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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 f8H363-651X%99)11508-3

PACS numbd(s): 82.70.Rr, 61.43.Hv, 61.46w

[. INTRODUCTION between their experimentally observed collision rates and
theoretical calculations when they included the attractive

Solid ultrafine aerosol particles with diameters ranginglong-range van der Waals interaction energy in their coagu-
from 1 to 100 nm are produced by a number of natural anq

e . o ation calculations. Inclusion of this interaction energy is par-
artificial processes. Examples include, but are not limited to,. . . .
combustion, atmospheric photochemical reactions volcanitICUIarIy Important in the case of coII.|S|ons between fre_e mo-
' ' ular regime aerosol particlgg], which have characteristic

. . . . e
eruptions, and gas p.hase materials syrjtheS|s. EXpe”memﬁi&ensions much less than the gas molecular mean free path
observationg1-3] indicate that after their formation many Ny, since such collisions are governed by particle-particle

- . . . - . - g H
of the initially dispersed spherical particles collide and stickiiaractions and initial conditions. While the calculation of

together to build aggreggtes Wit_h i_rregular_ and open strucge long-range van der WaalsdW) energy for spherical
tures. However, the physical baga interaction forcesun-  particles is straightforward, calculations for aggregated par-
derlying the evolution of these aggregates and the correjcles comprised of several such spherical particles are com-
sponding collision rate constants have not been examined.plex, and have only recently become availapl®]. This
Practical implications of the aggregation process are agteraction energy and its derived force are important ele-
varied as they are numerous. For example, in processes iments in a dynamical study the aggregation process.
volving condensation, the shape of the aggregates is a critical Several simulation models are available in the literature
factor in determining the onset of condensatidrb]. In gas  for aggregate growth. They can be broadly classified as ki-
phase materials processing, the formation and growth of agietic [11] and dynamic modelg3,12]. Kinetic models such
gregates prior to deposition can affect either constructivelyas the Eden modélL3], the Vold [14] and Sutherlandi15]
or destructively the properties and ultimate usefulness of thenodels, and the diffusion-limited aggregati@LA) model
deposit. [16] rely on a purely random kinetic mechanism to model
For the simplest case, the collision between two sphericahggregate growth. While such models are suitable for some
particles, several investigatg6—8] found better agreement physical processes, they are not suitable for aggregation
studies involving ultrafine aerosol particles, because the
growth mechanism in the kinetic models depends only on the
*Present address: Motorola Inc., 3501 Ed Bluestein Blvd., MD-geometric features of the aggregate, while ignoring the
K10, Austin, TX 78721. physical forces between the particles and the energy consid-
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erations. Dynamic models, such as the models based on tlparticles are added one at a time to a growing cluster. The
Langevin equation of motion, have been used more recentlgresent model, along with the models of V¢l and Wit-
to study aerosol particle aggregatid@)12]. In these models, ten and Sandd6], fall under this category. Agglomeration,
the interaction between the particle and the gas is treated in@ the other hand, refers to the growth process in which
statistical manner. The force on the Brownian particle is aselusters collide and adhere to each other. Examples of ag-
sumed to be composed of two parts: a frictional force whichglomeration models include those of Mealiga0], Kolb,
is proportional to the Brownian particle velocity, and a ran-Botet, and Jullien[21], and Mountain, Mulholland, and
domly fluctuating force. The free molecular condition is in- Baum[22].
corporated through proper choice of the particle relaxation The objective of our model is to simulate the formation of
time B, i.e., B7<1, wherer is the time taken to free stream aggregated particles in the initial stages, because it is these
one particle diameter. Samson, Mulholland, and Gef8ly aggregates that serve as “seed particles” for subsequent
applied the Langevin equations to cluster-cluster aggregagrowth by agglomeration. The aggregate’s growth is mod-
tion, and found that their approach better represented theled by an iterative process. We begin the process by simu-
soot aggregation process than the DLA model of Witten andating an ensemble of dimer-monomer trajectories, over ther-
Sander. However, when the Brownian particle experiencemal distributions of initial conditions. The coordinates of the
additional interactions, such as the long-range vdW interacresulting trimers are stored in a data file. In the subsequent
tions, models based on molecular dynamics simulation tectstage, an ensemble of trimer-monomer trajectories are simu-
niques are particularly useful. lated by randomly selecting trimer coordinates from the
The primary objective of this paper is to present a physi-above mentioned data file. The process was repeated up to an
cally realistic simulation calculation of the early stages ofaggregate size of ten particles.
aerosol aggregation by including the long-range vdW energy
in the calculations of the collision rates of single spheres A. Interaction energy
with small aggregates of similar spheres, and to examine the
effect of this energy on collision rate constants for the pro~
cess as well as the effect on the aggregate structures. T
work also examines several related issues which have nT’:&
t

been addressed adequately in the literature, such as the (g, 2 ion energy is therefore important for physically real-

effects of retardation of the long-range intermolecular force§stiC simulation calculations of aggregate growth. In the case

[17], particle transport, ambient temperature, and pressure ¥ neutral, nonpolar particles of glassy carbon considered in

':_he Colﬁhon rate cor;stants, and mass and structure d'smblfﬁis study the interaction energy of primary importance is the
|or_1rsh_o € ag_gretga ?s. d as foll 1In Sec. Il d i long-range vdW energy which has its origins in the instanta-
IS paper IS structured as Toflows: In Sec. 1l We desCribg,q g charge fluctuations in atoms and molecules. Glassy

the various features of the simulation model based on MOzarbon was chosen as the prototype material for this study

lecular dynamics. In Sec. Il we outline the case studies PeFor the following reasons(1) Carbon is a widely occurring
f_ormed using the moqlel. In Sec. IV we describe the quantic omponent in many combustion aerosols that have been ob-
ties used to characterize the morphology of the aggregates.

X ; ; Served to aggregate to form irregularly shaped parti¢®s.
Sec. V we discuss the results of the case studies. Finally, '8pectroscopic data required for the calculation of the fre-
Sec. VI we present our conclusions.

quency dependent dielectric constant, an input to the interac-
tion energy calculations, are availaljs3].
Il SIMULATION MODEL Although thg role of the Ipng-rangg vdW energy in
spherical ultrafine aerosol particle collisions is well known
The simulation model is based on molecular dynamicg9], its effect on the collisions of nanometer spheres with
methods[18,19. Given the initial conditions, such as par- aggregated particles comprised of similarly sized spheres has
ticle positions and velocities, and the interparticle for¢he  never been examined. The reason for this is that although the
long-range vdW forces the equations of motion of the par- Lifshitz approach[24], which is widely used for the vdw
ticles are solved. The trajectories are terminated when thenergy calculations, has full generality, and is applicable to
particles come into contact, at which time adhesion will beany body at any temperature, analytical expressions for the
assumed or the trajectories are continued until they can b@teraction energy can be obtained only for the case of sepa-
classified as nonreactive. The rate constants for the aggregeable coordinates and therefore limited physical geometries.
tion process and structure distributions are obtained by simuFhis issue was recently addressed and overcome by
lating an ensemble of such collision trajectories over thermaRrunachalam, Marlow, and L[10]. They calculated the to-
distributions of initial conditions. tal interaction energy between an aggregated particle and a
In the initial stages of aggregation, because of the higtsingle spherical particle, first by considering the molecular
monomer concentration, aggregate growth occurs primarilgtructure of the particlegédiscrete picturg and second by
by monomer addition. In the later stages, the monomer coreonsidering them to be condensed matter sphe@ginuum
centration becomes depleted, and aggregate-aggrégate picture. In the first picture, by comparing the completely
cluster-cluster collisions become increasingly important in coupled, iterated-dipole energies between the constituent
the growth process. Several authors have studied clustemolecules[25] with the energy calculated by ignoring the
cluster agglomeration. At this point, it is helpful to differen- coupling between the molecules of the contacting particles in
tiate between the use of the terms aggregation and agglonthe aggregate, they showed that the effect of the coupling on
eration. Aggregation refers to the process in which individuakhe total interaction energy was small. Next, using the second

In the initial stages of aggregate growth, because the par-
icle dimensions are much smaller than the mean free path of
e gas, transport is primarily collisionless and governed by
e interaction energy and initial conditions. Inclusion of the
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TABLE I. The parameterén units of 10 *erg used in Eq(1) s the Lifshitz constant. The parametrized representation is
to fit the retarded van der Waals energy for a pair of glassy carboeasily programmed, and is particularly beneficial to simula-
spherical particles of diameter 6 and 30 nm, respectively, at 293 Kijon calculations, based on molecular dynamics, where con-

i . siderable time is spent on the evaluation of the interparticle
Parameters Values for 6-nm particles Values for 30-nm partlcle§Orces

a, 1.9769< 10 2 —3.5469< 102

a, —3.4087x 107! —3.3930< 10 2

as —2.6766 —0.1377 B. Particle transport

b, —13.6562 —0.2095 , , , _

b, _15.2962 45162 102 An understanding of particle transport in a gas is central
by — 40701 30636103 to |5|mulat|ons of aerosorll partllcle ]E:orI1I|S|ons py trajectory cal-
by _0.8228 1.1343<10°* cu atlong,. Tlo'quantlfy tle ro.eI 0 the gas.|r|1 transport pro-
be _50795¢ 102 19891 10-© cesses involving aeroso part!c es, the particle Knudsen num-
b _213035¢10°3 _18516¢10°8 _ber [27] is conventionally defined as Ién)\g/_rp, where_)\g

b, —1.4169<10°5 —5.0549¢ 101t is the gas molecular mean frge path ary,ops the partlgle

bg —3.6786<10 8 1.6118< 10~ 15 radius. In thes_e_terms, _the kinetic andltlon ﬂ((h_.25 is

be 7.9035 1.3513 termed the collision-dominated or continuum regime, since
by 34.6621 2.1049 the>gas can be treated as a fluid or contlr_mum. _The con(_jmon
by, 3.4407% 102 —4.6393<10°5 Kn=10 is termed the free molecular regime, since particle-

gas collisions are isolated allowing the particles to follow
primarily collisionless trajectories as is the case for indi-

(continuum picture, they computed the total interaction en-Vidual molecules in a dilute gas. The transition regime
ergy as a simple sum of the Lifshitz energies between th&-25<Kn=<10 falls between the collision-dominated and free
individual particles. They found that there was close corremolecular regimes.

spondence between this energy and energies calculated in theModeling the transport of aggregating particles can be a
discrete picture, thereby indicating that the error made ircomplex undertaking, especially when their sizes are increas-
calculating the total interaction energy as a simple sum oveing and their shapes are evolving as is the case in a simula-
individual Lifshitz energy values is small. For the ultrafine tion of aggregate growth. In the beginning stages of growth,
particles considered here, energy calculations based upon tiee colliding particle dimensions could very well be much
discrete picture would be clearly impractical because of théess than the mean free path of the gas, in which case the
large number of molecules involved. The Arunachalam-transport is primarily collisionless and governed by the inter-
Marlow-Lu method described above provides a simplified,action potential and initial conditions. However, as the ag-
yet effective and Computationally feasible methOd, for CaICU'gregate grows and its greatest dimension becomes compa-
lating the long-range vdW energy between aggregated pagaple to the gas mean free path, the transport enters the
ticles of any shape and size. It also takes into account thgansition regime, a region in which particle transport is nei-
effect of retardation on the long-range vdW energy. Thiser completely free molecular nor completely continuum. In
effect causes the magnitude of the interaction energy 1o fall, effort 1o account for particle transport as the aggregate
off more rapidly (1/d’, where'd is the surface-to-surfgce grows, in a consistent and physically meaningful way, we
separation between the partiglethan the corresponding adopt Fuchs’ conceg®8] of the jump distance. Our reason

assumed to be point particles. Lu, Marlow, and Arunachala

261 sh dth hen the finite si f1h lecule is tak emiempirical formulation for the collision rates as general-
.[ | showed that w ien the finite size of the molecule Is taken, o 1 jnclude the long-range intermolecular forg@k To
into account, the singularity problem is removed. Also, as

Sour knowledge, this is the first time that Fuchs’ concept has

the surface-to-surface separation between the particles "Been incorporated into simulation calculations of aerosol ag-

cre?sets,tﬁnd rrr:oltecular size effects become decretﬁmglyt:’:gfegation. In this model, the jump distanggg for two par-
portant, the short-range energy converges Smoothly 10 e ag of radiir , andrg diffusing toward each other repre-

continuum energy calculated_ using the Lifshitz alOpmaCh's.ents the mean surface-to-surface distance between the
Below we pre;ent a p_arametnzed repr_esenta[tjm} of .the colliding particles for which the motion can be considered as
retarded vdW interaction energy used in our simulation Cal1‘ree molecular. Fuchs’ model was to utilize the classical dif-

culations. It is valid over all separatioriscluding contact fusion theory only for a center-to-center separations between

separatioh the particlesdo>r -+ g+ Sxs. Then, in this model fod,
1+a,d+---+a, ,d" 1 <ratrg+dag, the particles move according to the kinetic
E(d)= b " T (1) theory of gases as if in vacuum. By equating the particle
1+byd+---+b,,-d

fluxes from the two transport domains @=ra+rg+ dag
he obtained an expression for the jump distance as
The parameter values are listed in Table I, and are chosen

such that wherd=0, Eq. (1) gives the correct value for the 2 oup

contact energy, and as—o, E(d)—C,,zd~7, whereC_ ¢ Oap=(0at+ 65)™", 2
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where 6,5 is the thermal average of the individual particle ~ TABLE II. Variation of jump distances with temperature and
jump distances’, and 8g. S, is given by aggregate size for primary particles of diame&ré nm and(b) 30

nm. 8, denotes the jump distance for a monomer or an aggregate.
S denotes the thermally averaged jump distance for a monomer-
aggregate systenmg is the monomer radius. Note that all aggre-

1 .
Sp= [(ZrA+)\A)s_(4ri+)\i)3/2]_2rA, 3 gates are linear.
6ralp
Salrg VAT Oalrg Saglrp
where\ 4 denotes the particle mean free path. N at293 K at293K  at1500 K at 1500 K
In the case of two spherical particles the free molecular
. . . . . . (@) 6 nm
region, according to Fuchs’ approach, is defined by a spheri-
w« " - 1 7.7 10.9 30.8 43.6
cal “envelope” that extends for a distan@® g around the 5 40 8.7 170 35.3
surface of the particles. However, the definition of such an 3 1'5 7.8 7é 31'7
“envelope” for a system comprised of an aggregate and a ' : ' '
monomer is not straightforward because of the irregular ! 0.3 7 13 30.8
shape of the aggregate. Assuming for the moment &gt 10 0.2 7.7 0.7 30.8
can be calculated for such a system, by an extension of the (b) 30 nm
Fuchs’ approach, we define the “envelope” as the irregular 053 0.75 243 3.44
surface th.at follows 'Fhe co_ntour of the aggreggte at a distance , 0.27 0.60 1.17 270
Oapg from it. In our simulation model for collisions b_e'gween 3 0.13 0.53 0.47 251
aggregates and monomers, the motion of the gollldmg par- - 0.03 0.53 0.10 243
ticles is simulated only in the free molecular region bounded
. - . 0.03 0.53 0.07 2.43
by the so-called “envelope.” The procedure involves sepa-
rating the aggregate and monomer, initially, by a center-to-
center distancé, given by
rhs=(3)Vg, )
do=ra¥+rg+ Sag, (4)  where the radius of gyration of the aggregegjés defined by

wherer 7 is the maximum possible aggregate radius, for a

given number of constituent particles, i.e., the radius of the 2 mr2
linear aggregate;,g is the monomer radius, andlg is the oo
thermally averaged jump distance for the aggregate-
monomer system. The colliding particles are then propagated E m;
along a straight line trajectoryn the absence of the interac- '

tion potentia) until the surface-to-surface separation between ) .
the monomer and any particle in the aggregate is less than yyherem; denotes the mass of the constituent particles,rand

equal to 845, at which point the interaction potential is their distance from the aggregate center of mass. The factor
turned on. Subsequently, the motion of the particles is propat3) 2 in Eqg. (5) arises from the relationship between the
gated by solving their equations of motion, with the long-hard sphere radius and radius of gyration of a sphere. Sub-
range vdW force, until they collide or until the trajectory can stituting Eq.(6) into Eqg. (5) now gives the radius, to be
be classified as a nonreactive one. The diffusive motion ofised in Eq.3) for the aggregate jump distance calculation.
the particles prior to the point where the potential is turnedTables I(a) and II(b) list the jump distances as a function of
on, although not explicitly modeled, is implicitly accounted temperature and aggregate size for primary particles of di-
for by randomly rotating the aggregate prior to propagationameter 6 and 30 nm, respectively. For simplicity, only the
This ensures random relative orientations of the aggregateesults for linear aggregates are presented. It can be seen
and monomer as is the case in diffusive motion, albeit withfrom the tables that, in general, the jump distance for an
out the minor effects of long-range forces at these relativelyaggregate-monomer systedyg, is bracketed by the mono-
large separations. mer jump distance in the lower limit and the jump distance
To define the boundary for our calculations, we require aof a monomer-monomer system in the upper limit. The lower
mean free path 5 for the aggregated particle. This is evalu- limit is realized for the large aggregates¥ < 7,10) for which
ated by assuming that it is equal to the mean free path for d,—0. Also, for a fixed primary particle size, as the tem-
spherical particle that has the same drag force as the aggrperature increases, the jump distance increases due to a de-
gate. Obviously this assumption precludes anisotropic dragrease in the gas density and a corresponding increase in the
Since the drag force is directly related to the mean persismean free path of the particles. For a constant temperature,
tence distance, we thereby have the required relationship. the jump distance decreases with increasing primary particle
Assuming that the drag force on the aggred@®| in-  size. This is because the particle size now becomes compa-
creases as its projected surface area and its radius of gyreble to its mean free path and the gas-particle collisions
tion, it follows that the “equivalent” sphere is one that has become more frequent; consequently the distance over which
the same radius of gyration as the aggregate. The hard sphdte particle motion can be regarded as collisionless, i.e., the
radius of this “equivalent” sphere is given by jump distance is reduced.

1/2

ﬁ
I

(6)
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C. Thermal collision rates whereN is the total number of trajectories simulated dwmd

Consider the reaction of particlésandB, whereA andB is the number of trajectories that result in a sticking reaction.
denote the aggregate and monomer re,spectivelyx if a  The relative statistical error introduced by replacing the rate

reaction channel, then the reaction rate for this channel i§onstant given by Eq9) with the one given by Eq(10) can
given by be readily estimated[29] for large N to be [(N

—Ng)/NN]¥2 We can easily see that fdé;<N, the rela-
R(A,B)=R,(A,B)[A][B], (7)  tive statistical error goes a&;l’z. The square root depen-
. ] dence means a moderate accuracy can be achieved with
where[A] and[B] are the concentrations of particlesndB,  rejatively small number of trajectories, while greater accu-

andR, (A,B) is the rate constant for the reaction chanfel  racy would require a significantly larger number of trajecto-
In this study, the reaction channel of interest is sticking. It isyjes.

assumed that the particles adhere upon contact because of theThe initial impact parameter for each collision is chosen
availability of a large number of vibrational modes of the from a normalized? distribution,
system to dissipate, or thermalize, the collisional energy

E30,3]]. The rate constant for the sticking reaction is given 2-bdb .
y , <b<
172 f(b)db= Thinax e (11
Rs(A,B)= (—) os(A,B), (8) 0 otherwise,
e

) where b, is the maximum impact parameter, which, ac-
wherek is the Boltzmann constant, apdthe reduced mass. . ing to classical collision theory, is infinite. For simula-

The first term is the average thermal velocity, and the secong,, purposes, however, setting an infinite limit for the im-

term is the cross section integral for the sticking reaction,, o+ harameter is impractical. Therefore, it is necessary to
given by devise a method whereby an optimal value ligy,, can be

e [Econ/(kTean] g=[Ep, /(KTp)] selected. One such method is stratified sampl8&} which
o(A,B)= J 2 —< . has been used by several authi@$,33,33 in the context of
(KTeon) Zp, molecular dynamics simulations. The selection process for
dos d the optimalb,,, IS an iterative one, as it is based on the
XPy(b,Ecar E ,¢A,¢A,0A)ﬂﬂ convergence of the collision rate constant computed using
Pa 2w 2w Eq. (10). For a fixedb.y, the range ob values is divided
Sin6,d 6, into bins:
X ( 2 ) d pAd ECO||d b1 (9)
1st subset O<b<g
whereT, is the mean collisional temperatuteis the initial o . : _
impact parameteE . is the initial collision energy, anfi,,, ith subset (i—1)B<b<ip
and p, are the rotational energy andNg@ momenta of the : :
rigid aggregate, respectivelg, is the rotational partition Ith subset (1-1)B<b<Ipg.

function of the aggregate, ang, , ¥, andéd, are the angles _ ) o

that define the relative orientation of clustewith respectto  1he number of trajectories selected from tltie bin is pro-
the axis passing through its center of mass along which thgortional to the lnc_:remente}l increase in the total collisional
collision is initiated.Py(b,Ey....) is thenormalized prob- —area associated with the bin:

ability density function for the sticking reaction. The limits _

of integration for the integral ovey andE, are (0). For fim Ni _ ( m(2i — 1)B2)
the momenta of the rigid aggregate the limits of integration Nooo N L m(1B)?
are (—oo,+»), For the anglesp, and ¢, , the limits are

(0,27) and for 6, the limits are(0,7). Due to the complexity - .
. . ) The advantages of the stratified sampling method(&re
of the rate constant integréEq. (9)], an analytical solution It avoids anad hocdefinition ofb,,,and,(2) it leads to very

cannot be obtained except for very simple cases. Hc.)wevetr-:*fficient trajectory sampling, thus saving computational time.
the integral can be evaluated in the classical trajector

i ; “Ohen using stratified sampling, E@.0) for the rate constant
method[32,33,34 using standard Monte Carlo integration must be modified as

(12

techniqueg32].

In this method, an ensemble of collision trajectories are o - s 2
simulated over thermal distributions of initial conditions, up RJ(A BF(E) 2 > Nsi bi—bi_, (13
to the points of contact at which times adhesion will be as- s max&d N, bﬁqax '

sumed or until the trajectories can be classified as nonreac-

tive. The rate constant for a collision reaction that results inyhereb, andb;_, are the upper and lower limits of tri¢h
sticking is then calculated by bin, N; is the number of trajectories sampled in fltie bin,
12 N andNg; is the number of trajectories that result in a collision
Ry(A,B)= (_> lim Wbﬁm lim—, (10) or sticking event in that bin. The estimated error in the rate
T brac—= Nosoe N constant calculated using E@.3) is
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KT\ Y2 'max (N — Nig)Nig; N1 ge e
N 2 i si/Nsi o ___)| -)J C
ARS(A,B)_(—M> wbmax[iz,l [—N? } z; kgl ot o 1,...1, (20)
b2—b2 ,]% ™ si=(—1)?=92=0, i>j=1,...n,, k=1,...],
ez )] 49 21

max
. . . ... Wherey;; denotes the bond length amg is the number of

In our S|mulat|on_s of cluster-monomer collisions, the |_n|t|al bonds. As a result of this initialization procedure, the aggre-
estimate forby, is of the order of several monomer diam- gate rotates as a rigid body but has no translational motion.
eters, at which the long-range vdW forces between the colfo avoid any orientational correlations, the aggregate is ro-
liding particles are negligible. Stratified sampling is then per-+tated randomly through Euler angles about its internal axes
formed, and the bins in which no stickirgollisions occurs  prior to the initialization procedure described above.

are eliminated resulting in a new value foy,,,. The process The colliding bodies, the rigidly rotating aggregate, and
is repeated until the collision rates obtained from two sucthe monomer are initially separated, along thexis, by a
cessive iterations converge. For all the final converged caseslistanced, which is determined using Fuchs’ approach de-
the estimated error in the rate constant given by(E4.was  scribed in Sec. IIB. The initial impact parameteris se-
found to be at least two orders of magnitude less than théected randomly using the stratified sampling technique de-
value of the rate constant. The details relating to the setu?C”bEd in Sec. IIC. The bodies are then separatelldpng

and simulation of the individual collision trajectories are out-the y axis. At this initial separation, which is typically sev-
lined below. eral monomer diameters, the interparticle long-range vdw

energy is negligible compared to the thermal energy. The

relative center of mass collision enerdy,,, which deter-

mines the collision velocity, is selected randomly from the
The initial setup for the aggregate, prior to propagation,normalized Boltzmann distribution corresponding to the am-

involves two step$36] which ensure that the aggregate hasbient temperaturd,

rotational motion consistent with the ambient temperature E

and that its rigidity is maintained despite the rotation im- F(Egop)dEgqy= (KT) "2Eqq exp( coll

D. Trajectory initialization

parted to it. The two step procedure is as follows. kT
(1) Sample atomic Cartesian velocitigs }; 1y as inde-
pendent Gaussian variables such that

) d EcoII . (22)

This assures an average center of mass collision energy of

2KT.
{Via) =0, (15) E. Trajectory simulation and the method of constraints
(v/2)=KT, (16) The propagation of the equation of motion of the mono-

mer is straightforward, and is performed using the Verlet

wherea=x,y,z and the average is taken over an ensemblélgorithm [37]. However, the propagation of the equations
of aggregates, each comprisedMipherical particles. for the particles comprising the rigid aggregate subject to

(2) Subtract from the velocities their components “nor- €xternal forces, which in this case is the long-range vdw
mal” to the constraint surfaces in theN3Cartesian hyper- forces, is not straightforward. There are two different ways

space in order to allow the constraints’ time derivatives tol® €xpress the equations of motion for this rigid system.
vanish. This is written (1) One can use equations of motion in generalized coor-

dinates involving nonconstrained degrees of freedom. For
[ rigid bodies, this leads to Newton-Euler equations, in prin-

- -, (?8k ) A . . . crpe .
vi=v/— E AMNe— i=1,... N, (17 ciple very simple. In practice, numerical difficulties are en-
k=1 dry countered with Euler angle variables which require the intro-
duction of special integration schemes.
wherel denotes the number of holonomic constraiats, of (2) Alternatively, one can use equations of motion in the

the system. Details pertaining to these constraints will becartesian coordinates of all particles comprising the aggre-
discussed in Sec. IlE. Thy,} parameters are fixed by re- gate, modified so as to satisfy the system constraints. The

quiring that Cartesian equations of motion now are governed by a total
force which is given as the sum of the forces derived from
N . ..
dey ey - the potential energy and the force arising from the con-
W:jzl o vi=0, k=1,.../]. (18) straints. The forces of constraint depend upon a set a
i

Lagrange multipliers which are evaluated from the constraint
relationships by auxiliary calculations. This method can be

Combining Eqs(17) and (18), and solving for{A}, one ob- applied easily to even complex aggregates, and can be done

tains . . . ) .
in a way that is computationally very effective. Its imple-
I N mentation, the so-called method of constraints, was devel-
A= 2 (Zfl)kku ai}’\;ir, (19 oped for. rigid pplyatomic.sys_tems by Cicotti and hi_s co-
K =1 =1 or workers in a series a publications that can be found in Ref.

[37]. In this simulation model we use the method of con-
whereZ is anl X1 matrix defined by straints because, in addition to the advantages mentioned
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above, it is a Cartesian coordinate approach, and thereforsfructure such as its mass distribution and the number of
has the virtue of simplicity. branches, as opposed to those that give information about its
The trajectory simulation is terminated when either agross features, could be extremely beneficial to a quantitative
sticking event(physical contagtoccurs between the aggre- understanding of the relationship between aggregate struc-
gate and monomer or when the trajectory can be classified dsre and rates of physical processes.
a nonreactive one, in which case the following conditions The literature contains a variety of structure descriptives
must be satisfied simultaneousl{t) the monomer kinetic ranging from the simple, such as the radius of gyration, to
energy exceeds the monomer-aggregate interaction potentidde complex, such as the fractal dimensj@8]. The struc-
energy, and2) the monomer begins to move away from the ture descriptives used in this study are discussed below. The

center of mass of the aggregate. structures of smallest aggregates grown, the trimers, were
analyzed using the angle subtended by the three component
Ill. CASE STUDIES particles. The angle, though a very simple measure, gives a

) ) ) o clear indication of the degree of openness of the aggregate.
~ Using the approach outlined in Sec. II, collisions wereThe most open structure corresponds to 180°, and the most
first simulated between pairs of spherical particles of varyingcompact structure to 60°. For larger aggregatés- ¢ —10)

diameter(6—30 nm). In all cases, good agreement was ob-ihe following were the structure descriptives uséd:radius
tained between the collision rates from simulations and thosgt gyration, (2) number of branches, an@) principal mo-

from analytical calculations based on the generalized Fuchg,ents of inertia.

rate for spheres [9] [for , example, (3.23550.110) The radius of gyrationr(,) is a quantitative measure of

X 10 °cm’/s vs 3.039% 10 °cm/s for 6-nm particles for  the mass distribution in the aggregate. The larger ghef an
simulation and analytical, respectivélyNext, aggregate agqregate, the more open its structure. However, it is pos-
structure and rate constants fqr the collision reactions besjpe that aggregates having equal radii of gyration have very
tween aggregates of different sizes and monomers were €¥jferent arrangements of constituent particles. Thus, al-
amined for a variety of th_e 5|mulat|_0n condlthns. Ag_gregatethoughrg is a good measure for aggregate openness, it is not
growth was simulated with and without the interaction po-5 good indicator of the details of the aggregate structure.
tential to study its effect on the resultant aggregate structure The number of branches in an aggregate, on the other
and aggregate-monomer collision rate constants. The effeglyng, gives detailed information about the connections be-
of retardation of the long-range vdwW energy, which causegyeen the constituent particles. Let us consider an aggregate
the6|nteract|0n energy to fall off more rapidig/r * instead of  comprised ofN spherical particles. The number of branches
1/r®), was examined by growing the aggregates with the rejs given by the number of particles having a connectivity of
tarded potential and comparing the results to the simulation§, The connectivity of a particle is determined by the number
performed with the nonretarded potential. Temperature efyy particles adjacent to it.

fects were examined by varying the temperature of the Simu- The gross features of the aggregate, such as its overall
lations, while keeping the particle size and other ambiengpape, were examined by calculating the principal moments
conditions constant. The temperatures chosen for this study inertial o, lyy 1,2 (1i<lyy<l,2), andl, their sum, and by
were 293 and 1500 K, since they are representative of, angkamining the relationship between the ratigs/1, I,,/1,
cover awllde range of, aggregation phenomena, ranging fro@ndlzzll. The spherical shape corresponds o/l =1, /1

soot particle aggregation in automobile exhaust pipes to:|ZZ/|, the prolate symmetric top th,, /I <Iy,/1=1,,/1,

flame synthesis of materials. The primary particle size  5nd the oblate symmetric top tg, /I =1, /1<I,,/1.
was varied from 6-nm (K& 22.5) to 30-nm diameter (Kn Y

=4.5) for each temperature, to examine the free molecular
(Kn=10) and transition regime (0.2Kn=10) effects. The
simulations were performed at two different ambient pres- A. Interaction potential effects
sures, 760 and 3040 torr, for a constant temperature of 293 K
and primary particles of diameter 6 nm. The purpose of this
study was to examine the effects of ambient pressure. Th
results of the above-mentioned case studies are presented
Sec. V.

V. RESULTS AND DISCUSSION

Figure 1 shows the structure distribution function for the
mallest aggregates, trimers, grown at 293 K under free mo-
ular conditions. In general, the distribution function is the
ratio of the number of aggregates in a bin to the total number

of aggregates, and is expressed as a percentage. The distri-
bution function for the trimer case is normalized by the solid
angle. It can be seen that when the simulation is performed
with the interaction potential on, the trimer structure distri-
The structure of aggregates is critical to many phenomenhbution per unit solid angle is anisotropic, with a large per-
in a variety of fields. For example, various combustion pro-centage of open timerd00°-180} and a small percentage
cesses release irregularly shaped aggregates into the envirar- more compact one§60°-100j. However, without the
ment. The condensational growth on these aggregates can petential, the trimer distribution is, as expected, isotropic.
very different from that on equivalent spherical particles, be-The effect of the potential on the “openness” of the struc-
cause the equilibrium vapor pressure is dependent on thire is seen for all the aggregate sizBs<3—10) considered
curvature of the particle surface. It is depressed for negahere for the aggregates grown under free molecular condi-
tively curved surfaces, leading to condensation at muchions.
lower humidities than over a positively curved surface. The structures of the aggregates grown under transition
Structure descriptives, which give details of the aggregateegime conditions is somewhat different than those grown

IV. STRUCTURE DESCRIPTIVES
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under free molecular conditions. For trimers grown at 293 K LE
under transition regime conditions, Fig. 2 shows that the dis- £
tribution function without potential is fairly isotropic, as is y:
the case for the free molecular regime particles. However, a
the distribution function with potential is different from the
free molecular case. It appears to be less anisotropic in the

two outer bins, mainly due to the suppression of the distri-
bution function in the outermost bin. Consequently, the dif-
ference between the distribution functions with and without ~FIG. 3. Connectivity deviation fofa) N= 10,d,=6 nm, and(b)
potential is smaller than that in the free molecular case. Thi§!=10,d,=30nm at 293 K.

effect is also evident for the larger aggregates, and suggests

that in the transition regime the interaction potential does Nophologies(number of branches4) is very small. From these
have as strong an influence on particle motion as in the fregpservations we can conclude that, as the aggregate grows by

molecular regime. _ ~ monomer addition, the incoming monomer tends to stick to
Figures 8a) and 3b) illustrate the effect of the interaction s extremities because of the attractive force between the

potential on aggregate morphology through the distributiorpayticles. Without the potential, the aggregate distributions
function for the number of branches fof=10 aggregates. appear to be broader, with more branched aggregates, indi-

Upon examination of the figures we can see that, at 293 Kgating that the monomer is more likely to travel to the inte-
for both free molecular and transition regime transport, thgor of the aggregate before it sticks.

aggregate distributions with potential are, on the average, yet another way of examining the interaction potential
narrower and are peaked when the number of branches ifects on aggregate shape is through its principal moments
two._A smaller fraction have three _and four branches. They inertial ., 1,y, andl,, (1,,<l,,<I,,). For the data given
fraction of compact aggregates with more complex moriy Fig 4, aggregate shapes can be bracketed between the
prolate symmetric top, corresponding to,,/I<I,/I
20 . ! . ! . =1,,/l1 (point A), the spherical shape, corresponding to
w  with potential /1 =1yy1=1,,/1=1/3 (point C), and the oblate symmet-
@ without potential I ric top, corresponding toy, /1 =1,,/1<l,,/1 (point B). Fig-
ures 4a) and 4b) are scatter plots of,,/l vs|,,/1, for a
1 ‘ - fixed number of aggregates of sike=5, grown at 293 K,
124 46—'—{;_ with and without the potential, respectively. Comparison of
| *} --------- } """ I the data point distribution within the limiting triangle shows
a much broader distribution for the aggregates grown with-
8 it { """ out the potential. The average value Igf/I, which is a
measure of the departure from the prolate symmetric top is
4 . L correspondingly higher. The data on radius of gyration,
angle, and number of branches also support this observation.
The effect of the interaction potential on aggregate-
A ' 00 ' ¥ ' 150 monomer collision rate constants is measured by calculating
the collision rate constant enhancement factgy. v, is
defined as the ratio of the rate constant in the presence of the
FIG. 2. Normalized trimer structure distribution function vs interaction potentialR,) to that in the absence of the inter-
angle ford,=30 nm andT=293K. action potential Ry). Table lli(a) shows the results of

Number of Branches

Distribution Function (%)

Angle (degrees)
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0.6 — 1 ! | PN E— TABLE lll. Rate constants and rate constant enhancement fac-
tors for aggregate-monomer collisions at 293 K for primary par-
ticles of diametefa) 6 nm and(b) 30 nm.N denotes the number of
particles in the aggregate. Subscripts indicate the followpnguith
potential; 0, without potential; hs, hard sphere.

054  Bu-s-se-arme N
NSRRI
. s R gt

< :
al s ’ Rate constants (10 cn/s)
0.44 N , B P \Ifo
. N R, Ro R  R./Ry Ro/Rue
v <y /1>=0.1108£0.004 | (a) 6 nm
0‘30.2 — — — {— 2 3.82+0.1 1.610.1 1.39 2.3%#0.2 1.16:0.1
3 4.69+0.1 1.9740.1 1.53 2.3&0.1 1.29-0.1
4 5.05-0.1 2.35:0.1 1.67 2.150.1 1.41x0.1
5 5.58-0.1 2.39-0.1 179 2.330.1 1.34+0.1
6 6.12-0.1 2.69:0.1 1.91 2.280.1 1.41-0.1
7 6.60-0.1 2.87#40.1 2.02 2.3&¢0.1 1.42-0.1
8 7.230.1 3301 212 2.180.1 1.56:0.1
= 9 7.57+0.1 3.45:0.1 223 2.1%0.1 1.55-0.1
H 2.27+0.1° 1.39+0.1°

(b) 30 nm

74802 3.34-01 311 22401 1.070.1
. 8.14:0.2 41102 343 19801  1.20-0.2
T o o5 0% 8.88:0.2 5.10-02 372 17401 1.370.2

10.10:0.2 5.67#0.2 4.00 1.7&0.1 1.42:0.2
11.33:0.2 6.64-0.2 4.27 1.7%*0.1 1.56+0.2
12.2x*0.3 6.49-0.2 451 1.880.1 1.44x0.2
12.730.3 6.99-0.2 475 1.820.1 1.470.2
13.64-0.3 7.83:0.2 498 1.740.1 1.570.2

1.86+0.1* 1.39+0.2

Iyy/l

FIG. 4. Scatter plot of,, /I vs|,,/I for aggregates grow(e)
with the potential on, andb) without the potential aff =293 K.
N=5 andd,=6 nm.
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such a calculation for free molecular regime primary par-
ticles at 293 K. The enhancement in rate constant that aris@average rate constant.
purely from geometric considerations is measuredyihy,

the ratio of the rate constant for aggregate-monomer colliw ined the retardati ffect for 30 di t
sions without the interaction potentiaR{) to that for colli- € examined {he retardation ettect for sb-nm-diameter par-

sions between a spherical particle having the same volume dicles f'_rSt by performlng_ the simulations _W'th the nhonre-
the aggregate and a monomé; (). On an average, for ag- tarded mteractl(_m potential from the previous sectlor_1, and
gregates of siz&l=2-9, the aggregate-monomer rate con-then by comparing the resglts with those performed w_|th the
stant is enhanced by a factor of 2:2@.1 over the corre- retarded interaction potential. The nonretarded potential, be-
sponding geometric rate constaior rate constant without ing the stronger of the two potentials, should result in a
the potential. The average value oF, for aggregates of higher percentage of more open aggregates, an outcome of
sizeN=2-9 is 1.3%0.1. Comparison of the average valuesthe interaction potential’s ability to cause large-impact pa-
of ¥, and ¥, shows that the rate constant enhancement dugameter trajectories to stick. In other words, the stronger the
to the pure interaction potential effect is greater than that duéhteraction potential, the greater the fraction of large-impact
to the pure geometric effect by a factor of about 1.6. Theparameter trajectories that will result in sticking, and the
aggregate-monomer rate constants and enhancement factgreater the fraction of more open aggregates. This result is
for transition regime primary particles at 293 K are listed insupported, for the simplest cagemers, by the results pre-
Table lli(b). The average value o¥, (1.86=0.1) is lower sented in Fig. 5. Based on the above arguments, the nonre-
than that for the free molecular case because of the weakégirded rate constant should also be higher than the retarded
effect of the interaction potential on particle transport in therate constant. The results of the dimer-monomer simulations
transition regimeW¥,, however, which is a measure of the verify this by showing that the nonretarded rate constant is
enhancement in the rate constant due to the pure geometri@.83+ 0.2)x 10~ ® cm’/s, while the retarded rate constant is
effect, should be independent of the transport regime. Thé7.48+0.2)x 10 ® cm?s.

constant value o¥ , for both free molecular regime particles

[Table Ili(a)] and transition regime particl¢Fable Ili(b)] is C. Temperature effects

consistent with that expectation.

In order to examine the effect of temperature on aggregate
structure and aggregate-monomer collision rates in the free
molecular and transition regimes, simulations were carried

The effect of retardation of the long-range vdW energyout at both 293 and 1500 K for primary particles of diameter
increases with particle size, and must be included in a physié and 30 nm. Before proceeding to a discussion of the re-
cally realistic description of the aggregation procg39]. sults, it is helpful to compare the magnitudes and distance

B. Retardation effects
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FIG. 5. The retardation effect fat, =30 nm andT =293 K. FIG. 7. Comparison of normalized trimer structure distribution

. . ) functions at 293 and 1500 K faf,=6 nm.
dependences of the interaction potential eng¢B§). At 293

K, for both the 6- and 30-nm patrticles, the interaction energ
at contact has finite values of 125 and 70&T, respec-
tively, and becomes comparable k& at surface-to-surface
separations of 0.5¢ and 0.48,, respectively, where, de-
notes the radius of the particle. The interaction potential wel
is, therefore, much steeper for the 30-nm particle than for th

_6-nm p_art|cle. At 1500 K, although the magnltud_e of thein sticking only if they are within close range of the geomet-
Interaction energy yalue does not change appreciably frorﬂc extent of the aggregate. The chances of a monomer stick-
that at 293 K, the distance at which it becomes equafTto in% to the aggregate extremities are small. Hence, the result-

Mhe temperature increases, the kinetic energies of the collid-
ing particles increase and dominate over the interaction po-
tential energy. This results in linear trajectories which are
Fharacteristic of simulations without potential and a conver-
ence of the distribution functions with and without potential
result J. The almost linear trajectories at 1500 K will result

decreases.'Thus, as.the temperaturc_a Increases, thg range| aggregates, in this case trimers, are less likely to have
the interaction potential, that is, the distance over which it is truct It
reater than the thermal energy, decreases more open Struc ure($§su 3. . - .

9 For the free molecular re imé articléds nh) compari- In the transition regime, there is no significant difference
son of the trimer structures agt 293pand 1500 K’ ShOV\E)S that in the trimer distribution functions, with potential, at 293 and

the temperature increasd4) The trimer structure distribu- 500 K (Fig. 8. The above is frue for larger aggregates as
. pe . . . .~ well. Although one might expect differences to arise because
tion functions, with and without the potential, are similar

. . S the jump distance increases with temperafdrable li(b)],
(Fig. 6), V\_/hereas they differ significantly from each other atthis is not evident becaus#) the retardation effect decreases
293 K (Fig. 1). (2) The percentage of more open trimers

. i S . the strength of the interaction energy, d@gthe “range” of
(140°-1807 with potential drops significantlyFig. 7), as a . . :
result of which the structure distribution function at 1500 Kthe interaction energy decreases with temperature. Moreover,

. . . . for the transition regime particles, the collisions are kineti-
becomes more isotropic than that at 293 K. This suppressm@a"y dominated as opposed to the free molecular regime

es.. .. v .
The reason fof1) and (2) can be explained as follows. As f)artlcles where the collisions are influenced to a greater ex-

20 L ! A |
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o  without potential
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FIG. 6. Normalized trimer structure distribution function vs
angle ford,=6 nm andT=1500 K.

FIG. 8. Comparison of normalized trimer structure distribution
functions at 293 and 1500 K faf,=30 nm.
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FIG. 9. Interaction potential effect over a range of aggregate FIG. 10. Interaction potential effect over a range of aggregate
sizes ford,=6 nm at(a) T=293 and(b) 1500 K. The radius of sizes ford,=30nm at(a) T=293 K and(b) T=1500 K. The radius
gyration is expressed in units df, . of gyration is expressed in units df, .

tent by the interaction energy.
In the case of free molecular regime particles, Figs) 9

and 9b) together show the effect of temperature on aggre- 1.6 (TN T T H T S
gate morphology, with and without potential, over a range of 51 293k D
aggregate sizesN(=4-10) using the average radius of gy- g T 1500k * o [
ration to describe the aggregate morphology. The differences g L4 * i
in the average, with and without the potential almost van- %g 1.3 4 s =
ish as the temperature increases from 293 to 1500 K. For 55 12] « ° L
transition regime particles, the differences in the avergie St 11.] o i
do not vanisHFigs. 1Ga) and 1@b)], though they appear to ?é» N . L
be somewhat reduced. This can be understood by recalling j;’ 7] C
that the results without potential correspond to the “infinite” 094 8 -
temperature case, when particle trajectories are linear and the 0.8 ————_
reaction cross section equals the geometric cross section. As 3 04 5 6 7 8 9 10 1
the temperature of the simulations with potential increases, @ N
the results tend to the “infinite” temperature result. The 1.6 1 T S S S N
temperature at which the convergence occurs, however, de- 5] o 293k s L
pends on the depth and gradient of the potential well. The £ ] o 1500k . I
potential well for transition regime particles is steeper than g 1'4'_ 8 §
for the free molecular regime particles; hence the tempera- %g 134 . B
ture at which the convergence occurs must be greater than ,é’ﬁ 1.2 [
the corresponding temperature for the free molecular case, S8 1] e [
i.e., greater than 1500 K. & N a !
Figures 11a) and 11b) show the effect of temperature on ;>’ ] [
average aggregatg, over the full range of aggregate sizes 099 8 i
for the free molecular and transition regimes, respectively. In 0.8 T T T T T Lo

the free molecular case, the averageat 1500 K is consis- (b) N
tently lower than that at 293 K, suggesting that the aggre-

gates are more compact. However, for the transition regime, FIG. 11. Average radius of gyration vs aggregate Sizedfpr
there is no appreciable difference in the radii of gyration at=6 nm at T=293 and 1500 K for(a) d,=6 nm and (b) d,
the two different temperatures. The above result is a conse=30 nm. The radius of gyration is expressed in unitsipf
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0.6 . L " ! L | L TABLE IV. Rate constants and rate constant enhancement fac-
tors for aggregate-monomer collisions at 1500 K for primary par-
ticles of diametefa) 6 nm and(b) 30 nm.N denotes the number of

osd B, e L particles in the aggregate. Subscripts indicate the followpnguith

N AT potential; 0, without potential; hs, hard sphere.
B
a N Rate constants (160 cm™¥/s) v, v,
044 R, Ro Rhs R,/Ro Ro/Rs
(@ 6 nm
03 2 6.19+0.2 3.82:0.2 3.15 1.620.1 1.210.2
0.2 3 7.49+0.2 4.40£0.2 347 1.76¢0.1 1.270.2
(@) 4 8.44r0.2 5.00:0.2 3.77 1.690.1 1.33-0.2

0.6 5 9.51+0.2 5.83-0.2 4.05 1.630.1 1.44+0.2
6 10.79+0.2 5.770.2 432 1.8%#0.1 1.34-0.2
7 11.11+0.2 6.42+0.2 457 1.730.1 1.40:0.2

0.5 8 11.75:0.3 7.24+0.2 481 1.620.1 1.51-0.2
9 12.48+0.3 7.710.2 504 1.620.1 1.53-0.2

3 1.69+0.1° 1.38+0.2°

0.4- (b) 30 nm

13.96:0.5 82704 7.04 1.690.1 11704
o~ <IXX/I>=0.127910.004- 15.19:0.4 10.09:0.4 7.75 1.51%*0.1 1.36+0.4

0.3 e — 18.23:0.5 11.18-04 843 16301 1.33-0.4

0.2 03 04 05 0-6 20.43:0.5 12.73-0.4 9.06 1.68:0.1 1.41:0.5
(b) Iyy/l

21.89:0.5 13.5%#0.5 9.65 1.6%0.1 1.4105
22.82:0.6 15.1#0.5 10.21 1560.1 1.49-0.5
25.46:0.6 16.7#0.5 10.75 1520.1 1.56£0.5
27.68:0.6 17.86:0.5 11.26 1.560.1 1.58-0.5

1.58+0.1* 1.41+0.5

FIG. 12. Scatter plot of,,/I vs|,,/I for aggregates growta)
with the potential on, andb) without the potential af = 1500 K.
N=5 andd,=6 nm.

© 0o ~NO O~ wWN

guence of the very different roles played by the interaction
potential in particle transport. #Average rate constant.

The effect of temperature on the aggregates grown, under . .
free molecular conditions, with and without the potential,?rom 1.34, for the free molecular regime particles to 1.17, for

can be understood by comparing the differences between trfag] g??ﬁg'g;tr&%:tmﬁ] Phaert'l?flzlerlss.it?:rlnlsrels' a further indication
moment of inertia plots, Figs.(d and 4b) (at 293 K), with : . . ; gime, the effe_ct_ of the
the differences betf/)veen Figs.((i)iand Z1(2123)( (at 150}(<))K). At ;?;gégtcésnisp;tﬁ;’:lal on the particle transpr collision
293 K, the moment of inertia distributions are noticeably J '
different, whereas at 1500 K the difference is barely visible,
implying that at high temperatures, the interaction potential
effect is overshadowed by the temperature effect. In an effort to study the effect of pressure on aggregate
From Tables Il{a) and I\V(a) one can see that, for primary Structure and collision rates, simulations were performed at
particles of diameter 6 nm, as the temperature increases frofy/0 different pressures, 760 and 3040 torr, for a fixed tem-
293 to 1500 K, and the rate constant enhancement facgor Perature of 293 K and primary particles of diameter 6 nm.
decreases from 2.270.1 to 1.63-0.1. W, is a the ratio of AN Increase in the pressure by a factor of 4, from 760 to
a,(T), the cross section, with potential, at temperaflireo 3060 torr, results in a decrease in the mean free path of the

oo(), the geometric cross section or the cross section aggf ?;zlr?a(;glri%gécfgatsles sf;ion;]e ;zzicjgr. Tr?ihKrs]ughsaegc;g:ns-t'c
infinite temperature. The decrease n, with increasing ' ’ <+, Whieh | ISt

S ) of the free molecular regime, to 5.62, which is characteristic
temperature implies that, as the temperature increase

. ) f the transition regime. The pr re incr manif it-
0p(T)—0ap(). This convergence is due to the fact that as8 the transition regime € pressure increase manifests it

: s . >self in the simulations through a reduced jump distance since
the temperature increases, the kinetic energy of the colliding, jump distance depends ag (see Sec. Il & No signifi-
particles increases and dominates over the interaction potepz i gifference was observed in the structure of the aggre-

tial energy, as a result of which the particle trajectories tenqjates or in the aggregate-monomer collision rate constants.
to be more linear like the trajectories at infinite temperaturelntuitively one would expect that the effect of increased

The hard sphere rate constant enhancement fa€gois in- hressyre would be more compact aggregates. However, the
dependent of temperature, as expected. The reason for thigtect of the interaction potential, being much stronger,
result is that¥, is the ratio ofo(«), the geometric cross asks the pressure effect.

section, too,s, the hard sphere cross section, both of which
are independent of temperature. Similar conclusions can be
made from Tables I{b) and IV(b) for the transition regime
particles. However, the rati, (293)/, (1500), which is We have presented a simulation model, based on molecu-
a measure of the change W, with temperature, decreases lar dynamics methods, for aerosol particle aggregation. We

D. Pressure effects

VI. CONCLUSIONS
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examined the effects of the retarded long-range van defree molecular regime, we observed that an increase in the
Waals force, particle transport, and ambient temperature anambient temperatur€293—-1500 K resulted in a failure of
pressure on aggregate-monomer collision rate constants atite tenuous aggregate structures to form in favor of more
aggregate structure. In the free molecular regime (Krcompact structuregcharacteristic of the simulations without
=10), inclusion of the van der Waals force between thethe force$ and a decrease in the collision rate enhancement
aggregating particles results in enhancements in the collisiofactors. However, in the transition regime these effects were
rate constants. Also, the aggregates were tenuous, with feless apparent. These results are a consequence of the particle
branches, indicating that the incoming monomer tends tdrajectories becoming more linear with increasing tempera-
stick to the extremities of the aggregate because of the ature, which results in the reaction cross section approaching
tractive force between the particles. Exclusion of the interthe geometric cross section. The temperature at which the
particle forces results in a decrease in the collision rate consonvergence occurs, however, depends on the depth and gra-
stants. The aggregates were more compact and branchetient of the potential well. The potential well for the transi-
indicating that the monomer is more likely to travel to thetion regime particles is steeper than for the free molecular
interior of the aggregate before it collides and sticks to theregime particles; hence the temperature at which the conver-
aggregate. In the transition regime, similar effects were obgence is apparent is higher than for the free molecular case,
served, but they were much more subtle, thereby suggestirige., 1500 K. No significant difference was observed in the
that the van der Waals force has a much greater influence airucture of the aggregates or in the aggregate-monomer col-
particle transport in the free molecular regime than in thdision rate constants with increasing pressure. Intuitively, one
transition regime. By comparing the results of the simula-would expect that the effect of pressure would be more com-
tions performed with retarded and nonretarded van der Waalsact aggregates, but this is not the case because the effect of
forces, we found that the retardation effect causes a decreasgeraction potential is much stronger than the effect of the
in the collision rate constant and a decrease in the opennepsessures and therefore overshadows it.

of the aggregates. These observations suggest that the de-

crease in t_he range of th_e interparticle forces _brought a_b_out ACKNOWLEDGMENT
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