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Abstract

The basic principles of the pulse field gradient NMR, (PFG NMR) study of porous media
are discussed in the article. It is shown that self-diffusion coefficient of the fluid molecules
confined in the porous media dependence on the diffusion time includes direct information
about restriction sizes within porous matrix. The question of the inducted in the porous media
internal magnetic fields is discussed from the point of view of the required using of the high
pulse field gradients in order to avoid experimental data distortion.

It is shown that information about porous media structure and fluid localization could be
obtained by the study of the diffusion decay in the internal field gradients (without applying
pulse field gradient). The experiment where one can study dependence of the stimulated echo
amplitude on the time interval between first and second RF pulses (7-scanning) with different
diffusion times is offered to get information about internal magnetic field gradient (IMFQG)
distribution. The offered approach of data analysis allows to evaluate IMFG values and width
of their distribution. Particularly, is shown the in the partially saturated porous media the
information about internal magnetic field gradients allows to conclude about fluid localization
in the porous matrix.

One of the topical questions of the fluid filtration through the porous media problem is
the question of the “stagnant” zone quantitative characterization. The possibilities of the PFG
NMR technique are demonstrated in the paper: registration of the fluid molecules share in
the “stagnant” zones, determination of the characteristics of the molecular exchange between
“stagnant” zone molecules and molecules involved in the flow, etc.

PFG NMR possibilities to study exchange process between different fluid phases in the
porous media are discussed. Particularly, it shown that the apparent population of the
molecules in the different “phases” dependence on the diffusion time allows one to obtain
information not only about average molecular life-time in the phase, but also information
about distribution function of the life times.

Introduction

The spatial and time resolution of the PFG NMR technique is directly proportional
to the amplitude of the magnetic field gradient. In the standard NMR equipment (for
example, NMR scanners) the typical gradient amplitude is limited to 1 T /m. Using such
gradient pulses it is possible to investigate translational displacements of fluid molecules
on the distances only about a few microns. Producing higher magnetic field gradients
involves serious technical difficulties. Nevertheless, while in the 1980s the maximum
amplitude of PFG did not exceed 10 T/m, at present magnetic field gradients of about
100 T/m and higher are used in several laboratories. For a long time we used pulse
gradient with maximum amplitude up to 50-100 T/m. With a special probehead, we
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have achieved real gradient values up to 500 T/m. This considerably broadens the
scope of the method and its applications. It also opens up a new window to study
porous media by PFG NMR in the range beyond the sub-micron level. Some preliminary
measurements demonstrate the potential of this NMR technique to characterize the
pore space over distances below 1 pgm. Such information is essential for the study of
the relationships between the pore geometry and transport properties of porous media.

1. General principles

PFG NMR study of the translational dynamics of molecules is based on the recording
of the loss of spin phase coherence as a result of their translational motion in the mag-
netic field gradients. Information about diffusion processes can be obtained by analysing
the diffusion decay A(q,t) — the dependence of the spin-echo signal amplitude on mag-
netic field gradient parameters and time ¢. The ¢ vector is an analogue of the wave
vector and is equal to ¢ = (27) 17, where v is the gyromagnetic ratio of resonating
nuclei, g is the amplitude and ¢§ is the duration of the magnetic field gradient. The
diffusion decay A(q,t) can be described by van Hove correlation function

A(g,t) = // p(r)Ps(r; 7' t) exp(i2mq(r’ — r)) drdr’,

where p(r) is the initial density of spins and Ps(r;7’,t) is is the probability of observing
a spin at a point with radius vector r’ at time ¢, if at the initial time the spin was located
in the point with radius vector ». PFG NMR method has a wide range of applications
due to direct relation between Py(r;7’,t) and A(g,t). In the case of free diffusion in a
one-component system the probability Ps(r;7’,t) is given at the time-scale longer than
microscopic times by the Gaussian function

1 |7 — 7|
P(rrt)= —— Y LA
(7, 7, t) (D) exp{ D [

where Dy is the self-diffusion coefficient, the root-mean-square displacement for free
diffusion is ([(¢) — 7(0)]*) = 6Dt (Einstein equation).

For a single-phase system (with a single Dy value) and provided dg > Tg¢, where
go is the constant magnetic field gradient, the diffusion decay for the most widely used
stimulated spin-echo sequence (Fig. 1) is expressed as

A(2r, T1,9%) = A(27,71,0) exp (—qQDst) )

In the case of exponential relaxation we have

A(0) 21 7

A(27,7m,0) = —5 exp (—E - ?1) ,
where A(0) is the initial amplitude of the free induction decay after the first 90° pulse;
T, is the spin-spin relaxation time; 73 is the spin-lattice relaxation time; 7 and 7y
are the time intervals between the first and second and between the second and third
90° radiofrequency pulses, respectively; A is the time between gradient pulses; and
t =ty = (A—9/3) is the diffusion time. For a simple one-component system, there
is no difference in the way to obtain diffusion decay: variable parameter could be A, g
or J.
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Fig. 1. Stimulated echo pulse sequence

2. Investigation of porous media structure by pulsed field gradient NMR

Self-diffusion of liquids confined in porous media was found to be non-Gaussian. The
shape of the diffusion echo decay (DD) is not exponential and the average self-diffusion
coefficient D depends on the diffusion time. It was shown recently that analysis of the
diffusion data for a liquid confined in a porous structure can be used to obtain structural
information about the porous medium [1-6]. The shape of diffusion decay dependence on
the diffusion time contains information about the media molecules diffuse in; however,
it has not been studied until now. Analytical equations for DDs were obtained only for
systems with rather simple structures, when pores are randomly distributed in channels
[7-9], layers [8, 10, 11] and spherical or cylindrical cavities [6, 8, 12].

It was found [4, 6] that another way to obtain information about porous media
is studying the dependence of D on diffusion time. The behaviour of the mean self-
diffusion coefficient of a liquid in a porous structure is indicative of the existence of
three diffusion time ranges:

(i) Short time range, when the root-mean-square displacements of molecules of a
liquid are smaller than the linear pore dimensions, and there is no substantial effect of
pore walls on the observed self-diffusion coefficient; that is D* =~ Dg, where Dy is the
self-diffusion coefficient of bulk liquid.

(ii) Intermediate diffusion time range, when the root-mean-square displacements of
molecules of a liquid are comparable to the linear pore dimensions and the effective
coefficient D* depends on the diffusion time.

(iii) Long diffusion time range. The behaviour of D* is then determined by the
structure of the porous space (porosity, permeability, etc.).

For closed pores fully restricted diffusion with D* = D*f(#) & =1 can be observed at
long diffusion time. Experimental data can then be used to determine linear restriction
sizes by the Einstein equation R ~ 6D (t) - ¢.

For connected pores and long diffusion times, the root-mean-square displacements
of molecules are larger than the pore dimensions, and the motion of the liquid becomes
averaged over the space of the system. For porous systems with a random structure,
diffusion decay in this case is usually exponential and is characterized by a diffusion-
time-independent effective self-diffusion coefficient D* = D .

Thus, the behavior of the mean self-diffusion coefficient of molecules in a restricted
geometry system is determined by three terms, namely, the self-diffusion coefficient of
the pure liquid, the effect of restrictions, and the permeability effect. According to [1,
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Fig. 2. Experimentally obtained D*(t) — dependence for the porous media filled on the 20%
with tridecane (triangles) and calculated with Eq. (1) D**(t) dependence (stars). Dashed line
indicates D oc t7!

2], these effects can be separated correctly by scaling equation

)

D) = (D)~ Dl | 5 )

The D°(t) dependence can be used to obtain information about restriction dimen-
sions (porous medium characteristics) by analysing the overall time dependence of the
self-diffusion coefficient, including the three principal time ranges. One of the main
characteristics of the D®(¢) function is that D®¥(¢) oc t=! and restrictions sizes can be
calculated even in the case of the partially permeable system.

As an example of using these technique, in Fig. 2 we show the data for the tridecane
average self-diffusion coefficient dependence on the diffusion time D*(t) for the quartz
sand with average particle size 90 pum partially (20%) saturated with tridecane at
room temperature. The objective of the study was to obtain information about fluid
localization in the partially saturated porous media. One of the assumptions was that
fluid molecules could be localized as a “drops”. If this assumption is correct, one can
expect to obtain the dependence of self-diffusion coefficient of the molecules in these
drops on diffusion time as a restricted one. In Fig. 2 experimentally obtained D*(t)
dependence is shown with triangles: within the diffusion time range from 3 ms to 1 s
average self-diffusion coefficient of the tridecane molecules changes even more than in
one order of magnitude. Nevertheless, obtained D*(t) dependence does not correspond
to fully restricted diffusion (the slope D o ¢! is shown with a dashed line in the figure).
Thus, fluid molecules are localized in the porous space as some connected areas (“drops”).
To calculate their characteristic sizes we used Eq. (1) — calculated D*(¢) dependence
is shown in Fig. 2 with stars. As one can see from the figure, D*(#) dependence has
a slope “—1” and was used to evaluate the characteristic restriction (“drops”) size that

was found to be & = V72 = \/6tDf(t) ~ 10 pm.
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Fig. 3. Diffusion decays A(7) obtained for tridecane in sand at A: 5 ms (stars); 8 ms (squares);
10 ms (triangles); 20 (snowflakes) and 320 ms (circles)

3. Diffusion of liquid molecules in the internal magnetic field
gradients (IMFG)

When the molecular mobility is studied by NMR diffusometry and NMR relaxometry
in in species with a different magnetic susceptibility Ay between different parts of
the system (for instance, between porous matrix and liquid), the presence of internal
magnetic field gradients (IMFG), s7H o Ay, has to be taken into account to interpret
the experimental results correctly. For porous materials filled with a liquid, IMFG values
and their distribution over the sample depend on the external magnetic field, ﬁo, on
the morphology of the porous medium and on the magnitude of Ay. Thus, the IMFG
corresponds to the geometry and properties of the porous medium. However, for the
most real porous materials it is extremely difficult both to define the characteristics
analytically and to take into account these effects on the results of the NMR experiment.
In particular, the problem of IMFG becomes very difficult in cases when the applied
external magnetic field gradients are not high enough.

One of the methods to avoid IMFG effects on a result is to use special pulse se-
quences which decrease these effects (for example, the so-called “13 interval sequence”).
Nevertheless, it turns out that these sequences do not fully compensate the IMFG con-
tribution; moreover, the mechanisms of this compensation have not yet been clarified.
Another way is the detailed investigation of IMFG itself, because they reflects porous
material properties. Thus, IMFG effects become very important topic to study [16-18].

The effect of internal gradients was studied by our group for a sand sample with
particle size 300 — 400 pm using a stimulated spin-echo sequence, on a spectrometer
operating with a superconductor magnet at Hy = 7 T. The sand samples were filled
with tridecane (diffusion coefficient of tridecane is Dg = 0.68-10~? m?/s). Pulsed field
gradient was not applied in these experiments. The diffusion decay curves were obtained
as functions of 7:

A(r)=A (T, Tl,gfnt) o Zipi exp (_7252 (giint)2 ths), (2)
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Fig. 4. Distribution function of IMFG calculated for sand sample with tridecane

where
AlnA(r)

i 2 o i v _ =N )
(gine)” = [tga’], o' = +5- (v26%t4Ds)’

Fig. 3 shows the typical shape of diffusion decay A(r) for the studied system. A
family of curves was obtained for different diffusion times A varied from 5 to 320 ms.
Each curve of the family was analyzed in accordance with Eq. (2), and the values of the
internal gradients were calculated in this way. IMFG distribution function was presented
as a histogram, where the column width corresponds to "population" p; (> p; =1)
and the column height represents ¢!, value. Location of columns on histogram was
chosen consecutively according g, value. In the Fig. 4. such a histogram is shown for
the sand/tridecane system at A = 80 ms.

It should be noted that the shape of the obtained IMFG distribution differs signifi-
cantly from the parabolic magnetic field, (H(z) o< 22, g = g(2)), which is usually used
in theoretical work concerning the problem of taking into account the IMFG effect [19].
As seen in Fig. 4, the relative weight of high IMFG values is rather low (less than 20%).

Fig. 5 reveals a decrease of internal field gradients g, with increase in A. This
effect is conditioned by translational mobility of diffusant molecules.

According to the experimental data (Fig. 5) the maximum calculated gradient de-
creases from 11.6 T/m to 0.7 T/m as the diffusion time increases from 5 to 320 ms.

Thinking of the nature of the IMFG in the porous media, it is interesting also to
compare A(7) dependences for the fully and partially filled porous media. In Fig. 6
A(T) dependences are shown for the tridecane in sand at 20% and 100% saturation
of porous media. It is interesting to note, that distributions of internal field gradients
are distinguished for samples with different fillings (at the same diffusion time): for the
sample filled up to 20% the fraction of larger IMFG was more in comparison with the
sample filled up to 100%.

Thus, the study of the internal magnetic field gradient, which was performed with
stimulated spin-echo, showed that: (i) for the natural sand /tridecane system studied, the
distribution of IMFG values may not be described within the framework of the parabolic
field model; (ii) increase in the mean square displacement of the diffusant molecules leads
to change of the internal field gradient distribution function. The maximum measured
g value decreases due to the effect of averaging the internal field gradient by the
diffusing liquid. The The relative weight of the larger IMFG values is higher for the
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Fig. 6. A(7)-dependence, t = 20 ms

partially saturated porous media that gives information about localization of the fluid
molecules.

Thus, IMFG studies studies believe to be very perspective in terms of obtaining
information not only about porous media structure, but also about fluid localization in
there.

4. Water flows through porous media

4.1. Filtration through porous media: “stagnant” areas of fluid and their
characteristics. Typical technique to obtain information about such porous media
characteristics as porosity and permeability is studying the flow through the porous
matrix. It was found recently [20-22], that under the flow condition there are some zones
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Fig. 7. Diffusion decays obtained for water molecules in sand

(“stagnant” areas) in the porous matrix that are not involved in the flow. Obviously,
it leads to the incorrect porosity values determination by the “flow” techniques and it
is important to find the way to analyze these zones properties and their contribution
to the total porosity. In a static regime (without fluid flow) it is impossible to select
the contributions from liquid in stagnant zones and in closed pores from the liquid in
penetrable pores by diffusion decay analysis. This can be explained by the very close
values of the diffusion coefficients corresponding to these “types” of liquid. A difference in
mobility can be achieved by the creation of a fluid flow inside the porous media studied.
In this case one part of the liquid molecules will be involved in the flow and, thus, will be
characterized by an extra (induced) diffusion coefficient. Another part of the molecules
located in “stagnant” zones (including the locked pores) will be characterized by lower
values of the diffusion coefficient. The detailed analysis of diffusion decays obtained
for systems with fluid flow allows one to estimate the fraction of molecules located in
“stagnant” zones, and, in some cases, to define the fraction corresponding to each pore
type.

In order to define the characteristics of “stagnant” zones the translational mobility
of the water involved in flow was studied for sands with particle size 300-400 pm. The
diffusion decays obtained by the stimulated spin-echo sequence for the system without
flow and with fluid flow, velocity v = 13 mm/s, are depicted in Fig. 7. This indicates
that flow leads to two main effects: increase in the initial slope of the diffusion decays,
and decrease in the initial amplitude of the spin-echo signal as compared with the
amplitude at v =0 mm/s.

Nevertheless, the tails of the diffusion decays have not changed. This means that
some of the liquid molecules in the porous medium were not involved in the flow and,
consequently, they should be attributed to so-called “stagnant” zones. The initial am-
plitude decrease is related to extra misphasing due to internal gradient effects. These
effects increase as the diffusion time increases.

Comparing the diffusion decays obtained for samples with and without flow it is easy
to obtain the fraction (pg; ) of molecules not changing the translational characteristics.
In particular, for the sand /water system studied the fraction ps; decreases in accordance
with an exponential law as the diffusion time increases (Fig. 8). This pst(t4) dependence
shows that as the diffusion time increases most of the water molecules are involved in
flow and their transport properties are sufficiently changed.
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Fig. 8. Dependence of population corresponding to water not involved in flow on the diffusion
time at flow velocity 13 mm/s

The molecules involved in flow can exchange with molecules located in “stagnant”
zones due to self-diffusion.

Applying the approach developed to study the exchange processes, it is easy to
determine the mean life-time (75,) of molecules in the “stagnant” zones from the data
presented in Fig. 8 and the relation

Pua(ta) = pye(0) - exp (t—) |

Th

The calculated time (7,) was equal to 105 £ 5 ms; it allows one to obtain the
mean size of “stagnant” zones by the Stokes—Einstein equation. The calculated value
was 30 + 3 pum, in agreement with the pore structure of sand and its particle size
(300 — 400 pm).

5. Anomalous dynamic properties of low molecular weight liquids
confined in porous media. Molecular exchange processes

In addition to the changes in translational mobility of liquids, conditioned by obsta-
cles, in a number of papers an anomalous behavior of the self-diffusion coefficient was
found [1, 23, 24]. Decrease in the concentration of liquid resulted in an increase in the
molecular mobility. Sometimes measured self-diffusion coefficients exceeded Dy by a a
factor of ten or even more. A hypothesis was proposed about the fast (from the NMR
point of view) exchange between the molecules of liquid and saturated vapor. As the
result of a number of investigations [25, 26] and [1] we can now establish the mech-
anism of influence of saturated vapor on the diffusion of confined liquid as the result
of fast molecular exchange between the vapor and the liquid phases. For the first time
this exchange was measured experimentally by the PFG NMR technique in [1] and the
form of the function for the lifetime distribution in the liquid phase was determined. It
was shown that the form of this function is very sensitive to the interaction of liquid
molecules with the surface. In the case of partial saturation, the surface affects the
character of the liquid distribution in the porous space. From these data the need for
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careful preparation of the experiments is clear, as well as the analysis of experimental
data itself for the self-diffusion of small-size (particularly fugitive) liquids in porous
media.

For the first time, the problem of measurements of diffusion in the presence of
exchange between phases was considered for an example of a two-phase system [27]. It
was carried out on the basis of the assumption of exponential distribution functions of
the phase lifetimes. Intermediate exchange is most interesting. For instance, diffusion
decay is described by a continuous spectrum of self-diffusion coefficients even in the
case of the two-phase system. The most important result [28] is that the spectrum is
unambiguously bounded by Ds, and Dy, values and the component populations p,(tq)
and pp(tq), which are decreasing functions of diffusion time t4. To summarize, the
analysis of p, ;(tq) dependence provides the possibility of determining the distribution
function (1) for lifetimes in phases.

The authors would like to thank Schlumberger Research & Development (RUP1-
1331(3)-KA-05 project) and Federal Scientific Program (contract No 02.445.11.7017)
for the support of this research.

Pesome

B.J. Cxupda, A.P. Mymuna, P.B. Aprunos. UccnenoBanus TpaHCIAIUOHHON MOBUKHOC-
TH B TIOPUCTHIX cpefax MetoaoMm AMP ¢ uMmyancHBIM TpaueHTOM MarHUTHOTO TOJIsS: OrPAHU-
wenHaa quddy3us, JTOKATbHBIE MATHATHBIE TIOJIS, TIOTOKW U MOJIEKYJIAPHBIA 0OMEH.

B cratpe paccmorpensl ocHoBHBIE TpuwHIUIBI npuMenenns ZAMP ¢ mmmynbcabiM Tpaam-
€HTOM MAarHUTHOTO IOJIS JIJIs UCCIe0BAHUSA MOPUCTHIX cucTteM. Iloka3aHo, 4TO ucCaes0BaHre
3aBucuMocTeil Koaddurmenta camoanddys3un ot Bpemenn audy3un Mpu COOTBETCTBY O
06paboTKe IKCIEePUMEHTATbHBIX JIAHHBIX MOYXKET JaTh MPAMYI0 HH(OPMAIUIO O pazMepax orpa-
uudennii. O6pameno BHUMaHUe Ha HEOOXOIUMOCTh IIPUMEHEHU s MOIIHBIX BHEITHUX I'PAIUEHTOB
MarHUTHOTO TIOJIsI B CBSA3W C HABOJAUMBIMU B HEOIHOPOIHBIX CTPYKTYPaX 3HAYNTETHHBIMY BHY T-
PEHHUMU IPAJAMEHTAMU MATHUTHOIO TI0JIsl, MCKAYKAIONIMMYU IKCIEPUMEHTATbHbIE JaHHbIE.

TTokazamo, uTo undopmaius 0 CTPyKTyPe IOPUCTOTO IPOCTPAHCTBA U PACIIPE/ICTICHUY KU~
KOCTH B Hell MOYKeT OBITH B TIPUHIIUIE TMOJIyYeHA B PEXRUMEe UCCIeI0BaHusS MuddY3MOHHBIX
3aTyXaHUH TOJIHLKO BO BHYTPEHHUX IPAJUEHTaX MArHUTHOTO 110Jisd. [l 9TOro mpeiioxkeHo uc-
CIe/I0BATh 3aBUCUMOCTD AMILIUTY/IbI CTUMYJIMPOBAHHOTO 9Xa OT BEJIMYUHBI IEPBOTO BPEMEHHO-
TO WHTEPBAJIa B UMITYJILCHON TIOCIEI0BATEIPHOCTH (T-Scanning) Mpy BAPhUPYEMBIX 3HAMCHUAX
Bpemenu auddys3un. DTOT IKCIEPUMEHT IM03BOJIAET ONEHUTH 3HAYCHUA U NIMPUHY pacIipe-
JleJieHus BHYTPEHHUX TPAJUEHTOB MAarHUTHOIO T0JIs B UCCJeayeMoil cucreme. B wacraocTH,
MOKA3aHO, YTO B TOPUCTHIX CHCTEMAaX, YACTUYIHO HACHIMEHHBIX JKUIKOCTHIO, M0 WH(MOPMAITUN
0 BHYTPEHHUX TPAJAMEHTaX MACHUTHOIO MOJIs MOXKHO CYJUTH O PACHpPE/e/IeHUN KUJIKOCTH B
IOPUCTOM TTPOCTPAHCTBE.

K onmoit 3 akTyagapHBIX pobyieM (GUIbTpaInm KUIKOCTA Yepe3 TOPUCTYIO CPEIy OTHO-
cUTCA 33/1a9a KOJIMYEeCTBEHHON OIIeHKM TaK HAa3bIBAEMbIX 3aCTOWHBIX 30H. B pabore nemoncTpu-
pytorca Bo3moxuOCTH MeToga IMP ¢ uMmyabcHBIM rpajiueHTOM MAarHUTHOIO TOJIs /I PEru-
CTPAIUM OTHOCUTEIHHON MO KUIKOCTH, 3aKII0UEHHON B TaKMe 30HbI, a TAK¥Ke OIMPEeIe/IeHUST
XapaKTEPUCTUK MOJIEKYJIAPHOTO 00MEHA MEeXKJy ITON KHUIKOCTHIO W KUJKOCTHIO, HEIOCpPe/I-
CTBEHHO y4acTBYIOIEH B GUIBTPAIIMOHHOM IIOTOKE.

Ouens MHTEPECHBIMU W WH(MOPMATHBHBIMA MOTYT OBITH Pe3yJ/IbTAaThl TPUMEHEHVS METOa
SIMP ¢ rpaameHTOM MArHUTHOTO TIOJsI K WCC/IEOBAHUIO TIPOIIECCOB OOMEHA MEKIy DPa3/Ind-
HbIMU (HA30BBIMU COCTOAHUIMU KUJAKOCTU B MOPUCTON cpene. B wacTHOCTH, M3 TTOCTPOEHHBIX
3aBucnMocTeit koaddunmentos camonnddy3nn MOIEKyI B pa3HBIX ¢da3ax OT BpeMeHW Tud-
dy3un KaxKymuxcs HACEIEHHOCTEH y/1aercs IMOJIy9uTh WH(MOPMAIUIO HE TOJILKO O CPeJIHeM
BpeMenu )u3au B (aze, HO u 0 HYHKIUN PACIPEICICHU ITUX BPEMEH.
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