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ABSTRACT

During the agglomeration of nanoparticles and in particular, soot, a change in both the flow regime (from
free molecular to near continuum) as well as the change of agglomeration regime (from ballistic to dif-
fusive) is expected. However, these effects are rarely taken into account in numerical simulations of par-
ticle agglomeration and yet, they are suspected to have an important impact on the agglomeration
kinetics, particle morphologies, and size distributions. This work intends to study these properties by
using the Monte Carlo Aggregation Code (MCAC) presented in the preceding work (part 1), focusing on
the physical impacts of varying the particle volume fraction and monomers size and polydispersity.
The results show an important sensitivity of the kinetics of agglomeration, coagulation homogeneity,
and agglomerate morphology to the size of monomers. First, for smaller monomer diameters, the agglom-
eration kinetic is enhanced and agglomerates are characterized by larger fractal dimensions. Second, for
large monomer diameters, fractal dimensions down to 1.67 can be found being smaller than the classical
1.78 for Diffusion Limited Cluster Agglomeration (DLCA) mechanism. One important conclusion is that
variation in time of both regimes has to be considered for a more accurate simulation of the agglomerate
size distribution and morphology.
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Nomenclature

o Arbitrary constant value (-)

At Time step associated with the particle persistent dis-
tance (s)
Gamma function (-)

y) Coagulation homogeneity coefficient (-)

A Fluid mean free path (m)

p Particle’s persistent distance (m)

M Coagulation homogeneity coefficient based on the i'th
moment of the size distribution (-)

Pp Particle bulk mass density (kg-m~3)

Ogeod Particle geometric standard deviations based on the

diameter d (-)

Ogeop Primary particle geometric standard deviation (-)

T Particle momentum relaxation time (s)

Tq Characteristic time of agglomeration (is)

Tes Characteristic time of coagulation for coalescing spheres
(ps)

X Average particle size parameter for the Self-Preserving
Size Distribution (m)

a Generalized gamma Self-Preserving Size Distribution
parameter (-)

D Particle diffusion coefficient (m2-s~1)

d Generalized gamma Self-Preserving Size Distribution
parameter (-)

Dy Particle mass fractal dimension (-)

dg Particle gyration diameter (m)

dm Particle mobility diameter (m)

dp, Primary particle diameter (nm)

d, Particle volume equivalent diameter (m)

Djn Mobility based fractal dimension (-)

f Agglomerate friction coefficient (kg-s~!)

fo Particle volume fraction (-)

H Dimensionless coagulation kernel (-)

k(i.j) Coagulation kernel between ith and jth particles
(m?s7)

ko Average monomer coagulation kernel (m3-s~1)

kg Boltzmann constant (m2-kg-s 2K 1)

n Particle number concentration (m—3)

ng Initial particle number concentration (m—3)

Np Number of primary particles per agglomerate (-)

p Generalized gamma Self-Preserving Size Distribution
dimension parameter (-)

Di Probability of the ith particle displacement, i € [1,N,] (-
)

q Order of the moments of the particle size distribution (-
)

'm Particle mobility radius (m)

Kny, Nearest-neighbor Knudsen number (-)

T'max Average particle maximum radius (m)

R Relative collision or Smoluchowski radius (m)

T Absolute temperature (K)

t Time (s)

v Particle volume (m?)

X Dimensionless particle size parameter for the Self-
Preserving Size Distribution (-)

X Particle size parameter for the Self-Preserving Size
Distribution (m)

z Kinetic exponent (-)

Knp Diffusive Knudsen number (-)

Kny Fluid Knudsen number (-)

PA;j Relative particle projected area (m?)

n Nearest-neighbor distance (m)

1. Introduction

The agglomeration of suspended nanoparticles is a phe-
nomenon of great complexity but also of great common interest
in both aerosol and colloid systems. Both terms agglomerate and
aggregate are usually encountered with a confusing interchange.
In the present document, the terms agglomerate/agglomeration
are used as recommended by [1]. In this process of agglomeration,
particles naturally evolve into complex fractal-like morphology of
polydisperse size consisting also of polydisperse primary particles.
Eventually, depending on the physical conditions, particles may
change the way they interact with the surrounding fluid and also
the way they interact with each other. In other words, particles
may undergo a change of flow regime and/or agglomeration
regime, respectively. The flow regime is characterized by the clas-
sical fluid Knudsen number Kn; = s /r, where /; and r,, are the
fluid mean free path and the particle mobility radius, respectively.
Here, /s is the average distance travelled by fluid molecules
between successive collisions and r,, is the radius of a sphere that
perceives the same drag force as the agglomerate [2]. When Kny
tends toward 0, the relevant hydro/aerodynamic forces result from
a continuous process (continuum regime), whereas at large Kny
they are related to discrete collisions with molecules (free molec-
ular regime). As introduced by Pierce et al. [3], the agglomeration
regime can be quantified by the nearest-neighbor Knudsen number
Kn, = A, /rn, where 4, = V18Dt is the particle persistent distance
[4] calculated from the particle diffusion coefficient D and momen-
tum relaxation time t = m/f. The latter corresponds to the ratio
between particle mass and friction coefficient. /, is the distance
over which particles experience an approximately ballistic move-

ment [3]. r, is the nearest-neighbor distance and is given by
rm =n"13 — 2rne where n is the particle number concentration
and rn. is the average maximum radius describing the
agglomerate.

When Kn, is high, cluster agglomeration tends to become ballis-
tically limited (i.e. BLCA) whereas when tending toward O, it is
diffusion-limited (i.e. DLCA). For soot particles generated in pre-
mixed or diffusion flames, the fluid Knudsen number has been typ-
ically considered with Kn; > 1, i.e. being in the free molecular
regime [5-7], meanwhile other studies have shown it can evolve
down to Kn; ~ 1 depending on the flame conditions [8]. Moreover,
for different aerosol and colloid systems, fluid Knudsen numbers
up to Kny ~ 10 have been found in the transition regime for titania
and silica aerosols [9], oleic acid and sodium chloride aerosols
[10,11], di(2-ethylhexyl) sebacate in a rarefied gas [12] and down
to Kny ~ 0.1 by other studies involving different types of particles
[13-16].

Fig. 1 summarizes most of the current simulations found in the
literature as classified based on the above mentioned Knudsen
numbers. Agglomeration has been commonly studied in the con-
tinuum flow regime for diffusion-limited agglomeration (DLCA
+ Stokes drag) [17,18]. Indeed, in this context, the transition from
strong inter-particle interactions forces, i.e. DLCA to the weak
interactions (reaction limited agglomeration, RLCA) has been stud-
ied [17-20]. In the present work, focused on soot particle agglom-
eration, strong interaction forces are considered and therefore the
transition towards the RLCA regime is beyond the scope of this
article. Pierce et al. [3] studied the DLCA with an Epstein drag.
Transition in the flow regimes (abscissa in Fig. 1) is complex due
to the lack of models for calculating the friction coefficient of
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Fig. 1. Different regimes of agglomeration and fluid flow studied in the literature.

fractal agglomerates. In this context, some studies have treated
both continuum and free molecular flow regimes separately [21].
Similarly, BLCA and DLCA are generally treated independently
[17]. Notably, only a few studies have considered a transition
between both agglomeration regimes (vertical axis in Fig. 1) but
commonly in the free molecular flow regime, i.e. with an Epstein
drag [22,23]. To the author’s knowledge, simultaneous transitions
between both agglomeration and flow regimes have not been con-
sidered in the past except notably, the work of Thajudeen et al.
[24]. The latter is based on Langevin Dynamics simulations by con-
sidering the agglomerate morphology, which is very accurate but
computationally expensive. However, the influence of the
nearest-neighbor distance, the kinetics of agglomeration, the parti-
cle size distribution and particle morphology were not systemati-
cally studied. The Monte Carlo Aggregation Code (MCAC),
developed and validated in the previous work (Part 1 [4]) enables
this gap to be covered with a reduced computational cost. In this
context, the focus is on the effect of particle volume fraction, and
primary particle size and polydispersity. The term aggregation is
preferred in the name of the code (MCAC) in accordance with pre-
vious similar developments (DLCA/BLCA/RLCA/Tunable aggrega-
tion codes). This is also explained by its future goal of simulating
strongly connected/overlapping structures (hard agglomerates).
Nevertheless, MCAC is used here to study point-touching primary
particles, i.e. soft agglomerates [1]. The present work aims to illus-
trate that caution has to be taken regarding the change in both
regimes because they impact the kinetics of agglomeration, parti-
cle size distribution, and agglomerate morphology. On the one
hand, when increasing the particle volume fraction (f,), the mean
distance between particles decreases and therefore Kn, increases.
Thus, the agglomeration becomes more ballistic and therefore an
increase in the fractal dimension of agglomerates has been
observed [25]. This is consistent with classical DLCA and BLCA
regimes [17], but in the present study, the transition between both
regimes is continuous. On the other hand, when the primary parti-
cle diameter increases (for example during aggregation or agglom-
eration and surface growth process), the flow regime evolves. In
the context of soot simulation, the agglomeration process is often
restricted to the Epstein flow regime because of the high flame
temperatures. Nevertheless, from nascent soot typically around
1-4 nm at flame temperatures to the mature primary particles
around 30-40 nm eventually released to the atmosphere, the flow
regime strongly evolves [26-29].

Another objective of the present study is to analyze and report
the evolution of the coagulation kernels during the agglomeration
process. Indeed, the Smoluchowski (or population balance) equa-
tion has been proved to be a powerful tool for modeling soot
agglomeration [29-31]. This equation follows the evolution of
the particle number concentration as a function of time. To this
end, k(i,j) has to be known, i.e. the coagulation kernels determin-
ing the rate of collisions between particles i and j. In certain cases,

especially for fractal agglomerates, this kernel is a homogeneous
function, i.e. k(ai, oj) = o*k(i,j) where / is the agglomeration kernel
homogeneity parameter. This . parameter is very important for the
kinetics of agglomeration and the resulting particle size distribu-
tion qualified as “self-preserving” [32,7]. It has been proposed that
/. depends on both the fluid Knudsen number and the nearest-
neighbor Knudsen number [3,22], however, these relations are
not well understood especially in the transition regime. Consider-
ing its simplicity, the scaling hypothesis is widely used to obtain .
[17,9,33,34]. However, its accuracy is rarely discussed [35]. In the
present work, a robust and more direct method for determining A
is proposed.

2. Numerical simulations

The algorithm used here has been introduced in the preceding
work [4] and therefore, it is described here only briefly. Agglomer-
ation of initially monodisperse or polydisperse spherical primary
particles is simulated by using a model based on the classical DLCA
mechanism [17], corresponding to the family of Discrete Element
Methods [4]. It starts with a total of 3200 randomly placed mono-
mers in a cubic box, ending when the average number of mono-
mers per agglomerate is 100 [36]. Particles are displaced by
following the individual positions in time. At each time iteration,
particles are displaced individually in a random direction along

the persistent distance 4, = v'18Dt. The corresponding physical
time step is At = 37. As discussed in [4], this time step ensures
accurate modeling of agglomeration by Monte Carlo simulations.
If the displaced particle collides with a neighboring one, they irre-
versibly stick together. Otherwise, a new particle is randomly
selected in an iterative way. The probabilities p; for selecting and
displacing a particle i are based on the individual time steps At;
of all the particles based on the relation p; = At;l/sztjfl. This
ensures that the whole population of particles evolves with statis-
tically equivalent residence time [4]. Both, the probabilities of par-
ticle displacements and the persistent distances of individual
particles, depend on the friction coefficient. To consider the possi-
ble change in flow regime due to agglomeration, the method pro-
posed by Yon et al. [37] is used, consisting of a power-law
between the agglomerate friction coefficient and the number of
constituting primary particles. This model gives physical impor-
tance to the primary particle number and diameter in the evalua-
tion of the friction coefficient. It also enables a mobility radius r,, of
the agglomerates to be determined by considering their size, mor-
phology, and change in flow regime. Finally, periodic boundary
conditions are applied to avoid artificial effects due to the interac-
tion between particles and the containing box. Additionally, when
the number of agglomerates is reduced by a factor of eight then,
each side of the box is duplicated and the number of agglomerates
is increased by a factor of 8. The new agglomerates correspond to
periodic images of the existing ones, ensuring a constant particle
volume fraction while not influencing the agglomeration process
[38,39].

In the present study, a constant primary particle bulk density
p,=18 g/cm? is considered, corresponding to soot particles with
low organic content [40]. Three different monomer diameters are
simulated, i.e. 1, 20 and 80 nm. Unless indicated, they all consist
of monodisperse monomers (g, = 1). For the case of polydis-
perse monomers, a lognormal distribution is considered
(0ge0p = 2). Particles are suspended in air at a temperature of
1700 K and pressure of 101.3 kPa, corresponding to flame condi-
tions [41]. Three different volume fractions are simulated: 1, 10,
and 10* ppm. Under these conditions, the fluid mean free path
has a constant value of 4 = 498 nm, this value is only dependent
on fluid temperature and pressure [37]. On the other hand, the
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average primary particle persistence distance goes from 2, = 183
nm for monomers having d, = 20 nm and 0, = 2 up to around
Jp = 2000 nm for monomers having d, = 2 nm. The latter is depen-
dent on the diffusion coefficient and momentum relaxation time of
the particles [4].

Except for the highest volume fraction 10* ppm (selected for
being important for many colloid/aerosol applications [42-45]),
these parameters were selected for representing soot particles gen-
erated under different combustion systems [26,28,41,46,47]. All
the results are averaged over 10 different simulations and error
bars reported in figures correspond to the 95% confidence intervals.

3. Results and discussion
3.1. Agglomeration and fluid flow regimes

Fig. 2 illustrates the main advantages of MCAC, i.e. to consider
both the time-evolving agglomeration regime (nearest-neighbor
Knudsen number Kn,) and time-evolving fluid flow regime (fluid
Knudsen number Kny). This figure has the same axes as Fig. 1,
but now illustrates the different cases simulated. It clearly shows
the ability of MCAC to simulate the evolution in this bidimensional
map, indicating that the transition from ballistic to diffusive and
from free molecular to near continuum regimes are well taken into
account. This simultaneous transition is not commonly considered
in the literature.

Initially, particles consist of isolated primary particles (top right
position for each case). The initial primary particle diameter and
fluid thermodynamic properties determine the horizontal position
of this starting point, whereas particle volume fraction and pri-
mary particle diameter determine the initial vertical position. As
time progresses and agglomerates are growing, thus both Kn,
and Kny are decreasing.

By comparing Fig. 2(a) and (b), it is observed that an acceptable
variation of the monomer diameters (for soot particles) seems to
have a stronger influence on both regimes than a large variation
of the volume fraction. Except for the largest particle volume frac-

tion, i.e. 10* ppm, the trends are generally related in a power-law

with a constant exponent. In the particular case of f, = 10* ppm,
the system never reaches the diffusive regime since the nearest-
neighbor distance is in competition with the fast increase of
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Fig. 2. Different regimes of agglomeration and fluid flow for (a) different particle
volume fraction and (b) different monomer diameters.

agglomerate size. This is interpreted as a trend towards the gelling
process [33], being outside the scope of this work.

3.2. Kinetics of agglomeration

Fig. 3(a-b) shows the time evolution of the inverse particle
number concentration n(t), consisting of the number of particles
divided by the volume of the containing box. Due to agglomera-
tion, 1/n(t) — 1/n(0) is naturally increasing in time. At short times,
when particles are small enough to be treated as spheres, the
behavior is approximately linear as predicted by coalescing
spheres theory [48] (represented by the black dash-dotted lines,
i.e. 1/n(t) — 1/n(0) = (t/7,)* with z = 1). This behavior is used to
determine 7, as the exponent of the intercept from the log-log plot
of 1/n(t) — 1/n(0) as a function of time. The calculated values are
reported in Table 1 and compared with the theoretical ones (7).
The latter are determined as 7. = 2/(kong), where ng = n(0) is
the initial particle number concentration and ky is the coagulation
kernel of coalescing spheres taking into account the change in flow
regime [49], calculated based on the monomer diameters. This
parameter is now used to normalize the time on the horizontal
axis, thus, enabling this axis to be standardized for the different
curves presented. Indeed, the larger 1, is, the longer the agglomer-
ation process takes. This characteristic time is strongly affected by
the variation of f, and d,. Nevertheless, both, 7. and 7, are on the
same order of magnitude except for the largest particle volume
fraction (i.e. 10 ppm or 1%). Indeed, for this case, 7. is no longer
accurate for predicting real coagulation efficiency [21,42,50]. The
above-mentioned combination of z — 1 and 7, ~ 7T ensures that
there is a reliable simulation of the agglomeration kinetics by
MCAC, at least for short times. For longer times corresponding to
larger particles, due to the agglomerate morphology, the behavior
tends to a power law 1/n(t) — 1/n(0) = (t/t,)°, where z is the
kinetic exponent that may be different from 1, and its value
depends on the agglomeration and flow regimes [3,21]. These val-
ues are shown in Fig. 3 and reported in Table 1. Kinetics of agglom-
eration is enhanced (z increases) when increasing the volume
fraction or decreasing the monomer diameters. The largest value
is found for d, = 1 nm, corresponding to ballistic agglomeration
(the largest Kn, in Fig. 3(b)). This is in very good agreement with
Pierce et al. [3] who reported an asymptotic value of z = 2.2 in this
regime compared to 2.17 found in the present study. When
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Fig. 3. Inverse number concentration as a function of the normalized residence
time. The 7, stands for the characteristic time of agglomeration.
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Table 1
Parameters for the analysis of agglomeration kinetics at short and long times.
Case Short times Long times
Tq (pS) Tes (MS) z Kny Kn,*
fv (ppm)
1 1191 1262 1.43 9.2 0.02
10 107 126 1.42 8.9 0.05
10* 0.06 0.13 1.58 9.7 35
dp (nm)
80 4550 4784 0.90 2.0 0.005
20 (Gpgeo = 2) 505 - 0.95 35 0.01
20 107 126 1.42 8.9 0.05
1 0.03 0.07 217 201 6.1
* Taken at the end of the simulation, i.e. when N, = 100.
decreasing Kn, in Fig. 3, it corresponds to a general decrease of z, a
which appears to be more sensitive to the change of agglomeration T 0k ! /L’€@6 3
regime. o 2 8 10%E 10* ppm//?i\&w ]

For the calculated kinetics exponents, the last two columns of 2 E 10 - 1 10 ppm | 22 3
Table 1 report a representative Kn; and Kn,. These results are in S g i _B ]
good agreement with the ex-situ analysis of soot coagulation (with- 5=
out surface growth and nucleation) reported in [51] for soot parti- g ?D
cles in the 0.5 < Kny < 10 flow regimes where z=1.4-1.9 was §
obtained when the agglomeration is in the near-free molecular
regime to z=0.69 —0.72 when agglomeration is in the near- b
continuum flow regime. Although it is not reported, according to E
the simulations of coagulation, where better agreement is found @ g
based on a transition coagulation kernel, it is concluded that g g
agglomeration takes place in the BLCA-DLCA transition regime. 25
The present results show z=1.42 when Kn; ~89 and z=0.9 QE’C_S
when Kn; ~ 2.0. Additionally, the current results are in qualita- T oY
tively good agreement with the sensitivity analysis of the popula- 3 | Thajudeen et al. 2012 | ]
tion balance equation conducted in [52], where z=0.7 was 10, 52 107 10° TR 10°

reported in the transition regime, z = 1.0 in the continuum and
z = 2.0 in the free molecular flow regimes for agglomerates con-
sisting of imposed Dy = 1.0 — 3.0. The kinetics of agglomeration
is determined by the number of collisions between agglomerates
over time. This is quantified by the collision or coagulation kernels
to be discussed in the following section.

3.3. Coagulation kernels

As explained in the introduction, an important input parameter
for the Population Balance Equation for evaluating the evolution of
the particle size distribution is the coagulation kernel (k(i,j), i.e.
the rate of collisions between particles consisting of i and j mono-
mers). Fig. 4(a-b) show the dimensionless coagulation kernel H for
monodisperse particles as formulated by Thajudeen et al. [53],

M:T2R.
H=— I<11?1:A55.11 : (])
i ii

where k;;, m;, and f; are the coagulation kernel, mass and friction
coefficient respectively. The symbols in the figure correspond to
the k; obtained from the present simulation based on the local
slopes of Fig. 3(a-b) (kj :2dn’1/dt as proposed by Heine et al.
[42]). Mass and friction coefficients are evaluated from the MCAC
simulations. Also, Ry; and PA; are the Smoluchowski radius and
projected area, respectively. Both are calculated based on the fractal
dimensions reported later in this work (see Fig. 7) and the expres-
sions proposed in [53]. All the above mentioned properties are eval-
uated based on population average values. In order to compare the
current results (symbols) with the empirical relation proposed in
[53] (continuous solid curves), the results are plotted as a function

diffusive Knudsen, Kn,

Fig. 4. Dimensionless coagulation kernel H as a function of the diffusive Knudsen
number Knp for (a) different particle volume fraction and (b) different monomer
diameters.

of the diffusive Knudsen number as introduced by the same authors
and calculated as follows,

(2miksT)"* 7Ry ;

Knp = oA, , 2)

where kg is the Boltzmann constant. This Knudsen number has the
same physical meaning as Kn, used in the present study but it is
limited to a diluted system. As can be seen in Fig. 4(a-b) for all
the simulated cases, very good agreement is found between the pre-
sent results and those by Thajudeen et al. [53] even if the consid-
ered range of primary particle diameters and volume fraction is
huge. Nevertheless, a departure is observed for the high volume

fraction case (10* ppm, Fig. 4(a)) explained by the deviation from
the diluted assumption made in [53]. This illustrates that MCAC is
able to reproduce reliable kernels from ballistic to diffusive regimes
since Thajudeen et al. [53] obtained their results based on Langevin
Dynamics simulations. However, MCAC is able to explore larger vol-
ume fractions and also to take into account, the primary particle
polydispersity with a reduced computational cost. Also, contrary
to Thajudeen et al. [53], the agglomerate morphology is not
imposed in MCAC simulations. It is interesting to note in Fig. 4(b),
that monomer polydispersity tends to increase the dimensionless
coagulation kernels, especially for larger Knp.



J. Mordn et al./Journal of Colloid and Interface Science 575 (2020) 274-285 279

3.4. Self preserving size distributions

It has been suggested in the literature that agglomerates attain
a Self-Preserving Size Distribution (SPSD) in both the free molecu-
lar and continuum flow regimes [54,23]. In particular, concerning
soot without nucleation and surface growth [51], or simply when
coagulation is dominant, SPSD has been experimentally observed
[55]. This means that, after a given time, the dimensionless repre-
sentation of the density of particles having a certain number of pri-
mary particles, converges toward an asymptotic form [56]. Under
this condition, the coagulation kernel k(i,j) is a self-similar func-
tion scaling according to the homogeneity coefficient A. Thus, A
can be used to monitor the SPSD. Therefore, it is very interesting
to study how this parameter is sensitive to a change in agglomer-
ation or flow regimes. Usually, / is determined by fitting the SPSD
[7,3] or, as proposed by Dongen and Ernst [57], relying on the scal-
ing hypothesis (2 = 1 — 1/z) based on the above mentioned kinetic
exponent z. However, these approaches may be inaccurate and non
robust. For these reasons, an original and more robust method for
determining 4 and thus the agglomerate size distribution is pro-
posed here. Indeed, the SPSD is found to follow a generalized
Gamma distribution function (the demonstration is given in A),

fix) = %X‘“ exe [ (3)'] 3)

where f(x) is the probability density function of the particle size.
Here, x corresponds to one of the four size parameters considered
in the present study as indicated in Table 2. In this equation,
I'(y) = [t 'e"tdt is the Gamma function, p is a dimension param-
eter, a=(1-7)""",d=p(1—1), and X =x/x is a dimensionless
size where x = (x*)'"”. In addition to this generalized analytical
expression for the SPSD, an analytical expression of the g-moment
of the generalized SPSD is provided in B. In Eq. (4), in particular,
the g-moment based on the volume equivalent diameter
d, = (6v/m)'” distribution is shown,

g L1=i+q3)
C1-1"ra-un’

v

In the present work, the evaluation of the homogeneity coeffi-
cient / based on a new and robust method is proposed. It consists
in solving Eq. (4) based on the volume equivalent diameters distri-
bution by letting the homogeneity coefficient as the unknown
searched variable. This operation is performed for the first
(@ = 1) and second (q = 2) moments of the distribution, thus pro-
viding two corresponding homogeneity coefficients denoted as
Jm1 and Jyp, respectively and reported in Fig. 5 with filled and
empty symbols, respectively.

Let’s begin the analysis by focusing on the monodisperse case.
At short times (corresponding to small N_p), both, iy and Ay are
different, indicating the initial size distributions (Dirac) are not
self-preserving. That difference is not clear in Fig. 5 due to the
amplitude of the overall variations of these parameters. Neverthe-
less, a study of the difference between iy; and /iy, (see Fig. S1 in

(4)

Table 2
Parameters for the generalized SPSD given by Eq. (3).
Size descriptor X p
Number monomers Np
Volume eq. diameter d, 3
Gyration diameter” dg Dy
Mobility diameter™ dm Dy

* Gyration diameter based or mass fractal dimension Dy.
** Mobility diameter based fractal dimension D, (scaling exponent).
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Fig. 5. Coagulation kernel homogeneity coefficients for (a) different particle volume
fraction and (b) different monomer diameters. Calculated from the first (iy;, filled
symbols) and second (/y, non-filled symbols) moments of the volume equivalent
diameter distributions.

the supporting material) enables determining the time (or equiva-
lently the mean N,) needed to reach a convergence, i.e. the time
needed to tend toward a self-preserving state. This time-lag for
SPSD is found to be on average ~ 57, (not shown here) and appears
to be equivalent to N, ~ 20 as represented by the gray zone in this
figure. Consequently, before this convergence, the corresponding
value of the homogeneity coefficient (—oo in the present case) is
difficult to interpret in physical terms even considering the initial
value is clearly determined by the monodisperse agglomerate size
distribution. However, for longer times (or larger N,), both param-
eters generally converge well toward a common value evolving in
time suggesting that the particle size distributions are quasi self-
preserving throughout the agglomeration process. The range of
observed values of 4 for larger agglomerates is between —0.5 and
0.5, in the acceptable physical range discussed by Pierce et al.
[3], and in good agreement with experimentally measured ones.
Indeed, Wang and Sorensen [9] reported / between —0.28 and
—0.46 in the range of Kny ~ 1.8 — 2.2 for silica and titania nanopar-
ticles. From the results of Maricq [51], 2 between —0.39 and —0.45
are deduced (based on the scaling approach) for soot particles in
the same range of fluid Knudsen numbers.

The largest values of 2 are observed ford, =1 nmand f, = 10*
ppm, where the agglomeration is ballistically limited (see Fig. 2). In
this regime, the increase in particle sizes means an increase in the
coagulation kernels since the projected particle area increases fas-
ter than the drag force [21] therefore, positive 4 are expected. In
the case of d, =80 nm, corresponding to agglomeration in the
DLCA-near diffusive flow regime (Kn; ~ 2.0), negative values of 2
are observed, meaning that larger agglomerates have smaller coag-
ulation kernels as a consequence of the increase in the drag force
due to lower Cunningham correction factors and the number of
monomers per agglomerate [37].

To evaluate the impact of the flow regime, the case of d, = 80
nm and f, = 10 ppm, for which 1 = —0.5 (pink symbols), is again
simulated by forcing the drag force to stay in the “classical”
DLCA-Epstein regime throughout the agglomeration process to
serve as a reference case (black symbols, labeled DLCA in the fig-
ure). Note that the reference DLCA case is much more stable in
terms of A compared to the initial simulations for which flow
regime variation is taken into account. Also, an asymptotic and dif-
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ferent value is quickly attained. This highlights the importance of
considering the natural evolution of the flow regime. This is con-
firmed by the observed important role played by d, as shown in
Fig. 5(b), which is a key parameter for evaluating the friction coef-
ficient and its dependence on the fluid regime. In comparison, f,
seems to have a less relative impact.

Let’s now focus on the case of polydisperse monomers repre-
sented by green circles symbols in Fig. 5(b). For short times (corre-
sponding to small N,,), both, /u; and /iy, do not differ considerably.
This is explained by the fact that SPSD is not very different from a
lognormal distribution [58,59]. Also, a very different behaviour for
/m1 and Ay can be noted in this case compared to monodisperse
monomers. This is a promising result suggesting that an experi-
mental tracking of the evolution of the homogeneity coefficient
at early stages of the agglomeration process, could be used to
assess the primary particle polydispersity.

As can be noted, the convergence between /y; and Ay, is
reached for a larger agglomerate size (N, ~ 70) when primary par-
ticle polydispersity is relevant. But when comparing the polydis-
perse and monodisperse cases (with the same monomers
geometric mean), a convergence toward the same asymptotic
value is observed, suggesting that primary particle polydispersity
does not influence the agglomeration process at long times. This
is consistent with the results of Friedlander [48] and Goudeli
et al. [60].

Since homogeneity coefficients are found to be more influenced
by the monomer diameters than particle volume fraction, Fig. 6(a-
¢) reports the corresponding asymptotic SPSD obtained as a func-
tion of the dimensionless volume equivalent diameter, gyration
and mobility diameters, respectively. To avoid overloading the fig-
ure, direct evaluation of the size distribution is reported in symbols
only for the reference case (i.e. d, = 20 nm), whereas continuous
curves correspond to the theoretical self-preserving functions
(Eq. 3) evaluated with the final iy; found in Fig. 5, i.e. when

N, =100. First of all, a good agreement with the theoretical
expression for the reference case is observed. This confirms that
the size distribution corresponds well to a SPSD. Secondly, the
smaller the primary particle diameter, the wider the distribution
becomes. This is also found with larger f, (not presented here)
indicating that ballistic and free molecular flow regimes are char-
acterized by wider agglomerate size distributions. This result is
in agreement with coalescing spheres for all regimes [54] and with
agglomerates in the asymptotic regimes [23]. It is worth highlight-
ing the ability of MCAC to simulate the quasi-SPSD in the transition
regime in terms of the different agglomerate size parameters (vol-
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ume equivalent, gyration, and mobility radius). However, the size
distribution expressed in terms of mobility diameter, does not con-
verge exactly towards a lognormal size distribution (dashed red
line in Fig. 6(c)) as experimental measurements usually report. This
discrepancy may be related to some physical phenomena, relevant
for soot formation in flames, not considered in the present Monte
Carlo approach (for example, interaction potentials, surface growth
or thermophoretic forces). It should also be noted that the simu-
lated agglomerates are simplified in terms of morphology (one
point contact spheres) compared to real soot particles as experi-
mentally seen in TEM images [46,61].

The comparison of the particle size distribution, as expressed in
terms of d,,dn or d; show different degrees of apparent polydis-
persity. Indeed, for current simulations of f, =10 ppm and
d, = 1-20 nm, the following geometric standard deviations are
obtained Ogeodv = 1.50—1.85, Ggeam = 1.58—1.98 and
Ogeodg = 1.95—2.60 (these results are reported in Fig. S2 in the sup-
porting material). It is interesting to observe the good agreement
with the ranges of polydispersities observed experimentally. In
fact, for soot particles in ethylene diffusion flames, it has been
reported that Og,4m = 1.31—1.33 as measured by Differential
Mobility Spectrometer [62] and Gge 4 = 2.1 and ~ 2.1—-2.9 based
on TEM images analysis reported in [62,46], respectively.

3.5. Agglomerate morphology

The morphology of agglomerates is described by the population
based fractal dimension Dy and prefactor k; obtained based on the
fractal law,

Ya_y d)” (5)
7 \d,

where v,/7, is the ratio between the agglomerate volume and the
average monomers volume (corresponding to the number of pri-

mary particles N,), d, is the diameter of gyration and d, is defined
here as the numerical average monomer diameter. It should be
noted that there is no strict rule for using the fractal law when deal-
ing with polydisperse primary particles [63,64]. Defining the repre-
sentative primary particle radius differently affects the thus
determined fractal prefactor but not the fractal dimension. Also,
the fractal law has been considered to be valid only for sufficiently
large agglomerates (typically N, > 20). When plotting N, in a log-
log plot as a function of d,/d,, a linear fit easily provides D; and
kr. This procedure is repeated in the present study at each time iter-
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Fig. 6. Asymptotic particle size distribution expressed in terms of (a) the volume equivalent diameter, (b) the diameter of gyration and (c) the mobility diameter.



J. Mordn et al./Journal of Colloid and Interface Science 575 (2020) 274-285 281

ation during the agglomeration process. The resulting fractal
dimensions Dy are reported in Fig. 7(a-b) as a function of the mean
number of primary particles per agglomerate. An exactly time-
invariant fractal dimension is not achieved. However, its variation
is very small for N, > 20 and depending on the application it may
be neglected. This is in agreement with the results obtained in
[19,65] which indicated a non-fractal domain for N, < 20, indicated
in gray in the figure. It should be noted that this limit is qualitative
and values between 15 to 30 can be found in the literature [66,67].
In Fig. 7(a), an increase in the approximately asymptotic fractal
dimension as a function of particle volume fraction is observed, thus
being in agreement with previous studies [43,68,25,19]. This is
because agglomeration becomes more ballistic. Nevertheless, for
soot agglomeration processes, such high volume fractions may not
be common. Furthermore, the observed variation of Dy is not large
(between 1.80 and 1.88). Thus, it is unlikely that this parameter
alone can explain the variability of the fractal dimensions found
in the literature [46]. Fig. 7(b) shows the more influencing effect
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Fig. 7. (a-b) Population based fractal dimension Dy as a function of the average
number of monomers per agglomerate N,. (c-d) Fractal prefactor dependence on
the fractal dimension for N, > 20 compared with Ehrl et al. [66] and Sorensen &
Roberts [70].

of the primary particle diameter (D; between 1.62 and 1.86). First,
it is very remarkable that this value decreases when increasing
the monomer diameters. The present results seems to indicate that
the primary particle diameter, that plays an important role in the
evaluation of the drag force (see Eq. (2) in the preceding work
[4]) and therefore, due to the change in flow regime, has a signifi-
cant impact on soot morphology. Thus, a small fractal dimension
(down to 1.62) can result in the agglomeration of large monodis-
perse primary particles or at least containing a few large primary
particles as seen in Fig. 7(b) for the polydisperse case 0pge =2
reported in green. Some authors [60,69] also reported consistent
dependencies of particle morphology on primary particle polydis-
persity, however the simultaneous change in agglomeration and
flow regimes was not taken into account.

As discussed before, the change in flow regime is evaluated by
comparing the results with the reference DLCA-Epstein case (black
inverted triangle symbols in Fig. 7(b)). In this case, an asymptotic
fractal dimension of 1.77 is found. Therefore, taking into account
the change in the flow regime, may have a strong impact in the
agglomerate morphology.

The evolution of k; as a function of N, can be interpreted as a
morphological signature different from the fractal dimension
[71]. Nevertheless, as for the fractal dimension, the fractal prefac-
tor is more influenced by the primary particle diameter and poly-
dispersity than by the particle volume fraction (see Fig. S3 in the
supporting material). An interesting variation is observed when
analyzing the fractal prefactor as a function of the corresponding
fractal dimension. This is shown in Fig. 7(c-d) for N, > 20. The
results are compared with the literature [66,70]. The overall trend
is that both parameters are inversely related, which is in accor-
dance with the cited references. It is interesting to note that for
both d, = 80 nm (Gpg0 = 1) and d, = 20 nm (Gp 4 = 2), the rela-
tive variation observed during the agglomeration process shows
a very different Dy compared with other simulated cases.

Finally, when analyzing the fractal dimension in Fig. 7(b) at
large N, a significant sensitivity to the primary particle diameter
is observed. Thus, the analysis is extended up to d, = 160 nm to
explore this dependency. The results are presented in Fig. 8 where,
the fractal dimensions of agglomerates simulated by MCAC, are
compared with the experimental measurements reported by [72]
and the classical DLCA and BLCA limits under fixed flow regimes
[17]. Here, the role played by primary particle size on agglomerate
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Fig. 8. The variation of the fractal dimension as a function of the primary particle
diameter compared with the BLCA (Dy = 1.91) and DLCA (Dy = 1.78) limits under
fixed flow regimes [17] and experimental measurements [72].
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morphology becomes evident as smaller fractal dimensions are
found for larger d,, being in good agreement with the referenced
experimental data [72]. It is very remarkable that fractal dimen-
sions below the classical DLCA limit are observed when taking into
account the simultaneous change of agglomeration and flow
regimes.

4. Conclusions

Numerical simulations of soot agglomeration are carried out
based on the recently published Monte Carlo Aggregation Code,
MCAC, taking into account the variation through time of the
nearest-neighbor and fluid Knudsen numbers. This enables a con-
tinuous transition to occur from ballistic to diffusive agglomeration
and, simultaneously, a continuous transition from free molecular
to near-continuum flow regimes. Remarkably, considering that
the change in both regimes is seldom found in the literature,
excepting the notable work of Thajudeen et al. [24], focused on
the determination of the agglomerates projected area and hydro-
dynamic radius, under diluted conditions (low particle volume
fraction). This work is extended here to study the agglomeration
kinetic, size distribution and morphology. The present work
explores the role played by the particle volume fraction, the pri-
mary particle size and polydispersity.

Except in the case of f, = 10* ppm, the dimensionless coagula-
tion kernel is found to be in good agreement with Thajudeen et al.
[53]. The latter also found good agreement with subsequent works
[73,74,44], therefore it is recommended for conducting population
balance simulations of nanoparticle coagulation under diluted sys-
tems [19,75,76]. This is especially important for nanoparticle coag-
ulation in the transition regime where collision kernels are treated
separately and a limit to the fractal dimension is usually consid-
ered for BLCA [51,52].

The current investigation also enables some very interesting
and original results to be highlighted. In particular, the role played
by the primary particle size and polydispersity. Indeed, it is
observed that increasing the primary particle diameter:

o Slows down the agglomeration kinetics. Increases the agglom-
erate size geometric standard deviation while keeping the quasi
self-preserving size distribution.

Induces an substantial decrease in the mass fractal dimension
down to Dy = 1.67 for large monomers (d, = 80 nm) at flame
conditions. This is much lower than the typical 1.78 usually
considered for agglomerates generated by pure DLCA. This
was empirically observed by Wu et al. [72,19] who highlighted
the lack of explanation for this trend.

An inverse correlation between the fractal dimension and pref-
actor is observed during the agglomeration process. This has only
been studied previously in an asymptotic fashion [66,70]. This
finding is of great importance for improving the physical represen-
tation of agglomerates generated with tunable algorithms [64,77].
The homogeneity coefficient is found to be (highly) dependent on
the primary particle polydispersity only at the beginning of the
agglomeration process.

All these results highlight how the change of regimes experi-
enced by the particles has a significant impact on the dynamics
of agglomeration, particle size distribution and morphology. In
addition, the present work proposes:

e A generalized expression for the Self Preserving Size Distribu-
tion taking the form of a generalized Gamma distribution irre-
spective of the considered agglomerate size parameter. This
opens the way to an experimental determination of the homo-

geneity coefficient by measuring the distribution of gyration
diameters by light-scattering [9,45,62,78,79], by TEM images
analysis [46] or electrical mobility particle classification
[37,51]. It also enables the different ranges of agglomerate size
polydispersity to be understood when determined as a function
of the selected size parameter (the standard deviation is found
to be larger for gyration diameters than for mobility or equiva-
lent volume ones).

e A new and robust method for numerically determining the
coagulation homogeneity coefficient 4, is introduced, being
therefore, an alternative to the classical scaling approach
[57,34,33]. It is based on the first and second moments of the
introduced generalized self-preserving particle size distribution
[3,22,7].

Future developments of MCAC will focus on the role played by
surface growth occurring during the agglomeration process. Other
physical effects could be considered, such as interaction potentials
[19,80] or thermophoretic forces [81]. Additionally, understanding
the transition towards crowded systems and possibly the forma-
tion of gels [45,34,33] could be done, possibly focusing on the
BLCA-continuum transition regime, which has not been systemat-
ically studied. Finally, MCAC may be able to address the simulation
of super agglomerates formation [82]. MCAC has been imple-
mented in c++, and it is publicly available in the following link
https://gitlab.coria-cfd.fr/MCAC/MCAC.
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Appendix A. The generalized self preserving size distribution

Oh and Sorensen [7] introduced the following Self-preserving
particles size distribution as expressed in terms of the volume of
aggregates,

n(v) = Mysp2¢p(x),x = v/sp (A1)

where n(v)dv represents the number density of particles whose
volume is between v and v + dv, and where s, = M,/M,,_;, consid-
ering M, as the b-moment of the volume-based particle size
distribution,

M, = /Om v’n(v)dy (A2)
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Additionally, ¢(x) corresponds to the time-invariant shape of

the SPSD,
$(X) = AX *exp (b — )X, (A3)
where A = (b — 1)’ /T(b — 4). Therefore, they finally arrive at the

following expression by rewriting Eq. (A.1) considering b = 1,
1a-»
M) =3 Ta- 7

This expression can be converted to a probability density func-
tion f(») by calculating,

X" exp[-(1 - X,X = v/v (A4)

_ n(v)dv
f(v)dv = W (A5)
fv)= 17/ %x-’ exp[-(1 - )X, X =v/v (A.6)

For any equivalent diameter x related to the volume of the
aggregate according to the following expression,

V= oxP (A7)

where o and p correspond to a prefactor and exponent, respectively.
Now, considering the probability of finding a particle with a volume
between vand v + dv is the same as the probability of finding a par-
ticle with an equivalent diameter between x and x+dx, i.e.
f(v)dv = f(x)dx therefore,

fx) =f(v)opxP!, v =axP (A.8)
Based on Eq. (A.6) and introducing x = (xp)wJ

p(1—)

Texp[—(1 — )XP],X =x/x (A.9)

Note that Eq. (A.9) is independent of the prefactor «. Finally, by

introducing the following parameters a=(1-24) """ and
d = p(1 - 4), it is shown that Eq. (A.9) corresponds to a generalized
Gamma distribution,

Appendix B. g-moment of the generalized SPSD

(A.10)

The moment of order q of a distribution of a general probability
density function f(x) is,

X1 = /wx"f(x)dx, (B.1)
0

considering the f(x) given by Eq. (A.10) the following expression is
obtained,

X7 = x1q¢ F<%>

L, B.2
Td/p) (52
by replacing the previously defined parameters a and d,

Appendix C. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jcis.2020.04.085.
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