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Maps of electric current density and hydrodynamic flow in porous media: NMR experiments
and numerical simulations

Markus Weber and Rainer Kimmich
Sektion Kernresonanzspektroskopie, Univetditin, 89069 Ulm, Germany
(Received 5 December 2001; revised 15 March 2002; published 20 August 2002

The electric current density in percolation clusters was mapped with the aid of a NMR microscopy technique
monitoring the spatial distribution of spin precession phase shifts caused by the currents. A test structure and
a quasi-two-dimensional random-site percolation model object filled with an electrolyte solution were exam-
ined and compared with numerical simulations based on potential theory. The current density maps permit the
evaluation of histograms and of volume-averaged current densities as a function of the probe volume radius as
relationships characterizing transport in the clusters. The current density maps are juxtaposed to velocity maps
acquired in flow NMR experiments in the same objects. It is demonstrated that electric current and hydrody-
namic flow lead to transport patterns deviating in a characteristic way due to the different dependencies of the
transport resistances on the pore channel width.
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[. INTRODUCTION computer-simulated random-site percolation networks. The
fabrication process is described in our previous papers
Electric currents through porous media represent a trand12,13. The experimental flow channels were machined 2
port phenomenon of paramount importafte 7. However, ~mm deep into 3 mm thick sheets of polystyrene with com-
there are far more reports on theoretical than on experiment@uter assistance. This gave us a complex geometry ir,the
studies. Intriguing questions in this context are how one caiplane created according to a specified random algorithm.
parametrize the spatial current density distribution, and by The spatial resolution of the fabrication was 3@, so
what laws current distribution parameters are related to théhat all details of the liquid-filled pore space could readily be
microstructure of the pore network. In a series of previougprobed in the frame of the spatial MRI resolutifi¥]. The
papers we studied hydrodynamic properties such as[@w object size in the percolation network planes6 cn¥, cor-
diffusion [9], dispersior{10], and thermal convectiofil] in ~ responds to a quadratic base lattice o@D lattice points.
percolation flows. The experiments were carried out by magThe field-of-view adjusted in the experiments was 9.4
netic resonance imagingMRI) techniques[14] and were X 9.4 cnf.
partially accompanied by numerical simulations. Apart from A stack of ten identical object sheets was investigated in
random-bond percolation, the simplest model in this contexbrder to approach translational invariance alongziurec-
refers to random-site percolation clusters on square or cubitton, and in order to improve the signal-to-noise ratio. Edge
based latticeg5]. Irrespective of how closely this model effects of the stack were excluded by restricting the signal to
class mimics transport properties of real porous materials, wéhe 3 to 4 central sheets of the stack with the aid of a slice
are dealing here with a well defined, theoretically elaborategelective pulse in the imaging sequence. The digital resolu-
system for the examination of transport laws in complex metion in thex,y plane was 198190 um?.
dia. The long-term objective thus is to elucidate the relation- Figure 1 shows a typical random-site percolation cluster.
ship between transport and microstructural quantities inThe nominal porosity ip=0.65 referring both to “isolated”
mathematically well characterized random objects that mayand “sample-spanning” clusters. The percolation model ob-
be regarded as paradigms of porous media. Intriguing issugects studied in this work represent merely the sample-
are how to statistically characterize transport quantities, andpanning clusters while the porosity specified here and in the
how to predict bulk properties from the microstructure of thefollowing is the nominal one.
pore network. A template for the fabrication process was generated on a
square base lattice with the aid of a random number genera-
tor [Fig. 1(a)]. Figures 1b)—1(d) show a photograph of the
model object milled on the basis of the template shown in
All NMR experiments were performed with a 4.7 T (&, a spin density map recorded with the aid of the pulse
Bruker magnet with a 40 cm horizontal room temperaturesequence shown in Fig. 2 with the current pulses switched
bore. The radio frequency console was homemade and coeff, and a binary representation of the spin density map. The
trolled by a PC. latter is used to screen off the noise originating from matrix
pixels. Since the matrix related pixels otherwise do not pro-
vide any detectable spin echo signals that noise would lead
to severe artifacts for all phase encoded quantities such as the
In this paper we report on NMR electric current density velocity or the current density.
and flow velocity mapping experiments carried out in quasi- For the electric current density mapping experiments, the
two-dimensional model objects fabricated on the basis opore space of the model objects was filled with an electrolyte

II. METHODS

A. Porous model objects
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FIG. 2. Schematic radio frequenésf), magnetic field gradient
(Gx,Gy,G,), and ion current pulse sequence for current density
mapping. An ordinary two-dimensional and slice selective spin
echo Fourier transform NMR imaging rf and field gradient pulse
sequel is combined with a bipolar pair of current pulses. In the
guasi-two-dimensional objects examined in this study the current

FIG. 1. Percolating(*sample spanningj cluster of a two-  flows in thex,y plane, whereag, is perpendicular to this plane.
dimensional random-site percolation netwoi®. Template for the  The slice selection gradienG,, restricts the signals to the inner
fabrication process generated with the aid of a random-number gefyart of a stack of identical quasi-two-dimensional objects. The total
erator. The nominal porosity ip=0.65 referring to both isolated length of the current pulses wads=12 ms. Typical imaging pa-
and sample-spanning clusters. Isolated clusters are not shown. Thgmeters were echo tim@z=37 ms(compared to the transverse
pore space is represented in white) Photograph of a quasi-two-  rejaxation time of the electrolyte solutioi,=90 ms); repetition
dimensional percolation model object milled on the basis of thejme, Tr=500 ms. The number of scans was 96. The polarity of
template in a polystyrene sheét) Spin density map of the model the current pulses was reversed in subsequent experiments, and the

ObjeCt fl”ed W|th Water(l’epresented in I|ght gl’ay(d) Binary rep- current density Components were averaged' ?xg:(lx:*Jx:)/z
resentation obtained by black-and-white conversion of the spin denp, thjs way offset artifacts were eliminated.

sity map. This binary representation is used as a mask to screen the

matrix pixels off in hydrodynamic flow or current density mapping

experiments in order to eliminate noise contributions from these f(F): iv*xg(r*) 1)
pixels. The coincidence of this map with the template giverain 0 '

demonstrates the accuracy both of the object fabrication and of the

images rendered by the NMR experiments.

_ _ where j(r) and B(r) are the current density and the mag-
solution prepared of 7.5 g NaCl and, in order to keep thenetic flux density induced by the current density at the posi-

spin-lattice relaxation time shqrt, 259 Cuﬁﬂ)ssolved in 1 _tion r, respectively.uq is the magnetic field constant. The
| water. There was no perceptible contribution from the solldCurrent density components are

matrix to the 'H spin echo signals. The electrodes were
milled in copper-laminated circuit board and had a comb-like

shape in order to avoid eddy currents while switching the . 1/dB, 4By i 1 (0B, B,
magnetic field gradients. The current pulésse the scheme Jx:% oy 9z ) ly= ol 9z ax |’

in Fig. 2) were generated with the aid of a current controlled

bipolar power supply(30 V; 5 A). The maximum current

densities measured in our experiments were in the order of .1 /[0By 9By

10° A/m2. = Vox "oy ) @

In the flow experiments, water was pumped through the
objects using a pericyclic pump. The maximum velocities o ) o
were in the order of several mm/s. The Reynolds number In principle all sorts of spatial derivatives of the current

defined bylv_/v was less than 5. The lengtirepresents the induced magnetic flux density are required in order to deter-
. = . . mine the local current density according to E). The situ-
typical pore sizey is the average velocity, and is the

kinematic viscosity. The same objects were used for curren tion becomes much simpler by considering translational
Y. ) ymmetry along the direction.

ggmgynggiggocny measurements, so that a direct compan-n First_of all, the confinement of the currents to quasi-two-
' dimensional networks parallel to they plane means that

j»=0. Only two current density components therefore need

to be evaluated. Since the stack of ten identical percolation

The electric current densiffl5—17 was measured by de- network sheets fairly well approaches translational invari-
tecting the magnetic fields generated by the currents accor@nce along the direction, all derivativesi/dz can be ne-

ing to Maxwell’'s fourth equation for stationary electromag- glected.(Note that the experiments selectively refer to the

netic fields, central 3 or 4 percolation network sheets ensuring that fringe

B. The current density mapping technique
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effects are of minor importangeThe two remaining current
density components parallel to the percolation network plane
thus read

.1 9B,(r) . 1 9B,(r)

W= W= @)

In an NMR experiment, any offset of the magnetic flux
density component in thedirection, that is the quantization
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direction given by the main magnetic fielo, reveals itself ¢ d

by a precession phase shifip=yAB,T., where y is the

gyromagnetic ratio, and . is the total evolution time in the

presence of the offsétB, (see Fig. 2 The local field offsets

are measured via phase shifts.

Although the phases can only be measured uniquely I ‘
within a range O- -, they can be “unwrapped[18] to 0
obtain a greater range. The partial derivatives in @Bg.can

then be evalua_ted from the phase maps u;lng a difference FIG. 3. Quasi-two-dimensional test object of a simple ladder
operator formalism according to R¢L5]. In this procedure,  ;eometry:(a) Experimental proton spin density map of the electro-
all pixels of the matrix must be screened off, so that porgyse sojution(light gray) in channels of the solid matritblack). (b)
space pixels next to walls are not employed in the evaluatiogyperimental phase shift map on the basis of which the current
of the differential quotients. density was evaluatedc) Experimental map of the current density
Figure 2 shows the radio frequenc¢sf), magnetic field  magnitude relative to the maximum valu] .. (d) Simulated
gradient, and electric field pulses used in the experimentsnap of the relative current density,j .., for conditions equiva-
The quasi-two-dimensional model objects were arranged ifent to the experiment. The grayscales for the spin density and the
such a way that the direction, that is the direction dB,,  current induced phase shift are not shown.
was a normal to it. In addition to the ordinary phase encod-
ing (G,), frequency encoding&,), and slice selection®;) tities (see below, pixels having velocities <v,, were con-
magnetic field gradientsl4], a bipolar pair of current pulses gjgered to be “static.”
was employed 15,16 which generates the phase shifts en-
coding the local current densities. Phase shift maps recorded
in this way are displayed in Figs(l3 and 4 as typical dem-

onstration examples. Maps of the current density magnitude, The experimental current density and flow velocity maps
j=1/iZ+i2, as well as of the in-plane componenjg,and ~ Were compared with simulated maps calculated with the aid

j,. were evaluated from such phase shift maps as describé the finite volume methodFVM; FLUENT 5.5 [19,20

above. for the same networks. In the flow velocity simulations all
pertinent parameters of the NMR experiments were antici-
pated, that is, the fluid viscosity, the pressure difference ex-

)
3
3

D. Computer simulation methods

C. Velocity mapping technique

The radio frequency and field gradient pulse schemes B
used for the flow velocity mapping NMR experiments are ;

standard and are described in Relff§,14], for instance.
Analogous to the current density experiments, maps of the
flow velocity in-plane components,, andvy, and the ve-
locity magnitudep = \/vx2+ vyz, were evaluated.

In a first step, all matrix pixels in the velocity maps were
blackened with the aid of matrix masks obtained in the form
of black-and-white converted spin density maps. In this way,
it was avoided that matrix pixels contribute noise whose
phase distribution would be falsely interpreted by the Fourier no current —
processing analysis as a velocity distribution. Excluding the Gument
mqtrix pixels 'from Fourier processing prevents any velocity 5 4. phase maps of the percolating cluster shown in Fix. 1
artifacts of this sort. _ _ ~ without (8 and with (b) electric current. The pore space of the

In a second step, the level of velocity noise or quasi-noisgnedel object was filled with electrolyte solution and subjected to a
in the pore spacey,, was determined as the root mean potential gradient. The phase shifts are due to the magnetic flux

square(rms) velocity in stagnant water. The average quasi-density generated by the currents. Without current, the phase is
noise level was determined to be about 5% of the maximunhomogeneously distributed in the pore spawep (a)]. The nomi-

velocity v ,ax- FOr the evaluation of volume-averaged quan-nal porosity isp=0.65.

O=—n/2
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erted to the objects, and the object size. Flow studies on this
basis were already reported and described in our previoug
papers, Refd8,11].

The spatial distribution of the stationary electric current
density is based on Laplace’s equation. Having the charge
distribution in the sample and the Neumann boundary con-
ditions of the homogeneously conducting pore space fluid,

the potentiaI,CID(F), can be calculated by solving

V2d(r)=0, (4)
and from this the distribution of the electric field strength,
E(r)=-V&(r). (5)

The current density is linked t& via the conductivityo
(which is assumed to be constant within the electrolyte solu-
tion),

j(N=0E(r). (6)

In the simulations, each point of the base lattice was repre- g, 5. (Color) Quasi-two-dimensional random-site percolation

sented by a network of 5 elements. The convergence cri- petwork with a nominal porositp=0.65>p.. The pictures show

terion was that the energy residuum is less than'40 the sample-spanning cluster & cn) with all isolated clusters

omitted. The left column refers to computer simulations; the right

column represents NMR experimenta) Template for the fabrica-

tion of the percolation model objedfaa Proton spin density map
The reliability of NMR velocity mapping in percolation of an electrolyte solutioribeige filled into the pore space of the

model objects was already demonstrated in our previous paercolation model objectblue). (b) Simulated map of the current

pers, Refs[8,11]. In order to characterize likewise the accu- density magnitude relative to the maximum valjfg . (bb) Ex-

racy of the electric current density mapping technique, experimental current density mafr) Simulated map of the flow ve-

periments with a simple “ladder” geometry were carried out locity magnitude relative to the maximum valuév may. (cc) Ex-

and compared with the corresponding numerical solution oP€rimental velocity map. The color code refers both to the

potential theory. d!stnbuyon _ofjljmax anglv/umax. The poter_ltlal and pressure gra-
The structure of the test object is represented in Fig. 3 dient dl_rectlons are allgn_ed along theaxis. The field-of-view

in the form of an experimental spin density mapcorded ~ProPed in the NMR experiments was %.8.4 nt.

without the current pulses shown in Fig. Zhe current den- Il. RESULTS

sity results are displayed in Figs(t3-3(d). Figure 3b) . ) ) )

shows an experimental map of the phase shifts produced by The techniques described above were applied to two dif-

the current density distribution. From this a map of the cur-ferent quasi-two-dimensional random site percolation ob-

rent density magnitude = m was evaluated as shown J€Cts. The nominal _por05|t|e5p=0.65 and p=0.70, are

in Fig. 3(c). above the percolat_lon thresholb], .pC=O.5927. Since
Apart from the noise and a minor constant reduction ofMerely the percolatingsample spanningclusters are rel-

the absolute values to which the NMR experiment is subjec?vant’ all |solate_d clusters were omitted in the fabrication

to, the current density distributions theoretically expected’’©cess as mentioned before.

[Fig. 3(d)] and experimentally determind&ig. 3(c)] match

in practically all details with each other. This particularly A. Maps

refers to the lobes reaching into the “rungs.” The conclusion Figures 5 and 6 show maps of the current density magni-

is that the object fabrication, the current density measuringude measuretb) and simulatedbb) in the percolating clus-

technique, and the numerical simulation provide reliable reters. The model objects are represented by the experimental

sults and are mutually consistent. This finding is corrobo-spin density maps displayed in the top ro(@s). Visual in-

rated by the fact that the theoretical tools used for the experispection of the good coincidence of the current density dis-

mental evaluation of current densities on the one hand anttibutions again underlines the consistency of all methods

for the computer simulation on the other are completely dif-employed.

ferent. The simulations nevertheless reproduce the experi- For comparison, hydrodynamic flow was studied in the

mental patterns very well. same objects using the NMR and simulation velocity map-

E. Reliability tests
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FIG. 6. (Color) Same as Fig. 5 but with=0.7.

ping techniques previously used in Reff8,11]. A pressure
gradient was exerted and velocity magnitude maps were re-
corded, so that flow and current density patterns could be
recorded under identical geometrical restrictions. The veloc-
ity maps are shown in the third rows of Figs. 5 and 6. The
Navier-Stokes equation based numerical simulation yields

velocity maps(c) with flow patterns that almost perfectly . S
coincide with the experimental mapso). flow velocity (B) maps shown in Fig. 6, left-hand column, fpr

The visual inspection of the transport pathwavs in the:O'7' The encircled areas demonstrate the different transport char-
P p P y acteristics of the electric current densityA, 2A, 3A, 4A) and the

%urre_nt Iden8|ty and .VelOCItyhm?]Fl).s hSUggests similar bUt_ noﬁow velocity (1B, 2B, 3B, 4B: The current density contrast is more
identical patterns. Figure 7 highlights some areas of SIMUihtense in thin channels and passages than the velocity contrast

lated current density and velocity maps. The general tenggc, se of the different scaling of the transport resistance with the
dency is that the current density patterns are spread in gassage widths.

wider range of the capillary network than the flow pathways
which appear to be concentrated to a few main transpotetworks, the deptid of the transport channels is constant
channels. whereas the in-plane widtw fluctuates. The local ohmic

fects influencing flow whereas electric current is totally de-yidth as

termined by the geometrical boundary conditions. The cur-

FIG. 7. (Color) Details of the simulated current densi#) and

rent density behavior can be identified with that of a Ronm 1/(wd)oc 1w, )
nonviscous, inertialess liquitapart from negligible effects
due to the capacitance of the sysjem This is in contrast to viscous flow, which is governed by a

Inertia effects can be considered to be negligible under thélagen/Poiseuille type velocity distribution between the pore
experimental flow conditions. More decisive are ohmic andwalls. The distancel between the top and bottom covers of
flow resistances. The distribution of transport patterns is thethe objects is constant. The dependence of the flow resistance
the result of the resistances in meshes between knots acco@h the in-plane widthw of a pore channel is then much
ing to Kirchhoff’s rules which determine the spatial distribu- stronger than that of the electric current density. To demon-
tion of electric or flow currents in a transport channel net-strate this for discussion purposes, one may consider the fol-
work for inertialess media. lowing, strongly simplified situation. Edge effects at the

As a matter of fact, flow resistance and ohmic resistance&over plates of the pore channels may be neglectde-iiv,
obey different laws for the dependence on the channel widthso that the velocity gradient field virtually has only compo-
The ohmic resistance is proportional to the inverse sectionalents aligned parallel to the network plane. In this limit, one
area of the conducting element. In our quasi-two dimensionaleadily finds
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Reiow™ 1(w3d) o 13, (8)

Im

The real situation is certainly more complicated. However, ™~
the different orders given at EqS) and(8) are nevertheless
valid. That is, thin pore channels obstruct viscous flow more E
strongly than electric currents. This is the reason why flow—3 1
patterns are mainly concentrated on thicker pore channel: § 3
(see Fig. 7 as a consequence of Kirchhoff's knot and mesh i ]
rules applied to the pore network. ~

More quantitative evaluations of the transport patterns car\E
be performed with the aid of histograms and volume-
averaged quantities. This will be shown in the following two
sections.

B. Histograms

All maps of transport quantities have been analyzed in(a)
terms of histograms. Figures 8 and 9 represent results ob
tained for the magnitudes and components perpendicula x3
(“lateral”) to and aligned with(“*longitudinal to”) the over-  ._E1

. ) . ~ ]
all potential or pressure gradient, respectively. In most cases™ |

the experimental and simulated data are in good accordanCt\:-— % @&%

Figures &a) and 8b) show histograms evaluated from the

current density magnitudes relative to the maximum value, = 3 %o,
jmax- The data fopp=0.65 in particular can be represented 1 % 709°
by a distribution SE ] M%A%A O?&m .
- . NG A&%AAAMZO
N(j/jmax) =N(0)exp{ = bj/jmad © > TN
= A L A
in a wide range, wherb=28.3. < s &
These data refer to pixel resolutions of 29090 um? {p=0.7 s aa

(experiment and 200< 200 wm? (simulation relative to a " T " ' ' T " T ' '

system size of &6 cn¥. In principle it would be interesting 0.0 0.2 0.4 0.6 0.8 . 1'9

to have experimental data for porosities much closer to the® VIV o J

percolation threshold in order to test any fractal scaling prop- . ) ) o

erties. This, however, would require much larger objects that FIG. 8. Experimental and simulated histogramg/gf,., and of

cannot be investigated in our tomograph. v/vma—x evaluated from the maps shown in Fig. 6 fqr the nominal
The histograms of the velocity magnitude plotted in thepor05|typ=0.65(a) andp=0.7 (b). The unit of the horizontal axes

same diagrams suggest a somewhat different distributior{'@s divided into 64 bins. The straight lines represent an exponential

This in particular refers to low velocities, where the Occur_dlstrlbutlon. In the plot, the current density and velocity data sets

rence rate is significantly reduced compared with that of theare shifted relative to each other in the vertical direction by two

td itv at | td it | This i | decades for clarity. @, experimental current densitg), simulated
current density at low current aensity values. ThiS IS a cleag, o density:A, experimental flow velocity/A, simulated flow
manifestation of the resistance laws E$.and(8) obstruct-

. o : : velocity; and——, exponential functioq.
ing the two transport species in the thinner moiety of the Y P ]

pores differently. Viscous flow tends to concentrate OMhave small components in one or the other of the two direc-

thicker pore pathways with correspondingly larger flow ve-tions under consideration. In other words, the generalized

|OCItI_eS- . Ohm'’s laws for the current density and the flow velocity with
Figures 9a) and 9b) show histograms of the current den- respect to the pore channel resistances are applicable for the

sity or velocity components in theandy directions, respec-  magnitude of these quantities, but not for the vector compo-
tively. The asymmetry of thg components reflects the main pents.

transport stream, whereas the components perpendicular to
this direction are distributed symmetrically. The magnitude

histograms shown in Figs.(® and &b) reflect they asym- . ] . )
metry implicitly. Geometrical confinements corresponding to percolation

The different emphasis of transport in thin pores con-Clusters can be characterized by parameters such as the frac-
cluded from the magnitude histograms and magnitude maptgl dimension, the correlation length, and the percolation
is not obvious with the components in the frame of the ex-Probability[5]. These parameters are based on the “volume-
perimental and computational accuracy. The reason is tha@veraged porosity[8,12,13, obtained as follows.
individual components are not indicative for the transport Np probe circles(in the three-dimensional case: spheres
properties: Transport quantities with large magnitude carof varying radiusk are placed at positions, in such a way

C. Length scaling of volume-averaged quantities
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FIG. 9. Experimental and simulated histograms of the laigjal
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FIG. 10. Volume averaged magnitudes of the current density and

=0.65 . -
e P of the velocity as functions of the probe volume radiusThe data
o 8 “i: LY. are given for different noise or quasi-noise levels given in percent
."'ﬁf‘ ﬁe&é p=0.7 of the maximum values. These data demonstrate the influence of the
L] o %

noise level one is facing in the experimerjt®: experimental cur-
rent density;A: simulated current density, 0.1%j]: simulated cur-
rent density, 1%V : simulated current density, 5%l: simulated
current density, 10%¢: simulated current density, 15%; amk:
experimental flow velocity, 10%.

and longitudinal(b) components of the current density and the ve- . I . . .
locity. The unit of the positive horizontal axis was divided into 32 Where agairR=|r—rj|. In this case, the evaluation directly

bins. The data for the two nominal porosities investigatpd,

refers to maps of the velocity magnitude in two dimensions,

=0.65 andp=0.7, are shifted relative to each other in the vertical v = VUx T vy.

direction by two decades for clarity®, experimental current den-
sity; O, simulated current densityh, experimental flow velocity;

and A, simulated flow velocity.

that the probe volumes are inside the sample and the center
of the probe volume is in the pore space. Then the average
values of the porosity are formed for thg, pixels/voxels at

positionsfj inside the probe volume. Finally, the arithmetic

mean of the data set for th, probe volumes with a given
radiusR is taken. The volume-averaged porosity is thus de

fined as

We now define a third quantity of this sort, namely the
volume-averaged current density evaluated from current den-
sity maps according to

R T S T S
Mmmgm;mm (13

whereR=r,—r}| as above, ani=\/jZ+]?.

Figure 10 shows evaluations of the volume-averaged cur-
rent density in comparison to the volume-averaged velocity.
The data refer to the experiments as well as to numerical
simulations. In experiments, the unavoidable noise of the

N, Ny quantity to be evaluated must be cut off. This restricts the
o (R)=i il z o(F) (10) decay of the volume-averaged quantity. In order to visualize
v N, C1 Ny =7 this noise cutoff effect, the numerical simulations have been

whereR=|r,—r}|, and the density function

evaluated in the same way by assuming varying cutoff cur-
rent densities. That is, one can choose a noise cutoff level
corresponding to the experiment. In this way, the simulated
data can be reliably compared with experiments, whereas
theoretical considerations of laws relating parameters of the

0, siter; not occupiedmatrix) re _
(12) confining geometry on the one hand and of transport quanti-

ties on the other can be based on simulated curves extrapo-
lated to the digital noise which is negligible in our cases.
This function can be evaluated from black-and-white con- In principle it would be of much interest to evaluate
verted spin density maps as described in RES]. curves like those displayed in Fig. 10 with respect to fractal
The volume-averaged velocity considered in RE8s21] scaling features. This may be feasible with computer simu-
has the analogous form lations. However, the noise superimposed to the experimen-
tal data on the one hand, and, on the other hand, the limited

(r)= .
P 1, siter; occupied(pore.

1 Mo N system size not permitting us to study porosities closer to the
vy(R)=— > — 2 v(r)), (120  percolation threshold prevent any such quantitative evalua-
Np =1 Ny =1 tion.
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The “noise” arising in the current density experiments is origin of which is still awaiting its theoretical explanation.
of a truly thermal nature. Its level amounts to about 10% of Evaluations of volume-averaged quantities are of particu-
the maximum current density value. The flow velocity mea-lar interest in the “fractal” scaling regima<r<¢ wherea
surement on the other hand is subject to imperfections mimis the base lattice constant aéds the correlation length. If
icking quasi-random signal perturbations due to some hardsower laws can be anticipated in this regime, their exponents
ware cross talking between the velocity phase encodingre supposed to reflect the constraint effect on the transport
pulses and the spatial encoding pulses. This sort of quasguantity by the confiningfracta) matrix. It was shown that
random noise was found to be about 5% of the maximunthe volume-averaged current density as well as the volume-
velocity value. averaged velocity do suggest such fractal scaling ranges in-
deed.
IV. DISCUSSION However, the crossover to the mean coarse-grain behavior
, ) beyond the correlation length is partially concealed by ther-
It was shown that NMR current density mapping can bemg| or by quasi-random distortions in the experiments. The
used to visualize and record electric transport patterns in pefractal scaling window depends on the level at which the
colating clusters. The reliability of the technique is demo”'quantity under consideration is cutoff. The higher this level
strated by numerical simulations. After previous studies ofs the more low-intensity contributions are eliminated, and
diffusion [9], hydrodyna}mic. fIOV\[8_,21], thermal convection e apparent fractal dimension of the network becomes
[11], and hydrodynamic dispersidii0], this is one more gmajier. Since the lacunar character of the percolation net-
example for the geometrical confinement effect on percolagyork appears to be more marked when low-intensity patterns
tion patterns of a transport quantity. As a unique option,are suppressed, the apparent correlation length also becomes
NMR provides techniques permitting one to study hydrody-onger. This is certainly a point where significant improve-
namic flow (velocity map$ and electric currentscurrent  ment of the experimental state of the art can be expected in
density mapgin the very same porous medium, so that directine fyture.
comparisons become possible _for the first ti_me. In this way, 2 Very importantly, computer simulations of the sort dem-
sound basis for theories relating geometrical and dynamignstrated in this paper are intrinsically not subject to this sort
parameters with each other is laid. , of noise constraint. That is, having shown that the simula-
Qualitatively it became obvious that flow resistance supions fajthfully reproduce experimental high-intensity trans-
presses flow through narrow pore pathways more stronglyort patterns, provides the confidence to use simulations as a
than ohmic resistance obstructs electric currents under g 1o extrapolate to the true fractal parameters valid when
same geometrical conditions. The explanation is given by thg,.intensity contributions are not concealed. This is one
different dependencies of the respective resistances on thggre merit of the combined use of NMR experiments and
pore channel width. A complete description of the total trans'computer simulations suggested in this work.
port pgttern in the pore network would require'an analysis ag g long-time perspective, it remains to correlate the
replacing the cluster by a model network of discrete poreyponents of the diverse geometrical and dynamic volume-
resistances which are linked in meshes and knots accordingeraged quantities and to establish theoretical relations. The
to Kirchhoff's rules. This, however, is beyond the scope ofiegyits of our experiments have this interesting implication to

the present paper. ~_ the field of porous media.
For the quantification of transport pattern characteristics,
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