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ABSTRACT

Flow propagators, used for the study of advective motion of brine solution in porous carbonate and sand-
stone rocks, have been obtained without the influence of Nuclear Magnetic Resonance (NMR) relaxation
times, T, and T,. These spin relaxation mechanisms normally result in a loss of signal that varies depend-
ing on the displacement { of the flowing spins, thereby preventing the acquisition of quantitative prop-
agator data. The full relaxation behaviour of the system under flow needs to be characterised to enable

Pacs: the implementation of a true quantitative measurement. Two-dimensional NMR correlations of { — T,
gg:gg:l_-i(d and T; — T, are used in combination to provide the flow propagators without relaxation weighting.
76.60.-k T1 — { correlations cannot be used due to the loss of T; information during the displacement observation
76.60.Es time 4. Here the moments of the propagators are extracted by statistical analysis of the full propagator
76.60.Jx shape. The measured displacements (first moments) are seen to correlate with the expected mean dis-
76.60.Lz placements for long observation times A. The higher order moments of the propagators determined by
76.60.Pc this method indicate those obtained previously using a correction were overestimated.
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1. Introduction

Nuclear Magnetic Resonance (NMR) flow propagator measure-
ments [1] yield useful information on the hydrodynamic dispersion
of fluids flowing through porous media [2]. For this reason they
have been used in the study of oil-bearing rocks [2-5] for the pur-
pose of improving the understanding of oil recovery processes. By
observing the displacement { of encoded spins over a range of
observation times 4 and superficial flow velocities Q, the fluid
behaviour and pore-scale heterogeneity can be characterised
through the analysis of the propagator moments [2]. However,
these results are affected by the relaxation time constants of the
spins being observed. In order to effectively remove the relaxation
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time weighting from the propagators the longitudinal (T;) and
transverse (T,) relaxation times need to be fully characterised for
the entire spin population under the relevant conditions of flow.
T, relaxation can be determined as a function of displacement in
a two-dimensional { — T, correlation experiment. This technique
has been previously used in the study of fluid flowing in pipes
and bead packs [6,7]. { — T, correlations have also been used by
Windt et al. [8] to remove transverse relaxation weighting in spa-
tially resolved studies of flow in biological systems, where the dis-
placement was encoded using the simpler pulsed gradient spin
echo (PGSE) [9] sequence. However, the equivalent correlation
for T, and displacement, T, — ¢, cannot be used to determine the
T; behaviour. At long 4, when 4 is greater than the average relax-
ation time (T;) of the sample, the longitudinal relaxation informa-
tion is lost due to magnetisation decay during the observation time
of the stimulated echo [10] which is an inherent part of the
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required Alternating Pulsed Gradient Stimulated Echo (APGSTE)
sequence [11]. At short 4, where 4 < (T;), the long recovery delays
in the T; encoding portion of the sequence will be sensitive to mo-
tions averaged over large displacements regardless of the short
observation time. This problem persists even if the order of encod-
ing is reversed in a { — T; correlation because the observation time
of the stimulated echo still acts as an additional T; recovery delay.
Potentially, this situation could be overcome by utilising the PGSE
sequence to encode displacement. However, the stimulated echo is
required in the experiments described here to observe the long-
time behaviour (on the order of seconds) of the flowing system.
The spin echo observation time is limited by T, relaxation, whereas
the stimulated echo observation time is limited by Ty; T, > T> typ-
ically in water saturated rock cores.

Instead of acquiring T; — { correlations, a correlation between T,
and T, can be determined under the conditions of flow. Assuming a
unique T; relaxation time component can be determined for each
T, relaxation time component, the { — T, correlation can be used
subsequently to remove all the relaxation time weighting in the
propagators. The correct propagator probability distribution (with-
out relaxation weighting) will be denoted here as P'({’,4).

NMR propagators consist of a probability distribution P({,4)
describing the displacement { of spins moving with a mean pore
velocity v, during an observation time 4. The NMR signal obtained
from the conventional APGSTE sequence [11] will also contain a
weighting according to the T; and T, relaxation times. These prob-
ability distributions are distorted unevenly because the signal lost
from relaxing spins will vary as a function of displacement. There
are two key mechanisms by which the spins, associated with a li-
quid phase, will relax more rapidly in a porous medium. Slow mov-
ing spins in stagnant, geometrically smaller regions are more likely
to collide with the pore wall and couple to relaxation sinks, such as
paramagnetic species in the rock. Fast moving spins may be asso-
ciated with an enhanced relaxation process due to their displace-
ment through magnetic field gradients resulting from magnetic
susceptibility differences in the pore space, or magnet (By) inhomo-
geneities. The relaxation of the stagnant spins is usually the dom-
inant relaxation mechanism. The result of this is an apparent
increase in the observed mean displacement () relative to the ex-
pected mean displacement ({)o. This is denoted by the parameter
0= ({)[{)o, such that 0> 1 at long observation times [2]. Scheven
et al. proposed a simple “delta-function” correction, centred on
{=0, to the probability distribution [2]. This was based on the
assumptions that spins lost to surface relaxation were stagnant
over all values of 4, and that all flowing spins had an equal proba-
bility of relaxation due to magnetic field fluctuations. This pro-
vided a corrected probability distribution of P({)=(1-071)
Sqa(8) + 071P(8), where 844(¢) is a Dirac delta function. This “delta-
function” correction describes an extreme case where the spectral
weight of the distribution is altered only at ({) = 0. The actual relax-
ation behaviour of the spins will cause the spectral weight to vary
as a function of displacement.

The dispersivity of a fluid flowing through porous media can be
determined by analysing the second and third central moments of
the probability distributions. These are equivalent approximately
to the normalised root-mean-square (rms) width ¢/{{) and norma-
lised skewness defined as y/({) [2]. In the limit of pure diffusive mo-
tion the probability distribution will be Gaussian in shape. At the
opposite asymptotic extreme, under the condition of full mechanical
dispersion where the spin population is advected a mean distance
(), the probability distribution is also characterised by a Gaussian
such that 2 = 2Dy,({) where Dy, is the dispersivity. In general, the
normalised rms width will be characterised by o/({) = (({)/I)". For a
Newtonian fluid, this power-law relation describes the pore-scale
heterogeneity present in the rock [2] and hence provides a quantita-
tive characterisation of the pore structure over varying length scales.

The exponent 7 is related to the degree of mechanical mixing; in the
pre-asymptotic regime —0.5 <7 <0 [12]. A displacement [ occurs
when ¢ = () and this length scale provides an indication of the dis-
persivity Dy, of the flow.

The first three moments of flow propagator probability distribu-
tions have been determined previously via a self-consistent cumu-
lant analysis [2,13]. The mean and skewness are obtained from the
phase angle of the data ¢, and the rms width is obtained from the
absolute signal amplitude — S(q) — where q is the magnitude of the
magnetisation wave vector. This analysis allows the moments to be
extracted from a narrow range of g-space [14] defined by the nth
moment of g" up to n = 3. This optimised data acquisition has been
demonstrated to work in conjunction with the rapid DiffTrain
pulse sequence [15] to provide the moments in time sensitive mea-
surements of flow through porous rocks [16]. In this work we ex-
tract the mean, rms width, and redefined skewness from a basic
statistical analysis of the propagator probability distributions once
the relaxation time weightings have been removed. It is necessary
to assume T; is not a function of observation time 4 in order to ex-
tract the probability distributions from the { — T, and T; — T dis-
tributions. Notwithstanding, we demonstrate the feasibility of
obtaining accurate moments up to the third order without relaxa-
tion weighting and compare these to the equivalent moments ex-
tracted from uncorrected APGSTE measurements, and moments
determined via the “delta-function” correction.

2. Methodology
2.1. Materials

The rocks used in this study were Portland carbonate and Bent-
heimer sandstone. These are both high permeability rocks with
porosities of ¢ =0.19 and ¢ = 0.22, respectively. The carbonate is
a highly heterogeneous material whereas the pore structure of
the sandstone is more regular [2]. Both rock types exhibit compar-
atively low internal magnetic field susceptibility gradients [17]. A
3 wt% KCl brine solution was pumped through the rocks to prevent
osmotic swelling of the clay content in the sandstone. The rock
cores were cylindrical with a mean diameter of 38 mm and a
length of 70 mm. The cores were prepared for analysis first by dry-
ing, and then they were encapsulated in Perspex under vacuum, to
prevent fluid transport across the surface of the cores, before being
saturated with brine. Distributor plates were added at each end of
the Perspex cells to provide even flow across the entire sample
cross-section.

The brine was pumped continuously through the rock cores
using a dual-cylinder piston pump [Teledyne ISCO Inc., USA; model
D-250] with imposed superficial volumetric flow velocities of
Q=1,2,5,9, and 16 ml min~'. The expected mean displacement
(0)o=Vvp4 can be calculated for a given mean pore velocity and
observation time. The mean pore velocity is determined from

Vp:/_%), (1)

where A is the sample cross-sectional area. In these experiments the
direction of flow is along the z-axis of the static magnetic field.
Maximum mean pore velocities of v,=1306.4ums™' and
1068.9 um s~ were obtained in the carbonate and sandstone rocks,
respectively. These velocities were limited by the pressure drop
across the rock samples.

2.2. NMR experiments

The APGSTE pulse sequence [11] can be seen in Fig. 1(a). Exam-
ples of appropriate phase cycles can be found in Ref. [18,19]. This
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Fig. 1. Pulse sequences for (a) the APGSTE propagator measurement; (b) the { — T,
correlation; (c) the T — T, correlation; and (d) the T, — { correlation. An appropriate
phase cycle for (b) is given in Table 1 corresponding to the indices under each pulse.
In all cases the solid vertical lines correspond to 90° (thin) and 180° (thick) pulses.
Stepped gradients are indicated by banded rectangles. Solid grey rectangles indicate
homospoil gradients. The NMR signal is acquired at the centre of each echo.

sequence was used to determine the uncorrected flow propagator
probability distributions P({,4). The sequence consists of two pairs
of bipolar gradient pulses, each pulse being of duration §/2 and
strength g,, to encode and decode the spins before and after the
observation time 4, respectively. The application of the split gradi-
ent reduces the influence of susceptibility induced magnetic field
distortions [11]. The spin ensemble is stored along the z-axis for
a time 4 during which the spins undergo T; relaxation. The pulse
sequence is repeated as the gradient strength is incremented be-
tween +g"™* to probe the maximum range of g-space available.
The probability distribution is obtained from the NMR signal
S(q) = [P(¢, 4) exp(2rniql)d¢ by an inverse Fourier transform (FT).
In this pulse sequence T, relaxation occurs over the time 4t and
T; relaxation occurs over the time 4.

To provide the distribution of T, relaxation times as a function
of displacement { the APGSTE pulse sequence was modified with
the addition of a Carr-Purcell Meiboom-Gill (CPMG) [20] echo
train consisting of n echoes, see Fig. 1(b) [6]. In order to provide
a constant echo spacing of 2tcpyg, an additional stimulated echo
(z-store) of duration d was incorporated [19]. Without this addi-
tional storage interval the first echo will occur after a time 2t
whilst the second and all subsequent echoes occur after a time
2tcpmc. By necessity, > tcpvg in these measurements. However,
this is merely a “cosmetic” feature to ensure the echo spacing in
the CPMG data is uniform. The data could be acquired without
the second stimulated echo. A single complex data point was ac-
quired from the centre of every even echo to reduce the effect of
imperfect 180° pulses. The 8-step phase cycle shown in Table 1
was employed. This was modified from one presented by Amin
et al. [18] by switching the phase of the second z-store pulse (num-
ber 6 in Fig. 1) from —x to —y during the second half of the phase
cycle. This ensures the phase information essential to the displace-
ment measurement, encoded during the first stimulated echo, is
retained across the second storage interval d.

The T, — T, relaxation correlation pulse sequence, shown in
Fig. 1(c) consists of an inversion (180°) pulse followed by a delay
T and then a CPMG echo train containing n pulses separated by

Table 1

Phase cycle used in the { — T, correlation pulse sequence shown in Fig. 1(b)

Pulse Phase

1 X X y y —X —X -y -y
2 y —X —X -y -y X X y
3 X

4 —X —X -y -y

5 -y -y X X

6 —X —X —X —X -y -y -y -y
7 X X X X y y y y
8 y y -y -y —X —X X X
rec X —X X —X —X X —X X

The pulse indices (1-8) refer to the numerical assignments under each of the pulses
in Fig. 1(b) and the corresponding receiver phase is given by rec. This is an 8-step
phase cycle. Any phase lists with less than 8 steps are repeated, verbatim, as
required to complete the cycle.

an inter-echo spacing of 2tcpyg. A single complex data point was
again acquired from the centre of every even echo.

Although not used to remove the relaxation weighting in the
propagators, the T, — ¢ correlation pulse sequence is also shown
in Fig. 1(d) for completeness. This sequence consists simply of a
series of 90° saturation pulses followed by a variable recovery de-
lay T added to the beginning of the APGSTE sequence. Since the
APGSTE portion of the experiment occurs after the T, encoding por-
tion it is independent of the phase of the saturation pulses and so a
typical 13-interval phase cycle can be used. In practice, T; relaxa-
tion occurs over a time T+ 4, where the magnetisation recovers
during time T and decays during time 4, so if 4 is long compared
to T the T; information will be lost before the signal is acquired.
Consequently the T; — { correlation cannot be used to determine
T; as a function of { for long 4.

All measurements were conducted on an 85 MHz (*H) horizon-
tal imaging magnet controlled by a Bruker AV spectrometer. Any
variables with the same name in Fig. 1 had the same value in each
of the pulse sequences shown. The maximum available gradient
strength was g"* = 10.7 G cm . The gradients were ramped be-
tween +g™* in 128 equal steps. All the gradient pulses were of
duration §/2 =2 ms. The inter-pulse encoding time was set at
=4 ms (the minimum possible time to incorporate the gradient
pulses) to minimise signal loss due to T, dephasing. The observa-
tion time 4 ranged from 100 ms to 4 s. Where CPMG echo trains
were used, the inter-echo spacing 2zcpyg = 2 ms and n = 1024 ech-
oes, providing an acquisition time spanning 4 ms to 2 s. In Fig. 1(b)
the additional storage interval d =3 ms: sufficient to apply the
homospoil gradient pulse whilst ensuring d < «. Where a T; relax-
ation interval was employed, T varied logarithmically between
T=10ms and 10 s in 32 steps.

3. Data analysis

To accurately determine the NMR signal without the influence
of relaxation, the signal has to be rescaled, equivalent to the echo
in Fig. 1(a) being acquired at zero time. In the APGSTE experiment,
as defined in Section 2.2, T, relaxation occurs over a time
47 =16 ms prior to the acquisition of the signal. To analyse the T,
relaxation as a function of displacement, the time axis in the
{ — T, data was shifted by 16 ms accordingly. The T, relaxation
behaviour was obtained by applying a one-dimensional Laplace
inversion to each of the CPMG decay curves, following an FT of
the displacement axis [6]. Negative T, modes observed previously
in { — T, correlations for flow in a pipe [6] and in bead packs
[6,7] were not observed in any of these rock studies and the CPMG
decays were well fitted by positive components in all cases. To
determine the probability function without T, relaxation, it is then
a simple matter of integrating along the T, axis of the two-dimen-
sional correlation plot.
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To remove the T; relaxation from the { — T, distribution, T; — T»
correlations were used to determine the mean variation of T; as a
function of T,, (T;/T,), at each of the superficial flow velocities.
These two-dimensional data sets were inverted using a fast Laplace
inversion algorithm [22]. From the (T;/T,) values the correct signal
intensity could be restored in the { — T, plots by scaling the data
according to the recovery interval (4 + d) and the T, relaxation time
for each value of T,. The subsequent integral along the T, axis of the
two-dim*en*sional correlation plot provided the probability distri-
bution P ({ ,4) without any relaxation weighting; the star ( ) sym-
bol denotes a function or variable which has no relaxation
weighting.

The moments of the probability distributions without relaxa-
tion weighting were obtained via a basic statistical analysis of
the propagator shapes in such a way as to be consistent with the
moments obtained via the cumulant analysis. The mean displace-
ment (¢') was simply the mean value of the distribution. The rms
width and skewness, as defined in Ref. [2], were determined by

(o Je\)2
o2 — 2P (gi 5i >) ;

2>°P; =
and

w (v )3
3 = 2l ée,-ZPT(CJ) 7 3)

respectively. When using the cumulant analysis, the “delta-func-
tion” corrected rms width and skewness, denoted by a prime ()
symbol, were derived from the uncorrected moments (measured
using the APGSTE sequence) by

2 0—-1
o =T (0P @
and

7 6—1 6—1)(6—2
P =T e ol p = D022) (5)

respectively [2].

4. Results and discussion
4.1. Flow propagators

A selection of the { — T, correlations obtained at an observation
time 4 =1 s are shown in Fig. 2 for the (a-c) carbonate and (d-f)
sandstone with the superficial flow velocities of (a,d)
Q=1ml min~!, (b,e) 5ml min~!, and (c,f) 16 ml min~!. The dis-
placement (vertical) axes have all been normlised to ({)/({)o. To
the right of each plot is the projection onto the { axis, revealing
the propagator probability distribution without T, weighting; the
intensities are scaled to the dimensionless quantity P x ({)o, where
P is the probability of a spin moving a distance {. Considering first
the carbonate rock, Fig. 2(a-c), the mean T, of the flowing fraction
of the spin population (where ({)/({)o = 0.5) decreases from
(T,)=0.28 s at Q=1mlmin~', to (T,) =0.15s at Q=16 ml min~".
This is likely attributable to the faster flowing spins passing
through susceptibility induced magnetic field fluctuations and
hence undergoing enhanced relaxation. In future work we will ex-
plore the transverse relaxation of the fast flowing spins at low-
fields where the susceptibility gradients are less significant. The
width of the T, distribution describing the stagnant spin popula-
tion (around (()/({)o=0) tends to broaden with increasing flow
rate, rather than shift to lower values of T,. From the projected
probability distributions it can be seen that a significant stagnant
peak remains even at the highest superficial flow velocity. Now
considering the sandstone rock, Fig. 2(d-f), a similar reduction in
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Fig. 2. Displacement-relaxation correlations, { — T, for brine flowing through (a-
c) carbonate and (d-f) sandstone rock cores with imposed flow velocities of (a
and d) Q=1, (b and e) 5, and (c and f) 16 ml min~", for an observation time of
A=1s. The contour intervals are the same in all the plots. The projections onto
the { axis of each plot are shown to the right for clarity and have an intensity
described by the dimensionless function P x ({)o. The projections onto the T, axis
of each plot are also shown and have an intensity described by the dimension-
less function Plog(T,/s).

the mean T, of the flowing fraction of the spin population is ob-
served with increasing flow rate, such that (T,)=0.3s at
Q=1mlmin~!, to (T,)=0.18 s at Q=16 ml min~'. The width of
the T, distribution does not change significantly with displace-
ment, and the stagnant portion of the spin population has a T, dis-
tribution only slightly wider than that of the flowing portion. From
the projected probability distributions the dominant portion of the
signal can be seen to arise from the flowing spins rather than
the stagnant spins at the highest superficial velocity, indicative of
the more homogeneous pore structure in the sandstone compared
to the carbonate.

The corresponding T; — T, correlations obtained are shown in
Fig. 3 for the (a-c) carbonate and (d-f) sandstone with the super-
ficial flow velocities of (a,d) Q=1 ml min~!, (b,e) 5ml min~!, and
(c,f) 16 ml min~'. In all six plots two peaks can been seen lying be-
low the diagonal line T; = T,. The ranges of T, times covered by the
dominant peaks matches the ranges of T, times observed in
the corresponding { — T, plots in Fig. 2, as seen by the density of
the contour levels. In all cases the dominant peaks in Fig. 3 at long
T, and T, times contain over 96% of the total signal intensity. The
minor peaks seen at short T; and T, times contain less than 3-4%
of the total signal intensity and exhibit virtually the same relaxa-
tion times for all superficial velocities of Q> 1 ml min~'. There is
no corresponding minor peak with equivalent relaxation times in
the { — T, correlation plots, Fig. 2; this is not surprising since the
combination of T; and T, relaxation during the APGSTE encoding
portion of the pulse sequence, Fig. 1(b), would remove this fraction
of the spin ensemble from the acquired signal. It is possible that
the two peaks correspond to two regions of porosity: the peaks



222 J. Mitchell et al./Journal of Magnetic Resonance 193 (2008) 218-225

d
|
|
|
e
w 1
2 ol >l ]
~ py g
|
3 7 ‘
10” ‘
| 7 i
10
[ f !
. |
/
107 o |
£
= ©
|
_3 4
10 .
JA\ N
10° 10" 10' 10° 10 10’

T, (s)

Fig. 3. T; — T, relaxation correlation plots for brine flowing through (a-c) carbonate
and (d-f) sandstone rock cores with imposed flow velocities of (a and d) Q=1, (b
and e) 5, and (c and f) 16 ml min~'. The central diagonal lines indicate where T; = T,.
In the carbonate plots (a-c) the lower dashed diagonal lines represent the mean
(T;/T,) ratio. In the sandstone plots (d-f) the vertical dashed lines indicate the mean
(Ty) for all values of T,. The contour intervals are the same in all of these plots. The
projections onto the T; and T, axes are shown in each case; the vertical scale on
these projections are dimensionless functions Plog(T;/s) and Plog(T/s),
respectively.

at short relaxation times representing brine solution in small pores
and the peaks at long relaxation times representing brine solution

in large pores. However, in other work X-ray CT studies of similar
rock types have revealed broad yet continuous pore size distribu-
tions [23] suggesting that this is not the origin of the two peaks.
It is noted that additional peaks (artefacts) can be present in these
two-dimensional correlations due either to the inversion proce-
dure [24] or possibly as a result of the fluid flowing through mag-
netic susceptibilty induced field gradients. For these reasons, only
the dominant peak was considered when determining the average
<T1/T2> ratio.

For the carbonate rock, Fig. 3(a-c), the dominant region can be
seen to lie parallel to the line Ty = T, providing a unique value of T;
for each value of T,. The value of (T;/T,) was observed to increase
with increasing flow rate from (Ty/T,)=3.0 at Q=1 mlmin !,
Fig. 3(a, dashed diagonal line), to (T;/T,) = 4.5 at Q=16 ml min’,
Fig. 3(c, dashed diagonal line). This variation was due almost en-
tirely to the change in (T;) of the flowing spins observed in
Fig. 2(a-c). In the case of the sandstone, Fig. 3(d-f), the dominant
peak is not orientated so as to lie parallel to the line T, = T,. Instead
only a single T; component appears to exist for all values of T, at
each superficial flow velocity. The mean values of (T;), see
Fig. 3(d-f, dashed vertical lines), were therefore used to remove
the T; relaxation weighting from the corresponding propagator
probability distributions.

The flow propagator probability distributions P* (¢,4), deter-
mined without relaxation weighting from the combination of
{ —T, and T; — T, correlations, see Figs. 2 and 3, respectively, are
shown in Fig. 4(solid lines) for (a-c) carbonate and (d-f) sandstone
rock cores with superficial flow velocities of (a,d) Q=1 ml min~’,
(b,e) 5ml min~!, and (c,f) 16 ml min~! and an observation time
A=1s. The equivalent uncorrected probability distributions
P((,4), Fig. 4(dashed lines), are shown for comparison. Although
not obvious from these plots, the removal of the relaxation time
weighting has altered the spectral weight of the distributions. This
is more pronounced in the case of the carbonate, Fig. 4(a-c), where
a larger range of T; and T, relaxation times were present in the spin
populations.

The true mean displacements (¢)" extracted from the probability
distributions without relaxation weighting are shown in Fig. 5(a)
and (b) for the carbonate and sandstone rock cores, respectively.

2ra

P(C) % (O,

0 Zan il Rl T

SO,

Fig. 4. Propagator probability distributions for brine flowing through (a-c) carbonate and (d-f) sandstone rock cores with imposed flow velocities of (aand d)Q=1, (b and e)
5,and (c and f) 16 ml min', at an observation time of 4 = 1 s. The data shown are: P(¢,4) (dashed lines), P'({’,4) (solid lines). In all cases the probability density P and the
displacement { have been normalised to dimensionless parameters using the expected mean displacement ({)o.
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Fig. 5. Variation of the displacement with respect to the expected mean displacement 0 = ({)/({)o as a function of observation time 4 for brine flowing through (a and c)
carbonate and (b and d) sandstone rock cores. The upper graphs (a and b) show the relaxation corrected displacements ()" where, at large displacements, §" — 1 for both
samples. The lower graphs (c and d) show the uncorrected displacements ({), where 0 — 1.29 for the carbonate (c) and 0 — 1.18 for the sandstone (d). In all cases the dashed

horizontal lines represent 0 = 1.

It can be seen that, for long observation times and/or high flow
rates corresponding to displacements of ({)o > 300 um, 0" — 1 for
both rock samples. This is in contrast to the uncorrected mean dis-
placements ({) shown in Fig. 5(c) and (d) for the carbonate and
sandstone rock cores, respectively. Here, 0 — 1.29 for the carbon-
ate, and 0 — 1.18 for the sandstone. There is still a distortion in
the 0" data at short displacements where ({)o <300 um. This is
due to insufficient g-space sampling—as a result of the maximum
gradient being limited to g"* = 10.7 G cm ' —which leads to Fou-
rier artefacts in the probability distribution.

Additional complications can occur in the analysis if the T;/T,
ratio is a complex function of displacement. In the T; — T, correla-
tion experiment, the T; recovery delays span times from T= 10 ms
to 10 s. The determined relaxation time correlation will therefore
contain components sensitive to motions averaged over a range
of displacements. Since the T;/T, ratio used in the correction pro-
cess is determined from the dominant region in the T; — T, corre-
lation plots, this could lead to an error in the corrected propagator
probability distributions at short observation times and hence dis-
placements. In the examples presented here this situation is not
apparent: for the carbonate rock T/T, is constant over all values
of T, and for the sandstone rock T; is invariant; see Fig. 3.

Furthermore, in some systems diffusive exchange can occur be-
tween spin populations. Cross-peaks in the T; — T, correlations are
indicative of exchange between different regions of porosity
[25,26], although no such peaks are observed in the rocks studied
here. Exchange between stagnant and flowing spin populations can
be observed as a variation in the intensity of the stagnant peak in
the propagator probability distribution as a function of 4 [27]. This
has been studied and simulated previously [28] and discussed for
flow in permeable rocks [2]. Such exchange mechanisms could lead
to the observed relaxation times being averaged on a different
time-scale to the observed displacements. These complications
will be considered in further detail in future work, where it may
also be necessary to consider the effective “shutter speed” of the
experiment defined by the values of g and the exchange rate
[29]. At high flow velocities or long observation times, the range
of g required to observe the displacement is reduced, so this affect
will be less significant.

4.2. Flow propagator moments

The higher order moments of the flow propagators are also af-
fected by the removal of the relaxation weighting. The second mo-

ment, or rms width, can be seen in Fig. 6(a) and (b) for the
carbonate and sandstone rock cores, respectively. The uncorrected
moments ¢ are represented by open circles (o), the “delta-function”
corrected moments ¢ are represented by open squares (), and the
true moments without relaxation weighting ¢~ are represented by
filled triangles (A). ¢ and ¢ were obtained using the APGSTE pulse
sequence, Fig. 1(a), and are in good agreement with other data
published for the same types of rock [2,16]. It is immediately obvi-
ous that the normalised ¢ lies between the two extremes of ¢ and
o for both rocks as expected. The power-law fits to these data are
summarised in Table 2. For both rocks the exponent 4 is slightly
larger than the equivalent true value of 5, again as expected. It is
reasonable to assume, from these results, that the second moments
derived from the “delta-function” correction provide a value of 5
between 5% and 10% larger than the true value 5. The displace-
ments [ are seen to agree qualitatively with the degree of heteroge-
neity in the rock pore structures: larger dispersivities are observed
in the comparatively heterogeneous carbonate compared to the
more homogeneous sandstone [2].

The third moment, represented here as the normalised rede-
fined skewness [2], should decrease asymptotically to zero with
increasing displacement as the probability distribution tends to a
Gaussian. In Fig. 6(c) and (d), for carbonate and sandstone, respec-
tively, the different symbols represent the uncorrected third mo-
ments y (o), the “delta-function” corrected third moments y (O),
and the true third moments without relaxation weighting y" (a).
The three different data sets in each plot are seen to be similar;
the only noticeable deviation occurs for ({) > 1000 um. Here the
normalised y and y appear to reach a plateau—this is certainly ex-
pected of y due to the inclusion of the delta function at zero dis-
placement—whereas ;" continues to decrease toward zero. This
deviation between the data sets is more pronounced in the sand-
stone core, Fig. 6(d). For both rocks the behaviour of ;" above
(¢) = 1000 um suggests the true propagator shape is more Gaussian
than indicated by the uncorrected and “delta-function” corrected
data.

5. Conclusion

In this paper we have detailed a methodology for determining
NMR flow propagators without the influence of spin relaxation.
This requires a combination of { — T, [6] and T; — T, [21] two-
dimensional correlations to quantify the signal loss due to both
longitudinal and transverse relaxation throughout the entire APG-
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Fig. 6. Normalised (a and b) second and (c and d) third moments of the propagators for brine solution flowing through (a and c) carbonate and (b and d) sandstone rock cores.
In each graph the symbols represent uncorrected moments ¢ and y (o), “delta-function” corrected moments ¢ and 7 (), and moments without relaxation weighting ¢ and 7"
(A). The size of the symbols indicates the mean pore velocity as given by the legends (shown for the a symbols only). In (a) and (b) the solid lines indicate the power-law fits
with the parameters given in Table 2. The observation times ranged from 4 = 100 ms to 4 s.

Table 2
Parameters for the power-law fit to ¢/({ ) = (({)/1)" for the data shown in Fig. 6(a) and
(b) for the carbonate and sandstone rock cores, respectively

Rock I/um n I'/um n [ /um "
Carbonate 434 -0.23 758 -0.19 1054 -0.18
Sandstone 169 -0.36 199 -0.25 209 -0.22

These are determined from the uncorrected second moment o, the second moments
without relaxation weighting ¢, and the “delta-function” corrected second
moments ¢ .

STE pulse sequence. In order to remove the T; weighting from the
propagators, it is necessary to assume the T;/T, ratio is not a func-
tion of observation time A. Furthermore, the T; — T, correlations,
obtained under flow, must exhibit a unique T; component for each
corresponding T, component. This method is suitable for acquiring
flow propagator measurements where the mean advective dis-
placement is greater than the mean diffusive displacement and
where sufficient gradient strengths are available to explore the
range of g-space necessary to avoid truncation errors in the Fourier
transform. We have demonstrated the feasibility of these measure-
ments within this regime by showing the true mean displacement,
without relaxation time weighting, is equal to the expected mean
displacement for brine solution flowing through carbonate and
sandstone rock cores.

These measurements also provide an indication of the ex-
pected deviation in the dispersivity estimated from a “delta-
function” correction [2], based on an upper limit assumption,
compared to the true dispersivity. The “delta-function” correc-
tion is seen to overestimate the higher order moments as ex-
pected, and hence the dispersivity. In future publications we
shall discuss the possibility of using rapid techniques to improve
the efficiency of data acquisition in the two-dimensional correla-
tions, offering the potential to determine the moments of the
propagators without relaxation weighting in time sensitive
measurements.
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