κT
λi
λi
(1)
where C is a wavelength-independent factor of the
system and the measurement location. Symbols h, c,
and κ represent respectively the Planck constant, the
speed of light, and the Boltzmann constant. E(m) is a
function of the refractive index m [20], which is wavelength dependent, hereafter referred to as the absorption function of soot. Quantity dp represents the primary particle diameter. Subscript i is the wavelength
index. At 42 mm above the burner exit in the flame
investigated, the annular structure of soot merges to

form a solid body structure. Consequently, the attenuation of LII signal by soot absorption in the detection
path across half of the flame is expected to be small.
Nevertheless, attenuation was accounted for in the experiment by measuring the laser intensity attenuation
at the detection wavelengths across the flame at this
height. Our experimental measurement showed that
the intensity attenuation across half of the flame at
42 mm above the burner exit is less than 5% at all
three detection wavelengths. Under the conditions of
the present study, the exponential term in Eq. (1) is
much greater than 1, therefore, Eq. (1) can also be
written as


E(mi )
hc 1
+ const.
= ln
(2)
κT λi
Ii λ6
i

Equation (2) implies that the quantity ln[E(mi )/Ii λ6i ]
detected at two or more different wavelengths should
be linear with 1/λi . The particle temperature T can
then be calculated from the slope of this straight line.
In practice, however, due to typical nonuniform laser
beam profiles or nonuniform primary particle sizes,
the soot particles in the laser volume are not uniform
in temperature. The optical pyrometer derives an effective soot particle temperature, which is close to
the highest particle temperature in the laser volume,
as the signal is substantially greater for the highest
temperatures. It is also important to point out that
the experimentally determined soot particle temperature based on Eq. (2) depends on how E(m) varies
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with wavelength. To illustrate the effect of E(m) ∼ λ
on the experimentally determined soot temperature,
Eq. (2) is rewritten in the following form, for a twocolor optical pyrometer,
T=

1/λ1 − 1/λ2
hc
.
κ ln[E(m1 )/E(m2 )] + ln(I2 λ6 /I1 λ6 )
2

(3)

1

Equation (3) shows that the experimentally determined soot temperature is independent of E(m) if
E(m) is assumed to be constant at the detection wavelengths in the visible and near infrared as suggested in
a recent experiment study by Snelling et al. [26]. Under this assumption, a prior knowledge of the value
of E(m) is not required to determine the soot particle temperature using Eq. (2) or Eq. (3). On the other
hand, it is also feasible to assume that E(m) increases
linearly with wavelength in the visible and near infrared based on the experimental studies of Krishnan
et al. [22] and Snelling et al. [26]. In the visible and
near infrared (between 400 and 1064 nm), the experimental data for E(m) of Krishnan et al. [22] can be
fit to a linear expression, E(m) = 0.232 + 1.2546 ×
10−4 × λ, where λ is in nanometers. It is worth pointing out that both possibilities were within the experimental error in the study of Snelling et al. [26]. In
this case the experimentally determined soot temperature is weakly dependent on the values of E(m) at
the detection wavelengths, since it is the relative values of E(m) at the two detection wavelengths, rather
than the absolute values, that are required. As a result,
a good knowledge of the absolute values of E(m) at
the detection wavelengths is not a prerequisite for the
determination of soot particle temperature using the
optical pyrometer. Both the constant E(m) suggestion of Snelling et al. [26] and the linear E(m) ∼ λ
relation of Krishnan et al. [22] are employed to derive
the experimental soot temperatures and the results are
compared.

3. Theory
3.1. Low-fluence LII model
It is well known that soot particles in flames form
fractal-like structures (aggregates) with some bridging between the primary particles [2,27,28]. However,
it is a reasonable approximation to model soot aggregates as monodisperse spherical primary particles
that are just in point contact [28]. Although the size
of primary soot particles at a given location in laminar diffusion flames has a very narrow distribution,
the number of primary soot particles per aggregate
has a much wider distribution [28]. A detailed consideration of the additional effect of aggregate size
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distribution on the cooling rate of soot aggregates in
the LII measurement volume is beyond the scope of
this study. A simplified treatment is to consider only
the mean aggregate size (the mean number of primary
particles per aggregate) as a first approximation. Considering the energy balance for soot, it is more realistic to base it upon an aggregate, compared to LII models for a single primary particle that have frequently
been used in the literature [8,9,20]. Based on results
from RDG-PFA theory [28], the laser heating term for
primary particles is not affected by aggregation. The
LII model described in Ref. [20] was modified to account for the fractal structure of soot aggregates in
the calculation of heat conduction rate between a soot
aggregate and the surrounding gas. In the absence of
soot evaporation the energy conservation equation of
a soot aggregate can be written as
Ca F0 q(t)Np −

2ka (T − Tg )πDa2
(Da + GλMFP )

dT
1
− πdp3 Np ρs cs
= 0.
6
dt

(4)

In Eq. (4), Ca = π 2 dp3 E(m)/λ is the absorption cross
section of a primary soot particle in the Rayleigh
limit [20], which is proportional to E(m). Thus, it is
E(m), and not the refractive index m, which must be
known to model laser heating of the soot particles.
F0 is the laser fluence in mJ/mm2 . Function q(t) is
the pulsed laser temporal power density per mJ/mm2
laser fluence. Symbols Np , λMFP , ka , and Tg respectively stand for the mean aggregate size (mean number of primary particles per aggregate), the mean free
path of the surrounding gas, the heat conduction coefficient of the surrounding gas, and the local gas
temperature. Variable G is the geometry-dependent
factor [18] and is related to the Eucken factor f [29],
the thermal accommodation coefficient α, and the ratio of specific heats γ of the surrounding gas through
G = 8f/α(γ + 1). The mean free path λMFP is calculated using the expression given in [30] with air
properties assumed for the specific heat at constant
volume, the ratio of the specific heats γ , and the mean
molecular weight of the surrounding gas. The diameter Da is the diameter of an equivalent single solid
sphere that has the same energy transfer surface area
as the aggregate. The effective heat transfer cross section of the equivalent sphere is taken to be the projected area of an aggregate, i.e., πDa2 /4 = Aa . This
assumption seems appropriate in the free-molecular
regime in which there are no intermolecular collisions
over a length scale corresponding to the typical aggregate. Using a fractal description, the projected area of
an aggregate is related to the number of primary particles in the aggregate and the primary particle diameter
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in the following equation [31]
 1/εa
Np
1 2
Aa =
πd ,
fa
4 p

(5)

where fa and εa are pre factor and exponent, respectively. Using numerically generated aggregates, Brasil
et al. [31] found that εa = 1.08 and fa = 1.10. On the
other hand, Köylü et al. [32] found that εa = 1.10 and
fa = 1.16 from numerical simulation and εa = 1.09
and fa = 1.15 from measurements of soot in C2 H2 ,
C2 H4 , C2 H6 , and C3 H8 flames under both laminar
and turbulent conditions. Using Eq. (5), Da is related
to dp and Np through
 1/2εa
Np
dp .
Da =
(6)
fa
This assumption is supported by the work of Filippov et al. [33], who calculated a scaling law for the
effective cooling rate diameter in the free-molecular
regime using calculated heat transfer rates for individual numerically generated aggregates. Using the
scaling law of Filippov et al. [33] for complete accommodation (α = 1), the effective diameter Da is
calculated as Da = dp (Np /kh )1/Dh with scaling exponent Dh = 2.2 and scaling pre factor kh = 1.2 in the
free-molecular regime. At this point it is worth pointing out that the numerical results of Filippov et al.
shown in Ref. [33, Fig. 11] for the ratio of heat transfer rates between aggregated and nonaggregated particles in the free-molecular regime are questionable,
since there is no physical ground for the dependence
of this ratio on the thermal accommodation coefficient α. A detailed discussion of this topic is beyond
the scope of the present study and will be presented in
a future study. To illustrate the difference in the cooling area between the aggregate models and the single
primary particle model, the ratio of the cooling areas
(πDa2 /Np πdp2 ) is plotted in Fig. 2 as a function of the
aggregate size. As expected, the cooling area of an aggregate is less than the total surface area of primary
particles within it due to the shielding effect [34]. For
typical mean aggregate sizes of 42 found at the location of the present LII measurement and 100 found
near the midheight on the centerline of a coflow laminar diffusion flame [25], the aggregate cooling area is
about 68 to 56% of the total surface area of individual
primary particles based on Eq. (6) with the parameters
of Brasil et al. [31] and the scaling law of Filippov et
al. [33] given above. Moreover, the aggregate cooling
area becomes less dependent on the aggregate size for
Np greater than about 50.
3.2. Theoretical effective particle temperature
It should be pointed out that the solution of Eq. (4)
corresponds to a uniform laser fluence profile across

Fig. 2. Variation of π Da2 /Np π dp2 with the aggregate size calculated using two models: (1) based on the projected area
given in Eq. (5) and (2) using the scaling law of Filippov et
al. [33].

Fig. 3. Temporal and spatial distributions of the pulsed laser
used in the experiment and calculations.

the laser beam. For a nonuniform laser fluence profile,
which is almost always the case in practice, proper
treatment is necessary to account for the different
contributions from different parts of the laser beam,
where particles are heated to different temperatures,
to the total emission. Once the soot particle temperatures for a range of laser fluences are obtained by
solving Eq. (4), the LII signals detected at different wavelengths in the visible and near infrared can
be simulated by integrating the thermal emission intensity of soot particles across the measured profile
of the laser beam. The temporal and spatial distributions of the laser beam corresponding respectively
to 1 mJ/mm2 and 1 mJ for the laser used in the
present experimental and numerical study are shown
in Fig. 3.
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The spatial distribution of the laser fluence is calculated by averaging the fluence over the cross section
of the laser sheet imaged by the detectors. Assuming soot particles are uniformly distributed inside the
probe volume and the probe volume is small enough
to ensure the optically thin assumption is valid, the
total thermal emission intensity (TEI) at a wavelength
λi can be calculated by dividing the laser beam profile
into K uniform segments,
TEI i = A

K


N

2πc2 h

λ5i
k=1
π 2 dp3 E(mi )

×

λi




exp

hc
λi κTk


−1

−1

x,

(7)

where A is the cross section area of the laser volume
and N is the number of primary soot particles inside
each segment of width x; the soot particle temperature inside kth segment Tk corresponds to the solution
of Eq. (4) obtained at a laser fluence of E0 F (xk )
with E0 being the laser pulse energy in millijoules.
A series of solutions at different laser energies was
first obtained, then the soot particle temperature at
the kth segment was calculated by linear interpolation
between the solutions of its two neighboring laser fluences in the numerical calculations.
The theoretical effective particle temperature Te is
defined such that it satisfies the expression
E(m1 ) λ62 exp(hc/κλ2 Te ) − 1
TEI 1
,
=
TEI 2
λ61 E(m2 ) exp(hc/κλ1 Te ) − 1

(8)

which is effectively the principle of the two-wavelength
optical pyrometer. Substitution of Eq. (7) into Eq. (8)
and using the approximation exp(hc/κλT ) 1 leads
to
K


hc
hc 1
1 
k=1 exp(− κλ1 Tk )
ln K
. (9)
−
Te =
hc
κ λ2 λ1
k=1 exp(− κλ T )
2 k

Unlike the experimentally derived particle effective
temperature given in Eq. (2) or Eq. (3), the theoretical effective particle temperature, Eq. (9), is independent of the absorption function E(m) regardless
of the functional dependence of E(m) on λ. It can
also be observed from Eq. (9) that the effective particle temperature derived from the ratio of thermal
emission intensities at two wavelengths λ1 and λ2 in
general depends on the values of the two wavelengths
for a nonuniform laser fluence profile. The effective
particle temperature is independent of wavelength if
the soot particles in the laser volume are uniform in
temperature, i.e., for a uniform laser fluence profile.
Eq. (9) also implies that the effective particle temperature approximates the highest soot particle temperature in the laser volume as the summation of the
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exponential function is dominated by terms with highest temperatures.
3.3. Effects of dp and Np on theoretical soot particle
temperature
It is of importance to investigate theoretically the
effects of dp and Np on the calculated soot particle temperature using the LII model described above,
since the measured dp and Np are subject to certain
errors. Such theoretical analysis provides insights into
how the uncertainty in dp and Np affects the accuracy
of the derived values of E(m) and α. The effects of
dp and Np on the peak soot temperature are first analyzed. It is anticipated that the peak soot temperature
occurs at a time τmax near the end of the laser pulse
when the heat loss rate starts to dominate the laser energy absorption rate. For t < τmax , the heat loss rate
is negligible compared to other terms in Eq. (4). Then
substitution of Ca into Eq. (4) leads to
dT
6πE(m)F0 q(t)
.
≈
dt
λρs cs

(10)

Integration of Eq. (10) over 0 to τmax leads to
Tmax ≈ Tg +

6πE(m)F0
λρs cs

τmax

q(t) dt.

(11)

0

Equation (11) indicates that the peak soot temperature is nearly independent of dp and Np , but strongly
dependent on soot properties E(m), ρs , and cs and
the laser properties λ, F0 , and q(t). Therefore knowledge of dp and Np , to a large extent, is not required
to calculate the peak soot temperature. A quantitative
effect of the heat loss term on the calculated peak soot
temperature will be given later in the presentation of
numerical results.
The effects of dp and Np on the temporal decay
rate of soot temperature can be analyzed as follows.
After the laser pulse, the soot temperature decay rate
is entirely controlled by the heat loss rate of soot aggregates to the surrounding rate. Equation (4) can then
be written as, after substitution of Da and G and making use of the fact that GλMFP is much greater than
Da under the conditions of this study,
 1/εa
d ln(T − Tg )
Np
3ka α(γ + 1)
.
=−
dt
2f λMFP ρs cs dp Np fa
(12)
Equation (12) shows that the temporal decay rate of
soot temperature is inversely proportional to the primary soot particle size dp and proportional to Np to
the power of (1/εa − 1). Since εa is typically about
1.1, the temporal decay rate of soot temperature is
very weakly dependent on the aggregate size Np , i.e.,
some uncertainty in Np has negligible effect on the
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temporal decay rate of soot temperature. However,
uncertainty in dp has significant effect on the temporal
decay rate. Once the temporal decay rate, left side of
Eq. (12), is determined experimentally, Eq. (12) can
be used for different purposes. For example, it can
be used to derive the primary soot particle size dp if
other quantities, in particular Np and α, are considered known. In this study, Eq. (12) was employed to
derive the value of α since all other quantities, including dp and Np , are known.

4. Results and discussion
The primary soot particle size and the mean aggregate size at the location of measurement (42 mm
above the burner exit surface and on the centerline)
were required as input parameters to the LII model
to calculate the temperature history of the primary
soot particles. They were also required to derive the
values of E(m) and α theoretically from Eqs. (11)
and (12) in the case in which the peak soot temperature and temporal decay rate were determined experimentally. As mentioned earlier, these quantities were
found from our TS/TEM analyses to be dp = 29 nm
and Np = 42. Nevertheless, numerical calculations
were conducted to investigate the effects of the uncertainty in dp and Np on the calculated soot temperature
as well as the derived values of E(m) and α based on
the experimental peak soot temperature and the temporal decay rate. The gas temperature at the location
of measurement Tg was found to be about 1700 K
from our CARS measurements [24]. The heat conduction coefficient of the gas mixture at the location
of LII measurement was obtained from detailed numerical modeling [35] with ka = 0.11 J/m s K. The
soot density and specific heat used in the present calculations are ρs = 1.9 g/cm3 and cs = 2100 J/kg K.
The mean free path λMFP was found to be 603 nm.
The specific heat ratio γ of the surrounding gas (approximated as that of air) and the Eucken factor f at
1700 K were found to be 1.291 and 1.656, respectively. These thermal input parameters used in the
calculations are summarized in Table 1.
Solutions to Eq. (4) were obtained for a range
of fluences between 0 and 2.9 mJ/mm2 at an increment of 0.1 mJ/mm2 and for different values of
dp , Np , E(m), and α. The theoretical effective particle temperatures were then calculated using wavelengths of 400 and 800 nm in Eq. (9). The degree
of agreement between the numerical soot temperature
history, characterized by the peak temperature and the
temporal decay rate, based on values of E(m) and α
found in the literature and experimentally provides a
direct test of the accuracy of these values. Likewise,
the experimental soot temperature history can be used

Table 1
Thermal parameters at 42 mm above the burner exit on the
flame centerline
Thermal parameter

Value

Gas temperature Tg
Heat conduction coefficient ka
Soot density ρs
Specific heat of soot cs
Mean free path λMFP
Specific heat ratio γ
Eucken factor f

1700 K
0.11 J/m s K
1.9 g/cm3
2100 J/kg K
603 nm
1.291
1.656

to derive the values of E(m) and α using Eqs. (11)
and (12).
4.1. Sensitivity of calculated particle temperature to
E(m), α, dp , and Np
As mentioned earlier significant uncertainties exist
in the values of E(m) and α. In this study, the values of E(m) and α were determined independently
by matching the theoretical effective particle temperatures (peak value and temporal decay rate) to those
derived experimentally. To understand how this task
can be accomplished, it is important to appreciate the
different roles of E(m) and α in the calculation of
the theoretical effective particle temperatures. Unless
otherwise indicated, a uniform laser profile with a
fluence of 0.9 mJ/mm2 , dp = 29 nm, Np = 42, and
the values of pre factor and exponent in Eq. (5) from
Brasil et al. [31] were used in the following sensitivity analysis to investigate the effects of E(m), α, dp ,
and Np on the calculated peak particle temperature
and temporal decay rate.
Temperature histories calculated for different values of E(m) (at 1064 nm) are displayed in Fig. 4
while keeping α = 0.26. To demonstrate the sensitivity of the calculated particle temperature history to the
aggregate cooling area, results based on the pre factor and exponent of Köylü et al. [32] in Eq. (5), the
lower curve in Fig. 1 with fa = 1.16 and εa = 1.1,
are also shown in Fig. 4. The smallest value of E(m)
considered, 0.296, is the most commonly used one
according to Dalzell and Sarofim [36]. The value of
0.366 is from a recent experimental study by Krishnan
et al. [22]. The largest value considered, 0.42, demonstrates the effect of a 15% increase over the value of
Krishnan et al. [22]. It can be seen that the predicted
peak particle temperature is very sensitive to the value
of E(m) (Fig. 4a), in agreement with the theoretical
analysis that the temperature rise, Tmax − Tg , is proportional to E(m) (Eq. (11)). Use of different values
of fa and εa in the aggregate projected area expression only slightly affects the temporal decay rate and
has negligible effect on the peak temperature, consistent with the theoretical results shown in Eqs. (11) and
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Fig. 4. Effects of E(m) and the pre factor and exponent in
Eq. (5) on the soot particle temperature and its decay rate
calculated by the LII model at a uniform laser profile with
a fluence of 0.9 mJ/mm2 and α = 0.26. Unless otherwise
indicated, dp = 29 nm, Np = 42, and the pre factor and exponent in Eq. (5) from Brasil et al. [31] are used. When the
pre factor and exponent in Eq. (5) from Köylü et al. [32] are
used, fa = 1.16 and αa = 1.1.

Fig. 5. Effects of the thermal accommodation coefficient on
the calculated peak soot temperature and temporal decay rate
at a uniform laser profile with a fluence of 0.9 mJ/mm2
and E(m) = 0.366. Unless otherwise indicated, dp = 29 nm,
Np = 42, and the pre factor and exponent in Eq. (5) from
Brasil et al. [31] are used. When the pre factor and exponent
in Eq. (5) from Köylü et al. [32] are used, fa = 1.16 and
αa = 1.1.

(12). Under the conditions of Fig. 4, the slope of temporal decay rate based on fa = 1.16 and εa = 1.1 of
Köylü et al. [32] differs from that based on values of
Brasil et al. [31] by about 10%.
Figure 5 shows the calculated soot temperatures
for different values of α while keeping other input parameters constant. The range of α selected covers the
smallest value of 0.26 [9] and the largest one, 0.9 [18],
found in the literature as well as an intermediate value
of 0.6. The predicted peak soot particle temperature is
only slightly affected by the value of α, the peak soot
temperature decreases by only about 28 K when the
value of α varies from 0.26 to 0.9 (Fig. 5a). However,
the slope of the ln(T − Tg ) curve (Fig. 5b) is very sensitive to the value of α since it is proportional to α as
indicated by the theoretical analysis given in Eq. (12).
To demonstrate the effect of uncertainty in dp on
the calculated soot particle temperature history, numerical calculations were conducted for five different
values of dp : the measured mean diameter of 29 nm;
the measured value with 10% error, 31.9 and 26.4 nm;
and the measured value with 20% error, 34.8 and
24.2 nm. These results are compared in Fig. 6 for
E(m) = 0.366 and α = 0.26. The peak particle temperature reduces by only about 5 K when dp varies

from the maximum value, 34.8 nm, to the minimum
value, 24.2 nm, considered (Fig. 6a). Thus even 20%
uncertainty in dp has a negligible effect on the calculated peak particle temperature, which is expected
based on the theoretical analysis given in Eq. (11)
that the soot particle temperature history before the
peak value is nearly independent of the primary particle size dp , since both the laser energy absorption
and the particle internal energy change are volumetric processes and the effect of dp is therefore canceled
out. However, the uncertainty in dp affects the temporal decay rate of soot temperature (Fig. 6b), since the
temperature decay rate for larger particles is slower
due a smaller surface area-to-volume ratio. In fact,
the temporal decay rate of soot particle temperature,
d ln(T − Tg )/dt , is inversely proportional to dp as
shown in Eq. (12).
The effect of uncertainty in Np on the calculated
soot particle temperature is shown in Fig. 7 for three
different values of Np , 25, 50, and 100, while keeping
other parameters constant and E(m) = 0.366 and α =
0.26. Results shown in Fig. 7 demonstrate that Np has
almost no effect on the peak temperature and has only
a slight effect on the slope of the temporal decay rate
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of soot particle temperature, only about 5% difference
from that of Np = 50 for both Np = 25 and Np = 100.
In summary, the numerical results indicate that
E(m) affects the peak soot temperature only and α
affects the temporal decay rate only. These results
are consistent with the theoretical analysis given in
Eqs. (11) and (12).
4.2. Determination of E(m) and α using the
experimental particle temperature

Fig. 6. Effects of the primary soot particle size on the calculated peak soot particle temperature and temporal decay
rate at a uniform laser profile with a fluence of 0.9 mJ/mm2 ,
α = 0.26, E(m) = 0.366, Np = 42, and the pre factor and
exponent in Eq. (5) from Brasil et al. [31].

The experimental soot particle effective temperature was derived using Eq. (2) together with two different assumptions for the wavelength dependence of
E(m): (i) E(m) varies linearly with wavelength based
on the experimental results of Krishnan et al. [22]
and (ii) E(m) is independent of wavelength as suggested by Snelling et al. [26]. The experimentally
derived soot temperature history at a laser pulse energy of 2 mJ and assuming linear relation between
E(m) and λ is compared with numerically calculated ones in Fig. 8. Under these conditions, the derived values of E(m) at 1064 nm and α are 0.42 and
0.37, respectively, based on the experimental peak
temperature and temporal decay rate using Eqs. (11)
and (12). Numerical results were obtained using three
pairs of E(m) and α: the derived values, E(m) = 0.42

Fig. 7. Effects of the mean aggregate size on the calculated peak soot particle temperature and temporal decay rate
at a uniform laser profile with a fluence of 0.9 mJ/mm2 ,
α = 0.26, E(m) = 0.366, dp = 29 nm, and the pre factor
and exponent in Eq. (5) from Brasil et al. [31].

Fig. 8. Comparison of the experimental and numerical effective soot particle temperatures at the laser pulse energy of
2 mJ. The experimental soot particle temperature was determined assuming a linear variation of E(m) with wavelength.
The numerical particle temperatures are calculated for different values of E(m) and α, dp = 29 nm, Np = 42, and using
the pre factor and exponent of Brasil et al. [31].
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and α = 0.37, and two pairs from literature, E(m) =
0.366, α = 0.26 and E(m) = 0.366, α = 0.9. The derived E(m) is about 15% higher than that suggested
by Krishnan et al. [22] at 1064 nm. The numerical
soot temperature history based on the derived E(m)
and α is indeed in very good agreement with the experimental one for both the peak temperature (Fig. 8a)
and the temporal decay rate (Fig. 8b), as expected. On
the other hand, the numerical soot temperature histories based on E(m) and α from the literature are
in significant discrepancy with the experimental one,
indicating that the typical values of E(m) and α commonly used in the LII community are in substantial
error.
The experimentally derived soot temperature history at a laser pulse energy of 2 mJ and assuming
constant E(m) in the visible and near infrared is
compared with numerically calculated ones in Fig. 9.
When constant E(m) is assumed, the experimentally
derived peak temperature is about 80 K lower than
that based on a linear E(m) ∼ λ relation shown in
Fig. 8. As a result, E(m) at 1064 nm calculated using Eq. (11) and the experimental peak temperature
shown in Fig. 9a is about 0.395, which is still about
8% higher than that obtained by Krishnan et al. [22].
Based on our TS/TEM-determined mean particle di-

Fig. 9. Comparison of the experimental and numerical effective soot particle temperatures at the laser pulse energy
of 2 mJ. The experimental soot particle temperature was
determined assuming a wavelength-independent E(m). The
numerical particle temperatures are calculated for different
values of dp and α, Np = 42, E(m) = 0.395, and using the
pre factor and exponent of Brasil et al. [31].
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ameter dp = 29 nm, the accommodation coefficient α
calculated using Eq. (12) along with the experimental
decay rate shown in Fig. 9b is also 0.37, which is also
expected.
For a known soot temperature temporal decay rate,
such as obtained experimentally using the three-color
optical pyrometer here, Eq. (12) indicates that the derived value of α is proportional to the primary soot
particle size dp . Therefore, if a 10% error is assumed
for the determined value of 29 nm for dp , the derived
α would depart from 0.37 also by 10%, in the same
direction in order to keep α/dp constant based on
Eq. (12). The results based on a 10% perturbation for
both dp and α are also shown in Fig. 9. These results
are almost identical to those based on dp = 29 nm and
α = 0.37, consistent with the theoretical result given
in Eq. (12).

5. Conclusions
A combined numerical and experimental study of
laser-heated soot particle temperatures was conducted
in a coflow laminar ethylene diffusion flame. The theoretical LII model was improved by taking into account the fractal structure of soot aggregates in the
heat conduction submodel. Relatively small uncertainty exists in the experimentally derived particle
temperatures due to the uncertainty in the functional
dependence of E(m) on wavelength. Both theoretical analysis and numerical results indicate that the
peak soot particle temperature near the end of the
laser pulse is nearly independent of the primary soot
particle size and the aggregate size, which forms the
basis to derive the value of E(m) at the laser operation
wavelength by making use of the experimentally determined peak soot temperature. Theoretical analysis
and numerical results show that the temporal decay
rate of soot particle temperature is influenced primarily by the thermal accommodation coefficient and the
primary soot particle diameter and secondarily by the
aggregate cooling area model and the mean aggregate
size.
Using the combined theoretical and experimental approach, the soot absorption function E(m) and
the accommodation coefficient α for soot/surrounding
gases were derived based on experimentally determined peak soot temperature and temporal temperature decay rate. The uncertainty in the derived value
of E(m) is due to the uncertainty in the functional dependence of E(m) on wavelength, which is required
to determine the experimental soot particle temperature. The errors in the measured values of the mean
primary soot particle size at the location of LII measurement in the laminar ethylene coflow diffusion
flame have negligible effects on the value of the de-
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rived E(m). The error in the measured value of the
primary soot particle size passes directly to the derived thermal accommodation coefficient. Considering uncertainties in the mean aggregate size, the primary soot particle diameter, and aggregate cooling
area submodel, the uncertainty associated with the derived value of the thermal accommodation coefficient
is likely to be within 15%. Assuming wavelength independence of E(m) and linear variation of E(m)
with wavelength, the derived values of the soot absorption function at 1064 nm are respectively 0.395
and 0.42. The thermal accommodation coefficient of
soot/surrounding gases was found to be 0.37.
This study explored a new methodology of deriving the values of the soot absorption function and the
thermal accommodation coefficient using low-fluence
laser-induced incandescence. The novel method presented in this study can be used to determine values
of E(m) and α under other conditions. Work is under
way to determine the value of E(m) at 532 nm and
other wavelengths, which provides new evidence on
how E(m) varies with wavelength in the visible and
near infrared.
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