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Abstract This study concerns the effect of soot-particle
aggregation on the soot temperature derived from the sig-
nal ratio in two-color laser-induced incandescence measure-
ments. The emissivity of aggregated fractal soot particles
was calculated using both the commonly used Rayleigh—
Debye—Gans fractal-aggregate theory and the generalized
Mie-solution method in conjunction with numerically gen-
erated fractal aggregates of specified fractal parameters typ-
ical of flame-generated soot. The effect of aggregation on
soot temperature was first evaluated for monodisperse ag-
gregates of different sizes and for a lognormally distributed
aggregate ensemble at given signal ratios between the two
wavelengths. Numerical calculations were also conducted to
account for the effect of aggregation on both laser heating
and thermal emission at the two wavelengths for determin-
ing the effective soot temperature of polydisperse soot ag-
gregates. The results show that the effect of aggregation on
laser energy absorption is important at low fluences. The ef-
fect of aggregation on soot emissivity is relatively unimpor-
tant in LII applications to typical laminar diffusion flames at
atmospheric pressure, but it can become more important in
flames at high pressures due to larger primary particles and
wider aggregate distributions associated with enhanced soot
loading.

1 Introduction

Laser-induced incandescence (LII) techniques have become
increasingly popular as a preferred approach for measure-
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ments of soot in many applications ranging from laminar
and turbulent flames, engine combustion, engine exhaust,
and black carbon production to flame synthesis of metal ox-
ide particles [1]. The popularity of LII can be primarily at-
tributed to its advantages over conventional methods, such
as high spatial and temporal resolution, ease of implementa-
tion, and versatility. LIT makes use of the light absorption
and emission properties of nano-sized absorbing particles
by thermally energizing them with the use of a high-energy
laser pulse of about 20 ns duration. In such applications, the
particle temperature increases rapidly from the ambient tem-
perature to somewhere close to the particle sublimation tem-
perature during the laser pulse and then cools slowly back
to the ambient temperature mainly through sublimation and
heat conduction. Detection of time-resolved incandescence
signals allows the determination of particle concentration
and primary particle size information, since the strength of
the incandescence signal is proportional to the particle vol-
ume fraction [2] and the cooling rate of the particle is related
to the particle size [3].

To monitor the extent of soot-particle sublimation, to
help gain insights into the nano-scale heat and mass trans-
fer processes during LII, and to provide indispensable data
to validate LII models, it is highly desirable to conduct
time-resolved LIl measurements at multiple detection wave-
lengths (at least two) in order to obtain the time-resolved
soot temperature during the laser heating and the subsequent
cooling. In addition to these reasons, the time-resolved soot
temperature in LII measurements is also required by the ab-
solute LII intensity method to determine the soot volume
fraction [4], for the determination of soot absorption func-
tion, E (m), using the low-fluence LII method [5], and for the
determination of primary soot-particle diameter distribution
[6, 7]. Therefore, two-color LII (2C-LII), in which the in-
candescence signals are detected at two wavelengths so that
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soot temperature can be inferred from the signal ratio with
the help of a model describing the soot-particle emissivity
at the two detection wavelengths, has become the preferred
way to conduct LII experiments [1].

Although LII has been demonstrated to be applicable to
non-soot nanoparticles, e.g. [1], it has been primarily used
for measurements of combustion-generated soot. Since the
optical properties of particles are dependent on their shape
and size, it is important to know the morphology of soot
particles in order to accurately predict their absorption and
emission properties, which are essential in the context of
LII theory and practice. It has been well established that
combustion-generated soot forms mass alike fractal aggre-
gates consisting of nearly spherical primary particles [8, 9],
as a result of particle aggregation. The aggregate size (the
number of primary particles) has been found to cover a
wide distribution from 1 (isolated primary particles) to sev-
eral hundreds (in laminar diffusion flames) or even thou-
sands (in turbulent flames). The primary particle diame-
ter, however, has a relatively narrow distribution from 10
to 60 nm. Within a given soot aggregate the primary par-
ticles can be considered approximately uniform in size. It
has been shown in a vast body of literature that the fractal
dimension of combustion-generated soot falls in a narrow
range of 1.6 to 1.9, which implies that the fractal structure
of soot is fairly open. As a consequence of particle aggre-
gation, the mass alike fractal soot aggregates have different
thermal and optical properties from those of isolated pri-
mary particles. To better quantitatively model the heat and
mass transfer processes during laser heating and subsequent
cooling in LII it is important to account for the various ef-
fects of particle aggregation. In particular, the effects of ag-
gregation on the laser energy absorption, heat conduction,
sublimation, and thermal emission are of importance within
the context of LII modelling. The effect of aggregation on
heat conduction has been investigated by Filippov et al. [10]
and more recently by Liu et al. [11], Liu and Smallwood
[12], and Daun [13]. However, these studies were conducted
almost exclusively in the free-molecular regime with only
one effort in the transition regime [12], which is relevant to
LII experiments conducted at elevated pressures. The effect
of aggregation on laser energy absorption in LII modelling
has been recently investigated by Liu and Smallwood [14]
for monodisperse aggregates. To our knowledge, there have
been no studies to address the effect of aggregation on sub-
limation. The present study concerns the effect of polydis-
perse aggregation on the absorption properties, and mono-
and polydisperse aggregation on the emission properties of
soot aggregates, with emphasis on the latter.

The complex and rather open structure of fractal soot ag-
gregates implies that their optical properties cannot be de-
scribed by the Mie theory applied to a spherical equiva-
lent of the aggregate [15, 16]. Although it has been shown
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in several studies that the Rayleigh-Debye—Gans fractal-
aggregate (RDG-FA) theory provides a fairly accurate de-
scription of the optical properties of soot, e.g., [17], pro-
vided that the refractive index of soot is known, the RDG-
FA theory unfortunately cannot account for the effect of ag-
gregation on absorption and predicts that the aggregate ab-
sorption cross section is simply the summation of all the
individual primary particle absorption cross sections. Nu-
merical calculations using more accurate theoretical models
have shown that the RDG-FA theory in general underesti-
mates the aggregate cross section by about 10%, depending
on the aggregate size and primary particle size parameter
[14]. It has been pointed out by Liu et al. [14, 18] that an
error of this magnitude in the soot absorption cross section
is not acceptable in LII modelling, especially in the low-
fluence regime where soot sublimation is negligible. Our re-
cent study has cast doubts on the adequacy of the RDG-FA
theory to LII modelling [14], since this approximate theory
completely neglects the effect of aggregation on the absorp-
tion and emission properties of fractal aggregates.

In the determination of soot temperature in 2C-LII from
the ratio of the detected LII intensities at two wavelengths,
the ratio of soot-particle emissivities at the detection wave-
lengths is required. So far the RDG-FA theory has been used
in practice with 2C-LII to arrive at the soot temperature.
Based on the recent progress in the quantitative understand-
ing of the effect of aggregation on the aggregate absorption
cross section, it is anticipated that aggregation has the same
effect on the emissivity of soot aggregates and could po-
tentially affect the soot temperature derived from the incan-
descence signal ratio in 2C-LII measurements. However, the
effect of aggregation on the soot temperature determined
in 2C-LII measurements has not been investigated. Moti-
vated by this observation, a numerical study was conducted
to understand quantitatively (i) how aggregation affects the
soot temperature based on given incandescence signal ratios
for both monodisperse and polydisperse aggregates, and (ii)
how aggregation affects the effective soot temperature of a
polydisperse ensemble of aggregates based on the predicted
incandescence signal ratio that takes into account the aggre-
gation effect on the laser energy absorption rate.

2 Theory

2.1 Relationship between soot temperature and LII signal
ratio

The blackbody radiant emission intensities of a (macro-
scopic) surface of temperature 7 at two different wave-
lengths A1 and A, are given as

Cy 1

T A exp(Cy/T) — 1 M
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Cy 1
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where Iy, is the power radiated per steradian per unit sur-
face area and per unit wavelength interval (radiation inten-
sity) for a blackbody, C| = 2hc?, Cy = he /k, h is the Planck
constant, c is the speed of light, and & is the Boltzmann con-
stant. Without losing generality, it is assumed throughout
this work that A» > A1. In this study, as in almost all previous
studies, it is assumed that soot aggregates consist of identical
primary spherical particles of diameter d,, that are in point
touch. Although these assumptions are reasonable based
on image analysis of soot sampled from various flames, it
should be recognized that there are small variations in size
among primary particles within an aggregate and there is
certain degree of overlap and/or necking/bridging between
connecting primary particles, i.e., primary particles are not
in point touch. The primary soot particles are in general in
the range of 10 to 60 nm and are sufficiently small to be
considered in the Rayleigh regime for wavelengths in the
visible spectral range. In the following analysis, the size of
an aggregate is represented by the number of primary spher-
ical particles it contains. For an arbitrarily shaped particle
its emissivity is equal to its absorption efficiency [19]. Ap-
plying this principle to an aggregate at a wavelength A leads
to

Qs =8p > 3)
where the superscript agg represents quantities of aggregate,
Qabs 1s the particle absorption efficiency and &, is the par-
ticle emissivity. For an aggregate of size N, its absorption
efficiency is written as

C"‘gg

Qagg — abs , ( 4)
abs Np Ageo

i.e., it is the ratio of the aggregate absorption cross section
C:fsg to the total cross sectional area of all the constituent
primary particles, where Ageo is the geometric cross sec-
tional area of a primary particle. It should be noted that in
the following analysis, the superscript p indicates primary
particle quantities.

For an aggregate consisting of Np primary particles at
temperature 7 its emitted powers ¢ at A1 and A are

= an'd Ib)\18p1
C 1
2 1
= Nydje eprt S 3)
A exp(Ca/MT) —1
= and Ib;hzep2
— N2z EL ! ©)

PP 23 exp(Ca/aaT) — 17

The detected LII signals S, at A1 and A, can be related to the
particle emission intensities, the detection bandwidths, the
soot volume fraction (or soot number density), the detection
volume, the transmission characteristics of the filters, and
the spectral responses of the detectors. Assuming the optical
path-length of the incandescent particles along the detection
direction is small so that the optically thin approximation is
valid and the bandwidths of the two detection wavelengths
are sufficiently narrow, the detected LII signal current can
be written as

M8 /2
MY ZC/ G, Th D, dA
A

1—8A1/2
NCN ﬂd28p1g8k111D1 C o
A exp(Ca/MT) =1
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A
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where dA1 and §), are the respective bandwidths at center
wavelength A1 and A, and constant C accounts for all fac-
tors other than bandwidth 8, filter transmissivity t, and the
detector response D. The signal ratio R can then be written
as

_ S S uDiey) 5503 exp(Ca/aaT) — 1
S, T ok rzDzsagg AS exp(Co/MT) — 1"

(©))

Using a revised signal ratio R = Réir12D2/5A 111 D1, (9)
can be rewritten as

_s1 Mexp(Ca/ral) — |

=l opl2 , (10)
2 A3 exp(C2/MT) — 1

where
agg
&

¢ = (1)
€p,

is the soot aggregate emissivity ratio and s; and s, are the
revised signals, i.e., s1 = Sy, /8A171 D1, 52 = S),/8A212 D).
The purposes of introducing the revised signals s; and s2
(and the revised signal ratio ) are to simplify the equations
developed below and highlight the relationships among the
soot temperature 7', the signal ratio )i, and the soot aggre-
gate emissivity ratio ¢. It is important to note that for a given
pair of detection wavelengths the revised signals s; and s»
are proportional to the unrevised signals Sy, and Sy,, albeit
the proportional constants are in general different. The de-
tected LII signal S can be conveniently scaled to obtain the
revised signal s according to the definitions above. For these
reasons, only the revised signals s; and s, and their ratio
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N are considered in the following analysis. It should also
be noted that the word revised is dropped in what follows
for simplicity. For a known signal ratio ), the soot-particle
temperature 7 can be calculated approximately, using Wien
approximation and (10), as

1 1 1
T=-C <A___>7A5' (12)
1 1A
ln(9‘¢/\§)

Using this approximate temperature as the first guess, a very
accurate soot temperature can be obtained using the iterative
method suggested by Levendis et al. [20].

The formulations presented above are applicable only to
monodisperse aggregates. For polydisperse aggregates, it is
necessary to know the aggregate size distribution. When the
polydispersity of aggregate size is considered, however, it
is assumed that the primary particle diameters are still uni-
form for different sized aggregates in this study, though it is
possible to allow variation of the primary particle diameter
from aggregate to aggregate [11]. For combustion-generated
soot the aggregate size distribution can be conveniently and
reasonably described by a lognormal distribution given as

1 ln(Np/Ng))
Ny)=———— , 13
P(Np) Npv/2m Inoy exp|: ( flnog :| (13)

where Ng and o, are the two parameters of the distribution
function and represent respectively the geometric mean ag-
gregate size and the geometric standard deviation. For poly-
disperse soot aggregates although the temperatures of differ-
ent sized aggregates are in general different during the laser
heating [14] and subsequent cooling [11], all the aggregates
can still be considered at an effective temperature 7 as far
as radiant power is concerned, which is also the so-called
pyrometric temperature and is determined from the ratio of
radiation intensities at two different wavelengths. For a log-
normally distributed ensemble of aggregates at an effective
temperature 7, its emitted powers at A| and A; are

f Nprrdy Iy, ept p(Np) d Ny

e nd2
x5 exp(C2/A1 Te

T / NpepP¥ p(Np) dNp,  (14)

o0
Gy = / Nprrdy Iy, 55 p(Np) d Ny
1

_C er2
AS exp(Ca/A2Te) — 1

/ NpepsE p(Np)dNp.  (15)

Therefore, by replacing the product Npsggg with
f 100 Npsggg p(Np) dNp, a similar derivation to that used for
monodisperse aggregates to arrive at (10) can still be fol-
lowed for polydisperse aggregates. The relationship between
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the effective temperature and the signal ratio for polydis-
perse aggregates can be written as

23 exp(Ca /a2 Te) — 1

R = POy 2 5 (16)
A3 exp(Co/MTe) — 17
where
agg
PO = floo Npep;” p(Np)dNp (17)
= oo agg d
f1 Npép,” p(Np) dNp

is the ratio of polydisperse aggregate emissivity at wave-
lengths A1 to that at A;.

2.2 Absorption cross section of soot aggregates

Equations (10) and (16) indicate that it is essential to know
the soot aggregate emissivity ratio at the two detection wave-
lengths to determine the effective soot temperature for a
known signal ratio )i, which is obtained in 2C-LII mea-
surements. To arrive at the soot aggregate emissivity ratio
the absorption cross sections of soot aggregates at the two
detection wavelengths must be known. Although the struc-
ture of combustion-generated soot appears complex, it can
be conveniently described by the following statistical scal-
ing relationship

R\t
p—kf( g) : (18)

a

where N, is the number of primary particles (aggregate
size), Ry is the radius of gyration, a is the radius of pri-
mary particle, and kf and Dy are the fractal prefactor and
fractal dimension, respectively. In this study, two aggregate
absorption models are used to calculate the absorption cross
section of soot aggregates. The first model considered is the
RDG-FA theory, which has been commonly adopted in LII
studies, and the second one is a numerically exact approach
for multi-sphere clusters, described later.

In the RDG-FA approximation, the effect of aggregation
on aggregate absorption is completely neglected and the ag-
gregate cross section is simply the summation of the cross
sections of all the primary particles, i.e.,

Cagg — Npcp

abs abs’

19)

where the absorption cross section of primary particles is
that in the Rayleigh regime

2 13
n°d’ E
P p=m
Ch =—2", 20)

and E,, is the absorption function of the complex refractive
index m given as

B, —Im( ™= 1)
= 1m .
" m2 42
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The validity of (19) requires the particle size parameter x, =
mwdy/A to be in the Rayleigh regime, such that x;, is less than
approximately 0.3 [21]. The consequence of using the RDG-
FA theory is that the aggregate emissivity is the same as that
of the primary particle. As a result, with RDG-FA theory
the emissivity ratios for both monodisperse and polydisperse
aggregates are the same and given as

Eml E

¢ =M = .
Epn A

(22)

More accurate theoretical models than the RDG-FA the-
ory have been developed over the last few decades to pre-
dict the optical properties of fractal aggregates, such as
the volume integral equation formulation (VIEF) [22], cou-
pled electric and magnetic dipole (CEMD) method [23],
discrete-dipole approximation (DDA) [24], the superposi-
tion T-Matrix method [25], and the generalized Mie-solution
method (GMM) [26, 27]. In these models the positions of
individual primary particles are required to carry out the
numerical calculations and orientation averaging is neces-
sary to simulate the properties of a random-oriented ensem-
ble of aggregates. The second aggregate absorption model
considered in this study is GMM for the reason that it is
the numerically exact method to predict the optical proper-
ties of non-overlapping multi-sphere systems. It is important
to note that GMM is not applicable to overlapping spheres.
Therefore, the assumption of point touch primary particles is
essential, though not entirely realistic, for employing GMM
in the present study and represents the first limitation of this
study. To more realistically represent flame-generated soot it
is important to account for the overlap between connecting
primary particles. Other numerical methods, such as DDA,
would be required for this purpose. Nevertheless, investiga-
tion of the overlap effect between connecting primary parti-
cles is beyond the scope of this work and will be pursued in
future studies.

Fractal aggregates consisting of identical and just touch-
ing primary spherical particles were first generated numeri-
cally using tunable cluster-particle and cluster-cluster aggre-
gation algorithms described in [10, 28] for aggregate size
Ny in the range of 5 to 893 with specified morphologi-
cal parameters typical of combustion-generated soot, i.e.,
a =15 nm, kf = 2.3, and Dy = 1.78. In addition, calcula-
tions for a single primary particle (N, = 1) at different size
parameters (x, = wd,/A) were also conducted. For a single
primary particle, the GMM calculation is identical to Mie
theory. Throughout this work the refractive index of soot
was assumed to be independent of wavelength and we take
the value of m = 1.6 + 0.6i, which is again a typical value
for soot in the visible spectrum. The corresponding value
of E, is 0.27, which is used in all the numerical calcula-
tions whenever the RDG-FA was used. GMM calculations
were conducted for several primary particle size parameters

1.20
k=23 D,=178 N, = k(R /a)”

1.15 1
~, 1.10 1
n.% &
£ 105+
<
«® 1.00 3
© & GMM: x, = 0.0886

0.95 © GMM: X, = 0.1772

v GMM: X, = 0.2662
0.90 4 m GMM: X, = 0.3543
1 10 100 1000

NP

Fig. 1 Variation of the normalized aggregate absorption cross section
with aggregate size N, for different primary particle size parameters.
The results were calculated assuming m = 1.6+ 0.6i. The lines are Sth
order polynomial fit to the numerical results

from x, = 0.0886 up to xp = 0.3543 with at least 3375 ori-
entations to achieve accurate orientation averaged results. In
addition, most of the calculations were also carried out for
10 different aggregate realizations of identical morpholog-
ical parameters (Np, a, k¢, and Dy) to minimize the effect
of realization on the optical properties of these numerically
generated aggregates [29].

Results of the normalized aggregate cross sections as a
function of the aggregate size for four primary particle size
parameters are compared in Fig. 1. Since the RDG-FA the-
ory neglects the effect of particle aggregation and assumes
that the primary particles are in the Rayleigh regime, the
normalized aggregate absorption cross section remains unity
independent of the primary particle size parameter and the
aggregate size. The GMM results, however, indicate that the
aggregate cross section varies rather significantly with both
the primary particle size parameter and the aggregate size.
The variation of the aggregate absorption cross section with
the aggregate size becomes more pronounced as the primary
particle size parameter increases, i.e., it rises more rapidly to
a higher value and then decreases faster. These results can
be explained by the enhanced importance of particle inter-
ference and the shielding effect [23]. It should be noted that
the GMM results deviate increasingly from unity for single
primary particles (Np = 1) as the primary particle size pa-
rameter increases. This is because GMM yields the full Mie
solution for Np = 1, rather than the Rayleigh solution valid
only for small xp,. To implement the GMM results of the
aggregate absorption cross section in the numerical calcula-
tions the normalized results shown in Fig. 1 are fit to a 5th
order polynomial of the aggregate size. The coefficients of
these 5th order polynomials are then further fit to a 3rd order
polynomial of the primary particle size parameter.
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2.3 LII model

To fully understand the effect of aggregation on laser energy
absorption, subsequent cooling and incandescence emission,
it is of interest to investigate how aggregation affects the ra-
tio of the incandescence signals and the effective tempera-
ture of a lognormally distributed fractal soot aggregate en-
semble. In this regard, this study is an extension of our re-
cent work [14], where the effect of aggregation on aggregate
thermal emission and the polydispersity of soot aggregates
were not considered.

The following aggregate based LII model was used for
the purposes of the present study, which is essentially the
same model as that used in our recent study [14]. It is for-
mulated in terms of energy and mass conservation written
for an aggregate consisting of N, primary particles

AH,dM
M, dt’

(23)

am _ 1 d2 d>N,B My (24)
_jT 7’
PR el PP S R

where pg and cg are the density and specific heat of soot, ¢ is
time, Fy is the laser fluence, g (¢) is the laser power tempo-
ral profile per unit laser fluence, ¢, and ¢; are aggregate heat
loss rates due to conduction and radiation, respectively. The
last term in (23) represents aggregate sublimation heat loss
rate with M being the aggregate total mass, M, the mean
molecular weight of the sublimated species, and AH, the
heat of sublimation. In (24) py is the vapor pressure of the
sublimated species, R, is the universal gas constant, and the
effective sublimation coefficient 8 was chosen as 0.9. Soot
aggregate heat loss during and after the laser pulse due to
radiation, ¢, and conduction, g., were calculated using the
expressions given in [11]. Note that the effect of aggrega-
tion on heat conduction was taken into account as described
in [11]. It is implicitly assumed in (23) and (24) that any
potential temperature non-uniformity among primary parti-
cles within an aggregate was neglected. It is also worth not-
ing that the effect of aggregation on soot sublimation, the
last term on the right hand side of (23), was completely ne-
glected due to a lack of better knowledge, which represents
the second limitation of the present study.

The solutions to (23) and (24) are calculated for monodis-
perse aggregates and monodisperse primary particles of
specified Np and dp. Because the focus of this study is the
effect of aggregation on soot aggregate absorption and emis-
sion in LIl measurements and modelling, only the polydis-
persity in aggregate size is taken into account, though it is
straightforward to account for polydispersity in both aggre-
gate size and primary particle diameter following our previ-
ous study [11]. For a set of prescribed aggregate sizes rang-
ing from 1 to 800, (23) and (24) are first solved to provide

J dT
—erp‘,Np,oscS

6 dr Cabs Foq(t) — qc —

qr +
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time-resolved soot-particle temperature and primary parti-
cle diameter for a given initial primary particle diameter and
laser fluence. To simulate the effective soot temperature de-
rived in 2C-LII, the total incandescence intensities from a
unit volume of laser excited soot/gas mixture containing log-
normally distributed aggregates at the two detection wave-
lengths are first calculated as

I)Ll _nagg/ N 7Td IbMSp p(Np)dN

ﬂd p(Np)

aggo
[ e T A, 09
VR exp(C2/MT) — 1

oo
I, = nee /1 Nprrd? I, ep5 p(Np) d Ny

neC, [ mdy p(Np)
— / Npepst — L= 4N, (26)
PE exp(C2/3aT) — 1

where n?88 is the aggregate number density. It is important to
remember that the soot temperature in the exponential terms
in (25) and (26) is calculated from the LII model equations,
(23) and (24), and is a function of time and is dependent on
the laser fluence, the primary particle diameter, and the ag-
gregate size. Then the ratio of the incandescence intensities
at the two wavelengths is used to define the effective soot
temperature. This procedure follows that presented earlier
leading to (16) and (17); however, in this case the signal ra-
tio N is the ratio of the calculated incandescence intensity,
i.e., I,/Iy,, and is given as
N 8agg

)&_gfl P=Pp1 exp(Cg/MT) 1

A oo A, _agg wdg
1y Npep, PGP

p(Np) dNp

B —

27N
p(Np)dN,

Once the LII signal ratio is calculated from (27), the ef-
fective soot temperature is obtained from (16).

3 Results and discussion

3.1 Effect of aggregation on soot temperature in 2C-LII
measurements

The effect of aggregation on soot temperature determined
from a known incandescence signal ratio was first inves-
tigated for monodisperse aggregates using (10), (11) and
the two aggregate absorption models (RDG-FA or RDG for
short and GMM). Results for d, = 30 nm and detection
wavelengths of A1 =400 nm and A; = 780 nm are com-
pared in Fig. 2 for four aggregate sizes between Np = 10 and
800 and for a temperature range of 2000 to 4500 K, which
covers almost the entire range of soot temperatures encoun-
tered in LII measurements. The selection of these two de-
tection wavelengths, i.e., A; =400 nm and A, = 780 nm,
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Fig. 2 The relationship of soot temperature vs. signal ratio for
monodisperse aggregates of different sizes and d, = 30 nm

in this study to investigate the effect of particle aggrega-
tion on soot emission was based on our recent work [30].
If another pair of detection wavelengths is used in 2C-LII,
it is expected that the results presented in this study will be
slightly altered quantitatively, but not qualitatively, and will
not affect the interpretation of the results. As expected, use
of the RDG-FA theory results in a single curve for the tem-
perature vs. two wavelength signal ratio relationship, since
the aggregate absorption cross section is independent of the
aggregate size as shown in Fig. 1. Use of the GMM model,
however, results in aggregate size dependent relationships of
temperature vs. signal ratio, which is also expected from the
aggregate size dependent aggregate absorption cross section
shown in Fig. 1. It can be seen in Fig. 2 that the effect of
aggregation on the 7" vs. 9 relationship is fairly significant
and becomes more pronounced as the temperature increases.
For example, at a signal ratio of i = 1.0, the difference in
the temperature between N, = 10 and Np = 800 is about
110 K and the neglect of the aggregation effect, i.e., the dif-
ference in temperature between the RDG-FA and the GMM
at Np = 800, could lead to soot temperature discrepancy by
about 80 K. It is interesting to notice that when the aggre-
gation effect is accounted for, the resultant soot temperature
can be either lower or higher than that from the RDG-FA
theory, depending on the aggregate size. For the conditions
assumed in these calculations, the soot temperatures from
the GMM model are lower than those from the RDG-FA
theory only for Ny = 10. This is because at Np = 10 the ag-
gregate emissivity ratio ¢ from the GMM model is higher
than that from the RDG-FA theory, but lower than that from
RDG-FA theory for the larger aggregates considered, Fig. 3.
This effect of ¢ on soot temperature can be easily predicted
by (12).

The relationships between the temperature and the two
wavelength signal ratio for a primary particle size dj, =
45 nm, detection wavelengths of A; =400 nm and A, =

Aggregate emissivity ratio ¢

GMM: dp =45nm

1.65 T T
1 10 100 1000

Aggregate size Np

Fig. 3 Variation of the aggregate emissivity ratio with aggregate size
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Fig. 4 The relationship of soot temperature vs. signal ratio for
monodisperse aggregates of different sizes and dj, =45 nm

780 nm, and different aggregate sizes are shown in Fig. 4.
The effect of aggregation is significantly stronger when the
primary particle diameter is increased from 30 nm to 45 nm,
i.e., at a given signal ratio the deviations of temperature
based on the GMM model from that based on the RDG-FA
become much larger, compare Figs. 2 and 4. It should be
noted that a larger primary particle diameter means a larger
primary particle size parameter at the two considered de-
tection wavelengths. Consequently, the aggregate emissivity
displays a larger variation with the aggregate size as revealed
by the aggregate absorption cross sections shown in Fig. 1.
As a result of the stronger variation of the aggregate emis-
sivity with aggregate size at larger primary particle size pa-
rameters, the ratio of the aggregate emissivities at the two
detection wavelengths has a larger deviation from the RDG-
FA value. A larger deviation in the emissivity ratio from the
RDG value is the reason why the aggregation effect becomes
more significant when d}, is increased from 30 to 45 nm.
This is clearly illustrated in Fig. 3, where the GMM curve
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Fig. 5 Lognormal distribution for Ny =40 and oy = 3.5
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Fig. 6 The relationship between the signal ratio and the effective soot
temperature for polydisperse aggregates and three different primary
particle diameters

for d,, = 45 nm displays a greater variation with the aggre-
gate size and a larger deviation from the RDG-FA value than
that for dp = 30 nm.

Although the results shown in Figs. 2 and 4 are useful
for interpreting the effect of aggregation on the relationship
between soot temperature and the signal ratio for monodis-
perse aggregates, it is also important to evaluate the effect
of aggregation on this relationship for lognormally distrib-
uted aggregates, since combustion-generated soot in general
consists of polydisperse aggregates that follow a distribution
closely approximated by a lognormal. Limited by the maxi-
mum aggregate size Np, of 893 in the present results for the
GMM aggregate absorption model shown in Fig. 1, a log-
normal distribution of N, with Ny =40 and og = 3.5 was
used to represent a typical polydisperse distribution of soot
aggregates in laminar diffusion flames [31]. This lognormal
distribution is shown in Fig. 5. The distribution probabil-
ity function drops to almost 1.0x 107> at Np =900 so that
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the contribution from larger aggregates to the integrations
associated with the distribution function, e.g., (17), can be
neglected. The effect of aggregation on the relationship be-
tween the effective temperature and the signal ratio, again
at detection wavelengths of 11 = 400 nm and X, = 780 nm
used throughout this study, for a lognormally distributed en-
semble of aggregates and three different primary particle di-
ameters is shown in Fig. 6. The fairly small deviation of
the GMM curve for d, = 30 nm from the RDG one sug-
gests that the effect of aggregation on the relationship be-
tween the temperature and the signal ratio can be neglected
in 2C-LII experiments conducted in laminar diffusion flames
at atmospheric pressure, since dp = 30 nm and the lognor-
mal distribution function used in these calculations represent
typical primary particle diameter and aggregate size distri-
bution in such flames. It is well known that soot concen-
trations increase rapidly with pressure [32] and it is very
plausible that the primary particle diameters are much big-
ger and the aggregate size distributions are much wider for
soot generated in high pressure flames. Results shown in
Fig. 6 indicate that the deviation of the GMM curve from
the RDG one increases fairly quickly with increasing the
primary particle diameter while keeping the aggregate size
distribution unchanged. At d}, = 45 nm, neglect of the ag-
gregation effect on soot-particle emissivity could lead to an
error in the temperature by as much as about 100 K at high
temperatures. Therefore, it is reasonable to conclude that the
effect of aggregation on soot aggregate emission can be ne-
glected in 2C-LII experiments in laminar diffusion flames
at atmospheric pressure; however, such effect should be ac-
counted for in diffusion flames at high pressures. Based on
the principle of the absolute LII intensity approach [4], with
LII signals detected at 400 and 780 nm, a 10% error in the
emissivity ratio due entirely to an error in the soot emissivity
at A1 =400 nm would give rise to a relative error about 20%
in the derived soot volume fraction. If the assumed 10% er-
ror in the emissivity ratio is caused by error in the soot emis-
sivity at A, = 780 nm, the resultant relative error in the de-
rived soot volume fraction would be about 10%. It is noted
that the relative error in the derived soot volume fraction is
dependent only on the detection wavelengths and the relative
error in the soot aggregate emissivities at the two detection
wavelengths, but independent of soot temperature. It is im-
portant to point out, however, that it is necessary to know
the morphology of soot aggregates (dp, k¢, Df, and N, dis-
tribution) to accurately account for the effect of aggregation
on aggregate absorption and emission. In practice, however,
this is challenging since the morphology of soot is in general
unknown and there are no established, reliable, and in-situ
techniques to provide such real-time soot morphology infor-
mation, though developments in elastic light scattering may
lead to a technique for this purpose.
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3.2 Effect of aggregation on soot absorption and emission
in LII modelling

In this section the effect of aggregation on the soot aggregate
laser energy absorption rate was first taken into account in
the LIT model described by (23) and (24) for the generation
of time-resolved aggregate temperature and primary parti-
cle diameter of different aggregates sizes from 1 to 850 and
a specified initial primary particle diameter of either 30 or
45 nm. The laser wavelength used in the calculations was
532 nm and its temporal profile was the same as that given
in our previous studies [11]. The density of soot is assumed
temperature independent and has a value of 1.9 g/cm3. The
specific heat of soot was temperature dependent and was
given in [33]. Thermal properties associated with soot sub-
limation, i.e., AHy, My, and p,, were taken from [34]. The
effect of aggregation on aggregate conduction heat loss rate
was accounted for using the model described in [11], as in-
dicated earlier. The thermal accommodation coefficient of
soot was assumed to be constant at 0.37, as in [11]. The ini-
tial temperature and the ambient pressure were 1700 K and
1 atm, respectively.

The effect of aggregation on the laser energy absorp-
tion of soot aggregates means that aggregates of different
size have different temperatures throughout the entire LII
process due to the different laser energy absorption rates. In
this regard, the present results obtained by solving (23) and
(24) are similar to those presented in [14] and will not be
shown here. The results calculated under a given aggregate
size can be viewed as the true temperature of monodisperse
aggregates. Because flame-generated soot often consists of
polydisperse aggregates with sizes ranging from 1 to several
hundreds or even thousands, 2C-LII experiments in general
measure an effective soot temperature based on the incan-
descence signal ratio. To numerically simulate the 2C-LII
experiments, the total incandescence intensities at the two
detection wavelengths contributed by an ensemble of poly-
disperse aggregates can be evaluated using (27), (16), and
(17) with the help of the aggregate size dependent temper-
ature and primary particle diameter from solving (23) and
(24) as mentioned above.

In the investigation of the aggregation effect on the ab-
sorption and emission of soot aggregates in LII modelling,
four sets of calculation were conducted for different laser
fluences and different initial primary particle diameters. The
absorption and emission treatments in the four sets of calcu-
lation are summarized in Table 1. A comparison of results
between the first and the second treatments highlight the er-
ror caused by using the RDG approximation in LII mod-
elling. The third treatment was considered to investigate the
error of using the RDG approximation in the calculation of
soot emission intensities and emissivity ratio, while the tem-
peratures of individual aggregates were calculated using the
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Fig. 7 Effective soot temperatures calculated by different combina-
tions of the GMM and RDG aggregate absorption and emission mod-
els for: Fp =0.6 mJ/mm?, dp = 30 nm, a lognormal distribution of N,
with Ny =40 and 0y = 3.5

Table 1 Four combinations of the soot aggregate absorption and emis-
sion treatments in LII modelling

Aggregate Aggregate Emission Emissivity ratio
absorption and  absorption intensity calculation, (17)
emission cross section calculation,

description (25), (26)

S1: GMM GMM GMM GMM
absorption and

emission

S2: RDG RDG RDG RDG

S3: GMM GMM RDG RDG
absorption and

RDG emission

S4: GMM GMM GMM RDG
absorption and

mixed

emission

GMM model for the aggregate laser energy absorption rate.
The fourth treatment was studied because it simulates the
current practice of 2C-LII experiments. As such, the signal
ratio was provided numerically based on the GMM model
for soot laser absorption rate and the LII signal intensities
were calculated in place of experimentally measured inten-
sities, but the RDG approximation was employed to provide
the soot emissivity ratio.

The effective temperatures based on the calculated ra-
tio of incandescence intensities at A; = 400 nm and A, =
780 nm from the GMM and RDG aggregate absorption and
emission models for a lognormally distributed ensemble of
aggregates shown in Fig. 5 and an initial primary particle
diameter of dj, = 30 nm are compared in Fig. 7. These re-
sults were obtained for a laser fluence of Fy = 0.6 mJ/mm?2,
which is clearly in the low-fluence regime since the peak
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Fig. 8 LII signals calculated by different combinations of the
GMM and RDG aggregate absorption and emission models for:
Fy = 0.6 mJ/mm?, dp = 30 nm, a lognormal distribution of N, with
Ng=40and oy = 3.5

effective temperatures are around 3200 K and there is virtu-
ally no soot sublimation. The peak effective soot tempera-
ture calculated by the RDG model for aggregate absorption
and emission (S2) is 143 K lower than that calculated by
the GMM model (S1). The difference between the results of
the two models remains over a long time, albeit the differ-
ence decreases slowly with time due to the slight difference
in heat conduction loss rates. Also plotted in Fig. 7 are the
results of the third and the fourth sets of calculation sum-
marized in Table 1. The results of using GMM for absorp-
tion but RDG for emission (S3) are almost identical to those
based on the GMM model for both absorption and emission
(S1) and the two curves overlap each other in Fig. 7. These
results can be attributed to an error cancellation mechanism.
Use of the RDG approximation leads to errors in both the
LII intensity ratio and the soot emissivity ratio. These ratios
are either both higher or both lower than those from GMM.
Therefore, the ratio 91/¢ does not deviate significantly from
that of the GMM model and neither does the effective soot
temperature based on (12). It is noticed that the fourth case,
S4, has the same signal ratio as that for using GMM for
both absorption and emission (S1), but a different aggre-
gate emissivity ratio in the calculation of the effective tem-
perature from the signal ratio. As expected from the results
shown in Fig. 6, the results of this case are indeed slightly
lower than the results of using GMM for both absorption and
emission (S1). The results shown in Fig. 7 highlights that the
effect of aggregation on soot aggregate absorption is dom-
inant over its effect on soot aggregate emission in 2C-LII
applications, since the absorption cross section is required
to calculate the laser energy absorption rate by soot aggre-
gates, but only the ratio of soot emissivities at the two detec-
tion wavelengths is needed to infer soot temperature from
the signal ratio.
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It is also of interest to examine how aggregation affects
the LII signals at 400 nm and 780 nm of the lognormally
distributed soot aggregates. The LII signals are calculated
using (25) and (26) with the aggregate number density set
to 1 per unit volume and are shown in Fig. 8. These results
are relevant to understanding the effect of aggregation in LII
application with detection at a single wavelength. Results
of S3 are not shown since they are essentially identical to
those of S1. The significantly lower LII signals at the end of
the laser pulse (and thereafter) calculated from S2 are due
to the lower laser energy absorption rate using the RDG-FA
approximation. In addition, the LII signals calculated from
the GMM model, S1, exhibit a higher decay rate than those
from the RDG-FA approximation, S2. In fact, aggregation
also has a similar influence on the decay rate of the effective
temperature shown in Fig. 7, i.e, the decay rate of GMM
curve (S1) is somewhat higher than that of RDG (S2). This
effect of aggregation on either the LII signal decay or the
effective temperature decay implies that aggregation will af-
fect the primary particle size derived from the decay rate of
either the LII signal or the effective soot temperature.

Effective soot temperatures for a higher laser fluence of
Fo = 0.8 mJ/mm? and initial primary particle diameter of
30 nm are compared in Fig. 9. The peak temperatures at this
fluence are around 3700 K, so there is a small amount of soot
sublimation. The peak effective soot temperature calculated
by the RDG aggregate absorption and emission model (S2)
is 145 K lower than that calculated by the GMM model (S1).
The difference between the results of the two models de-
creases rapidly with time and at 500 ns from the beginning
of the laser pulse the difference becomes negligible. This
is attributed to the sublimation cooling in the case of using
the GMM model, which rapidly lowers the soot tempera-
ture near the end of the laser pulse and shortly after. Similar
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tions of the GMM and RDG aggregate absorption and emission mod-
els for: Fy =0.8 mJ/mm?, dp, =45 nm, a lognormal distribution of N,
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observations for the results of S3 and S4 to those in Fig. 7
can be made. The results shown in Fig. 9 once again indi-
cate that it is important to account for the effect of aggrega-
tion on soot laser energy absorption, but it is unnecessary to
use the GMM model for aggregate emission in LII applica-
tions under conditions of typical laminar diffusion flames at
atmospheric pressure, where the primary particle diameters
are in general less than about 30 nm and the aggregate size
distribution is relatively narrow as shown in Fig. 5.

At even higher laser fluences, the effect of aggregation
on aggregate absorption diminishes, since the rapid cooling
of soot through sublimation in the high laser fluence regime
dominates over the relatively small difference in the laser
energy absorption rates of different aggregate sizes [14].
This can also be understood by the well-known fact in LII
experiments that the fluctuations in the laser pulse energy
become less important when the laser fluence reaches the
‘plateau’ region. The present numerical results of the effec-
tive soot temperatures of the lognormally distributed poly-
disperse aggregates show that the difference in the effec-
tive soot temperature between the GMM model (S1) and the
RDG model (S2) diminishes as the laser fluence increases.
At Fy = 1.5 mJ/mm? the difference becomes negligible.

To demonstrate the effect of the initial primary particle
diameter on how the GMM and RDG aggregate absorp-
tion and emission models affect the calculated effective soot
temperature, further numerical calculations were conducted
with a larger initial primary particle diameter of dp = 45 nm.
All the thermal properties of soot, aggregate size distribu-
tion, and the laser properties remain unchanged. For a rel-
atively low fluence of Fy = 0.8 mJ/mm? the effective soot
temperatures calculated with the four different combinations
of the GMM and RDG aggregate absorption and emission
models summarized in Table 1 are compared in Fig. 10. The

4500+

40004

K

- 3500+

Temperature,
w
o
o
o
N

2500 $1: GMM absorption and emisison
***** S2: RDG absorption and emission

S3: GMM absorption and RDG emission

20001 ———  84: GMM absorption and mixed emission

T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100
Time, ns

Fig. 11 Effective soot temperatures calculated by different combina-
tions of the GMM and RDG aggregate absorption and emission mod-
els for: Fp =2.0 mJ/mm?2, dp =45 nm, a lognormal distribution of N,
with Ny =40 and 0g = 3.5

peak temperature predicted by RDG (S2) is 103 K lower
than that predicted by GMM (S1). The difference in the ef-
fective soot temperatures from RDG and GMM models de-
creases gradually with time, due to the somewhat higher soot
sublimation cooling in the GMM results at this laser fluence.
Once again the use of RDG for soot emission only (S3) has
negligible influence on the effective temperature as long as
GMM is used for soot absorption, which is confirmed by
the virtually indistinguishable results for these two cases,
as shown in Fig. 10. The only difference between the black
solid curve (S1) and the red dash-dot curve (S4) lies in how
the emissivity ratio of the lognormally distributed aggre-
gates was calculated. It is noticed that they have the same
signal ratio for arriving at the effective temperature, (16).
Therefore, these two cases best illustrate the effect of select-
ing different aggregate emission models in the inferred soot
temperature in 2C-LII experiments. Consistent with the re-
sults shown in Fig. 6, use of the RDG for the emissivity ratio
of polydisperse aggregates leads to a somewhat lower effec-
tive temperature (about 60 K) compared to that by using the
GMM model for a given signal ratio.

As the last example to illustrate the effect of aggre-
gation on aggregate absorption and emission, calculations
were conducted at a significantly higher laser fluence of
Fo =2 mJ/mm? and an initial primary particle diameter of
dp, =45 nm. The results at this high fluence are compared in
Fig. 11. As already mentioned earlier, the difference in soot
temperatures predicted by the GMM and RDG aggregate ab-
sorption and emission models at high fluences diminishes.
This is clearly seen in Fig. 11 between the GMM results
(S1, black solid line) and the RDG ones (S2, black short
dashed line). The difference in soot temperatures using ei-
ther the GMM (S1, black solid line) or the RDG model (S3,
blue solid line) for emission is again negligible for the rea-
son discussed earlier. When the RDG model is used to only
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evaluate the emissivity ratio of the polydisperse aggregates
at the two wavelengths (400 and 780 nm), S4, the soot tem-
peratures are consistently lower by about 90 K right after the
peak value, again consistent with the results shown in Fig. 6.

4 Conclusions

The effect of primary particle aggregation on soot aggregate
absorption efficiency and emissivity was investigated by us-
ing the RDG-FA theory and GMM for the purpose of un-
derstanding the error caused by using the RDG-FA theory
in the determination of soot temperature based on the ratio
of incandescence intensities at two different detection wave-
lengths in two-color LII experiments. The effect of aggrega-
tion on soot aggregate absorption and emission was found
to be sensitive to both the aggregate size and the primary
particle size parameter. Under conditions of typical laminar
diffusion flames at atmospheric pressure, where the primary
particle diameters are generally less than about 30 nm and
the aggregate size distribution is relatively narrow from 1 to
several hundreds, use of the RDG-FA theory to evaluate soot
aggregate emissivity leads to small error in the soot tem-
perature in two-color LII experiments. However, such error
grows rather quickly with increasing the primary particle di-
ameter. These results suggest that it is important to account
for the effect of aggregation on aggregate emissivity in the
determination of soot temperature in two-color LII experi-
ments conducted in diffusion flames at high pressures due to
much larger primary particles and potentially a much wider
aggregate distribution associated with enhanced soot load-
ing. It is a challenge to account for the effect of aggregation
on soot emissivity, since the detailed morphology of soot is
required for this purpose and such information is in general
unavailable and difficult to obtain.

Due to the error cancellation mechanism, use of the
RDG-FA theory to calculate the ratio of the incandescence
intensities and the ratio of aggregate emissivities at the de-
tection wavelengths only causes negligible error in the ef-
fective soot temperature in LII modelling. Under conditions
considered in this study use of the RDG-FA theory to de-
termine soot temperature based on measured incandescence
signal ratio at two wavelengths in the visible in 2C-LII ex-
periments in general underestimates soot temperatures by
about 100 K. The relative error in the derived soot volume
fraction is dependent only on the selected detection wave-
lengths and the relative error in the soot aggregate emissivi-
ties at the detection wavelengths.

Under conditions of typical laminar diffusion flames at
atmospheric pressure, it is important to take into account the
effect of aggregation on soot laser energy absorption, but it
is relatively unimportant to account for the effect of aggre-
gation on aggregate emission in low laser fluence LII mod-
elling of polydisperse aggregates, where there is no or only
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a small amount of soot sublimation. At high laser fluences,
where there is significant soot sublimation, the effect of ag-
gregation on soot aggregate laser energy absorption dimin-
ishes and the difference in the effective soot temperatures
of an ensemble of polydisperse aggregates predicted by the
GMM model and the RDG-FA theory for aggregate absorp-
tion decreases with increasing laser fluence.

It should be emphasized that the findings from this study
are subject to the limitations that the primary particles are
assumed to be in point touch and aggregation has no im-
pact on the sublimation mechanism. Further studies should
be carried out to investigate the effect of primary particle
overlap on the optical properties of soot and how aggrega-
tion affects sublimation of soot aggregates.
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