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ABSTRACT

We deveoped noved NMR imaging techniques which can be used to characterize fluid
didribution and pore szes in rock samples. The combination of imaging with relaxometry not only
provides the proton populaion map in core samples but dso incorporates information about the
relaxation times and diffusion coefficients of pore fluidsin arock sample. NMR images of a core
plug sample were obtained where the proton signa was successively encoded with information
on reaxation time and diffuson coefficient of the pore fluids. The encoding was achieved by
imposing a saturation recovery sequence for T1 relaxation, or a Tanner (or Smilar) sequence for
the diffuson coefficient, before the maging pulsing sequences. Thus, the NMR images were
processed to yidd the normd proton population image with an extra dimension showing either the
relaxation time or the diffusion coefficient distributions. This procedure dlows us to identify how
the fluid is digtributed within the core plug using the contrast in the diffuson coefficients, as well
as the characteridtics of the pore fabric usng the T1 reaxation time distribution. It also provides
a means of inferring the surface wettability in the spatid image of a core plug. Severd
experimenta examples will be presented to illudtrate the techniques.

INTRODUCTION

Petrophysica applications of NMR imaging of core samples started in the mid 1980s. The main
focus was on obtaining high-resolution NMR imagings of porosity and saturation digtributions in
rock samples [1]. A variety of magnetic resonance imaging (MRI) techniques has been gpplied
to determine the petrophysical properties of porous media. For example, porosity and saturation
digributions of fluids in a rock sample can be dicited with MRI imagings [2-4]. MRI has aso
been gpplied to monitor fluid digolacement (or movement) [5-8], wettability effects on oil-water
configurations [9], and ail recovery [10, 11], to assess formation damage [12, 13], and to provide
the petrophysca properties of complex carbonates[14].

We present here a new method of NMR core-plug imaging which aso provides information on
digribution d T1 reaxation times, or diffuson coefficients of fluids in rock samples a pixd levd.
Basad on the current technology, it is Hill very difficult to obtain rock imaging & the pore sze
scade for mogt sandstone rock samples. The mgor limitation comes from srength of both



extend fidd gradient and internd fidd gradient in pores [15]. The externd fidd gradient is
normally in the range of few 10s of gauss and limited by the current Sate of the technology and
the size of the sample. However, the internd gradient field caused by the susceptibility contrast
between grains and fluids is proportiond to the datic fidd applied to the sample and can range
from zero to a few hundred gauss [16]. Internal fied gradients broaden the resonance lines and
reduce our ability to use frequency coding, as created by the externd gradient, to digtinguish
gpatialy alocated fluids. In other words, the exisience of internd field gradients reduces the
gpatia resdution of MRI and limits the application of MRI techniques to andlyze core samples.
Thus MRI by itsdf can only provide fluid digtributions indde cores, but fals to dict the
wettabilities and pore Sze didributions. However, TUT2 rdaxation times and diffuson
coefficients have been successfully used to characterize pore size distributions and the viscosties
of fluids in formations from both logging and core andyss [17]. Idedly then, a NMR image
combined with a relaxometry measurement can yield the normal proton population image with an
extra dimengon showing ether the rdaxation time or the diffuson coefficient digtributions. We
present experimental results of atest sample and red rock samples measured by MRI combined
with T1 measurements and diffusion measurements.

EXPERIMENTAL SETUP

Our NMR imaging system includes a wide bore vertical magnet from Bruker, an MSL 200
Bruker spectrometer upgraded by Resonance Instrument, a Doty microimaging probe, and
Techron gradient power amplifiers. The magnetic fiedld was st a 85 MHz as a compromise
between the higher SN ratio achieved a higher fields and the reduced susoceptibility broadening
encountered at lower fidds.

Fgure 1 shows the 1D verson of T1 inverson-recovery MRI (T1IMRI) pulse sequence.

Following the typical convention of the magnetic frame of reference, the magnetizetion isinverted
to the negative zaxis by the first 180° pulse and starts to recover during the following dday time
t; (dso referred to as recovery time). The partidly recovered magnetization is then tipped to the
xy-plane by a hard 90° pulse and garts to precess around the static magnetic fied. During the
precesson, a gradient pulse is gpplied to encode the spatid pogtion to individud spins After

encoding, a 180° pulse is gpplied to form an echo for detection. During the echo acquisition period
areadout gradient is gpplied. By varying the recovery time between the first 180° and 90° pulses,
one is adle to obtain a T1 recovery curve for every spdia podtion dong the zaxis. After
acquiring a set of echoes with different recovery times, we then performed a FFT (Fast Fourier
Transform) and a BRD (Butler, Reeds, and Dawson) [18] inverson to obtain a 3D corrdation
map: The firg dimengon is spatia postion, the second dimension is T1 relaxation time, and the
third dimension is the proton population at a given spatia position and T1 relaxation time.

Figure 2 shows the 2D verson of a TIMRI pulse sequence. After the T1 encoding, a soft 90°
pulse and a zgradient pulse are Smultaneoudy gpplied to sdect axy dice. Following a sandard
2D MRI procedure, a 2D data set was acquired and each data set encoded with different x and



y gradients. A 2D FFT and a BRD inverson reaults in a correation map between the T1
didgribution and 2D porogty profile for the selected xy dice.

Figure 3 shows the 1D verson of a diffuson MRI (DMRI) pulse sequence. This sequence is
amilar to the 1D TIMRI except that the inverson-recovery part has been replaced by the
Tanner stimulated echo sequence [19]. The diffusion effects can be seen by varying ether the
delay time between the second and third 90° pulse, or the gradients applied during the Tanner
sequence. In our experiment, the gradients were varied. In a standard Tanner sequence, the
dimulated echo is acquired directly after the third 90° pulse. For our pulse sequence, in order to
obtain 1D porogty profile, an echo ssquence with gradient encoding and decoding pulses was
initisted after the Tanner sequence. FFT and BRD inversions result in the correlation map of
diffuson coefficent and 1D porosity profile, dong the zaxis.

RESULTSAND DISCUSSION

T1 Measurement with 1D Imaging

To illugrate 1D TIMRI, we prepared a three-cdl sample arranged verticaly in atest tube. The
firgt cdl was filled with digtilled water (with the T1 relaxation time of 3s at room temperature),
the second, with crude ail (with T1 of 200ms a room temperature), and the third, with doped
water (with T1 of 10ms at room temperature).

In the 1D TIMRI experiment, the 90° RF pulse length was 33ns and 180° RF pulse was 6717s.
The recovery time varied from 0.1ms to 10s according to the following order: 0.1ms 0.3ms, 1ms,
3ms, 10ms, 30ms, 100ms, 300ms, 1s, and 10s. The wait-time between two scans was 5s. The
gradient pulse length was 300ns and the readout gradient pulse length was 600ns. The gradient
drength was 7gauss’cm and the dwel time in the acquisition was Ins. The echo spacing was
1ms and 512 data points were acquired. Note thet it is important to have long enough delay time
between the first gradient pulse and the second 180° pulse in order to obtain an undistorted 1D
imaging profile. At the beginning of the development, we used 20ns and later found it should have
been 300ns or longer.

Once the complete echo was acquired, we performed a FFT D obtain a spectrum whose
intengity was a T1 encoded hydrogen population profile ong the goplied gradient direction (in this
cae it is axid). Note that due to the applied gradient, the phase of the FFT spectrum is linearly
proportiond to the frequency. We can perform ether a linear phase correction or just amply use
the amplitude. For N different recovery times, we obtain N T1-encoded spectra. If we arrange
al the spectra dong the recovery time, for each frequency component we have a T1 recovery

curve. Performing a T1 inverson on the T1 recovery curvesresultsin a 3D map whose first axis
is frequency (or axid postion), the second axis is T1 relaxation time, and the third axis is the
hydrogen intengty a given axid podtion and T1 rdaxation time. Figure 4 shows a 1D TIMRI

correlation map of three different fluids.



From the frequency/axid domain, we clearly see three different cdls and the length of each cdll
is @out 2cm. In the T1 relaxation time domain, three different relaxation times are observed: for
the didtilled water, about 3s, for the crude oil, aout 200ms, and for the doped weter, around
20ms. Note that the intengty profiles of two cdls at their ends are not flat due to end effects
from the gradient cail.

After a core-flood experiment, one usudly wants to know how the origind fluid was diolaced by
the flood dong the axid direction. Traditionaly we need to run a 3D MRI imaging on the flooded
core plug to see the fluid didribution. Such an experiment usudly takes a long time to run.
Furthermore, in many cases, it isdso very difficult to distinguish the origind fluid in the core with
the flooding fluid by MRI done. The 1D TIMRI gives a quick and religble way to monitor the
fluid digplacement in a core-flood experiment. It is quick because we only need to take afew 1D
images. The religbility comes from the fact that the T1 reaxation time is highly variable in fluids.
The T1 didribution aso dlows monitoring the free fluid and BVI in core samples. Figure 5
shows an example of 1D TIMRI with two water saturated core plugs. Note that the BVI
shown in the figure may be smaller than the true value. This is because the acquisition of echo
shape limits the minimum echo spacing. Even though we reduced our echo spacing to 1ms, the
trangent effects of the gradient pulse may 4ill reduce our ability to measure short T1
components.

It is worthwhile to point out that the 1D TIMRI can dso be applied to NMR logging to obtain
high reolution T1 didribution. It is dso draghtforward to combine 1D MRI with T2
measurement using a CPMG seguence and gradient pulsesto obtain 1D T2MRI digtributions,

T1 Measurement with 2D Imaging

Applications of 2D NMR imaging include thin section imaging and full volume imaging. The thin
section imaging gives a spdtid fluid imaging a a specific axid pogtion. The thickness of the dice
is usudly around few millimeters. The full volume imaging gives a spdtid fluid digribution in axy
plane, which is an average over the whole length (zaxis). The resolution of the 2D imaging can
go as good as 100mm. One mugt use short and long echo spacings to obtain relaxation weighted
2D imaging for determining free fluid and bound fluid volumes in the core plug. Combining the T1
measurements, we can obtain the pore size digtribution associated with fluid digtribution.

The experimental parameters used in our 2D T1IMRI experiments are Smilar to the 1D TIMRI
experiments. The hard 90° pulse was replaced by the Gaussian-shgpe soft pulse. The pulse
length of the soft pulse was 2ms and there were 256 amplitude steps. During the soft pulse, a z
gradient was gpplied and its gradient strength was about 3 gauss/cm. The sdlected dice thickness
was about 3 millimeters. The x-encode gradient and the readout gradient were about 14.6
gauss’cm and y-encode gradient varied from -1.9 gauss’cm to 1.9 gauss'cm with 64 steps. The
length of both the x and yencode gradient pulse was 1 ms and the dwell time acquisition was
4rrs. Each echo was composed of 256 data points.

The data processing procedure of 2D TIMRI is dso very smilar to the 1D TIMRI except that
we perform a 2D FFT before T1 inverson usng BRD. During the FFT, we first smooth the



imaging by apodizing the spin echo train with a Lorenz lineshgpe that has a S00Hz linewidth. This
apodization did not reduce spatid resolution very much, but reduce the noise sgnificantly. In the
T1 inverson, we sdected 20 different T1 components from 3ms to 3s with equa sep Szein a
logarithmic scde. Figure 6 shows the results of the 2D TIMRI of acore plug (referred as plug-
A). The diameter of the core plug is about 1.5 inches and the length is about 2 inches. Its
outward gppearance is that of an intergranular sandstone/carbonate core plug. However, from
the MRI imaging we learned that there are a few smal vugs and a very large vug indde the
core. The firg image of the top row in Fgure 6 is regular porosity digribution imaging. The
second image shows the BVI didtribution with 33ms T1 cutoff. The third image shows the free
fluid digribution. The fourth and fifth images show geometric mean T1 images caculated from
the whole T1 digtribution and T1 didribution for BVI only, respectively. In order to show the T1
digtribution with NMR imaging, we averaged every four images and used the geometric mean
T of the four T1 components as the T1 component of the averaged imaging. The five averaged
imagings are shown a the bottom row of Figure 6.

Figure 6 gives a clear view of where the free fluid and irreducible water digtributed in the core
plug are. It is dso very clear that T, vaues of the fluid imbedded in vugs are very smilar to thet
of the free water which stayed on the surface of the core plug. The difference between short T1
imaging and long T1 imaging cdlearly shows thet there is no day or other solid in the vugs We
adso seethat in the big vug, the rlaxation time of the fluid is not al the same. There may be some
paramagnetic impurities at the lower right corner which causes the water to relax dightly faster
than at the free water rate. Beside these interesting festures about the vugs, the 2D TIMRI aso
reveds sgnificant details about the patia distribution of the pore space.

Diffusion M easurement with 1D Imaging

Measurement of diffuson coefficients has been applied to differentiate petrophysica properties
such as viscosty, wettability, and irreducible saturations. These quantities are very important in
reservoir Smulaion and production. Various 1D and 2D methods of using diffuson contragts in
fluids to measure petrophysical parameters have recently been proposed. These include NMR
fluid typing methods (MRF [20] and GIFT [21]) and 2D NMR methods (diffuson editing [22]
and relaxation-diffuson 2D [23]). Here we propose combining diffuson measurement with
NMR imaging (DMRI) as away to image saturation digtributions of different fluids.

There are severd ways to implement DMRI experiments. One example of a 1D version of
DMRI pulse sequences is shown in Figure 3, which is derived from a Tanner simulated echo
Sequence by adding a spin echo sequence with gradient encoding. However, a the early stage of
the development we aso used CPMG sequences inserted with gradient pul ses between 180° RF
pulses. The firg two echo periods were used for diffuson evolution by varying the gradient
grength while the third echo period was for MRI detection. We dsarted with the three-cell
sample and varied the diffuson gradient from O to 7 gauss. The gradient of the MRI detection
was 7 gauss for dl measurements. Because the magnetization decay rate caused by diffuson is
mainly determined by the gradient strength and the length of the gradient pulse during diffusion



periods, we took the diffuson pulse length as the effective echo spacing to exclude the time used
between RF and gradient pulses. The effective echo spacing was 32ms and therefore the total

length of the diffuson period was 64ms. Using Smilar processing as 1D TIMRI, Figure 7 shows
the correlaion map of diffuson and 1D MRI of the three-fluid sample. Because the length of the
dffuson period is much longer than the T1 relaxation time (20ms) of one of three fluids in the
tube, one of fluid imagings cannot be observed in the figure. For the same reason, the intengity of
the second fluid whose T1 is about 200ms is aso reduced. However the diffusion coefficients
measured by CPMG DMRI are very accurate. The maximum of the water peak appears at
about 4x10°crm/s while the crude oil is about 10 times less.

Figure 8 shows the corrdation map of diffuson and 1D MRI of a core plug (Plug-B) with the
pulse sequence shown in Figure 3. Here we have replaced the CPMG sequence with a Tanner
sequence. Thetotd diffusion period has been reduced to 30ms, however, we varied the diffusion
gradient from 0O to 11.7 gauss. Because the plug was placed verticaly in the magnet, some of the
water in the plug drained to the bottom of the holder. Thisis why the peek intensity is high a one
end of the plug. Secondly, the diffusion coefficient a the two ends gppears larger than in the
middle and the change is gradud. This may be related to the internd fied gradient. Due to the
susceptibility contrast between grains and pore fluids, the actud gradient of the fluid includes
externd and internd fidld gradients The didribution of the internd field gradient aong the axid
direction is usudly in a U-shape, that is, a the two ends the gradient reaches maximum and the
minimum is in the middle of a core plug. Assuming thet the externd gradient is uniform, the tota
gradient is aso in a U-shape. The apparent diffusion coefficient, D,, becomes D=D(G/Gg)?,
where D, is the bulk diffuson coefficient, G isthe tota gradient, and Gz isthe externdly gpplied
gradient. If the tota gradient field is larger than the externd gradient, the gpparent diffuson
coefficient will be larger than the true diffuson coefficient. Furthermore, restricted diffuson
effects can reduce the gpparent diffuson coefficients by a time-dependent factor determined by
the tortuogty and diffuson time [17]. In the long diffuson time limit, the factor is equd to the
tortuosity. The third feature that appears in Figure 8 is that the diffusion coefficient varies quite
dramdicdly in the middle of the plug dthough its geometric mean may be smilar. This could be
the result of ether redricted diffuson or a variation in the internd field gradients in the porous
media

CONCLUSIONS

The main advantages of performing MRI measurements on arock sample are that the method is
non-destructive and that its Sgnd directly comes from the fluids in the sample. MRI reveds the
heterogeneity of the fluid didribution in a rock sample. Relaxometry of a rock sample gives
indirect pore Sze digribution and has had great success in characterizing petrophysica properties
in open-hole logging.

The TIMRI and DMRI techniques illugtrate how the combination of relaxometry with MRI can
characterize fluid and pore-gze digributions in rock samples. The combination of imaging with
relaxometry not only provides the proton population mgp in core samples but dso incorporates
information on the reaxation time and diffuson coefficient of the pore fluids. The encoding was



achieved by imposing a saturation recovery sequence for the T1 rdaxaion or a Tanner (or
amilar) sequence for the diffuson coefficient before the imaging pulsing sequences. Thus the
NMR image can be processed to yidd the norma proton population image with an extra
dimengon showing ether the rdaxation time or the diffuson coefficient distributions. This dlows
us to identify how the fluid is digtributed within the core plug using the contragt in the diffuson
coefficients, as wdl as the characteridtics of the pore fabric usng the T1 relaxaion time
digribution. It dso provides away to sudy the surface wettability in the patia image of a core
plug in future,
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Figure 1. 1D verson of a T1 MRI pulse sequence which is derived from an inverson-recovery
sequence by adding a spin echo sequence with two pulsed gradients. The first gradient is for
frequency/position encoding and the second, for readout of spatidly encoded hydrogen. Variation
of T1 recovery timet; yidds T1 digributions of fluidsin arock sample
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Figure 2. 2D verson of a T1 MRI pulse sequence which is derived from an inverson-recovery
sequence by adding a spin echo sequence with four pulsed gradients. The first G pulse is for
frequency/position dong the xaxis encoding, and the second G pulse, for readout of spetidly
encoded hydrogen. The G, gradient is for encoding aong the y-axis by varying its amplitude. The
G, pulse combined with the shaped RF pulse sdlects a xy dice. Variaion of T1 recovery timet;
yields T1 digributions of fluidsin arock sample.
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Figure 3 1D verson of a Diffuson MRI pulse sequence which is derived from a Tanner
dimulated echo sequence by adding a spin echo sequence with pulsed gradients. The first two
gradients cause diffuson modulation on echo intengty. The third and fourth gradients are for
obtaining imaging. The Variation of the firs two gradient amplitude or time interval D (d) yidds
digributions of diffuson coefficientsin arock sample.
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Fgure 4. a 1D TIMRI correaion map of three 2cm long cells of different fluids: didtilled water
with T1 of 3s, crude oil of 200ms, and doped water of 20ms. Left is the 3D plot showing proton
amplitude versus sample dimenson and T1 reaxation time, while the right is the contour plat.
Note that the intengty profiles of two cedlls a their ends are not flat due to end effects from the
gradient cail.
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Figure 5. a 1D TIMRI corrdaion map of two sandstone plugs. Left is the 3D plot of proton
amplitude versus sample dimenson and T1, while the right is the contour plot.

Figure 6. Reaults of 2D TIMRI of Plug-A: (top) porosity, BVI (with 33ms T1 cutoff), FF,
T1G, and T1G of BVI maps, and (bottom) five imeges a different T1 bins. Each T1 bin isan
average of the adjacent four T1 imagings used in the BRD inverson. The diameter of the core
plug is aout 1.5 inches and the length is about 2 inches. Its outward gppearance is that of an
intergranular sandstone/carbonate core plug. The porogity imaging reveds afew smdl vugs and a
very large vug insde the core.
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Figure 7 1D diffuson MRI spectra of a three-fluid sample. Top row shows the 3D plot of praton
amplitude versus sample dimension and diffuson coefficient (left) and the contour plot (right).
Bottom row is the projected diffuson digtribution and axia sgnd profile. Note that the sgnd

profileis not flat because some portions have short T1 components which were not observed due
to long diffuson time.
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Figure 8. 1D diffuson MRI spectra of Plug-B measured by the pulse sequences shown in Figure
3. The diffuson coefficient varies quite dramaticdly in the middle of the plug dthough its
geometric mean may be amilar. This could be the results of ether redtricted diffuson or a
vaidion in theinternd field gradients in the porous media



