Capillary Pressure Curves Determined by Direct Measurement
of the Saturation using Magnetic Resonance Imaging

Derrick P Green
Green Imaging Technologies,
46 Dincen Drive, Fredericton, NB, Canada

Abstract

Tradinonal techniques for measuring capillary pressure, such as
porous plate, centrifugation, and mercury injection, are inaccu-
rate and/or time-consuming. The centrifuge technique requires
the (luid{s) to reach equilibrium at seven to ten different
speeds. This 15 very time-consuming, as each equilibrium step
can take up to two days or more. In addition, the inlet satura-
tien must be computed using an approximate solution that is
known to cause errors. Porous plate capiilary pressure measure-
ments are considercd to be the most accurate, but acquiring the
complete curve can take several months. Mercury injection is
rapid but inaccurate as non-reservoir fluids are used, and the
capillary pressure curve is modeled from the messurement pore
throat sizes.

The new method described here, called GIT-CAP, centrifuges
the core plugs, then directly measures the water saturation dis-
tribution inside the core plug using MRI. The measured water
saturation together with the known centrifugal torce, leads di-
rectly to a capillary pressure curve. The technique is rapid, re-
auiring as few as a single cquilibrium step, and is accurate, di-
rectly measuring the water saturation inside the rock. The tech-
nique is ideally suited to the study of “tight” or low permeabil-
ity rocks. Tight rocks can easily take two to four days to reach
equilibriem in a centrifuge or many weeks for porous plate,
making the time savings achieved with GIT-CAP significant
when compared to traditional measurement techmques.

Introduction

Capillary pressure, Pe, is the difference in pressure across the
interface beoween rwo immiscible fluids and 15 dependent on
the interfacial tension, pore size, and wetting angle. Capillary
pressure is the most fundamental rock-fluid property in multi-
phase flows, just as porosity and permeability are for single
phase flow in oil and gas reservoirs {Lake 1989). Capillary pres-
surc curves directly determine the irreducible water saturation,
residual oil saturation, rock wettability, and can be used to de-
termine water-oil or water-gras contact points and approximate
oil or gas recovery. Water flood performance is also significantly
affected by the capillary pressure of the rock (Masalmeh 2003).

Capillary pressure 1s typacally measured 1n the laboratory by us-
ing mercury injection, porous plate, or centrifugation tech-
niques (Thllien 1991). The porous plate methed is considered
the maost direct and accurate method but takes a long tine since
each capillary pressure point requires an equilibrium time that
can take weeks or months. The mercury injection method is
fast and can reach very high capillary pressures but the test uses
a non-representative fluid, mercury, and itis destructive. In ad-
difion, mercury injection is an indirect measurement as it meas-
ures pore throat sizes which are then interpreted into capillary
pressure. A common compromise between porous plate and
mercury injection is centrifugation {Hassler and Brunner
1945). This method uses reservoir fluids and decreases the
cquilibrium time by using high centrifugal forces.

This paper describes a new method {Green et al 2007, US
Patent 7,352,179, Chen and Balcom 2005 and 2006) for meas-
uring capillary pressure employing a centrifuge and a new
quantitative magnetic resonance imaging (MRI) method for
measuring {luid saturation. The capjllary pressure is calculated
from the Hassler and Brunner equation ar each radial position
in the rock. This together with saturation as measured by MR
at each position directly produces a capillary pressure curve
with as few as a single centrifuge equilibrium.

Traditional Centrifuge Pc Measurement

Hassler and Brunner (1945) proposed a centrifuge method to
determine capillary pressure saturation data from small core
plugs. In this method, a fluid saturated core plug, confined in a
special core-holder, 1s rotated at different rotational speeds as
shown in Figure 1. In the ligure, the relevant distances, de-
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Figuere 1 - Schematic of a rock ore plug spinning in a centrifuge with a
typically saturation profite overlaid

0]




noted as r1, rp and r, are the distances from the rotational axs

to the inlet face, the outlet face, and any point along the core
length, respectively. The core-holder contains another fluid
which replaces the fluid displaced from the core. After reach-
ing hydrostatic equilibrium, the amount of liquid expelled from
the core plug is measured. From the expelled water the average
water saturation at each centrifuge speed is known, and using
an approximate sodution, the saturation at the intet face can be
obtained. This saturation is plotted against the capillary pres-
sure at the inlet as calculated from the centrifuge speed. This
procedure is repeated 7-10 times to fully define the capillary
pressure curve,

When a cylindrical core is placed in a centrifuge, a centrifugal
acceleration a. = -?r, is generated, where w is the angular ro-
tation speed of the centrifuge and r is the distance [rom the axis
of rotation. Applying Darcy’s law at hydrostatic equilibrium
and using the Hassler-Brunner boundary condition that the
outlet capillary pressure is zero (Le. 100% saturation), we have

P =5 ApwrF =)

where Ar is the density difference between wetting fluid and
non-wetting fluid.

The radial capillary pressure distribution results in a fluid satu-
ration distribution along the length of the core. Neither of
these distributions 1s actually measured with the traditional
method. What is measured is the rotational speed, , and the
average fluid saturation, §, within the core. The average fluid
saturation of the core after centrifugation can be expressed as

— |
S=— f S(r)dr
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Equation (2) may be rewritten and mathematically manipu-
lated to yield the Hassler-Brunner integrai equation
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Equation (3), however, cannot be directly solved for the un-
known function S, A number of approximate solutions exist to
obtain the required inlet suturation (Ruth and Chen 1995,
Forbes 1997, Rajan 1986). Hassler and Brunner assume short
cores (1.e. r1/ry =1}, and in differential form equation (3) is re-
duced to
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The inlet Pe is calculated at each rotational speed by sctiing r
to 1y in equation (1) and, saturation at the inlet face, S, is ob-
tained according to equation (4). A plot of these two values, in-
let Pe and inlet saturation, ar different rotation speeds yiclds
the capillary pressure curve.

Magnetic Resonance maging

Nuclear Magnetic Resonance (NMR) detects the amount of
hydrogen (for proton NMR) in the sample or object under
study. The lifetime of the detected NMR signal depends on the
cnvironment of the hydrogen. lor example, signal detected
from the hydrogen in most oils decays away faster than the hy-
drogen in free water. Magnetic resonance imaging (MRT) spa-
tially resolves the NMR signal. Spatially resolving the MRI
signal 15 achieved by linearly altering the magnetic field creat-
ing a magnetic field gradient. Both the field of view and the
resotution are limited by the linear region and strength of the
magnetic tield gradient. A wide variety of different pulse se-
quences (combinations of gradient, excitation, and detection
schemes) are available. The main difficulty with NMR (or
MRI) is that because the signals are dependent upon so many
things {amount of hydrogen, pore size, fluid diffusion, ctc), ob-
taining quantitative results can be difficult,

The standard SPRITE MRI (Baicom et al. 1996) technique
has proven, over the last 10 years, to be a very robust and flex-
ible method for the study of a wide range of systerns with short
magnetic resonance relaxation times. As a pure phase encoding
technique, SPRITE is Jargely immune to image distortions due
to susceptibility variation, chemical shift, and paramagnetic
impurities. Repetitive excitation and data acquisition are per-
formed in the presence of ramped phase encoding gradients,
which enable systems with short signal lifetimes to be success-
fully visualized.

A centric scan strategy for SPRITE MRI (Mastikhin 1999) re-
moves the longitudinal steady state from the image intensity
equation of standard SPRITT imaging, increases the inherent
image ntensity, and makes the detected signal only depend on
the amount of hydrogen. The image signal intensity no longer
depends on the spin-lattice relaxation time (T3) and the repe-
titton time making centric scan SPRITE an ideal method for
quantitative imaging of sedimentary rocks with short relaxation
times (Chen, TTalse and Balcom 2005}, A 1D double half k-
space SPRITE (DHK} technique, also cailed 113 centric scan
SPRITE, is tllustrated in Figure 2.
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Figure 2 - The double balf k-spare versipn of the SPRITE MRI mothod

Other MRI methods have a T dependence which is known to
be multi-exponential and depend heavily on the saturation
level. This makes quantitative analysis nearly impossible with

these MRI methods (Baldwin and Spinler 1998).

MRI-based Capillary Pressure

Capillary pressure theory combined with MRI-determined sat-
uration profiles allow us to directly obtain capillary pressure
curves. With this technique, the centrifuge is used to create a
distribution of fluid in the rock core plug dependent on capil-
lary pressure, which then can be quantified using MRIL The
capillary pressure at each position down the rock at hydrody-
namic equilibrium is known from equation (1}. The saruration
at the corresponding positions is measured using MRL The
fully saturated profile gives us the 100% saturation level. We
know that the 0% saturation level will yield no MRI signal as
there is no hydrogen present. Therefore, dividing the cen-
trifuged measured profile by the 100% saturated profile gives a
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Figure.3 MR profiles of 1.5" diameter rock core plug. The fuily
saturated profile is the relatively uniform profife showing the homegencity
of the rock. The remaining profiles are acquived afier successively higher
.:.z’nrrj}ag(,’ speeds. The left eedpe 15 the outlel, Jace.

quantitative saturation level versus position. Figure 3 shows a
fully saturated and a series of centrifuged profiles.

‘The radial distance 1s determined at each profile point know-
ing that one edge is the distance r3, see Figure 1. The capillary
pressure is then computed using equation (1) at each point and
nlotted wish the saturation percent to create a capillary pressure
curve.

Saturation profiles acquired after centrifugation at diftercnt
speeds are plotted on the same curve expanding the range and
resolution of the capillary pressure curve. The rotational
speed(s) can be estimated by using the Leverett ] function
(Leverett 1941)

£(r) =%pr2(f; -K’ )Eiw;}cﬂ

¢

where | is the Leverett value, is the normal interfacial tension,
is the contact angle, k is the permeabiliry and 1s the porosity for
a given rock. The ] value “normalizes™ the speed using this
function (Brown 1951).

Results and Discussion

The new MRI-based method has proven to correlate very weil
with existing centrifuge and porous plate measurements (Green
et al. 2007, 2008). This MRI-based capillary pressure measure-
ment technique directly measures the water saturation in the
rock core plug. Traditional centrifuge techniques measure the
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Figure 4 = Aie/brine capaliary pressure curve of a low permeability rock
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expelled water and require simplifications and assumptions.
The capillary pressure measurement using MRI requires ouly
that the outlet boundary condition be met (i.e. 100% saturation
at the outlet face}. The assumption that the core plug length is
negligible compared to the radius of rotation is not required in
this new technique. In fact, the measurement relies on the cap-
illary pressure gradient and the subsequent saturation gradient
along the length of the core plug.

A typical air/brine result for a very low permeability core is
shown in Figure 4. In this example, a single centrifuge equilib-
num was used to acquire the Pe curve. The total experiment
time was two days for core preparation, four days for the one
centrifuge step, and less than two hours for the NMR scanning.
A tradivionally acquired Pe curve with only ten data points
would have taken approximately 42 days. An additional benefit
of the technique is that the T pore size distribution can be ac-
quired with virtually no increase to the overall experiment du-
ration. The corresponding Ta measurements; one fully satu-
rated showing the pore size distribution, and the sccond used
to determine connate water saturation, bound volume, and T3
cat-off are shown in Figure 5.
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Figure 5 - Tz cutoff measurements of a fow permeability rock

The technique 1s easily expanded to oil/brine studies by using
deuterium oxide for the brine. This makes the brine phase in-
visible to the NMR and only the o1l phase is detected. A sim-
ple subitraction from the fully saturated profile yields the water
phase, A typical cil/brine result 1s shown in Figure 7. In this ex:
ample, the full set of capillary pressure curves was obtained; pri-
mary drainage, imbibition, and secondary drainage. The total
experiment time for this measurement was 7 days compuared to
more than 60 days for the traditionally acquired measurements.

The GIT-CAP technique requires the rock core plug to be
moved from the centrifuge to the MRI scanner which takes
time. Much care and investigation has been given to the ques-
tion of the redistribution of fluids between these two steps. Tt
was found that there were two mechanisms that can cause
changes in the fluid distribution in a rock: 1) spontaneous im-
bibition of “free” fluid into the rock; and 2) redistribution of
fhuid within the rock. Spontaneous imbibition of fluid can oc-
cur very rapidly (< 1 minute) but as long as free fluid does not
come into contact with the rock this process cannot aceur. This
is easily achieved by using the standard receiving tubes used in
traditional centrifuge capillary pressure measurements,
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Frgure 6 ~ Redistribution of fluid following eentrifugation

Fluid redistribution within the rock is minimized by acquiting
the MRI profiles directly after centrifugation. The MRI meas-
urermnent time 1s typically between a few minutes and a couple
of hours with the longer measurement times required for rocks
that are desarurated and therefore have less fluid distributed
within the rock after centrifugation. The redistribution of fiu-
ids 1s insignificant in the time required to acquire the MRI pro-
file. Figure 6 shows the MRI saturation distribution down the
rock length acquired after centrifugation repeated at differant
rime intervals. In this case, the tluid still has not fully redistrib-
uted after two days. Even the high permeability {>2,500mD)
rocks take at least 1 hour for any noticeable redistribution to
oceur withun the rock,

Although it would be ideal to acquire the complete capillary
pressuse curve at one centrifuge speed, operadonal and MRI
resolution restrictions may prevent this. In order to acquire a
complete capillary pressure curve, the centrifuge speed must be
selected such that the connate water saturation 15 achieved at
the inlet face of the rock. This can be estimated but cannot be
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Figure 7 - Otl/brine capillary fpressure curves

assured for all rocks. Study has also shown that it 1s difficult, at
the lower capillary pressures, to fully define the curve. Tt also
appears that the 100% saruration at the outlet face may be a
very thin layer which cannot be resolved ar the MRI resolutions
currently used. In the end, it seems apparent that at least two
centrifuge speeds will be required. The best two centrifuge
speeds appear to be achicved when J=0.5 and J=4. The J=0.5
centrifuge speed allows the capillary entry pressure to be accu-
rately determined. These values can be changed if different
portions of the Pc curve are desired (i.c. higher pressures).

A number of additional benefits can be exploited using this
technique. The fully saturated profiles can indicate inhomo-
geneitics in the rocks and can be used to determine the pore
volume. If the homogeneities are only in a portion of the rock,
capillary pressure curves can still be obtained by only using the
homogeneous section or alternatively an optimistic and pes-
simistic Pe curve can be generated from the same data. Another
benefit is the ability to use longer rock core plugs to increase
the maximum capillary pressure (i.e. decrease r in equation (1)).
Longer core plugs will not only increase the maximum capllary
pressures, but it will also increases the absolute water volume
which will increase the NMR signal to noise ratio decreasing
the scanning times. Another benefit 1s a simpler centrifuge set-
up. The centrifuge used in this type of measurement need not
measure the expelled fluid as we directly measure the water in
the rock. This greaty simplifies the centrifuge design and, n
turn, significancly reduces the cost both in terms of capital
costs, and ongoing maintenance requirements.

Conclusions

The new MRI-based capillary pressure measurement tech-
nique (GIT-CAP) is an excellent method to measure capillary
pressure. In particular, it is beneficial for low permeability rocks
as these rocks require high centrifuge speeds and long equilib-
rium times. The technique requires far fewer centrifuge equi-
librium steps (typically two) and thus decreases the measure-
ment time for a capillary pressure curve by a factor of three to
five times. In addition, this measurement is inherently more ac-
curate because the water saturation is directly measured in the
rock. Also, GIT-CAP does not necessitate expensive centrifuge
modifications and Ty NMR data can be acquired during the
test protocol with little or no time penalty.
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