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Abstract

Vapour-liquid equilibria (VLE) and the influence of an inedrrier gas on homogeneous vapour
to liquid nucleation are investigated by molecular simolatfor quaternary mixtures of carbon
dioxide, nitrogen, oxygen, and argon. Canonical ensemblecular dynamics simulation using
the Yasuoka-Matsumoto method is applied to nucleation pesaturated vapours that contain
more carbon dioxide than in the saturated state at the dewHistablished molecular models are
employed that are known to accurately reproduce the VLEe@ptire fluids as well as their binary
and ternary mixtures. On the basis of these models, alsaiteigpary VLE properties of the bulk
fluid are determined with the Grand Equilibrium method.

Simulation results for the carrier gas influence on the raice rate are compared with the
classical nucleation theory (CNT) considering the ‘pressfect’ [Phys. Rev. Lett. 101: 125703
(2008)]. It is found that the presence of air as a carrier gasahses the nucleation rate only
slightly and, in particular, to a significantly lower extehtin predicted by CNT. The nucleation
rate of carbon dioxide is generally underestimated by CBAding to a deviation between one and
two orders of magnitude for pure carbon dioxide in the vigioif the spinodal line and up to three
orders of magnitude in presence of air as a carrier gas. é&untbre, CNT predicts a temperature
dependence of the nucleation rate in the spinodal limitctviseannot be confirmed by molecular
simulation.
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1. Introduction

If significant reductions in greenhouse gas emissions doe tchieved, it is essential to min-
imize the energy required for separating carbon dioxidenfear as a prerequisite for rendering
purification, recovery and sequestration processes edgatlynand ecologically moref&cient
(Kaule, 2002). This requires an accurate understandingeophase behaviour of carbon dioxide
(CO,) inthe earth’s atmosphere under diverse conditions, spaeding to the respective technical
applications.

Condensation processes, initiated by nucleation, as wethpour-liquid equilibria (VLE) are
particularly relevant in this context, since they charazéecapture and storage of GQ.e. phase
separation and phase equilibrium. The present study ctnatesion understanding homogeneous
nucleation and VLE properties for quaternary mixtures ciimg of CG;, nitrogen (), oxygen
(Oy), and argon (Ar) by means of molecular simulation. Therebg, properties of the investi-
gated fluid itself can be fully isolated from phenomena iretlby impurities or boundanyiects
in the vicinity of a solid wall, which would be much harder tocamplish in an experimental
arrangement.

Although a systematic discussion of €@ucleation was, surprisingly enough, published for
the ambient conditions prevailing on Mars (Maatanen et24lQ5), to the authors’ knowledge
no analogous study is available for the ecologically andirieally more relevant atmosphere
composition of our own planet. The present work closes tapsand characterizes the air pressure
effect on the condensation process in a vapour containing n@seh@n at saturation on the basis
of molecular models that are known to accurately reprodude properties.

Direct MD simulation of nucleation in the canonical enseeith the Yasuoka-Matsumoto
(YM) method is an established approach (Yasuoka and Matsyrh®98, Matsubara et al., 2007).
According to that approach, the nucleation rate is appraieoh by the frequency at which suf-
ficiently large droplets emerge in the simulated volume. YiM method can be successfully
applied to the regime where the supersaturation fecsently high to permit significant droplet
formation in a nanoscopic volume within a few nanosecondsnbt as high that the nucleation
rate j is afected by depletion of the vapour due to droplet formatiominithe same time interval
(Horsch et al., 2008a,b, Chkonia et al., 2009). Lower nudaaates can be determined by for-
ward flux sampling or methods based on umbrella samplinge(\li et al., 2005), whereas in the
immediate vicinity of the spinodal line, where the metakdaate would otherwise break down,
a stationary value for the nucleation rate can be obtainegtényd canonical MD simulation with
McDonald’s daemon (Horsch and Vrabec, 2009).

The present work focuses on the intermediate regime, wiher&' M method is viable, and
compares simulation results with theoretical predictimmghe basis of two variants of the classical
nucleation theory (CNT).

2. The pressure effect

If the pressure féect (PE) is taken into account, the free ene@gf formation according to
CNT is given by (Wedekind et al., 2008)

dGpe = (,Us U %) dN + ydF, (1)
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for a droplet containingv molecules, whereas the more commonly used — but thermodgabiyn
inconsistent — simplified classical (SC) variant of CNT imapl

dGSC = (/Js - ,u) dnN + )/d F. (2)

Thereinus and®Ps as well ag: andp represent the saturated and supersaturated values ofagiemi
potential and pressure, respectively. Wilerefers to the pure substance vapour pressure of the
nucleating componenp is the total pressure including the pressure contributf@nonert carrier
gas, if present. The droplet surface tension is given,lilge area of the surface of tensiorFisand

o’ represents the density of the liquid which is assumed todmmpressible. Where the chemical
potential diferencedu = u — us appears in the SC expression, PE applies fircéve’ difference
(Wedekind et al., 2008)

Ape = A + st p, 3)
P

which is always smaller thatiu. Assuming a spherical shape for the emerging droplets, i.e.
321 \V°

dF = dN, 4

(3p’2N ) “)

and neglecting the curvature dependence of the surfacetertbe free energy barrier of the
nucleation process according to the PE variant of CNT

3 2/3
AGE. = 3;%2:)2 + A — nl/S(E,) Yo (5)
is reached for the critical droplet size
. 32\

These expressions use the surface tengjarfithe planar vapour-liquid interface as well as the ‘in-
ternally consistent’ approach of Blander and Katz (1972ictvlequates single-molecule droplets
with vapour monomers and assigns them a free energy of famAG = 0. The same results
follow for the SC variant, withiu instead o4y, in Egs. (5) and (6).

The long-term growth probabilit@(M) of a droplet containing/l molecules can be given by

M - -1
QM) = fl‘ exp(ZAS_I(_N))dN [ fl exp(ZA(k;_I(_N))dN] , 7)

under the approximation that the reaction coordinate ohtindeation process only depends on
the droplet sizeV, based on the analysis of a random walk over a single disorder parameter
(Horsch et al., 2009). It should be noted t&¥iM) is extremely small for values &l significantly
below the critical droplet size and converges to IMagncreases. The transition rate of vapour
monomers of the nucleating component through an interfagemalized by the surface area of
the interface, is

B =P (2rmkT) 2, (8)
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according to kinetic gas theory, whetés the Boltzmann constanty, is the molecular mass and
% the pressure of the nucleating component in its pure gasgatesat the same partial density.
The isothermal nucleation rate according to CNT is (Fedat.e1966)

. .- ~AG*
jt =ZF ﬁpeXp( T ) 9)

which depends on the surface afegaof the critical droplet, the &’dovi€ (1942) factor

i 2\ 1/2
2 ( d°G/dN )
2emMoKT ) ps

as well as the density of vapour monomers belonging to théatiog componenp.” Droplet
overheating due to rapid growth, however, is neglectederettpression foj.

Even slightly below the spinodal supersaturation, mosthef molecules of the nucleating
component belong either to the vapor phase (i.e. they aremers) or to clusters of ten or less
molecules, during the regime of a condensation processstislmiminated by nucleation. For the
metastable quasi-equilibrium that prevails within thiginee, the Boltzmann distribution applies.
The monomer density in the metastable state is therefoendgy

& “AG(N)
=55 N A50).
a series that usually converges very fast, whesegthe total density of the supersaturated vapour
andY, is the mole fraction of the nucleating component in the ssgiterated vapour. The pres-
ence of droplets above the critical size, which is not actedifor by Eq. (11), can be neglected
during nucleation, since a significant amount of large d¥tgplvould imply that the vapour phase
is depleted to a considerable extent, so that droplet gravgtead of nucleation would be the
predominant phenomenon.

The presence of a carrier gas also influences the thermahzstgrowing droplets, facilitating
the heat transfer from the liquid to the surrounding vapour thereby decreasing the amount of
overheating. The coupling between heat and mass transfertite metastable to the dispersed
phase during nucleation was first consistently analyzedduaeFet al. (1966) who considered a
diffusion process over the two most relevant order parametengled sizeN and temperaturé.
The overall heat transfeffect on the nucleation rate is covered by the thermal nonracdation
prefactor (Feder et al., 1966)

: (10)

(11)

. b®
] = 02+ qZJT- (12)
Therein,
kT dF
=h"-h - ——-y|— , 13
q i y(d N)N:N* (13)

is the enthalpy added to a droplet when it absorbs a moleduleemucleating component from
the vapour (Feder et al., 1966) and

K v rl/2(n~
k)z Yimg'“(cy,; + k/2) (14)

b? = kT? (cv + = ,
° 2] L Y,m (e + K/2)
4



is the mean square fluctuation of the kinetic energy for thuamolecules (Feder et al., 1966,
Wedekind et al., 2008) and quantifies the thermalizatidece of the vapor. Furthermork’, and
h” are the saturated liquid and vapour enthalpy, respectigabjc,; is the isochoric heat capacity
of component wherei = 0 stands for the nucleating component and il< K the components of
the inert carrier gas. Within the scope of the present stindyheat capacity of the pure saturated
vapour is used foc,, whereas for the otheg,; the value in the limit of infinite dilution is used,
since CNT assumes the carrier gas to have ideal propertiedgdhd et al., 2008).

Within the framework of CNT, it follows that the prefactor

2 Yo 1/2
zZF = < (—) , 15
> \kT (15)
does not depend on the pressure contribution of the caragr @nd neither dog& while the
influence of the carrier gas pressurespmvhich is usually similar in magnitude jgY,, is of minor
significance. This eliminates all contributions to the pres défect except for those discussed by
Wedekind et al. (2008) as

. b .

e _ e JTPE (16)

jrsc b+ Oie JTsc
Normalized to unity for the pure fluidy, = 1) with the PE variant of CNT, the Wedekind et al.
(2008) pressureftect can be expressed as

W(Yo) =

B2e(Yo) [02e(Yo = 1) + G2e(Yo = 1)] . (AG;E(YO =1)- AG;E(YO)) )

[béE(Yo) + q|23E(Y0)] b|23E(Y0 = 1) kT

given thatjt sc, the denominator of Eq. (16), does not depend/an

Under certain conditions, the pressutféeet does not exceed the experimental uncertainty
and can thus be neglected (lland et al., 2004). In other cé&smegever, the influence can be
experimentally detected, with apparently contradict@yults: sometimes increases with the
amount of carrier gas, in other cases the opposite tendenayserved (Hyvarinen et al., 2006,
Brus et al., 2008). Tha¥ factor explains this in principle, since it combines therthal non-
accomodation factor, which increases with — 0, and the free energyffect that leads to an
effective chemical potential flerencedu, < 4u. Depending on the thermodynamic conditions,
each of these contributions can be predominant (Wedekiald, &008).

The main inaccuracies of CNT concern the surface tensioredswthe droplet surface area.
For the surface tension, deviations from the capillaritgragimationy ~ v, are known to occur
for nanoscopically curved interfaces (Moody and Attard)2zybisz and Urrutia, 2003, Horsch
et al., 2008b). The Tolman (1949) approach implies hugeadievis fromvy, for droplets on
the molecular length scale corresponding to the Tolmantkefg In particular, forkR, > ¢ the
dependence of on the surface of tension radi can be expressed as

oo fg 2 3ol oo
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whereasy ~ R, becomes valid foR, <« ¢. From the Laplace equation along with the Tolman
(1949) approach it can be deduced that the area of the suféeersion is given by

Ry’
for an incompressible fluid, where the relation
3N\
R, = ( 4ﬂp,) -6, (20)

follows for the dependence of the surface of tension radius/o Overall, this leads to a signifi-
cantly increased surface area for droplets on the moletarigth scale.

3. Simulation methods and models

The evaluation of the theoretical predictions relies orvkiedge about the chemical potential
difference between the saturated and the supersaturatedi$tsteias obtained for pure Gy
Gibbs-Duhem integration

_ (" _dp
Au(T, p) = fps o P, B’ (21)

using MD simulation results of small systenté £ 10 000) in the metastable vapour regime. The
carrier gas influence according to the presented variar@\adf was evaluated by assuming ideal
gas properties for air as well as ideal mixing behaviour, i.e

p=(1- Yo)kT + P. (22)

The total number of molecules was upfb= 900 000 such that the carrier gas wiiN,) :
N(O,) : N(Ar) = 7812 : 2095 : 93 corresponded to the earth’s atmosphere tigno All
simulations were conducted with thiel mardymmolecular dynamics program (Bernreuther et al.,
2009), employing the Verlet leapfrog algorithm with an gnr&tion time step of 2 fs. The temper-
ature was regulated by velocity rescaling. Note that theémite of the overall momentum of the
system on its fective temperature can be neglected due to the large nurhpartiles.

For the homogeneous nucleation simulations, the YM methaglapplied to relatively large,
but still nanoscopic systems with(CO,) = 300 000. The condensation process is thereby re-
garded as a succession of three characteristic stagegatiela nucleation, and droplet growth
(Chesnokov and Krasnoperov, 2007). Attention was paid tercthe regime dominated by nu-
cleation over a diicient time span to obtain statistically significant resuitdich required a
simulated time between a few hundred picoseconds and a feesaeonds, depending on the
nucleation rate.

During the nucleation stage, the droplet formation téM), i.e. the number of droplets con-
taining at leastM molecules formed over time, is approximately constant (g&a and Mat-
sumoto, 1998). The droplet formation rate depends on tlestimid sizeM and is related to the
nucleation rate by

M) __J

Vo QMy
6
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since@(M) indicates the probability for a droplet containiiMymolecules to reach macroscopic
size.

Liquid and vapour were distinguished according to theiSg#r (1963) criterion with a con-
nectivity radius of 38 A: following this approach, all molecules with a neightadra distance
below the connectivity radius were considered as belontrihe liquid phase, so that the va-
por phase only consisted of molecules where no such neigh@®mpresent. A graph was con-
structed with each node representing a molecule of thedighase, containing edges between
those molecules with a distance below the connectivityusdiThe biconnected components of
that graph, determined by the algorithm of Hopcroft andara(j1973) such that any single con-
nection can be eliminated without disrupting the interr@airectivity, were defined to be liquid
droplets.

Fluid argon can be represented by the Lennard-Jones (L et

o= (52

r r

in dependence of the interatomic distamcélolecular models for CQ N, as well as @, which
can be represented by two LJ sites separated by the confdagagon¢ with a superimposed
guadrupole momer@ in the molecule’s centre of mass (2CLJQ), yielding (Vrabieal ¢ 2001)

2 Shlnw
r+z ;”
n=1

were adjusted to pure fluid VLE data by Vrabec et al. (2001)Tab. 1. Thereint is the distance
between the centers of mass of the two interacting 2CLJQqulds, and the functiof(ws, w-)
only depends on their orientation as expressed by the ucibrgv; andw,, respectively (Gray
and Gubbins, 1984, Vrabec et al., 2001). If adequate valuethé unlike dispersive interaction
energy are used, so that binary VLE are reproduced corréétbbec et al., 2009a), cf. Fig. 1,
ternary mixtures are accurately described without anyh&rradjustment (Huang et al., 2009). In
Tab. 1, the unlike energy parameters are indicated in teftfedoinary interaction parametéof
the modified Berthelot (1898) combining rule (Schnabel g28107b)

u(r, wi, w) = fwr, w) QI + Z ULJ(

s12€{-1,1}

) : (25)

ens = E(eace)'?, (26)

while the unlike LJ size parameter is determined as an aetitrmean according to the Lorentz
(1881) combining rule. This approach has also been vatidaii an emphasis on GOn particu-
lar, confirming its viability for mixtures with Bland Q (Vrabec et al., 2009b) as well as hydrogen
bonding fluids (Schnabel et al., 2007a).

On that basis, quaternary phase equilibria were deternisied the Grand Equilibrium method
(Vrabec and Hasse, 2002), introducing Ar into the systerdistuby Vrabec et al. (2009b). The
Grand Equilibrium method calculates the vapour presgdras well as all dew line mole frac-
tionsy; by simulation for a specified temperatufeand a specified bubble line (i.e., saturated
bulk liquid) mole fractionx; for all components of the mixture. Although no experimeiukaia
are available for the quaternary mixture, the simulaticuits can be trusted due to the extensive
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type o [A] e[mev] ([A] Q[eA?]|£(Ar) £(0;) £(Ny)
CO,[2CLIQ 29847 11394 2418 (0789850999 0979 1041
N, |2CLJQ 33211 30072 1046 Q29974 1.008 1007

O, [2CLJQ 31062 37212 09699 016824 0.988

Ar |LJ 33967 10087

Table 1: Molecular model parameters of Vrabec et al. (20i04)the size parameter and the energy parameter

for the LJ interaction sites as well as the molecular elangat and the quadrupole mome@tassociated with the
2CLJQ models. The binary interaction parameteshown in the Table were adjusted to binary VLE data by Vrabec
et al. (2009a).

validation of the models with respect to the VLE behaviourdi of the six binary (Vrabec et al.,
2009a) and two of the four ternary subsystems (Huang et@9Ri.e. N + O, + Ar as well as
COZ + Ny + 02.

Q N2+ O, P 1
=20 e T X
“6 % * * o
g g *ﬁ %
51.0 7 * 168°Cy o S0 8°
= o o
0.1 1 ® & £
o ? @ ® 6 o W QC’
Y & ® ® ox
00 ) T T 1 )
0.0 0.2 0.4 0.6 0.8 1.0

mole fraction of nitrogen

Figure 1: (Colour on the web Al in print.) Experimental datax) of Dodge (1927) and simulation results) ©f
Vrabec et al. (2009a), using the Grand Equilibrium methotth whe molecular models given in Tab. 1, for VLE of
binary mixtures containing nitrogen and oxygen at tempeestofT = —193,-168, and-153°C.

4. Simulation results

Grand Equilibrium simulations of the quaternary mixtureGON, + O, + Ar were conducted
for VLE covering a broad temperature range with bble line mole fractiong(CO;) of 0.910,
0.941, and ®69, cf. Tab. 2. Except for the highest temperature, cooeding to 930 % of the
critical temperature for pure GQvhich isT,(CO,) = 31418 + 0.04 K according to Suehiro et al.
(1996), the mole fractiong(N,), y(O,), andy(Ar) on the dew line are one order of magnitude
higher than the corresponding bubble line mole fractionkis Tonfirms that for temperatures
suficiently belowT,(CGO,), air only accumulates to a limited extent in the liquid pha#\s a
first approximation, it can therefore be treated as a cagasrfor CQ nucleation so that the PE
variant of CNT with a single nucleating component can beiadphs opposed to more complex
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mixtures such as ethanselhexanol (Strey and Viisanen, 1993), water-alcohol mixdkéisanen
et al., 1994, Strey et al., 1995), or watemonane+ butanol (Nellas et al., 2007), where multi-
component nucleation occurs.

From MD simulation of small metastable systems, the spinaalaeS" of the supersaturation
with respect to density, which is defined as

_ _PYo
p"(T)

whereinp”(T) is the saturated vapour density of pure £@as determined to be in the range
43<S"<51at-448°C,36<SY <43at-348C,and 30 < S’ < 3.6 at-23°CforY, = 1.
At these temperatures, canonical ensemble MD simulatien€®, nucleation were conducted
using the YM method with C®mole fractions of 13, 1/2, and 1 at supersaturations below the
spinodal values”, but still high enough to obtain statistically reliable glet formation rates in a
nanoscopic volume on the timescale of a few nanoseconds.

YM droplet formation rate$ from the present work as well as a previous study (Horsch et al
2008a) are shown in Fig. 2 fof, = 1, i.e. pure CQ. The dependence dfon the threshold size
M reproduces the typical picture: for low threshold sizesljably smaller thaw*) the droplet
formation rate can be elevated by several orders of magnitadd it converges foM > N*
under the condition that the depletion of the vapour can lggeoted (Yasuoka and Matsumoto,
1998). For very large values &l — not shown in Fig. 2 — the droplet formation rate decreases
again, because the presence of many large droplets imipéiea substantial amount of the vapour
monomers have already been consumed by the emerging liagep

The pressureftect in the pure fluid, expressed yc/ jpe, was found to be most significant
at high temperatures, partly because this coincides witwand density of the liquid, but also
becausefu is smaller so that the relative deviation betwefn and Ay is increased. The most
striking observation is that while both variants of CNT potdhe value ofj in the spinodal limit
to increase with temperature — mainly becatiseccurs in the denominator of the exponential in
the Arrhenius term of Eq. (9) — the simulation results do ndtilgit any significant temperature

(27)

T [°C] x(CO,) | ps[MPa] y/x(N2) y/X(Oz) y/x(Ar) o’ [mol/l] p” [mol/l] h’ —h [kJ/mol]

—903 0969 |253(8) 40(2) 256(9) 247(9) 2924(1) 1854(2) 17092(9)
0941 [39(1) 215(8) 139(5) 137(5) 2913(1) 3031(5) 1627(1)
0910 |6.0(2) 137(4) 91(3) 90(3) 2901(2) 529(2) 1512(1)

—403 0941 |4.38(5) 140(2) 108(1) 103(1) 2494(3) 2663(5) 1330(1)
0910 |530(4) 97(1) 772(8) 734(8) 2447(2) 3247(7) 1264(1)

9.7 0969 |597(4) 56(1) 488(8) 472(7) 193(2) 390(1)  855(5)
0941 |6.98(3) 431(5) 382(5) 367(4) 1855(9) 463(2)  779(4)

Table 2: VLE data for the quaternary systemCON, + O, + Ar, including the temperatur€, the saturated vapor
pressureps, the saturated bulk densities of the liquid and the vaposghae.o” andp”, respectively, as well as
the vaporization enthalply” — h’. The saturated bulk liquid composition was specified to héraqglar in nitrogen,
oxygen, and argon, i.e&(N3) = x(02) = x(Ar) = [1 — x(CO,)] / 3, and the dew line mole fractioydndicated in the
table are reduced by the bubble line mole fractions of theaets/e components. Values in parentheses indicate the
uncertainty in terms of the last given digit.



1028 | -4.2 °AC -34.8°C -448°C

()

1027 4

1025 E

rate in units of cm™
()
P

/
|
|
I

|
|

1024 <

1 2 3 4
supersaturation with respect to density

Figure 2: (Colour on the web and in print.) Pure Oticleation ratg according to the PE (—) and SC (- -) variants
of CNT in comparison td /V for threshold sizes oM = (A) 50, (¢) 75, and 250 €) molecules from canonical
ensemble MD simulation over supersaturat®e p/p”(T) at temperatures of = —44.8, -34.8,-23, and-4.2 °C.
The simulation results fof = —4.2 °C are taken from previous work and were obtained usingfarént cluster
criterion (Horsch et al., 2008a).

dependence for the attainable valuejofin the spinodal limit, the nucleation rate appears to be
aboutj(T,S") ~ 10?” cm3s! over the whole temperature range.

This deviation between CNT and the simulation results mayugeto a qualitative discrepancy
concerning the magnitude of the free energy bawki@ in the spinodal limit. The spontaneous
collapse of unstable states implies that the free energyebaonverges to zero in the spinodal
limit, which does not necessarily mean that the criticalptleb size converges to zero as well
(Wedekind et al., 2009). However, thifect is not reproduced by CNT where a non-zero value
of AG* is obtained for arbitrary magnitudes of the supersatumatiocludingSY. SinceAG*
is divided by the temperature due to the Arrhenius appro#uh, éfect is bound to be more
significant at lower temperatures.

Table 3 indicates the results for the carrier gisa on CQ nucleation ail = —44.8 °C. As
usual,l decreases when larger values of the thresholdMizee regarded, but it can also be seen
that this éfect is clearly stronger when more air is present in the systéns leads to values for
the overall carrier gastkectG on the droplet formation rate

18 Y. M)
G= 1(S,Y, =1, M)’

(28)

that are greater than unity for relatively small valuesvif but converge to values significantly
below unity asM is increased. This result can be understood if the carrigriect onN* ac-
cording to Egs. (3) and (6) is considered: with a higher tptassure/u, decreases whichiects
the critical droplet size to the third power, leading to siigantly larger values oV, cf. Tab. 3.
Thus, for relatively small threshold sizes, the long-tenawgh probability is significantly smaller,
cf. Eq. (7), which in turn increases the droplet formatiae i@ccording to Eq. (23). Hence, the ap-

parently contradictory values ¢f are actually consistent and correspond to a negative depead
10



S Y MJ|I/V[em3s?t G [Ny W jpe[cm™3s] j/Qpe[cm3s]
342 1/3 50| 27x10" 36 |61 85x10° 52x10% 3.0x 10%%
75| 52x10°® 0.79 6.1x 1073
85| 38x10® 063 5.4x10%
1/2 50/ 11x10” 15 | 44 017 98 x 10 1.4 x 10%°
75| 31x10°® 0.47 9.8x 10?4
85| 24x10°® 039 9.8 x 10%*
1 50| 7.3x10°% 1 33 1 50 x 10%° 52x 107
75| 65x10% 1 5.0x 10%°
85| 6.1x10% 1 5.0x 10%°
372 13 50/ 14x10®® 87 | 61 58x10° 59x10%° 3.4 x10%
85| 50x10*" 29 6.1x 10%
150 7.0x10*® 0.63 59x 1073
1/2 50 23x10°7 14 | 43 Q15 13x 10%° 1.8 x 107°
85| 1.2x10" 0.71 1.3x 107
150 4.4x10® 0.38 1.3x 10
1 50, 16x10* 1 32 1 79x 107 8.1x10%
85 1.7x10*" 1 7.9x 107
150 1.1x107 1 7.9x 107
402 1/3 85 77x10¢" 25 |61 38x10° 54x1073 56x 1073
150 34x10°" 16 54x10%
300, 6.3x10°® 047 54x 1073
1/2 85| 24x10” 0.77| 42 013 17 x 10 1.7 x 10%°
150/ 1.1x10*" 0.49 1.7 x 10°
300, 6.1x10°® 0.46 1.7 x 10°
1 85| 32x10¢" 1 31 1 11x 1076 1.1 x 10%°
150 21x10* 1 1.1 x 10°°
300/ 13x10* 1 1.1 x 10%°

Table 3: Droplet formation raté/V (reduced by the system volume) and carrier gésceG from YM canonical
ensemble MD simulation as well as the critical droplet $izg (in molecules), the normalized Wedekind et al. (2008)
pressure gectW, the nucleation ratgg and the droplet formation raigQpg (reduced by the volume) according to
the PE variant of CNT, in dependence of the supersatur&iamd the mole fraction of CQOn the vapoury, as well

as the YM threshold siz® (in molecules) at a temperaturebf= —44.8 °C.

of the nucleation rate on the carrier gas density.

While this qualitatively confirms CNT with the pressurffeet, which leads toW factors
on the order of A for Y, = 1/2 and 001 forY, = 1/3, the actual decrease bfapproaches
the range (B to 04 in the limit of large threshold sizes for both valuesYgf This impression
consolidates itself if the results far= —34.8 and-23°C are also regarded, cf. Fig. 3 and Tab. 4.
The normalized Wedekind et al. (2008) pressufeatW, corresponding to the deviation between
jre(Yo) and jpe(Y, = 1), decreases even faster with — 0 at high temperatures. Qualitatively,
this is confirmed by simulation results, e.g. no nucleatioallavas detected at these temperatures
for Y, = 1/3, which impliesj < 10?° cm3s1. However, from the available results fg = 1/2 it
is evident that the pressuréect is overestimated by CNT, in particularlat —23°C.
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T[Cl S Y MI[I/V[em3s?t] G [Ny W jpe[cm™3s] j/Qpe[cm3s
-348 280 1/2 50/ 15x10* 27 | 66 Q03 29 x 107 2.6 x 107°
85| 1.6x10% 0.76 3.3x10%
1 50| 5.6x 10 1 41 1 76 x 10%° 99x 10?°
85| 2.1x10% 1 7.6x 10%°
3.08 1y2 50| 55x10¥ 95 | 65 002 39x 1074 3.1x10%
150/ 3.1x10%® 10 39x 107
1 50, 6.3x10% 1 39 1 13 x 10°8 1.6 x 1076
150/ 2.9x 10 1 1.3 x 10%°
3.36 1/3 n/a <10® <0.01/127 42x10°% 11x10* n/a
1/2 50| 1.1x10%® 16 | 65 002 42 x 1074 8.7x 10%*
300| 3.2x10% 0.22 4.2 x 10?4
1 50| 6.7 x 10?7 1 37 1 18 x 107° 2.1x 106
300| 1.4x 107 1 1.8 x 1076
-230 234 1/2 50/ 11x10%® 85 [140 19x10*% 4.0x107 1.8 x 10?7
100| 1.1x10* 3.3 7.8x 107
1 50| 1.3x10% 1 54 1 14 x 1076 3.9x 10
100| 3.4x10%® 1 1.4 x 10°°
253 1/2 85| 7.4x10¥ 34 (143 10x10*% 3.0x10%? 39x 107
200| 7.4x10% 0.96 3.1x10%
1 85| 2.2x10% 1 52 1 19 x 1076 1.9 x 10°°
200| 7.7 x 10 1 1.9 x 10°°
272 1/3 n/a <10® <0.01/879 43x10%® 23x1C n/a
1/2 75| 1.3x10%® 26 [150 42x10° 1.7x10%? 1.8x 10%°
250/ 1.6x 107 11 1.7 x 10%?
1 75| 4.8x 107 1 5 1 25 x 10%° 2.6x 10
250 1.4x 107 1 2.5x 1076

Table 4: Droplet formation raté/V (reduced by the system volume) and carrier gésceG from YM canonical
ensemble MD simulation as well as the critical droplet $ig (in molecules), the normalized Wedekind et al. (2008)
pressure gectW, the nucleation rat¢g and the droplet formation raigQpg (reduced by the volume) according to
the PE variant of CNT, in dependence of temperalyreupersaturatio and the mole fraction of C£in the vapour

Y, as well as the YM threshold si2d (in molecules).

5. Conclusion

Vapour-liquid coexistence in equilibrium and non-equiliton was studied by molecular simu-
lation for systems consisting of GON,, O,, and Ar. For the nucleation of pure GOt was found
that the simplified classical variant of CNT and the varid@NT which takes the pressuréect
into account both underestimate the nucleation rate. Téwgatlon can reach a factor 20 for the
simplified variant and varies between one and three ordensagiitude if the pressurdtect is
considered.

It should be noted that this result for pure £Qucleation is both qualitatively and quantita-
tively similar to the deviation of CNT for homogeneous natien of the truncated-shifted LJ fluid
(Horsch et al., 2008b). In that case, it was shown that theatex can be corrected by a thermo-
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Figure 3: (Colour on the web and in print.) Nucleation rte according to CNT with the pressur&ect in com-
parison tol /V for threshold sizes o1 =50 (A - - - A), 100 (O — —[J), and 150 @ — W) molecules from canonical
ensemble MD simulation in dependenceYgf — 1, i.e. the ratio between air and @@olecules in the system, far
=—-448°C withS = 3.42 andT = -34.8°C with S = 2.8 as well asl = —23°C with S = 2.34. Note that in the latter
two cases, no nucleation was detected during the MD sinoulatin forY;' — 1 =1 and 2, implying that/V < 10%
cm3s7L,

dynamically consistent approach that takes both the aumwatependence of and the increased
surface area due to fluctuations of the droplet geometryaatount. Future work could elaborate
on that and validate whether a theory based on these coasales, e.g. as expressed by Egs. (18)
and (19), applies for Ceas well.

The dfect of air as a carrier gas on G@ucleation as determined from MD simulation quali-
tatively confirms the theory outlined by Wedekind et al. @PQAIthough significant quantitative
deviations were found, these are partly due to the fact thideshigh densities corresponding to
the present simulations, air cannot be reliably descrilygtidideal gas equation. The non-ideality
leads to a lower total pressure and thereby reduces the tudgmf the pressurdtect to a certain
extent.
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