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Abstract

Pulsed-field-gradient NMR measurements of the one-dimensional probability-density distrwgrfor diffusive displacements of
water molecules in timed in a water-wet sandstone, saturated with a mixture of dodecane and brine, are presented for water saturation
Sy <0.32. The distributions show a distinctive shape which is attributed to the distribution of the aqueous phase in thin, locally curved an
effectively two-dimensional layers on the pore surface. The data are reproduced well by a simple model in which diffusion is restricted tc
the surfaces of an isotropic array of infinite planes, with an effective diffusion coeffigrt) which shows a systematic dependence on
A. This is suggested to arise, in the main, from local curvature of the pore surface. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction and dodecane in varying proportions. We use the pulsed
magnetic field gradient (PFGH NMR method to deter-

The distribution of two immiscible fluid phases within mine the one-dimensional probability density (the so-called
a porous solid is governed, inter alia, by the interfacial propagatorP,(X) for displacementX in time A [4]. The
tensions between the fluids and between each fluid and theexperimentally determineB(X) are compared with those
solid. For a strongly water-wet porous solid, saturation with calculated for a simple theoretical model and this compari-
a mixture of aqueous and hydrocarbon phases is expectedon provides support for the overall quasi-two-dimensional
to result in a physically continuous water phase, always in nature of the diffusion in these films as well as the in-
contact with the solid surface, for all achievable relative creasing connectedness of the continuous water film as
saturations [1]. The local thickness and geometry of the Sy increases from its lowest, irreducible, valugyi. At
aqueous layer will depend upon the detailed spatial vari- this lowest water saturation, however, evidence is found
ation of the curvature of the solid surface, the interfacial suggesting that non-uniform film thickness occurs over dis-
tension between the wetting and non-wetting fluid phasestance scales accessed by the diffusion measurements and
and uponS,. Transport of water through such films is of that the effective dimensionality of the diffusive process
importance, for example, in imbibition processes [2]. may, locally, be further reduced [1,5].

Except in optically transparent materials, the availabil-
ity of experimental techniques for the characterisation of
wetting films within porous solids and their corresponding 2. Experimental
transport properties is limited. Nuclear magnetic resonance
(NMR) methods have increasingly been applied to the in- 2.1. Sample conditioning
vestigation of fluids distributed in porous solids [3] and
in this paper we present the results of a preliminary study  All measurements were made on a cylindrical sample of
of diffusion within the aqueous wetting phase of a sample Fontainebleau sandstone which is that used in our previous
of a water-wet sandstone, saturated with 3% NaCl brine work [6,7]. It has a porosityp, of 25%, a permeabilityk,

of 2.05 Darcy, is 39 mm in diameter and 52 mm in length. It

* Corresponding author. Tel+44-115-951-3569. was contained in a flow cell, which has been used to study
E-mail addressken.packer@nottingham.ac.uk (K.J. Packer). the flow of single, two- and three-phase fluids through such
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samples [6]. A pressure of approximately 30 bar is applied where the displacemef(A) =x(A) — x(0). PA(X) is de-

to the cylindrical surface of the sample via a close-fitting rived fromSx(q,) by Fourier transformation with respect to
sleeve pressurised with Fluorinert FC16001, a perfluorinatedq, .

hydrocarbon. This ensures that fluids, injected by means of Spin—lattice relaxation measurements were made by the
constant volume flow-rate pumps (Pharmacia) at the front inversion-recovery method.

face of the cylindrical sample, can flow only axially through

the sample, emerging at the opposite face and thattthe  2.3. Discrimination between oil and water phases

NMR signals arise only from the fluids contained within

the rock sample. In this paper, fluid flow was used only as  |n order to determine the diffusive behaviour of the aque-
a means of establishing the required relative saturations ofgys phase alone, the total NMR sigal(qg;) had to be sep-
the aqueous and hydrocarbon phases; all the NMR measurearated into the contributions from the oil and water phases.

ments were made with the fluids stationary. This was achieved, as before [6] by careful shimming of
the spatial homogeneity of the magnetic field. Under prop-
2.2. NMR measurements erly shimmed conditions th&H NMR spectrum, obtained

by Fourier transformation of the time-varying NMR signal

All NMR measurements were made using a GE CSlI spec- produced by the APGSTE sequence could be deconvoluted
trometer, operating foktH NMR at 85 MHz with the main into the contributions from the two phases by making use of
magnetic field provided by a 31 cm bore horizontal super- the known relative chemical shifts of water, gldnd Ch;
conducting magnet (Oxford Instruments) equipped with both protons, and the known ratio of signal amplitudes arising
field shim coils (Oxford Instruments) and Accustar S150 from CH; and Ch. Sy was determined from the ratio of
actively-shielded gradient coils. The latter generate field gra- the area of the peak assigned as water to the total area of a
dients of up to 0.2 Tm! with rise and fall times of gradi-  spectrum acquired under conditions which ensured that ef-
ent pulses being:100p.s. Because of the possible influence fects due to the different NMR relaxation ratdg @ndT»)
on PFG NMR measurements of diffusion through magnetic of oil and water protons were negligible.
field gradients within the sample, which may arise from
magnetic susceptibility differences between the rock matrix 2.4. Determination of diffusion propagators for the
and the saturating fluids, all measurements were made withaqueous phase
the APGSTE modification of the PFG NMR experiment [8].

As long as diffusion during the gradient pulse widthmay Typically, Sa(qc) was determined for a central slice
be neglected and the conditiaft>>§ is satisfied, then the  of the sample of thickness 36 mm, using the appropriate
NMR signal,Sx(qy) (whereq,=2ry g, andg, isthe mag-  slice-selective r.f. pulse. This ensured that any effects aris-
nitude of the field gradient pulse applied in the direction  jng from proximity to the ends of the sample were kept to
is related to the desired propagaten (X), as a minimum. Sy (ay) for this slice was then measured for,
00 typically, 32 values ofg, in the ranget+Qgmax, Symmetri-
Sa(gy) = / PA(X) exp(2rig, X) dX Q) cally distributed about zero. By selection of the water NMR
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Fig. 1. Typical NMR spectrum of Fontainebleau sandstone with mixed water/oil saturation showing partially resolved water and oil proton signals.
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8000 tion is quantitative within the signal-to-noise ratio of the

7000 - measurements fdg, =0.1.
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g ] — Water Propagator 3. Results and discussion
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£,3000 3.1. Water-wet character of Fontainebleau sandstone
§2000-
<4000 Assuming that the fast diffusion limit applies, the

0] spin—lattice relaxation (SLR) raf®, of protons in a fluid in
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3000 contact with a pore surface of relaxivigyis given by [9]
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where A andV are the specific surface area and volume,

respectively, of the pore space occupied by water with

V =VoSy whereV is the specific volume of the whole pore

space. The SLR for both oil and water phases was single

exponential in character. In Fig. 3 we shd®y plotted as

a function of S * for both oil and water protons. It can be

: : , , : seen that the spin—lattice relaxation rate of the oil phase
) 1000 . 2000 3000 is virtually independent of5, whereas that for the water

Displacement (micrometers) . . . . .

protons is close to a linear function ofS}/, consistent with

Fig. 2. Resolved water and oil propagators fy=0.1 with oil phase the water phase being present as a surface film, the thick-

flowing at 400 mih™. ness of which decreases&gis reduced. This confirms the

strongly water-wet character of the sample.
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. . ) ) 3.2. Propagators
signal only, as described above, Fourier transformation of

this with respect ta}, then gave the water diffusion propa-
gatorP,w(X) at the appropriat&,. At low values ofSy the
guestion arises as to how well the chemical-shift resolved
separation of the water and oil phase signals works, given
the large dynamic range of signals involved and the some-
what overlapping nature of the peaks arising from the two
phases (see Fig. 1). In order to demonstrate that there wa%
no contribut.iqn to the water propagqtor from the oil signal acter. In striking contrast, the propagator &= 0.06 has
uno:cer cogdlgor:js of lov&y, the fOIIO\(’jV'?r? expﬁrirr?ent Wasls a pronounced cusp-like form nedr=0, and decays much
Zce)(r)?]:?qhi .Wh(i)cr? C[E)irr(])edtﬁi?j p:r:vz?er s;(t)lljrgati cﬁ;}ve:Sg.TP € atmore rapidly than that foB, =1 with increasingX. This

Under the particular conditions of oil flow used, propagators

Propagators for the aqueous phase were measured for
relative saturation§, = 0.06, 0.10 and 0.32 at observation
times in the range 0.1-1.6s. In Fig. 4 we compare our mea-
surements af, =0.06, A =0.8s with measurements on
the same sample &, = 1. ForS, =1 the propagator is ap-
roximately Gaussian in form indicating that the diffusive
rocess, although restricted, has a three-dimensional char-

PA(X) for each phase were then measured simultaneously, "“]

by the spectral deconvolution described above, and these 134 o
are shown in Fig. 2. It can be seen that the oil propagator

shows the presence of both flowing and non-flowing oil. The 127 -

fraction which is flowing gives rise to a large Gaussian-like o1 o O R, Water
peak with a significant mean displacement. If the deconvo- © io. o ® R OL
lution of the water and oil signals was not fully effective o o

then it would have been expected that the water propagator 0.94 =

would have shown such a feature also, particularly as the 084 59“ e o ° °
oil signal is some nine times more intense than that from

the water phase under these conditions. However, as can B S P S A

be seen from Fig. 2, the water propagator is symmetrical
around zero displacement and shows no detectable con-
tribution which could arise from the overlap of oil signal Fig. 3. Spin-lattice relaxation rates for oil and water protons as a function
with that from water. This establishes that the deconvolu- of s,

(sw)”
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Fig. 4. Water propagators for diffusion measurediat 800 ms forS, =1
and 0.06.

gualitative difference between the two propagators clearly
indicates that the constraints upon diffusive transport, at
least in the range of observation times considered here,
are quite different in the two cases. The appearance of a
cusp-like feature neat =0, is, as we shall now show, char-

acteristic of the powder average of locally two-dimensional Fig. 5. Least-squares fits (solid lines) of Eq. (4) to experimental prop-

propagators and arises, we suggest, from the surface filmagators measured &, =0.06, 10.2 and 0.32 and for times=0.1s
character of the aqueous phase at By (squares) andi = 1.6 s (triangles). The broken lines connect adjacent data

. . . . ._points to aid comparisons.
Consider a simple model in which the aqueous phase is

distributed in thin, uniform films on an istropically oriented

array of unconnected planes. Assuming that the film thick- cjent for the bulk fluid. In Fig. 6 we show the least-squares
ness is small compared to the rms displacement in the regimegstimates ob,(A) for all available values oft andSy. It is

of observation time with which we are concerned, we may, ayident that these estimates depend strongly on Aosind
initially, neglect the effects of diffusion across the thickness g, two systematic trends being apparent. Firstly, at a given

of the film; for each plane the two-dimensional propagator Sw, D2 decreases, rapidly at first and then less strongly, with
then takes the form

-150 -100 -50 0 50 100 150
X /um

1 £24¢2 35-
PA§,0) = 4Dy exp(— 4Dy ) 3 _
where & and ¢ represent displacements along orthogonal 3.0 .\ g =032
Cartesian axes within the plane abd is the diffusion co- ] —e—S =010
efficient on the plane. After projecting Eqg. (3) onto the gra- 25 ™ —a— s:= 0.06
dient axis and averaging over orientations we find \
X2 ::; 20 e -\.
Pa(X) = 4Dy A erfc 4D> A “) o?E 1 \ ~
2 151 ‘\' Tt
where erfc is the complementary error function. 5‘“ . .\,\
In Fig. 5 we show the results of least-squares fits of Eq. (4) 104 \ ’\.\
to our data for the shortest and longest observation times ex- ] — ..,
perimentally accessible, wilby(A) as an adjustable param- \\
eter. Despite its simplicity, the model reproduces the general 0.5 *
form of the observed propagators well; in particular, the
model propagators show a cusp-like shape Xeal, lend- 0.0 ——1—v—F"—F—+—F—1—"—1"—1—"T1"
ing support to our suggestion that this feature in the exper- 00 02 04 06 08 10 12 14 16 18
imental data arises from locally two-dimensional diffusion. Als

However, if the mOd_eI _Were able to account quam_ltatlvew Fig. 6. Dependence of the least-squares estimatd3,afn A obtained
for the observed statistics, the paramé@eishould be inde- by fitting Eq. (4) to propagators measuredSat=0.06, 0.10 and 0.32.
pendent ofA andSy and equal to the self-diffusion coeffi- The solid lines joining points are intended only as a guide to the eye.
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increasingA. Secondly,D, increases with increasingy,
the extent of the increase being nearly independent.of

We first consider the dependence D upon A. It is
possible that this behaviour is due to the presence of local
curvature in the aqueous films; however it is not obvious
that, in the presence of such curvature, the infinite-planes
model should be capable of reproducing the detailed form
of the observed propagators for any choicéef The gen-
eral question of how curvature affects the form of the prop-

agator, and hence the results of an attempt to fit the data

with the infinite-planes model, is complex and will not be

addressed here. Instead, in order to gain some general in
sight into the problem, we have investigated the effect of
curvature by comparing the short-time statistics of particles
diffusing on the surface of an isolated sphere, for which an-
alytic results are readily available, with those predicted by
the infinite-planes model (at long times, of course, such a

comparison becomes meaningless, as the bounded nature of

the sphere then dominates the form of the propagator).
For a sphere of radiurR the diffusion equation takes the
form
aP3

ot

= DsV3P; 5)
where V2 is the Laplacian operator on the surface of a
sphere. The solution of Eq. (5) is [10]

Pz (Bo, ¢0, 0, P) = ZY;q(Oo, $0)Yiq(@, ¢) e~ A/t (6)
k.q

where (o, ¢0), (0, ¢) are, respectively, the spherical polar
co-ordinates of molecules a&=0 andt= A, the Yy, are
spherical harmonics and

R2

= D @

Tk
Taking the gradient direction to define the polar axis, we
may integrate Eq. (6) oveg and¢ to obtain

1
P20 = g [ Y@k 1P
k
Xo X +xo —A /T,
X(R)Pk< R )e dxg

whereP; is the Legendre polynomial dth degree.
Propagators generated from Eq. (8) and from the
infinite-planes model Eq. (4) are compared in Fig. 7, where
we have calculated’? (X) from Eq. (8) for a sphere of
radius 750 with Ds=2.2x 10 °m?s 1 andA=0.1, 0.8,
1.6, then, following the procedure adopted for our ex-
perimental data, found the least-squares fit of Eq. (4) to
P3(X) with D2(A) as the fitting parameter. It is evident
that for short to intermediate times, when the bounded na-
ture of the isolated-sphere model is relatively insignificant,
the infinite-planes model is capable of reproducing (in one
dimension at least) the statistics of diffusion on a sphere

®)
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Fig. 7. Fit of infinite planes model (broken lines) to propagators calculated
for diffusion on a sphere of radius f%n at A =0.1, 0.8 and 1.6s (solid
lines). At A=0.1s the two curves are indistinguishable at the resolution
of the figure.

with near-quantitative accuracy iD,(A) is regarded as
an observation-time dependent quantity. Calculations for a
variety of sphere radii and observation times indicate that,
for DS,A/R2 < 0.2, the dependence dd, on observation
time and sphere radius is well represented by the equation
D2(A, R) = Ds(1 — (DsA/R?)).

In the light of this result, we suggest that the rapid initial
decrease ob; with increasingA seen for all values o8y
in Fig. 6 reflects the relatively tight curvature of small-scale
irregularities which dominate the statistics at short times.
The systematic decrease in the rate at whighfalls with
increasingA may be accounted for by the facts that, as par-
ticles explore larger regions of the pore surface, the effects
of small-scale irregularities will tend to average to zero, re-
sulting in a larger effective radius of curvature and that the
effects of connectivity between differently oriented surfaces
will come into play.

We now turn to the dependence®$ onS,. Although, as
noted earlier the dependencelf on A has a similar form
for all three saturations, there is a systematic trend towards
higher values oD, at a givenA asS,, increases. In particu-
lar, at smallg, for S, = 0.32 the value oD, exceeds the bulk
self-diffusion coefficient of waters§2.2x10°10n?s1).
This behaviour cannot be interpreted in terms of the curva-
ture of the aqueous film; instead, we believe it arises from
a non-negligible contribution to the displacements from dif-
fusion normal to the film surface.
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Finally, we make some remarks concerning the quality of fitted, over the complete range of saturations and observa-
fit of the infinite-planes model to the observed propagators tion times investigated, by the simple model of an isotropic
(Fig. 5). At the shortest observation time the model repro- superposition of diffusion on infinite planes, as long as the
duces the data with near-quantitative accuracy at all threediffusion coefficient is allowed to vary with observation
saturations; however, at longer times there is a systematictime. It is suggested that this variation of the effective dif-
tendency to underestimate the probability density Xeao, fusion coefficient arises, in part, from the local curvature
that tendency increasing with increasirgand decreasing  of the pore space surfaces and this has been investigated
with increasingS,. Although the deviations are small, we by considering diffusion on the surface of a sphere. Inter-
believe that they are significant, and we interpret them in pretation of the longer time behaviour may well require
the following manner. At lows,, capillary forces will cause  the consideration of the connectivity and local geometry of
a relatively high proportion of the aqueous phase to be heldthe pathways allowing molecules to move from one local
in crevices, which may be locally quasi-one-dimensional curved surface to another differently oriented curved sur-
or even effectively isolated [1,5]. In either case, we ex- face. We are currently undertaking more detailed measure-
pect a deviation from the infinite-planes model of the type ments and simulations to extend our understanding of these
observed, with the deviation becoming more marked with effects.
increasing observation time. At higher values S the
proportion of water confined to crevices will be smaller,
and so, therefore, will the deviations from the model — Acknowledgements
the propagator now reflects the larger scale structure of the
pore and the surface film is smoother, on average. WMH gratefully acknowledges the award of an EPSRC

A second small deviation of a different kind is apparent studentship.
in the propagator measured at the highest water saturation
(Sy=0.32) and small. In this case, the experimental data
shows a less pronounced cusp near the origin than predicte
by the model. Again, although the deviation is small, we
believe it to be significant and attributable to the breakdown
of the assumption of negligible film thickness leading to a
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