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Determining Pore Sizes Using an Internal Magnetic Field
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A concept is proposed to measure the pore size length scale by large in sedimentary rocks and other materidls and can
the internal magnetic field (B;) in porous materials. The spatial cause problems in magnetic resonance imagihgrid measure-
distribution of the magnetic field inhomogeneity, a result of the  ments of the diffusion constant and spin relaxati®ng( 9.
magnetic susceptibility contrast between the porous material and We take the point of view that the internal magnetic field i
the fluid, reflects the underlying pore geometry. Diffusion in B 5 ronresentation of the underlying geometry and describe he
causes the initial decay of magnetization. At long times, the effect o . .
of B; saturates when the diffusion length reaches a characteristic a method_to explore thetatisticalproperties o, in orde_r to
pore size. This method is independent of surface spin relaxation in character!ze pore geometry. We pf9po§e an experiment
determining pore sizes. Nuclear magnetic resonance experiments ~characterize the nuclear spin magnetization decay due to ¢
on packed glass beads and sedimentary rock samples will be fusion in the internal field (DDif) and obtain the pore length

presented.  © 2000 Academic Press scale in terms of the diffusion behavior. We have used th
Key Words: internal magnetic field; diffusion; stimulated echo; method to study the water diffusion behavior in packed bec
pore size. samples of varying sizes and a sedimentary rock sample.

The simplest form of the proposed experiment involve
application of a series of three radiofrequency (RF) pulses
the Larmor frequency of the nuclear spin, separated by tin

INTRODUCTION AND THEORY .
intervalst, andt:

Although porous materials abound in our environment rang-
ing from naturally occurring rocks and woods to man-made T " T 4 echo [1]
materials such as concrete and food products, the characteriza- 2 T2 T2 '
tion of the internal geometry of such materials is by no means
simple. Statistical description of the pore space, such as e denote the echo signal IB(t,). The notations/2 denotes
average pore size, is often most useful in understanding #érRF pulse that rotates the spin vector by 90°. The sequen
physical properties of the materials, such as permeability ¢alled the stimulated echo sequence, was introduced by Ha
fluid flow. Among many experimental methods, such as gé8) and has been widely used in combination with appliet
BET and mercury capillary pressure, nuclear magnetic respagnetic field gradients to measure diffusion constah@ (
nance has been used successfully to measure the surfaceutd-to study the structure of porous materia@si(). In our
volume ratio (S/V)) via spin relaxation1) and to study pore experiments, no applied gradients are necessary. In order
structure using pulsed field gradient (PFG) techniq@e$)( calibrate the effect of the spin—latticel,() relaxation, the
From (S/V), one may deduce a pore sizé: = 6/{SV). following sequence is use@-t-—m—-t—5-t,—5—FID, and the
However, in materials with surface roughness and complére-induction decay (FID) signal is acquired as the referenc
surface relaxivity such as is due to microporosity, inclusion &(t., ts). Thes pulse cancels the phase accumulation du#, to
clay, and deviation from the fast diffusion condition, the inand the FID signal measures only the effect of spin—lattic
terpretation of the spin relaxation behavior might not bkelaxation during,. Effects of the spin—spin relaxation during
straightforward to determinéS/V) or the pore size distribu- t. are partially compensated by this sequence.
tion. Neglecting relaxation, the echo intensity can be shown t
When a porous material is subject to a uniform externédllow the equation below:
magnetic field B,), an inhomogeneous magnetic fiel8;X
appears inside the pore space, due to the difference of the
magnetic susceptibilityy) between the solid materials and the ~ E(t,, t,) = J dx,dx e 4BeVTBeAIP (X, X, 1)),  [2]
pore-filling fluid. One may estimate the magnitude of the
internal field to be~AxB,, where Ay is the difference in
susceptibilities. The gradients of the internal field can be rathehere B;(x) is the internal magnetic field and is the gyro-
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magnetic ratio of the probed sping.andx, are the initial and 1000 :

the final positions of a spin an@(x,, X,, ty) is the magneti A

zation diffusion propagator, the probability of the spin magne- o, .

tization to diffuse fronx, to x, during timet,. Fort, < ty, we 100 é:n °o,

will neglect diffusion duringt, and focus on the diffusion = ®a, °°o°°

effect duringt,. At larget,, the diffusion distance may be as 5 ol °o, °o

large as the pore size, thus we will consider the full spatial n “ag °°°°
dependence 0B(x). LI )

At shortt,, the diffusion causes an incomplete refocusing 1L n“un _—
since([Bi(x.) — Bi(x,)]? # 0, thus the echo decays, similar to -
the case of applied field gradient8).( Unlike the applied @
gradients, a crucial character is tigatis bounded in magnitude s : : .
and the field variation occurs over the pore length scaleis 0 0.5 ! td, ;‘5 2 25
leads to a long-time asymptote of the signal independety, of B T T
and the time scale to reach this limit is the diffusion time across 100 &
the pore dimension. 8

One may rewrite Eq. [2] in terms of the magnetic field, g’f 80 [ @ 2

T g’
- . 60 L G o
E(te to) = dB,dB, X e B BIB(B,, By, t), [3] 2 ol — il
Bmin it} o td, s
20 |eo ]
whereP(B,, B, t) is the diffusion propagator in th®, space. °.
The general form oP(B,, B,, t) may be difficult to evaluate; 0 feoo o
however, we may draw an analogy from the spatially bound 0 05 1 15 2 35
diffusion. For diffusion in a box of dimensiod, the mean td, s

square displacement will rise at early time and saturates at _ _
hen the diffusion length is comparabledpi.e..t ~ d2/2D FIG. 1. (A) The echo () and the referenc&)) signals as a function df.
w g p e 0*  (B) The additional decay appeared in the echo signal due to an internal fie

Do i$ t.he bulk diﬁus?on C_:O”S.tant- . obtained byE(t,) — R(ty)k.  is determined by the rati&/R at larget,. The
Similarly for the diffusion in the boun® spaceP(B;, B,, insetin (B) shows the details &(t;) — R(ts)« approaching zero. The sample

t) will approachf(B,) f(B,) (f(B) is the magnetic field distri was made of randomly packed glass beads (Duke Scientific Corp.) afrb0-
bution function) uncorrelated with respectBe andB,, when average diameter. The samples were saturated with water in 5-mm NMR tub

the molecule has explored the ent ace at lar In this NMR measurements were performed using a homebuilt probe on a Tecm
o u Xp esp g8 ! spectrometer at a magnetic field of 2.14 T (Nalorac Cryogenics, Inc.).
limit, Eq. [3] can be evaluated,

2 thus the relaxation is in the fast diffusion limit due to weak
, [4] Surface relaxation. However, the echo signal shows a drama
fast decay at the shoarg. This additional decay ik(t,) is due
to diffusion in the internal field. Whety increases, the decay
independent of . Furthermore, it is the square of the magnirate ofE approaches that of the reference signal and for

E(te ty — ») = ‘J’ dBe"f(B)

tude of the free-induction-decay signal at time 1 s the two data sets are parallel in the semilog plot (Fig. 1A
In order to separate the effect of the internal field, we calcula
RESULTS AND DISCUSSION E(ty) — R(ty)k, shown in Fig. 1B and its inset. The parametel

k is determined by the ratiB/R for ty > 1 s. The critical time
Measurements were made to determit{¢;) and R(t,) for constantt,,; = 1 s can be defined as the time when the
several randomly packed bead samples of 30, 50, anqu®0 B;-induced decay approaches zero.
average diameter. NMR experiments were performed at aFigure 2 shows the data for the 100- (A) and 3@ beads
magnetic field of 2.14 T and the/2 pulse length is Js.t.is (B). Similar to the data for the 50m bead sample, the internal
usually 1 ms or shorter and the list fis usually 25 or more field effect decreases a3 increases and théyy,; can be
data points between 1 ms and several seconds. For than30-obtained as 3.5 and 0.5 s for the two samples, respectively
sample, the, used was shorter. In order to obtain the diffusion length scaletas;, we have
The original data ofE(ty) and R(ty) for the 50um bead calculated the mean square displacemén(t()?)) of water
sample are shown in Fig. 1A. The reference signal showsrelecules as a function of diffusion tintg. In porous mate
single-exponential decay for over two orders of magnitude andls, the effective diffusion constant of water is reduced con
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100 . r ; TABLE 1
A 4 Bead Sizes and the Measured Arpp;; and lppi
%0 : Bead diameter AT ppis loot = V2D tpor
X s Sample (m) (wm) (um)
w. B0F oo 4
c P w g T A 30.6 34+ 3 42+ 4
Ca0 ] B 50 52+ 5 59+ 5
e b 0 1 2 c 105 100+ 10 110+ 10
8 20l. tq4. s 1 Fontainebleu 2 — — 52
o Note. The water diffusion constanDY() is taken to be 1.7% 107° cm?/s.
0 Ze
0 0‘5 1I 1?5 2I 2.5
i, s at longt,. This is shown in Fig. 3or the 30um bead sample.
100 . T . T . r The T,-normalizedE was found a constant fdg > 0.4 s and
B 2 the data at, = 0.4 and 1 s were plotted in Fig. 3. Theg
80 . dependence of the normaliz&dis consistent with the square
* XA - of the FID signal shown as the line, in good agreement with E
6ok T b ] [4].
co ] e e, iatn We have also performed experiments on a sedimentary ro
§40 L ) sample, Fontainebleau 2, used in a previous study. (The
L 012 t3d455 6 measured echo height showed a behavior very similar to ti
20 L, ' ] observation from the packed bead sample, namely the initial
o decay and the eventual constant echo height. A critical tirr
0 %%Im can be obtainedyy; = 0.75+ 0.05 s, and a critical length can
- T begeflnzedl'DDif = V2D tppr = .52 M.m, whereD, = 1.77 X
tq, s 107 cm’/s is the bulk water diffusion constant at room tem

perature. Although a close approximation between the be:

FIG. 2. The internal field induced decaf(ts) — R(ts)x, for samples of diameter and\r(t) was observed for the packed bead sample:
(A) 100-um beads and (B) 3@ peads. The insets show.the regions whergye do not expect it to be exact for general geometry. The sha
E)(:‘ga;hz(;‘;])q';ﬂz?proaChes zera: is determined by the ratB/R atlargets ¢ ihe nores as well as the grain size distribution will undoubi
edly alter the magnetic field distribution as characterized b

E(t., ty). Previous measurements of the time-dependent-diffi
pared to the bulk diffusion constabt, due to restriction12). sion constants1g) determined ¥S/V) = 7.1 um and thus

This behavior has been characterized in terms of a time-
dependent diffusion constabf(t,) (13, 14 and an approxima

tion was given in Ref.15): N 30 um
D(t) 1 % tg=1s
B =1—<1—a> g t;=0.4 s
0
t+ (1- La)t/e 5 -
cyt+ (1 -
x oo . 8] 8
(1—1a) +cyt+ (1— 1la)t/o =
€
wherec = (4/9V7)(S/V)VD,. For packed beads of diameter 8
d, VD,6/d ~ 0.15,« = 1/0.64, and thesurface-to-volume —
ratio S’V = 9.8/d. Using the above equation, the mean dis-
placement can be calculated &s(t) = V2D(t)t for individ- T o2 04 o6

ual bead size. The diffusion length scale defined\bft op;) is tg (Ms)
listed in Table 1 and it corresponds well to the bead diameters _ '
of the Corresponding samples. This result demonstrates th'éIG' 3. TheT,;-normalizedE as a function of, at longt, for the sample

tility of Ar (Ol’t ) as a measure of the pore dimension made of 30pm-diameter beads. Th€&;-normalizedE becomes a constant
utiiity DDif u p ! ion. aroundty, = 0.4 s and the data are shown fgr= 0.4 and 1 s. The line is the

According to Eqg. [4], the reduction of the echo signakqguare of the FID signal acquired bym2 pulse. According to Eq. [4E(t.,
normalized by the effect of, relaxation, is independent 6f t, — ) = |FID(t.)|? consistent with the measurement.
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FIG. 4. DDif measured for a sandstone rock sample (Fontainebleau 2). The internal field induced decay is sB@wn-byR(t)k, a critical time constant
topir IS Obtained to be 0.75 s, athgh; = 52 um. The inset shows an image of the thin section of the sample. The blue regions are the pore space filled wi
blue epoxy before the sample was prepared. The size of the large pores is approximatefy.100

one may estimate the pore diameter to b&6/) ~ 42 um for  signal loss due to diffusion can be very low. For example,
spherical pores. A cross-sectional image of the sample (insetl0~20% decay inE is adequate in contrast to the rather
Fig. 4) is obtained by optical transmission microscopy from significant decay of signal in a conventional PFG experi
30-um section of the sample. The pore space is representedngnt @).
the blue regions because of the blue epoxy impregnation priofThis experiment can be performed at a variety of magnet
to sectioning, showing the size of the large pore to be/ @0 fields, especially at high magnetic fields wherecan be
shortened to extend the minimum detectable length scale
CONCLUSIONS submicrometers. The maximum detectable length using wat
is approximately 10Qum, limited by the relaxation time. In
The susceptibility contrastAfy) of water and sedimentary addition, this technique can be used with any NMR-sensitiv
rocks varies from 1% to 10 (Sl unit) and an internal mag nuclei, such as xenon gas, to enhance the maximum detecta
netic gradient as high as 10 T/m may be present at 506nT (length scale to millimeters.
The magnitude of the internal field induced decay is deter-In summary, we have demonstrated the validity of a ne\
mined by yt.AyxB,, an experimentally controlled quantity.method for characterizing pore sizes in packed-bead samp
This leads to one of the advantages of this method that thed sandstone rock. The concept is based on the variation
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