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Simulations of aerosol aggregation including long-range interactions
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Current understanding of solid aerosol particle aggregation is limited to simulation models based on diffu-
sive and ballistic motion of the colliding particles. The role of the long-range van der Waals forces in
aggregation phenomena, although important, has never been examined. In an effort to address this issue, a
simulation model, based on molecular dynamics techniques, is developed. Using this model to simulate ther-
mal collisions of single spheres with small aggregates of similar spheres, we examine the effects of retardation
of the long-range van der Waals forces, particle transport, ambient temperature, and pressure on the collision
rates and mass and structure distributions of the aggregated particles. The model calculations were performed
at simulated temperatures of 293 and 1500 K and at simulated pressures of 760 and 3040 torr for glassy carbon
primary particles in the free molecular regime with diameters of 6 nm, and in the transition regime with
diameters of 30 nm. Inclusion of the long-range van der Waals forces resulted in aggregates with relatively
open structures and few branches and collision rate constants that were larger than the corresponding hard
sphere rate constants, whereas exclusion of the forces resulted in compact structures with more branches and
smaller enhancements in the rate constants. The above effects were found to be more pronounced in the free
molecular regime than in the transition regime, which is consistent with the observation that the initial condi-
tions and the interparticle forces play a more significant role in particle transport in the free molecular regime
than in the transition regime. The effect of retardation of the forces is an increase in the percentage of open
aggregates and the collision rate constants over that of the corresponding nonretarded case. An increase in
temperature resulted in a collapse of aggregate structure and a decrease in collision rate constants correspond-
ing to the reduced geometrical cross sections. Again, the effects were found to be more pronounced in the free
molecular regime than in the transition regime. No significant difference was observed in the structure of the
aggregates or in the collision rate constants with a change in pressure, indicating that the pressure effect, if any,
is hidden by the much stronger effect of the long-range van der Waals forces.@S1063-651X~99!11508-3#

PACS number~s!: 82.70.Rr, 61.43.Hv, 61.46.1w
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I. INTRODUCTION

Solid ultrafine aerosol particles with diameters rang
from 1 to 100 nm are produced by a number of natural a
artificial processes. Examples include, but are not limited
combustion, atmospheric photochemical reactions, volca
eruptions, and gas phase materials synthesis. Experim
observations@1–3# indicate that after their formation man
of the initially dispersed spherical particles collide and st
together to build aggregates with irregular and open str
tures. However, the physical basis~or interaction forces! un-
derlying the evolution of these aggregates and the co
sponding collision rate constants have not been examine

Practical implications of the aggregation process are
varied as they are numerous. For example, in processe
volving condensation, the shape of the aggregates is a cri
factor in determining the onset of condensation@4,5#. In gas
phase materials processing, the formation and growth of
gregates prior to deposition can affect either constructiv
or destructively the properties and ultimate usefulness of
deposit.

For the simplest case, the collision between two spher
particles, several investigators@6–8# found better agreemen

*Present address: Motorola Inc., 3501 Ed Bluestein Blvd., M
K10, Austin, TX 78721.
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between their experimentally observed collision rates a
theoretical calculations when they included the attract
long-range van der Waals interaction energy in their coa
lation calculations. Inclusion of this interaction energy is p
ticularly important in the case of collisions between free m
lecular regime aerosol particles@9#, which have characteristic
dimensions much less than the gas molecular mean free
lg , since such collisions are governed by particle-parti
interactions and initial conditions. While the calculation
the long-range van der Waals~vdW! energy for spherical
particles is straightforward, calculations for aggregated p
ticles comprised of several such spherical particles are c
plex, and have only recently become available@10#. This
interaction energy and its derived force are important e
ments in a dynamical study the aggregation process.

Several simulation models are available in the literat
for aggregate growth. They can be broadly classified as
netic @11# and dynamic models@3,12#. Kinetic models such
as the Eden model@13#, the Vold @14# and Sutherland@15#
models, and the diffusion-limited aggregation~DLA ! model
@16# rely on a purely random kinetic mechanism to mod
aggregate growth. While such models are suitable for so
physical processes, they are not suitable for aggrega
studies involving ultrafine aerosol particles, because
growth mechanism in the kinetic models depends only on
geometric features of the aggregate, while ignoring
physical forces between the particles and the energy con

-
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2052 PRE 60V. ARUNACHALAM, R. R. LUCCHESE, AND W. H. MARLOW
erations. Dynamic models, such as the models based on
Langevin equation of motion, have been used more rece
to study aerosol particle aggregation@3,12#. In these models
the interaction between the particle and the gas is treated
statistical manner. The force on the Brownian particle is
sumed to be composed of two parts: a frictional force wh
is proportional to the Brownian particle velocity, and a ra
domly fluctuating force. The free molecular condition is i
corporated through proper choice of the particle relaxat
time b, i.e., bt!1, wheret is the time taken to free stream
one particle diameter. Samson, Mulholland, and Gentry@3#
applied the Langevin equations to cluster-cluster aggre
tion, and found that their approach better represented
soot aggregation process than the DLA model of Witten a
Sander. However, when the Brownian particle experien
additional interactions, such as the long-range vdW inter
tions, models based on molecular dynamics simulation te
niques are particularly useful.

The primary objective of this paper is to present a phy
cally realistic simulation calculation of the early stages
aerosol aggregation by including the long-range vdW ene
in the calculations of the collision rates of single sphe
with small aggregates of similar spheres, and to examine
effect of this energy on collision rate constants for the p
cess as well as the effect on the aggregate structures.
work also examines several related issues which have
been addressed adequately in the literature, such as th
effects of retardation of the long-range intermolecular for
@17#, particle transport, ambient temperature, and pressur
the collision rate constants, and mass and structure distr
tions of the aggregates.

This paper is structured as follows: In Sec. II we descr
the various features of the simulation model based on
lecular dynamics. In Sec. III we outline the case studies p
formed using the model. In Sec. IV we describe the qua
ties used to characterize the morphology of the aggregate
Sec. V we discuss the results of the case studies. Finally
Sec. VI we present our conclusions.

II. SIMULATION MODEL

The simulation model is based on molecular dynam
methods@18,19#. Given the initial conditions, such as pa
ticle positions and velocities, and the interparticle forces~the
long-range vdW forces!, the equations of motion of the pa
ticles are solved. The trajectories are terminated when
particles come into contact, at which time adhesion will
assumed or the trajectories are continued until they can
classified as nonreactive. The rate constants for the aggr
tion process and structure distributions are obtained by si
lating an ensemble of such collision trajectories over ther
distributions of initial conditions.

In the initial stages of aggregation, because of the h
monomer concentration, aggregate growth occurs prima
by monomer addition. In the later stages, the monomer c
centration becomes depleted, and aggregate-aggregat~or
cluster-cluster! collisions become increasingly important
the growth process. Several authors have studied clu
cluster agglomeration. At this point, it is helpful to differe
tiate between the use of the terms aggregation and agg
eration. Aggregation refers to the process in which individ
the
tly

a
-

h
-

n

a-
he
d
s

c-
h-

i-
f
y
s
he
-
he
ot
the
s
on
u-

e
o-
r-
i-
In
in

s

e
e
be
ga-
u-
al

h
ly
n-

er-

m-
l

particles are added one at a time to a growing cluster.
present model, along with the models of Vold@14# and Wit-
ten and Sander@16#, fall under this category. Agglomeration
on the other hand, refers to the growth process in wh
clusters collide and adhere to each other. Examples of
glomeration models include those of Meakin@20#, Kolb,
Botet, and Jullien@21#, and Mountain, Mulholland, and
Baum @22#.

The objective of our model is to simulate the formation
aggregated particles in the initial stages, because it is th
aggregates that serve as ‘‘seed particles’’ for subsequ
growth by agglomeration. The aggregate’s growth is mo
eled by an iterative process. We begin the process by si
lating an ensemble of dimer-monomer trajectories, over th
mal distributions of initial conditions. The coordinates of th
resulting trimers are stored in a data file. In the subsequ
stage, an ensemble of trimer-monomer trajectories are si
lated by randomly selecting trimer coordinates from t
above mentioned data file. The process was repeated up
aggregate size of ten particles.

A. Interaction energy

In the initial stages of aggregate growth, because the
ticle dimensions are much smaller than the mean free pat
the gas, transport is primarily collisionless and governed
the interaction energy and initial conditions. Inclusion of t
interaction energy is therefore important for physically re
istic simulation calculations of aggregate growth. In the ca
of neutral, nonpolar particles of glassy carbon considered
this study the interaction energy of primary importance is
long-range vdW energy which has its origins in the instan
neous charge fluctuations in atoms and molecules. Gla
carbon was chosen as the prototype material for this st
for the following reasons:~1! Carbon is a widely occurring
component in many combustion aerosols that have been
served to aggregate to form irregularly shaped particles.~2!
Spectroscopic data required for the calculation of the f
quency dependent dielectric constant, an input to the inte
tion energy calculations, are available@23#.

Although the role of the long-range vdW energy
spherical ultrafine aerosol particle collisions is well know
@9#, its effect on the collisions of nanometer spheres w
aggregated particles comprised of similarly sized spheres
never been examined. The reason for this is that although
Lifshitz approach@24#, which is widely used for the vdW
energy calculations, has full generality, and is applicable
any body at any temperature, analytical expressions for
interaction energy can be obtained only for the case of se
rable coordinates and therefore limited physical geometr
This issue was recently addressed and overcome
Arunachalam, Marlow, and Lu@10#. They calculated the to-
tal interaction energy between an aggregated particle an
single spherical particle, first by considering the molecu
structure of the particles~discrete picture!, and second by
considering them to be condensed matter spheres~continuum
picture!. In the first picture, by comparing the complete
coupled, iterated-dipole energies between the constitu
molecules@25# with the energy calculated by ignoring th
coupling between the molecules of the contacting particle
the aggregate, they showed that the effect of the coupling
the total interaction energy was small. Next, using the sec
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~continuum! picture, they computed the total interaction e
ergy as a simple sum of the Lifshitz energies between
individual particles. They found that there was close cor
spondence between this energy and energies calculated i
discrete picture, thereby indicating that the error made
calculating the total interaction energy as a simple sum o
individual Lifshitz energy values is small. For the ultrafin
particles considered here, energy calculations based upo
discrete picture would be clearly impractical because of
large number of molecules involved. The Arunachala
Marlow-Lu method described above provides a simplifie
yet effective and computationally feasible method, for cal
lating the long-range vdW energy between aggregated
ticles of any shape and size. It also takes into account
effect of retardation on the long-range vdW energy. T
effect causes the magnitude of the interaction energy to
off more rapidly ~1/d7, where d is the surface-to-surfac
separation between the particles! than the corresponding
nonretarded energy (1/d6).

At contact separations, the vdW energy becomes singu
The problem of singularity arises because the molecules
assumed to be point particles. Lu, Marlow, and Arunacha
@26# showed that when the finite size of the molecule is tak
into account, the singularity problem is removed. Also,
the surface-to-surface separation between the particles
creases, and molecular size effects become decreasingl
portant, the short-range energy converges smoothly to
continuum energy calculated using the Lifshitz approa
Below we present a parametrized representation@10# of the
retarded vdW interaction energy used in our simulation c
culations. It is valid over all separations~including contact
separation!

E~d!5
11a1d1¯1an21dn21

b11b2d1¯1bn17dn16 . ~1!

The parameter values are listed in Table I, and are cho
such that whend50, Eq. ~1! gives the correct value for th
contact energy, and asd˜`, E(d)˜CLIFd27, whereCLIF

TABLE I. The parameters~in units of 10213 erg! used in Eq.~1!
to fit the retarded van der Waals energy for a pair of glassy car
spherical particles of diameter 6 and 30 nm, respectively, at 29

Parameters Values for 6-nm particles Values for 30-nm partic

a1 1.976931022 23.546931023

a2 23.408731021 23.393031022

a3 22.6766 20.1377
b1 213.6562 20.2095
b2 215.2962 4.516231022

b3 24.0701 23.063631023

b4 20.8228 21.134331024

b5 25.079531022 21.989131026

b6 22.303531023 21.851631028

b7 21.416931025 25.0549310211

b8 23.678631028 1.6118310215

b9 7.9035 1.3513
b10 34.6621 2.1049
b11 3.440731022 24.639331025
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is the Lifshitz constant. The parametrized representatio
easily programmed, and is particularly beneficial to simu
tion calculations, based on molecular dynamics, where c
siderable time is spent on the evaluation of the interpart
forces.

B. Particle transport

An understanding of particle transport in a gas is cen
to simulations of aerosol particle collisions by trajectory c
culations. To quantify the role of the gas in transport p
cesses involving aerosol particles, the particle Knudsen n
ber @27# is conventionally defined as Kn5lg /r p , wherelg

is the gas molecular mean free path andr p is the particle
radius. In these terms, the kinetic condition Kn<0.25 is
termed the collision-dominated or continuum regime, sin
the gas can be treated as a fluid or continuum. The condi
Kn>10 is termed the free molecular regime, since partic
gas collisions are isolated allowing the particles to follo
primarily collisionless trajectories as is the case for in
vidual molecules in a dilute gas. The transition regim
0.25<Kn<10 falls between the collision-dominated and fr
molecular regimes.

Modeling the transport of aggregating particles can b
complex undertaking, especially when their sizes are incre
ing and their shapes are evolving as is the case in a sim
tion of aggregate growth. In the beginning stages of grow
the colliding particle dimensions could very well be mu
less than the mean free path of the gas, in which case
transport is primarily collisionless and governed by the int
action potential and initial conditions. However, as the a
gregate grows and its greatest dimension becomes com
rable to the gas mean free path, the transport enters
transition regime, a region in which particle transport is n
ther completely free molecular nor completely continuum.
an effort to account for particle transport as the aggreg
grows, in a consistent and physically meaningful way,
adopt Fuchs’ concept@28# of the jump distance. Our reaso
for using this pragmatic approach is motivated by go
agreement between experimentally determined collision r
for spherical particles@6,7,8# and results derived from Fuchs
semiempirical formulation for the collision rates as gener
ized to include the long-range intermolecular forces@9#. To
our knowledge, this is the first time that Fuchs’ concept h
been incorporated into simulation calculations of aerosol
gregation. In this model, the jump distancedAB for two par-
ticles of radii r A and r B diffusing toward each other repre
sents the mean surface-to-surface distance between
colliding particles for which the motion can be considered
free molecular. Fuchs’ model was to utilize the classical d
fusion theory only for a center-to-center separations betw
the particles,d0.r A1r B1dAB . Then, in this model ford0
,r A1r B1dAB , the particles move according to the kinet
theory of gases as if in vacuum. By equating the parti
fluxes from the two transport domains atd05r A1r B1dAB
he obtained an expression for the jump distance as

dAB5~dA
21dB

2 !1/2, ~2!

n
.
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wheredAB is the thermal average of the individual partic
jump distancesdA anddB . dA is given by

dA5
1

6r AlA
@~2r A1lA!32~4r A

21lA
2 !3/2#22r A , ~3!

wherelA denotes the particle mean free path.
In the case of two spherical particles the free molecu

region, according to Fuchs’ approach, is defined by a sph
cal ‘‘envelope’’ that extends for a distancedAB around the
surface of the particles. However, the definition of such
‘‘envelope’’ for a system comprised of an aggregate an
monomer is not straightforward because of the irregu
shape of the aggregate. Assuming for the moment thatdAB
can be calculated for such a system, by an extension of
Fuchs’ approach, we define the ‘‘envelope’’ as the irregu
surface that follows the contour of the aggregate at a dista
dAB from it. In our simulation model for collisions betwee
aggregates and monomers, the motion of the colliding p
ticles is simulated only in the free molecular region bound
by the so-called ‘‘envelope.’’ The procedure involves sep
rating the aggregate and monomer, initially, by a center
center distanced0 given by

d05r A
max1r B1dAB , ~4!

wherer A
max is the maximum possible aggregate radius, fo

given number of constituent particles, i.e., the radius of
linear aggregate,r B is the monomer radius, anddAB is the
thermally averaged jump distance for the aggrega
monomer system. The colliding particles are then propaga
along a straight line trajectory~in the absence of the interac
tion potential! until the surface-to-surface separation betwe
the monomer and any particle in the aggregate is less tha
equal to dAB , at which point the interaction potential i
turned on. Subsequently, the motion of the particles is pro
gated by solving their equations of motion, with the lon
range vdW force, until they collide or until the trajectory ca
be classified as a nonreactive one. The diffusive motion
the particles prior to the point where the potential is turn
on, although not explicitly modeled, is implicitly accounte
for by randomly rotating the aggregate prior to propagati
This ensures random relative orientations of the aggre
and monomer as is the case in diffusive motion, albeit w
out the minor effects of long-range forces at these relativ
large separations.

To define the boundary for our calculations, we requir
mean free pathlA for the aggregated particle. This is eval
ated by assuming that it is equal to the mean free path f
spherical particle that has the same drag force as the ag
gate. Obviously this assumption precludes anisotropic d
Since the drag force is directly related to the mean per
tence distance, we thereby have the required relationshi

Assuming that the drag force on the aggregate@29# in-
creases as its projected surface area and its radius of g
tion, it follows that the ‘‘equivalent’’ sphere is one that ha
the same radius of gyration as the aggregate. The hard sp
radius of this ‘‘equivalent’’ sphere is given by
r
ri-
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r hs5~ 5
2 !1/2r g , ~5!

where the radius of gyration of the aggregater g is defined by

r g5S (
i

mir i
2

(
i

mi

D 1/2

, ~6!

wheremi denotes the mass of the constituent particles, anr i
their distance from the aggregate center of mass. The fa

( 5
2 )1/2 in Eq. ~5! arises from the relationship between th

hard sphere radius and radius of gyration of a sphere. S
stituting Eq.~6! into Eq. ~5! now gives the radiusr A to be
used in Eq.~3! for the aggregate jump distance calculatio
Tables II~a! and II~b! list the jump distances as a function o
temperature and aggregate size for primary particles of
ameter 6 and 30 nm, respectively. For simplicity, only t
results for linear aggregates are presented. It can be
from the tables that, in general, the jump distance for
aggregate-monomer system,dAB , is bracketed by the mono
mer jump distance in the lower limit and the jump distan
of a monomer-monomer system in the upper limit. The low
limit is realized for the large aggregates (N57,10) for which
dA˜0. Also, for a fixed primary particle size, as the tem
perature increases, the jump distance increases due to
crease in the gas density and a corresponding increase i
mean free path of the particles. For a constant tempera
the jump distance decreases with increasing primary par
size. This is because the particle size now becomes com
rable to its mean free path and the gas-particle collisi
become more frequent; consequently the distance over w
the particle motion can be regarded as collisionless, i.e.,
jump distance is reduced.

TABLE II. Variation of jump distanced with temperature and
aggregate size for primary particles of diameter~a! 6 nm and~b! 30
nm. dA denotes the jump distance for a monomer or an aggreg
dAB denotes the thermally averaged jump distance for a monom
aggregate system.r B is the monomer radius. Note that all aggr
gates are linear.

N
dA /r B

at 293 K
dAB /r B

at 293 K
dA /r B

at 1500 K
dAB /r B

at 1500 K

~a! 6 nm
1 7.7 10.9 30.8 43.6
2 4.0 8.7 17.0 35.3
3 1.5 7.8 7.3 31.7
7 0.3 7.7 1.3 30.8
10 0.2 7.7 0.7 30.8

~b! 30 nm
1 0.53 0.75 2.43 3.44
2 0.27 0.60 1.17 2.70
3 0.13 0.53 0.47 2.51
7 0.03 0.53 0.10 2.43
10 0.03 0.53 0.07 2.43
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C. Thermal collision rates

Consider the reaction of particlesA andB, whereA andB
denote the aggregate and monomer, respectively. IfL is a
reaction channel, then the reaction rate for this channe
given by

R~A,B!5RL~A,B!@A#@B#, ~7!

where@A# and@B# are the concentrations of particlesA andB,
andRL(A,B) is the rate constant for the reaction channelL.
In this study, the reaction channel of interest is sticking. I
assumed that the particles adhere upon contact because
availability of a large number of vibrational modes of th
system to dissipate, or thermalize, the collisional ene
@30,31#. The rate constant for the sticking reaction is giv
by

Rs~A,B!5S 8kT

pm D 1/2

ss~A,B!, ~8!

wherek is the Boltzmann constant, andm the reduced mass
The first term is the average thermal velocity, and the sec
term is the cross section integral for the sticking react
given by

ss~A,B!5E 2pb
Ecolle

2@Ecoll /~kTcoll!#

~kTcoll!
2

e2@EpA
/~kTA!#

ZpA

3PL~b,Ecoll ,EpA
,wA ,cA ,uA!

dwA

2p

dcA

2p

3S sinuAduA

2 DdpAdEcolldb, ~9!

whereTcoll is the mean collisional temperature,b is the initial
impact parameter,Ecoll is the initial collision energy, andEpA

and pA are the rotational energy and 3NA momenta of the
rigid aggregate, respectively.ZpA

is the rotational partition

function of the aggregate, andwA , cA , anduA are the angles
that define the relative orientation of clusterA with respect to
the axis passing through its center of mass along which
collision is initiated.Ps(b,Ecoll , ...) is thenormalized prob-
ability density function for the sticking reaction. The limi
of integration for the integral overb andEcoll are ~0,̀ !. For
the momenta of the rigid aggregate the limits of integrat
are ~2`,1`!. For the angleswA and cA , the limits are
~0,2p! and foruA the limits are~0,p!. Due to the complexity
of the rate constant integral@Eq. ~9!#, an analytical solution
cannot be obtained except for very simple cases. Howe
the integral can be evaluated in the classical traject
method @32,33,34# using standard Monte Carlo integratio
techniques@32#.

In this method, an ensemble of collision trajectories
simulated over thermal distributions of initial conditions, u
to the points of contact at which times adhesion will be
sumed or until the trajectories can be classified as nonr
tive. The rate constant for a collision reaction that results
sticking is then calculated by

Rs~A,B!5S 8kT

pm D 1/2

lim
bmax˜`

pbmax
2 lim

N˜`

Ns

N
, ~10!
is

s
the

y

d
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e

n
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y

e
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whereN is the total number of trajectories simulated andNs
is the number of trajectories that result in a sticking reacti
The relative statistical error introduced by replacing the r
constant given by Eq.~9! with the one given by Eq.~10! can
be readily estimated@29# for large N to be @(N
2Ns)/NsN#1/2. We can easily see that forNs!N, the rela-
tive statistical error goes asNs

21/2. The square root depen
dence means a moderate accuracy can be achieved w
relatively small number of trajectories, while greater acc
racy would require a significantly larger number of trajec
ries.

The initial impact parameter for each collision is chos
from a normalizedb2 distribution,

f ~b!db5H 2pbdb

pbmax
2 , 0,b,bmax

0 otherwise,

~11!

where bmax is the maximum impact parameter, which, a
cording to classical collision theory, is infinite. For simul
tion purposes, however, setting an infinite limit for the im
pact parameter is impractical. Therefore, it is necessary
devise a method whereby an optimal value forbmax can be
selected. One such method is stratified sampling@35# which
has been used by several authors@31,33,35# in the context of
molecular dynamics simulations. The selection process
the optimalbmax is an iterative one, as it is based on th
convergence of the collision rate constant computed us
Eq. ~10!. For a fixedbmax, the range ofb values is divided
into bins:

1st subset
]

i th subset
]

I th subset

0<b,b
]

~ i 21!b<b, ib
]

~ I 21!b<b,Ib.

The number of trajectories selected from thei th bin is pro-
portional to the incremental increase in the total collision
area associated with the bin:

lim
N˜`

Ni

N
5S p~2i 21!b2

p~ Ib!2 D . ~12!

The advantages of the stratified sampling method are~1!
It avoids anad hocdefinition ofbmax and,~2! it leads to very
efficient trajectory sampling, thus saving computational tim
When using stratified sampling, Eq.~10! for the rate constan
must be modified as

Rs~A,B!5S 8kT

pm D 1/2

pbmax
2 (

i 51

i max Nsi

Ni
Fbi

22bi 21
2

bmax
2 G , ~13!

wherebi andbi 21 are the upper and lower limits of thei th
bin, Ni is the number of trajectories sampled in thei th bin,
andNsi is the number of trajectories that result in a collisio
or sticking event in that bin. The estimated error in the r
constant calculated using Eq.~13! is
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DRs~A,B!5S 8kT

pm D 1/2

pbmax
2 H (

i 51

i max F ~Ni2Nsi!Nsi

Ni
3 G

3Fbi
22bi 21

2

bmax
2 G2J 1/2

. ~14!

In our simulations of cluster-monomer collisions, the init
estimate forbmax is of the order of several monomer diam
eters, at which the long-range vdW forces between the
liding particles are negligible. Stratified sampling is then p
formed, and the bins in which no sticking~collisions! occurs
are eliminated resulting in a new value forbmax. The process
is repeated until the collision rates obtained from two s
cessive iterations converge. For all the final converged ca
the estimated error in the rate constant given by Eq.~14! was
found to be at least two orders of magnitude less than
value of the rate constant. The details relating to the se
and simulation of the individual collision trajectories are o
lined below.

D. Trajectory initialization

The initial setup for the aggregate, prior to propagati
involves two steps@36# which ensure that the aggregate h
rotational motion consistent with the ambient temperat
and that its rigidity is maintained despite the rotation i
parted to it. The two step procedure is as follows.

~1! Sample atomic Cartesian velocities$v i8% i 51,N as inde-
pendent Gaussian variables such that

^v ia8 &50, ~15!

^v ia8
2&5kT, ~16!

wherea5x,y,z and the average is taken over an ensem
of aggregates, each comprised ofN spherical particles.

~2! Subtract from the velocities their components ‘‘no
mal’’ to the constraint surfaces in the 3N Cartesian hyper-
space in order to allow the constraints’ time derivatives
vanish. This is written

vW i5vW i82 (
k51

l

lk

]«k

]rW i

i 51, . . . ,N, ~17!

wherel denotes the number of holonomic constraints,«k , of
the system. Details pertaining to these constraints will
discussed in Sec. II E. The$lk% parameters are fixed by re
quiring that

d«k

dt
5(

j 51

N
]«k

]rW j

vW j50, k51, . . . ,l . ~18!

Combining Eqs.~17! and ~18!, and solving for$l%, one ob-
tains

lk5 (
k851

l

~Z21!kk8(
i 51

N
]«k8
]rW i

vW i8 , ~19!

whereZ is an l 3 l matrix defined by
l

l-
-

-
s,

e
p

-

,

e
-

le

o

e

Zi j 5 (
k51

N
1

mk

]« i

]rWk

]« j

]rWk
, i , j 51, . . . ,l , ~20!

«k[~rW i2rW j !
22g i j

2 50, i . j 51, . . . ,nb , k51, . . . ,l ,
~21!

whereg i j denotes the bond length andnb is the number of
bonds. As a result of this initialization procedure, the agg
gate rotates as a rigid body but has no translational mot
To avoid any orientational correlations, the aggregate is
tated randomly through Euler angles about its internal a
prior to the initialization procedure described above.

The colliding bodies, the rigidly rotating aggregate, a
the monomer are initially separated, along thez axis, by a
distanced0 which is determined using Fuchs’ approach d
scribed in Sec. II B. The initial impact parameterb is se-
lected randomly using the stratified sampling technique
scribed in Sec. II C. The bodies are then separated byb along
the y axis. At this initial separation, which is typically sev
eral monomer diameters, the interparticle long-range v
energy is negligible compared to the thermal energy. T
relative center of mass collision energy,Ecoll , which deter-
mines the collision velocity, is selected randomly from t
normalized Boltzmann distribution corresponding to the a
bient temperatureT,

f ~Ecoll!dEcoll5~kT!22Ecoll expS 2Ecoll

kT DdEcoll . ~22!

This assures an average center of mass collision energ
2kT.

E. Trajectory simulation and the method of constraints

The propagation of the equation of motion of the mon
mer is straightforward, and is performed using the Ver
algorithm @37#. However, the propagation of the equatio
for the particles comprising the rigid aggregate subject
external forces, which in this case is the long-range vd
forces, is not straightforward. There are two different wa
to express the equations of motion for this rigid system.

~1! One can use equations of motion in generalized co
dinates involving nonconstrained degrees of freedom.
rigid bodies, this leads to Newton-Euler equations, in pr
ciple very simple. In practice, numerical difficulties are e
countered with Euler angle variables which require the int
duction of special integration schemes.

~2! Alternatively, one can use equations of motion in t
Cartesian coordinates of all particles comprising the agg
gate, modified so as to satisfy the system constraints.
Cartesian equations of motion now are governed by a t
force which is given as the sum of the forces derived fro
the potential energy and the force arising from the co
straints. The forces of constraint depend upon a se
Lagrange multipliers which are evaluated from the constra
relationships by auxiliary calculations. This method can
applied easily to even complex aggregates, and can be d
in a way that is computationally very effective. Its imple
mentation, the so-called method of constraints, was de
oped for rigid polyatomic systems by Cicotti and his c
workers in a series a publications that can be found in R
@37#. In this simulation model we use the method of co
straints because, in addition to the advantages mentio
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above, it is a Cartesian coordinate approach, and there
has the virtue of simplicity.

The trajectory simulation is terminated when either
sticking event~physical contact! occurs between the aggre
gate and monomer or when the trajectory can be classifie
a nonreactive one, in which case the following conditio
must be satisfied simultaneously:~1! the monomer kinetic
energy exceeds the monomer-aggregate interaction pote
energy, and~2! the monomer begins to move away from t
center of mass of the aggregate.

III. CASE STUDIES

Using the approach outlined in Sec. II, collisions we
first simulated between pairs of spherical particles of vary
diameter~6–30 nm!. In all cases, good agreement was o
tained between the collision rates from simulations and th
from analytical calculations based on the generalized Fu
rate for spheres @9# @for example, (3.235560.110)
31029 cm3/s vs 3.039931029 cm3/s for 6-nm particles for
simulation and analytical, respectively#. Next, aggregate
structure and rate constants for the collision reactions
tween aggregates of different sizes and monomers were
amined for a variety of the simulation conditions. Aggrega
growth was simulated with and without the interaction p
tential to study its effect on the resultant aggregate struc
and aggregate-monomer collision rate constants. The e
of retardation of the long-range vdW energy, which cau
the interaction energy to fall off more rapidly~1/r 7 instead of
1/r 6!, was examined by growing the aggregates with the
tarded potential and comparing the results to the simulat
performed with the nonretarded potential. Temperature
fects were examined by varying the temperature of the si
lations, while keeping the particle size and other ambi
conditions constant. The temperatures chosen for this s
were 293 and 1500 K, since they are representative of,
cover a wide range of, aggregation phenomena, ranging f
soot particle aggregation in automobile exhaust pipes
flame synthesis of materials. The primary particle sizedp
was varied from 6-nm (Kn522.5) to 30-nm diameter (Kn
54.5) for each temperature, to examine the free molec
(Kn>10) and transition regime (0.25<Kn<10) effects. The
simulations were performed at two different ambient pr
sures, 760 and 3040 torr, for a constant temperature of 29
and primary particles of diameter 6 nm. The purpose of t
study was to examine the effects of ambient pressure.
results of the above-mentioned case studies are present
Sec. V.

IV. STRUCTURE DESCRIPTIVES

The structure of aggregates is critical to many phenom
in a variety of fields. For example, various combustion p
cesses release irregularly shaped aggregates into the env
ment. The condensational growth on these aggregates ca
very different from that on equivalent spherical particles, b
cause the equilibrium vapor pressure is dependent on
curvature of the particle surface. It is depressed for ne
tively curved surfaces, leading to condensation at m
lower humidities than over a positively curved surfac
Structure descriptives, which give details of the aggreg
re,
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structure such as its mass distribution and the numbe
branches, as opposed to those that give information abou
gross features, could be extremely beneficial to a quantita
understanding of the relationship between aggregate st
ture and rates of physical processes.

The literature contains a variety of structure descriptiv
ranging from the simple, such as the radius of gyration,
the complex, such as the fractal dimension@38#. The struc-
ture descriptives used in this study are discussed below.
structures of smallest aggregates grown, the trimers, w
analyzed using the angle subtended by the three compo
particles. The angle, though a very simple measure, give
clear indication of the degree of openness of the aggreg
The most open structure corresponds to 180°, and the m
compact structure to 60°. For larger aggregates (N54 – 10)
the following were the structure descriptives used:~1! radius
of gyration, ~2! number of branches, and~3! principal mo-
ments of inertia.

The radius of gyration (r g) is a quantitative measure o
the mass distribution in the aggregate. The larger ther g of an
aggregate, the more open its structure. However, it is p
sible that aggregates having equal radii of gyration have v
different arrangements of constituent particles. Thus,
thoughr g is a good measure for aggregate openness, it is
a good indicator of the details of the aggregate structure

The number of branches in an aggregate, on the o
hand, gives detailed information about the connections
tween the constituent particles. Let us consider an aggre
comprised ofN spherical particles. The number of branch
is given by the number of particles having a connectivity
3. The connectivity of a particle is determined by the numb
of particles adjacent to it.

The gross features of the aggregate, such as its ov
shape, were examined by calculating the principal mome
of inertiaI xx ,I yy ,I zz (I xx,I yy,I zz), andI, their sum, and by
examining the relationship between the ratiosI xx /I , I yy /I ,
and I zz/I . The spherical shape corresponds toI xx /I 5I yy /I
5I zz/I , the prolate symmetric top toI xx /I ,I yy /I 5I zz/I ,
and the oblate symmetric top toI yy /I 5I xx /I ,I zz/I .

V. RESULTS AND DISCUSSION

A. Interaction potential effects

Figure 1 shows the structure distribution function for t
smallest aggregates, trimers, grown at 293 K under free
lecular conditions. In general, the distribution function is t
ratio of the number of aggregates in a bin to the total num
of aggregates, and is expressed as a percentage. The d
bution function for the trimer case is normalized by the so
angle. It can be seen that when the simulation is perform
with the interaction potential on, the trimer structure dist
bution per unit solid angle is anisotropic, with a large pe
centage of open timers~100°–180°! and a small percentag
of more compact ones~60°–100°!. However, without the
potential, the trimer distribution is, as expected, isotrop
The effect of the potential on the ‘‘openness’’ of the stru
ture is seen for all the aggregate sizes (N53 – 10) considered
here for the aggregates grown under free molecular co
tions.

The structures of the aggregates grown under transi
regime conditions is somewhat different than those gro
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under free molecular conditions. For trimers grown at 293
under transition regime conditions, Fig. 2 shows that the
tribution function without potential is fairly isotropic, as i
the case for the free molecular regime particles. Howe
the distribution function with potential is different from th
free molecular case. It appears to be less anisotropic in
two outer bins, mainly due to the suppression of the dis
bution function in the outermost bin. Consequently, the d
ference between the distribution functions with and witho
potential is smaller than that in the free molecular case. T
effect is also evident for the larger aggregates, and sugg
that in the transition regime the interaction potential does
have as strong an influence on particle motion as in the
molecular regime.

Figures 3~a! and 3~b! illustrate the effect of the interactio
potential on aggregate morphology through the distribut
function for the number of branches forN510 aggregates
Upon examination of the figures we can see that, at 293
for both free molecular and transition regime transport,
aggregate distributions with potential are, on the avera
narrower and are peaked when the number of branche
two. A smaller fraction have three and four branches. T
fraction of compact aggregates with more complex m

FIG. 1. Normalized trimer structure distribution function v
angle fordp56 nm andT5293 K.

FIG. 2. Normalized trimer structure distribution function v
angle fordp530 nm andT5293 K.
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phologies~number of branches.4! is very small. From these
observations we can conclude that, as the aggregate grow
monomer addition, the incoming monomer tends to stick
its extremities because of the attractive force between
particles. Without the potential, the aggregate distributio
appear to be broader, with more branched aggregates,
cating that the monomer is more likely to travel to the in
rior of the aggregate before it sticks.

Yet another way of examining the interaction potent
effects on aggregate shape is through its principal mom
of inertia I xx , I yy , andI zz (I xx,I yy,I zz). For the data given
in Fig. 4, aggregate shapes can be bracketed between
prolate symmetric top, corresponding toI xx /I ,I yy /I
5I zz/I ~point A!, the spherical shape, corresponding
I xx /I 5I yy /I 5I zz/I 51/3 ~point C!, and the oblate symmet
ric top, corresponding toI yy /I 5I xx /I ,I zz/I ~point B!. Fig-
ures 4~a! and 4~b! are scatter plots ofI yy /I vs I zz/I , for a
fixed number of aggregates of sizeN55, grown at 293 K,
with and without the potential, respectively. Comparison
the data point distribution within the limiting triangle show
a much broader distribution for the aggregates grown w
out the potential. The average value ofI xx /I , which is a
measure of the departure from the prolate symmetric to
correspondingly higher. The data on radius of gyratio
angle, and number of branches also support this observa

The effect of the interaction potential on aggrega
monomer collision rate constants is measured by calcula
the collision rate constant enhancement factorCp . Cp is
defined as the ratio of the rate constant in the presence o
interaction potential (Rp) to that in the absence of the inte
action potential (R0). Table III~a! shows the results o

FIG. 3. Connectivity deviation for~a! N510,dp56 nm, and~b!
N510, dp530 nm at 293 K.
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such a calculation for free molecular regime primary p
ticles at 293 K. The enhancement in rate constant that ar
purely from geometric considerations is measured byC0 ,
the ratio of the rate constant for aggregate-monomer c
sions without the interaction potential (R0) to that for colli-
sions between a spherical particle having the same volum
the aggregate and a monomer (Rhs). On an average, for ag
gregates of sizeN52 – 9, the aggregate-monomer rate co
stant is enhanced by a factor of 2.2760.1 over the corre-
sponding geometric rate constant~or rate constant withou
the potential!. The average value ofC0 for aggregates of
sizeN52 – 9 is 1.3960.1. Comparison of the average valu
of Cp andC0 shows that the rate constant enhancement
to the pure interaction potential effect is greater than that
to the pure geometric effect by a factor of about 1.6. T
aggregate-monomer rate constants and enhancement fa
for transition regime primary particles at 293 K are listed
Table III~b!. The average value ofCp (1.8660.1) is lower
than that for the free molecular case because of the we
effect of the interaction potential on particle transport in t
transition regime.C0 , however, which is a measure of th
enhancement in the rate constant due to the pure geom
effect, should be independent of the transport regime.
constant value ofC0 for both free molecular regime particle
@Table III~a!# and transition regime particles@Table III~b!# is
consistent with that expectation.

B. Retardation effects

The effect of retardation of the long-range vdW ener
increases with particle size, and must be included in a ph
cally realistic description of the aggregation process@39#.

FIG. 4. Scatter plot ofI yy /I vs I zz/I for aggregates grown~a!
with the potential on, and~b! without the potential atT5293 K.
N55 anddp56 nm.
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We examined the retardation effect for 30-nm-diameter p
ticles first by performing the simulations with the nonr
tarded interaction potential from the previous section, a
then by comparing the results with those performed with
retarded interaction potential. The nonretarded potential,
ing the stronger of the two potentials, should result in
higher percentage of more open aggregates, an outcom
the interaction potential’s ability to cause large-impact p
rameter trajectories to stick. In other words, the stronger
interaction potential, the greater the fraction of large-imp
parameter trajectories that will result in sticking, and t
greater the fraction of more open aggregates. This resu
supported, for the simplest case~trimers!, by the results pre-
sented in Fig. 5. Based on the above arguments, the no
tarded rate constant should also be higher than the reta
rate constant. The results of the dimer-monomer simulati
verify this by showing that the nonretarded rate constan
(7.8360.2)31029 cm3/s, while the retarded rate constant
(7.4860.2)31029 cm3/s.

C. Temperature effects

In order to examine the effect of temperature on aggreg
structure and aggregate-monomer collision rates in the
molecular and transition regimes, simulations were carr
out at both 293 and 1500 K for primary particles of diame
6 and 30 nm. Before proceeding to a discussion of the
sults, it is helpful to compare the magnitudes and dista

TABLE III. Rate constants and rate constant enhancement
tors for aggregate-monomer collisions at 293 K for primary p
ticles of diameter~a! 6 nm and~b! 30 nm.N denotes the number o
particles in the aggregate. Subscripts indicate the following:p, with
potential; 0, without potential; hs, hard sphere.

N

Rate constants (1029 cm3/s)
Cp

Rc /R0

C0

R0 /RhsRp R0 Rhs

~a! 6 nm
2 3.8260.1 1.6160.1 1.39 2.3760.2 1.1660.1
3 4.6960.1 1.9760.1 1.53 2.3860.1 1.2960.1
4 5.0560.1 2.3560.1 1.67 2.1560.1 1.4160.1
5 5.5860.1 2.3960.1 1.79 2.3360.1 1.3460.1
6 6.1260.1 2.6960.1 1.91 2.2860.1 1.4160.1
7 6.6060.1 2.8760.1 2.02 2.3060.1 1.4260.1
8 7.2360.1 3.3160.1 2.12 2.1860.1 1.5660.1
9 7.5760.1 3.4560.1 2.23 2.1960.1 1.5560.1

2.2760.1a 1.3960.1a

~b! 30 nm
2 7.4860.2 3.3460.1 3.11 2.2460.1 1.0760.1
3 8.1460.2 4.1160.2 3.43 1.9860.1 1.2060.2
4 8.8860.2 5.1060.2 3.72 1.7460.1 1.3760.2
5 10.1060.2 5.6760.2 4.00 1.7860.1 1.4260.2
6 11.3360.2 6.6460.2 4.27 1.7160.1 1.5660.2
7 12.2160.3 6.4960.2 4.51 1.8860.1 1.4460.2
8 12.7360.3 6.9960.2 4.75 1.8260.1 1.4760.2
9 13.6460.3 7.8360.2 4.98 1.7460.1 1.5760.2

1.8660.1a 1.3960.2a

aAverage rate constant.
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dependences of the interaction potential energy@36#. At 293
K, for both the 6- and 30-nm particles, the interaction ene
at contact has finite values of 125kT and 700kT, respec-
tively, and becomes comparable tokT at surface-to-surface
separations of 0.56r p and 0.48r p , respectively, wherer p de-
notes the radius of the particle. The interaction potential w
is, therefore, much steeper for the 30-nm particle than for
6-nm particle. At 1500 K, although the magnitude of t
interaction energy value does not change appreciably f
that at 293 K, the distance at which it becomes equal tokT
decreases. Thus, as the temperature increases, the ran
the interaction potential, that is, the distance over which i
greater than the thermal energy, decreases.

For the free molecular regime particles~6 nm!, compari-
son of the trimer structures at 293 and 1500 K shows tha
the temperature increases:~1! The trimer structure distribu
tion functions, with and without the potential, are simil
~Fig. 6!, whereas they differ significantly from each other
293 K ~Fig. 1!. ~2! The percentage of more open trime
~140°–180°! with potential drops significantly~Fig. 7!, as a
result of which the structure distribution function at 1500
becomes more isotropic than that at 293 K. This suppres
of open structures is also evident for the larger aggrega
The reason for~1! and ~2! can be explained as follows. A

FIG. 5. The retardation effect fordp530 nm andT5293 K.

FIG. 6. Normalized trimer structure distribution function v
angle fordp56 nm andT51500 K.
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the temperature increases, the kinetic energies of the co
ing particles increase and dominate over the interaction
tential energy. This results in linear trajectories which a
characteristic of simulations without potential and a conv
gence of the distribution functions with and without potent
~result 1!. The almost linear trajectories at 1500 K will resu
in sticking only if they are within close range of the geome
ric extent of the aggregate. The chances of a monomer s
ing to the aggregate extremities are small. Hence, the re
ing aggregates, in this case trimers, are less likely to h
more open structures~result 2!.

In the transition regime, there is no significant differen
in the trimer distribution functions, with potential, at 293 an
1500 K ~Fig. 8!. The above is true for larger aggregates
well. Although one might expect differences to arise beca
the jump distance increases with temperature@Table II~b!#,
this is not evident because~1! the retardation effect decrease
the strength of the interaction energy, and~2! the ‘‘range’’ of
the interaction energy decreases with temperature. Moreo
for the transition regime particles, the collisions are kine
cally dominated as opposed to the free molecular reg
particles where the collisions are influenced to a greater

FIG. 7. Comparison of normalized trimer structure distributi
functions at 293 and 1500 K fordp56 nm.

FIG. 8. Comparison of normalized trimer structure distributi
functions at 293 and 1500 K fordp530 nm.
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tent by the interaction energy.
In the case of free molecular regime particles, Figs. 9~a!

and 9~b! together show the effect of temperature on agg
gate morphology, with and without potential, over a range
aggregate sizes (N54 – 10) using the average radius of g
ration to describe the aggregate morphology. The differen
in the averager g with and without the potential almost van
ish as the temperature increases from 293 to 1500 K.
transition regime particles, the differences in the averager g’s
do not vanish@Figs. 10~a! and 10~b!#, though they appear to
be somewhat reduced. This can be understood by reca
that the results without potential correspond to the ‘‘infinite
temperature case, when particle trajectories are linear an
reaction cross section equals the geometric cross section
the temperature of the simulations with potential increas
the results tend to the ‘‘infinite’’ temperature result. Th
temperature at which the convergence occurs, however,
pends on the depth and gradient of the potential well. T
potential well for transition regime particles is steeper th
for the free molecular regime particles; hence the temp
ture at which the convergence occurs must be greater
the corresponding temperature for the free molecular c
i.e., greater than 1500 K.

Figures 11~a! and 11~b! show the effect of temperature o
average aggregater g over the full range of aggregate size
for the free molecular and transition regimes, respectively
the free molecular case, the averager g at 1500 K is consis-
tently lower than that at 293 K, suggesting that the agg
gates are more compact. However, for the transition regi
there is no appreciable difference in the radii of gyration
the two different temperatures. The above result is a con

FIG. 9. Interaction potential effect over a range of aggreg
sizes fordp56 nm at ~a! T5293 and~b! 1500 K. The radius of
gyration is expressed in units ofdp .
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e FIG. 10. Interaction potential effect over a range of aggreg
sizes fordp530 nm at~a! T5293 K and~b! T51500 K. The radius
of gyration is expressed in units ofdp .

FIG. 11. Average radius of gyration vs aggregate size fordp

56 nm at T5293 and 1500 K for~a! dp56 nm and ~b! dp

530 nm. The radius of gyration is expressed in units ofdp .
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quence of the very different roles played by the interact
potential in particle transport.

The effect of temperature on the aggregates grown, un
free molecular conditions, with and without the potenti
can be understood by comparing the differences between
moment of inertia plots, Figs. 4~a! and 4~b! ~at 293 K!, with
the differences between Figs. 12~a! and 12~b! ~at 1500 K!. At
293 K, the moment of inertia distributions are noticeab
different, whereas at 1500 K the difference is barely visib
implying that at high temperatures, the interaction poten
effect is overshadowed by the temperature effect.

From Tables III~a! and IV~a! one can see that, for primar
particles of diameter 6 nm, as the temperature increases
293 to 1500 K, and the rate constant enhancement factorCp
decreases from 2.2760.1 to 1.6960.1. Cp is a the ratio of
sp(T), the cross section, with potential, at temperatureT, to
s0(`), the geometric cross section or the cross section
infinite temperature. The decrease inCp with increasing
temperature implies that, as the temperature increa
sp(T)˜s0(`). This convergence is due to the fact that
the temperature increases, the kinetic energy of the collid
particles increases and dominates over the interaction po
tial energy, as a result of which the particle trajectories te
to be more linear like the trajectories at infinite temperatu
The hard sphere rate constant enhancement factorC0 is in-
dependent of temperature, as expected. The reason for
result is thatC0 is the ratio ofs0(`), the geometric cross
section, toshs, the hard sphere cross section, both of wh
are independent of temperature. Similar conclusions can
made from Tables III~b! and IV~b! for the transition regime
particles. However, the ratioCp (293)/Cp (1500), which is
a measure of the change inCp with temperature, decrease

FIG. 12. Scatter plot ofI yy /I vs I zz/I for aggregates grown~a!
with the potential on, and~b! without the potential atT51500 K.
N55 anddp56 nm.
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from 1.34, for the free molecular regime particles to 1.17,
the transition regime particles. This is a further indicati
@40# of the fact that, in the transition regime, the effect of t
interaction potential on the particle transport~or collision
trajectory! is small.

D. Pressure effects

In an effort to study the effect of pressure on aggreg
structure and collision rates, simulations were performed
two different pressures, 760 and 3040 torr, for a fixed te
perature of 293 K and primary particles of diameter 6 n
An increase in the pressure by a factor of 4, from 760
3060 torr, results in a decrease in the mean free path of
gas molecules,lg , by the same factor. The Knudsen num
ber, therefore, decreases from 22.49, which is character
of the free molecular regime, to 5.62, which is characteris
of the transition regime. The pressure increase manifest
self in the simulations through a reduced jump distance si
the jump distance depends onlg ~see Sec. II B!. No signifi-
cant difference was observed in the structure of the ag
gates or in the aggregate-monomer collision rate consta
Intuitively, one would expect that the effect of increas
pressure would be more compact aggregates. However
effect of the interaction potential, being much strong
masks the pressure effect.

VI. CONCLUSIONS

We have presented a simulation model, based on mole
lar dynamics methods, for aerosol particle aggregation.

TABLE IV. Rate constants and rate constant enhancement
tors for aggregate-monomer collisions at 1500 K for primary p
ticles of diameter~a! 6 nm and~b! 30 nm.N denotes the number o
particles in the aggregate. Subscripts indicate the following:p, with
potential; 0, without potential; hs, hard sphere.

N Rate constants (1029 cm23/s) Cp C0

Rp R0 Rhs Rp /R0 R0 /Rhs

~a! 6 nm
2 6.1960.2 3.8260.2 3.15 1.6260.1 1.2160.2
3 7.4960.2 4.4060.2 3.47 1.7060.1 1.2760.2
4 8.4460.2 5.0060.2 3.77 1.6960.1 1.3360.2
5 9.5160.2 5.8360.2 4.05 1.6360.1 1.4460.2
6 10.7960.2 5.7760.2 4.32 1.8760.1 1.3460.2
7 11.1160.2 6.4260.2 4.57 1.7360.1 1.4060.2
8 11.7560.3 7.2460.2 4.81 1.6260.1 1.5160.2
9 12.4860.3 7.7160.2 5.04 1.6260.1 1.5360.2

1.6960.1a 1.3860.2a

~b! 30 nm
2 13.9660.5 8.2760.4 7.04 1.6960.1 1.1760.4
3 15.1960.4 10.0960.4 7.75 1.5160.1 1.3060.4
4 18.2360.5 11.1860.4 8.43 1.6360.1 1.3360.4
5 20.4360.5 12.7360.4 9.06 1.6060.1 1.4160.5
6 21.8960.5 13.5760.5 9.65 1.6160.1 1.4160.5
7 22.8260.6 15.1760.5 10.21 1.5060.1 1.4960.5
8 25.4660.6 16.7760.5 10.75 1.5260.1 1.5660.5
9 27.6860.6 17.8060.5 11.26 1.5660.1 1.5860.5

1.5860.1a 1.4160.5a

aAverage rate constant.



d
a
a

K
th
sio
fe

a
er
o
h

he
th
ob
ti

e
th
la
aa
ea
ne

o
io
r

n

the

ore
t
ent
ere
rticle
ra-
ing
the
gra-
i-
lar
ver-
ase,
he
col-
ne
m-
ct of

the

n-

PRE 60 2063SIMULATIONS OF AEROSOL AGGREGATION . . .
examined the effects of the retarded long-range van
Waals force, particle transport, and ambient temperature
pressure on aggregate-monomer collision rate constants
aggregate structure. In the free molecular regime (
>10), inclusion of the van der Waals force between
aggregating particles results in enhancements in the colli
rate constants. Also, the aggregates were tenuous, with
branches, indicating that the incoming monomer tends
stick to the extremities of the aggregate because of the
tractive force between the particles. Exclusion of the int
particle forces results in a decrease in the collision rate c
stants. The aggregates were more compact and branc
indicating that the monomer is more likely to travel to t
interior of the aggregate before it collides and sticks to
aggregate. In the transition regime, similar effects were
served, but they were much more subtle, thereby sugges
that the van der Waals force has a much greater influenc
particle transport in the free molecular regime than in
transition regime. By comparing the results of the simu
tions performed with retarded and nonretarded van der W
forces, we found that the retardation effect causes a decr
in the collision rate constant and a decrease in the open
of the aggregates. These observations suggest that the
crease in the range of the interparticle forces brought ab
by retardation is responsible for the decrease in the collis
cross section, which in turn results in more compact agg
gate structures and a decrease in the rate constants. I
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free molecular regime, we observed that an increase in
ambient temperature~293–1500 K! resulted in a failure of
the tenuous aggregate structures to form in favor of m
compact structures~characteristic of the simulations withou
the forces! and a decrease in the collision rate enhancem
factors. However, in the transition regime these effects w
less apparent. These results are a consequence of the pa
trajectories becoming more linear with increasing tempe
ture, which results in the reaction cross section approach
the geometric cross section. The temperature at which
convergence occurs, however, depends on the depth and
dient of the potential well. The potential well for the trans
tion regime particles is steeper than for the free molecu
regime particles; hence the temperature at which the con
gence is apparent is higher than for the free molecular c
i.e., 1500 K. No significant difference was observed in t
structure of the aggregates or in the aggregate-monomer
lision rate constants with increasing pressure. Intuitively, o
would expect that the effect of pressure would be more co
pact aggregates, but this is not the case because the effe
interaction potential is much stronger than the effect of
pressures and therefore overshadows it.
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