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Pulsed magnetic field gradient stimulated echo NMR measurements are pe fomed 
for d i f i i o n  and flow of an aqueous phase both within a sample of packed spherical 
beads and within a 25% porosity Fontainebleau sandstone. The stimulated echo depen- 
dence on the gradient pulse area q is used to derive the displacement probability distri- 
butions PA(X) for fixed observation times A. The shape of PA&) as a function of A is 
simulated for computer-generated porous media, and a good agreement is obtained 
between the experimental NMR data and the simulations. 

Introduction 
The experimental study of fluid transport has made sub- 

stantial progress in recent years with the use of techniques 
such as laser velocimetry (Cenedese and Viotti, 1996; Durst 
et al., 1981; Saleh et al., 1996). Unfortunately, there remains 
a large class of systems for which such existing methods are 
difficult to employ. This is particularly the case for optically 
opaque materials such as many porous solid media. For these 
materials, nuclear magnetic resonance (NMR) and microto- 
mography (Spanne et al., 1994; Auzerais et al., 1996) offer 
convenient means to study fluid transport. In this article, we 
describe the use of pulsed magnetic field gradient spin-echo 
(PGSE) NMR methods to characterize molecular displace- 
ments in both a random loose packing of spherical grains and 
in a 25% porosity Fontainebleau sandstone (permeability: 
2.05 D )  in which the fluid transport arises from both self-dif- 
fusion and externally-driven flow. 

While considerable attention has been given to the charac- 
terization of self-diffusion by the PGSE NMR techniques, the 
few NMR studies of flow in porous materials have until re- 
cently used either time-of-flight methods or have focused on 
the measurement of average flow velocity. To our-knowledge, 
a complete analysis of fluid transport in porous media has 
not yet been presented in the context of NMR, although ini- 
tial steps in this direction have recently been reported 
(Seymour and Callaghan, 1996; Lebon et al., 1996; Packer 
and Tessier, 1996; Kutsovsky et al., 1996). In the work pre- 
sented here, the molecular displacement distributions ob- 
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tained by NMR are compared with computer simulations 
based on techniques described in detail by Adler et al. (1990) 
and summarized below. 

Experimental Studies 
The NMR measurements were performed using a GE 

Omega CSI spectrometer provided with a 2T 310-mm-ID 
horizontal bore magnet and a set of S-150 Accustar actively- 
shielded 150 mm inner diameter gradients coils, generating 
gradients of up to 0.2 T-m-'. In this study, the NMR se- 
quence (APGSTE) shown in Figure 1 was used to minimize 
the effects of molecular displacements through the internal 
magnetic field gradients, which arise from the differences of 
magnetic susceptibility existing between the porous solid ma- 
trix and the saturating fluid (Lucas et al., 1993). The NMR 
procedure for motion encoding used here is intended to be 
robust rather than optimal in terms of time efficiency. In par- 
ticular, the phase of each radio-frequency pulse in the NMR 
sequence was fully cycled to remove unwanted signals. This 
phase cycling was adapted from Fordham et al. (1994) to dis- 
criminate the effects of positive and negative displacements 
on the NMR signal. This is done by offsetting the phase of 
the second 90" pulse by ?r/2 to measure both transverse com- 
ponents of the NMR stimulated echo signal. 

When the applied gradient pulses are sufficiently narrow 
that we can neglect motion over their duration (6 -=K A), the 
response of the APGSTE NMR sequence can be written as 

sA( 4, ) = so /PA( x )exp(27riq, x )dx (1) 
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Figure 1. Pulsed gradient stimulated echo NMR sequence used for the measurements of fluid transport in porous 
solid. 
r.f. pulses are gray; gradient pulses are black. 

with 

where the displacement X = x - x ,  and P(x,) ,  P ( x ,  A; x,) 
are respectively the probability density for starting positions 
and the probability for displacement from x, to x in a time 
A (Callaghan, 1991). The direction X is defined by the direc- 
tion of the magnetic field gradient while the area of the gra- 
dient pulses is accounted for by qx = y6gX/2r. Equation 1 
implies that the so-called average propagator (probability 
density) PA(X) for fluid displacement is obtained by measur- 
ing the NMR signal SA(qx) and Fourier transforming with 
respect to qx. In this article we present measurements of 
P J X )  as a function of the observation times A for the trans- 
port of a single-phase fluid in two porous media. 

Flow through a bed of spherical beads 
In these experiments, water was flowed at 57mL/min in a 

5-cm-ID cylindrical perspex tube packed with 3-mm-dia. glass 
beads. For glass beads of this diameter, the relaxation and 
susceptible characteristics of the sample are such that NMR 
can be used to obtain accurate porosity measurement. The 
porosity of the sample of packed beads (e  = 0.44) was mea- 
sured by comparing the intensity of the NMR signal obtained 
on the porous medium with the NMR signal measured on 
samples of known porosities. The water flow was controlled 
by a constant head pressure arrangement. The NMR signal 
was obtained for a selected axial slice of thickness 40 mm, 
using 32 or 64 qx values in the range f qmax. qmar and the 
number of q values were adjusted to capture the displace- 
ment of the molecules correctly and to avoid truncation of 
the NMR signal SA(q) at f qmax. The observation time A was 
varied from 63 to 2,010 ms to maintain a good approximation 
for the narrow pulse condition ( 6  << A) and an acceptable 
signal-to-noise ratio. The gradient pulse width 6 was typi- 
cally set to 6 ms. The NMR data were transferred to Unix 
SUN Sparc workstations for processing, interpolation, and 
display. Prior to Fourier transformation, the NMR signals 
SA(q,) were zero filled to 256 points. The PA(X> distributions 
were phased and subsequently normalized by dividing by 
jPA(x) dx in each case. 

Flow in Fontainebleau sandstone 
The sample was a cylinder of Fontainebleau sandstone 

(porosity = 25%, permeability = 2.05 D), 39 mm in diameter 
and 52 mm in length. This was fully saturated with a 3% w/v 
aqueous NaCl solution and was contained in a specially con- 
structed sample holder which provided a hydrostatic pressure 
(28 bar) around the cylindrical surface of the sandstone 
through a close-fitting sleeve pressurized on the outside with 
Fluorinert FC 16001. This prevents bulk radial flow and any 
flow of fluid around the perimeter of the core. The brine 
flow in the axial direction was driven by a precision pump 
(Pharmacia P 500) at a fixed flow rate of 400 mL/h. The 
NMR signal SA(q)  was obtained by selecting a slice of thick- 
ness 40 mm and by using up to 128 values of qx. The gradient 
pulse width 6 was typically set to 6 ms. 

Modeling 
The determination of the probability PA(X) necessitates 

three steps. First, an adequate representation of the porous 
medium must be simulated; this has been done by using two 
techniques: sphere packings (Coelho et al., 1996) and recon- 
structed media (Adler et al., 1990). Second, the local flow 
field is determined in the pores of the medium by solving the 
Stokes equations. Third, the fluid is seeded with a large num- 
ber of particles which undergo convection and Brownian dif- 
fusion; the knowledge of the positions of these particles after 
a time A enables us to calculate the previous probability dis- 
tribution PA(X)  defined by Eq. 2. 

Reconstruction of porous media 
Two entirely different types of media have been used in 

the experiments, and they are reconstructed by two different 
techniques. Random packings of spheres result from the suc- 
cessive deposition of grains in a “gravitational” field; a gen- 
eral algorithm valid for particles of any shape has been de- 
vised by Coelho et al. (1996), which can be easily specialized 
to spherical particles. The grains are introduced at a random 
location above the bed already in place, and fall until they 
reach a local minimum of their potential energy. During their 
fall, any displacement and rotation which contribute to lower 
their barycenter are allowed. Note that a simplified point of 
view was adopted, which is mostly based on a kinematic and 
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steric analysis; hence, the various forces which may act on a 
particle in a real experiment are not taken into account. 

As a general rule, a mobile particle is allowed to slip freely 
on the bed surface as long as the elevation of the barycenter 
can be diminished. Moreover, each elementary displacement 
of a grain is independent of its previous position and orienta- 
tion increments. However, an adjustable parameter allows to 
favor either translation or rotation of the particle, when both 
motions could lower its elevation. The interactions are re- 
duced to steric exclusion. A variant of this rule has been de- 
vised to simulate short-range attractive forces, which could 
create permanent links between grains. After contact, a set- 
tling grain can be allowed to rotate around the contact point 
without a slip (but the contact may move if the grain rolls on 
the bed). Generally speaking, periodicity conditions are im- 
posed along the two horizontal axes in order to be consistent 
with the flow calculations. 

This general algorithm can be simplified when spheres are 
considered. The minimal porosity which could be obtained 
for a particular choice of the construction parameters (Coelho 
et al., 1996) is equal to 0.402, which is in good agreement 
with the standard literature data. 

In order to simulate the experiments, a random packing of 
monodisperse spheres was constructed numerically by this 
technique with periodicity conditions along the two horizon- 
tal axes. The sample is made of N: elementary cubes of size 
a = 300 pm, with N, = 64. By choosing the construction pa- 
rameters, the porosity was adjusted to the experimental value 
E = 0.44. The grain diameter is approximately equal to 10 
elementary cubes. The bed permeability K was calculated by 
solving the Stokes equations. It was found that K = 7,140 
Darcy. An example of such a packing is displayed in Figure 2. 

The second type of porous medium which has been used in 
these experiments is Fontainebleau sandstone. Let us briefly 
summarize the reconstruction process which has been de- 
vised (Adler et al., 1990) and applied here. The statistical 
properties of the medium are measured on thin sections. The 
phase function Z(x) is introduced 

Z (  x ) = 1 if x belongs to the pore space ( 3 )  

= O  otherwise 

where x denotes the position with respect to an arbitrary ori- 
gin. 

The porosity E and the correlation R,(u) can be defined by 
the statistical averages (which will be denoted by an overbar) 

E =zo (4) 

The generation of an homogeneous and isotropic medium 
with a given porosity E and a given correlation function is 
equivalent to the generation of a random function of space 
Z(x) which is equal to 0 in the solid phase and to 1 in the 
liquid phase, and such that it satisfies the two average prop- 
erties (Eqs. 4 and 5). For practical purposes only, the porous 
medium is constructed in a discrete manner. 

Figure 2. Example of reconstructed packed bed of 
monodisperse spheres. 

It is considered as being composed of N: small cubes of 
side a. These elementary cubes are filled either with liquid or 
with solid. 

The reconstruction of the porous medium will only be 
briefly sketched since a detailed presentation can be found in 
Adler et al. (1990) and Adler (1992). The principle is similar 
to the algorithms due to Joshi (1974) and Quiblier (1984) for 
two- and three-dimensional media, respectively. Technical 
differences exist such as the replacement of the linear combi- 
nations of independent Gaussian variables by an explicit 
method based on the use of Fourier transforms; this modifi- 
cation improved considerably the numerical efficiency of the 
process. Another important difference is the use of periodic 
boundary conditions during the generation of the samples; 
these condition are consistent with the analysis of the flow 
properties as will be seen next. 

The generation process consists of two major steps. A 
Gaussian and uncorrelated field X ( x )  can be generated at 
the center of each elementary cube. A Gaussian field Y ( x )  
with a given correlation function R,(u) can be derived from 
X ( x )  by Fourier transform techniques. Finally, a discrete field 
Z(x) can be obtained by application of the following nonlin- 
ear filter 

(6) 

For Gaussian distributions, the threshold U(E) is easily de- 
termined. Moreover, the correlation R,(u) of the variables 
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Z(x) (Eq. 5) must be related to the correlation R,(u)  of the 
variables Y by 

where 5 is a function which depends upon E and which is 
expanded as a series. 

Hence, when one wants to simulate a porous medium, the 
first step consists of the inversion of Eq. 7 to obtain R,(u). 
This can be performed by any standard Newton iterative 
scheme. The Fourier transform of R,(u)  is also obtained nu- 
merically. 

Once the Fourier transform of R,(u) is known, arbitrary 
samples of porous media can be reconstructed. One starts 
from an arbitrary seed and generates a set of independent 
Gaussian variables X ( x )  for each elementary cube; then this 
set is successively correlated and thresholded in order to ob- 
tain the variables Y ( x )  and Z ( x ) .  

It is useful to give in Figure 3 an example of a three-di- 
mensional reconstructed medium; the apparent realism of this 
piece of material is quite striking. It should be emphasized 
that no additional parameter is needed to generate this 
medium. 

Determination of the jlow field 
The following algorithm applies whatever the structure of 

the porous medium being studied. 
Once finite samples of porous media are generated, the 

flow field of Newtonian fluids at low Reynolds number can 

Figure 3. 

1656 

Example of reconstructed medium based on a 
Fontainebleau sandstone. 

be determined (Lemaitre and Adler, 1990). The low Reynolds 
number flow of an incompressible Newtonian fluid is gov- 
erned inside a unit cell of size N, by the usual Stokes equa- 
tions 

where u, p and y are the velocity, pressure, and viscosity of 
the fluid, respectively. In general, u satisfies the conditions 

u = 0 on S, u is spatially periodic (9) 

S denotes the surface of the wetted solid inside the unit 
cell. This system of equations and the conditions apply locally 
at each point R of the interstitial fluid. In addition, it is as- 
sumed that the macroscopic pressure gradient V p  is specified 

- 
V p  = a prescribed constant vector (10) 

The seepage velocity 5 is related to by the permeability 
tensor K such that 

Here K is a symmetric tensor that is positive definite. It 
only depends on the geometry of the system and thus can be 
simplified when the porous medium possesses geometric sym- 
metries. For isotropic materials, K is a spherical tensor, that 
is, K = KI, where 1 is the unit tensor. 

The numerical method to solve these equations is de- 
scribed by Lemaitre and Adler (1990). This methodology was 
first evaluated by Adler et al. (1990) on Fontainebleau sand- 
stones. 

Dispersion of particles 
In order to determine the probability P J X )  (Eq. 2), the 

simplest technique consists of calculating the individual tra- 
jectories of convected Brownian particles. This method has 
already been applied a number of times, for instance, for the 
determination of the macroscopic dispersion tensor (Salles et 
al., 1993). First, the velocity field is determined as before. 
Then, at time zero, a large number Np of particles is released 
in the pore space. The initial distribution of particles is uni- 
form in the pore space. 

During all subsequent elementary time steps a t ,  the posi- 
tion of each particle i is updated by adding a convective dis- 
placement and a random diffusive one 

ri(t  + 6 t )  = ri(t> + 6, (12) 

Whenever r,(t)+ 6 ,  falls within the solid, the particle stops 
at the solid wall and its clock is incremented by a fraction of 
6 t  

r , ( t +  A 6 t ) = r , ( t ) + A 6 i ,  0 5  A i l  (14) 
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At subsequent time steps, the particle starts from this loca- 
tion. Since particles close to the walls may accumulate time 
delays, at regular time intervals these delayed particles are 
allowed to catch up with time. 

The direction of the random jump 6, is chosen randomly. 
Except when wall collisions occur, its magnitude 6, is con- 
stant and related to the molecular diffusivity D. 

6; = 6D6t (15) 

When the Stokes equations are solved, the velocity field v 
is only known at the grid points with a fourth-order error. 
The velocity d r , )  is obtained everywhere by a second order 
Taylor expansion. The dimensionless parameter which com- 
pares convective and diffusive effects is the Peclet number 

- 
U*L 

Pe = - 
D 

(16) 

where 7 is the interstitial velocity and L is a characteristic 
length. L is equal to the sphere diameters for the sphere 
packings and to the correlation length of the porous medium 
for the Fontainebleau sandstones. 

In order to keep the elementary jump 6j  reasonably small, 
6 t  and the flow rate are adjusted for a given Peclet number 
so that 6, is as large as possible (which speeds up the statis- 
tical convergence) while maintaining 

where 6, is the maximal value of the elementary jump; this 
value is smaller than u/2, where u is the size of the elemen- 
tary cubes. 

Thus, it is possible to follow the evolution of the particles 
with time. 

Summary of calculations 
The computations can be run as follows. Sphere packings 

and the Fontainebleau sandstone are reconstructed. Then, 
the velocity field is determined in the sample within a multi- 
plicative constant by integrating the Stokes equations. A large 
population of N particles is distributed at random within the 
pore space at time t. A random walk is performed until time 
t + A by adding successive random and deterministic elemen- 
tary displacements, which simulate the convection-diffusion 
process. When the positions of all the particles are deter- 
mined at time t + A, the so-called average propagator PA(X)  
is calculated. According to Eq. 2 and with the same nota- 
tions, PA( X )  dX is the proportion of particles which undergo 
a displacement ranging from X - dX/2 to X = X + +dX/2. 

= N' ' 1 number of particles i /xi  - xio 
\ 

"1 2 
dx 

E X - x o - - - - , X - x o + -  
[ 2  

The displacement X can be chosen along any direction. In 
practice, it is taken either along the main direction of the 
flow or perpendicular to it; the corresponding average propa- 
gator PA(X)  is then denoted PA I1 and PA 1, respectively. 

Results and Discussion 
Random loose packings of spheres 

Bead packings were investigated both numerically and ex- 
perimentally. In the real bed, the sphere diameter is 3 mm 
and the porosity E = 0.44. NMR measurements were per- 
formed without flow or with a flow with a mean interstitial 
velocity 1.1 mm/s over a 2-s time range. Three features should 
be mentioned here. First, the Peclet number of the flow is 
very large 

- 
U*L 
D 

Pe = - = 1,570 (19) 

where the length scale L is the bead diameter. Second, the 
Reynolds number Re, which is defined as the ratio of inertial 
and viscous forces is greater than unity 

(20) 

where u is the kinematic viscosity of the fluid. 
Third, the NMR experiments correspond only to a very 

short initial transient of the dispersion process. The root- 
mean-s uare diffusive displacement of the molecules during 
1 s ( P- 2DT = 65 pm) is much smaller than the grain size. 
Therefore, in the absence of flow, the geometry of the 
medium has little influence and the propagator should spread 
like that of an unconfined fluid. This feature is accurately 
verified in the NMR experiments with a self-diffusion coeffi- 
cient D = 2.1 X 10-9m2.s-', obtained from the NMR APG- 
STE experiment (Figure 1). In the presence of flow and for 
displacements measured along the average flow direction 
(Figure 4), the PA(X) distributions corresponding to an aver- 

COMPARISON NMR DATA. SIMULATION IN PACKED BEADS 
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NMR data 413ms 

NMR data 2010ms 

Simulation -1 1 

Stmulawn -1 2 

Simulation -1 3 

0 4ow 
DISPLACEMENT IN MICROMETERS 

x) 

Figure 4. P,(X) for water flow (Q,=57 mL/min) in 
packed beads. 
Measurements and simulations made along the flow direc- 
tion. 
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Figure 5. P,(X) for water flow (9, =57 mL/min) in 
packed beads. 
Measurements and simulations made perpendicular to the 
flow direction. 

age displacement ( X )  < 500 pm are strongly peaked close 
to zero, are asymmetric in the direction of the flow, and in- 
crease their spread in this direction as A is increased. At 
longer times for which ( X )  > 500 pm, the PA(X)  increas- 
ingly shows an evolution to a more Gaussian-like shape. The 
distributions for displacement perpendicular to the average 
flow direction (Figure 5 )  are symmetric with respect to zero 
displacement, as would be expected, because of the con- 
straint of zero net flow in this direction. 

The results of the simulations are plotted in Figures 4 and 
5 in comparison with the experimental data. The bed perme- 
ability K was calculated by solving the Stokes equations. It 
was found that K = 7,140 Darcy. Consider first the direction 
parallel to the flow (Figure 4). A good agreement is observed 
for small times. Then, for t 2 400 ms, the peak at zero-dis- 
placement decreases more slowly in the simulations than in 
the NMR experiments although the agreement for the rest of 
the curves, that is, for large displacements, remains good. For 
longer times, the experimental and numerical curves differ 
mainly by the height of the peak near the origin. For com- 
pleteness, the simulation results over longer times (up to 
100 s) are presented in Figure 6. It takes about 50 s to com- 
pletely erase the peak near zero displacement. Note that dur- 
ing this time, the rms diffusive displacement of the particle is 
still much smaller than the bead diameter (less than 500 pm). 

Similar conclusions can be drawn from Figure 5 for the 
direction normal to the flow. A good overall agreement is 
obtained at early times (100 ms). Later, the agreement is good 
except for the peak at zero displacement. 

This permanent feature may be due, partly or totally, to 
the very large value of the Peclet number (Eq. 19). It was 
shown in earlier works (Salles et al., 1993) that random walk 
simulations become very sensitive to small inaccuracies in the 
computation of the velocity field when Pe 2 1,000. Note, 
however, that the dispersivity coefficients determined from 
the long-time simulations of Figures 4 and 5 (D!,/D = 3,000, 
D*l/D = 80) are in very good agreement with literature data 
(Coelho et al., 1996). As mentioned earlier, the Reynolds 
number is greater than unity. 
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Figure 6. Simulated average propagator PA(X) in a ran- 
dom bead packing of porosity E = 0.44 paral- 
lel to a flow with a mean interstitial velocity 
v* =1.1 mm/s. 
Numcrical simulations for long observation times A .  

Consequently, the flow in the sample of packed spherical 
beads does not have the characteristics of a purely creeping 
flow. The Stokes equation (Eq. 8) is therefore not strictly ap- 
plicable and its use is likely to induce some inaccuracies. 
However, it seems to us, that Re is not large enough to ex- 
plain by itself the discrepancy shown in Figures 4 and 5. It 
should be stressed here that the discrepancy observed be- 
tween simulated and measured data may also be caused by a 
packing of the spherical beads within the sample used for the 
NMR measurements which does not agree with the princi- 
ples of the reconstruction. This could be addressed using 
NMR imaging methods to characterize the packing. How- 
ever, the diameter of the containing tube is about 17 times 
that of the glass beads; therefore, we do not expect signifi- 
cant edge effects. 

Fontainebleau sandstone 
Figures 7, 8, and 9 show the normalized average propaga- 

tors measured in a 25% porosity Fontainebleau sandstone, in 
absence of flow (Figure 7), in the direction of the flow (Fig- 
ure 8) and perpendicular to the flow direction (Figure 9). In 
absence of flow and for the short values of observation times 
A ,  the shape of the PA(X)  distributions are almost perfectly 
Gaussian. This arises because the molecules move too short 
distances for the structure of the Fontainebleau sandstones 
to have a large influence on the propagators. At longer times, 
the molecules increasingly encounter the walls. As a result, 
the effective diffusion constant becomes smaller and the av- 
erage propagator loses its initial Gaussian behavior to adopt 
a shape greatly influenced by the structure of the porous me- 
dia. For displacements measured in the presence of flow, the 
P J X )  distributions show an evolution qualitatively similar to 
the one observed in beads. In particular, from a curve strongly 
peaked near zero, the distribution obtained in the direction 
of the flow clearly evolves toward a Gaussian-like shape as 
the observation time A is increased. As reported elsewhere 
(Packer and Tessier; 1996) for short observation times, the 
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Figure 7. Simulated and measured P,(X) obtained in 
absence of flow in a 25% porosity 
Fontainebleau sandstone. 

main features of the evolution of the propagators P,<X) can 
be explained qualitatively by modeling the porous media as a 
network of identical capillaries isotropically distributed in 
terms of their orientation. Assuming laminar flow in each 
capillary for short observation time, P,<X) shows a logarith- 
mic discontinuity at zero displacement rounded by the effect 
of self-diffusion. In order to understand in more detail fluid 
transport in the Fontainebleau sandstone, a different meth- 
odology was used. It is based on the modeling technique de- 
scribed in the previous section and which consists of three 
majors steps, namely reconstruction, flow, and dispersion. 
This was applied to a particular sample of Fontainebleau 
sandstone called GF2 (Adler et al., 1990) as the basis of the 
reconstruction technique (porosity E = 0.251, correlation 
length L = 16.5 pm). The reconstructed media were made of 
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Figure 8. Simulated and measured PA(X) for brine flow 
(Q=400 mUh) in a 25% porosity Fon- 
tainebleau sandstone. 
Measurements and simulations performed in the direction 
of the flow. D = 2 corresponds to the simulation data ob- 
tained with the measured self-diffusion coefficient (D = 2.1 
X 10-9m2.s-’), while D = 7 refers to the simulation per- 
formed with the corrected self-diffusion coefficient (D = 
7.245X 10-9m2*s-’) .  
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Figure 9. Simulated and measured PA(X) for brine flow 
(Q=400 mUh) in a 25% porosity Fon- 
tainebleau sandstone. 
Measurements and simulations performed perpendicular to 
the flow direction. D = 2 corresponds to the simulation data 
obtained with the measured self-diffusion coefficient (D = 
2.1 x 10-9m.2s- ’ ) ,  while D = 7 refers to the simulation 
performed with the corrected self-diffusion coefficient (D = 
7.245X 10-9m2*s-1).  

N: elementary cubes with Nc = 30, the elementary cube size 
is a = 11.4 pm, and the total sample size is N c .  a = 342 pm. 
Five samples were generated. 

The average interstitial velocity is p= 0 or 372 pm-s-’,  
the corresponding Peclet numbers [ Pe = (u*L/D)] are Pe = 0 
or 2.92, and these two cases are referred to as Pe = 0 and 
Pe = 3. 

N grid points were located in each elementary cube ( N  = 
2), and the tolerance on the global flux is 

Additional computations were performed with particle ex- 
tinction, and particles may disappear at any time or when 
they hit a solid wall with a probability set so that the global 
population decays as e-* with r of the order of 1.5 s. The 
results will not be reported here because they did not yield 
significantly different results. 

The sample characteristics are summarized in Table 1. All 
the samples percolate along the three directions. 

The curves representing the experimental and the numeri- 
cal distributions of the particle displacements are displayed 
in Figures 8 and 9. The agreement between the NMR experi- 
ment and the simulation is encouraging but only semi- 
quantitative. 

It is interesting to compare the shapes of the distributions 
at Pe = 0 (Figure 7). A similar propagator is obtained for the 
NMR data and the simulation, but diffusion seems to be faster 
in the NMR experiment. 

For a Peclet number equal to 3, the details of the distribu- 
tions along the flow direction is well reproduced in the com- 
putations with the existence of two “peaks”in the curves, and 
the first peak corresponds to diffusion and the second one to 
convection. 
As mentioned earlier, surface extinction did not signifi- 

cantly modify the numerical results. 
This first comparison with experiments could be signifi- 

cantly improved in the following way. In porous media, the 
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Table 1. Sample Characteristics for the Simulated 25% Porosity Fontainebleau Sandstone 

Max. Velocity Permeability (mD) Open 
Sample Porosity Porosity KXX K Y  KXZ Vm/V* 

1 0.262 0.253 438 81 4 41.7 
2 0.249 0.239 327 27 - 17 37.3 
3 0.255 0.246 238 -5 - 49 40.4 
4 0.260 0.254 242 -1 102 49.1 
5 0.252 0.244 428 - 28 - 17 32.7 

Avg. 0.256 0.247 335 15 5 40.2 

MOM) 

formation factor F is defined as the ratio between the diffu- 
sion coefficient D in the free fluid and the rock effective 
diffusivity coefficient D 

Simulation + 
NMRdala + 

- 

D 
F = =  

D (21) 

It is known that the formation factor is usually overesti- 
mated by the reconstruction technique (Adler et al., 19921, 
and this is consistent with the observation made in Figure 7 
that diffusion is faster in the experiment. This discrepancy 
can be quantified as follows. In a Gaussian diffusion process, 
the height H ( t )  of the central peak of the propagator is rela- 
ted to the constant zeroth-order moment M,, and the second- 
order moment component along the x-direction M,", as 

(22) 

It was checked that this integral determination of H is 
consistent with the peak height actually observed both in sim- 
ulations and experiments. It is used below, because it is much 
less noisy than the instantaneous direct value of the propaga- 
tor for zero displacement. 

A least-squares fit of the experimental values of H vs. time 
in the absence of flow in the time interval 66 to 813 ms yielded 

H ( t )  = 8,323t-0.384 (23) 

in arbitrary units, with a correlation coefficient r = 0.9996. 
The same fit with the data from the simulations in average 
over the five reconstructed samples, yielded 

H ( t )  = 13,360t-0.3s0 (24) 

with a correlation coefficient r = 0.996. The numerical and 
experimental values of H are plotted vs. time in Figure 10. 

Obviously, Eqs. 23 and 24 differ only by a change in time 
scale with a ratio 

(25) 

This corresponds to an underevaluation of the rock effec- 
tive diffusivity coefficient by the same factor. This ratio is 
quite consistent with the overestimation of the numerical 

predictions of the formation factor of Adler et al. (1992) for 
Fontainebleau sandstones using the same reconstruction pro- 
cedure. 

The formation factors F of the reconstructed samples were 
calculated directly by solving the Laplace equation. The aver- 
age over the five. samples was found to be 

Fnum = 37.9 (26) 

with a standard deviation equal to 10.3. In the meantime, 
the formation factor of the real rock sample was measured 
independently by Integrated Core Consultancy Services Ltd. 
(Middlesex, England) with or without a net hydro-static con- 
fining pressure of 200 psi (1.4 MPa). The measurements 
y i e 1 d e d 

Fexp = 12.3 (0 psi) 

Fexp = 10.3 (200 psi, 1.4 MPa) 

Therefore, the formation factor is numerically overestimated 
by a factor 

3.08 or 3.68 F n u m  -= 
I7 

exP 1' 

This is in good agreement with Eq. 25. 

(27) 

m' 
0 05 01 0 25 05 1 

OBSERVATION TlME 

Figure 10. Log-log plot of the central propagator peak 
height H ( t )  as a function of time for self-dif- 
fusion in a 25% porosity Fontainebleau sand- 
stone. 
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According to Eq. 21, changing the diffusion coefficient D 
is actually equivalent to resetting the formation factor. Hence, 
a new set of numerical simulations was run on the recon- 
structed sample 1 with a modified molecular diffusion coeffi- 
cient D = 3.45 X 2.1 X 10W9 = 7.245 X 10-9m2/s in order to 
compensate for the overestimated formation factor. Results 
are presented in Figures 8 and 9 with a flow with mean inter- 
stitial velocity ?= 372 pm/s, respectively. Clearly, the simu- 
lations are greatly improved. 

One may therefore conclude that the quantitative depar- 
tures between the experiments and the random walk simula- 
tions result mostly from an underevaluation of the rock effec- 
tive diffusivity due to the reconstructed samples themselves, 
and that they may be corrected by resetting the formation 
factor. 

Conclusion 
The NMR data acquired both on a sample of packed 

spherical beads and on a 25% porosity Fontainebleau sand- 
stone illustrate the unique ability of NMR to measure fluid 
transport within optically opaque porous materials. The NMR 
protocol used in this study generates the probability distribu- 
tion P A ( X )  of displacement X for different observation times 
A. The propagator PAW> thus obtained gives valuable infor- 
mation about the transport of fluids at the pore scale level. 
We were also able to accurately simulate the transport of an 
aqueous phase within the rock matrix and generate compara- 
ble probability distributions. This result is particularly en- 
couraging since the model applied is based solely upon the 
structural characteristic of the porous solids. 
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