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Semiphenomenological effective-medium theory of multicomponent nucleation

V. I. Kalikmanov and M. E. H. van Dongen
Physics Department, Eindhoven University of Technology, W&S, P.O. Box 513, 5600 MB, Eindhoven, The Netherlands
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We propose an effective-medium approach for homogeneous vapor-liquid nucleation of multicomponent
mixtures in the regime of retrograde condensation. Transformation to an effective unary system is accompanied
by renormalization of the surface tension. We formulate a generalized Fisher droplet [Wode!l Fisher,
Physics3, 255 (1967] for the cluster distribution in the effective system. A closed-form expression for the
nucleation rate is obtained within the framework of the kinetic approach to nucleation. The theory contains no
adjustable parameters. Two- and four-component mixtures of hydrocarbons are studied and theoretical predic-
tions are compared with available experimental dg$d.063-651X97)14602-3

PACS numbe(s): 64.60.Qb, 82.60.Nh, 05.70.Fh

I. INTRODUCTION surface compositiorn the vicinity of the saddle point are
necessary for calculation of the free energy surface. How-
Theory of multicomponent homogeneous nucleation wagver, this incompleteness affects only the prefadgowhich
proposed by Hirschfelder in 1974] as an extension of the has a minor influence on the nucleation rate as the latter is
classical binary nucleation theory of Re[sd. The latter is  dominated by the exponettG*. Thus, the crucial point of
in its turn a generalization of the Becker-fig-Zeldovich  any nucleation theory is the choice of a model for the energy
phenomenological theory of one-component nucled@#l.  barrier of cluster formation. This choice manifests itself in
According to [1] the Gibbs free formation energy determination of the size and composition of the critical
AG(nq, ...,ny) of aliquid droplet, containingn,, ... Ny nucleus.
molecules of components 1. . N, respectively, in a super- Recent experiments by Looijmare al. [8,9] on nucle-
saturated vapor mixture forms a saddle-shaped surface in thgion of binary mixtures of hydrocarbons exhibiting a retro-
N-dimensional space such thaG* represents the height at grade condensation behavior showed, in agreement with ear-
the saddle. The steady-state nucleation rate is given by  lier studies[10—-13, that the classical binary model fails
because it inaccurately predicts the composition of the criti-
J=Joexp(—AG*/kgT), (1) cal nucleus and does not take into account curvature effects.
Similar remarks can be referred to the multicomponent
whereT is the temperature arkl the Boltzmann constant. model of[1]. Unfortunately, there is a lack of experimental
In Hirschfelder’s approach the kinetics of nucleati@on-  data on multicomponent nucleation in spite of its signifi-
tained in the preexponential factdg) is based on the as- cance from the fundamental and application point of view.
sumption, inherited from Reiss’ theory, that droplet growthOne of the important application aspects of the problem is
across the saddle point goes in the direction of steepest déie formation of a mist of droplets during expansion of natu-
scent on theAG surface; in other words the form of ral gas(which is a mixture of more than 40 components,
AG(nq, ...,ny) alone determines the direction of growth. predominantly hydrocarbohsCondensation of natural gas in
In 1976 Stauffef5] proposed a different expression for the a Wilson expansion cloud chamber has been studied recently
prefactorJ, in the binary nucleation model. His main result by Muitjenset al.[14], who determined the onset of conden-
states that the growth kinetics is determined from a combisation by means of a light scattering technique.
nation of energetic and kinetic factors and not only by the As far as the theoretical description of the multicompo-
steepest descent direction on the energy surface. More reent problem is concerned, it seems to be practically hope-
cently, Trinkaus[6] generalized Stauffer's result for multi- less to solve it straightforwardly in view of its large dimen-
component systems. sionality (e.g., natural ggs Therefore, an effective-medium
A peculiar thing about mixtures is the existence of surfaceapproach is a plausible and appropriate approximation. Be-
enrichment[7], meaning that the composition inside the sides dimensionality, one has to bear in mind that a purely
droplet can be different from that near its surfddeie to  phenomenological model by its nature has obvious draw-
adsorptiop—an effect not present in a single-componentbacks which show up already in a single-component case. A
case. Wilemski[7] proposed “a revised classical binary semiphenomenological approacpresenting a combination
nucleation theory,” in which surface enrichment is takenof statistical mechanical treatment of clusters and empirical
into account under the capillarity approximation by distin- data seems to be most promising, especially as far as a quan-
guishing between bulk and surface molecules of each speci¢isative description of nucleation in complex substances is
and applying the Gibbs-Duhem equation for the bulk and theoncerned. For a single-component nucleation this has been
Gibbs adsorption equation for the surface. Obviously,demonstrated by various authdi—17.
Willemski’'s considerations hold for general multicomponent Recently we have formulated an effective-medium ap-
systems. It is worth noting that the thermodynamical part ofproach to binary nucleation at conditions of retrograde con-
the theory remains incomplete: extra relationships specifyinglensatior{18,19. In the present paper we extend it to mul-
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ticomponent nucleation at conditions of retrograde
condensation. The main objective of this approach is to pro-
pose a theory resulting in quantitative predictions of nucle- p
ation rate which could be directly compared with experi-

ment. To achieve this goal we replace the problem of
nucleation in the original multicomponent system by nucle- vapor + liquid
ation in an effective unary system. In view of the exponential
dependence of the nucleation rate8*, an effective one-
component system to be defined should possess the same T —

energy barrier as the original one. Once an effective system

is formulated it can be treated within the framework of the FIG. 1. Schematic representation of nucleation in a multicom-

(Po:Tory)

coexistence

region

®.Ty) vapor

semiphenomenological kinetic approddtY]. ponent mixture in the regime of retrograde condensation:
An effective one-component model is introduced in Sec(py.To.Y), initial gaseous statep(T,y), nucleation point situated
II; its thermodynamics is discussed in Sec. lll. Section [Vinside the coexistence region. Coexistence envelope corresponds to

contains the resulting expressions for the steady-state nuclé+=0.

ation rate and critical cluster size. The proposed theory is

applied to binary mixtures methane—nonane and methane2N+1 unknowns and the same number of independent
octane and a 4-component mixture methane—nonaneequations. They can be solved with the help of an appropri-
decane—undecane at conditions corresponding to retrogradée equation of state for a mixtufeee, e.g.[21]). Our as-
condensatior(Sec. VJ. Conclusions are formulated in Sec. sumption that the nucleation poir,(T,y) describes the ret-

VL. rograde condensation means that there exists a unique
nontrivial solution of Egs(2) and(3). At the p-T plane(see
Il. FORMULATION OF AN EEFECTIVE Fig. 1) the boundary of the coexistence regi@n"coexist-
ONE-COMPONENT MODEL ence envelope)' can be thought of as a set of equilibrium

) ] ) o pressure-temperature points correspondindi & 0. Inside
We consider a nonideal mixture of totally miscible com- the coexistence region equilibriupT lines correspond to
ponents 1... N at an initially gaseous state characterized(can be parametrized by ;>0. Outside the coexistence en-
by the total initial pressur,, initial temperatureTo, and  yelope there is no two-phase equilibrium.
mole compositiony=(yy, ... yn); SiLiyi=1. After fast A degree of metastability of componeintan be charac-
expansion the system is brought to a nonequilibrium state—terized by a “metastability parameter”
characterized by the total pressyuretemperaturd’, and(the
same compositiony, where nucleation starts. _ _
We focus on the regime of retrograde condensation: the Sﬁ:yc')_p: y_('), i=1,... N (4
nucleation point p,T,y) is situatedinside the vapor-liquid iP Y
coexistence regioof the phase diagram. Two-phase equilib-
rium of theN-component mixture is characterized by equal-which is an experimentally controllable quantity. It has a
ity of pressure, temperature, and each of the chemical potertirect analogy in a single-component nucleation where it re-
tials w; [20]: duces to a familiar definition of a supersaturation. Note that
| o the language of the vapor-phase activities
P (T,vo,X)=p, al=Y;p/Psaj(T), Wherepg,;(T) is a saturation vapor pres-
sure of a pure componentat the temperaturd, cannot
P*(T,v5,Y°) =p, (2)  always be appropriate: for some of the components the criti-
| | _ cal temperature can be lower th@nand thereforgg,;(T)
pi(Toe X0 =ul(Tvg,y%), i=1,...N. does not existsee Sec. Y.
A peculiarity of the multicomponent nucleation problem
refer to the liquid and vapor s a dependence of the energy bareB* on thea priori

<

Subscripts ‘1”7 and “v

phase, respectively; x°=(x?,...x%) and y°=  unknown bulk compositon of the critical nucleus
(v}, ... yR) are the equilibrium liquid and vapor composi- x* =n*/SN. n* (the upper star refers to the critical
tion, respectivelyp, is the molecular volume. In view of the nucleu$ which should be determined from a certain thermo-

normalization=]; x’==N ; y°=1, the conditiong2) rep-  dynamic model.

resent a system of N+2 equations containing Our aim is to formulate an effective one-component sys-

2+2(N—1)=2N unknowns:  vy,05;x9, ... x%_,;  tem with the same nucleation behavior as for the original

y‘l), . ,ya_ll The system of equations can be completed byN-component system. It implies that an effective system

conservation laws for particles of each species resulting in should have the same energy barrier. Though the classical
model forx{* is not quite satisfactory, one can usasta first

X°L+y0(1—Lg) =y, (3 guessfor defining the parameters of the effective system.

The equations for the critical cluster repd

whereL ; (an extra unknown variablelenotes the liquid mo-

lar fraction (i.e., ratio of the number of moles in the liquid

phase to the total number of moles in the systeBondition

(3) results inN—1 independent equations. Thus, we have

Apk+ r*' =0, i=1,...N, (5)
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where A uf = ,u!* - ,u}’* is the difference between chemical pi (p— pcoeX)v:*
. e . . ok

potentials of componeritin the liquid and vapor phases at S :_p_coexex kT (10

the same total vapor pressysetemperaturdl’, and compo- ! B

surface tension, and' a molecular volume of the compo- S* are larger than unity; thus one can say tBatdescribes
nenti in the liquid phase. The value of the free energy bar-a supersaturation of componérin the critical cluster. From

rier is then given by Egs.(8) and(10) we obtain
*_477 * k2 N *
AG*=—=y"r Ap*=—kgTIn ]:[1 (S)% | (11)
(cilusters are assumed to be spheyjiddultiplying Eq.(5) by comparison of Eq(11) with its single-component analog
X; and summing up over ail we obtain Au=—kgTINS whereS is a supersaturation of a single-
Py component vapor, shows that in the same approximation the
pro_ YU quantity

Mz

*A,L,Ll N *
= St =i1:[l (S*)% (12

wherev* =3N | x; v: is a mean bulk molecular volume in

the liquid phase Thus, the energy barrier reads plays the role of a supersaturation in the effective unary sys-

tem. An important feature of our effective-medium approach
161 V¥ %2 is the self-consistency with respect &: the definition of
AG*:T N 5. (6)  S* contains the critical cluster composition in the original
(2 x* A multicomponent system, which itself is a function of the su-
= ! persaturation. This is an essential difference with the pure
single-component case in which supersaturation is an inde-
The classicalsingle-componentiucleation theory gives pendent parameter.

for the energy barrier the following resyl2]: We suppose that the difference between the actual total
pressurep and p®®{x*,T) is small, which means that*
AG*—AG 1677 y® v’ 7 does not differ much from the equilibrium composition
3 (A )2' () x%(p,T,y). Then one can develop a perturbation mddehe

liquid composition differencé x* = (x* —x°). In its frame-
wheren, is the number of particles in the critical cluster, work S* can be related to a metastability parameter as
the surface tensiory' the molecular volume in the liquid
phase, and u the chemical potential difference. An obvious S =Si[1+e&(Ax*)],
similarity between Eq96) and(7) suggests that an effective . .
system should have parameters satisfying in the first approxi¥here the unknown functior; — 0 asAx*— 0. These

mation the following conditionsy= y* ,v'=v*, considerations applied to E(l2) yield
N S =S(1+W*), (13)
Apu=Au*=2, xXFAul’. 8 o
poos izl oM ® where the reference contribution
For anN-component liquid droplet with radius® and com- N (
position x* in equilibrium with a surrounding :iﬂl Sy (14)
N-component vapor we can write, using incompressibility of
the liquid phas¢23], has the same structure & but the unknown critical com-
ok kT position is replaced by the known equilibrium compoaosition.
Y _ B* In ( Pi ) —(p—p®®, i=1,...N, (9 The function¥* is treated as an unknown small perturbation
r : i accounting for composition, surface enrichment, and curva-

ture effects incorporated inS*. It should vanish as
wherep®®{(x*,T) is the pressure corresponding to coexist-Ax* — 0 which corresponds to the large values of the criti-
ence between bulk vapor and bulk liquidlane interfack  cal radius. It is reasonable, therefore, to assume a power law

with compositionx*; p,; is the partial pressure of compo- form:
coex

nenti, p;”  the same quantity referring to a plane interface. b1
Comparison of this expression with E@5) shows that *x_ (0 i
* . . P* =ag”| , (15
Ap can be written in the form r
Aul=—-kgTInS*  (i=1,...N), where ag") and h(h>—1) are unknown parameters to be

determined. Substituting Eq13) into the energy barrier
where the quantitys’ is defined as given by Eq.(6) and linearizing in¥* we obtain
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* %173, %2
a8 AW T 16) oD(pT)=— = BT 40 (24)
3 (—kgTINS)2 ' 3 Yovo
where On the right-hand side of Ed23) we have skipped the
term proportional to (1#)"** keeping the first two terms in
2 1 powers of (*). For large values of* both correction
Pi=- 3 E‘I’*- (17)  terms should vanish, therefoheshould be positive. Among

the three unknown parameters”), o(", and h, which

Analyzing Eq.(16) one can conclude that nucleation in the "@ve to be determined from a thermodynamic model, the
original multicomponent system is similar to nucleation in exponenth plays an exceptional role. H is not a constant
the effective one-component system having a supersaturatidtt @ variable, ranging from zero to infinity, then the value

S and characterized by threnormalized surface tension h=1 leads to a singularity. Indeed,_l_n th(lls) case, 6(113) it follows
from Eq. (23), the unknown quantities:),’ and ag™’ lose

Yi=y*(1+¥7). (18) their individual meaning—what matters is only their sum
oD+ oM. This situation results in a singularity in thermo-

This consideration gives us a possibility of operating withdynamic properties in the vicinity of the solution with
the effective system since its supersaturation is now fixed byi=1 (for binary system it was discussed [ib9]). This sin-
the input conditions i§,T,y); composition, surface enrich- gularity, however, does not reflect a physical reality and
ment, and curvature effects incorporatedSh are “trans-  since one canna priori excludeh=1 from the accessible
formed” to the renormalized surface tension. From Ed$.  domain it is reasonable to assigna fixed value. In a pure
and(14) it follows that the effective pressurp, of the one-  single-component system it is inappropriate to continue the
component system can be written as expansion of surface tension in powers of curvature: the

NG (1/r*2) correction results in a constant contribution to sur-
X

Iy

i=1

P, (19) face energy(since the surface area is proportionalrte?)
and thus this correction can play no role in the restoring
force acting against distortions of the surfd@6]. That is
while the effective saturation pressure reads why in the bare surface tension/* we have kept only the
N term linear in curvature. However, for theenormalized
H (y_o)x?} p. (20) quantityy7 it is plausible to continue the expansion up to the
Bl second order, thus settitg=2. In view of the previous dis-
cussion this assumption results in a renormalization of the
The ratio of these two quantities yields a common definitionenergy barrier and therefore eventually influences the nucle-
of the_ supersaturation of a one-component vaporation rate. We will suppose that the form of E3) holds
p/ psa= S. The effective molecular volume can be approxi- for all nucleus sizegnot only for the critical ong Then the
mated by the equilibrium liquid-phase molecular volume ofsurface tension of an cluster of the effective systefine., a

p=

Psa™

the original systemy* *Ulo- cluster containingy “virtual monomers”) with radius
The bare surface tension of the critical clustgf, can be N
itten i . ’ rp=rin'? (25)
written in a curvature-dependent form similar to Tolman’s n=h1

result for a spherical interfad@5]: can be written as

V¥ =y, , (21) y1(n)=yo[1+ a,n™ "3+ an27], (26)

1
(€5 N
1+a, =

_ _ _ wherea,=a'M/ry, ri=[(3/4m)v}]*° and
where the leading termyg, is the surface tension of the ay=ay Ity 1=[(3l4m)vo]

infinite plane interface for the vapor-liquid equilibrium of the as=aM/r?. (27)
original multicomponent system. An unknown function

a(yl) represents a “Tolman length.” The classical single- Unknown parametera., andas can be found from thermo-
component nucleation theof22] establishes the following dynamic considerations presented in Sec.f;=7y1(n.),
relationship between the supersaturation and the radius of thRe critical cluster sizen. is given by the solution of the
critical cluster: one-component nucleation proble(8ec. IV). We can esti-

mate now the value of the perturbation paramdtérin Eq.

1 keT (13). From Eqgs.(24) and(27)

=B 22)

INS  2vovg Yov!

0)_ _ o0 o> __, .3
From Egs.(15), (17), (18), and(22) v} reads “s 3 kT Fias=—forias,
1 1\" where
Yy =170 1+ a(yl)r—*-l-a(sl) = | (23
s
By= Y01 28)

where kgT
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is a dimensionless macroscopic surface tensiqmm-rrf *
Then Eq.(15) with h=2 results in Psat= nZl NPn,sat- (34)
Pr = — 00a5_ (29) Equations(33) and(34) are quite general and do not depend
Ne on a specific form of the configuration integral, or, equiva-
lently, a form of(),, .. We will specify O, i, by formulat-
IIl. THERMODYNAMICS OF THE EFFECTIVE SYSTEM |ng ageneralized Fisher droplet mOdGNhICh is an exten-

sion of the classical Fisher modé8] to a multicomponent
In this section we formulate a thermodynamic model formixture:

the effective system. The latter represents a real gas of indis- o . -
tinguishable particles, namely, virtual monomers. As is com- ,BQnysat:,Byl(n)slner 7Inn—1In(qgV). (35
monly done in nucleation models, we assume that the real _ ) ) )
gas can be viewed as a collection of noninteracting spherical The first term on the right-hand side represents a dimen-
clusters which are associating and dissociating; intracluste¥ionless surface energy of a cluster. Terms with the effective
interactions are, of course, important. In particular, we will Fisher parameterg, and 7 arise from various degrees of
be interested in the cluster distribution at the effective satufreedom of a cluster and from configurational effects. As it is
“kinetic expression” for the nucleation rate studied in Sec.i. 7i, anddo; are related to its critical pressupg ;, tem-
V. peratureT, ;, and number density, ; via [29]

Let g, be the configuration integral for the cluster in a _ _
domain of volumeV [27]. The grand partition function of the Pei=0oil(i=1),  Poi=doiKeTcidl(7),  (36)

system can be written in an exponential fof28]: whereZ(x)=S%_, n"* is the Riemann zeta function; sat-

isfies 2<7;<<3 [17]. It is reasonable to suggest that the ef-
fective parameters), and r should be related in a similar
way to the critical properties of the effective system. The
latter can be approximated by tipseudocritical properties
wherez is the fugacity. As a result the pressure equation ofof the mixture[21]. For the pseudocritical temperatufg
state, which we apply at the saturation point, and the compressibility factd, a simple mole fraction av-

E=exg >, q,2"
n=1

PsaV =KgT(INE)sy, reads erage method is satisfactory:
_ 0 N
Psat _ E Qn n T7_ E OT 3
T v 2 (30) =2 XiTeis (37
B n=1 sat =1
(subscript “sat” refers to the effective saturation pginthe _ X o
number density of clusters is Zczzl XiZeis (38
_ %z“ whereZ, ; is the critical compressibility factor of the pure
Pn.sat™ |y at componenti. The pseudocritical pressure is given by the

modified Prausnitz-Gunn combination:
With the help of the standard thermodynamic transforma-

tions it can be rewritten in a Boltzmann form: —_ ZkpTe 39
Pe=wN—""". (39
1 2 Xio/Pc,i
Pn,sat:vei'gﬂn’sata B=1KkgT, (31 i=1

Finally, the pseudocritical number density reads
where the grand potential

- N . 1 -1
Qo= — ke TIN(A /A — Nty (32 pe=| 2 x'—]| . (40)

represents the energy barrier formitluster formation atthe The weights according to the liquid composition are chosen
saturation pointus,.a chemical potential of a monomer, and in order to ensure that components dominating in the liquid
A its de Broglie wavelength. The equation of state is therephase give the major contribution to the nucleation behavior,
fore a sum of ideal gas contributions of various clusters: in particular to the energy barrier. From Eg6) we find that

7 should satisfy the equation

Pt~ L
keT = nzl Pn,sat- (33 {(7)

=2, (41)

The overall vapor number density at saturation is then by
definition andqq is given by
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From Eqs.(31), (35), (26), and(28) we obtain for the cluster
distribution

qo=

(42

Pn.sa= Go€XH — Oo(1+ a,n~ 3+ an~23)n?3—7inn].
(43

For the two unknown parametets, and a5 we have two

equationg33) and(34). The saturation pressure is defined by

Eqg. (20) and the saturation vapor densftgft-hand side of

Eq. (34)] can be expressed by means of the virial expansion

[30],

v Psat

Psaf™ kB_T - (44)

g
whereB is the second virial coefficient of the effective sys-

tem. It is calculated using the standdtteoretically rigor-
ous bilinear mixing rule[31]:

kgT) ’

(49)

B_=2 > xPx'B; ,
T T
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IV. STEADY-STATE NUCLEATION RATE

Kinetics of nucleation in the effective system is supposed
to satisfy the following usual assumptioria) cluster growth
and decay are dominated by monomer additioondensa-
tion) and monomer extractiofevaporation and (b) mass
accommodation coefficients are equal to unity. The kinetic
process rapidly reaches a steady nonequilibrium state char-
acterized by the steady-state nucleation datln the frame-
work of the kinetic approach to one-component nucleation
formulated by Katzt al.[32] (see alsd17]),

[H"(ng) — —
2 Vsnc( S) nanC ,sat:

Heres,=s,n??is the surface area of ancluster,

(48)

p
\ ZWW(BT

is monomer flux to the unit surfadeffective impingement
rate, andm the effective molecular mass. In order to deter-
mine m we note that the molecular masses of the compo-
nentsm;=M; /N, (M, is the molar weight of the component

i and N, the Avogadro number enter the kinetics of the

whereB;;=B; are pure component second virial coefficientsoriginal multicomponent system only via the impingement

at temperaturel and the structure of unlike termB;; is
described in[21]. Not too close to the critical conditions

(i.e., when6d,>1) the series on the right-hand side of Egs.

(33) and (34) rapidly converge due to the exponent in
Pnsat- Truncating both of them at=2 we obtain

rates:

_ Pi

V= ——, i=1,...
I \/ZWmikBT

N.

The effective pressur€l9) can be written as

P1,sat
—=2Zot0p,
9o N 0 N 0 N 0
:iljl pri = ( |1j[1 Vixi ) \/ZWkBT( [I:L mri )
P2 sat - - -
— = _qu
Yo thus yielding

where the dimensionless quantities on the right-hand side are

N N
Zo=Psal (GokeT), a=0oBZ3. The validity of the trun- m=Il me, =11 . 49)
cated virial expansion requires thawg/Zo/<1, which =1 =1
means that the number density of dimers should be much
less than the number density of monomers. Gipeg,and FunctionH(n) in Eq. (48) is defined as
p2sat We find a, and ag from Eq. (43) written for o
n=1 and 2: H(n)=In[vsp(S)" pn,sad- (50)
_ iln( 2ﬂ32,sat) n iln(Pl,sat) The critical cluster size is given by minimization Bif:
b o Oo '\ Qo )| 1. we
v a-1 as H'(ng)=0, '=d/dn.
1 (pread 1 P2 sal Substitution of the cluster distributidd3) into this equation
—ae—ln( E +0—In(27—’ yields
= 0 0 0 ° " +a, a=218
at (47) = 2 2/3 1 13, —— 2
—n.InS+ §Honc +§ Opa NG >+ 7— §=0. (51
Thus, all thermodynamic parameters of the effective system
are defined. The final expression for the nucleation rate reads
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TABLE |. Thermophysical properties of hydrocarbdri]: M

12
(g/mol), molecular weight;T. (K), critical temperaturep, (ban, 10 p(bar) = 40! 30! 20: 10:
critical pressurep (cm3), critical number densityp, Pitzer's ac- (theory) R
centric factor;[ P], parachor. 10" FER A .
i f e
M Te Pc Pc 10" | L A A
Component (g/mol) (K) (bap  (cm 9) o [P] = Poob o des it
n N
methane 16.043 1904 46.0 6XIC** 0.001 53.9 ‘?E 100 °, S iy
octane 114.232 568.8 24.9 120" 0.398 350.6 3 5 EH ivois
Dt 0 3 1 I3
nonane 128.259 594.6 23.13 1.080" 0.445 387.6 el o® 8i 81,
decane 142.286 617.7 21.2 10007 0.489 429.7 S
undecane  156.313 638.8 19.7 0QQI0*' 0.535 471.0 1o i ie
=240K | '
9/ 2 108 HIN TR S
_(1+ 1/3)+_ T3 n;2/3 2 10 20 100
o nonane
PS: .
X\/mqo (S FIG. 2. Nucleation in the mixture nonane—methan&a40 K
B as a function of a metastability parameter of non&gnane

Dashed lines, new theory; closed circles, experini@htLabels are
the total nucleation pressures in béherizontal labels refer to the
(52 lines, inclined labels refer to experimental data

xexd — 0y(1+ a.n. P+ an-Z3n?*—7Inn,].
0 yic s'lc c c

Concluding formulation of the theory, we note that it is valid 0

provided thatp afp1sa<1 and |¥*|<1. These validity Y= z [p]( e
conditions can be written as

(56)

O

where[ P;] is a parachor of component

el =| 5 ?l_sat <1 and |\y*|:’ foas) 1. (53) Calculation steps are summarized as follogafrom the
c input conditions p,T,y) and the equation of staté4) equi-
librium calculations (2) and (3) are performed yielding
V. RESULTS: NUCLEATION IN MIXTURES x°, ¥°, vy, andv; (b) with the help of the parachor
OF HYDROCARBONS method(56) the equilibrium value of the macroscopic sur-

face tensiony, is found; (c) effective parameters—pressure
We apply the proposed theory to hydrocarbons: blnary— saturation pressurps,, supersaturatios, second virial
mixtures, nonane—methane and octane—methane, and fi (B, lecul Fish i d
4-component mixture, methane—nonane—decane— undeca&ge |C|er:j mo e%ufar m‘?mlg IS zec; pa;zme@rs jg
Individual thermophysical properties of the components ar 41 ared germme rorln dqs{ ), (20), (14), é ), E‘ h)
listed in Table I. Equilibrium state of a mixtuf&gs.(2) and ), and(42), respectively(d) parametersr, andas of the
(3)] is calculated on the basis of the Redlich-Kwong-Soav enormalized m|.croscop|c. ;urface ten§|on are fom_md from
equation of staté21]; gs.(46) gnd(47), (e) thg crltlcallcluster size. is a(unique
real solution of the cubic equatidbl); (f) from Eq.(52) the
steady-state nucleation raleis calculated; the validity con-
(54)  ditions (53) are checked.

pkeT  amp®

N 1-bpp 1+bpp’

A. Binary mixtures

The equilibrium state of a binary mixture is determined
by fixing two degrees of freedorp, andT. Equationg2) and
(3) are thus separatecki(p,T), y(p,T), v'o(p,T), and
vo(p,T) are found from Eq(2) whereas the liquid fraction is

wherep is the number density; expressions for coefficients
a,, andb,, are given in[21], Chap. 4. Second virial coeffi-
cients of the pure componeng(T) are found from the
corresponding state correlation for nonpolar substafgs
Chap. 3:

y1—Yyi(p,T)

ke T, 0.422 0.17 _
Bi=— [o 083- e o 0.139- 2” (55) L(P. Ty x3(p, T)=y3(p.T)"
I

c,i

wheret;=T/T.;, w; is Pitzer's accentric factor. There is a 1. Nonane-methane

lack of experimental data on surface tension of mixtures at We analyze nucleation in the mixture
high pressures. For estimating we use an empirical “para- n-nonane—methane at a temperatire 240 K and total

chor method” (MacLeod-Sugden correlatipf21], Chap. nucleation pressures £p=<40 bars. At high pressures the
12; real gas effects are highly pronounced and both of the com-
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FIG. 3. Behavior of#* for the mixture nonane—methane at
Snonane

T=240 K as a function of a metastability parameter of nonane
Shonane Labels are total pressures in bars.

ponents are present in the condensed phase in consideraBlea function of a metastability parameter of non&ngane Solid
amounts. Nucleation rate vs the metastability parameter dines, classical theory33]; closed circles, experimerig]. Other

nonaneS,onaneiS pPresented in Fig. 2 along with the experi- hotations are the same as in Fig. 2.

mental data of8]. A peculiar feature of these experiments is o ) _ _

that a very small amount of nonang{ane- 1074-1079) data as in Fig. 2. Classical theory essentially underestimates
causes considerable nucleation involving methane into théhe nucleation rate: the discrepancy with experiments varies
critical cluster. Should it be pure, methane would never confrom 3 orders of magnitude @= 10 bars up to 15 orders of

FIG. 4. Nucleation in the mixture nonane—methan&at240 K

dense aff = 240 K since its critical temperature is lower than magnitude at 40 bars.
T (see Table)l In Fig. 2 labels are the corresponding total
2. Octane-methane

nucleation pressures in bars; horizontal labels refer to the
Calculation of the nucleation behavior of the mixture

theoretical lines, inclined labels refer to the sets of experi-
mental points. Theoretical predictions appear to agree welhctane—methane at the same temperafur€40 K and total

with experiment for 16<p=30 bars: the difference between nycleation pressures &p=40 bars is presented in Figs. 5
experiment and theory is approximately 1-2 orders of mag¢new theory and 6 (classical theory Results possess the
nitude. Comparison becomes worse fier 40 bars; however, same features as those of nonane—methane.

for this pressure experimental data possess rather large scat-
tering. Figure 3 shows the behavior of the perturbation pa-
rameter¥*. For all the results presented it remains small

(|¥*|<0.14) thus satisfying the validity conditid63). Cal- On the basis of the proposed theory we have studied
and ag of the  nucleation in a 4-component mixture of hydrocarbons—

culated values of the parametefs, «,,
renormalized surface tension are given in Table Il along withmethane—nonane—decane—undecane—with a composition

B. Four-component mixture

the values of the virial expansion parametgr. The latter

remains small in agreement with condititBB). As the total 10%2 i
pressure increases the macroscopic surface temgiainops p(bar) = 40r 30/ 20 10
as an increasing amount of methane is dissolved in the liquid o1t | theow) v
phase. An interesting feature of these results is thaand . vl
ag have different signs, which means that they lead to mu- ~ 10" } ¢y I
tually competing contributions to the microscopic surface '» & T
tension and therefore to the nucleation barrier. S 10° ¢ 5 Pot 1 e
Figure 4 displays the predictions of classical binary nucle- £ s L5 5 P 8
ation theory[33] along with the same set of experimental > 10°F ¥ '.':o:l.' §’,' e
7 I N i N
TABLE Il. Thermodynamic parameters of the binary mixture 10 :' :' :' '," T=240K
nonane—methane at the temperaflire240 K. 10° : T s
2 3 10 20 30 100
p (ban ) a,, as |€vw| Sociane
10.000 15.108 —0.443 0.132 0.1810°3
20.000 13121  —-0.530 0.224 0.6%10°3 FIG. 5. Nucleation in the mixture octane—methand at240 K
30.000 11.287 —0.641 0.339 0.1810 2 as a function of a metastability parameter of oct&ge,,.. Dashed
40.000 9.600 —0.780 0.483 0.5510 2 lines, new theory; closed circles, experim¢@t. Other notations
are the same as in Fig. 2.




55 SEMIPHENOMENOLOGICAL EFFECTIVE-MEDIUM . .. 1615

10"

p(bar) = 40( 30/ 20 10" I @, J_ee T =265.15K
h —* 115
10" | (theory) o .\
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< - _ o
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10° | o - $
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FIG. 6. Nucleation in the mixture octane—methand& at240 K FIG. 7. Nucleation in the mixture methane—nonane—decane—

as a function of a metastability parameter of oct&gg,,. Solid ~ undecane. Pressure dependence of nucleationJragéfective su-

lines, classical theory; closed circles, experimgdit Other nota-  persaturatiors, and macroscopic surface tensiég at T=265.15
tions are the same as in Fig. 2. K. Also shown is the behavior o¥*.

approximately corresponding to that of natural 4] (see  character: for the heaviest componeqtadecangit rapidly
Table Ill). A peculiar feature of the natural gas is similar to decreases. This statement remains valid for the natural gas

the one we discussed earlier, namely, a very small total mo-, ... LooxX? , I
lar fraction of heavy hydrocarbongnonane, decane, studied in[14]. The quanUtyST has a maximum fallingin

undecane—~4x10"* in Table Il—causes considerable OUr ~cas& on decane. Effective supersaturation

nucleation involving the light componefinethang into the S=Hi“:18?(io~«6.01.

critical cluster. Figure 7 shows the dependence of the nucle- On the basis of these considerations one can make a qua"_
ation rate on the total nucleation pressprat T=265.15 K. tative conclusion that the heaviest components, though char-
As one can see) has a maximum~10° cm ®s™' at  acterized by increasingly high values of metastability param-
p~50 bars. Its presence can be understood fromptfie  eter, play a minor role in the nucleation behavior. This role
diagram of Fig. 1: by increasing pressure we “move” the actually reduces to redistribution of the vapor composition
system along the lin&= const from the lower to the upper y, .. .y, among the components. We hope that the quali-
branch of the coexistence envelope. On both branches of htive and quantitative results obtained in this section will
J=0 and S=1. S(p) has also a maximum which corre- encourage experimental interest in the problem of multicom-
sponds, however, to a different presspig=15 bars. Sepa- ponent nucleation.

ration of these two maxima can be explained by a monoto-

nous decrease of surface tension with pressthe same 35

tendency as in Table)ll It is interesting to note tha®(p) T =265.15 K
and 6y(p) are competing factors far if pressure is beyond 30 '

Ps o5 p = 40 bar

If the number of components is large it is important to
ascertain which of them gives the major contribution to the "5 20
nucleation behavior. Figure 8 shows the values of a metasta- -

bility parameterS;, the equilibrium liquid compositiox?, w 19
0
and the factorSlXi for one particular pressurp=40 bars; _ 10F
components are ordered by their molecular weight. Heavy S—3t
components are characterized by large valuesSof(S §
monotonically increases with). At the same time the equi- 01
librium liquid fraction x? demonstrates a nonmonotonical
methane nonane decane undecane

TABLE IIl. Composition y of the 4-component mixture components

methane—nonane—decane—undecane.

FIG. 8. Model parameters for the mixture methane—nonane—
Number Component y; X 10° decane—undecane &t 265.15 K andp=40 bars.S (left y axis)
and xio (right y axis) are the metastability parameter and the equi-

L methane 999661 librium liquid molar fraction of the componemt Components are

2 n-nonane 42.2600 ) . 0 .

3 n-decane 288.720 ordered by their molecular weight. Also shownSlxs (left y axis).

4 n-undecane 8.02 Lines are drawn for visual convenience. Effective supersaturation

—_ 0
of the mixture isS=T1{_,S" ~6.01.
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VI. CONCLUSIONS methane and octane—methane - and to the 4-component mix-
ture methane—nonane—decane—undecane at conditions corre-

We have proposed an effective one-component model fogponding to the retrograde condensation. Calculated

hqmogengous vapior-llqwd hucleation of mu'?'wmponen%ucleation rates for binary mixtures agree fairly well with the
mixtures in the regime of retrograde condensation. A trans-

formation from the original mulicomponent to an effective recent experimental data, whereas predictions of 'Fhe class_ical
. . o binary nucleation theory are rather poor. Theoretical predic-

unary system is accompanied by renormalization of surfaccﬁons for the 4-component mixture need to be verified in

tension. The latter quantity effectively takes into account]cuture experiments

composition, surface enrichment, and curvature effects. '

Thermodynamics of the effective system is based on the gen-

erali_zed Fis_her drople_t mode_l with the renorm_alized surface ACKNOWLEDGMENTS
tension; this model is applied at the effective saturation
point. The theory results in a closed-form expressi®) for This research was partially supported by the Dutch Foun-

the nucleation rate. It contains no adjustable parameters. dation for Fundamental Research on Matt&iOM) and
The theory was applied to binary mixtures nonane-Dutch Technology Foundatiof8TW).
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