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hipovAbstra
tThe basi
 prin
iples of the pulse �eld gradient NMR (PFG NMR) study of porous mediaare dis
ussed in the arti
le. It is shown that self-di�usion 
oe�
ient of the �uid mole
ules
on�ned in the porous media dependen
e on the di�usion time in
ludes dire
t informationabout restri
tion sizes within porous matrix. The question of the indu
ted in the porous mediainternal magneti
 �elds is dis
ussed from the point of view of the required using of the highpulse �eld gradients in order to avoid experimental data distortion.It is shown that information about porous media stru
ture and �uid lo
alization 
ould beobtained by the study of the di�usion de
ay in the internal �eld gradients (without applyingpulse �eld gradient). The experiment where one 
an study dependen
e of the stimulated e
hoamplitude on the time interval between �rst and se
ond RF pulses (τ -s
anning) with di�erentdi�usion times is o�ered to get information about internal magneti
 �eld gradient (IMFG)distribution. The o�ered approa
h of data analysis allows to evaluate IMFG values and widthof their distribution. Parti
ularly, is shown the in the partially saturated porous media theinformation about internal magneti
 �eld gradients allows to 
on
lude about �uid lo
alizationin the porous matrix.One of the topi
al questions of the �uid �ltration through the porous media problem isthe question of the �stagnant� zone quantitative 
hara
terization. The possibilities of the PFGNMR te
hnique are demonstrated in the paper: registration of the �uid mole
ules share inthe �stagnant� zones, determination of the 
hara
teristi
s of the mole
ular ex
hange between�stagnant� zone mole
ules and mole
ules involved in the �ow, et
.PFG NMR possibilities to study ex
hange pro
ess between di�erent �uid phases in theporous media are dis
ussed. Parti
ularly, it shown that the apparent population of themole
ules in the di�erent �phases� dependen
e on the di�usion time allows one to obtaininformation not only about average mole
ular life-time in the phase, but also informationabout distribution fun
tion of the life times.Introdu
tionThe spatial and time resolution of the PFG NMR te
hnique is dire
tly proportionalto the amplitude of the magneti
 �eld gradient. In the standard NMR equipment (forexample, NMR s
anners) the typi
al gradient amplitude is limited to 1 T/m. Using su
hgradient pulses it is possible to investigate translational displa
ements of �uid mole
uleson the distan
es only about a few mi
rons. Produ
ing higher magneti
 �eld gradientsinvolves serious te
hni
al di�
ulties. Nevertheless, while in the 1980s the maximumamplitude of PFG did not ex
eed 10 T/m, at present magneti
 �eld gradients of about100 T/m and higher are used in several laboratories. For a long time we used pulsegradient with maximum amplitude up to 50�100 T/m. With a spe
ial probehead, we
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hieved real gradient values up to 500 T/m. This 
onsiderably broadens thes
ope of the method and its appli
ations. It also opens up a new window to studyporous media by PFG NMR in the range beyond the sub-mi
ron level. Some preliminarymeasurements demonstrate the potential of this NMR te
hnique to 
hara
terize thepore spa
e over distan
es below 1 µm. Su
h information is essential for the study ofthe relationships between the pore geometry and transport properties of porous media.1. General prin
iplesPFG NMR study of the translational dynami
s of mole
ules is based on the re
ordingof the loss of spin phase 
oheren
e as a result of their translational motion in the mag-neti
 �eld gradients. Information about di�usion pro
esses 
an be obtained by analysingthe di�usion de
ay A(q̄, t) � the dependen
e of the spin-e
ho signal amplitude on mag-neti
 �eld gradient parameters and time t . The q̄ ve
tor is an analogue of the waveve
tor and is equal to q̄ = (2π)−1γδḡ , where γ is the gyromagneti
 ratio of resonatingnu
lei, ḡ is the amplitude and δ is the duration of the magneti
 �eld gradient. Thedi�usion de
ay A(q̄, t) 
an be des
ribed by van Hove 
orrelation fun
tion
A(q, t) =

∫∫

ρ(r)Ps(r; r
′, t) exp(i2πq(r′ − r)) drdr′,where ρ(r) is the initial density of spins and Ps(r; r

′, t) is is the probability of observinga spin at a point with radius ve
tor r′ at time t , if at the initial time the spin was lo
atedin the point with radius ve
tor r . PFG NMR method has a wide range of appli
ationsdue to dire
t relation between Ps(r; r
′, t) and A(q, t) . In the 
ase of free di�usion in aone-
omponent system the probability Ps(r; r

′, t) is given at the time-s
ale longer thanmi
ros
opi
 times by the Gaussian fun
tion
Ps(r̄, r̄

′, t) =
1

(4πDst)3/2
exp

{

−|r̄′ − r̄|2
4Dst

}

,where Ds is the self-di�usion 
oe�
ient, the root-mean-square displa
ement for freedi�usion is 〈

[r̄′(t) − r̄(0)]2
〉

= 6Dst (Einstein equation).For a single-phase system (with a single Ds value) and provided δg ≫ τg0 , where
g0 is the 
onstant magneti
 �eld gradient, the di�usion de
ay for the most widely usedstimulated spin-e
ho sequen
e (Fig. 1) is expressed as

A(2τ, τ1, g
2) = A(2τ, τ1, 0) exp

(

−q2Dst
)

.In the 
ase of exponential relaxation we have
A(2τ, τ1, 0) =

A(0)

2
exp

(

−2τ

T2

− τ1
T1

)

,where A(0) is the initial amplitude of the free indu
tion de
ay after the �rst 90◦ pulse;
T2 is the spin-spin relaxation time; T1 is the spin-latti
e relaxation time; τ and τ1are the time intervals between the �rst and se
ond and between the se
ond and third90◦ radiofrequen
y pulses, respe
tively; ∆ is the time between gradient pulses; and
t ≡ td = (∆ − δ/3) is the di�usion time. For a simple one-
omponent system, thereis no di�eren
e in the way to obtain di�usion de
ay: variable parameter 
ould be ∆ , ḡor δ .
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A 

Fig. 1. Stimulated e
ho pulse sequen
e2. Investigation of porous media stru
ture by pulsed �eld gradient NMRSelf-di�usion of liquids 
on�ned in porous media was found to be non-Gaussian. Theshape of the di�usion e
ho de
ay (DD) is not exponential and the average self-di�usion
oe�
ient D depends on the di�usion time. It was shown re
ently that analysis of thedi�usion data for a liquid 
on�ned in a porous stru
ture 
an be used to obtain stru
turalinformation about the porous medium [1�6℄. The shape of di�usion de
ay dependen
e onthe di�usion time 
ontains information about the media mole
ules di�use in; however,it has not been studied until now. Analyti
al equations for DDs were obtained only forsystems with rather simple stru
tures, when pores are randomly distributed in 
hannels[7�9℄, layers [8, 10, 11℄ and spheri
al or 
ylindri
al 
avities [6, 8, 12℄.It was found [4, 6℄ that another way to obtain information about porous mediais studying the dependen
e of D on di�usion time. The behaviour of the mean self-di�usion 
oe�
ient of a liquid in a porous stru
ture is indi
ative of the existen
e ofthree di�usion time ranges:(i) Short time range, when the root-mean-square displa
ements of mole
ules of aliquid are smaller than the linear pore dimensions, and there is no substantial e�e
t ofpore walls on the observed self-di�usion 
oe�
ient; that is D∗ ≈ D0 , where D0 is theself-di�usion 
oe�
ient of bulk liquid.(ii) Intermediate di�usion time range, when the root-mean-square displa
ements ofmole
ules of a liquid are 
omparable to the linear pore dimensions and the e�e
tive
oe�
ient D∗ depends on the di�usion time.(iii) Long di�usion time range. The behaviour of D∗ is then determined by thestru
ture of the porous spa
e (porosity, permeability, et
.).For 
losed pores fully restri
ted di�usion with D∗ = De�(t) ∝ t−1 
an be observed atlong di�usion time. Experimental data 
an then be used to determine linear restri
tionsizes by the Einstein equation R2

p ≈ 6De�(t) · t .For 
onne
ted pores and long di�usion times, the root-mean-square displa
ementsof mole
ules are larger than the pore dimensions, and the motion of the liquid be
omesaveraged over the spa
e of the system. For porous systems with a random stru
ture,di�usion de
ay in this 
ase is usually exponential and is 
hara
terized by a di�usion-time-independent e�e
tive self-di�usion 
oe�
ient D∗ = D∞ .Thus, the behavior of the mean self-di�usion 
oe�
ient of mole
ules in a restri
tedgeometry system is determined by three terms, namely, the self-di�usion 
oe�
ient ofthe pure liquid, the e�e
t of restri
tions, and the permeability e�e
t. A

ording to [1,
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Fig. 2. Experimentally obtained D
∗(t) � dependen
e for the porous media �lled on the 20%with tride
ane (triangles) and 
al
ulated with Eq. (1) D

e�(t) dependen
e (stars). Dashed lineindi
ates D ∝ t
−12℄, these e�e
ts 
an be separated 
orre
tly by s
aling equation

De�(t) = [D∗(t) −D∞] ·
[

D0

D0 −D∗(t)

]

. (1)The De�(t) dependen
e 
an be used to obtain information about restri
tion dimen-sions (porous medium 
hara
teristi
s) by analysing the overall time dependen
e of theself-di�usion 
oe�
ient, in
luding the three prin
ipal time ranges. One of the main
hara
teristi
s of the De�(t) fun
tion is that De�(t) ∝ t−1 and restri
tions sizes 
an be
al
ulated even in the 
ase of the partially permeable system.As an example of using these te
hnique, in Fig. 2 we show the data for the tride
aneaverage self-di�usion 
oe�
ient dependen
e on the di�usion time D∗(t) for the quartzsand with average parti
le size 90 µm partially (20%) saturated with tride
ane atroom temperature. The obje
tive of the study was to obtain information about �uidlo
alization in the partially saturated porous media. One of the assumptions was that�uid mole
ules 
ould be lo
alized as a �drops�. If this assumption is 
orre
t, one 
anexpe
t to obtain the dependen
e of self-di�usion 
oe�
ient of the mole
ules in thesedrops on di�usion time as a restri
ted one. In Fig. 2 experimentally obtained D∗(t)dependen
e is shown with triangles: within the di�usion time range from 3 ms to 1 saverage self-di�usion 
oe�
ient of the tride
ane mole
ules 
hanges even more than inone order of magnitude. Nevertheless, obtained D∗(t) dependen
e does not 
orrespondto fully restri
ted di�usion (the slope D ∝ t−1 is shown with a dashed line in the �gure).Thus, �uid mole
ules are lo
alized in the porous spa
e as some 
onne
ted areas (�drops�).To 
al
ulate their 
hara
teristi
 sizes we used Eq. (1) � 
al
ulated De�(t) dependen
eis shown in Fig. 2 with stars. As one 
an see from the �gure, De�(t) dependen
e hasa slope �−1 � and was used to evaluate the 
hara
teristi
 restri
tion (�drops�) size thatwas found to be ξ =
√
r̄2 =

√

6tDe�(t) ≈ 10 µm.
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Fig. 3. Di�usion de
ays A(τ ) obtained for tride
ane in sand at ∆ : 5 ms (stars); 8 ms (squares);10 ms (triangles); 20 (snow�akes) and 320 ms (
ir
les)3. Di�usion of liquid mole
ules in the internal magneti
 �eldgradients (IMFG)When the mole
ular mobility is studied by NMR di�usometry and NMR relaxometryin in spe
ies with a di�erent magneti
 sus
eptibility ∆χ between di�erent parts ofthe system (for instan
e, between porous matrix and liquid), the presen
e of internalmagneti
 �eld gradients (IMFG), ▽ ~H ∝ ∆χ , has to be taken into a

ount to interpretthe experimental results 
orre
tly. For porous materials �lled with a liquid, IMFG valuesand their distribution over the sample depend on the external magneti
 �eld, ~H0 , onthe morphology of the porous medium and on the magnitude of ∆χ . Thus, the IMFG
orresponds to the geometry and properties of the porous medium. However, for themost real porous materials it is extremely di�
ult both to de�ne the 
hara
teristi
sanalyti
ally and to take into a

ount these e�e
ts on the results of the NMR experiment.In parti
ular, the problem of IMFG be
omes very di�
ult in 
ases when the appliedexternal magneti
 �eld gradients are not high enough.One of the methods to avoid IMFG e�e
ts on a result is to use spe
ial pulse se-quen
es whi
h de
rease these e�e
ts (for example, the so-
alled �13 interval sequen
e�).Nevertheless, it turns out that these sequen
es do not fully 
ompensate the IMFG 
on-tribution; moreover, the me
hanisms of this 
ompensation have not yet been 
lari�ed.Another way is the detailed investigation of IMFG itself, be
ause they re�e
ts porousmaterial properties. Thus, IMFG e�e
ts be
ome very important topi
 to study [16�18℄.The e�e
t of internal gradients was studied by our group for a sand sample withparti
le size 300 − 400 µm using a stimulated spin-e
ho sequen
e, on a spe
trometeroperating with a super
ondu
tor magnet at H0 = 7 T. The sand samples were �lledwith tride
ane (di�usion 
oe�
ient of tride
ane is DS = 0.68 ·10−9 m2/s). Pulsed �eldgradient was not applied in these experiments. The di�usion de
ay 
urves were obtainedas fun
tions of τ :
A (τ) ≡ A

(

τ, τ1, g
i
int

)

∝
∑

i
pi exp

(

−γ2δ2
(

giint)2

tdDs

)

, (2)
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Fig. 4. Distribution fun
tion of IMFG 
al
ulated for sand sample with tride
anewhere
(

giint)2

=
∣

∣tgαi
∣

∣ , αi =
∆ lnA (τ)

∆ ln (γ2δ2tdDS)
.Fig. 3 shows the typi
al shape of di�usion de
ay A(τ) for the studied system. Afamily of 
urves was obtained for di�erent di�usion times ∆ varied from 5 to 320 ms.Ea
h 
urve of the family was analyzed in a

ordan
e with Eq. (2), and the values of theinternal gradients were 
al
ulated in this way. IMFG distribution fun
tion was presentedas a histogram, where the 
olumn width 
orresponds to "population" pi (∑ pi = 1)and the 
olumn height represents giint value. Lo
ation of 
olumns on histogram was
hosen 
onse
utively a

ording giint value. In the Fig. 4. su
h a histogram is shown forthe sand/tride
ane system at ∆ = 80 ms.It should be noted that the shape of the obtained IMFG distribution di�ers signi�-
antly from the paraboli
 magneti
 �eld, (H(z) ∝ z2 , g = g(z)), whi
h is usually usedin theoreti
al work 
on
erning the problem of taking into a

ount the IMFG e�e
t [19℄.As seen in Fig. 4, the relative weight of high IMFG values is rather low (less than 20%).Fig. 5 reveals a de
rease of internal �eld gradients giint with in
rease in ∆ . Thise�e
t is 
onditioned by translational mobility of di�usant mole
ules.A

ording to the experimental data (Fig. 5) the maximum 
al
ulated gradient de-
reases from 11.6 T/m to 0.7 T/m as the di�usion time in
reases from 5 to 320 ms.Thinking of the nature of the IMFG in the porous media, it is interesting also to
ompare A(τ) dependen
es for the fully and partially �lled porous media. In Fig. 6

A(τ) dependen
es are shown for the tride
ane in sand at 20% and 100% saturationof porous media. It is interesting to note, that distributions of internal �eld gradientsare distinguished for samples with di�erent �llings (at the same di�usion time): for thesample �lled up to 20% the fra
tion of larger IMFG was more in 
omparison with thesample �lled up to 100%.Thus, the study of the internal magneti
 �eld gradient, whi
h was performed withstimulated spin-e
ho, showed that: (i) for the natural sand/tride
ane system studied, thedistribution of IMFG values may not be des
ribed within the framework of the paraboli
�eld model; (ii) in
rease in the mean square displa
ement of the di�usant mole
ules leadsto 
hange of the internal �eld gradient distribution fun
tion. The maximum measured
giint value de
reases due to the e�e
t of averaging the internal �eld gradient by thedi�using liquid. The The relative weight of the larger IMFG values is higher for the
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Fig. 5. Distribution fun
tion of IMFG, 
al
ulated from experimental de
ays
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Fig. 6. A(τ ) -dependen
e, t = 20 mspartially saturated porous media that gives information about lo
alization of the �uidmole
ules.Thus, IMFG studies studies believe to be very perspe
tive in terms of obtaininginformation not only about porous media stru
ture, but also about �uid lo
alization inthere. 4. Water �ows through porous media4.1. Filtration through porous media: �stagnant� areas of �uid and their
hara
teristi
s. Typi
al te
hnique to obtain information about su
h porous media
hara
teristi
s as porosity and permeability is studying the �ow through the porousmatrix. It was found re
ently [20�22℄, that under the �ow 
ondition there are some zones
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Fig. 7. Di�usion de
ays obtained for water mole
ules in sand(�stagnant� areas) in the porous matrix that are not involved in the �ow. Obviously,it leads to the in
orre
t porosity values determination by the ��ow� te
hniques and itis important to �nd the way to analyze these zones properties and their 
ontributionto the total porosity. In a stati
 regime (without �uid �ow) it is impossible to sele
tthe 
ontributions from liquid in stagnant zones and in 
losed pores from the liquid inpenetrable pores by di�usion de
ay analysis. This 
an be explained by the very 
losevalues of the di�usion 
oe�
ients 
orresponding to these �types� of liquid. A di�eren
e inmobility 
an be a
hieved by the 
reation of a �uid �ow inside the porous media studied.In this 
ase one part of the liquid mole
ules will be involved in the �ow and, thus, will be
hara
terized by an extra (indu
ed) di�usion 
oe�
ient. Another part of the mole
uleslo
ated in �stagnant� zones (in
luding the lo
ked pores) will be 
hara
terized by lowervalues of the di�usion 
oe�
ient. The detailed analysis of di�usion de
ays obtainedfor systems with �uid �ow allows one to estimate the fra
tion of mole
ules lo
ated in�stagnant� zones, and, in some 
ases, to de�ne the fra
tion 
orresponding to ea
h poretype.In order to de�ne the 
hara
teristi
s of �stagnant� zones the translational mobilityof the water involved in �ow was studied for sands with parti
le size 300�400 µm. Thedi�usion de
ays obtained by the stimulated spin-e
ho sequen
e for the system without�ow and with �uid �ow, velo
ity v = 13 mm/s, are depi
ted in Fig. 7. This indi
atesthat �ow leads to two main e�e
ts: in
rease in the initial slope of the di�usion de
ays,and de
rease in the initial amplitude of the spin-e
ho signal as 
ompared with theamplitude at v = 0 mm/s.Nevertheless, the tails of the di�usion de
ays have not 
hanged. This means thatsome of the liquid mole
ules in the porous medium were not involved in the �ow and,
onsequently, they should be attributed to so-
alled �stagnant� zones. The initial am-plitude de
rease is related to extra misphasing due to internal gradient e�e
ts. Thesee�e
ts in
rease as the di�usion time in
reases.Comparing the di�usion de
ays obtained for samples with and without �ow it is easyto obtain the fra
tion (pst ) of mole
ules not 
hanging the translational 
hara
teristi
s.In parti
ular, for the sand/water system studied the fra
tion pst de
reases in a

ordan
ewith an exponential law as the di�usion time in
reases (Fig. 8). This pst(td) dependen
eshows that as the di�usion time in
reases most of the water mole
ules are involved in�ow and their transport properties are su�
iently 
hanged.
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e of population 
orresponding to water not involved in �ow on the di�usiontime at �ow velo
ity 13 mm/sThe mole
ules involved in �ow 
an ex
hange with mole
ules lo
ated in �stagnant�zones due to self-di�usion.Applying the approa
h developed to study the ex
hange pro
esses, it is easy todetermine the mean life-time (τh) of mole
ules in the �stagnant� zones from the datapresented in Fig. 8 and the relation
pst(td) = pst(0) · exp

(

− td
τh

)

.The 
al
ulated time (τh) was equal to 105 ± 5 ms; it allows one to obtain themean size of �stagnant� zones by the Stokes �Einstein equation. The 
al
ulated valuewas 30 ± 3 µm, in agreement with the pore stru
ture of sand and its parti
le size(300 − 400 µm).5. Anomalous dynami
 properties of low mole
ular weight liquids
on�ned in porous media. Mole
ular ex
hange pro
essesIn addition to the 
hanges in translational mobility of liquids, 
onditioned by obsta-
les, in a number of papers an anomalous behavior of the self-di�usion 
oe�
ient wasfound [1, 23, 24℄. De
rease in the 
on
entration of liquid resulted in an in
rease in themole
ular mobility. Sometimes measured self-di�usion 
oe�
ients ex
eeded D0 by a afa
tor of ten or even more. A hypothesis was proposed about the fast (from the NMRpoint of view) ex
hange between the mole
ules of liquid and saturated vapor. As theresult of a number of investigations [25, 26℄ and [1℄ we 
an now establish the me
h-anism of in�uen
e of saturated vapor on the di�usion of 
on�ned liquid as the resultof fast mole
ular ex
hange between the vapor and the liquid phases. For the �rst timethis ex
hange was measured experimentally by the PFG NMR te
hnique in [1℄ and theform of the fun
tion for the lifetime distribution in the liquid phase was determined. Itwas shown that the form of this fun
tion is very sensitive to the intera
tion of liquidmole
ules with the surfa
e. In the 
ase of partial saturation, the surfa
e a�e
ts the
hara
ter of the liquid distribution in the porous spa
e. From these data the need for
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areful preparation of the experiments is 
lear, as well as the analysis of experimentaldata itself for the self-di�usion of small-size (parti
ularly fugitive) liquids in porousmedia.For the �rst time, the problem of measurements of di�usion in the presen
e ofex
hange between phases was 
onsidered for an example of a two-phase system [27℄. Itwas 
arried out on the basis of the assumption of exponential distribution fun
tions ofthe phase lifetimes. Intermediate ex
hange is most interesting. For instan
e, di�usionde
ay is des
ribed by a 
ontinuous spe
trum of self-di�usion 
oe�
ients even in the
ase of the two-phase system. The most important result [28℄ is that the spe
trum isunambiguously bounded by Dsa and Dsb values and the 
omponent populations pa(td)and pb(td) , whi
h are de
reasing fun
tions of di�usion time td . To summarize, theanalysis of pa,b(td) dependen
e provides the possibility of determining the distributionfun
tion ψ(τ) for lifetimes in phases.The authors would like to thank S
hlumberger Resear
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