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Abstract

Used for a long time for diffusion studies, PFG NMR techniques are now widely used to study flow through porous media. We
discuss here the effects of the magnetic field inhomogeneities and the finite gradient pulse duration in this case. We propose a
statistical model based on spatial correlations of the magnetic field and velocity field and as far as we can, we draw practical

conclusions on the PFG NMR measurements conditions.
© 2002 Elsevier Science (USA). All rights reserved.

1. Introduction

For a long time, there has been an important interest
in the use of NMR (nuclear magnetic resonance) to in-
vestigate porous media. Different NMR techniques such
as relaxation measurements [1-4], NMR imaging [5,6]
(MRI) or PFG NMR (pulsed-field-gradient NMR) have
been used to characterise geometrical properties or dy-
namics of fluid phases through the porous media. PFG
NMR appears to be particularly interesting, since it al-
lows fluid transport characterisation with a spatial res-
olution higher than what can be achieved by MRI; this
technique was thoroughly used to investigate diffusion
processes [7-11], but flow studies in porous media have
also been reported [12-18].

The key point in PFG NMR techniques is the fact
that, theoretically, the magnetisation decay Ma(k) as a
function of the pulsed field gradient intensity is directly
the Fourier transform of the averaged propagator Px(&):

Ma(k) = My / Pa(&)ek de (1)

where M, (k) is the echo magnetisation, A is the time
interval between gradient pulses, and k is the reciprocal
length: k£ = ygé where y is the gyromagnetic ratio, g is
the pulsed gradient intensity, and J is the pulsed gradi-
ent duration. As introduced by Callaghan [19], the av-
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eraged propagator P(&) is the probability distribution
of displacement ¢ along the direction of the pulsed
gradient over a time A. This function allows one to de-
termine all the statistics of fluid transport through the
porous media and it is particularly relevant for the study
of complex transport processes.

More generally, Eq. (1) derives from the the total
dephasing ¢ = ¢(A) accumulated by each fluid particle
when it flows through the porous medium during the
time interval A. The magnetisation decay results from
the ensemble average over all the particle dephasing:

My = My / p(@)e” do, 2)

where p(¢) is the probability distribution of dephasing.
Let us remark that, in this case, we neglect any relaxa-
tion effects. To study dynamics, the pulsed NMR se-
quences used for PFG NMR measurements are designed
so that the dephasing induced by the applied gradient
pulses is:

P, = kE. (3)
So, it is clear that the propagator is easily determined if
the total dephasing is only ¢, or if the other dephasing
terms can be neglected (in this case, while ¢ = ¢, Eqs.
(2) and (3) straightforwardly give Eq. (1)).
Unfortunately, in some cases, the relation between
total dephasing and displacement is not as simple as this
previous linear equation: there are perturbing effects like
internal field inhomogeneities (for a porous medium,
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this is due to the difference between the magnetic sus-
ceptibility of the grain and that of the fluid) or the finite
duration of each gradient pulse. The effects of field in-
homogeneities are a constant problem for the use of
NMR in porous media and particularly for PFG NMR
techniques: when a fluid particle will travel through the
porous medium, it will accumulate an uncertain deph-
asing depending on its trajectory through the sample.
Let us call (7) the fluctuating part of the magnetic field:
b(¥) = B(¥) — By, where B(¥) is the local magnetic field
and By = (B(¥)). For a travel time 7, the dephasing in-
duced by internal field inhomogeneities is, for each fluid
particle:

0y = / WBIF(0) dr (4)

The total dephasing is therefore ¢ = ¢, + ¢,; Eq. (1) is
no longer valid and the determination of the propagator
becomes problematic. We can remark that the latter
term (¢,) arises, even in the absence of any applied
gradient pulse.

In its general formulation, the problem becomes very
difficult to deal with: first, fluid dynamics process (¥(¢))
and magnetic properties (b(7)) are coupled. And second,
the knowledge of magnetic field spatial distribution re-
quires the solution of the Maxwell equations with the
correct boundary conditions: it turns out to be impos-
sible for any arbitrary random porous matrix, and even
for modeled porous media such as monodisperse sphere
packing, this is not obvious. So, in the absence of a
general theory for transport in an inhomogeneous field,
different approximate approaches have been introduced
to deal with such a problem, mostly in the case of dif-
fusion in an inhomogeneous field.

Very early, the approximation of a uniform back-
ground gradient gy has been introduced as an attempt to
describe inhomogeneities. For free diffusion in an un-
restricted medium, Hahn [20] (by using a random walk
model) or Torrey [21] (by introducing a diffusion term in
Bloch equations) obtained the same expression for the
magnetisation decay. It is clear that such an approxi-
mation is very crude to describe diffusion in a porous
medium: the linearisation of internal field inhomogene-
ities can only be valid for very short times (i.e., corre-
sponding to fluid displacements much smaller than the
pore size) and wall effects were not taken into account.

To extend this attempt, the Gaussian-phase approx-
imation has been introduced, assuming that the proba-
bility distribution of net dephasing ¢ is Gaussian. Using
this approximation, different authors have considered
wall effects ([22], for simple pore geometries and uniform
gradient) or general inhomogeneous field [23]. As
pointed out by some authors [23-25], such an approxi-
mation has a restricted validity range and, in practice, it
holds for short times and is exact for all times for a
uniform gradient in an unbounded medium.

Now, more sophisticated approaches used to describe
diffusion in inhomogeneous field have been introduced.
As an extension to the constant and uniform gradient
g0, Le Doussal and Sen [25] have presented an analytic
solution to the problem of diffusion in a parabolic
magnetic field. They find characteristic length and time
scales for such a problem and they obtained scaling laws
in agreement with experimental data in porous media.
Another way to deal with such a question is to consider
spatial correlation of the inhomogeneous magnetic field.
For instance, Brown and Fantazzini [26] obtained re-
sults in qualitative agreement with experiments. Some
theoretical works have also been published for the
problem of spins diffusing in a random field [27,28].

This paper is devoted to the presentation of a statis-
tical model which describes the effects of internal field
inhomogeneities on PFG NMR experiment of flows
through a random porous medium,; it is based on the
spatial correlation of the magnetic field. We introduce
this model because the description of magnetic field in-
homogeneities by background gradients cannot be used
in the flow case; this is a local description of inhomo-
geneities and can be used only for small enough dis-
placements. Background gradient description could
therefore be adequate for diffusion processes, but it is
not for flow processes.

The effects of the gradient pulses’ finite duration are
also discussed. Such effects are easily taken into account
for free diffusion, but in the case of restricted diffusion
the theory is not fixed. In the flow case, a simple ex-
pansion shows that, during the gradient pulse, we also
encode the fluid particle velocities in addition to their
positions.

We first present the phase shift induced by the mag-
netic field inhomogeneities and the velocity variations,
and thus, we obtain an expression for the magnetisation
decay in the most general case (Section 2). In Section 3,
we introduce a statistical model based on the spatial
correlations of the magnetic field and the velocity field.
After this general discussion, we try, to the extent pos-
sible, to draw practical conclusions from this study. In
Section 4, we present the application of our results to
porous media that are not too pathological (typically
those for which it is possible to define a unique length
scale /., the grain size corresponding to the grain di-
ameter for monodisperse bead pack). Finally, in Section
5, we discuss quantitatively such effects using the pa-
rameters from the PFG NMR experiments we previ-
ously performed.

2. Magnetisation decay at echo time for PFG NMR

Let us consider the case of a fluid particle flowing
through a porous medium. Here, the behaviour of each
particle is determined: the flow is assumed to be sta-
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tionary and laminar and we neglect molecular diffusion
effects. In those conditions, each particle j follows a gi-
ven trajectory 7; that could be known by solving the
transport equations in the appropriate medium. In that
case, along the trajectory 7; of the fluid particle j, b(¥) is
a function of the particle position along Oz, the direc-
tion of the mean flow; neglecting back flow

b(?)along T, bj(z)' (5)

In a very similar way, at each position 7 in the fluid, we
introduce v(¥) the deviation of the z-component of the
fluid velocity defined as v(¥) = v.(7) — (v.(7)), where
v,(¥) is the z-component of the fluid velocity at the po-
sition 7 and (- --) represents an ensemble average on all
the fluid particles in the porous medium. Note that
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Fig. 1. NMR pulse sequences used in our experiments: we superimpose
magnetic field gradient pulses of intensity g and duration 6 to a classic
spin echo sequence (the shaded rectangles correspond to the magnetic
field gradient pulses). (a) PFG-SE sequence; (b) PFG-SSE sequence;
(c) APFG-SSE sequence: each gradient pulse has a duration of 6/2, so
that the effect of each pair of gradient pulses is equivalent to one pulse
of duration ¢. The time duration A has been chosen here to describe
the effective time interval between gradient pulses (or pairs of pulses in
the case of APFG-SSE). A’ is the time duration between m/2), pulses
for the PFG-SSE and APFG-SSE sequences.

(v.(F)) = U = Q/(S¢) (Q is the global flow rate, ¢ and S
are the sample porosity and cross-section). Along the
trajectory 7; of the particle j, v(¥), like b(7), is a function
of the position z along the axis Oz; neglecting back flow

U(F)along = vj(Z)' (6)

We consider the general expression (Eq. (2)) for the
magnetisation decay that can be simply expressed as
M (k) = My(e*%) .. The first step is to give an expression
for Ag;, the total dephasing at echo time for each par-
ticle j. While it depends on the PFG NMR sequence
used, we will discuss first the case of the PFG-SE se-
quence [29] and the PFG-SSE sequence [30], the third
one (the APFG-SSE sequence [31], the alternating PFG-
SSE sequence) will be examined later. Fig. 1 displays the
sequences used in this paper. Here, the time interval 7
remains short enough so that fluid displacements during
7 are much smaller than typical pore size.! This condi-
tion allows us to make the assumption that, for each
fluid particle, b(z) and v(z) are constant during the time
interval 7.

The first term, Ag,, which arises in the total deph-
asing is due to the field inhomogeneities and holds even
without any applied gradient pulse (g = 0):

A, = @b(A, +1) — ,(0), (7)
where
o) =7 [ bt 8)

and A’ =0 for the PFG-SE sequence. Using the as-
sumption of small 7, we obtain:

@y (1) = y1b(2). )
Applying external pulsed gradients g results in an ad-
ditional phase shift, Agp,:

Ag, = @,(t2) — @, (t1), (10)
where
o) =g [ =)t (1)

Considering the above assumption of short 7, we use the
following expansion of z:

2(t)=z(t) + (£ —v.(¢) fort<i <t+d (12)
so that

00) =k |2(0) + 300

and

! In practice, such a condition is not very restrictive since, if we need
long measurement time, one should use the PFG-SSE sequence and
increase the time duration A while keeping t short.
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0.0 = |20 + 0]

Thus

0 0
A(pawyg5<§+2Av> :k<§—|—2Av), (13)
A, =~ ytAb,

where
Au=u(z(ty)) —u(z(t;)) foru=>boruwv (14)

and ¢ is the particle displacement between ¢, and f,
(f = Z(tz) — Z(ll)).

Finally, the total dephasing Ap = A, + Ag, appears
to be a function of the displacement ¢, as expected, and
also of the variation of magnetic field Ab and of the
variation of velocity Auv:

A(pk(éJrgAv) + yTAb. (15)

The variation of magnetic field, Ab, and of velocity, Av,
depends of course on the displacement ¢ of a fluid
particle along its trajectory. To characterise the random
quantity Av during the fluid displacement, we introduce
the distribution function p(Av; &), the probability dis-
tribution for a fluid particle to be submitted to a vari-
ation of velocity Av for a displacement £. We also
introduce the distribution function p(Ab;Av, &), the
probability distribution to observe a variation of mag-
netic field Ab for a displacement ¢ and a variation of
velocity Av.

The magnetisation decay M(k)/M, can now be ex-
pressed as:

(629 / / / 180, Ab: Av, E)p(Av: £)Pa (£) dAbdAvdE.
(16)

We now assume that the variables Ab and Av corre-
sponding to the variation of b and v for a displacement &
along Oz are uncorrelated: (AbAv) =0. Such an as-
sumption is not easy to justify, but it should be ac-
ceptable for an enough random porous matrix. Then,
Eq. (16) becomes

lA(/)/ /// 180 p(Ab; Ep(Av; E)Pa(E) dAbdAvdéE

(17)
p(Ab; &) is the probability distribution for a fluid particle
to be submitted to a variation of magnetic field Ab for a
displacement ¢.

Introducing p(Ab; &) (or p(Av; £)), the Fourier trans-
form of p(Ab; &) (or p(Av; £)) relative to Ab (or Av), we
finally obtain

(6B — / B(Ab; E)B(Av; €)e* Py () dé. (18)

3. Probability distributions p(4b; &) and p(4v; &)

To make precise the physical meanings of these dis-
tributions (p(Ab; &) and p(Av; £)), we present the fol-
lowing remarks: the quantity

([ remarpicac) ans

represents the fluid particle fraction submitted to a
magnetic field variation ranging from Ab to Ab + dAb.
The mean square of the magnetic field variation during
the time interval A is given by:

@) = [ ( [ resanoac)srass

Of course, when the displacement ¢ tends to 0, p(Ab; &)
tends to a dirac function: p(Ab;0) = 6(Ab).

On the contrary, when the displacements ¢ become
much larger than ¢,, the characteristic length of the
variation of b (typically &, is of the order of the grain
size), so that b gets uncorrelated with its initial value,
(AB?) = ([b(t2) — b(11)]?) tends towards the limit
value 2(b?). In this last case, &> &, p(Ab,¢&) tends
towards

| peipts+ sy,
where p(b) is the probability distribution of magnetic
field b (this distribution is the resonance spectrum of the
fluid protons in the saturated porous medium and it can
be derived from the free induction decay). Let us note
that except the last point in parentheses, the above re-
marks also apply to the distribution p(Av; &).

As suggested by this discussion, it appears that the
behaviour of the distributions p(Ab; &) and p(Av; &) is
related to the spatial correlations of the magnetic field
fluctuations b(z) and of the velocity fluctuations v(z) for
all the fluid particles along their trajectories. Consider-
ing now all the fluid particles on their trajectories, the
spatial correlation along Oz of the magnetic field devi-
ation b(z) and velocity deviation v(z) are, respectively,
defined by the following relations:

0,(¢) = (p(0)b(£)), (19)
0,(&) = (v(0)v(¢)), (20)
where (---) represents an average over all the fluid

particles along their trajectories. 0,(£) and 6,(£) are
decreasing functions of ¢ for any random medium.

From these correlation functions, we can derive the
width of the distribution p(Ab; &) and p(Av, £). We de-
fine (Ab?), the mean square of the magnetic field shifts
associated with a particle displacement ¢ in the direction
Oz; (Ab?), is related to 0,(¢) by

(0%, = ([b(&) = BO)] ) =2[0,(0) = 0,(8)). (1)
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Similarly, (Av?) is defined as the mean square of the

velocity variations associated with a displacement ¢ and

&), = (o) — (O ) =200,(0) = 0,8 (22)

4. Application to simple porous medium

Until now, we considered the most general case.

To pursue this discussion, we will consider here the
particular case of porous media with a unique length
scale /., the grain size. Later on we assume that the
correlation functions 6,(¢) and 6,(¢) can be approxi-
mately represented by the following functions:

0,(8) = () exp (—é—)

o (23)
0,() = (") exp ( )

B
&

The characteristic lengths, &, and ¢, are expected to be
of the order of the grain scale /.. The exponents o and f§
depend on the structure of the pore connections and are
expected to be of the order unity.

An estimation of 0,(£) and 0,(&) can be proposed in
the model case where the porous medium is constituted
by a randomly oriented channel network. If A is the
individual length of the channels, we find (see Appendix
A) that the correlation functions are well represented by
the relations (23) with ¢, =&, =1/3.5and a = f = 1.1.

From Egs. (23) and (21), we obtain the mean square
of the magnetic field fluctuation for a displacement &
(Ab2>§ =2(p?) [1 — exp (2)] (24)

b
Let us remark that this is compatible with the expected
limit behaviour for small & (lim;_o(Ab?). = 0) and large
¢ (limgs.g, (AD%), = 2(b*)). The probability distribution
of magnetic field b, p(b), can be derived experimentally
from the free induction decay; it is presented in Fig. 2

for random monodisperse sphere packings and, as
shown, it can be well approximated by a Gaussian dis-
tribution. Thus, for large &, the distribution p(Ab; &) is
Gaussian. As previously noted, it becomes a Dirac
function for small & For intermediate displacement
range, we propose as an approximation for p(Ab; &) the
following Gaussian distribution:

1 Ab?
Ao (am) >
where o; = (Ab?).. This distribution satisfies the ex-
pected limit cases (¢ — 0 and & — o0).

In the same way, the mean square of the velocity
variation is obtained and obeys the expected limit be-
haviour:

B
(Av?) = 2(v?) ll —exp ( - 2)] . (26)

v

p(Ab; &) =

The probability distribution of velocity in the mean flow
direction, p(v,), has been obtained from experiments and
numerical simulations [12]; it can be well approximated
by an exponential distribution:

0 if v, <0,
P = Lexp[ -] ife>0 (27)
with (12) = 2(v.)*. While v = v, — (1.), we obtain:

0 if v < —(v.), -
R R

with () = (v.)*. For large ¢, p(Auv; &) tends towards

[ powe+ =g e (<) @)

Thus, we propose to approximate p(Av; ¢) by an expo-
nential distribution

p(Av; &) = \/;ja. exp ( _ \/5()|-:AU| )) (30)

where o7 = (Av?),.

+  Measured p(f)
Gaussian fit

o

+  Measured p(f) i
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Fig. 2. Resonance frequency spectra p(f) (f'in Hz) of water protons for two of our porous samples: packing of glass beads: diameter of 800 um (left)

and 81 pm (right); —: approximation of spectra by Gaussian function.
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At this stage, we are able to calculate the Fourier
transform p(Ab; &) and p(Av; &)

PAbi) = [ & p(asie)ans

2.2 22
o257 o

A(Av; &) = /eik(ﬁ/Z)AL‘p(Av; &)dAv = 1 (32)

K20%2 "
T

We finally obtain the magnetisation decay from Eq.
(18)
2 Z<b2> [176*(5/5;,)1]

ihp,\ _ e’’’ ke
() = / |4 BP0 [1 _ e—(é/c;.)/f} e Py ()ds. (33)

2

Some practical consequences of this result will now be
discussed in Section 5.

5. Discussion and conclusion
5.1. Effects of the magnetic field inhomogeneities

Let us consider effects of the magnetic field inhomo-
geneities on the measured magnetisation:

(eid9) = /efyzfz<b2>[1737@/%)7]611(5&(5)df‘ (34)

These effects are quite easy to estimate: by taking the
inverse Fourier transform of (e2?/), we obtain an ap-
parent propagator P,(¢), instead of the correct one

Pa(8):
Py (%) :/<eiA“’f>e*“‘<dk. (35)

The ratio between this apparent propagator and the
exact propagator is the correction factor

F(E) = e O

Py(&) = e T R (@), (36)

First, there are simple cases where these effects are easy
to discuss: short displacements and long displacements.

5.1.1. Small displacements

If we just consider small displacements (i.e., & < &),
it is obvious that the magnetic field effects will not have
to be taken into account. The correction factor will al-
ways be very close to 1. Physically, the magnetic field as
seen by the fluid particles will not change during the
measurement time.

In practice, of course, how small the displacements
should be will depend on the parameters and particu-
larly on the frequency bandwidth. This point will be
discussed later.

5.1.2. Long displacements

On the opposite, for long displacements (& > &), the
correction factor becomes constant (i.e., independent on
the displacement ¢):

hm e—yzrz(bz)[l—e’“/ib)q] _ e,},zrzwz)' (37)
e>Cp

This behaviour can be physically explained: if a fluid
particle population has explored a large enough number
of pores, it has also explored all the possible values of
the magnetic field fluctuations. Therefore, once this re-
gime is reached, the decay induced will become inde-
pendent of the displacement. We can remark here that
such regimes are not accessible by diffusion experiments
because it necessitates very large displacements.

In this case, in theory, the inverse Fourier transform
of the magnetisation gives the correct propagator. In
practice, we can have serious experimental problems,
since e 7’7" could be much smaller than 1 and the
signal-to-noise ratio would become very bad. Of course,
this will depend on the magnetic field characteristics in
the samples, but, because of the magnetic susceptibilities
contrasting, porous media are known to make facing
this problem difficult.

5.1.3. General case

In practice, there are a lot of cases where we deal with
propagator PA(¢) for which displacements are neither
much smaller nor much larger than the grain size. This is
even an objective of interest of PFG NMR experiments
to study displacements around the typical grain size and
therefore the cases discussed previously cannot be ap-
plied.

Thus, we need to look at Eq. (34) in more detail.
As previously pointed out, it is easy to measure (b*)
for a given porous medium; the characteristic length
&, is expected to be of the order of the grain size and
the exponent o of order unity. To obtain approximate
values for these parameters, we propose the experi-
ment described in Appendix B; we obtain the fol-
lowing approximations for our bead pack sample:
o~ 1.6 and &, ~ 0.67[.. From a general point of view,
we do not think that the exact values for these pa-
rameters will deeply change our discussions and con-
clusions.

For our bead pack samples, we measured different
values of the frequency bandwidth (1/(f2) = yy/(b?)/21)
ranging from 52 to 384 Hz for a proton resonance of
100 MHz (2.34 T). Let us remark that such differences in
line widths do not result from the difference in bead size
but rather from difference in magnetic susceptibilities
between bead samples. We can note here that the band-
width is of the order of 12 Hz for a bulk water sample in
our NMR device. These values will now be used as typical
frequency bandwidth to draw some practical conclu-
sions.
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Fig. 3. Correction factor f(£) as a function of the reduced displace-
ment ¢ for different values of y2t%(h?).

Small frequency bandwidth. Fig. 3 displays the cor-
rection factor /(&) as a function of the displacement &
for different values of 7?72 (h?). We can deduce that in
the best case (frequency bandwidth of 52 Hz), the cor-
rection factor will stay very close to unity only if the
duration t stays very small, of the order of 1 ms. For
example, for t = 1 ms, the correction factor f(&) will
vary from 1 to 0.9. This means that we underestimate
the weight of large displacements by about 10%. The
distortion of the propagator reaches 50% for t = 2.5ms.

This is clearly one of the advantages of the PFG
stimulated spin echo sequence over the basic PFG spin
echo sequence: the PFG-SSE allows one to increase the
measurement time while keeping = small. But in practice,
it is very difficult to keep t as small as 1 ms as 7 should
be at least a little longer than J, the gradient pulse du-
ration.

Therefore, such sequences should be used to study the
propagator only in very magnetically clean samples. It
could also be used if we just consider small displace-
ments. We can now provide an estimation of what we
call small displacements here. For a frequency band-
width of 52 Hz and using a t duration of 3 ms, the dis-
placements range should stay smaller than one-sixth of
the grain size: ¢ < 0.17/,.

Large frequency bandwidth. When the frequency
bandwidth increases, it appears clearly that such se-
quences could not be used anymore. Even with a very
small 7 value such as 1 ms, the correction factor will vary
from 1 to 3 x 1073 for a bandwidth of 384 Hz and the
measured propagator P, (&) will display only very small
displacements and hide larger ones.

In this case, even if we try to use Eq. (36), it is im-
possible to obtain an estimation of the correct propa-
gator; the signal-to-noise ratio will not allow such a
correction.

5.1.4. The APFG-SSE sequence

We just discussed the limitations of the basic PFG
NMR sequences. When we face large frequency band-
width, we should use more sophisticated sequences as
the APFG-SSE sequence if we wish to perform experi-
ments. The advantages of this sequence have been
demonstrated theoretically by Cotts et al. [31] in the case
of diffusion in background gradients and the experi-
ments performed by Lucas et al. [32] have illustrated this
point in the case of diffusion coefficient imaging.

Let us discuss it in the flow case where the modelling
of the magnetic field inhomogeneities by background
gradients can no longer be used. Thus, let us go back to
the dephasing calculations:

Apy, = @y(t2) — @,(11).- (38)

Considering the features of the APFG-SSE sequence, we
have in this case:

o= [ by [ b, (39)
_ / T lb(e + 1) — b(0)) dt. (40)

We still use the approximation of small 7, which is a
reasonable assumption for this sequence

b(f +7) = b({l')+ b () (41)
so that finally
t+1
o) = [ b, (42)
t
~ T (). (43)

Thus, the total dephasing induced by magnetic field in-
homogeneities in the case of the APFG-SSE sequence is

A, =y A . (44)

It now depends on the second-order term of the mag-
netic field variations while, for the basic sequences, it
was depending on the first-order term. This clearly es-
tablishes the power of such sequence which cancels the
first-order effects.

But unfortunately, it becomes very difficult to give
quantitative estimation of this effect. »'(¢) is the deriva-
tive of b(¢) along the fluid particle trajectories
_db dbdz
Cdr dz dr
where g, is the local magnetic field gradient and v, is the
fluid particle velocity along Oz. The probability distri-
bution of this quantity, g,v., can neither be experimen-
tally measured nor easily estimated.

We can remark that still using the small t approxi-
mation, the effects of the fluid particle displacement and

the velocity variations are not changed by the use of
APFG-SSE sequence. This is due to the design of the

b/(t) = &z, (45)
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sequence where the gradient intensity is inverted after
each m), pulse.

5.2. Effects of the velocity variations

We now consider the effects of the velocity variations
on the magnetisation signal

. | -
o)y — : “py(e)de (46
) /1+k25“<”2> [l—e—<c/cu>”]e a(&)de (46)

2

This case appears clearly less easy because the correction
factor

262/.2 ;
{1+%<”>[1_e<cf/cx>/]}

-1

depends now on both the displacement ¢ and the wave
number k. Let us first discuss simple cases.

5.2.1. Small displacements

Once again, as long as we just consider small dis-
placements (i.e., ¢ < &,), such effects are negligible. This
can be directly derived from Eq. (46), but this is also
physically obvious: as long as displacements are very
much smaller than the grain size, the fluid particle ve-
locities would not change during the measurement time.

In this case, the correct propagator is directly derived
from the magnetisation decay by inverse Fourier trans-
form, i.e.,

PA(&) = / (eerye K d. (47)

5.2.2. Small velocities or large spacial resolution

Such effects could also be easily neglected if k20%(v?)
is always much smaller than unity. If Ay, is the maxi-
mum value for the wave number, we should have

K, 00007 < 1. (48)

max

In practice, the maximum value for the wave number is
related to the spatial resolution we wish to obtain for the
propagator Px(&) (the spatial resolution is 7/kmay)-

To obtain microscopic information on the transport
process in the porous medium, a typical resolution is
one-tenth of the gain size. The corresponding kpayx i
10m/1,

& (v?
k2,0 (1) ~ 100m? ;2. ) (49)
and the condition k2 °(v*) < 1 becomes
12
27,2 c
) < 1o (50)

A trivial and necessary condition would be that the
typical displacement during the gradient pulse should be
much smaller than the grain size, but this does not seem
to be sufficient.

Let us examine such a condition for typical values of
the experimental parameters: 6 ~ 1 ms, \/(v?) ~ 1 mm/s,
and /. ~ 100um; the condition (50) is not satisfied.
Furthermore, we can notice that it is not for the PFG
NMR experiments we made and also for those pub-
lished by different authors (in cases where we can obtain
the experimental parameters).

We can remark that the condition (48) can be phys-
ically interpreted: the typical displacement during the
gradient pulse should be much smaller than the spatial
resolution of the measured propagator, but the intro-
duction of the grain size in this discussion appears to us
more relevant.

5.2.3. General case

When the previous conditions are not met, we have to
consider Eq. (46) in more detail; while the correction
factor depends on both k and &, the operation described
by this equation is no more a Fourier transform. Fur-
thermore, in this case, there is not an easy way to derive
Pa(&) from the magnetisation decay.

At this stage, our question is mainly: if we do not
satisfy the previous conditions, how important could be
the errors on the propagator? Thus, our goal is not to
provide an exact and detailed mathematical analysis of
Eq. (46), but to find a way to get an estimation of the
correction factor effects. We describe in Appendix C the
process used to obtain an estimation of the propagator
from Eq. (46).

Using such an approximation, we verify the effects on
one of our experiments: in this case, we have
K2, 0% () ~ 4.8, 6y/(1?) ~7.5um, and I, ~ 145um.
The required conditions are not satisfied, but we can
observe in Fig. 4 that the original propagator (i.e., ob-

3.5

Fig. 4. Propagator PA(¢) (m~') as a function of ¢ (m); comparison
between the measured propagator (—), and the corrected propagator
(--); the corrected propagator was deduced from the measured one
taking account the velocity variations effects.
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tained without taking into account the velocity variation
effects) and the corrected propagator are very close. We
verified these features for all our experiments and we
always observed the same result: the differences are still
very small and sometimes unobservable.

Why do the effects appear so small when the neces-
sary conditions are not satisfied? A rigorous answer is
not straightforward. We can remark that Eq. (50) is very
conservative: it guarantees that for every wave number
value ranging from 0 to kyax, the correction factor will
be negligible. In practice, even if the condition is not
satisfied, the correction factor will stay very close to 1 on
the most part of the wave number range, so that after
integration, the effects will stay very limited.

5.2.4. Conclusion

We can try to draw practical conclusions from this
study. We just verified that, when conservative and
rigorous conditions are not satisfied, the errors on the
propagator measurements may stay small. Thus, we try
to establish a practical condition that could allow one to
neglect the velocity effects on measured propagator.

In our case, d+/(v?)/I. ~ 0.052; we have tested the
effects on the measured propagator when we increase
this parameter (for example, by increasing ¢ while
keeping everything else unchanged; in particular, this
implies decreasing the gradient intensities so that k
values do not change). From the correct propagator, we
use Eq. (46) to construct the magnetisation decay and,
then, we compute the Fourier transform. We present in
Fig. 5 the results for three values of the ratio 6+/(v?)/l,:
0.052, 0.2, and 0.5.

x 10

25

Fig. 5. Propagator Py(¢) (m™!) as a function of & (m); effects on the
measured propagator of the velocity variations for different values of
the ration 61/(12)/1. (—: 6/(2)/1. = 0.052; --: 61/ (1?) /1. = 0.2; - -:
0/ (1?) /1. =0.5.

Therefore, it appears that as long as d/(v?)/1. < 0.1
the errors on the propagator stay small. We find very
similar results for all other experiments, so that we can
propose the following condition:

W) (51)

L

6. Conclusion

In this work, we studied in detail some of the errors
that could be made when performing PFG NMR ex-
periments on porous media flows. We propose a statis-
tical model based on spatial correlations of the velocity
field and the magnetic field to describe their effects on
the measurements.

We are aware that the choices we made for the
spatial autocorrelation functions of » and v are nec-
essarily arbitrary: we assumed that these functions
could be well represented by stretched exponential
functions. As long as such an assumption can be made
for a given porous medium, the model we presented
here stays valid. We have verified that different values
for the correlation parameters (o, f8, &, or £,) do not
change our conclusions (of course, as long as these
parameters stay in a range where they keep a physical
meaning).

We explained quantitatively why basic PFG NMR
sequences are very limited when used to study flows
through porous media. From the magnetic properties of
the medium and the analysis we performed in this paper,
we can easily predict when these sequences will fail. In
such cases, we should use the APFG-SSE sequence; on a
theoretical point of view, we can conclude that this se-
quence is clearly better, but, in this case, quantitative
predictions cannot be provided.

We also discussed the effects of the finite gradient
pulse duration on the measured propagator: in addition
to the particle displacements, phase shifts also encode
velocity variations during the measurement time. We
analysed in detail this effect and we finally propose a
practical condition that allows one to neglect it: the
mean displacement during the gradient pulse should stay
lower than the typical grain size.

This study clearly demonstrates the advantage in
using strong gradient pulses: this allows one to keep the
gradient pulse duration ¢ short for a given value of
the wave number k: short 6 values minimize the effects of
the velocity variation. It also allows one to keep 7 du-
ration short and this finally minimizes the effects of the
magnetic field inhomogeneities.

We described here effects induced by the flow
through the porous matrix and we considered a porous
medium with a well-defined length scale. For a porous
medium with wide ranges of length scales, only the scale
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corresponding to the backbone of the flow will be rel-
evant. For example, let us consider the case of a porous
medium with two length scales: a micro porosity do-
main and a macro porosity domain; the magnetisation
of the fluid part enclosed in a micro porosity domain
will not be described by our model because transport is
dominated by diffusion. For the macro porosity do-
main, where the fluid flows, our model will be relevant.
From a general point of view, the most conservative
forms of the validity conditions should stay valid
without any length scale consideration (y?t?(h?) < 1 for
the PFG NMR and PFG-SSE sequences and
k2, 0% (t?) < 10) so that most of our conclusions stay
valid.

We finally conclude that, in practical terms, PFG
NMR measurements of flow through porous media can
be correctly performed; PFG NMR was shown to be a
relevant tool to investigate transport and structure at the
pore scale. We provided here some elements to help
facing artefacts that can distort measurements. We just
want to point out that it is important to check such
experiments by comparing the flow mean velocity ob-
tained from NMR measurement with the one deduced
from the global flow rate through the sample: this can
help to detect artefacts.

Appendix A

Let us consider a porous medium constituted by a
network of randomly oriented connected channels and
assume that:

e All the channels are cylindrical and identical with a
length /.

e The network is statistically homogeneous and isotro-
pic; f(Q) the orientation probability distribution of
the channels is constant and uniform.

e On a particle trajectory T}, the values of b and v are
constant in a particular channel, but different and un-
correlated in different channels. It follows that:

0.(8) _ 0:(&) _

where A(&) is the normalised correlation function.

Let us now consider now all the channels with an ori-
entation of Q and note g(2,¢) the normalised correla-
tion function associated to this orientation:

_Jo if &> Acos@,
h(@f){l ¢ if 0<¢< AcosO®,

Acos @

(A2)

where © is the angle (Q,0z). In the first case, all
particles have left their channels; the second part cor-
responds to the particle fraction still in their channels
for a displacement ¢ along the direction Oz. Conse-
quently

1

08 |

06 F X

04 F

02 F

0

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Fig. 6. Normalised correlation function A(¢/4) calculated (x) for a
model porous medium constituted by a network of randomly oriented
connected channels. —: approximation by a stretched exponential
function exp(—3.5¢/4)".

wo = [ meor@ae a3
¢ ) .
= 1 - sin @do A4
A<§<Acos@ ( ;n COS @ ( )
0. ¢
= = i A.
/0 ( icos@>smgd@’ (A.5)
where @, = arccos(¢/4). Finally, one obtains:

if &> 2,

0
h(f):{lg(llng) if0< &< (A-6)

This function, presented in Fig. 6, is correctly fitted by
exp(—3.5¢/)".

Appendix B

We can remark that even in the absence of any ap-
plied gradient (k = 0), magnetic field inhomogeneities
will induce a magnetisation decay as long as the fluid
particles are travelling:

(o) /ef},zfz@[1757@/@)“]&(5) deé. (B.1)

The magnetisation decay can be measured as a function
of 7: E(t) = (¢"2%). If we know the propagator Py(&),
we can use Eq. (B.1) to find the best values of « and &,. If
we use very very short measurement time corresponding
to very small displacement, the propagator corresponds
to the velocity probability distribution as it can be de-
rived from numerical simulation.

Using the simplest PFG NMR sequence, we measure
the magnetisation as a function of 7. We limited the
measurement time (27), so that displacements stay very
short and the fluid particles keep the same velocity; in
this case, ¢ = 21v, and the propagator is directly related
to the velocity probability distribution

&A®=pgx (B.2)

Finally, Eq. (B.1) becomes
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Fig. 7. Decay of the magnetisation E(z) as a function of the mean
displacement (&)//, for different mean velocities; measurements (lines),
and calculations (symbols); — and O: (v.) = 6.70mm/s; -- and <:
(v;) =3.35mm/s; - - - and 7: (v;) = 1.34 mm/s.

E(r) = / eI (0, d (B.3)
To a given t value corresponds a mean displacement
(&) = 2t(v.).

We measured E(t) for one of our samples (800 um
bead pack) for different mean velocities; we compute the
right-hand side of Eq. (B.3) by varying the values of «
and &, to reproduce the experimental decay E(t). Fig. 7
displays the measurement and the curves obtained from
Eq. (B.3) as a function of (¢)/I. = 21(v,)/l.; we finally
obtain the following approximations: « = 1.6 and
&, ~ 0.671..

Appendix C

We consider Eq. (46); let us call E(k) the magnetisa-
tion decay measured from PFG NMR experiments:
E(k) = (e'A?). We obtain:

@} — [ u(eria

E(k) {1 +

+/PA(§)K(k, &e*ede, (C.1)
where the function K(k, £) is
k252<02>ef|é/<.v\"

K(k, &) = .
&9 2+ 128 (12)(1 — e le/al)

Let us remark that [ Px(¢)K (k, &)e'*“d¢ depends only on
k; taking the inverse Fourier transform of Eq. (C.1), we
now obtain:

(C.2)

K257 (1?)

PA(é):/E(k){l—i— 3 }eikidk

_/ [/PA(g)K(k, é)e”“fdé} e dk. (C3)

To obtain an estimation of Px(¢), we construct the fol-
lowing series from Eq. (C.3):

po(é) = / E(k) [1 + @} e % dk,

po@=m(@) - [ [ [ ek :>eikfd4 e .
(C.4)

This series converges very quickly and we assume that
we obtain a good approximation for the corrected
propagator P,(&) as given by Eq. (46).

References

[1] K.R. Brownstein, C.E. Tarr, Importance of classical diffusion in
NMR studies of water in biological cells, Phys. Rev. A 19 (1979)
2246-2253.

[2] W.E. Kenyon, J.J. Howard, A. Sezginer, C. Straley, A. Matteson,
Horkowitz, R. Ehrlich, Pore-size distributions and NMR in
microporous cherty sandstones, Transactions of the SPLWA
Thirthieh Annual Logging Symposium, 1989.

[3] S. Torquato, M. Avellanda, Diffusion and reaction in heteroge-
neous media: pore size distribution, relaxation time and mean
survival time, J. Chem. Phys. 95 (1991) 6477-6489.

[4] R.L. Kleinberg, S.A. Horsfield, 7;/7, ratio and frequency
dependence of NMR relaxation in porous sedimentary rocks,
J. Colloid Interface Sci. 158 (1993) 195-198.

[5] P.D. Majors, J.L. Smith, F.S. Kovarik, E. Fukushima, NMR
spectroscopic imaging of oil displacement in dolomite, J. Magn.
Reson. 89 (1990) 470-478.

[6] G. Guillot, G. Kassab, J.P. Hulin, P. Rigord, Monitoring of tracer
dispersion in porous media by NMR imaging, J. Phys. D: Appl.
Phys. 24 (1991) 763-773.

[7] D.G. Cory, N. Garroway, Measurement of translational displace-
ment probabilities by NMR: an indicator of compartmentation,
Magn. Reson. Med. 14 (1990) 435-444.

[8] P.T. Callaghan, D. MacGowan, K.J. Packer, F.O. Zeleya,
Diffraction like effects in NMR diffusion studies of fluids in
porous media, Nature (1991) 467-468.

[9] P.P. Mitra, P.N. Sen, L.M. Schwartz, P. LeDoussal, Diffusion
propagator as a probe of the structure of porous media, Phys.
Rev. Lett. 65 (1993) 3555-3558.

[10] M.D. Hiirlimann, L.L. Latour, C.H. Sotak, Diffusion measure-
ment in sandstone core: NMR determination of surface-to-volume
ratio and surface relaxivity, Magn. Reson. Imaging (1994) 325-
327.

[11] T.M. De Swiet, P.N. Sen, Decay of nuclear magnetization by
bounded diffusion in a constant field gradient, J. Chem. Phys. 100
(1994) 5597-5604.

[12] L. Lebon, L. Oger, J. Leblond, J.P. Hulin, N.S. Martys, L.M.
Schwartz, Pulsed gradient NMR measurements and numerical
simulation of flow velocity distribution in sphere packings, Phys.
Fluids 8 (1996) 293-301.

[13] Y.E. Kutsovsky, L.E. Scriven, H.T. Davis, B.E. Hammer, NMR
imaging of velocity profiles and velocity distributions in bead
packs, Phys. Fluids 8 (1996) 863-871.

[14] A. Ding, D. Candela, Probing nonlocal tracer dispersion in
flows through random porous media, Phys. Rev. B 54 (1996)
656-660.

[15] J.D. Seymour, P.T. Callaghan, “Flow-diffraction” structural
characterization and measurement of hydrodynamic dispersion



24 L. Lebon, J. Leblond | Journal of Magnetic Resonance 159 (2002) 13-24

in porous media by PGSE NMR, J. Magn. Res., Ser. A 122 (1996)
90-93.

[16] K.J. Packer, J.J. Tessier, The characterization of fluid transport in
a porous solid by pulsed gradient stimulated echo NMR, Mol.
Phys. 87 (1996) 267-272.

[17] L. Lebon, J. Leblond, J.P. Hulin, Experimental measurement of
dispersion at short times using a pulsed field gradient NMR
technique, Phys. Fluids 9 (1997) 481-490.

[18] S. Stapf, K.J. Packer, R.G. Graham, J.-F. Thovert, P.M. Adler,
Spatial correlation and dispersion for fluid transport through
packed glass beads studied by pulsed field-gradient NMR, Phys.
Rev. E 58 (1998) 6206-6221.

[19] P.T. Callaghan, Principles of Nuclear Magnetic Resonance
Microscopy, Clarendon Press, Oxford, 1991.

[20] E.L. Hahn, Spin echoes, Phys. Rev. 15 (1950) 580-594.

[21] H.C. Torrey, Bloch equations with diffusion terms, Phys. Rev. 104
(1956) 563-565.

[22] C.H. Neuman, Spin echo of spins diffusing in a bounded medium,
J. Chem. Phys. 60 (1974) 4508-4511.

[23] J.C. Tarczon, W.P. Halperin, Interpretation of NMR diffusion
measurements in uniform- and nonuniform-field profiles, Phys.
Rev. B 32 (1985) 2798-2807.

[24] P. Hardy, M. Henkelman, On the transverse relaxation rate
enhancement induced by diffusion of spins through inhomoge-
neous fields, Magn. Reson. Med. 17 (1991) 348-356.

[25] P. Le Doussal, P.N. Sen, Decay of nuclear magnetization by
diffusion in a parabolic magnetic field: an exact solvable model,
Phys. Rev. B 46 (1992) 3465-3485.

[26] R.J.S. Brown, P. Fantazzini, Condition for initial quasilinear 7,
versus t for Carr—Purcell-Meiboom-Gill NMR with diffusion and
susceptibility differences in porous media and tissues, Phys. Rev. B
47 (1993) 14823-14834.

[27] P.P. Mitra, P. Le Doussal, Long-time magnetization relaxation of
spins diffusing in a random field, Phys. Rev. B 44 (1991) 12035-
12038.

[28] N.F. Fatkuilin, Spin relaxation and diffusional damping of the
spin-echo amplitude of a particle moving in a random Gaussian
magnetic field, Sov. Phys. JETP 74 (1992) 833-838.

[29] E.O. Stejskal, J.E. Tanner, Spin diffusion measurements: spin
echoes in the presence of a time-dependent field gradient, J. Chem.
Phys. 42 (1965) 288-292.

[30] J.E. Tanner, Use of the stimulated echo in NMR diffusion studies,
J. Chem. Phys. 52 (1970) 2523-2526.

[31] R.M. Cotts, M.J.R. Hoch, T. Sun, J.T. Marker, Pulsed field
gradient stimulated echo methods for improved NMR diffusion
measurements in heterogeneous systems, J. Magn. Reson. 83
(1989) 252-266.

[32] A.J. Lucas, S.J. Gibbs, E.W.G. Jones, M. Peyron, A.D. Derby-
shire, L.D. Hall, Diffusion imaging in the presence of static
magnetic-field gradients, J. Magn. Reson. 104 (1993) 273-282.



	PFG NMR measurements of flow through porous media: effects of spatial correlations of the magnetic field and the velocity field
	Introduction
	Magnetisation decay at echo time for PFG NMR
	Probability distributions p(Deltab;xi) and p(Deltav;xi)
	Application to simple porous medium
	Discussion and conclusion
	Effects of the magnetic field inhomogeneities
	Small displacements
	Long displacements
	General case
	The APFG-SSE sequence

	Effects of the velocity variations
	Small displacements
	Small velocities or large spacial resolution
	General case
	Conclusion


	Conclusion
	Appendix A
	Appendix B
	Appendix C
	References


