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Abstract

NMR flow propagators have been obtained for brine flowing through Bentheimer sandstone using the rapid DiffTrain pulse sequence.
In this way, 8 flow propagators at different observation times A were acquired in 67 mins, compared to 7 h for the same measurements
implemented with conventional pulsed field gradient (PFG) sequences. DiffTrain allows this time saving to be achieved through the
acquisition of multiple displacement probability distributions over a range of A in a single measurement. If only the propagator moments
are required, this experiment time can be further reduced to 9 mins through appropriate sparse sampling at low ¢ values. The propagator
moments obtained from DiffTrain measurements with dense and sparse g-space sampling are shown to be equivalent to those obtained

from conventional PFG measurements.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The accurate measurement of hydrodynamic dispersion
in permeable rocks is of significant current interest in
petroleum engineering. Understanding the transport prop-
erties of different fluids in oil bearing rock is critical to
improving the efficiency of oil recovery. Nuclear Magnetic
Resonance (NMR) has been applied in the laboratory to
the measurement of flow propagators [1]in permeable rock
cores; see for example ref. [2]. This technique has also been
successfully implemented on comparatively low-field mag-
nets [3]. Propagator measurements allow the displacement
of encoded spins in a fluid to be observed under conditions
of diffusion and flow. The NMR flow propagator is a prob-
ability distribution P({,A) of displacement { of spins in a
fluid flowing with a superficial mean velocity v, after a
flow observation time A. Information on the nature of
the flow [2] can be obtained if the moments of the NMR
propagator are acquired over a range of observation times.
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Flow propagators can be obtained using established
techniques such as the 13-interval Alternating Pulsed Gra-
dient Stimulated Echo (APGSTE) pulse sequence [4]. Each
individual measurement only probes a single mean dis-
placement ({)o and so obtaining propagators with a range
of mean displacements is an extremely time consuming pro-
cess. For example, the accurate measurement of eight such
propagators may require in excess of 7 h. Generally in the
case of flow measurements in rocks, the total experimental
time is not of concern since the system being studied is
under steady-state conditions. However should a dynamic
system be under investigation, such as the displacement
of oil by water [5], this total experimental duration
becomes critical. For such studies the implementation of
a faster measurement technique is essential.

The rapid DiffTrain pulse sequence [6] probes a range of
observation times, and hence mean displacements, in a sin-
gle measurement. This technique has been shown to pro-
vide the same results as repeating the conventional
APGSTE sequence for a range of observation times for
water flowing through a bead pack [7] and has also been
demonstrated as a viable method for rapid emulsion drop-
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let sizing [8]. A self-consistent cumulant analysis [9] is
applied to the flow propagators recorded in this work to
obtain the first (mean), second (standard deviation), and
third (~skewness) moments of the displacement probabil-
ity distribution. This paper details the combination of these
two techniques and the first application of DiffTrain, fea-
turing several modifications to increase its speed and
robustness (as outlined in [10]), to the measurement of flow
propagators in rocks.

Sparse g-space sampling [11] (where ¢ is the magnitude
of the magnetisation wave vector) can additionally be used
to reduce the experimental time. At high flow rates and/or
long observation times, the signal variation and phase shift
will be observed close to ¢ = 0. Therefore by sampling only
a selection of points with low ¢ values, a much more rapid
measurement can be achieved. The precise range of g-space
is defined by the range of data that can be well fitted by the
cumulant expansion of ¢" up to n = 3. This is determined
during the analysis process [2]. Whilst these selected data
are unable to reproduce accurately the full displacement
probability distribution, the first three propagator
moments can be quantitatively obtained by appropriate fit-
ting of the phase and signal amplitudes. If a suitable choice
of the g-space sampling range is implemented, these
moments can be calculated from very few data points,
offering a further significant reduction in experimental
time.

In studying transport processes within rocks the ability
to determine, rapidly, the moments of the propagator dis-
tribution is important since a fluid undergoing Stokes flow
through a porous matrix will demonstrate a power-law
relationship between the mean and the standard deviation
of displacement. This relationship can provide a relative
measure of the nature of advective dispersion [12] which
increases with pore space heterogeneity [2], and so can pro-
vide a further method of characterising the pore structure
over various length scales in samples such as rock cores.

2. Experimental

The rock studied in these experiments is Bentheimer
sandstone, a German outcrop material. Although the sand-
stone has a significantly higher permeability than most res-
ervoir rocks, it exhibits small magnetic susceptibility
variations and hence has low internal magnetic field gradi-
ents; as such it is ideal for use in these NMR studies [3]. A
3% KCI brine solution was pumped through the rock to
prevent osmotic swelling of the clay content. The sandstone
core had a porosity of ¢ =0.22 and was cylindrical with a
mean diameter of 38 mm and a length of 70 mm. To pre-
pare the core for analysis, it was first dried, sealed in Per-
spex to prevent fluid transport across the radial surface
of the rock core, and then vacuum saturated with brine.
Distributor plates were added at each end to provide even
flow across the whole sample cross-section.

The mean displacement (), = v,A was calculated for a
given observation time using the equation

0
=7 o’ (1)
where v, is the pore velocity (the mean velocity of fluid
flowing in the rock pore space), Q is the imposed volumet-
ric flow rate, 4 is the sample cross-sectional area, and ¢ is
the porosity. In these experiments, the imposed volumetric
flow direction is along the z-axis which is the direction of
the static magnetic field. Flow rates of 0 =1, 2, 5, 9, and
16 ml min~! were provided by a dual-cylinder piston pump
[Teledyne ISCO Inc., USA; model D-250]. This corre-
sponded, according to Eq. (1), to a maximum pore velocity
of 1100 um s~'. P({,A) is determined by incrementing the
gradient strength and recording the echo amplitude and
phase at each value of the magnetisation wave vector, q.
The intensity of the acquired signal is proportional to the
ensemble average of the polarised spins, S(q) = (e*™%),
where ¢ = |q| = 7,0g./2x (y, is the gyro-magnetic ratio of
'H, 6 is the gradient pulse duration, and g. is the gradient
strength along the z-axis). Since the signal S(g) =
[P({',A)e*™d’, the inverse Fourier Transform (FT) of
the echo intensities provides the probability distribution
P(L,A).

The DiffTrain pulse sequence is shown in Fig. 1, and is
related to the conventional APGSTE pulse sequence, also
shown in Fig. 1 for the specific case of a single value of
A and o = 90° pulse. The sequence uses two bipolar gradi-
ent pulses each of duration ¢ and strength g. to encode and
decode the spins before and after a time 7T,. Each pair of
bipolar gradient pulses consists of an equal intensity posi-
tive and negative section of duration §/2. These are placed
around a 180° radio frequency (RF) pulse to create the
same diffusion weighting as a unipolar gradient pulse of
duration §. The application of the split gradient reduces
the influence of susceptibility induced magnetic field distor-
tions [4]. The spin ensemble is stored along the z-axis dur-
ing the time T, so the stimulated echo intensity depends
on the 7 recovery rather than the typically shorter 7,
relaxation decay. The observation time is given by
A = Tyare + 27, where 1 is the inter-pulse encoding time.
The whole experiment is repeated and the gradient strength
incremented between +g™* to probe the full range of
g-space and hence provide P({,A).

[ % Tinc R
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Fig. 1. The DiffTrain pulse sequence used for rapid diffusion and flow
propagator measurements. The thin and thick vertical lines represent 90°
and 180° pulses, respectively. The second half of a stimulated echo is
recorded for each value of A, in a single DiffTrain scan where
A, = — 1) X Tipe + Ttare T 27. The gradients are ramped between +g.
in subsequent scans. The APGSTE pulse sequence corresponds to the
specific case of n =1 and « = 90°.
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The DiffTrain pulse sequence shown in Fig. 1 is an
extension of the APGSTE sequence and uses the same
phase cycle. Therefore any time saving that can be achieved
in the APGSTE experiment through a reduction in the
number of phase cycle steps can be applied equally to Diff-
Train. Rather than acquiring a single echo, the decoding
portion is repeated for multiple observation times. The
observation times are then given by A,=(n—1)x
Tinc T Tstare T 27. By utilising an o pulse (where o < 90°)
only a fraction (sin «) of the polarised magnetisation is
rotated onto the transverse plane for decoding in each
interval. The tip angle of each o pulse was adjusted by vary-
ing the pulse power to satisfy the condition
A An n—1
efisino; = e sin o, H COS 0, (2)

i=1

thereby providing a constant unattenuated signal-to-noise
(S/N) ratio for each echo [10]. The final « pulse can be
set equal to a 90° pulse to acquire all the remaining mag-
netisation. The maximum number of observation times n
is limited by the T, recovery and the desired S/N ratio.
The S/N ratio of each data point is obviously less by a fac-
tor of approximately » than if acquired by the equivalent
APGSTE measurement. In practice, however, the S/N
ratio is rarely the limiting factor in these experiments.

The propagator measurements were conducted on a
Bruker AV-85 spectrometer with a horizontal bore imaging
magnet at 85 MHz ('H) resonant frequency. In all cases the
inter-pulse encoding time t was set to 7 ms (the minimum
possible time to incorporate the gradient pulses) to mini-
mise signal loss from 7, dephasing. All the gradient pulses
were of duration 6 = 4 ms. The maximum gradient strength
available was g"* = 10.7 Gem™'. For the dense g-space
APGSTE and DiffTrain measurements, the gradients were
ramped between +g™* in 128 equal steps. These data sets
were converted into propagators and analysed using the
method described by Scheven et al. [2] to obtain the prop-
agator moments.

For the sparse g-space DiffTrain measurements, one set
of data was acquired with 16 equal intervals to provide an
approximate order of magnitude reduction in experimental
time. The range of g. was then adjusted to appropriately
sample g-space for each particular flow rate. For low flow
rates (Q = 1 and 2 ml min~") the full gradient range, +gl,
was utilised. For higher flow rates the specific gradient
ranges used were +0.5gM*, +0.25g™, and +£0.1gM*, to
explore the corresponding flow rates of Q =5, 9, and
16 ml min~' respectively. These ranges of g-space were
chosen arbitrarily (within the constraint that gradient range
decreased as Q increased) in these experiments, although a
more quantitative, optimised selection approach could be
employed. This method allows for a more efficient sampling
of g-space and hence can improve the robustness of the fit,
especially at high flow rates and long observation times.
The phase and amplitude of the signal were analysed to
obtain the first, second, and third moments.

A typical dense g-space APGSTE sequence with 128
gradient increments, an 8 stage phase cycle, and A=1s
acquires a single flow propagator in 56 mins. Acquiring
NMR flow propagators over 8 different observation times
would therefore take approximately 7 h depending on the
specific observation times. The equivalent dense g-space
DiffTrain measurement takes only 67 mins and acquires
n =8 propagators with a series of increasing time incre-
ments, 7, =5-1000 ms, providing observation times
ranging from A;=16ms to Ag=2100ms. The sparse
g-space DiffTrain acquisition as presented here takes only
9 mins, offering another significant decrease in the overall
acquisition time. Additional DiffTrain data were recorded
with the time increment fixed at 7j,. = 500 ms at the high-
est imposed flow velocity (Q = 16 ml min~ '), thereby pro-
viding observation times up to Ag = 4173 ms. These latter
DiffTrain measurements lasted slightly longer than the
experiments described above (100 mins for the dense
g-space sampling; 13 mins for the sparse g-space sampling).
Although other fast NMR diffusion measurement tech-
niques exist [13-15], DiffTrain offers the unambiguous
capability to pre-determine the range of A, and g..

Repeat dense and sparse g-space DiffTrain experiments
with identical acquisition parameters and flow conditions
revealed the measured mean displacement varied by less
than £3% even at the highest flow rates and longest dis-
placements. This is comparable to the error associated with
similar APGSTE measurements (£2%).

3. Data analysis

The first, second, and third moments of the propagator
function: ({), o2, and y3, are determined via a self-consis-
tent cumulant analysis [9] by fitting the phase ¢ and abso-
lute signal intensity |S (¢)|, respectively, to

1

¢(q) = (g —¢7'q’ (3)
and
In(| S(q) ) = 50" @

The observed displacement ({) will differ from the mean
displacement ({)o by a factor 6 = ({)/{{)o, where 6 > 1, due
to enhanced surface relaxation. Any stagnant (trapped)
spins are assumed to relax faster than those moving
through the porous matrix. Therefore their contribution
to the probability distribution at high displacements will
be reduced and a shift in the mean is observed [16]. All
the measured moments will be similarly affected. This can
be compensated for by adding a Dirac delta function J,44{)
such that the probability distribution becomes

P' (Lo, A) = (1= 07)84(0) + 07'P(L, A), (5)

where the prime (') symbol denotes the corrected values.
This artificially shifts the spectral weight of the distribution
toward the stagnant population assumed to be undergoing
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zero displacement, compensates for the loss in signal, and
hence re-establishes the expected mean displacement [16].
Accordingly, the corrected standard deviation (¢’) and
skewness (') can be deduced, respectively, from

/2_0'2 20—1
19 —§+<C> o (6)
and

73 0—1 0—-1)0-2
R )

The shape of the measured probability distributions can
be characterised by the power law o’/({), o ({){, where 1’
is the corrected power of the expected mean displacement.
For measurements involving small displacements, molecu-
lar self-diffusion overwhelms the displacement due to flow
[17] and the observed probability distribution is approxi-
mately Gaussian (' = —0.5). Once the displacement due
to the imposed flow exceeds the diffusion path length, the
shape of the probability distribution will be related to the
dispersion. In this pre-asymptotic regime ' > —0.5. Over
comparatively long displacements, the probability distribu-
tion should return to a Gaussian (the asymptotic limit) and
the ratio y'/({)( should tend to zero. However, in our imple-
mentation, the addition of the delta function means that
this ideal limit will never be achieved. The uncorrected
and corrected moments will form upper and lower limits
on the true moments of the propagator. The uncorrected
moments will be weighted by 7 relaxation whilst the cor-
rected moments restore the expected mean displacement
but disproportionately weight the relaxation (and hence
correction) to zero displacement; in reality relaxation will
occur from across the displacement spectrum but preferen-
tially for comparatively stagnant fluid, as must be the case
since the measured value of 0 is greater than 1.

4. Results and discussion

To determine the optimum pulse lengths to use in the
DiffTrain measurement, the average spin-lattice relaxation
times were recorded for the brine solution in the Benthei-
mer over the range of flow rates used in the propagator
measurements. In all cases the average 7| was observed
to be 1.03s+0.10 s, allowing appropriate pulse lengths
to be determined for each value of A, using Eq. (2). The
tip angles of the pulses o;—; ,_; varied from p! = 12°-45°.
The final pulse (xg) had a tip angle p* = 90°. The pulse
duration was kept constant at 7, = 15 ps for all .

A selection of probability distributions obtained from a
series of APGSTE measurements with dense (128 interval)
g-spacing sampling can be seen in Fig. 2(a). These distribu-
tions have been scaled to the dimensionless function
P({) x {{)o plotted against the normalised displacement
{/{{)o- In all cases the observed probability distributions
are typical for flow through a Bentheimer sandstone sam-
ple [2,3]. At short observation times, the self-diffusion of
the brine dominates and the probability distribution is

a - ; ' . .
600 | N <§>0 =12 um |
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i == (), =310um
.’; \ ~— (£), =620 um
S 400 il — (£), = 1200 um
X
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b 600 (675 =10 um
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Fig. 2. A selection of probability distribution functions P({,A) for brine
flowing through Bentheimer sandstone obtained from (a) multiple
APGSTE experiments with observation times A =20, 300, 500, 1000,
and 2000 ms, and (b) a single DiffTrain experiment with observation times

A =16,290, 563, 1095, and 2100 ms. In all cases the imposed flow velocity

was Q=9 ml min~".

approximately Gaussian in shape (Fig. 2(a), grey line)
[17]. At longer observation times, the mean displacement
shifts to larger values, although a peak centred at
{/{{)o =0 remains, signifying a stagnant volume of brine
within the pores. As the mean displacement increases, the
stagnant peak intensity is seen to decrease. The peak asso-
ciated with the flowing spins increases in intensity accord-
ingly. At long observation times (as A - oo) and large
displacements, the probability distribution is expected to
return to a Gaussian as the asymptotic limit is approached.
Practically however, the observation time is limited by the
T, relaxation. In rock samples it is difficult to achieve a
suitable combination of large displacements (high flow
rate) and long observation times to completely explore this
asymptotic regime. Almost identical displacement proba-
bility distributions can be seen in Fig. 2(b). These were
acquired from a single dense g-space DiffTrain measure-
ment under the same conditions as the data shown in
Fig. 2(a). The slight discrepancies observed between
Fig. 2(a) and (b) can be accounted for by the small varia-
tions in observation time at which the individual propaga-
tors were acquired.

The standard deviation of the probability distributions
derived from dense g-space DiffTrain measurements are
shown in Fig. 3. These data were obtained over a range
observation times (A =16-4173 ms) and flow velocities



J. Mitchell et al. | Journal of Magnetic Resonance 191 (2008) 267-272 271

al{¢)

1 10 102

10° 10*

(€ (um)

Fig. 3. Variation of the second moment of the flow propagators obtained
using DiffTrain with linear g-spacing. The power law ¢ /({) oc ({)" fits give
n = —0.5 (dashed line) in the diffusive regime at small displacements where
the probability function is Gaussian in shape, and n = —0.25 in the first
part of the pre-asymptotic regime where 20 < ({) <300 um. For displace-
ments where ({) > 300 um, = — 0.3. The symbols reflect the imposed
flow velocities: 1 (@), 2 (H), 5 (#), 9 (A), and 16 ml min~" (V).

(0 = 1-16 ml min'). At low displacements (within the dif-
fusive regime) the power law fit to o/({) o ({)" yields
n=-0.54+0.03 as expected for random molecular
motions. There is a digression from this fit around
({) =20 pm where dispersion becomes dominant over
diffusion. The precise displacement at which this shift
occurs will be dependent on the imposed flow rate. In the
dispersion dominated region, n = —0.25 £ 0.02. Over com-
paratively large displacements, ({) > 300 um, the data are
better fitted by = —0.3 £ 0.05; APGSTE data previously
obtained from other Bentheimer rock cores yielded
n~ —0.36 [3] in this regime.

In order to account for any relaxation weighting from
the measured propagator moments, o> and y* can be cor-
rected according to Egs. (6) and (7), respectively. Prior to
this, the ratio of the measured to mean displacement
0 = ({)/{{)o needs to be determined. This ratio reaches a
steady, velocity independent state at long observation times
within the pre-asymptotic regime. A value of 0 = 1.16 was
previously found for water flowing in Bentheimer rock
samples measured at 85 MHz using the APGSTE sequence
[3]. From the current dense ¢g-space DiffTrain measure-
ments a value of 6 =1.13 was determined for a range of
flow rates Q =1, 2, 5, 9, and 16 ml min~"; see Fig. 4 (solid
circles). In the case of the sparse g-space DiffTrain data,
Fig. 4 (open circles), a similar asymptotic increase to the
same value of 0 was observed.

The corrected standard deviation obtained from the
dense and sparse g-space DiffTrain measurements can be
seen in Fig. 5(a) and (b), respectively. These are shown
for displacements above the diffusion dominated regime,
() > 20 pm (determined from Fig. 3). The corrected stan-
dard deviation can be fitted by o'/({), o< ({)i with
n' = —0.22 in both cases. Good agreement is observed
between these measurements and previous corrected
AGPSTE data where #' = —0.22 for water flowing in
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Fig. 4. Ratio of measured displacement ({) to mean displacement ({), for
DiffTrain data with dense (solid circles) and sparse (open circles) ¢g-spacing
sampling. The horizontal dotted line indicates the asymptotic limit
0=1.13.

10" 102 10° 10*
(€)y (um)

Fig. 5. Corrected, scaled standard deviation acquired using DiffTrain with
(a) dense and (b) sparse g-space sampling. The power law fit to
a /{{)y = ({)¢ provided a value of ' = —0.22 (solid line) in both cases.
The symbols reflect the imposed flow velocities: 1 (@), 2 (H), 5 (¢), 9 (A),
and 16 ml min~"' (V).

sandstones [2]. It is important to note that all the corrected
values of ¢'/{{)o for ({)o>20 pm are now well fitted by a
single value of ' regardless of flow rate.

The corrected third moments should decrease asymptoti-
cally toward a value close to zero for increasing displacement
as the probability distribution tends toward a Gaussian plus
a delta function. As can be seen in Fig. 6(a) and (b) for the
dense and sparse g-space DiffTrain data respectively, a
smooth decay in y'/({) is observed as expected.

All these data show the expected behaviour of the prop-
agator moments as a function of displacement. The results
from the dense and sparse g-space DiffTrain data are equiv-
alent, despite the significant reduction in the amount of
data acquired in the sparse sampling protocol. It should
be noted that in all these DiffTrain measurements there is
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Fig. 6. Corrected, scaled skewness acquired using DiffTrain with (a) dense
(b) sparse g-space sampling. The ratio y'/({)o decreases asymptotically
toward a small, non-zero value as expected. The symbols reflect the
imposed flow velocities: 1 (®), 2 (H), 5 (#), 9 (A), and 16 ml min~" (V).

slightly more scatter on the mean displacement (Fig. 4) and
skewness (Fig. 6) compared to the equivalent standard
deviation data (Fig. 5). This is because the first and second
moments are determined from the phase shift in the data,
see Eq. (3), and are therefore more sensitive to the distribu-
tion of data points around ¢ =0. Due to the range of
observation times inherent in a single DiffTrain measure-
ment, it is difficult to find an optimum range of g-space
sampling to suit all these observation times. In this work,
an intermediate range was chosen for each experiment
and it can be seen that this still provides an accurate mea-
sure for the moments of the propagator distribution.

5. Conclusion

The DiffTrain pulse sequence has been used to rapidly
acquire NMR flow propagators for brine in Bentheimer
sandstone over a range of observation times and flow rates.
This reduced the experimental time required to determine
the moments of 8 displacement probability distributions
from 7 h (using the conventional APGSTE pulse sequence)
to 67 mins. DiffTrain data was also acquired using sparse
g-space sampling, further reducing the equivalent experi-
ment time to only 9 mins. The flow propagators acquired
using DiffTrain were nearly identical to those acquired using
the conventional APGSTE technique. Furthermore, the
behaviour of the propagator moments acquired using both
dense and sparse g-space sampling with DiffTrain also corre-
sponded to previous APGSTE studies on similar rock sam-
ples. The shift from diffusion dominated to dispersion
dominated motion was clearly observed by analysing the sec-
ond moment of the propagators. The corrected second and
third moments displayed the expected dispersion behaviour

for this high permeability sandstone. These techniques will
allow accurate measurements of NMR flow propagator
moments in time sensitive experiments such as displacement,
dissolution, or deposition within reservoir rocks.
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