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Tensile water transport in a porous gel
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A Monte Carlo simulation model, which incorporates the effect of tensile forces as well as diffusion, is
proposed to explain the behavior of water transport in a saturated porous gel. The algorithm is able to account
for the puzzling moisture profiles, which were first observed by conventional magnetic resonance imaging and,
more recently, by Overhauser imaging.@S1063-651X~99!51208-7#

PACS number~s!: 02.70.Lq, 05.40.2a, 76.70.Fz, 76.60.Pc
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TENSILE TRANSPORT AND DIFFUSION

Water transport in porous systems is a ubiquitous p
nomenon in nature and plays an important role in a variety
processes. Although in many cases a diffusive process o
ing Fick’s law may furnish an adequate description, there
examples where this behavior may not prevail. In vario
technologically important processes, Fickian diffusion, w
diffusivity generally depending upon local water concent
tion, has been reported. This appears to be the case fo
ample for drying of cement and plaster@1# and for water
uptake in plastics@2,3#. On the other hand, water transpo
during the drying process of various foods and grains, an
model food gels~MFG! @4,5#, appears to exhibit, under spe
cial conditions, non-Fickian behavior.

Nuclear magnetic resonance has been used extensive
investigate water transport and self-diffusion in porous s
tems. Two somewhat different approaches have been
ployed. Moisture profiles obtained by NMR imaging met
ods @1–5# have been particularly useful to study wat
transport on a macroscopic scale, under the influence of
ternal agents. These include concentration gradients ca
by drying or externally applied pressure. On the other ha
interpore self-diffusion and its relationship to pore micr
structure has been more conveniently studied by pulsed
dient spin echo methods@6–8#.

A large enhancement of the NMR signal can be obtain
through the Overhauser effect@9#. This involves irradiation
of an electron spin resonance transition of a dissolved
radical, prior to data acquisition in the usual NMR imagi
mode. The increased sensitivity permits to obtain ima
even in very low magnetic fields. It has been shown rece
@5# that Overhauser imaging@10# in very low magnetic fields
may furnish moisture profiles that are extremely sensitive
small variations of local water content. Measurements p
formed on a MFG, consisting of@4,11# agar, water, and mi-
crocrystalline cellulose~MCC! in suitable proportions, have
accurately confirmed previous results obtained by conv
tional NMR imaging in high magnetic fields@4#.

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@12#, which aggre-
gate into domains separated by relatively large intercom
nicating pores. Water molecules can be either free or bo
to biopolymer chains and can also exchange at rates w
are believed to be fast compared with the NMR transve
PRE 601063-651X/99/60~2!/1174~4!/$15.00
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relaxation time@12#. Moreover, bound water molecules an
protons attached to the biopolymer chains do not contrib
to the observable NMR imaging intensity. Given their ma
applications, agar hydrogels have been studied extensi
by various methods@12–15#. Of particular interest for the
present work is the addition of MCC to an agar hydrog
This modifies the pore structure yielding a system with p
culiar water transport characteristics@4#, which simulates the
behavior of food product.

Figure 1 shows a moisture profiles obtained by Ov
hauser imaging in a cylindrical sample of the MFG as
function of radial distance from the center@5#. Starting from
a largely saturated, initially uniform moisture distributio
(78% of water and 22% of solids!, a sample, 21.4 mm in
diameter and 50 mm in height, was exposed to the amb
and allowed to dry laterally in still air. The drying time fo
the profile shown was 196 min. Also shown in Fig. 1 a
numerical solutionsmw(r ,t)/mw(0) of the diffusion equa-
tion at t5196 min for various values of the diffusion con
stant. Here, as well as in other simulations, we have assu

FIG. 1. Numerical solutions of the diffusion equation in a cy
inder of radiusa510.7 mm fort5196 min and various values o
the diffusion constantD. From top to bottomD(1025 cm2/sec)
50.16, 0.28, 0.44, 0.59, 0.84, 1.03, 1.21, and 1.38. Also sho
(j) is a measured profile att5196 min.
R1174 © 1999 The American Physical Society



tra
rly
ti
w
re

fo
e
16
ca
th

ay
e
w
ila
ct

n
ar

gh
e

po

m
h

ion
n,
t
he
rit
t-

of
the

ater
ay

the
m-
the

e in-
y
ity

lso

ing

go-
om-
ion
g.

al
ant
he
tly
es

and
il-
and
by
atial

d
ed
igh-
e,

the
e
. If
r is
if a
d a
ated
one

m

l’’
ber

,
ites

age
e,

m-

by

l-

g

he

RAPID COMMUNICATIONS

PRE 60 R1175TENSILE WATER TRANSPORT IN A POROUS GEL
at r 5a, a boundary condition of constant surface concen
tion of negligible value. Since we are dealing with the ea
stages of drying of a largely saturated system this assump
should not greatly affect the results. Figure 1 clearly sho
the departure of the measured profile from the Fickian p
diction with a constant diffusion coefficient.

Figure 2 shows moisture profiles in the MFG sample
various drying times. The small changes detectable in th
profiles, which were obtained in a magnetic field of only
mT, underline the large sensitivity to small changes in lo
moisture attainable by Overhauser imaging. The range of
data shown in Fig. 2 is especially interesting and displ
some distinctive features. The moisture contents exhibit w
defined plateaus; the amplitudes become appreciably lo
as the sample dries but with little change in shape. A sim
behavior has, in some cases, also been observed in a
food product@4#. In contrast, for Fickian diffusion with a
constant diffusivity, such a drop in the initial amplitude of a
initial plateau is accompanied by a marked change to a p
boliclike profile, as shown in Fig. 1. Attempts to infer from
profiles such as those of Fig. 2, diffusivities which althou
not constant, would depend upon concentration alone, w
not successful. Hence, a non-Fickian behavior has been
tulated for this system@4#.

In this Rapid Communication we propose a mechanis
which may be responsible for the peculiar and somew
puzzling profiles of Fig. 2, as well as a computer simulat
algorithm. It includes two different effects. One is diffusio
broadly understood as transport of matter from one par
another resulting from random molecular motion. The ot
is the effect of tensile forces tending to preserve the integ
of the clusters of fluid, which form within the random ne
work of capillaries.

FIG. 2. ~a! Measured moisture profiles in a MFG obtained
Overhauser imaging for the following drying times: (h)t
52 min, (!)t515 min, (n)t576 min, (,)t598 min, and
(L)t5176 min. The solid lines are simulated profiles for the fo
lowing corresponding numbers of Monte Carlo steps:Nmc57, 16,
42, 57, and 114.~b! Measured moisture profiles in a different dryin
run involving longer times: (h)t532 min, (!)t553 min, (n)t
595 min, (,)t5197 min, (L)t5301 min, (1)t5342 min,
and (s)t5449 min. The solid lines are simulated profiles for t
following corresponding numbers of Monte Carlo steps:Nmc515,
44, 73, 138, 194, 230, and 300.
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A familiar phenomenon, illustrating the importance
tensile forces, is the ascending transport of sap through
xylem of trees and plants. The height reached by the w
column without breakage, from the roots to the leaves, m
by far exceed the maximum height achievable by pulling
water column with a vacuum pump. To explain this pheno
enon @16# one has to assume that, under the surface of
leaves, water molecules evaporate one at a time and ar
dividually replaced by molecules pulled from below b
surface-tension forces, preserving, in this way, the continu
of the column.

The interplay between diffusion and tensile forces is a
important for a description of other phenomena@17# and has
been explored extensively by computer simulations us
concepts related to invasive percolation@18#. Following
somewhat similar lines, we next propose a computer al
rithm, which incorporates, at least some aspects, of the c
plex phenomenology of the problem and allows a descript
of the peculiar moisture profiles revealed by NMR imagin

SIMULATIONS

The proposed algorithm employs a two-dimension
square lattice with an inscribed circular boundary of const
radius to simulate a long cylindrical sample. In reality, t
radius of a MFG sample is not constant but actually sligh
shrinks, by approximately 10%, in the range of drying tim
of Fig. 2~b! @5#.

Each lattice site may be thought to represent a pore
fluid is allowed to diffuse to neighboring pores along cap
laries represented by the ‘‘bonds’’ between the given site
its nearest neighbors. Diffusers occupying sites linked
nearest neighbors bonds define a cluster. Given the sp
resolution of the NMR images a square lattice of 40340
sites was found to be adequate for our purpose. TheN
51600 sites forming the lattice are initially randomly fille
with M diffusers, and one of the sites within the inscrib
circle is randomly chosen as well as one of its nearest ne
bors. We first consider purely diffusive motion. In this cas
if the chosen lattice site is occupied by a diffuser and
chosen neighbor is empty, the diffuser will jump to th
empty site independently of the occupation of other sites
the chosen lattice site is empty or the chosen neighbo
occupied, a new random choice is performed. Moreover,
jump occurs, the position of the diffuser is actualized an
new draw is made. Thus, after the process has been repe
N times, each diffuser has attempted, on the average,
jump and Monte Carlo time is incremented by one unit.

External drying conditions are simulated in the algorith
by introducing a probabilityps for a diffuser to be removed
from the lattice when it reaches the boundary. Each ’’pixe
in a simulation furnishes the average occupation num
over a large numbernr of repetitions. For a radial profile
parallel to a lattice direction, sinceAN is an even number
we averaged the occupation number of the two adjacent s
equidistant from the center line to define a pixel. The aver
occupation number of a pixel, at a given Monte Carlo tim
is proportional to the concentration of fluidmw(r ,t) at the
given radial distance and time.

As a check of the algorithm, profiles obtained with a nu
ber of repetitions, varying betweennr543105 and nr
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5107 ~for the case of very small values ofM /N), were com-
pared with a numerical solution of the diffusion equation
a cylinder of radiusa and constant diffusivityD @19#. Denot-
ing by Nmc the number of Monte Carlo steps, the ratio tim
Nmc /N, in the simulation, should correspond to the act
adimensional time,Dt/a2, in the numerical solution. The
radial distance was expressed in units of the total numbe
radial pixels in the simulation, and in units ofa in the nu-
merical solution.

Figure 3~a! shows numerical solutions of the diffusio
equation and Monte Carlo profiles, at the correspond
timesDt/a25Nmc /N. An evaporation probabilityps51 was
assumed in the Monte Carlo profiles, with an initial con
tion corresponding to a uniform radial distribution of diffu
ersmw(0). As expected, the agreement is very good. Mo
over, the profiles of Fig. 3~a! appear to be in sharp contra
with the experimental data of Fig. 2.

In order to take into account tensile effects, we next p
pose the following modification of the above transport alg
rithm. After one site and a nearest neighbor have been
domly chosen among theN lattice sites, and assuming th
first to be occupied and the second empty, the diffuser
jump to the empty site, but now its motion may affect t
position of other diffusers belonging to the same cluster.
relatively high concentration of diffusers, each site left v
cant by the motion of a member of the cluster is filled
another nearest neighbor diffuser, thus preserving the in
rity of the aggregates. When several diffusers may jump i
the same site, a random choice with equal probability is e
ployed to avoid conflict. Moreover, Monte Carlo time is a
vanced one unit afterN random choices just as in the case
purely diffusive motion.

FIG. 3. ~a! Calculated profiles~solid lines! using a numerical
solution of the diffusion equation with a constant diffusivityD, and
initial uniform distributionmw(0). Theadimensional timeDt/a2 is
incremented from top to bottom in steps of 0.0125. Computer si
lations (!) of the corresponding purely diffusive profiles. ForN
51600,Nmc is incremented from top to bottom in steps of 20. T
number of Monte Carlo steps in each profile is related to the
mensional time throughNmc /N5Dt/a2. ~b! Computer simulations
of tensile transport profiles forM /N50.05 andN51600. The num-
ber of Monte Carlo stepsNmc in the algorithm is increased from to
to bottom in increments of 20. The lines are only a guide to the e
r
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As before, a diffuser reaching a site on the boundary m
be removed with probabilityps . However, if it evaporates
the vacancy will be filled by a randomly chosen near
neighbor diffuser. The process is iterated until the vaca
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 4 sc
matically shows some details of the algorithm. Because
the presence of tensile forces, the probability of a jump fo
given diffuser, either at the surface or in the bulk, is assum
to depend upon the occupation of its nearest neighbors. I
occupied site with an empty neighboring site is surround
for example, by three filled sites, the diffuser is assumed
be tightly bound and a low probability, denoted byp(3), is

-

i-

e.

FIG. 4. Schematic representation of the tensile transport a
rithm. A surface diffuser (3) evaporates leaving a vacancy whic
is filled causing a collective motion within a cluster.

FIG. 5. Number of Monte Carlo stepsNmc as a function of real
drying times for the simulated and experimental profiles of Fig.
Obtained from the profiles of Figs. 2~a! (n) and from the 2~b! (h).
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assigned. On the contrary, if the occupied site is surroun
by empty sites, the corresponding probabilityp(0) is a maxi-
mum.

Unlike simple diffusion with a constant diffusivity, th
profiles in our tensile transport model depend upon the in
concentration of diffusersM /N, which is one of the adjust
able parameters of the model. The other adjustable param
is the ratio of probabilitiesl5p(3)/p(1)5p(2)/p(0),
which we assumed to be equal for both bulk jumping as w
as surface removal. For simplicity and, to keep the num
of adjustable parameters at a minimum, we have also c
sideredp(1);p(0)51 andp(3);p(2)5l. Figure 2 shows
simulated profiles for various Monte Carlo times withl
50.2 and a value ofM /N50.98 close to saturation. Th
agreement appears to be quite satisfactory. Although the
parameters defined above are sufficient to simulate the
files in the limited range of moisture content of Fig. 2, it
conceivable that a probability for breakage of a cluster d
ing the collective, reptationlike motion@20# may exist@16#
and could become appreciable for lower concentrations
one assumes, for example, a value of 0.1 for this probab
of breakage and, furthermore, that it only affects member
the collective motion with a coordination number of 1, o
obtains profiles such as those shown in Fig. 3~b!. As ex-
pected, the inclusion of such a small breakage probab
does not affect appreciably the profiles for values ofM /N
close to unity. However, it yields profiles that become p
gressively paraboliclike as the initial moisture content is
creased. For the case shown in Fig. 3~b!, corresponding to an
initial concentrationM /N50.05, they appear to converge a
ymptotically to the simple Fickian limit of Fig. 3~a!.
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It is also quite instructive to obtain a relation betwe
Monte Carlo time and a physical time. Figure 5 shows a p
of Monte Carlo timeNmc as a function of real time for the
simulated and experimental profiles of Fig. 2. For simp
diffusion with a constant diffusivityD, one expects a ratio
Nmc /t5ND/a2. For our tensile transport model, the slope
the straight line of Fig. 5 yields a valueNmca

2/tN50.62
31025 cm2/sec, which could be likewise interpreted as
effective global diffusivity. In spite of the non-Fickian cha
acter of the transport process in this MFG, suggested by
NMR imaging profiles, global diffusivity values determine
for example, by desorption measurements are often qu
@11#. From desorption measurements performed in
sample we found a value of 0.5731025 cm2/sec, in reason-
able agreement with the above result.

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 the experimental profiles of Fig. 2. Although o
transport model could be made more realistic, it should
applicable, even in its present relatively simple form, in
description of water transport in porous gels as revealed
NMR imaging, with its inherent space and time scales.
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