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Monte Carlo simulations of non-Fickian water transport in a saturated porous gel

P. Loureiro de Sousa* and M. Engelsberg
Departamento de Fı´sica, Universidade Federal de Pernambuco, 50670-901 Recife-Pernambuco, Brazil

~Received 16 July 1999!

A Monte Carlo algorithm, which incorporates tensile effects as well as diffusion, is proposed. It provides a
description of water transport in a drying porous gel close to saturation permitting an interpretation of magnetic
resonance imaging profiles. Boltzmann’s transformation of the one-dimensional diffusion equation is employed
to examine the onset of a non-Fickian transport regime caused by the collective motion of diffusers associated
with tensile forces.@S1063-651X~99!11512-5#

PACS number~s!: 02.70.Lq, 05.40.2a, 76.70.Fz, 76.60.Pc
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I. INTRODUCTION

Water transport in porous systems is a ubiquitous p
nomenon present in many important technological appl
tions @1–5# as well as in a variety of natural processe
Among various available experimental techniques, nuc
magnetic resonance~NMR! has been used extensively
probe the nature of the transport processes in various po
systems. At least two different regimes are accessible
NMR. Pulsed-field-gradient~PFG! spin-echo methods ca
directly yield the self-diffusion coefficient for transport ov
spatial dimensions which, for large magnetic field-gradi
strengths, can be of the order of a few microns. Moreover
the case of confined diffusion within pores, PFG metho
can also yield information about pore microstructure@6–8#.
On the other hand, magnetic resonance imaging~MRI! on a
macroscopic scale, yields moisture profiles which represe
coarse graining of the transport process over spatial dim
sions of the size of an image pixel, typically 0.1 to 1 m
MRI moisture profiles are useful to monitor water transp
in the presence of an external concentration gradient o
applied external pressure or both@1–5#. In some cases suc
processes can also be described as Fickian diffusion but
a diffusivity which may be different from the self-diffusio
constant@3#.

Moisture profiles obtained by MRI in cases such as
ment drying@1# in a nonsaturated regime or water intake
Nylon 6.6 @3# reveal a Fickian transport processes, alb
with concentration-dependent diffusivities. Under clos
scrutiny, even in the case of Nylon 6.6, for large water co
centration and temperature not too high above ambient, s
evidence of non-Fickian transport is also apparent@3#. On
the other hand, in some food products, moisture profiles
tained during drying under special conditions appear no
be at all describable by Fickian diffusion@4,9#.

A model food gel~MFG!, which simulates the transpo
properties and texture of some food products, and can als
shaped into convenient geometrical forms, has been
posed. This MFG is composed of agar, water, and micr
rystalline cellulose~MCC! in suitable proportions@10#. It

*Present address: Groupe de RMN, Laboratoire DCSO, E
Polytechnique, 91128 Palaiseau, France.
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forms a porous system which has been studied extensi
by various NMR imaging techniques@4,5#.

Agar is a biopolymer which, in the sol state, is found
the form of random coils. The gelation process is believed
combine these coils into double helices@11#, which aggre-
gate into domains separated by relatively large intercomm
nicating pores. Water molecules can be either ‘‘free’’
‘‘bound’’ to biopolymer chains and can exchange at ra
which appear to be fast compared with NMR transverse
laxation times @11#. Moreover, effectively bound, nonex
changing, water molecules and protons attached to
biopolymer chains do not contribute to MRI intensity. Give
their many applications, agar hydrogels have been stud
extensively by several methods@11–14#. Of particular inter-
est for the present work is the addition of MCC to an ag
hydrogel. This modifies the pore structure yielding a syst
with peculiar water transport characteristics which simul
the behavior of food products.

In typical experiments, a cylindrical sample of MFG wit
initial moisture content close to saturation, was allowed
dry laterally and MRI profiles, corresponding to various dr
ing times, were recorded. These profiles, for a given value
drying time, were compared with numerical solutions
Fick’s equation at that time with a constant diffusivity actin
as an adjustable parameter. A range of values of this par
eter was found to be necessary to fit the given profile, s
gesting an apparent concentration-dependent diffusiv
Moreover, the range of values of the parameter needed f
fit, was shown to also change considerably for differe
times. This was interpreted as a signature of non-Fick
transport@4#.

Non-Fickian diffusion is considered to be associated w
the finite rates at which a structure may change in respo
to the sorption or desorption of penetrant molecules@15#.
This type of diffusion appears to prevail in some glassy s
tems and polymers. In this paper the onset of a non-Fick
transport regime is examined from a different point of vie
which is expected to be relevant in nearly saturated por
systems. Using Monte Carlo simulations we show that if,
addition to random molecular motion, one also includes c
lective motion of fluid clusters caused by tensile forces, n
Fickian transport results. We demonstrate that, for moist
contents close to saturation, the interplay between rand
molecular forces and tensile forces can explain the obse
drying profiles in a MFG@16#. Furthermore, by employing
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7542 PRE 60P. LOUREIRO DE SOUSA AND M. ENGELSBERG
Boltzmann’s transformation of the diffusion equation in o
Monte Carlo model, we show how this type of non-Ficki
regime is approached via a collective reptationlike mot
@17#.

II. NON-FICKIAN TRANSPORT ALGORITHM

The presence of Fickian transport, with a diffusivi
which may be concentration dependent, can be ascerta
experimentally. This requires the determination of profi
for a particular geometry which permit a reasonably go
realization of Boltzmann’s transformation of the on
dimensional diffusion equation@15#. Defining a variableh
5x/2At, wherex represents the spatial coordinate andt de-
notes time and provided that the initial and boundary con
tions can also be expressed only in terms ofh, Fickian pro-
files corresponding to different times should scale into
universal curve when plotted as a function ofh. From this
master curve the concentration dependence of the diffus
can be determined@15#. Although this method has been su
cessfully employed in practice with MRI profiles@3#, the
required measurements can be rather difficult given the
possibility, in some cases, to satisfy the geometrical c
straints over a wide range of moisture content.

As an example, the desorption process in our MFG,
also in other cases where non-Fickian transport prevails
accompanied by shrinkage. With an initial condition of un
form moisture distribution close to saturation~78% water
and 22% solid!, the radius of a cylindrical sample is reduce
by a relatively small amount, of approximately 10%, wh
moisture content reaches 69%. However, when shrinkage
comes significant, at the later stages of desorption, an ap
ciable distortion of cylindrical symmetry usually takes plac
turning the comparison between measured profiles and s
lated ones, somewhat difficult.

Drying profiles in cylindrical samples of the MFG hav
been obtained with conventional MRI in a magnetic field
4.0 T @4# and also with very low magnetic field imaging@5#
using the electronic Overhauser effect@18#. In the latter case
a large enhancement of the NMR signal is obtained thro
irradiation of an electron spin resonance transition of a d
solved free radical, prior to data acquisition in the usual M
mode @19#. It has been shown recently@5# that Overhauser
imaging in very low magnetic fields may furnish moistu
profiles which are extremely sensitive to small variations
local water content.

Figure 1 shows a moisture profile obtained by Overhau
imaging in a magnetic field of only 16 mT in a cylindrica
sample of the MFG. Starting from a largely saturated sys
with an initially uniform moisture distribution a sample o
diameter 2a521.4 mm and 50 mm in height, was exposed
the ambient and allowed to dry laterally in still air. The dr
ing time for the measured profile was 197 min. Also sho
in Fig. 1 are numerical solutions of the diffusion equation
a function ofr /a for cylindrical symmetry and various val
ues of the diffusion constant. The simulated profiles cor
spond tot5197 min and a uniform initial moisture distribu
tion mw(r ,0). Here, as in other simulations, we ha
assumed a boundary condition of constant surface conce
tion at r 5a of negligible value. Since we are dealing on
with the initial stages of drying of a largely saturated syst
n
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this simplifying assumption should not greatly affect the
sults.

While the calculated Fickian profiles of Fig. 1 exhibit
paraboliclike shape, the measured profile in the MFG d
plays a relatively flat plateau. For longer times, the height
the plateaus decrease with comparatively small change
shape. This behavior has also been observed in the dryin
actual food product such as apples@9# which actually display
a texture and porosity resembling our MFG.

From simulated profiles such as those shown in Fig.
Schraderet al. @4# attempted to determine a concentrati
dependence of the diffusion constant. They verified that,
apparent diffusivity obtained from this analysis displayed n
only a concentration-dependence but also time-depende
concluding that the transport process was non-Fickian.

It has been proposed@16# that the somewhat puzzling pro
files observed in our MFG may be a consequence of
interplay between two effects. One is diffusion, broadly u
derstood as transport of matter resulting from random m
lecular motion. The other is the effect of tensile forces ten
ing to preserve the integrity of clusters of fluid which for
within the random network of capillaries. A familiar phe
nomenon, which underlines the importance of tensile forc
is the ascending transport of sap through the xylem of tr
and plants. The height reached by the water column with
breakage, from the roots to the leaves, may by far exceed
maximum height achievable by pulling the water colum

FIG. 1. ~—! Moisture profiles obtained from a numerical sol
tion of the diffusion equation in a cylinder of radiusa510.7 mm at
t5196 min assuming a constant diffusivityD as a parameter. The
diffusivity increases from top to bottom through the followin
range of values:D(1025 cm2 sec21)50.16, 0.28, 0.44, 0.59, 084
1.03, 1.21, and 1.38.mw(r ,0) denotes the initial water distribution
assumed to be uniform.~j! Experimental profile in a MFG after a
drying time of t5196 min. The initial condition corresponds to
uniform moisture distribution close to saturation. Moisture profi
were determined by Overhauser magnetic resonance imaging.
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PRE 60 7543MONTE CARLO SIMULATIONS OF NON-FICKIAN . . .
with a vacuum pump. To explain this phenomenon@20# one
must assume that, under the surface of the leaves, water
ecules evaporate one at a time and are individually repla
by molecules pulled from below by surface-tension forc
preserving, in this way, the continuity of the column.

An experiment which clearly demonstrated for the fi
time the importance of tensile effects in water as it eva
rates from the surface of a saturated porous clay vessel
performed by Bo¨hm in Ref.@20#. The interplay between dif-
fusion and tensile forces has been also found to be impor
for a description of other transport phenomena in por
systems@21# and has been explored extensively by compu
simulations using concepts related to invasive percola
@22#.

The Monte Carlo method, which we employ in order
incorporate tensile effects, permits, not only a description
MRI moisture profiles in the MFG, but also visualizing th
onset of non-Fickian transport in a saturated system.
proposed algorithm for simulating MRI profiles in the MF
involves a two-dimensional square lattice with an inscrib
circular boundary of constant radius which simulates a lo
cylindrical sample. The relatively small shrinkage of the in
tial stages of desorption is ignored. Each lattice site may
thought to represent a pore and fluid is allowed to diffuse
neighboring pores along capillaries represented by
‘‘bonds’’ between the given site and its nearest neighbo
Diffusers occupying sites linked by nearest neighbors bo
define a cluster.

Given the spatial resolution of available MRI profiles,
square lattice consisting of 40340 sites was found to be
adequate for our simulations. The cylindrical symmetry
simulated by a circular region enclosed within the squ
lattice. TheN51600 sites forming the lattice are initiall
randomly filled withM diffusers and one of the sites, withi
the inscribed circle, is randomly chosen as well as one o
nearest neighbors. We first consider purely diffusive tra
port. In this case, if the chosen lattice site is occupied b
diffuser and the chosen neighbor is empty, the diffuser w
jump to the empty site independently of the occupation
other sites. If the chosen lattice site is empty or the cho
neighbor is occupied, a new random choice is perform
Moreover, if a jump occurs, the position of the diffuser
actualized and a new draw is made. Thus, after the pro
has been repeatedN times, each diffuser has attempted
the average one jump and Monte Carlo time is incremen
by one unit.

For each ‘‘pixel’’ in a simulated profile, the average o
cupation number of a site over a large numbernr of repeti-
tions is calculated at a given Monte Carlo time. This avera
occupation number is proportional to the concentration
fluid mw(r ,t) at a given distance and time. External dryin
conditions are simulated in the algorithm by introducing
probability ps for a diffuser to be removed from the lattic
when it reaches the boundary atr 5a.

As a check, profiles obtained with a number of repetitio
varying betweennr543105 and nr5107 ~for the case of
very small values ofM /N), were compared with a numerica
solution of the diffusion equation for a cylinder of radiusa
and constant diffusivityD @15#. An evaporation probability
ps51 was assumed in the Monte Carlo simulation and
constant concentration of negligible value atr 5a was as-
ol-
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sumed in the diffusion equation. Denoting byNMC the num-
ber of Monte Carlo steps, the ratioNMC /N in the simulation
should correspond to the actual adimensional timeDt/a2, in
the numerical solution. Starting in both cases with an i
tially uniform distribution att50, excellent agreement be
tween Monte Carlo and numerical profiles was obtained@16#,
as expected for Fickian diffusion.

In order to deal with the peculiar profiles observed in o
MFG, tensile effects were taken into account by the follo
ing modification of the above transport algorithm. After o
site and a nearest neighbor have been randomly cho
amongN lattice sites, and assuming the first to be occup
and the second empty, the diffuser will jump to the emp
site but now its motion may affect the position of other d
fusers belonging to the same cluster. For relatively high c
centration of diffusers, each site left vacant by the motion
a member of the cluster is filled by another nearest neigh
diffuser, thus preserving the integrity of the aggregat
When several diffusers may jump into the same site, a r
dom choice with equal probability is employed to avoid co
flict. Moreover, Monte Carlo time is advanced one unit af
N random choices, just as in the case of purely diffus
transport.

As before, a diffuser reaching a site at the boundary m
be removed with probabilityps . However, if it evaporates
the vacancy will be filled by a randomly chosen near
neighbor diffuser. This process is iterated until the vacan
created either reaches a dead end or all its nearest neigh
have already participated in the collective motion. Similar
when a diffuser belonging to a cluster jumps to an empty
in the bulk, the same collective motion from randomly ch
sen sites to the site left vacant is performed. Figure 2 sh
schematically some of the details of the algorithm.

In addition of provoking a collective reptationlike motion
tensile forces have a different effect. Also the probability
a diffusive jump from a given occupied site to an empty si
must be assumed to depend upon the occupation of o
neighboring sites. If an occupied site with an empty neigh
is surrounded, for example, by three filled sites, the diffu
should be assumed to be tightly bound and a relatively
jump probability denoted byp(3) should be assigned. O
the contrary, if the occupied site is surrounded by four em

FIG. 2. Schematic representation of the tensile transport a
rithm. A surface diffuser~3! evaporates leaving a vacancy which
filled by another diffuser. The process is iterated causing a col
tive motion of a cluster.



ers

7544 PRE 60P. LOUREIRO DE SOUSA AND M. ENGELSBERG
FIG. 3. ~a! Measured moisture profiles in a MFG obtained by Overhauser imaging for the following drying times:~h! t52 min, ~* ! t
515 min, ~n! t576 min, ~,! t598 min, ~L! t5176 min. The full lines are simulated profiles for the following corresponding numb
Monte Carlo stepsNMC57, 16, 42, 57, and 114.~b! Measured moisture profiles in a different drying run involving longer times~h! t
532 min, ~* ! t553 min, ~n! t595 min, ~,! t5197 min, ~L! t5301 min, ~1! t5342 min, and~s! t5449 min. The full lines are
simulated profiles for the following corresponding numbers of Monte Carlo stepsNMC515, 44, 73, 138, 194, 230, and 300.
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sites, the corresponding probability isp(0) should be a
maximum. Thus, the purely diffusive component of the no
Fickian transport should display a concentration-depend
diffusivity which increases for lower concentrations. The o
posite could be concluded from Fig. 1, where higher app
ent diffusivities are seen to be needed for a fit of the cen
part of the profiles where the concentration is higher. Si
the transport is non-Fickian this conclusion, drawn from F
1, is not really warranted.

Unlike Fickian diffusion, the profiles in our transpo
model depend upon the initial concentration of diffuse
M /N, representing the degree of saturation of the po
which is one of the adjustable parameters of the model.
other adjustable parameters are the probabilitiesp(z), where
z denotes the number of occupied nearest neighbors. Ta
p(0)51, we have assumed for simplicityp(1)5p(0) and
p(3)5p(2)5l. Although more realistic choices could b
employed, this particular one has the advantage of kee
the number of adjustable parameters to a minimum and
exhibiting the effect of tensile forces upon jump probab
ties. Figure 3 shows simulated profiles for various Mon
Carlo times withl50.2 and a value ofM /N50.98 which
appear to be in good agreement with the experimental d
The choice of the parameterM /N affects mainly the shape o
the plateaus and its value suggests that only a small frac
of pores are initially empty. The parameterl, on the other
hand, has a more pronounced effect upon the time evolu
of the transport process and upon the rate of mass loss. If
example, a value ofl closer to one were chosen, the numb
of Monte Carlo steps needed for a given mass loss as
system dries would progressively become larger than
served experimentally.
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It is quite instructive to examine more closely the re
tionship between Monte Carlo time and physical time. Figu
4 shows a plot of Monte Carlo timeNMC as a function of real
time respectively for simulated and experimental profiles
Fig. 3. For Fickian diffusion with a constant diffusivityD,
one expects a ratioNMC /t5ND/a2. Moreover, the value of
this ratio obtained from the slope of the straight line of F
4 for our model yields a valueNMCa2/Nt50.62
31025 cm2/sec, which could likewise be interpreted as
effective global diffusivity. In spite of the non-Fickian cha
acter of water transport in this MFG suggested by the NM
imaging profiles, global diffusivity values determined for e
ample from desorption measurements are often quoted@10#.
Desorption measurements performed in our MFG sam
yielded, from a best fit of the mass loss curve to a theoreti
constant diffusivity curve@15#, a value 0.5731025 cm2/sec.
The reasonable agreement between the global diffusivity
tained from a Monte Carlo fit and the experimental val
obtained from desorption measurements, in spite of the n
Fickian character of the transport, emphasizes the domin
role of diffusion in determining the rate of mass loss. T
collective motion caused by tensile forces, which will b
shown to cause non-Fickian behavior, appears to be ma
responsible for a spatial redistribution of fluid.

Although the tensile transport algorithm described abo
appears to adequately describe the initial stages of desorp
in a saturated porous system, an important aspect, has no
been considered. The texture of the porous system, de
mined by the size distribution of capillaries and pores,
expected to play an important role. Within the framework
the present model, the collective motion of diffusers assum
in the algorithm should be viewed as a flow, which cou
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only be maintained continuously within a given capillary
its diameter is larger than a critical value. For a given rate
surface evaporation, the tensile strength of water and its
cosity determine the critical diameter of a capillary wi
given length@20#.

Although a detailed description of the distribution of ca
illaries and of critical diameters is an inherently compl
problem, some aspects can be incorporated in a simple
into our model by allowing a finite breakage probabili
within a moving cluster. Moreover, this breakage probabi
is expected to be larger for diffusers which are less stron
bound, leading eventually to Fickian transport for concen
tions far from saturation.

For example, if one assumes a breakage probabilityG(z)
which is only significant for diffusers with only one occupie
nearest neighbor (z51), any valueG(1)<0.1 may be intro-
duced into the algorithm without affecting appreciably t
simulated profiles of Fig. 3 However, the effect of adoptin
for exampleG(1)50.1, is quite significant at low values o
M /N, where it leads to a Fickian regime@16#.

III. BOLTZMANN’S TRANSFORMATION

One should next consider a more stringent test for n
Fickian behavior and examine which aspects of the ab
transport algorithm are conducive to the onset of this regi
Fickian diffusion in an isotropic medium is described by t
well-known partial differential equation:

]C/]t5div~D gradC!, ~1!

FIG. 4. Number of Monte Carlo stepsNMC as a function of real
drying times, respectively, for simulated and experimental profi
shown in Fig. 3~a!. Obtained from profiles of Fig. 3~a! ~n!. Ob-
tained from profiles of Fig. 3~b! ~h!.
f
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ay

ly
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where the concentration of diffusers is denoted byC(r¢,t).
Provided the boundary conditions are independent of tim
Fickian diffusion takes place if the diffusivityD is either a
constant or a function of concentration only.

In one dimension, a knowledge ofC(x,t) permits, by a
simple transformation due to Boltzmann@15#, to determine
whether the transport process is Fickian and, this being
case, to also determine the concentration dependenceD(C)
of the diffusivity. If a new variableh5x/2At is defined, the
one-dimensional form of Eq.~1! can be written as

22h
dC

dh
5

d

dh S D
dC

dh D . ~2!

s

FIG. 5. ~a! Simulated MR image of water uptake into an initial
empty square lattice with a constant boundary concentrationC(0)
51, corresponding to saturation. A constant diffusivity Fickian p
cess has been assumed withNMC5100.~b! Simulated MR image of
water uptake into an initially empty square lattice for the transp
mechanism that includes collective motion caused by tensile for
A value l50.2 has been assumed with a breakage probab
G(1)50.1.
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FIG. 6. ~a! Simulated profiles for the purely diffusive case obtained through a center line of Fig. 5~a!. The number of Monte Carlo step
ranges fromNMC51 to NMC5100 in increments of five.~b! Simulated profiles for tensile transport, obtained through a center line of
5~b!. The number of Monte Carlo steps ranges fromNMC51 to NMC5100 in increments of five.
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Equation ~2! suggests that if the diffusivityD(C) is a
function ofC only, the concentrationC(h) should be depen
dent upon the single variableh, provided the initial and
boundary conditions can also be expressed in terms oh
alone. A semi-infinite medium@11# with C5C(0) for x
50, t.0 andC50 for x.0, t50, satisfies these require
ments. The initial and boundary conditions can be written
this case as

C50 for h→` ~3a!

C5C~0! for h50 ~3b!

which together with Eq.~2! lead to a universal curveC(h)
providedD is only a function of concentration. The existen
of such a master curve for the above geometry, is a signa
of Fickian diffusion. Moreover an integration of Eq.~2!
yields

D~C!522S dh

dCD E
0

C

h~C8!dC8. ~4!

Thus a knowledge of the master curve and its inverseh(C)
permits, from Eq.~4!, a determination of the concentratio
dependence of the diffusivity.

In order to study in more detail the onset of non-Ficki
behavior in a saturated system in the presence of ten
forces as well as diffusion, our Monte Carlo algorithm w
adapted to a geometry where the validity of Boltzman
transformation could be ascertained. To that end, a cond
of water intake into an initially empty lattice, from a boun
ary, with constant surface concentrationC(0)51 corre-
n

re

ile

s
n

sponding to all surface lattice sites occupied, was adop
This is analogous to an arrangement that has been act
employed in practice@3#, whereby a long square prism o
material is immersed in a water bath, while moisture profi
obtained by MRI are recorded at various stages of the int
process.

Figures 5~a! and 5~b! show two simulated images o
transverse slices of a square prism immersed in water, w
the darker gray scale indicating higher water concentrat
Both simulated images in Fig. 5 correspond to the sa
numberNMC5100 of Monte Carlo steps, a square lattice
40340 sites and 5000 averages. In Fig. 5~a! a condition of
Fickian diffusion with constant diffusivity has been assume
On the other hand, in the simulated image of Fig. 5~b!, ten-
sile transport with the same valuel50.2 employed in Figs.
3 and a small breakage probabilityG(1)50.1 was adopted
It is apparent that, unlike the Fickian case depicted in F
5~a! where water intake progresses gradually, a wet fr
seems to be propagating in Fig. 5~b!. This is more evident in
Figs. 6~a! and 6~b!, where profiles through the center lines
Figs. 5~a! and 5~b!, respectively, are shown. These profile
which correspond to a number of Monte Carlo steps rang
from NMC51 to NMC5100 in increments of five in both
cases, show that the conditions for the applicability of Bo
zmann’s transformation are met for the time interval cons
ered. Since the overlap of the profiles corresponding to w
intake from opposite surfaces appears to be very sma
semi-infinite boundary can be safely assumed.

As expected for Fickian diffusion, the profiles of Fig. 6~a!
can be scaled into a master curve. If each value ofC(x,t) is
plotted against an abscissah, where the position is divided
by a quantity proportional to the square root of Monte Ca
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FIG. 7. ~a!~d! Master curve for the purely diffusive case obtained from the simulated profiles of Fig. 6~a! using the scalingh
}x/ANMC of Boltzmann’s transformation. The distancex is measured from one of the edges to points in the corresponding family of pro
~—! Theoretical master curve obtained from an exact numerical solution.~b! Scaling of profiles of Fig. 6~b! according to Boltzmann’s
transformation. A universal curve is not obtained for the tensile transport model withl50.2 andG(1)50.1, except for very small
concentrations.~c! Scaling of profiles obtained for the tensile transport model withl50.2 and a large breakage probability defined b
G(1)51. The Fickian regime appears to be approached at considerable higher concentration than in~b!.
th
en

e
t-

ian
the

age
d at
n in
time, one obtains the universal curve shown in Fig. 7~a!. A
comparison between this curve and an exact solution of
diffusion equation for this simple geometry shows excell
agreement.

In contrast, for a tensile transport algorithm, Fig. 7~b!
shows that such a scaling is not possible except for v
small values ofC. The more stringent test provided by Bol
e
t

ry

zmann’s transformation therefore indicates that the Fick
character of the transport process is actually destroyed by
collective reptationlike motion. Furthermore, as the break
probability is increased, the Fickian regime is approache
higher values of concentration, as expected. This is show
Fig. 7~c!, where a breakage probabilityG(1)51 with G(2)
5G(3)50, has been assumed.
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In addition to a collective motion of diffusers, our algo
rithm also postulates that jump probabilities depend upon
number of nearest neighbors of a given diffuser. The po
bility of a modification of the Fickian nature of the transpo
caused this assumption should also be examined. Figu
shows that a universal curve is still obtained when the bre
age probability for all clustersG(z) is made equal to 1, there
fore suppressing the collective motion, but a valuel50.2 is
still maintained as in Fig. 3. Although the shape of this m
ter curve is quite different from that of Fig. 7~a!, the exis-
tence of a universal curve confirms that the Fickian nature
the process is not altered. The effect of a valuelÞ1 is
simply to introduce a concentration dependent diffusiv
D(C).

From the master curve of Fig. 8 and Eq.~4!, the concen-
tration dependence of the diffusivity can be determined
the casel50.2. The result is shown in Fig. 9 whereD(C)
can be seen to remain practically constant as the conce
tion is reduced to approximately one fourth of saturatio
further increasing by a factor 1/l55 asC decreases to zero
A less abrupt transition could be obtained if a more grad
variation ofp(z) is assumed. It is worth pointing out that i
a Fickian regime, where tensile effects are negligible co
pared to random motion, a concentration-dependent diffu
ity may also be expected. For example in Nylon 6.6@3#, a
diffusivity which increases with water concentration h
been observed. The larger diffusivity at higher water conc
tration in the Fickian regime of this polymer, arises from
increasing concentration of ‘‘free’’ water as opposed to w
ter more strongly bound to specific regions of the polyme
chains. In such cases, one could expect two competing
fects as the water concentration increases to values w
non-Fickian behavior may be approaching. The diffusiv
would tend to increase with water concentration becaus
an exchange between ‘‘free’’ and ‘‘bound’’ water and
decrease because of tensile effects. From the arguments

FIG. 8. Master curve obtained by Boltzmann’s scaling of s
eral simulated profiles withl50.2 and a breakage probabilit
G(z)51 for all values ofz. The suppression of the collective mo
tion leads to a Fickian process with a concentration-dependent
fusivity.
e
i-

8
k-

-

f

r

ra-
,

l

-
v-

-

-
c
f-
re

of

re-

sented above, one would expect the occurrence of a b
maximum in the diffusivity at higher concentration, as a p
cursor of non-Fickian behavior.

The onset of a regime where tensile effects become
portant appears to be accompanied by non-Fickian transp
Profiles such as those of Fig. 3 should be observable in s
rated systems with a porous structure where the breakag
connectivity has a relatively small probability. Although e
ternal conditions may play a role@4#, some classes of mate
rials are more likely to exhibit this behavior. It is expected
be observable when the solid matrix consisting of polyme
chains, shrinks as the system dries. In systems which do
behave in this manner, a gas phase can be expected
present. The formation of minute gas bubbles during the d
ing process could disrupt connectivity and suppress the
fect of tensile forces upon the profiles.

IV. CONCLUSIONS

A Monte Carlo algorithm for Fickian diffusion has bee
modified to include tensile effects. The interplay betwe
random motion and tensile forces, which tend to preserve
integrity of clusters of diffusers, appears to be essentia
explain experimental MRI profiles in a MFG. With the he
of Boltzmann’s transformation, the onset of a non-Ficki
regime, caused by this collective motion, has been as
tained and its details explored. Although our transport mo
could be made more realistic, its main features should p
vide a valid description of water transport in saturated por
systems as revealed by MRI, with its inherent space and t
scales.
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FIG. 9. Concentration dependence of the diffusivity for t
Fickian process resulting from makingl50.2 andG(z)51. Ob-
tained from the master curve of Fig. 8.
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