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We employ nuclear magnetic resonance imaging to study water penetration in cylindrical blocks of unsized
paper prepared under different molding pressures. From the measured kinetics of the imbibition profiles, we
determine the dependence of the effective transport diffusivity upon degree of saturation of the pores by the
penetrating fluid. In general, the transport process is found to be non-Fickian and we discuss different methods
of data analysis adapted to this situation. The effective transport diffusivity vividly captures the presence of a
precursor front, consisting of fluid in partially filled pores, with a much higher effective diffusivity than that of
fluid in largely saturated pores.
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I. INTRODUCTION

Fluid penetration in porous systems has been extensively
studied given its relevance to many important processes. It
has long been known that the generalization to real porous
systems of the pioneering work of Washburn �1� on fluid
transport in capillaries is not straightforward. It has been
found, for example, for some types of real pore structures,
that the distance traveled by the fluid in a given time interval
cannot be assumed to be simply proportional to the diameter
of the pores �2�. Paper fibers are another example where
continuous displacement of a meniscus along bulk pores, as
in Washburn’s model, has been found to be a rather ineffi-
cient process �3�. The particular pore morphology of paper,
where overlapping fibers form a highly interconnected net-
work of flow paths, appears to favor a film flow along chan-
nels formed by fiber overlap �3�. It has been argued that the
displacement of a meniscus along bulk pores in paper should
be strongly hindered by the presence of discontinuities at the
pore junctions.

Fluid imbibition in porous systems has been studied by a
variety of techniques. In some systems, such as paper fibers,
the process could be visualized at the microscopic level us-
ing cryoscanning electron microscopy �cryo-SEM� �3�. This
permitted the observation of transport paths along the actual
pores and channels. On the other hand, imaging techniques,
for example, magnetic resonance imaging, can yield mois-
ture profiles coarse-grained over the dimension of a voxel,
typically a cube of 1 mm on each edge, which includes a
large number of pores. In this work we demonstrate that this
coarse-grained approach, in the case of paper fibers, yields
results, which are consistent with the microscopic observa-
tions.

In many cases involving rigid, or consolidated porous sys-
tems, with no interaction between the fluid and the solid
matrix, Fickian behavior appears to prevail with transport
diffusivities, which are usually strongly dependent upon fluid
concentration �4–8�. Under these conditions the moisture de-
pendence of the transport diffusivity can be determined from
measured MRI moisture profiles, and a correlation with mi-
croscopic process can be attempted. On the other hand, for
nonconsolidated porous systems, such as our unsized paper
cylindrical blocks, fluid intake can modify the permeability
which may become time dependent. Chemical effects involv-
ing the fluid and the matrix can also take place further modi-
fying pore morphology, especially when the fluid is water.
Moreover, the transport process involves not only a liquid
and a solid phase but also a vapor phase, which condenses in
some regions while liquid water evaporates in other regions.
In all these cases, departures from Fickian behavior could be
expected and have been reported �9–12�.

The most frequent departure from the Fickian regime in
porous systems entails subdiffusive behavior whereby fluid
transport, for long times, is delayed compared to normal
Fickian diffusion. In this paper we will discuss different
strategies that have been adopted by various authors to ac-
commodate departures from Fickian behavior into a formal-
ism where the starting assumption is Darcy’s law. The aim is
to determine a moisture-dependent transport diffusivity and
to correlate it with the morphology of paper pores and with
microscopic observations in paper fibers.

II. EXPERIMENTAL DETAILS

Magnetic resonance imaging �MRI� experiments were
performed at 85 MHz using a Varian Inova spectrometer,
which includes a 2-T, 30-cm bore superconducting magnet
�11�. The sample was a solid cylinder typically 2.2 cm in
diameter with a length of 11.4 cm contained in a plastic tube
made of PVC, oriented with its cylindrical axis along the
horizontal direction. One end of the sample was placed in
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contact with a water reservoir consisting of an L-shaped
PVC tube attached to the sample tube by a threaded cou-
pling. At t=0 the L-shaped tube was filled with water and the
level was maintained with negligible over-pressure. A plastic
grid separated the water reservoir from the sample.

The starting material for the preparation of these cylinders
was grade 1 filter paper, manufactured by Whatman Int. Ltd.,
containing at least 98% of, largely water-insoluble, pure al-
pha cellulose. The thin circular disks were first cut into rect-
angular strips and placed in a regular paper shredder where
they were reduced to thin strips approximately 1.5-cm long
by 2-mm wide. In a second stage of partitioning these thin
strips were placed in a grinding machine and cut, with its fast
rotating blade, for approximately 30 s. The resulting mate-
rial, when observed through a microscope, appeared as an
entanglement of mostly individual cellulose fibers where all
directionality had been lost.

A cylindrical PVC tube, externally reinforced by a brass
cylinder, was filled with these cellulose fibers and pressures
of up to 30 MPa were applied using a manual hydraulic
press. No noticeable expansion was noticed after the pressure
was released. Most of the data reported here correspond to a
solid cylinder compressed by an applied pressure of
27.5 MPa, although some reference will also be made to a
cylinder compressed by an applied pressure of 13.6 MPa.
For this range of molding pressures �10–30 MPa� the result-
ing material appeared to be relatively uniform from the point
of view of MRI. Although inhomogeneities in the permeabil-
ity induced by the compression process still caused some
observable effect in the images, the fluctuations could be
considered tolerable. Furthermore, the average permeability
to water imbibition was sufficiently reduced in this molding
pressure range to permit measurements with acceptable time
resolution.

A three-dimensional �3D� gradient spin-echo sequence
with echo time TE=1.1 ms and repetition time TR=300 ms
was employed with an acquisition matrix of size
128�32�32, with 32 steps in each phase encoding gradient
�13�. Each point in a moisture profile, corresponding to a
given time after the beginning of imbibition, consisted of the
average signal amplitude in one of the 128, approximately
1 mm thick, successive disks along the cylindrical axis
of the sample. Each disk was defined by a matrix of
32�32 pixels whose average signal amplitude represents a
single point in the profile. By this procedure any information
about possible kinetic roughening effects on the imbibition
fronts �14� is, in principle, lost. However, images of longitu-
dinal slices of the cylinder as a function of time did exhibit
some roughening, which was found to be more pronounced
in the slower moving front than in the faster one. Unfortu-
nately signal intensity variations caused by inhomogeneities
produced in the sample preparation process and the relatively
poor resolution of only 32 pixels prevented a quantitative
study of the kinetic roughening effect in our samples.

The total acquisition time for each image, from which a
moisture profile was extracted, was approximately 5 min and
the imbibition time, in the data quoted below, was defined
using the center of acquisition interval.

The spin-lattice relaxation was artificially shortened to
achieve better time resolution. To that end a small amount of

CuSO4 was added to the water in the reservoir bringing
down its spin-lattice relaxation time to T1�115 ms.

III. RESULTS AND DISCUSSION

The moisture profiles shown in Fig. 1 correspond to times
of imbibition ranging from 11 to 434 min. The uncertainty in
the value of � arising from finite signal-to-noise ratio is
represented approximately by the size of the symbols in Fig.
1. However, some larger fluctuations, such as at x=2.7 cm
and x=0.3 cm, are also apparent and can be attributed to
inhomogeneities resulting from the sample preparation pro-
cess.

The profiles of Fig. 1 and also those obtained using cylin-
drical blocks subjected to different molding pressures, show
a common aspect. Qualitatively, all profiles exhibit a charac-
teristic feature consisting of a fast moving precursor front,
corresponding to regions where the moisture content is well
below saturation ��=W /W0�0.31�, and a slower moving
front in regions where the pores are close to saturation ��
=W /W0�1�. Here W0 denotes the saturation concentration.
It is worth pointing out that the precursor front observed in
Fig. 1 has a flat profile with a quite well-defined value of �
and is therefore qualitatively different from the one discussed
earlier by Bico and Quéré �2�.

Although in MRI each point in the moisture profile is
coarse grained over a large number of pores and channels,
these two characteristic fronts will be shown to be consistent
with results of cryo-SEM �3� in unsized paper sheets.

Attempting to understand, from fluid mechanics argu-
ments, two-phase liquid flow in such an enormously complex
network of interconnecting pores as paper is quite challeng-
ing. On the other hand, compared to other porous systems,
paper exhibits some characteristic feature that may lead to an
experimentally observable signature of a particular transport
process.

Paper is composed of cellulose fibers with lengths in the
millimeter range and quite uniform cross-sectional dimen-
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FIG. 1. Moisture profiles in a pressure-molded �27.5 MPa� pa-
per cylinder as a function of time after the beginning of imbibition.
Imbibition times range from ��� 11 to ��� 434 min with interme-
diate values t=16, 27, 32, 37, 42, 48, 53, 58, 89, 120, 152, 178, 218,
and 359 min. The solid lines are an aid to the eye.
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sions �3� ��15-�m width and 5–10-�m thickness�. This
relatively well-defined characteristic cross section leads to a
rather sharp separation between film flow and flow along the
bulk of the pore space. Given the high degree of overlap of
cellulose fibers many small channels are created along fiber
overlap regions. Such fiber overlap channels open up to sig-
nificantly larger bulk pores as one moves away from the
fibers. Furthermore, the bulk pores are highly interconnected
and may have enormously variable cross sections, but the
small channels formed by fiber overlap are believed to have
relatively uniform dimensions. Typically, the depth of a
channel from its bottom to the channel-pore interface has
been found to be �3� 1–3 �m in unsized paper sheets.

The classical type of flow, first described by Lucas �15�
and Washburn �1�, whereby the fluid meniscus continuously
advances inside a capillary is believed to be much more
complex in a network of highly interconnected pores, espe-
cially when several pores meet at a junction. It has been
suggested that only when the majority of pores at a junction
are filled with wetting fluid can the meniscus continue to
penetrate frontally. Otherwise, it will remain stationary when
the junction is reached and further advance can only take
place by film flow along the highly interconnected network
of small channels formed by fiber overlap �3�. Because of the
enormously large number of bulk pore junctions, and the
large probability of stationary points in classical piston-type
flow, film flow can be expected, and has actually been found
to constitute the predominant transport process in unsized
paper sheets �3�. As a consequence of this discussion, the
faster imbibition front of Fig. 1 could be considered a signa-
ture of film flow taking place in regions where the bulk pores
are far from being saturated by the wetting fluid.

A different level of description of fluid imbibition, which
does not require a detailed fluid mechanical calculation, and
is more suitable from the point of view of a coarse-grained
approach, has been also employed. The starting point is Dar-
cys law: J=−K�Pc /�x �for a one-dimensional �1D� case�,
where J denotes the local volumetric flux and K=� /�, is the
ratio between the permeability � of the medium and the vis-
cosity � of the fluid. The term macroscopic capillary pres-
sure is usually employed for the quantity PC. It is defined as
the difference between the pressures of the water phase and
the air phase averaged over a small, but macroscopic, repre-
sentative elementary volume containing many pores. If
Pc and K are assumed to be functions of moisture
content �=W /W0 only, one can further write J
=−K�����Pc /������ /�x�. Moreover, by combining Darcy’s
law with the continuity equation one obtains

��

�t
=

�

�x
�D���

��

�x
� . �1�

In Eq. �1� D��� is the transport diffusivity given by D���
=K����Pc /��, which, in this approach, is expected to con-
tain all the information necessary to characterize the imbibi-
tion process in the porous system.

If the imbibition experimental conditions can be approxi-
mately represented by a water reservoir at x�0 in contact
with a semi-infinite porous system at x�0, one can take
advantage of Boltzmann transformation �16� of the 1D dif-

fusion equation. This is achieved by introducing a new vari-
able �=x / t1/2, which transforms Eq. �1� into an ordinary
differential equation in the single variable �. Since not only
Eq. �1� but also the boundary conditions, ���=0�=1, ���
→	�=0, can be represented in terms of the variable � alone,
it follows that the moisture content must also be a function of
� only. Hence, if measured moisture profiles at different
times are plotted as a function of the variable �=x / t1/2 they
should collapse into a universal curve. Furthermore, the
moisture-dependent transport diffusivity D��� can be ex-
tracted from this universal curve ���� �16�,

D��� = − �1/2�� d�

d�
�	

0

�

�����d��. �2�

It has been found experimentally in many cases �4–8�,
especially when water imbibition in construction materials is
involved, that a universal curve ���� is actually obtained
when moisture profiles are plotted as a function of the vari-
able �=x / t1/2. Moreover, using Eq. �2�, moisture-dependent
transport diffusivities have been determined �6,7�, although it
has seldom been possible to achieve a clear correlation be-
tween D��� and the morphology of the porous system. It
will be shown that, in the present system, such a correlation
is possible.

Some difficulties may arise when one tries to apply Eq.
�2� to experimental data. In some cases it is found that mois-
ture profiles do not really collapse into a universal curve
when plotted as a function of x / t1/2. This is perhaps not too
surprising since some of the assumptions leading to Eq. �1�
may not be satisfied. It has been pointed out, for example
�17,5�, that the penetrating fluid may interact with the solid
matrix causing changes in the pore morphology and that the
permeability and transport diffusivity may become explicitly
time dependent.

Another possible source of so-called non-Fickian behav-
ior arises from the fact that the imbibition process involves
not only wetting fluid transport but also vapor transport. If
vapor and fluid can be considered to reach immediate equi-
librium, Eq. �1� is still applicable to the fluid concentration
�. However, if there is a time dependence associated with
the phase change between fluid and vapor, the transport of
each phase must be modeled separately �10�. Two coupled
Fickian equations, one for each phase, are then needed and a
continuity equation cannot be assumed to hold for the fluid
phase alone, as done in Eq. �1�.

There have been a few attempts, which, although still fol-
lowing the basic steps of Eqs. �1� and �2�, enable one to deal
with non-Fickian behavior. One of these approaches assumes
an explicit, separable, time dependence in the transport dif-
fusivity D�� , t�=
�t����� of Eq. �1�. This can be easily
shown, assuming the same boundary conditions as for Eq.
�1�, to also lead �9� to a universal curve provided the mois-
ture profiles are plotted as a function of the new variable �
=x /1/2, where =
0

t 
�t��dt�. In Fig. 2 the measured profiles
of Fig. 1 are plotted as a function x / t1/2. The results suggest
that the data fail to collapse into a universal curve, as ex-
pected from Fickian behavior. However, if the measured pro-
files are instead plotted as a function of x / t0.40, as shown in
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Fig. 3, the data appear to collapse into a universal curve to a
reasonably good approximation. It is worth pointing out that
the value 0.40�0.02 of the exponent is not, by any means,
universal and may change drastically if the sample prepara-
tion conditions are altered. For example, for a paper sample
prepared under a molding pressure of 13.6 MPa we found
the exponent to be close to 0.24.

We next assume a separable time-dependent transport dif-
fusivity of form D�� , t�=
�t����� with 
�t�=0.8t−0.20 and
define the variable �=x /1/2, where =
0

t 
�t��dt�= t0.80.
Thus, the choice of a slowly decaying, explicitly time-
dependent, transport diffusivity of form D�� , t�
=0.8t−0.20���� should lead to a universal curve when the
moisture profiles are plotted as a function of �=x / t0.40, as
observed experimentally. Furthermore, an effective transport
diffusivity ���� �cm2 /s0.80�, which is fractional in the time
variable, can then be obtained from the universal curve ����
by employing Eq. �2�, with � replaced by �.

Figure 4 shows a plot of calculated values ���� as a func-
tion of �=W /W0, where W0 denotes water concentration in

the fully saturated regime. In order to perform the operations
involved in Eq. �2�, the universal curve W��� /W0 was first
represented by an analytical function �11,12� containing pa-
rameters, which were adjusted for a best fit of the data within
the experimental uncertainty. The fitting function employed,
which is plotted in Fig. 3 together with the collapsed data,
was of the following form: ����=W��� /W0=0.686W1���
+0.369W2��� with W1���= �1−erf�14.697����1+ �32.15��6�−1

and W2���=0.85�1+ �13.361��40�−1.
The moisture dependence of ���� shown in Fig. 3 dis-

plays some features, which have not been observed in other
porous systems and appear to vividly correlate with the pore
morphology in paper. Instead of a monotonic, sometimes ex-
ponential �6,9�, increase of the transport diffusivity with
moisture content one observes a broad maximum near satu-
ration ��=W /W0�1� and a narrow peak for �=W /W0
=0.31, where the effective transport diffusivity is substan-
tially larger. This peak corresponds to the fast moving pre-
cursor front.

In several cases where non-Fickian behavior is present it
has been found experimentally that, for a considerable range
of time, moisture profiles for imbibition can be collapsed
into a universal curve when plotted as a function of x / t�/2

with ��1, although we have found evidence, in some cases,
that such a behavior may break down for very long times
�18�. As shown above, this type of subdiffusive behavior,
evident, for example, in Fig. 3, could be explained by assum-
ing an explicit time dependence in the transport diffusivity of
the following form: 
�t�=�t��−1�. However, it can also be
derived, without any a priori assumption concerning a par-
ticular time dependence, by introducing the Riemann-
Liouville fractional time derivative �19,20�.

The use of derivatives of fractional order in the study of
diffusion in porous media was introduced by Caputo �17�
with the aim of accommodating memory effects, which
could simulate a decrease of permeability with time in some
types of flow. The Riemann-Liouville fractional derivative
has been also employed in a generalized continuity equation,
to study diffusion of carriers in the multiple-trapping regime
�21�. For the imbibition problem, it has been shown �11� that
a generalized continuity equation, where the time derivative
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FIG. 2. Moisture profiles of Fig. 1 plotted as a function of x /�t.
Symbols denoting different times are the same used in Fig. 1.
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FIG. 3. Universal curve obtained from the profiles of Fig. 1 by
plotting as a function of x / t 0.40. The solid line represents an empiri-
cal fitting function described in the text. Symbols denoting different
times are the same used in Fig. 1.
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on the left-hand side of Eq. �1� is replaced by the Riemann-
Liouville operator of order � �0���1� yields, for the
boundary conditions prevailing in our imbibition experiment,
a universal curve, provided the moisture profiles are plotted
as a function of �=x / t�/2. Furthermore, the moisture depen-
dence of the effective transport diffusivity D���� can be ob-
tained from the measured universal curve ����=W��� /W0 by
the following generalization �11� of Eq. �2�:

D���� =
d�

d�

1

��1 − ��		

�

d��	
��

	 ��2/���1 − ��
����

�

−
d����

d�
� ���/��2/�d�

�1 − ���/��2/��� . �3�

Furthermore, D���� �cm2 /s�� is obtained from D���� by a
numerical substitution using the universal curve ����.

Figure 5 shows calculated values of D���� as a function
of �=W /W0 obtained from Eq. �3� for �=0.80 using the
same fitting function as in Fig. 3. Since the results differ only
slightly from those of Fig. 4 it appears that the same basic
conclusions can be drawn, in the present system, indepen-
dently of which model is employed for dealing with the de-
partures from Fickian behavior. For small departures from
Fickian behavior, such as for the value �=0.80 obtained in
the present case, this result is not surprising. In spite of quite
different assumptions, both approaches are expected to yield
identical results for �→1. For much smaller values of � the
differences would become more significant.

Although the choice of model to describe the small depar-
ture from Fickian behavior in the present case appears not to
be critical, it is worth commenting about the applicability of
each approach on more general grounds. The model leading

to ���� of Fig. 4 assumes that the permeability has a specific
time dependence but is local in time and satisfies a continuity
equation. On the other hand, in the fractional time derivative
approach employed here the permeability is assumed to be
time independent. However, given that the previous history
makes a contribution to the value of the fractional derivative
at the observation time, a memory effect is incorporated. The
weight of the memory effect is larger, the smaller is � com-
pared to unity. Moreover, the continuity equation is not
strictly obeyed and � conservation in the fractional time
diffusion equation �11� leading to Eq. �3�, is only globally
satisfied. This last aspect has led to the use of a fractional
time derivative approach to describe systems where the dif-
fusing species under study may convert into a different spe-
cies, which can subsequently reconvert back. One such ex-
ample is the diffusion of electrons in the conduction band of
disordered systems that can be trapped in localized states and
later released �21�. Another situation where a fractional time
derivative approach could, in some cases, help in a param-
etrization of the problem is the transport of a fluid phase,
which can transform into a vapor phase and subsequently
recondense.

IV. CONCLUSIONS

A coarse-grained approach based upon Darcy’s law has
been employed to characterize water imbibition in unsized
paper cylinders molded under pressure. In this approach the
details of the pore morphology are expected to be captured
by a moisture-dependent transport diffusivity. Given the non-
Fickian character of the imbibition process, two different ap-
proaches were employed to extract an effective transport dif-
fusivity from measured moisture profiles. In both instances
the practically coincident results were found to be quite dif-
ferent from what has been observed in other porous systems.
Instead of a monotonic increase of the effective transport
diffusivity with moisture content two peaks are observed. A
broad maximum near saturation �W /W0�1� and a narrow
peak for W /W0�0.31, where the effective transport diffusiv-
ity is substantially larger. This peculiar behavior, which is
consistent with the existence of a precursor front in paper
fibers �14�, suggests a correlation with microscopic observa-
tions obtained from cryo-SEM. Such measurements together
with estimates based on fluid dynamics, point toward a trans-
port mechanism dominated by film flow along channels
formed by fiber overlap.
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