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LETTER TO THE EDITOR 

Molecular dynamics simulations of phase separation in 
porous media 

Bowe Strickland, Gregory Leptoukh and Christopher Roland 
D e p m e n t  of Physics, North Carolina Smte University. Raleigh, NC 21695, USA 

Received 1 May 1995 

Abstract The phase repnmion of a binary fluid mixture in a two-dimensional pomus medium 
was investigated with molecular dynamics simulations. A variety of werting conditions were 
studied. After a Vansient period of relatively fast growth, a domain pattern consisting qf 
diemating plugs (both species wet the pores) or a series of capsules (one species preferentially 
wets the pores) forms. which comens extremely slowly. Dynnmical scaling is &sewed 
throughout the time period of the simulations. 

The question of how a binary fluid mixture phase separates inside a porous medium has 
attracted considerable experimental [ 1-51 and theoretical [6-121 attention. Porous media 
typically consist of two interpenetrating and percolating phases, one of which is a solid 
with a large surfaceto-voIume ratio [6]. Fluid mixtures imbibed into the porous media 
display radically different phase behaviour from the bulk mixture. In bulk, binary liquids 
separate into macroscopically-sized domains after a quench through the critical temperature, 
By contrast, the kinetics of phase separation inside the porous medium is extremely slow. 
Growth of the ordered domains does not proceed to a macroscopic scale. Rather, a history- 
dependent domain structure consisting of a large number of microscopic domains forms. 

Theoretically, phase separation inside porous media has been analysed in terms of a 
random-field [71 and a ‘single-pore’ model [SI. In the random-field description, it is the 
random convolutions of the pores that lead to the slow kinetics and the metastability of the 
clusters. However, the clusters can, in the context of the model, become significantly larger 
than the pore size. This model is believed to be most applicable to high porosity systems 
such as gels [41. The ‘single-pore’ model, on the other hand, was developed to model low 
porosity systems such as Vycor glass [9]. For straight pores, it was shown that long-lived 
metastable structures such as ‘plugs’ and ‘capsules’ arise from an interplay between the 
wetting properties of the fluids and the temperature of the system [SI. 

There has been a number of simulations of phase separation inside porous media. These 
have mostly been based on conserved king models [IO] or Langevin descriptions [I I] that 
do not incorporate any hydrodynamic modes. However, experiments [IZ], theory [13] and 
molecular dynamics (MU) simulations [14,15] show that these play an important role in the 
phase separation of bulk fluids, and are therefore likely to be important in porous media as 
well. One exception is provided by the interesting lattice-gas simulations of Grunau and 
coworkers [16], which incorporate both hydrodynamic and wetting effects. But, lattice-gas 
and MD simulations [15,17] have yielded different growth exponents for phase separation 
between bulk fluids. This stresses the need for a further study, which incorporates the fluid 
effects on a more fundamental level. We have therefore canied out extensive MD simulations 
of phase separation in a two-dimensional model system similar to Vycor glass. An additional 
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advantage of such an approach is that the simulations allow for the direct visualization of 
the phase separation processes. Furthermore, by tuning the interaction between different 
atomic species, different wetting situations are easily investigated [IS]. 

We now give details of ow simulations. The binary fluid mixtures consisted of two 
fluid species, labelled A and B. The interaction potential between the two species was taken 
to be the extended and shifted (12-3) Lennard-Jones potential: 

where ~ i j  = ri - ~j is the distance (truncated at 4.20), between the species i and j. The 
parameters YA.A = YA,B = ~B.B = 1, so that forces are attractive between like species and 
repulsive between unlike species. This potential has previously been used to study phase 
separation in bulk fluid mixtures [ 14, U]. Square systems with periodic boundary conditions 
were used. Simulations were canied put for - 17000 atoms with density p d  = 0.74, 
using the standard Verlet algorithm (191. Velocity rescaling was used to keep the system 
at a constant temperature of kBT/€ = 2, where kB is the Boltzmann constant. A small 
timestep of 0.005~ was used, where the timescale is z = (mu2/6)’/2/2. The data up to 
1 5 ~  were averaged over at least ten runs; and three runs up to 165r. 

The porous medium was formed in analogy to Vycor glass. Initial configurations were 
prepared by scaling the atoms on a hexagonal lattice to their proper density, and then 
labelling each atom A or B at random. Phase separation was then allowcd to proceed 
normally until a desired pore size, quantified by the average size of the interconnected 
domain structure, was reached. The process of phase separation was then stopped. 
Subsequently, one of the species w& treated as a wall (labelled w) and kept frozen 
throughout the simulations. The atoms of the other species were then relabelled A or 
B at random and the simulation allow+ to proceed. In order to model different wetting 
properties between the wall and fluid atoms, the parameters y i . j  were modified. Specific 
choices investigated were (YA.,,.. Y B . ~ )  =: (-I, -1)-both species are attractive to the wall; 
(-1, 1)-0ne  species is attractive to the wall, the other is repulsive; and (1, I)--both species 
are repulsive to the wall. 

During the simulations, a number of quantities were monitored. Chief of these was 
the circularly-averaged structure factor S(k, t )  as a function of wavenumber k, and the 
pair-correlation function g(r,  t ) .  The evaluation of these was standard, except that the 
contribution from the ‘wall’ atoms was set to zero. The first zero of the pair-correlation 
function was found to give a good measure of the average domain size R( t )  of the clusters. 
Other quantities measured were the species-species interface length, and the size and number 
distributions of the clusters. 

Figure 1 shows typical sample configurations as a function of time for the different 
wetting situations. After the quench, the instability forms a complicated and interconnected 
network of ordered domains. Initially these domains are small and the structure is only 
weakly affected by the presence of the walls. Domains grow by the coalescence of the 
interfaces followed by a relatively rapid reshaping of the interfaces. These are important 
hydrodynamic effects. At time - I ~ s ,  the domain sizes become comparable to the width 
of the pores. Growth then slows down,considerably. In the case of both fluid species being 
attractive or repulsive to the walls (figures l(a) and (c)), the system forms of series of 
alternating plugs. While these plugs still diffuse inside the pore, the late time patterns are 
quite stable over the time scales of our simulations. 

In the case of figure I@), one species preferentially wets the pores as is evidenced by 
a thin film at the walls. After a quench, the wetting species ‘rushes’ towards the walls 
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Figure 1. Sample configurations showing phase sepamrion inside the porous medium (pme sire 
13.50): the dark and light grey represents the two components of the binary fluid mixture, while 
the intermediate shade of grey represents the walls. The panels nre at times 2, I5 and 150 T 
(left to right panel) for the different wetting situations. Here, ( y ~ , . .  m,,) =: ( a )  (-1, -1); (b )  
( -1 .  I ) ;  and (c )  ( I ,  I). Note the typical bmkup ofthe tube into a series of capsules separated 
by plugs in (b).  

pushing the non-wetting species towards the centre of the pore. This forms a series of 
capsules which then merge to form long tubes. n e  tubes later break up again into a 
series of capsules separated by plugs of the wetting species. This breakup is assisted by 
the random curvature of the pores. MD simulations of tubes inside straight pores (under 
similar conditions of density and temperature) show that these are long-lived, as compared 
to tubes in curved pores which breakup quite readily. This behaviour of the tubes in pores 
is different from the behaviour of domains in a two-dimensional bulk, where the domains 
are stable against breakup with respect to shape fluctuations [20]. During the late stages, 
the domains migrate from regions where the pores are narmw towards regions where the 
pores are relatively wider. Stable locations for the domains appear to be at the junctions 
between several pores, where the domains can optimize their surface-to-volume ratio. 
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The evolution of the average domain size, as measured through the first zero of the 
correlation function for two different pore sizes (8.50 and 13.5~). is shown in figure 2. 
Other measures of length such as those defined through the first and second moment of the 
structure factor give similar results. Two growth regimes are readily identified: an early 
and a late time regime. At early times, when the average domain size is smaller than the 
pore size, growth is relatively rapid. However, this regime is relatively short and after about - 125, a crossover to a much slower growth regime takes place. Naturally, this crossover 
takes place at somewhat earlier times for systems with smaller pores. Effective growth 
exponents n, calculated by fits to R - t" for this time regime, range from 0.37 to 0.40. 
These values are somewhat less than 1/2, which is the expected value for the coalescence 
of interfaces in bulk Thus, even at the early stages, the porous medium acts to reduce the 
growth somewhat. 

2 0 ,  . . . . .  I 1 

1 
10 100 

5 '  ' "" '  
Time (2) 

Figure 2. Avenge d o d n  size, as measured by 6nt mr of L e  pair-conelation function, as a 
function of time. The full symbols r c p m r  data for pore size 13.5; the open symbols, pow size 
8.5. Here, circles replesent data for ( y ~ . ~ .  ye.w) = (-1. -1); squares, ( y ~ . ~ ,  n,d = (-1. I): 
and diamonds for ( y ~ , ~ .  m,,) = (-1. -1). The brokea line represents R - rlp. 

At late times, growth of the domains inside the porous medium is very slow. Since 
the majority of domains consist of plugs with almost flat interfaces, the driving force for 
the coalescence of these plugs is small. Growth, however, which never quite ceases over 
the timescales of our simulation, takes place by the diffusive coalescence of the confined 
droplets. The data are well fit by R ( t )  - log(r), characteristic of growth induced by 
fluctuationst. 

From the average domain size against time data, it is difficult to distinguish between 
the different wetting conditions. We have therefore monitored the fractions of the various 
interface types as a function of time. These were evaluated hy dividing the length of each 
type of interface by the total length of all interfaces. Note that the latter number decreases 
as a function of time because the amount of A B  interface decreases as the phase separation 
proceeds. The results are shown in figure 3. For all the different wetting situations, the 
fraction of A B  interfaces decreases from its initial value of - 0.70 to a final value of - 0.30. For the case of both fluid species being attracted to the wall, the fractions of A w  

t The data me also well fit by a power law. with low growth exponents of n w 0.11 for all of the different welting 
situations. 

. 
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and B:w track each other fairly closely, as is expected. Their value rises from an initial 
value of - 0.20 to - 0.40. Figure 3(b) shows the situation where A wets the wall, and B 
does not. In this case the A w  and B:w fractions are quite different, with the A w  fraction 
saturating near 0.60, when species A wets nearly all the pores. The results for the situation 
of both types of atoms 'disliking' the wall are quite similar to the case of both atoms being 
attracted to the wall (figure 3(u)). Note that there is little difference between the data for 
the two different pore sizes. 

0.0-1-. ' ' ' ' * I 
0 50 100 150 0 50 100 150 

Time (2) 

Figure 3. l ime evolution of the fraction of various inferbce types for (YA,,., B,,) =: (0) 

(-1. -1); and (b) (-I. I). Here filled symbols represent data for pore size 13.5 open symbols, 
pore sire 8.5. Circles represent fraction of A B  interfaces; s q u m ,  A w  interhces; and diamonds, 
the B:w interfaces. 

To study the question of scaling during phase separation in porous medium, we have 
examined the structure factor S(k, t). If there is scaling, then S(k, t) = R(t)"F(x), where 
F ( x )  is a scaling function and x = kR( t ) .  Figure 4 shows the scaling function for the case 
( y ~ . " ,  y~.,,) = (-1, -1). The other wetting situations give similar results. Thus, contrary 
to previously reported results [Ill, we find no evidence of the breakdown of scaling. 

h 

Y 
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LL 

Pigure4. Scnlingfunction F(x)  againstx at timesgreaterthan 1% for(y~,,. ye,,) = (-1. -1). 
The inset shows the function for (YA.~ .  B , ~ )  = (-1. 1). D The dan are for pore si= 13.1. 
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In summary, we have carried out extensive MD simulations of phase separation in a 
porous medium, under a variety of wetting conditions. After an initial transient period, 
during which the interfaces coalesce and the domains become comparable to the pore 
size, the domains arrange themselves into a series of plugs or, in the case of one 
species preferentially wetting the pores, into a series of capsules broken up by plugs. 
Hydrodynamics plays an important part in the development of these domain structures. 
At late times, growth proceeds by the coalescence of droplets. However, because these 
are effectively confined by the pores, the kinetics are quite slow. We do not observe any 
evidence of the breakdown of scaling over the time scales of our simulations. 

We thank the North Carolina Supercomputing Center for significant amounts of computer 
time. Acknowledgment is made to the donors of the Petroleum Research Fund administered 
by the American Chemical Society for support of this work, under grant 2709249. 
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