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Abstract

We have extended the utility of NMR as a technique to probe porous media structure over length sedl68-62000um by using
the spin 1/2 noble ga¥*°Xe imbibed into the system’s pore space. Such length scales are much greater than can be probed with NNV
diffusion studies of water-saturated porous media. We utilized Pulsed Gradient Spin Echo NMR measurements of the time-depenc
diffusion coefficientD(t), of the xenon gas filling the pore space to study further the measurements of both the pore surface-area-to-volut
ratio, §/V,, and the tortuosity (pore connectivity) of the medium. In uniform-size glass bead packs, we oli3¢trvecreasing with
increasingt, reaching an observed asymptote~69.62—0.6®, that could be measured over diffusion distances extending over multiple
bead diameters. Measurements ft)/D, at differing gas pressures showed this tortuosity limit was not affected by changing the
characteristic diffusion length of the spins during the diffusion encoding gradient pulse. This was not the case at the short time limit, whe
D(t)/D, was noticeably affected by the gas pressure in the sample. Increasing the gas pressure, and henc® geghatitige diffusion
during the gradient pulse served to reduce the previously observed deviafi(m)dd, from the SV, relation. The Pade approximation
is used to interpolate between the long and short time limiB3(it). While the short timeD(t) points lay above the interpolation line in
the case of small beads, due to diffusion during the gradient pulse on the order of the pore size, it was also noted that the expgjimental
data fell below the Pade line in the case of large beads, most likely due to finite size effects. © 2001 Elsevier Science Inc. All rights reserv
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1. Introduction range properties of most porous media; e.g., tortuosity in
reservoir rock samples [2,8]—an important parameter that
NMR techniques are well known as non-invasive meth- describes pore connectivity and fluid transport though the
ods for study of a wide variety of porous materials. By rock.
detecting the'H signal from water-saturated rocks and We have recently shown that similar diffusion NMR
model systems, information including the surface-area-to- techniques can be applied to porous media imbibed with a
volume ratio §V,) [1,2], average pore size [3,4] and visu  gas rather than a liquid, yielding the time-dependent gas
alizations of fluid transport under flow [5] can be obtained. diffusion coefficientD(t) [9,10]. The spin 1/2 noble gases
Usually, these methods study the diffusion of the water (*He and'?°Xe) are particularly ideal for such studies, given
spins, and the Pulsed Gradient Spin Echo (PGSE) techniqueheir high diffusion coefficients, their inert nature, their low
has become a powerful tool for this purpose [6,7]. Except in surface interactions which reduce surfdgeeffects, and the
cases of very small pores, however, spin relaxation ability to tailor the desired diffusion coefficient to some
quenches the NMR signal before water molecules can dif- extent by altering the gas pressure in the sample. Using
fuse across even one pore. For this reason, liquid phase'?®Xe gas as the observation spin, with a diffusion ceeffi
NMR has been unable to yield measurements of the long-cient ~3 orders of magnitude higher than that of water
(5.7 X 10 m?> s ! at 1 bar pressure [9]), it has been
possible to extend the porous length scales over which
* Corresponding author. Tel.+1-617-495-7218; fax-+1-617-496-  dilfusion is observed by over an order of magnitude. We
7690. have shown that pore length scales on the order of millime-
E-mail addressrmair@cfa.harvard.edu (R. Mair). ters, rather than tens of micrometers, can be probed; and that
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NMR gas diffusion can be used for tortuosity determination assess the influence of excess gas diffusion during the dif-
in reservoir rocks [10]. fusion encoding on the observed da§) data in the short
Before 1994, gas phase NMR had been a largely ne-and intermediaté range.
glected field, due to the belief that little useful information
could be obtained from a sample whose density wa800
times lower than water. The advent of the spin-exchange
optical pumping technique to produce large, non-equilib-
rium spin polarizations £10%) in samples of noble gas
effectively cancelled the spin density deficit, allowing gas 2.1. Theory
phase samples to be created with equivalent magnetization
density to water in fields~1 T [11]. As a result, the It is well known that the NMR echo signal observed in a
technique has become popular in medical imaging, espe-PGSE experiment has a Fourier relationship to the proba-
cially as a non-invasive and high-resolution probe of the bility of spin motion—the so-called displacement propaga-
human and animal lung space [12]. We believe that gas tor, which can be thought of as a spectrum of motion. The
phase NMR also has a vital role to play in materials science echo signalE, obtained in a PGSE experiment can thus be
investigations, and in particular, that the advent of laser- written as [7]:
polarized gases has increased the awareness of the potential
for gas phase NMR in general. _ )
Whether the gas is laser or thermally polarized, similar E(g, 1) = J P(R, t) X exdi2zq- (R)]dR (1)
information can often be derived from NMR experiments on

porous samples, although the technique and time-scale forwherelf’s(R, t) is the ensemble average displacement prop
obtaining the data may differ. As such, we believe both agator, or the probability of a spin having a displacement
laser-polarized and thermally polarized gases offer the po-Rr = ¢’ — r proceeding from any initial positionto a final
tential for complementary information from different types  positionr’ during the ‘diffusion time't (often referred to as

of samples in the wide field of porous media study. We have A in the literature)q is the wavevector of the magnetization
therefore shown that laser-polarized xenon provides identi- modulation induced in the spins by a field gradient pulse of
cal D(t) information in model porous media to that derived strengthg and pulse duratiors. The magnitude ofy is
from thermally polarized samples [10]. However, efficient 5q/27 wherey is the spin gyromagnetic ratio. In the limit
gas polarization and handling facilities are required for of smallq, P, is a gaussian, and the echo will be attenuated
laser-polarized Xe NMR to provide data faster than by by a factor expt 4m2g2D(t)t) [7], whereD(t) = ([r’ —
signal averaging from a thermal sample. As a result, while ]2y/6t is the time-dependent diffusion coefficient deserib
developing such a facility, we have used thermally polarized jng incoherent random motion of the spins in the pore space.
xenon to further probe some of the peculiarities of time- p(t) will vary as a function oft, with more spins encoun-
dependent gas diffusion NMR in porous media. tering barriers to their motion asis increased.

One of the key issues that arises from the use of gas-  For short diffusion times (i.e., smal), the fraction of
phase diffusion measurements in porous media is that of thefjyiq spins whose motion is restricted by pore boundaries is
high gas diffusion coefficients themselves. While this fea- ~(SIV N /Dot, Where gV, is the pore surface-area-to-
ture of the gases permits the probing of long length scales,yolume-ratio and\V/Dgt is the characteristic free-spin-dif
it also means the gas has the potential to diffuse distancesysjon length scale for a diffusion time Using this basic

that are significant in relation to the enclosing pore space physical picture, Mitra et al. have calculated, for sntall
during the application of the diffusion-encoding gradient [13 14];

pulse in the PGSE sequences. Such a phenomenon violates

a basic assumption in the PGSE experiment, i.e., the narrow D(t) 4
pulse approximation that assumes the gradient pulse is in- D_o -
finitely narrow such that the spins do not diffuse during its

application [7]. We believe this breakdown of the narrow This important relation has been verified experimentally
pulse approximation led to deviations in gas time-dependentwith NMR of liquids imbibed in a variety of model porous
diffusion coefficientsP(t), from values expected from the  media [1], with the knowledge that for random bead packs,
SV, of model packed bead samples [10]. In this paper, we SV, = 6(1 — ¢)/(¢b) whered is the sample’s porosity
report the first measurements B{t) as a function of dif- andb the bead diameter. If the effects of enhanced relax-
fusion length during the gradient pulse, and show that re- ation at pore boundaries can be neglected, then for kgrge
ducing the gas diffusion coefficient can indeed reduce the D(t) approaches an asymptotic limit ofallccording to
previously seen deviations dd(t) from the theoretical [15]:

values. In addition, we apply the Pade approximation

method, previously used successfully to interpolate between D) 1 N (Mo —1)6 N O<l) 3z 3)

the short and long time wat@(t) limits [1,2], in order to Dy « t

2. Materials and methods
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PGSTE-bp 90 180 90 90 180 IN(S(g)/S(0)) = —g?y?62(2/7)?D(t)(t — 6/8 — T/6)
5
re — LI 1 L, ®)
58« where all timing parameters are described above, and the
G N (2/7)? factor accounts for the half-sine shape of the gradient

pulses. This equation is only applicable in the limitopH

. . _ _ 1/L, wherelL is the sample length [2]. This limit is breached
Fig. 1. Pulse sequence diagram for the Pulsed Gradient Stimulated Echof | t th dient | A It th | h
with alternating bi-polar gradient pulses (PGSTE-bp), as used in this work. or low sirengih gradient puises. AsS a resuft, the value for

The diffusion encoding gradient pulses, of lengtfand strengtty, are g = 0 was omitted from all fits, and the remaining gradient
shown in gray, while crusher gradients are shown in black. The diffusion values had to be chosen to be high enough to avoid this

time is denoted, and the total diffusion encoding time 15 See text for regime. In addition, gradient values had to be kept low
further description. enough so as not to leave the gaussian, dplivit, which
was characterized by the plot of B{(g)/S(0)) vs g? devi

. ) ] ating from linear, which usually occurred around a maxi-
is a fitting parameter that has units of time and appears topgteq [2].
scale with bead size [1,2]. In dense random beads packs The pi-polar stimulated echo technique (PGSTE-bp)
/e ~ V¢ [17]. This limit has been observed in bead packs \yas implemented on a GE Omega/CSI spectrometer (GE
and rocks only from gas-phase time dependent diffusion NMR Instruments, Fremont, CA), interfaced to a 4.7 T
measurements [10]. The Pade approximation has been sucmagnet with clear bore of 20 cm. Experiments were
cessfully used in the past to extrapolate between these tWoyerformed at 55.348 MHz fat??Xe using a tuned home-
limits [1,2], and this method is used here with gas-phase made solenoid NMR RF coil. Applied magnetic field

diffusion data for the first time: gradients up to 7 G/cm in strength were available. In
these measurement8,was fixed at 75Qus in all exper-
D() _ 1 (1 3 1) iments, the minimum possible without distortion of the
Do B « gradient shape on this systetmwas varied from a min-
imum of 25 ms to a maximum of 3 s. Values gfwere
(4\/@7'_&/9\]7—7)(5/%) + (1 — 1/a)(Dglt/Dyh) chosen to produce significant attenuation of fféXe
(1- 1) + (4\/@5_&/9\«;7)(5/%) + (1 — 1/a)(Dgt/Dy0) signal while remaining between the high and lowe-
gimes described above. The combined parameters re-
(4) sulted inT = 4 ms in all experiments.
2.2. NMR technique 2.3. Thermally polarized xenon gas NMR experiments
In practice, the very short spin coherence tinig)(of Samples of random packed spherical glass beads of dif-

fluid spins in a porous sample, and the high background ferent sample diameters were prepared for thermally polar-
gradients that result from susceptibility contrast between the ized xenon experiments. Cylindrical glass cells of volume
solid grains and the imbibed fluid [18] make the simple spin ~50 cn? held the bead-packs. Each cell contained beads of
echo technique unsuitable for measurdf). Instead, we  a single size, with bead diameters ranging from 0.1 mm to
used a modified stimulated echo sequence incorporating4 mm. Appropriate amounts of xenon (isotopically enriched
alternating bi-polar diffusion encoding gradient pulses to 90% '?°Xe) and oxygen were frozen inside the cells at
which serve to cancel out the effect of the background liquid nitrogen temperature. The cells were then sealed and
gradients while applying the diffusion encoding gradient warmed to room temperature, allowing the gases to evapo-
pulses [19,20]. The sequence is illustrated in Fig. 1, where rate and establish the desired imbibed-gas partial pressures
the timing parameters labeled correspond to the descriptioninside the cell. Typically, this was 3 bar for xenon and 2 bar
in the previous section. The additional 180° pulses around for oxygen, although some experiments were performed
each bi-polar pulse pair serve as additional refocusing with ~6 bar xenon and~1.5 bar oxygen. Paramagnetic
pulses to help overcome fast inhomogeneous signal loss,oxygen was included with the xenon in order to reduce the
while the crusher gradients, applied in an orthogonal axis, **>Xe T, from tens of seconds te-1.3-1.5 s, thereby
remove spurious signal resulting from imperfect 180° pulse enabling efficient signal averaging which is essential due to
calibration andB, inhomogeneity. The gradient pulses are the low NMR signal expected with thermally polarized
half-sine shaped in order to reduce eddy current ring-down ***Xe gas. The PGSTE-bp sequence was employed on all
after the application of the gradient pulde(t) was ob- samples, with 12 differerg values used, a repetition rate of
tained from the resulting data by fitting the natural log of the ~7-8 s, and the number of signal averaging scans ranging
measured echo attenuation to a modified form of the from 16-256, depending on sample line-width, signal
Stejskal-Tanner equation [20]: strength and diffusion time used.
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a) 1.0 : . : . , : , D(t) in bead pack samples [1]. However, for this particular
<« theoretical short time data display, the Pade fitting parametehas simply been
09 behaviour ~S/Vo b, 4 approximation between - adjusted to provide a fit with both the shaorand longt
Y short and long time limits limits over the longest diffusion distance possible. In other
§ 081 N ¢ ] words, we interpolate the limiting behavior at short and long
= o7l oA O §§ | times using Eq. (4), rather than attempting to fit the line
i?@ Y through the experimental data itself.
06| A~ O 7 With appropriate signal averaging, thermally polarized
\ expected long t e Timit ~ o xenon D(t) data can show the initial .shdrtdecrease of
°~50.0 ol 02 03 04 05 06 07 os D(1), rglated toS/V,, ar)d can alsp provide an easy measure
Normalized Diffusion Length  (bead diams.) of the inverse tortuosity, &, which for these samples is
[J4mmbeads A3 mmbeads O 2mmbeads 41 mm beads Yo ~ 0.63 ~ \/$v implying ¢ ~ 0.397 is the sample
porosity. The line of the shottlimit is calculated using this
b)1o ' ' ' ' ‘ observedd: SV, = 6(1 — $)/(¢b) = 9.11b m ™. The

data points for all beads, with the exception of the 0.1 mm
beads, approach and reach the expected tohgt of
1/a = 0.63. For the largest beads, the data also lies on the
calculated line of the shottlimit, however, as the bead size

ﬁ% Az i ; 4 decreases, there is an increasing deviation between the ex-
0o perimental points and the shdrtimit, as well with the
mediumt Pade line.

The power of this technique for studying heterogeneous

) 0‘ 2 2 6 3 10 12 structures is shown most clearly by the large normalized
Normalized Diffusion Length  (bead diams.) diffusion lengths that are observed in the smaller bead
@ Immbeads [] 0.5mmbeads A 0.1 mm beads samples, which have dimensions close to those encountered

Fig. 2. Time-dependent diffusion coefficient measurements for thermally N Natural porous media. As shown in Fig. 2b, the diffusion
polarized xenon gas imbibed in samples of randomly packed spherical lengths for this data indicate th&t°Xe atoms can diffuse
glass beads. Each sample contains beads of a uniform diameteér?*kae many bead diameters before spin depolarization limits the
time-Qgpendent diffusion coefficient is nqrmali;ed tp the free ?as diffusion \MR measurement, thus probing very long distance sample
coefficient,D, a_nd_plotted versus normalized dn‘fusmn lendih*V/Dt. heterogeneity and permitting an easy and accurate measure-
The calculated limits at shott{S/V,,) and longt (tortuosity) are shown by - . ) . .
the dashed and solid lines respectively, while the solid curved line repre- MeNt of inverse tortuosity. Such multi-pore diffusion cannot
sents the interpolation between these two limits using the Pade approxi- be measured with NMR for liquids imbibed in porous media
mation. (a) Xenon diffusion in packs of 1, 2, 3 and 4 mm diameter beads. with pores>50 um [1,2,8], and, we believe, are the first
Some of this data appeared in ref. [10]. (b) Lange., long-range) xenon — measyrements of diffusion over such multiple-diameter
gas diffusion for packs of 0.1, 0.5 and 1 mm diameter beads, showing . .
diffusion over distances exceeding many bead diameters. Representative!,eng_th scales in model sygtems, un_alded by flow. (The
error bars are plotted for the 1 mm (a) and 0.1 mm (b) bead samples.  limiting length from water diffusion arises from the water

T, of ~1 sec and the diffusion coefficient 6f2 x 10~ °m?

s~ 1, giving a maximum diffusion length of-\/D,T, ~
3. Results and discussion V2 X 107° ~ 45 um.)

The one sample that does not display the expected long-
A number of static samples, each containing a different time asymptote foD(t)/D, is the pack of 0.1 mm glass

size of beads and 3 bar pressure of xenon gas, were used tbeads. This sample exhibits a minimum reduéed) of
obtain XeD(t) measurements across a wide range of bead ~0.7, implying a greater porosity than for packs made from
sizes and diffusion lengths using the thermal xenon polar- larger beads, and disagreeing with calculationg dfased
ization created in the NMR magnet. This data is shown in on a dense, random pack of non-penetrating but otherwise
Fig. 2, some of which first appeared in ref [10], but is non-interacting spheres [17]. The larger porosity of packed
reproduced here to allow comparison with data from smaller samples made from these 0.1 mm beads was verified inde-
beads. The data is plotted as the reduced diffusion coeffi-pendently by helium porosimetry, an invasive technique,
cient,D(t)/D,, as a function of normalized diffusion length, and is likely a result of clumping of the very small beads.
b~ *VDgt, whereD, is the free gas diffusion coefficient Aside from the successful determination of sample tor-
andb is the bead diameter. The two characteristic limits for tuosity, the important feature of the plots in Fig. 2 is the
short and longt (Egs. (2-3)) are shown on the figure in deviation of the experimental data from the calculated
straight lines. The Pade approximation has been used toshortt limit derived from the measured porosity of the
interpolate between the long and shotdimits and hence  sample, and from the expected meditihehaviour. The
show the expected trend Bf(t) between the two limits, as  most obvious trend is that, except for the largest beads,
has been successfully demonstrated previously for watershortt data generally lies above the dast®¥, line, and
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that this deviation gets worse as bead size becomes smaller, 1.0
down to 0.5 mm. In the 0.1 mm beads, the internal void
sizes are so small as to prevent a successful measure of any 0.9 ¢
shortt decrease iD(t), given the high diffusion coefficient
of the gas which permits the Xe to sample most of the pore g
space within the minimum diffusion time A subtle effect =
is also notable in the larger beads, where the medilr(t) Q
data initially drops below the expected Pade behavior for
D(t), and appears to reach the tortuosity limit earlier than is 0.6 -
predicted by this interpolation routine. As the bead size
drops below 1 mm, however, both the short and medium- 0.5
data move above the expect®¥, and Pade lines, and then
drop down to follow this line towards the tortuosity limit at
~0.5 bea,d dlam?ters'_ . . . Fig. 3.1?°Ke time-dependent diffusion coefficient measurements for two
We believe this deviation of the experimental data in the igterent xenon gas pressures in a sample of randomly packed 0.5 mm glass
larger bead samples below the Pade approximation line maybeads. As in Fig. 2D(t)/D, is plotted againsb™*\/Dt, and the short-
be linked to the finite size of the sample. With the sample and longt limits, and the Pade approximation are shown by the dashed,
container having an inner diamete# cm, the sample can _solid and curved Iines_ respectively._A; the gas pressure is iqcreased, there
have at most. a width of 10 bead diameters in the case of's 2 notlceaple r_educt|on in the_ de\{|at|o_n between the experimental points
’ ' ) and theoretical lines at short diffusion times. Error bars are shown for the
the 4 mm beads, and 20 beads in the case of the 2 mm bead$righ-pressure X®(t) data, but are usually the size of the plot symbol.
Such conditions are likely to impose significant boundary
restrictions on the sample, and invalidate the assumption of
an infinite sample. The fact that this deviation reduces as thethe pore diameter (i.eQ.14a). Thus, for pores=200 um,
bead size is decreased gives credence to this hypothesiswe conclude that time-dependent diffusion measurements of
This matter will be the subject of future simulations and imbibed'?°Xe gas at reasonable pressures of a few atmo
experimental studies. spheres provide a powerful probe of both small- and large-
The deviation of the shott-data above the calculated scale structure in porous media (i.e., b&V, and tortu
SV, line as the bead size is reduced has been discussedsity). In samples with smaller pores, however, this
previously [10]. We believe this deviation is most likely due technique may give misleading results if used to measure
to the xenon atoms diffusing a significant fraction of the S/V,, because of the breakdown of the narrow pulse ap
pore size during the application of the diffusion encoding proximation.
gradient pulse, i.e)VDy6 ~ a, wherea is the character With the minimum gradient pulse time a function of the
istic pore length. Such an occurrence is a violation of the spectrometer hardware, and not easily changed, the simplest
narrow pulse approximation, a central simplification in the way to alter the effect ofNDy,6 was to change the gas
analysis of diffusion experiments obtained from the PGSE pressure, remembering thBt, scales inversely with gas
technique. While the effects of this violation have been pressure. The glass sample cell containing the 0.5 mm bead
studied theoretically for echo attenuation data at high gra- pack was thus filled with~6.6 bar enriched?®e, and
dient strength [21,22] it has been difficult to approach this ~1.5 bar Q. A new sample cell design was used for these
regime experimentally, given the inherent diffusion coeffi- higher pressure measurements which included a second
cient of water and other commonly used fluids. chamber, separated from the glass beads by a porous glass
Taking the measured free gas diffusion coefficiddy, frit. This design allowed the second chamber to equilibrate
for the xenon-oxygen mixture used in these experiments asat the same final gas pressure as the bead cell, and thus
1.36x 10 ®m?s 1[9], the characteristic diffusion distance allowed an internal check of the final Xe gas pressure by
during the spectrometer’s minimum gradient pulse time of measuringD, in situ. Fig. 3shows theD(t) measurements
750 ps is approximately 32um. Additionally, the internal ~ from the 0.5 mm bead pack at both pressures-8f and
“spherical” pore space in the voids between packed beads is~6.6 bar Xe, corresponding to a X#&, reduction from an
approximately 1/4 the bead diameter. Therefore, the 1 andexpected value of 1.3& 10 ® m? s~ ! to a measured value
0.5 mm beads can be thought of as haxang 250 and 125 of 0.79x 10 ® m? s~*. This change irD, in turn reduced
wm “spherical pores” with narrower necks running off Dy from ~32 to 24um, only a modest change; however
them. Therefore, if the gas is diffusing32 um during the a clear effect is seen on the resultéx{t) measured at short
diffusion encoding gradient pulse, the spins may be cover- times with the new gas pressure. The data points move
ing ~13-26% of the “spherical pore” diameter, and an even down closer to the Pade line, and at the shortest times, the
greater percentage of the pore space in the narrower necks/'V, line. (Here, theS/V, line was calculated from the
regions. Recent calculations by Wang et al. [23] suggest thatporosity that provided the best fit to the asymptotic lang-
the finite pulse approximation is valid when this diffusion D(t) values.) For this data, &/~ 0.65= V¢, ¢ = 0.422
distance during the gradient pulse is less than about 14% ofand the expecte®/V, = 6(1 — ¢)/(¢b) = 8.22b m~*.

0.8

0.7 +

0.0 0.4 0.8 12 1.6 2.0 24 2.8 32
Normalized Diffusion Length (bead diams.)

@ 0.5 mm beads - 6.6 bar Xe  [] 0.5 mm beads - 3 bar Xe



350 R.W. Mair et al. / Magnetic Resonance Imaging 19 (2001) 345-351

The data clearly indicate that diffusion during the gradient D(t)/D, at short time, and serves to reduce the deviation
pulse on a length scale approaching that of the characteristichetween the expected and observed values in this regime.
pore length is a significant contributor to the observed This consideration will be important in any study of gas-
deviations. This is an important constraint on gas diffusion phase diffusion in a restricted system where quantitative
NMR to be borne in mind, especially when more rapidly information is desired, and specifically in this case, has the
diffusing ®He is employed. Interestingly, whil& does not ability to effect any such derive®/V, measurement of the
change throughout any of these experiments, and hencesnclosing sample. In addition, we have used the Pade ap-
VDgyé is constant, it appears the diffusion during the-gra proximation to interpolate between the short and long-
dient pulse does not effect lorigD(t) measurements, and limits of D(t), and observed that the experimental data does
so it may be safely assumed that low pressure gases, omot always agree with the interpolation either, due to both
gases such as laser-polarizé#de may be suitable for ter diffusion during the gradient pulse causing the data to rise
tuosity measurements in a variety of samples, evesi\, above the Pade line as bead sizes get smaller, and possibly
cannot be accurately determined. finite-size effects of the sample which results in the data
falling below the interpolated line for large bead samples.

4. Conclusions

. . . " Acknowledgments
Studies of time-dependent gas diffusion coefficients by

NMR are proving a powerful new probe of porous media. In - \ye gratefully acknowledge scientific discussions with

this current work, we have extended the normalized diffu- pyof David Cory at MIT. This work was supported by NSF
sion distance over whicb(t) is probed in model porous grant BES-9612237, NASA grants NAGW-5025 and

media, and have shown that the long-distance heterogeneity\aG5-4920, the Whitaker Foundation, and the Smithsonian
can be easily prpbed by obse'rV|r[g(t) over diffusion Institution Scholarly Studies Program.

distances exceeding 10 bead diameters in small bead (0.1
mm) model porous media that are representative of natu-
rally occurring samples. Thus, similar normalized diffusion
distances can be probed in model systems to those we hav&®
studied previously in reservoir rock samples [10]. The abil- _ _ _

ity t Dt dist ; bead . [1] Latour LL, Mitra PP, Kleinberg RL, Sotak CH. Time-Dependent

! y 0 measur ( ) over IS_ ances o so many bead or Qra”_’ Diffusion Coefficient of Fluids in Porous Media as a Probe of Sur-
diameters permits unambiguous and accurate determination  ace-to-volume Ratio. J Magn Reson Series A 1993;101:342—6.

of the inverse tortuosity in such samples. In addition, the [2] Huarlimann MD, Helmer KG, Latour LL, Sotak CH. Restricted Dif-
ability to easily observe the tortuosity limit in model sys- fusion in Sedimentary Rocks. Determination of Surface-Area-to-Vol-
tems gives the potential for future studies of the approach to ume Ratio and Surface Relaxivity. J Magn Reson Series A 1994;111:
the D(t) limit from the intermediata regime.D(t) in the 16978,

. . ? ’ ! [3] Callaghan PT, Coy A, MacGowan D, Packer KJ, Zeyla FO. Diffrac-
Indiana Limestone rock sample S'tUd|9d previously [10] tion-like effects in NMR diffusion studies of fluids in porous solids.
showed a long, slow, hon-monotonic decrease towards the  Nature 1991;351:467-9.
eventual tortuosity limit. The ability to observe similar [4] Song YQ, Ryu S, Sen PN. Determining multiple length scales in

eferences

distances in model systems will allow the study of thig) rocks. Nature 2000,406:178-81. _
decrease in heterogeneous model systems and possibly the>] Stapf S. Packer KJ, Graham RG, Thovert J-F, Adler PM. Spatial
; . ’ ; correlations and dispersion for fluid transport through packed glass
determination of multiple length scales from f¢t) plotin beads studied by pulsed field-gradient NMR. Phys Rev E 1998;58:
such samples. 6206-21.
The diffusion studies as a function of pressure in the 0.5 [6] Stejskal EO, Tanner JE. Spin diffusion measurements: Spin echoes in
mm bead pack have shown that the |an_(t) measure- thez%rgsg;ce or a time-dependent field gradient. J Chem Phys 1965;

ments, from WhICh inverse tortl{OSIty is derived, are unaf- [7] Callaghan PT. Principles of Nuclear Magnetic Resonance Micros-
fected by varying gas pressure in the sample, and hence by~ ¢opy. Oxford: Oxford University Press, 1991.

the diffusion of spins during the application of the diffusion-  [8] Latour LL, Kleinberg RL, Mitra PP, Sotak CH. Pore-Size Distribu-
encoding gradient pulse, even though this characteristic tions and Tortuosity in Heterogeneous Porous Media. J Magn Reson

diffusion length may be significant on the pore length scale. __ Series A 1995;112:83-91.
This may permit accurate inverse tortuosity determination ) Mair RW. Cory DG, Peled S, Tseng C-H, Patz S, Walsworth RL.

. yp . y . Pulsed-field-gradient measurements of time-dependent gas diffusion.
using gas phase(t) measurements with a variety of gases, J Magn Reson 1998;135:478—86.
such as with laser-polarizetHe or gas at low pressures, [10] Mair RW, Wong GP, Hoffmann D, Hiimann MD, Patz S, Schwartz
despite high characteristic diffusion lengths during the gra- LM, Walsworth RL. Probing porous media with gas-diffusion NMR.
dient pulse. Conversely, the shorb(t)/D,, is effected by Phys Rev Lett 1999,83:3324 7.

.. . . . . [11] Walker TG, Happer W. Spin-exchange optical pumping of noble-gas
the characteristic diffusion length of the spins in the pores nuclei. Rev Mod Phys 1997:69:629—42.

during'diff'usior'l encoding. An incre_ase in gas pressure, O [12] Kauczor HU, Surkau R, Roberts T. MRI using hyperpolarized noble
reduction inD, in the sample clearly influences the value of gases. Eur Radiol 1998;8:820-7.



R.W. Mair et al. / Magnetic Resonance Imaging 19 (2001) 345-351 351

[13] Mitra PP, Sen PN, Schwartz LM, Doussal PL. Diffusion Propagator [19] Cotts RM, Hoch MJR, Sun T, Markert JT. Pulsed Field Gradient
as a Probe of the Structure of Porous Media. Phys Rev Lett 1992;68:

Stimulated Echo Methods for Improved NMR Diffusion Measure-
3555-8. ments in Heterogeneous Systems. J Magn Reson 1989;83:252—-66.

[14] Mitra PP, Sen PN, Schwartz LM. Short-time behavior of the diffusion [20] Latour LL, Li L, Sotak CH. Improved PFG stimulated-echo method
coefficient as a geometrical probe of porous media. Phys Rev B for the measurement of diffusion in inhomogeneous fields. J Magn
1993;47:8565-74. Reson Series B 1993;101:72-7.

[21] Coy A, Callaghan PT. Pulsed gradient spin echo nuclear magnetic
resonance for molecules diffusing between partially reflecting rect-
angular barriers. J Chem Phys 1994;101:4599—-609.

[22] Blees MH. The Effect of Finite Duration of Gradient Pulses on the
Pulsed-Field-Gradient NMR Method for Studying Restricted Diffu-
sion. J Magn Reson Series A 1994;109:203-9.

[15] De Swiet TM, Sen PN. Time dependent diffusion coefficient in a
disordered medium. J Chem Phys 1996;104:206-19.

[16] Bear J. Dynamics of Fluids in Porous Media. New York: Elsevier Inc,
1972.

[17] Sen PN, Schwartz LM, Mitra PP, Halperin BI. Surface relaxation and
the long-time diffusion coefficient in porous media: Periodic geom-
etries. Phys Rev B 1994;49:215-25. [23] Wang LZ, Caprihan A, Fukushima E. The narrow-pulse criterion for

[18] Hurlimann MD. Effective Gradients in Porous Media Due to Suscep- pulsed-gradient spin-echo diffusion measurements. J Magn Reson
tibility Differences. J Magn Reson 1998;131:232-40. Series A 1995;117:209-19.



