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UDK 539.217+539.143.3+532.72PULSED FIELD GRADIENT NMR STUDYOF THE TRANSLATIONAL MOBILITYIN POROUS MEDIA: RESTRICTED DIFFUSION,INTERNAL MAGNETIC FIELDS, FLOWS ANDMOLECULAR EXCHANGEV.D. Skirda, A.R. Mutina, R.V. ArhipovAbstratThe basi priniples of the pulse �eld gradient NMR (PFG NMR) study of porous mediaare disussed in the artile. It is shown that self-di�usion oe�ient of the �uid moleuleson�ned in the porous media dependene on the di�usion time inludes diret informationabout restrition sizes within porous matrix. The question of the induted in the porous mediainternal magneti �elds is disussed 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 struture and �uid loalization ould beobtained by the study of the di�usion deay in the internal �eld gradients (without applyingpulse �eld gradient). The experiment where one an study dependene of the stimulated ehoamplitude on the time interval between �rst and seond RF pulses (τ -sanning) with di�erentdi�usion times is o�ered to get information about internal magneti �eld gradient (IMFG)distribution. The o�ered approah of data analysis allows to evaluate IMFG values and widthof their distribution. Partiularly, is shown the in the partially saturated porous media theinformation about internal magneti �eld gradients allows to onlude about �uid loalizationin the porous matrix.One of the topial questions of the �uid �ltration through the porous media problem isthe question of the �stagnant� zone quantitative haraterization. The possibilities of the PFGNMR tehnique are demonstrated in the paper: registration of the �uid moleules share inthe �stagnant� zones, determination of the harateristis of the moleular exhange between�stagnant� zone moleules and moleules involved in the �ow, et.PFG NMR possibilities to study exhange proess between di�erent �uid phases in theporous media are disussed. Partiularly, it shown that the apparent population of themoleules in the di�erent �phases� dependene on the di�usion time allows one to obtaininformation not only about average moleular life-time in the phase, but also informationabout distribution funtion of the life times.IntrodutionThe spatial and time resolution of the PFG NMR tehnique is diretly proportionalto the amplitude of the magneti �eld gradient. In the standard NMR equipment (forexample, NMR sanners) the typial gradient amplitude is limited to 1 T/m. Using suhgradient pulses it is possible to investigate translational displaements of �uid moleuleson the distanes only about a few mirons. Produing higher magneti �eld gradientsinvolves serious tehnial di�ulties. Nevertheless, while in the 1980s the maximumamplitude of PFG did not exeed 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 speial probehead, we



NMR STUDY OF THE TRANSLATIONAL MOBILITY IN POROUS MEDIA 69have ahieved real gradient values up to 500 T/m. This onsiderably broadens thesope of the method and its appliations. It also opens up a new window to studyporous media by PFG NMR in the range beyond the sub-miron level. Some preliminarymeasurements demonstrate the potential of this NMR tehnique to haraterize thepore spae over distanes below 1 µm. Suh information is essential for the study ofthe relationships between the pore geometry and transport properties of porous media.1. General priniplesPFG NMR study of the translational dynamis of moleules is based on the reordingof the loss of spin phase oherene as a result of their translational motion in the mag-neti �eld gradients. Information about di�usion proesses an be obtained by analysingthe di�usion deay A(q̄, t) � the dependene of the spin-eho signal amplitude on mag-neti �eld gradient parameters and time t . The q̄ vetor is an analogue of the wavevetor and is equal to q̄ = (2π)−1γδḡ , where γ is the gyromagneti ratio of resonatingnulei, ḡ is the amplitude and δ is the duration of the magneti �eld gradient. Thedi�usion deay A(q̄, t) an be desribed by van Hove orrelation funtion
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 vetor r′ at time t , if at the initial time the spin was loatedin the point with radius vetor r . PFG NMR method has a wide range of appliationsdue to diret 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-sale longer thanmirosopi times by the Gaussian funtion
Ps(r̄, r̄

′, t) =
1

(4πDst)3/2
exp
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4Dst

}

,where Ds is the self-di�usion oe�ient, the root-mean-square displaement 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 deay for the most widely usedstimulated spin-eho sequene (Fig. 1) is expressed as

A(2τ, τ1, g
2) = A(2τ, τ1, 0) exp
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−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 indution deay after the �rst 90◦ pulse;
T2 is the spin-spin relaxation time; T1 is the spin-lattie relaxation time; τ and τ1are the time intervals between the �rst and seond and between the seond and third90◦ radiofrequeny pulses, respetively; ∆ 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�erene in the way to obtain di�usion deay: variable parameter ould be ∆ , ḡor δ .
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A 

Fig. 1. Stimulated eho pulse sequene2. Investigation of porous media struture 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 eho deay (DD) is not exponential and the average self-di�usionoe�ient D depends on the di�usion time. It was shown reently that analysis of thedi�usion data for a liquid on�ned in a porous struture an be used to obtain struturalinformation about the porous medium [1�6℄. The shape of di�usion deay dependene onthe di�usion time ontains information about the media moleules di�use in; however,it has not been studied until now. Analytial equations for DDs were obtained only forsystems with rather simple strutures, when pores are randomly distributed in hannels[7�9℄, layers [8, 10, 11℄ and spherial or ylindrial avities [6, 8, 12℄.It was found [4, 6℄ that another way to obtain information about porous mediais studying the dependene of D on di�usion time. The behaviour of the mean self-di�usion oe�ient of a liquid in a porous struture is indiative of the existene ofthree di�usion time ranges:(i) Short time range, when the root-mean-square displaements of moleules of aliquid are smaller than the linear pore dimensions, and there is no substantial e�et 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 displaements ofmoleules of a liquid are omparable to the linear pore dimensions and the e�etiveoe�ient D∗ depends on the di�usion time.(iii) Long di�usion time range. The behaviour of D∗ is then determined by thestruture of the porous spae (porosity, permeability, et.).For losed pores fully restrited di�usion with D∗ = De�(t) ∝ t−1 an be observed atlong di�usion time. Experimental data an then be used to determine linear restritionsizes by the Einstein equation R2

p ≈ 6De�(t) · t .For onneted pores and long di�usion times, the root-mean-square displaementsof moleules are larger than the pore dimensions, and the motion of the liquid beomesaveraged over the spae of the system. For porous systems with a random struture,di�usion deay in this ase is usually exponential and is haraterized by a di�usion-time-independent e�etive self-di�usion oe�ient D∗ = D∞ .Thus, the behavior of the mean self-di�usion oe�ient of moleules in a restritedgeometry system is determined by three terms, namely, the self-di�usion oe�ient ofthe pure liquid, the e�et of restritions, and the permeability e�et. Aording to [1,
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Fig. 2. Experimentally obtained D
∗(t) � dependene for the porous media �lled on the 20%with trideane (triangles) and alulated with Eq. (1) D

e�(t) dependene (stars). Dashed lineindiates D ∝ t
−12℄, these e�ets an be separated orretly by saling equation

De�(t) = [D∗(t) −D∞] ·
[

D0

D0 −D∗(t)

]

. (1)The De�(t) dependene an be used to obtain information about restrition dimen-sions (porous medium harateristis) by analysing the overall time dependene of theself-di�usion oe�ient, inluding the three prinipal time ranges. One of the mainharateristis of the De�(t) funtion is that De�(t) ∝ t−1 and restritions sizes an bealulated even in the ase of the partially permeable system.As an example of using these tehnique, in Fig. 2 we show the data for the trideaneaverage self-di�usion oe�ient dependene on the di�usion time D∗(t) for the quartzsand with average partile size 90 µm partially (20%) saturated with trideane atroom temperature. The objetive of the study was to obtain information about �uidloalization in the partially saturated porous media. One of the assumptions was that�uid moleules ould be loalized as a �drops�. If this assumption is orret, one anexpet to obtain the dependene of self-di�usion oe�ient of the moleules in thesedrops on di�usion time as a restrited one. In Fig. 2 experimentally obtained D∗(t)dependene is shown with triangles: within the di�usion time range from 3 ms to 1 saverage self-di�usion oe�ient of the trideane moleules hanges even more than inone order of magnitude. Nevertheless, obtained D∗(t) dependene does not orrespondto fully restrited di�usion (the slope D ∝ t−1 is shown with a dashed line in the �gure).Thus, �uid moleules are loalized in the porous spae as some onneted areas (�drops�).To alulate their harateristi sizes we used Eq. (1) � alulated De�(t) dependeneis shown in Fig. 2 with stars. As one an see from the �gure, De�(t) dependene hasa slope �−1 � and was used to evaluate the harateristi restrition (�drops�) size thatwas found to be ξ =
√
r̄2 =

√

6tDe�(t) ≈ 10 µm.
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Fig. 3. Di�usion deays A(τ ) obtained for trideane in sand at ∆ : 5 ms (stars); 8 ms (squares);10 ms (triangles); 20 (snow�akes) and 320 ms (irles)3. Di�usion of liquid moleules in the internal magneti �eldgradients (IMFG)When the moleular mobility is studied by NMR di�usometry and NMR relaxometryin in speies with a di�erent magneti suseptibility ∆χ between di�erent parts ofthe system (for instane, between porous matrix and liquid), the presene of internalmagneti �eld gradients (IMFG), ▽ ~H ∝ ∆χ , has to be taken into aount to interpretthe experimental results orretly. 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 IMFGorresponds 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 harateristisanalytially and to take into aount these e�ets on the results of the NMR experiment.In partiular, the problem of IMFG beomes very di�ult in ases when the appliedexternal magneti �eld gradients are not high enough.One of the methods to avoid IMFG e�ets on a result is to use speial pulse se-quenes whih derease these e�ets (for example, the so-alled �13 interval sequene�).Nevertheless, it turns out that these sequenes do not fully ompensate the IMFG on-tribution; moreover, the mehanisms of this ompensation have not yet been lari�ed.Another way is the detailed investigation of IMFG itself, beause they re�ets porousmaterial properties. Thus, IMFG e�ets beome very important topi to study [16�18℄.The e�et of internal gradients was studied by our group for a sand sample withpartile size 300 − 400 µm using a stimulated spin-eho sequene, on a spetrometeroperating with a superondutor magnet at H0 = 7 T. The sand samples were �lledwith trideane (di�usion oe�ient of trideane is DS = 0.68 ·10−9 m2/s). Pulsed �eldgradient was not applied in these experiments. The di�usion deay urves were obtainedas funtions of τ :
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Fig. 4. Distribution funtion of IMFG alulated for sand sample with trideanewhere
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∆ ln (γ2δ2tdDS)
.Fig. 3 shows the typial shape of di�usion deay A(τ) for the studied system. Afamily of urves was obtained for di�erent di�usion times ∆ varied from 5 to 320 ms.Eah urve of the family was analyzed in aordane with Eq. (2), and the values of theinternal gradients were alulated in this way. IMFG distribution funtion was presentedas a histogram, where the olumn width orresponds to "population" pi (∑ pi = 1)and the olumn height represents giint value. Loation of olumns on histogram washosen onseutively aording giint value. In the Fig. 4. suh a histogram is shown forthe sand/trideane 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)), whih is usually usedin theoretial work onerning the problem of taking into aount the IMFG e�et [19℄.As seen in Fig. 4, the relative weight of high IMFG values is rather low (less than 20%).Fig. 5 reveals a derease of internal �eld gradients giint with inrease in ∆ . Thise�et is onditioned by translational mobility of di�usant moleules.Aording to the experimental data (Fig. 5) the maximum alulated gradient de-reases from 11.6 T/m to 0.7 T/m as the di�usion time inreases from 5 to 320 ms.Thinking of the nature of the IMFG in the porous media, it is interesting also toompare A(τ) dependenes for the fully and partially �lled porous media. In Fig. 6

A(τ) dependenes are shown for the trideane 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 fration of larger IMFG was more in omparison with thesample �lled up to 100%.Thus, the study of the internal magneti �eld gradient, whih was performed withstimulated spin-eho, showed that: (i) for the natural sand/trideane system studied, thedistribution of IMFG values may not be desribed within the framework of the paraboli�eld model; (ii) inrease in the mean square displaement of the di�usant moleules leadsto hange of the internal �eld gradient distribution funtion. The maximum measured
giint value dereases due to the e�et 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 funtion of IMFG, alulated from experimental deays
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Fig. 6. A(τ ) -dependene, t = 20 mspartially saturated porous media that gives information about loalization of the �uidmoleules.Thus, IMFG studies studies believe to be very perspetive in terms of obtaininginformation not only about porous media struture, but also about �uid loalization inthere. 4. Water �ows through porous media4.1. Filtration through porous media: �stagnant� areas of �uid and theirharateristis. Typial tehnique to obtain information about suh porous mediaharateristis as porosity and permeability is studying the �ow through the porousmatrix. It was found reently [20�22℄, that under the �ow ondition there are some zones



NMR STUDY OF THE TRANSLATIONAL MOBILITY IN POROUS MEDIA 75

0.0 2.0x109 4.0x109 6.0x109 8.0x109

10-4

10-3

10-2

10-1

100

V = 0 mm/s

 

 

  

diffusion time (td) = 25 ms,  = 2.2 ms

V = 13 mm/s

A/A(0)

k2td,  m
-2 s

0.0 5.0x109 1.0x1010 1.5x1010
10-5

10-4

10-3

10-2

10-1

100

diffusion time (td) = 50 ms,  = 2.2 ms

V = 13 mm/s

V = 0 mm/s

k2td,  m
-2 s

A/A(0)

 

 

 

 

Fig. 7. Di�usion deays obtained for water moleules in sand(�stagnant� areas) in the porous matrix that are not involved in the �ow. Obviously,it leads to the inorret porosity values determination by the ��ow� tehniques 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 seletthe ontributions from liquid in stagnant zones and in losed pores from the liquid inpenetrable pores by di�usion deay analysis. This an be explained by the very losevalues of the di�usion oe�ients orresponding to these �types� of liquid. A di�erene inmobility an be ahieved by the reation of a �uid �ow inside the porous media studied.In this ase one part of the liquid moleules will be involved in the �ow and, thus, will beharaterized by an extra (indued) di�usion oe�ient. Another part of the moleulesloated in �stagnant� zones (inluding the loked pores) will be haraterized by lowervalues of the di�usion oe�ient. The detailed analysis of di�usion deays obtainedfor systems with �uid �ow allows one to estimate the fration of moleules loated in�stagnant� zones, and, in some ases, to de�ne the fration orresponding to eah poretype.In order to de�ne the harateristis of �stagnant� zones the translational mobilityof the water involved in �ow was studied for sands with partile size 300�400 µm. Thedi�usion deays obtained by the stimulated spin-eho sequene for the system without�ow and with �uid �ow, veloity v = 13 mm/s, are depited in Fig. 7. This indiatesthat �ow leads to two main e�ets: inrease in the initial slope of the di�usion deays,and derease in the initial amplitude of the spin-eho signal as ompared with theamplitude at v = 0 mm/s.Nevertheless, the tails of the di�usion deays have not hanged. This means thatsome of the liquid moleules 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 derease is related to extra misphasing due to internal gradient e�ets. Thesee�ets inrease as the di�usion time inreases.Comparing the di�usion deays obtained for samples with and without �ow it is easyto obtain the fration (pst ) of moleules not hanging the translational harateristis.In partiular, for the sand/water system studied the fration pst dereases in aordanewith an exponential law as the di�usion time inreases (Fig. 8). This pst(td) dependeneshows that as the di�usion time inreases most of the water moleules are involved in�ow and their transport properties are su�iently hanged.
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td, msFig. 8. Dependene of population orresponding to water not involved in �ow on the di�usiontime at �ow veloity 13 mm/sThe moleules involved in �ow an exhange with moleules loated in �stagnant�zones due to self-di�usion.Applying the approah developed to study the exhange proesses, it is easy todetermine the mean life-time (τh) of moleules in the �stagnant� zones from the datapresented in Fig. 8 and the relation
pst(td) = pst(0) · exp

(

− td
τh

)

.The alulated time (τh) was equal to 105 ± 5 ms; it allows one to obtain themean size of �stagnant� zones by the Stokes �Einstein equation. The alulated valuewas 30 ± 3 µm, in agreement with the pore struture of sand and its partile size(300 − 400 µm).5. Anomalous dynami properties of low moleular weight liquidson�ned in porous media. Moleular exhange proessesIn 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℄. Derease in the onentration of liquid resulted in an inrease in themoleular mobility. Sometimes measured self-di�usion oe�ients exeeded D0 by a afator of ten or even more. A hypothesis was proposed about the fast (from the NMRpoint of view) exhange between the moleules of liquid and saturated vapor. As theresult of a number of investigations [25, 26℄ and [1℄ we an now establish the meh-anism of in�uene of saturated vapor on the di�usion of on�ned liquid as the resultof fast moleular exhange between the vapor and the liquid phases. For the �rst timethis exhange was measured experimentally by the PFG NMR tehnique in [1℄ and theform of the funtion for the lifetime distribution in the liquid phase was determined. Itwas shown that the form of this funtion is very sensitive to the interation of liquidmoleules with the surfae. In the ase of partial saturation, the surfae a�ets theharater of the liquid distribution in the porous spae. From these data the need for



NMR STUDY OF THE TRANSLATIONAL MOBILITY IN POROUS MEDIA 77areful preparation of the experiments is lear, as well as the analysis of experimentaldata itself for the self-di�usion of small-size (partiularly fugitive) liquids in porousmedia.For the �rst time, the problem of measurements of di�usion in the presene ofexhange 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 funtions ofthe phase lifetimes. Intermediate exhange is most interesting. For instane, di�usiondeay is desribed by a ontinuous spetrum of self-di�usion oe�ients even in thease of the two-phase system. The most important result [28℄ is that the spetrum isunambiguously bounded by Dsa and Dsb values and the omponent populations pa(td)and pb(td) , whih are dereasing funtions of di�usion time td . To summarize, theanalysis of pa,b(td) dependene provides the possibility of determining the distributionfuntion ψ(τ) for lifetimes in phases.The authors would like to thank Shlumberger Researh & Development (RUP1-1331(3)-KA-05 projet) and Federal Sienti� Program (ontrat No 02.445.11.7017)for the support of this researh. �åçþìåÂ.Ä. Ñêèðäà, À.�. Ìóòèíà, �.Â. Àðõèïîâ. Èññëåäîâàíèÿ òðàíñëÿöèîííîé ïîäâèæíîñ-òè â ïîðèñòûõ ñðåäàõ ìåòîäîì ßÌ� ñ èìïóëüñíûì ãðàäèåíòîì ìàãíèòíîãî ïîëÿ: îãðàíè-÷åííàÿ äè��óçèÿ, ëîêàëüíûå ìàãíèòíûå ïîëÿ, ïîòîêè è ìîëåêóëÿðíûé îáìåí.Â ñòàòüå ðàññìîòðåíû îñíîâíûå ïðèíöèïû ïðèìåíåíèÿ ßÌ� ñ èìïóëüñíûì ãðàäè-åíòîì ìàãíèòíîãî ïîëÿ äëÿ èññëåäîâàíèÿ ïîðèñòûõ ñèñòåì. Ïîêàçàíî, ÷òî èññëåäîâàíèåçàâèñèìîñòåé êîý��èöèåíòà ñàìîäè��óçèè îò âðåìåíè äè��óçèè ïðè ñîîòâåòñòâóþùåéîáðàáîòêå ýêñïåðèìåíòàëüíûõ äàííûõ ìîæåò äàòü ïðÿìóþ èí�îðìàöèþ î ðàçìåðàõ îãðà-íè÷åíèé. Îáðàùåíî âíèìàíèå íà íåîáõîäèìîñòü ïðèìåíåíèÿ ìîùíûõ âíåøíèõ ãðàäèåíòîâìàãíèòíîãî ïîëÿ â ñâÿçè ñ íàâîäèìûìè â íåîäíîðîäíûõ ñòðóêòóðàõ çíà÷èòåëüíûìè âíóò-ðåííèìè ãðàäèåíòàìè ìàãíèòíîãî ïîëÿ, èñêàæàþùèìè ýêñïåðèìåíòàëüíûå äàííûå.Ïîêàçàíî, ÷òî èí�îðìàöèÿ î ñòðóêòóðå ïîðèñòîãî ïðîñòðàíñòâà è ðàñïðåäåëåíèè æèä-êîñòè â íåé ìîæåò áûòü â ïðèíöèïå ïîëó÷åíà â ðåæèìå èññëåäîâàíèÿ äè��óçèîííûõçàòóõàíèé òîëüêî âî âíóòðåííèõ ãðàäèåíòàõ ìàãíèòíîãî ïîëÿ. Äëÿ ýòîãî ïðåäëîæåíî èñ-ñëåäîâàòü çàâèñèìîñòü àìïëèòóäû ñòèìóëèðîâàííîãî ýõà îò âåëè÷èíû ïåðâîãî âðåìåííî-ãî èíòåðâàëà â èìïóëüñíîé ïîñëåäîâàòåëüíîñòè (τ -sanning) ïðè âàðüèðóåìûõ çíà÷åíèÿõâðåìåíè äè��óçèè. Ýòîò ýêñïåðèìåíò ïîçâîëÿåò îöåíèòü çíà÷åíèÿ è øèðèíó ðàñïðå-äåëåíèÿ âíóòðåííèõ ãðàäèåíòîâ ìàãíèòíîãî ïîëÿ â èññëåäóåìîé ñèñòåìå. Â ÷àñòíîñòè,ïîêàçàíî, ÷òî â ïîðèñòûõ ñèñòåìàõ, ÷àñòè÷íî íàñûùåííûõ æèäêîñòüþ, ïî èí�îðìàöèèî âíóòðåííèõ ãðàäèåíòàõ ìàãíèòíîãî ïîëÿ ìîæíî ñóäèòü î ðàñïðåäåëåíèè æèäêîñòè âïîðèñòîì ïðîñòðàíñòâå.Ê îäíîé èç àêòóàëüíûõ ïðîáëåì �èëüòðàöèè æèäêîñòè ÷åðåç ïîðèñòóþ ñðåäó îòíî-ñèòñÿ çàäà÷à êîëè÷åñòâåííîé îöåíêè òàê íàçûâàåìûõ çàñòîéíûõ çîí. Â ðàáîòå äåìîíñòðè-ðóþòñÿ âîçìîæíîñòè ìåòîäà ßÌ� ñ èìïóëüñíûì ãðàäèåíòîì ìàãíèòíîãî ïîëÿ äëÿ ðåãè-ñòðàöèè îòíîñèòåëüíîé äîëè æèäêîñòè, çàêëþ÷åííîé â òàêèå çîíû, à òàêæå îïðåäåëåíèÿõàðàêòåðèñòèê ìîëåêóëÿðíîãî îáìåíà ìåæäó ýòîé æèäêîñòüþ è æèäêîñòüþ, íåïîñðåä-ñòâåííî ó÷àñòâóþùåé â �èëüòðàöèîííîì ïîòîêå.Î÷åíü èíòåðåñíûìè è èí�îðìàòèâíûìè ìîãóò áûòü ðåçóëüòàòû ïðèìåíåíèÿ ìåòîäàßÌ� ñ ãðàäèåíòîì ìàãíèòíîãî ïîëÿ ê èññëåäîâàíèþ ïðîöåññîâ îáìåíà ìåæäó ðàçëè÷-íûìè �àçîâûìè ñîñòîÿíèÿìè æèäêîñòè â ïîðèñòîé ñðåäå. Â ÷àñòíîñòè, èç ïîñòðîåííûõçàâèñèìîñòåé êîý��èöèåíòîâ ñàìîäè��óçèè ìîëåêóë â ðàçíûõ �àçàõ îò âðåìåíè äè�-�óçèè êàæóùèõñÿ íàñåëåííîñòåé óäàåòñÿ ïîëó÷èòü èí�îðìàöèþ íå òîëüêî î ñðåäíåìâðåìåíè æèçíè â �àçå, íî è î �óíêöèè ðàñïðåäåëåíèÿ ýòèõ âðåìåí.
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