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ABSTRACT

This work investigates the results of using of a new ntagnesonance imaging (MRI)
based method for acquiring primary drainage, imbibition aedredary drainage capillary
pressure curves for oil/water systems. The technique aisesntrifuge to create a
distribution of fluid and capillary pressures in a staddarck core plug and then uses a
new quantitative MRl method to measure the saturatidhea rock. This allows for many
(approximately forty) capillary pressure/saturation pototbe acquired for each centrifuge
speed, dramatically decreasing measurement time. Aksdethnique does not require the
measurement of the expelled fluid as the fluid is diyateasured in the rock using MRI.
This allows for the oil/water contact to be placedf eay up the rock enabling the
measurement of both the positive and negative porbdrike imbibition and secondary
drainage curves. This work also presents informationaam to integrate traditional 2T
cut-off measurements into MRI-based air/water capilmassure measurements.

INTRODUCTION

Capillary pressure, Pc, is the difference in pressuresacthe interface between two
immiscible fluids and is dependent on the interfa@akion, pore size, and wetting angle.
Capillary pressure is the most fundamental rock-fluigpprty in multi-phase flow, just as
porosity and permeability are for single phase flowilrand gas reservoirs (Lake 1989).
Capillary pressure curves directly determine the irredechater saturation, residual oil
saturation, rock wettability, and can be used to determiaier oil contact point and
approximate oil recovery. Water flood performance  aignificantly affected by the
capillary pressure of the rock (Masalmeh 2003).

Capillary pressure is typically measured in the lalmoyaby using mercury injection,
porous plate, or centrifugation techniques (Dullien 1991). gdwus plate method is
considered the most direct and accurate method but tdkag éime since each capillary
pressure point requires an equilibrium time that can takeksvor months. The mercury
injection method is fast and can reach very high leapipressures but the test uses a non-
representative fluid, mercury, and it is destructive. cédnmon compromise between
porous plate and mercury injection is centrifugation @dasand Brunner 1945). This
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method uses reservoir fluids and decreases the equitiliime by using high centrifugal
forces.

We are using a new method (US Patent 7,352,179) that measyn#lary pressure
employing a centrifuge and a new quantitative magneticnegs® imaging (MRI) method
for measuring fluid saturation. The capillary pressureaisulated from the Hassler and
Brunner equation at each radial position in the rock. Thgether with saturation as
measured by MRI at each position, directly produces dlagppressure curve with as few
as one centrifuge equilibrium speed.

Previous investigations concentrated on air/brine capipgessure systems (Green et
al 2007 and 2008, Chen and Balcom 2005 and 2006). In the currenigatiesf we
focus on oil/brine capillary pressure systems includingha@ry drainage, imbibition and
secondary drainage. A number of distinct advantages faoisethe technique including
the ability to measure both the positive and negativaignsr of the imbibition and
secondary drainage capillary pressure curves. In addienshow the advantages of
integrating the air/brine capillary pressure measuremhttraditional nuclear magnetic
resonance (NMR) relaxometry.

Traditional Centrifuge Pc M easurement

Hassler and Brunner (1945) proposed a centrifuge method toniregecapillary pressure
saturation data from small core plugs. In this methdlliic saturated core plug, confined
in a special core-holder, is rotated at different rotaicpeeds as shown in Figure 1.

In the Figure, the relevant distances, denoted asand r, are the distances from the
rotational axis to the inlet face, the outlet face, ang point along the core length,
respectively. The capillary pressure can be calculatemhy position, r, along the rock
using the Hassler-Brunner equation:

P.(1) =5 8007 (1 1% (1)

wherelp is the density difference between wetting fluid and wetting fluid andw is the
angular rotation speed of the centrifuge.

In the traditional centrifuge method, a core-holder amst another fluid which
displaces the fluid in the core plug. After reaching hydtasequilibrium, the amount of
fluid expelled from the core plug is measured and therefloeeaverage saturation is
known. The inlet face saturation can be approximated ubks@verage fluid saturation
(Hassler and Brunner 1945, Ruth and Chen 1995, Forbes 1997, Fagéh This
saturation is plotted against the capillary pressure fqoation (1) to produce one point
on the capillary pressure curve. This procedure is repeat®0 times at different
centrifuge speeds to fully define the capillary pressureecur

For our method, we use MRI to directly measure the dadaran the core plug itself.
This, combined with the known capillary pressure from eaqodtl), gives us many points
on our capillary pressure curve at each centrifuge speed.



SCA2008-Temp Paper #A16 3/13

M agnetic Resonance

NMR detects the amount of hydrogen (for proton NMR) in e or object under

study. The lifetime of the detected NMR signal dependghenenvironment of the

hydrogen. For example, signal detected from the hydragerl decays faster than the
hydrogen in free water. In oil field exploration, wanause this to distinguish between oil,
water and gas in rocks but more importantly we can disish between clay bound
(CBW), capillary bound (BVI) and free fluid (FFI) quargg in the reservoir. A common
approach to determine these quantities is to use eithar Th relaxation times. We know

that the NMR relaxation parametersand T follow the following equations:
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Wherep is the relaxometry constant, 3 the free diffusion constant for the fluidis the
gyromagnetic ratio, G is the internal field gradjefE is the echo time (a measurement
parameter), and S/V is the surface to volume mattithe pores. The equations reduce to
direct relationships to the surface to volume rahi® to the fact that, in rocks, the bulk
relaxation times are much longer than the measuates and we select an echo time
(TE) such that the diffusion term can be ignorétie surface to volume ratio is a measure
of the pore size distribution of the rock.

MRI spatially resolves the NMR signal. Spatiakysolving the MRI signal is achieved
by linearly altering the magnetic field creatingragnetic field gradient. Both the field of
view and the resolution are limited by the lineagion and strength of the magnetic field
gradient. A wide variety of different pulse seques (combinations of gradient,
excitation, and detection schemes) are availablee main difficulty with NMR (or MRI)
is that because the signals are dependent upomsy things (amount of hydrogen, pore
size, fluid diffusion, etc), obtaining quantitatikesults can be difficult.

A centric scan strategy for SPRITE MRI (Balcom &t1896 and Mastikhin 1999)
removes the longitudinal steady state from the emagensity equation of standard
SPRITE imaging, increases the inherent image iittersnd makes the detected signal
only depend on the amount of hydrogen. The imageasintensity no longer depends on
the spin-lattice relaxation time {)l making centric scan SPRITE an ideal method for
quantitative imaging of sedimentary rocks with sh@faxation times (Chen, Halse and
Balcom 2005). A 1D double half k-space SPRITE (DHKchnique, also called 1D
centric scan SPRITE, is illustrated in Figure 2.

Previous work (Green et al. 2008 and Chen et dl5pfhvestigated typicalsf values
in reservoir rock and its dependence on saturdéivel. It was found that T is single
exponential and insensitive enough to saturatieelléo allow for quantitative results.
Other MRI methods have & Tependence which is known to be multi-exponeraial
depend heavily on the saturation level. This makesititative analysis nearly impossible
with these MRI methods (Baldwin and Spinler 1998).

M RI-based Capillary Pressure
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Capillary pressure theory combined with MRI-determined a#itur profiles allow us to
directly obtain capillary pressure curves. With tleshnique, the centrifuge is used to
create a distribution of fluid in the rock core plug demamncn capillary pressure which
then can be quantified using MRI. The capillary presatieach position down the rock is
known from equation (1). The saturation at the corredipgrpositions is measured using
MRI. The radial distance is determined at each prefimt knowing that one edge is the
distance to the outlet faceq, rSaturation profiles acquired after centrifugationiéerent
speeds are plotted on the same curve expanding the asagresolution of the capillary
pressure curve.

Rotational speed(s) for the centrifuge can be estimategsing the Leverett J function
(Leverett 1941)

R(r)= }éA'O“)Z(rz2 _rlZ)ZJ(Swi)—UCOSH

k
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where J is the Leverett value,is the normal interfacial tensio, is the contact angle, k
is the permeability and is the porosity for a given rock. The J value “ndines” the

speed using this function (Brown 1951). We have found thrapfimary drainage two

centrifuge speeds with a J factor of 0.5 and 4.0 providebdsiecoverage of the capillary
pressure curve. For imbibition and secondary drainage aesowegitrifuge speed is
sufficient and can be chosen more accurately base¢deoprimary drainage curve that is
usually acquired first.

For these experiments, the centrifugation step wasedaout on either a high speed
Beckman J2-21M centrifuge or a desktop centrifuge modifieccdotrifuging rock core
plugs. The MRI experiments were carried out on a Glie€® Imaging Technologies,
Inc., Fredericton, NB, Canada) modified 0.18 Tesla (6.2MBla)ker LF90 MiniSpec
(Bruker Optics, Houston, TX). All processing was performgdcommercial software
from GIT. The benefits of using a low-field MRI inginent are that the instrument is
relatively inexpensive, and the effective spin-spiaxation time (%) is long enough for
imaging. Most NMR instrumentation capable of diffusio@asurements (i.e. 1D gradient
set) are capable of performing these measurements.

The T, distributions were measured with a CPMG echo train @&tdvet al 1993) with
an echo time of 0.2 msec. The number of echoes weerho ensure that the echo train
was long enough to be 5 times the maximwwalue in the rock.

The fluid content profiles along the length of the cbedore and after centrifugation
were determined by 1D DHK SPRITE MRI with a phase emgptime of 50us, field of
view of 7cm (typically), flip angle of 15 degrees and aol@®on of 64 points. The
number of signal averages was varied to determine tfgree signal to noise ratio (SNR)
for acceptable results. In general, SNR values of 100 ow20€ used. More data points
along the length of the core can easily be obtainechtneasing the image matrix size
and/or decreasing the field of view of the image. Thisiltesn more data points on the
capillary pressure curve but will require more signatages to achieve the same SNR.

The following expanded Brooks-Corey equation is used to fitléta:

®)
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Where the “w” and “0” subscripts represent the yptessure and lamda for the water and
oil phase.

Air/Brine Capillary Pressure

For air/brine systems the fully saturated profileeg us the 100% saturation level. We
know that the 0% saturation level (i.e. 100% aii) wield no MRI signal as there is no

measurable hydrogen present. The saturation lessetalculated by dividing the

centrifuged profile by the 100% saturated profilehe MRI equipment can be calibrated
such that the measured profiles directly deterngaturation not requiring the 100%
saturated profile assuming the rock is uniform.guFé 6 is an example of saturation
distribution. The figure shows a series of ceang#d profiles and highlights the

redistribution of fluids following centrifugation.

At the higher centrifuge speed most of the rochtishe irreducible water saturation.
Therefore, it makes sense to create a protocolrbiabnly performs a capillary pressure
measurement but also a dr T; relaxation measurement. This requires the addaioT,
(or T1) measurement when the rock is fully saturated agdin when it is fully de-
saturated which is usually the last centrifuge dpesed for the capillary pressure
measurement.

Air/Brine Combined Pc and T, Experimental Procedure

General experimental procedures for air/brine prym@rainage capillary pressure curve

and T, NMR measurements follow:

1. The core plugs were cleaned and dried.

2. Helium grain volume, pore volume, and permeabiligre measured.

3. The cores were vacuum saturated with 2% KCI briforosity was calculated

using the saturation method and compared to steB@sure full saturation.

4. An MRI 1D DHK SPRITE MRI profile of the fully satated (ambient conditions)
core was measured. This was used later to determeter saturation after
centrifugation.

A T, NMR measurement was made of the fully brine sétdreock.

Using the Leverett J function of equation (5), thational speed was determined

for a variety of J values for each rock. To sttidyy new method several J values

were selected (0.5 and 3-4 were determined todbdht).

7. The core was placed in the centrifuge and spu4dmnours at the first speed.

8. The core was removed from the centrifuge and placeéde NMR machine and a
one dimensional profile on the centrifuged coramgshe same MRI sequence from
step 4 was performed.

9. The capillary pressure curve for primary drainages wreated using the method
described above.

10.Repeat steps 7 through 9 for various centrifugedpgpe

o o
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11.At the final centrifuge speed & NMR measurement was made of the fully de-
saturated rock plug.

12. All centrifuge speed data were combined into one capifjeegsure curve and the
results were modeled using a Brooks-Corey model.

13.A T> NMR distribution was produced and FFI, BVI, CBW angl Tutoff were
calculated.

Oil/Brine Capillary Pressure

The simplest way to perform oil/brine capillary prggsmeasurements is to have one of
the two fluids be NMR “invisible” by choosing one ofetlfluids such that it contain no
hydrogen atoms. One solution is to use fluorinated oilbsime but the best solution is to
use deuterium oxide, 0, brine and regular oil. Deuterium is an isotope of bgdn and
deuterium oxide has all the same chemical propertiesaser although it does have a
slightly higher density). The starting point for a deut®a-oxide/oil capillary pressure
measurement is to have the rock fully saturated wehdduterium oxide brine which will
have no NMR signal. To acquire the needed fully satdrateasurement of the rock, a
simple oil like decane can be used then evaporated otlteofock in an oven before
saturating the rock with I® brine (or the saturated profile can be taken at tdeoémhe
test). When measuring the oil, the water saturatomalculated by subtracting the
measured oil profile from the fully saturated profileq@anting for any hydrogen index
differences).

Unlike traditional centrifuge techniques, both the negatimed @ositive capillary
pressures can be measured for the imbibition and sago@anage curves by placing the
oil/brine contact point half way up the rock. This resthe 0 psi point to the mid-point of
the rock with negative and positive capillary pressuresent in opposite ends of the rock.

Oil/Brine Experimental Procedure

1. The core plugs were cleaned and dried.

2. Helium grain volume, pore volume, and permeability werasased.

3. The cores were vacuum saturated with decane. Powagycalculated using the
saturation method and compared to given helium poras#ypsure full saturation.

4. A MRI 1D DHK SPRITE MRI profile measurement of fulhatsirated core was
measured. This was used later to determine water satuadtiy centrifugation.

5. The core plugs were vacuum dried to remove the decane.cdres were vacuum
saturated with 2% KCI deuterium brine (or formation brine

6. Using the Leverett J function of equation (57), the romal speed was determined
for using Leverett J values of approximately 0.5 and 4 for esah

7. The core was placed in the centrifuge and spun for 24 Houtsss otherwise
noted) at the first speed.

8. An MRI profile on the centrifuged core using the same M&juence from step 4
was performed and the capillary pressure curve for pyirdeainage was created
using the method described above.

9. Repeat steps 6 through 7 for the other centrifuge speed(s).



SCA2008-Temp Paper #A16 7/13

10.The rocks were rotated and respun at the highest centsfuggd to ensure the
entire rock is at the irreducible water saturation.

11.The plugs were then spun at the last primary drainageifcge speed with the
decane/brine boundary half way up the rock. A one diimrak saturation
distribution was measured. A GIT-CAP primary imbibiti®éc was determined.

12.The rocks were rotated and respun at the highest centsfuggd to ensure the
entire rock plug was at the irreducible oil saturation.

13.The plugs were then spun at the imbibition centrifygged with the Decane/brine
boundary half way up the rock. A one dimensional saturadistribution was
measured. A GIT-CAP secondary drainage Pc was determined.

14. All centrifuge speed data were combined into one capiffeegsure curve and the
results were modeled using a Brooks-Corey model.

Results and Discussion

Following the air/brine test protocol above, both a pnndmainage air/brine capillary
pressure curve, Figure 4, and a NMR chitoff, Figure 5, measurements were acquired.
The two centrifuge speeds used correspond to a Levevalud of 0.73 and 4.59. The
curve shows excellent correlation with a traditionabguired porous plate measurement.
We know the distribution of fluid created in the céogye will eventually change after
removal from the centrifuge. Figure 6 shows the watstribution in the rock as a
function of time. Even in this high permeability rocketlerrors introduced by the
redistribution of fluid are undetectable until 1 hour ppassed. We have found from
previous work that the redistribution of fluid is functiohthe permeability and is faster in
higher permeability rocks. Figure 5 shows thedistribution of the same rock fully
saturated and fully de-saturated. The FFI, BVI apccUtoff were found to be 23.3%,
4.54%, and 63ms. These distributions were acquired during the process of acquiheg
primary drainage curve. The total time for acquiring kb#h primary drainage capillary
pressure curve and the measurements was 3 days including sample preparation 4vith 2
hour centrifuge equilibrium time.

Figure 7 shows oil/brine primary drainage, imbibition andoedary drainage curves
for a sandstone. Kerosene was used as the oil gdd22 KCL brine were used as the
two fluids for this measurement. The imbibition andos®lary drainage curves were
acquired with only one fluid present in the centrifuge. eWimeasured in this way, the
positive capillary pressure for the imbibition and tiegative pressures for the secondary
drainage are not present. The USBM wettability is 0.Z8e drainage and imbibition
curves can be modeled by using equation (6) with water teroed for imbibition and the
oil term zeroed for drainage. The fitted values Goav# in the Figure.

Figure 8 and Figure 9 show the oil/brine primary drainage,bitikon and secondary
drainage curves for 2 chalk samples. Decane a@drBservoir brine were used as the two
fluids for these measurements. The oil/water canfaent for the imbibition and
secondary drainage curves was placed half way up the roikis allows for the
measurement of both the positive and negative pressurbe imbibition and secondary
drainage curves. The fitted values from equation (6) leveis on the Figure. For these
samples attempts were made to preserve the resemtiabiity and the rocks are shown
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to be weakly water wet with an Amott-Harvey Index®069 and 0.297 and a USBM
wettability of 0.028 and 0.302, respectively

The MRI SNR will directly affect the accuracy of thapillary pressure measurement
obtained. This study followed the results obtained fryevious work and acquired the
fully saturated profiles with an SNR of 200 and the c&mged profiles with an SNR of
100. The total MRI scan times are listed on the Figures.

CONCLUSION

The new MRI-based capillary pressure measurement techr{@ie-CAP) has the
capability to directly measure the fluids in the rock modre quickly and accurately than
traditional techniques. The technique is 7 to 10 time fastesdme Pc curves as only a
single centrifuge equilibrium speed is required. Thelfgaturations are directly measured
in the rock eliminating the need for an approximate solutmrthe Hassler-Brunner
equation. In addition, it is possible to acquire bothgbsitive and negative portions of the
imbibition and secondary drainage curve.
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Figure 1 - Schematic of a rock core plug iﬁJ

spinning in a centrifuge. -Gzt
Figure 2 - The double half k-space
version of the SPRITE MRI method.
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Figure 3 - MRI profiles of 1.5” diameter rock core plug during a aii®@ Pc
measurement. The fully saturated profile is the reddti uniform profile showing the

homogeneity of the rock. The remaining profiles are meduafter successively higher
centrifuge speeds.
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Figure 6 - Rock 98 redistribution of fluid following centrifugation
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Figure 8 - Rock MT1 oil/brine capillary pressure curves
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Figure 9 - Rock MT2 oil/brine capillary pressure curves



