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Two- or three-dimensional lacunar objects were fabricated using computer-simulated random site-
percolation networks as templates. The flow of water pumped through the pore space was studied with the aid
of nuclear-magnetic-resonance-~NMR! microscopy modified for mapping of the velocity vector field. The
percolation backbones of the objects were determined by exclusion of all pixels or voxels of the spin-density
images with velocities below the noise level. An evaluation procedure was established which reliably renders
the fractal dimensions of the whole cluster and of its backbone. The volume-averaged velocity magnitude as a
function of the probe-volume radiusr was found to obey a power lawv̄V;r2l in the rangea,r,jv , where
a is the voxel edge length andjv the velocity correlation length. The exponents turned out to be
l50.3260.04 andl50.8260.03 for the two- and three-dimensional objects, respectively. In order to test the
time dependence of the mean-squared displacement on fractals,^r 2&5at2/dw, expected for random walks of a
fractal dimensiondw , self-diffusion of gaseous methane was examined in the pore spaces of the same objects
with the aid of field-gradient NMR diffusometry. The results are in accordance with the theoretical predictions
for anomalous diffusion on percolation clusters. This finding is supported by studies of incoherent water flow
in the percolation network.@S1063-651X~96!06510-5#

PACS number~s!: 47.55.Mh, 87.59.Pw, 47.53.1n, 61.43.Hv

I. INTRODUCTION

Random percolation clusters are subject to characteristic
scaling laws with well-defined exponents@1–4#. Parameters
of particular interest are the fractal dimension and the corre-
lation length. In our previous work@5,6# we have established
a nuclear-magnetic-resonance-~NMR! microscopy proce-
dure permitting the experimental reproduction of analytical
or computer-simulated results for random-percolation clus-
ters. The strategy was to use computer-simulated two- or
three-dimensional site-percolation clusters as templates for
the fabrication of model objects that can be investigated by
NMR imaging after filling the pore space with water.

With such a project, several intricacies must be borne in
mind. ~i! Only a small number of objects can be studied in
experiments instead of a real ‘‘ensemble’’ of samples.~ii !
The precision of the fabricated objects is limited due to the
finite machining resolution.~iii ! The spatial resolution in
NMR imaging is restricted to a certain minimum voxel size.
This is contrasted with the more or less unrestricted en-
semble size, and the independence of any spatial resolution
of analytical and computer-simulation studies. The reliable
analysis of unknown percolation objects~compare@7–10#! in
terms of fractal parameters is only permissible after having
tested the experimental protocol in a known situation.

In the present study we extend the investigation from
purely structural properties to transport phenomena. This, of
course, refers to percolation features of utmost practical rel-
evance@11#.

Transport parameters of percolation clusters were already
the subject of diverse computer simulations as well as dc
conductivity measurements@4#. Fluid transport by flow in

such networks tends to be more complicated owing to the
influences of capillary pressure, surface tension, and turbu-
lences. The transport limiting structure is the percolation
backbone rather than the whole cluster@12#. It is therefore of
interest to have experimental means for the determination of
the backbone and its structural parameters. That is, ‘‘dan-
gling ends’’ that are not necessary for maintaining the con-
nectivity of the pore network must be identified.

Self-diffusion explored on the length scale of NMR dif-
fusometry may closely be related to the microstructure of the
pores @13–15#. However, on a longer scale at which self-
diffusion tends to be anomalous as long as the correlation
length is not exceeded by the root-mean-squared displace-
ment@16,17#, the exponents of the corresponding power laws
directly mirror the fractal parameters of the cluster. There-
fore it is of interest to check anomalous self-diffusion in
lacunar model objects with respect to consistence with fractal
parameters on a structural basis.

In the following, fractal parameters and scaling laws de-
termined in computer simulations will be juxtaposed to re-
sults derived from NMR-microscopy and field-gradient
NMR-diffusometry experiments carried out with model ob-
jects of site-percolation networks. The NMR-based examina-
tion of water flow and gas diffusion in the rebuilt networks
gives direct experimental access to the characteristic trans-
port parameters. The two main objectives are to find answers
to the following questions.

~1! Is there any characteristic law for the mean velocity
depending on the probe-volume radius?

~2! Does the fractal dimension determined from the mean
porosity as a function of the probe-volume radius coincide
with that evaluated from anomalous gas diffusion in the pore
space?
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II. EXPERIMENTAL DETAILS

The percolation cluster objects~Fig. 1! were composed of
stacks of 0.5 mm thick polystyrene disks which were fabri-
cated according to computer-simulated templates with the
aid of a LPKF ~Leiterplatten-Konturfra¨sen! circuit board
plotter. The cubic basis of the cluster lattice consisted of 32
lattice constants in each space direction. The cross sections
of the pores were quadratic with an edge length of 0.5 mm.

The pore space was investigated after filling it with water
~imaging! or methane gas~diffusion!. Before injecting water,
the pore space was evacuated in order to avoid air bubbles.
Magnetic field inhomogeneities in the field of view were less
than60.015 ppm as detected by magnetic resonance spec-
troscopic imaging~e.g.,@18#!.

Proton magnetic resonance imaging experiments were
carried out with a Bruker Biospec 47/40 magnet~4.7 T! com-
bined with a partly homemade radio frequency~rf! unit. The
maximum gradients were 0.6 T/m. Typical gradient switch-
ing times were 0.2 ms.

Two- or three-dimensional~proton! spin-density image
data were recorded using a gradient-recalled echo pulse se-
quence@Fig. 2~a!#. The digital resolution was 0.25 mm in
each spatial dimension. The sample thickness was 16 mm.

Velocity vector maps were acquired using a modification
of the Fourier encoding velocity imaging~FEVI! technique
@5,19,20#. The pulse scheme is shown in Fig. 2~a!. The three
components of the local velocity vector were encoded with
the aid of bipolar gradient pulses in three successive experi-
ments.

The stimulated-echo variant, Fig. 2~b!, was chosen for
pulsed field-gradient NMR-diffusometry experiments~e.g.,
@21#! because we were interested in a particularly wide varia-
tion range of the effective diffusion timeD. For the same
reason the field gradients externally applied were kept rela-
tively low ~but still about ten times larger than the internal
gradients in the percolation objects!. Therefore techniques
providing strong field gradients such as the supercon fringe
field variant@22# were not suitable for our purpose.

Stimulated-echo signals were recorded as a function of
the diffusion timeD in order to gain information on the time
dependence of the mean-squared displacements. The signals
from the object matrix were subtracted by recording the ma-
trix signals separately with empty objects. The relaxation
attenuation factors were eliminated by division of echo sig-
nals recorded under identical conditions but different

strengths of the gradient pulses~30 mT/m and 12 mT/m!.
The length of the gradient pulses wasd50.2 ms.

III. THEORETICAL BACKGROUND AND DEFINITIONS

A. Structural parameters

The scaling window of self-similarity isa,r,j, where
a is the microscopic lattice distance, andj the correlation
length. Site-percolation clusters in this range have a volume-
averaged density varying with the probe-volume radius ac-
cording to@4#

r~r !;H r df2dE, a,r,j

P`, r.j.
~1!

The Euclidean dimension is denoted bydE , the fractal di-
mension bydf . The percolation probabilityP` is a constant.
Furthermore, the parametersj andP` obey @4#

P`;~p2pc!
b, ~2!

j;~p2pc!
2n, ~3!

FIG. 1. Schematic illustration of the two- or three-dimensional
site-percolation objects used in the experiments. The objects were
composed of 32 polystyrene disks of a thickness of 0.5 mm. The
pore textures in the disks were machined according to computer-
simulated templates. The cross section of the three-dimensional per-
colation cluster was 16316 mm2.

FIG. 2. Radio frequency~rf! and field-gradient (Gi) pulse
schemes of the NMR-microscopy and -diffusometry techniques em-
ployed in this study.~a! Gradient-recalled echo~GE! pulse se-
quence for the record of maps of the velocity vector one component
after another. The spatial information is acquired by a frequency-
encoding gradient iny direction, and phase-encoding gradients
along thex andz axes. The latter are incremented independently in
subsequent transients. The velocity components are phase encoded
by bipolar gradients along the component direction. These gradients
are again incremented in subsequent transients independent of the
spatial encoding steps.~b! Stimulated-echo~STE! pulse sequence
for pulsed field-gradient NMR diffusometry. For the detection of
echo attenuations by incoherent flow, the direction of the gradient
must be perpendicular to the main-stream direction.
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wherep is the site occupation probability, andpc the thresh-
old value of the percolation network. Numerical literature
values are listed in Table I. The exponents of the above
power laws are related with each other according to@4#

df5dE2
b

n
. ~4!

The relations Eqs.~1!–~4! can be verified by computer
simulations of site-percolation clusters. The problem arising
with real experiments such as those carried out by NMR
imaging @5,6# is that the cluster matrix sizes and the en-
sembles under consideration are relatively small. It was
therefore essential to develop evaluation procedures coping
with such restrictions. Satisfying solutions are reported in
Ref. @5#.

In water-filled pore spaces, the water NMR signal is pro-
portional to the water proton spin density, which in turn is a
measure of the porosity of the pore space. With spatial reso-
lution one thus obtains the local porosity,r5r(r ), that is,
the volume fraction of the water in the voxel under consid-
eration.

The power law given in Eq.~1! can be tested by deter-
mining the mean volume-averaged porosity as a function of
the radiusr of the probe volume. A suitable evaluation
method is the so-called ‘‘sandbox’’ method@1,5#:

r̄V~r !5
1

Np
(
i51

Np 1

Nv
(
j51

Nv

r~r j ! ~ ur i2r j u<r !, ~5!

wherer(r j ) is the porosity in the voxel at the positionr j .
Nv is the number of voxels in the probe volume. The center
of the probe volume must be at a positionr i belonging to the
considered cluster. The conditionur i2r j u<r is the conse-
quence of the spherical shape of the probe volume. The ex-
pression in Eq.~5! finally refers to the ensemble mean value
of Np probe volumes of equal size.

B. Transport parameters

Coherent or incoherent flow of fluids and self-diffusion in
the pore space of percolation clusters is expected to be influ-
enced by the constraints imposed by the geometric confine-
ments. For example, the mean-squared displacement of a
random walk on a random percolation cluster is given by

^r 2&5at2/dw, ~6!

wheredw is the fractal dimension of the random walk. In the
limit of ordinary diffusion, the parameters take the values
a52dED and dw52. The quantityD is the unrestricted
self-diffusion coefficient. This is contrasted by random walks
on fractal objects at whichdw.2 @2,23#.

The self-diffusion coefficient and the dc conductivityS
are related by@17#

S5
en

kBT
D;~p2pc!

m, ~7!

wheren is the charge carrier number density ande the car-
rier charge. The Alexander-Orbach conjecture@2#

dw522dE1df1
m

n
~8!

linking all fractal exponents mentioned up to now was re-
cently corrected according to@24#

m

n
5dw2df . ~9!

A question not yet solved is how the conductivity param-
eters can be related to fluid flow under realistic conditions
@25,26#. One of the objectives of current research is to link
conductivity relations to fractal scaling laws.

The structural background most important in this context
is the percolation backbone with the fractal dimensiondf

b

~see Table I!. This quantity is related to the fractal dimension
by

bb5
1

2
~ndE13b!21, ~10!

df
b5dE2

bb

n
, ~11!

wherebb is an exponent for the backbone analog to Eq.~2!
@27#.

In context with the experiments to be presented in the
following, we now define the ‘‘mean volume-averaged ve-
locity’’

v̄V~r !5
1

Np
(
i51

Np 1

Nv
(
j51

Nv

v~r j ! ~ ur i2r j u<r !, ~12!

in analogy to the mean volume-averaged porosity Eq.~5!.
The local velocity in a voxel at a positionr j is
v(r j )5Avx21vy

21vz
2. The numbersNv and Np have the

same meaning as in Eq.~5!.

IV. COMPUTER SIMULATION OF TWO-
AND THREE-DIMENSIONAL PERCOLATION

NETWORKS

The percolation objects used for the NMR experiments
are based on computer simulations of random site-
percolation clusters which served as templates for the object
fabrication. The simulations were carried out with the same
spatial resolution relative to the object size as the voxel reso-
lution of 0.25 mm operational in the experiments. Each clus-
ter site is covered by four pixels in two-dimensional clusters
or eight voxels in three dimensions.

The site-percolation clusters were composed on a cubic
lattice with the aid of the random-number generator of the
BorlandC programming language. Each site of the lattice is
occupied randomly with the probabilityp. The occupation of
two neighboring lattice sites is interpreted as a passage.
Above the percolation thresholdpc ~see Table I! one largest
cluster exists connecting opposite edges of the network@see
the ‘‘white’’ cluster in Fig. 3~a!, for instance#. All isolated

TABLE I. Theoretical parameters of random site percolation
clusters@4,17#.

dE pc df b n df
b dw m

2 0.5927 91/48 5/36 4/3 1.6,. . . , 1.8 2.6, . . . , 2.9 1.3
3 0.3116 2.53 0.41 0.88 1.7,. . . , 1.9 3.4, . . . , 3.8 2.0
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clusters are eliminated@that is, represented as ‘‘black’’ pixels
in Figs. 3~a! and 3~b!#.

The network size that can be examined in the NMR-
microscopy experiments is restricted to 32332332 for prac-
tical reasons@5#. Nevertheless the fabricated objects were
found to be in complete accordance with the expected fractal
properties~see Fig. 4 and Table II!. In particular, the scaling
laws Eqs.~1!–~4! were verified for all simulated networks
used as templates of the fabricated objects@5#. Only patterns
without isolated voxel islands were considered, of course.

The definition of the percolation backbone is that there
two independent pathways to the sample edges emerge from
each site@12#. The corresponding pixels or voxels are dis-
played in white in Figs. 3~c! and 3~d!, whereas the singly
connected sites belonging to the deadends are displayed in
‘‘gray.’’ A corresponding computer-based evaluation proce-
dure renders the fractal backbone dimensions listed in Table
II. The data fit well to the values expected from the theory
for two-dimensional networks~Table I!, but differ somewhat
from that for three-dimensional clusters. The latter deviation
is conceivable because relatively largep2pc values had to
be combined with relatively small matrix sizes for practical
reasons.

V. NMR MICROSCOPY AND DIFFUSOMETRY OF
FLUIDS AND GASES IN THE PORE SPACE

A. Black-and-white conversion of spin-density images

Figures 4~a! and 4~c! show the spin-density images of
static water filled in the pore space of percolation objects

which were fabricated on the basis of the computer-
simulated clusters, Figs. 3~a! and 3~b!. The gray shades di-
rectly reflect the local porosity in the voxels. That is, there
are not only ‘‘pure’’ matrix and ‘‘pure’’ pore space voxels as
in the case of the computer-simulated clusters. Apart from
that, the water signals are unavoidably superimposed by
noise in the NMR experiments. On the other hand, the visual
inspection reveals a good coincidence of the simulated and
the measured patterns in spite of inaccuracies intrinsic to the
machining process of the object disks.

The mean volume-averaged porosity@Eq. ~5!# for probe-
volume radii below the correlation length is only defined for

TABLE II. Fractal dimensionsdf anddf
b of computer-simulated

random site-percolation clusters and their backbones. The cubic site
matrix consisted of 32332 and 32332332 lattice points in two
and three Euclidean dimensions, respectively. The statistical errors
are60.01 fordf and60.04 fordf

b .

dE52 dE53
p df df

b p df df
b

0.6527 1.88 1.75 0.3266 2.52 2.15
0.6627 1.90 1.83 0.3466 2.51 2.20
0.6677 1.89 1.79 0.3616 2.55 2.27
0.6727 1.89 1.80 0.3666 2.56 2.28
0.6877 1.89 1.85 0.3816 2.58 2.30

FIG. 3. Computer-simulated site-percolation networks with ma-
trix sizes of 32332 and 32332332 lattice points in two and three
Euclidean dimensions, respectively. Any isolated clusters were
eliminated. The white voxels represent the pore space. In the three-
dimensional case, the pore voxels are displayed only if they are
located on the surface of the multisectional view shown.~a!
dE52, p2pc50.060.~b! dE53, p2pc50.035.~c! dE52; white
voxels: backbone of~a!; gray voxels: deadends.~d! dE53, white
voxels: backbone of~b!; gray voxels: deadends.

FIG. 4. Spin-density images of the water-filled pore space of
two- or three-dimensional percolation objects. In the three-
dimensional case, the pore voxels are displayed only if they are
located on the surface of the multisectional view shown. The digital
resolution was 250mm, the field of view 32 mm in each dimension.
~a! dE52, p2pc50.060 @corresponds to the computer simulation
in Fig. 3~a!#. ~b! dE52, black-and-white converted representation
of ~a!. ~c! dE53, p2pc50.035@corresponds to the computer simu-
lation in Fig. 3~b!#. ~d! dE53, black-and-white converted represen-
tation of ~c!.
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pixels or voxels belonging either to the pore space or to the
matrix. The gray-scale images had therefore to be converted
to black-and-white contrasts before any evaluation of mean
volume-averaged porosities. A straightforward procedure for
this purpose is described in@5#.

The fractal dimensions evaluated from the black-and-
white converted images are listed in Table III in good coin-
cidence with values directly assessed from the computer
simulations~Table II!.

B. The percolation backbone

NMR-microscopy experiments were carried out with
static water and water flowing through the percolation ob-
jects ~see Fig. 1!. The combination of two- or three-
dimensional spin density with velocity maps permits the un-
ambiguous rendering of images of the percolation backbone
according to the very definition.

The absolute values of the flow velocity in the voxels,
v5Avx21vy

21vz
2, were calculated from the three velocity

components separately measured in the FEVI experiments.
The main-flow direction was along thez direction. The his-
tograms of the components and the absolute values of the
velocity vectors are shown in Fig. 5 for a two-dimensional
percolation network. The velocity noise level was estimated
to be 0.8 mm/s for a direction perpendicular to the two-
dimensional percolation network used in that experiment.

The black-white converted spin-density images were pro-
cessed one voxel after another using the velocity magnitude
data as criterion for the percolation backbone. Voxels having
a water velocity below the rms noise level determined with
the histogram, Fig. 5~b!, in the flowing-water experiment
are excluded from the black-white converted spin-density
image and taken as ‘‘black.’’ On the other hand, voxels with
higher velocities are considered to belong to the percolation
backbone and are left ‘‘white.’’ The resulting percolation
backbones are displayed in Figs. 6~b! and 6~d!. Varying
the flow rate does not significantly change the backbone
structure.

The mean volume-averaged porosity of the percolation
backbones was evaluated as a function of the probe-volume
radius. The results are shown in Figs. 7~a! and 7~b!. The
values of the backbone fractal dimension are listed in Table
III. These data agree well with the values obtained directly
from the computer simulations~see Table II!.

C. The mean volume-averaged velocity

The mean volume-averaged velocity is defined in Eq.
~12!. Corresponding evaluations of the velocity~magnitude!
maps revealed a certain velocity correlation lengthjv and a
power-law behavior in the radius range belowjv ~see Fig. 8!.
The data can be represented by the relation

v̄V~r !;H r2l, a,r,jv

const., r.jv
~13!

which is quite analogous to Eq.~5! for the mean volume-
averaged porosity. The exponentsl evaluated from the ex-
perimental data are listed in Table IV for different separa-
tions p2pc from the percolation threshold. Average values
arel50.3260.04 andl50.8260.03 for two and three Eu-
clidean dimensions, respectively. No obvious correlation be-
tweenl and the other fractal parameters, especially the con-
ductivity parameterm mentioned above, could be stated.

D. Self-diffusion of methane gas confined in the pore space

The root-mean-squared displacement of molecules con-
fined in a fractal pore space is expected to show an anoma-
lous time dependence@Eq. ~6!# in the rangea,A^r 2&,j.
With the rebuilt three-dimensional percolation objects this
range is roughly 0.5 mm,A^r 2&,2 mm.

A crude estimation based on Eq.~6! using a56D,
D'1029 m2/s, dw52, and t'D510, . . . ,30 msreadily
shows that the detection of the pore-space confinement by
field-gradient NMR-diffusometry of fluids is not feasible in

TABLE III. Fractal dimensionsdf anddf
b evaluated from black-

and-white converted and velocity-filtered NMR spin-density im-
ages, respectively. The values fordf

b are averages over several ex-
periments with different flow rates. The statistical errors are
60.01 fordf and60.05 fordf

b .

dE52 dE53
p df df

b p df df
b

0.6527 1.88 1.66 0.3266
0.6627 1.90 1.74 0.3466 2.53 2.24
0.6677 1.88 1.80 0.3616 2.52 2.31
0.6727 1.87 1.78 0.3666 2.53 2.28
0.6877 1.89 1.81 0.3816

FIG. 5. Histograms of the velocity components and the velocity
magnitude of water flowing through the two-dimensional random-
percolation object Fig. 4~a! lying in the x/z plane. The main-flow
direction was along thez axis. The velocity vector field was re-
corded using the FEVI method@Fig. 2~a!#. N is the number of
voxels in which the respective velocity value was measured. The
velocity resolution was 0.14 mm/s. The histogram of the velocity
component in the plane of the cluster perpendicular to the main-
flow direction, i.e., along thex axis, is symmetrically distributed. In
they direction no real flow is possible. The distribution thus reflects
noise with an estimated rms level of 0.8 mm/s.
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our case. This is in contrast to diffusion studies on much
shorter length scales such as water confined in protein aero-
gels @28,29#.

In the present application, gas diffusion has therefore
been studied which provides root-mean-square displace-
ments larger by orders of magnitude than liquid diffusion. As
such, we have chosen methane~CH4), the room temperature
bulk self-diffusion coefficient of which isD52.031025

m2/s. The root-mean-squared displacement thus exceeds the

given pore dimensions considerably on the experimental
time scale.

The attenuation of the stimulated-echo amplitude by
anomalous self-diffusion is expected to follow the relation
@21,30#

A5A0expF2gGid
2
a

6
D2/dwG , ~14!

where the limitd!D was assumed@see Fig. 2~b!#, andg is
the gyromagnetic ratio.

The self-diffusion behavior of the methane gas was
strongly influenced by the pore-space confinement in full
accordance with the expectations. Compared with the bulk,
the echo attenuation curves of the confined gas were strongly
flattened, as demonstrated in Fig. 9. Adopting the theoreti-
cally predicted value ofdw53.51 ~Table I!, the parameter
a was fitted to be (5.061.0)31026 m2/s0.57.

E. Incoherent water flow in the pore space

Displacements by flow can be made much larger than
those originating from self-diffusion. Flow of a liquid
through a percolation network is coherent in the main-stream
direction. That is, the velocity vector of a particle is prefer-
entially oriented in that direction during the whole experi-
mental probe time. Coherent displacements lead to phase
shifts of the echo signals whereas the echo amplitude is re-
tained.

TABLE IV. Exponents for the power-law dependence of the
mean volume-averaged velocity on the probe-volume radius. Dif-
ferent flow rates in the same percolation cluster are of little influ-
ence. The data are corresponding averages. The statistical errors are
60.02.

dE52 dE53
p p2pc l p p2pc l

0.6527 0.060 0.46 0.3266 0.015
0.6627 0.070 0.37 0.3466 0.035 0.79
0.6677 0.075 0.26 0.3616 0.050 0.85
0.6727 0.085 0.28 0.3666 0.055 0.82
0.6877 0.095 0.22 0.3816 0.070

FIG. 6. Velocity maps of water percolating through random site-
percolation objects.~a! dE52, p2pc50.060@corresponds to Figs.
3~a! and 4~a!#: The velocity magnitude is represented by gray
scales. The intensity is proportional to the absolute value of the
velocity v5(vx

21vz
2)1/2. ~b! dE52, p2pc50.060: Percolation

backbone, experimentally derived by combining the spin-density
data Fig. 4~a! and the velocity map~a!. ~c! dE53, p2pc50.035
@corresponds to Figs. 3~b! and 4~c!#: The velocity magnitude is by
gray scales. The intensity is proportional to the absolute value of the
velocity v5(vx

21vy
21vz

2)1/2. ~d! dE53, p2pc50.035: Percolation
backbone, experimentally derived by combining the spin-density
data Fig. 4~c! and the velocity map~c!.

FIG. 7. Mean volume-averaged porosity of percolation back-
bones.~a! r̄V(r ) for the black-and-white converted representation
Fig. 6~b!. ~b! r̄V(r ) for the black-and-white converted representa-
tion Fig. 6~d!.

FIG. 8. Mean volume-averaged velocity evaluated from maps of
the absolute value of the velocity Figs. 6~a! and 6~c!. ~a! dE52,
p50.6527.~b! dE53, p50.3466.
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This is in contrast to incoherent flow which arises in pore
spaces in directions perpendicular to the main-stream direc-
tion as was already demonstrated in experiments with water
flowing through a natural sponge or densely coiled cotton
fibers @28,31#. Experimentally the incoherence reveals itself
by an attenuation of the echo amplitude rather than by phase
shifts.

The incoherent nature is a matter of the time scale in
which the displacements are probed, of course@31#. The ve-
locity components perpendicular to the main stream change
their signs according to the microstructure of the pore space.
If such sign changes occur frequently on the experimental
time scale, the prerequisites of a random walk are given. This
sort of motion can therefore be studied using the pulse se-
quence in Fig. 2~b! at which the field gradient must be di-
rected perpendicular to the main stream. The evaluation for-
mula Eq. ~14! for an anomalous displacement behavior is
again applicable after redefining the parametersa anddw for
the incoherent-flow case@28#.

The stimulated-echo attenuation curves for incoherent wa-
ter flow through a random-percolation object are shown in
Fig. 10. The curve parameter is the average main-flow ve-
locity, which is called Dupuit-Forcheimer velocityvDF. It
can be calculated from the total volume flow rate^ f & via

vDF5
^ f &
r0A

, ~15!

whereA is the total percolated area andr0 the average po-
rosity of the sample@9#. Without flow the attenuation is
solely due to self-diffusion. The additional displacements
caused by incoherent flow are obvious. The nonexponential-
ity of the decays indicates incoherent displacements similar
to those due to anomalous self-diffusion.

The fractal dimension of the random walk caused by the
incoherent motions was fitted to bedw52.6060.04. This
value deviates from that expected for self-diffusion on a ran-
dom percolation cluster~see Table I!. The reason is attrib-
uted to contributions by self-diffusion in static water in the
deadends. For the parametera we obtained (1.960.3)
m2/s0.77.

The data do not show any systematic dependence on the
flow rate. This finding is interpreted as a structural limit. The
displacements by incoherent displacements are mainly deter-
mined by the pore-space confinements. In the flow rate range
of our experiments the main-stream flow velocity therefore is
of minor importance.

VI. CONCLUSIONS AND DISCUSSION

Two- and three-dimensional random percolation clusters
were computer simulated. The resulting structures were used
as templates for the fabrication of corresponding lacunar ob-
jects. The fractal properties of these objects were studied by
NMR microscopy and diffusometry after filling the pore
spaces with water or methane gas.

The theoretically predicted fractal parameters were juxta-
posed to those evaluated from the computer-simulated struc-
tures and those assessed with the aid of the NMR experi-
ments with the rebuilt lacunar objects. The percolation
backbone was experimentally separated with the aid of a
procedure mapping the flow velocity. The percolation back-
bone is the structure crucial for the transport properties of the
cluster@11#. The numerical and experimental results for the
fractal dimension and other percolation parameters are in ac-
cordance with the theoretical predictions.

Using velocity mapping, the distribution of flow velocities
in the lacunar objects was studied. A hitherto unknown
power law of the mean volume-averaged velocity as a func-
tion of the probe-volume radius was discovered.

Gas diffusion in the percolation objects showed clear in-
dications of the anomalous behavior expected on theoretical
grounds. Nevertheless these experiments were somewhat
hampered by the low detection sensitivity of methane. Future
experiments using129Xe as probe particles that can be
pumped optically@32# are in preparation. It should then be
possible to cover a much wider diffusion time range as
needed for the unambiguous evaluation of the fractal dimen-
sion applying for the random walk,dw .

Anomalous root-mean-squared displacements were also
concluded from incoherent water flow in analogy to our pre-
vious studies on flow through natural sponge and coiled cot
ton fibers@28,31#. It appears that the structure of the perco-
lation cluster forms the factor limiting the local transport
perpendicular to the main-stream direction, whereas the total
flow rate shows little influence.

FIG. 9. Stimulated-echo attenuation curves of methane gas at
room temperature.~a! Self-diffusion in bulk. The fitted diffusivity is
D5(2.060.5)31025 m2/s. ~b! Self-diffusion in a rebuilt percola-
tion network. The fitted parameter isa5(5.061.0)31026

m2/s0.57.

FIG. 10. Stimulated-echo attenuation curves of water at room
temperature.~a! Static water@dw52, D5(2.060.5)31029 m2/s#.
~b! Water incoherently percolating through a rebuilt three-
dimensional percolation object. The~diffusion! gradient direction
was chosen perpendicular to the main-flow direction. The fitted
parameters aredw52.6060.04, a5(2.060.3)31029 m2/s. The
Dupuit-Forcheimer velocity was varied from 6.4 mm/s to 8.3 mm/s.
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