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

P. Loureiro de Sougaand M. Engelsberg
Departamento de Bica, 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[S1063-651X99)11512-5

PACS numbegps): 02.70.Lq, 05.40-a, 76.70.Fz, 76.60.Pc

[. INTRODUCTION forms a porous system which has been studied extensively
by various NMR imaging techniquéd,5].

Water transport in porous systems is a ubiquitous phe- Agar is a biopolymer which, in the sol state, is found in
nomenon present in many important technological applicathe form of random coils. The gelation process is believed to
tions [1-5] as well as in a variety of natural processes.combine these coils into double helicgkl], which aggre-
Among various available experimental techniques, nucleagate into domains separated by relatively large intercommu-
magnetic resonancéNMR) has been used extensively to nicating pores. Water molecules can be either “free” or
probe the nature of the transport processes in various porotisound” to biopolymer chains and can exchange at rates
systems. At least two different regimes are accessible t#hich appear to be fast compared with NMR transverse re-
NMR. Pu|sed_ﬁe|d_gradien(PF@ Spin_echo methods can laxation tImES[ll] Moreover, eﬁectively bound, nonex-
directly yield the self-diffusion coefficient for transport over changing, water molecules and protons attached to the
spatial dimensions which, for large magnetic field-gradien®iopolymer chains do not contribute to MRI intensity. Given
strengths, can be of the order of a few microns. Moreover, ifh€ir many applications, agar hydrogels have been studied
the case of confined diffusion within pores, PFG methodE£Xte€nsively by several methofis1-14. Of particular inter-
can also yield information about pore microstruct{se-8]. est for the present _V\_/ork is the addition of MCC to an agar
On the other hand, magnetic resonance imagMgl) on a hydrogel. This modifies the pore structure yielding a system

macroscopic scale, yields moisture profiles which represent%'th pecul_lar water transport characteristics which simulate
e behavior of food products.

coarse gramning of the t(ansport.process_ over spatial dimen- In typical experiments, a cylindrical sample of MFG with
slons Of. the size c_)f an image pixel, typ|_caIIy 0.1t 1mm. initial moisture content close to saturation, was allowed to
MRI moisture profiles are useful to monlto.r water t_ransportdry laterally and MRI profiles, corresponding to various dry-
in th'e presence of an external concentration gradient or afhg times, were recorded. These profiles, for a given value of
applied external pressure or bdth-5]. In some cases such §ning time, were compared with numerical solutions of
processes can also be described as Fickian diffusion but withicios equation at that time with a constant diffusivity acting
a diffusivity which may be different from the self-diffusion as an adjustable parameter. A range of values of this param-
constan{3]. eter was found to be necessary to fit the given profile, sug-
Moisture profiles obtained by MRI in cases such as cegesting an apparent concentration-dependent diffusivity.
ment drying[1] in a nonsaturated regime or water intake in Moreover, the range of values of the parameter needed for a
Nylon 6.6 [3] reveal a Fickian transport processes, albeitfit, was shown to also change considerably for different
with concentration-dependent diffusivities. Under closertimes. This was interpreted as a signature of non-Fickian
scrutiny, even in the case of Nylon 6.6, for large water contransport4].
centration and temperature not too high above ambient, some Non-Fickian diffusion is considered to be associated with
evidence of non-Fickian transport is also appaf@jt On  the finite rates at which a structure may change in response
the other hand, in some food products, moisture profiles obto the sorption or desorption of penetrant molecyl&s].
tained during drying under special conditions appear not td'his type of diffusion appears to prevail in some glassy sys-
be at all describable by Fickian diffusidd,9]. tems and polymers. In this paper the onset of a non-Fickian
A model food gel(MFG), which simulates the transport transport regime is examined from a different point of view,
properties and texture of some food products, and can also lhich is expected to be relevant in nearly saturated porous
shaped into convenient geometrical forms, has been praystems. Using Monte Carlo simulations we show that if, in
posed. This MFG is composed of agar, water, and microcaddition to random molecular motion, one also includes col-
rystalline cellulose(MCC) in suitable proportiong10]. It lective motion of fluid clusters caused by tensile forces, non-
Fickian transport results. We demonstrate that, for moisture
contents close to saturation, the interplay between random
*Present address: Groupe de RMN, Laboratoire DCSO, Ecolénolecular forces and tensile forces can explain the observed
Polytechnique, 91128 Palaiseau, France. drying profiles in a MFG[16]. Furthermore, by employing
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Boltzmann’s transformation of the diffusion equation in our 1.0
Monte Carlo model, we show how this type of non-Fickian
regime is approached via a collective reptationlike motion

[17]. 0.9

+4

IIl. NON-FICKIAN TRANSPORT ALGORITHM ]
The presence of Fickian transport, with a diffusivity E’. 0'81.
which may be concentration dependent, can be ascertained~—
experimentally. This requires the determination of profiles E; ]
for a particular geometry which permit a reasonably good & 0.7
realization of Boltzmann's transformation of the one- X ]
dimensional diffusion equatiofil5]. Defining a variablen £
=x/2\t, wherex represents the spatial coordinate drte- 0.6
notes time and provided that the initial and boundary condi- 1
tions can also be expressed only in termsppfickian pro-
files corresponding to different times should scale into a
universal curve when plotted as a function saf From this
master curve the concentration dependence of the diffusivity
can be determinefdl5]. Although this method has been suc- ]
cessfully employed in practice with MRI profild8], the 0.4
required measurements can be rather difficult given the im-
possibility, in some cases, to satisfy the geometrical con- r/a
straints over a wide range of moisture content.

As an example, the desorption process in our MFG, and FIG. 1. (—) Moisture profiles obtained from a numerical solu-
also in other cases where non-Fickian transport prevails, igon of the diffusion equation in a cylinder of radias=10.7 mm at
accompanied by shrinkage. With an initial condition of uni- =196 min assuming a constant diffusiviy as a parameter. The
form moisture distribution close to saturati¢ig% water diffusivity increases frsom top 1o bottom through the following
and 22% solig} the radius of a cylindrical sample is reduced "@n9e of valuesD(10 o’ sec ) =0.16, 0.28, 0.44, 0.59, 084,
by a relatively small amount, of approximately 10%, Whenl'og’ 1.21, and 1.:_’,8nw(r,0) denptes the |n|t|_al \_Nater distribution
moisture content reaches 69%. However, when shrinkage b%—ss.ume.d o bfe Emfom@..) E>I<1pe_r 'r.n.eTtal p(;(.)f'le In a MFG Zﬂer a
comes significant, at the later stages of desorption, an appreD./Ing time oft=196 min. The initial condition corresponds to a

. . . L tniform moisture distribution close to saturation. Moisture profiles
C|ab_le distortion of _cyllndrlcal symmetry usually _takes pla(.:e’were determined by Overhauser magnetic resonance imaging.
turning the comparison between measured profiles and simu-
lated ones, somewhat difficult. this simplifying assumption should not greatly affect the re-

Drying profiles in cylindrical samples of the MFG have sults.
been obtained with conventional MRI in a magnetic field of ~ While the calculated Fickian profiles of Fig. 1 exhibit a
4.0 T[4] and also with very low magnetic field imagifi§]  paraboliclike shape, the measured profile in the MFG dis-
using the electronic Overhauser eff€t8]. In the latter case, plays a relatively flat plateau. For longer times, the height of
a large enhancement of the NMR signal is obtained througlhe plateaus decrease with comparatively small changes in
irradiation of an electron spin resonance transition of a disshape. This behavior has also been observed in the drying of
solved free radical, prior to data acquisition in the usual MRlactual food product such as app[€$ which actually display
mode[19]. It has been shown recentl$s] that Overhauser a texture and porosity resembling our MFG.
imaging in very low magnetic fields may furnish moisture  From simulated profiles such as those shown in Fig. 1,
profiles which are extremely sensitive to small variations ofSchraderet al. [4] attempted to determine a concentration
local water content. dependence of the diffusion constant. They verified that, the

Figure 1 shows a moisture profile obtained by Overhauseapparent diffusivity obtained from this analysis displayed not
imaging in a magnetic field of only 16 mT in a cylindrical only a concentration-dependence but also time-dependence,
sample of the MFG. Starting from a largely saturated systengoncluding that the transport process was non-Fickian.
with an initially uniform moisture distribution a sample of |t has been proposdd6] that the somewhat puzzling pro-
diameter 2=21.4 mm and 50 mm in height, was exposed tofiles observed in our MFG may be a consequence of the
the ambient and allowed to dry laterally in still air. The dry- interplay between two effects. One is diffusion, broadly un-
ing time for the measured profile was 197 min. Also shownderstood as transport of matter resulting from random mo-
in Fig. 1 are numerical solutions of the diffusion equation asecular motion. The other is the effect of tensile forces tend-
a function ofr/a for cylindrical symmetry and various val- ing to preserve the integrity of clusters of fluid which form
ues of the diffusion constant. The simulated profiles correwithin the random network of capillaries. A familiar phe-
spond tot=197 min and a uniform initial moisture distribu- nomenon, which underlines the importance of tensile forces,
tion my(r,0). Here, as in other simulations, we haveis the ascending transport of sap through the xylem of trees
assumed a boundary condition of constant surface concentrand plants. The height reached by the water column without
tion atr=a of negligible value. Since we are dealing only breakage, from the roots to the leaves, may by far exceed the
with the initial stages of drying of a largely saturated systemmaximum height achievable by pulling the water column
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with a vacuum pump. To explain this phenomenf] one
must assume that, under the surface of the leaves, water mol-
ecules evaporate one at a time and are individually replaced
by molecules pulled from below by surface-tension forces,
preserving, in this way, the continuity of the column.

An experiment which clearly demonstrated for the first
time the importance of tensile effects in water as it evapo-
rates from the surface of a saturated porous clay vessel was
performed by Bam in Ref.[20]. The interplay between dif-
fusion and tensile forces has been also found to be important
for a description of other transport phenomena in porous
systemg21] and has been explored extensively by computer
simulations using concepts related to invasive percolation
[22].

The Monte Carlo method, which we employ in order to

FIG. 2. Schematic representation of the tensile transport algo-

. te tensile effect it t onl descrintion 0tithm.Asurface diffusefxX) evaporates leaving a vacancy which is
mcorpora e tensi e_ € e_c S, permits, not only a. es. .p illed by another diffuser. The process is iterated causing a collec-
MRI moisture profiles in the MFG, but also visualizing the " ciion of a cluster

onset of non-Fickian transport in a saturated system. The
proposed algorithm for simulating MRI profiles in the MFG
involves a two-dimensional square lattice with an inscribedsumed in the diffusion equation. Denoting Ny;c the num-
circular boundary of constant radius which simulates a longer of Monte Carlo steps, the rathty,c/N in the simulation
cylindrical sample. The relatively small shrinkage of the ini- should correspond to the actual adimensional tiwéa?, in
tial stages of desorption is ignored. Each lattice site may béne numerical solution. Starting in both cases with an ini-
thought to represent a pore and fluid is allowed to diffuse tajally uniform distribution att=0, excellent agreement be-
neighboring pores along capillaries represented by théveen Monte Carlo and numerical profiles was obtairiesd,
“bonds” between the given site and its nearest neighborsas expected for Fickian diffusion.
Diffusers occupying sites linked by nearest neighbors bonds |n order to deal with the peculiar profiles observed in our
define a cluster. MFG, tensile effects were taken into account by the follow-
Given the spatial resolution of available MRI profiles, aing modification of the above transport algorithm. After one
square lattice consisting of 4040 sites was found to be sjite and a nearest neighbor have been randomly chosen
adequate for our simulations. The cylindrical symmetry isamongN lattice sites, and assuming the first to be occupied
simulated by a circular region enclosed within the squareand the second empty, the diffuser will jump to the empty
lattice. TheN=1600 sites forming the lattice are initially site but now its motion may affect the position of other dif-
randomly filled withM diffusers and one of the sites, within fusers belonging to the same cluster. For relatively high con-
the inscribed circle, is randomly chosen as well as one of itgentration of diffusers, each site left vacant by the motion of
nearest neighbors. We first consider purely diffusive transa member of the cluster is filled by another nearest neighbor
port. In this case, if the chosen lattice site is occupied by aliffuser, thus preserving the integrity of the aggregates.
diffuser and the chosen neighbor is empty, the diffuser willwhen several diffusers may jump into the same site, a ran-
jump to the empty site independently of the occupation ofdom choice with equal probability is employed to avoid con-
other sites. If the chosen lattice site is empty or the chosefiict. Moreover, Monte Carlo time is advanced one unit after
neighbor is occupied, a new random choice is performedN random choices, just as in the case of purely diffusive
Moreover, if a jump occurs, the position of the diffuser is transport.
actualized and a new draw is made. Thus, after the process As before, a diffuser reaching a site at the boundary may
has been repeated times, each diffuser has attempted onbe removed with probabilitps. However, if it evaporates,
the average one jump and Monte Carlo time is incremente¢he vacancy will be filled by a randomly chosen nearest
by one unit. neighbor diffuser. This process is iterated until the vacancy
For each “pixel” in a simulated profile, the average oc- created either reaches a dead end or all its nearest neighbors
cupation number of a site over a large numbeof repeti-  have already participated in the collective motion. Similarly,
tions is calculated at a given Monte Carlo time. This averag&vhen a diffuser belonging to a cluster jumps to an empty site
occupation number is proportional to the concentration ofn the bulk, the same collective motion from randomly cho-
fluid m,(r,t) at a given distance and time. External drying sen sites to the site left vacant is performed. Figure 2 shows
conditions are simulated in the algorithm by introducing aschematically some of the details of the algorithm.
probability ps for a diffuser to be removed from the lattice  In addition of provoking a collective reptationlike motion,
when it reaches the boundaryrat a. tensile forces have a different effect. Also the probability of
As a check, profiles obtained with a number of repetitionsa diffusive jump from a given occupied site to an empty site,
varying betweem,=4x10° andn,=10" (for the case of must be assumed to depend upon the occupation of other
very small values oM/N), were compared with a numerical neighboring sites. If an occupied site with an empty neighbor
solution of the diffusion equation for a cylinder of radias is surrounded, for example, by three filled sites, the diffuser
and constant diffusivityD [15]. An evaporation probability should be assumed to be tightly bound and a relatively low
ps=1 was assumed in the Monte Carlo simulation and gump probability denoted by(3) should be assigned. On
constant concentration of negligible valuerata was as- the contrary, if the occupied site is surrounded by four empty
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FIG. 3. (a) Measured moisture profiles in a MFG obtained by Overhauser imaging for the following drying tinhes=2 min, (*) t
=15min, (A) t=76 min, (V) t=98 min, (¢) t=176 min. The full lines are simulated profiles for the following corresponding numbers
Monte Carlo stepNyc=7, 16, 42, 57, and 114b) Measured moisture profiles in a different drying run involving longer tir{ig} t
=32min, (*) t=53min, (A) t=95min, (V) t=197 min, (¢) t=301min, (+) t=342min, and(O) t=449 min. The full lines are
simulated profiles for the following corresponding numbers of Monte Carlo $gps= 15, 44, 73, 138, 194, 230, and 300.

sites, the corresponding probability [0) should be a It is quite instructive to examine more closely the rela-
maximum. Thus, the purely diffusive component of the non-tionship between Monte Carlo time and physical time. Figure
Fickian transport should display a concentration-dependert shows a plot of Monte Carlo ting,,c as a function of real
diffusivity which increases for lower concentrations. The op-time respectively for simulated and experimental profiles of
posite could be concluded from Fig. 1, where higher apparFig. 3. For Fickian diffusion with a constant diffusivity,
ent diffusivities are seen to be needed for a fit of the centrabne expects a ratiblyc/t=ND/a?. Moreover, the value of
part of the profiles where the concentration is higher. Sincehis ratio obtained from the slope of the straight line of Fig.
the transport is non-Fickian this conclusion, drawn from Fig.4 for our model vyields a valueNyca?/Nt=0.62
1, is not really warranted. X 10~ cré/sec, which could likewise be interpreted as an
Unlike Fickian diffusion, the profiles in our transport effective global diffusivity. In spite of the non-Fickian char-
model depend upon the initial concentration of diffusersacter of water transport in this MFG suggested by the NMR
M/N, representing the degree of saturation of the poresmaging profiles, global diffusivity values determined for ex-
which is one of the adjustable parameters of the model. Thample from desorption measurements are often qudte
other adjustable parameters are the probabilji{eg, where  Desorption measurements performed in our MFG sample
z denotes the number of occupied nearest neighbors. Takingelded, from a best fit of the mass loss curve to a theoretical,
p(0)=1, we have assumed for simplicify(1)=p(0) and constant diffusivity curvé15], a value 0.5% 10~ ° cné/sec.
p(3)=p(2)=\. Although more realistic choices could be The reasonable agreement between the global diffusivity ob-
employed, this particular one has the advantage of keepingiined from a Monte Carlo fit and the experimental value
the number of adjustable parameters to a minimum and stilbbtained from desorption measurements, in spite of the non-
exhibiting the effect of tensile forces upon jump probabili- Fickian character of the transport, emphasizes the dominant
ties. Figure 3 shows simulated profiles for various Monterole of diffusion in determining the rate of mass loss. The
Carlo times withh=0.2 and a value oM/N=0.98 which  collective motion caused by tensile forces, which will be
appear to be in good agreement with the experimental datshown to cause non-Fickian behavior, appears to be mainly
The choice of the parametbt/N affects mainly the shape of responsible for a spatial redistribution of fluid.
the plateaus and its value suggests that only a small fraction Although the tensile transport algorithm described above
of pores are initially empty. The parameter on the other appears to adequately describe the initial stages of desorption
hand, has a more pronounced effect upon the time evolutioim a saturated porous system, an important aspect, has not yet
of the transport process and upon the rate of mass loss. If, fdreen considered. The texture of the porous system, deter-
example, a value of closer to one were chosen, the numbermined by the size distribution of capillaries and pores, is
of Monte Carlo steps needed for a given mass loss as thexpected to play an important role. Within the framework of
system dries would progressively become larger than obthe present model, the collective motion of diffusers assumed
served experimentally. in the algorithm should be viewed as a flow, which could
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FIG. 4. Number of Monte Carlo stepsc as a function of real
drying times, respectively, for simulated and experimental profiles
shown in Fig. 8a). Obtained from profiles of Fig. (& (A). Ob-
tained from profiles of Fig. @) (O).

only be maintained continuously within a given capillary if
its diameter is larger than a critical value. For a given rate of
surface evaporation, the tensile strength of water and its vis-
cosity determine the critical diameter of a capillary with
given length[20].
Although a detailed description of the distribution of cap- b
illaries and of critical diameters is an inherently complex ( )
problem, some aspects can be incorporated in a simple way
into our model by allowing a finite breakage probability FIG. 5. (a) Simulated MR image of water uptake into an initially
within a moving cluster. Moreover, this breakage probabilityempty square lattice with a constant boundary concentraid@)
is expected to be larger for diffusers which are less strongly=1, corresponding to saturation. A constant diffusivity Fickian pro-
bound, leading eventually to Fickian transport for concentracess has been assumed whitfjc= 100.(b) Simulated MR image of
tions far from saturation. water uptake into an initially empty square lattice for the transport
For example, if one assumes a breakage probalffiliis) mechanism that includes collective motion caused by tensile forces.
which is only significant for diffusers with only one occupied A value A=0.2 has been assumed with a breakage probability
nearest neighborz& 1), any valud™(1)=<0.1 may be intro- I'(1)=0.1.
duced into the algorithm without affecting appreciably the
simulated profiles of Fig. 3 However, the effect of adopting,where the concentration of diffusers is denoted @y ,t).
for examplel'(1)=0.1, is quite significant at low values of Provided the boundary conditions are independent of time,
M/N, where it leads to a Fickian regini&6]. Fickian diffusion takes place if the diffusiviti is either a
constant or a function of concentration only.
In one dimension, a knowledge &f(x,t) permits, by a
IIl. BOLTZMANN'S TRANSFORMATION simple transformation due to Boltzmafib5], to determine

One should next consider a more stringent test for nonwhether the transport process is Fickian and, this being the

Fickian behavior and examine which aspects of the abov&2Se; t0 also determine the concentration dependgiicy
transport algorithm are conducive to the onset of this regimeof the diffusivity. If a new variabley=x/2\t is defined, the
Fickian diffusion in an isotropic medium is described by theone-dimensional form of Eq1) can be written as
well-known partial differential equation:

dC d( dC).

Clat=div(D gradC), (1) 204, " dy\ Pdy @
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FIG. 6. (a) Simulated profiles for the purely diffusive case obtained through a center line of(BjgThe number of Monte Carlo steps
ranges fromNyc=1 to Ny,c=100 in increments of five(b) Simulated profiles for tensile transport, obtained through a center line of Fig.
5(b). The number of Monte Carlo steps ranges fribigac=1 to Ny,c=100 in increments of five.

Equation (2) suggests that if the diffusivityp(C) is a  sponding to all surface lattice sites occupied, was adopted.
function of C only, the concentratio®( ») should be depen- This is analogous to an arrangement that has been actually
dent upon the single variable, provided the initial and employed in practicgé3], whereby a long square prism of
boundary conditions can also be expressed in terms of material is immersed in a water bath, while moisture profiles
alone. A semi-infinite mediuni11] with C=C(0) for x  obtained by MRI are recorded at various stages of the intake
=0, t>0 andC=0 for x>0, t=0, satisfies these require- process.
ments. The initial and boundary conditions can be written in  Figures %a) and Fb) show two simulated images of

this case as transverse slices of a square prism immersed in water, with
the darker gray scale indicating higher water concentration.
C=0 for p— (33  Both simulated images in Fig. 5 correspond to the same
numberNyc= 100 of Monte Carlo steps, a square lattice of
C=C(0) for »=0 (3b)  40x 40 sites and 5000 averages. In Figa)5a condition of

_ ) _ Fickian diffusion with constant diffusivity has been assumed.
which together with Eq(2) lead to a universal curv€(7)  On the other hand, in the simulated image of Fip)5ten-
providedD is only a function of concentration. The existence gjje transport with the same valae=0.2 employed in Figs.
of such a master curve for the above geometry, is a signaturg gnq a small breakage probabilify(1)=0.1 was adopted.
of Fickian diffusion. Moreover an integration of E2) | js apparent that, unlike the Fickian case depicted in Fig.

yields 5(a) where water intake progresses gradually, a wet front
q c seems to be propagating in Figbh This is more evident in
D(C)=— 2(_’7 f n(CHdcC'. 4) Figs. 6a) and Gb), where profiles through the center lines of
dC/ Jo Figs. 5a) and 8b), respectively, are shown. These profiles,

which correspond to a number of Monte Carlo steps ranging

Thus a knowledge of the master curve and its invey§g) from Nyc=1 to Nyc=100 in increments of five in both
permits, from Eq.(4), a determination of the concentration cases, show that the conditions for the applicability of Bolt-
dependence of the diffusivity. zmann’s transformation are met for the time interval consid-

In order to study in more detail the onset of non-Fickianered. Since the overlap of the profiles corresponding to water
behavior in a saturated system in the presence of tensiliatake from opposite surfaces appears to be very small, a
forces as well as diffusion, our Monte Carlo algorithm wassemi-infinite boundary can be safely assumed.
adapted to a geometry where the validity of Boltzmann's As expected for Fickian diffusion, the profiles of Figap
transformation could be ascertained. To that end, a conditionan be scaled into a master curve. If each valu€(f,t) is
of water intake into an initially empty lattice, from a bound- plotted against an abscissa where the position is divided
ary, with constant surface concentrati@(0)=1 corre- by a quantity proportional to the square root of Monte Carlo
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FIG. 7. (a)(®) Master curve for the purely diffusive case obtained from the simulated profiles of Fy.using the scalingn
ocx/\/N_MC of Boltzmann'’s transformation. The distances measured from one of the edges to points in the corresponding family of profiles.
(—) Theoretical master curve obtained from an exact numerical solutrScaling of profiles of Fig. @) according to Boltzmann’s
transformation. A universal curve is not obtained for the tensile transport model\with.2 andI'(1)=0.1, except for very small
concentrations(c) Scaling of profiles obtained for the tensile transport model with0.2 and a large breakage probability defined by:
I'(1)=1. The Fickian regime appears to be approached at considerable higher concentrationlthan in

time, one obtains the universal curve shown in Fi@.7A  zmann'’s transformation therefore indicates that the Fickian
comparison between this curve and an exact solution of theharacter of the transport process is actually destroyed by the
diffusion equation for this simple geometry shows excellentcollective reptationlike motion. Furthermore, as the breakage
agreement. probability is increased, the Fickian regime is approached at

In contrast, for a tensile transport algorithm, Figh)7  higher values of concentration, as expected. This is shown in
shows that such a scaling is not possible except for veryig. 7(c), where a breakage probabilify(1)=1 with I"(2)
small values ofC. The more stringent test provided by Bolt- =I'(3)=0, has been assumed.
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FIG. 8. Master curve obtained by Boltzmann's scaling of sev-

eral simulated profiles witlhh=0.2 and a breakage probability FIG. 9. Concentration dependence of the diffusivity for the
I'(z)=1 for all values ofz. The suppression of the collective mo- Fickian process resulting from making=0.2 andI'(z)=1. Ob-
tion leads to a Fickian process with a concentration-dependent diftained from the master curve of Fig. 8.

fusivity.
Y sented above, one would expect the occurrence of a broad

. ) ) ) maximum in the diffusivity at higher concentration, as a pre-
In addition to a collective motion of diffusers, our algo- .\ ;rsor of non-Fickian behavior.

rithm also postulates that jump probabilities depend upon the The onset of a regime where tensile effects become im-
number of nearest neighbors of a given diffuser. The possiportant appears to be accompanied by non-Fickian transport.
bility of a modification of the Fickian nature of the transport pyqfiles such as those of Fig. 3 should be observable in satu-
caused this assumption should also be examined. Figure @ted systems with a porous structure where the breakage of
shows that a universal curve is still obtained when the breakmnnectivity has a relatively small probability. Although ex-
age probability for all clusterg(z) is made equal to 1, there- ternal conditions may play a ro[@], some classes of mate-
fore suppressing the collective motion, but a value0.2is  rials are more likely to exhibit this behavior. It is expected to
still maintained as in Fig. 3. Although the shape of this masfe ghservable when the solid matrix consisting of polymeric
ter curve is quite different from that of Fig(&J, the exis-  chains, shrinks as the system dries. In systems which do not
tence of a universal curve confirms that the Fickian nature opehave in this manner, a gas phase can be expected to be
the process is not altered. The effect of a vakgl is  present. The formation of minute gas bubbles during the dry-
simply to introduce a concentration dependent diffusivitying process could disrupt connectivity and suppress the ef-

D(C). _ fect of tensile forces upon the profiles.
From the master curve of Fig. 8 and Ed), the concen-
tration dependence of the diffusivity can be determined for IV. CONCLUSIONS

the casex=0.2. The result is shown in Fig. 9 whebByC)

can be seen to remain practically constant as the concentra- A_Monte (;arlo algonthm for Fickian dn_‘fusmn has been
tion is reduced to approximately one fourth of saturation,mOd'f'ed to include tensile effects. The interplay between

further increasing by a factor =5 asC decreases to zero random motion and tensile forces, which tend to preserve the

A less abrupt transition could be obtained if a more graduaintegrity of clusters of diffusers, appears to be essential to

variation ofp(z) is assumed. It is worth pointing out that in explain experimental MRI profiles in a MFG. With the help

a Fickian regime, where tensile effects are negligible com®f Boltzmann’s transformation, the onset of a non-Fickian

pared to random motion, a concentration-dependent diffusiv-9'me, cal_Jsed by this collective motion, has been ascer-
ity may also be expected. For example in Nylon £36 a tained and its details explqre;d. Althou_gh our transport model
diffusivity which increases with water concentration hasC_Ould be _made more realistic, its main fe;atures should pro-
been observed. The larger diffusivity at higher water concen\—’Ide a valid description of water transport in saturated porous
tration in the Fickian regime of this polymer, arises from anSystems as revealed by MRI, with its inherent space and time
increasing concentration of “free” water as opposed to Wa_scales.
ter more strongly bound to specific regions of the polymeric
chains. In such cases, one could expect two competing ef-
fects as the water concentration increases to values where We wish to thank F. G. Brady Moreira, L. A. Colnago,
non-Fickian behavior may be approaching. The diffusivityand B. Stosic for helpful discussions. This work was sup-
would tend to increase with water concentration because gorted by Conselho Nacional de Desenvolvimento Cientifico
an exchange between “free” and “bound” water and to e Tecnolgico and Financiadora de Estudos e ProjéRrs-
decrease because of tensile effects. From the arguments pmlian agencies
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