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Using classical nucleation theory (CNT), a homogeneous condensation model has been developed in previous work
to simulate condensation in a free-expanding plume using the direct simulation Monte Carlo (DSMC) method.
However, the accuracy of the CNT nucleation theory is questionable due to unphysical assumptions such as the use of
macroscopic cluster surface tension for small clusters and the lack of an incubation time for nucleation. Molecular
dynamics (MD) simulations performed in previous work confirm that the fundamental mechanism for the initiation
of condensation is through dimer formation in two-stage ternary collisions of monomers. In this work we propose a
kinetic nucleation model based on the mechanism whereby stable dimers are created from triple collisions. The new
hybrid MD-DSMC kinetic nucleation model is implemented in a DSMC simulation of cluster growth processes,
starting from dimers, in a condensation plume. Comparison of the distributions of steady-state plume cluster number
density and size using the kinetic and CNT nucleation models shows that the condensation physics is significantly
different for the two nucleation models investigated. The use of a physically more realistic nucleation model is shown
to generate terminal cluster properties consistent with experiments in free-expanding jets.

Nomenclature
A =  atom species, or constant
C, = constant
C, = constant
d = nozzle throat diameter
E = energy
f = distribution function
k =  Boltzmann constant
N. = number of clusters, or number of collisions
n, =  gasnumber density
P =  pressure, or probability
R = radius of the collision cross section, or collision rate
r =  impact parameter
T = temperature
v = collision relative velocity
r =  degree of condensation
€ =  potential well depth
I = reduced mass
v =  collision frequency
o =  potential constant, or collision cross section
T = collision duration time
X» = dimer mole fraction
Subscripts
d = dimer
t = translation state, or triple collision
0 =  stagnation state

I. Introduction

LUSTER formation processes are all-encompassing and found
in countless applications important to society: medical
research, creation of new and novel materials, and developing low-
cost space-based worldwide telecommunications, to name a few.
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Detailed statistical characterization of cluster properties is important
for micro- and nanoscale materials fabrication technologies such as
chemical vapor deposition [1], pulsed laser deposition [2], dry
etching [3], cluster deposition [4], and laser ablation [5]. Deposition
of size-specific clusters opens up a new class of surface nanostructure
fabrication of materials that have size-specific catalytic properties
[6]. Strategies for the reduction of cluster formation in pulsed laser
ablation deposition of thin films [7] demonstrate the need for control
of the size of clusters in the vicinity of a target surface.
Condensation coupled flow plays a role in the highly complex
problem of spacecraft contamination. Hydrazine propellant reaction
control thrusters are typically used for attitude control and station-
keeping purposes and their chemical byproducts typically include
many of the simple gases [8]. Modeling of condensation phenomena
within the plumes of these thrusters is the first step towards predicting
size distributions of conglomerates of larger particles [9], which can
ultimately harm sensitive surfaces of the spacecraft. Harvey [10]
shows the serious effects of hydrazine thruster contamination for an
actual solar cell array panel that was on used Mir for more than a
decade. Because solar cell arrays are a crucial spacecraft system, the
arrays must be oversized to account for the damaging effects of
contamination. This work represents our continuing efforts to
quantitatively model homogeneous condensation in rarefied
transitional flows that are relevant to the space environment.
Application of kinetic methods to condensation has been an
important subject of fundamental research in the physics of two-
phase flows. For example, Ishiyama et al. [11] applied the molecular
dynamics approach to study argon gas condensation behavior on a
single argon cluster in equilibrium states. Meland et al. [12] also used
a molecular dynamics approach to study 1-D gas flow condensed
onto a liquid surface. Recently, Frezzotti et al. [13] used a direct
simulation Monte Carlo (DSMC) approach to simulate condensation
of a polyatomic gas on a planar surface in a 1-D flow. In that work
[13], an assumed value for the condensation coefficient was used to
numerically study the impact of freestream Mach, temperature,
number of gaseous molecular rotational degrees of freedom, and
condensation coefficient on the gaseous pressure and temperature in
the Knudsen layer. These papers [11-13] model a gas-condensate
system that is relatively simple and uniform. In contrast, the main
goal of this work is to study the condensation in a more complex flow
of a freely expanding plume, considering cluster initiation processes
and then the interactions among millions of cluster and gas particles.
In contrast to the work of [11-13], a supersonic, free-expansion
flow encompasses multiple length scales and degree of saturation as
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the gas density rapidly drops from the stagnation pressure to vacuum
conditions. Because for most of the computational region the
continuum assumption breaks down, a kinetic approach is required.
The DSMC method of Bird [14] is employed to model both the gas as
well as cluster flow. In earlier work [15], we discussed the
justification for using DSMC to model the nongaseous cluster
species in the flow and showed that the key assumptions of DSMC,
that the gas is dilute and formed by binary collision, also hold for the
cluster species.

Modeling of homogeneous condensation flows includes two main
processes. The first one is the nucleation process during which the
initial nuclei are created from the gas phase, and the second is the
cluster growth process. Microscopic models based on kinetic
collision theory and general mass, momentum, and energy
conservation relationships, including cluster-monomer sticking and
nonsticking collision models and cluster evaporation models, have
been developed to describe cluster growth processes so that energy
and momentum are conserved as the cluster size increases [15]. In
our previous work, we have found that the condensation flow is most
sensitive to the nucleation process [16]. Therefore, a major goal of
this work is to develop and apply a physically correct nucleation
model to a full plume system expanding flow.

Several approaches applicable for describing the formation of
initial clusters in a supersaturated gas environment have been
reported in the literature. The first approach, based on the classical
nucleation theory (CNT) [17], assumes that the initial clusters,
referred to as the critical clusters, are born in an equilibrium state with
the ambient gas during the density fluctuation process. Though the
critical cluster is larger than the minimum cluster, a dimer, CNT
theory neglects the question as to how the dimers are born from
monomers and how the dimers grow to the size of the critical clusters.
Although easy to implement, the accuracy of CNT theory is
questionable [18] because it assumes a constant gas number density,
a maximum cluster size, and a steady-state and isobaric/isothermal
gas environment during the nucleation process. The CNT nucleation
rate is also very sensitive to macroscopic parameters [19], especially
cluster surface tension, which may not even be applicable or poorly
known for small clusters. Because of these intrinsic disadvantages,
several orders of magnitude error in the CNT nucleation rate has been
reported in the numerical molecular dynamics (MD) simulations
[20,21] and experimental work [22].

Another approach, referred to as the kinetic approach, treats
nucleation as a process of kinetic chemical aggregation [18].
Yasuoka and Mastumoto [20] used an MD approach to obtain an
argon nucleation rate, assuming that the cluster is defined to exist
when the intermolecular distance is less than a reference value.
Senger et al. [21] used a Monte Carlo (MC) method to calculate the
nucleation rate in argon, and the cluster in his work is characterized as
intermolecular connectivity distance and a mean volume within
which the cluster molecules must reside to separate from the
surrounding gas molecules. Based on variational transition state
theory (TST), Schenter et al. [23] developed the vapor phase
nucleation rate in terms of Helmholtz free energy. In the TST
nucleation theory, an optimized dividing surface is defined for each
cluster, separating product states from reactant states, and the
nucleation rate can be obtained from the equilibrium reactive flux
across the dividing surface.

Because dimers are the precursors for trimers, quadrimers, and
other larger clusters, the fundamental challenge to modeling
nucleation is essentially resolving how a dimer is formed in the
gaseous environment. A physically plausible scenario of nucleation
involves three-body or triple collisions in which the seed clusters,
stable dimers can be formed from two of the three colliding
monomers while the other monomer takes away the excess energy
[24]. In molecular dynamics simulations of a free-expanding core
plume [25,26], dimers were observed to form through triple
collisions, consistent with the interpretation of experiments by Knuth
[27]. In this work we use this finding to develop a nucleation model
that creates initial clusters, dimers, from triple collisions and then
studies their growth in a free-expanding argon plume. Note that after
the initial clusters are created from the gas molecules, the interactions

among clusters and gas molecules, for example, sticking and
nonsticking collisions, are modeled in the DSMC expanding flow
and are based on MD simulations discussed in earlier work [28,29].

As mentioned, the DSMC [14] approach has been chosen to
simulate homogeneous condensation in free-expanding plumes due
to the rarefied nature of the flow [15,28]. Though the DSMC method
is theoretically based on the binary collision assumption, the
implementation of the triple collision has been proposed by Bird [14]
and Boyd [30] to model chemical reaction processes. To model a
triple collision in the DSMC approach, a lifetime has to be assigned
to a binary pair, known as a collision complex. Three-body collisions
are then treated as subsequent collisions between the complex and
monomers during the complex lifetime. The accurate estimation of
the complex lifetime is a challenging task because it relates to the
intermolecular force, molecular relative velocity, and collision
impact parameter. Furthermore, the reaction probability of a triple
collision is usually unknown although the binary reaction
probabilities can be approximated from the empirical Arrenhius
rate equation [31]. Finally, to calculate atomic O recombination
probability P, as a two-step binary collision process in an argon
environment, Koura [32] introduced an artificial test particle with a
collision cross section approximately equal to the sum of molecular
vibration and rotation cross sections. Koura defined the
recombination probability as the ratio of the real collision frequency
to a virtual value. This present paper, to the best of our knowledge, is
the first work to use kinetic MD and 0-D DSMC approaches to obtain
the complex lifetime and triple collision reaction probabilities, and
the first work to apply the kinetic results and the complex lifetime and
triple collision reaction probabilities in the DSMC simulation to
model the cluster nucleation process through the triple-collision
processes.

The present paper is organized as follows: An MD technique is
applied in Sec. II to directly simulate 1-D free-expansion flow, and it
confirms that the fundamental mechanism for the initiation of
condensation is through dimer formation in two-stage ternary
collisions of monomers. In Sec. III, a hybrid MD-DSMC approach is
used to obtain the probability of generating an initial dimer from a
triple collision. First, MD is employed to simulate the complex
lifetime as a function of collision impact parameter and relative
velocity. Then a 0-D DSMC calculation is used to simulate the
number of collisions between collision complex and argon
molecules. The kinetic nucleation model obtained in Sec. III is then
applied in Sec. IV to a free-expanding plume. In this method,
homogeneous condensation is initiated from the dimers formed out
of the triple collisions. The steady-state solutions for the distributions
of cluster size and number density are compared with those obtained
from simulations using the CNT nucleation process and the
experimentally derived relationship of Knuth [27] for terminal dimer
mole fraction.

II. Physical Evidence of the Proposed Dimer
Nucleation Process

A realistic scenario of the nucleation process is the dimer
formation from monomers, which should involve an energy loss
mechanism such as the interaction with a third monomer in a three-
body collision [24]. Knuth [27] has shown that a consecutive
collision of a monomer with an orbiting complex of two other
colliding monomers (the two-stage ternary collision) is plausible for
dimer formation in supersonic jets; however, there is no direct
evidence that the formation of initial clusters in nonequilibrium gas
starts from dimer formation in ternary monomer collisions.

A direct, straightforward simulation of condensation in free gas
expansions will facilitate the understanding of a microscopic
mechanism of condensation in nonequilibrium flows. Unfortunately,
the application of a direct method, such as MD, to the simulation of
the entire expansion region of even small gas-expansion systems, for
example, a supersonic jet, is not possible. This is because the number
of MD particles would be at least of the order of 10'?> and these
particles must be followed for several microseconds [25], whereas
the typical values accessible in MD are 10° particles and a few
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nanoseconds of simulated time [33]. We will implement the MD
technique to simulate not the entire supersonic jet system, rather, a 1-
D gas expansion [26], which will greatly reduce the computational
cost.

The initial system geometry of our MD simulation region, a closed
reservoir, corresponds to a small thin bar, 280 x 25 x 25 nm, with
periodic boundary conditions (PBC) on all six surfaces to reduce the
dependence on the number of particles used in the simulation. To
accurately simulate the open reservoir conditions, the periodic
boundary on the right-hand transversal (25 x 25 nm) surface is
replaced by a free boundary, and the left-hand transversal surface
boundary condition becomes reflective. In a qualitative sense, the
location of the free boundary corresponds to an orifice in a full
reservoir-nozzle system. It can be shown that only a small fraction of
particles exit the reservoir such that the pressure in most parts of the
reservoir is constant during the total computational time
(approximately 400 ps) [26].

The main challenge in direct MD simulations is to find sufficient
numbers of clusters in the plume during the accessible simulation
time [25]. We, therefore, choose the argon stagnation conditions of
2 atm and 65 K corresponding to a supersaturated state in the
following simulations of a free gas expansion. A series of simulation
“snapshots” is depicted in Fig. 1. During the simulation time, gas
expands over about 1000 A in the axial direction and becomes
rarefied. The number of particles clearly decreases with the distance
from the orifice whose X coordinate is 1400 A. At the same time, the
axial distance between particles gets larger due to the expansion
process as the distance from the orifice increases. The macroscopic
parameters, such as the number density, temperature, and Mach
number, obtained from the MD simulations, quantitatively agree
with the analytical solutions within the entire computational domain
[26]. Thus, the MD simulation results correctly capture the physics of
the expanding flow.

In MD simulations, each particle has a unique identification
number (ID) that is kept constant throughout the simulation. To
separate actual clusters from randomly colliding atoms, we first
identified clusters in the plume region for each “snapshot” file using
the Stillinger criterion [34]. The time separation of 10 ps between the
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Fig. 1 A series of simulation snapshots. The orifice vertical coordinate
is 1400 A.

snapshots is larger than a typical collision time [25], so that by
comparing the IDs of cluster atoms in two successive snapshots, we
can eliminate the colliding pairs. Then we track the history of each
cluster to separate clusters originated in the plume from those formed
in the reservoir. For example, two atoms appear as a dimer both at
360 and at 370 ps, then the status of these atoms should be checked
also at 350 ps, 340 ps, etc., until both atoms are identified as
monomers. In analyzing the origins of clusters, it was found that
clusters originate from two-stage ternary collisions (TSTC) [26].
Based on these numerical results, it may be concluded that the
condensation in free gas expansions starts from the formation of
dimers in the two-stage ternary collisions of monomers, as was
assumed previously by many researchers.

III. Modeling of Dimer Formation, a Hybrid
MD-DSMC Approach

To simulate condensation flow with a kinetic nucleation approach,
the initial clusters, dimers, have to be created from triple collision
processes. Three molecules may collide together as follows [35]:

k
A+A+ASA +A 1)

where A, represents a stable dimer created from a triple collision and
k; is the forward rate constant for the triple collision process.

The probability of process (1) could be derived from triple reaction
rate, a pure MD study and a hybrid 0-D MD-DSMC method. The first
two approaches and their respective limitations are briefly reviewed,
then we present the 0-D MD-DSMC method used in this work. The
probability P, of creating stable dimers out of triple collisions is
related to k; as [30]

k=55 [~ pE) (L) af £ ?)

MEp=ov | PAEI ) \er
where o is the monomer-monomer collision cross section, v is the
monomer—monomer collision relative velocity, and f(kE—;) is the
collision energy distribution function. Kalus [36] suggests that the

argon forward rate constant, k, may be fitted into a non-Arrhenius
formula according to trajectory simulation results,

kp = AT exp(—C,T) 3)

where T is gas temperature over a 15-500 K range, the value of
constant A is approximately 1.015 x 10™ m%/s, C, is —0.278, and
C,is —3.1 x 1073, Using Egs. (2) and (3), the average probability P,
based on the equilibrium Maxwellian distribution function is about
0.06-0.08 for the gas environment to be discussed in Sec. II.B. Note
that the accuracy of Eq. (3) needs to be further validated in
temperature regions below 100 K due to its poor agreement with the
simulation results. Furthermore, because the collisions usually occur
among molecules with larger relative collision velocity, the
probability averaged over entire distribution function, P,, is not
accurate.

The probability P, could potentially be computed directly from
MD simulations by tracing each molecular position, momentum, and
energy, and counting the number of triple collisions and stable
dimers based on a geometric criteria [34,37] and history tracking
method [25]. To count the number of triple collisions in an MD
system, the relative distance among simulated particles need to be
calculated continuously to determine whether a triple collision has
occurred. This leads to a high computational cost that makes the
separation of triple collisions from the dimer—-monomer collisions a
challenging MD simulation.

In this work, we propose a hybrid MD-DSMC approach to obtain
the probability of creating stable dimers from triple collision, as will
be discussed in Sec. IIL.B. Because the number of stable dimers and
the number of triple collisions are directly counted in the 0-D MD and
DSMC simulations, the probability P, can be calculated from the
hybrid MD-DSMC approach with less computational cost compared
to the pure MD method, and without the assumption of a Maxwellian
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distribution function necessary to use the reaction rates if Eq. (2)
were used.

To implement triple collisions in a DSMC simulation, the triple
collision shown in Eq. (1) has to be decomposed into two successive
binary collision steps as [32,38]

A+A— A; )
and
A +A—> A +A Q)

The atom-atom binary collision (A—A) generates a temporary pair
A’ with a lifetime that is approximately equal to the binary collision
duration. The pair A3, known as a collision complex, may collide
with a third monomer during its lifetime to create a stable dimer, as
indicated in Eq. (3).

In the DSMC method, collision pairs must be selected from the
simulated gas particles in a computational cell and, if chosen, the
outcome of the collision is evaluated. This process could be time-
consuming because the number of collision pairs is proportional to
N2, where N is the number of simulated particles. To decrease the
computational cost, the no time counter (NTC) [14] and majorant
frequency (MF) [39] schemes have been developed to numerically
decrease the number of candidate collision pairs, while increasing the
probability for an accepted collision. In this work, we use the DSMC-
based SMILE [39] code, which uses the MF scheme for selecting
collision pairs. The majorant collision frequency v is given by [40]

V= [FnNL‘(Nc - 1)/2]{U(v)v}max (6)

where N, is the number of molecules in a cell and o (v) is the total
cross section based on the variable hard sphere model for gas
molecule collisions. The collision probability for collision pairs
selected from Eq. (6) is

a(v)v

{0(V) Ve

The procedure of modeling the triple collision in two separate
steps in a DSMC scheme that will be used in this work may be
summarized as follows: The number of atom—atom collision pairs is
calculated using the original DSMC scheme, Eq. (6). For an accepted
atom—atom collision pair, defined as a collision complex A3, the
number of A}-atom collision pairs is further calculated during the A3
lifetime. Note that the center of mass velocity of the atom-atom
collision pair is assumed to be the A5 velocity and the value of Aj-
atom collision o(v) is assumed to be constant and equal to
o(v) = n(@)z, where the atom diameter dy =4.17 A and A
diameter d, is assumed to be 2d,. Note that complexity of the
cluster-monomer collision model could be increased. However,
molecular dynamics studies of cluster—collision cross sections
reported in earlier work [28] for expanding flow conditions similar to
those that will be discussed in this work demonstrated good
agreement with the hard sphere model. As in the traditional DSMC
method, the acceptance-rejection principle is used to evaluate
whether the A3-atom collision, referred to as the triple collision in this
work, occurs or not. For a successful triple collision, if the selected
random number is less than the probability P,, a dimer would be
created and at the same time two atoms out of the initial three
colliding atoms would be consumed. To avoid introducing artificial
test particles as was done in [32], we define the probability P, in this
work as the ratio of the number of stable dimers to total number of A3 -
atom collisions. The Aj lifetime and the probability P, are obtained
as follows.

Q)

A. MD Simulations of the A Lifetime

To obtain the complex lifetime, the MD method is chosen to
simulate various binary collision processes corresponding to the
initial conditions that will ultimately be needed in the DSMC
simulations. The intermolecular force between argon atoms is
calculated from the 612 Lennard—Jones potential with a well depth
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Fig. 2 MD trajectory studies of the binary collision duration as a
function of the impact parameter and the collision relative velocity.

0 0f3.405 A and £ 0f 0.0103 eV. A time step of 1.0 x 10~ is used in
the MD simulation. In a typical simulation case, two molecules first
move freely toward each other, then collide at some range, and finally
separate beyond a range where they have any interaction. The
beginning and end of a collision are determined by the times at which
the particle velocity first starts and then stops changing. Thus, a
collision duration, assumed to be the A} lifetime, may be calculated
from the results of the MD trajectory simulations.

The MD simulation results of a binary collision duration for argon
atoms are shown in Fig. 2 as a function of typical collision relative
velocity and impact parameter. The collision duration time is
regarded as the lifetime of the argon complex A}. Each symbol in
Fig. 2 represents one simulation case. It can be seen that for the
collisions with the same relative velocity, the duration time increases
as the impact parameter increases. The duration time reaches a
maximum value at a critical impact parameter R, then it quickly
decreases to zero for the collisions with impact parameters larger
than the critical value. For the collisions with the same impact
parameter, Fig. 2 shows that the duration time decreases as the
relative velocity increases.

For a single relative kinetic energy, an average collision duration
can be calculated from Fig. 2 based on an R? distribution of collision
pairs as follows:

1 [r=

R
=% » 7(r) dr? 8)

T

The value of R is seen from Fig. 2 to be a function of the collision
relative velocity and was chosen as the impact parameter
corresponding to the maximum collision duration time in each case.

The average collision duration obtained from the MD simulations,
compared with lifetimes calculated by Bunker’s approximate
formula [35], are shown in Fig. 3. Bunker’s formula, derived for
particles that interact by the attractive part of the Lennard—Jones
potential, provides the following relationship between the mean
collision duration time 7, the parameters of the interaction potential &
and o, the reduced mass p, and the relative translational energy E,:

(C)]

We can see in Fig. 3 that Bunker formula poorly describes the
actual MD results indicated as the triangular symbols. Another recent
MD study [38] has also shown that actual mean collision duration
significantly deviates from Eq. (9). Because the MD study results
show that the variation of collision time is small with respect to
energy, we will use a constant value of v=10ps in the
determination of the number of triple collisions. This value
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N

corresponds to a relative velocity of ~100 m/s, which is a typical
condition in the expanding plume flow.

B. Probability P,: A Combined MD and DSMC Approach

The probability P, to form a stable dimer is defined as the ratio of
the number of stable dimers, N, to the number of triple collisions,
N,,

_ Ny

P,
N,

10)

In our DSMC simulations, the original collision scheme shown in
Eq. (6) is used to calculate the number of Aj-atom triple collision
“pairs” during the complex lifetime, and the probability, calculated
by Eq. (7), is used to determine whether the collision pairs are
accepted or rejected. A successful pair selection, followed by a
successful collision, increases the number of triple collisions, N,.

First, a series of 0-D DSMC simulations are designed to calculate
the number of accepted triple collisions, N,, for the cases shown in
Table 1. We choose several spatially constant (0-D) test gas
environments that are sufficiently dilute to be simulated by the
DSMC approach, but not so rarefied as to generate too few stable
dimers. The test gas environments, having the same number density
of 1.25 x 10% atoms/m?, are summarized in Table 1, where T is gas
temperature, P is the pressure, S is the degree of supersaturation
defined as the ratio of the gas pressure to the saturation pressure, and
R, is the triple collision rate, which will be discussed later. Note that
the 0-D test gas environments are conditions typical for
homogeneous condensation in a free-expanding plume, with the
degree of supersaturation ranging from 15 to 2200.

For all the 0-D DSMC simulations, we choose a closed
computational domain of 10™ x 10> m with the specular boundary
conditions. The computational domain is divided into square grids
with a grid size of 5.0 x 1078 m, on the order of the mean free path
and a time step of 107" s is used. The number of real atoms
represented by one simulated particle, Fy, is chosen to be 1.0 x 10'!
in the 0-D DSMC simulations, and there are about 12,500 simulated

Table 1 Test gas environments and probabilities for dimer formation
from triple collisions

No. T(K) P(x10° Pa) S R,(x10% m™3.s7") P,

1 50 0.8625 2263.34 1.581 0.234
2 55 0.9487 459.78 1.650 0.224
3 60 1.035 119.67 1.706 0.217
4 65 1.121 40.24 1.766 0.209
5 70 1.207 15.58 1.819 0.203

Number of Triple Collisions ( x 10"), N,

Sample Time (x 10”sec)
Fig. 4 The number of accepted collision pairs between a temporary
complex and a monomer occurringina 10~ x 10~5 x 1.0 m during each
time step of 10~!! s for various temperatures.

particles for each case. As discussed earlier, each accepted atom—
atom collision in the DSMC simulation is assumed to create a dimer
complex, A}, with a lifetime around 10 ps. The number of collisions
between A; and monomers (i.e., the triple collision) are counted
during each time step in the 0-D DSMC simulation. Because the
number of collisions counted in a DSMC simulation is for simulated
particles and the number of simulated particles are inversely
proportional to Fy, the total number of collisions in a real
environment corresponding to Fy = 1 can be obtained. The number
of accepted triple collisions in the computational domain during a
single time step under the condition of various temperature are
shown in Fig. 4, and the average triple collision rates, R,, are shown
in Fig. 5. It can be seen that as the temperature increases, the number
of triple collisions also increases. Because the only purpose of these
simulations is to count the number of triple collisions, the three
colliding atoms in a Aj-atom triple collision pair are released into
separated atoms whether or not the collision is finally accepted. Thus,
the gas environment is always held constant and the number of triple
collisions can be counted repeatedly to improve statistics.

In the second part of the combined MD-DSMC approach for
obtaining P,, molecular dynamics is used to calculate the number of
stable dimers, N, generated from the aforementioned gas
environments. Although the MD method is not able to simulate the
whole DSMC domain, due to computational cost limitations, it can
be used to simulate interactions among argon molecules in a spatial
region on the order of one DSMC cell. A computation domain of
60 x 60 x 60 nm with the same gas number density and
temperatures used in the 0-D DSMC calculations is chosen. Thus
there are a total of 27,000 atoms in each MD simulation and a time
step of 10715 s is used. Initially the simulated atoms are evenly
distributed in the MD computational domain and the average
distance between two atoms is about 2 nm. The initial atom velocities
are sampled from the equilibrium Maxwell distribution function. The
same 6-12 Lennard—Jones potential used to calculate the argon A3
lifetime (Sec. III.A) is used to model the interactions among argon
atoms. A geometric criteria [34,37] and history tracking method [25]
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Fig. 6 The number of stable dimers, N,;, obtained in a 60 x 60 x 60 nm
cubic box, under the condition of various temperature.

are used to separate stable dimers from the colliding pairs at every
10 ps. The detailed description of the numerical method is given in
[25].

The number of stable dimers, N,, found in the MD analysis as a
function of simulation time are shown in Fig. 6 for different
temperatures. It can be seen that as the simulation time increases, the
number of dimers found in the system increases. Note that the
changes in gas environments can be neglected because the number of
molecules in the formed clusters is less than 5% of the total number of
molecules during the MD simulations. Thus, the dimer formation
rate should be almost constant and the number of stable dimers
should increase linearly as a function of time. However, the nonlinear
effect that can be seen in Fig. 6 beyond 50 ps is mainly due to dimer
dissociation processes, especially in higher temperature gas
environments. This is because a stable dimer formed in a higher
temperature environment has a shorter life time, and therefore more
dimers may dissociate into separate atoms in the same period of time
as the temperature increases. Because our interest is to use these MD
simulations to obtain the initial dimers, the dimer formation rates are
calculated as the curve slopes in the first 40 ps, during which most of
the dimers can survive. Note that cluster dissociation or evaporation
process will be considered by one of the microscopic models in the

Sfull DSMC simulation. As the gas temperature increases from 50 to
70 K, the degree of supersaturation decreases approximately from
2200 to 15; however, the stable dimer formation rates are almost the
same. According to Fig. 6, approximately N, = 80 dimers are
generated in a supersaturated gas environment every 10 ps in a cell
volume of (60 nm)® corresponding to a formation rate
R, =3.7 x 10*3* dimers/(m? - s).

Finally the probability P, can be calculated as the ratio of the MD
dimer rate, R; = 3.7 x 1073* dimers/(m? - s), to the DSMC triple
collision rate, R,, and the results are shown in Table 1. It can be seen
that P, is not very sensitive to the degree of supersaturation. To
simplify the use of the P, in the full DSMC simulations, we will
choose a constant probability of 0.217.

IV. Results and Discussion

The DSMC method has been developed to simulate condensation
in free-expanding plumes. In our previous work [15], the
microscopic nucleation, collision, and evaporation models, as well
as simulation techniques were proposed and integrated into the
DSMC code to simulate cluster growth processes. To accurately
model interactions among clusters and gas molecules in a DSMC
simulation, molecular dynamics calculations have been used to
simulate cluster—-monomer and cluster—cluster collision processes
[28]. In previous work the initial clusters were created from
supersaturated gas environments using the classical nucleation
theory. Because of the disadvantages of the CNT theory discussed in
Sec. I, the kinetic nucleation procedure proposed in Sec. III will be
applied in this section to model nucleation of dimers. The same
collision and evaporation models presented in previous work [15,28]
are used here to model the subsequent cluster growth.

Here we consider condensation in a free-expanding pure argon
plume through a sonic nozzle with a stagnation pressure of 125 torr, a
stagnation temperature of 280 K, and throat diameter of 3.2 mm. The
details of DSMC simulation models and techniques were developed
in [15], and can be briefly summarized for the simulation with a
kinetic nucleation process as follows. The original 2-D axisymmetric
SMILE code [39] is modified to simulate nucleation, cluster—
monomer collision, and evaporation processes. The simulation
domain extends 4 and 10 times the orifice diameter in the radial and
axial directions, with 100 and 250 cells, respectively. Using an
adaptive grid technique, each cell can be divided up to 16 subcells
according to the flow gradients obtained during the simulation. The
number of cells was found to increase from 25,000 to 175,000 at
steady state, and a time step of 2.0 x 107 s is used in the DSMC
simulation. To decrease the computational cost, radial weights are
used for distributing the number of simulated molecules evenly in the
radial direction for monomers and clusters. Because of the several
orders of magnitude difference in the cluster and gas number density,
one simulated cluster particle represents 5.0 x 10*7 real clusters, and
one simulated gas molecule represents 1.0 x 10*! real gas
molecules. Our choice of species weighting factors has been tested in
previous work [41] to ensure that our results are independent of their
specific values. Because the noncondensation region close to the
orifice is too dense to be modeled by DSMC, the simulation begins
from a starting surface which is created with the continuum solver
GASP [42]. About 460,000 and 400,000 simulated particles are used
to represent gas molecules and clusters, respectively, at steady state.

Figure 7 compares the cluster number density contours in the
condensation plume for the simulations using the kinetic (top) and
CNT (bottom) nucleation models. It can be seen that the cluster
number density contours for the simulation using CNT has much
higher fluctuations than the contours obtained from the kinetic
nucleation process. This is because in the kinetic model the initial
clusters are created through a modified standard DSMC collision
processes, whereas the distribution of initial clusters for the
simulation using CNT is highly sensitive to the gas environment
characteristics such as the degree of supersaturation S and gas
temperature 7. Note that even using larger numbers of simulated
particles and samples, there is no significant improvement in the
degree of fluctuations in the CNT simulations. Figure 7 shows that
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the cluster number density obtained from the kinetic nucleation
process is about three—four orders of magnitude larger than that from
CNT.

Figure 8 compares contours of the average cluster size between the
kinetic (top) and CNT (bottom) nucleation models. It can be seen that

0.015

s 3
0.005 -

-~
5

the average cluster size obtained from the kinetic nucleation process
is smaller than the value obtained from the CNT nucleation process.
The outcome of argon cluster—monomer collisions [28] can be
described by average sticking probabilities as a function of cluster
size, as shown in Fig. 9. According to these values, the average
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sticking probability for a cluster size less than 11-mers increases
quickly as the cluster size increases, whereas for cluster size larger
than 10-mers, the sticking probability is very close to unity. The
initial dimers generated in the kinetic nucleation process are difficult
to grow through the dimer—monomer collision processes due to a
small probability around 0.05. However, the CNT nucleation process
define the critical clusters as the initial clusters, and the critical
clusters can stick with the colliding monomers quickly due to large
probabilities close to unity. Because large number of small clusters
exist for the simulation using the kinetic nucleation process, its
average cluster size can be more than 10 times less than the
corresponding value obtained for the simulation using the CNT
nucleation theory.

To quantitatively compare the kinetic and CNT nucleation process
results, Fig. 10 shows the distributions of cluster number density and
cluster size along the plume centerline. It can be seen from Fig. 10
that the initial clusters, dimers, in the kinetic nucleation process
appear earlier than the initial critical clusters in the CNT simulation.
The maximum cluster number density on the centerline shown in the
kinetic nucleation simulation is at a position downstream of the
location shown for the CNT simulation. For the simulation using the
kinetic nucleation process, the maximum cluster number density on
the centerline is about 8.0 x 1072° per cubic meter at the axial
distance of 0.01 m downstream of the nozzle exit, whereas the CNT
nucleation predicts the maximum cluster number density is about
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Fig. 10 Comparison of average cluster size and number density along
the plume centerline between the kinetic and CNT nucleation models.

3.0 x 10717 at the axial distance of 0.007 m. One possible reason is
that the CNT neglects transient nuclei formation time [43], which
would affect the generation location of nuclei in a supersaturated gas
environment. Because of a large cluster number density and smaller
initial cluster size, the cluster growth process is slower in the
simulation using the kinetic nucleation process than the CNT
nucleation process. At an axial position of 0.032 m, 10 nozzle throat
diameters downstream from the nozzle exit, the average cluster size
consists of approximately 950 molecules in the CNT simulation and
50 molecules in the kinetic simulation, whereas the cluster number
density is about 2.72 x 10+!6 per cubic meter in the CNT simulation
and 8.70 x 10*!? in the kinetic simulation. Thus, it can be seen that
the condensation results are quite different for the simulations using
the kinetic and CNT nucleation processes.

Comparison with experiment substantiates that the proposed
kinetic nucleation model for supersonic free expansions is a
significant improvement over that given by CNT. To demonstrate
this important result, we compare the predicted terminal cluster size
and dimer mole fraction with the experimental data of [27,44],
respectively. Karnbach et al. [44] used a photoluminescence
spectroscopy technique consisting of a molecular beam and a cluster
beam apparatus to measure the terminal average cluster size of a free-
expanding condensation plume in a vacuum chamber. The
experimental data suggest that the average cluster size is essentially a
function of the condensation parameter I', which indicates the degree
of condensation in a free-expanding plume as follows:

_ APy(d x 1000)°85

r T§'2875 (1 1)

where P, is the stagnation pressure (mbar), T is the stagnation
temperature (K), and d is the throat diameter (mm). The constant A is
calculated from the species sublimation enthalpy at 0 K and for argon
has a value of 1646 [44]. Using the conditions of the simulations
presented here in Eq. (11), we obtain a condensation parameter I" of
~658. The experimental data of [44] show that for a condensation
parameter of this value, the average argon terminal cluster size will
be approximately 30. As shown in Fig. 10, the kinetic nucleation
model predicts an average cluster size close to the experimental
results of about 50. The average cluster size predicted by the CNT
nucleation model, however, is approximately 30 times larger than the
experimental data. Thus, the kinetic nucleation model proposed in
this work greatly improves the agreement with the simulation results.

Based on the available experimental data of free-expanding
condensation jets, Knuth [27] proposed a simplified relationship for
the terminal dimer mole fraction, x,, in a free-expanding argon jet as

follows:
p003 e \ 14 /d\04)3
=05 —\— — 12
xe 05{ kT, (kTO) (0) } (12

The dimer mole fraction is defined as the ratio of the number of
dimers to the total number of gas and cluster particles. It was shown
in [27] that the available experimental data are in good agreement
with the semi-empirical relationship expressed in Eq. (12). First note
that the CNT nucleation model predicts that the number of dimers
anywhere in the flow is insignificant (see also Fig. 10). This occurs
because in the CNT method the initial cluster is created at the critical
cluster, which is usually much larger than a dimer. In contrast, there is
alarge number of dimers in the computational domain for the kinetic
nucleation model because when a cluster is formed the dimer
particles are created by the triple collision process. Figure 11 shows
the average number of dimers as well as dimer mole fractions in a cell
along the plume center line at steady state. It can be seen that the
dimer mole fraction increases rapidly in the region from 0.006 to
0.01 m as large amounts of dimers are created from the local gas
atoms. Beyond the high nucleation region, 0.012 m, the number of
dimers decreases as other processes such as transport, expansion, and
evaporation occur, although new dimer formation is continuing to
occur. A typical cluster size distribution in the free-expanding
condensation plume is shown in Fig. 12 in a cell located at



910 ZHONG AND LEVIN

— -/ - — Number of Dimers

12 - ﬁ — O— Dimer Mole Fraction
- o0 060
é Oeoeoee —1102
- S A _o© E
o | 4@0@9 ]
° o A 1 s
x 8 ® ); 1 8
'R
E | 3 {o's
a g A ] 2
: L | B
o 4 / i =
£ DN { &
z [ & AA
A 10"
B cﬁﬁ AA E
5 ’ A\AAA\A ]
g L haasag
0.01 0.02 0.03

Axial Position (m)

Fig. 11 The average number of dimers in a cell along the plume
centerline, as well as dimer mole fractions at steady state.

(1.72 x 1072, 3.0 x 1073). The location of this cell is at a point
beyond the high nucleation onset region where the dimer mole
fraction has reached its asymptotic or terminal value (as seen in
Fig. 11). In the region beyond 0.012 m, the dimer mole fraction is
approximately around 0.01, which is about 7 times greater than a
value of 1.6 x 1073 predicted by the semi-empirical relationship
given in Eq. (12). Considering the level of complexity of the
simulations the agreement between predictions and an exper-
imentally derived fit is quite good. The residue difference may be due
to our evaporation model, which is based on a macroscopic model
that may be less accurate for small clusters such as dimers and
trimers. The evaporation model may impact the lifetime for small
clusters, which in turn would modify the predicted spatial
distribution of dimers.

Based on the results, we may conclude that the CNT theory
incorrectly estimates the nucleation rate to be three—four orders of
magnitude less than the kinetic nucleation model for homogeneous
condensation in a free-expanding argon plume. The fundamental
difference between these two nucleation models is that CNT neglects
the large number of small clusters which potentially can also grow to
large clusters even though the small sticking collision probabilities
for dimers are lower than those for large clusters. Because the
existence of small clusters affects the cluster number density and
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Fig. 12 A typical cluster distribution in the free-expanding
condensation plume in a cell located at (1.72 x 102, 3.0 x 10~3).

average cluster size, the use of a kinetic nucleation model to
accurately simulate a homogeneous condensation flow is crucial.

V. Conclusions

A hybrid MD-DSMC method has been used to construct a kinetic
nucleation model, generating initial clusters, dimers, from the triple
collision processes. For argon gas environments with a large range in
the degree of supersaturation, we calculate the lifetime of temporary
binary complex formations, the stable dimer rate, triple-collision
(complex-monomer) rate, and the probabilities of generation stable
dimers out of triple collisions. The kinetic nucleation model has been
successfully integrated into a DSMC code to simulate homogeneous
condensation in free-expanding plumes.

In this work, we compare the numerical results between the kinetic
and CNT nucleation processes in free-expanding sonic nozzle
plumes with a stagnation temperature of 280 K and a stagnation
pressure of 125 torr. The main difference of the kinetic and CNT
nucleation processes is that the kinetic nucleation process produces a
much larger number of small clusters, whereas the CNT nucleation
process neglects cluster size less then the critical value. Thus for the
condensation case studied in this work, the cluster number density
for the simulation using the kinetic nucleation process is found to be
three—four orders of magnitude larger and the average cluster size is
about 20 times less than those values in the CNT nucleation process.
The terminal cluster size and dimer mole fraction predicted in the
kinetic nucleation model compares reasonably well to the semi-
empirical value in argon free-expanding plumes. A possible source
of discrepancy between modeling and simulation with experimental
may be in the cluster evaporation model for small cluster sizes.
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