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INVESTIGATION OF WETTABILITY BY NMR MICROSCOPY
AND SPIN-LATTICE RELAXATION

by Daryl A. Doughty and Liviu Tomutsa
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ABSTRACT spe,ctrometer. It is controlled by the interaction of the
molecules of the fluid with each other and the confining

The wettability of reservoir rock has an important rock surfaces. Early investigations showed that the T1
impact on the efficiency of oil recovery processes and the time for water in contact with water-wet grain surfaces was
distribution of oil and water within the reservoir. One of shorter than that for water in contact with oil-wet surfaces
the potentially useful tools for wettability measurements is (Brown and Fatt, 1956; Kumar et al., 1969). One possible
nuclear magnetic resonance (NMR) and spin-lattice criticism of the NMR method is that T 1measurements, on
relaxation. More recently using NMR microscopy NIPER well-defined water-wet and oil-wet rock/fluid systems are
has developed the capability of imaging one- and two-phase required to establish the range of measurements and it is
fluid systems in reservoir rock at resolutions to 25 difficult to precisely characterize the wettability of a
microns. Effects seen in the images of fluids within the complex pore system as represented by the typical reservoir
pore space of rocks near the rock grain surfaces hinted at rock even after accepted wettability or cleaning treatments
the possibility of using NMR microscopy to map the (Anderson, 1986). More recent investigations of the
wettability variations at grain sites within the pore space, relaxation properties of oil and water in model porous
Investigations were begun using NMR microscopy and media and reservoir rock, including sandstones, carbonates,
spin-lattice relaxation time measurements on rock/fluid and chalks, have further refined the techniques and
systems and on well-defined fractional wet model systems established relaxation measurements as a more viable toot
to study these effects. Relaxation data has been modelled for wettability characterization (Kenyon et al., 1988;
using the stretched exponential relationship recently Borgia et al., 1991; Roussel et al., 1992; Borgia et al.,
introduced. Comparisons of the NMR microscopy results 1992; Barrufet et al., 1993).
of the model system with the rock results indicate that the

observed effects probably do not reflect actual wettability NMR microscopy has been developed at the National
variations within the pore space. The results of the Institute for Petroleum and Energy Research (NIPER)
relaxation time measurements reveal that even in the during the past few years into a useful tool for the
simple model studied, the behavior of two phases is visualization of fluid distributions within the pore spaces
somewhat ambiguous and much more complex and requires of reservoir rock at pore scale (Doughty and Maerefat,
more study. 1987;Doughty and Maerefat, 1988;Doughty and Maerefat,

1989; Mahmood et al., 1990; Doughty and Tomutsa,
INTRODUCTION 1992;Tomutsa et al., 1992; Doughty et al., 1993). "l]u'ee-

dimensional (3D) visualizations of one- and two-phase fluid
Wettability is a measure of the affinity of a solid systems in several types of sandstone rock have been

surface for the preferential adherence of one fluid phase in obtained at resolutions to 25 microns. At these scales,
the presence of other immiscible fluids. In the field of some effects were seen which may represent the influence
reservoir engineering where rock/oil/water systems are the of variations in rock grain wettability within the pore space
objects of interest, the rock is considered to be water-wet, on the distribution and appearance of the fluids. Research
oil-wet, or some intermediate state. The wettability of the was begun to investigate these effects and relate them to
reservoir rock has an important impact on the efficiency of the more traditional measurements of fluid NMR relaxation
oil recovery processes and the distribution of oil and water properties on some well-defined model systems.
within the reservoir. The measurement of wettability is an
important part of characterizing petroleum reservoirs and METHODOLOGY
designing effective secondary and tertiary recovery
processes. Several reviews of this topic have recently The development of nuclear magnetic resonance
appeared which describe the different methods of measuring (NMR) imaging from high resolution NMR spectroscopy
wettability and evaluating its influence on oil recovery is straightforward in concept. In NMR spectroscopy the
(Anderson, 1986;Cuiec, 1991). sample is placed in a highly homogeneous magnetic field.

All NMR-active nuclei of a given species, for example
One of the potentially t.,seful tools for measuring protons in water, will experience the same magnetic field

wettability is NMR spectrcJmetry and spin-lattice and resonate at the same frequency, resulting in a sharp
relaxation. The spin-lattice relaxation time (Tt) is one of peak for water in the NMR spectrum, but no information
the characteristic NMR parame'_ersfor a given fluid/rock is obtained to spatially differeniate one water molecule
system and is a measure of the time required for the from another. If a linear gradient in magnetic field
recovery of the bulk magnetic moment of the sample along intensity is superimposed on the homogeneous field, then
the direction of the strong magnetic field in the NMR water protons on the side of the sample exposed to the



lower fields will resonate at lower frequencies and so forth, equilibrium bulk magnetic moment for the sample
What will be observed in the NMR spectrum will be a established by the spectrometer's strong magnetic field is
projection of the summed intensity from water protons in inverted by a 180° radio-frequency (RF) pulse from the
perpendicular planes at each position along the diameter of sample probe RF coil. After a variable delay of 2 - 30,000
the sample in the dir_tion of the gradient field from lowest milliseconds, a 90° RF pulse is used to sample the bulk
to highest frequency. Figure 1 illustrates this projection magnetic moment as it "relaxes" back to its equilibrium
process. By changing the orientation of the gradient in 3D state. By making a series of measurements as the delay
space in a regular manner, using the spherical coordinates time is increased in a regular manner, the time evolution of
theta and phi, information about the location of all water the bulk magnetic moment can be obtained from which the
protons in the sample can be obtained, and an "image" of T 1 time for the sample can be extracted. The relationship

the water distribution in selected planes from the sample between the bulk magnetic moment, M, and time is
can be displayed.

g(t) = Moe'(t/Tz) (1)
The 3D projection-reconstruction NMRI method does

not require a rapid gradient response as the gradients are where M(t) is the magnetic moment at time t after the 180°
turned on and a short RF pulse having a broad bandwidth RF pulse and M0 is the equilibrium magnetic moment.
irradiates the sample in the presence of the gradient which Because the inversion recovery sequence inverts the
is then turned off after the signal is acquired. The magnetic moment the actual relationship used to analyze
advantage is that the NMR signal can be acquired the datais
immediately after the RF pulse (about 5 I.tsec) or after a
short echo period (1 - 2 msec) so that a strong signal is
available. The disadvantages are that the entire sample is YR(t) = (M,,,,- IR(t))/(M,,,,- IR(O) + A) = e-(tFI'l) (2)
iradiated at once, generating very large data files and

requiring longer sampling times and larger data processing where YR(t) is the normalized magnetic moment, IR(t) is
periods, and a short powerful RF pulse is required to the measured NMR peak amplitude at time t, IR(0) is the
adequately excite the entire sample in the presence of the pe_ amplitude extrapolated to zero delay time, M**is the

strong gradient if an echo sequence is used. The timing of peak amplitude extrapolated to long delay time and
the projection reconstruction echo pulse sequence is shown represents the equilibrium magnetic moment, and A is a
in Fig. 2 where the various gate signals for activating the zero-offset term that adjusts for the lack of perfect
RF, the gradient components, and the receiver are plotted symmetry in the inversion process. A is typically around
versus time. 50 - 100 compared to a M, of 5L_30 - 16,000 (Kenyon et

The spin-lattice relaxation times were measured using al., 1988).
the inversion recovery pulse sequence. In this process, the
sample is placed in the NMR spectrometer, and the Bulk fluids are generally characterized by a single

z relaxation time so a plot of the normalized magnetic

(a) A,,_ e <b> i moment versus time is linear on a senti-log plot. Because

q L the relaxation rate is affected by the interaction of the fluid

with the pore walls, the pore volume-to-surtace ratio (V/S)

A_Pv impacts the relaxation rate. Porous rock typically has a

f distribution of pore sizes leading to a distribution of V/S
values and a superposition of relaxation rates for the
various pore sizes resulting in a nonlinear semi-log plot of

X- \ "\\ _ ,, RF90° 180° Echo

,,._,"- ro J L Gradient Gate

Fig 1 (a) A three-dimensional object subject to a main to T.E.
magnetic field B 0 and a magnetic field gradient GT,p; (b)

Conventional NMR spectrum in the absence of the field Fig 2 Projection reconstruction echo pulse sequence

gradient and for identical nuclei; (c) NMR spectrum of the showing timing of RF pulses, receiver gate, and

object for a nonzero field gradient applied in the direction gradient gate.
GT,p-
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YR(t). These cases have been analyzed using two- or three- separately in the presence of brine, the echo time in the
exponential summations and two or three values of TI for imaging pulse sequence is increased to about 15
the different pore size ranges. Recently, the concept of the milliseconds, by which time the signal from the brine has
stretched exponential relationship was developed and given disappeared because of more rapid signal decay caused by
by the MnCI2. The data file is transferred to a second

computer containing a fast coprocesser board running the
reconstruction software. The typical output will be a

YR(t) = e'(t/Tls )a (3) 180x256x256-pixel image file where each pixel is
represented by a 1-byte value giving 256 grey levels. Total

where T1, is the "stretched" relaxation time and o_is related processing time is about 13 hours and the image file will
to the distribution of relaxation rates (Kenyon et al., 1988). be about 12 Mbyte in size.
If the distribution of relaxation rates is Gaussian, then a =
2/3. For the model systems, phantoms were made using

EXPERIMENTAL microbore glass capillary tubing, about 650 microns OD
and 190 microns ID, and/or Teflon "spaghetti" tubing,

Sample preparationfor NMR microscopy experiments about 800 microns OD and 350 microns ID. The glass
on rock samples involves cutting small core plugs from a capillary tubing was cleaned in hot chromic acid cleaning
clean rock sample using miniature diamond core drills to solution and rinsed in distilled water and dried under
obtain plugs with a diameter of 5.3 mm and a length of 7-8 vacuum. One model phantom was constructed using short
mm. This was done with a sample of Fontainebleau 10 mm lengths of both tubing types randomly mixed and
sandstone. The core plug was mounted in a Teflon holder fitted with Teflon endcaps and sealed in the two-layer
made from Teflon endcaps machined to the diameter of the Teflon shrink tubing to model a fractional-wet core plug
core plug and drilled to accept 1/16-inch diameter Teflon about 4.8 mm in diameter. The other phantoms consisted
tubing for fluid access while the sample is in the sample of 30 - 32 mm lengths of the glass or Teflon capillary
probe mounted in the spectrometer. The core plug and tubing bundled into FEP Teflon shrink tubing about 4.6
endcaps are held together snugly by using a two-layer mm diameter. Two each of these phantoms were made.
Teflon shrink tubing system: the inner layer is FEP Teflon All of the above phantoms were cleaned in hot chromic
which shrinks at a temperature of 207° C and the outer acid cleaning solution to remove fingerprints, rinsed in
layer is P'ITE Teflon which shrinks at 320° C. As the distilled water, and dried under vacuum. The phantom core
outer layer shrinks, the inner layer softens and flows plug was saturated under vacuum with the NaCI/MnCI2
tightly around the endcaps and core plug forming a brine and mounted in the horizontal coil RF probe for
leakproof system containing no protons to inferfere with imaging. Two image data sets were made using the gradient
the signal from the fluid system. The core plug/holder sequence mentioned above but with the last one adjusted so
assembly was then evacuated and flushed several times with that the two sets could be interleaved to create one larger
CO_ gas and then saturated under vacuum with the NaC1 data set with 256 Z-gradient components. Because the
brine solution (typically 0.5% NaCI by weight with natural linewidth of the NMR signal for brine in the
0.023% MnCI2added to increase the relaxation rate of the phantom was much narrower than that for brine in
protons in the brine.) sandstone, a narrower frequency bandwidth of 50,000Hz

could be used with weaker gradient currents to achieve
adequate resolution. Two additional image sets were

The core plug was mounted in the horizontal coil RF obtained after flooding the phantom core plug in two stages
probe with the small bore Teflon tubing pulled out the top with two 1.0-milliliter volumes of Soltrol oil representing
for access while mounted in the spectrometer. Preliminary about 20 - 25 total pore volumes (PV). A final image set
measurements are made todetermine the 90° and 180° nulse was obtained after flooding the phantom core plug with 1.5
lengths, the natural linewidth of the fluid in the rock, and milliliters of the brine solution.
an estimate of the T 2 value using the inversion recovery

signal null method. The typical imaging experiment For the relaxation time measurements one each of the
involves using 256 X- and Y-gradient components with glass or Teflon capillary phantoms were saturated under
128 Z-gradient components, which are controlled by the vacuum with NaCI brine without MnCIz, and the other
acquisition computer and triggered by a gradient gate signal pair were saturated under vacuum with the Soltrol. Small
from the NMR spectrometer/pulse sequence. The raw corks were used at the ends of the phantoms to keep the
image dataare collected by a high-speed analog-to-digital fluid contents from leaking. The phantoms were typically
converter and stored by the acquisition computer. Signal measured in the horizontal coil RF probe, but the glass
acquisition parameters typically involve collecting a 256- capillary phantoms were also measured while mounted
point digitized signal from the spectrometer at a frequency vertically in the standard NMR sample probe. The
bandwidth of 200,000 Hz. If four signals are averaged at relaxation time experiments typically involved averaging
each gradient value, the imaging experiment will last 17 several scans for 50 values of the delay time. Relaxation
hours and result in a 16 Mbyte data file. For two-phase oil measurements were also made after about 1milliliter of the
and water systems, Soltrol oil adjusted to a viscosity of 5 other fluid was pulled into each phantom (about 1 - 2 PV)cps is used as the oil phase. To image the oil phase
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to obtain measurements on two-phase systems. Relaxation The lower intensities corresponding to rock grains and the
time measurements were also made on the final stage of the higher intensities corresponding to bulk water have been
phantom core plug saturation with the core plug in the made transparent so only the thin layer of water near the
horizontal coil probe. A relaxation time measurement was rock grain surface is visible, The irregular shape of the
also made on the bulk brine held in a 6-ram Teflon tube pore volume determined by the surrounding rock grains is
mounted in the horizontal coil RF probe. Additionally, apparent, as are several narrow pore throats connecting to
small core plugs of Fontainebleau, Cleveland, and Berea other pores outside the volume shown. The thickness of
sandstone about 8 mm diameter and 20 mm long were cut, this layer seems to change in certain spots around the pore
and saturated under vacuum with 0.5 % NaCI brine (no volume which may be related to the grain surface
MnCI2). Relaxation time measurements were made on the wettability. Speculation is that in areas where the fluid in

three sandstone plugs and bulk brine in a glass NMR tube the pore does not wet the surface the transition from surface
using the standard NMR probe, to bulk relaxation characteristics should be more abrupt

leading to a thiner transition layer.
RESULTS AND DISCUSSION

Figure 4 shows the relaxation data for water in the

NMR imaging experiments begun on the core plug of three sandstones together with the bulk brine. The bulk
Fontainebleau sandstone saturated with brine revealed the brine data are from both the standard probe and horizontal
natural line width of the water NMR signal from the brine coil probe experiments. The fitted curves are those
in the rock was 750 Hz. This compares to the value of obtained using the stretched exponential relationship. The
800-900 Hz obtained for brine in Bentheim sandstone. A water in the Berea sandstone showed the fastest relaxation
narrower line width was anticipated for the Fontainebleau rate as exhibited by the steeper slope for the curve,
sandstone because its white color would indicate a much followed closely by water in Cleveland sandstone, then
lower content of iron which is known to cause broadening Fontainebleau sandstone. The bulk water apparently has
in other sandstones. The image obthined had a resolution essentially a single relaxation rate as revealed by the
of 30 microns per pixel. Slice images from the 3D image straight line in the semi-log plot. The data for the three
data set for the Fontambleau sandstone revealed the sandstones show a multicomponent relaxation process
presence of randomly scattered large pores with little involving faster rates from fluid near the surface of the rock
porosity in between. Petrographic image analyzsis (PIA) grains in smaller pores to slower rates for bulk fluid in the
measurements on a thin-section of the sandstone showed an centers of the larger pores. The parameters obtained from
average porosity of 12%. A recently obtained upgrade of fitting the relaxation data for the fluids in the sandstone
the DICER image analysis software has the capability for plus that of the bulk brine using the stretched exponential
surface rendering of 3D volumes. Figure 3 shows a surface relationship are shown in Table 1.
rendering of an isolated large pore from the above data set.

iii!iiii:

I ...... I
200 microns

Fig 3 Surface rendering of Fontainebleau sandstone showing the thin layer of water
near the rock grain surface. The rock gains and bulk water have been made transparent.



pixels wide, and 165 pixels frontto back which represents
essentially the full length of the model core plug. The data

1 • 1" ' ..... --

i,,_;:::_::::::::::::::;:::::::::::::_::::::::::::::;::::::::::::::_::::::::::::::set was compressed by a factor of two to image the full
Illk"_i_'! .............. _.............. _.............. _.............. ' ............. "

............-.............._.............._..............•.............. length of the model compared to its diameter. The......... :,.............. •.............. ._.............. i .............
_i!!: ..........._..............I..............i............._ directionof fluid flow in the model was from backto front
............ 8..............•.........."_ ............. in the figure. Figure 5a shows the initial brine-saturated

o i i ! state where the pixel intensity below grey level 60 was
o.1 made transparentto eliminate the noise and tubes. This J

thresholdis theapparentmiddleof the intensityrangefrom
_: 30 - 90 representingthe interface between the tubesand the
>" bulk fluid in the void spaces. Each pixel represents a

volume element approximately 21x21x42 microns at this

o.ol -!!!!!!!!!!!!'.;'.!!!!!!!!!i::,::::::::::::::::........ resoluti:'_a. Jn renderingthe image the DICER software

o,ool of the rendered surfaces is rough and there are some
o 2ooo 4000 6ooo soot 10000 12ooo apparentimage defects distorting the cylindrical shape of

TIME, msec some of the tube centers. The glass tubes and the Teflon
tubes can be distinguished by the difference in their ID's,

Fig 4 Plotof normalizedmagneticmomentYR(t)versus time with the Teflon tubes being larger. Teflon surfaces arein milliseconds: 0 bulk brine; --'Q---- brine in
Fontainebleau sandstone; _ brine in Cleveland strongly oil-wet while the cleaned glass surfaces should be
sandstone; --"_k--- brine in Bereasandstone, water-wet. Figure 6a is an enlarged view of a block 60

pixels on edge from the center of the block shown in 5a.

The (x parameter for bulk brine is near 1.0 which The rough texture of the rendered surface and the apparent
would be the case for a single relaxation rate which exists image defects are more clearly shown in this view. The

data set used to obtain this image was made up from twofor bulk fluids or fluids in pore systems characterized by a
single V/S ratio such as some chalks (Borgia, et al., 1992). separate sets obtained consecutively and interleaved as

describedearlier. An image made from the first set only didThe (xparameter for the three brine/sandstone systems are
significantly smaller than 1.0 but no where near the 2/3 not show some of the distortions apparent here. There does
value anticipated for the Gaussian distribution _,fpore sizes not appear to be any noticeable difference in the surface
or reported for the same or similar sandstones for texture for brine in contact with glass or Teflon. Also, if
measurements made at 10 MHz instead of the 270 MHz the bulk brine in the center of the voids is rendered
frequency of our NMR instrument (Kenyon et al., 1988). transparent to leave only the interface layer visible as for

the image inFig. 3, there are apparent thiner regions where
no change in wettability of the adjacent surface should be

The results of the NMR microscopy experiments on present.
the glass/Teflon, fractional-wet model core plug are shown

in Figs. 5 and 6. Figure 5 shows four views of a Figures 5b and 6b are the same respective regions as
horizontal block from the 3D image data set for the core shown in 5a and 6a but show only the oil phase for the
plug, one for each of the fluid systems described in the second stage fluid system where 10 - 15 PV of Soltrol oil
experimental section. The block is 60 pixels high, 165 were injected into the model core plug. NMR peak integral

measurements showed that the brine/Soltrol saturations
were 54%/46%. The brine signal was suppressed by using
a longer echo time. The same intensity threshold was used
to display the fluidphase as in 5a and 6a. Comparing Fig.

Table 1 5b to 5a, the oil phase has preferentially occupied the voids
Stretched exponential fit parameters for brine where Teflon is the predominant surface. The only

_ ...... in sandstone _ . exception is the Teflon tube center visible in the lower
right side of 5a. The fluid flow rate during fluid changes

Sample c_ T I,, seconds was controlled by adjusting the elevation of the inlet and
. outlet reservoirs and a pressure head of about 15

Bulk _e 0.970 2.859 centimeters of brine or oil was used, which representsa
Fontainebleau/brine 0.851 1.112 pressure of about 0.25 psi. This means that capillary
Cleveland/brine 0.858 0.596 forces dominate the system. The texture of the rendered
Berea/brine 0.822 0.538 surface for the oil image is much smoother and many of

the distortions noticed in 5a and 6a are not evident. Also,
comparing the Teflon tube centers in Figs. 6a and 6b, the
oil image appears slightly larger as if the oil more



,,/

I
A B

C D
Fig 5 Surface rendering of fluid in model core plug phantom with all pixels of tile imaged region with intensity below 60 rendered
invisible. The region shown in all four views is 1300 microns high, 3500 microns wide, and 7000 microns front to back, A - Brine
at initial brine saturation; B - Oil phase at residual brine after 10 - 15 PV of Saltrol; C - Oil phase at residual brine after 25 - 30 PV
of Soltrol; D - Residual oil phase after 15 - 20 PV of brine.

completely fills the tube. This appears to be true for the saturations were 50,3%/49.7%. There are just a few
other oil-filled voids. There has also been an apparent shift additional voids which have more oil in them compared to
in image position of aix)ut 4 - 5 pixels to the right and 1 - the previous stage. The images lc×_kvery simi 'lar to those
2 pixels down for the oil phase image compared to the of Figs. 5b and 6b in the surface texture and appearance.
brine image. The peak position of water in the NMR
spectrum is about 1,000 Hz from that of Soltrol oil. Figures 5d and _i_1show the _me respective regions -as
Considering the 50,000 _ bandwidth used for imaging the above but for the oil pha,qe for the fourth stage fluid system
model core plug, that represents 1 part in 50 or where 15 - 20 PV of brine were injected into the model
approximately 5 pixels out of 256 used to display the core plug to model a residual oil system. The measured
image. However, the NMR frequency setting was adjusted brine/Soltrol saturations were 66.3%/33.7%. Figure 5d
to center the respective fluid peak when imaging that fluid shows that the two Teflon tubes near the center of the
so the effects of the "chemical shift effect" should have bl_k had t_hcoil phase replaced by brine. There are a few
been eliminated by the procedure. No other ready other areas where the oil was displaced or shifted in
explanation for these effects is available, position. These two central Teflon tubes were near the

injection port so the flow rate may have been higher in this

Figures 5c and 6c show the same respective regions as region, accounting for the displacement of the oil despite
above but for the oil phase for the third stage fluid system the capillary forces. In the enlarged view of Fig. 6d, the
where 10 - 15 addition_ PV of Soltrol were injected into oil phase is trapped between the outer _rimeters of the two
the model core plug. The measured brine/Soltrol
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_l:-, "l_,_rc" s\xlc,l. Alxt), the rapid tCldX;.t[l()ll HIe lllil',,
,_h(_v,'c(llJl;,II()llllldlll.l)2,CdIt>rc;_:hallrc_,.ioll>. (_Ilhc _i.()rc
pIu_.:, xupI)rcxsst)me_)IlhcIacl()rxaIIc_:lin}.,.(t.The (_.valm'I_)r

lhc.S_)I,_-_Icurve _:_xU'n_Ii_:anI.lylesslhan I.(K)aml_Is'I,,
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model c()rc plU_r'., litre lhc Tl()rllll.|ll/cd illa).,nCllt ul()liicllI xl/c ol the ',_mlx _.'_.ulm.'d hy the Soltr(J _'k:|w_' Lilt'"l'clhm
h)r lhc hi-lilt dlld E_)llr()l l_aks ztrc pl()II._._l_m a hLKrKhlltl_, l,ub¢ k:ClllCl:,; [ll-C ,,IgniltkaTIlly ldl!!cr l[Itill Ihc _l;.|s,',;

SCillC vk.'rXllXillvCr.%i()llrcc_)vcr>delayt_In¢Inrllillisck'()lld.'.;._.'apillarlcx_,-¢ul)JcdI_ theI_rmc.
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Fig 7 Plot of normalized magnetic moment YR(t) versus time Fig 9 Plot of normalized magnetic moment YR(t) versus time
in milliseconds for brine and Soltrol from residual oil stage in in milliseconds for verticality mounted capillary bundle;

..._.._)assthemod_l core plug: ---'0'--" brine phase; "'"E}"" residual _ single-phase Solu'ol; Soltrol phase in two-
oil phase, phase brine/Soltrol.

1 and also the Soltrol phase from the previous two-phase
_._:_._t_._'._2 _t._L_:_t_;:_2_:._t_._;_;_:_'.._'_:._

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::7 system (brine is wetting phase). The natural line widths of........ t..............I.............._.............._.............._.............. the fluids in these two systems were very narrow (4 Hz for............ , .............,:.............._.............._.............._..............
.............._........ i..............i..............i..............!.............. the brine and 20 Hz for the Soltrol) compared to those seea
..............i.......:, .i..............J..............J..............J.............. in the model core plug system discussed previously (both

fluids had linewidths around 160- 200 Hz), The line width
.............._.............._. • ......_.............._.............._.............. for the brine in the model core plug would be enhanced by

"t_ i i ! the presence of the MnCl 2. The results show that the

0.1 ::::::::::::::::::::::::::::: single phase fluid in each case had a longerrelaxation time
>" __._...: ......i.............. than the corresponding fluid in the two-phase system. This

iiiii:ii;:iiiiiii;ii;iiiii;iiiiiiiiii:iiiiiiiiii;_...%_i_.."iiiiiiiiiiiil;;iiiiil;; is revealed by the more gentle slope of the curve and the..............!..............i..............i..............':.ta....... i..............
.............._..............._.............._..............;........................ higher value for T_, shown in Table 2. Also, as revealed

by the a value of for the two fluids, the brine data were
essentially linear in the semi-log plot (near 1.00) while the
Soltrol data were significantly nonlinear (or = 0.962 or
0.951).

0.01
0 2000 4000 6000 8000 10000 12000

When the same glass capillary bundles were mounted
TIME, msec in the horizontal position with the magnetic field

Fig 8 Plot of normalized magnetic moment YR(t) versus time perpendicular to the axis of the bundle, the data show
in milliseconds for verticality mounted glass capillary bundle; significant differences. Figures 10 and I l show the

single-phase brine; "'"_"" brine phase in two- relaxation data for the one- and two-phase fluid systems
phase brine/Soltrol, with the fitted curves. The stretched exponential fit

parameters are given in Table 2. Figure 10 shows the
The results of the relaxation time experiments on the brine phase results. In each case, the fluid listed first in the

four glass or Teflon capillary bundles are shown in Figures legend was the In'st phase injected into the dry phantom.
8 - 13 and the stretched exponential fitted parameters are The natural line widths of the two fluids were much broader
given in Table 2. Figure 8 shows the relaxation data for in the horizontal position with that for the brine equal to
the brine in the glass capillary bundle mounted vertically 120 Hz and that for the oil equal to 230 Hz. These values
parallel to the magnetic field and for the brine phase in the are near the results for the model core plug which was also
same phantom with Soltrol oil injected on top the brine mounted horizontally. The most important parameter of
(brine is wetting phase), Figure 9 shows the relaxation the system affecting line width is the local magnetic field
data for the Soltrol in the glass capillary bundle vertically
mounted with the oil as the only phase

8
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Table 2
Stretched exponential fit parameters for capillary tube bundles

m,, i i ii| -- ii ii i ii _ -- , i

Sample ............_, Brine _ T'!.,Brlne,sec ....cx,Solt rol TII',Sollroi,sec

GiCp/Brine 0.992 3.007
GICp/Br/Sol 1.007 2.771 0.964 0.533
GICp/Soltrol 0.951 0.624

GICp(I-l)/Brine 0.967 3.011
GICp(H)/Br/Sel 0,941 2,597 1.003 0.459
GICp(I-I)/Soltrol 0,924 0.518
GICp(I-I)/Sol/Br 1.006 3.103 0,957 0,532

TtL-'p(l-1)/Brine 0,993 3,122
TfC_/Br/Sol 1.007 2,858 0,955 0.517
TfCp(H)/Soltrol 0.951 0,568
TfCp(H)/Sol/Br 1.006 3,035 0,952 0,532

[ _ _ _ _- iii _ _ _ iilii ill i j L i_ ii _ _ ii
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0 2000 4000 6000 8000 10000
TIME, msec

TIME, msec

Fig 10 Plot of normalized magnetic moment YR(t) versus time Fig l 1 Plot of normalized magnetic moment YR(t) versus time
mounted capillary in milliseconds for horizontally mounted glass capillary

in milliseconds for horizontally "1_ glassbundle; "---0---, single-phase brine; ...... brine phase in bundle; ---'O--- single-phase Soltrol; "'"B"" Soltrol

two-phase brine/Soltrol; - -O- - brine phase in two-phase phase in two-phase SoltrolAnine; " "O- " Soltrol phase in
S oltrol/brine, two-phase brine/Soltrol.
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local field inhomogeneities, and leading to broaderlines.
1 The trends in the stretched exponential parametersfor the

.... variousfluid systems are somewhatambiguous. The two
phases in the brine wetting phase system had the shortest

..............................._................._................._................. relaxation times while the two phases in the Soltrol

] wetting system had the longest relaxation times. The

.,. _ _ secondfluidin thetwo-phasesystemshadrelaxationcurves
, that were essentially linear,but the relaxationtime for the

brine was the longest while that for the Sollzol as second

er 0.1 ,. ..............._................._................._......,...... _................ fluid was the shortest. The relaxationcurves for the Fu'st
>- _!!_!!!!_ fluid, whether in a one- or two-phase system, were

.................i.................!.................i......._" ,=i.............................:.................:.................:........... -_,............ significantly nonli,_ear. Again, the brine and Soltrol

.................';................._................._................._'""........ behaved oppositely with the brine in the one-phase system
having the lesser nonlinearity while the Soltrol in the one-
phasesystem had the most nonlinearity.

Figures 12 and 13 show theresults for the Teflon tube
o.ol bundles mounted horizontally. The parameters for the

o 2000 4000 eooo eooo 10000 stretched exponential fits are given in Table 2. These
results have somewhat differenttrendscompared to those

TIME, msec for the other systems. First, the variationin relaxation
Fig 12 Plot of normalized magnetic moment YR(t) versus
time in milliseconds for horizontally mounted Teflon times for different solven_ systems is less pronounced than
capillary bundle, _ single-phase brine: "'"1_"" thatfor the other two cases. Second, the brinecurveswere
brine phase in two-phase brine/Soltro]; --O-" brine all essentially linear, while the Soltrol curves had
phase in two-phase Soltrol/brine. essentially the same degree of nonlinearity. Also, the

Soltrolparametersfor thetwo-phase systemsare similar to
those measuredfor the Soltrolphase in the modelcore plug

1 phantom.
:..._!!!i!!!!i!!!!E!!!!!!!!!!!!!i!!!!!!_!!!!!!!!!!!!!!i!!!!!_._!!!!!!!!i!!!i!!!!!!!!

' _!i ......................_....................:_..................... OBSERVATIONS

.................'......................I......................_..................... Although the capillary tube bundle ph_mtomsall had

0.1 _ii fluid systems which revealed nonlinearitties and thus

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::implied some distribution in the V/S ratios, their
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!:_!!!_!!!!!!!!!!!!!!!!!!!!!_!!!!!!!!!!!!!!!!!!!!!nonlinearity was not as pronounced as that observed for
............... • ooo--_o. ..... ...** .... '4_-.. .......... °,... '._.............,.°°°°.,,

cr .............. ..................... brine in the much more complex native rock systems.

>- .....................!......................i.,T.__...i_ :,,. o _ Considering that in almost every case the Soltrol curves
.....................,:......................!...¢_; ............._.....................

! i ', i had more nonlinearity than the brine curves for the
o.o_ ziiiiEiiiiiiEEi!iiiiiEEiiii!!iiiii_:_Eiiiiiiiii_ii!iii_ phantom data, oil in rock plugs might exhibit greater

---!!!!!!!!!!!!!!!!!!!!_!!!!!!!!!!!!!!!!!!!!!!_!!!!!!!!!!!!!!!_-.._!!!!!!!!!!!!!!!!!!!nonlinearitythanobserved for the brine data. Every two-
.....................i......................!....................._,,-,................ phase system where brinewas the firstphase added to the.....................!......................i......................_.....,;',,._.........

. . : ,." phantom, regardless of whether it was a wetting fluid for....................._......................_.....................:.........._.........
i i i the tube material or not, had the shortest relaxationtimes

o.ool ......... , ......... , ......... , ......... for both the phases. Why this occurshas not been
0 1000 2000 3000 4000 explained.Otherinvestigatorshavegenerallyreportedonly

TIME, msec relaxationdata for brinein rock or modelsystems.The
behaviorof eventheserelatively simplemodelsystems

Fig 13 Plotof normalizedmagneticmomentYR(t)versustime with two phases has more complexity thanthatanticipated.in milliseconds for horizontally mountedTeflon capillary
bundle; ,_, single-phaseSoltrol; """_"" Soltrol Much more studyof more realisticmodelsystemsis
phase in two-phaseSoltrol/brine; - -O- "Soltlolphase in necessary before some of these effects can be adequately
two-phasebrine/Soltrol, explained.
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