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ABSTRACT

A large portion of the world's crude oil reserves is contained in
carbonate reservoirs. The addition of low concentrations of high
molecular weight, water-soluble polymers to injection waters has been
employed primarily in sandstones to increase oil recovery by improving
reservoir areal sweep and displacement efficiency. Based on a com-
prehensive study of the technical literature, very little experimental
work has been performed using polymers in carbonate rocks. A research
program was developed to investigate the application of polyacrylamide
as a mobility control agent in limestone and dolomite rocks.

The research program was divided into three phases. In the first
phase, limestone material obtained from three wells cored in the Lansing
and Kansas City Group was ezamined for adequate porosity and per-
meability to conduct laboratory core flood experiments. Twenty
polyacrylamides were tested for stability in sodium, calcium, and mag-
nesium chloride brine mixtures at 25°C (77°F) and 43.3°C (110°F) for
pericds up to seven months. Most of the polyacrylamides investigated,
were found stable in brines containing 27,300 ppm calcium ion and in
brines containing 78,700 ppm sodium ion.

In the second phase, ten core flood experiments were performed in
reservoir core samples from the Lansing and Kansas City Group, three in
Baker dolomite, and one in Berea sandstone. For sections of the core,
resistance factors and residual resistance factors to polymer and brine
were determined from pressure drop measurements. Both resistance fac-
tors and residual resistance factors were found to be significantly
higher in carbonmates than in Berea sandstone.

In the third phase, an attempt was made to relate rock microscopic
properties with macroscopic measurements determined from the core flood
experiments. Thin sections of the rock material flooded in the
laboratory were studied for mineral content, grains, textures, cements,
and porosities. The scanning electron microscope (SEM) was used to ex-
amine rock and pore cast samples for pore structure. Finally, mercury
porosimetery was used to measure the pore size distribution of rock
samples flooded in the laboratory. An attempt was made to correlate the
resistance factors and residual resistance factors to the geological
characteristics studied by thin sectioning, SEM, and mercury
porosimetery techniques.

Presented in this paper is a study of the technical literature and
each of the above described research phases. Conclusions drawn from the
experimental results and recommendations for future research are also
presented.

keywords: Baker dolomite; Lansing and Kansas City Group; carbonate; com-
patability; dolomite; limestone; mercury porosimetery;
polyacrylamides; polymers; reservoir core; residual resistance
factor; resistance factor; sandstone; scanning electron
microscope (SEM); stability; thin section; enhanced oil
recovery.
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Listen to the Exhortation of the Dawn!

Look to this Day!

For it is Life, the very Life of Life.

In its brief Course lie all the

Varieties and Realities of your Existence:

The Bliss of Growth,

The Glory of Action,

The Splendour of Beauty;

For Yesterday is but a Dream

And Tomorrow is only a Vision; '
But Today well lived makes i
Every Yesterday a Dream of Happiness,

And every Tomorrow a Vision of Hope.

Look well therefore to this Day!

Such is the Salutation of the Dawn!
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I was, being human, born alone;

I am, being woman, hard beset;

I live by squeezing from a stone;
The little nourishment I get.

-Elinor Hoyt Wylie




CHAPTER 1

Introduction

1.1 Background

With the rapid depletion of existing oil reserves, new methods have
been developed beyond waterflooding to improve oil production by
recovering additional amounts of oil-in-place from reservoirs. Polymer
flooding is one technique used to increase oil recovery.

A large portion of the crude oil reserves in Kansas reside in car-
bonate rocks. In response to an interest by Kansas oil producers to
recover additional oil from carbonate rocks, an experimental research
program was undertaken at the University of Kansas to investigate the
behavior of polymer flooding in carbonate rocks.

In polymer flooding, high molecular weight, water-soluble polymers
are added in 1low concentrations to injection waters to increase
viscosity and thereby reduce fluid mobility or ease-to-flow. An objec-
tive of polymer flooding is to control the injection or displacing fluid
mobility; thus the term mobility control. Mobility of the displacing
fluid is also reduced when polymer molecules become entrapped and ad-
sorbed on the rock surfaces. Reduction in the mobility of the
displacing fluid results in effective control of the paths which the
fluid travels, thereby enhancing both reservoir sweep and displacement
efficiency.

Two major types of polymers currently employed in polymer flooding

are the synthetically manufactured polyacrylamides and the biologically




produced polysaccharides or biopolymers. Little information exists con-
cerning the use of these polymers, especially in flooding carbonate rock
formations for enhanced oil recovery. The use of polymers in carbonate
rocks has been avoided because rock heterogeneities are numerous and
brine salinities are high. Rock heterogeneities reduce mobility control
because of low polymer adsorption and loss of the displacing fluid.
High brine salinities tend to cause polymer degradation and thus loss of
the polymer mobility control characteristics. The Kansas oil bearing
carbonate rock formations have characteristically high salinities and
numerous heterogeneities.

Since little information is available on polymer flooding in car-
bonate rocks and a large portion of the Kansas crude oil reserves reside

in carbonate rocks, this experimental research program was undertaken.

1.2 Objective and Scope

The objective of the experimental research program was to in-
vestigate various aspects of polymer flow which govern the use of water-
soluble polymer as mobility control agents in enhanced o0il recovery
operations in carbonate rocks. This study was limited to the investiga-
tion of polyacrylamide polymer flooding in both limestone and dolomite,
two forms of carbonate rocks, with the exception of one comparison flood
performed in Berea sandstone. Information available on polymer flooding
in sandstone rocks was only referenced for possible contribution to this
study.

In this paper, the experimental program is described. Suitable
polyacrylamides are investigated for use in laboratory core flood ex-

periments in carbonate and dolomite rocks. Recommendations are made on




the use of polyacrylamide polymers for application in carbonate reser-
voirs of high salinity. Resistance factors and residual resistance fac-
tors measured for carbonate rocks in the laboratory are presented.
Microscopic properties of carbonate rocks were determined from studies
using thin section, mercury porosimetery, and scanning electron
microscopy (SEM). These microscopic properties were then related to the
resistance effects of carbonate rocks to polymer and are presented

herein.

1.3 Organization of the Document

This document consists of five chapters and five appendices. In
Chapter 2 are presented the findings of an in-depth study of the polymer
and carbonate geological literature.

In Chapter 3, the experimental research program is presented which
was designed to study the flow behavior of polyacrylamide in carbonate
rocks. .

In Chapter 4 are presented the results of the experimental research
program and a discussion of the findings.

In Chapter 5, the findings of the experimental research are sum-
marized and recommendations are presented for direction of future
studies of polymers in carbonate rocks.

In Appendix A, the experimental procedures are described for the
mixing of polymer solutions.

In Appendix B, the procedure is presented for measuring and cal-
culating laboratory core air permeabilities.

In Appendix C, equations are given for the calculation of the

resistance factor and residual resistance factor from core pressure
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CHAPTER 2

Literature Review

2.1 Introduction

Since the recognition of the general need to improve oil displace-
ment and sweep efficiency in petroleum reservoirs, extensive research
has been conducted on the application of water-soluble polymers as
mobility control agents. A study of the polymer literature, however,
has revealed a lack of information concerning the use of water-soluble
polymers in carbonate rocks for enhanced o0il recovery techniques.
Specifically, the application of polyacrylamides in carbonate reservoirs
has been avoided. These reservoirs characteristically have high salinity
and low permeability, both conditions unfavorable to polyacrylamide use.
Most of the research was found to involve the use of biologically
produced polysaccharides or biopolymers and synthetically manufactured
polyacrylamides, two major types of polymer used in enhanced oil
recovery operations, in sands and sandstone Much of this work performed
in sand materials can be directly applied to carbonate rocks.

A computerized* search of the published literature was performed
using key words related to polymers, carbonates or limestones, and en-

hanced or tertiary oil recovery topics. The data bases searched were:

* Lockheed Dialog Information Retrieval Service, Palo Alto, California.
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* CA CONDENS (Corporation American Chemical Society) 1970-1971
* CA SEARCH (Corporation American Chemical Society) 1976-1980
* CLAIMS/CHEM 1950-1970

* CLAIMS/U.S. PATENTS 1950-1977

* COMPENDEX (Corporation Engineering Index Inc.) 1970-1980

* COMPREHENSIVE DISSERTATION ABSTRACTS 1861-1980

* CONFERENCE PAPERS INDEX 1973-1980

* ENERGYLINE (Corporation EIC Inc.) 1971-1978

* GEOARCHIVE (Corporation GEOSYSTEMS) 1974-1980

SCISEARCH (Corporation ISI Inc.) 1974-1980

The search identified over 500 publications concerning water-soluble
polymer application to enhanced oil recovery methods both in the
laboratory and in the field. Many unrelated topics were found and
discarded. References in the publications identified by the computer
search made to other published material were noted. These articles were
collected and examined for their technical content. Discussed in this
chapter are those articles found which directly relate to polymer flow
behavior in sandstones and carbonates and to carbonate geology. Ar-
ticles read but found not applicable to this work are 1listed in a

separate bibliography in Appendix E.

2.2 Polymers

2.2.1 General Description

The word polymer is derived from the Greek "polys" meaning many

* Citations in brackets point to a numbered bibliographic reference list.
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and '"meros" meaning parts or units [10]*. Polymers are high
molecular weight compounds formed from simple molecules called
monomers or single wunits. The molecular weight of the polymer
molecule is proportional to the degree of polymerization.

Two types of polymer frequently used in enhanced o0il recovery
processes [9] are the synthetically manufactured polyacrylamides and
biologically produced polysaccharides also called biopolymers. Both
polymers are long-chain macromolecules ranging in average molecular
weight between 1 and 30 million. Polyacrylamides are known to both
increase the viscosity of the injection fluid and reduce the per-
meability of the reservoir rock. Unhydrolyzed, partially hydrolyzed,
and anionic or cationic polymers manufactured by copolymerization of
acrylamides are used. Polyacrylamide is hydrolyzed by reaction with
sodium or potassium hydroxide. Polyacrylamides have the advantage
over polysaccharides of lower cost and reduced filterability problems
associated with polysaccharides. The chemical structure of portions
of these polymer molecules are shown in Figure 3.1.

Water-soluble polymers used in many of the enhanced oil recovery
operations are polar molecules capable of intermolecular and in-
tramolecular hydrogen bonding. A lack of crystallinity in the struc-
ture enables the polymer molecules to bond with other polar compo-
nents. Water can hydrate the polymer molecules by penetrating the
network and forming hydrogen bonds with available sites. During the
hydration process, solid polymer is added to water or brine and mixed
until the solution is formed. A rapid wetting of the surface of the

solid polymer causes the particles to swell and form a barrier to




Structure of Hydrolyzed Polyacrylamide
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Figure 3.1 Structure of the polyacrylamide and polysaccharide molecule.
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further hydration [10]. Insoluble aggregates called "fish eyes" or
"gel balls" are formed which can plug injection faces. Fish eye for-
mation can be eliminated by increasing the surface area of water to
polymer by vigorous agitation of the water and slow addition of the
polymer.

Burcik [4,7,8] and Lynch and MacWilliams [31] found the presence
of gel-like particles or microgels in prepared polyacrylamide solu-
tions. Both investigators found microgels to be detrimental to
polyacrylamide performance. Burcik and Walrond [4] suggests that
microgels were formed by cross-linking of the polymer molecules into
larger gel-like aggregates during the drying process. He noticed
that the amount of microgels present increased with increasing degree
of hydrolysis of the polyacrylamide. Burcik [7,8] later studied-the
mechanism of microgel formation and found polymer cross-linking to be
caused by anhydride linkages resulting from the elimination of car-
boxyl groups. Burcik [8] also discovered the formation of imide
cross-linkages from amide and carboxyl groups. Both Burcik [7] and
Lynch and MacWilliams [31] found microgel structures to be three
dimensional stiff networks.

Both fish eyes and microgels can conceivably plug porous media
during polymer flow if the pore throats are smaller than the size of
these particles. Proper mixing and filtration procedures can

eliminate fish eyes and microgels from polymer solutioms.

2.2.2 Polyacrylamide Stability

Polyacrylamides are reported in the literature to be subject to

thermal and divalent metal ion degradation. To be effective, the




polymer must remain in solution during the life of the flood at the
reservoir temperature and salinity.

Davison and Mentzer [15] screened over 140 different polymers,
among which included the general class of polyacrylamides, for com-
patibility with deoxygenated sea water from the North Sea. Most of
the tests were conducted at 90°C (194°F) in sealed glass ampoules in
which all the polyacrylamide solutions formed white precipitates
within 60 days. The authors cite a study by Mentzer and Meldrum [36]
investigating the dependence of precipitation on metal ion type, tem-
perature, and degree of hydrolysis. In this study, calcium and mag-
nesium ions were found to cause the precipitation of polyacrylamide.
Precipitation was not observed in distilled wa£er or in 30,000 ppm
sodium chloride solutions after 500 days. The addition of high con-
centrations (more than 15,000 ppm) of EDTA, a divalent metal ion com-
plexing agent, prevented precipitation of the polyacrylamide from sea

water. Major elements present in sea water are as follows,

Element ppm
Cl 18,980
Na 10,562
Mg 1. 272
S 884
Ca 400
K 380
Br 65
C 28
Sr 13

Precipitation was not prevented by the addition of 200 ppm of sodium
dithionite oxygen scavenger. Davison and Mentzer [15] investigated
the effect of temperature on polyacrylamide with a 31% degree of hy-

drolysis and found the polymer solutions unstable above 70°C (158°F).
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The authors found a linear relationship existed between degree of hy-
drolysis and precipitation time for 1000 ppm polyacrylamide solutions
in sea water at 90°C. The addition of Ca' and Mg+2 ions to clear
polyacrylamide solutions .in distilled water which were 43% and 65%
hydrolyzed caused immediate precipitation. Davison and Mentzer
propose that amide groups on the polyacrylamide molecules are hy-
drolyzed at higher temperatures to carboxylate groups which then can
interact with divalent metal ions forming the insoluble salt. A 1%
hydrolyzed 10,000 ppm polyacrylamide solution in distilled water and
sealed in a glass ampoule at 90°C for 130 days released ammonia and
the degree of hydrolysis of the polymer increased to 42%. The addi-
tion of calcium chloride to the clear solution gave a precipitate in
which the calcium concentration corresponded to a 42% hydrolysis
level as determined by titration.

M. H. Akstinat [1] tested about 340 different polymers of
various classes for application in reservoirs of extremely high
salinity (more than 165,000 ppm total dissolved solids) and high tem-
perature (up to 80°C; 176°F). The polyacrylamides and partially hy-
drolyzed polyaérylamides were among the most difficult to dissolve.
Fe+2 was found to cause coagulation of the polyacrylamide. The addi-
tion of small quantities of EDTA prevented the coagulation process.
Akstinat requires that oxygen be eliminated from polyacrylamide solu-
tions to prevent degradation. Dissolved carbon dioxide in his syn-
thetic brine eliminated the need for reducing agents and stabilizers

like sodium-dithionite, hydrazine hydrate, or thiourea.
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R. D. Shupe [52] investigated the chemical stability of Dow
Pusher 500, a partially hydrolyzed polyacrylamide, in Sundance field
brine at 46°C (115°F). He tested the effects of some 15 different
components present during field injection of the polymer solution.
The field brine contained about 10 ppm hardness (6 ppm Ca+2 aéd 4 ppm
Mg+2) and 3,841 ppm total dissolved solids. Among the components
tested for compatibility with the polymer solution were metals, fer-
rous and ferric iron salts, and oxygen. The thermal stability of the
polymer solution was also evaluated. Stability of the polyacrylamide
solution was determined by viscosity and screen factor measurements.
Precipitation of the polyacrylamide from solution was not apparent
for the salinity and temperature conditions tested.

Most investigators of the chemical stability of polyacrylamide
solutions in highly saline brines and at high temperatures found this
class of polymers unsuitable for polymer flooding application. High

2

temperature and divalent metal ionms (Ca+2, Mg+ , and Fe+2), caused

precipitation of the polyacrylamide solutions.

2.2.3 Polymer Rheology

Viscosity

The viscosity of a fluid is defined as the proportionality con-
stant relating the force per unit area or shear stress and the
velocity decrease with distance or shear rate for a fluid sheared
between two parallel plates [2]. For a Newtonian fluid, the shear
stress is directly proportional to the shear rate. For a non-
Newtonian fluid, the viscosity is dependent on shear rate and is

termed the apparent viscosity. Mungan [39] defines an apparent rela-
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tive viscosity for polymer solutions as the ratio of the measured
polymer viscosity to the measured solvent viscosity.

Burcik [6,5] reports that ionizable carboxylate, COONa, groups
have a marked effect on the degree of coiling of the polymer
molecules when they are dissolved in water. The degree of coiling
determines the viscosity of the solution and is a function of
molecular weight, acid-amide ratio, ionic strength, and pH.

Pseudoplaticity

Polymer molecules have been represented [60] as random
statistical coils in solution. The coils are free to change con-
figuration under an imposed shear force. The polymer solutions ex-
hibit a shear thinning or pseudoplastic behavior.

Mungan [40,39,38] investigated the pseudoplastic behavior of
polymer solutions of various polymer molecular weight, concentration,
and brine salinity. Mungan discovered that higher molecular weight
polymers had a higher viscosity and greater dependency on shear rate.
Mungan [40] found increasing polymer concentration to increase ap-
parent viscosity and polymer shear rate dependency. He related this
effect to the size, shape, and interactions of the polymer molecules.
Also at low shear rates [38], the polymer viscosity is highly depen-
dent on molecular weight.

Salinity Effects

In the presence of an electrolyte such as sodium chloride, the
electrostatic repulsion between carboxylate groups on the polymer
molecule is shielded. The polymer coils change from a distended con-

figuration to a spherical shape. Mungan [40,39,38] discovered that
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the viscosity and shear rate dependency decreased as sodium chloride

was added to the polymer solutions. Research performed on a 25 per-
cent hydrolyzed polyacrylamide [38] showed sodium chloride to reduce
polymer solution viscosity and pseudoplasticity; however, divalent
ions affect both parameters to a greater extent. Gogarty [23] also
found divalent cations have a stronger effect on reducing polymer
viscosity than monovalent cations. Szabo [56] found that the addi-
tion of sodium tripolyphosate (STP), a sequestering agent, did not
reduce the effect of calcium ion on the shear rate dependency of
polymer.
pH Effects

Mungan [39] found that a lower solution pH gave lower apparent
viscosity for polymer solutions. Sparlin [54] also found that in-
creasing pH caused increased solution viscosity. Szabo [56] however,
discovered pH had little effect on polymer viscosity over flow rate
ranges encountered in most reservoirs. The control of solution pH
was not considered important for fluids used in the experimental
study discussed in this paper.

Pseudo-dilatency

Burcik [6,5] found that partially hydrolyzed polyacrylamides
were dilatent during flow through porous media if the polymer was ad-
sorbed or entraped. Dilatent materials increase in viscosity with
increasing rate of shear. This behavior was not observed in straight
capillary tubes. Also, Burcik reports the flow of polymer solutions

of about 500 ppm concentration in brine is Newtonian.
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Burcik calls this type flow in porous media pseudo dilatent
flow. It occurs because the bound polymer molecules are opened or
uncoiled under the imposed velocity gradients within the pore chan-
nels and more of the molecules uncoil as the pressure drop increases.
Burcik suggests this behavior should increase the efficiency of a
displacement process in non-homogeneous porous media and porous media
having a range of pore sizes.

The flow rates employed by Burcik [5] were from 3.1 to 16.8 m/da
(10 to 55 ft/da). Smith [53] discovered polymers were dilatent at

rates of 3.1 m/da or greater.

2.2.4 Mobility Control

Nonuniform permeabilities in the vertical direction of the
reservoir causes injected fluids to travel more rapidly through the
more permeable zones. A measure of the uniformity of water invasion
is the verical sweep efficiency, E;, defined by Craig [13] as the
cross-sectional area contacted by the injected fluid divided by the
cross-sectional area enclosed in all layers behind the injected fluid
front. The vertical sweep efficiency is a two-dimensional measure of
the reservoir nonuniformities. The volumetric sweep efficiency, Ev,
a three-dimensional measure of reservoir nonuniformities, is defined
by Craig as the pore volume contacted by the injected fluid divided
by the total pore volume of the pattern.

Darcy's law is used to describe the flow of fluids in porous
media. The proportionality factor relating the velocity of a fluid
to the pressure gradient in Darcy's law is the fluid mobility. The

fluid mobility [13] is the effective permeability of the rock to that
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fluid divided by the fluid viscosity. A mobility ratio, M, can be

defined for two fluids as the ratio of the displacing fluid mobility
to the displaced fluid mobility. It is the objective during the
flooding of a reservoir to control fluid mobility and thus control
the direction of movement of the fluids. Water-soluble polymers are
added in low concentration to injection water to improve oil recovery
by increasing reservoir sweep and displacement efficiency. D. J.
Pye [46] and B. B. Sandiford [48] first introduced the use of
polymeric additives to reduce the mobility, the ability to flow, of
the water or brine during waterflooding processes and thereby lower
the water-oil mobility ratio. Dilute polymer solutions have been used
effectively to control the movement of £l enhanced oil recovery

operations.

2.2.5 Mobility Reduction

Dilute solutions of polyacrylamide can improve oil recovery by
reducing the water mobility. Mobility reduction is achieved
by [14,23,4,39,53,62,41] increasing the solution viscosity and, more
importantly, by reducing the effective permeability of the reservoir.
Reduced mobility of injected fluids causes more efficient oil
displacement and improved sweep efficiency of non-linear displace-
ments. Maerker [33] and Smith [53] define mobility reduction as the
ratio of prepolymer brine mobility to the mobility of the polymer
solution. Maerker [33] describes mobility reduction as a
viscoelastic effect caused by the increased normal stresses developed
in the elongational flow pattern. Mungan [40] found the mobility

reduction to depend on sodium chloride content, pH, capillary proper-
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ties of the rock, and shear rate.

Gogarty [23] describes a three-step mechanism for permeability
reduction. (1) During flow stabilization, polymer is retained by ad-
sorption on the rock surface and mechanical entrapment at the smaller
pore openings. (2) After flow stabilization, polymer solution flow
takes place between pores through the larger openings. (3) Polymer
solution stops flowing through the smaller openings between pores and
the rock permeability is reduced. White [62] also attributes
physical plugging to the mechanism of mobility reduction.

The geometry of the porous media has been found to affect the
permeability reduction by polymer solutioms. Pye [46] and
Jennings [27] found permeability to be reduced by polymer solutions
only in  tortuous passages and not in straight capillaries.
Jennings [27] found polymer effectiveness to decrease as the pore
sizes increased. White [62] suggests the pore size, pore size
distribution, and tortuosity affect the magnitude of the permeability
reduction. Mungan [40] found permeability reduction greater in sin-
tered glass discs of smaller pore openings. Smith [53] discovered a
greater mobility and permeability reduction in lower permeability
cores. Smith suggests, however, that pore size distribution and pore
geometry of interconnections should be used to correlate polymer ef-
fects on porous media.

A measure of the effect of polymer solutions or mobility and
permeability reduction are the resistance factor and residual
resistance factor. Jennings [27] defines the resistance factor as

the decrease in mobility of a polymer solution in comparison with the
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flow of the water or brine in which it was prepared. The residual
resistance factor is defined as the decrease in mobility of water
that follows a polymer solution to water flow before the flow of the
polymer solution. White [62] found polymer type, degree of hy-
drolysis, and concentration to control both resistance factor and
residual resistance factor. Both factors are experimentally ob-

tained by pressure measurements during polymer and brine flow.

2.2.6 Adsorption and Retention

Polymer retention is known to occur in porous media by adsorp-
tion, mechanical entrapment, and hydrodynamic retention [64]. Ad-
sorption of polymer occurs due to the attraction the molecules have
for a charged surface. As polymer solutions flow through the porous
media, the molecules are mechanically entraped because of their large
size in relation to the size of the pores. Gogarty [23] reports most
polymer units are between 0.5 and 1.5 micrometers. Hydrodynamic
retention is used to describe polymer retained due to a flow rate
dependency. Dominguez and Willhite [17] saw polymer produced from a
teflon core when the flow rate was reduced.

Meister [35] studied the effect of rock matrix on retention of
polyacrylamide in Berea sandstone, Baker dolomite, and Georgia ka-
olinite. He attributed observed retention to (1) hydrodynamic reten-
tion, (2) entrapment, and (3) surface adsorption. (1) Hydrodynamic
retention was caused by what Meister called a recirculation vortex
created during flow which trapped the polymer molecules. The hy-
drodynamic effect was absent in dulute polymer solutionms. (2) For

Meister's floods, entrapment was plugging of the pores by the polymer
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molecules. (3) Surface adsorption occurred by electrostatic attrac-
tion or coordinate bonds between the polymer molecules and the sur-
face. Entrapment and surface adsorption were controlled by (a) the
nature of the surface, (b) the polymer type, and (c) the solvent.

Meister [35] investigated the adsorption of unhydrolyzed
polyacrylamide and hydrolyzed polyacrylamide on Baker dolomite and
found the unhydrolyzed polymer adsorption to be 17 % and the hy-
drolyzed polymer adsorption to be 94.6 %. Meister attributed the
higher adsorption of the anionic polyacrylamide to an attraction of
the molecules for the net positively charged surface of the dolomite.
Sparlin [54] also found anionic polyacrylamides to adsorb highly on
calcium carbonate. In Meister's study [35], the surface charge and
accessible surface area control retention.

Smith [53], Szabo [57], and Meister [35] found increased sodium
chloride concentration caused increased polyacrylamide adsorption.
Meister [35] attributed this effect to the brine becoming a less ef-
fective solvent as the salinity was increased. Mungan [39] reports
on the other hand less adsorption out of brine solutions of the
polymer than from distilled water solutions. According to Mungan,
the NaCl satisfies charges on the surface and thus reduces adsorp-
tion. Smith [53] found a low concentration of calcium ion promoted
the adsorption of polymer onto silica yet the effect was diminished
by high NaCl concentrations. Smith visualized a competition between
calcium and sodium ions for adsorption. A small amount of calcium
ion (400 ppm) inreased the adsorption of a polyacrylamide of

molecular weight of 3 million on calcium carbonate in a 10 % NaCl
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brine. Smith suggests the addition of calcium ions lowered the solu-
tion pH and increased adsorption of hydrogen ions which in turn
promoted polymer adsorption.

In static adsorption tests of partially hydrolyzed
polyacrylamide on calcium carbonate and silica, Szabo [56,57] found
adsorption to be significantly higher on the carbonate than on silica
for the same surface area. Retention values in his carbonate packs
were three times the adsorption values indicating mechanical entrap-
ment to be the dominant retention mechanism. Sparlin [54] reports
most of the permeability reduction in calcium carbonate packs was due
to adsorption because average pore sizes were 16 micrometers; a size

much larger than the size of polymer molecules.

2.2.7 Inaccessible Pore Volume

High molecular weight polymer molecules do not flow through all
the connected pore space in reservoir rocks. Polymer molecules are
large in size relative to solvent molecules and pore in the rock and
cannot enter this portion of the pore space. In addition, some of
the polymer molecules are retained due to adsorption and mechanical
entrapment. This volume occupied by the polymer contributes to what
is called the inaccessible pore volume.

Dawson and Lantz [16] measured inaccessible pore volume in con-
solidated sandstone to be 30 %. The inaccessible pore volume allowed
changes in polymer concentration to be propagated through the porous
media more rapidly than similar changes in salt concentration.

Dawson and Lantz also found the inaccessible pore volume effect was

opposed by adsorption of polymer on the rock.
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Szabo [58] measured the inaccessible pore volume to
polyacrylamide in consolidated sandstone and unconsolidated sand
packs to be between 25 and 28 %. Dominguez and Willhite [17] used
the method of Dawson and Lantz [16] to measure inaccessible pore
volume in teflon cores and found it to be 19 %.

Shah, et al. [51] investigated the mechanism causing inac-
cessible pore volume. Inaccessible pore volume was found to decrease
with increasing polymer concentration in Berea sandstone cores. It
was proposed that inaccessible pore volume depends on molecular size,
shape, and interactions with flowing and retained polymer. The hy-
drodynamic size of polymer coils is largest in dilute solutions and
thus increases the amount of inaccessible pore volume. Also as the
polymer concentration increases, the interactions between polymer
coils increase. The net effect is to reduce the velocity of polymer
coils and thereby reduce the effect of inaccessible pore volume on
polymer velocity.

Jennings [27] found that polymer reduced the permeability of the

rock yet did not reduce the effective pore volume.

2.3 Mechanical Degradation

Dilute polyacrylamide solutions are viscoelastic fluids which
behave partially like viscous liquids at low rates of deformation and
partially like elastic solids at high rates of deformation [33].
Polyacrylamides are composed of segments of randomly coiled, long-chain
polymer molecules that are entangled with each other. The molecules are
stretched as they move through contrictions in the pore space. If the

stretch rate is large enough such that the time scale of deformation is
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short and on the order of the natural relaxation time of the molecules,
the entangled molecules do not have time to unravel. Large stresses
build up until the polymer molecules rupture. This process is called
mechanical or shear degradation. Seright [50] describes mechanical
degradation to occur when fluid stresses become large enough to fragment
the polymer molecules resulting in an irreversible loss of viscosity and
resistance factor.

Maerker [33] investigated the cause of mechanical degradation of
dilute polymer solutions by studying the effects of polymer concentra-
tion, water salinity, permeability, flow rate, and flow distance in con-
solidated sandstone. Maerker found that mechanical degradation became
more severe with larger fluxes, longer dimensionless flow distances, and
lower brine permeabilities. Maerker described these effects using a
correlation based, in part, on a theoretical viscoelastic fluid model
and an analysis of the deformation of the polymer molecules in porous
media.

Maerker [32] extended his previous work [33] to include mechanical
degradation in unconsolidated sand packs. Maerker studied the effects
of porosity, permeability, length, and flow rate on mechanical degrada-
tion of partially hydrolyzed polyacrylamides in sand packs. He found
that mechanical degradation became more severe with larger fluxes,
longer dimensionless flow distances, lower porosities, and lower brine
permeabilities. Maerker's improved correlating group showed that
degradation correlates with porosity by a power law.

Morris [37] studied mechanical degradation in sandstone plugs and

sandpacks. He found that polymer shear degradation can be correlated by
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plotting percent loss in screen factor versus the stretch rate times the
dimensionless flow distance raised to the Mth power where M is the
average polymer molecular weight divided by 107. The screen factor is
defined by Jennings [27] as the ratio of flow time of polymer solution
to flow time of solvent in a screen viscometer. A typical screen
viscometer [28] has a pack of five 100-mesh stainless steel screens.
Morris [37] found M to be independent of concentration from 500 to 2000
ppm. Mechanical degradation was dependent on concentration, with the
higher concentrated polymer solution exhibiting the least degradation.

Smith [53] tested the effect of calcium ion on the flow of par-
tially hydrolyzed polyacrylamide solutions. Calcium lowered the effec-
tiveness of the polymer and caused further degradation at high rates.
According to Smith, the calcium ion reduced the polymer solution
viscosity and permitted higher flow rates and thus increased mechanical
degradation.

Sparlin [54] found polyacrylamides to be shear sensitive. He
discovered however, that shearing of the polymer solution did not affect

the ability of the polymer to alter permeability.

2.4 Carbonate Rocks

2.4.1 General Description

Three main types of rocks, each formed in a different way, are
igneous, sedimentary, and metamorphic rocks [59]. Sedimentary rocks,
rocks most common in Kansas, are formed by the wearing down of other
pre-existing rocks into small particles or sediment and by the later

deposition, compaction, and cementation of these particles. Car-
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bonate rocks and sandstone or quartz based rocks form the two major
types of sedimentary rocks.

Carbonate rocks, so named because of the presence of carbonate
ion, CO3-, usually originate from marine deposits consisting mainly
of animal shells. These rocks have a very complex structure composed
of many carbonate minerals. Three minerals found in most abundance
are calcite, aragonite, and dolomite. Calcite and aragonite are both
composed of calcium carbonate or CaC03. Calcite crystals are hex-
agonal while aragonite crystals are orthorhombic. Dolomite is com-
posed of the mineral dolomite or CaMg(COs)z. Calcite can also form
the cement material in sandstones as well as carbonate rocks.
Crystals of aragonite occur as radiating groups of fibrous or needle-
like shapes. The white pearly layer found inside many sea shells is
aragonite. Aragonite is wusually the original form of calcium car-
bonate deposited but is easily dissolved and later converted to the
more stable form of calcite. Dolomite crystals are rhomb-shaped
having curved surfaces and usually result from the dissolution of
calcite with the subsequent precipitation of dolomite. This process

known as dolomitization [11] can occur according to the reaction

SI=k

+ Ca

2CaC0, + Mg ' --> CaMg(CO

3 3)2

Dolomites are light colored and fine-to-coarse grained rocks. Pure
dolomite [11] is composed of 45.7% MgCO3 and 54.3% CaC03. Some
dolomite rocks are formed by wave action on older dolomites. Other
carbonate minerals present include magnesite, MgCO3, ankerite, (Ca,

Mg, Fe)COs, siderite, FeCOg, rhodocrosite, MnCO;, and smithsonite,
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ZnCO3 [63].

Until now, rocks of the nature described above have been
referred to as carbonate rocks. In the litrature, authors have used
the terms limestone and carbonate rock interchangeably to name this
type of sedimentary rock. Much of the confusion in nomenclature may
have resulted from the very complex composition and nature of these

rocks. A limestone is defined in the Dictionary of Geology [63] as

"any sedimentary rock consisting essentially of carbonates and com-
posed mostly of calcite, dolomite, and small amounts of iron-bearing
carbonates."

Both Feray and Whitten [20,63] describe limestones as rocks con-
sisting of calcite, aragonite, and magnesium-calcium carbonate or
dolomite. The distinction has also been made classifying Ilimestone
and dolomite as compositional divisions of carbonate
rocks [11,24,25,30]. Limestone, then, is composed of 50% or more of
carbonate minerals with most of these minerals being calcite and
aragonite. An abundance of the mineral dolomite, 50% or more, would
classify the rock as a dolomite as proposed by Chilingar and
Horowitz [11,25]. Limestones have been classified [63] into three
groups; 1) organic, 2) chemical, and 3) detrital or clastic. Organic
limestones consist of the skeletal remains of organisms which
secreted calcium carbonate. Limestones of the second group were
formed by chemical precipitation of dissolved calcium carbonate.
Whitten [63] defines clastic limestones as "mechanically deposited
carbonate rocks made up essentially of fragments of organic carbonate

or a pre-existing limestone rock".
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The uncertainty of what constitutes a limestone, dolomite, or

carbonate still remains. In many uses the differences are subtle.
Therefore, for the purpose of this paper in classifying these rocks,
a limestone is defined to contain mostly c a dolomite mostly the
mineral dolomite. Both Ilimestones and dolomites constitute the
general class of rocks composed of carbonate minerals and called car-

bonate rocks.

2.4.2 Classification of Carbonates

Carbonate rocks are extremely complex because initial
depositional patterns are complicated and varied and because post-
depositional processes can extensively alter porosity and per-
meability. Many systems have been devised to classify this large
group of sedimentary rocks. Most of these classification systems, as
proposed by Horowitz [25], involve four fundamental building blocks
for carbonate rocks, the 1) framework, 2) mud, 3) cement and
4) pores. The framework, also called the skeleton or grains of the
rock, is made up of discrete particles of sediment. The mud or lime
mud refers to the small, silt-sized particles filling any void space
in the rock. The term matrix has been used for mud when it fills the
interstices between larger grains [29]. Chemically precipitated ce-
ment, most often calcite, cements grains together and fills in void
space by crystal growth. The pores of the rock are openings
remaining between the rigid framework and can be partially or totally
connected. These pores and pore connections constitute the pore

system or porosity of the rock and account for the ability of the
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rock to store and transmit fluids. Classification systems for car-
bonates are divided into two groups; systems based on rock clas-

sification and those based on porosity classification.

Rock Classification

The most widely used carbonate rock classification systems are
those of R. L. Folk [21,22] and R. J. Dunham [19]. Folk's clas-
sification is based on the nature of the limestone matrix and on the
types of particles present. Folk's system of classification groups
carbonate constituents into three main groups; 1) allochems,
2) carbonate mud, and 3) sparry calcite cement. Allochems are the
framework particles of the rock and include shells, oolites, and car-
bonate pellets. Oolites are spherical to elliptical coated grains
less than 2 mm in diameter and formed by chemical precipitation of
calcite around a nucleus. Pellets are silt-sized (0.04 to 0.08
mm [22]) grains of micrite or mud. The carbonate mud, also called
microcrystalline ooze or micrite, is the clay-size (1 to 6 mm [22])
matrix consisting of fine detrital or clastic organic fragments and
chemical precipitates. Mud is present in carbonates deposited in a
low energy environment (low currents). The sparry calcite cement
fills the pore space and cements the carbonate grains together. Folk
also classifies clastic limestones according to particle size using

the following nomenclature and scale.

+ calcirudites - 2 mm and above

« calcarenites - 0.0625 to 2 mm
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* calcilulites - less than 0.0625 mm

Dunham's system of carbonate rock classification [19] defines
class names based on depositional texture. Four major groups defined
for detrital carbonates are defined according to the relative propor-
tions of grains to lime mud or matrix and depending on whether the
grains are in contact with one another (grain-supported) or not (mud-
supported). They are mudstone, wackestone, packstone, and grain-
stone. Mudstone is carbonate rock composed of carbonate mud with
less than 10% grains and is originally deposited in a calm environ-
ment. Wackestone is a mud-supported carbonate rock containing more
than 10% grains. Packstone is a grain-supported carbonate rock with
a carbonate mud matrix. Grainstone is a mud-free carbonate rock
which is grain-supported. Dunham, through this system of rock clas-
sification, has attempted to describe the distribution and origin of
porosity in carbonates.

Porosity Classification

The word pore, derived from the Greek word "poros" meaning pas-
sageway, refers to the local enlargements in the void space of the
rock [12]. Pore throats are the constricted openings which serve as
the pore interconnections. These pores and pore throats constitute
what is called the pore system of the rock. The pores, according to
Choquette [12], constitute most of the porosity and fluid storage
volume of the rock while the pore throats control rock permeability.
He defines three classes of regular pore shapes; 1) micropores,
2) mesopores, and 3) megapores. The size classification of these

pores is as follows.
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* micropores =~ less than 0.0625 mm
* mesopores - 0.0625 to 4 mm
* megapores =~ 4 to 256 mm

The size, shape, and distribution of the pores can be described by
macroscopic and microscopic visual observation. The pore throats are
difficult to visualize but can be measured quantitatively by capil-
lary pressure techniques. The porosity encompasses all openings in
the mineral framework of the rock [12]. The porosity also has been
referred to as the pore system and includes fractures as well.
Primary and secondary porosity are two types found in carbonate
rocks. Primary porosity includes all pore space present after fimal
deposition while secondary porosity refers to porosity created after
deposition as defined by Choquette [12]. Solution vugs ,defined
below, and fractures are two common types of secondary porosity.

A widely used system of porosity classification for carbonates
is that of P.W. Choquette and L.C. Pray [12]. Choquette and Pray
classify porosity according to size, shape, and distribution of
pores. Their genetically oriented system defines 15 porosity types;
seven of which are most abundant in carbonate rocks. These seven
types are 1) interparticle, 2) intraparticle, 3) intercrystal,
4) moldic, 5) femestral, 6) fracture, and 7) vug porosity. Interpar-
ticle is porosity between the individual particles or grains. Inter-
granular porosity is often used synonymously with interparticle
porosity. Choquette suggests that the grains in intergranular car-
bonate rocks be coarse (0.004 to 0.06 mm). Interparticle porosity,

as preferred by Choquette, has no lower or upper size limitations.
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Intraparticle porosity is porosity within the individual particles or
grains and is abundant in carbonate rocks. Intercrystal porosity is
porosity between crystals as found in many porous dolomites.
Fenestral porosity consists of openings larger than the grain-
supported interstices. Fracture porosity is formed by fracturing or
cracking of the rock and is one common type of secondary porosity
found in carbonates. Vugs are void spaces in the rock created by
dissolution of the carbonated material. The<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>