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ABSTRACT

The overall objectives of this program are to develop and apply Nuclear Magnetic
Resonance Imaging (NMRI) and CT X-Ray Scanning methods for determining rock, fluid,
and petrophysical properties and for fundamental studies of multiphase flow behavior in
porous media. Specific objectives are divided into four subtasks:

(1) Subtask 1: The development of NMRI and CT scanning for the determination of rock-
fluid and petrophysical properties

The initial stage of this research involved measurement of porosity and two-
phase saturations of reservoir rocks on a global and on a local basis. From the
distribution of these properties within core samples, a statistical measure of the
heterogeneity of the core, called the correlation length, was developed. Secondly, we
designed and built a core holder suitable for NMR experiments which can withstand
pressures up to 2000 psia. Thirdly, we used NMRI and conventional techniques to
evaluate the effectiveness of a biopolymer as a mobility control agent in enhanced oil
TECOVETY Processes.

(2) Subtask 2: Development of NMRI and CT scanning for characterizing conventional
multiphase displacement processes

Experimental methods and computational procedures were developed for
acquiring and analyzing fluid phase distributions during two-phase immiscible fluid
displacements in order to estimate porosity and saturation distributions with great
accuracy. Other computational procedures were developed for estimating two- and
three-phase relative permeability functions from displacement data that includes
those measures of the saturation distribution. New approaches for characterization
of fluid distributions and pore structures using NMR relaxation and restricted
diffusion measurements were investigated. In particular, apparent diffusivities were
introduced for characterizing pore sizes in different model porous media. Methods
for analyzing diffusivity distributions, arising from diffusional processes in different
compartments of fluids, were developed. In addition, saturation-dependent
relaxation measurements were carried out to study fluid distributions at different
saturation levels. Computational procedures for obtaining those distributions were
developed.

(3) Subtask 3: Development of NMR and CT scanning for characterizing dispersed phase
processes

In subtask 3, we have successfully developed the technique of using NMR
relaxation methods to characterize wettability of porous media. The method has
been thoroughly investigated in model porous systems with different surface
wettability properties. Through these extensive and systematic studies, we have
clarified some confusion on this technique caused by previous researches. We have
also tested this technique on rock samples. We demonstrated that the NMR
relaxation method can become a fast and convenient tool for characterizing
wettability of porous media. To enhance the oil recovery in fractured, low
permeability reservoirs, we studied a surfactant based imbibition/solution gas drive
process. NMR imaging is a powerful tool for studying such processes. Very
encouraging results were obtained which revealed the potential use of this new
process for enhanced oil recovery. We also used NMR restricted diffusion and X-
ray CT scanning methods to study the behavior of dispersed phases in porous

1



media. The data provided by these studies are of great importance in developing
improved theories of dispersed phase flow in porous media.

(4) Subtask 4: Miscible displacement studies.

Miscible flooding is a form of enhanced oil recovery whereby injected solvents
are miscible, or develop miscibility, with the in-place oil. Miscible flooding is
complicated by the formation of viscous fingers which lower volumetric sweep
efficiency and ultimately lower oil recovery. The objectives of Subtask 4 are: (1) to
develop the CT scanner as a general tool to study flow in porous media, with
specific interest for studying miscible displacement and (2) to demonstrate the utility
of the CT apparatus by studying the mechanics of viscous fingering. We have
successfully developed the CT scanner by developing viable experimental
procedures and equipment. These include: (1) designing a core containment device,
(2) designing a flow system, (3) developing viable CT scanner operating procedures,
(4) developing data transfer procedures from the CT scanner to post-processors, and
(5) developing post-processing software for image reconstruction. Qur
experimental methods have been tested by successfully applying the CT scanner to
study viscous fingering in laboratory core samples. The utility of the CT scanner is
demonstrated by showing two-dimensional cross-sectional images of viscous
fingers using state-of-the-art image processing software. This work contributes to
our understanding of viscous fingering and will be helpful in future studies.

The final reports for each of the subtasks are provided in this document.



EXECUTIVE SUMMARY

The first overall objective is the development of Nuclear Magnetic Resonance
Imaging (NMRI) and spectroscopy methods for characterizing porous media structures,
fluid distributions, and fluid-rock interactions. The second overall objective is the
application of NMRI and X-ray CT scanning to fundamental studies of multiphase flow in
porous media. The research was organized along four subtasks.

The work in subtask 1 was directed to the determination of porosity distributions
and the study of enhanced oil recovery using a biopolymer.

In subtask 2, a number of new methods have been developed for the determination
of various petrophysical properties which are important for describing multiphase flow in
porous media. Specifically, the following accomplishments were achieved. (1)
Experimental and analysis procedures were developed for quantitative determination of
porosity and fluid saturation distributions during static and dynamic flow experiments; the
methods were used to analyze a number of structurally different rock samples, (2) pulsed
field gradient diffusion measurements and computational analyses were developed and
applied for the characterization of pore structures in model porous media and rock samples,
and (3) a new approach for investigation of multiphase fluid distributions via NMR
relaxation measurements at different saturation states was developed and empirical
relationships between relaxation parameter and fluid saturation were obtained.

Subtask 3 was directed to developing new techniques and oil recovery processes for
the oil industry. The objective of this subtask is to obtain a detailed understanding of the
behavior and mechanisms of dispersed phase systems in porous media using advanced
NMR and CT imaging methods. Three different projects are designed to achieve the overall
objective: 1) characterization of fractional wettability of porous media using NMR
relaxation methods; 2) study of a surfactant based imbibition and solution gas drive process
using NMR imaging methods; and 3) study of dispersed phase flow in porous media using
CT imaging methods. As indicated by our report, the prospect for future applications of
these technigues is very encouraging.

In Subtask 4, we have successfully developed experimental methods to use the CT
scanner as an effective instrument to study dynamic flow tests. Our developed experimental
methods include: (1) designing a core containment device, (2) designing a flow system, 3)
developing viable CT scanner operating procedures, (4) developing data transfer procedures
from the CT scanner to post-processors, and (5) developing post-processing software for
image reconstruction. We have tested our methods by successfully applying the CT
scanner to study viscous fingering in laboratory core samples. The utility of the CT scanner
is demonstrated by showing two-dimensional cross-sectional images of viscous fingers
using state-of-the-art image processing software. This work contributes to our
understanding of viscous fingering and will be helpful in future studies.



SUBTASK 1. THE DEVELOPMENT OF NMRI AND CT SCANNING
FOR THE DETERMINATION OF ROCK-FLUID AND
PETROPHYSICAL PROPERTIES

Principal Investigators: James W. Jennings (9/89-9/91)
Maria A. Barrufet (9/91-12/92)

Department of Petroleum Engineering

I. Objectives

Essential to the success of any reservoir management program is detailed knowledge
of rock and fluid property variations within the reservoir. Conventional reservoir
characterization techniques often do not take into account such spatial variability. The nature
of the spatial variability of these properties on large and small scales affects significantly
displacement performance.

The overall goal of this research proposal was to develop NMR/NMRI procedures
to determine porosity, fluid saturations and permeability distributions within the reservoir
rock. Subordinate objectives of this research were: (1) Assemble a flow system which will
permit conducting two-phase immiscible flow displacement inside the magnet. (2) Develop
NMR techniques that would allow the measurement of three-dimensional porosity and fluid
saturations in the core sample during displacement. (3) Investigate various methods to refine
and process the three dimensional NMRI data and investigate several data analysis
techniques. (4) Develop an enhanced oil recovery (EOR) process that is cost-effective and
environmentally safe using a modified biopulymer, and apply NMRI and conventional
techniques to evaluate the effectiveness of the developed process over conventional EOR
processes, and (5) develop NMR imaging and spectroscopic techniques to measure fluid
self-diffusion coefficients and estimate porous media permeabilities.

Project Conduction

This project can be divided in two parts. The first part of the project started
September 1989 and lasted until September 1991. This part was conducted by Professor
James W. Jennings who upon retirement left the conduction of the project to Dr. Maria A.
Barrufet, who conducted the project until its termination. That was a transition and
decision time with a shift, or change, in some of the methodologies to accomplish basically
the same goals.

After analyzing the research capabilities the overall objectives remained similar,
although some intermediate steps needed to be redefined. New people were involved, some
without NMR training, and therefore the projected completion times were stretched.

Dr. Maria A. Barrufet was involved with a refinement of objective (1), and with
objectives (4) and (5). The following report contains the information that Dr. Mana A.
Barrufet could gather from the first part of the project. A more complete description may
appear in former reports submitted by Prof. James W. Jennings. Objectives (1), (4) and (5)
concerning Dr. Barrufet's management of the project are explained with more detail in the
following pages.



1. Part | of Subtask 1.

Development of NMRI for the Determination of Porosity and Fluid
Saturation Distributions

(From 9/89 to 9/91)

Principal Investigator: James W. Jennings

Experimental Work for Porosity Distribution

The preliminary work involved gathering a suite of cores representing various
porosity distributions. This suite of cores included a wide range of lithologies including
sandstones, dolomites, and limestones. A glass bead pack was also constructed using 3 mm
diameter beads. The glass bead pack was used as a standard to verify the experimental
procedures.

The experimental work initially involved the preparation of cores for three-
dimensional porosity data acquisition. This consisted of cleaning the cores by extraction
with toluene. Core samples were saturated with distilled water having a 0.005 M
concentration of copper sulfate. Average porosities were determined for each core by the
Modified Barnes Method.

The intensity of the recorded NMR signal consists of two components. The first
component is the portion of the signal generated by the sample. The second component is
the portion of the signal generated by the NMRI instrument itself and it is random. One of
the major problems of this work was to minimize this random noise or to improve the
signal-to-noise ratio.

In an effort to solve this problem the following techniques were tried:

1) Increase the number of data acquisitions from 1 to 4. The variance was reduced by half
at the expense of increasing the imaging time by four.

2) Use block averaging. The variance is reduced but the cost is a coarser resolution from
0.106 mm?3 to 1.696 mm3.

Currently, there are available more efficient pulsing techniques and a new coil
design has been bought which will maximize the signal to noise ratio.

Porosity values for each core were measured using the NMR. Sizes of the cores
were 1" in diameter by 3" in length. The data sets obtained consist of three-dimensional
values in a 64x64x256 array. The resolution obtained for this array was approximately the
same in all directions and was approximately 0.10 mm3. To improve the signal-to-noise
ratio, the data was collected using four signal averages.

An initial study was done to determine the magnitude of signal variation due to
inherent noise in the NMR. This study was conducted using a homogeneous sample
consisting of a vial containing a 0.005 M copper sulfate solution. Data sets were collected
using a single signal acquisition. The results showed that the coefficient of variation for a
single signal acquisition was 12% . The magnitude of this variation was determined to be



unacceptable. Therefore efforts were made to improve the signal to noise ratio of the data.
Various methods were tried and it was determined that taking four signal acquisitions and
averaging significantly improved this ratio. The coefficient of variation was reduced to 4%.
Further improvements were made by increasing the number of signal averages beyond four.
Due to time constraints, however, four signal averages was determined to be the optimum.
To further reduce noise in the data, a block averaging technique was examined. This
technique reduces noise but also decreases resolution. The final decision was made to use
four signal averages along with block averaging over sixteen voxels. The combination of
these two methods reduced the coefficient of variation to 1%. The resolution resulting from
this block average was decreased from approximately 0.1 mm?3 to approximately 1 mm>.

Three-dimensional porosity data sets have been collected on several core samples.
The data sets consist of 64x64x256 arrays. Signal averaging and block averaging were
applied to these data sets to reduce the signal to noise ratio. The resulting data sets consist
of 32x32x64 arrays.

Table 1 indicates the improvement in the standard deviation obtained of the signals
using four signal averages. The drawback however, was the increase in acquisition time.

one signal average four signal average
average value 1.03 1.04
standard deviation 0.13 0.07
variance 0.017 0.005
coefficient of variance 12.4% 6.1%
acquisition time 1.25 hour 5.0 hour

Table 1. Comparison of one signal average and four signal average.

Figures 1 and 2 show examples of porosity profiles obtained in the x-y plane at a
distance of 20 mm into the core for Austin Chalk and for German sandstone. Further
details of the procedures and results of this work can be found in the thesis work by
Shivers 1.

Software has been developed that utilizes the localized porosity values to obtain this
parameter. The process has been checked against known cases to verify the calculation
procedure. Several cores were examined using this procedure and porosity correlation
lengths determined.

Spatial statistics were used to characterize the porosity distribution of core size
samples. A statistical summary of these spatial relationships provided a more sound
method of heterogeneity estimation 2,
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A method to describe heterogeneities in core samples based on the porosity
distribution was developed. This method involves a graphical technique whereby the
correlation of porosities at different distances can be displayed. The correlating function is
given by the following:

2 Ath)=( 1/N(h)) S (f@) - f(r+h) )2

where N(h) is the number of samples separated by the distance h, f(r) and f(r+h) are the
values of porosity measured at a distance h apart. Application of this technique provides
information about the distance between the correlated and uncorrelated points. High
correlation between neighboring points is expected for small values of h, while for large
values of h the porosities become independent of one another and the variability reaches a
maximum equal to the sample variance. The distance at which the dependence between
neighboring points disappears is called the correlation length.

NMR Flow-Experiments for Saturation Distribution

‘Three-dimensional saturation distributions were obtained for Austin chalk cores and
composite cores. The purpose of the analysis was to determine the effect of the
displacement process on the saturation.

The experimental procedure allowed a determination of two-phase saturation
distributions during an immiscible displacement process .

Three-dimensional saturation data sets were collected on cores with various porosity
distributions as well as composite cores with two distributions. This preliminary analysis
includes correlating the two-phase saturation distributions with the results from the porosity
distribution experiments.

Saturation profiles for various cores were compared with porosity distributions.
Saturation values are essentially uniform at breakthrough regardless of the core average
porosity, suggesting that porosity does not affect the saturation distribution during the
initial stages of the displacement process. Non-uniformity of water saturations at gas
floodout suggest that the porosity distributions affect the saturation distribution towards the
end of the displacement process. Again, additional data is required at a variety of confining
pressures and displacement fluid flow rates.

This constraint pointed to the need for building an appropriate core holder for more
realistic reservoir pressures. The maximum achievable pressure at that time was below 200
psia.

Saturation and porosity profiles in the directions perpendicular to flow (xand y) as
well as parallel to the flow direction (z) were reported for a variety of core samples. The
saturation profiles, under the process conditions used, in the x- and y- directions do not
show a significant channeling or fingering. ~ Figures 3 and 4 show examples of these
distributions at breakthrough and floodout for an Austin Chalk core sample and a
composite core. These figures were included in the third quarterly report. Additional details
of this work can be found in the thesis work of Sherman3 and Marek.#
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Figure 4. Composite saturation profiles in the X- and Y- directions.

Statistical Analysis and Software Development

The students Matt Marek and Blake Shivers developed algorithms for reading 3-D
local porosity data and converting it to profile data to have it ready for further statistical
manipulation, The transformation of the raw NMR signal to useful data appears not to be
applicable to other forms of NMR sequences.

The graduate student Blake Shivers applied spatial statistics to summarize the spatial
variability of porosity in reservoir rocks. These statistical indicators provide a means for
quantifying the similarity between sample values as a function of the distance between their
locations. The statistical indicators were: the h-scatterplot, correlation coefficient,
autocorrelation, semivariance and porosity correlation length.
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. Part Il of Subtask 1

NMR/NMRI Permeability Studies Using Biopolymers for
Vertical Profile Modification

(From 9/91 to 12/92)
Principal Investigator: Maria A. Barrufet

Department of Petroleum Engineering

Objectives

The determination of permeabilities and permeability distributions for core samples
were among the original goals of this project. To accomplish this we needed to establish
and/or customize current techniques and to define some subordinate objectives.

These subordinate objectives were: 1) to develop an enhanced oil recovery (EOR)
process whereby one could determine permeability and permeability changes of the original
sample over a sensible range, i.e. from about 1000 millidarcies to about 10 millidarcies,
2) select some natural rocks, sandstones as well as limestones, suitable for NMRI studies.
3) apply NMRI and conventional techniques to evaluate the effectiveness of the developed
process over conventional EOR processes, and 4) to develop NMR techniques to measure
fluid self-diffusion coefficients. The reason behind the last objective was to correlate these

to the in-situ viscosities of the displacing fluid.

Selection of EOR Process

Severe changes in rock permeability among adjacent oil bearing horizons present
problems for enhanced oil recovery. Fluids used to displace indigenous oil tend to follow
the high permeability avenues, bypassing large reserves of oil.

Most reservoirs are abandoned after about one-third of the Original Oil in Place
(OOIP) has been recovered because of technical andfor economical constraints. Severe
changes in rock permeability usually lead to inefficient oil recoveries. Conventional
secondary recovery methods sweep oil from high permeability zones and bypass substantial
amounts of oil trapped in the lower permeability zones. The main disadvantage of water
flooding is that low water viscosity compared to that of oil allows bypassing of oil in place.
This detrimental effect results in low recovery efficiencies and high water to oil production
ratios. However, waterflooding costs are minimal when compared to other oil displacement
processes. Therefore, its use is widespread.

Polymer flooding has been identified as an effective procedure to redistribute flow
paths to lower the residual oil saturation and to improve sweep efficiencies. Polymer
flooding could become the least expensive and by far the most popular of all Enhanced Oil
Recovery (EOR) processes because the cost per barrel of oil recovered may be low 3 . This
process could offer a significant economic potential over common waterflooding techniques
because it improves the efficiency of oil recovery by two principal mechanisms: 1) decrease
of the relative mobility of the displacing fluids with respect to oil, and 2) selective
modification of the permeability in highly heterogeneous TesServoirs.
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Several commercially available polymers have been used when severe changes occur
in the permeability profile. Polymers remediate this problem by obstructing the high
permeability avenues where water tends to flow. High cost is often times the factor that
limits their use. The expected increase in recovery must yield profit beyond a high initial
investment.

NMR Compatible Biopolymer Selection

Conventional secondary recovery methods sweep oil from high permeability zones
bypassing substantial amounts of oil trapped in the lower permeability zones. Effective
techniques and inexpensive materials to modify the permeability scenarios are essential to
improve the volumetric sweep efficiencies and lower the cost. Our primary effort was to
develop a cost-effective and environmentally safe biopolymer as an enhanced recovery agent
and use NMR imaging and spectroscopic techniques to study (a) the effectiveness of the
polymer displacement through enhanced mobility control and permeability reduction and
(b) the changes in polymer rheology due to the interaction with the porous media and (c)
other effects such as viscous fingering.

The primary biopolymer investigated during this research effort was starch. Starch
is a cost effective polymer that presents good characteristics as an oil recovering agent.
Actual price is about 4¢/lb for feed grade starch; the manufacture of the powdered corn
starch eliminates the dependency on service companies and this clearly translates to
favorable economics. Biopolymer preparation could be considered as an integral part of a
given EOR project. Formulation and conditioning of the raw products affect the
characteristics of the resultant biopolymer. Starch is a naturally abundant biopolymer
composed of two basic units: amylose (linear chain) and amylopectine (branched chain).
Preparation methods can alter the ratio of these units and thus the characteristics of the
resultant product.

Starch is widely distributed as the reserve carbohydrate in the leaves, stems, roots,
and fruits of most land plants. Commercial sources are the seeds of cereal grains (corn,
sorghum, wheat, and rice) and certain roots such as potato and cassava. Starch is a
polysacharide which has favorable thickening, gelling, adhesive, and film-forming
properties‘5’7 .Therefore, low cost, controlled quality, and availability from numerous vegetal
sources made starch a very attractive prospect for EOR processes.

Recent environmental regulatory laws, such as the Resource Conservation and
Recovery Act (RCRA), make the biodegradable starch very attractive when compared to the
non-biodegradable synthetic polymers.

Starch is insoluble in water at ambient temperature, but chemically gelatinizes in an
alkaline medium. A second method of forming a gel is to change the temperature of the
solution” . Starch granules swell in water at 140 °F [60 °C], expanding their volumes up to
250 times. Starch gel formation is characterized by a setting of the particles into a coherent
structure. Whereas in a real coagulation process the dispersed particles form aggregates
that settle down by gravity. A third method of forming gels is by cross-linking
macromolecules. The crosslinking agents are Zirconium, Chromium Titanium or
Aluminum compounds. These agents however, present serious environmental concerns8 .
Starch does not require cross-linking. Formation waters are at a sufficiently high
temperature to cause starch swelling and lead to in-situ gel formation.
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Selection of NMR Compatible Core Samples

Several artificially consolidated porous media with known chemical composition
and almost free of paramagnetic substances were obtained. These samples were selected by:
grain size, pore size distribution, permeability values, and compatibility with NMR.

The following is a description of the materials considered:

a. Polypropylene porous media suitable for NMR purposes was acquired. The
inconvenience of this material is that the available rod diameters of the samples are 0.5
inches maximum. Testing equipment is mainly designed to handle only one inch in
diameter samples. An adapter sleeve has been bought to overcome this problem and it
has been successfully tested with the core. However, the NMR signal-to-noise ratio is
not favored by this smaller sample size. These samples can be used with a modified
core holder and NMR coil in a flowing experiment. Permeability can also be
determined from non-flowing experiments and to that effect these samples have been
cased in an epoxy resin. Permeability and porosity have been determined
conventionally in all these samples.

b. Homogeneous glass porous media were also identified and purchased. This material is
commonly used for filtering. Although there is no restriction on the diameter of the
samples, the maximum depth is limited. These samples can only be cut in non-
conventional sizes (1/2" by 3" rectangular parallelepipeds ) and cast in a cylindrical
shape with epoxy resins.

¢. Aluminum oxide based materials are also being tested, although some of the
agglutinates used in their preparation contain paramagnetic impurities which cause line
broadening in the NMR signal.

d. Artificial samples composed of glass grains cemented by an epoxy mixture. Several
grain sizes and sample sizes were purchased and analyzed.

e. Natural rock samples of sandstones and limestones.

Core Preparation and Results

Ten core samples of different natural rocks with permeabilities ranging from 40 md
to 3,000 md were analyzed. The samples were saturated with distilled water. Line widths
and T measurements were performed on the saturated samples to determine their suitability
to NMRI applications. The magnetic field is 40,000 Gauss (2 Tesla) and the maximum
gradient used was 20 Gauss/cm, which for a sample of approximately 10 cm long amounts
to changes in frequency no greater than 5,000 ppm. Hahn's spin-echo sequence was used
to determine the line width and the inversion recovery sequence was used for measuring Ty

values.

On the basis of these measurements, six rocks were selected as being suitable for
NMRI studies. The smaller the line width, the more suitable is the rock for NMRI. The
selected samples were: Limestone 1 & 2, Elgin, Okesa, Heath well #2 formation, and
Bentheim sandstones. From these six types of rock only the high permeability samples
were used because the fluid velocity measurement was limited to a maximum of 20 micron
per minute by the NMR instrument. We selected (1) Limestone #1 with a permeability of
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250 md, line width of 171 Hz and a T7 of 204 ms and (2) Elgin sandstone with a
permeability of 2500 md, line width of 549 Hz and a T1 of 208 ms.

The last set of samples were finally selected to perform polymer and study
displacing mechanisms using NMR. The results are summarized in Table 2.

No. Rock Name Sample Line Width T
Name (Hz) (msec)

1 |Limestone 1 LS-1 304.6 204.3
2 | Limestone 2 LS-2 171.3
3 | Bentheim SS G-9 228.1
4 | Heath well #2 H 386.6 173.8
5 | Elgin SS E-14 549.6 207.9
6. |OkesaSS 0-24 875.7 107.9
7 Berea SS B-14 1098.7
& | BereaSS BS-2 974.8
9 | Carbon field T 1561.3
10 [ Cottage Grove SS CG-6 1876.1

Table 2. Line width and T measurements of Limestones and Sandstones

Biopolymer Preparation and Process Evaluation

The ease of synthesis and the low overall cost of modified starch made it an
attractive enhanced recovery agent. Its biodegradability makes it environmentally safe. In
addition to favorable economics, our modified starch is devoid of problems such as
microgel formation associated with protein present in commercial biopolymers such as
Xanthan gums. We have used our in-house made product for all the polymer flood studies.

Starch was extracted from corn by steeping and wetmilling processes. Further
purification was achieved by centrifugation and defattening processes, which remove the
protein. The final moisture content of the starch after drying under vacuum was
approximately 8-10%. Starch solutions of concentrations ranging from 0.2% to 5.0% were
used in our studies. The solutions were prepared by suspending the powdered starch n
distilled water and heated to 203 °F with continuous stirring. Starch begins to gelatinize at
158 OF and becomes fully gelatinized at 203 °F. After gelatinazation, the starch solutions
are allowed to cool. The cooled solution can be stored at 39.2 OF for subsequent use.
Starch solutions of concentrations ranging from 1% to 5% (by weight) were analyzed by a
standard viscoanalyser to study the variation of viscosity with temperature.

Studies were conducted to investigate the properties of the biopolymer solution and
its feasibility as an oil recovering agent. NMR properties such as line width, T and T> of
the polymer solutions, at different concentrations, were measured to determine the
applicability of NMRI techniques. The measured properties proved the applicability of
NMR techniques to our biopolymer solutions.
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The use of a modified biopolymer, starch, as a method to enhance oil recovery was
“evaluated by analyzing: 1) changes in rock permeability caused by the macromolecular gel
matrix of the polymer solution, 2) mobility reduction due to the higher viscosity of the
polymer solution compared to that of water, 3) the chemical and mechanical stability of the
biopolymer at reservolr conditions, 4) the effect of various polymer injection strategies, and
3) sweep efficiencies by Nuclear Magnetic Resonance Imaging (NMR/NMRI).

Artificially as well as naturally consolidated porous media with initial permeabilities
ranging from 1,500 to 2,500 md were used. The average permeability reduction was from
1,500 to 500 md when a 1% by weight biopolymer was used. NMR/NMRI proved to be a
very useful tool to evaluate the effectiveness of a starch biopolymer for rock permeability
control.

Vertical sweep efficiencies measured by NMR means improved from 25% to 95%
with the introduction of the biopolymer. Oil recovery was dramatically enhanced from 2%
of the Original Qil in Place (QOIP) using brine as driving fluid to 98% when the in-house
biopolymer was used during the displacement tests. Differential pressure (Dp) across 3-
inch long samples continually increased from 10 to 130 psi. A xanthan-gum based
commercial biopolymer yielded a recovery of only 58% of the OOIP when used under
similar conditions. Displacement experiments were conducted at 1,000 psi and 160°F. The
polymer solution exhibited moderate shear thinning viscoelastic behavior and pronounced
shear thickening viscosity with increasing brine and polymer concentration.

NMR analyses were required to evaluate the ability of biopolymers used for
permeability control and as relative mobility modifiers. A highly homogeneous and NMR
compatible porous media is essential to study the permeability changes of the porous matrix
and the changes in flow paths due to use of the polymers. The use of polymers as
permeability modifiers is part of the plan of finding a method that would control and alter
the permeability of a single porous sample. This dynamic change was quantified using
NMRI techniques.

The maximum size of the samples to be used determines the NMR compatible core
holder to be used. The two possibilities considered were: 1) samples of small diameter (less
than one inch in diameter ) and three inches in length and 2) conventional samples three
inches long by one inch diameter.

An existing core holder compatible with NMR and able to withstand high pressure
was modified. Pressure tests as well as flow tests were accomplished. Details of the

construction and re-design of this core holder appear in the Perez” dissertation and in the
Perez et.al. 10 article.

During preliminary experiments fluids were not circulated through the rock sample,

and acquisition of T1’s were locally obtained io start developing image processing
techniques.
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Polvmer Retention and Adsorption

Polymer flooding offers a significant economic potential over conventional water
flooding techniques as it improves the efficiency of oil recovery by two principal means: D
by decreasing the mobility of water and 2) by selective modification of the permeability in
highly heterogeneous reservoirs by adsorption.

Concentrations as low as 0.2% were effective in permeability reduction by
adsorption and thus expose low permeability paths to subsequent water flood. This
property of polymer adsorption is generally desired where channeling and bypassing of oil
are the main problems as in highly heterogeneous reservoirs. Polymer adsorption may also
represent a substantial decrease in concentration and viscosity of the polymer flood.
Therefore, substantial study of polymer adsorption in porous media has been conducted.
Polymer adsorption measurements may be performed by two methods, namely from the use
of {1) capillary pressure versus saturation data and (2) polymer retention measurements
from a polymer material balance of conventional displacements.

Experiments were performed to determine the effect of polymer adsorption on
capillary pressure curves. The difference in capillary pressure curves before and after
polymer flooding indicates the degree of polymer adsorption in the porous media. A model
was developed to compute the amount of polymer adsorbed in the porous media. A
correlation was also developed to relate the adsorbed polymer thickness to the rock and the
fluid properties. Elgin and Okesa sandstones were used to study adsorption of our
biopolymer. All core samples were cut parallel to the bedding planes from the outcrop rock
samples. Core plugs used for capillary measurements were one inch in length and one inch
in diameter. Core plugs used in displacement studies were three inches long and one inch
in diameter. An ultracentrifuge (model L8-60M/P) was used to obtain air brine
displacement data for capillary pressure measurements. The core flooding apparatus
consisted of a HPLC pump, a core holder and a fraction collector. Since the relative
permeability to oil is slightly affected by the flow of polymer, all experiments were
conducted at zero residual oil saturation. Centrifuge data was used to obtain pore entrance
size distributions.

Figure 5 shows the capillary pressure versus saturation curves before and after a 30
PV flood of biopolymer solution for a variety of samples. Figure 6 indicates the difference
in pore entrance size for an Elgin sandstone sample. All the samples studied exhibited a
similar trend. Table 3 indicates the permeability reduction attained in all the analyzed cases.
A trend of decreasing permeability was observed. Permeability reduction was higher in
rock samples with lower initial permeabilities. The difference in the average pore entrance
radii computed from these capillary pressure curves yield the average thickness of the
polymer retained in the porous medium.

In the second method based on displacement experiments, known pore volumes of
polymer were injected into a water saturated core sample. The polymer flood is followed by
a water flood to displace all the polymer retained by the sample without being adsorbed. All
the effluents are collected by a fraction collector. The concentration of the effluents are
measured by a total starch analysis method developed by Technicon Industrial Systems, Inc.
using an enzyme (amylase is used to convert gelatinized starch to glucose) digestion
technique. By a mass balance, the amount of polymer adsorbed by the core sample is
evaluated. This work is nearing completion and we plan to submit a paper including these
results.
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Figure 5. Comparison of water and biopolymer capillary pressure curves for Elgin sandstone.
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Figure 6. Pore entrance distribution before and after biopolymer flood for the Elgin - 6 sandstone.

Sample Porosity, % Inital k, (md) Final k, (md) k reduction, Fr
ELGIN - 6 23 1634 171 9.58
ELGIN-15 25 2072 258 8.04
ELGIN-16 25 2088 340 6.15
ELGIN-17 24 2396 496 4.83

Table 3. Rock properties and permeability reduction
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Polymer Rheology

Information about the theological behavior of polymer solutions in porous media is
required to study the effective improvement on mobility control and permeability reduction
due to the polymer flood. The bulk fluid viscosities were measured with a LVT Brookfield
dial reading viscometer. The viscosities of the bulk polymer solution at several
concentrations (0.2% to 2.0%) were measured. The presence of brine is known to have a
detrimental effect on polymers used in the past. Salts cause a rapid structural degradation
of the polymer chains. The chemical stability of our biopolymer under different saline
environments was evaluated by performing rheological tests on starch solutions prepared
with brines of different concentrations. Figure 7 shows biopolymer viscosity versus
polymer concentration and salt concentration. The bulk polymer viscosities were measured
for brine concentrations ranging from 0 to 20,000 ppm. The effect of brine on polymer
viscosity was negligible for polymer concentrations less than or equal to 1.0%. For
polymer concentrations higher than 1.0%, salinity increased the polymer viscosity. In
contrast to currently available polymer products, our biopolymer reacts favorably in saline
environments.
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Figure 7. Effects of water salinity and starch concentration on viscosity of biopolymer solution.
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Process Evaluation by NMRI and Conventional Techniques

Rock samples used to study the effects of biopolymer flooding as a permeability
control agent were selected to have a high value of permeability to simulate the high
permeability avenues that exist in highly heterogeneous reservoirs. Permeabilities measured
around 2,500 md, with porosities close to 40 %. The samples were initially saturated with
distilled water followed by oil injection to achieve an initial oil saturation. Austin Chalk oil
from the Fazzino # 1 well was used for all the conducted studies. The oil had a 38.2 CAPL
Initial oil saturations were between 67 % and 78 %. Displacing liquids were pumped at a
constant rate of 0.20 cc/min. '

Biopolymer with a concentration of 10,000 ppm (1 % by weight) was used for the
forced displacement studies. Measured amounts of polymer were combined and heated to a
temperature of 95 ©C. At this temperature the viscosity of the solution is perceptibly
increased. Two cases of forced displacement of oil were designed to determine the
applicability of the method: 1) a conventional waterflood followed by injection of
biopolymer in the form of slugs, and 2) a continuous biopolymer flood without prior
conventional flooding of water.

In order to combine NMRI techniques and pressure displacement studies conducted
under elevated pressure {up to 2500 psia), an existing fiber-glass core holder was upgraded.
Figure & shows the schematics for this core holder.

Figure 8.  Modified NMR/NMRI fiber glass compatible core holder, with a working
pressure of 2,500 psi.
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Waterflood followed by biopolymer slugs

Maximum oil recovery due to waterflooding was only 2 % of the OOIP (Spi = 78
%), with a differential pressure close to 10 psi. These results reflect serious fingering and
bypassing of the oil in place by injected water. Two slugs of 0.5 PV were injected. The
first slug increased oil recovery about one percent. A temporary increase in pressure was
also observed. Pressure drop across the sample increased from 10 psi to 20 psi, but it
diminished after a short time. A permanent increase in differential pressure of about 5 psi
was observed. The second polymer slug, (0.5 PV, increased oil recovery to a maximum of
almost 10 % of OOIP. Differential pressure was momentarily increased to 35 psi. An
increased differential pressure remained over 20 psi. Figure 9 summarizes the results

explained above.
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Figure 9. Oil recovery due to the injection of water and two 0.5 PV biopolymer slugs.
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Complete biopolvmer flood

The second case was atiempted without prior waterflood. An oil recovery of nearly
100% was observed (Soi = 67%). Differential pressure across the sample increased to a
maximum average of 120 psi. Figure 10 indicates these results.
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Figure 10.  Qil recovery and changes in differential pressure caused by continuous
biopolymer injection.

Injection of two 0.5 PV slugs of polymer increased the oil production from 2% of
the OOIP obtained during waterflood, to nearly 10% of the OOIP. Differential pressure
was increased from 10 psi for waterflooding to nearly 25 psi. Darcy's law expresses that ol
flow is proportional to the pressure drop. Therefore, the observed increase in differential
pressure could largely increase the oil recovery from adjacent oil bearing rock layers that
would receive the same increase in applied pressure.

The same criteria yields very encouraging results when a complete polymer flood 1s
analyzed. Not only was oil recovery complete (100% of OOIP), but also a tremendous
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increase in differential pressure was achieved. Differential pressure increased to a
maximum of 120 psi. A very significant increase in oil recovery could result by applying
the increased pressure to adjacent reservoir layers. :

Two intriguing phenomena were observed: 1) after a complete oil recovery was
achieved, differential pressure decreased from 120 to 70 psi, and 2) pressure readings were
more erratic as less oil remained inside the rock. These two effects point to an efficient oil
displacement. NMRI studies revealed areal and volumetric sweep efficiencies.
Displacement studies were also studied by non-invasive NMRI techniques.

The cores were selected from both natural and synthetic porous media with initial
permeabilities ranging from 1,500 to 4,500 millidarcies. Table 4 shows the synthetic rock
sample properties and the initial oil saturation used. A high oil recovery of about 95% was
observed in all the experiments performed using the newly developed process as compared
to 25% attained by other methods.

Average pore size of Porosity, % Initial k, (md) Initial o1l saturation, %
sample, m
15 40 1600 77
40 34 2500 96
55 37 3200 96
90 33 4500 98

Table 4. Synthetic rock sample properties.
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Figure 11 shows the oil recoveries obtained using a Xanthan-gum based commercial
biopolymer and our starch-based biopolymer. The Xanthan-gum biopolymer yielded a
recovery of only 58% when used under similar conditions.

100

90 |

80 |

70 |

60 | +*

50 >

Oil recovery, % of OOIP

©  Commercial
10 +  Starch polymer

0 x 1 1 1 X 1 1 ] " 1 i i I’ 1 e

0 50 100 150 200 250 300 350

Time, minutes

Figure 11.  Comparison of oil recovery due to injection of a commercial and starch
biopolymers.

Conventional core flood experiments yielded an average permeability reduction from
1,500 to 500 millidarcies. Application of NMRI to displacement processes resulted in two
dimensional images taken parallel and perpendicular to the flow axis at different times of the
displacement processes (Figures 12, 13 and 14). Sweep efficiencies were calculated from
the longitudinal images (parallel to the flow direction) taken during the steady states
conditions before and after the polymer flood. Saturation profiles derived from proton
profiles (also called one dimensional images) were taken at different times during the
displacement. They were useful in determining the changing saturation profiles during the
displacement (Figure 15).
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Figure 12. Oil saturation changes due to water injection. Water fingening is clearly
visualized at early injection times. Initial and intermediate conditions are
shown.

Figure 13. Oil saturation changes due to biopolymer injection. A more efficient
displacement is observed. Initial, intermediate, and close to final conditions are
shown.
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Figure 14. Cross sectional images before and after oil displacement by biopolymer
injection.
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Figure 15.  Qil saturation profiles, obtain from proton profiles, showing the efficiency of
oil displacement by biopolymer injection.
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A reference sample with a constant proton density was used to normalize the signal
intensities obtained by NMR. The profiles were obtained in about 3 seconds and the two
dimensional images were obtained in about 20 minutes. The obtained images clearly show
the advantage of using biopolymers for effective mobility control resulting in high
recoveries.

Determination of apparent diffusion coefficients by NMR techniques

An NMR technique to measure the apparent self-diffusion coefficients of fluids in
porous media was developed. These coefficients can be used to obtain effective fluid
viscosities during flow through porous media and also provide information of pore-size
distributions of the porous media. As diffusion is highly temperature dependent, the
temperature effect was also studied. Imaging techniques were tested to image fluid
displacements through porous media to measure changes in fluid phase saturations and the
effects of viscous fingering.

Four different radio frequency pulse sequences were developed and tested to
measure fluid self-diffusion coefficients. As a result, a pulsed gradient stimulated-echo
radio frequency pulse sequence was selected for use in porous media. The apparent self-
diffusion coefficient of distilled water measured with the above sequence was validated by
comparison with values given in the literature. For bulk biopolymer solutions of several
concentrations the self-diffusion coefficients were measured. The measured coefficient
values deviate from that of water for increasing polymer concentration.

The bulk diffusion coefficients measured by NMR/NMRI techniques can be
correlated to the bulk fluid viscosities. The apparent diffusion coefficients are a measure of
restricted diffusion in case of pore size reduction by adsorption. A potential use of this
principle may be the prediction of instantaneous permeability of the porous media during
the polymer flood. A correlation between the NMR-obtained diffusion coefficients and the
polymer solution viscosities was obtained. The diffusion coefficients were obtained by a
stimulated echo imaging technique using three mutually perpendicular phase encode
gradients. Also, these measurements were made under conditions of unrestricted diffusion
by applying appropriate diffusion times. Studies are under way to observe significant
changes, if any, in the polymer solution viscosity during flow as a result of mechanical
degradation or dilution.

As a result of this DOE sponsored project four publications have been produced
under the direction of Dr. Maria A. Barrufet (references 10 to 14). Additionally, several
new promising research areas emerged.

Simulation Studies

Sensitivity studies were conducted using a 3-D, 3-phase polymer/gel flow simulator
obtained from DOE. A three dimensional, 3 phase simulator was used to study
permeability modification due to polymer injection. This simulator allows study of the
effects of many variables upon displacement processes. The variables being analyzed were:
layered reservoirs with permeabilities ranging from 100 to 3,000 millidarcies. Different
polymer concentration, injection strategy (slug/water/slug), and rheological properties for
the polymer were used. The simulator was being scaled down to laboratory proportions.
The use of the simulator would allow an optimum design of polymer floods to be conducted
in the laboratory.
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Several polymer properties are needed to simulate a polymer flood. These
properties are still being measured. NMR experiments would confirm numerical results.
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SUBTASK 2: DEVELOPMENT OF NMRI AND CT SCANNING FOR
CHARACTERIZING CONVENTIONAL MULTIPHASE
DISPLACEMENT PROCESSES

Principal Investigator: A. T. Watson
Department of Chemical Engineering

l. Introduction

Most reservoir processes involve the flow of two immiscible fluid phases (e.g., oil
and water) or three fluid phases (e.g., oil, water and gas). In spite of its fundamental
importance for petroleum recovery, many aspects of multiphase flow in porous media are
not well understood. Flow 1n macroscopically homogeneous porous media is normally
described using relative permeability and capillary pressure functions. However, there are
no reliable methods for predicting those quantities from microscopic observations, and no
reliable relationships for predicting variations of that property with different conditions,
such as wettability, flow velocity, surface chemistry and temperature. The lack of reliable
methods for determining both two- and three-phase relative permeability functions from
laboratory experiments has hindered the development of useful predictive methods.

Nuclear magnetic resonance spectroscopy and imaging (NMR and NMRI)
techniques can provide unprecedented information about fluid states in porous media. To
date, such information has largely been used in a qualitative fashion. We are developing
NMR spectroscopic and imaging techniques to provide useful quantitative information for
obtaining a better understanding of the storage and transport of multiple fluid phases in
porous media.

The work has been divided into four tasks. In the first task we have developed new
methods for quantitative determination of porosity and fluid saturation distributions under
both static and dynamic (flowing) situations. A key feature of this work is the
representation of transverse relaxation during signal acquisition for the interpretation of
the imaging data so that accurate quantitation can be obtained. In the second task, a
method was developed to obtain accurate, simultaneous estimates of two-phase relative
permeability and capillary pressure functions from two-phase dynamic displacement
experiments using saturation information obtained with NMRI. In the third task, pulsed
field gradient NMR techniques were used to determine information regarding the self-
diffusion process of fluids in porous media. Since pore boundaries restrict molecular
diffusion in porous media, the diffusion measurements can be used to extract information
concerning the microscopic structure of porous media. Several unconsolidated model
porous media and consolidated sandstone samples were studied. Numerical analysis
procedures for analyzing diffusion data to obtain pore structural information were also
developed. In the final task, progress was made on revealing relations between fluid phase
distributions in multiphase situations and NMR relaxation. Such information can be useful
for characterizing pore structure. Also, the work has revealed a simple relation between
saturation and NMR relaxation time that may prove useful for estimating saturation from
relaxation measurements.



This project has resulted in a number of significant achievements in the application
of NMR imaging technology to obtain various petrophysical information in static and
dynamic experiments, particularly with regard to multiphase situations. The research has
resulted in a number of publications, including papers published in Mag. Reson. Imag.,
AICHE Journal, and J. of Applied Physics. Also, one more paper was recently accepted
for publication in Mag. Reson. Imag. and another was submitted to AIChE J. In addition,
four conference publications were published and 13 conference papers were presented. A
list of the publications and presentations are included in the Appendix.

ll. Objectives

The objectives of this subtask are to: (1) demonstrate NMR imaging methods to
determine porosity and saturation distributions during unsteady (transient) displacement
experiments, (2) develop methods to estimate two- and three-phase relative permeabilities
from dynamic displacement data, (3) use NMR restricted diffusion experiments for
characterizing local fluid distributions and pore structures, and (4) develop a new
approach for using NMR relaxation techniques to study fluid phase distribution at different
saturation states and characterize saturation using relaxation analyses. The research work
pertaining to each of the objectives is reported in separate sections below.

lll. Determination of Fluid Saturations During Displacement Experiments
Introduction

Fluid saturations are the basic quantitative measures for describing the amount of
fluid phases present within local regions and are essential for describing the storage and
transport of fluids in porous media. Conventional methods provide measures only as bulk
or average properties. Such measurements are not adequate for characterizing
heterogeneous systems where the saturation may vary appreciably throughout the sample.
In contrast, NMR imaging techniques can provide unprecedented information about fluid
phase distributions in porous media during displacement processes, as well as information
about rock structures corresponding to local regions within porous media.

Although there have been a number of applications of NMR imaging to observe
the distribution of fluids in porous media!"> most of these studies provide qualitative, or at
best semi-quantitative, measures of the amount of fluid phase observed at each location
(or voxel). During the reporting period, we have developed a method for quantitative
determination of the fluid saturation and porosity distributions from the NMR images. We
have examined multi-exponential relaxation models for representation of transverse
relaxation, and have developed a statistical approach to select the appropriate number of
components in the multi-exponential model. This procedure can accurately estimate the
intrinsic magnetization by evaluating the model for the magnetization evolution at zero
echo time, which in turn is used to determine the porosity and saturation distributions of
the samples.

To implement these developments, we performed static experiments with various
core samples. In those experiments, core samples are fully saturated, and then NMR
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images are conducted. In addition, we conducted a desaturation experiment with a
limestone sample. In that experiment, a centrifuge was used to desaturate fluid in a fully
saturated core sample to obtain various saturation profiles, and then NMR image data
were collected.

For porosity and saturation measurements in the static and desaturation
experiments mentioned above, the results obtained using NMR can be compared with
those obtained gravimetrically for verification of the accuracy of our quantitative NMR
imaging techniques. For obtaining saturation distributions during dynamic experiments, the
gravimetric method can not be used; therefore, it is neccesary to develop a different
approach in order to have an independent verification of the NMR results. Such
verification is important in view of the fact that the transverse relaxation behavior at
different saturations is different. In addition, it is also desirable to evaluate whether flow
affects the accuracy of the estimates. In this task, we have developed a technique based on
independent measurements of production during the displacement experiments. The new
approach takes advantage of the fact the dielectric coefficient of oil is much less than that
of water. By collecting the produced fluids and measuring the capacitance of the
immiscible fluids containing oil and water, the relative amounts of oil and water in the
collection device can be determined. We designed and fabricated a prototype electric
capacitance device which can be used to determine the amount of the oil produced from
core sample continuously during the two-phase displacement experiments. A displacement
experiment was conducted in order to test the utility of the device.

Theory

The use of NMR profile imaging techniques to determine saturation is based on the
fact that the intrinsic magnetization intensity is proportional to the number of proton spins
in the region subject to NMR excitation. For longitudinal profiles with spatial resolution in
the z direction,

M,(0) = x () N(z) Az/Aw )
where

N(z)= [ plx.y.2)dxdy )

is the proton linear density in the sample. In this technique, the spatial information is
represented in the frequency domain since @ = yGz. The image resolution is determined by
the size of applied gradient G and is subject to the NMR linewidth of the sample under
study. For a selected applied gradient size and an image window, the image pixel size is
determined from

A7 = 2'ﬂ‘-‘s\‘I,Vl;:ml — 27[Afp (3)
GN, | G

where SW,,,,, is the total spectral width, N, is the number of pixels, and Af, is the spectral

width corresponding to a single pixel. If the NMR linewidth Av is much smaller than Af,,
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the image resolution is the pixel size determined in Eq. (3). This condition may not always
be valid for fluids in porous media due to susceptibility-induced broadening. In those
cases, the actual image resolution is determined by substituting the NMR linewidth Av for

Af, in Eq. (3) and, consequently, the resolution would be reduced.
For thin slice cross sectional profiles with slice thickness Az and spatial resolution
in the x direction,
M, (w0)=x(x)N(x)Ax/Aw )
where

N(x)= JyJAZ p(x,y,z)dydz (5)

is the proton density in a slab. For simplicity, longitudinal profiles will be used for the
description of the general formalism in the remainder of this section.

The calibration constant k(z) must be determined in order to obtain the linear
density N(z) from Eq.(1). If a reference is within the range where both rf and static field
homogeneties are guaranteed, and any variation due to the sample is negligible, x can be
treated as a constant and determined from

j Mj(w)dw
— A(D,

K= ®
j N'(z)dz
Azr
The fluid phase saturation distribution can be calculated by
S(z)=N(2)/N(z) (7

where N;z) is the linear proton density measured when the sample is fully saturated. The
porosity distribution ¢(z) can be determined by

9(z) = N(=)/( o4, ) ®)
where p is the proton density of the observed fluid phase and 4, is the cross sectional
area.

The main difficulty in quantitation arises from the fact that the acquired profile
intensity measured at finite echo times is not the intrinsic magnetization My(w) due to
relaxation effects. If the relaxation process were represented suitably by parameters T
and T,, and the parameters were uniform throughout the medium, the relation between the
observed and intrisic magnetization intensity could be expressed as follows? :

M(w, TE,TR) = M,(w) (7, TR)g(T,, TE) ©)
The effects of 7, can be readily eliminated if sufficiently long delay time 7R is used since
the function f{T,, TR) approaches unity when TR > 57, This condition was adhered to in
all our experiments. If the 7, relaxation in the sample were assumed to be uniform
throughout the sample and was represented by a single exponential model using a.single,
average value of T, , then Eq. (9) can be written as
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M(w,TE,TR) = M,(w)exp(-TE/T) (10)

Since the transverse relaxation depends on the sizes of pores in which the fluid
resides, as well as on local surface composition, a single, average value may not accurately
represent relaxation behavior in porous media which has a distribution of characteristic
pore sizes. In addition, the distribution of pore sizes occupied by the observed fluid phase
will change as saturation changes, resulting in the observed relaxation rate being a function
of saturation. Therefore, a multi-exponential approch may be suitable for many situations:

M(w,,TE) ZMGJ ® Yexp(-TE/T,,) (11

Single exponential relaxation is obtamed for the special case of N=1. A different
representation for the echo intensity is provided by the stretched exponentlal relaxation
mode] &

M@, TE) = My(0, Jexp[~(TE/T,)" | (12)
The stretched exponential was shown to arise from a distribution of single exponential
relaxation times weighted towards short times.®
Estimates for the intensities and relaxation parameters were obtained by nonlinear
regression through minimization of the following performance index for the ith pixel:

J,= Y [M* (0, TE,) - M (@, TE,)] (13)
i=1

where the calculated values M are provided by the representation in Egs. (11) or (12).
For the multi-exponential model, estimates would be obtained for Mp(@), T, =1, N,
for each pixel. The intrinsic intensity of magnetization for the pixel is the sum:

My(@)=3, M, (@) a4

For the stretched exponential model, estimates for My(«w;), 7,;, and «; are obtained for
each pixel.

A useful criterion for selection of the appropriate number of terms for the multi-
exponential model is the F-test. One can test whether a more complete model is warranted
by comparing a tabulated value with a statistic calculated using values of the residual sum
of squares (RSS) obtained using the more complete model (with N, components) with the
simpler model (with N.-1 components). The calculated statistic is

. [RSS(N.-1)-RSS(N.)]/q
B RSS(N.)/(n—m) (13)

where n = number of observed data, m = 2N, and g = 2 is the difference between the
number of components in the simpler and more complete models. If the tabulated value
exceeds the calculated value, one concludes (at the specified level of significance) that the
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available data do not warrant inclusion of the additional terms of the more complete
model. For nonlinear regression, the confidence level is said to be approximate.

Experimental Work

Several static experiments, one desaturation experiment, and one displacement
experiment have been conducted using several different types of rock samples, including
Indiana, Texas Cream, and building block limestones. All the samples are prepared in
cylindrical shape with 2.54 cm diameter but different lengths.

In the static experiments, distilled water was used to fully saturate the core
samples, and then the average porosities of the core samples were determined
gravimetrically. Subsequently, NMR profile images were obtained. In the desaturation
experiment, a core sample was saturated with distilled water and then desaturated in air to
various saturation states using a centrifuge. After each desaturation, the average saturation
was determined gravimetrically, and NMR profile images were measured.

All NMR measurements were performed at 85 MHz with a GE 2 Tesla (85 MHz)
CSI-II system. The imaging profiles were obtained using a standoard one dimensional
profile imaging sequence” with a frequence-encoding gradient applied along the cylindrical
axis of the core samples.

In the displacement experiment, refined oil was used as the oleic phase, and
deuterium oxide (D,0) was used as the aqueous phase. The core sample was mounted in a
plexiglass core holder and sealed with an epoxy (Stycast 2651) sealant. The sample was
initially evacuated and then saturated with the refined oil. A reference sample, consisting
of a gel of agarose powder and 0.005M CuSO, solution, was taped on to the core holder
as a reference standard for signal intensity calibration. Pressures at the core inlet and outlet
were measured with pressure transducers. A schematic of the experimental apparatus is shown
in Figure 1.

core holder
core

/ capacitance device

outlet

injection of D20
—— —
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pressure transducers

Fig. 1. Experimental flow apparatus.



The capacitance device was connected io the outlet of the core sample to measure the
amount of oil in the effluent of the core sample. The capacitance was measured using GLC
1659 RLC Digibridger, which was interfaced with an IBM PC. Software was developed to
control the Digibridger for measuring, transfering and storing data automatically during flow
experiments. The fluid collecting device, designed as a parallel-plate type capacitor, is shown in
Figure 2. The capacitance device was made with two electric printed boards affixed to either
side of a plexiglass plane spacer of 1/8 inch in thickness with copper facing inward. The volume
of the capacitance device is 30 ml. The inlet to the device is located at the top of the device,
and the outlet is placed at the bottom. Initially the device and the conduit between the inlet of
the device and the outlet of the core holder were fully filled with D,0. During the displacement
experiment, the oil is retained within the capacitance device since its density is less than that of
D,0. The amount of oil produced is determined through a calibration curve that relates the
capacitance difference between the mixture of oil and D,O and that of pure D,O which was
measured when the device was initially filled with D,0. The calibration curve was prepared by
pumping pure oil at a constant flow rate into the capacitance device which was initially filled

with D,O.
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Fig. 2. Capacitance device for production measurements.



Results and Discussion

Quantitative Evaluation of Porosity and Saturation

We first demonstrate the role of model selection in making quantitative estimates
using data obtained with samples that are fully saturated with a single fluid phase. In order
to validate the quantitative estimates, we compared estimates of the average porosity with
those values determined gravimetrically. First, the average values were computed using a
simplified procedure in which the regression analysis was performed with the integrated
signal. Using this method, possible variation of transverse relaxation with position is
ignored. However, this assumption was checked by calculating relaxation parameters for
selected models on a pixel-by-pixel basis, and comparing the average of the profile with
gravimetric values. This latter approach does not require any assumptions regarding the
spatial uniformity of transverse relaxation.

Regression results for the Indiana limestone sample are summarized in Table 1. A
substantial reduction in the RSS was obtained when using a bi-exponential representation
as compared to a single exponential. Little further reduction was obtained using a tri-
exponential representation. The selection of the bi-exponential model is supported by the
F-test shown in Table 1. The measured values of M(w) are plotted with calculated values
determined with single- and bi-exponential models in Figure 3. The latter model provides
a much more precise fit of the data. The value estimated for the average porosity was
17.7%, which is within 5% of the value obtained gravimetrically (which is 16.9%). Neither
the single exponential nor the stretched exponential provide accurate estimates. Errors in
estimates obtained with those models were 19% and 13%, respectively.
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Fig. 3. Comparison of different models.

37



The calculated porosity distribution is shown in Figure 4. In these calculations, the
model selection procedure to determine the appropriate number of components was first
carried out for several selected pixels. Since for each case the bi-exponential model was
chosen, that model was then used for each of the pixels. The readout gradient G=3.25
Gauss/cm (1350 Hz/mm for protons) was used in the experiment. The pixel size of
0.42mm corresponds to the resolution for this experiment since the frequency resolution
of Av=567 Hz/pixel is much larger than the overall NMR linewidth for this sample, which
is approximately 200 Hz. An estimate of the noise level can be obtained by analyzing a
region in the profiles which does not include the sample. The ratio between the standard
deviations calculated in such a void region with that of a similarly sized region
corresponding to a relatively uniform portion of the sample is approximately 1:3, -
indicating that much of the signal variation may well be due to variations in the local);}é‘f:' _
porosity. The average value for the porosity distribution is 17.5%, which compares well.«
with the value calculated with the integrated signal and the gravimetric analysis (see -~
Table 2). ‘

i 2 e b

e Jad

Table 1. Regression Results for Indiana Limestone

RSS : Foss
N, | (scaled*) | R? | F-value** (g,n —m)
1 90.8 0.990
2 1.29 1.000 450 3.81
3 1 1.000 1.8 3.89
* Scaled to unity for tri-exponential model (N, = 3).
** (Calculated with present and previous model.

Table 2. Porosity Estimation Using Different Relaxation Models

Porosity (% - Error)
Samples Gravimetric Integrated Signal Avg. Distribution
Method S-Exp. Bi-Exp. | Stretch-Exp. (Bi-Exp.)*
Indiana Limestone 16.9 20.1(19%) | 17.7( 5%)* | 19.1(13%) 17.5(3%)
Bldg Limestone A 18.9 21.4(13%) | 19.1(1%)* | 21.5(14%) 19.4(3%)
Bldg Limestone B 19.2 21.1(10%) | 19.1(-1%)* | 21.0( 9%) 19.2(0%)
Texas Cream Limestone 24.2 25.5( 5%) | 25.0 (3%)* | 25.1( 4%) 24.9( 3%)

* Selected model



Similar analyses were conducted with the two different samples of building
limestones and Texas Cream limestone. For these samples, the bi-exponential model was
again chosen by the model selection procedure. Average porosity values for these samples
calculated using the bi-exponential model were within 1% of those obtained
gravimetrically, while estimates using the single- and stretched-exponential models ranged
from 9% to 14% as shown in Table 2.

The same procedure was applied for quantitatively evaluating the various
saturations of a Texas Cream limestone core sample. For this sample, the bi-exponential
model was selected as the most suitable model, and it provided the most accurate
estimates as compared with the gravimetric values. Average saturation values for this
sample calculated with different models are shown in Table 3. The average saturation
values evaluated with the bi-exponential model are within 4% of those obtained
gravimetrically, while errors in estimates using single- and stretch-exponential models
range up to 15%. Figure 5 shows saturation profiles evaluated with bi-exponential model.
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Fig. 4. Porosity profile for Indoana limestone.
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Table 3. Saturation Estimation Using Different Relaxation Models

Pixel Average (% -Error )
Gravimetric % S-Exp. Bi-Exp.* | Stretch-Exp.
916 87.7 (4%) | 88.8 (4%) | 88.7 (3%)
85.1 81.9 (4%) | 84.6 1%) | 85.7 (1%)
71.6 66.3 (8%) | 72.1 (1%) | 74.4 (4%)
63.4 56.7 (11%) | 63.8 (1%) | 67.0 (6%)
57.7 50.3 (13%) | 57.8 (0%) | 61.5 (%)
47.5 40.4 (15%) | 49.2 (4%) | 53.6 (13%)

* Selected model

39



Production Measurements from the Displacement Experiment

Using the procedure described above, the porosity profile was determined from
the fully-saturated profile image obtained before the displacement experiment. Also, the
saturation profiles for several different times during the displacement experiment were
determined, and are shown in Figure 5.

In the determination of production values with NMR data, material balances were
performed using the NMR profiles corresponding to the fully-oil-saturated initial state and
at various oil saturations. In our experiment, a random order of 7F values was used in
acquiring profiles; this can reduce the systematic errors caused by flow effects. The
production values measured with the capacitor and those determined with data from NMR
images are shown in Figure 6. The production curve acquired from capacitance
measurements fairly well matches the . values estimated with data from NMR
measurements. However, it can also be seen that there are some systematic errors. Since
the capacitance device is connected to outlet of core with a long conduit, the capacitance
response to the oil displacement was delayed.

We intend to improve the production measurements by using a smaller capacitance
device and shorter conduit in order to reduce the systematic errors during the
experiments. In addition, we intend to estimate relative permeability and capillary pressure
functions using the experimented data which include saturation profiles, pressure
measurements and production measurements.
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Fig. 5. Saturation profiles for Texas Cream limestone.
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IV. Estimation of Flow Functions from Displacement Experiments

Introduction

Accurate estimates of two and three-phase relative permeability and capillary
pressure curves (flow functions) are critical to simulate multiphase flow through porous
media. These functions are used in numerical simulators of oil fields to predict reservoir
behavior and help make decisions about recovery methods, well locations, flow rates, etc.
Since most oil recovery processes occur with the simultaneous flow of two or three
phases, reliable methods for accurate determination of multiphase flow functions are very
desirable. As part of this project, we are developing a parameter estimation method for
estimating multiphase relative permeability and capillary pressure functions from
laboratory displacement experiments.

Two-phase flow functions can be estimated from either steady-state or unsteady-
state experiments. Production and pressure drop data are obtained from these
experiments, In the steady-state procedure, the two phases should be injected
simultaneously until a steady-state is attained. Pressure drop and production data are
measured and then the injection rate is changed until another steady-state is reached. The
values of relative permeability obtained at different steady-states in the experiment are
assumed to correspond to an average value of saturation in the sample. In fact a range of
these values of saturation may exist in the core, so assignment of the relative
permeabilities to an average saturation value may lead to significant errors in the
estimates. Besides, the steady-state experiment is very long and tedious to carry out, and
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the very few values of relative permeability determined from such experiments do not
allow for adequate resolution of the relative permeability curves.

The unsteady-state displacement experiment is fast and a great deal of data are
collected. For this reason it is usually the preferred experiment. However, the process of
estimating the flow functions is more complex. In this experiment, the core is flooded
with one of the fluids and then this fluid is displaced by injecting the other phase. Data
are collected during the dynamic displacement. Usually the Johnson-Bossler-Naumann
(JBN) method!® is used to estimate two-phase relative permeability functions using
production and pressure drop data. This method is based upon Buckley-Leverett!!
displacement which, in particular, neglects capillary pressure effects. In an attempt to
achieve this condition, experiments are performed at high flow rates that greatly exceed
fluid velocities encountered in reservoir production. Great inaccuracies in the estimates
of relative permeabilities may be obtained when the capillary pressure is neglected1. To
simulate fluid displacement using the functions estimated with the JBN analysis, the
capillary pressure curve must be obtained from an independent experiment.

Watson and coworkers!? developed a regression-based parameter estimation
procedure to estimate simultaneously two-phase relative permeability and capillary
pressure functions. In this method, the relative permeability and capillary curves are
adjusted within a numerical simulation of the laboratory experiment in such a way that
the calculated quantities match, in a weighted least squares sense, data measured during
the experiment. The simulation can include all the important physical effects, such as
capillary pressure. In addition to the use of measured values of the pressure drop and
production, the parameter estimation approach can incorporate other data, such as
saturation distributions measured during the displacement experiments.

In this work we have extended the regression-based parameter estimation technique
for obtaining estimates of three-phase relative permeability and capillary pressure
functions from dynamic displacement experiments. Full development of this method
should provide the first reliable method for obtaining three-phase relative permeability
functions. Previously, three-phase relative permeabilities have been obtained from
models based on measurement of two-phase relative permeabilities. However, various
methods give different results, and sufficient data have not been available to evaluate
these methods. The only method currently used to estimate three-phase relative
permeabilities from dynamic displacement experiments is a method developed by
Sarem!4. This method is an extension of JBN method and, consequently, it is subject to
the same assumptions. In particular, it neglects capillary pressure effects and assumes
linear isoperms. It is not likely that accurate estimates of the relative permeability curves
can be obtained when those assumptions are used. Several works have shown that the
isoperms may be concave or convex!5-21. A reliable method for estimating accurate
three-phase relative permeability and capillary pressure functions is critical for accurate
description of three-phase flow through porous materials.

Theory
In this section we present the mathematical model used to describe two and three-

phase flow through porous media. We then discuss the estimation procedure and the
Monte Carlo method for computing confidence intervals for the estimated functions.
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Mathematical Model of Displacement Process

To estimate multiphase flow functions, we need a model capable of describing
unsteady-state multiphase flow through a core sample. The experiments considered for
the two-phase case are imbibition or drainage for which a single fluid phase is injected.
These are the standard experiments used to analyze multiphase flow through porous
media. The three-phase experiment is more complex than the two-phase experiment, and
further work on designing the experiment is desired. At this time we are considering
injecting one or two phases. However, the computer code for solving the model is

flexible so that future changes can be readily incorporated.

We are using the following equations which form the standard model for simulating

multiphase flow in porous media®>:
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where

¢ = porosity of the porous medium

S; = saturation of phase{

p; = density of phase i

H, = viscosity of phase i

K = absolute permeability of the porous medium

k,; = relative permeability of phase /

P; = pressure of phase i

Pj= capillary pressure between phases i and j

q; = sink of phase i

B; = formation volume factor of phase /

g = gravitational constant

The subscripts 0, w, and g refer to oil, water, and gas.

(16)

(17)

(18)

(19)

(20)

21)

These equations can be simplified to represent the two-phase case. With this ‘model
we have greater flexibility than with the Buckley-Leverett model since we can specify in



different sections of the core permeability, porosity, and initial water saturation. To solve
this model, the relative permeability and capillary pressure curves are represented as
functions of saturation. We propose the use of B-splines to represent these curves due to
their ability to represent an arbitrary smooth function23.24;

k(S..8,) =2 aN7(S,.5,) (22)

Pc(Sw’ So) = Z:;] a_‘)N;’(Sw3 So) (23)

where

N7(S..5,)

bivariate B-spline

aj. = coefficients to be estimated

= dimension of the spline
total order cf the spline

il

nl
m

Several finite difference methods have been proposed to solve these equations. We
solved them using an implicit approach for one or two saturations and one pressure
depending if it is a two or three-phase case. This Is a varation of the simultaneous
solution method reported by Aziz and Settari22. To validate the computer program,
results of this program were compared with results of previous study cases at Texas
A&M University26 and with results of simulators at Arco Qil and Gas Co. The computer
program was designed to be run on the Cray supercomputer. Using this computer we can
estimate the flow functions fast and efficiently.

Estimation Procedure

When the relative permeability and capillary pressure functions are represented
using B-splines with a chosen partition, the functions are specified by the set of

coefficients a; in Eqs. 22 and 23. The relative permeability and capillary pressure

functions can then be estimated by choosing the coefficients so that values calculated
with the numerical simulation of the experiment "match" the measured data. This can be
accomplished by determining the coefficients that minimize the weighted sum of squared
differences between the measured and calculated quantities:

o(8)=(5-7(8)) w(5-7(5)) (24)

where

Q( B ) = objective function

y = vector of experimental data
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f ( E ) vector of predicted values
w

weighting matrix
In this expression, the vector of parameters to be estimated is:

w

- T
— w o c £ g 4 P i
B -[al N A O pR & ,...,aNx,al',.._,aN'ﬂ,al‘”,...,aNm] (25)

where w, o, and g represent water, oil and gas respectively; p; and p, represent the two
capillary pressures. The number of parameters to be estimated may be increased to find
an appropriate representation for the flow functions?>. The matrix W should be chosen as
the inverse of the variance-covariance matrix for measurement errors. The vectors of
experimental and predicted data include the pressure drop, production, and in situ data.
We ircluded linear inequality constraints in the estimation process since we desire that
the functions be monotonic:

G2z (26)
where

g = right hand side of inequality constraints

G = matrix of inequality constraints
The form of the inequality matrix and the right hand side vector has been discussed in
detail by Richmond!3.

Accuracy of Estimates

Approximate pointwise confidence intervals for the estimated functions can be
obtained using constrained Monte Carlo simulation?>. The solution of the following
minimization problem gives parameter errors that correspond to a specific error vector:

min L(6)=[ - 43f | W[ - 486 @7

subject to: Gé3>g- Gﬁ

L(&ﬁ ) = objective function

8B = vector of variations in parameters
£ = vector of residuals
A, = sensitivity matrix

Using a pseudo-random number generator, N,,. sets of random errors are generated.
With these random errors and the variances of the pressure drop, production, and in situ
data, we generate N, different vectors of residuals. Solving Eq. 18 for each vector of
residuals we find N, vectors of variations in the parameters. With these vectors and the
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vector of the specified parameters we can compute N, different relative permeabilities
and capillary pressure curves. For example, for the two-phase case, ordering values for
these functions at any given saturation S, we can approximate 95% confidence intervals
by discarding the outer 5% of these calculated values:

kS, B )<k (s, Bo) <<k (S, Ba_) (28)
R:-(Sw’ B—kl) s E(Sw’ B.kZ) =.5 }?:(Sw’ Ew_)

The same ordering can be done to approximate confidence intervals for three-phase
flow functions at any given values of saturation. Analyzing the shape of the confidence
intervals obtained, we can study the influence of the data in the accuracy of the estimated
flow functions.

Results and Discussion

At this time we have obtained results for simulated two-phase cases at low and high
flow injection rates. In these cases, we assumed "true" flow functions of typical reservoir
samples. With these functions we simulated experiments and collected predicted data.
Then, we added random errors to the data to obtain "simulated" data. As an example of
the improvement in accuracy of the estimated relative permeability and capillary pressure
functions when in situ data are included in the parameter estimation process, we discuss
the estimated functions obtained using simulated data for two-phase flow. This example
was presented by Richmond?6. The core was initially flooded with water at residual oil
saturation. Oil was injected at a low flow rate to displace the water from the core and
production and pressure drop data were collected. The initial water saturation was 0.80
and the lowest value of saturation reached was around 0.425. Starting with an initial
guess of the parameters, Richmond estimated the flow functions using the parameter
estimation procedure. He found that sometimes incorrect estimates of the flow functions
could be obtained if too few parameters were used in the B-spline representation of the
flow functions. These incorrect estimates corresponded to local (nonglobal) minima
encountered in minimizing the objective function defined by Eq. 24. We considered the
same case but now we included in situ data in the estimation process. We estimated the
flow functions by solving a sequence of estimation problems in which the number of
parameters in the B-spline representation were increased until significant reductions in
the residual value of the objective function were no longer achieved. The results obtained
in all runs using in situ data did not show incorrect estimates of the flow functions
corresponding to nonglobal minima, and more accurate estimates were obtained. Using
the constrained Monte Carlo procedure, we computed confidence intervals for the "true”
flow functions. These confidence intervals were computed using three equally spaced
interior knots in the region of water saturation between 0.25 and 0.80.
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Figs. 7 and 8 show the estimated functions using production and pressure drop data
(case 1) in the parameter estimation procedure. Figs. 9 and 10 show the results including
in situ data (case 2). Clearly, we obtained better accuracy for the estimated flow
functions when we included in situ data in the estimation procedure. This shows the great
sensitivity that our estimation procedure has for the in situ data. Figs. 7 and 8 show good
estimates of the relative permeability and capillary pressure functions but the accuracy is
poor. Since the lowest value of water saturation reached was around 0.425, we could not
obtain accurate estimates of the flow functions below this value. Hence, the estimated
functions have large confidence intervals in the region of water saturation below this
value in both cases. The bottleneck in the confidence intervals for the capillary pressure
in Fig.8 corresponds to the region of water saturation reached after the breakthrough
time. This region of saturation corresponds to the steady-state where we collected half of
the production and pressure drop data (400 values). Since a great amount of data were
available for estimating the flow functions in this region of saturation, great accuracy in
the estimated capillary pressure was obtained.

This summer our estimation procedure was used to analyze experimental
production, pressure drop, and in situ data at ARCO 0il and Gas Co. in Plano, Texas.
The in situ saturation data were obtained using X-ray CT scanning. The data analyzed
corresponded to two core samples. For one core, in situ saturation data were obtained at
both low and high flow rates. These data, together with production and pressure drop
data, were used in our parameter estimation method to estimate simultaneously relative
permeability and capillary pressure functions. The production and pressure drop data
calculated using our estimated functions showed a better match of the experimental data
than the values calculated using the estimates obtained with the JBN analysis. The second
core was composed of two different samples of rock. We estimated the flow functions
using production, pressure drop, and the available in situ saturation data. The results
predicted with our estimated functions showed great improvement compared with the
results predicted using the estimated flow functions obtained with the JBN analysis. The
results and discussion of the work at ARCO will be presented or published in the near
future.

At this time, we have estimated three-phase relative permeability and capillary
pressure functions for a simple simulated case. The results obtained show great accuracy
in the estimated flow functions. Details about these results and the proposed solution of
the three-phase flow model is available in Dr. Mejia's Ph.D. dissertation.

V. Characterization of Local Fluid Distribution by NMR Restricted
Diffusion Measurements

Introduction

An important aspect of the oil-recovery research is to understand fluid flow
behavior in porous media at the microscopic level. Since microscopic events control
displacement processes in porous rocks, studies of properties that characterize local
pore structures are expected to yield important information for understanding
macroscopic flow behavior. In addition, a comprehensive theory for predicting the

47



RELATIVE PERMEABILITY

1.0

0.8

0.6

0.4

0.2

0.0

T 1 R
TRUE CURVE
--------- ESTIMATE -
----------------- Q5% CONFIDENCE INTERVAL
i _
F A
|
0.0 0.2 0.4 0.6 0.8

WATER SATURATION

Fig. 7. Relative permeability curves for Case 1.

48

1.0



CAPILLARY PRESSURE (psi)

5.0

4.0

3.0

2.0

0.0

T y T ' T ' ! .
—— TRUE CURVE
A ettt ESTIMATE
----------------- - 95% CONFIDENCE INTERVAL
\ I .
0.0 0.2 0.4 0.6 0.8

WATER SATURATION

Fig 8. Capillary pressure curvs for Case 1.

49

1.0



RELATIVE PERMEABILITY

1.0

0.8

0.6

0.4

0.2

0.0

T T Y 1 ) !
——— TRUE CURVE
--------- ESTIMATE
----------------- 95% CONFIDENCE INTERVAL
1 "
0.0 0.2 0.4 0.6 0.8

WATER SATURATION

Fig. 9. Relative permeability curves for Case 2.

50

1.0



CAPILLARY PRESSURE (psi)

5.0

4.0

3.0

2.0

1.0

0.0

T ; ! i 1 ’ !
——— TRUE CURVE
L et ESTIMATE
----------------- - 957% CONFIDENCE INTERVAL
i : -
' ; i 4 J =
0.0 0.2 0.4 0.6 0.8

WATER SATURATION

Fig. 10. Capillary pressure curves for Case 2.

51

1.0



properties on the basis of microscopic experimental results is desired in order to
better understand and predict oil recovery processes.

NMR techniques can detect the changes in the local structural arrangements
and interactions in the vicinity of the resonating nuclei. Consequently, NMR can
provide an excellent means for elucidating pore structure and fluid transportation in
reservoir rocks at a microscopic level.

The new method of using NMR for characterizing pore structure is based on
the fact that molecular self-diffusion in a porous medium is hindered by the presence
of pore boundaries. Thus, it is conceivable that the study of restricted diffusion may
provide information leading to pore structure characterization. In particular, the
measured apparent diffusivity will be smaller in a geometrically confined system such
as porous media, and will be time dependent, with apparent diffusivity decreasing
with the diffusion time.

Pulsed field gradient (PFG) NMR techniques can be used to study restricted
diffusion in porous media. The capability for measuring diffusivity values over a
large interval of diffusion times by PFG NMR makes it unique for studying restricted
diffusion. In our work, restricted diffusion measurements have been conducted in un-
consolidated model porous media including several different sized glass bead packs as
well as in porous rock samples. We observed apparent diffusivity as function of pore
size, fluid saturation, and the experimental diffusion times during which molecular
diffusion is probed. We developed computational procedures for explaining the
experimental observations and for obtaining pore structural information using
experimental data.

Theory

PFG NMR Restricted Diffusion Measurements

There are several PFG NMR pulse sequences?’ available for diffusion
measurement. For specific application to our porous systems, we found that the PFG
stimulated echo sequence!! is the most favorable choice. This sequence allows a
relatively large dynamic range of diffusion time for measuring the apparent diffusivity
for systems such as fluids in porous media that characteristically exhibit larger spin-
lattice relaxation time (7;) than spin-spin relaxation time (7,). Using this pulse
sequence, the measured stimulated echo amplitudes are represented by?28:

= o) T B ool Dl st )] @)
2 1

where g and g, are the applied and internal gradients, respectively. The coefficients

a=52(Ad—%), b =”cf(’c2 —%J c=—6[z,2 +1 +6(¢rl+tz)+§62 —2’5172] (30)
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consist of timing parameters which are defined in the pulse sequence illustrated in Fig. 11.

w2  n/2 /2

| ;| A

1l A T2

Fig. 11. PFG stimulated echo sequence.

From this expression, we see that both the relaxation effect (7 and 7,) and the

diffusion effect (D) contribute to the echo decay. By measuring the stimulated echo
amplitude at g = 0 and at a finite value of g, the relaxation effect can be canceled since

M
® =—exp[-1"Dlag" +cg 8], (31)
110
where
M 21- T "‘“T q ]
M =2 el WL B L 5 ), 7 32
ozexp(T2 T Ygo] (32)

is the echo amplitude for g =0.
In porous media the internal gradient g, mainly arises from the variation of

magnetic susceptibility ¥ and the structural heterogeneity. If the g, effect is negligible, the
above equations are simplified to

M
®= ﬁexp(—?’zDagz) (33)
0
and
M 21, T,-7
M, =—Cexp| —=1-2—1]| 34
=2 exp[ — ] (34)

Calculation of Apparent Diffusivities

Due to distributions of pore sizes and the heterogeneous nature of the pore
structure, as well as the pore connectivity, there may exist a distribution of apparent
diffusivities for fluid in porous media. We focused on the development of computational
procedures for estimation of such distributions, and the methods of approximating the
distribution with different mathematical models.
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Single-Component DifTusivity: Simplified procedures can be used for calculating a single
value for the apparent diffusivity. This case would be valid if there is a single diffusional
process, such as in cases with a narrow distribution of pore sizes, or in cases for which
data are measured with short diffusion times such that only a narrow distribution of
diffusivities 1s observed. In these cases, if the internal gradient is neglected, linear

regression may be used to determine the apparent diffusivity D, from

In®, =~y’D,ag’, (33)
where values of ®; are measured echo decays using various values of applied gradient g;.

In this case, the data will appear linear with g* on a semilog scale when a single value of

D, 1s appropriate. In cases for which the internal gradient is not negligible, D, can be

calculated using nonlinear regression by determining the values of the diffusivity and
internal gradient that minimize the following objective function:

7= {om-as, (36)

i=1

where @ are measured values and @ are values calculated using Eq. (32).

Diffusivity Distributions: In more general cases for dealing with diffusion in porous
media, we found that the single-diffusivity estimation can not represent the echo decay
satisfactorily. We developed two computational approaches for situations not suitably

described with a single component D, . In one method, we used an orthogonal set of B-

spline functions?? to represent diffusivity distribution functions and in another method we
used multiple discrete components to approximate the diffusivity distributions.

In the first method, the continuous distribution of diffusivity is represented by B-
spline functions:

ZC BH(D (37)

The echo decay can then be described using the decay function of a single diffusional
process weighted by the distribution function:

Im exp(—yDag? JD, (38)

where the mtemal gradient effect is neglected. Our computational procedures are to

determine the set of coefficients C; with a given B-spline dimension N. A computational

routine was developed to obtain these coefficients with the non-negative least squares3?
method.

A second approach we used is to represent the distribution as a set of discrete
components. The echo attenuation would be given as a sum of the contributions from each
component:
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®= Ed)l = Zq’i exp[——'y:D, (a'g2 +Cg'go)]’ (39)
1 1

where 21 ¢ =1

Experimental Work

Diffusion measurements were conducted in model porous media made of 8
different size ranges of closely-packed glassbead packs and porous rocks. The bead size
range of these 8 samples are 1-38, 45-63, 63-90, 90-125, 125-180, 180-250, 250-355,
500-710 mm, respectively. These beads were obtained from a commercial source. We
sieved the sizes, cleaned using 0.06M NaOH first, rinsed with distilled water to neutral
acidity, cleaned again using 6M HCl solution, and rinsed thoroughly with distilled water.
Fluid saturated beads packs were centrifuged to ensure close-packing before performing
the NMR measurements. Excessive amounts of fluid were carefully removed from the tops
of the bead packs. Two Bentheimer and one Berea sandstone samples, and one Texas
Cream limestone sample were used in the experiments. These rocks have different
characteristic pore sizes and permeabilities. One Bentheimer sandstone was studied
extensively at different water saturation states obtained by a gas-liquid drainage process.

Results and Discussion

Diffusion in Model Porous Media

In the last annual report, results were presented in which the data measured using
model porous media were analyzed with a single-component diffusivity. Using stimulated
echo measurements, restricted diffusion was observed in the eight different sized glass
bead packs. The echo attenuation, as a function of the applied gradient, showed strong
dependence on the bead size (Fig. 12). The measured apparent diffusivity depends on bead
sizes as well as on the diffusion times. To quantitatively relate the bead sizes with pore
sizes, we assumed each bead pack had a uniform size and an ideal packing structure (e
either f.c.c. and h.c.p. structures). Using this approach, we obtained the pore-volume-to-
pore-surface ratio of a bead pack to be

\[i—ﬂ/3d

b4

§ = Vporc =

S ore
where d is the bead size, and £ is defined as the characteristic pore size. With this
approximation, we obtained the relationship between the bead size d and the apparent

, (40)

diffusivity D,, shown in Fig. 13. The single-component diffusivity model was used for

estimating the values of D, for each bead pack. Two methods were used for estimation:
g op p

one incorporated the effects of the internal gradient, while the other neglected it. It can be
seen that the values obtained using the two approaches are quite similar, indicating that
the g, effects are not very significant. It is noted that the pore sizes defined in Eq. (40) are
approximations even for sieved bead packs, since even a narrow distribution may result in
a sizable departure from the ideal packing.
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Log(M/Mg)

The linear dependency of Eq. (36) is not observed for relatively long experimental
diffusion times. Figure 14a shows curves for &, as a function of g for beadpacks with d =
125-180 mm, measured at A, = 400 ms with 22 g values ranging from 0--16 G/cm and
with 6 =3 ms and 7, = 5 ms. Since we found that the echo decay changes more rapidly in
the smaller g regions, more experimental g, values were chosen in this region. For this
longer diffusion time, even for these smaller values of g, and &, a nonlinear dependence

can not be explained satisfactorily by considering the effects due to g, with a single
apparent diffusivity. Thus we considered reconciliation of the data using a distribution of
diffusivities.
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Fig. 12. Echo attenuation vs. g% in Fig. 13. Pore size dependency of D, .
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different sized bead packs.

We used the procedure described in the Theory section to estimate the diffusivity
distributions. The validity and stability of the computational procedure have been tested by
recovering the spectra from both exact and error corrupted data. Also, more experimental
data (22 points) were acquired to improve the accuracy of the calculation. Using this
procedure, we obtained the diffusivity spectra (Fig. 14b) comresponding to the
experimental echo decay data shown in Fig. 14a. The number of splines was selected from
a plot of residual sum of squares vs. the number of splines (Fig. 14¢). In this case, seven
splines were selected which corresponds to the fewest degrees of freedom that attains
essentially the smallest RSS. We also calculated the diffusivity distribution using discrete
component models represented by Eq. (39) but dropping the term involving the internal
gradient g,. In particular, the estimated curves for / = 1 and 2 components are shown in

Fig. 14a. It is obvious that the single component model fits the experimental data poorly
while the continuous model provides the best fit. The fitting quality of the three models
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can be more easily examined by comparing the residual sum of squares (RSS) values
computed using different models. We obtained RSS=1.0x105, 1.6x102, and 8.1x103 for
continuous, single, and two discrete component analyses, respectively. We see that the
RSS of the continuous model is approximately one order of magnitude better than the
two-component model, and is three orders of magnitude better than the single-value
diffusivity model. We see clearly in this case the single-diffusivity analysis will not be valid
but the two-discrete-component model is approximately valid. We computed that the
values of two diffusivities for the two discrete component model are 3.3x10% cm?/s and
1.6x105 cm?/s with percentages of the two components to be 32% and 68%, respectively.
The average diffusivity value calculated from two-component model is 1.18x105 cm?/s. By
comparison, the average diffusivity calculated by

Dﬂ'lﬂ

[m(D)DdD
(1)

using the distribution function m(D) in Fig. 14b is 1.15x103 cm?/s, which is in excellent
agreement with that for the two-component model.
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In order to investigate the effects of bead sizes and experimental parameters on
observed diffusivity distributions, a number of experiments with various diffusion times
were performed in several different sized bead packs. First, we discuss the pore size
dependence by examining the results obtained using different sized beads but measured
with a single, relatively long diffusion time. Figures 15a-¢ show the calculated apparent
diffusivity spectra corresponding to five beadpacks with bead sizes d = 45-63, 50-125,
125-180, 180-250, and 250-355 um, measured at Ay = 400 ms. Again, 22 different g;

values with § =3 ms and 7, =5 ms, which are the same as those for obtaining data in Fig.
11a, were used in these measurements. At this relatively long diffusion time, molecular
diffusion should experience strong restrictions in all these samples, as the mean pore sizes

in the sample are smaller than the free diffusion length scale determined by <x2> =2DA,.

The double-peak pattern for the diffusivity spectra is observed for smaller sized
bead packs (see Fig. 15), while for the larger sized bead packs only a single peak was
observed. It must be emphasized that a single-peaked diffusivity distribution is not
equivalent to a single value of diffusivity. In fact, we found that single-valued diffusivity
analyses gave very poor fits for those cases.

In Fig. 15, we see that for those spectra showing two peaks, the proportion of the
area under the two curves corresponding to the two characteristic regions changes for the
different sizes of bead pack. Generally speaking, the peak corresponding to the lower
values of the diffusivity results from molecules that have experienced significant
restrictions. Presumably, a significant fraction of those have initial positions near to
boundaries. In the smaller bead packs, a relatively larger number of molecules may
correspond to these positions. In the large bead packs, relatively little of the volume
corresponds to the "near boundary" regions. Thus, the spectra of the large sized
beadpacks only exhibit single-peaked distributions which may correspond to a merging of
interpore and intrapore phenomenon in the larger bead packs. Because of the merging, the
diffusivity values corresponding to the single peak for the large bead packs appear smaller
than that of the right hand peak in the diffusivity spectra of smaller sized bead packs. We
found that the average diffusivity decreases with bead size as would be expected. The

values calculated for increasing bead size are D,, =085, 1.1, 1.2, 12, 13 cm?/s,
respectively.

Diffusion Measurements in Rocks

Similar diffusion measurements were performed in Bentheimer sandstone rock
samples. The two rocks we chose differ in permeability by more than a factor of 2 with k =
1,200 mD for the Bentheimer and 4 < 500 mD for the Berea sandstone. This difference
may reflect a difference in characteristic pore sizes which are distinguishable by PFG NMR
diffusion measurements. An advantage of sandstone is that the main chemical composition
of sandstones (quartz) is similar to that in glassbeads (SiO,), and they should thus have
similar y values which will facilitate comparisons with the model porous media.
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Figure 16 shows the echo attenuation measured with A, =56ms and & =4ms for
the two samples using 23 g, values. We see that the echo attenuation dropped much faster
for Bentheimer than for Berea, ie., fluid diffusion in the Berea sandstone experiences
more restriction, which is consistent with the fact the Berea sample has the lower
permeability. It is also noticed that even at this relatively short diffusion time, linear

dependence with g° on the semilog scale is not observed. This nonlinearity may also be
attributed to multiple components of diffusivities. Nevertheless, for the purpose of
estimating a characteristic pore size, we used the relatively linear portion of the curve (the
first 11 data points corresponding to the lower values of g) with nonlinear regression
(using Eq. (36)) to calculate the apparent diffusivities. Values obtained for the Berea and
Bentheimer samples were 3.4x10¢ cm¥s and 8.6x106 cm?/s, respectively. Thus we
demonstrated that NMR diffusion measurements can be used to detect differences for
rocks with different permeabilities associated with different pore sizes.
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Fig. 16. Echo attenuation measurements in sandstones.

Restricted diffusion measurements were also conducted in a2 Bentheimer sandstone
at various wetting phase (water) saturation states for a drainage experiment involving gas-
liquid phases. The purpose of this experiment is to investigate the fluid distribution in
different sized pores at different fluid saturations. Figure 17 shows the echo decay curves
measured at several saturation states. It is observed that the slope of the echo attenuation
becomes less as the saturation is lowered, corresponding to a stronger restricted diffusion

effect. Thus the values of D, will be smaller at low saturations, which is interpreted as

the water phase being distributed in smaller sized pores. Table 4 lists the values of D, at

different saturations. This observation is consistent with the fact that for a drainage
process, the wetting phase is distributed in smaller and smaller sized pores as saturation
decreases. Saturation dependent studies were also carried out using relaxation
measurements and more detailed description of the relaxation study is carried out in the
next section.
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Fig. 17. Saturation-dependent echo attenuation in Bentheimer sandstone

Table 4. Relationship between S, and D,,,
using single component analysis

Sw (%) | Dapp(x10~3cm?/s)
100 0.68
71.4 0.48
62.8 0.41
54.6 0.32
43.3 0.31
28.8 0.10

VI. Characterizing Saturation and Pore Structure by NMR Spin-Lattice
Relaxation Measurements

Introduction

Fluid saturation in porous media is a macroscopically defined quantity that isa
measure of the relative amounts of fluid phases. Saturation is controlled by capillary
pressures, and thus is related directly with the microscopic pore structures of a porous
medium. Detailed information about the relationship between pore structures, fluid
distributions and saturations could be useful for a better understanding of displacement
processes in such areas as petroleum production, chemical reactors, and environmental

remediation.
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NMR spin-lattice relaxation measurement has been used as an approach to
characterize pore size distributions of porous media based on the fact that surface
relaxation dominates the relaxation process and the observed relaxation rate is
proportional to the pore surface-to-volume ratio, which can be regarded as a
characteristic quantity representing the pore size.

In this study, the NMR relaxation dependence on fluid saturation in porous
media is investigated. A gas-fluid two phase drainage process was used to obtain
partial water saturation states. The spin-lattice relaxation measurements were carried
out at various fluid saturation levels, from which different wetting fluid phase
distributions with respect to different saturation levels are obtained. The observed
relaxation times decrease monotonically with decreasing wetting fluid saturation. This
observation can be explained by considering the fact that the NMR relaxation time is
proportional to the characteristic pore size, which decreases as water is drained from
the porous medium. The observed relaxation curves also exhibit non-single-exponential
decay at all saturation levels, which can be understood by considering a distribution of
pore sizes. Stretched exponential and multiple discrete component relaxation functions
are used to represent the relaxation decay curves. In these analyses, the effects due to
bulk relaxation were separated from the observed relaxation times. The relaxation-
saturation relationship was found to fit well with a simple power-law dependence,
which provides a basis for a possible new approach for characterizing fluid saturation in
porous media.

Theory

The spin-lattice relaxation rate of fluid in porous media can be expressed in
terms of a relaxation rate of bulk-like fluid corresponding to regions of fluid away from
the pore boundaries, and a relaxation rate of surface-fluid corresponding to a thin layer
near the pore boundaries. In the fast diffusion limit3! the T; relaxation rate for fluid in
each individual pore can be written as3?

1.1, Anm “2)
L L T, r
where r; is the characteristic pore "radius" and m/r;=S;/V; is the ratio of pore surface to
pore volume. The parameter A is the thickness of surface fluid layer and is equal to a
few molecular sizes.

For T, measurements using the inversion-recovery sequence, the observed
relaxation decay can be represented by a model of multiple discrete exponential

components

1
M(l)zz M, |1-2exp —/[7"+~7%;}Z’Z_-J (43)

] 1s5;%4
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For a porous medium with a relatively homogeneous mineral composition, the surface
relaxation rate, Ty,, is relatively uniform. On the other hand, the bulk fluid relaxation
time T7,, is not pore size dependent. Thus, the above equation can be rewritten as

()Mo £ = 5 vt e (@)

16 i 11

where My=2M,; and

1 A
Tli 711,- ];b ]l‘s ’;
Clearly, the quantity 7, is proportional to the characteristic pore size. The evaluation of
the average 1, yields the average pore size of the porous medium:

Lrn_ 1,
<T|>:Zfifu “‘Zfi_);’" Am(r) (46)

where f; is the density-weighted coefficient of the ith component.
If we consider a distribution of relaxation times P(z;) corresponding to pore size
distribution Q(7), the relaxation decay function for the inversion recovery sequence is

M(r):Mexp(4J= [ P(‘c])exp[—i]dr, @)

—2M, T, T,
where the contribution of 7}, has been removed from the integral. A parametrization
for the relaxation decay function which has been used with some success in the past is
the stretched exponential function:

a
Ki() = exp —[_’_] (48)
la

where « is a stretch exponent related to the distribution of relaxation times, and a
symbol 7, , is used to distinguish values from those obtained using multi-component
analyses. It has been shown33 that this function nearly approximates Eq. (47) when a
certain exponential representation is used for the relaxation time distribution; in
particular, a value of a=2/3 arises when the distribution is represented by a half
Gaussian function.

Experimental Work

A cylindrical Bentheimer sandstone sample, 2.54 c¢m in diameter and 3.25cmin
length, was used in the experiments. The porosity of this sample is 23%. A
desaturation device (Fig. 18) was used for obtaining each equilibrium water saturation
level. The sample was sealed in a Teflon core holder to ensure one-dimensional
displacement in the drainage process. For each process, the sample was fully saturated



with deionized water initially, and then was placed in the desaturation device. The inlet
of the device was connected to pressurized N, gas and the outlet connected to deionized
water. Hydrophobic and hydrophilic membranes were used at the interfaces of the inlet
and outlet of rock sample, respectively, to ensure continuity of the gaseous or aqueous
phase at the respective ends of the sample. Different pressures were applied to obtain
different saturations. Each time the drainage process was performed for a sufficiently
long time to ensure a capillary equilibrium was obtained, and then NMR experiments
were performed immediately to avoid any fluid redistribution. No significant weight
change between the beginning and end of the NMR measurements was observed. Upon
completion of measurements for one saturation state, the sample was thoroughly dried
in an oven, and then resaturated with deionized water for the next desaturation
experiment. By doing so, we preserved a well defined and repeatable initial state.

pressurized hydrophobic

Nz_.»r** | merabrane

ANZANNE
- y \ ‘. -
core / leveling
] /! funnel
Tefion 77 oPen 1
S Y
N
N
hydrophilic waler
membrane /

Fig. 18. Water desaturation device used for dainage experiments.
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Results and Discussion

Figure 19 shows the variation of 7, and the relative fluid intensities at different
values of water saturation. The three component multi-exponential function described
in Eq. (44) was selected for analyzing the relaxation evolutions corresponding to all
values of saturations. The number of components for the multi-exponential
representation was chosen from the analysis of the data collected for the fully saturated
case. In Fig. 19, the vertical axis represented foy'Sw-, where the subscript j indicates
the jth saturation level, and the horizontal axis represents the values of three
components of Tiip The quantity fo,'j‘SWj is proportional to the absolute water quantity
corresponding to the ith relaxation component. ~We see that the 7;; values,
corresponding to the longest component, decrease monotonically with decreasing water
saturation for all saturation levels in our study, while the relaxation values of the two
shorter components, 1,5, and 1,5, do not vary significantly with saturation. The above
features are explained by considering that water is drained from different sized pores at
different saturation levels. When saturation decreases, the wetting phase (aqueous
phase) has been displaced by the nonwetting phase (gaseous phase) from the largest
pores at low capillary pressure (high saturation). With the increase of capillary pressure
(at low saturation), the wetting phase is displaced from the next largest pores. From
the multi-component analyses, one can evaluate the amount of fluid distributed in
different pore size ranges since the different pore size ranges are represented by the
relaxation time components and the percentage index f; is proportional to the amount of
fluid corresponding to each pore size range. This approach requires that the factor m in
Eq. (46) is not significantly different at different saturations and the values of T are
approximately independent of pore size, which should be valid for rocks with
relatively homogeneous compositions. With these approximations, the relation

T)s,, m. | r T,
i Sy =1 S (49)

Ts,=1 Ms, |Tss Ts=

becomes valid.

The relationship between saturation and relaxation is investigated in Fig. 20, for
which the average <7,> values for the different saturation levels are plotted. The
curve on this figure results from least squares fit of the data corresponding to the
largest eight saturation levels for <1,> with a power-law model

1, =as,’ (50)
where S, is the water saturation. It can be seen from the figure that the power-law
relation fits the relaxation-saturation dependence satisfactorily with a broad range of
saturations using <7,>. It has been reported theoretically that either a grain-
consolidation®# or a shrinking-bond® porous medium model can yield a power-law
dependence between the relaxation and saturation.  Without including possible
variations in pore shape for different sized pores, i.e., treating m as a constant, the
power factor b is predicted to be between the values of 1 and 2 for the grain-consolidation
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model, with b = 1 corresponding to the fast diffusion limit and & = 2 the slow
diffusion limit. On the other hand, for the shrinking-bond model, it is predicted that b
is between the values of 1/3 and 2/3 for all cases. The values obtained from the
power-law model, <7;,> = 1.295,1-26 sec, are in general agreement with those
expected for the grain-consolidation model. The departure from b = 1 (fast diffusion
limit) may not be regarded as simply due to the mixture of fast and slow diffusion.
Instead, it may well be due to the simplified nature of the model. A power-law
representation of the experimental data is very attractive since the behavior is predicted
with just a few parameters.

The stretched exponential relaxation function (Eq. (48)) provides a fit that is
nearly as precise as that of the tri-exponential function for this sandstone, as measured
by the residual sum of squares. A comparison of the fits using the two functions is
shown in Fig. 21 for data obtained at S, = 0.29. Using the relaxation parameters
obtained with the stretched exponential model, similar power-law behavior can also be
obtained. Figure 22 shows 7, , as a function of §,,. A least squares fit using Eq. (50),
after exclusion of the data corresponding to the two lowest saturations, yields 7; 4 =
1.305,1% The 7,, saturation dependence imitates the features observed by the
multiple discrete-component analysis, except that the power factor is larger. On the
other hand, the values of the stretch exponent, ¢, obtained at different saturation values
are shown in Fig. 23. The o values corresponding to the six largest saturation levels
differ little (they are between 0.61 and 0.65), but decrease as saturation is further
lowered. We note that if the o values are at substantially different saturations, we can
not simply compare the values of 17, , at different saturations, since the calculated 7, 4

value is subject to the value of .
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Fig. 21. The comparison of fitting quality using the tri-exponential and stretched
exponential analysis.
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In the above analysis, both the tri-exponential and stretched exponential analyses
show that the relaxation times fit a simple power-law dependence with saturation.
Though stretched exponential analysis has a simplicity of having relatively few numbers
of parameters, its validity appears to be limited to the cases where o is near 2/3. We
generally favor using the multi-exponential analysis and using the parameter <7T;> as
a unique representation of the average pore size corresponding to each saturation level.

VIL. Conclusions

Nuclear magnetic resonance spectroscopy and imaging (NMR and NMRI)
techniques have been applied in porous media research. Experimental methods were
developed for acquiring fluid phase distributions during two-phase immiscible fluid
displacement experiments. Computational procedures were developed for analyzing
imaging data so that porosity and saturation distributions can be estimated with great
accuracy. Other computational procedures were developed for estimating two- and
three-phase relative permeability functions from displacement data that includes those
measures of the saturation distribution. New approaches for characterization of fluid
distributions and pore structures using NMR relaxation and restricted diffusion
measurements were investigated and significant progress was achieved. In particular,
apparent diffusivities were introduced for characterizing pore sizes in different sized
model porous media. Methods for analyzing diffusivity distributions arising from
diffusional processes in different compartments of fluids were developed. In addition,
saturation-dependent relaxation measurements were carried out to study fluid
distributions corresponding to different saturation levels. Computational procedures for
obtaining those distributions were developed.
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SUBTASK 3. DEVELOPMENT OF NMR AND CT SCANNING FOR
CHARACTERIZING DISPERSED PHASE PROCESSES

Principal Investigator: R. W. Flumerfelt

Department of Chemical Engineering

1. Objectives

The objective of this subtask is to obtain a detailed understanding of the behavior
and mechanisms of dispersed phase systems in porous media using advanced NMR and
CT imaging methods. Three different projects are designed to achieve the overall objective:
1) characterization of fractional wettability of porous media using NMR relaxation methods;
2) study of a surfactant based imbibition and solution gas drive process (foam)
displacement using NMR imaging methods; and 3) study of the dynamic process of
dispersed phase flow in porous media using CT imaging methods. These three projects will
be discussed separately below.

Il. Characterization of Fractional Wettability
Background

Wettability is defined as "the tendency of one fluid to spread on or adhere to a solid
surface in the presence of the other immiscible fluids".! In rock/oil/water systems,
wettability is a measure of the preference of rock to either oil or water. The internal surfaces
of reservoir rock may be water-wet, oil-wet, or neutrally wet. Strongly water-wet surfaces
and strongly oil-wet surfaces can also exist in different parts of the same rock to produce
“fractional wettability". A special type of fractional wettability is when the oil-wet surfaces
form continuous paths through the larger pores, while the smaller pores remain water-wet.
This special case of fractional wettability is known as "mixed wettability”.

Wettability is an important concept in the characterization of oil reservoirs. Wetting
characteristics of the rock matrix greatly affects the distribution of oil and water in a
reservoir. The oil recovery processes and the total amount of recoverable oil are also
influenced by the rock wettability. Knowledge of reservoir wettability is essential to
efficient secondary and tertiary oil recovery processes.

Various methods for determining wettability of porous media were reviewed by
Anderson 2. Among these methods, the Amott method and the USBM method are accepted
quantitative methods and are widely used by core analysts. Both methods provide certain
rock wettability indices; however, they are time consuming and require a degree of
interpretation. Moreover, they are not suitable for determination of fractional wettability or
mixed wettability.

NMR relaxation methods promise fast and convenient tools in the measurement of
rock wettability. This method is based on the observation that the surfaces of porous media
contribute greatly to the NMR relaxation rates of fluids in the porous media. The strong
intermolecular interactions between solid surfaces and the nearby fluids have significant
influences on the thermal motion of the liquid molecules and cause their NMR relaxation
times to be shorter than that of bulk liquid. Furthermore, the strength of the intermolecular
forces between a given fluid and a wetting surface is very different from that between this
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fluid and a non-wetting surface. For example, the relaxation times of water, H2O or D70, in
a water-wet porous media are expected to be shorter than in an oil-wet porous media. We
thus anticipate that different values of NMR relaxation times will give us measures about
different wettabilities of porous media.

The measurements of NMR relaxation times Tq and Typ of both H2O and DO in
various bead packs and sand packs were reported by several groups 3-5, However, the
studies by different investigators gave seemingly conflicting results. Brown and Fatt 3 used
uncoated sand packs as water-wet porous media, and Dri-film treated sand packs as oil-wet
porous media; they measured proton spin-lattice relaxation time Tj of water (H2O) in each
of these systems. They found that water relaxed faster in the water-wet system than in the
oil-wet system. They also found that for mixtures of oil-wet and water-wet sands the
relaxation rate (1/T7) varied linearly with the percentage of oil-wet sand. Later, Saraf et al.4
observed similar behavior of water spin-lattice relaxation times in glass beads (water-wet)
and polymer beads (oil-wet) systems. These observations were consistent with original
expectations. However, more recent studies by Williams and Fung> showed an opposite
behavior. The latter investigators measured spin-lattice relaxation times in laboratory (T1)
and in rotating frames (Typ) of both HyO and D20, using uncoated glass beads as water-
wet systems and commercial coated glass beads as oil-wet systems. Their measurements
showed that proton relaxation times, T1 and Typ, were shorter in oil-wet bead packs than in
water-wet bead packs. However, their deuteron T, measurements showed similar behavior
as that of proton T} measured by Brown and Fatt, although with much less sensitivity.
Williams and Fung interpreted the abnormal proton relaxation times as the influence of the
methyl group in the coating material on proton relaxation. Since such methyl group
components exist in most reservoir oil-wet surfaces, they concluded that proton relaxation
times could not be used to characterize wettability of oil-wet porous media.

These contradictory results prevented application of NMR relaxation methods in
characterizing wettability of porous media. To understand the phenomena and to investigate
the possibility of applying such methods in reservoir rock characterization, we have
conducted extensive and systematic studies.

Our research consisted of two parts. In the first stage of the program we used
various bead packs with different wetting characteristics as model porous media, and
investigated the effects of different wetting surfaces on water NMR relaxation times in those
systems. After the extensive studies on model systems we further applied the technique on
rock samples and investigated the behavior of water NMR relaxation times in rocks with
different wettabilities. These studies will be discussed below.

NMR Relaxation Times in Model Porous Media
Model Porous Media

Five groups of beads were used to make up the model porous media in this part of
the study. Each group contains water-wet and oil-wet beads (Table 1). Bead packs were
made from 100% water-wet beads, or 100% oil-wet beads, or mixtures of water-wet and oil-
wet beads at different percentages. All beads were shivered such that their sizes were
between 44 and 62 micron. Group A is the same type of beads used by Williams and Fung,
and contains commercial coated (oil-wet) and uncoated (water-wet) glass beads. The oil-wet
beads in Group B were obtained in our laboratory by treating cleaned uncoated glass beads
with a silicone fluid, SF99 (GE Co.), at 400°F for several hours. The polymer beads in
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Group C, made of polydivinylbenzene, were obtained from Bangs Laboratory Inc. These
beads were water-wet when purchased, and could be treated to obtain oil-wet surfaces®.
Two crude oils, Syncrude Coker bitumen and Kuparuk crude oil, were used to prepare oil-
wet beads through the deposition of asphaltene and other polar compounds from the crude
oil onto uncoated glass bead surfaces (Group D and Group E). The general procedures to
deposit asphaltene on surfaces of the glass beads were similar to the methods described
elsewhere’. After such treatments, the glass beads were preferentially oil-wet.

In the NMR relaxation measurements, the closely packed bead pack sample was
saturated with either HpO or D20 before being put into the NMR apparatus. The spin-
lattice relaxation time in the laboratory frame, Ty, was measured using the inversion recovery
method. The spin-lattice relaxation time in the rotating frame, T1p, was measured using the
spin-lock method. A General Electric CSI imager was used for the NMR measurement.
The constant magnetic field was 2 Tesla which corresponded to a proton resonance
frequency of 85.54 MHz and a deuteron resonance frequency of 13.13 MHz.

Bead Pack Water-Wet Oil-Wet
Group A uncoated glass beads coated glass beads '
Group B uncoated glass beads uncoated glassS %egagds treated with
Group C polymer beads with silica layer polymer befgr;xég silica layer
Group D uncoated glass beads uncoategy%ll gﬁs dl;cab(iitsuxz;ted with
Group E uncoated glass beads uncoatelcé Eéiiikbeciiilgz?{ed with

Table 1. Model porous media of different wetting characteristics

Results and Discussion

In Table 2 we show the NMR relaxation times obtained for H2O and D0,
measured in various bead pack groups. Also listed in Table 2 are the corresponding
relaxation times of bulk water. To observe the effects of the porous medium surface on
NMR relaxation time, we would compare relaxation times of water in water-wet beads with
those in oil-wet beads of each group.

On the basis of wetting considerations, the relaxation times of water in an oil-wet
bead pack should be longer than that in a water-wet bead pack. However, Williams and
Fung reported opposite results in their measurements of proton (H20) relaxation times.
We observed similar behavior in our measurements of proton relaxation times in bead
Group A, which was the same type of beads as those used by Williams and Fung. This
indicated that some mechanisms other than wettability dominated the proton relaxation in
these bead packs. Williams and Fung attributed this additional mechanism to the dipole-
dipole interaction between the methyl groups in the coating surface and the water that
enhanced the relaxation of protons.
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Group Beads T1(H20] Thp(H20) T1(D20)] T1p(D20)
(sec) (sec) (sec) (sec)
Bulk Water 2.92 2.75 039 | 040
EEDE[ Cemeilmem | 135 | o3 | om | on
ot (eaned Coated 062 | 017 | 038 | o018
(wate(r:_wet) Polymer anzgzr 1.44 0.43 0.40 0.22
(oilwed) withons Sihicn ii;er 200 | 056 | 040 | 0.32
(oilowet) ng;%asghc;sl;iscﬁﬁd(s)ﬂ 034 | 017 | 039 | 025
(oil—I:::vct) Tlggtce%aﬁr? ?Ssa?ﬁﬁdéﬂ 2.15 0.60 037 024

Table 2. Relaxation times of model porous media saturated with water (HoO or D70). The
locking frequency for HoO Tip measurements was 5.0 KHz, and that for DO
T1p measurements was 4.2 KHz.

In order to check this claim, we studied the relaxation behavior of water in bead pack
Group B, where the oil-wet beads were generated by treating cleaned, uncoated glass beads
with SF99. The chemical properties of the silicon fluid SF99 are very similar to the
commercial coating material used in Group A. If the additional relaxation mechanism was
indeed caused by the methyl groups in the coating material, we would expect to observe the
same relaxation behavior of water in this group of beads. However, as shown by the data in
Table 2, all proton relaxation times measured in oil-wet beads of this group were
considerably higher than those measured in water-wet beads. These results dismissed the
explanation given by Williams and Fung regarding the additional relaxation mechanism.
Instead of the dipole-dipole interaction between the methyl group in the coating surface and
water molecules, we believe that the enhanced relaxation was caused by the magnetic
impurities left on the glass bead surfaces during the commercial manufacturing processes.
As we observed during the process of cleaning the uncoated glass beads, large amounts of
magnetic impurities were dissolved from the bead surfaces by the acid solution. If these
impurities were not completely removed during the commercial coating process, they would
have great effects on the water relaxation in bead packs. Such magnetic impurities were
carefully cleaned during the process of generating oil-wet beads of Group B, hence were not
a factor in the water relaxation experiments.

The measurements on the polymer beads, Group C, also confirmed that the proton
and deuteron relaxation times for oil-wet systems were higher than those for water-wet
systems, as shown by the data in Table 2. The similar relaxation behavior of water in Group
B and C, which had totally different surface compositions, suggested that water relaxes
faster in water-wet porous media than in oil-wet media.
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Table 2 also lists the relaxation times of deuterons (D70) in these bead packs. It
can be seen that deuteron relaxation behavior was quite different from that of protons. The
deuteron T values were almost the same in water-wet bead packs, oil-wet bead packs, and
bulk D20O. On the other hand, the deuteron Tjp, values were always larger in oil-wet
systems than in water-wet systems, although the magnitudes of the differences were small.

The different behavior of proton relaxation and deuteron relaxation can be
attributed to their different relaxation mechanisms and the nature of Ty and Typ. After
absorbing energy from the magnetic field during a NMR experiment, protons relax through
magnetic dipole-dipole interactions that can be either intra-molecular or inter-molecular.
Hence the proton relaxation can be affected by the external magnetic impurities. On the
other hand, deuteron relaxes mainly through intra-molecular electrical quadrupole
interaction. They are less affected by the external magnetic impurities. The different
relaxation mechanisms of protons and deuterons also may cause the number of deuterons
affected by surfaces to be less than that of protons. As a result the measured deuteron T
was dominated by the contribution from portions of D2O which were not affected by the
surfaces. The change in deuteron Typ in different bead packs was due to the fact that Tqp
was very sensitive to the slowly moving molecules near the surfaces. A more complete
discussion of the different relaxation behavior is given in our papers.8-9

We studied these effects further through tests on beads of Group D and Group E.
These two groups of beads resembled reservoir rocks in that the oil-wet surfaces were
generated by depositions of asphaltenes from crude oil. Tests on these groups of beads
would reveal the validity of applying NMR relaxation methods to determine reservoir rock
wettability. As shown by the data in Table 2, HpO relaxed faster in the treated bead pack
(oil-wet) of Group D than in the uncoated bead pack (water-wet), which was different from
that expected according to wettability considerations; the changes of D20 Typ agreed with
the expectation. Nevertheless, both proton and deuteron relaxation times measured in bead
packs of Group E agreed with expectations from wettability considerations.

The different behaviors exhibited by Groups D and E could be attributed to the
effects of ferro- and paramagnetic trace metals in the crude oils. The effects of
ferromagnetic (Fe, Co, Ni) and paramagnetic (Mn, V, etc.) impurities on proton Ty and Tqp
were significant. If trace metals existed in the crude oil, they would also be contained in the
deposited asphaltene layer on the glass surface. The relaxation due to the dipolar
interactions between the ferro- and paramagnetic ions and the H20 molecules would be the
dominant mechanism of the system. The trace metal contents in these crude oils (Syncrude
Coker bitumen used in coating beads in Group D, and Kuparuk crude oil used in coating
beads in Group E) were analyzed by the inductively coupled plasma (ICP) methods (Table
3). The Syncrude Coker bitumen showed very high concentrations of these impurities,
while the Kuparuk crude oil contained only small amounts of these ions. The ICP tests
confirmed our suspicion on the effects of trace metal on the NMR relaxation measurements.

Co Ni Fe v Mn Cu
Syncrude 0.817 11.10 269.6 106.7 6.495 1.925
Kuparuk ~0 15.5 1.2 49.3 0.14 ~0
ICP Limit 0.005 0.009 0.003 0.004 0.0008 0.003

Table 3. ICP analysis of Syncrude Coker bitumen and Kuparuk crude oil (in ppm).
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The relaxation measurements on mixed oil-wet and water-wet bead packs were
performed for bead Groups B, C, and E. Linear relations between the relaxation rates (1/T1
or 1/T1p) and the percentages of oil-wet beads were observed for HoO or D70 in all the
mixed-wet bead packs. The relation was shown by the following equation,

1_ Xy e
T T,

i,qil-wet

1-X
1

1, water-wet

ail-wet

where Tj can be proton Ty, Tqp or deuteron Tjp, and X is the fraction of oil-wet beads in the
sample.

1
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Figure 1. Relaxation rates of water in mixed beads of Group B versus percentage of oil-wet
beads. (a) proton T1-1; (b) proton T1pl; (c) deuteron Tp!
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The observed linear relations are demonstrated in Figure 1(a-c) for the Group B of
beads. These results suggest that NMR proton and deuteron relaxation time measurements
can be used to estimate the fractional wettability of porous media if relaxation times of
100% oil-wet and 100% water-wet are known.

In conclusion, we gave proper explanation to the previous contradictory results
through ouf extensive experimental study on model porous media using NMR relaxation
methods. Our study confirmed the expectation that the proton and deuteron relaxation
times can be used to characterize the wettability of porous media. When such systems are
free from ferro- or paramagnetic impurities, proton T appears to give the best sensitivity
among the relaxation methods tested. With the presence of magnetic impurities, deuteron
Tjp is recommended since impurities have much less influence on deuteron Ty than the
other relaxation processes. Linear relations between relaxation rates and fractional
wettability have been established for all of the NMR relaxation methods. This study
provides the foundations for the application of NMR relaxation in the determination of
wettability of reservoir rocks.

NMR Relaxation Times in Carbonate Rock Samples

Our studies on model porous media wettability demonstrated the capability of NMR
relaxation methods in characterizing wettability of porous media. However, actual rock
systems are much more complex than model systems. Factors that affect NMR relaxation
measurements, such as surface chemical composition and pore size distribution, can be quite
different in a wide range of different rock samples. It is therefore necessary to test the
techniques on actual consolidated rock samples to completely establish the methods.

Experimental Work

In order to determine the wettability of rock samples by the NMR relaxation, we
have designed the following experimental procedures. A rock sample would first be treated
to achieve a water-wet state, and then saturated with water or deuterium (H»O or D;0).
The NMR relaxation times of the water would then be measured. After these measurements
were made for the water-wet state, the same rock would be treated to be oil-wet, and similar
measurements conducted. These measurements provided the NMR relaxation times of the
wettability extremes. The final step of the experiment would consist of creating a rock
sample with mixed wettability, measuring the relaxation times of the waters in this sample,
and comparing the measured relaxation times with those of the extreme cases to determine
the degree of wettability of the sample.

The rocks used in our experiments included Indiana limestone outcrops (obtained
from Cleveland Quarries Company) and reservoir dolomite cores (obtained from Marathon
Oil Company and cleaned by conventional extraction methods). All rock samples were cut
into core plugs of one inch in diameter and one inch in length. The porosities and the
permeabilities of the cores were measured by the saturation method and by a TEMCO gas
permeameter, respectively (Table 4). To prepare 100% water-wet samples, core samples L4,
C2, and D2 were fired in a muffle furnace at 400°C for six hours. This procedure removed
any hydrocarbon film on the rock surfaces and made the rocks strongly water-wet.

Two methods were used to prepare oil-wet carbonate samples. In the first method,
the carbonate cores were flushed with 30 PV of 10% naphthenic acid in benzene solution,
then dried in a vacuum oven at room temperature. In the second method, the cores were
refluxed in the same solution at 80°C for four hours and then dried in the vacuum oven at
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room temperature. The naphthenic acid was believed to be chemisorbed and formed
calcium naphthenate at the carbonate rock surfaces. The treated cores were considered to be
oil-wet.10

Core Samples Porosity (%) Permeability
' (mD)
(Indiana limé;ione, unfired) 19.1 30
(Indiana limiﬁonc, unfired) 18.3 29
(Indiana lirrllfstonc, fired) 21.1 40
(reservoir-dg%)mite, fired) 28.1 726
(reservoir dlglimite, fired) 284 625

Table 4. Porosities and permeabilities of limestone and dolomite cores

To prepare rock samples for NMR relaxation measurements, the cores were put in
vacuum for eight hours before deionized distilled water, H20, (or deuterium oxide, D20)
was introduced into the evacuated container to saturate the cores overnight. These cores
were taken out of the water just before the NMR measurements. Excess water on the outer
surface of the cores was wiped clean with a tissue, and the core was wrapped tightly by
PARAFILM laboratory film to prevent any evaporation of water.

NMR relaxation times are affected by both the wetting characteristics of the media
as well as the pore geometry. In the tests here, the pore geometry was held fixed by
conducting comparative tests on the same rock sample. Each sample was first treated to be
strongly water-wet. NMR relaxation measurements were performed on the water-wet
sample, After the measurements, the same sample was treated with naphthenic acid to
obtain oil-wet surface. NMR relaxation measurements were then performed on the oil-wet
sample.

Results and Discussion

Unlike in bead packs, the relaxation data measured in rock samples could not be fit
with single exponential function to obtain relaxation times. This was because core samples
have much wider pore size distributions and water in different pores with different pore
sizes would relax at very different rates. Since the overall relaxation rate was observed in
the experiments, a single exponential function was often not enough to express the total
relaxation behavior. Among the various relaxation times measured, only deuteron T1p could
be determined by fitting relaxation data with a single exponential function. All other
relaxation times, proton Ty and Typ, and deuteron Ty, were obtained by fitting the relaxation
data with the stretched exponential function given by

M) = M,(1—(1- Z)exp(—TL)“P)

lﬂ
for Ty, where Z is used to correct for an inhomogeneous Hj field that produces incomplete
inversion by the 180 degree pulse, and
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M(t) = M, exp(— )*

T

lpﬂ

for T1p. The residual errors of the stretched exponential model in fitting rock relaxation
data were usually at least five times smaller than those of single exponential model.

The measured proton and deuteron relaxation times are listed in Table 5 and Table 6
respectively. The proton Ty and T, relaxation rates for oil-wet cores were about 50% less
than for water-wet cores. This trcn(f matched our expectations, i.e., water molecules next to
the oil-wet surfaces are less bound than those next to water-wet surfaces, and thus have

Jonger relaxation times. The carbonate rocks fired at 400°C have the most water-wet inner
surfaces and therefore the fastest relaxation rate. Furthermore, the naphthenic acid refluxed
carbonate rocks had higher relaxation times compared with the flushed cores. This
indicated that the reflux treatment at the boiling point of benzene (80°C) produces a more
oil-wet sample than the flush method at room temperature.

As expected, the deuteron Ty in oil-wet rock samples was longer than that in water-
wet samples. However, the deuteron Ty in oil-wet samples also showed slight increases
from that in water-wet samples. Such increases were not observed in the bead packs studied
earlier, nor was it reported by Williams and Fung in their bead pack studies. Considering
the wide variety of bead packs and different surface properties studied, it is reasonable to
believe that the observed difference in deuteron Tq between oil-wet and water-wet systems is
at least partially caused by the broad pore size distribution of the rock samples.

A paper was presented at the 67th SPE annual meeting in Washington, DC, October
4-7, 1992, summarizing this work.8

core samples Wetness | 1lar S o Tip, se¢ o

limestone L1 wWw 0.65 0.69 013 041
naphthenic acid {lushed L1 ow 0.83 0.72 0.16 045
limestone L2 WwWW 0.61 0.65 0.14 042
naphthenic acid flushed L2 ow 0.85 0.73 0.20 047
fired limestone L4 WW 042 0.63 0.16 0.46
naphthenic acid refluxcd LA Oow 1.06 0.72 027 0.52
fired dolomite C2 ww 0.46 0.57 0.13 045
naphthenic acid refluxed C2 ow 0.89 0.70 0.30 0.57
fired dolomite D2 wWwW 0.32 0.61 0.10 0.49
naphthenic acid refluxed D2 ow 0.67 072 0.24 0.59

Table 5. Proton”™ relaxation times T]Ol and TlPa ** for water-wet and oil-wet cores

(* Proton T at 85.54 MHz; ** Spin-locking at 5000 Hz)
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core samples Wetness | Ti,sec | Tlpg &€ Op
limestone L1 wwW 0.31 0.12 0.65
naphthenic acid flushed L1 ow 0.33 0.13 0.74
limestone 1.2 wWw 032 0.13 0.67
naphthenic acid flushed L2 ow 0.33 0.15 0.70
fired limestone L4 ww 0.32 0.13 0.67
naphthenic acid refluxed L4 Oow 0.35 0.18 0.76 -
fired dolomite C2 ww 0.28 0.12 0.64
naphthenic acid refluxed C2 ow 0.33 0.20 0.80
fired dolomite D2 ww 0.27 0.08 0.61
naphthenic acid refluxed D2 ow 031 0.18 0.80

Table 6. Deuteron™ relaxation times Ty and TlPa ** for water-wet and oil-wet cores

(* Deuteron Ty at 13.13 MHz; ** Spin-locking at 4167 Hz)

Achievements

For quite some time investigators have realized the potential of using NMR
relaxation methods to characterize porous media wettability, and have been talking about it
in papers and textbooks. However, insufficient knowledge about the associated techniques
plus the previous contradictory observations prevented application of the method. We have
conducted a comprehensive and thorough investigation on this subject. Our studies
demonstrated that NMR relaxation methods can indeed be used to determine wettability of
porous media. It is much faster and more convenient than the currently available methods
(Amott, USBM). We have applied the method not only to model porous media, as most
other investigators have done, but also to carbonate rock samples. The validity of the
method in rock samples as demonstrated by our study is a major step towards applying the
method as part of general rock characterization measurements. Two of the major problems
associated with this technique are the possible effects of magnetic impurities in rock
samples and the effects of different pore size distributions of various rocks. The former
problem can be partially solved by using deuteron relaxation methods. The latter problem
causes the NMR relaxation measurements to be rock dependent. Further research is
necessary to improve the technique and to provide an objective wetting index for porous
media.
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I1l. Imbibition and Solution Gas Drive Processes

Background

Conventional oil recovery methods, such as water flooding and other methods, are of
limited effectiveness in low permeability, fractured reservoirs. While these methods tend to
recover oil in fractures and in the immediate neighborhood of the fractures, they leave the
majority of oil in the low permeability rock almost untouched. A small portion of this
remaining oil can be recovered through a water soak imbibition process; however this
process is very slow and only marginally economical.

Recent studies of a carbonate water imbibition process have shown promising
results.!l The inclusion of CO, in water has several important effects. It alters the
interfacial properties between water and rock as well as between water and oil. It also
causes significant swelling of the oil phase and decreases the oil viscosity. The acidic
nature of the carbonated water can also clean up acid-soluble clay contamination in the pore
space and widen pore throats in carbonated rocks. All these changes are believed to be
beneficial for increasing imbibition rate and oil production. Furthermore, a gas drive
process can be induced during the production phase of the process (when TeServoir pressure
15 decreasing) to increase further the total amount of recovered oil.

The effectiveness of the solution gas drive associated with this carbonated water
imbibition/gas drive process was limited due to the high mobility of CO, gas relative to the
oil and connate water. The gas drive arises when the pressure is decreased during
production below the bubble point pressure of the CO2 in the water. With further
reductions in pressure, the gas expands and pushes the liquid phases, both oil and water, out
of the rock. If carbonated water is used alone in the process, the escape rate of the gas
phase can be very high and thus make the process less efficient. Furthermore, since most
reservoir rock is more oil-wet than water-wet, the imbibition rates, although enhanced over
those of pure water imbibition, are still low.

The carbonated water imbibition/gas drive process can be improved by adding
surface active agents to the carbonated water. Surfactants will greatly enhance the solution
gas drive process by 1) promotion of gas nucleation and evolution, and 2) reduction of gas
phase mobility through the in situ formation of a foam system. As aresult of the process,
the evolved CO, gas will provide a low mobility, highly efficient, solution gas drive
mechanism. Furthermore, the use of proper surfactants can alter the rock surface wettability
and make the system more water-wet and which in turn increase the imbibition rate.

Experimental Work

The experiments were designed to observe the oil recovery mechanisms in reservoir
rock associated with this imbibition and solution gas drive process. Nuclear magnetic
resonance imaging was used to monitor the spatial and temporal variation of oil saturation
within the rock samples during the process. The NMRI measurements were conducted in
a General Electric CSI imager with a two Tesla magnetic field corresponding to a proton
resonance frequency of 85.5 MHz. A field of view about 4 inches long was generated by a
readout field gradient of 1400 Hz/cm. All measurements were conducted under reservoir
conditions of pressure (2000 psi) and temperature (50°C). During the experiment,
imbibition fluids invaded the rock to displace the oil phase that was originally in the sample.
The imbibition was allowed to take place until no more changes in oil saturation were

85



observed. The solution gas drive was then conducted by decreasing the system pressure

from 2000 psig to O psig. By analyzing the recorded NMRI data, the effectiveness of the
process was evaluated. '

Typical oil saturation profiles within a rock sample during experiment are shown in
Figure 2. The NMRI intensity is proportional to the number of protons within the rock.
D»0, as they displaced oil during the experiment, were not detected by NMRI when the
resonance frequency was set at that of protons. Three profiles are shown in Figure 2.
Initial oil profile shows oil saturation distribution within the sample before the experiment
took place, The second curve shows the oil saturation distribution after the imbibition
process and before the solution gas drive. The third curve shows the oil saturation
distribution after the solution gas drive. The changes of oil saturation at various stages of
the experiment is clearly observable. These profiles demonstrate that NMRI is a direct and
convenient tool in detecting oil saturation changes within rock samples. The reference
sample is a 1/4 inch rock with known oil saturation, cased by epoxy. Using the known oil
saturation of the reference sample, the absolute oil saturation within the experimental rock
sample can be calculated.

Inital Oil Profile

N

N Reference Sample

Qil Profile After
Solution Gas Drive

O1l Profile After
; Imbibition

Sample Length (arb. unit)

NMRI Intensity (arb. unit)

Figure 2. Typical oil saturation profile within rock sample recorded by NMRI method.

A specially designed Hassler sleeve type core holder was constructed (Figure 3).
The high pressure and high temperature conditions were achieved by flowing high
temperature water, doped with MnCly, through the outer jacket of the core holder at high
pressure.

Dolomite outcrop rock was cut into core samples of 1 inch in diameter and 2.5
inches in length. To obtain the initial oil saturations corresponding to end-drainage
saturation, the cores were first saturated with DO and placed in the core holder. Oil was
then flushed through the samples under pressure to displace the D2O. An initial oil
saturation of about 60% was usually obtained using this method.
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Figure 3. Core holder diagram.

To compare the effects of different imbibition fluids, three groups of imbibition
fluids were used: 1) pure D,0; 2) carbonated D70O; and 3) carbonated D2O with surfactant.

Two types of oil were used in the experiments -- kerosene and crude oil. Kerosene
has a simple composition compared to crude oil, and was used in the initial studies to
observe the effects of different imbibition fluids on the imbibition and solution gas drive
processes. Later studies employed crude oil as the oil phase.

Two commercial surfactants were used in the experiments. Both belong to the
Chevron surfactant series which is promoted for use in CO,-foam processes. CD1050 was
used in the experiments using kerosene as the oil phase, and CD1045 was used in the
experiments using crude oil as the oil phase.

Results and Discussion
Surfactants

Chemical analyses of CD1050 and CD1045 were not available from the
manufacturer, nor were we allowed to analyze these samples as per our use agreement.
However, CD1050 is a non-ionic surfactant which has demonstrated effectiveness in COp-
foam processes. CD1045 is a later generation product made up of a mixture of non-ionic
and anionic surfactants. It has been shown to produce more stable foams than obtained
with CD1050. The surface tensions of these surfactants were measured at different
concentrations, and the critical micelle concentration (CMC) was determined (Figure 4).

87



— 50 5 1 ¥ T 1Tt ll T L} Ls LI il ] lll ] 1 L L SR
.S F © ]
o 45F -
5 f :
> 4ok CD1045 ]
o C ]
2 r o) .
g N -
o 35 -
B~ . o 3
[ - .
Q - R
s 30 ] —
= " © o o o
m 25: 1 [ L %1 II L 1 11 L 1 lll W | 1 1 L L1t
2 4 6 8 2 4 6 8 4 6 8
0.01 0.1 1
Surfactant Concentration (% wt.)
,g 60 [ L llllll] T 11 llllll LEBE R Illl‘l I T 1 II‘IIII L} LR lll_
L £ O .
g >°F ]
= o 56 ]
o 50 CD1050 —
-% - o 3
5 4s5f -
= VF ]
8 i o) ]
& 40F ]