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Abstract

Temperature histories of nanosecond-pulsed laser-heated soot particles of different primary particle
diameters and different aggregate sizes were calculated using an aggregate-based heat transfer model.
Relatively low laser fluences were considered to ensure maximum particle temperatures were below about
3800K to avoid soot particle sublimation. After the laser pulse, the temperature of soot particles in larger
aggregates decreases more slowly than that of particles in smaller aggregates due to the increased shielding
effect. For a given aggregate size, the temperature of particles of smaller diameter decays faster as a result
of a larger surface area-to-volume ratio. The effective temperature of soot particles in the laser probe
volume was calculated based on the ratio of thermal radiation intensities of soot particles at 400 and 780 nm
to simulate the experimentally measured soot particle temperature using two-color optical pyrometry. The
effect of aggregate size distribution of soot particles on the effective particle temperature was investigated
under different initial temperatures.
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1. Introduction

Optical diagnostic techniques play an important role in our understanding of soot formation,
growth, aggregation, and oxidation in flames and in characterizing the morphology of
nanoparticles such as soot, diesel particulatc matier, and carbon black. 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 distribution) by
laser scattering [2] and thermophoretic sampling/transmission electron microscopy analysis (TS/
TEM) {3], they suffer various limitations compared to the more recently developed laser-induced
incandescence (LII) technique [4-7]. 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. To date the LII technique can provide soot volume fraction and
primary soot particle diameter [8], but cannot provide information on aggregate size distribution.

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. When the temperature of soot particles in the measurement volume is non-uniform,
the measured temperature is an effective temperature, which is a weighted average temperature.
Various optical pyrometers have also been used to monitor the soot particle temperature during LIL
Eckbreth [9] measured the laser-irradiated soot particle surface temperatures using the LI signals
detected at two different wavelengths. Snelling et al. [8] employed a three-wavelength pyrometer to
measure the laser-heated soot particle surface temperatures in a diesel engine exhaust.

Theoretical models describing the nanoscale heat and mass transfer processes of LTI have been
developed and improved over the last two decades [10,11 and references cited therein]. However,
significant uncertainty may still exist in the numerical results under conditions of significant soot
sublimation primarily due to the lack of reliable physical parameters in the soot sublimation sub-
model such as the vapor pressure and the heat of vaporization [12]. To avoid the uncertainty in
the sublimation sub-model in numerical study and to make the LII technique truly non-intrusive,
our recent experimental and numerical studies {13] have focused on low-fluence L1, in which the
maximum soot particle temperature remains below about 3800 K, ensuring negligible soot
sublimation. Besides the uncertainty in the sublimation sub-model, which can be avoided by using
a low-fluence laser beam, the accuracy of the primary soot particle diameter estimated using the
experimental temperature decay rate [8] is severely limited by our knowledge of the soot particle
thermal accommodation coetficient «. The values for o of soot particles cited in the literature is
subjected to significant uncertainty, from 0.26 [7] to 0.9 [14]. Our recent study has determined new
values of soot absorption function E(m) at 1064 nm and the soot particle thermal accommodation
coefficient o based on experimental temperature decay rate and known soot morphology in a
laminar diffusion flame [13]. Except for our recent study [13], in which an attempt was made to
formulate a more realistic aggregate-based LII model, to our knowledge all the theoretical models
of LII appearing in the literature were developed for a single primary particle.

Soot particles in general appear as mass-fractals as a result of aggregation [2,3,15] rather than
isolated primary particles. Therefore, the mass-fractal structure of soot particles should be taken
into account in the LII model. The fractal structure of soot aggregates results in a shielding effect
for heat conduction between the soot aggregates and the surrounding gas, as some primary
particles are partially or fully hidden from the exterior of the aggregate. The shielding effect
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reduces the available surface area of the soot particles for collision with the surrounding gas
molecules. As a result, soot particles in larger aggregates have a slower cooling rate than those in
smaller aggregates. Therefore, even though heated to the same peak temperature, soot particles
exhibit different temperatures at later times after the laser pulse.

In this study numerical calculations were conducted to obtain the temperature history of soot
particles in aggregates of different sizes. Assuming the aggregate size distribution is log-normal,
the effective temperature of soot particles in the laser probe volume was calculated based on the
ratio of thermal emission intensities of soot particles at 400 and 780nm to simulate the
experimentally measured soot particle temperature using two-color optical pyrometry. The
objectives of the present study are (i) to further improve the current LII model by using an
improved sub-model for heat conduction between soot aggregates and the surrounding gas, and
(i) to investigate the effect of aggregate size distribution on the temporal decay rate of the
effective soot temperature. The present study demonstrates that the temporal decay rate of soot
particle temperature after the laser pulse depends not only on the primary soot particle diameter
but also on the aggregate size, in terms of the number of primary particles per aggregate. Through
such an improved understanding of the temporal decay rate of the effective soot particle
temperature determined by two-color optical pyrometry, it is concluded that the temporal decay
rate of soot particle temperature alone is, in general, insufficient to determine the primary soot
particle diameter.

2. Theory
2.1. Low-fluence LIl model

Soot particles in general form fractal-like structures (aggregates) with some bridging between
the primary particles {2,3,15]. However, it is a reasonable approximation to model soot aggregates
as monodisperse spherical primary particles that are just in point contact [15]. Although the laser
energy absorption rate of soot particles is not affected by aggregation based on results from
Rayleigh—-Debye—-Gans polydisperse fractal aggregate (RDG-PFA) theory [2,15], the heat loss rate
of soot particles to the surrounding gas, primarily through heat conduction, is dependent on the
aggregate size as a result of the shielding effect. The shielding effect not only reduces the heat
transfer rate per unit surface area of soot particle but also potentially causes a non-uniform
temperature distribution within an aggregate after the laser pulse. As a first approximation,
however, the non-uniformity in temperature distribution within an aggregate is not taken into
account, i.e. it is assumed that all the primary soot particles within an aggregate have the same
temperature.

The aggregate-based LII model described in Ref. [13] was improved by incorporating a more
accurate model to calculate the rate of heat conduction between the soot aggregate and the
surrounding gas in the transition regime. In the absence of soot sublimation, the energy
conservation equation of a soot aggregate can be written as

1

dr g .
A3 Nppyes = CoFog(ONy = G — . )

dr
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In Eq. (1) d, is the primary soot particle diameter (typically between 20 and 50nm), N, the
aggregate size (number of primary particles per aggregate), p, and ¢, are soot particle density and
specific heat, and T and ¢ are soot particle temperature and time, respectively. On the right-hand
side of Eq. (1), Cy = nzdgE(m) /4 1s the absorption cross section of a primary soot particle in the
Rayleigh limit. In this study, the laser wavelength A is 1064 nm. Fy is the laser fluence in mJ/mm?.
Function ¢(¢) is the pulsed-laser temporal power density per unit laser fluence (mJ/mm?). Symbols
g. and ¢, represent, respectively, the rate of conduction heat loss from the aggregate to the
surrounding gas and radiation heat loss rate. Although conduction heat loss is the dominant
particle heat loss, the heat loss due to radiation is nevertheless included in this study. Again,
radiation heat loss is not affected by particle aggregation based on the RDG-PFA theory and can
be written as

. * 2ncth 1 2 4nd, E(m)
Gr =Ny /0 i° explhc/kgdT) — 1 ndp A d4, )

where symbols 4, kg and ¢ represent the Planck constant, the Boltzmann constant, and the speed
of light, respectively. The soot absorption function FE(m) is in general dependent on the
wavelength in the visible and the infrared. Since heat loss due to thermal emission from soot
particles is much smaller than that due to heat conduction, an average value of E(m) was used in
the evaluation of the above integration. After some derivation, Eq. (2) can be written as

{

4
i 3
o b (3)

. kS o)
g, = 8“3déE(’77)h4—; TSNP/0

where the integration yields a value of 24.886 and an average value of 0.4 is assigned to E(m).

Calculation of the rate of conduction heat loss can be described in two steps. First, the mass-
fractal structure of soot aggregates needs to be approximately represented by an equivalent sphere
which has the same effective surface area as far as heat conduction with the surrounding gas is
concerned. For this purpose, the aggregate projected area-based equivalent sphere model
described in our previous study [13] was used. In this model, the diameter of the equivalent sphere
is related to the primary soot particle diameter d}, and the aggregate size N, through [13]

N 1/2e,
p=(3) .

where f, and &, are respectively prefactor and exponent for the aggregate project area. It should
be noted that the correlation relationship in Eq. (4) does not hold for Ny, = I; in this case D, is
simply set to d,. Different values of f, and ¢, have been suggested in the literature based on
experimental measurements [16] and numerical simulation [17]. In the present calculation, the
values of f, = 1.1 and ¢, = 1.08, recommended by Brasil et al. [17], based on numerically
generated aggregates were employed. The numerical simulation of aggregates in [17] was based on
values of the fractal parameters Dy and k, of 1.78 and 1.5, respectively. The relation between
aggregate size N, and the radius of gyration R, is given by

R\
Ny = k, (dT/i) . (3)
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Koyl et al. [18] have compared their experimental results with others and concluded that
for all the data and all types of flames Dr =1.7+0.15 and &k, =24+04. The fractal
prefactor assumed in [17] is somewhat outside these error limits but the fractal dimension is in
agreement.

Once a heat conduction equivalent sphere is properly defined, the next step is to calculate the
heat conduction rate between the equivalent sphere and the surrounding gas in the transition
regime. In this work, instead of using the simple harmonic mean expression tor conduction heat
transfer rate in the transition regime employed in our previous study [13], we used the Fuch’s
approach based on a recent study of Filippov and Rosner [19] who showed that the
simple harmonic mean method can give rise to significant errors under large particle-to-gas
temperature ratios such as in the case of laser-heated carbon black particles initially at room
temperature. The key to this approach is to find the radius and temperature of a limiting sphere,
which is larger than the heat transfer equivalent sphere described above, Eq. (4). The limiting
sphere is defined as such that inside the sphere the heat conduction is in the free-molecular
regime (between particle temperature 7 and the limiting sphere temperature T'5) and outside it the
heat conduction is in the continuum regime (between the gas temperature 7, and the limiting
sphere temperature 7'5). Inside the limiting sphere the heat conduction rate from the equivalent
sphere to the region within the limiting sphere is calculated using the free-molecular regime
expression as [19]

_ Py [BkpTsy 4 1/(T 5
.= onR2-E - ——1 6

where o is the soot particle thermal accommodation coefficient, R, is the radius of the equivalent
sphere (D,/2), Py is the gas pressure, Kp is the Boltzmann constant, m, the mass of the gas
molecule, and »* the average value of the specific heat ratio defined as

1 /J dT o
-1 T—Ts[p,y—1

In the region outside the limiting sphere the conduction heat loss from the limiting sphere to the
surrounding gas is calculated using the continuum regime expression as [19]

T
q. = 4n(é + Ra)/ kodT, . &)
T,

where 0 is the thickness of the boundary layer in the Fuch’s approach, i.e. § + R, is the radius of
the limiting sphere, k, is the conduction coefficient of the surrounding gas. The ratio of radius of
the limiting sphere to the equivalent sphere is given as [19]

5+&_ﬁcs 1
R, 2}

d

2 "
M 3 5/2 ‘
5 i 3A2A1+15‘A2 >’ (9)

where A5 is the mean free path of gas molecules in the boundary layer around the equivalent

sphere and A, and A, are given as

Ay =1+443/Ry, Ay =1+ (s/Ra)". (10)
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Using the expression given by McCoy and Cha [20] the mean free path can be calculated as

k(Ty)
by

where fis the Eucken factor [21]. The mean free path in the limiting sphere is related to that in the
surrounding gas through

kg(TJ) T&
J = ;L . 12
M T\ T, (12)

Once the boundary layer thickness ¢ and the temperature in the limiting sphere 7’5 are obtained by
solving Egs. (6)—(12) iteratively, the conduction heat loss rate can be calculated using either Eq.
(6) or Eq. (8).

nmg T

Jy = (11)

(-1

2.2. Effective particle temperature

When the temperature of soot particles in the laser probe volume is non-uniform, two-color
optical pyrometry provides a weighted average or effective particle temperature. In the present
study, we consider a uniform spatial laser energy profile and the non-uniformity in soot particle
temperature 1s due to the aggregate size-dependent heat conduction process. Once the history of
soot particle temperatures is obtained for a range of aggregate sizes N, by solving Eq. (1), the
numerically simulated total LIT signals detected at two different wavelengths in the near-visible
(400 and 7801nm) can be obtained by integrating the thermal emission intensity of soot particles
over the entire aggregate size range assuming some aggregate size distribution function.

Assuming soot particles are uniformly distributed inside the laser probe volume and the probe
volume is small enough to ensure that the optically thin assumption is valid, the total thermal
emission intensity (TEI) at a wavelength 4, is

00 2ncth ke -1 szd;E(mi)
TEI; oc /1 PINPINy =5 [xp(m> - 1} —L——dN,, (13)

1

where p(Np) is the distribution function of the aggregate size. In Eq. (13) the soot particle
temperature T corresponds to the solution of Eq. (1) obtained at a laser fluence Fy (in mJ/mm?)
and aggregate size Np. This assumes that the primary particles diameters are monodisperse.
Treatment of the distribution of primary particle diameters is not considered in this study. Two
aggregate size distribution functions are considered: one is the log-normal distribution function
and the other is the oJ-function distribution (monodisperse aggregates). The log-normal
distribution function is given as

I In(Np/Ny
PNp) = Nov2n Ino, expl: ( V2ina, )} (19

where N, and o, are the two parameters of the log-normal distribution function and represent
respectively the geometric mean aggregate size and the geometric standard deviation. The mean
aggregate size IV, (the first moment of the distribution function) is related to the two parameters
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through N, = N, exp[0.5(In ag)z}. In order to make meaningful comparison between the results of
the log-normal distribution and the é-function distribution, the d-function is chosen as p(N,) =
S(Np, — N,), i.e. it peaks at the geometric mean aggregate size N, of the log-normal distribution.
A series of solutions for a range of aggregate sizes are first obtained by solving Eq. (1). These
solutions serve as a database for the integration in Eq. (13). The theoretical effective particle
temperature T is defined such that it satisfies the following expression:

TEI, E(m)) 5 exphe/kpiaTe) — 1
TEl, 1% E(my)expthe/kpiiTe)— 1’

(15)

which is effectively the principle of the two-wavelength optical pyrometer. Substitution of Eq. (13)
into Eq. (15) and using the approximation exp{fic/kAT) > 1 lead to

he (1 1) /ln [7° DINGIN, exp(—he/kphi TY AN,
A

To=—{——— : . (16)

ks \ s [° (NN, exp(—he/kpds T)dN,

Unlike the experimentally derived particle effective temperature, the theoretical effective particle
temperature is independent of the soot absorption functions at the two detection wavelengths 4,
and Z,. However, it is strongly dependent on the soot absorption function at the wavelength of the
laser {13]. It can also be observed from Eq. (16) that the effective particle temperature derived
from the ratio of thermal emission intensities at two wavelengths A; and Z,, in general, only
slightly depends on the values of the two wavelengths.

3. Results and discussion

The transient energy equation (Eq. (1)) was solved using a first-order explicit difference scheme
with a variable time step. A very small time step of 0.2 ns was used during and shortly after the
laser pulse (up to 50 ns) to resolve the rapid variation of particle temperature. Larger time steps
were used after the laser pulse due to slower particle temperature variation. In the calculations of
laser-heated soot particles in a laminar diffusion flame the time steps after the laser pulse were 1 ns
(between 50 and 100 ns) and 2 ns (after 100 ns). Even smaller time steps of 0.4 ns (between 50 and
100ns) and 0.6ns (after 100ns) were used in the calculations of laser-heated carbon-black
particles initially at room temperature (300 K) due to a faster particle temperature decay in this
case. Temperature-dependent thermal properties such as the thermal conductivity, the specific
heat ratio, the mean free path, the Eucken factor, and the specific heat of soot were used. In all the
calculations conducted here, the thermal properties of the surrounding gas were assumed to be the
same as those of air. The ambient pressure was 1 atm. The density of soot particle was taken to be
1.9g/cm? and the specific heat of soot was assumed to be the same as that of graphite. The soot
absorption function E(m) at 1064 nm (0.4) and the thermal accommodation coefficient of soot
particle o (0.37) were taken from our recent study [13]. The spatial profile of the laser is assumed
uniform. The temporal profile of the laser power, corresponding to a laser fluence of 1 mJ/mm?

* (the integration of the curve yields 1 ml), used in the present calculations is shown in Fig. 1.

Eq. (1) was solved for 140 aggregate sizes in the range of 1-3000 with non-uniform intervals.
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Fig. 2. (a and b) Effects of the aggregate size and the primary soot particle diameter on the soot particle temperature
history in the flame case.

These solutions were then used in the numerical evaluation of the integrations in Eq. (16) using a
simple trapezoidal algorithm.

3.1. Pulsed laser-heated soot particles in a laminar diffusion flame

The conditions specified in this case correspond to those at 42 mm above the burner exit on the
centerline of a laminar coflow ethylene/air diffusion flame described in our previous study [13].
The gas temperature and the primary soot particle diameter are 1750 K and 29 nm, respectively.
The laser fluence F used in the calculation of this case is 1.15mJ/mm?, which results in a peak
particle temperature of about 3660 K. Histories of the soot particle temperature for different
single aggregate sizes and primary particle diameters are compared in Fig. 2. The temperature of
soot particles in smaller aggregates decays faster than that of particles in larger aggregates due to
the shielding effect, which effectively reduces the surface area-to-volume ratio of larger
aggregates. The shielding effect is significant for smaller aggregates and becomes progressively
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Fig. 3. (a and b) Histories of the effective particle temperature of dilferent aggregate size distributions in the flame case.

less significant for very large aggregates. The peak particle temperature is only slightly dependent
on the primary particle diameter d,, and the aggregate size N,,. This is attributed to the following
two facts. First, the rate of laser energy absorption by soot particles dominates the rate of heat
loss by conduction during the laser pulse. Secondly, both the internal energy and laser energy
absorption of soot particles are volumetric processes and the particle diameter effect is cancelled
out. The temperature of particles with the smaller primary particle diameter decays faster than
that of the larger primary particle, again, because the smaller particle has a larger surface area-to-
volume ratio. Results shown in Fig. 2 indicate that the particle temperature decay rate is more
sensitive to o, than Ny,.

The effective particle temperature histories calculated for four different aggregate size
distributions (two log-normal and two ¢ functions) and d, = 29nm are compared in Fig. 3(a).
Also shown in Fig. 3 is the effective particle temperature of a larger primary soot particle of
d, = 40nm with a log-normal distribution of aggregate sizes. It is seen that the decay rate of the
effective particle temperature depends strongly on the primary particle diameter. Results for
dp = 29 nm indicate that the effective particle temperature is relatively insensitive to the aggregate
size distribution functions in that they have the same mean aggregate size (compare the thick solid
line and the thick dashed line, or the thin solid line and the thin dashed line). Furthermore, a
detailed knowledge of the mean aggregate size turns out to be unnecessary in this case since the
temperature decay is only slightly dependent on the mean aggregate size (compare the thick solid
line and the thin solid line). Therefore, in this flame case the experimental effective temperature
decay rate measured using two-color optical pyrometry may be used to estimate the primary
particle diameter provided that some estimate of the mean aggregate size is available. When the
results shown in Fig. 3(a) are plotted in terms of In(T, —Ty), Fig. 3(b), they all exhibit a nearly
linear, decay, i.e. temperature decays almost exponentially with time.

3.2. Pulsed laser-heated carbon black particles

The carbon black particles are assumed to have the same thermal properties as soot particles.

 The particles are initially at 300 K. A higher laser fluence of 1.8 mJ/mm’ was used in the

calculations to achieve a peak particle temperature of about 3650 K. Histories of the carbon black
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Fig. 4. Effccts of the aggregate size on the soot particle temperature history in the carbon black case.
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Fig. 5. (a and b) Histories of the effective soot particle temperature of different aggregate size distributions in the
carbon black case. ‘

particles (d, = 29nm) in aggregates of different sizes are compared in Fig. 4. Compared to the
results of the flame case shown in Fig. 2, the difference in temperature history between the large
and small aggregates is much more significant. The peak particle temperature in the carbon black
case is also somewhat more sensitive to the aggregate size compared to the flame case, with the
peak particle temperature increasing slightly with the aggregate size. This is due to the higher
conduction heat loss rate experienced by particles in smaller aggregates near the end of the laser
pulse.

The eftective particle temperatures of two different ¢, and two different aggregate size
distribution functions are compared in Fig. 5. It is evident that the effective particle temperature is
strongly dependent on both the primary particle size and the aggregate size distribution function.
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Clearly the temporal decay curves of the effective particle temperatures of log-normal distributed
aggregates exhibit significant non-linearity, while the decay curve of the monodisperse aggregates
(6-function distribution) is still quite linear, Fig. 5(b). The much slower decay of the effective
particle temperature of the log-normal distributed aggregates is due to the significant contribution
from the tail of the log-normal distribution where the aggregate sizes are very large and their
temperatures are much higher, though they have very small distribution probability. Physically,
the thermal radiation intensity from the particles in the laser probe volume at later times is
dominated by a small number of very hot and very large aggregates.

Unlike in the flame case, where an approximation of the mean aggregate size seemed sufficient
to estimate the primary particle diameter based on the temporal decay curve of the effective
particle temperature, a detailed knowledge of the aggregate size distribution is required in the
carbon black case for determining the primary particle diameter using the temporal decay curve of
the effective particle temperature. In other words, the experimental effective particle temperature
decay curve alone cannot differentiate non-aggregated large particles from large aggregates
formed by small primary particles.

4. Conclusions

The aggregate based heat transfer model for calculation of nanosecond-pulsed laser-heated soot
particle temperature was improved by incorporating the Fuch’s approach for heat conduction
between the aggregates and the surrounding gas in the transition regime. Effects of the primary
particle diameter, aggregate size, and the aggregate size distribution on the particle temperature
were investigated in a laminar diffusion flame and in carbon black particles initially at room
temperature. For monodisperse aggregates, the particle temperature depends on both the
aggregate size and the primary particle diameter. For polydisperse aggregates, the effective
particle temperature depends primarily on the primary particle diameter and only slightly on the
mean aggregate size and the aggregate size distribution function in the flame case where the
ambient gas temperature is relatively high. An approximation of the mean aggregate size is
adequate to determine the primary particle diameter in flames based on an experimentally
measured effective particle temperature using two-color optical pyrometry. In the carbon black
case where the ambient gas temperature is low; the effective particle temperature depends strongly
on both the primary particle diameter and the distribution function of aggregate size. The
temporal decay rate of soot particle temperature alone is insufficient to determine the primary
soot particle diameter.
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