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A steady-state method recently proposed for measuring two-phase flow properties
of a porous medium is supplemented by NMR imaging for measuring the saturation
gradients which are allowed to persist in the specimen. The method relies on a strong
capillary end effect which is assumed to be enforced by an outlet capillary pressure
boundary condition, but direct verification of this has not hitherto been qvailable.
For constant flow rates, incremented stepwise, steady-state profiles of hydrocarbon
saturation S, are obtained which agree with predictions that they be monotonic,

nonintersecting, and convex.

Using D,O for the aqueous phase allows unambiguous detection of hydrocarbon
by NMR, and imaging measurements of transverse relaxation time T, were included
in the protocol. T, shows a dependence on S, which is mild but not negligible for

quantitative NMR imaging.

Introduction

A new steady-state technique for measuring some two-phase
flow properties of a porous medium has recently been proposed
(Ramakrishnan and Cappiello, 1991). The measurable prop-
erties of interest are nonwetting-phase relative permeability,
capillary pressure and electrical resistivity. The method in-
volves immiscible displacement of a wetting phase (typically
water), by a nonwetting phase, a process known as drainage.
Unlike traditional steady-state methods of relative permeability
measurement, a phase saturation gradient is allowed to persist
at all times through the sample; a zero capillary pressure
boundary condition (equivalent to 100% water saturation) is
enforced at the outlet by the presence of a pool of the wetting
fluid. Such saturation gradients are the ‘‘capillary end effects”’
well known in work on two-phase flows in porous media (for
example, Collins, 1961; Marle, 1981).

In the embodiment described by Ramakrishnan and Cap-
piello (1991), only integral measurements are made, and no
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provision exists for examining the shape of the steady-state
saturation gradients. Because the method relies on the existence
of the end-effect and its validity hinges on the assumption of
a zero capillary pressure boundary condition, it is vital to verify
this hypothesis. This is achieved for the first time in this work.
The saturation profiles could in principle also yield useful
information on other two-phase flow properties.

X-ray (Vinegar, 1986), microwave (Parsons, 1975) and
gamma-ray (Graue et al., 1990) techniques have been used for
imaging local saturation distributions in multiphase flows in
porous media. We used a simple application of nuclear mag-
netic resonance (NMR) imaging for measuring the saturation
distributions; the imaging method is, of course, applicable to
other two-phase flow experiments in porous media. Various
applications of NMR imaging to fluid and mass transport in
porous media, including two-phase flows, have been proposed
in recent years (Gummerson et al., 1979; Rothwell and Vinegar,
1985; Hall et al., 1986; Dereppe et al., 1990; Horsfield et al.,
1990; Majors et al., 1990; Osment et al., 1990; Borgia et al.,
1991a; Chen et al., 1992b). These almost exclusively have been
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applications of proton (‘"H) NMR; such experiments are sen-
sitive to hydrogen nuclei in water and hydrocarbons. A general
advantage over alternative imaging methods is the variety of
potential influences on image contrast (Callaghan, 1991), which
allows for considerable flexibility in experimental design.

The price paid for this richness of image contrast factors is
the need to eliminate or quantify the bias arising from other
factors to concentrate on just one of them. Quantitative inter-
pretation and the use of NMR imaging as a reliable measure-
ment technique is, in consequence, less well-advanced, although
the acquisition of mere contrast images can be straightforward.

In this work, we use isotopic substitution (D,O in place of
ordinary water) to render one phase “‘invisible’’ to 'H NMR.
Proton signal at echo times of a few milliseconds then arises
unambiguously from the hydrocarbon component of the fluid
saturation. We utilize the most basic module of Fourier NMR
imaging: the spin echo under a single frequency-encoding
(“‘read”’) field gradient. This provides profiles that are already
integrated over the specimen cross section, and overall data
acquisition times are short. A similar approach has been taken
by Mandava et al. (1990) and Chen et al. (1992a). Although
conceptually straightforward, using this method for quanti-
tative phase saturation profiles requires: (i) calibration of signal
levels against a known standard; (ii) attention to instrumental
factors; and (iii) quantification of signal loss by transverse
relaxation.

The latter is a fundamental bias inherent in any NMR spin-
echo technique, imaging or otherwise, and can only be mini-
mized by making the delay between initial excitation and the
signal acquisition (the echo time 7) short compared with the
transverse relaxation time 7. For the majority of porous media
in typical NMR imaging systems, the shortest achievable T
will not be sufficiently short for signal decay to be negligible.
Quantification of this decay is thus fundamental to accurate
estimates of liquid content in porous media. We also find that
in our water-wet material, transverse relaxation in the non-
wetting phase depends on local hydrocarbon saturation S, an
observation difficult to make without an imaging experiment.
Neglect of this variation cannot in general be correct, as re-
cently pointed out by others (Chen et al., 1992b), although the
assumption has been made in some previous work (Mandava
et al., 1990).

With one empirical assumption in data fitting, we obtain
hydrocarbon saturation profiles S, (y) in an experiment similar
to that of Ramakrishnan and Cappiello (1991), for various
steady states with constant hydrocarbon flow rates incremented
stepwise. The shapes of these profiles constitute the principal
fluid dynamical results of this work: they broadly agree with
predictions that they be monotonic, nonintersecting, and con-
vex; the expected capillary end effect, with vanishing exit hy-
drocarbon saturation, is clearly shown. We thus verify key
assumptions of the method of Ramakrishnan and Cappiello
(1991) for relative permeability measurement. Overall accuracy
of the NMR method is assessed from comparison of the final
profile with an independent gravimetric determination of final
mean hydrocarbon saturation; these agree within 3% of pore
volume.

Experimental: Materials and Apparatus

A schematic section of the rock core holder is shown in
Figure 1a. A rock specimen, 38 mm diameter by 50 mm long,
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is mounted inside, sealed on its curved surface by a rubber
sleeve, pressurized by a proton-free fluorocarbon oil. The cell
is made of polyetheretherketone (PEEK), a proton-containing
homogeneous engineering plastic, and is of significant mass
compared to the fluids in the rock. The T, of the polymer’s
"H NMR signal, however, is very short (=100 us), so that in
a spin-echo experiment with echo time Tz=2 ms, any polymer
signal will have decayed by a factor of about e~ %, entirely
negligible for imaging purposes. Trial images of the completed
cell without rock specimen or fluids yielded only noise.

At the inlet (lower) end, a spacer disc (PEEK) with a central
hole of known volume V,,;, provides an integral calibration
reference. This is separated from the rock, physically and in
the images, by another spacer disc, perforated with four fine
holes for hydrocarbon flow.

At the outlet (upper) end, a plenum initially filled with D,O
is provided. This is the fundamental feature which maintains
the zero capillary pressure outlet boundary condition. As hy-
drocarbon flows through the rock and reaches the outlet end,
a fine stream (“‘mist’’) of hydrocarbon droplets rises and sep-
arates from the D,0, subsequently flowing out through the
fine tube. Initially some D,0O flows out also, but a steady level
is rapidly reached (within 10 min), and subsequently only hy-
drocarbon exits; an adequate level of D,O is maintained. Be-
fore each imaging exercise, excess hydrocarbon was removed
from the surface of the D,O pool and replaced with clean D,O.

The rock used was Richemont limestone, a fine-grained car-
bonate used in France as a building stone (Honeyborne, 1982).
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Figure 1a. Diametral section of the rock core holder.

Fluorocarbon confining fluid [Fluorinert FC-40, 3M Industrial
Chemical Products Division} is pressurized at about 1 MPa by
a HPLC pump; the cell passed hydraulic pressure tests at well
above 3 MPa. Hydrocarbon outflow drains to atmospheric pres-
sure. Hydrocarbon inflow is supplied at constant volumetric
flow rates by a second HPLC pump.
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Figure 1b. Radio-frequency resonator (r.f. probe), inside
which the cell in Figure 1a is mounted.

Axis orientation is vertical, transverse to the main magnet axis.
Copper dimensions: 70 mm diameter, 100 mm long. Damping
resistors are 10 kQ, 2 W rating carbon types. The circumferential
slots suppress eddy currents induced by gradient switching in
imaging sequences and are etched in polymer-backed copper
foil; the tube former is glass. Fully balanced capacitive coupling
{by a half-wave loop balun, not shown) is used to provide a full
“‘drop-through”* access for the cell. R.f. (B)) field maps were
obtained by the method of Murphy-Boesch et al. (1987) as im-
plemented by de Crespigny (1991); for diametral slices through
the specimen in Figure la, the field was found to be uniform
at least within one gray level in 34 (about #3%).

Some petrophysical parameters are given in Table 1, and its
NMR properties are discussed extensively below.

The sample was cut and then dried at 55°C for 24 hours in
a vacuum oven; dry weight was measured, and grain volume
and mean porosity ¢ were determined in a helium pycnometer.
The sample was evacuated again and then saturated with deaer-
ated deionized water; the buoyancy method was used to check
the porosity measurement and estimate any residual air sat-
uration. NMR imaging profiles were obtained in the water-
saturated state to plot local heterogeneities along the core axis.
The specimen was then dried again in the vacuum oven, sub-
sequently resaturated with 99.9% isotopic purity D,O (Fluo-
rochem Ltd.), and weighed suspended in hydrocarbon before
mounting in the cell.

The hydrocarbon employed throughout this study was 99%
pure n-dodecane (Aldrich Chemical Co. Ltd.). This was dis-
tilled to remove any trace contaminants with surface-active
properties and pumped from an HPLC pump at constant flow
rates, monitoring inlet pressure until this had stabilized. This
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Table 1. Some Petrophysical Pr(:perties of Richemont Lime-
stone

Porosity

(helium pycnometry) 0.286 (28.6 p.u.)

Permeability

Nitrogen 2.7-14.5 pm?
Water 1.9-10.2 pm?
Typical pore throat sizes
(mercury injection porosimetry)
Entry diameter 10.3 um
Median diameter (volume basis) 2.6 pm
Minimum diameter 0.72 pm

*Mercury injection porosimetry data ignore boundary effects in estimating early
diameter. After the minimum pore size noted, negligible further intrusion oc-
curred over more than two further decades of injection pressure to 414 MPa.

constant rate mode differs from the constant pressure control
mode used by Ramakrishnan and Cappiello (1991), but is sim-
pler to implement. Qualitatively similar results are expected,
although quantitatively there may be errors introduced by cap-
illary pressure hysteresis. At the lowest flow rates, several days
were necessary before a stable pressure was reached, although
this reduced to a few hours at the higher rates. In each identified
steady state, NMR imaging was performed as detailed below
to determine oil saturation profiles.

After the final images, the hydrocarbon flow was maintained
until the D,O pool had been removed (to avoid counterimbi-
bition of heavy water) and then stopped. The buoyancy in
dodecane was measured to determine (in conjunction with prior
measurements) the final mean saturation in the specimen for
comparison with the NMR data. The core was subsequently
stored under dodecane; NMR relaxation measurements were

then performed on the core in its final mixed saturation state.
The complete experiment was conducted over a period of

nearly two weeks. Over such extended periods, there is a po-
tential risk that even very slow leaks of fluorocarbon might
accumulate within the core to significant levels. Fluorine-19
NMR was used to check for leakage. This nucleus has high
instrinsic sensitivity and 100% natural abundance, and is pres-
ent in high concentration in the confining fluid used, which
gave a strong signal when tested in the bulk. No F signal,
however, was detectable from the rock specimen after two
weeks in the cell.

NMR data were acquired using an Oxford Instruments 31
cm horizontal bore 2 T superconducting magnet and an Oxford
Research Systems Biospec I console operating at 83.7 MHz
for proton resonances. The (imaging) field gradient system was
built on a 20 cm bore former; gradient strengths of up to 25
mT-m~! were available within switching times of less than 200
us. The experimental cell was mounted in a volume resonator
(‘‘probe’®) of the split-ring type (Hall et al., 1985), with some
modifications shown in Figure 1b. These (cylindrical) reson-
ators are mounted transverse to the main magnet axis; this was
a requirement in this experiment where buoyancy was used to
separate the phases in the outflow system.

The pulse sequence of the NMR protocol used is illustrated,
approximately to scale, in Figure 2. This one-dimensional pro-
filing method is the basis of all spin-echo Fourier imaging. An
outline of imaging theory is given for reference in the Appen-
dix; detailed discussions of the physics of NMR may be found
in the standard texts (for example, Abragam, 1961; Slichter,
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Figure 2. Timing (approximately to scale) of the one-
dimensional imaging (profile-generating)
pulse sequence.

Repolarization delays (not shown) of 8 s are included between all
repetitions. Subscripts to the pulse length indicate the phase-cy-
cling scheme used to eliminate d.c. offsets and balance channel
gains. Two cycle repetitions providing a total of 8 signal accum-
mulations were used. The entire sequence is repeated through
fifteen 500 us increments in T (minimum 2.616 ms) with a total
data acquisition time of about 17 minutes. Spectral width W, = 100
kHz; acquisition window T4, =1.28 ms for 128 complex points.
Gradient strength G,=23.63 mT-m~" (10.06 kHz-cm™'). Pixel
width 2xAv,/yG,=0.783 mm. 90° pulse width typically 45 ps.

1990) and of imaging in the texts of Callaghan (1991) or Mans-
field and Morris (1982).

To obtain additional data on signal decay by transverse
relaxation, the acquisition was repeated through 15 increments
of T (Figure 2), yielding a set of magnetization profiles M ( y;
T8y (i=0, ..., 15), where y is the vertical coordinate. Data
acquisition time is less than 12 ms for each scan; the dominant
delay in the whole arrangement is the longitudinal magneti-
zation recovery time T of 8 seconds allowed between all scans.
A fourfold cycling of r.f. phase (Figure 2) is also used to correct
for d.c. offsets and quadrature imbalance; this is repeated twice
for further signal averaging. Total instrument time required
for each imaging exercise in the intermediate steady states was
only 17 minutes.

Data Analysis: Evaluation of Saturation Profiles

The measured data M(y;T) are related to the section av-
erage proton ('H) density:

e(y)= S o(x)dxdz 1

section

(where g(x) is the local proton density) by:

%M(y;TE) =0,())g(Tg:y). 2
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In Eq. 2, s is a (constant) scale factor and g(7T5; y) is a signal
decay model satisfying g ( Tg; ¥) < 1 with equality where Tz=0.
For the simple exponential model g( Ty; y) =expl— T/ T2 (»)],
Eq. 2 is derived in the Appendix. However, the simple ex-
ponential model lacks a theoretical basis and is not necessarily
quantitative. Although still entirely empirical, a more flexible
description of actual relaxation data is offered by the stretched
exponential form:

M(y;Tx)

W=exp{ = [T/ T (3)1%) 3)

&(Tey)=

where o may be either <1 or >1 (the latter being better
described as ‘‘compressed exponential’’). These descriptions
will be considered further below.

The data M(y;T¥) were fitted, for each fixed value of y
in turn, to this model form for g{(7.y) by a maximum
likelihood (least squares) algorithm, yielding estimates of both
M,(y)=M{(y; 0) and of the associated decay parameters such
as T,,(y). We interpret these M,(y) profiles, from Eq. 2, as
so,(y), that is, the (scaled) total hydrocarbon content within
a particular transverse slice of the specimen.

The scale factor s depends on many factors, including the
static field B, temperature, resonator quality factor Q, and
the gains of preamplifier, receiver and digitizer. Given stable
temperature and hardware, it, however, may be taken as a
constant in a particular experiment. The entire imaging ex-
periment was directly calibrated for hydrocarbon volume by
using the integral calibration volume in the cell. Calibration
is thus strictly contemporary with data acquisition; drifts in
gains, fields and temperature, and variations in probe Q (and
hence, sensitivity) caused by variations in probe ‘‘loading”’
from image to image are all irrelevant.

The final conversion to a local saturation fraction is made
by normalizing the hydrocarbon profiles against a local po-
rosity profile. The profile acquired with the specimen in its
water-saturated state M (») is interpreted as a profile of
section average porosity ¢(y). In this case, no absolute cali-
bration was necessary, since the mean porosity ¢ was available
from helium pycnometry and buoyancy data obtained during
core preparation; the magnetization profile was simply re-
scaled:

oM (y)L
&(y) z_?___o_(y.)._i“_"_._ @)

S Mg (y")ay’

rock

Magnetization profiles M{* (y) obtained during the subse-
quent drainage (dodecane displacing D,0) are profiles of hy-
drocarbon signal only. In these cases, the calibration volume
was available. Together with the profile M{*’ (), they were
used to construct profiles of local hydrocarbon phase satu-
ration fraction S,(y); the segment of M{”’(y) corresponding
to the rock is scaled according to the segment corresponding
to the calibration reference and its known volume, and again
according to the porosity profile derived from M{* () and
Eq. 4:

M () Ve S M (y")dy'
rock

S,(y) = . ®
MéW)(y)aVrcck S M((JO)(y')dy’

calib
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For both M}*'(y) and M{” (y), the data fitting also yields
profiles of the associated transverse relaxation times T4 (y)
and 732 (»). These are discussed below.

NMR Relaxation of Liquids in Richemont Lime-
stone

Longitudinal relaxation

The longitudinal relaxation time 7, does not appear in Eq.
2, which assumes that each scan begins with the nuclear spin
system in its fully polarized (thermal equilibrium) state. Al-
though for sufficiently long 7% the exact value of T is irrel-
evant, an approximate value is required to choose an adequate
Tr. The physics of T, relaxation is also of interest in its own
right, because of connections with wettability and pore size.

For a wetting phase, surface processes usually dominate the
overall relaxation rate (Banavar and Schwartz, 1989), and in
pores of ‘‘size”’ a (volume to surface ratio) this is itself dom-
inated by a single mode of rate 1/7T,3=p,/a (where p, is a
surface relaxivity), provided that p,a/D << 1, D being the mo-
lecular diffusivity (Brownstein and Tarr, 1979). This limit nearly
always holds for water-saturated rocks (Latour et al., 1992).
A distribution of pore sizes implies a distribution of relaxation
times 1/Ts; magnetization from many pores then shows mul-
tiexponential behavior (unless the porous medium contains
only a single pore size, an improbable situation for natural
rocks). For routine purposes (Kenyon et al., 1988), this may
be described by the stretched exponential. Parameter values
for water-saturated Richemont limestone are given in Table 2.

In more detailed analysis, a full spectrum of relaxation times
may be assumed, and a suitably regularized data analysis then
provides an indication of the underlying pore-size distribution
(Gallegos and Smith, 1988; Kenyon et al., 1989; Davies and
Packer, 1990; Latour et al., 1992). An example (water-satu-
rated Richemont limestone) is shown in Figure 3. This may be
interpreted as a distribution of pore volume to surface ratios

Table 2. Longitudinal (7;) Relaxation Times Determined at
83.7 MHz for 'H Resonance of Fluids in the Bulk and in the
Richemont Limestone Matrix”

Stretched
exponential Biexponential
Fluid & Magnetization
State Tia a T, Fraction
Water saturation 146 ms 0.79 — —
in rock
Bulk water 2.55s 1.00 — —
(deionized,
deaerated)
Dodecane in 1.23s  0.98 — —
rock, mixed
saturation (D,0/
dodecane)
Bulk dodecane 1.18 s 1.00 1.30s 5.88/26
— — 1.15s 20.1/26

*The inversion-recovery method was used. Biexponential T; values for bulk
dodecane agree well with chemical shift resolved null point estimates of Ty for
the methyl and methylene resonances. Magnetization partitions are close to the
expected 6:20 ratio. These T, data, however, are sufficiently close to that at
83.7 MHz, and at 22°C the relaxation can be adequately represented by a single
exponential model. Data acquired in an air-conditioned laboratory (approxi-
mately 22°C) but not in temperature-controlied probes.
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Figure 3. Regularized distribution of T, for Richemont
limestone (water-saturated) with optimum re-
gularization determined by the method of But-
ler et al. (1981) as implemented by Sezginer
(Kenyon et al., 1989; Latour et al., 1992).

Inversion recovery data with 64 recovery times logarithmically
spaced between 850 us and 2.5 s were used. The specimen was
the same size and came from the same block as that used in the
drainage experiment. Continuous and dotted curves indicate re-
peatability.

a, with the unknown parameter p, as a scale factor. Inde-
pendent indication of pore-size distribution can be obtained
by mercury intrusion porosimetry. This technique is sensitive
to throat size, rather than pore body size, but the two may be
expected to be correlated. The width of the size distribution
obtained from mercury porosimetry is approximately a factor
of 15 (Table 1), similar to the width in Figure 3.

With two immiscible liquid phases present, a wholly or pref-
erentially wetting phase may prevent nonwetting-phase mol-
ecules diffusing to the surface. The bulk relaxation rate may
then dominate in the nonwetting phase, although relaxation
is not necessarily monoexponential, if 'H nuclei in the liquid
molecules are chemically inequivalent. This is the case for the
methyl and methylene group protons in hydrocarbons, but the
difference for n-dodecane turned out to be small (see Table 2
legend). In Richemont limestone, there is nearly an order of
magnitude difference in T, for the two saturation states (Table
2). When water-saturated, a stretched exponential model is
required to fit the data whereas for the dodecane/D,O satu-
ration a single exponential model was adequate. The dodecane
T, value found was then close to that for bulk dodecane.
These data are indicative of a pore surface material, which is
water-wet, at least to the extent of a thin film of ‘‘pellicular’’
water (Buckley et al., 1989). Similar observations have been
made (for other media) by Borgia et al. (1991b).

Transverse relaxation

Both bulk and surface relaxation mechanisms also apply to
transverse (7T) relaxation in porous media, but a third mech-
anism must also be considered, spin dephasing by molecular
diffusion within the internal field gradients g, which arise from
the mismatch of magnetic susceptibility between grain material
and the pore fluid. In many porous media, this is the dominant
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Figure 4. Simple Hahn echo (90,-1t, — 180, — 1, —
Acquire) amplitudes as a function of T=2t,
for the 'H signal from the main test specimen.

Four signal averages were used. Data normalized against contem-
porary FID amplitudes obtained with back extrapolation through
the instrumental dead time of 100 us. Parameter values from data
fitting are in Table 3. The graph is restricted to Ty values used
in the imaging experiments (shown). & (water only saturation)
and o (mixed-phase saturation) obtained after the main drainage
experiment was completed; — — — —, fitted curves over indi-
cated datarange. Some CPMG echo amplitudes are shown {mixed-
phase saturation state only): ¢, first echo amplitudes in CPMG
echo trains (fcp= 250, 500, 750, 1,000 us, respectively); o, full
CPMG envelope at tp=250 ps; ¢, full CPMG envelope at fcp=1
ms.

mechanism of transverse relaxation at the field strengths typical
of imaging systems (Kleinberg and Horsfield, 1990).

This physics of transverse relaxation is subtle. No compre-
hensive theory exists, so an empirical model is necessary for
interpretation of the data. The model chosen was suggested
from bulk specimen relaxation results given below. The com-
parability of bulk and imaging relaxation data may be ques-
tioned for two reasons: (i) the imaging gradient G, may add
significantly to g,; (ii) dispersive molecular motions may be
increased by fluid flow and hydrodynamic dispersion in the
drainage experiment. Both would increase the diffusional at-
tenuation which is the dominant factor in transverse relaxation.
However, estimates of g, were two orders of magnitude greater
than G,, and echo amplitudes with and without G, were shown

to be negligibly different; similarly, advective flow distances
0Ty were also small compared with molecular diffusion dis-
tances (DTg)">.

Results for our main test specimen, in the reference water-
saturated state and in the final mixed-phase saturation state
(D,0 and dodecane), are shown in Figure 4 and Table 3. Figure
4 shows peak amplitudes of the single (‘‘Hahn,’’ after Hahn,
1950) spin echo as a function of T for the two states. The T;
range displayed is restricted to that used in the imaging ex-
periments, although data were obtained at longer 7. In the
water-saturated state, the Hahn echo envelope is fit adequately
by a stretched exponential (Eq. 3) with a stretching exponent
« of 0.83. In the mixed-phase state, a value of 1.12 is required
for . We conjecture that the difference in shape is because
of (i) the hydrocarbon distribution avoiding small or dead-end
pores, and thus being quite different to the single-phase water
distribution, and (ii) the absence of surface relaxation, as dem-
onstrated by the T, data. The effect of data span on fitted
parameter estimates is illustrated in Table 3. Early echo am-
plitudes of some multiple-echo trains (for the mixed saturation
sample only) are also shown. The multiple echo (‘“‘CPMG”’)
sequence used was that of Carr and Purcell (1954) with the
modification of Meiboom and Gill (1958). The amplitudes of
the first echoes of the CPMG trains agree (as they should) with
the Hahn echo envelope.

It is apparent from Table 3 that assigning a single 7, value
“‘of the specimen’’ is meaningless. Values depend on the pro-
tocol used in the CPMG method on the spacing ¢-, and as
shown by Kleinberg and Horsfield (1990) on the field strength
B, (with which the internal background gradients g, scale).
Describing the decay may require either stretched or com-
pressed exponential forms, and values derived from fitting to
these entirely empirical models may depend somewhat on the
data span taken. Finally, as will be seen from the imaging
results, the 732 values depend on local hydrocarbon phase
saturation to a degree that cannot be neglected.

Actual envelopes of T, decay were therefore used in our
imaging experiment to obtain the estimates of local M,(y) by
extrapolation to 7=0 pixel by pixel (Eqs. 2 and 3). This
strategy has also been adopted by Chen et al. (1992b). We used
the Hahn echo envelope, but either type in principle could have
been used. For short spans ( Tz < 10 ms) of bulk specimen data
(Table 3, Figure 4), the stretched/compressed exponential

Table 3. Transverse (T;) Relaxation Parameters for the Data of Figure 4"

Tg Relative
Specimen State Range/ms | No. of Echoes | Envelope Type tep/ s T/ ms o M, (Fitted)

Water saturated 0.6-32 64 Hahn — 6.55 0.82 1.02
0.6-10 20 — 6.66 0.83 1.01

2.6-10 16 — 6.62 0.83 (fixed) 1.01

Mixed-phase saturation 0.6-32 64 — 10.0 1.06 1.01
(D,0/dodecane) 0.6-10 20 — 10.1 t.12 1.00
2.6-10 16 — 10.1 1.12 (fixed) 1.00

0.5-12 24 CPMG 250 49.5 0.67 1.01

0.5-256 512 250 46.2 0.60 1.06

1.0-512 512 500 31.1 0.56 1.10

1.5-768 512 750 19.8 0.53 1.14

2.0-12.0 6 1,000 24.4 0.65 1.02

2.0-512 256 1,000 20.1 0.53 1.15

* M, values are normalized against contemporary FID amplitudes (back-extrapolated through the instrumental dead time of 100 zs) with allowance made for short-
lived probe background signal at the level of 2.5% and 1.25% of observed M,, respectively, for the mixed phase and water saturation states.
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model (Eq. 3) appears to model the decay envelope well. Be-
cause the imaging data are unavailable for T:<2.6 ms, we
chose to model the shape of the decay by fixing the exponent
o at its bulk specimen value. Both M, and the scale parameter
Ty« (), however, were left free. Table 3 shows that, for bulk
data, fixing « at a previously determined value and eliminating
the echoes for 7-< 2.6 ms result in negligible changes in values
of the fitted parameters M, and T,.

Fixing the value of « for analyzing the imaging data is an
empirical assumption about the shape of the decay envelopes
for individual pixels, but some such assumption is implicit in
any model extrapolation, pending a better understanding of
the physics of the relaxation law. The value of o used, however,
was found from bulk data which covered the range 7;<2.6
ms. Also, while avoiding the potential distortions arising from
a single exponential model [by modeling the shape of the decay
near Tp=0], fixing « results in a one-parameter description
of the timescale 7,, of the decay [at least for the early stages
M(Ty)/M,>1/¢]. This makes possible a compact assessment
of the influence of oil saturation S, on T, (discussed below),
which is not available with multiparameter descriptions.

Chen et al. (1992a,b) report unsatisfactory results in deter-
minations of mean porosity when using the stretched expo-
nential form for extrapolation and prefer a biexponential
model. Table 3 confirms that large errors in M, estimates are
possible when using the stretched exponential over a large span
of Tg; the model does not fit well enough over large ranges.
Also, for o < 1, the model has infinite slope at the origin, which
can lead to unstable extrapolation. The biexponential model,
having three adjustable parameters describing the shape of the
decay in addition to the M, estimate, naturally provides a closer
fit. However, because our primary measurement objective was
M,, our imaging data were analyzed only for the early range
of T (2.6-10 ms), for which oil signal levels are still above
M,/e (Figure 4); data in the ‘‘tail’’ of the decay envelope were
not used. Also, when o> 1 (as for our hydrocarbon data), the
model has zero slope at the origin; extrapolations then suffer
less instability than for a<1.

The adequacy of our model, over the data range used, can
be quantified by computing profiles of the mean square misfit
X2 (y)=(1/N) ENM (y; TE)/My(y) — g (TE; y)¥’ for the im-
age profiles discussed below. For the water profile M§" (y),
we found 0.001 < x(y) <0.003 except for a few noisy pixels.
For the oil profiles M{”, the range 0.002<x(y) <0.015 was
representative except for pixels in the last cm where M, drops
toward zero and signal-to-noise ratio is poor.

Results of the Capillary Drainage Experiment

For our specimen in its initially fully water-saturated state,
the fitted magnetization profile M{" (y) is shown in Figure
Sa with the corresponding profile of T35’ (») shown in Figure
5b. Note that these profiles show a 6-cm-long core; this was
cut down to 5 cm before use in the drainage experiment.

Magnetization profiles M{® () obtained during the drain-
age experiment are shown in Figure 6, derived by the data
fitting described above and rescaled to give a constant integral
over the calibration volume of the core holder. Obvious fea-
tures of the overall profiles are annotated. The associated
steady inlet pressures are not discussed further here, but are
included as a function of the flow rate in Figure 7. Finally,
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Figure 5. (a) Profile of estimated total magnetization
M(y) (arbitrary units) for the main test sam-
ple in the reference water saturated state; (b)
corresponding profile of T4

Note that this profile is for a 60 mm long specimen; this was
reduced to 50 mm for the main drainage experiment by removal
of the (- 10 mm, 0 mm) region. Data fitting of raw profiles at
various T performed by the method described in the text to the
model suggested by Figure 4. Fixed o =0.83 (Table 3).

local oil saturation profiles S, (y) are shown in Figure 8a. These
were derived according to Eq. 10, from the data of Figures Sa
and 6. The associated profiles of T2 () are shown in Figure
8b.

A standard spin-warp image (Edelstein et al., 1980) of the
specimen in the final state is shown in Figure 9. Such images
are powerful aids to the interpretation of the simpler profile
data, even without full quantification. Various heterogeneities
can be identified which correlate with features in the profiles.
One can check that the calibration volume is full, without
trapped air bubbles. A drop of bulk dodecane was trapped for
the duration of the experiment between a small chip in the
specimen edge and the edge of the upper end plug (Figure 1a);
this can be seen at the upper right in Figure 9. It was also
evident in a similar image (not shown) taken in the initial state,
when the specimen (D,O saturated) was invisible. This nuisance
feature obtrudes somewhat in the profile data at all stages and
obscures the exact rock outlet position in the profiles, but is
easily identified in the full image.
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Figure 6. Magnetization profiles obtained in the main
capillary drainage experiment; M{(y) data fit-
ted from the full data set over various T and
rescaled such that the integral over the cali-
bration volume is 100 units.

Major features identified. Data acquired in steady flow pressure
conditions at incremented constant flow rates; numbers in legend
are volumetric flows in cm®-min . Single zero point in calibration
volume at 0.015 cm®emin ™' is artifact arising from spatial mis-
registration of one profile.
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General features of the saturation profiles

The oil saturation profiles of Figure 8a show the qualitative
behavior predicted by the theory of Ramakrishnan and Cap-
piello (1991). According to their theory, for a homogeneous
and uniform medium at steady state the oil superficial velocity
g through the medium may be expressed as:

Bo Ay
where k is the permeability of the medium, u, is the hydro-
carbon viscosity, and p, is the capillary pressure. In Eq. 6,
because the D,O is stationary, ¢ is also the total superficial
velocity and the oil pressure gradient is given by the capillary
pressure gradient. Also, note that the relative permeability to
oil k,, has been expressed as a function of p,.. Since p, is a

1.8 T T

1.6 -
1.4 - I .
12
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08 |-
0.6 ’;f —

inlet pressure / bar

04 - -
02 -

0.0 i ! | I
0.00 0.05 0.10 0.15 0.20 0.25

flow rate / em’ min”!
Figure 7. Steady-state inlet pressures for the incre-
mented constant flow rates.

The principal contributors to the error bars are fluctuations arising
from a rock stress effect when the confining pressure control
passed through its hysteresis dead band.
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Figure 8. (a) Hydrocarbon saturation profiles S y) de-
rived from the data of Figures 6 and 5a; (b)
corresponding profiles of T{.

Magnetization profiles of Figure 6 scaled for dodecane volume
equivalent according to the known calibration volume and locally
by the porosity profile of Figure 5a., This scaling is only meaningful
within the rock although a few data points outside the rock spec-
imen region are also shown. Rock inlet and outlet stations an-
notated. The small peak shown near the rock outflow in the early
saturation profiles is from a drop of bulk dodecane trapped be-
tween the D,O plenum plug in Figure la and in a small chip in
the rock. Part of this drop can be seen in the full image of Figure
9. Fixed o =1.12 (Table 3). Data in the chip region noted in (a)
rises rapidly off the displayed scale, consistent with a significant
fraction of bulk liquid signal in those pixels. Volumetric flows in
cm’emin~ ' a 0.004; m 0.006; ¢ 0.010; e 0.015; a 0.030; O
0.080; ¢ 0.120; o 0.200.

monotonically decreasing function of S,,(dp./dS,, < 0), relative
permeability may be alternatively expressed as a function of
S,. Various general properties of the saturation profiles may
be deduced as follows.

First note from Eq. 6 that for g and kk,,/u, positive, dp./
dy<0. Since dp./dS, <0, we see that dS,./dy = (dp./dy) -
(dS./dp,) >0, and so S,(y) is monotonically increasing.
Equivalently, the oil saturation profile S,(y) decreases mono-
tonically.

Now integrate Eq. 6 from the outlet (y= L, ) to an arbitrary
position y to obtain:

PeA V) kk,o .
(L= | Eel2) gy, )

(4] Ko
The integrand is always positive, so clearly p.(y) increases
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Figure 9. Standard spin-warp image of the experimental
cell in the final flow state (corresponding to
the final profile in Figures 6 and 8a).

128 pixels, no display interpolation applied. Read gradient as for
profile data. Slice thickness 5 mm selected by a 3 ms band selective
180° pulse (Roberts, 1992). Echo time T¢=5.53 ms. Inlet tubes,
calibration volume, distribution grid and dodecane layer floating
on top of the D,0O pool (dark) show bright; heterogeneities in the
rock corresponding to those seen in the profiles can also be iden-
tified. Part of the trapped dodecane drop seen at 48-50 mm in
Figures 6 and 8a is visible at the upper right of the rock. Image
display with *“‘read” gradient direction horizontal is conventional
for NMR imaging. Physical orientation as in Figure la.

with flow g, at any position y. Equivalently, since dp./dS,, <0,
S, decreases with flow g at any position y. Hence, saturation
profiles S, () or S,(y) for different flow rates g or different
inlet pressures cannot intersect.

For an infinite medium, the entry capillary pressure is de-
termined by the critical percolation probability of the under-
lying pore network (Ramakrishnan and Wasan, 1986). For
reasonable pore-size distributions, the qualitative aspects of
the capillary pressure curve are determined by percolation-like
processes. Typically then, large saturation changes occur close
to the entry capillary pressure. We thus expect p.(S,) not only
to be monotonically decreasing, but also concave, that is, d’p./
dS%>0. Independent capillary pressure measurements (to be
reported elsewhere) in a sample from the same block show this
to be true except for small finite-size effects near the entry
capillary pressure. For such a capillary pressure curve, we may
also deduce that the oil saturation profile is convex.

Differentiating Eq. 6 with respect to y, we obtain:

d’p. dk,(dp.\’
P dho (dPY"_ o

dy*  dp.\ady

Now, it is a feature of relative permeability curves that dk,,/

dp.>0. Thus, from Eq. 8, d*p./dy*<0. Given that p, is an
explicit function of S, we also have:

d’p._d’p. <dsw) ’

dy " ast\dy

kro ( pc) (8)

dp. d*S,,
ds, dy*’

&)

In Eq. 9, we have from previous statements that d*p./dy*<0,
d*p./dS: >0 and dp./dS, <0. Hence, d’S,/dy*>0, or equiv-
alently d*S,/dy?<0, which shows the convexity of S,(y).
The general behavior of the data supports the qualitative
results presented above. Except for fluctuations attributable
to local porosity and permeability variations, the oil saturation
profiles at various flow rates decrease monotonically and are
strictly nonintersecting. Apart from the two lowest flow rates,
where it is possible that true steady states had not in fact been
reached, the profiles are generally convex. The presence of
end-effect is clearly seen at the exit where the rock remains
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completely water-saturated. This, therefore, implies an infinite
oil pressure gradient at the exit. These results clearly support
the assumptions of Ramakrishnan and Cappiello (1991), di-
rectly verified here for the first time. They also have strong
implications for much of core flooding research, whereitis a
common practice to flow several pore volumes of oil to attempt
to reach residual water saturation. We see that due to end-
effects it is the flooding rate, rather than cumulative through-
put, which is important in reaching residual water; at any one
flow rate, a steady state is reached after which further oil flow
has no effect on saturation.

Saturation-dependence of T,

The associated T3 () profiles shown in Figure 8b show a
distinct slope in all cases, apparently associated with the profile
S,(»), and a systematic reduction as the mean hydrocarbon
saturation level rises. These data are strongly suggestive of a
dependence of T2 on local hydrocarbon saturation S,. The
data are also plotted in a (T2, S,) scatter plot in Figure 10a.
A satisfactory collapse of the data about a common trend is
seen; a small improvement in the collapse is obtained when
the ratio of local 7% in the mixed saturation state to the
corresponding T4 in the water saturated state is similarly
plotted (Figure 10b).

This dependence is of considerable practical importance for
work of this kind; although the variation is mild, it does amount
to a factor of 2 over the full saturation range 0-100%. At the
T,/ T, ratios typical of practical systems, this variation cannot
be neglected and justifies the approach taken in characterizing
the decay locally within the images. Assumptions of a constant
T, would be incorrect. Physically, the dependence is under-
standable on the basis of hydrocarbon distribution among
pores of various sizes. For low hydrocarbon saturations, it is
likely to be distributed among the larger pores. Larger pores
will tend to have weaker internal gradients. The dominant
diffusion effects discussed above (Transverse Relaxation) may
thus be expected to be weaker at low S,. The general trend of
Figure 10 is consistent with this qualitative picture.

Accuracy

The sensitivity in the profile experiment is subject to a com-
bination of systematic errors arising from inhomogeneity in
B, and G,, eddy current fields, inhomogeneity in B, (partic-
ularly in reception), and overall frequency response of probe,
analogue filters and spectrometer. Each factor was addressed
and minimized experimentally, but quantification of individual
contributions to the error at the level of a few percent is dif-
ficult. The overall result, however, was determined experi-
mentally with a uniform cylindrical phantom filled with doped
water. There was a small systematic taper at the top (corre-
sponding to the D,O pool in Figure 1a), which is believed to
result from nonuniformity in the gradient. Residual errors of
this type can, if necessary, be calibrated out by reference to
such profiles; they were ignored in the results presented here,
because the correction cancels out in the final calculation of
hydrocarbon saturation (Eq. 5). Sensitivity at the bottom (cor-
responding to the calibration volume in Figure 1a) was essen-
tially flat.

In addition to these hardware factors, the overall result in
our hydrodynamic experiment is subject to random and sys-
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Figure 10. (a) Scatter plot of the hydrocarbon T {2 values
against the corresponding local hydrocarbon
saturation (data of Figure 8); (b) data of (a),
but T{ data plotted as a ratio of the local
T values found for the water saturated ref-
erence state in Figure 5b.

Points from pixels not clearly within the rock (inlet distributor,
trapped dodecane drop) have been eliminated. Volumetric flows
identified by the same symbols as in Figure 8.

tematic errors arising from the modeling assumptions involved
in the relaxation data fitting. Without an improved theoretical
understanding of transverse relaxation for fluids in porous
media, further assessment of accuracy is difficult. We, how-
ever, have compared the integrated result in our final saturation
profile to the mean hydrocarbon saturation obtained gravi-
metrically from buoyancy data (Table 4, first row).

Further corrections may be made to both NMR data and
the gravimetric comparison. Because of the broad-line nature
of fluids in porous media (Table S) and the nonzero duration
(finite bandwidth) of the 90° pulse (Figure 2), there is a small
(=2%) loss of magnetization successfully nutated by the pulse
(Roberts, 1992, and private communication). The loss is much
less for the bulk liquid in the calibration volume so a small
correction factor may therefore be applicable in Eq. 5. Also,
the gravimetric comparison is sensitive to small air bubbles
which may be trapped in the cell and migrate into the core.
We detected a small bubble in the calibration volume by full
imaging at the start of the experiment, which rapidly disap-
peared on flowing hydrocarbon. A correction to the gravi-
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Table 4. Comparison of Mean Oil Saturation Estimates for
the Final State from NMR Imaging and an Independent Gra-
vimetric Determination”

NMR Imaging Gravimetric
S, (profile average) S, (errors)  S,; (errors) Discrepancy
0.498 (average of  0.525+0.008 0.007+0.006 —0.027
63- and 64-pixel sums)
0.508 0.509 +0.008 0.013 -0.001
]igi(xirgfﬁe;ifffgét- (estimated air bubble
’ correction)

see text)

*Calculated NMR results presented to 3 figures for comparison, but accuracy
at this level should not be inferred. First row, NMR data from Figure 8a com-
pared with gravimetric data; second row, same data, but with NMR data cor-
rected for the nonzero linewidth effect (see text), and gravimetric data corrected
for small changes in S, arising from a small air bubble seen in initial images
of the calibration volume (see text).

metric data was made using an estimate of the bubble size
from the NMR image. The results (Table 4, second row) then
agree within the assessed errors of the gravimetric method.

Given the nature of the experiment and the modeling as-
sumptions made in data analysis, such close agreement is, no
doubt, fortuitous; a comprehensive error budget for the NMR
experiment is still warranted with comprehensive checks against
independent determinations. Nevertheless, Table 4 illustratzs
the quantitative potential of the method, given adequate at-
tention to detail. Similar conclusions have been reached by
others (Chen et al., 1992b).

Conclusions

A steady-state experiment for relative permeability deter-
minations in which phase saturation gradients are expected to
exist has been used with a natural limestone sample in con-
junction with 'H NMR imaging. With isotopic substitution in
the aqueous phase, phase discrimination is unambiguous. A
profile method is sufficient to accommodate the essentially
one-dimensional character of the fluid flow experiment, and
the short data acquisition time allows detailed examination of
transverse relaxation. Standard two-dimensional images sup-
plement detailed interpretation of the profiles, even when full
quantification is not attempted.

Bulk 7, relaxation data showed the material to be water-
wet and yielded an indication of pore-size distribution in broad
agreement with mercury porosimetry. In drainage, the dode-
cane saturation profiles validate the assumptions of the steady-
state method of Ramakrishnan and Cappiello (1991). The per-
manency of the capillary end-effect, with vanishing exit oil

Table 5. Lineshapes and Widths for the Specimen in Two

States
Approx. Av/Hz
Specimen State Lineshape (FWHM) T,/ms
Water saturated Lorentzian 276 1.15
Mixed-phase Lorentzian 272 1.17
saturation
(D,0/dodecane)

*Linewidth from a uniform phantom of the same size as the rock specimens
was usually of the order of 40 Hz.
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saturation, is clearly demonstrated, and the profile shapes
broadly agree with qualitative predictions that they be mon-
otonic, nonintersecting, and convex. Although not worked out
in this article, quantitative verification of the fluid flow theory
may now be addressed from the measured profiles.

Making use of the phase saturation gradients in the exper-
iment, 752 is seen to be a decreasing function of local hydro-
carbon saturation S,; assumptions that it may be treated as a
constant and the system calibrated against a standard of the
same T, cannot in general be correct.

For accurate results, attention to detail in the hardware
preparation and calibration is required. While a single datum
cannot be considered indicative of routinely achievable ac-
curacy, we do nevertheless obtain agreement within 3% of
pore volume between an independent gravimetric determina-
tion of the final state mean saturation and the corresponding
integrated NMR profile.

The detailed error budget still warranted for the NMR
method has not been attempted, but the principal contributions
to it are identified. Especially important are the associated
phenomena of inhomogeneous broadening, and diffusion-
dominated transverse relaxation. These cause losses of trans-
verse magnetization which are both significant and difficult to
quantify. In the absence of any comprehensive theory of trans-
verse relaxation for fluids in porous media, some empirical
modeling assumptions are necessary. An improved theoretical
understanding of transverse relaxation in confined geometries,
as recently addressed by Mitra and Le Doussal (1991) and Le
Doussal and Sen (1992), is clearly desirable.
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Notation
a = pore volume to surface ratio, m
B, = main magnet static field (z-direction), T
, = applied r.f. field in transverse (x, y) plane, T
D = molecular diffusivity, m?-s~!
G, = field gradient 38,/3y, T-m™"
g = background field gradient in rock pore space, T-m™'
g = general decay model (Eq. 2), dimensionless
h = spatial resolution, m
i = data set label
i = -1
k = rock hydraulic permeability, m?
k,, = relative permeability to hydrocarbon, dimensionless
k, = spatial frequency (cyclic wavenumber) defined by
2rk,=vGyt, m™!
L. = length of rock sample, m
£ = lineshape or point spread function, m~'
M, = total magnetization at zero echo time, digitizer units
AIChE Journal September 1993

M = magnetization, digitizer units
N = number of T values, dimensionless
p. = capillary pressure, Pa
g = superficial flow velocity, m-s™!
Q = resonator guality factor, dimensionless
s = overall scale factor between detected signal and specimen
proton content, digitizer units
S, = air saturation fraction, dimensionless
S, = hydrocarbon (‘*‘0il’’) saturation fraction, dimensionless
S. = D,O (“‘water”’) saturation fraction, dimensionless
8 = detected time-domain signal, digitizer units
t = time from center of acquired signal, s
tcp = pulse half-spacing in CPMG pulse sequence, s
ty = time between end of 90° pulse and center of 180° pulse
T, = longitudinal relaxation time, s
1/T\s = longitudinal relaxation rate for surface relaxation proc-
esses, s !
T, = longitudinal relaxation time in stretched exponential model,
s
T, = transverse relaxation time, s
T,, = transverse relaxation time in stretched exponential model
(Eq. 3), s
7, = exponential timescale of free induction decay, s
/T = VT3 -1/Ty, 57!
T,, = data acquisition time for a single echo, s
Tp = additional delays in Figure 2, s
T = echo time (time between end of 90° pulse and center of
data acquisition window), s
Tr = repolarization delay allowed between scans, s
v = mean interstitial (pore space) flow velocity, m-s™!
V. = volume of calibration volume in Figure la, m®
Ve« = bulk volume of rock specimen, m*
x = lateral coordinate, m
x = position vector (x, y, z)
y = vertical coordinate, m
z = horizontal coordinate (parallel to B;), m
Superscripts

members of muitiple profile sets

hydrocarbon (‘‘o0il’’) signal from specimen in mixed phase
(D,0 and dodecane) state

water signal from specimen in fully water saturated state
dummy variable of integration

(i)
(o)

(w)

Greek letters

« = exponent in stretched (< 1) or compressed (> 1) expo-
nential model, Eq. 3, dimensionless
v = gyromagnetic ratio of the proton, rad.s™!-T"!
Av, = frequency interval between pixels in images, Hz
Ap; = natural linewidth (at half maximum) of fluids in specimen,
Hz
#o = dynamic viscosity of hydrocarbon phase, Pa-s
v = nuclear precession frequency, Hz
»; = nuclear resonance (Larmor) frequency, Hz
o1 = longitudinal surface relaxivity, m.s™*
¢ = local number density of 'H nuclei, m 3
o, = section average (Eq. 1) density of 'H nuclei, m ™’
¢ = local porosity (section average) of specimen, dimensionless
¢ = average porosity of specimen, dimensionless
x? = mean square misfit of model to data (defined in text),

dimensionless
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Appendix: Outline of NMR Imaging Theory

We outline the connection between the primary experimental
data (digitized signals) and the image profiles reported. The
pulse sequence used is illustrated in Figure 2. The gradient G,
encodes spatial location y as a frequency offset v—vy, =
(v/27)G,y from the precession frequency », = (y/27)B, of the
detected nucleus, where « is the gyromagnetic ratio of the
nucleus. The signal 8§(¢) in the heterodyne detection frame
(referenced to »,) is then the superposition of all the spin-echo
signals arising from different regions of the sample with dif-
ferent local proton densities o(x). For the sake of clarity of
exposition only, we model (in this Appendix alone) the trans-
verse relaxation behavior by a simple exponential function and
the intrinsic echo shape by a double-sided exponential of time-
scale T°,. [This timescale differs only slightly from the usual
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timescale 75 of an exponential free induction decay (1/75 =1/
T°,+ 1/T,), because usually T; << T,.] Then, within a scale
factor s:

1 .
SsuTy=|  owexpl- (Ter0)/Tyo)

v volume

x exp(— |t /T3)expliyGyt)dx (A1)

where £=0 is taken to be at the center of the main spin echo.
Note that as a Fourier integral of a real function, the (complex)
signal is expected to be Hermitian. Departures from the model
forms assumed for the relaxation are discussed in the main
text.

The usual image transform (making the conventional sub-
stitution 2wk, =yG,t) is:

M(y;Ty}= g 8 (k,; Tg)exp(—2xik,y)dk, (A2)

which is related to the actual proton density distribution o(x)
by:

l ' — e
“MuTo=| 00

v \pecimen

xexp[—Te/To(¥y )NL(y—y')dy' (A3)
where g, () is the section-average proton density defined in
Eq. 1, £() is the Fourier transform of the echo shape:

" o0

L=\ exp(- 27k, /vG,T3)exp(— 2mik,y)dk, (Ad)

=]

and we have assumed that 7,(x) is uniform over (x, z) sections.
We also neglect in Eq. A4 a time-dependent factor exp{—¢/
T,(x)], because typically T,>>T°,. We thus see Eq. A3 that
the usual image transform (Eq. A2) yields a magnetization
profile M( y; T¢), which within the scale factor s is the section-
average proton density o,(y) (Eq. 1), subject to (i) blurring
by convolution with a point spread function £(y) and (ii)
decay by transverse relaxation exp[— 7Tz/T5(¥)].

The lineshape blurring imposes a limit on spatial resolution
which is of order 27Av,/yG, where Ay, is the linewidth in Hz
(Av,= 1/%T", for the Lorentzian model adopted here). This can

be important with porous media, but in this work the resolution
limit imposed by the digitization was in fact coarser. In prac-
tice, the digital Fourier transform approximation to Eq. A2
is calculated from records of finite length 7,,; for the DFT
(Bracewell, 1978), the pixel width (in Hz) Ap,=1/T,, showing
that fine pixel resolution (small A»,) requires a long 7,,, pos-
sibly inconsistent with a requirement for a short Tp=T,,+27T)
(Figure 2). Spatial resolution / at a given G, may thus be limited
either by linewidth or by a requirement for a short echo time
Tp:

h= 2n max{fAvy, f,Av,} (AS)
¥y

G

The prefactors f; and f, indicate some latitude in the criterion
of “‘resolution.”

In the present work, a sine-bell data window was imposed
on the digitized data to suppress truncation artifacts (‘‘ringing’’
at sharp edges) in the digital version of Eq. A2. This window
imposes its own point spread function which is approximately
1.6 pixels wide at half-height and 3 pixels wide between its
first zeros. This suggests that f,=2 (say) should be taken in
Eq. AS. For a Lorentzian line, significant signal occurs in the
““wings’’ of the lineshape; taking the width at 10% height as
the criterion for ‘‘just-resolved’’ requires f;=3 in Eq. A5. For
our material (Table 5) and experimental choices (Figure 2), the
two terms in Eq. AS are then 0.8 mm and 1.6 mm, respectively.
Sampling and windowing are thus the limiting factors on res-
olution here; the continuous convolution with £(y) in Eq.
A3 may be replaced with a discrete convolution with the data
windowing point spread function. This results in blurring by
approximately 2 pixels in 128. Provided that variations in the
image are sufficiently smooth over such scales, the consequent
bias will be small and is henceforth neglected also. Subject to
these approximations, we then have:

1 .
B M(y;TE) =g,(»)expl- T/ Th(1)]. (A6)

There is scope for more sophisticated data processing methods
on the relatively coarsely sampled data (128 pixels) which we
acquired (Daniell, 1991), but in this work we have followed
the orthodox procedures.
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