PHYSICAL REVIEW E VOLUME 54, NUMBER 5 NOVEMBER 1996

NMR flow velocity mapping in random percolation model objects:
Evidence for a power-law dependence of the volume-averaged velocity
on the probe-volume radius
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Universita Ulm, Sektion Kernresonanzspektroskopie, 89069 Ulm, Germany
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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-resonanceNMR) 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 radiuswas found to obey a power law,~r ~* in the rangea<r<¢&,, where
a is the voxel edge length and, the velocity correlation length. The exponents turned out to be
A=0.32£0.04 and\ = 0.82+0.03 for the two- and three-dimensional objects, respectively. In order to test the
time dependence of the mean-squared displacement on frels,at?%w, expected for random walks of a
fractal dimensiord,,, 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 numbe(s): 47.55.Mh, 87.59.Pw, 47.58n, 61.43.Hv

[. INTRODUCTION such networks tends to be more complicated owing to the

influences of capillary pressure, surface tension, and turbu-

Random percolation clusters are subject to characteristi¢nces. The transport limiting structure is the percolation
scaling laws with well-defined exponerfts—4]. Parameters backbone rather than the whole cluste2]. It is therefore of

of particular interest are the fractal dimension and the corre't—rr‘]tergSt li% have e:j(p_?nmtentzil mleans for tthe defl'fﬁrrp[nat!%n of

lation length. In our previous worls,6] we have established € bac ene and Its structural parameters. That Is, “dan-

a nuclear-magnetic-resonanc@NMR) microscopy proce- gImg gnds that are not necessary for' maintaining the con-

dure permitting the experimental reproduction of analyticalnecnvIty of the pore network must be identified.

ter-simulated Its f q lati | Self-diffusion explored on the length scale of NMR dif-
or computer-simulated results for random-percolation ¢ usfusometry may closely be related to the microstructure of the
ters. The strategy was to use computer-simulated two- 05

) X . ) ores[13—-15. However, on a longer scale at which self-
three-dimensional site-percolation clusters as templates fQ§itrusion tends to be anomalous as long as the correlation

the faprica@ion of qu_el objects that can bg investigated bYength is not exceeded by the root-mean-squared displace-
NMR imaging after filling the pore space with water. ment[16,17), the exponents of the corresponding power laws
With such a project, several intricacies must be borne inyjirectly mirror the fractal parameters of the cluster. There-
mind. (i) Only a small number of objects can be studied infore it is of interest to check anomalous self-diffusion in
experiments instead of a real “ensemble” of sampl@s.  lacunar model objects with respect to consistence with fractal
The precision of the fabricated objects is limited due to theparameters on a structural basis.
finite machining resolution(iii) The spatial resolution in In the following, fractal parameters and scaling laws de-
NMR imaging is restricted to a certain minimum voxel size.termined in computer simulations will be juxtaposed to re-
This is contrasted with the more or less unrestricted ensults derived from NMR-microscopy and field-gradient
semble size, and the independence of any spatial resolutiddMR-diffusometry experiments carried out with model ob-
of analytical and computer-simulation studies. The reliablgects of site-percolation networks. The NMR-based examina-
analysis of unknown percolation obje¢t®omparg7-10)) in  tion of water flow and gas diffusion in the rebuilt networks
terms of fractal parameters is only permissible after havingjives direct experimental access to the characteristic trans-
tested the experimental protocol in a known situation. port parameters. The two main objectives are to find answers
In the present study we extend the investigation fromto the following questions.
purely structural properties to transport phenomena. This, of (1) Is there any characteristic law for the mean velocity
course, refers to percolation features of utmost practical reldepending on the probe-volume radius?
evance 11]. (2) Does the fractal dimension determined from the mean
Transport parameters of percolation clusters were alreadgorosity as a function of the probe-volume radius coincide
the subject of diverse computer simulations as well as devith that evaluated from anomalous gas diffusion in the pore
conductivity measuremeni{gt]. Fluid transport by flow in space?
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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- Gyyez
simulated templates. The cross section of the three-dimensional per-
colation cluster was 1616 mn?.

&
-

Il. EXPERIMENTAL DETAILS

1 1
3 7 +STE

The percolation cluster objectBig. 1) were composed of o 2/\ 2/\ 2/\
stacks of 0.5 mm thick polystyrene disks which were fabri-
cated according to computer-simulated templates with the ] ]
aid of a LPKF (Leiterplatten-Konturfraen circuit board Gi
plotter. The cubic basis of the cluster lattice consisted of 32 ls | A-3 s | t
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 ga@iffusion). Before injecting water,
the pore space was evacuated in order to avoid air bubble
Magnetic field inhomogeneities in the field of view were less
than =0.015 ppm as detected by magnetic resonance speg

troscopic imaginge.g.,[18]). encoding gradient iny direction, and phase-encoding gradients

P_roton magnetlc resonance Imaging experiments Werglong thex andz axes. The latter are incremented independently in
carried out with a Bruker Biospec 47/40 magt®f T) com- g nsequent transients. The velocity components are phase encoded

bmeq with a pqrtly homemade radio frequenidy umt. Th? by bipolar gradients along the component direction. These gradients
maximum gradients were 0.6 T/m. Typical gradient switch-are again incremented in subsequent transients independent of the
ing times were 0.2 ms. spatial encoding stepsgb) Stimulated-echdSTE) pulse sequence
Two- or three-dimensionafproton) spin-density image for pulsed field-gradient NMR diffusometry. For the detection of
data were recorded using a gradient-recalled echo pulse secho attenuations by incoherent flow, the direction of the gradient
quence[Fig. 2@]. The digital resolution was 0.25 mm in must be perpendicular to the main-stream direction.
each spatial dimension. The sample thickness was 16 mm.
Velocity vector maps were acquired using a modificationstrengths of the gradient pulsé30 mT/m and 12 mT/m
of the Fourier encoding velocity imagin@g-EVI) technique The length of the gradient pulses was 0.2 ms.
[5,19,20. The pulse scheme is shown in FigaR The three
components of the local velocity vector were encoded with ||| THEORETICAL BACKGROUND AND DEFINITIONS

the aid of bipolar gradient pulses in three successive experi-
ments. A. Structural parameters

The stimulated-echo variant, Fig(t, was chosen for  The scaling window of self-similarity ia<r <¢, where
pulsed field-gradient NMR-diffusometry experimentsg., a is the microscopic lattice distance, agdthe correlation

[21]) because we were interested in a particularly wide variatength. Site-percolation clusters in this range have a volume-

tion range of the effective diffusion timA. For the same averaged density varying with the probe-volume radius ac-
reason the field gradients externally applied were kept relacording to[4]

tively low (but still about ten times larger than the internal
gradients in the percolation objegtsTherefore techniques rd—de,  a<r<¢
providing strong field gradients such as the supercon fringe p(r)~ p r>¢ )
field variant[22] were not suitable for our purpose. . '

Stimulated-echo signals were recorded as a function ofhe Euclidean dimension is denoted 8y, the fractal di-
the diffusion timeA in order to gain information on the time mension byd; . The percolation probabilit?.. is a constant.

dependence of the mean-squared displacements. The signgigrthermore, the parametegsand P.. obey[4]
from the object matrix were subtracted by recording the ma-

trix signals separately with empty objects. The relaxation P.~(p—po)”, 2
attenuation factors were eliminated by division of echo sig-
nals recorded under identical conditions but different E~(p—po) ", 3

FIG. 2. Radio frequency(rf) and field-gradient G;) pulse
gchemes of the NMR-microscopy and -diffusometry techniques em-
ployed in this study.(a) Gradient-recalled echdGE) pulse se-
uence for the record of maps of the velocity vector one component
fter another. The spatial information is acquired by a frequency-
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TABLE |. Theoretical parameters of random site percolation en
clusters[4,17]. 2=r-—=D~(p—p)* (7)
ksT
e p.  d B v dy dy

wheren is the charge carrier number density anthe car-
2 05927 91/48 5/36 4/3 16,..,1.8 26,...,2.9 1.3 rier charge. The Alexander-Orbach conject[2Z¢
3 03116 253 041 088 17,..,19 34,...,38 20

dw=2—dE—l—df—l—% )

wherep is the site occupation probability, apd the thresh-  jiqying all fractal exponents mentioned up to now was re-
old value of the percolation network. Numerical Ilteraturecenﬂy corrected according {@4]

values are listed in Table I. The exponents of the above

power laws are related with each other accordinfdio [t —d,—d; 9)
w .
14
di=dg— E (4) A guestion not yet solved is how the conductivity param-
v eters can be related to fluid flow under realistic conditions

) o [25,26. One of the objectives of current research is to link
The relations Eqs(1)—(4) can be verified by computer cqonqycivity relations to fractal scaling laws.

simulations of site-percolation clusters. The problem arising The structural background most important in this context

with real experiments such as those carried out by NMRg the percolation backbone with the fractal dimensith

imaging [5,6] is that Fhe clyster matrix SIZes and the en'(see Table)l This quantity is related to the fractal dimension
sembles under consideration are relatively small. It wag,

therefore essential to develop evaluation procedures copingy

with such restrictions. Satisfying solutions are reported in ﬁbZ%(VdEJF 38)—1, (10)
Ref.[5].

In water-filled pore spaces, the water NMR signal is pro- B
portional to the water proton spin density, which in turn is a d?=dE— > (11)

measure of the porosity of the pore space. With spatial reso- _
lution one thus obtains the local porosity=p(r), that is, ~Wheregy, is an exponent for the backbone analog to &.

the volume fraction of the water in the voxel under consid-[27]. . . _
eration. In context with the experiments to be presented in the

The power law given in Eq(l) can be tested by deter- follpwing, we now define the “mean volume-averaged ve-
mining the mean volume-averaged porosity as a function ofocity

the radiusr of the probe volume. A suitable evaluation . 1 M1 N

method is the so-called “sandbox” methd,5|: vy(r)= N E N 2 o(ry) (Iri—rjl=r), (12
R T B R P
pu(r) = Ny Zl N, & p(r) (ri=ril<r), G analogy to the mean volume-averaged porosity (.

The local velocity in a voxel at a positiorr; is

wherep(r;) is the porosity in the voxel at the position. _
; ) r)=+\v2+v2+v2. The numbersN, and N, have the
N, is the number of voxels in the probe volume. The centerv( )= Vot uytog v P

of the probe volume must be at a positigrbelonging to the same meaning as in EG).
considered cluster. The conditign,—r;|<r is the conse-
guence of the spherical shape of the probe volume. The ex-
pression in Eq(5) finally refers to the ensemble mean value
of N, probe volumes of equal size.

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

The percolation objects used for the NMR experiments
B. Transport parameters are based on computer simulations of random site-

Coherent or incoherent flow of fluids and self-diffusion in percolation clusters which served as templates for the object

the pore space of percolation clusters is expected to be inflfabrication. The simulations were carried out with the same

enced by the constraints imposed by the geometric COnﬁnﬁspatial resolution relative to the object size as the voxel reso-

ments. For example, the mean-squared displacement of ytion of 0.25 mm operational in the experiments. Each clus-

random walk on a random percolation cluster is given by ter s_|te IS CO"e“?d by four. p|er§ in two-dimensional clusters
(r?)= a2 ©) or eight voxels in three dimensions.

The site-percolation clusters were composed on a cubic
whered,, is the fractal dimension of the random walk. In the lattice with the aid of the random-number generator of the
limit of ordinary diffusion, the parameters take the valuesBorlandC programming language. Each site of the lattice is
a=2dgD and d,=2. The quantityD is the unrestricted occupied randomly with the probabilify. The occupation of
self-diffusion coefficient. This is contrasted by random walkstwo neighboring lattice sites is interpreted as a passage.
on fractal objects at whicld,,>2 [2,23]. Above the percolation threshofu. (see Table)l one largest
The self-diffusion coefficient and the dc conductivily  cluster exists connecting opposite edges of the netjsek
are related by17] the “white” cluster in Fig. 3a), for instancé. All isolated
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(©) (d) (© (d

FIG. 3. Computer-simulated site-percolation networks with ma-  FIG. 4. Spin-density images of the water-filled pore space of
trix sizes of 32 32 and 3% 32x 32 lattice points in two and three W0- or three-dimensional percolation objects. In the three-
Euclidean dimensions, respectively. Any isolated clusters werdlimensional case, the pore voxels are displayed only if they are
eliminated. The white voxels represent the pore space. In the thre&2cated on the surface of the multisectional view shown. The digital
dimensional case, the pore voxels are displayed only if they ar&esolution was 25@.m, the field of view 32 mm in each dimension.
located on the surface of the multisectional view showa. (& de=2,p—p.=0.060[corresponds to the computer simulation
de=2, p—p.=0.060.(b) dg=3, p—p.=0.035.(c) de=2; white in Fig. 3@]. (b) dg=2, black-and-white converted representation
voxels: backbone ofa); gray voxels: deadend¢d) de=3, white  Of (8- (¢) de=3, p—p,=0.035[corresponds to the computer simu-
voxels: backbone ofb); gray voxels: deadends. lation inf(Fi?. 3b)]. (d) dg=3, black-and-white converted represen-

tation of (c).
clusters are eliminatefdhat is, represented as “black” pixels
in Figs. 3a) and 3b)].

The network size that can be examined in the NMR-Which were fabricated on the basis of the computer-

microscopy experiments is restricted tox322x 32 for prac- simulated clusters, Figs.(@ e_md_:{b). The gray shad_es di-
tical reasong5]. Nevertheless the fabricated objects WerereCtIy reflect”the '?Ca' p_0r03|ty“|n ths voxels. That is, there
found to be in complete accordance with the expected fract}"€ NOt only “pure” matrix and “pure” pore space voxels as
properties(see Fig. 4 and Table)llIn particular, the scaling N the case of the_ computer—3|mula_ted cIusters..Apart from
laws Egs.(1)—(4) were verified for all simulated networks that, the water signals are unavoidably superimposed by
used as templates of the fabricated obj¢BisOnly patterns ~ Noise in the NMR experiments. On the other hand, the visual
without isolated voxel islands were considered, of course. inspection reveals a good coincidence of the simulated and
The definition of the percolation backbone is that therethe measured patterns in spite of inaccuracies intrinsic to the
two independent pathways to the sample edges emerge fromachining process of the object disks.
each site12]. The corresponding pixels or voxels are dis- The mean volume-averaged porodiBg. (5)] for probe-
played in white in Figs. @) and 3d), whereas the singly volume radii below the correlation length is only defined for
connected sites belonging to the deadends are displayed in
“gray.” A corresponding Compl"ter'based _evalu_at'on Proce-  TABLE II. Fractal dimensionsl; andd? of computer-simulated
dure renders the fractal backbone dimensions listed in Tablg,gom site-percolation clusters and their backbones. The cubic site
IIl. The data fit well to the values expected from the theorymatrix consisted of 3232 and 3% 32x 32 lattice points in two
for two-dimensional networkéTable ), but differ somewhat  and three Euclidean dimensions, respectively. The statistical errors
from that for three-dimensional clusters. The latter deviatiorare +0.01 ford; and +0.04 ford?.
is conceivable because relatively large p. values had to

be combined with relatively small matrix sizes for practical dg=2 de=3
reasons. p d; d? p d; d?
V. NMR MICROSCOPY AND DIFFUSOMETRY OF 0.6527 1.88 1.75 0.3266 2.52 2.15
FLUIDS AND GASES IN THE PORE SPACE 0.6627 1.90 1.83 0.3466 251 2.20
A. Black-and-white conversion of spin-density images 0.6677 1.89 179 0.3616 2.55 2.21
0.6727 1.89 1.80 0.3666 2.56 2.28
Figures 4a) and 4c) show the spin-density images of 0.6877 1.89 1.85 0.3816 2.58 2.30

static water filled in the pore space of percolation objects
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TABLE lll. Fractal dimensionsl; andd® evaluated from black-
and-white converted and velocity-filtered NMR spin-density im- 400
ages, respectively. The values idx? are averages over several ex- N (@
periments with different flow rates. The statistical errors are
+0.01 ford; and +0.05 ford?.

%
dE=2 dE=3

0.6527 1.88 1.66 0.3266 400
0.6627 1.90 1.74 0.3466 2.53 2.24 © )
0.6677 1.88 1.80 0.3616 2.52 231
0.6727 1.87 1.78 0.3666 2.53 2.28
0.6877 1.89 1.81 0.3816
J_ ;L
. . . 0
pixels or voxels belonging either to the pore space or to the 9 0 9 -9 0 9
matrix. The gray-scale images had therefore to be converted v (mm/s)

to black-and-white contrasts before any evaluation of mean

volume-averaged porosities. A straightforward procedure for . ) .

this purpose is described [8]. FIQ. 5. Histograms of_ the velocity componqnts ar_1d the velocity
The fractal dimensions evaluated from the black-and.Tgnitude of water flowing through the two-dimensional random-

white converted images are listed in Table Il in good coin—perCOIatlon object Fig. @) lying in the x/2 plane. The main-flow

. . . direction was along the axis. The velocity vector field was re-
cidence with values directly assessed from the computel, oq using the FEVI methofFig. 2a)]. N is the number of
simulations(Table II).

voxels in which the respective velocity value was measured. The
velocity resolution was 0.14 mm/s. The histogram of the velocity
B. The percolation backbone component in the plane of the cluster perpendicular to the main-
flow direction, i.e., along th& 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.

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- C. The mean volume-averaged velocity

amblgqous rendering of Images of the percolation backbone The mean volume-averaged velocity is defined in Eq.
according to the very definition.

- (12). Corresponding evaluations of the velocitpagnitude
The absolute values of the flow velocity in the voxels,maps revealed a certain velocity correlation lengttand a
v=Jo2+ 1242

vituytuz, were calculated from the three velocity poyer-law behavior in the radius range beléy(see Fig. 8
components separately measured in the FEVI experimentsne data can be represented by the relation

The main-flow direction was along ttedirection. The his-
tograms of the components and the absolute values of the —_ r, a<r<g,
i in Fi dimensi ou(r)~ (13

velocity vectors are shown in Fig. 5 for a two-dimensional v const., r>¢
percolation network. The velocity noise level was estimated v
to be 0.8 mm/s for a direction perpendicular to the two-which is quite analogous to E@5) for the mean volume-
dimensional percolation network used in that experiment. averaged porosity. The exponentsevaluated from the ex-

The black-white converted spin-density images were properimental data are listed in Table IV for different separa-
cessed one voxel after another using the velocity magnitudgons p— p, from the percolation threshold. Average values
data as criterion for the percolation backbone. Voxels havingyre A =0.32+0.04 and\ = 0.82+ 0.03 for two and three Eu-
a water velocity below the rms noise level determined withclidean dimensions, respectively. No obvious correlation be-
the histogram, Fig. ®), in the flowing-water experiment tween) and the other fractal parameters, especially the con-

are excluded from the black-white converted Spin-denSithuctivity parametew mentioned above, could be stated.
image and taken as “black.” On the other hand, voxels with

higher velocities are Coﬂ?id‘?re‘}! to belong tP the percol_ation D. Self-diffusion of methane gas confined in the pore space
backbone and are left “white.” The resulting percolation

backbones are displayed in Figs(bp and Gd). Varying ~ The root-mean-squared displacement of molecules con-
the flow rate does not significantly change the backbondined in a fractal pore space is expected to show an anoma-
structure. lous time dependencEq. (6)] in the rangea<\/(r2)<§.

The mean volume-averaged porosity of the percolatioVith the rebuilt three-dimensional percolation objects this
backbones was evaluated as a function of the probe-volum@nge is roughly 0.5 mm \/(—r"7<2 mm.
radius. The results are shown in Figga)7and 7b). The A crude estimation based on E@6) using a=6D,
values of the backbone fractal dimension are listed in Tabl®~10"° m?/s, d,,=2, andt~A=10,...,30 msreadily
Ill. These data agree well with the values obtained directlyshows that the detection of the pore-space confinement by
from the computer simulationsee Table ). field-gradient NMR-diffusometry of fluids is not feasible in
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FIG. 8. Mean volume-averaged velocity evaluated from maps of
the absolute value of the velocity Figsiaband Gc). (a) dg=2,
p=0.6527.(b) dg=3, p=0.3466.

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

©) (d

64
FIG. 6. Velocity maps of water percolating through random site- A=Aoexr{ —vG; EZEAZ/"W} , (14
percolation objects(@) dg=2, p— p.=0.060[corresponds to Figs.

3(@) and 4a)]: The velocity magnitude is represented by gray

scales. The intensity is proportional to the absolute value of thavhere the limit6<A was assumefkee Fig. 2)], andy is
velocity v:(v§+v§)1/2. (b) dg=2, p—p.=0.060: Percolation the gyromagnetic ratio.

backbone, experimentally derived by combining the spin-density The self-diffusion behavior of the methane gas was
data Fig. 48 and the velocity maga). (c) de=3, p—p.=0.035  strongly influenced by the pore-space confinement in full
[corresponds to Figs.(B) and 4c)]: The velocity magnitude is by accordance with the expectations. Compared with the bulk,
gray §cales. T2he igtenzity is proportional to the absolute valug of thehe echo attenuation curves of the confined gas were strongly
velocityv = (v +vy+v;) "% (d) de=3, p—pc=0.035: Percolation fiattened, as demonstrated in Fig. 9. Adopting the theoreti-
backbone, experimentally derived by combining the spln-densnyca"y predicted value ofl,,=3.51 (Table ), the parameter

data Fig. 4c) and the velocity majic). « was fitted to be (5.61.0)x 10 ¢ m?/s%,

our case. This is in contrast to diffusion studies on much

shorter length scales such as water confined in protein aero- E. Incoherent water flow in the pore space
gels[28,29.

L e Displacements by flow can be made much larger than
In the present application, gas diffusion has thereforgynse  originating from self-diffusion. Flow of a liquid

been studied which provides root-mean-square displacgyq,gh a percolation network is coherent in the main-stream
ments larger by orders of magnitude than liquid diffusion. ASgjrection. That is, the velocity vector of a particle is prefer-
such, we have chosen methai@H,), the room temperatire - entially oriented in that direction during the whole experi-
buzlk self-diffusion coefficient of which isD=2.0x10 mental probe time. Coherent displacements lead to phase
m</s. The root-mean-squared displacement thus exceeds thgifis of the echo signals whereas the echo amplitude is re-

tained.
0.8 0.6
o dg= P de=3 TABLE IV. Exponents for the power-law dependence of the
v b Y o mean volume-averaged velocity on the probe-volume radius. Dif-
~rfE o ferent flow rates in the same percolation cluster are of little influ-
ence. The data are corresponding averages. The statistical errors are
» +0.02.
g —h-h,.\
04 ' o1 ' dg=2 dg=3
R p P—Pc A P P—Pc A
@ ® 0.6527 0.060 046 03266  0.015
0.6627 0.070 0.37 0.3466 0.035 0.79
FIG. 7. Mean volume-averaged porosity of percolation back-0.6677 0.075 0.26 0.3616 0.050 0.85
bones.(a) py(r) for the black-and-white converted representation0.6727 0.085 0.28 0.3666 0.055 0.82
Fig. 6(b). (b) py(r) for the black-and-white converted representa- 0.6877 0.095 0.22 0.3816 0.070

tion Fig. 6d).
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whereA is the total percolated area apg the average po-
rosity of the sampld9]. 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 k,=2.60+0.04. This
10 20 g O value deviates from that expected for self-diffusion on a ran-
dom percolation clustefsee Table). The reason is attrib-
(thed to contributions by self-diffusion in static water in the

FIG. 9. Stimulated-echo attenuation curves of methane gas a .
room temperaturea) Self-diffusion in bulk. The fitted diffusivity is d€adends. For the parameter we obtained (1.20.3)

2/ 0.
D=(2.0+0.5)x10"° m?s. (b) Self-diffusion in a rebuilt percola- M 17", _
tion network. The fitted parameter isv=(5.0=1.0)x10° The data do not show any systematic dependence on the
m?/s057, flow rate. This finding is interpreted as a structural limit. The
displacements by incoherent displacements are mainly deter-

This IS In contrast to mcohgrent flow Wh'Ch. arses I pore .,ne g by the pore-space confinements. In the flow rate range
spaces in directions perpendicular to the main-stream direc-

tion as was already demonstrated in experiments with wate(?]c our experiments the main-stream flow velocity therefore is
flowing through a natural sponge or densely coiled cottonO'c minor importance.

fibers[28,31]. Experimentally the incoherence reveals itself

by an attenuation of the echo amplitude rather than by phase

shifts. VI. CONCLUSIONS AND DISCUSSION
The incoherent nature is a matter of the time scale in
which the displacements are probed, of col&H. The ve- Two- and three-dimensional random percolation clusters

locity components perpendicular to the main stream changaere computer simulated. The resulting structures were used
their signs according to the microstructure of the pore spaceas templates for the fabrication of corresponding lacunar ob-
If such sign changes occur frequently on the experimentgects. The fractal properties of these objects were studied by
time scale, the prerequisites of a random walk are given. ThisMR microscopy and diffusometry after filling the pore
sort of motion can therefore be studied using the pulse S&spaces with water or methane gas.

quence in Fig. @) at which the field gradient must be di-  The theoretically predicted fractal parameters were juxta-
rected perpendicular to the main stream. The evaluation forposed to those evaluated from the computer-simulated struc-
mula Eq.(14) for an anomalous displacement behavior isy,res and those assessed with the aid of the NMR experi-
again applicable after redefining the parametesndd,, for  ants with the rebuilt lacunar objects. The percolation

the mcoh_erent—flow casi28]. . . backbone was experimentally separated with the aid of a
The stimulated-echo attenuation curves for incoherent W?Erocedure mapping the flow velocity. The percolation back-

ter flow through a random-percolation object are shown i . : X
. : : one is the structure crucial for the transport properties of the
Fig. 10. The curve parameter is the average main-flow ve-

locity, which is called Dupuit-Forcheimer velocitype. It ;:Iusttelr([;l]. The nun;erl:l:qal and e>;pte_r|mental retsults for_ the
can be calculated from the total volume flow réfe via ractal dimension and other percolation parameters are in ac-

cordance with the theoretical predictions.

(f) Using velocity mapping, the distribution of flow velocities
UDF:pO_A1 (15 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 using'?®Xe as probe particles that can be
o suatic water pumped optically{32] are in preparation. It should then be
50 0 70 = P possible to cover a much wider diffusion time range as

A (ms) needed for the unambiguous evaluation of the fractal dimen-
sion applying for the random walkl,, .

FIG. 10. Stimulated-echo attenuation curves of water at room Anomalous root-mean-squared displacements were also
temperature(a) Static watefd, =2, D=(2.0+0.5)x10"® m¥s].  concluded from incoherent water flow in analogy to our pre-
(b) Water incoherently percolating through a rebuilt three-Vious studies on flow through natural sponge and coiled cot
dimensional percolation object. THeliffusion) gradient direction ~ton fibers[28,31. It appears that the structure of the perco-
was chosen perpendicular to the main-flow direction. The fittedation cluster forms the factor limiting the local transport
parameters ar@,,=2.60+0.04, a=(2.0+0.3)x10 °® m?s. The perpendicular to the main-stream direction, whereas the total
Dupuit-Forcheimer velocity was varied from 6.4 mm/s to 8.3 mm/s.flow rate shows little influence.

v V=64 mm/s
e V=83 mm/s

0.1
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