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Diffusional Coupling between Micro and Macroporosity for NMR
Relaxation in Sandstones and Grainstones'

Vivek Anand’ and George J. Hirasaki’

The interpretation of NMR measurements with fluid
saturated rocks assumes that the 7' or 7, distribution is
directly related to the pore size distribution. In many
cases, this assumption is valid. However, the assumption
breaks down if the fluid in different sized pores is coupled
through diffusion. In such cases, the estimation of forma-
tion properties such as permeability and irreducible water
saturation using the traditional 75, method gives erro-
neous results. Several techniques like “spectral” BVI and
tapered 7% ..o Were introduced to take into account the
effects of diffusional coupling for better estimation of
properties.

This paper aims to provide a theoretical and experi-
mental understanding of NMR relaxation in systems with
diffusionally coupled micro and macropores. Relaxation
is modeled such that the fluid molecules relax at the sur-
face of the micropore and simultaneously diffuse between
the two pore types. The 7, distribution of the pore is a
function of several parameters including micropore sur-
face relaxivity, fluid diffusivity and pore geometry. The
governing parameters are combined in a single coupling
parameter (¢) that is defined as the ratio of the characteris-
tic relaxation rate of the coupled pore to the rate of
diffusional mixing of magnetization between micro and
macropore. Depending on the value of ¢, the two pore
types can communicate through total coupling, intermedi-
ate coupling or decoupled regimes.

ABSTRACT

The model is applied to treat diffusional coupling in
sandstones with a distribution of macropores lined with
clay flakes. Simulations are verified by comparing with
experimental results for chlorite-coated, North Burbank
sandstone. It is observed that the relaxation time distribu-
tion shows a bimodal distribution at 100% water satura-
tion but a unimodal distribution when saturated with hex-
ane. This occurs because the extent of coupling is higher
for hexane than for water due to lower relaxivity and
higher diffusivity of hexane. The « values indicate inter-
mediate coupling for water and strong coupling for hex-
ane.

The model is also applied to explain pore coupling in
grainstone carbonates with intra and intergranular poros-
ity. In this case, « is shown to have a quadratic depend-
ence on grain radius and inverse dependence on
micropore radius. The theory is experimentally validated
on several systems with microporous particles of varying
grain diameters and known microporosities. Here too, the
T, distribution at 100% water saturation varies from
bimodal for coarse-grained particles to unimodal for
fine-grained particles. The transition from bimodal to
unimodal distribution is also predicted theoretically from
the values of .
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INTRODUCTION

NMR 7, measurements are often used to estimate the
pore structure and formation properties such as porosity,
permeability and irreducible water saturation. NMR esti-
mation of pore size distribution assumes that in the fast dif-
fusion limit, 7, of a fluid in a single pore is given as

1 1 S
=+m() (1)
Lo T ).

where 7,5 is the bulk relaxation time, p, is the transverse
surface relaxivity and (S/F),o. is the pore surface-to-volume
ratio. For a rock sample having a pore size distribution, each
pore size is assumed to be associated with a 75, component
and the net magnetization relaxes as a multi-exponential
decay.
Mm=2ﬁm%;) @
J 2/

where f; is the amplitude of each 7. Such interpretation of
NMR measurements assumes that pores of different sizes
relax independent of each other. In many cases, this assump-
tion is valid. However, it is observed that the assumption
often fails for shaly sandstones and carbonates especially in
grainstones and packstones. Ramakrishnan et al. (1999)
explained that the failure could be understood by consider-
ing the diffusion of magnetization between intra (micro) and
intergranular (macro) pores. The resulting 7, distribution is
influenced by surface-to-volume ratio of both micro- and
macropores and thus, the correspondence between 7, and
pore size distribution is lost. In such cases, traditional
method of employing a sharp 75 ... for estimating bound
fluid fractions and permeability would not be applicable.
The effect of diffusional coupling on accurate estimation
of irreducible saturation is illustrated for the case of clay

Clay Flakes
Macropore

Undisplaced

Micropores Micropores

a b

Fi1Gc.1 Conceptual model of pore coupling in clay lined pore in
sandstones (Straley et al., 1995). (a) 100% water saturated
pore. Fluid in micropores relaxes with T, > T, o due to
diffusional exchange with the macropore. (b) Pore at irreducible
water saturation. Fluid relaxes with a rate proportional to surface
to volume ratio of the micropore.
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lined pores in sandstones. Figure 1 shows the schematic
diagram of a clay lined pore (Straley et al., 1995) (a) at
100% water saturation and (b) at irreducible saturation after
capillary drainage of the macropore. First consider the case
of the pore at irreducible saturation in Figure 1(b). Since the
macropore is drained, there is no diffusional exchange
between fluid in micro- and macropore. Thus, the fluid in
micropores relaxes with a rate proportional to the sur-
face-to-volume ratio of the micropores. Now consider the
case of 100% water-saturated pore in Figure 1(a). If the
fluid in micropores is in diffusional exchange with that in
the macropore, its apparent volume is larger even though
the surface area for relaxation remains same. Thus, the fluid in
micropores relaxes with a longer relaxation time than at irre-
ducible saturation. If a sharp 75 ..qp based on the relaxation
time of micropores at irreducible saturation is employed, it
may underpredict the irreducible saturation because a fraction
of fluid in micropores is relaxing slower than 75 .y Tech-
niques like “spectral” BVI and tapered 75 ., (Coates et al.,
1998; Kleinberg et al., 1997) usually provide better estimates
in such cases by assuming an irreducible fraction which is
diffusionally coupled with bulk pore fluid for each pore size.
However, a theoretical basis for the application of these tech-
niques needs to be established.

DIFFUSIONAL COUPLING BETWEEN
MICRO AND MACROPORES

Mathematical modeling

We begin by numerically simulating the decay of magne-
tization in the symmetry element between two clay flakes in
the pore model of Figure 1. Figure 2 shows the simplified
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FIG. 2 Physical model of coupled pore geometry. Fluid mole-
cules relax at the micropore surface while diffusing between the
micro and macropore.
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pore model consisting of a clay-bounded micropore adja-
cent to a macropore. The curvature of the outer grain sur-
face and the thickness of the clay flake are neglected. The
fluid molecules relax at the surface of the micropore and
simultaneously diffuse between the two pore types. As a
result, the 7, distribution of the pore is determined by sev-
eral parameters such as micropore surface relaxivity,
diffusivity of the fluid and geometry of the pore system.
The simple model helps to keep the analysis tractable and
also captures the essential features of more complicated
pore coupling models (Toumelin et al., 2003).

The coupled pore is defined by three geometrical param-
eters: half length to the middle of macropore (L,), half-dis-
tance between clay flakes (L) and microporosity fraction
(). The decay of magnetization per unit volume (M) in the
pore is given by the Bloch-Torrey equation

oM M
—=DV’M —— 3)
Jat TZ,B

where D is the diffusivity of the fluid. The boundary condi-
tions are

Dn - VM + pM =0 at micropore surface 4)
n+ VM =0 at symmetry planes 5

where 7 is the unit normal pointing outwards from the pore
surface and p is the surface relaxivity. A uniform magnetiza-
tion is assumed in the entire pore initially. In addition, the
bulk relaxation rate is assumed to be very small in compari-
son to surface relaxation and is neglected.

We introduce characteristic parameters to make the gov-
erning equations (3-5) dimensionless. Expressing the equa-
tions in dimensionless form helps to characterize the sys-
tems with fewer parameters. The spatial variables are, thus,
normalized with respect to the half-length of the pore (L,),
magnetization with respect to initial magnetization and
time with respect to a characteristic relaxation time, 75,
defined as

I/tatal _ LILZ _ g

T, = = =L
pSaz‘tive p,BLZ pﬂ

(6)

In the above equation, S, refers to the surface of the
micropore at which relaxation is taking place and V.
refers to the total volume of the pore. An analogous relax-
ation time of the micropore, 7, is defined as
1 (V) _BL.L, L,

"

S ()

Thp=—
" p pBL,  p

where (V/S), refers to volume-to-surface ratio of the
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micropore. The characteristic relaxation time 75 . is related
to 7>, by comparing equations (6) and (7)

T
=T, = ? . (8)

We also introduce two dimensionless groups, namely the
aspect ratio of the pore # and Brownstein number u
(Brownstein and Tarr, 1979), defined as

L,
== 9
n L )
pL,
== 10
== (10)

The dimensionless groups can be combined into a single
parameter called coupling parameter («) defined as

PBL;
DL,

a=fnu= (11)

7 is the aspect ratio of the characteristic dimension of the
macropore to that of the micropore. u and « are ratios of the
relaxation rate to the diffusion rate but i treats the system as
a single macropore while « includes the contribution of the
micropore to the total surface-to-volume ratio. The physical
significance of the parameters is detailed in the Results sec-
tion. The governing equations can thus be expressed in
terms of above mentioned dimensionless parameters as
given in Appendix A. A finite difference Alternating Direc-
tion Implicit technique (Peaceman and Rachford, 1955) is
employed for the numerical solution of the dimensionless
equations. The details of the numerical technique are
described in Appendix B.

Results

The decay of magnetization in the coupled pore is char-
acterized by three parameters; aspect ratio of the pore (1),
microporosity fraction (f) and Brownstein number ().
Depending on the value of u, defined as,

_ Relaxation rate _ p/L, _ pL, (12)
“ Diffusion rate D/} D

the decay can be classified into fast, intermediate and slow
diffusion regimes. In the fast diffusion regime (u<<1), the
lowest eigen value of equation (3) completely dominates
and the decay curve is mono-exponential. In the slow diffu-
sion regime (4>>10), the higher modes also contribute to
the relaxation and the decay curve is multi-exponential
(Brownstein and Tarr, 1979). These diffusion regimes are
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visualized with the help of snapshots of magnetization in the
pore at intermediate decay times. Figure 3 shows the con-
tour plots of magnetization for # = 0.5 and # = 10 at
dimensionless time ¢ = 1 for various values of . For u small
compared to 1 (u=0.1), fast diffusion leads to nearly
homogenous magnetization in the entire pore. With the
increase in the value of i, gradients in magnetization along
the longitudinal direction become substantial. These gradi-
ents imply that the micropore is relaxing much faster than
the macropore.

Note that u is based on an analysis for a one-dimensional
system with a single characteristic length (L,). For a one
dimensional pore, 4 can also be expressed as the square of
the ratio of the pore length to the diffusion length as shown

2
pL, L L,
= = = . (13)
H D DL,/p ,/DTQ,,_D

Here 1/T5,.p is the relaxation rate of the one-dimensional
pore given as

1 S p
— =2 =£. (14)
Ton (V)

The assumption of a single surface-to-volume ratio inherent
in the definition of i fails for a system of coupled micro and
macropore with different surface-to-volume ratios. Figure 4
shows the contour plots of magnetization at dimensionless
time 7 = 1 for three systems with = 0.5 and 4 = 0.1 but with
increasing aspect ratios. Even though y remains same, the
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FiG. 3 Contour plots of magnetization at t = 1 in coupled pores
with 8 = 0.5 and » = 10 and different values of . The gradients
along the longitudinal direction for larger u« imply that micropore
is relaxing faster compared to macropore.
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systems with larger # show larger gradients in magnetization.
This increase in gradients is because as 7 increases, the
dimension of micropore decreases (7 = L,/L;) and thus, the
relaxation rate of micropore increases. Since ¢ is independent
of the micropore dimension, it can not characterize relaxation
regimes in coupled pore systems.

Coupling parameter

Two processes characterize the decay of magnetization
in the coupled geometry: relaxation of spins at the
micropore surface and diffusion of spins between the
micro- and macropores. If the relaxation of spins in the
micropore is much faster than the inter-pore diffusion, cou-
pling between the two pore types is small. On the other
hand, if the diffusion rate is much greater than the relax-
ation rate, the two pores are significantly coupled with each
other. Thus, the extent of coupling is characterized with the
help of a coupling parameter («) that compares the charac-
teristic relaxation rate of the pore (equation (6)) to the rate
of diffusional mixing of spins between the micro and
macropore, i.e.

/Ty,
a =
D/

_ pB/L _ pBL;

D/I} DL,

. (15)

The physical significance of « is illustrated with the help
of simulated 7 distributions for the previously mentioned
case of $=0.5 and 7 = 10 as shown in Figure 5. For small «
(= 0.5), relaxation at the micropore surface is small com-
pared to diffusional mixing between the two pore types.
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FiG.4 Contour plots of magnetization att = 1 in coupled pores
with 8 = 0.5 and 4 = 0.1 and different values of ». For compari-
son, the aspect ratios are not drawn to scale. Note the difference
in contour plots for systems with same u.
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Thus, the micro and macropore relax at the same rate and
the 7, distribution shows a single peak. As the value of «
increases (@ = 5), some spins in the micropore are able to
relax faster than they can diffuse into the macropore. This
results in the appearance of a peak at short relaxation times
(micropore peak). In addition, the spins in the macropore
diffuse to the micropore slowly and thus, the macropore
peak shifts towards longer relaxation times. As a still
weaker coupling regime is approached (¢ = 50), inter-pore
diffusion becomes negligible and the entire micropore
relaxes independent of the macropore.

a can also be expressed as the square of the ratio of the
length of the pore to the diffusion length in characteristic
relaxation time 75, (equation (6)), as shown below
2

L,

DT,

If the macropore length is much larger than the diffusion dis-
tance in characteristic time, i.e. L, >>./DT,. = a>>1, the

q=PPL_ L
DL, D(L,/pp)

(16)

1 :
u=0.1
f n=10
0.5¢ a=0.5 .
0 -2 l-1 ‘ 0 ‘ 1 2
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FIG. 5 Simulated T, distributions of coupled pores with = 0.5
and n = 10 and different values of u. The systems transition from
unimodal to bimodal distribution with increase in «.
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pores are decoupled and vice versa. Since the characteristic
relaxation time takes into account the effective surface-to-vol-
ume ratio of the coupled pore, & provides a better metric than u
to quantify coupling between micro and macropore. Figure 6
shows the simulated 7 distributions of systems with § = 0.5
and u = 0.1 but with increasing 7. The systems progressively
transition from unimodal to bimoidal distribution as 7
increases even though u remains same. The decrease in cou-
pling is however, quantified by increasing values of c.

The relaxation characteristics of micro- and macropores,
as demonstrated in 7, distributions of Figures 5 and 6, are
separately analyzed in terms of ¢ as described below.

Micropore relaxation

The fraction of total area under the micropore peak, i, in
the 7, distribution gives the magnitude of the fraction of the
microporosity which is decoupled from the rest of the pore.
Thus, y serves as the criterion to quantify the extent of cou-
pling between micro- and macropores. For totally coupled

1 .
u=0.1
; n=10
0.5+ a=0.5 .
0 -2 1 I 0 1 2
10 10 10 10 10
1 .
u=0.1
¢ n=100
0.5+ =5 .
0 . Pt
10° 10™ 10" 10' 10°
1 . : :
u=0.1
n=1000
fos a=50 |
0 /L A
10° 10" 10" 10' 10°

T2(dimensionless)

FIG. 6 Simulated T, distributions of coupled pores with § = 0.5
and u = 0.1 and different values of . The systems transition
from unimodal to bimodal distribution with increase in a even
though u remains same.
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micro and macropore i =0 while for decoupled pores
Y = fB. A value of iy between 0 and 8 indicates intermediate
state of diffusional coupling. Figure 7 shows the plot of ¥
normalized by § (henceforth referred to as independent
microporosity fraction) with &. The curves correspond to
different 8 and span a range of # from 10 to 1000. The
results show that depending on the value of ¢, the micro and
macropore can be in one of the three states of:

1. Total coupling (& < 1): For values of « less than 1, diffu-
sion is much faster than the relaxation of the magnetiza-
tion in the micropore. Thus, the micropore is totally cou-
pled with the macropore and the entire pore relaxes with
a single relaxation rate.

2. Intermediate coupling (1 <a < 250): In this case, diffu-
sion is just fast enough to couple part of the micropore
with the macropore. The 7, distribution consists of dis-
tinct peaks for the two pore types but the amplitudes of
the peaks are not proportional to the porosity fractions.

3. Decoupled (a > 250): The two pore types relax inde-
pendent of each other and the 7; spectrum consists of
separate peaks with amplitudes representative of the
porosity fractions (8 and 1-f for micro and
macroporosity, respectively). Further, the dimensionless
relaxation time of the micropore peak reaches a value
(Appendix C) indicating complete independence of the
two pores.

The independent microporosity fraction correlates more
strongly with a than with u (inset in Figure 7). This is
because a has dependence on the length scale of both micro
and macropore and thus, provides a better measure to quan-
tify the extent of coupling.

1 80,0
—o— p=0.1,n=100
—— (=0.2511=1000
—— (=0.5,n1=100
—— p=0.751=10
—— Lognormal Fit

0.8

0.6

/B

0.4-

- 00
—— $=075.1=10

0.2

o7 10° 10° 10" 10° 10" 10* 107
10° 10 10 10° 10° 10

FIG. 7 Independent microporosity fraction (y/3) shows
lognormal relationship with «. The inset shows plot of (/3) with

u.
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The sigmoidal character of the curves in Figure 7 sug-
gests that we can establish a lognormal relationship
between the independent microporosity fraction and «.
Mathematically, the relationship can be expressed as

”’=;[1+eq{kg‘1_229ﬂ. (17)

B 0.8942

The choice of mean and standard deviation of the
lognormal relationship is governed by experimental results,
as shown later.

Macropore relaxation

Since the relaxation of both micro and macropore is gov-
erned by the same Bloch equation (3), we expect the relax-
ation time of the macropore to also correlate with «. It is
however, found that the macropore relaxation time corre-
lates with the product of @ and square of macroporosity
fraction (1 - ). This is because the product (1 - ﬁ)za repre-
sents the normalized diffusion time (#,) within the
macropore as described below

(A=P)L)* ID _ ta
Li/pp T,

Figure 8 shows the plot of dimensionless relaxation time
of the macropore with v = (1 - B)Ja for different parameter
values. Here, the relaxation time is correlated with v instead
of its square because v is proportional to the length scale,
L,, of macropore (equation (18)). We can establish a cubic

(1-p)a= (18)

10 : :
—0— B=0.1,1=100
~A— =0.25,1=100
—o— B=0.5,1=10
~7— B=0.75,,=1000
—— Cubic Fit
o
S Al
€10 1
* N
'_
0
10 - -
10" 10° v 10' 10°

FiIG. 8 Dimensionless relaxation time of macropore shows
cubic relationship with v = (1 - B)Ve.
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relationship between the dimensionless macropore relax-
ation time and v as shown in equation (19). The cubic rela-
tionship provides a better statistical correlation with the

ence of pore-lining chlorite flakes. Mercury first invades
the macropores giving rise to the peak at larger pore radii.
The clay flakes, being closely spaced, are invaded by mer-
cury at high capillary pressures which gives rise to the peak

at smaller pore radii.

experimental results than a quadratic one. The functional
relationship, although fitted to experimental results for
sandstones and grainstones as shown later, closely match

the simulation results.
Ty maero =14+ 0025v 4+ 0.4v* —0009v° (19)

where 10 <y < 10"

SANDSTONES

In this section, we extend the ideas developed in the pre-
vious section to describe diffusional coupling in clay-lined
pores in sandstones. Straley et al. (1995) modeled the clay
flakes as forming micro-channels perpendicular to the pore
walls such that each micropore opens to a macropore (Fig-
ure 9). The two dimensional structure of the clay-lined pore
can be modeled as a periodic array of rectangular flakes
arranged along the wall of the macropore (Zhang et al.,
2001; Zhang et al., 2003). Since the model is periodic, the
relaxation process can be adequately modeled by consider-
ing only the symmetry element between two clay flakes.
The model is further simplified to the one in Figure 2 by
approximating the flakes to be needle shaped with negligi-

ble thickness.

Pore size distribution
To experimentally validate the theoretical model, the
NMR response of North-Burbank (NB) sandstone with
pores lined with chlorite flakes is simulated (Trantham and
Clampitt, 1977). Analysis of the sandstone cores yielded an
average porosity of 0.22 and air/brine permeability of 220
mD. Figure 10 shows the pore throat distribution obtained
by mercury porosimetry for one of the cores. The bimodal
structure of the pore size distribution arises due to the pres-

A lognormal pore throat distribution with mean of 8§ um

and standard deviation of 0.135 um is simulated to approxi-
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FiG. 10 Pore throat distribution of North-Burbank sandstone
obtained using mercury porosimetry. The bimodal structure
arises due to pore-lining chlorite clay flakes.
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FiG. 11 Simulated lognormal pore size distribution to approxi-
mate the distribution of clay-lined macropores. Also shown are
the pores with changing proportion of pore volume occupied by

the clay flakes.
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mate the distribution of macropores (Figure 11). Since mer-
cury porosimetry measures the distribution of pore throats,
the distribution of pore bodies is obtained by assuming a
fixed pore body to pore throat ratio of 3 (Lindquist et al.,
2000). Thus, the most abundant pore has the pore body
radius (L,) of 24 um. Each pore is then modeled to be lined
with clay flakes which are assumed to be of constant length
and equally spaced in all pores. As a result, the flakes com-
pletely occupy the small pores and form a thin rim on the
surface of larger pores. The distance between the flakes (L;)
is given by the peak at smaller pore radius in the pore size
distribution (= 0.03um).

Numerical solution

In order to solve equation (3) for the decay of magnetiza-
tion in the /" pore, we need three parameters:

1. Microporosity fraction j;

2. Aspectration; =L ,/L;;

3. Brownstein number u; =pL, /D

The parameters in different pores are, however, not
totally independent of each other since they are constrained
by the assumptions of constant length and equal spacing
between clay flakes in all pores. Mathematically, the con-
straints imply

L, =L, = const. (20)
BiL,;=pB.L,. =const. 21

where the subscript “c” refers to the characteristic or most
abundant pore. If we specify the parameters for the charac-
teristic pore, the parameters for the rest of the pores are cal-
culated by making use of the constraints. Similar to the anal-
ysis of a single pore in the previous section, the governing
equations (3-5) for each pore are normalized with respect to
common characteristic parameters. The spatial variables
and time are respectively normalized by the radius and char-
acteristic relaxation time (equation (6)) of the most abun-

0.15

0.1

0.05

10

T2(dimensionless)

FIG. 12 Simulated T, distributions for a pore size distribution
with ;= 0.3 and 5, = 100 showing transition from unimodal to
bimodal distribution with increase in «.
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dant pore. The normalized equations are then solved for the
decay of magnetization in each pore individually. The mag-
netization in the entire pore structure is computed by inter-
polating the individual magnetization values at some com-
mon values of time and then summing them over the entire
volume. The total magnetization (#,,,) in the pore structure
is given as

Ma(0)= 0, M, (0 22)

where N, is the number of pores, V,,; is the volume fraction
of the i pore and M; is the magnetization in the i pore at
dimensionless time ¢. The T distribution for the pore struc-
ture is obtained by fitting a multi-exponential distribution to
the total magnetization.

Results

Since each pore in the pore size distribution has a differ-
ent value of a, a volume averaged @ for the distribution is
defined as

a:Ea,m,, =2ﬂ;niu,~1/,,,,-. (23)

The simulated 7 distributions for the pore size distribution
with typical values of B, and . (8. = 0.3 and . = 100) are
shown in Figure 12 as a function of &. The 7, distribution
changes from unimodal to bimodal with the increase in the
values of @&. This is because when & < 1, the pores are in
total coupling regime and each pore relaxes single exponen-
tially with the dimensionless relaxation time, 75 ;, given as

_0IpS) _Be_Lu o

I,
. T2,c ﬂi LZ,L-

Thus, for @ <1, the T, distribution exactly replicates the
unimodal lognormal distribution of the pore radii. As the
pores enter the intermediate coupling regime (& > 1), a frac-
tion of microporosity starts relaxing independently of the
macroporosity, thereby giving the 7, distributions a bimodal
shape.

Experimental verification

The simulations with characteristic parameters represen-
tative of the core properties are compared with the experi-
mental results for North Burbank. The value of . is calcu-
lated such that the microporosity fraction of the simulated
pore size distribution corresponds to the irreducible water
saturation, i.e
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TABLE 1 Characteristic parameters for the simulations for
three NB cores.

Core Be Ne U a
NB1 03 800 0.048 12.2
NB2 0.28 800 0.065 15
NB3 0.21 800 0.094 16.6

NP

S BiVyi=S0in (25)

Sw,irr
>po=—7—. (26)

P Ié,i
LE L
The aspect ratio #. is calculated from the ratio of
macropore and micropore radii obtained from mercury
porosimetry. The third parameter u. is specified such that
the simulations best match with the experimental results.
Figure 13(a) shows the comparison of the 7; distribution
of a water-saturated NB core with the corresponding simu-

— S =1
] w
----- Simulation

F1G.13 a) Comparison of simulated and experimental T, distri-
butions for 100% water saturated NB core. The value of ¢ indi-
cate intermediate coupling regime for water saturated core. b)
Comparison of T4 distributions of the core at 100% water satura-
tion and at irreducible saturation. Increase in the amplitude of
the micropore peak at irreducible saturation also illustrates
intermediate coupling regime.
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lated distribution. The comparison is made with the T}
(instead of the 75) distributions since the 7, relaxation is
additionally influenced by diffusion in internal gradients
induced by chlorite flakes (Zhang et al., 2001; Zhang et al.,
2003). Diffusional coupling, however, affects both 7 and
T, relaxation since it arises due to diffusion between pores
of different surface-to-volume ratios. The characteristic
parameters for the simulations are shown in Table 1. The
dimensionless simulated distributions are dimensionalized
by choosing 75>, = 50 ms, which gives the best overlay of
the simulated and experimental distributions. The value of
@ (= 12.2) indicates that the micro and macropores are in
intermediate coupling regime. The intermediate coupling
regime is also demonstrated in Figure 13(b), which shows
the comparison of 7} distributions of the core at 100% water
saturation and at irreducible saturation. An increase in the
amplitude of the micropore peak is observed at irreducible
saturation. This increase in the amplitude is observed
because at irreducible saturation, there is no diffusional
exchange of the fluid in micro and macropores and the fluid
relaxes with a rate proportional to the surface-to-volume
ratio of the micropores. However, at 100% water saturation,
a fraction of the fluid in micropores is exchanging with the
macropores. The apparent volume of the fluid in
micropores is larger thereby resulting in a smaller surface to
volume ratio, which increases its relaxation time.

Figure 14(a) shows the plot of the amplitude of the
micropore peak at 100% water saturation normalized with

0.87
0.67
0.4
0.2r

w/p

10’

10° :

/T2,u

10+ E

2,macro

BT

10 - L L
10 10 10

FiGc. 14 a) Plot of independent microporosity fraction with « for
three water saturated NB cores. The measurements fall in inter-
mediate coupling regime of the lognormal relationship of equa-
tion (17). b) Plot of normalized relaxation time with v = (1 - B)Va
for the three cores.
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the total microporosity fraction with & for three NB cores
considered in this study. The simulation parameters
required for the calculation of & for the cores are also men-
tioned in Table 1. The measurements fall on the intermedi-
ate coupling regime of the lognormal relationship (equation
(17)) for all cores. Figure 14 (b) shows that the cubic rela-
tionship (equation (19)) for the normalized macropore
relaxation time also holds for the cores. In the figure, the
relaxation time of the macropore is normalized by a charac-
teristic relaxation time defined by equation (8).

To explore another coupling regime, measurements were
made with dry cores saturated with hexane. Higher extent
of coupling is expected with hexane than with water due to
higher diffusivity and lower surface relaxivity for hexane.
The lower surface relaxivity for hexane is due to intrinsic
smaller hydrocarbon relaxivity of the sandstone surfaces
(Chen et al., 2005). Figure 15 shows the 7} distribution of
the hexane saturated core and the corresponding simulated
distribution. The dimensionless simulated distribution is
dimensionalized by choosing 75 . =450 ms. In this case, the
T, distribution is unimodal implying the merger of the
micro and macropore peak. The smaller value of & suggest
stronger coupling for hexane than for water as can be seen
by comparing the values in Figures 13 and 15 respectively.

Estimation of surface relaxivity

The values of the surface relaxivity for the cores can be
calculated from the corresponding values of &. For the val-
ues of parameters L, . =24 um, L, = 0.03 um, diffusivity for
water and hexane Dy = 2.5 X 10° c¢cm?/s and Dy =
4.2 x 107 cm?/s (Reid et al., 1987), the average value of
relaxivity is found to be 7.1 um/sec for water and 1.6
um/sec for hexane. The lower surface relaxivity of hexane
is not due to water-wetness of the sandstone since hexane
was in direct contact with the mineral surfaces and no water
was present. Another estimate of relaxivity is obtained by
comparing the cumulative pore size distributions obtained

—_— So=1
""" Simulation

T, (ms)

FI1G.15 Comparison of simulated and experimental T, distribu-
tions for hexane saturated NB core. The value of « indicates
strong coupling for hexane saturated core.
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by T relaxation and mercury porosimetry. However, the
estimates from the latter method are about three times (20
um/sec for water) as high as those calculated from simula-
tions. This is because mercury porosimetry does not take
into account the large surface area provided by the clay
flakes in the estimation of relaxivity.

GRAINSTONES

The analysis of the first section on diffusional coupling
is also applied to describe pore coupling in grainstone car-
bonates. Ramakrishnan et al. (1999) modeled the
grainstones as microporous spherical grains surrounded by
intergranular pores. This three dimensional model can be
mapped into a two-dimensional model of a periodic array of
slab-like grains separated by intergranular macropores as
shown in Figure 16. We transform this model to the one in
Figure 2 by neglecting the thickness of grain between the
micropores and assuming the pores to be linear in shape.
Note that in this model relaxation at the outer surface of the
grains is neglected. We are justified in making these
assumptions if the surface-to-volume ratio of the micropore
is much larger compared to the external surface-to-volume
ratio of the spherical grains.

Coupling parameter for grainstones

The transformation of the spherical grain model to the
2-D model in Figure 2 enables us to define a coupling
parameter for grainstones through a mapping of character-
istic parameters. In Figure 2, L, was defined to be the
half-width of the micropore. Hence for microporous grains,
L, corresponds to the radius of the micropore (R,) i.e.

Macropore

Micropore

Microporous ALY L
Grain ;

\ T

Macropore

FiIG. 16 Pore coupling model in grainstone systems. The
three-dimensional model can be mapped to a two- dimensional
model of periodic array of microporous grains separated by
macropores.
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L=R,. 27)
Also, as a first approximation, L, can be taken to be equal to
the grain radius (Ry)

L,=R,. (28)

Substituting equations (27) and (28) in equation (11), we get
the definition of & for grainstones as

_ PPR;
a grain D R

(29)

n

Qlgrain, thus, shows a quadratic dependence on the grain
radius and inverse dependence on the micropore radius.
This definition suggests that grainstones with large grain
radius and/or small micropore radius are expected to show

less effect of diffusional coupling.

The above definition of coupling parameter also helps us
to understand the analysis of grainstone model developed
by Ramakrishnan et al. (1999). They suggested that in the
case when the decay of magnetization in macropore occurs
on a time scale much larger than that for the decay of mag-
netization in micropore, relaxation in the coupled geometry
can be expressed as a bi-exponential decay with amplitudes
representative of the micro and macroporosity fractions as
shown

t

M<r>=¢mexp(—’;”)+<¢—¢m>exp( ) (30)

sm 2,u

In the above equation, V%, is the macropore volume-to-sur-
face ratio, ¢ and ¢,, are the total porosity and macroporosity
respectively and p, is the apparent relaxivity for the
macropore. This bi-exponential model is valid when the dif-
fusion length of magnetization within the microporous grain
is much smaller than the grain radius, i.e.

DT.
2 < <R, (31)

wFu

where £}, is the formation factor. We can understand the
above condition by substituting the expressions for the
parameters from the two dimensional model of Figure 16.
The relaxation rate of the micropore is related to the
micropore radius, assuming cylindrical pores, as

1 s\ 2
- p() =P (32)
L, "\r), R,

The microporosity fraction 8 is equal to the product of grain
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fraction (1 - ¢,,) and porosity of grains ¢, normalized by

total porosity ¢,

Pu(—¢n)
p :

Substituting the expressions for 1/7,, and ¢, from equa-
tions (32) and (33) in (31), we get

DRM (1_ ¢m)
}W<<Rg (34)

R? -
L, _PBRI__(=9,)
DR, 29F,

B= (33)

(35)

grain

The above condition implies that the micropore relaxes
independently of the macropore for large values of &z, which
is the same condition for the decoupled regime obtained for
our model. However, for typical values of grainstone
parameters, the value of apparent relaxivity is much larger
than the micropore relaxivity (Ramakrishnan et al., 1999).
Thus, even though the surface-to-volume ratio of
macropore is significantly smaller than that of the
micropore, diffusional coupling can result in the decay of
macro and micropore at comparable time scales. For such
cases, the pores are in intermediate coupling regime and the
amplitudes of the bi-exponential fit are not representative
of the actual micro and macroporosity fractions as was
observed in the numerical simulations of Ramakrishnan et
al. (1999).

Experimental validation

In order to experimentally validate the grainstone model,
NMR response of three systems — microporous chalk, sil-
ica gels and alumino-silicate molecular sieves — was stud-
ied as a function of grain radius. These systems with vary-
ing physical properties help us to systematically analyze the
effect of different governing parameters on pore coupling.
The physical properties of the systems are listed in Table 2.

Chalk

Crushed microporous chalk (Crayola) was sieved into
five fractions with average grain radii of 335 yum, 200 um,
112 um, 56 um and 11 um. Known quantities of sorted frac-
tions were water saturated in 1" by 1" Teflon sleeves whose
bases were sealed with a covering of Teflon tape. After
measuring the NMR response at 100% water saturation, the
systems were centrifuged in a Beckman rock core centri-
fuge at an air/water capillary pressure of 100psi for 3 hours
to drain the macropores. The Teflon base is permeable to
water but prevents any grain loss during centrifugation.
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Note that even though the sieve fractions are unconsoli-
dated, they have irreducible intragranular microporosity
which is not displaced on capillary drainage.

The T, distributions of the five fractions at 100% water
saturation and the corresponding distributions at irreduc-
ible saturation are shown in Figure 17. The values of ¢gqin
calculated using equation (29) and i g,qin(= pR,/D) are also
mentioned for each sieve fraction. We can see that for the

—_—S =1 Rg¥335pm
-- Sw=sw,lrr (1,=433,]L=003
A —
10" 10' 10° 10° 10"
' ' Rg='200,1m
«=283;11=0.02
10" 10’ 10° 10° 10"
' ' Rg='112um
# 2 u=58;p.=0.01
10" 10' 10° 10° 10"
' ' Rg='56um
a=15;1=0.006
I"\
L 3 ‘L
10" 10' 10° 10° 10"
' ' Rg='11 pm
a=0.8;1=0.001
LAY
L& IR
ll ‘l
10" 10’ 10° 10 10"
Tz(ms)

FIG. 17 T, distributions of microporous chalk as a function of
grain radius. The transition from decoupled (Ry = 335 um) to
total coupling regime (Ry = 11 um) is predicted by the values of
.
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TABLE 2 Physical properties of the grainstone systems.

Silica Molecular
Chalk Gels Sieves
BET Surface Area 4.1 300 20
(m?/g)
Micropore Diameter 185 150 4
A)
Surface Relaxivity 0.27 0.06 0.04
(um/sec)

two coarsest fractions (R, =335 um and 200 um), the 7,
distributions show distinct peaks for micro and macropores
and the area under the micropore peak is the same as that at
irreducible conditions. This implies that the systems are in
the decoupled regime, which is verified by large values of
Qgrain- The effect of coupling becomes more pronounced for
systems with R, = 112 um and 56 ym, which show a build
up of micropore peak amplitude at irreducible saturation.
The amplitude of the micropore peak increases because at
irreducible condition, there is no diffusional exchange of
the fluid in micro and macropores. Thus, the relaxation rate
of the fluid is proportional to the surface-to-volume ratio of
the micropores. However, at 100% saturation, part of the
fluid in micropores is in diffusional exchange with the
macropores. Thus, the apparent volume of the fluid in
micropores is larger which decreases its relaxation time.
This is the same explanation given by Coates et al. (1998)
for the observed increase in amplitude of short 7, compo-
nents at irreducible saturation in sandstone cores. The val-
ues of tggin for Ry =112 yum and 56 um correspond to the
intermediate coupling regime and thus, quantitatively sup-
ports the explanation. The unimodal 7, distribution of the
finest fraction (R, = 11 um) at 100% water saturation shows
that the system is in total coupling regime (Qgain = 0.8 < 1).

Silica gels

A homologous series of silica gels (provided by
Sigma-Aldrich) with grain radii of 168 um, 55 ym and 28
um constituted the second system. Figure 18 shows the 7,
distributions at 100% water saturation and at irreducible
saturation for the three fractions. Similar to the response of
chalk, the distributions change from being bimodal to
unimodal with the decrease in particle diameter indicating
increased coupling. The values of @g4:» Suggest intermedi-
ate coupling regime for the two coarsest fractions (R,
=168 um and 55 um) and total coupling regime for the fin-
est fraction (R, = 28 um).

August 2007



Diffusional Coupling between Micro and Macroporosity for NMR Relaxation in Sandstones and Grainstones

Molecular sieves

Alumino-Silicate molecular sieves with nominal pore
diameter of 4A , supplied by Fisher Chemicals, was crushed
and sieved into four fractions with average grain radii of
200 um, 112 um, 56 um and 16 um. The 7, distributions of
the four fractions are shown in Figure 19 at 100% water sat-
uration and at irreducible saturation. The response shows
similar trend of narrowing 75 distributions with decrease in
the grain diameter. An increase in amplitude of the
micropore peak at irreducible conditions is observed for
fractions with R, =56 um and 16 um, which shows that
these fractions are in intermediate coupling regime. The
values of ¢, for the respective fractions predict the tran-
sition of the coupling regimes.

Figure 20 shows that the lognormal and cubic relation-
ships of equations (17) and (19) also hold for the three sys-
tems, thereby establishing the validity of the grainstone
model.

— S =1 R =168 m
i e ~ g |
I =EE Tw Twiir ;L O(.=43;p.=0.004 |
3
I * of
I
. IR et
10° 10’ 10° 10° 10*
| Rg=55u m
I o=5;u=0.001 |
P
10° 10’ 10° 10° 10*
| | Rg=28um
_ a=1.7,u=7-10"
Pa)
L ', .
P A A I\
10° 10’ 10° 10° 10*
Tz(ms)

FIG. 18 T, distributions of silica gels as a function of grain
radius. The transition from almost decoupled (Ry = 168 um) to
total coupling regime (Ry = 55 um) is predicted by the values of
.
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ESTIMATION OF IRREDUCIBLE
WATER SATURATION

The sharp cutoff method of estimating S,, ;,» employs a
lithology-specific sharp T q..qp to partition the 75 spectrum
into free fluid and bound fluid saturations. For formations
with diffusionally coupled micro and macropores, the use
of a sharp cutoff may give incorrect estimates since in such
cases the direct relationship between pore size and T, distri-
bution no longer holds.

In the case of pore coupling, the estimation of S,
amounts to the calculation of microporosity fraction 3 for a
given T or T, distribution at 100% water saturation. The
solution of this inverse problem is obtainable by making
use of the correlations for independent microporosity frac-
tion and normalized macropore relaxation time (equations
(17) and (19)). Three parameters are required for the solu-

S R_=200pm
H wae 5,28 : y
WS a=1140;,=0.003
= L “ RSy,
10" 10° 10’ 10° 10° 10"
’ ' ' Rg=11' 2um
I o=410;1=0.001 |
R/ 4
10" 10° 10’ 10° 10° 10*
' ' ' Rg=5s'um
a=79;p=9-10"*
N
10" 10° 10’ 10? 10° 10*
' Rg=16'um
a=9;p=2-10"*
L '¢~
J' n
10" 10 10 10° 10’ 10’

T2(ms)

F1G. 19 T, distributions of alumino-silicate molecular sieves as
a function of grain radius. The values of a4, for the sieve frac-
tions predict the transition of the coupling regimes.
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tion: micropore peak amplitude (1), relaxation time of the
micropore (7>,) and relaxation time of the macropore
(T2 macro)- 1t is assumed that 75, is known from laboratory
core analysis and is same for the formation. This assump-
tion is justified if the formation has similar relaxivity and
micropore structure as the cores. From the 7, spectrum at
100% water saturation, the values of ¥ and 73 4., can be
calculated as the area under the micropore peak and the
relaxation time of the mode of the macropore peak, respec-
tively. Hence, for the estimated parameter values, the corre-
lations can be simultaneously solved for the values of & and
B. Graphically, the solution involves determining the inter-
section point of contours of y and 7% y4ero/ T2, 00 the a and B
parameter space as shown in Figure 21. The values of con-

08f
06}
v
p
04+
¢ Silica Gels
0.2+ A Molecular Sieves |-
®  Chalk
Lognormal Fit
0 A s aaaul A s s aaaal a s s aaaaal P
10" 10" 10’ 10° 10° 10'
o
10’ :
¢ Silica Gels
4 Molecular Sieves
2 ® Chalk
= i Cubic Fit
~
tO
4 1
g 10 |
£
~ m
=
10" | ]
-1
10 " L
10" 10" 10’ 10°
v

FIG. 20 Plot of independent microporosity fraction with « for
model grainstone systems (Upper panel). Plot of normalized
macropore relaxation time with v = (1 - 8)Ja for the systems
(Lower Panel). The experimental points follow the lognormal
and cubic relationships of equations (17) and (19).
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tour lines for 7% u4cro/ T2 differ by a factor of 2 and those for
y differ by 0.1. The coordinates of the intersection point of
the contours for experimentally determined values of 9 and
T wacrol T estimates the value of @ and 8 for the formation.
For a unimodal distribution with a zero value of 1 (total
coupling regime), the microporosity fraction can be calcu-
lated from the ratio of the relaxation times of micro and
macropore, i.e.

/3=( L

TZ,macru ), 1/) O . (3 6)
In this case, the value of ¢ is indeterminate and can be any-
thing less than 1. This is because as ¢ approaches 0, the con-
tours for 7% uucro/To, asymptote to the reciprocal f value
independent of . (Note 1 = 0 implies totally coupled micro
and macropore and not necessarily the absence of
microporosity).

Figure 22 shows the comparison of the calculated values
of B and a with the values determined experimentally for
the grainstone and sandstone systems. An average value of
T, obtained from the individual values for different sieve
fractions or cores is used for calculations. The estimates lie
within an average absolute deviation of 4% and 11% for
and «, respectively. This indicates that the technique is
applicable to all the systems studied irrespective of the
properties and coupling regimes.

Unification of spectral and sharp cutoff theory

The estimation of S, ;.- using spectral or tapered 7> cu051S

AL

T T 1
O»1 0 1 2 3

10 10 10 10 10

Fic. 21 Contour plots of correlations for y and T macro/ T2, In &
and 3 parameter space. Intersection point of contours estimates
the value of a and microporosity fraction for the formation.
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based on the premise that each pore size has its own inher-
ent irreducible water saturation. The fraction of bound
water associated with each pore size is defined by a weight-
ing function W(7T,;) where 0 < W(T;) < 1. The S,, - is then
given as

Sw,irr = 2 Vij] (37)
J

where 7 is the number of bins and f; is the amplitude of each
bin. The weighting factors are determined using empirical
permeability models or cylindrical pore models (Coates et
al., 1998; Kleinberg and Boyd, 1997).
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FIG. 22 Comparison of calculated and experimentally mea-
sured values of a and g for the grainstone and sandstone sys-
tems. The values are estimated within 11% and 4% error
respectively.
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An implicit assumption of the above-mentioned tech-
nique is that the producible and irreducible fractions of each
pore have same relaxation time at 100% water saturation.
However, the analysis of a single pore (see section on
diffusional coupling) shows that micro and macropore can
communicate through decoupled and intermediate coupling
regimes as well. Thus, in a general coupling scenario, the
response of the pore shows distinct peaks for micro and
macropore with amplitudes ¢ and (1 - ¥) respectively. The
amplitude ¥ can vary from 0 to 8 depending on the coupling
regime. Therefore, the portion of the microporosity coupled
with the macropore divided by the macropore amplitude is
given as

(D(Tz,macro ’a) — ﬁ - 1/} ) (38)
Tz’ﬂ l_w

@ is a function of the ratio of macro to micropore relax-
ation times (7% macro/T2,) and a which determines the
microporosity portion coupled with the macropore
response. As « increases, the extent of pore coupling
decreases and thus, the microporosity fraction coupled with
the macropore response also decreases. Figure 23 show the
plot of ® with (7% u4ero/ T2 ) for different values of a. The
procedure for estimating @ as a function of (7% yuero/ T2, 18
as follows. For a known value of a, ® is calculated from
equation (38) for several values of 8 using equation (17).
Similarly, 75 4cro/ T2, is calculated for the known a and
same values of B by substituting the expression of 75 from
equation (8) in equation (19)

10°

2.macro/T2.u

FIG. 23 Plot of ® versus T, macro T2, for different .. A spectral
or tapered cutoff is required for the estimation of irreducible sat-
uration in intermediate coupling regime. A sharp cutoff is appli-
cable for decoupled regime.
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Tpaere 1 +0025v +0.4v> —0009v°

39
T, 5 (39)

Thus, the values of ® and (7% uero/T>,) for the same a
and 8 can be cross-plotted as shown in Figure 23. The
curves show that a spectral or tapered cutoff is required for
the estimation of irreducible saturation in total or interme-
diate coupling regime. As « increases, @ decreases for
same 7% yuaero/ T2, indicating lesser correction for diffusional
coupling is required for larger a. Once the pores are
decoupled, a sharp cutoff is suitable for estimating irreduc-
ible fraction as illustrated by sharp fall of ® curve to zero
for all @ > 200. This could also probably explain the suit-
ability of a single lithology-specific 7% ...y for estimating
irreducible saturations when the formation is in decoupled
regime irrespective of the properties. More experiments
are, however, needed to prove this postulate.

CONCLUSIONS

The direct correspondence between pore size and 7, dis-
tribution fails if pores of different sizes are coupled by dif-
fusion. A theoretical model is developed that provides a
quantitative understanding of the effect of physical and
geometrical parameters on diffusional coupling. It is shown
that the Brownstein number fails to characterize relaxation
regimes in coupled pores due to its dependence on
macropore length scale only. Instead, a coupling parameter
(a) is introduced that is defined as the ratio of the character-
istic relaxation rate of the coupled pore to the rate of
diffusional mixing of magnetization between micro and
macropore. ¢ includes the contribution of both micro and
macropore to the total surface-to-volume ratio and provides
a better measure to quantify diffusional coupling. Depend-
ing on the value of @, micro- and macropores can communi-
cate through total coupling, intermediate coupling or
decoupled regimes.

An inversion technique for the estimation of
microporosity fraction and a for formations with unknown
geometrical parameters is also introduced. The required
parameters for the estimation are easily obtainable from
laboratory core analysis and the 7 (or 7;) spectrum at 100%
water and irreducible saturation. It is assumed that the
relaxation time of micropore is the same in the cores and in
the field. « also provides a quantitative basis for the appli-
cation of spectral or sharp cutoffs. A sharp 7 .,..;1s applica-
ble for the estimation of irreducible microporosity fraction
in the decoupled regime. However, a spectral or tapered
cutoff is required in total coupling or intermediate coupling
regimes. This is because in these regimes and at 100%
water saturation, the amplitudes of micro and macropore
peaks of the 7, distribution are not representative of true
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porosity fractions. Experiments with sandstones and
microporous grainstones show that the application of inver-
sion technique provides accurate estimate of microporosity
fraction in all coupling regimes.

NOMENCLATURE
D Self diffusion coefficient
f Amplitude of the 7, bins
Ly,L, Length scales of micro and macropore,
respectively
M Magnetization
R, Grain radius
R, Micropore radius
Sw.irr Irreducible water saturation
N4 Surface to Volume ratio of pore
t Time
T, Transverse relaxation time

D> 4y To macro Transverse relation time of micro and
macropore, respectively

T>p Bulk transverse relaxation time

Vi N, Volume fraction and number of pores

w Weight fraction of each T, bin in the SBVI
model

P> Pa True and Apparent surface relaxivity

X,y Spatial variables

a Coupling parameter

B Microporosity fraction

n Aspect ratio of the pore

u Brownstein number

A Regularization parameter

Y Micropore peak amplitude

¢ Total, macro and microporosity, respectively

b ¢m’ ¢M
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APPENDIX A

The governing equations (3-5) in terms of dimensionless

variables (with superscript *) are
M *PM” oM™

— +t———=a— (A1)
ax™ Yy ot
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oM™
P —uS(Y )M =0atx" =0, 0=y <1 (A.2)
X
oM”
—=0atx" =57, 0< )" <1 (A.3)
0x
oM™
—= (A4)

——=0aty"=0and 1, 0<x"<gy7'.
dy

In the above system, the discontinuous boundary condi-
tion along the y-axis is combined into a single equation by
using the step function S(y") defined as

Sy )=1lfor0<y <p
=0forf<) <1

(A.5)

APPENDIX B

Numerical solution

The non-dimensionalized equations (A.1-A.5) are
numerically integrated for the time evolution of magnetiza-
tion in the pore. However, the direct numerical integration
leads to non-physical oscillations in the solution due to
round off errors. Instead, the governing equations are
expressed in residual form by expressing the unknown as
the change in magnetization from the previous iteration as
shown

6Mk+l - Mk+l _ Mk (Bl)

where k refers to the iteration index. The equations are then
solved for the change in magnetization at each iteration step
and the solution added to magnetization at previous step to
yield the magnetization at the current step. The iterations are
continued till the residual falls below the error tolerance. An
Alternating-Direction-Implicit finite difference technique
(Peaceman and Rachford, 1955) is employed for the numer-
ical integration. A sequence of four iteration parameters
0.75, 0.075, 0.0075, 0.00025 is found to be optimal in
reducing the number of iterations per time step. The time
truncation errors are controlled by using an automatic time
step (Af) selector algorithm (Todd et al., 1972). At at the
next time step is scaled by the ratio of maximum change in
M desired to maximum change in M over the entire domain
at the previous time step. Thus, the time truncation errors are
limited due to small Az in the beginning of the simulation
(when the rate of change of M is large) and large Af towards
the end.

The decay curve is obtained by summing the magnetiza-
tion values over the entire domain at each time step. Simu-
lated decay data are sampled at the times corresponding to
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0.5% change in the average magnetization and fitted to a
multi-exponential distribution to obtain the 7, distribution

M(t)= Y f;exp(~t, | To,) (B.2)

where M (¢;) is the average magnetization in the entire

domain at discrete times (#;). The coefficients f; are obtained
by minimizing the following objective function (Dunn et al.,
1994)

2

2| M) =X frexp(=t/ )| +2 217 (B)

i

In the above expression, A4 is the regularization parameter.
The numerical scheme is validated by comparing the numer-
ical solution with the analytical solution obtained by
Brownstein and Tarr (1979) for the case of =1 for different
values of u. In all cases, the two solutions match within an
accuracy of 0.1% (maximum relative error) indicating the
correctness of the numerical solution.

APPENDIX C

We resolve the issue of faster relaxation of micropore in
the coupled case than in the decoupled case, observed in our
simulations. For the case of no diffusional coupling, the
dimensionless relaxation time of the micropore is inversely
proportional to its surface-to-volume ratio i.e.

. . T L/
llmTz,ﬂ=11mﬂ= 1P =4. (C.1)
a->w a—>® T2,c Ll /pﬁ

1.2 . . .
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FiG. C.1 Plot of micropore relaxation time with « for different

simulation parameters. Micropore appears to relax faster when
coupled with macropore.
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Hence, when coupling between micro and macropore is
allowed, the micropore is expected to relax slower than f.
Figure C.1 shows the normalized relaxation time of
micropore peak as a function of « for different simulation
parameters. We see that for the decoupled regime, the nor-
malized micropore relaxation time tends to 1 as expected. But
for the intermediate coupling regime, it appears that the
micropore is relaxing faster than the decoupled rate ie.
7, « <. This artifact of faster relaxation of micropore in the
coupled case was also observed in Ramakrishnan’s analysis
(1999). No explanation was, however, offered in their paper.
The apparent contradiction is resolved by studying the
early relaxation data of the coupled pore. Analysis of the
initial slope of the decay curve reveals that the system
relaxes with a unit relaxation time. This is because at very
short times, the fluid in micro and macropore does not have
sufficient time to exchange by diffusion with each other.
Thus, the micropore decays with relaxation time of § while
macropore relaxes with infinite relaxation time.

M* = Bexp(—t/B) + (1 B)exp(—t /o)

=p(1—-t/B)+1=p) (<<
=1—t=exp(—1).

(C.2)

However, at longer times, macropore relaxes with a
finite relaxation time due to diffusional coupling with the
micropore. This decrease in relaxation time of the
macropore has an apparent effect of reducing the relaxation
time of the micropore. Figure C.2 shows the simulated

10" ' - -
+ Simulated Data
\ —-—-Bi-Exponential Fit
N — Single-Exponential Fit ||
\\ 1
o \\
=
=
-1
10 ' : :
0 1 2 3 4

Time (Dimensionless)

FiG.C.2 Simulated relaxation data fora = 10 (8 = 0.5, = 100
and u = 0.2). The black dashed line is an exponential decay with
relaxation time of 1. The solid line is a bi-exponential fit (0.26
exp(— t/0.4) + 0.74 exp(— t/2.2)) of the data.
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relaxation data for the case of = 0.5, 7 =100 and u = 0.2
(a =10, intermediate coupling regime). The system ini-
tially decays with unit relaxation time as shown by the
dashed line. However, a bi-exponential fit (solid line) to the
data estimates the relaxation time of the micropore to be 0.4
which is less than the expected value of 0.5. The inconsis-
tency arises due to decrease in relaxation time of the
macropore from infinity at short times to 2.2 at longer
times.
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