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Correlations between diffusion, internal magnetic field gradients, and transverse relaxation
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The main focus in this study is to investigate the correlations between internal magnetic field grg@ignts
and transverse relaxation times in liquid-saturated packings of glass beads of different wettabilities. We show
how these correlations can be expressed as two-dimeng@Datiagrams of distribution functions between
internal magnetic field gradients afd values. In the case where it is difficult to distinguish the signals from
oil and water, we separate them based on their difference in diffusivity. In addition to using such diffusion
weighting in theG,-T, diagrams, we also show results from experiments where the direct correlation between
diffusion andT, (D-T,) is determined. The overall results show that the wettability of the glass beads has a
strong influence on the appearance of these diagrams, in particular on the location of the fast diffusing water
molecules. However, due to their lower diffusivity, the transverse magnetization of the oil molecules is not so
greatly influenced by either the presence of the glass beads or their wettability properties. Thus, the wettability
properties of a liquid-filled porous material can be determined from the location of the water signal in such 2D
diagrams. In particular, we show that this is the case not onl{pfdp diagrams, but also foBy-T, diagrams.
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Relaxation processes of spin bearing molecules in liquid- 0

saturated porous materials are influenced by the physical and (2
chemical surroundings. We focus on the transverse compo- _ L o
nent of the magnetization in the rotating frame of reference™Where Mq(r) is the total magnetization at thermal equilib-
and in the usual manner we defi'=M,+iM,. We also  Mum. _ _
take into consideration that there might be an offset in the N @ porous system, the spins will relax at the surface,
resonance frequency, which we express\agt) = ¥(g(t) ), leading to an additional sink of the magnetizat{@h
whereg(t) in the general case is a time and spatial dependent o + + _
magnetic field gradient across the sample, ansl the gyro- A-DVMIrO+ pM(r,Dls=0 @
magnetic ratio. The gradient can be either an internal magwheren is the unit outward normal on the solid/fluid inter-
netic field gradient induced by susceptibility differences inface, andp, is a parameter known as the surface relaxation
the sample, or an external applied gradient. The governingtrength. The subscrif indicates the surface boundary con-
equation for the evolution of the transverse magnetization iglition.
given by[1] In the absence of a magnetic field gradient and with no

surface relaxation, the transverse relaxation rate is solely

given by the bulk liquid relaxation processes, and one ob-

INTRODUCTION t t
M*(r,t) = Mo(r)exp| - = yZDJ (
2

0

IM*(rt) o M*(r,t) + serves, if we have a pure liquid, the usual monoexponential
=DVM(r,0) - ) ~iAg(® M. behavior of theT, decay. If we include surface relaxation,
(1) and the rate determining step is relaxation at the surface, the
transverse relaxation rate in a single pore can be written as
[3.4]
whereD is the molecular diffusion coefficient, afg is the 1 1 S
transverse relaxation time. The solution to Ef) can be = —puk t P2o (4)
written as[2] T, T, \Y
whereT,” is the transverse relaxation time in the bulk lig-
uid, andS/V is the surface-to-volume ratio of the pore. In a
*Electronic address: john.seland@medisin.ntnu.no system having a distribution of pore sizes with different
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surface-to-volume ratios there will also be a correspondingion of the wettability properties of the surface in a porous
distribution of relaxation times. The total magnetization, in-material. However, the relationship between the distribution
tegrated over the total volume of the sample, is then given byf internal gradients and the distribution Bfs, as measured
in an ordinary CPMG measurement, is very complex. We can
M(t) :J M*(r,t)d% = f p(T)eVTdT, (5) measure th&, decz_;\ys as a function of d_ifferent echo spa(_:ing
7, and then try to invert these attenuations along the “direc-
o o tion” of these varyingr values, but as explained i8] this
wherep(Ts) represents a distribution df, values within the will not give the desired result. The reason is that the time

sar\r/1vpleh. t vet taken int ¢ ic field di interval 2n7 in the second exponential term is not separable
€ have not yet taken Into account magnetic held gradiy., ,y the echo train, and the inverted amplitudes will not be

. f
gnts across the sample. When a fde-saturated_porous S?‘mﬂﬁlen by Eq.(8). Thus, the time interval where the dephasing
IS placgd In an ex.ternal, homqgeneous magnetllc f'e@ diffe due to internal gradients is taking place has to be decoupled
ences in magnetic susceptibility between solid grains an om the time interval wherd, relaxation is occurring.

p%retﬂmd may ll(nduce Iar_get |006|l| field |r:_hofr_n?dgene(;t_|est|n- Recently it was shown that by using a two-dimensional
side the pores, known as Intermal magnetic field gradients, 2D) internal gradient—transverse relaxation experiment it is

susceplibility gradients. Diffusion of spin bearing molecules ossible to extract the correlated distribution function be-

n ttr_lese suscep;[;]blhty graldlents dleat_:i”s .tot a dmagneélg_tpha fveen internal gradients and transverse relaxation times in a
gra lhng _acro];sts € sampie, ant_ \f[‘(' n rtc;] uae ha ! Lonalmultiple pore scale systef@]. Similar approaches for deter-
ephasing of transverse magnetization In the Hahn o Sggination of 2D distribution functions between diffusion and

quence]. relaxation have also recentl
. o y been sugges$€d(. In both
The dynamics of the transverse magnetization as me ypes of experiments the spins are diffusion encoded in a

sured in a Carr-Purcell-Meiboom-GHCPMG) experiment preparation interval before being detected in a CPMG mea-
[5.6] can be_caltcultflted/ f“’”? E@@). We introduce thg Wave “surement. In the case of correlation between internal gradi-
num_ber_k(t)—yfog(t )dt', which de_ﬂnes the magnetic phase ents and transverse relaxation, the preparation interval is a
grating in the se_xmpl@?]. We now include b_oth_effects fr(_)m CPMG train with a varying number of pulses applied in
surface relaxation and internal magnetic field gradientSy,e presence of internal gradients, while for correlations be-
Equation(2) can then be rewritten as tween diffusion and transverse relaxation the preparation in-

t terval is a spin echo or stimulated echo sequence performed

M*(r,t) = Mo(r)e‘t’TZexp<— Df k(t)zdt). (6) in an inhomogeneouB,, field. In both cases the spins are
0 encoded for different degrees of dephasing due to molecular

The solution to this equation is given by integrating over thediffusion in inhomogeneous fields. o
various time intervals in the CPMG sequence, and then over, [N @ Previous papefll] we showed that by using diffu-
the total volume of the sample. We assume a time indeper2©n encoded CPMG measurements, it is possible to sepa-
dent internal magnetic gradief¥, over the sample, leading rately measure th€, attenuation of oil and water in a system

to a phase grating given bt) = /L G.dt’. The magnetization where strong internal magnetic field gradients make it diffi-
of echo numben is then given tgy 0 cult to separate these signals due to their difference in chemi-

cal shift. In those measurements pulsed field gradients were

applied in the diffusion encoding of the spins, making it

- 3. ~2n7 T -DkZ2n7/3 43 ) ; .
M(r,2n7) —J M*(r,2n7)d r—f Mo(r)e™""12e™>% ™ dr - possible to attenuate the water signal to a level where one is

left with signal from oil only, which is a necessary criterion

(7)) for a total separation of the two signals.

where 2r is the spacing between echoes in the CPMG train, [N the present paper we combine the method for measure-
and ko= yG,r. From the previous considerations we know ments of 2D distribution functions between internal gradients
that the volume integration over the first exponential term@nd transverse relaxation with the method for separation of
can be related to a distribution @ values. The second term ©il and water signals. It is then possible to measure the dis-
represents the well known additional dephasing of the magtrlbutlon functions between internal gradients and transverse
netization due to diffusion in internal gradients. We couldelaxation times separately for oil and water simultaneously
assume a spatial distribution of internal gradients over th®'€Sent in a porous system. This makes it possible to identify

sample,P(Gy), and rewrite Eq(7) as which phase is wetting the surface of the porous material.
M(2n7) = f p(T,)e 2" TedT, J P(Go)e DY G0 723G G, THEORY
®) In an ordinary CPMG measurement it is impossible to

determine a useful relationship between the distribution of
Knowledge about the relationship between transverse ranternal gradients and the distribution ©f values. Instead,
laxation and internal gradients can be used for a better urwe follow the approach of Sun and Dur8], split the
derstanding of the influence of internal gradients on transCPMG sequence into two parts, and perform a 2D experi-
verse relaxation times. In addition, as we will show in thisment, as shown in Fig. 1. By varying the numbermopulses
paper, it can also act as a diagnostic tool for the determinan the first part of the sequence, an encoding for internal
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gradients can be performed. The second part of the sequeneace different strengths of the internal gradients. However,
is an ordinary CPMG train where thevalue is kept suffi- by using applied gradients in the encoding interval instead of
ciently short, so that the effect from internal gradients doesnternal gradients, we can determine the diffusivity. A pulse
not have a significant impact. The time interval for encodingsequence implementing applied field gradients in front of the
of internal gradients and the time interval foy relaxation CPMG measurement is shown in Figby. Bipolar gradients

are now separated from each other. The echo attenuation fare applied in order to suppress cross terms between applied

this pulse sequence can be expressed as and internal gradientgl2]. We vary the intensity of the ap-
plied gradients, and keep all the time intervals constant. The
M(7’,2n7) echo attenuation for this sequence is given by
:J J H(DG3, Ty)e (121 Tag DYG57 2203 T, (DGY)
M(k, 2n7) = f f f(D,T,)e e Tag-(KtoD)g T, 4D

9
where 2 is the spacing betweemn pulses in the first part of X f e DY G 24 133, (10)
the sequence’ is the number ofr pulses, and; is the total

length of this internal gradient coding intervé{DG}, T,) is
a two-dimensional distribution function of “internal gradi- wherek=2yg6, t.=47" is theT, relaxation time in the Pulsed
ents” and transverse relaxation times. Note that it is not théield GradientyPFG part of the sequence, ang=3/27"
actual distribution of internal gradients that is determined-§/6 is the diffusion time.f(D,T,) now describes a two-
but rather the distribution of the terBG}. If we assume a dimensional distribution of diffusion coefficients and trans-
constant, well defined diffusion coefficient, we can deter-verse relaxation times within the porous system. The integra-
mine the distribution ofG] values, and in this manner we tion over the last exponential term represents an attenuation
determine the absolute value of the internal gradient ag the signal due to internal gradients, but since the time
|Go|=\G3. For simplicity we will from now on refer to this interval 7’ is kept constant, this term can be treated as an
as the “internal gradient.” The true internal gradient will be offset.
spatially dependent, and the value we measure in our experi- We now have one sequence where we encode for internal
ment will thus depend on how long we allow the liquid mol- gradients, and one where we encode for diffusivity, before
ecules to diffuse. This is important to keep in mind when thecollecting a CPMG train. In Fig. 2 we have combined these
results are interpreted. two pulse sequences. The pulse sequence is now divided into
If the diffusivity is not constant over the sample, we can-three parts. The gradient encoding interval is preceeded by a
not use the assumptions described above. This will complibipolar Pulsed Gradient Spin ECHBGSH interval where
cate the analysis in a system where there are liquids witthe intensity of the gradient pulses can be varied. The echo
different mobilities present, and when these liquids experiattenuation for this pulse sequence is written as
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tl loop 2n times
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’ 5 D (Lt 2T extrapolate the oil attenuation back to the form it was sup-
Mk, 7 ,2n7):ffjf(D,DGo,T2)e DR et posed to have &=0, without water present. We then obtain
_ 200 11 112, 20" , g 0i
X @ Y2G§(47" #%+1'22n B3y dT, d(DGg) M,;(0,7,2n7) =J f fon(DoilGZ,Tg”)e (te+tl+2nr)/T2'
(11)

% e—yng(47”7”2+r’22n’r’)D/3dT0iId(D ~|GZ).

wheref(D,DGZ,T,) now is a three-dimensional distribution 2 oo
function between diffusion, internal gradients, and transverse (14)
relaxation time. The constant term due to dephasing in interThis signal can be subtracted from the signal obtainekl at
nal gradients in the first diffusion encoding interval has beer:0Q [Eq. (12)], and the result will be the signal from water,
incorporated in the last exponential term. By varying the
intensity of the applied gradients, an encoding for diffusivity Mwat(0,7',2n7) = M(0,7’,2n7) = M;(0,7’,2n7)
can be performed, and this encoding will be independent of ff

= f

internal gradients. In principle we could now perform a 3D ! (DG ThaY gttty r2nniTy™
experiment and determine the distribution function

2 H H 2 1 ’ ’r
f(D,DGg,T,). Instead we choose to use the diffusion encod- W @ Y Coar 7?7 %n 7 )DISdTgatd(DwatGCZ))'

ing to identify and separate the signals from oil and water. In

an experiment where the applied gradients are equal to zero, (15
(k=0), the echo attenuation is given by Following this procedure, we can separate the echo attenua-
, tion for oil and water in the system, and by performing a 2D
M(0,7’,2n7) Inverse Laplace Transformati@hT) on these separated sig-
5 i nals, we can determine the 2D distribution functions for oil
= f f (DG, Ty)e teta 2 TogyGyla" 747" 22n’ /)13 and water separately.
xdT, d(DG)) (12)
EXPERIMENT

/ 2 — 2 ; et
g:rfiﬁ;ét%i t’r;lz-azt) i_sf;(laélljt(j th-l;:Z)c;jnDe Iii rl]—:g;/ Zzzt(:g{r:b:n All the experiments were performed on a Bruker Avance
q ), ap DMX200 instrument, using a commercial diffusion probe

addlt_|onz_il dephasing in internal grad|en'Fs that will Iea_ld to % om Bruker Biospin(PH MIC DIF 200 WBH SAT 5/10
loss in signal from molecules that experience strong internal

gradients. Since the diffusivity of oil is much lower than that probg. An applied gradient strength in_the range
: - 0-960 G/cm was used. The experiments were performed at
of water, we can suppress the signal from water by applyin

. . ; % temperature of 25.0+£0.5 °C. The pulse sequences in Fig. 1
a strong enpugh gradient m_the e>_<per_|m{em]. The echo and Fig. 2 were used. In addition, experiments using an or-
attenuation in such an experiment is given by

dinary CPMG sequence was performed for all the samples.
In the CPMG trains the value afwas set to 0.15 ms. In

M (Ksypp T’,ZnT):fff(’)il(DOHGz'Tg”)e_kgu;)ﬁDDoil the internal gradient encoding interval a constant value of
t;=10.2 ms was used, and the value was varied from
2 e—(te+tl+2n7)/Tg"e—yng(4T"T"2+-r'22n’T’)D/3 0.15 to 5.10 ms with a corres_ponding variation of the num-
‘ ber of 7w pulses from 34 to 1, in 20 steps.
xdTg"d(Do”GS) (13 The eddy current delay in the PFG part of the sequence

, shown in Fig. 2the time between the last gradient pulse and
where fC’,“(DO”GZ,Tg") is a diffusion weighted distribution the start of the CPMG trajnwas set to 1.4 ms. The pulse
function for oil only. length was 2 ms, and a time interval of 0.1 ms was used

If we perform a series of experiments with valueskof between the initialm/2 pulse and the following gradient
from kgyppand upward, the result will be a series of diffusion pulse, giving a7’ value of 3.5 ms. In order to verify and
weighted signals from oil, and we can use this information tocontrol effects from possible eddy currents, we tested the
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FIG. 3. Separatel, distribu-
tions of water in water-wet glass
beads and oil in oil-wet glass
beads. (a) Water in water-wet
glass beads(b) Oil in oil-wet
glass beadg—) compared, with
bulk oil (--).
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sequence on a sample of water doped with CyS@ich has ing, some of the initial signal may be lost due to relaxation
the same diffusivity as distilled water, but a much shofiter effects, but this should not have a significant impact on the
value. We found that under these conditions the transiemneasuredr, distributions as long as the shortest echo spac-
magnetic fields following the gradient pulses have insignifi-ing in the preparation interval has the same value as in the
cant effect on the obtained CPMG echo attenuation. For alCPMG train. Under this condition, the only difference in the
systems with mobility equal to or lower than that of water, two types of experiment lies in where we start the collection
one may then use this set of values. of CPMG echoes, and the projection of the distribution onto

In the bipolar version of the pulse sequence echo signalthe T, axis should correspond to the origingl distribution.
from unwanted coherence transfer pathways will be presertdowever, if the CPMG measurement is preceded by a diffu-
at the end of the PFG part of the experiment. These unsion encoding interval, we may also expect to see an effect
wanted coherences were suppressed by applying a propEom dephasing in internal gradients. Thé value for the
phase cycling of the rf pulses and receiver phidsa. experiments performed is 2.1 ms, and if the internal gradi-

Samples containing water-wet or oil-wet glass spheres iments are strong, as we can expect them to be in the systems
mersed in liquids were prepared. The glass spheres were dstudied here, this will lead to a significant dephasing of the
livered from Duke Scientific, and had a size distribution of magnetization before signal is acquired in the CPMG train.
4-60um in diameter. The glass spheres are originally water In Fig. 3a) the T, distribution for water in water-wet
wet. To make the surface of the glass spheres oil wet, thglass beads, determined using an ordinary CPMG measure-
spheres were treated with excess trimethylchlorsilane in anent, is shown. The water molecules will be in the fast dif-
mixed solvent pair of toluene-pyridine kept under an inertfusion limit, and will interact strongly with the surface. This
atmospherdargor), and refluxed for several hours. The si- results in aT, distribution having a mean value around
lated spheres were separated from the solution and wash@&@® ms, which is much lower than the bulk relaxation time for
several times with dichlormethane, and then dried undedistilled water, which is known to be several seconds. The
vacuum at 55 °C. correspondind, distribution for oil in oil-wet glass beads is

All the samples were prepared in 10 mm NMR tubes.shown in Fig. 8b). The T, distribution for bulk oil is shown
Samples of distilled water in water-wet glass beads or oil inas a comparison, and it is almost similar to the distribution
oil-wet glass beads were prepared by adding 400f lig- for oil confined in the oil-wet glass beads. This indicates that
uid, followed by addition of glass beads until there was nothe relaxation behavior of oil is not strongly influenced by
bulk liquid present. The oil used was a low sulfur interme-the surface of the glass beads. We performed 2D diffu$ion-
diate bunker fuel oil from the Norwegian Esso refinery. Theexperiments in bulk oil and oil immersed in oil-wet glass
samples of water and oil in water-wet or oil-wet glass beaddeads. The results are shown in Fig. 4. The main peak for
were prepared by adding aliquots of 2a0of distilled water  bulk oil is located around % 10~ cn? ™%, with a T, value
and oil to each tube, followed by the addition of 1.40 g of corresponding to the main peak in Fighg For oil in oil-
glass sphereéwvater wet or oil wet Finally, all the NMR  wet glass beads, the diffusivity is slightly lower than in bulk,
tubes were stirred in an ultrasonic water bath to ensuréut theT, distribution is the same, as was observed in the
proper mixing. ordinary CPMG experiment.

The obtained diffusion and relaxation attenuations were When both oil and water are added to the water-wet glass
analyzed using the two-dimensional inverse Laplace softbeads[Fig. 5a)], we clearly see two peaks appear in e
ware[13] developed by Callaghan and co-workers at Victo-distribution, but they are strongly overlapping, and it is dif-
ria University of Wellington, New Zealand. This software is ficult to exactly determine where in the distribution oil and

based on the algorithm by Venkataramamaral. [14,15. water are found. When the CPMG measurement is preceded
by a diffusion encoding interval, we see that a lot of signal is
RESULTS AND DISCUSSION lost before the echoes are collected. Some of the signal loss

is explained by the fact that the diffusion encoding sequence
When a CPMG measurement is preceded by an intervas based on the stimulated echo which, because only half of
for encoding of internal gradients with the same echo spacthe spins are stored by the secondé2 pulse, has half the
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FIG. 4. (Color onling Diffusion-T, distributions for bulk oil and oil in oil-wet glass beads. The data were collected using the pulse
sequence in Fig.(b). The dashed line indicates the mean diffusivity of bulk @J. Bulk oil. (b) Oil in oil-wet glass beads.

intensity of the spin echo. However, taking this into accountmeasured bulk value for the type of oil used here. The main
we see that a lot of the signal assumed to be mainly assocpeak is located at d, value of approximately 80 ms, but
ated with water, having, values around 18 s, is lost due some oil is also found at lower relaxation times.
to dephasing of molecules diffusing in internal gradients. In the oil-wet glass spheres, the oil peak is located at 2
When oil and water are added to the oil-wet glass bead 1077 cn? s™%, which is lower than in the water-wet sample.
[Fig. 5b)], two peaks appear in the distribution. The two This indicates that the diffusion of oil in this sample is more
peaks are not overlapping so strongly as in the water-wetestricted compared to what is observed in the water-wet
glass beads, but even in this situation we do not know if anysample. The diffusivity of water, however, is very close to its
of the water signal is hidden under the oil peak, or vice versabulk value, and the correspondifig value is 1.4 s, which
In addition, we have no information about the strength ofindicates that the properties of water are close to the ones
internal gradients the oil and water molecules experience ifiound in bulk liquid.
the two different samples. Also, here signal is lost when the If we compare the diagrams in Fig. 6 with the distribu-
diffusion weighting interval is applied. It is mostly signal tions in Fig. 5, we can partly, but not clearly, identify which
believed to be associated with oil that is lost, indicating thatareas in these distributions belong to water and which belong
oil molecules experience stronger internal gradients in thigo oil. Thus, this shows how difficult, if not impossible, it is
sample compared to the water-wet system. to identify oil and water in one-dimensional distributions like
In Fig. 6 the 2D distributions between, and diffusivity  the ones in Fig. 5.
for oil and water in water-wet and oil-wet glass beads are The results from th®-T, correlation experiments clearly
shown. In both figures we can easily identify the signalsshow that water and oil can be separated based on their dif-
from oil and water, based on their difference in diffusivity. In ference in diffusivity, making it possible to determine the
the water-wet glass beads water has a diffusivity of lenvironment in which oil and water molecules are found,
X 10°° cn? s, which is lower than the bulk value of 2.3 based on such diagrams. Similar results have been obtained
X 107° cn? sL. The correspondind, value is 20 ms, which by others[9,10]. Let us now take a look at the 2D distribu-
is in accordance with the main peak in FigaB The oil peak  tions obtained by applying the “internal gradiefy™
is located at 4 1077 cn? s}, a value that is equal to the (GO-T2) pulse sequence with varying numbermfpulses in

4500 6000

(b)
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5000

FIG. 5. Measuredr, distribu-
tions for mixtures of oil and water
in water-wet and oil-wet glass
beads. Ordinary CPMG measure-
ment (—), and with diffusion
weighting (k=0) in front of the
CPMG measuremergt-). (a) Wa-
ter and oil in water-wet glass
beads(b) Water and oil in oil-wet
glass beads.
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13500

jj 2500 <3000

(b) 2

FIG. 6. (Color onling Diffusion-T, distributions for oil and water in glass bea@s-60um). The data were collected using the pulse
sequence in Fig.(b). The dashed lines indicate the mean diffusivity for bulk oil and water, respectiagi/ater and oil in water-wet glass
beads(b) Water and oil in oil-wet glass beads.

the encoding interval. In Fig. (@), the result from such a tinctive areas in theD-T, diagrams, depending on the
GO-T2 experiment of water only in water-wet glass beads isBrownstein-Tarr modeg3]. In one area diffusion is strongly
shown. We clearly see that the signal is spread out along theorrelated with relaxation, and in the other area the diffusion
vertical direction. We have assumed a constant diffusivitycoefficient may vary independently of relaxation. The sec-
for water equal to X 107° cn? 7%, and the right side of the ondary peaks in oud-T, andG,-T, diagrams may be due to
vertical axis is normalized with respect to this diffusivity. the effects described by Callaghahal. However, the pore
Clearly, there is a distribution of internal gradients in this structure in our systems is very complex, and since we also
sample, and it is correlated with the distribution. The consider this to be outside the scope of this paper, we have
mean value of the internal gradient is around 300 G/cmchosen not to focus on these effects in our paper.
An extrapolation of the data onto the axis corresponds In Fig. 7(b) the 2D distribution of oil and water simulta-
to the distribution in Fig. ). There is a clear tendency of neously present in water-wet glass beads is shown. The dif-
low values ofT, to be associated with high internal gra- fusivity of water is much higher than that of oil, which will
dients, but it is interesting to observe that some of thehave a strong impact along the vertical axis, and the signals
water signal with aT, value around 200—300 ms is asso- from oil and water can be separated by pure visual inspec-
ciated with the strongest internal gradients. tion. If we compare this distribution with the 2D distribution

It should be noted that Callaghat al. [13] have deter- of only water in the same beads, we see that the water signal
mined diffusionT, correlations for molecules confined in associated with small, values and strong internal gradients
simple pore structures, and they showed that there are diss still there, and that along th, axis it is partly overlap-
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c « 12500
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© 24
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FIG. 7. (Color onling 2D distributions forT, and internal gradients of water and oil in water-wet glass beaj$Vater in water-wet
glass beadgb) Water and oil in water-wet glass beads.
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FIG. 8. (Color onling 2D distributions ofT, and internal gradients for oil and water in oil-wet glass beé<il in oil-wet glass beads.
(b) Water and oil in oil-wet glass beads.

ping with the oil signal. Thus, using the dispersion effectsignal associated with strong internal gradients is missing
from internal gradients it is possible to separate the signalkere. In Figs. &) and 9c) the separated oil and water sig-
from oil and water based on their difference in diffusivity nals are shown. We can clearly identify the main peaks ob-
and the internal gradients the molecules experience. If weerved in Fig. 6a). Since we now have separated the signals
normalize the vertical axis with respect to diffusion of oil from oil and water, we may normalize the vertical axis with
(4x10°°cn? s71), the oil peak will be associated with an the respective diffusion coefficients of oil and water. Most of
internal gradient of around 100 G/cm. This is significantlythe oil signal is associated with an internal gradient with a
lower than the water peak, which is associated with internavalue around 200 G, as was also observed in the sample with
gradients in the range 300—1000 G/cm. This confirms thabnly oil added. Some of the oil signal is also associated with
in this sample water is found close to the surface of the glasstronger internal gradients. The water signal is located
beads where the internal gradients are strongest, while the around aT, value of 1.4 s, and is associated with internal
is found further away from the surface, in areas of lowergradients of a strength of 10—50 G/cm, showing the bulklike
internal gradients. In Fig. (8) we show the 2D “internal behavior of water in this sample, and confirming that no
gradientT," distribution of oil in oil-wet glass beads. Most water signals havé, values below 1 s.
of the oil signal is associated with an internal gradient If we compare the water-wet and oil-wet samples, we
around 200 G/cm, which is higher than observed for the oiklearly see that the oil and water are found in areas having
signal in the water-wet glass beads. However, there is alsdistinguishably different values &f, and internal gradients.
some oil signal that has short@ values, and which is as- In the water-wet sample the water is associated with rela-
sociated with internal gradients up to 1000 G/cm. Whertively low T, values and strong internal gradients, while most
both oil and water are added to these oil-wet glass beadsf the oil signal is associated with longéj values and lower
[Fig. 8b)], we see that most of the signal is still found at theinternal gradients. In the oil-wet sample we see the opposite
same place as observed in the sample with oil only, but someehavior, in particular for the water-signal. Here the water
of the signal is somehow associated wih stronger internahas a more bulklike behavior, with lonf, values and low
gradients. In addition we see a peak at highiervalues, internal gradients. It is interesting to observe thatTheal-
which we believe to be associated with water. However, wales of oil do not show such a pronounced difference in be-
cannot clearly determine what part of the signal is water andhavior for the two different samples. In both of the samples,
what part is oil. The resolution along the vertical axis is notthe oil signal has &, distribution with the main peak around
as good as it was in the water-wet beads. The reason is tha00 ms. However, in the oil-wet sample there is a shoulder
in this oil-wet sample the products of diffusivity and the stretching down to around 10 ms, which is not observed in
square of the internal gradients for oil and water have mor¢he water-wet sample. In addition, the internal gradients are
similar values. This is due to the fact that one may expecstronger in the oil-wet sample, although the difference in
most of the oil to be found in areas of relatively strong in-internal gradients is not as large as what is observed for the
ternal gradients, while most of the water is associated wittsignal from water. This may be explained by the fact that the
areas of low or moderate strength of internal gradients. = measured dephasing is dependent on the path the molecules
In order to determine clearly what is water and what is oiltravel through the field of internal gradients. Since the water
in this oil-wet sample, we performed diffusion-weighted ex- molecules have much higher diffusivity than oil, they will
periments, using the pulse sequence shown in Fig. 2. In Figorobe a larger variety of the porous system, and thus also
9(a) we see the total signal of oil and water in an experimengexperience different values of internal gradients along their
where the applied gradients are set equal to zero. If we conpath. A larger portion of the water molecules will therefore
pare this distribution with the one obtained without the dif- experience areas of strong internal gradients, compared to
fusion encoding intervalFig. 8b)] we see that some of the the oil molecules, leading to an apparantly higher mean

051305-8



CORRELATIONS BETWEEN DIFFUSION, INTERNAL. PHYSICAL REVIEW E 70, 051305(2004)

DG? (Gauss2 5"1)
o

o
™

(]
G, (Gauss®m™)

G, (Gauss’m™)
DG? (Gauss2 s'w)

DGE (Gausszs'1)

(b)

FIG. 9. (Color onling Diffusion separated 2D distributions fdp and internal gradients for oil and water in oil-wet glass beéajdNith
diffusion weighting interval, but with applied gradients equal to zéop.Separated oil sighalc) Separated water signal.

value of measured internal gradients for water in the water- CONCLUSION
wet sample compared to oil in the oil-wet sample. In the
oil-wet sample we observe that there is some portion of thf]a
oil molecules that experiences strong internal gradients, bu

he fraction is much lower than for water in the water-w : . L
the fraction is much lower than for wate the wate Etter are placed in a static magnetic field. We have shown that
sample. . the distributions of internal gradients the different liquids
The results tell us that there are very strong internal gra- . . . o
: . D xperience in such systems can be correlated with the distri-
dients present in these glass spheres at this field strengthi.”. ;
utions ofT, values. These correlations have been expressed

Figure {a) is a direct mapping of these internal gradients, . ; ;
angd hovlv zhey are correla?gd tgo tfie values of wat%r The @S 2D diagrams of internal gradients angdvalues. The wet-
y tability of the glass beads has a strong influence on the ap-

rength of internal gradients vari ween roximatel . ; .
strength of internal gradients varies between approximate earance of these diagrams, in particular on where the water

200 and 2000 G/cm. : . ) . X
. . signal is located. This can therefore be used as a diagnostic
Clearly, the wettability properties of the surface have the S o )
. . e tool for the determination of the wettability properties of a
strongest influence on the signal of water. This is in agreer . filled porous material
ment with results from experiments we have performed in q P '
rqck cores[16] where we separgted thi d.IStI’Il.)UtIO.n.S for ACKNOWLEDGMENTS
oil and water based on their difference in diffusivity, and
showed that the amount of bulk water present in the core We acknowledge financial support from the Norwegian
may act as a good indicator of the wettability property of theResearch Council. We also thank Professor Paul Callaghan

surface of the rock material. for providing us with the 2D inverse Laplace software.

Due to the differences in magnetic susceptibility between
quid and solid material, strong internal gradients are in-
uced when samples of glass beads immersed in oil and wa-
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