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Abstract

Pulsed field gradient nuclear magnetic resonance techniques were used to study sandstone and
limestone systems with different structural characteristics. Stimulated echo sequences with four
bipolar gradient pulses were used in the measurements to reduce the effects of the internal field
gradients arising from the structural and chemical composition heterogeneities. It is found that the
rock permeability differences can be detected by analyzing the diffusion characteristics. In addition,
a set of diffusion measurements was performed on a limestone sample for a drainage experiment to
reveal the wetting phase distribution changes corresponding to the saturation changes. This study
indicates that NMR diffusion measurements and analyses potentially can be used for characterizing
pore structure, fluid phase distributions, and permeability in porous systems.

Introduction

The characterization of pore structures of reservoir rocks is of fundamental importance for petroleum
exploration and recovery. Although there are a number of conventional methods that attempt to
characterize the structures of porous media at a microscopic level, none are without serious lim-
itations and objections. For example, mercury porosimetry is largely insensitive to pore sizes,
providing only a measure of pore throat sizes. Furthermore, the method should only be consid-
ered to be semi-quantitative since it relies on the bundle-of-tubes model for interpretation of the
measurements; that model is known to be a poor representation of media typical of petroleum
reservoirs. The use of quantitative stereology with thin sections can provide certain structural in-
formation; however, pore connectivity, permeability, and fluid distributions are not observed from
such studies.

In recent years, there have been an increasing awareness and interest in the use of. NMR diffu-
sion measurements to detect pore structures and other petrophysical properties (Callaghan, 1991;
Callaghan, et al.,1990;1991; Mitra and Sen, 1992; Mitra, et al., 1992; Chen, et al., 1992a; Latour,
et al., 1993). The approach is based on the fact that the diffusional motion of fluid molecules in
the pore spaces of a porous medium is quite different from that in a bulk liquid due to the presence
of pore boundaries which restrict the diffusion. The effects of the geometrical restrictions result in
measured diffusivities being smaller than those in unrestricted fluids. Using pulsed field-gradient
(PFG) NMR techniques, the measured apparent diffusivity can reveal the underlying pore struc-
tures. Furthermore, the apparent diffusivities measured using different ranges of diffusion times
feature different pore structural information. Thus, experiments can be designed to elucidate a
variety of information regarding the microscopic pore structures.

In this work, diffusion measurements were performed in ten sandstone and carbonate samples.
These samples were selected to represent a broad range of pore geometrical and permeability differ-
ences. A modified version of a stimulated echo sequence with four bipolar gradient pulses (Cotts, et
al., 1988) was used in the experiments for the purpose of reducing the effects arising from internal
field gradients. The effect of time dependent diffusivity on the echo attenuation was considered
and a new expression was derived for the echo attenuation as a function of experimental diffusion
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time. Simplified forms were used as expressions for the echo attenuations in analyzing the data.
Permeability differences in rocks were related to the diffusivity differences. In addition, fluid phase
distribution changes corresponding to different wetting phase saturations for a two-phase drainage
process in a Texas Cream limestone were investigated, demonstrating a unique advantage of NMR
diffusion measurements for monitoring the fluid phase distributions in multiphase situations.

‘Background

The usefulness of the NMR diffusion technique for probing pore structures is due to the fact that
the observed diffusivity depends on the time over which the diffusional motion is measured. The
. time dependency is related to the pore size and structure. Thus, by analyzing the diffusion behavior
and its time dependency, one can obtain pore structural information.

The diffusion behaviors at short and long diffusion times in porous media have been studied
recently (Mitra and Sen, 1992). At short diffusion time region, the diffusivity varies as
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where d is the spatial dimension, Dy is the bulk'liquid diffusivity, and S, and V,, are the pore surface
and volume, respectively. On the other hand, at long diffusion times (Haus and Kehr, 1987),
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and the observed diffusivity approaches a constant value: the effective diffusivity Deq.

Echo Attenuation in Porous Media

Stimulated Echo Sequence with Bipolar Gradients

Four-bipolar-gradients stimulated echo sequences, originally developed by Cotts and Coworkers
(1988), were used in our measurements. A further modification of the sequence was done by
applying a small amplitude crusher gradient during the phase storage time period (Fig. 1) for
dephasing the signals from the extra echoes generated by multiple rf pulses.

The echo attenuations using the bipolar gradient stimulated echo sequences are described by

Ml(gm t)

U0) " exp[—12D(b1g2 + b2gd)] (3)

for Sequence I, and

Mi(ga,t)
M(0)

for Sequence II, where M(0) contains effects due to relaxation. The parameters g, and go are the
applied and internal gradients, respectively. The time coefficients are

= exp[—72D(b1g2 + baga + baga - 90)] (4)
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and
b3 = 47'2(5. (7)

The major advantage of applying bipolar gradient pulses is the cancellation (in the case of
Sequence I) or significant reduction (in the case of Sequence IT) of the effect due to the internal
field gradient. In the latter case, even though the g, “go term is not completely eliminated, the
coefficient b3 = 4726 is not diffusion time A dependent, which is different from the corresponding
~term in the conventional stimulated echo sequence (Tanner, 1970). Since the internal field gradient
effect for fluids in porous media can be large due to the inhomogeneities in chemical composition and
structure of the porous systems, sequences which can eliminate or reduce such effects are desired.
A second advantage of using the bipolar gradient sequence is the 180° rf pulses act similarly to
those in the CPMG sequence, thus the effects of T, decay during the time period 27 are greatly
reduced.

At any given observation time, if the observed echo attenuation can be regarded as due to a
single diffusional process, a single diffusivity is expected. In this case, the term due to g2 is canceled
if the ratio of echo amplitudes taken with g, = 0 and with a finite ga is formed. For Sequence I,

All(ga’t)
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and for Sequence II,
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Effect of Restrictions: Short Diffusion Times

The expressions in the previous section were originally derived assuming a uniform system without
geometrical restrictions. For geometrically restricted systems, such as fluids in porous media, several
modifications should be considered.

The quadratic dependence of gradients, shown in Egs. (8-9) for free diffusion, is a result of a
Gaussian distribution of displacements (Mitra and Sen, 1992). Strictly speaking, this postulate
is not valid for restricted diffusion. Mitra and Sen (1992) recently used a cumulant expansion
approach, and they obtained

M(q,8)] _ ¢~ < {ia-[r(0) - r(A)}?* >
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n=1

where q = ygé. The free diffusion case corresponds to n = 1 with all the higher order terms
vanishing. For porous systems, the higher order terms are not eliminated. Thus, the echo at-
tenuation will depend not only on q? terms, but also on q?, etc. However, for smaller gradients
(thus a smaller q) and for short diffusion time, the contributions from higher order terms are not
significant. Thoughout this paper, the quadratic term approximation is used, although the eflect
of higher order terms will be discussed in several places.

Even if only the n = 1 term is considered, the echo decay expressions for porous systems are
different from those shown in the previous section due to the time dependent diffusivity. Starting
from Torry’s expression for the Bloch equation with diffusion terms with all assumptions used in
Cotts’s reference holding, we see that the echo attenuations are represented by

M( t) t t’ 2
—_M(goa,,t) = exp {-72/0 D(t") </0 g(t”)dt”) dt’} , (11)
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where g(t) is the effective gradient, which includes both applied and internal gradients. This differs
from the free diffusion cases in that the diffusivity should remain inside the integral. This expression
can be approximated as

M( t) t t/ 2
-—————M(%l”t) :exp{—'y?D(t)/o (/o g(t")dt”> dt'} (12)

for cases of short applied gradients, that is, when the condition A > 6,7 holds, as has been
discussed by Latour et al. (1993) for a case using a somewhat different sequence. Using Sequence
I, this approximation yields

M(ga,1)
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which is similar to Eq. (4) except that D is replaced by D(t).

The integral of Eq. (11) can be evaluated explicitly for the rectangular shape of applied gradients
and for the diffusion expression in the form of Eq. (1). For Sequence I in Fig. 1, the diffusion
contributions for echo attenuation can be expressed as the combination of two terms, In Ry =
In Ro + In R,. The first term is the same as for {ree diffusion

t t' 2
Ro = exXp {—’)’2/0 Do <A g(t”)dt”) dtl} 9 (14)

which will result in Eq. (8). The second term is the modification term due to the restriction effect
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The calculation is straightforward, but tedious, and the result is
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where Cy 251+T, Ca :61+6, C3 = (51+6+T, Cq4 = (51,05 :A+2T+51+5, Cg = A+2T+61,
cr = A+31+6,and cs = A+ 37+ 6 + §. All these coefficients are determined from the
experimental time parameters.

Effect of Restrictions: Long Diffusion Times

According to Eq. (2), at long observation times, the diffusivity approaches a constant. Thus
the long-time scale diffusion experiments give an echo attenuation which depends on boundaries
(pore structure) but is independent of the motional parameter (diffusivity) (Callaghan, 1991).
Direct calculation using regular geometrical pore boundaries, and more recently, using an average
propagator (Callaghan, 1991) reached the same solution for the echo attenuations for the long
diffusion time limit in the absence of the higher order terms for q. Considering only the quadrtic
term, and with a Gaussian distribution of pore sizes, the echo attenuation can be expressed as

2,2
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4



19‘93 SCA Conference Paper Number 9313

where ap = mean and o? = variance of characteristic pore sizes, and
2 _ 2
a” = (27wqa)”/5. (18)

Note that in the above expression, diffusivity does not appear explicitly. It is actually repre-
sented by the pore size a. The fact that the effective diffusivity is time independent allows one to
use the pore size to represent the diffusivity.

The price paid for the approximations used for obtaining the above expression and the omission
of the higher power terms of Eq. (10) is the loss of information about the detailed pore geometry.
.For example, spherical and cubic pores will yield the same expression shown above, except for a
scaling factor in the definition of pore size a.

Experimental

All experiments were performed on a GE CSI-II imager/spectrometer system operated at 85 MHz.
The system is equipped with 20 Gauss/cm gradient capability. A 1.75 inch diameter birdcage rf
coil was used in the experiments.

Ten rock samples, including three types of sandstones (Bentheimer, Brown, and Berea) and
two types of carbonates (Texas Cream and Dolomite) were studied. In the cases of Berea, five
different samples with different permeabilities were used. Most of the experiments were performed
at complete water saturation states. A few experiments were performed at various levels of water
saturations. The partial saturations were obtained using a lab-developed desaturation unit. The
design and function of the desaturation unit has been described elsewhere (Chen, et al., 1993a).
The uniformity of saturations were checked with NMR profile imaging experiments (Chen, et al.,
1992b).

Results and Discussion

Demonstration of the Elimination of gy Effects

First we demonstrate that the internal gradient effects are effectively eliminated by using the four-
bipolar-gradients stimulated echo sequences. Figures 2a and b shows the echo attenuations as
a function of gradient strength g2 measured at A = 600 ms using both Sequences I and II for
water saturated Bentheimer sandstone and Brown sandstone. Bentheimer sandstone is a clean
and macroscopically homogeneous sandstone and Brown sandstone is highly heterogeneous in both
structure and composition. Thus, the internal gradient strengths for the two samples will be
quite different. From Eqs. (8) and (9) we see that the difference in the echo attenuation between
the results obtained using the two sequences is proportional to b3 = 47%6g, - go. The fact that
the observed differences are within the level of the experimental random noise indicates that the
internal gradient effect are negligible when using the bipolar-gradients stimulated echo sequences.

Features of Relationship of Echo Attenuation and Observation Time

Figure 3 shows the echo attenuations as a function of the observation time A corresponding to
four different samples: Bentheimer and Berea sandstones, Texas Cream limestone and Dolomite.
Measurements were performed at complete water saturated states using Sequence I. These rocks
have different characteristic pore sizes and the permeabilities differ substantially. The echo magni-
tudes (M(0,A)) corresponding to g, = 0, and M(g.,A) corresponding to g, = 19 Gauss/cm, were
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measured separately and different preamplification gains were used in the two sets of experiments
in order to take advantage of the best S/N. The data in Fig. 3 are the ratio of the two sets with
a scaling constant determined experimentally. Different decay rates among these samples were
observed. We see that the echo attenuation is strongest in Bentheimer and weakest in dolomite,
corresponding to a larger effective diffusivity in Bentheimer and smaller one in dolomite. The dif-
ferences can be qualitatively explained by the structure and pore size differences of the samples, as

- fluids in larger pores will experience less restrictions, and in smaller pores more restrictions. The
observed difference is consistent with the thin section analysis which shows that Bentheimer has
the largest characteristic pores and both the two carbonates contains a certain amount of secondary
pores.

Measurements were also performed (Fig. 4) using samples which are of the same rock type, but
which have different permeabilities. The permeability values reported by the sample providers are
listed in Table 1. There are three different permeability values for the five Berea sandstone samples.
The data for the two samples which have a permeability of 100 mD are close together, as are the
data for the two samples with a permeability of 300 mD. Generally, the data appear monotonic
with increasing permeability, which is consistent with a decrease in diffusional restrictions. This
indicates that the echo attenuation can be used as a probe of permeability.

Possibilities of Permeability Evaluation with Diffusion Data

Katz and Thompson (1985) developed a model for estimating absolute permeability in sandstones
by relating the permeability K with the pore structure

K « I2/F, (19)

where [, is the characteristic pore length. With this model, the problem of comparing permeability
of different rocks is to find the appropriate estimates for the quantities /. and F.

One possible approach (Chen, et al., 1993b) is to use the volume-to-surface ratio to represent
the characteristic pore length, [, = V,,/S,, and the porosity to represent the formation factor,
F = ¢~™, where m is a constant. Recall from Eq. (1) that the quantity V,/S, can be obtained
from the diffusivity measurements, and thus the diffusivity evaluation can be used to determine
the permeabilities.

This approach has the advantage of being easily extended to find relative permeabilities. Using
the Archie’s empirical relationship (Collins, 1990)

0S,=1 —
2w=L g7 20
os w ( )

w

the relative permeability of the wetting phase can be obtained from the measurements of diffusivities
at complete saturation and at a series of partial saturations

2 _{{1_1/‘_ 1—D5w:]/DO
Y K | 1-Ds,/Dg |
In this article, only the absolute permeabilities will be discussed.
A quick method for comparing rocks with different permeabilities is described as follows. Recall
from Eq. (1) that the diffusivity at ¢ = 0 (experimentally, this approximately corresponds to
A = 0) equals Dg. The time dependent term becomes important when diffusion time is increased:
consequently, the echo decay rate decreases with A. As A increases further, the approximate

expression (Eq. (1)) will be generally less valid. For convenience, we can define a quantity, Ay,

(21)

S
(DoAk)l/ZVi’ ~ 1. (22)

P
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The physical meaning for Ay can also be understood by considering that below Ay, only a portion
of the total molecules within the characteristic pore size V},/ 5 is restricted. Examining Eq. (1) we
see that Ay can be regarded as a characteristic quantity corresponding to the time below which
the linear dependence of D/Dg vs. \/K may be observed.

With the definition specified in Eq. (22) the value of A can not be determined rigorously.
Experimentally, we define the quantity such that the echo decay value at Ay is twice that for the
time-dependent echo attenuation at A; — oo:

In Ri(gq, Ak) = 21n R1(ga, 00). (23)

From Eq. (22) we see that
(Vo] 5p)? o Ay, (24)

and using Eq. (19) the permeability of the rock depends on Ag and F as
K o Ag/F. (25)

Our primary interest is to use the quantity to characterize the permeability differences. For that
purpose, we evaluated the permeability ratio

- -2
K samplel Ak(bsamplel

: _ 5 26
K sample2 A k ¢sainple2 ( )

with the Bentheimer and Berea data shown in Fig. 3. The values of A} were approximately 320 ms
and 130 ms for Bentheimer and Berea, respectively. The porosity values, obtained gravimetrically,
are 24.0% and 21.4% for the two rocks. Using these values and Eq. (26), we find Kpen/ KBerea=2.0.
This result agrees reasonably well with that calculated using the permeability values obtained from
conventional techniques by the sample providers: 1200/500=2.4.

More comparisons were performed using the Berea data shown in Fig. 4. The results are shown
in Table 1. Again, the calculated results with diffusion data show reasonable agreements with
those from the permeability values given by the sample providers. We emphasize that even though
this method may not be rigorously quantitative, it provides a relatively simple comparison of rock
permeabilities over a relatively large scale.

Short Diffusion Time Behavior

From the A dependence of echo attenuation, one can evaluate the diffusivity dependence as a
function of time. In Fig. 5 we plot a set of the D(t)/Dg curves calculated using the data shown in
Fig. 4 for the Berea sandstones and with Eq. (13). Several data corresponding to the shortest A’s
were omitted since the conditions for the validity of the approximation (Eq. (13)) are not satisfied
in the very short time region, as described in the section Echo Attenuation in Porous Media. In
the above analysis, the time dependent apparent diffusivities were evaluated using experimental
results acquired only at two gradient values (g, = 0 and g, = 19 Gauss/cm) for every observation
time. The validity of this approach requires that a linear dependence between In Ry and g2 be
observed. However, this condition is generally only observed during relatively short diffusion times,
and may begin to be violeted at A = 50 ms, even for rocks with relatively larger pores, such as
for Berea 1 (see Fig. 6). Thus rigorous models need to be developed for the recovery of D(t) from
those individual curves to improve the accuracy in estimating permeabilities. Even in this case,
the experimental time could be very long since large numbers of data curves such as those shown
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in Fig. 6 need to be acquired. For estimation of sandstones with large differences in permeabilities,
the'method we described earlier can provide quick results.

We do not try to compare limestone permeability with those of sandstones. Most limestones
contain distinctly different groups of characteristic pore sizes—typically primary and secondary
pores. While the porosity in these systems is largely affected by the primary pores, the permeability
is largerly affected by the secondary pores. These effects may be included by using the effective
diffusivity to describe the formation factor F in Eq. (25). Detailed discussion of this subject will
not be included here.

Saturation-Dependent Fluid Distributions

One application of the diffusion measurements corresponding to long diffusion times is the eval-
uation of fluid phase distributions at different saturations. For a drainage process involving gas
(Ny)-liquid (water) phases, it is expected that the wetting phase saturates smaller sized pores at
lower saturations due to the capillary effects. Such observations can be confimred by analyzing
the diffusion data obtained at different saturations. For this purpose, the long observation time
(A = 600 ms) diffusion measurements were performed at several saturation levels. The Gaussian
distribution model (Eq. (17)) was used for representation of pore sizes. At complete water sat-
uration, the distribution reflects the pore size distribution of the entire sample while at partial
saturations, the pore size distribution obtained corresponds to the water phase occupancy (i.e., the
wetting fluid phase distribution). Figure 7 plots the fluid phase distributions obtained using the
above analysis in a Texas Cream limestone sample. It is observed that the distribution curve shifts
to the left as saturation is lowered, consistent with the drainage process. It is also noted that the
mean value of the distribution of the fully saturated case, ag = 60um, agrees with the mean value
of the pore sizes obtained by thin-section analysis; the latter showed that <a>= 60 — 100um. The
advantage of using the NMR technique is obvious: it provides not only the pore size distribution
at complete saturations, but also the fluid phase distributions at any saturation levels. It is also
more appropriate for quantitative evaluation, compared to thin-section photography.

The Gaussian distribution model provides a reasonable fit to the echo attenuation, as can be
seen in Fig 8. Other models, including the single-sized spherical pore model and single-sized cubic
pore model (Callaghan, 1991), have also been tested but failed to provide satisfactory fits. The
outcome is expected considering the heterogeneous nature of natural porous rocks. However, the
curvilinear behavior of In Ry vs. g2 may also be due to the contribution of higher terms, 2", which
have been omitted in Eq. (17).

Summary

NMR. diffusion measurements in a number of rocks samples with different pore structures revealed
that the rock permeabilities can be detected by analyzing the differences in restricted diffusion
effects. !

The short diffusion time behavior of echo attenuation for the cases of time-dependent diffusivity
can be expressed as the product of the attenuation due to {ree diffusion (diffusion-time-independent)
and the term corresponding to the restricted diffusion effect (diffusion-time-depednet). The exact
expression is derived.

The fluid phase distributions corresponding to different saturations for a two-phase system
can be obtained by analyzing the echo attenuation corresponding to the long diffusion time. The
mean pore size obtained from diffusion measurements and from thin-section analysis are in a good
agreement. ‘
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Nomenclature

aop

Deﬂ'

Greek Letters

= ©poresize
mean pore size

= spatial dimension

= diffisivity in porous media

= effective diffisivity at long diffusion time
bulk fluid diffisivity

= formation factor
effective gradient

= internal gradient

applied gradient

absolute permeability
= relative permeability
characteristic pore length
= intensity of magnetization
= intensity of magnetization at g, = 0
wave factor = yég
ratio of intensities
= poresurface
= fluid saturation

= pore volume

proton gyromagnetic ratio

gradient length

variance of characteristic pore size
conductivity of porous media at saturation S,
porosity

pulse sequence time parameter

experimental diffusion time
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Table 1. Physical parameters of Berea samples

parameter | Berea 1 | Berea 2 | Berea 3 | Berea 4 | Berea 5
¢ (%) 214 19.3 21.2 18.4 17.9
Ay (ms) 130 62 66 22 20
K~* (mD) 500 300 300 100 100
K"/ K§ . oat 1 1.7 1.7 5 5
K/ Kpereat 1 1.8 1.9 4.4 4.6
Explanations:

1. K* values were given by the sample providers and
K values were calculated using our diffusion data.

2. Berea samples 1, 3, and 5 were from one provider,
samples 2 and 4 from a different provider.

2222

81=82used s
—= i T ] A < —!71 —I

(2)

2 n

o

G

61=582used s
A SR

(b)

Fig. 1. (a) Bipolar-gradients stimulated echo sequence I. (b) Bipolar-gradients stimulated echo
sequence II.
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Apparent Diffusivity Compgr‘ison
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Fig. 5. Apparent diffusivity with its observation time dependency for the five Berea sandstones.
The trends are consistent with the permeability differences
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Fig. 6. The gradient strength dependency of the echo attenuations for Berea 1 at various observation

times. Linear dependence was observed for short observation times only.
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Fig. 7. Wetting phase distributions obtained at various saturation levels for Texas Cream limestone.
The figure indicates the distribution changes with saturation, which is consistent with a drainage

process.
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Fig. 8. The fitting quality using a model with Gaussian distribution of pore sizes.






