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LENNARD-JONES MIXTURES IN A CYLINDRICAL
PORE. A COMPARISON OF SIMULATION AND
DENSITY FUNCTIONAL THEORY

GRANT S. HEFFELFINGER, ZIMING TAN, KEITH E. GUBBINS,
UMBERTO MARINI BETTOLO MARCONI* and FRANK VAN SWOL**

School of Chemical Engineering, Cornell University, Ithaca, NY 14853 USA

(Received February, 1988; in final form May, 1988)

We report simulation results for binary Lennard-Jones mixtures in narrow cylindrical pores. The par-
ameters are chosen to model an Ar-Kr mixture in a carbon dioxide pore. We focus on capillary condensa-
tion and locate this transition directly via a molecular dynamics simulation of two-phase coexistence. The
chemical potentials in the pore are obtained via the particle insertion method. The latter results are used
in a subsequent grand canonical Monte Carlo simulation in order to determine the bulk pressure, density
and composition. We report density profiles and phase diagrams and compare the results with the local
version of mean field density functional theory predictions for the same model. The simulation results for
a mixture in which we neglect the size difference between Ar and Kr are compared with the non-local
theory.

KEY WORDS: Lennard-Jones mixture, cylindrical pores, molecular dynamics, mean field theory.

INTRODUCTION

Over the last few years significant progress has been made in the understanding of
fluid behaviour in the presence of substrates. In particular, a large amount of effort
has been devoted to fluids in contact with single walls [1]. Both mean field density
functional theory and computer simulation have been applied to the study of wetting
and wetting transitions [e.g. 1-5]. The same two techniques have been used to inves-
tigate capillary condensation, a transition that is often in competition with wetting
and layering transitions. Capillary condensation, the topic of this paper, occurs when
a fluid is confined by a substrate [6-17]. The most common example is the vapour-
liquid transition which, for a sufficiently attractive porous material, takes place at
bulk undersatuarations (7]. This effect is of importance in industrial applications in
such areas as oil recovery and phase separations. The macrosopic Kelvin equation [6],
which is commonly used to locate the transition, is only applicable in the limit of large
pores. For mesoporous materials this equation breaks down, since the fluid in narrow
pores is extremely non-uniform and we cannot expect the notions underlying the
Kelvin equation, such as uniform bulk phases and a sharp interface, to remain valid.
Mean field density functional theory has proved successful in the description of
capillary condensation. In its local form (LDA) it gives a qualitative description of the
phase diagram, which can include wetting and prewetting transitions {7, 8]. The
non-local extension of this theory was introduced by Tarazona [18], and replaces the
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Jocal density by a smcothed density approximation (SDA). The SDA is superior, since
it accounts realistically for the fluid structure which is typical of a fluid at high
pressures in contact with substrate. This feature is missed by the LDA. which
produces near monotonic density profiles. A detailed comparison of phase diagrams
and density profiles for both LDA and SDA with simulation has recently been
performed for a Lennard-Jones (LJ) fluid in a cylindrical pore [16, 17].

Although mean-field density functional theory for pure fluids in pores has received
significant attention [7-11, 13, 16, 17], the theory has only recently been applied to
mixtures in pores [15]. Mixtures in the presence of external fields were also studied by
Evans and Marini Bettolo Marconi {11], and some preliminary simulations of Ar-Kr
mixtures have been reported by Piotrovskaya and Smirnova {19]. Yeh et al. [20] have
recently performed experiments on a mixture of ethanol and water in a porous
sintered stainless steel plate and reported phase diagrams. We are not aware of any
systematic experimental studies of mixtures in well characterized pores with a narrow
pore size distribution similar to the experiments by Awschalom et al. [21]. who
considered pure fluids.

In this paper we report the results of molecular dynamics (MD) simulations for a
LJ-mixture in cylindrical pores. In most of the simulations (Model I) the parameters
are chosen to model an Ar-Kr mixture in a carbon dioxide pore. In particular, we
locate the phase transition for two radii and two different mole fractions. The
chemical potential of the two species is determined via the particle insertion method
[22. 23], and the result is used in a grand canonical Monte Carlo (GCMC) simulation
for a bulk mixture to determine the bulk composition of the ‘reservoir’ that is in
equilibrium with the pore. We compare the results with the LDA for the same model.
In addition, we present MD results for a second model mixture (Model 1), namely
that of equal-sized cores. By ignoring the size difference in the fluid-fluid interactions.
we obtain a mixture that can also be treated in the SDA [24]. This allows us to
investigate the influence of fluid structure. The SDA for the general case of a binary
mixture with different core sizes is currently being developed [25].

This paper is arranged as follows. In section 2 we discuss the simulation methods
and describe the particular model used. In section 3 we give a brief outline of the mean
field theory. Finally, in section 4 we present the simulation and mean field results in
the form of density profiles and phase diagrams and we discuss the comparison
between the two approaches.

2. THE MODEL AND THE SIMULATION METHOD

The model binary mixture that we use in this work is identical to that studied by Tan
et al. [15]. Briefly, the fluid interacts via a cut and shift LJ potential,

PG I (A I
O; ro> or

o = f(2) - (3]

where rj denotes the cutoff distance of the ij-interaction. r{, = 2.5¢,. The interactions
between the fluid and the solid that makes up the porous material are simply represen-
ted by a one-body external field which only depends on the radial distance from the

d)(i(r) =

(1
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axis of the cylinder. This particular form results when the fluid-wall interactions,
which are taken to be a full LJ potential, are integrated over an infinite solid of
uniform density pya7. The details of this integration have been presented previously
[9, 15]. The final result for the external field is

v = mad(P) | B - @) - o

In(x) = J;; d9[ — XCOs$ + (1 — Xzsinzg)”z],n (3)

with

where R denotes the pore radius, i.e. the distance at which the external field diverges.

For the first type of mixture studied, which we refer to as Model I, the LJ
parameters for the two fluid components and the wall are chosen to model a mixture
of Ar(1) and Kr(2) in a pore of solid CO,(3):

g, = 3405 A o,/o, = 1.066 os/o, = 1.1880
g/k = 119.8K e/, = 1.3614 &/e, = 1.6307 4

The Lorentz-Berthelot mixing rules

o; = (0, + 0)2. ¢ = Jag L) = 1,23 )

were used to determine the cross-parameters. The second mixture we consider, which
we call Model I1, differs from mixture [ in only one respect, namely the size ratio of
the fluid molecules. For this mixture we set 6, = a, for the fluid-fluid interactions
only. The wall-fluid collision diameters are the same as those of Model I. Note that
by setting o, = o, both the attractions and repulsions are affected (see equation (1)).
Of course, different schemes might be used to arrive at a reference fluid with spheres
of equal size. For instance, one could just set the equivalent hard-sphere diameters
equal rather than the o-parameters. The equal-sized mixture can be treated in the
SDA approximation, since this problem is a straightforward extension of the pure
fluid [24].

The MD simulation method used in this work is similar to that applied in our earlier
work [12, 16]. We use Verlet’s Leap Frog algorithm in a modified form [26] to satisfy
the constraint of constant temperature (T). The timestep used is At = 0.005(ma7/
g)"*. The NVT cnsemble is extremely useful to investigate phase equilibria since it
allows the direct simulation of two-phase coexistence. We have exploited this
previously for the pure fluid [12, 16}, and the results for the coexistence properties
obtained via MD were shown to be in excellent agreement with those obtained from
the independent route of thermodynamic integration. In this work we have taken the
same approach, and studied the liquid-vapour equilibrium of the binary mixture
through the simulation of the direct coexistence.

We have started from two equilibrated configurations of the two-phase pure fluid
(Argon). These are characterized by R* = R/o, = 2.5 and T* = kT/¢; = 0.6; and
R* = 5 and T* = 0.7. We then changed the identity of a prescribed number of
randomly chosen argon molecules to krypton. The overall mole fractions of argon in
the pore we thus created were 0.5, 0.1 and 0. The latter case corresponds, of course,
to pure krypton. The results for pure argon have already been published elsewhere
[12, 13, 16]. The new configuration, that of a mixture, was then equilibrated until the
effects of the starting configuration were removed, and then averages were accu-
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mulated. Generally averages were accumulated for 300,000 timesteps for R* = 2.5.
and 20,000 timesteps tor R* = 5. The total number of molecules in the system was
356 for R* = 2.5, and 1560 for R* = §.

The pore was divided radially and axially into bins, in order to determine the time
average of the number of particles in each bin, thus allowing the calculation of the full
density profile. p, (r.z) (see [12]). The bins each had a radial width of Ar = 0.05¢, and
an axial length of Az = 0.20,. By randomly inserting test particles of both types (i.e.
Ar and Kr) into the cylinder, and using the potential distribution theorem due to
Widom [22, 23] we obtained the chemical potential profile y(r,2) {12]. This profile can
be averaged axially for the two separate regions, liquid and vapour [12]. At equili-
brium the chemical potential of each species must have the same value in each phase.
The chemical potentials {together with the temperature) fully characterize the bulk gas
properties of the reservoir with which the pore is imagined to be in equilibrium. The
bulk properties can then, in principle, be extracted by inverting an equation of state.
Here we have instead used the two chemical potentials as input for a GCMC
simulation, and directly simulated the bulk (gas) phase and thus obtained the bulk
pressure p* = pa, /¢, . the bulk densities p,a} and p.a7, and the bulk mole fractions.

3. MEAN FIELD DENSITY FUNCTIONAL THEORY

Consider a fluid-mixture at a fixed temperature T, and fixed chemical potentials y, and
{2, in a cylinder of radius R. The thermodynamic potential of interest is then the
grand potential. The grand potential functional that we use is given by [27, 15],

Qlp . p)l = Fllpy p)) + 3 [dr(Vie) — pp,(r) (6)

where (p;, p:) denotes the two density profiles of species 1 and 2 and F[(p,. 0201 18
the Helmholtz free energy functional, which is commonly divided in two parts. The
first part is due to the repulsions and the second part is due to the fluid-fluid
attractions. By splitting up the fluid pair potentials in a WCA fashion and replacing
the repulsive term by the equivalent term of a uniform hard sphere reference system
at the local densitics p, and p,. we oblain the LDA,

Fopllpr pa)l = Jﬂders(l)I(l')- p-(r)) (7)

We follow Tan et al. [15] in our description of the cquivalent (temperaturc dependent)
hard sphere diameters, and further, we use the Percus-Yevick (PY) equation of state
for the hard shpere mixture [28]. In the mean field approximation one ignores the
correlations between the molecules, and hence the attractive term in (7) is written as.

1 o
Faltprop2l = 5 ¥ [ldrdrug(r — rp,(r)p,(r) (8)

where u; represents the attractive part of the pair potential between molecules of
species | and 2. The equilibrium density profile follows from minimizing the grand
potential functional (6) with respect to the profiles. The coupled set of Euler-Lagrange
equations that results from differetiating (6) with respect to p;(r) are solved numeric-
ally. Details of this procedure have been given previously (e.g. [27, 15]).

The LDA described above does not describe the oscillatory nature of the density
profile. This is due to the local approximation (7). Tarazona {18] has extended the
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LDA to a non-local theory by considering a repulsive free energy term that is a
functional of a coarse-grained or smoothed density (SDA). The coarse-grained den-
sity p(r) is obtained by averaging over an appropriately chosen local volume centered
atr. A detailed description of the SDA for pure fluids can be found in references [18,
10, 16]. The generalization of the SDA, which is needed to describe mixtures of
arbitrary size ratio, is currently being developed [25]. Here we will apply the pure fluid
approach to a mixture for which the repulsive free energy contribution is given by that
of a hard sphere mixture with a size-ratio of 1. A more detailed discussion of such a
special mixture will be presented in a separate paper [24]. Briefly, we replace the hard
sphere term in (7) by two terms. The first consists of the ideal gas contribution. The
second term which we denote by AF,4, contains the non-ideal contributions. For
equal sizes we find [24],

AFslpr, p2)] = [dr(py(0) + p2(®)A s (Puoc (F)) ©)

where
Pa® = [drwlir = rl; pa ()0, () + por) (10)

and w denotes a normalized weight function [18, 10]. In the SDA we follow previous
practice [16] and restrict ourselves to a temperature independent hard-sphere dia-
meter, d = o,, and we use the Carnahan-Starling (CS) expression for the excess free
energy per particle, Ay,

Apus(p) = kTn(4 — 3mi(1 — 1) an

Here 7 = zé[)mt 0. Again, the Euler-Lagrange equations that result for the SDA can

be solved iteratively.

4, RESULTS AND DISCUSSION

We have examined two different pore radii, R* = Sat T* = 0.7, and R* = 2.5 at
T* = 0.6. For pure argon we have previously reported the phase diagrams of the
confined fluid [16]. From this we know that both of the aforementioned conditions
correspond to temperatures which are below the capillary critical temperature, which
increases with the pore radius. Since the bulk critical temperature is higher for
krypton (in units of ¢,), we also expect to be below the capillary critical temperature
of the mixtures at the above mentioned temperatures. As described in section 2, we
started our calculations from pure fluid configurations by randomly assigning the
appropriate number of Kr molecules. The subsequent equilibration times can be quite
long, as was previously noted by Lee et al. [27] who simulated free liquid-vapour
interfaces for binary mixtures. Equilibrium is reached by diffusion of both species,
and this is, of course a slow process. In principle one could speed the initial equilibra-
tion up by, for instance, randomly interchanging particles in a Monte Carlo
procedure. We have not undertaken this in the calculations reported here. A quite
difference approach would be to use the newly developed Gibbs Ensemble method for
locating the phase transition [14, 29]. We checked that phase equilibrium was reached
by inspecting the profiles y;(r, z) in both liquid and vapour regions. The profile should
be fluctuating around the same constant value.
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Table 1 Simulation results

Model . R* = Sand T* = 0.7

X,u* pxi X, v )’H‘ # '5:1\\\ e

0 001 x 1077 G 0 0 - —4.4

0.1 0.15 < 10°° 0.1 0.32 0.660 -6.2 6.7

0.5 1.04 x 10 ° 0.47 0.90 0.96 —4.6 —6.8

1.0 200 x 107 1 1 1 -4.1 -

Model 1. R* = 25and T* = 0.6

) 25 % 100° 0 0 0 - -7.3

0.1 1.0 x 1077 0.09 0.67 0.82 -~ 6.6 =15

0.3 4.0 x 1077 0.49 0.87 0.96 ~5.7 —~7.6

1.0 x 1071 1 | 1 501 -
Model 11. R* = Sand T* = 07and v, 0, —= |

0.5 73 x 1077 0.48 0.93 0.93 -4.8 - 6.6
Model IL. R* = 25and T* = 06andg..0, = |

0.5 04 x 107 0.46 0.91 0.97 -57 -7.9

"Overall mole Fraction of argon in the pore (equauon (12))

‘Bulk pressure as obtained lrom GCMC

SMole fraction of argon in liquid (gas) region of the pore (cquation (14))

“Bulk mole traction of argon as obtained from GCMC

B onfigurational chemical potential. i, = - 2KTInA L as oblained vig the particle inseruvn method

As discussed in section 2, by calculating the chemical potential of each fluid species
in the pore, one can obtain the bulk properties of the reservoir in equilibrium with the
pore via a GCMC simulation. The latter uses u, and w, as input. The resulting
pressures, densities and compositions are summarized in Table 1. Here and below we
shall find it convenient to refer to the different pores by their overall composition in
the pore, which is simply defined as,

X, = _ Na (12)
NAr -+ NKr
Here N, and Ny, denote the number of argon and krypton molecules in the pore.
The physically relevant bulk compositions can be found in Table 1.

4.1 Fluid Structure

One method of examining liquid-gas coexistence is by investigating the structure of
the non-uniform fluid-mixture in the pore, which is best illustrated by the full density
profile of the fluid. Using a Silicon Graphics IRIS Workstation, the density profiles
for both components of the mixture can be displayed with high resolution. In figures
I and 2 we show the full density profiles for the two different radii at two different
compositions. For clarity we have reflected the density profile through the z-axis, and
we display the two component profiles side by side. These figures show the structure
of the fluid. In the liquid the profile shows clear bands, which correspond to annuli
with a high local density. The menisci are clearly visible, and we note that Argon is
positively adsorbed onto the hemispherical liquid-vapour interface. In order to com-
pare the structure of the two components in the fluid-pore system the density profiles
must be examined more closely. In figures 3 and 4 we show the axial density profile
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Figare 1 Density profilep,(r, z) for a mixture (Model 1) in a cylindrical pore of radius R/o, = 5 and a
length Ljg, = 50, at a temperature kT/e, = 0.7. For clarity we have reflected the profile through the z-axis.
The composition of the left pair (A and B) is x,, = 0.5 while that of the right pair (C and D) is x,, = 0.1.
For each pair, the left figure (A and C) represents argon and the right figure (B and D) represents krypton.
(See colour plate X.)

for the different radii (R* = 5 and R* = 2.5 respectively) at both compositions.
These profiles were produced by averaging the full density profile (figures 1 and 2)
over the entire radius, according to

0D = mft dmne, 2 (13

The axial profiles show more clearly that for both radii at a value of X,, = 0.5,a
thin layer of argon has adsorbed onto the krypton liquid meniscus surface. In
addition, we note that for X,, = 0.5, the argon density is higher than that of krypton
in the gas region but lower in the liquid region. This matches the mean-field density
functional theory result of Tan et al. [15]. The structure can be examined more closely
in the radial density profiles. These are obtained from the full density profile by
performing an average over an interval (z,, z,), such that z, and z, are both either in
the gas or liquid regions. We thus obtain the radial density profile in the gas and liquid
regions, which we plot as a function of the radial distance r, measured from the pore
axis. The results for both the gas and liquid regions and both compositions are
displayed in figures 5 (R* = 5) and 6 (R* = 2.5). From figures 5b and 6b one can
see that for X, = 0.5, the argon peak at the wall in the gas phase is much higher than
that of krypton. In figures 5d and 6d we show the radial density profiles for the gas
regions for X,, = 0.1. These profiles display poorer statistics due to the very small
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Figure 2 Density profile p;(r, z) for a mixture (Model 1) in a cylindrical pore of radius R/g, = 2.5 and
wlength Lig, = 60, at temperature kT/e; = 0.6. For clarity we have reflected the profile through the z-axis.
T'he composition of the left pair (A and B) is x,, = 0.5 while that of the right pair (C and D) is x,, = 0.1
-or cach pair, the left figure (A and C) represents argon and the right figure (B and D) represents krypton.
(Sce colour plate XT1.)

number of argon molecules present in the gas region. Also, note that for the
Xar = 0.5 mixtures, the argon peak near the wall in the liquid phase is higher than
that of krypton desptte the fact that the wall-krypton interaction is stronger (figurcs
Sa and 6a).

By averaging the full density profiles both axially and radially over the ‘bulk’
regions, we determine an average density pi* (liq) and pi* (gas) for each species. From
these we calculate the argon mole fractions in the pore, x, (liquid) and y, (gas), which
we define as (cf [15])

x, = pi g}/ (e (hq) + pidigy
yi = pi'(gas)/(p"(gas) + pi(gas)) (14)

We have collected the results in Table 1.

To compare the simulation and LDA we have performed the mean field (MF)
calculations at the same relative temperature T/T,. The values for the critical tem-
perature of pure Argon, for the cut and shifted potential defined in equation (1) are
T* = .11 (simulaton), T¥ = 1.2846 (mean field plus PY), and T* = 1.2303 (mean
field plus CS). Since we do not have any simulation results for the critical tem-
peraturc of pure argon, for the cut and shifted potential defined in equation (1), are
we shall assume that the variation of T, with composition is similar to that ofthe mean
ficld result, that is,
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Figure 3 Axial density profile (see equation (13)) for R* = 5, T* = 0.7, x,, = 0.5 (top) and 0.1 (bottom).
Both liquid and gas regions are present. Argon is shown by a solid line and krypton by a dashed line. Argon
is positively adsorbed onto the interface for x,, = 0.5.

™y,) Tk s
e =1 T, = D)
and thus we find the required MF temperature as
MF _
™ = e L 0 = D (16)
Tc (yh = 1)

Typical mean field results for the radial density profiles that we obtain using the LDA
are shown in figures 7a and 7b, for R* = 5 and R* = 2.5 respectively. The profiles
shown correspond to bulk gas densities of argon of y,, = 0.96 (figure 7a) and
yui = 0.82 (figure 7b), and can be compared directly to those of figures 5a and b and
figures 6¢ and d respectively. As expected, the LDA profiles show none of the liquid
structure that is present in the simulation. Also, the single peak in the gas is smaller
than the simulation result. In contrast, the SDA does show liquid structure. This is
clear from figure § where we present the SDA resuits for the equal-sized mixture
(Model II) introduced in section 3. We compare the SDA directly with simulation at
the respective phase transitions. The comparison between simulation and SDA is
done by performing the MF calculation at the same value of y,, as the simulation. The
latter value is obtained from the chemical potentials and a subsequent GCMC run
(see section 2). Variations in the chemical potentials will affect v, and as can be seen
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Figure 4 Axial density profile (see equation (13)) for R* = 2.5 1% = (L.6.x,, = 0.5 (top) and 0.1 (bottom).
Both liquid and gas regions are present. Argon is shown by a solid linc and krypton by a dashed line. Argon
sopositively adsorbed ono the interface for x,, — 0.5

in figures 9b and 9d below. the liquid composition in the pore varies extremely rapidly
with y,, when the bulk is nearly pure Argon (i.e. y,, > 0.9). Both of our simulations
for equal-sized mixtures happen to correspond to y,, > 0.9 (see Table 1). and we
should thus be careful in comparing SDA with the simulation. Keeping this in mind,
we conclude that the SDA seems to give a good description of the mixture, but further
simulations at smaller values of y,, are definitely needed to assess the accuracy of the
SDA. Itis worthy o note that the simulation profiles in figure 8 are also quite similar
to those in figures S and 6. This indicates that the equal-sized mixture behaves very
similarly to the more realistic Ar/Kr mixture (Model 1), which has a size ratio
a0, = 0.166. Recall that the two models only differ in the fluid-fluid interactions.
Although a full assessment of SDA for mixtures must await a more detailed systemat-
ic simulation study of mixtures in pores and in the bulk, we are encouraged by the
good agreement found for the density profile of equal-sized mixture.

4.2 Phase Diagram.

In figures 9a and 9¢ we show the p-x,-y, diagram, comparing simulation and LDA.
We plot the bulk przssure versus the gas and liquid mole fractions of species 1 (Argon)
in the pore. For comparison we include the MF result for the bulk (cf. Tan ct al. [15]).
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Figure 5 Radial density profiles for argon (solid lines) and krypton (dashed lines) in the liquid region (a
and ¢) and gas region (b and d) of the fluid-pore system (R* = 5). The top row corresponds to an overall
composition of X, = 0.5, and the bottom has X,, = 0.1.

The LDA shows a dramatic change upon confinement. The transition shifts to lower
pressures, just as for the pure fluids [6-17]. The difference in gas and liquid comp-
sitions is much smaller in the pore than in the bulk. In figures 9b and 9d we plot the
liquid and vapour composition for argon in the pore (equation {(14)) versus the bulk
composition in a x,-y, -y, diagram. Again, for the LDA we show the corresponding
bulk liquid and vapour compositions as a reference. This figure illustrates that the gas
composition is more affected by the confinement, the liquid remaining very close to
the bulk line. This reflects the preferential adsorption for krypton in the gas phase
[15]. The LDA in figures 7 and 9 produces results that are quite different from the
simulation. This is most likely due to the difference in bulk phase diagrams combined
with the rather crude nature of the local approximation. We note from our previous
work on pure fluids that the LDA is only expected to show qualitative agreement with
simulation, in contrast to SDA [16].

The relative adsorption of the two components, I',/I",, is shown in figure 10. Here
the adsorption is defined by

N 1o
o= glodssn® — 5Rpuii = 1.2 (a7)

where py; denotes the bulk density of species i. As noted before [15], the relative
adsorption rises rapidly as y,; is lowered. For the liquid phase the LDA again
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Figure 6 Radial density profiles for argon (solid lines) and krypton (dashed lines) in the liquid region (a
and o) and gas region (b and d) of the fluid-pore system (R* = 2.5). The top row corresponds to an overall
composition of X - = 0.5 and the bottom has X = 0.1

underestimates the effect of confinement; for the gas phase LDA gives a result that
is too low for R* = 5 and somewhat too high for R* = 2.5,
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Figure 7 Radial density profiles for argon (solid lines) and krypton (dashed lines) as obtained by the mean
field calculation using LDA. The gas and liquid profiles arc shown at the transition. The results can be
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Figure 8  Radial density profiles for the equal-sized mixture (Model 11) at the phase transition. Both gas
and liquid profiles are shown. The simulation results are shown as symbols: filled circles (Argon) and open
circles (krypton). The SDA profiles are shown as curves: solid lines (argon) and dashed lines (krypton). The
top row (see also next page) corresponds to R* = 5. while the bottom row shows R* = 2.5, a) liquid.
R* 5.1 = 07and v, = 0.93. b) gas, ) liquid. R* = 2.5.T* . 0.7 and y,, =~ 097.d) gas.
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Figure 9 Capillary phase diagrams. Top row R* = 3, bottom row R* = 2.5. The curves denote the mean
tield results using the LIDA. The dashed curves denote the results for the pore. The bulk result, which
corresponds to R* = x.is shown for camparison (dotted lines). In the bulk case x, and y, denote x;,; and
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Figure 10 The relative adsorption of krypton relative to argon as a function of the bulk mole fraction of
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