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ABSTRACT
NIPER was contracted by the U. S. Department of Energy Bartlesville (Okla.) Project Office
(DOE/BPO) to identify research needs to increase production of the domestic oil resource, and
K & A Energy Consultants, Inc. was subcontracted to review EOR field projects. This report
summarizes the findings of that investigation.

Professional society and trade journals, DOE reports, dissertations, and patent literature were
reviewed to determine the state-of-the-art of enhanced oil recovery (EOR) and drilling technologies
and the constraints to wider application of these technologies. The impacts of EOR on the
environment and the constraints to the application of EOR due to environmental regulations were
also reviewed. A review of well documented EOR field projects showed that in addition to the
technical constraints, management factors also contributed to the lower-than-predicted oil recovery
in some of the projects reviewed.

DOE-sponsored projects were reviewed, and the achievements by these projects and the
constraints which these projects were designed to overcome were also identified.

Methods of technology transfer utilized by the DOE were reviewed, and several
recommendations for future technology transfer were made.

Finally, several research areas were identified and recommended to maximize economic
producibility of the domestic oil resource.
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EXECUTIVE SUMMARY

In 1990, the United States imported more than 42% of the oil the Nation consumed. This
massive importation of crude oil contributes significantly to the Nation's trade deficit. To reduce
the rate of increase in crude oil imports and to reduce vulnerability to oil supply disruption, the
U. S. Government, as described in the National Energy Strategy, is using research and
development funding to promote the development of advanced recovery technologies (advanced
secondary recovery and enhanced oil recovery ) to maximize the economic producibility of
domestic crude oil. The strategy for accomplishing this was described in the DOE's Oil Research
Program Implementation Plan, which is now known as the National Energy Strategy - Advanced
Qil Recovery Program Implementation Plan (NES -AORPIP). However, specific areas of research
required to achieve the goals of this strategy were not identified in the AORPIP. The objective of
this project was to identify constraints to the expansion of enhanced oil recovery (EOR) in the
United States and to propose areas of research needed to achieve the objectives of the AORPIP. In
this report, the technical constraints to economic producibility of the known domestic oil resource
are identified based on reviews of laboratory and field research projects in EOR technologies, and
the research efforts required to overcome these constraints are proposed. Constraints to
transferring the technology are also examined in this report. Although other constraints (financial
resources, low or unstable prices, and lack of markets) are very important, they are not addressed
in this report because they are controlled by a complex mixture of market forces and political and
regulatory factors.

This report is divided into two parts for clarity. Part I presents a state of the art review,
based on research performed in the laboratory and significant field results, and Part Il is a
comprehensive review of EOR field projects.

In Part I, the scientific literature published by professional societies, U. S. DOE, trade
journals, and universities was reviewed to assess the state of the art of various oil recovery and
environmental technologies to arrive at a list of constraints to wider application of advanced oil



recovery to increase domestic oil production. DOE-sponsored research projects were also
reviewed to determine if these projects are addressing these constraints.

Gas Enhanced Qil Recovery

Gas displacement, predominantly carbon dioxide (CO2) EOR, accounts for about 27% of
enhanced oil recovery (EOR) production. CO, EOR is the method of choice where inexpensive
CO2 is available and when the screening criteria are satisfied. Nevertheless, many technical
problems and uncertainties still exist in gas displacement technologies. Poor sweep efficiency and
lack of predictability are major problems. |

After more than a decade of research on mobility control problems, an effective solution has
yet to be found. The major factor is that reservoir features and multiphase flow in porous media
are difficult to describe accurately. Although numerous laboratory studies have been conducted on
foam behavior in porous media, simulation, foam rheology, foam stability, surfactant adsorption,
and applications in EOR, no successful field test on foam applications for gas mobility control has
been reported. Long-term research dedicated to fundamental studies on multiphase flow in porous
media is needed.

The lack of predictability stems primarily from the lack of ability (1) to characterize reservoir
heterogeneities adequately; (2) to describe recovery mechanisms such as molecular diffusion, oil
swelling, and incomplete mixing between CO» and crude oil; and (3) to characterize crude oil
heavy fractions.

The recommended areas of research for Gas EOR are as follows:

Near-term
1. Development of improved methods to predict phase behavior.
2. Development of a channel-block method for profile modification.
3. Development of improved prediction techniques for asphaltene precipitation.
4. Application of horizontal well technologies to gas EOR.
Mid-term
1. Investigation of the effect of different scales of heterogeneity on recovery.

2. Investigation of the effect of incomplete mixing and phase behavior in
porous media on recovery efficiency.
3. Development of improved compositional simulator for gas flooding.



Long-term

1. Development of novel methods for gas mobility control.
2. Investigation of the fundamental properties of foam.
3. Study the characteristics of multiphase flow in porous media.

rf nt Enhan il R r
Surfactant flooding is the most adaptable to U.S. reservoirs of all the EOR processes. A

review of prior field projects identifies reservoir heterogeneity, excessive chemical loss, inherent

design weaknesses, and problems with polymer propagation as some of the constraints to

surfactant EOR application. Considerable advances have been made in recent years in designing

surfactant molecules and surfactant formulations that can withstand high salinity (20% NaCl) and

temperature (200° F). By selecting salinity-tolerant surfactant, eliminating alcohols, reducing

adsorption by addition of alkali, and using chemical gradients, slug integrity is being maintained

successfully. The state of the art in chemical EOR simulation has also been advanced

considerably. Yet, additional research efforts are needed to reduce the costs of chemical slugs,

before they can be applied extensively in the field.

The recommended areas of research for surfactant EOR are as follows:

Mid-term

1.

Improve reservoir evaluation and develop techniques to overcome reservoir
heterogeneities..

. Development of optimized (with respect to effectiveness, stability, and cost )

surfactant EOR processes for application in high-salinity, high-temperature
Teservoirs.

. More cost/benefit optimization should be studied for low-tension polymer

floods.

4. The behavior of mixed surfactants should be explored more thoroughly.

Long-term

. Development of method to prevent surfactant-polymer incompatibility.

. The role of molecular structure should be studied further to assist in the

design of surfactants.

. Alternative surfactant types should be reviewed to determine which deserve

more extended testing and development of manufacturing procedures at reduced
cost.



3. Various kinds of (salinity, alcohol, etc.) gradients should be investigated. In
particular, consideration should be given to combined gradients.

Alkaline Flooding

For all its economic attractiveness, alkaline flooding is not being used very actively. High
chemical consumption and high operational costs resulting from scale formation are the greatest .
impediments to its use. With incorporation of surfactants in alkaline slugs, emphasis on mobility
control, and the demonstration that high acid content is not a prerequisite for successful oil
recovery, alkaline flooding can be an economical EOR process and may be applicable to a larger
number of reservoirs than formerly thought. Unfortunately, few field tests have been performed to
demonstrate the viability of this new development, and scarcely any public information is available.

The recommended areas of research for alkaline flooding EOR are as follows:

Near-term
1. Investigation of the use of an extended "salinity requirement diagram" (two- or
three-dimensional concentration scans of alkali, surfactant, and salt) to
maximize oil mobilization.

2. Study of injection strategies (surfactant, alkali, polymer).

Mid-term

1. More study of specific ion effects, and development of optimal mixtures of
alkalis. Design of a means to stabilize silicate solutions at high values of
Si02/Naj0.

2. Investigation of the effects of alkalis on critical micelle concentration, cloud

point, and partitioning of surfactants; and on the mechanical entrapment of

polymers.

3. Demonstrate technical feasibility of alkaline-surfactant-polymer flooding in
well documented field pilot tests.

Microbial Enhan il Recover

Microbial enhanced oil recovery (MEOR) has been recognized as a potentially cost-effective
method for stimulating stripper well production. MEOR is one of the most economically viable
EOR processes available. Lack of well-documented field tests, misconceptions of MEOR recovery
mechanisms, and a tendency to evaluate MEOR in terms of the understanding of traditional EOR
mechanisms are hampering the widespread acceptance of this EOR process. Recent advances
include delineation of recovery mechanisms and an improved understanding of the activities of



microbes and metabolites at oil/water and oil/water/rock interfaces. Mathematical models
incorporating the many complex chemical, microbiological, and transport phenomena taking place
in a MEOR process are being developed. The results of a few MEOR field projects, some well
documented, are reported in the open literature.

The recommended areas of research for Microbial EOR are as follows:

Near-term:
1. Perform well documented field tests, especially in reservoirs with substantial
remaining oil saturation.
2. Development of low-cost, consistent, and readily available nutrients.
3. Development of profile modification and well stimulation methods.

1. Development of salinity- and temperature-tolerant microbes.
2. Improvement of simulator for MEOR processes.

Long-term:
1. Improved understanding of recovery mechanisms for various microbial
techniques.

Polymer Flooding

Even with low oil prices, polymer flooding is being practiced successfully and profitably. It
is a technically mature technology. The AORPIP identified polymer flooding as a potential process
that can assist in achieving near-term objectives of DOE’s Advanced Oil Recovery Program.
Recent advances include improving injectivity of biopolymer, introduction of polymers that can
withstand higher temperatures (up to 250° F) and salinities (up to 18% NaCl), and improvements
in injection strategies (early application of polymer flooding).

The areas in which near-term research can lead to improvements in oil recovery by polymer
flooding are as follows:

Near-term
1. Design of injection protocol. This includes using multiple polymer types in
successive slugs or blends and optimization of slug size.
2. Improved products for better injectivity, range of propagation, quality control,
and stability at high temperature and salinity. Develop cost-effective products.



. Determine factors (especially geologic) affecting injectivity and propagation of

polymer.

. Development of environmentally acceptable biocides for use in polymer

flooding.

Profile Modification

Modification of production or injection profiles, usually near-wellbore treatment by gelled

polymers, has been used in the field for more than 20 years. Like polymer flooding, profile

modification is considered a mature technology, and it is one of the advanced secondary recovery

methods proposed by DOE to have the potential to arrest the rapid abandonment of stripper wells in

the near-term. Considerable research is being performed to achieve in-depth treatment. The

effectiveness of these new in-depth treatment methods has not been fully tested in the field. It is

important to define the reservoir problems to be addressed in designing a specific treatment.

The recommended areas of research for Profile Modification are as follows:

Near-term

1.

Mid-term

Accumulation of more extended data on the influence of reservoir parameters on
properties of gels (especially gelation kinetics).

. Improved models for prediction/design of profile modification process.

. Improved accuracy in treating the target zone without damage to productive

zones.

. Development of methods for achieving the desired effect over an extended

region.

. Delineation of theological properties of gels and pregels.
. Develop a better understanding of the differences between behavior of gel in

bulk and in porous media.

. Improved crosslinking systems which are nontoxic and environmentally

benign.

4. Improved gel systems which are stable at high temperature and salinity.

Thermal Enhanced Qil Recovery

Thermal EOR processes, especially steamflooding, account for more than 71% of the EOR

production in the United States. Environmental restrictions, higher operating costs, and lower oil

7



prices are limiting the expansion of steamflood projects in California, where most of the thermal
EOR projects are now operating. Improvement in reservoir conformance, especially with foam,
and improvement in thermal efficiency are the two most important areas of research in recent years.
High operating costs, low oil prices, and environmental regulations are the constraints restricting
expansion of steamflooding operations.

The recommended areas of research for Thermal EOR are as follows (Additional
recommended areas of research are given in chapters 8 and 15.):
Near-term
Improvement in injection profile control techniques.
Improvement in mobility-control techniques: steam foam process.
Improvement in steam quality measurement and control.

A W N =

Development of reliable methods for determining phase splitting at the steam
distribution system branches and techniques to ensure a relatively even flow
splitting between branches.

Mid- and long-term
1. Development of improved method of reservoir characterization.
2. Development of techniques to steamflood consolidated sands.
3. Research on the best way to steamflood light oil reservoirs to maximize
recovery.
4. Development of improved techniques to steamflood fractures and/or dolomite
TESEeTVOIrs.

Infill Drilling

Infill drilling, whether using vertical or horizontal wells, has the potential of increasing the
reserves of domestic reservoirs. Recent advances in horizontal drilling and reservoir engineering
technologies have increased this potential even further by reducing costs of drilling and the
improved predictability of oil production. In essence, the petroleum industry has been identifying
constraints and is solving these problems; however, for infill drilling to be economical and
successful in increasing reserves, the production characteristics of the reservoir need to be clearly
defined. The potential of applying horizontal wells to improve EOR recovery efficiency needs to
be investigated further. At present, no general criteria for selecting reservoirs for successful infill
drilling have been developed, and each reservoir must be characterized and analyzed individually;
this is another area that needs further research.



Reservoi har rization

Reservoir heterogeneities can adversely affect the performance of EOR field projects as is
shown in Part II of this report. Performing reservoir characterization in a cost-effective manner
should be a goal of any field development project; this is especially true for EOR applications
where different slug sizes are being used. Reservoir characterization is a complex and difficult task
that requires information from diverse sources on a wide range of scales and the integration of
analyses from a broad range of disciplines including geoscientists, physical scientists, and
engineers. The constraints in reservoir characterization are due to: (1) the complexity of the rock
and fluid distributions and (2) typically inadequate information available even for the most
ambitiously sampled reservoirs.

The challenges in reservoir characterization include: (1) obtaining sufficient detailed reservoir
information; (2) constructing predictive models of spatial distribution of reservoir characteristics in
the interwell area; (3) incorporating the abundant semi-quantitative information available from the
reservoir into simulation models and (4) developing scaling or averaging procedures for
determining representative simulator grid block values.

To achieve cost-effective, accurate reservoir characterization, the following research areas
need to be pursued:

Near-term

1. Development of computer-based database management systems that allow data
from all disciplines, at all scales, including non-numeric information to be easily
integrated and output to a wide range of end-user applications.

2. Development of methodology for systematic reservoir characterization that
includes systematic data collection, analyses, integration, and utilization of all
types of data (including semi-quantitative) from various sources.

3. Innovative methods to extract reservoir properties from er gineering data,
especially data from older reservoirs.

4. Predictive models of the spatial distribution of reservoir characteristics in the
interwell area. The development of these models requires large amounts of
quantitative geologic and petrophysical information from reservoir analogs.

5. Development of a reservoir classification system and the determination of the
degree to which properties can be transported from one reservoir to another.

6. Measurement of accurate relative permeability data and development of
correlations.



Mid-term

1. The development of diagenetic models that predict the spatial distribution of

diagenetic phases within specific reservoir strata on the interwell to field scale.

2. Documentation and model development of the spatial distribution of
geochemical characteristics within a reservoir.

3. Increased penetration distance and vertical resolution of petrophysical
characteristics measured by well logging tools.

4. Integration of seismic data (megascale) with interwell measurements (macro-
scale) and core measurements macro- to micro-scale.

5. Scaling-up procedures of various reservoir properties including relative
permeability, for determining simulator grid block values.

Long-term

1. Determination of reservoir permeability from geophysical techniques including
acoustic logging and crosshole tomography.

2. Integration of theoretical seismic model studies with field data.

3. Application of well testing to more heterogeneous reservoirs.

4. Improved geophysical techniques for reservoir definition at a reasonable cost.

Environmental Im f EOR

The U. S. DOE has sponsored a number of projects evaluating the impact of EOR operations
on the environment. The general conclusion has been that application of EOR processes (with the

exception of thermal EOR) in oil fields will not be any more detrimental to the environment than

primary production and waterflooding operations. Successful EOR operations reduce the need to

handle large quantities of produced fluid by reducing water-oil ratios. Since produced water

constitutes 98% of the waste in oil and gas exploration and production operations, reduction in

volume of produced water definitely lessens the potential for harming the environment. On the

whole, regulations governing air and water quality are sufficient to protect the environment in EOR

operations.

The recommended areas of research are:

1. Update the Environmental Regulations Handbook for Enhanced Oil Recovery.

2. Establish a consortium of government, industry and environmental groups to define
and to work out problems.
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Technology Transfer

A critical component in increasing domestic production through application of EOR methods
is the transfer of information to the producers who need the technology. A major goal is the
development of a technology transfer program which would have a significant impact in the
application of EOR methods to increase the domestic production. A technology transfer program
should provide information for use by all producers regardless of size; however, it should also be
targeted for a group(s) which best meets the need of the selected criteria. The larger companies
should be targeted if the principal criterion is the recovery of the maximum amount of oil; the
smaller companies should be selected if the principal criterion is to prevent the loss of oil reserves
by the early abandonment of wells. A mix of these criteria should be considered in a final analysis.
Therefore, our recommendation is to target the technology transfer program to major and
intermediate-to-larger independent producers.

Existing technology transfer methods were reviewed, and recommendations for improving
DOE's effectiveness in transfer of advanced oil recovery technology are as follows:

1. Refocus the current research program on the critical areas as recommended in this
report and on research programs that address the needs of the operators.

2. Target technology transfer efforts to the major and intermediate-to-larger independent
producers.

3. Strengthen the existing technology transfer program.

4. Introduce new approaches to technology transfer:
(a) Improve access to commercial publications through an on-line service, and
(b)  introduce interactive teaching of specialized courses through video communication.

EOR Field Projects

Part II of this study was designed to identify the technical constraints which have been
determined as a result of field testing. A study of 84 field projects was conducted to determine the
constraints which limit the recovery from enhanced oil recovery (EOR) projects. The reviews were
based upon the open literature, Department of Energy (DOE) publications, previous evaluations of
the DOE cost-shared EOR projects, and corporate experience. This field-derived information
provides important input in the total assessment of the constraints which currently limit EOR
potential.

Two broad categories of constraints appear to affect all of the EOR processes in the field:
(1) reservoir heterogeneity-mobility control and (2) downhole completion-operations.
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Reservoir Heterogeneity. Mobility Control. About 30% of the total identified constraints fit
into this category. Reservoir heterogeneities have a major impact on the sweep efficiency of
injected fluids. Because of the high cost of injectants in EOR projects, it is critical that a
good understanding of the reservoir exists and that sweep efficiency is maximized. Mobility
control is a closely associated parameter since it, along with reservoir heterogeneities,
controls the level of sweep efficiency achieved. The common occurrence of these two
closely associated parameters suggests an important area for additional research.

Downhole Completions, Operations. This category affects all of the EOR processes but has
particular significance for in situ combustion technology. Problems in these categories

primarily affect costs, which ultimately affect oil recovery. Although additional research is
needed to develop improved equipment and procedures, the major efforts should be to use
existing technology more effectively.

The major technical constraints have been identified for each of the processes based
upon field results. It is emphasized that the constraints derived from this source are not all
inclusive. Some of the problems which are known to exist may not be evident from field tests.
The following are the major technical constraints for each process based upon field data.

Polymer Flooding

These technical constraints were derived from evaluation of polymer floods, crosslinked
or gelled polymer systems, and micellar-polymer flooding.

(a) Polymer Propagation. One of the most prevalent characteristics in chemical projects has
been the failure of polymers to propagate through the reservoir. Plugging has been a
common occurrence, and polymer has been frequently injected above the pressure
parting level to achieve a minimum level of injectivity.

(b) Degradation. The commonly used polyacrylamides and the xanthan biopolymers are
subject to degradation from several mechanisms.

(c) High Temperature. High Salinity Environment. The current polymers become unstable
or ineffective in reducing fluid mobility under conditions of higher temperature and
higher salinities.

Profile Modification
The technical constraints for polymers are also applicable for profile modification. In
addition, attention is needed on establishing better design criteria. These include: (1) better

definition of reservoir characteristics which are suitable for profile modification, (2) consideration
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of improved placement techniques, and (3) improved definition of critical design parameters
(penetration requirements, degree of permeability reduction required). Additional concerns are the
long term stability of polymers and gels, and the propagation characteristics of sequentially injected
polymer and crosslinking agents.

Micellar-Polymer Flooding

(@)

(b)

©

Excessive Chemical Loss. Research is needed to develop and to evaluate surfactant
systems which can be tailored to work within the existing ionic environments of a
specific reservoir.

Process Design, Operations. Field tests show that these categories of constraints greatly
impact costs. Through careful design of the project and close monitoring, many of the
problems in these categories can be eliminated.

Inherent Design Weaknesses. The micellar-polymer process has some inherent
weaknesses. One of the major problems arises from the need for two dissimilar fluids
to travel in sequence and to remain intact through long interwell distances. These
mechanisms, coupled with the propagation problems for the polymers, tend to make the
process applicable only for close spacing. Innovations in technology are needed.

Alkaline Flooding

(a)

(b)

Alkaline floods have performed poorly in the past. Major constraints are:

Excessive Consumption. The basic problem is that the injected alkaline fluids are highly
reactive with the divalent ions in the formation water, divalent ions associated with
clays, and with mineral constituents such as gypsum. Laboratory studies incorporating
an alkaline fluid, an added cosurfactant, and polymer have shown promise. Additional
research is needed.

Operational Problems. Major operational problems in the field have been the occurrence

of scale in offsetting producers. These can be largely controlled by scale inhibition
programs and periodic acid treatments.

Gas Injection

Gas injection projects considered in this study include CO, miscible displacement, CO,

immiscible displacement, gravity stable displacement, and nitrogen injection.

(a)

Reservoir Heterogeneity. Field tests show that reservoir heterogeneities have had a
major impact in the poor sweep efficiencies that have been realized in many projects.

(b) Mobility Control. The high mobility of injected gas is an additional factor in the poor

sweep efficiencies observed in field projects.
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(c) Injectivity. Field tests show injectivity is often lower than would be predicted from
laboratory or simulation studies. An awareness of these characteristics is needed in the
design of new projects and in the development of better methods for improving sweep.

(d) Operations. Field tests show the major operational problems to be corrosion control for
CO, projects and artificial lift problems which occur with the breakthrough and
production of significant quantities of gas.

Steam Injection
Emphasis in this evaluation was the steamdrive process. Steam injection-production on a single
well was considered an important part of the total process.

(a) Gravity Segregation. Gravity segregation appears to be the dominate problem in steam
injection projects.

(b) Reservoir Heterogeneity. The effects of reservoir heterogeneities upon performance are
similar to those of other processes. The high mobility of steam tends to accentuate an
existing reservoir heterogeneity problem.

(c) Downhol ompletions. Field tests show a considerable number of operational
problems such as sand control and the failure of thermal packers.

(d) Steam Generation. The cost for generating steam in a new project is a major factor.
Additional research studies are warranted to support the extension of commercial

steamflood projects into other geographic areas.

InSi m ion

In situ combustion technology has high potential for increasing recovery of heavy oils,
including those which may not be suitable candidates for steam injection. However, field results
have been discouraging, and there have been few economic successes. The following are the
major technical constraints.

(@) Reservoir Heterogeneity. Field results show that reservoir heterogeneities impact in situ
combustion projects more than any other process.

(b) Downhole Completions. The major problems in this category are erosion and corrosion
related to sand production in the producers, burnback of the combustion front in the
injection wells, and combustion front breakthrough in producing wells.

(c) Operations. Corrosion and oil treating are the major problems in this category.
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CHAPTER 1

INTRODUCTION

In 1990 the United States imported more than 42% of the oil the Nation consumed, according
to The National Energy Strategy (1991). This massive importation of crude oil contributes
significantly to the Nation's trade deficit, "with disturbing implications for national security,
international competitiveness, the balance of payments, employment, and the standard of living"
(DOE, 1990). To reduce the rate of increase in crude oil imports, and to reduce vulnerability to oil
supply disruption, the U. S. Government, as described in the National Energy Strategy, is using
research and development funding to promote the development of advanced recovery technologies
(advanced secondary recovery and enhanced oil recovery) to maximize the economic producibility
of domestic crude oil. Advanced secondary recovery methods are those processes which improve
waterflood sweep efficiency, and enhanced oil recovery methods are those processes which
improve displacement sweep efficiency. The foundation for these research and development
efforts is based on the Department of Energy's Oil Research Program Iinplementation Plan (DOE,
1990). This program is now known as the National Energy Strategy — Advanced QOil Recovery
Program (NES-AORP).

The Advanced Oil Recovery Program Implementation Plan (AORPIP) was prepared by the
Department of Energy in April 1990 to arrest the increased reliance on imporied oil through
research and development and to provide direction for this research and development effort. With
the objective of maximizing the economic producibility of the domestic oil resource base, the plan
in the near-term attempts to preserve access to known reservoirs with high potential of oil
production; in the mid-term, develops, tests, and transfers the best currently defined advanced
technologies to operators to improve oil recovery; and in the long-term, develops a fundamental
understanding to define new recovery techniques for the oil left after application of the most
advanced, currently defined mid-term processes, and supports universities to sustain the Federal
Govermnment's commitment to education. This plan aims at reducing the technical and economic
constraints on producibility of the remaining oil resource and broadens the traditional DOE role of
supporting mainly high-risk, long-term research. As a consequence of this change in research
direction, there is a need for the Bartlesville Project Office (BPO), as the DOE lead field office for
enhanced oil recovery, to review current DOE-supported research programs and determine how
best to adjust them to comply with the new AORP.

The objective of this project is to identify constraints to expansion of enhanced oil recovery
(EOR) in the United States. Mungan (1990) defined constraints to include "lack of expertise
(technical constraints), lack of staff (technology transfer constraints) or financial resources, low or
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unstable prices, lack of markets and competition for exploration or acquisition." In this report, the
technical constraints to economic producibility of the known domestic oil resource are identified
through reviewing laboratory and field research projects in EOR technologies, and the research
areas required to overcome these constraints are proposed. The technology transfer constraints are
also examined in this report. Although the other constraints, financial resources, low or unstable
prices and lack of markets, are very important, these constraints will not be addressed in this report
because these are controlled by a complex mixture of market forces, political and regulatory
factors.

The National Petroleum Council (NPC) studies of 1976 (NPC, 1976) and 1984 (NPC,
1984) listed the constraints impeding the widespread application of enhanced oil recovery (EOR)
processes in the United States; however, economic changes and technical developments in recent
years have altered the situation significantly. Low-cost EOR processes such as microbial, (Bryant
et al., 1990); alkaline-surfactant-polymer, (French and Burchfield, 1990); in-depth polymer
permeability modification (Mumallah, 1987; Sydansk, 1990) and flooding; and low tension
polymer flooding (Kalpakci and Arf, 1990) have been proposed as possible candidates to be used
as cost-effective EOR methods. Other methods of improving recovery from existing fields,
including targeted infill and horizontal drilling, are also being included now as strategies for
recovering additional oil. A thorough review of the literature is needed to incorporate these
advancements in technology into any document that enumerates the research needs in EOR.

This report is divided into two parts for clarity. Part I concentrates on research performed in
the laboratory, while Part II examines field EOR projects.

Gas EOR processes are producing 20% of the domestic EOR production, and the use of CO2
and hydrocarbon flooding is expanding. Limited availability of CO is partially responsible for the
siow rate of expansion. Technical constraints identified in the 1984 NPC study such as reservoir
heterogeneity and problems with mobility control are also partially responsible. In recent years,
considerable research on improving mobility control has been performed, and some of the work is
reviewed in chapter 2.

The high cost of chemicals used in surfactant flooding limits the slug size of chemicals that
can be incorporated into a surfactant EOR design. Many of the constraints identified in the NPC
study are related to this slug size limitation. Recent research has broadened the range of
applicability of surfactant flooding as far as salinity and temperature are concerned, and these
advances are reviewed in chapter 3.
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Alkaline flooding has always being proclaimed as a potential low cost EOR process;
however, high chemical consumption has prevented successful field applications. Addition of a
supplementary surfactant and use of weaker alkali to overcome consumption have revived interest
in this EOR method. The state of the art in alkaline flooding is reviewed in chapter 4.

Chapter 5 discusses another low cost EOR method that relies upon the injection of microbes
and inexpensive nutrients to enhance the recovery of remaining oil. Research on microbial
enhanced oil recovery (MEOR) methods has advanced the scientific understanding of this recovery
method to a level that has won respectability for this otherwise misunderstood method.

Chapters 6 and 7 review two of the advanced secondary recovery methods, polymer flooding
and profile modification, which were considered by the AORPIP to have potential near-term
application in arresting the rate of abandonment of marginal wells.

Thermal EOR processes, especially steamflooding, account for more than 73% of the EOR
production in the United States. Environmental restrictions, higher operating costs and lower oil
prices are limiting the expansion of steamflood projects in California, where most of the thermal
EOR projects are now operating. Though thermal EOR processes contribute more than 6% of the
total U. S. oil preduction, the technology is far from being mature. Considerable efforts are being
expended to improve the economics of thermal ECR, to improve steamflood mobility control, and
to advance the oil production and pollution contro! technologies. The progress in these areas is
reviewed in chapter 8.

Recent advancements in horizontal well drilling, completion, stimulation, and reservoir
engineering technology have added life to the domestic petroleum industry. Advancements in
horizontal well technology and possible applications in EOR processes are discussed in chapter 9.
Recent advances in infill drilling are also discussed in this chapter.

The remaining constraints that need to be overcome before commercialization of these
production methods can become a reality and areas of research that are needed to overcome these
constraints are also identified in these chapters.

Reservoir characterization, or the lack of it, is identified as a constraint to successful field
tests of EOR processes. In the 1980s, a large number of research projects were initiated to
advance the technology of reservoir characterization. A review of the state of the art in reservoir
characterization is given in chapter 10. In the 1990s, environmental issues will become an even
more dominant issue than before, and in recognition of this, the AORPIP identified environmental
technology as an area of supporting research. Chapter 11 discusses the potential impact of EOR
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projects on the environment and the constraints of environmental regulations on future expansion
of EOR.

Since the early 1970s, the DOE Bartlesville Project Office and its predecessors have been
funding EOR research at universities and national laboratories that has contributed significantly to
the development of EOR processes. Notable achievements are the advances in basic
understandings of surfactant-polymer, polymer, steam, gas, microbial, and gelled polymer
technologies. Realignment of the DOE oil research program to emphasize research with near-term
goals as outlined in the AORPIP will require a review of projects being funded by the DOE
through the BPO and evaluation of these projects in the light of the AORPIP and the state of the art
in oil recovery technology. A proper mix of near-, mid-, and long-term projects is needed to
achieve the objectives of the plan. This can best be accomplished by evaluating the achievements
of previous programs to identify those that address the near- and mid-term goals. The DOE-funded
supporting research and the achievements resulting from these projects are reviewed in chapter 12.

One of the important aims of the AORPIP is to help independent oil producers by transferring
the technology obtained from the research and development program to them. This is an important
goal because independents produce almost 50% of the oil in the United States. This trend will
grow as more and more major oil companies sell their marginal domestic fields to smaller
independent operating companies. Unfortunately, many independents may not be capable of using
and benefitting from advancements in the technology. They may be unable to utilize this
technology even if "transferred" to them. To have a research and development plan that is targeted
toward independents, technologies that can best be utilized by most independent operators and the
best technology transfer medium must be determined with the sophistication of the technology and
the recipients of this technology in mind. Chapter 13 discusses the technology transfer methods
currently used by DOE, some proposed additional programs that can optimally achieve these goals,
and methods for technology transfer that will have to be identified and proposed. Many of the
EOR processes require considerable front-end investments, and the ability of independent
operators to finance such EOR projects is also considered in this chapter.

DOE has also sponsored a number of cost-shared field projects, which have contributed
significantly to the development of EOR processes. The experience gained from those cost-shared
projects points out the importance of proper reservoir characterization in ensuring the success of
EOR projects and many other field-related problems not obvious from laboratory research. The
mid-term plan in the AORPIP calls for considerable field work to be cost-shared by states and/or
operators. Reviewing the cost-shared projects of the late 1970s will assist in avoiding the pitfalls
encountered during the implementation of those projects. The most often mentioned concerns that
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operators have raised about cost-shared projects have been the long delays between beginning of
contract negotiations and initiating projects and the amount of paperwork involved. Valuable
experience from conducting those projects should be considered in planning future field projects.
Part 2 of this report reviews a number of DOE- and industry-funded EOR field projects and
identifies the technical and management related problems that prevent these projects from being
proclaimed successful.
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CHAPTER 2
GAS ENHANCED OIL RECOVERY: STATE OF THE ART

By Ting-Homng Chung

INTRODUCTION

Gas displacement, both miscible and immiscible, accounts for about 27% of enhanced oil
recovery (EOR) production. In the United States, according to the Oil & Gas Journal 1990
worldwide survey, 91 gas EOR projects were active in 1990, and 34 projects were planned for
1990 through 1992 (Oil & Gas J., Apr. 23, 1990). The DOE EOR Project Database listed 303 gas
EOR projects by the end of 1989 (Pautz and Thomas, 1990). Oil production from carbon dioxide
(CO») and low-molecular-weight hydrocarbon (HC) miscible/immiscible gas injection projects is
rapidly increasing in the U.S., as the Journal’s exclusive survey shows. This survey reported that
at the beginning of 1990, production by gas miscible EOR was estimated to be 96,600 barrels
per day , which was 30% above that predicted by the 1984 National Petroleum Council (NPC)
study (Pautz and Thomas, 1990). The use of CO» has grown significantly since the early 1980s,
especially in the Permian Basin and the Rocky Mountain region, as reliable supplies of CO2 have
become available. Gas injection will become the major EOR method within this decade as more
offshore oil fields and fields in Alaska approach mature stages of secondary recovery.
Nevertheless, many technical problems and uncertainties still exist in gas displacement
technologies. Poor sweep efficiency and lack of predictability are major problems (NPC, 1984).
The development of effective methods to solve these problems is critical to boost gas EOR
applications. o

Gas EOR processes include the injection of CO, nitrogen (N2), flue gases, and hydrocarbon
gases under miscible or immiscible conditions. Because of this variety of choice, gas EOR
methods can be applied in a wide range of reservoir conditions. For example, nitrogen gas can
be used for high-pressure (>4,500 psi) light oil (>45 ° API gravity) recovery (Clancy et al., 1983;
Hudgins et al., 1990); carbon dioxide is capable of miscibly displacing many crude oils (>25 °API
gravity) under common reservoir conditions (p>1,500 psia) and, thus, can be used for most
reservoirs; liquid petroleum gas (LPG) is miscible with crude oil at relatively low pressures and,
thus, can be used for shallow reservoirs. Carbon dioxide has also been used for heavy oil
recovery under immiscible conditions (Saner and Patton, 1983; Kantar et al., 1985). Thus, in
general, the restrictions are fewer for gas EOR me:hods than for other EOR methods. Constraints
to applications of gas EOR methods are outlined in table I-1. The major screening factor for gas
EOR methods is gas source. Although supplies of any of these gases can usually be provided, the
cost and the quantity of an injection gas are of major concern. Hydrocarbon gases (Ci, C2, Cs,
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and C4) are more expensive than carbon dioxide, nitrogen, or flue gas, and available quantities of
these gases are usually insufficient for large-scale field floods. Thus, HC gas is usually injected
in a slug and driven by nitrogen gas. Nitrogen gas sources are not limited, and cost is relatively
lower than that of HC or CO;. Thus, N2 is usually used as chase gas for HC or CO; slug
injection. However, the displacement efficiency of N3 gas is lower than that of CO; or HC gases.
The N»-miscible displacement mechanism involves the vaporization of solvents (ethane, propane,
and butane) from crude oil to generate an oil-miscible front to displace residual oil. Thus, the
presence of light hydrocarbons (C1, C2, C3, or Ca) in reservoir oil is necessary for nitrogen to
achieve miscibility.

Carbon dioxide is more effective in displacing oil at relatively lower pressures than nitrogen
and lean gas because of capabilities of hydrocarbon extraction, oil swelling, and viscosity
reduction. In most applications as an oil recovery agent, carbon dioxide exists as a supercritical
fluid, which enhances its solvency power for high-molecular-weight hydrocarbons. Analyses of
the oil displacement fronts in laboratory CO,-coreflooding experiments have revealed the presence
of substantial amounts of hydrocarbons in carbon numbers ranging from Cs to C35 (Holm and
Josendal, 1974; Orr and Taber, 1981). Thus, for CO, displacement, the presence of light
hydrocarbons in reservoir oil is not necessary to achieve high oil recovery (Holm and Josendal,
1974).

The controlling variable in gas miscible displacement is the pressure required to achieve
miscibility, known as the minimum miscibility pressure (MMP). The MMPs for these gases
follow the sequence: LPG < CO2 < C2 < C; < N2. In most cases, miscibility is achieved by a
dynamic (multiple-contact) process involving interphase mass transfer. Therefore, sufficient
contact between injection gas and reservoir oil is required for the gas to achieve miscibility with the
crude oil. High water saturation and low oil saturation are detrimental to gas miscible
displacement. Reservoirs with oil saturation below residual oil saturation are not suitable for the
application of gas EOR methods.

As with all EOR processes, a knowledge of the reservoir characteristic is essential to
economic success. Field tests of CO, floods have shown that reservoir heterogeneities such as
fractures, strata discontinuities, and pinchouts can significantly reduce the effectiveness of the gas
EOR process (refer to Appendix B of this report).

In addition to the above-mentioned screening factors (gas source, MMP, oil saturation,
formation heterogeneity), process design factors such as injection sequence, slug size, mobility



control technique, gas separation, corrosion in CO3 injection, and solid (asphaltene, wax)
deposition must be considered. Ignoring these factors may make a gas EOR project uneconomical.

RECENT RESEARCH IN MOBILITY CONTROL
Many mobility-control methods have been proposed and studied for gas flooding
applications. Some of these methods which are currently being investigated are discussed as
follows:

1. Foam

Foam has wide applications in industry. The research on foam technology has a long
history. Since Bond and Holbrook (1959) and Fried (1961) suggested the use of foam to improve
reservoir sweep efficiency for gas displacement processes, numerous investigators have made
considerable effort in studying foam applications for both steam and miscible floods and in making
fundamental investigations of foam flow in porous media. A prototype model, as illustrated in
figure I-1, has been developed to describe foam flow behavior in porous media (Falls et al., 1986;
Friedmann, et al., 1988). For foam flow in porous media, modifications are introduced by
replacing the relative permeability and the gas viscosity in Darcy's equation with an effective
relative permeability and an apparent gas-foam viscosity, respectively. Both the apparent foam
viscosity and the effective gas relative permeability depend on foam quality and texture. Therefore,
foam research was focused on the development of the relationships between the gas mobility and
foam characteristics-foam quality and texture. Foam quality is defined as the ratio of gas volume to
the total foam volume. Foam texture is a measure of the average volume or equivalent radius of its
bubbles and is represented by the average number density of bubbles and lamellae. This simplified
approach inherits the same problem as that of conventional reservoir simulators: i.e., multiphase
flow phenomena are controlled by the relative permeability parameters. In the presence of foams,
the effective relative permeabilities for gas, oil, and water are difficult to determine. No
experimental method has been developed for the measurement of three-phase relative permeability
for oil-gas-water systems with foam. Several experiments have been conducted to measured gas-
surfactant solution relative permeability (Bernard and Holm, 1964; Friedmann and Jensen, 1986;
Huh and Handy, 1989). They found that the permeability of gas was greatly reduced by foam,
whereas the relative permeability of water was not affected by foam. Also, little change in gas
permeability was observed over a large saturation range in the presence of foam. The presence of
oil may affect foam stability. The interactions between an oil phase and foam lamellae are
extremely complex (Nikolov et al., 1986). To the limit of our knowledge, there is no report in the
literature about three-phase relative permeability measurements for foam systems with oil. The
lack of well-defined and measurable three-phase relative permeabilities has made the foam
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simulators developed based on Darcy' law unpractical. The use of Darcy's law to describe foam
flow behavior in porous media is still somewhat debatable.

After more than a decade of research, some research progress has been made in the science of
foam, but foam technique is still not mature for gas EOR application. Because the science of foam
covers so many areas, a thorough review of foam technology was not the objective of this
investigation. This report only gives a brief review of progress in development of the foam
technique for gas mobility control. That progress is discussed under the following subjects:

Feam Simulation
Computér simulation is an important research tool for gas mobility control and sweep
improvement studies and is the only way that dimensions of laboratory experiments can be scaled
up to dimensions of the field. As illustrated in figure I-1, the main part of a foam simulator is the
same as that of conventional reservoir simulators. Darcy's law is still employed in mechanical
balance equations with the use of apparent viscosity and effective gas relative permeability. Both
these parameters were related with foam texture.

A one-dimensional foam population-balance model has been developed to quantify foam
texture in terms of the number densities of moving foam (nf) and stationary foam (ns) (Fall et al.,
1986). The number density of foam bubbles and lamellae is determined by the rates of foam
generation and coalescence, which are discussed in the following sections. Chevron Research
Group (Friedmann et al., 1988) has presented their simulation study of high-temperature foam
displacement in a one-dimensional (1-D) model. Because of the limitation of laboratory capability,
no experiment has been conducted to test foam flow in a 3-D model. Sufficient data do not exist to
utilize a foam simulator for gas mobility control study and for field process design.

Foam Rheology
Studies on foam rheology have been conducted using a number of rotational viscometric
devices and continuous-flow-tube viscometry. Foam is a non-Newtonian compressible fluid.
Experimental results show that foam apparent viscosity increases sharply as the foam quality
becomes greater than 90% and depends on shear rate. Besides foam quality, foam texture have
important effects on foam rheology. Hirasaki and Lawson (1985) have recently shown that

surface tension gradients play an important role in apparent viscosity of foam flowing through
smooth capillaries.
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Mechanical Balance Equation
Darcy's Equation

Ug = <"y
Hof

Apparent viscosity Kgf Effective permeability krg

Number density of bubbles or lamellae
(N =nf(moving lamellae) + ng(static lamellae))

Population Balance Equation
Generation of bubbles Coalescence of bubbles
G =G(Hg, LVF, Cy) Ct = Cf( nf, Cg, Pg, ...etc)
Surfactant Concentration
l Mass Balance Equation for Surfactant |

| Adsorption of Surfactant ]

FIGURE I-1. - Outline of modeling foam flow in porous media.
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A mathematical model for the prediction of the apparent viscosity of foam flowing through
smooth capillaries was developed by Hirasaki and Lawson (1985). The flow of foam in smooth
capillaries is one component of the flow of foam through porous media. The work of Hirasaki and
Lawson was extended to account for conditions in which pore constrictions contributed to the
behavior of the flow of foam (Falls et al., 1989)

Their models have been verified with their experimental results. However, these apparent
viscosity models require some detailed information about foam texture and pore structure such as
the number of lamellae per unit length, the radius of curvature of the gas/liquid interface, tube
radius, the number of constrictions in a unit length of capillary tube, and the length of liquid slugs
between bubbles, which are usually not obtainable in the case of foam flow through porous rock.
Therefore, some simplified models which correlate foam apparent viscosity with obtainable
parameters such as gas velocity, average pore-body diameter, average number density of flowing
bubbles, and viscosities of gas and liquid were developed for the purpose of providing input for
foam flow simulators (Friedmann et al., 1988; Ettinger and Radke, 1989).

Since the apparent viscosity of foam is very dependent upon geometry, the use of apparent
viscosity of foam to describe its behavior in porous rock has been questioned by Heller et al.
(1982). A critical and thorough review of the foam rheology literature in both theoretical and
experimental studies was presented by Heller and Kuntamukkula (1987). They pointed out that the
apparent viscosity measured in a capillary or rotational viscometer with "bulk foam" would not be
appropriate for porous media. The concept of apparent viscosity as a measure of the resistance to
the flow of foam in either pipes, capillary tubes, or porous media seems to be only qualitatively
useful because of the differences in the mechanism of flow at different scales of bubble size and
flow channel dimensions. Instead, they suggested that the mobility, the simple ratio between
steady-state superficial velocity and pressure gradient, would be more useful and would entail
fewer assumptions about the nature of the flow.

Much data on foam rheology are available in the literature. "Shear thinning" trends, "shear
thickening" trends, and no effect of flow rate have all been observed under various conditions.
Recently, some studies have found that foam mobility was "shear thinning" at high flow rates and
"shear thickening" at low rates (Yang and Reed, 1989).

Foam Generation
Foam can be generated by injecting gas into a porous medium initially containing a surfactant
solution. The primary mechanisms of foam generation observed in micromodels and glass bead
packs have been identified and classified as snap-off, leave-behind, and lamellae division (Roof,
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1970; Mast, 1972; Radke and Ransohoff, 1986; Falls et al., 1986). These mechanisms are
thought to be general to all types of porous media. Gas flow rate, liquid volume fraction, and
surfactant concentration are the major control factors for the generation of foam. Alternate water
and gas (WAG) injection mode has a great impact upon foam generation and propagation: injection
of large water slugs can destroy the generated foam. Optimum foam performance can be obtained
by adequately adjusting the WAG ratio and injection sequence, and by using either surfactant
replenishment in each cycle of a WAG flood, or by using a large foamer slug followed only by gas
(Hudgins and Chung, 1990). Experiments have also shown that some other parameters such as oil
saturation, pore structure, system pressure, and surfactant type will affect foam generation
(Friedmann and Jensen, 1986). In general, the nonionic foaming agents produce high quality,
unstable foams, while anionic foaming agents yield low quality, stable foams. The combination
type of foaming agents, i.e., those that contain both nonionic and anionic compounds, produce
high-quality foams with stable films (Raza, 1970).

Based on experimental observations, some simple models for the foam generation rate by
snap-off have been proposed as a function of gas velocity (Falls et al., 1986; Friedmann et al.,
1988; Ettinger and Radke, 1989). The foam generation rate is needed in the population balance
equation, as shown in figure I-1, to determine bubble number density.

Foam Stability

Much of the literature on physical chemistry of surfaces is concemed with the stability of
lamellae or films, which includes the thermodynamic stability, mechanical stability, lamellae
elasticity, hydrodynamics of lamellae thinning, and kinetics of film rupture (Bikerman, 1973;
Rosen, 1978; Akers, 1976; Krantz et al., 1986; Smith, 1989; Borchardt and Yen, 1989). Lamellae
are thermodynamically metastable, and there are many mechanisms by which static and moving
films can rupture. Drainage is considered the major mechanisms for foam bubble coalescence.
The factors that influence foam stability and thin-film lifetime are governed by the dynamic surface
properties in the system, such as dynamic surface tension and viscoelasticity of the surfaces
(Huang et al., 1986). The stability of a single lamella depends primarily on the type or mixture of
surfactants, the chemical composition of the brine, the capillary pressure, and the movement or
mechanical disturbances that the lamella experiences. More detailed discussions about the stability
of foams and thin films are outside of the scope of this report.

In EOR applications, the effect of oil on foam stability is specifically of interest. The
interactions between an oil phase and foam lamellae are extremely complex. Nikolov et al, (1986)
pointed out that foam destabilization in the presence of oil may not be a simple matter of oil
droplets spreading upon foam film surfaces. The pseudoemulsion film tension, the droplet size
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and number of droplets may all contribute to destabilizing or stabilizing the three phase foam
structure. The deleterious effects of oil on foam have been observed by many; sometimes oil
recovery is impaired (Yang and Reed, 1989). Thus, the rate of foam coalescence is difficult to
estimate. Some models to describe foam coalescence rate have been proposed and used in foam
simulators (Friedmann et al., 1988; Jimenez and Radke, 1989; Yang and Reed, 1989).

Surfactant Adsorption

Surfactant concentration is the major controlling parameter for foam generation and
coalescence. When surfactant solution is flowing in a reservoir formation, surfactants will be
diluted by flow dispersion, retained in dead-end pores, adsorbed on rock surfaces, partitioned in
the oil phase, or precipitated due to interaction with solution ions or fine particles. All these
physical and chemical aspects complicate the problem of foam formation and propagation. The
loss of surfactant will be detrimental to the performance of gas foam. Surfactant adsorption and
precipitation are complicated problems which relate with rock surface properties, solution
properties, and surfactant properties. Seldom have studies been conducted on the adsorption of
commercial foaming surfactants on reservoir rocks at flowing conditions. Surfactant loss due to
adsorption and precipitation in reservoir formations is difficult to predict, especially for foam.
Several mathematical models used to describe the transport and dynamic adsorption of surfactants
in porous media have been developed to be incorporated into foam flow simulators to predict local
surfactant concentration. These models have taken into account the convection, dispersion,
capacitance, and adsorption effects on concentrations of surfactants (Chung, 1991).

Because of the importance of surfactant adsorption in chemical EOR, extensive basic research
on the adsorption of surfactants used for chemical EOR has been conducted under support of the
U.S. Department of Energy. Some studies have been focused on the development of methods to
reduce surfactant adsorption (French and Burchfield, 1990; Falls, 1989). The effects of pH,
alkalinity, salinity, alcohol, and temperature on surfactant adsorption have been investigated.
Investigations have been conducted for pure surfactants and mixed surfactants with pure minerals
and reservoir sands. Much data on surfactant adsorption isotherms are available in DOE published
Teports.

Although a considerable number of technical papers have been published on studies of foam
behavior in porous media and applications in EOR, most of them have covered only
phenomenological descriptions of foam behavior in laboratory coreflood tests or in micromodels.
It is impossible to review all the publications on foam technology in this report.
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2. Gas Vi ifi

Another approach taken to mitigate gas mobility problems was to increase gas viscosity by
adding gas-soluble chemicals. Many methods such as the direct thickener method developed by
New Mexico Petroleum Recovery Research Center and the entrainer method developed by NIPER
have been proposed (see chapter 12, this report). Conceptually, the viscosifier method is the same
as that of using water-soluble polymers to improve waterflooding sweep efficiency. However,
viscosifiers for CO3 have been difficult to find and even more difficult for N; and HC . Naturally,
the solubilities of large molecules such as polymers in gas are limited. Although the solubility can
be enhanced by supercritical extraction, the resulting solubility is still too low to have a significant
improvement on gas mobility.

According to recent research reports, New Mexico Petroleum Recovery Research Center has
successfully synthesized a number of ionomers (silicon-containing triorganotin fluorides), which
are relatively short chain polymers that contain controlled numbers of ionic groups in each
molecular unit. The solubility of these ionomers is still undergoing laboratory tests. On the other
hand, Chevron Research Group (Bae and Irani, 1990) has found that commercially available
polysiloxanes are effective viscosifying agents for CO when used in combination with cosolvents.
The viscosity of CO, was increased by two orders of magnitude.

The problems of finding light hydrocarbon solvents as viscosifiers appear somewhat less
difficult, but the increase in viscosity is not significant. The concept of employing entrainers to
increase the solubility of polymer in CO, has been proposed ( Cullick, 1986). The idea of the
entrainer method is to use CO,-soluble solvents (e.g., iso-octane) to enhance the solubility of high-
molecular-weight compounds in CO2. Thus, the viscosity of CO; can be increased directly and
indirectly by entrainers (Llave et al., 1988).

Besides the low solubility problem, all the viscosifier methods face several practical problems
in reservoir applications. Among these problems are: chromatographic separation due to the
difference in adsorption and diffusion rate; loss of the viscosifier due to adsorption, precipitation,
and partitioning into oil or water phases; and injectivity loss due to polymer plugging. High costs
of viscosifiers or entrainers are also a factor of concern. These problems are vital to the success of
the viscosifier method. Other ideas such as in situ polymerization of monomers (ethylene, octene,
etc.) in supercritical CO; are less likely to be successful in applications to viscosify CO».
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3. Channel Block

Gas flow in reservoir formations is very sensitive to formation heterogeneity. The existence
of fractures, microscopic or macroscopic, will create gas channeling and significantly reduce gas
sweep efficiency. Several methods: polymer gelation (Seright et al., 1990), emulsion blocking,
and microbial plugging have been proposed to block formation channels. Crosslinked polymer
treatments to control the severe CO; channeling have been successfully tested in the field (refer to
Part II of this report). A process for the selective gelation of a polymer for profile control during
CO,, flooding has been patented by Mobil Oil Corp. (Shu and Sampath, 1990). In this process, a
size selective gel is first formed ex situ. Upon entering a thief zone or a more permeable low pH
zone resultant from CO; flooding, the gel forms a solid, firm gel. Because of the difficulty to
build a physical model to simulate reservoir heterogeneity, it is difficult to test the effectiveness of
these methods for gas sweep improvement in the laboratory. There are many practical problems
for the application of these methods in the field. For example, the polymer gel may trap residual
oil and block oil flow; it may also block the way for gas to contact oil,.and it may impair oil
production. The major challenge to the development of this technique is controlling the blocking
process to minimize adverse effects.

4 i 1

Recently, progress in nonconventional drilling techniques—including horizontal and high-
angle wells and sidetracks or doglegs from vertical wellbores—has had a great impact on oil
production. Evidence reveals that proper applications of horizontal drilling can result in increased
oil recovery and higher production rates in some reservoirs. Costs have declined rapidly with
experience and improvements in drilling and completion techniques. Today, horizontal wells
appear to be more universally appropriate for naturally fractured formations, but successful
horizontal completions are also being reported in thin or layered sandstones, in unconsolidated
sands, and in unfractured low-permeability chalks (Stagg, 1991). Horizontal wells can be
implemented to improve gas sweep efficiency. Some studies have already been conducted on
applications of horizontal wells or slanted wells for sweep efficiency improvement in miscible
floods (Chen and Olynyk, 1985; Adamache et al., 1990). As more companies become interested
in horizontal well drilling, studies on how to utilize horizontal wells in gas EOR and how to choose
pattern size and shape for regular arrays of horizontal wells will be urgently needed.

Conclusi -

In gas mobility control development, the state of the art is as follows:

1. Foams for gas mobility control have been successfully tested in laboratories, but no
successful field test has been reported. There have been advances in producing stable, effective
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foams, but the application of foam in gas EOR is still not promising, primarily because many
phenomena are not quantitatively describable.

2. Materials have been developed to thicken gases. They are not cost-effective yet, but
progress is being made.

3. Plugging agents can be used to block high-permeability zones.

4. Horizontal wells improve sweep efficiency and may offer the most immediate benefit to
gas sweep improvement.

After more than a decade of research on mobility-control problems, there is still no promising
method that is applicable commercially. The major factor is that reservoir characteristics and
multiphase flow in porous media are difficult to describe accurately. Thus, many mobility-control
techniques such as foam developed in the laboratory fail in field tests (Kuehne et al., 1988). A
better knowledge of reservoir characterization and multiphase flow would be very valuable for gas
mobility technique development.

RECENT RESEARCH IN IMPROVING PREDICTABILITY
The causes of uncertainty of gas displacement performance predictions are: (1) inadequate
representation of fluid phase behavior and some mechanisms such as viscous fingering, physical
dispersion, dispersion/phase behavior, and crossflow/phase behavior interactions; (2) insufficient
rock property data and insufficient description of the spatial distribution of rock heterogeneity; and
(3) errors associated with numerical methods and cell size such as numerical dispersion and grid-
orientation errors. Some of the problems are discussed as follows:

1. Phase Behavior

Gas EOR methods are commonly characterized by miscible or immiscible features which are
determined by the phase behavior of the displacing gas and the reservoir oil. Theoretically, if the
displacing gas can achieve miscibility with the oil, the gas will displace the oil completely because
there is no capillary force to hold the oil in the porous medium. Laboratory experiments have
shown that oil recovery efficiency can be as high as 100% under favorable miscible conditions.
Therefore, early gas EOR investigations were focused on miscible displacement mechanisms
studies such as phase behavior studies and minimum miscibility pressure-(MMP) determinations
(SPE Reprint Series No. 15 and 18).

Several corrélations have been developed for MMP estimations for CO,, N>, and lean gas
(Alston et al., 1985; Sebastian et al., 1985; Glaso, 1985; Firoozabadi and Aziz, 1986; Hudgins et
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al., 1990). The miscibility mechanisms for CO, have been thoroughly investigated in slim-tube
and core displacement experiments associated with phase behavior studies (Stalkup, 1983; Yellig
and Metcalfe, 1980; Holm and Josendal, 1974). The research efforts on nitrogen and hydrocarbon
gases have been relatively limited.

Phase behavior for injection gas and reservoir oil plays an important role in miscible
displacement. Currently available prediction techniques using equations of state are still suffering
from some shortcomings. First, the generalized cubic-type equations of state (EOS), such as
Peng-Robinson (PR) EOS, Redlich-Kwong (RK) EOS, and Soave-Redlich-Kwong (SRK) EOS,
are not accurate for systems containing CO5 or water, especially in supercritical and high pressure
regions. Although some accurate PVT correlations are available for some substances, they are
either too complicated or not generalized. In simulation, engineers still prefer the cubic type EOS
because of its simplicity. Second, characterization for crude oil heavy fractions (C7* fractions) is
still an art, although several techniques have been presented for the C7* fraction characterization
(Whitson, 1983; Chorn and Mansoori, 1989). Characterizations of asphaltene and resin, which
are essential for asphaltene precipitation prediction, are extremely difficult because the properties of
asphaltene and resins are still not well known.

2 1 lete Mixi

Another problem is the nonequilibrium feature of injection gas and oil in porous media. In
reservoir simulations, it usually has been assumed that injected gas and reservoir oil within a
numerical grid block are completely mixed and that thermodynamic equilibrium criteria are
achieved within a numerical time step. These assumptions are acceptable for the gas displacement
process in one-dimensional (1-D) models, such as slim-tube and linear core, but are unrealistic for
actual field gas flooding.

The complete mixing assumption has been tested with experimental results in a 3-D physical
model (Ammer et al., 1991). Simulations overpredicted the recovery rate and the ultimate recovery
of oil with the assumptions of complete mixing and thermodynamic equilibrium, even for such a
small (24.25-in. x 9.75-in. x 3.25-in.) and homogeneous physical model.

Micromodel experiments have shown that injected CO5 gas contacts only a small portion of
waterflooded oil (Orr and Taber, 1981). Most of the residual oil is encompassed by water phase
and is discontinuous. Injection gas may have to diffuse through the blocked water phase before
mixing with trapped oil, which is a slow process. Thus, the injection gas cannot completely mix
with the reservoir oil, and the miscibility developed through the multiple contact process may not
be achievable at reservoir conditions as it is in laboratory experiments.
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Molecular diffusion plays an important role in a gas displacement EOR process at reservoir
conditions. A compositional and incomplete mixing simulator that empirically accounts for the
macroscopic effects of viscous fingering by assuming incomplete mixing within grid blocks has
been proposed (Nghiem et al., 1989). In this method, an additional parameter is required to define
the rate of mass transfer of oil from the 'bypassed’ phase of grid block into the oil phase where
mixing with the CO; is allowed to occur. Nevertheless, the overprediction of oil production
resulting from the poor phase behavior description is too large to be compensated by adjusting the
additional parameter.

Further research is needed to study the distributions of residual oil saturation (ROS) and
water in reservoir formations after waterflooding and the diffusion process of injection gases at
reservoir conditions.

3. _Reservoir Description
Gas flow in reservoir formations is dominated by permeability variations. Finger patterns
and even gas override can be modified by the permeability distribution if the permeability is
sufficiently variable (Araktingi and Orr, 1990). Accurate information for permeability distribution,
fracture configuration, and the location of faults is critical to gas EOR process design. Mobility
control method design relies on these geological data. Reservoir characterization is the foundation
for all EOR methods.

4 imulation hni

Although many compositional simulators have been developed, these simulators still have
many shortcomings. As mentioned in above sections, the assumption of complete mixing and
phase equilibrium in compositional simulators is unrealistic. The gas diffusion process and the
large volume increase in oil after mixing with COj still cannot be taken into account in simulations.
These two mechanisms are very important for fractured reservoirs. So far, reservoir simulators for
fractured reservoirs are not sophisticated, especially for gas EOR . Other problems such as
numerical dispersion and time-consuming computation remain to be solved.

SUMMARY
According to the reported results of miscible carbon dioxide EOR field tests, incremental
recoveries by CO, miscible floods have ranged from 7 to 22% of origihal oil in place (OOIP)
(Appendix B, this report). These results show that the observed miscible phenomena and the high
oil recoveries achieved in the laboratory have not been attained in the field. In field applications,
oil recovery efficiency is dominated by the sweep efficiency. Widespread application of gas
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flooding is hindered by poor mobility control and uncertainty in predicting recovery efficiency in
field projects. Although research efforts have been concentrated on these two problems and some
progresses have been achieved, the problems are still intractable. Part of the reason is the
limitation of laboratory-scale methods for mobility control research. Results from a 1-D coreflood
test cannot be applied to a 3-D model; success in laboratory tests should not be expected in the
field. Reservoir simulators are not sophisticated enough to be used for sweep efficiency tests
because they are still unable to describe multiphase flow in reservoir formations accurately. Thus,
even though many ideas have been proposed or patented, none of these has been proved in field
tests. Industry and the Department of Energy have to be aware that the two problems are very
complicated and should not expect an easy and quick solution. It will require long-term research,
and more effort must be given to fundamental studies.

As being recognized by the DOE's new Advanced Oil Recovery Program Implementation
Plan, the application of CO, and HC gas will be fundamentally crucial in mid-term time periods for
recovering much of the oil in high-priority geological classes. Gas EOR research is now at a
turning point. A clear long-term policy and correct direction are needed for the design of a more
efficient research program. As pointed out in this review, most of the mobility-control methods
deserve further research. Technologies in reservoir characterization and in multiphase flow
description are vital to gas mobility control and prediction technique developments. In the near
term, horizontal wells may be the only means to improve gas sweep efficiency. Studies on how to
utilize horizontal wells in gas EOR will be urgently needed as more companies become interested in
horizontal well drilling. In the next section, areas where research is needed are outlined.

Research Needs
Based on the above review, the areas in which further research is needed are identified and
classified as near-term, mid-term, and long-term studies as follows: ‘

Near-Term

(1) Development of improved methods to predict phase behavior.

This includes the improvement of equations of state and C;+ fraction characterization
techniques and the study of phase behavior in porous media. Equation of state study is still very
active in academic research. In EOR applications, research has to focus on CO3-0il and CO2-brine
systems for gas EOR and HO-oil systems for steamfloods. More experimental data are needed to
model these systems. Modification of currently used equations of state such as RK, SRK, and PR
EOS is a near-term research priority. In technique development for the C7* fraction
characterization, more data on thermophysical properties and chemical composition analysis for
heavy fractions are needed. For the characterization of asphaltenes, advanced techniques have to
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be developed to measure the properties (e.g., molecular weight, particle size) of resins and
asphaltenes in crude oil.

(2) Development of a channel-block method for profile modification.

A 3-D physical model needs to be designed for the channel-block method. Improvement of
currently available gel polymer simulators such as NIPER's permeability modification simulator,
which can be achieved in the near-term, will be very useful for this research. This research should
be coordinated with chemical polymer EOR research with emphasis on gas flow control in
heterogeneous porous media.

(3) Development of improved prediction techniques for asphaltene precipitation.

There has been great progress in the development of predictive methods for asphaltene
precipitation. In all the predictive models, characterization of asphaltene fractions is still a problem
because its chemical structure and properties are not well known. More experimental data are
needed to test all the developed models. Development of methods to avoid asphaltene precipitation
problems is needed.

(4) Application of horizontal well technologies to gas EOR.

The following subjects need to be studied: fluid flow profile and gas sweep with horizontal
wells as gas injection or production wells, pattern size and shape selection, proper placement of
horizontal wells for gas EOR application, effects of multiphase flow in horizontal wells on oil
production, horizontal well simulator development, and optimum process design.

Mid-Term

(1) Investigation of the effects of different scales of heterogeneity on recovery.

The mechanisms for CO; miscible or immiscible displacement in homogeneous porous media
are well studied. In heterogeneous or fractured formations, the controlling displacement
mechanisms are different. The soak period is an important process design parameter which will
determine recovery efficiency because molecular diffusion plays the major role in heterogeneous
formations. A correlation between the optimum CO; soak period and the scale of heterogeneity
needs to be developed.

(2) Investigation of the effect of incomplete mixing and phase behavior in porous media on
recovery efficiency.

Knowledge of the combined effects of gravity segregation, viscous fingering, channeling,
and reservoir heterogeneity on phase behavior are important to the improvement of prediction
techniques. Oil and water distribution in reservoirs after secondary recovery is also an important
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factor which will affect the gas-oil phase behavior. An adequate description of these effects on
phase behavior and fluid in porous media needs to be developed and employed in compositional
model simulators.

(3) Development of improved compositional simulator for gas flooding.

In addition to those problems associated with numerical methods such as finite difference
approximation, numerical dispersion, and grid orientation, gas EOR simulators need to be able to
overcome those problems discussed in the above sections. Some of the phenomena which are
difficult to describe in a compositional simulator are : multiphase (at least three phases) flow,
highly compressible properties of supercritical fluid, and dissolution of gas in reservoir fluids.

Long-Term

(1) Development of novel methods for gas mobility control.

Research on the gas mobility control problem should be continued until it is solved. Besides
those methods mentioned in this chapter, researchers need to look for other new ideas. Methods of
using gas viscosifiers or thickeners deserve further studies to find a cost-effective agent. But, in
the development of gas thickener techniques, factors such as adsorption, precipitation, ‘and
partitioning need to be taken into account.

(2) Investigation of the fundamental properties of foam.

Research needs to focus on quantitative study of foam flow behavior in porous media.
Special experimental tools need to be developed for measurements of foam flow properties in
porous media. The dependent variables and characterization parameterS for the behavior of foam
flow in porous media need to be identified and quantified. Also, the applicability of Darcy's law
for foam flow in porous media needs to be critically reviewed. If Darcy's law is still applicable, a
clearer definition and a standard measuring procedure need to be developed for the two flow-
control parameters: the apparent viscosity and the effective relative permeability. Then, the
relationships between these flow parameters and those identified foam characterization parameters
can be constructed. A thorough review of foam techniques for gas mobility control is needed for
DOE and industry to make decisions on the continuity of this research and the direction for future
research.

(3) Study the characteristics of multiphase flow in porous media.

Gas flooding encompasses at least three phases - gas, oil, and water flowing in reservoir
formations. To describe three-phase flow is very difficult because of the complicated interactions
among the three phases. The relative permeability of each phase is dependent not only on the
saturation of the other two phases, but also on their distribution. The injection gas can dissolve
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into oil and water phases. Mass transfer between CO; gas and reservoir oil can cause a large
volume change in the oil phase. All of these problems make the determination of three-phase
relative permeability intractable. The validity of Darcy's equation to describe multiphase flow in
gas flooding is questionable. More rigorous equations need to be developed. Furthermore, the
problem of multiphase flow in fractured reservoirs is a big challenge to researchers and needs more
studies.
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CHAPTER 3
SURFACTANT FLOODING: STATE OF THE ART REVIEW

By P. B. Lorenz

INTRODUCTION
Surfactant enhanced oil recovery enjoyed its heyday during the period of high oil prices.
Many advances resulted from laboratory work, theory, computational procedures, and improved
engineering. The several reviews of the state of the art that have appeared within the past decade
(Mattax et al., 1983; National Petroleum Council, 1984; Kessell, 1987; Nelson, 1989; Thomas and
Faroug-Ali, 1989) have indicated the new directions in which the technology is going. Progress in
these directions is noted below.

The current pattern of application — limited more by economics than by technology — is
seen in reports on field projects (Combe et al., 1990; Moritis, 1990) and chemicals being marketed
(Petroleum Engineer International, 1990). Six current field projects are reported for the United
States: one success, four promising, and one too early to tell. A new project by ARCO in Newton
County, Texas, and one by Marathon in Pecos County, Texas, were scheduled for startup at the
end of 1989. The ARCO project has been cancelled along with the chemical flooding group.
Three projects were recently terminated: the Texaco Salem project was promising, but the other
two were discouraging. Overseas, the Bothamsall project in England (a pilot for the North Sea) is
still active, but discouraging. Few results from the Hankensbuettel project in Germany were
reported, but it appears to have recovered significant oil. The terminated Chateaurenard project in
France was a success. There is no information about the Total project in Handil, Indonesia.

In the United States, the majority of the field projects on surfactant flooding were performed
in deltaic reservoirs; eight of the 10 field projects reviewed in part II were from reservoirs that can
be identified as deposited in a deltaic environment. In an analysis of 20 field projects that were
conducted in deltaic reservoirs (DOE, 1991a), channeling, compartmentalization, directional
permeability trends, formation parting, and formation salinity are the heterogeneities commonly
observed in these field tests that contributed to the lower than expected oil recovery. More
significantly, in the same study (DOE, 1991b), it was found that the recovery efficiency declined
from 60 to 70% to less than 30% for type of well spacings of greater than 1 acre. Such behavior is
attributable to compartmentalization, a reservoir heterogeneity that is known to be present in fluvial
dominated deltaic reservoirs. |
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EOR surfactants are marketed by Exxon Chemical, Shell, BP Chemicals, and Stepan
(Petroleum Engineer International, 1990). Eleven patents were issued in 1990 for new surfactant
products.

The primary need is for continued improvements in reservoir evaluation and remedial
procedures. The horizontal well technique is capable of reducing many limitations imposed by
reservoir structure. This review is directed only toward the process of oil mobilization by
surfactants.

MAJOR FRONTIERS OF IMPROVING TECHNOLOGY

linj m T 1

The need for surfactants that can function at high temperature and high salinity has been
emphasized repeatedly (Mattax et al., 1983; National Petroleum Council, 1984; Kessell, 1987).
Table I-2 shows that a high proportion of the well-documented field tests (Lowry et al., 1986;
Lorenz, 1989) have been carried out near the upper limits of 200° F and 100,000 ppm, proposed
by the National Petroleum Council study (1984). Figure I-2 shows that there are many reservoirs,
otherwise amenable to surfactant flooding, outside the established salinity and temperature limits.
Field tests have been performed beyond these limits (Holstein, 1982) but the results are less
completely reported. The simple parameter of salinity also disguises the additional demands that
hardness makes on surfactant design. The NPC screening criterion that excludes carbonate
reservoirs and those containing gypsum or anhydrite needs to be relaxed because of the
development of hardness-tolerant surfactants. Attempts to invent a NaCl-equivalence for hardness
have not been very successful (Hedges, 1984; Puerto and Reed, 1985).

Actually, NPC’s salinity limit was selected because of a lack of field experience at higher -
salinities. Preflushes have fallen into disfavor (Mattax et al., 1983; Salter, 1986) as being
inadequate. Even if sweep efficiency were 100% and ion-exchange equilibrium were complete, the
surfactant itself is a potent ion exchanger and would be degraded by equilibrium-residual divalent
cations. For the eight field tests most recently reported (Lowry et al., 1986; Lorenz, 1989; Holley
and Cayias, 1990) surfactant was injected directly after waterflood in five cases. The surfactant in
the McClesky test (Holley and Cayias, 1990) was designed to be tolerant of at least a fourfold
variation in salinity. The surfactant for the very successful third Loudon test (Maerker and Gale,
1990) was matched to the high connate salinity and hardness of the reservoir.

With regard to selection of surfactants for high-salinity regimes, the following trends have
been noticed:



Optimal salinity increases with ethylene oxide number for alkyl-aryl ethoxylated sulfonates
but not for alkyl ethoxylated sulfonates (Skauge and Palmgren, 1989). Optimal salinity decreases
with an increase in the hydrophobe chain length (Puerto and Reed, 1985) and a benzene ring is
equivalent to about 4 methylenes (Skauge and Palmgren, 1989). Unsaturated species, i.e. alpha-
or internal-olefin sulfonates, have high optimal salinities (Salter, 1986).

TABLE I-2. - Selected parameters for surfactant field tests!

Tertiary Qil content
Pilot name recovery, of injected Temperature, Salinity,

% ROIP slug,2 % °F ppm of TDS
Delaware Childers 0 0 86 10,400
El Dorado Chesney 34 0 69 86,830
Bradford Lawry 5.3 18 64 2,950
El Dorado Hegberg 6.3 67 69 86,830
Jones City 8.4 60-70 95 85,000
Manvel 12 0 165 107,000
West Burkburnett 13 0 85 150,000
Bell Creek Pilot 14 61 110 7,400
Loudon I (1972) 15 0 80 104,600
Salem I (Mobil) 17 0 72 120,000
North Burbank 19 0 120 87,100
Borregos 20 0 165 33,000
Big Muddy demo 22 0 115 7,800
Sloss 22 0 200 2,500
Benton Pilot 24 0 85 110,000
Wilmington 25 22.5 145 81,000
Bell Creek expansion 28 (ca. 60.) 110 7,400
Glenpool 29 0 95 81,000
Robinson M-1 31 7.6 72 16,000+
Robinson 219R 32 15+ 72 16,000+
Chateaurenard Industrial 34 15 86 400
Big Muddy Pilot 36 0 115 7,800
Bradford Bingham expansion 37 47 37 2,950
Robinson 119R 38 ? 72 16,000+
Bradford Bingham 39 39 68 2,950
Chateaurenard Pilot 42 40 86 470
Salem II (Texaco) 47 0 72 120,000
Loudon II (1983) 60 4 78 104,600
Robinson Henry W 63 (ca 60) 72 16,000+
Loudon III (1990) 68 ? 78 104,600

1 From Lowry et al., 1986, and Lorenz, 1989.

In many cases, the surfactant contained an unreported amount of unreacted oil. Numbers in this column smaller than 10 are reported
unreacted oil.
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FIGURE I-2. - Three-dimensional bar graph for temperature with salinity of
the restricted datafile from the DOE reservoir database
(Strycker, 1989).

There appears to be a slower rate of advance in high-temperature surfactants. With the
variety of structures now known, it is possible to design alcohol-free surfactant systems that are
effective throughout the temperature-salinity ranges of figure I-2, but many are excluded by cost
considerations. The “classical” alkly-aryl sulfonates are effective and thermally stable over a wide
range of temperatures at low salinity, but in the absence of alcohol are limited by the formation of
condensed phases and persistent emulsions. Ethoxylated and propoxylated sulfates are practical
over a wide range of salinities, but are restricted to temperatures below 50° C by the tendency to

hydrolyze (Mattax et al., 1983). Ethoxylated sulfonates are stable at high temperature and high
salinity, but are expensive.

In addition to tolerance for high temperature and salinity, there is a need for surfactants that
have a tolerance for a wide variation of salinity, so that they will not be degraded, for example by
encountering pockets of high salinity brines left over from waterflooding. There does not seem to
be a systematic way of designing surfactants that are effective over a range of temperatures and
salinities. On the basis of published information, this has been a matter of luck rather than design.
One well-known problem is the inverse relation between solubilization and width of the salinity
window. But this applies strictly within a homologous series, and it is possible to increase both
solubilization and window width by structure changes (e.g., branching) or using mixtures (Llave
et al., 1990).
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I ing Surfactant Effecti

A great deal of the literature has been concerned more with defining optimal conditions than
with inquiring how well a surfactant at optimal conditions reduces interfacial tension and
cosolubilizes oil and water. Moreover, since much of the previous work on surfactants involved
blends with alcohol, the relation between structure and surfactant activity is a relatively new
science. Recent surveys of the experimental trends by Salter (1986) and Skauge and Palgren
(1989) have addressed the questions in the proper order: For a given oil, brine, and temperature,
what structure is required for a surfactant that .

(a) has maximum surface activity;
(b) has acceptable solubility in brine and least tendency to form gels and liquid crystals;
(¢) has a minimum tendency to be adsorbed?

Since mixtures are necessary for adjustment to optimum (Puerto and Reed, 1985), and appear to
exhibit synergism (Maini and Batycki, 1985), we should not expect to find a single species; but the
trends, supported in a general way by theory (Robbins and Bock, 1988), are as follows:

(@) Surface activity is increased by increasing molecular weight while maintaining
hydrophilic-lyophilic balance (HLB). With ethoxylates, longer chains at both ends of the
amphiphilic molecule increase cosolubilization by making it harder for the interface to be curved.
Very approximately, the addition of one ethylene oxide group is balanced by the addition of one
methylene group (Skauge and Palmgren, 1989). Cosolubilization is larger for more linear
molecules; that is, there is a tendency for solubilization to be reduced by branching, and this
includes aromatization. The methylene equivalent of a benzene ring is 2 - 3. The order of
effectiveness of hydrophilic groups is: sulfonates are similar to sulfates and superior to
carboxylates.

(b) Brine solubility is improved by ethoxy groups. A polyethoxylated molecule that is too
water soluble to be a good surfactant can serve as a cosurfactant. A distribution of ethylene oxide
number improves water solubility (Lelanne-Cassou et al., 1983; Olsen and Josephson, 1987), and
an aromatic ring or branching of the hydrophobe reduces solubility of ethoxylated surfactants
(Skauge and Palmgren, 1989). Sulfates are more soluble than sulfonates.

(c) Adsorption of nonionic surfactants is smaller, the farther from the cloud point
temperature (Verkruyse and Salter, 1985). This suggests that the trends on structure for
adsorption would be similar to those for solubility.
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Many new surfactant types have been investigated and patented, such as carboxylates,
phosphates, amines, nitriles, exotic sulfonates, and molecules that incorporate two of these
functional groups. For the most part, their use is deterred by cost. It is beyond the scope of this
review to evaluate these materials; however, such an evaluation could have value as a guide to
promising lines of research.

Slug Integrity
In review of recent field projects, it was concluded that (Part II, this report) some inherent
weaknesses in surfactant flooding are limiting the application of this process. Degradation of slug
integrity as it propagates through the reservoir is one of the impediments. Improvements have
been made in four ways.

Elimination of Alcohol

Elimination of alcohol requires surfactants that are water soluble but still effective. The
majority of the advances have been in developing ethoxylates and propoxylates (Olsen and
Josephson, 1987; Skauge and Palmgren, 1989; Maerker and Gale, 1990). Sulfonates with mid-
chain attachments (Lelanne-Cassou et al., 1983) and internal olefin sulfonates (Selliah and Wade
1985) have shown some promise. Amphoterics, such as amine oxides (Olsen, 1989), also have
favorable characteristics. For tailoring surfactants to reservoir conditions in the absence of alcohol,
it is necessary to use blends of surfactants (Maini and Batycki 1980; Puerto and Reed 1985; Roefs,
1989; Llave et al., 1990). Sulfonates and alcohols, with very different oil/water affinities, tend to
go by different paths in a reservoir, but chemically similar surfactants with HLB values differing
by as much as 5 units have been reported by some authors to copartition (Wade and Schechter,
1980) and coadsorb (Balzer, 1983). Other authors indicate that even commercial ethoxylates with
a distribution of ethylene oxide numbers fractionate by partitioning (Graciaa et al., 1983).
Fractionation is minimized if all components are well above their critical micelle concentrations
(CMC) (Salter, 1986). 1In cases for which chromatographic separation is an unavoidable result of
design requirements, proprietary methods have reportedly been developed (Holley and Cayias,
1990) to hold separation within limits dictated by the distances and projected recovery times.

Alcohol has been used to adjust slug viscosity for a favorable mobility ratio. This is
accomplished more reliably by adding polymers (Mattax et al., 1983). The added cost is
compensated by the increased effectiveness. However, it is necessarynto overcome or avoid
surfactant-polymer incompatibilities (Roefs, 1989; for a review, see Kalpakci et al., 1990).



Suppression of Adsorption
An increasingly popular way of doing this is to add alkali (Lorenz, 1991) in a preflush or in
the slug. Another sacrificial agent is lignosulfonate, which has been used with mixed success
(Thomas et al., 1986; Hong et al., 1987; Hong and Bae, 1990). Chemical gradients within the
slug (discussed below) cause some of the surfactant to be desorbed.

Use of Chemical Gradients

Proposals for deliberate segregation of components to form a gradient are an extension of the
well-accepted salinity gradient (Nelson, 1989). The design requirement is a leading It (oil
external) microemulsion and a following II" (water external) one. This assures optimal conditions
at some stage; it combats surfactant loss by phase trapping, reverses adsorption, sharpens the
concentration profile, and mitigates the effect of gravity segregation (Nelson, 1989). The effect
can be achieved by an alcohol gradient (Trushenski, 1984) or an HLB gradient. The latter was
proposed by Minssieux (1987) for a reservoir too saline for an effective salinity gradient. He
combined a sulfonate with nonionics graded from HLB 11.6 to 15.5. Incidentally, Maini and
Batycki (1980) (who did not work with gradients) found that optimization was easier using a
sulfonate with two cosurfactants having a still wider range of HLB. Chou and Shah (1981) took a
different approach, selecting surfactants that gave a reverse HLB gradient, to moderate the adverse
effects of an excessively steep salinity gradient.

Gradients have been used in other ways. Baviere et al. (1985) used a succession of
surfactants to overcome problems with ion exchange. Thomas et al. (1988) found that a gradient
of oil content, with oil-rich composition upstream, performed better than a single slug. As a matter
of subordinate interest, table I-2 shows that among well-documented field tests, there has been no
correlation between recovery and oil content of the injected microemulsion.

Polymer Propagation

A new problem in slug integrity is introduced when the mobility is adjusted by adding
polymer to the surfactant. Polymer propagation is subject to constraints that are different from
those of surfactant: independent adsorption behavior, mechanical entrapment, inaccessible pore
volume, and, of course, virtually no oil affinity (see also Part II, this report). The mechanical
entrapment is a strong function of permeability, which makes polymer propagation very sensitive
to heterogeneity. A corollary effect is that polymer retention will be accentuated in regions where
oil displacement is poor, and effective water permeability stays low.

When polymer and surfactant get separated, mobility control is lost. This is believed to be a
significant factor in the performance of Exxon’s expanded pilot test in the Loudon field (Huh et al.,
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1990). The polymer was transmitted only a fraction of the distance from injection to production
wells. These investigators believe that it is vital to the success of the surfactant method to solve the
problem of polymer propagation over long distance.

L ration n
Although field (Lorenz, 1989) and laboratory (Gogarty, 1978; Murtada and Marx, 1982)
experiences have shown that surfactant slugs are more effective at higher concentration, there is a
persisting interest in “low tension floods” — a dilute surfactant in a larger slug. Technical
effectiveness must be balanced against compatibility problems at higher concentrations, and
problems with injectivity; also logistics in offshore operations.

If mobility control can be dispensed with, there will be a reduction in costs of materials and
equipment. Adding surfactant to injected brine is indeed observed to cause increased production
(Nelson, 1989), but so far the benefit-cost ratio is too low. It is possible that the technique can be
developed to have a limited applicability to selected reservoirs, if surfactants can be developed with
high displacement efficiency and low adsorption (Raterman et al., 1988), and if the process is
optimized with respect to slug size and concentration.

A more promising technique is “surfactant-enhanced polymer flooding” (Chiang, 1985;
Roefs, 1989), or “low-tension polymer flooding™” (Kalpakci et al., 1990). For low concentration
of surfactant, polymer requirements are decreased, and there is a reduction of problems with
surfactant solubility, injectivity, and surfactant-polymer incompatibility. Rather large slugs have
been used in laboratory investigations, 0.3 to more than 1.0 PV. The data suggest that addition of
surfactant to a normally-designed polymer flood can result in marked increases in recovery.
Surfactant concentration (from 0.1 to 1.5%) must be selected for particular reservoir conditions.
There is a threshold of total surfactant injected below which there is no benefit at all (Enedy et al.,
1982). This is associated with surfactant retention. For example, using a 0.3% surfactant solution
in a reservoir with 20% porosity and 0.3 mg/g retention, calculation shows that it takes 0.35 PV to
satisfy adsorption demands. Lower concentrations (below the plateau in the adsorption isotherm)
will have a lower threshold and a higher process efficiency (oil-surfactant ratio) (Enedy et al.,
1982) but also a longer delay and higher operating costs.



OTHER AREAS OF RESEARCH

Low P bili | Hish Viscosit

Low permeability and high viscosity are listed as constraints in the National Petroleum
Council report (1984). The lowest permeability in a successful field test was 50 md for the Big
Muddy, WY (Ferrell et al., 1988); the Bradford-Lawry test in a 10-md reservoir was a failure,
partly because of low injection and production rates (Suffridge, 1984). Research needs for low-
permeability surfactant flooding are to develop surfactants of high solubility (no filtration) and
effective polymers with rigid molecules (no mechanical entrapment). Surfactant can even be
detrimental in a low permeability reservoir if it inhibits imbibition which has been claimed in some
cases (Nelson, 1989) and denied in others (Keijzer and DeVries, 1990). Oil viscosity is an
economic, rather than a technical constraint, as it requires high-viscosity displacing fluids, which
leads to slow injection and production rates. The highest oil viscosity in a successful field test was
Chateaurenard at 40 cP (Chapotin et al., 1984).

li n in
The rule-of-thumb has been that frontal advance rates in laboratory corefloods must match
those in the field, and that flood tests to get data for scaling up by numerical simulation must be
carried out in cores at least 1.3-m long. Some new criteria for designing scaled chemical flooding
experiments have been presented by Islam and Farouq Ali (1988).

There are two facets to modeling: process simulation and reservoir modeling. Encouraging
progress has been made in process simulation. The UTCHEM model (Camilleri et al., 1987),
developed over the past decade and still being upgraded (DOE Progress Review 62, 1990), was
applied successfully to field results from the Big Muddy pilot (Saad et al., 1989). Exxon’s
independently-developed simulation gave a reasonable match of performance of the pilots in the
Loudon field (Huh et al., 1990). It is still a challenge to model the reservoir, limited on one hand
by the data available, and on the other hand by the need to keep the number of parameters within
manageable proportions (see chapter 10, this report).

xperimental hni
Exxon (Puerto and Reed, 1983) has developed a way of modeling crude oil that is superior to
the concept of equivalent alkane carbon number. The needed data are the molar volume and the
H/C ratio. This information is used to correct experimental results on alkanes to predict the
behavior of (live) crude. A correction of data with NaCl to estimate the behavior with hard brines
was developed empirically, but is specific to the surfactant type. The approach allows blending of
surfactants to adjust the optimal salinity to the reservoir brine, but it is less precise in estimating
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solubilization. Incidentally, the salinity level of the curve for optimal salinity vs. molar volume of
alkanes is a measure of the HLB of the surfactant.

Measurement of phase inversion temperature is not a new technique, but is being used more
in the search for surfactant systems at high temperatures (Llave and Olsen, 1988).

Although significant advances have been made in surfactant flooding, the constraints to
commercialization of the process are still in designing surfactant formulations that are (a) cost
effective, (b) salt tolerant, and (c) temperature tolerant; and slugs such that the process maintains its
effectiveness in transit through the reservoir. The primary constraint is still the high cost of
surfactants. The cost of chemicals in the latest Loudon test (DOE, 1991c) was estimated to be in
the range of $18-32, depending whether the surfactant was recycled, for each barrel of additional
oil recovered. At this cost, surfactant flooding cannot be competitive with other processes for
economic production of domestic oil at current oil price. Developing more cost-effective surfactant
formulations should be the most critical research task to be completed before additional field tests
are to be contemplated.

RECOMMENDATIONS
1. Improvement in evaluating reservoirs and remedial treatments of reservoir
heterogeneities.

2. The balance among effectiveness, stability, and cost should be optimized for surfactant
EOR in high-salinity, high-temperature reservoirs.

3. More cost/benefit optimization should be studied for low-tension polymer floods.

4. The behavior of mixed surfactants should be explored more thoroughly with respect to
the following:
(a) maintenance of slug stability;
(b) degree of diversity required for effectiveness.

5. Development of method to overcome surfactant-polymer incompatibility.

6. A further understanding of the role of molecular structure should be developed to assist in
the design of surfactants that can accommodate wider variations in salinity.

7. A comprehensive review of alternative surfactant types should be made to determine
which (if any) deserve more extended testing and development of manufacturing
procedures at reduced cost.
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8. Various kinds of gradients (salinity, alcohol etc.) should be investigated. In particular,
consideration should be given to combined gradients, as, for example, grading from an
oil-rich composition with oil-soluble surfactant to a water-rich composition with water-
soluble surfactant.
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CHAPTER 4
ALKALINE FLOODING: STATE OF THE ART REVIEW

By P. B. Lorenz

INTRODUCTION

For all its economic attractiveness, alkaline flooding is not being used very actively. The
most recent Production Survey in the Oil & Gas Journal (Moritis 1990) lists nine projects: four
active and five recently terminated. Two are labeled successes, one promising, three discouraging,
and two too-early-to-tell. Historically in the U.S., six of 22 alkaline floods surveyed (Lorenz and
Peru 1989) have been considered successful. Most used NaOH, which provides the highest ratio
of alkalinity to cost. However, in many cases, rates of consumption and scale formation are
unacceptably high (e.g., Dauben et al. 1987). A recently reported NaOH flood in the U.S.S.R.
appears to be successful (Melnikov 1988). Sodium silicate was used in several projects to reduce
reaction with SiOp; and it has other advantages, but in the high-pH region it still reacts with clays
(Thornton and Lorenz 1988). Lower pH silicate with a high Si0,/NaO ratio is less reactive and
retains some effectiveness. Sodium carbonate has been the alkali of choice in several recent
projects (Lorenz and Peru 1989).

Alkaline agents have been used in preflush treatment for some time. This was part of the
design for five of the 23 well-characterized surfactant field tests (Lowry et al. 1986; Lorenz 1989),
and was suggested as an afterthought for Chateurenard (Rivengq et al. 1985).

CURRENT PERSPECTIVES
Mobility Control

The importance of mobility control has been increasingly recognized (Auerbach 1984; Ball
1985; Saleem and Faber 1986; Alam and Tiab 1987; Nelson 1989; Lorenz and Peru 1989). The
use of polymers with strong alkalis introduces the problem of thermal instability, which is serious
at either end of the pH scale (Yang and Treiber 1985; Dexter and Ryles 1988). Polyacrylamide is
considerably more resistant to alkalinity than xanthan (Ryles 1985; Nelson 1989). Alternative
polymers have been developed on a laboratory scale (Bauer and Klemmenson 1982; Dexter and
Ryles 1985). Mobility control is important also in alkaline preflush. Part of the reason for the
poor performance of the first Loudon surfactant pilot (Pursley et al. 1973) was that the surfactant
penetrated regions that the alkaline preflush had bypassed.
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Oil Acidi
Until recently, it was assumed that a high acid number for the oil was an essential criterion
for alkaline flooding. However, three other factors need to be considered:

1. Acid constituents of oil are not necessarily all precursors of natural surfactants. Some
low-acid oils develop as much interfacial activity with alkalis as is developed by oils that have a
much higher oil content (Ball 1985; French et al. 1989).

2. Surface activity is only one of the benefits of alkaline flooding (Krumrine et al. 1982).
This is especially apparent in alkali-surfactant flooding, discussed below. Therefore, alkaline
flooding is worth considering for a larger number of reservoirs than was formerly thought.

3. On the other hand, acidity is often associated with low gravity (Lorenz and Peru 1989)
and high viscosity (Ball 1985), so that, with increased mobility control requirements and low
production rates, alkaline flooding may not be economically preferable to thermal methods.

Ikaline- in
The literature to 1988 on this subject was reviewed in a recent report (Lorenz 1988). The
combination is superior to either alkali or surfactant alone in several ways:

1. For many combinations, a lower interfacial tension is achieved than with either
component separately (Ball 1985; Lorenz 1988; French et al. 1989; Surkalo 1990; French and

Burchfield 1990). This results in increased recovery (Taylor et al. 1989) or reduced chemical
requirements.

2. The reduction of interfacial tension is achieved faster than with surfactant alone, and is
longer lasting than with alkali alone (French et al. 1989).

3. The combination can sometimes be tailored to mitigate emulsion problems that occur with
a single agent (Ball 1985; Peru and Lorenz 1989).

4. Surfactants raise the optimal ionic strength for surfactants generated by alkalis (Nelson et
al. 1984; Surkalo 1990), which can then be used at higher and more practical concentrations.

5. Alkalis tend to reduce the retention of other EOR chemicals, although the state of the art
in this respect is less advanced than is sometimes proclaimed (Lorenz 1991).

6. Surfactant enhancement allows the use of low-pH buffered alkalis, which reduces
consumption and scaling (French et al. 1989; Peru 1989).
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7. Inexpensive alkalis compete for divalent cations and reduce degradation of expensive
surfactants. (This capability has been exploited for many years by adding alkaline “builders” to
detergents.)

8. In some cases (Lorenz 1991), alkalis appear to affect the solution behavior of surfactants
in a beneficial way—but this is a fairly unexplored effect.

SCREENING CRITERIA

Recent work at NIPER (Lorenz and Peru 1991) concluded that alkaline flooding should be
rejected if there is as much as 1% gypsum (or anhydrite) in the reservoir rock, or as much as
1 mol % CO in the fluid. Gypsum would be indicated by 1,000 ppm (or higher) sulfate in the
brine. CO2 would be suspected if in situ pH were 6 or below. In the absence of these interfering
substances, a flood at moderate pH (around 10) can be considered in low-kaolinite reservoirs. For
low-montmorillonite reservoirs with less than 5 meg of divalent exchange cations per kg of rock, a
very low pH (around 8.5) may be effective when enhanced with surfactant. Low salinity is
generally regarded as important for alkaline flooding (Castor et al. 1981). Alkali is more effective
at reducing adsorption of EOR chemicals at low salinity (Lorenz 1991). However, if the
mechanism of mobilization is wettability alteration, higher salinity may be an advantage (Kessell
1987). One danger in alkaline flooding that has been underemphasized is the swelling of clays
with changing ionic environment, and this must be factored into the design (Labrid and Bazin
1989).

AREAS OF NEEDED RESEARCH
The background for the following recommendations has been discussed extensively in two
previous reviews (Lorenz 1988; Lorenz 1991).

1. The use of an extended "salinity requirement diagram" (two- or three-dimensional
concentration scans of alkali, surfactant, and salt) to maximize oil mobilization.

2. More study of specific ion effects, and development of optimal mixtures of alkalis.
Design of a means to stabilize silicate solutions at high values of SiO2/NayO.

3. Study of injection strategies (surfactant, alkali, polymer).

4. Investigation of the effects of alkalis on CMC, cloud point, and partitioning of
surfactants; and on the mechanical entrapment of polymers.
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5. Demonstrate technical feasibility of alkaline-surfactant-polymer flooding in
well documented field pilot tests.

6. Special experimental requirements:

(a) Alkali-surfactant flooding will have to be designed to compromise among competing
requirements for efficient mobilization, suppression of retention (surfactant and polymer) and
consumption (alkali), beneficial emulsion behavior, and cost control. Optimization with respect to
a single parameter would be insufficient.

(b) Working with reservoir rocks is necessary to address differences in behavior of
different minerals with changing pH.

(c) Coreflood tests are even more important here than with the other processes because
of the dynamic IFT's with alkali.
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CHAPTER 5
MICROBIAL ENHANCED OIL RECOVERY: STATE OF THE ART REVIEW

By Rebecca Smith Bryant

INTRODUCTION
Microbial enhanced oil recovery (MEOR) has been recognized as a potentially cost-effective
method, particularly for stripper well production. Stripper wells are in need of cost-effective EOR
because independent operators produce almost 50% of the total oil recovered, but may not have
facilities for needed EOR research. Microbial methods for improving oil recovery are particularly
well suited to be applied in today's economic climate. Adequate data exist to demonstrate both the
viability and variety of options for using microbial technology for improved oil production.

Interest in applications of MEOR field technology has increased since 1982. The lower price
of crude oil as well as a more general acceptance of use of biotechnological processes probably
contributed to this increase. Bryant and Burchfield (1989) have recently published an overview of
MEOR technology. Because of political changes in Eastern Europe and other countries, data from
some MEOR field trials have now been made public by researchers from countries such as the
USSR, Germany, Romania, and China. Reports from some of these field trials have been
reviewed for this MEOR assessment.

Conventional EOR processes rely on alteration of capillary and viscous forces to improve oil
recovery. Chemicals used for EOR include COj, surfactants, polymers, and alcohols.
Microorganisms can produce these chemicals by fermenting inexpensive raw materials, such as
molasses. Chemicals used for EOR must be compatible with the physical and chemical
environments of oil reservoirs. In the use of microorganisms in situ for EOR, it is necessary to
use microbial cultures that can survive and grow at the temperatures, pressures, and salinities
present. For an in situ MEOR process, the microorganisms must not only survive in the reservoir
environment, but also produce the chemicals that are necessary for oil mobilization. Several
laboratories have published reservoir screening criteria for microbial EOR field applications,
including Clark, et. al. (1981) from the University of Oklahoma, Bubela and McKay (1985) from
the Baas Becking Geomicrobiological Laboratory in Australia, and Bryant and Burchfield, NIPER,
1989. NIPER has continued to maintain a data base on all available information regarding MEOR
field tests in the United States and in other countries (Bryant, 1989). The data base was designed
to be incorporated into the U. S. Department of Energy's EOR Project Data Base that is part of the
Tertiary Oil Recovery Information System (TORIS). These publications were reviewed to
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determine which reservoir parameters are the most important for successful microbial EOR field
tests.

POTENTIAL RESERVOIRS FOR MEOR

~ The U.S. DOE Reservoir Data Base (public copy) was used to screen several oil-producing
states for reservoirs with original oil in place greater than 20 million bbl that satisfy the following
criteria: injected and connate water salinities less than 100,000 ppm, rock permeability greater than
75 millidarcies, and a depth less than 6,800 feet which corresponds to a temperature limitation of
about 75° C (Bryant, 1991). Table I-3 shows the number of reservoirs that satisfied these
parameters, and a graph of the percent of reservoirs in each state that satisfied these limiting
criteria, and the total, is shown in figure I-3. The cumulative reserves for these particular
reservoirs is in excess of 63 billion barrels of oil. If even 10% of this was recovered by microbial
technology, an additional 6 billion barrels of oil could be produced.

TABLE I-3. Number of reservoirs by state with potential for MEOR technology

State Total no. of reservoirs No. of reservoirs % Reserves, bbl
that fit the criteria
OK 97 16 17 4.4 x 109
X 461 134 29 1.6 x 1010
LA 190 28 15 8.3 x 109
KS 39 18 46 38 x10°
CA 179 106 59 2.5 x 1010
co 40 28 70 4.4 x 108
MS 44 4 9 14 x 108
NM 65 3 5 1.3 x 108
wY 67 28 42 3.0x 109
L 46 16 35 20x10°
TOTAL 1,228 381 31 6.3 x 1010
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FIGURE I-3. — Graph showing percent of reservoirs in major oil-
producing states that have potential for MEOR processes.

LABORATORY RESEARCH ON MECHANISMS OF MEOR
Laboratory research has demonstrated that microbial products can change chemical and
physical properties (e.g. IFT, wettability, solubility) at oil-water or rock-fluid interface, selectively
plug high-permeability zones to improve sweep efficiency, and increase wellhead pressure in
single-well treatments. Some microbial species can also significantly improve oil production by
helping to remove suspended debris and paraffins from a near-wellbore region. Table 1-4 lists
several microbial species used in enhanced oil recovery.

Microorganisms produce surfactants that can reduce oil-water interfacial tension (IFT) and
cause emulsification. Several types of surfactants are produced by microorganisms, including
such anionic surfactants as carboxylic acids (fatty acids) and certain types of lipids (Cooper and
Zajic, 1980; Cooper, 1982). Optimized biosurfactant systems have been found to lower oil-water
IFT to as low as 5 x 10-3 mN/m2. In addition, biosurfactants may alter the relative permeability of
rock to oil by changing the wettability of the reservoir rock and thereby increasing oil recovery
(Chase et. al., 1990). Microorganisms also produce gases such as CO2, N3, Hp, and CHy that
could improve oil recovery by increasing reservoir pressure and by reducing viscosity and causing
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Table I-4. Microbial species used in enhanced oil recovery processes

Scientific name Characteristics useful for EOR

Clostridium sp. produces gases, acids, alcohols, surfactants

Bacillus sp. produces acids, surfactants

Bacillus sp. produces polymer

Pseudomonas sp. produces surfactants, polymers, hydrocarbon degradation
Xanthomonas sp. produces polymer

Leuconostoc sp. produces polymer

Arthrobacter sp. produces surfactants, alcohols

Corynebacterium sp. produces surfactants

Enterobacter sp. produces gases, acid

swelling of individual trapped droplets of crude oil. The solvents that microorganisms produce are
typically low-molecular-weight alcohols and ketones. These compounds are typical of those used
as cosurfactants in microemulsion formulations. Under certain conditions, alcohols and ketones
could also lower surface tensions and IFTs, promote emulsification, and possibly help to stabilize
microemulsions.

The transport of microorganisms in reservoir rocks has been studied in the laboratory
(Jenneman et. al. 1985; Yen, 1985). Results from laboratory and field tests indicate that certain
strains of microbes can be transported through reservoir rock under proper conditions. For profile
modification treatments, plugging of high-permeability layers of the reservoir is desirable.
Microbes that produce polymers, biomass, and slimes have been shown to reduce the permeability
of cores (Raiders, 1986). One technology being proposed by Costerton et al. (1990) for microbial
profile modification has been the injection of ultramicrobacteria (UMB), bacteria that under nutrient
deprivation and certain environmental conditions can decrease their size presumably to penetrate
further into the formation. No actual field pilots have been reported in the literature using this
technology.

Development of the methodology for applying microbial technology for improving oil
recovery requires an integrated laboratory and field research effort to identify and understand the
mechanisms of oil recovery, to determine the relative importance of these mechanisms in oil
mobilization by laboratory experimentation, to develop mathematical correlations and models to
describe the physical phenomena, and to develop and apply a mathematical computer reservoir
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simulator to match laboratory coreflooding results and ultimately match and predict oil recovery
performance in field applications. Although several attempts have been made to modify existing
reservoir simulators to describe microbial processes, no model has yet fully incorporated all of the
complex phenomena that are believed to be important. NIPER has developed a three-dimensional,
three-phase, multiple-component numerical model to describe the microbial transport phenomena in
porous media (Bryant et al., 1990c). Unfortunately, a number of the parameters required to
validate the simulator are not readily available. An experimental program to provide these
parameters, to test the simulator against coreflood and field tests, and to improve the various
mathematical representations of physical and biological phenomena included in the simulator is in
progress at NIPER.

MICROBIAL PROCESSES FOR OIL PRODUCTION PROBLEMS
Because of the diverse nature of MEOR technology, several different oil production problems
have been addressed by microbial and/or nutrient injection. Some classification scheme is required
to separate these different processes. To differentiate among field projects using microorganisms,
they are separated according to the classification in table I-5.

TABLE I-5. A classification of different microbial reservoir treatments

MEOR process Production problem . Type of microorganism used
Microbial well stimulation Formation damage Generally surfactant, gas, acid,
Low oil relative permeability and alcohol producers
Microbial-enhanced waterflooding Trapped oil due to capillary  Generally surfactant, gas, acid, and
forces alcohol producers
Microbial permeability modification Poor sweep efficiency Microorganisms that produce polymer
channelling and/or copious amounts of biomass
Microbial wellbore cleanup Paraffin problems Microorganisms that produce
Scaling emulsifiers, surfactants, and acids
Microorganisms that degrade
hydrocarbons
Microbial polymerflooding Unfavorable mobility ratio Microorganisms that produce polymer
Low sweep efficiency
Mitigation of coning . Water or gas coning Microorganisms that produce polymer

and/or copious amounts of biomass
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The processes listed in table I-5 will be used for classification only; in some instances, no
field projects using the process are being conducted, but field work has been planned based upon
laboratory results.

i i i

The most practiced MEOR technique involves cyclic treatments of producing wells. These
types of treatments have been conducted since 1953; however, those conducted most recently have
involved some improved nutrient and microbial processes. These tests are addressed in this report.

In well stimulation treatments, improvements in oil production can result from removal of
paraffinic or asphaltic deposits from a near-wellbore region or from mobilization of residual oil in
the limited volume of the reservoir that is treated. Because there is a potential for improved
residual oil mobilization, these treatments are distinguished from those that use microorganisms
specifically for wellbore cleanup. Well stimulation treatments generally use microorganisms that
require the addition of nutrient to survive and thrive for periods of several months in the well,
whereas microorganisms used for wellbore cleanup are those that generally do not survive for
extended periods of time and are injected on a regular basis, somewhat similar to regular injection
of hot oil. The fundamental mechanisms for well stimulation are interfacial tension reduction,
wettability changes, oil viscosity reduction, and repressurization due to generation of surfactant,
solvent, and gases. The microbes generally do not survive outside the wellbore region without
nutrient injection because they are oxygen-requiring microbes. Typically, well stimulation
treatments can be implemented with only a few minor modifications to existing surface facilities,
and they are relatively inexpensive.

Well stimulation treatments can be considered successful not only by improving oil
production but also by decreasing the cost of maintenance and operation of a well. As an example,
a microbial formulation that reduces basic sediment and water (BS& W) can improve injectivity of a
well by removing damages . By improving injectivity, maintenance treatments of a well, such as
hot oil or solvent treatments, may not have to be implemented as often.

During the 1950s and 1960s, countries such as Czechoslovakia, Poland, Hungary, and the
USSR conducted numerous well stimulation treatments with a wide variety-of microorganisms and
injection protocols. For more details on these treatments, see Hitzman (1988). Underlying trends
in all of these early single-well injections are that they used inexpensive sources of nutrients
(usually molasses), and that they were generally successful; that is, had increases in oil production
ranging from 50 to 300%. In the 1970s and 1980s, researchers at some universities and small
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companies in the United States conducted probably as many as 300 well stimulation treatments.
Unfortunately, the information resulting from all but a few of these operations is unavailable to the
public. Those for which some information is available are presented in table I-6. It is evident that
many of the well stimulation treatments have been successful; however, few field tests have
provided well-documented data that quantitate oil production increases and other related factors.

Microbial-Enl | Waterfloodi

For a microbial-enhanced waterflood, it is important that the microorganisms be capable of
moving through the reservoir and producing chemical products to mobilize crude oil.
Microorganisms can produce surfactants that can reduce oil-water interfacial tension (IFT) and
cause emulsification. In addition, surfactants can alter the relative permeability of rock to oil by

TABLE I-6. Well stimulation tests in the United States and other countries from 1980 to 1990

Project conducted by Year of test Field/State Reported results!
Oklahoma State University 1983 Oklahoma Oil production increased
Oklahoma State University 1985 Texas Slight increase in oil production.
Microbial Systems Corp. 1984 Oklahoma 230% increase in oil production
for 7 months (0.5 to 2 bbl/day).
Fairleigh Dickinson Lab. 1986 Gailjo field Operator left.
Texas
Fairleigh Dickinson Lab. 1987 Wildcat field Slight increase in oil production.
Texas
Petroleum Bioresources, Inc. 1983-84 Westfork field Rapid increase in oil production
Colorado with rapid decline after 5 months.
Alpha Environmental, Inc. 1986 Lavemia field Slight increase in 0il production
Texas in off-pattern leases.
Alpha Environmental, Inc. 1986-87 Longwood field BS&W?2 decreased.
Texas
BWN Oil (Australia) 1988-89 Alton field, Total oil production increased
Australia 42% in 350 days and BS&W?
decreased.

Igee Hitzman, 1988; Oppenheimer and Hiebert, 1989, Advanced Recovery Week, June 3, 1991.
2Basic sediment and water.
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changing the wettability of the reservoir rock and thereby increasing oil recovery. Microbes also
produce gases such as COp, N2, Hp, and CHy that could improve oil recovery by increasing
reservoir pressure and by reducing the viscosity and swelling of individually trapped droplets of
crude oil. Sometimes, particularly with heavy crude oils, production of CO2 may decrease the
viscosity of the oil enough to lead to some improvement in oil production. In carbonate formations
or sandstone rocks with carbonaceous cementation, acid-producing microorganisms can increase
permeability and thereby improve oil recovery.

More care must be taken in a waterflood than in single-well stimulation treatments to ensure
that the microorganisms can transport. However, the potential for a much greater increase in oil
production is high because of the larger amount of reservoir contacted or treated. One of the first
successful MEOR field pilots occurred in 1954, and consisted of an injection well and a production
well (Yarbrough and Coty, 1982). More recent microbial-enhanced waterflood projects have been
conducted by the National Institute for Petroleum and Energy Research (NIPER) (Bryant et
al.,1990a, Bryant et al.,1990b); Imperial Energy Corporation; and Alpha Environmental, as well
as by countries such as Australia, Romania, East Germany, and the USSR (table I-7). Many of
these microbial waterfloods showed increases in 0il production; however, no actual quantitation

TABLE I-7. Recent microbial-enhanced waterflood field projects

Project conducted by: Year of test Field/State Reported results!
NIPER/Microbial Systems Corp. 1986 Delaware/Childers field  Oil production increased (13%)

and INJECTECH, Inc. Oklahoma water/oil ratios decreased (5-35%).
NIPER/Microbial Systems Corp. 1990 Chelsea-Alluwe field

and INJECTECH, Inc. Oklahoma Injected in June, 1990.
Imperial Energy Corp. 1988 Loco field, Oklahoma Oil viscosity decreased.
Alpha Environmental, Inc. 1988 Longwood field Oil production increased.

' Illinois
Romania Test 1 1987 Romania Oil production increased.
Romania Test 2 1987 Romania Oil production increased.
Romania Test 3 1987 Romania Oil viscosity decreased.
Romania Test 4 1987 Romania Qil viscosity decreased.
East Germany 1987 East Germany Oil ;;roduction increased and
water/oil ratio decreased.
USSR 1987 Bondyuzhskoe Significant oil production
USSR increase.

1 See Hitzman, 1988; Bryant et al. 1990a; Bryant et al. 1990b; Wagner, 1990.
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was provided on most of these tests. Many of these field tests were performed in stripper wells
where a 15 to 20% increase in recovery efficiency did not seem to attract much attention. There is
a need to perform field tests in reservoirs where there is significant oil saturation and that have not
been flooded out. The MEOR process responsible for the improved production is generally
attributed to gas and surfactant production by the microorganisms. Although significant advances
have been made in recent years in understanding the mechanisms of MEOR, additional research to
quantify and verify some of these findings is still needed.

Microbial Permeability Modification

Another application for microorganisms in a waterflood is fluid diversion. Since many types
of microorganisms produce polymers, it has been suggested that some microorganisms could be
used in situ to plug high-permeability zones in reservoirs preferentially and thus improve sweep
efficiency (Jack et al., 1982). In 1958, researchers in The Netherlands conducted a selective
plugging experiment using Betacoccus dextranicus and reported significant increases in oil
production as well as an improved water-oil ratio. Microorganisms that produce polymers,
biomass, and slimes have been shown to reduce core permeability under reservoir conditions in the
laboratory. More recent field tests are reported in table I-8. The University of Oklahoma is
currently planning a field test for its fluid diversion MEOR process (Knapp et al., 1989). This area
of research has not attracted widespread attention. In view of the large quantity of unrecovered
mobile oil as a result of poor waterflood sweep efficiency, additional research in this area,
especially identification of the most promising microbes under different geological settings, seems
appropriate.

Microbial Wellbore Cleanup

Use of microorganisms in a near-wellbore region can greatly improve injectivity and mitigate
certain production problems. Several different companies promote microbial wellbore cleanup
technology; however, information from most of these production operations is usually proprietary.
One microbial treatment company, Micro-Bac International, provided a listing of petroleum regions
where its microbial products are in use and several case histories of microbial wellbore cleanup
(Schneider, 1990). That company has estimated that 2,500 to 3,000 wells have been treated using
its microbial products, and this number does not include production tank or barge treatments for
basic sediments and water (BS&W) or paraffin. Oil production increases have occurred in about
50% of all wells treated, with increases in total fluid produced ranging from 100 to 10%. From the
available information, it is clear that in certain instances, microbial injection in a near-wellbore
region can rival certain existing chemical treatments, both in efficiency and cost (Pelgar, 1990).
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TABLE I-8. Microbial permeability modification field tests

Project conducted by Year of test Field/State Reported results!
University of Oklahoma 1990 SE Vasser Vertz Sand Planned.
Oklahoma
Nova Husky Research Corp. 1988 Lloydminister Results appeared promising;
Canada microbial formulation
was placed in reservoir,
but permeability channels
not obstructed.
USSR 1989 Romashkinskoye Additional oil recovered.
USSR

1See Hitzman, 1988; Knapp et al. 1989; Jack, 1990.

No data have been published regarding MEOR processes where the amount of injected
microorganisms that produce polymer is actually equivalent to that of a conventional polymerflood.
Moses (1989) has conducted laboratory research in this area, but no field test results have been
published. Researchers in China recently reported on laboratory tests involving novel

microorganisms that produce polymer which they intended to field test sometime later in 1990
(Wang, 1990).

Microbial Mitigati f Welll Coni
Researchers at the University of Calgary have patented a methodology for using

ultramicrobacteria to plug the area around a production well and thus alleviate water coning
problems (Costerton et al., 1989). No field trials have been reported to the public.

LIMITING RESERVOIR CHARACTERISTICS FOR MEOR PROCESSES

Simple compatibility studies between reservoir fluids and microorganisms can be adequate in
many cases to predict whether microorganisms can be applied successfully. Compatibility tests are
usually test tube experiments in which several microbial formulations are grown in the presence of
reservoir fluids and sometimes reservoir rock. Measurements of the growth and metabolite
production of the microorganisms and comparisons are made. Microbial enhanced oil recovery
field projects have been conducted under a wide range of reservoir conditions (tables I-9 and I-10).
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Well stimulation microbial treatments have been done in wells with connate brine salinities greater
than 11%. Microbial-enhanced waterflooding projects have been conducted in waters with total
dissolved solids (TDS) concentration values as high as 32%. In the high salinity case, it is
probably not entirely sodium chloride that is responsible for the high value. In the past, most
reservoir screening criteria used a TDS limit of 10%, or 100,000 ppm. Obviously, there are
microorganisms that can grow at much higher TDS values, and the East German microbial-
enhanced waterflood demonstrates this point (Wagner, 1990). As a screening criterion, it is
recommended that the sodium concentration continue to be less than 10% although the TDS value
may be much higher. The presence of high (5 to 10 ppm) concentrations of some metals
(examples include arsenic, nickel, and selenium) will affect microbial growth, and fluid
compatibility studies and a reservoir brine analysis can be used to identify any potential problems
with metal ions. Some researchers claim that carbonate rock is desirable for microbial EOR
processes. Since many microbes produce acids when fermenting molasses, Wagner believes that
the presence of carbonate minerals can improve microbial CO7 production, as well as increase
permeability.

TABLE I-9. Reservoir characteristics for single-well stimulation field projects

Project conducted by TDS, % Permeability, md Depth, ft  Oil gravity, °API
Oklahoma State University 3.0 ) 1,750 )
Oklahoma State University 4.6 ) 450 36
Microbial Systems Corp. 11.0 26 700 34
Fairleigh Dickinson Lab. Q) Q) 2,550 40
Fairleigh Dickinson Lab. 0.8 Q) 350 20
Petroleum Bioresources, Inc. ) ) 5,200 )
Alpha Environmental, Inc. 1.0 43 1,500 32
Alpha Environmental, Inc. 4.0 25 2,120 39

BWN Oil Co. (Australia) 0} 260 0] Medium-light

1 Denotes value unavailable or not reported.
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TABLE I-10 - Reservoir characteristics for microbial-enhanced waterflood field projects

Project conducted by TDS,1 Perm, Depth, Oil gravity, Visc.,2 Temp., Rock
% md ft °AP] cP °F type

NIPER/Microbial Systems

and INJECTECH, Inc. 0.02 92 650 34 7.0 77 SS
NIPER/Microbial Systems ’
and INJECTECH, Inc. 2.6 31 450 31 8.2 75 SS
Imperial Energy Corp. 3.8 3 & 2 3 &) SS
Alpha Environmental, Inc. 3 5-165 2,620 37 6) 80 SS
Romania - Test 1 0.5 245 2,461 6 16 117 SS
Romania - Test 2 045  100-1,000 2,560 ) 26 97 SS
Romania - Test 3 0.5 100-500 2,297 &) 46 113 LS
Romania - Test 4 0.9 400-1,300 3,937 &) 33 124 SS
East Germany 32.0 10-50 4,068 30.6 3 150 LS
USSR 0.02 500 5,577 &) 3 90 SS
1produced water.

2Viscosity at reservoir temperature.

Denotes value unavailable or not reported.
SS = Sandstone
LS = Limestone

Reservoir rock permeability ranges of one to thousands of millidarcies (md) have been
reported for MEOR field projects. In some instances, for example in well stimulation treatments,
the permeability factor is probably less critical since the primary objective is to improve oil
recovery in the near-wellbore region. The crucial factor for single-well treatments should be good
injectivity. In microbial-enhanced waterflooding, reservoir rock permeability becomes a more
important consideration. However, successful field tests (Bryant et al., 1990a) have been
demonstrated in rock that was previously considered too tight for microbial treatment (< 100 md)
(Bryant et al., 1990a; Bryant et al., 1990b). A single-well injectivity test can provide valuable
information to those producers considering microbial-enhanced waterflooding. If injectivity is
unaffected after microbial injection, then permeability may not be a limiting factor for that particular
reservoir. In revised screening criteria, therefore, no limitations will be placed on permeability,
. although it is recommended that a single-well injectivity test be conducted prior to a multiwell
microbial waterflood.
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No MEOR field projects in high-pressure and high-temperature reservoirs have been
reported. The usual biological limitation for temperature is about 158° F (70° C), and the pressure
limitation is about 20,000 psi. The testing of microbial compatibility with reservoir fluids under
reservoir conditions is recommended prior to any microbial field test, even well stimulation
treatments. The temperature constraints for microbial growth occur with individual microbial
species and therefore will not be considered under revised screening criteria. The presence of
indigenous microorganisms, as cited in previous screening criteria, is still a major concern. The
microorganisms used for crude oil mobilization must survive and thrive in the reservoir.
Compatibility testing using the indigenous microorganisms of that particular reservoir is also
highly recommended. In those reservoirs with more harsh environmental characteristics for
microbial survival, the possibility of stimulating indigenous microorganisms is feasible.

Although most MEOR field projects have been conducted with light crude oils having API
gravities around 30° to 40°, successes have been reported with heavy crudes having gravities
around 20° API. Obviously the higher the viscosity of a crude oil, the more difficult it will be to
mobilize; yet, the principal mechanisms of microorganisms for improved displacement efficiency;
gas, surfactant, and solvent production; and wettability alteration should still apply.

CONCLUSIONS
MEOR is attractive economically because the cost of the injectant is relative low in
comparison with that of other EOR methods. The microorganisms are self-perpetuating as long as
they are supplied with nutrient. The costs associated with MEOR include: (1) selection of a
microbial formulation for a specific field application; (2) nutrient expense; and (3) modifications to
surface facilities for injection. These modifications are generally minimal in cost.

The increasing number of microbial enhanced oil recovery field projects and the variety of
different microbial processes that are applicable demonstrates the difficulty and complexity of
placing reservoir limitations on the technology. Rather, it is recommended to the national
laboratories, universities, small companies, and foreign governments conducting these projects that
emphasis should be placed upon the adequate design of a particular field project prior to its
implementation. Some thought must be given to what type of microbial process is desired, which
means that first some knowledge of the reservoir problem must be obtained. Knowledge of the
reservoir problem must be determined before a microbial solution to that problem can be desi gned.
Essentially, a revision of screening criteria for MEOR processes in the oilfield becomes a matter of
selection of particular microbial formulations for specific reservoir conditions after the problem is
defined. The most important screening recommendations to be considered are listed in table I-11.

75



TABLE I-11. Recommendations for screening procedures for application of MEOR processes

in the oilfield
Parameter Screening procedure
Microorganism used Determine potential mechanisms for increasing oil
: production.
Salinity Use compatibility testing to assay for microbial growth and
- metabolism.

Temperature/depth Use compatibility testing to assay for microbial growth and
metabolism under reservoir conditions.

Trace minerals Use compatibility testing to determine deleterious effects on
microbial growth and metabolism.

Reservoir rock permeability If multiwell process, conduct a single-well injectivity test
and coreflooding studies.

Indigenous microorganisms Use compatibility testing to assay for microbial growth and

metabolism under reservoir conditions.

The nature of the reservoir to be used for MEOR technology will severely affect the success
of the process. If the reservoir is highly channeled, injecting a microorganism that produces only a
surfactant may not recover a significant amount of oil since the microorganisms will continue to
remain in the water phase and thus bypass much of the trapped crude. By contrast, if there is no
channeling and the reservoir permeability is low, injecting a microorganism that produces only a
polymer and biomass may decrease injectivity and cause undesirable plugging. Sometimes the
mineral content of the connate water may inhibit the growth of the selected microorganisms. If that
happens, it may be possible to stimulate microorganisms that are indigenous to the water so that
they can act to mobilize crude oil. Knapp et al. (1989) at the University of Oklahoma found that
they were required to try this approach when the salinity of the brine was much higher than their
microorganisms could tolerate. In the USSR, scientists are conducting microbial EOR field trials
by stimulating indigenous microorganisms with injection of aerated and carbonated water (Ivanov,
1990). A list of screening criteria is presented in table I-12.

Clearly, there are many options available to oil producers interested in microbial enhanced oil
recovery. Because of the nature of microbial growth and the ability of microorganisms to utilize
relatively inexpensive chemicals as nutrients, the economics should be attractive under almost any
circumstance. No one microbial process will be a panacea, nor be successful in every reservoir;
yet, the fact that there are so many options remains the exciting and challenging facet of MEOR
technology.
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TABLE I-12. - Screening criteria for application of MEOR processes in the oilfield

Parameter Recommended range

Salinity < 15% sodium chloride; total TDS may be higher

Temperature/depth < 170° F; < 8,000 ft

Trace minerals < 10-15 ppm of arsenic, mercury, nickel, selenium

Reservoir rock permeability > 50 millidarcies, unless highly fractured

Indigenous microorganisms : Compatible with injected microorganisms in
selected MEOR process

Crude oil type > 15 °API; not enough information available yet for
heavier crude oils

Residual oil saturation > 25% ; may be some exceptions

Well spacing < 40 acres; a response can generally be seen sooner

on closer well spacing

RESEARCH NEEDS FOR MICROBIAL EOR TECHNOLOGY

The DOE-sponsored microbial EOR projects have demonstrated that the use of
microorganisms has potential for being cost-effective, even at marginal oil prices. What has not
been demonstrated is the documentation and predictability of MEOR technology. The only
achievable means of obtaining this information is through an integrated laboratory and field effort.
More field projects that are well documented, even if they are relatively small field pilots, would
provide some of the information that is crucial to demonstrating the ability of MEOR processes to
improve oil production in the near term. Likewise, laboratory efforts must be directed towards
validating field results and simulating these results to develop more predictive models. Many of
the DOE-sponsored microbial technology projects such as those at the Universities of Oklahoma
and Texas, and NIPER have advanced simulation to a great extent, but the incorporation of
laboratory and field data into these models has not been done.

Other areas where research appears to be lacking include cost-effective nutrients for MEOR
processes, and adaptation or selection of microorganisms for MEOR that can withstand
temperatures greater than 170° F and 15% sodium chloride concentrations, and continue to produce
the metabolites responsible for improved oil mobilization. There are m_any areas of the United
States where the usual nutrient for MEOR, molasses, may be unavailable, or the quality control
may be inadequate. Other nutrients, such as by-products from corn and liquor processing plants
should be considered. It has been documented that there are microorganisms that can exist at

temperatures and salinities much greater than the limits imposed in this section. What has not been
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documented is the ability of these microorganisms to grow under reservoir conditions and mobilize
oil.

The areas of research needs in order of priorities are:

Near-term

1. Perform well documented field tests, especially in reservoirs with

substantial remaining oil saturation.

2. Development of low-cost, consistent, and readily available nutrients.

3. Development of profile-modification and well-stimulation methods.
Mid-term

1. Development of salinity- and temperature-tolerant microbes.

2. Improvement of simulator for MEOR processes.
Long-term

1. Improved understanding of recovery mechanisms for various microbial
techniques.
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CHAPTER 6
POLYMER FLOODING: STATE OF THE ART REVIEW

By P. B. Lorenz

INTRODUCTION

Even with low oil prices, polymer flooding is being practiced successfully and profitably. In
terms of the number of projects started, polymer flooding was the most popular of all EOR
methods in the mid-1980s (Pautz and Thomas, 1991). The most recent Enhanced Oil Recovery
Survey in the Oil and Gas Journal (Moritis 1990) reports that in 1990 in the United States there
were 42 current projects of which 29 were successful, producing 11,000 BOPD; 43 projects
terminated, 31 had been successful; and 2 planned for startup. In Canada there were three current
projects, one successful. In Europe, there were 12 current, six successful. Some projects not
labeled “successful” were too early to evaluate. The AORPIP identified polymer flooding as a
potential process that can assist in achieving near-term objectives of DOE’s Advanced Oil Recovery
Program.

A very recent report (Hochanadel et al., 1990) demonstrates the technical and economic
superiority of polymer flooding over waterflooding in the Powder River Basin of Wyoming.

A recent compilation of EOR chemicals available commercially (Petroleum Engineer
International, 1990) included 30 products for mobility control. Patents issued in 1989-90 included
seven for new polymer products and 16 for new mobility control processes.

Three fairly recent reviews of the state-of-the-art (Gao, 1986; Kessell, 1987; Combe et al.,
1990) provide more information on the successes and problems. Successful projects were carried
out

*

in sandstone and limestone;

« attemperatures up to 145°F;

* down to a depth of 5,000 ft;

+ for oil viscosities from 3 to 40 cP;

» with permeabilities down to 1 md;

* mostly with partly hydrolyzed polyacrylamides (HPAM), but a few with xanthan;
» with tapered slugs in low-salinity water.
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The recognized problems that are largely solved are:

» Shear degradation. This can be reduced by proper design of equipment and well
completion, preshearing of HPAM, or use of biopolymers.

« Oxidative and bacterial degradation. Can be controlled by antioxidants and biocide.
However, because of environmental concerns, some of the biocides such as
formaldehyde may become unacceptable.

» Salinity and hardness sensitivity. This problem is greatly reduced by the use of
biopolymers, although they are more expensive, more highly retained, and less thermally
stable.

RECENT TECHNICAL ADVANCES

1 lini n
Synthesis work at the University of Southern Mississippi has developed acrylamide-based
products with superior tolerance to electrolytes. Patents were obtained (McCormick and Blackmon
1986; McCormick and Blackmon 1987) for copolymers containing N-substituted moieties, which
are being tested in industrial laboratories (McCormick and Hester, 1987). Viscosity augmentation
is partly due to reversible association that results from hydrophobic interaction (McCormick and
Hester, 1990), so injectivity and irreversible shear degradation are not expected to be problems.

A unique terpolymer, still in the research stage, is a neutral acrylamide copolymerized with
both anionic and cationic moieties (McCormick and Hester, 1989). By virtue of its ampholytic
character, its viscosity is low in fresh water and shows a marked increase at higher salinity.

Iniectivit

Face plugging, caused by incomplete hydration, high-molecular-weight fractions in synthetic
polymers, or cellular debris in biopolymers, has been reduced in the past by filtration. Improved
technology in manufacturing methods has provided biopolymers that are much more injectable
(Tate, 1985; Rivengq et al., 1989; Lund et al., 1990), especially if given a brief shear treatment and
protected by cheléting agents to suppress gelling (Philips et al., 1982; Tate, 1985; Fletcher et al.,
1990). Still, in any specific case, a pilot test of injectivity is prudent before undertaking a full-scale
flood.

Injectivity can also be hampered by strong viscoelasticity (Seright, 1980). It is worth noting
that, at the same level of viscosity, a Newtonian fluid gives a more stable displacement front and
has a smaller slug-size requirement (Gao and French, 1988). However, the trailing edge of a
downstep within a graded slug is more stable with a viscoelastic fluid.



1 | Stabili

For HPAM (protected from oxidation), thermal degradation consists of hydrolysis and
ensuing precipitation by divalent cations (e.g., Stahl, 1985). Some guidelines (Gao, 1986) are:

Total hardness level, Temperature limit
PpPm °C
22000 75
1000 79
500 88
400 93
270 96
=20 204
most unsoftened injection waters 93
most produced waters <82

Biopolymers are generally regarded as being less heat tolerant than HPAM, but the published
results are variable (cf. Stahl, 1985; Gao, 1986; Rivengq et al., 1989; Kalpakci, 1990), depending
on how well they are protected from oxygen (Bae, 1984; Doe et al., 1987).

Pfizer has developed a high-pyruvate xanthan with superior tolerance to hard brines, which is
made thermally stable with proprietary additives (Pfizer, 1985; Doe et al., 1987).

Scleroglucan is recognized as being more heat tolerant than xanthan (Davison and Mentzer,
1980; Rivenq et al., 1989; Kalpakci, 1990). The variance among the several reported results (see
also Ryles, 1988) is partly due to inadequate quality control (Combe et al., 1990). Improved
manufacturing techniques (as in the case of xanthan) and a heat-shear treatment prior to injection
have greatly reduced the plugging problems encountered earlier (Lange and Rehage, 1980). In
controlled experiments, scleroglucan lost less than 20% of its viscosity in 2 years at 105° C, and
with an organic antioxidant the loss was almost nil (Kalpakci, 1990). However, it undergoes a
transition from rods to random coils at 115° C (cf. 70° C for xanthan),‘and is said to degrade at
120° C (Stahl, 1985). Scleroglucan is a completely nonionic homopolysaccharide and is totally
insensitive to the ionic environment.
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Injection Strategy

Several recent studies (Russell, 1989; Sohn et al., 1990; Hochanadel et al., 1990) have
emphasized that it is an economic advantage to start polymer injection early. Sohn et al. (1990)
demonstrated an advantage in leading with 8% PV of a salt-insensitive polymer (unhydrolyzed
polyacrylamide) and following with 50% PV of a conventional and cheaper polymer. This strategy
has been applied in the field (Combe et al., 1990).

European investigators dispute the American belief that polymer flooding recovers only a
rather small fraction of waterflood residual oil. The six projects in Germany have produced 10 to
20% PV beyond the estimated waterflood limits. The claim is made (Combe et al., 1990) that this
is a result of the permeabilities of 1 to 5 darcies, much higher than those of most projects in the
U.S. However, a random sampling of data assembled by Manning, Pope, and Lake (1983)
indicates no correlation between recovery and permeabilities in the range 1 to 1,000 md. This is
shown in figure I-4. It seems plausible that the intercontinental difference occurs because the
German projects initiated polymer injection well before waterflood production had ceased.
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Retention Control
Some retention is desirable for reducing mobility through reducing effective permeability, but
unwanted plugging and excessive transit delays must be avoided. Polymer retention can be
minimized through proper seletion of a polymer formulation with properties tailored to the
reservoir and may include the use of polymer blends (Combe et al.,, 1990). The project
engineering design can also mitigate polymer retention (Huh et al., 1990a).

Observations in a recent surfactant-polymer field test (Huh et al., 1990 b) revealed that the
depth of propagation of polymer in a reservoir was limited, and was affected by permeability
heterogeneities and oil saturation. This phenomenon needs to be studied in plain polymer
flooding, for which the adverse effects would be more subtle than with surfactant, but probably
significant.

Horizontal Well
The technique of drilling horizontal wellS can also enhance the benefits of polymer flooding
(Foxonot and Bruckert, 1990). A horizontal well was drilled in Chateaurenard field to intercept the
oil bank from a polymer flood pilot in progress (Bruckert, 1989). Reduction in water cut was
observed after producing the horizontal well for about 1.5 years. The ability to overcome
problems with horizontal permeability anisotropies and the high productivity of the well combined
to make this well the best producer in the field.

CONCLUSIONS
Polymer flooding is a well established technique. The areas in which research can lead to
improvements are as follows:

1. Design of injection protocol. This includes using multiple polymer types in successive
slugs or blends, and optimization of slug size.

2. Improved products. Problems of resistance to temperature, hardness, and bacterial
degradation are largely solved, but maintenance of injectivity, range of propagation, quality
control, and cost reduction are all challenges.

3. Determine factors (especially geologic) affecting injectivity and propagation of
polymer.

4. Development of environmentally acceptable biocides for use in polymer flooding.
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CHAPTER 7
PROFILE MODIFICATION: STATE OF THE ART REVIEW

By P.B. Lorenz

INTRODUCTION

Strictly speaking, “profile modification” refers to near-wellbore treatment. Such treatments
when applied to production wells are intended to reduce the relative permeability to water and
minimize water coning. The reduction of water coning appears to have been the most successful
feature in field tests (Liang et al., 1990). The result of decreasing the water-oil permeability ratio
depends on several variables, especially fractional flows outside the gel-treated region, and near-
wellbore treatment will not necessarily enhance oil recovery from a particular zone. Profile
modification is considered one of the techniques that has the potential for increasing domestic oil
reserves in the near-term in AORPIP (DOE, 1990).

The goal in treatment of injection wells is to suppress the loss of injected fluids to “thief
zones.” However, improvement in profile does not necessarily correlate with increased production
(Wagner, Weisrock, and Patel, 1986). The benefit of near-well improvement can be nullified by
crossflow between strata and by vertical fractures that reduce sweep efficiency.

Much research has been devoted to permeability modification in depth. The terms
“conformance improvement treatment” (Sydansk, 1988) or “permeability contrast correction”
(Mumallah, 1988) are more comprehensive. The term “permeability modification” will be used in
this review. The focus is on the gel-formation technique, which is the predominant method in
current laboratory investigations and field applications. A tabulation of other techniques was given
by Navratil, Sovak, and Mitchell (1983). Foam has been given the most attention because it is
applicable to CO3 (Llave et al., 1990, see also chapter 2) and steam (Hirasaki, 1989, see also
chapter 8). A recent field test (Mohammadi and Tenzer, 1990) was successful. Emulsion blocking
for steamfloods was studied at NIPER (French, 1985, 1987) after a field application for improved
waterflooding by Chevron (McAuliffe, 1973).

Gelled polymer treatments have been used in the field for more than 20 years, originally with
alternating slugs of polyacrylamide and a metallic crosslinking agent - aluminum citrate, or sodium
dichromate and a reducing agent. Table I-13 lists published field tests in the past decade. All
projects have been at least partly successful. In cases where process efficiency was evaluated, the
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TABLE I-13 - Published field tests of permeability modification in the past decade

Company Gel type Inj. well Prod. Oil Reference
well recov,

Mobil Flocon/Cr*3 X + Abdo et al., 1984
Pfizer Xanth./Cr*3 X + Avery et al., 1986
Pfizer Floperm X + Avery et al. ,1988
Dow PAA/Crp072 x(depth) * Bowdish, 1985
Pfizer/ARCO Floperm x(near-well) + Chang et al., 1985
Murfin Drilling ? X + Jack, 1990
Apache Al-citrate X + King, 1990
Phillips PAA/organic X + Moradi-Araghi, 1989
Esso (Canada) Phenoformaldeyde x(fractures) ? Nagra et al., 1986
Mobil New bio x(depth) + Sampath et al., 1986
Marathon PAA/Cr-acetate x(near-well

& fract.) + Sydansk and Smith,
1988
Pfizer Xanth /Cr+3 x + Tate, 1985
Amoco lignosulfonate X + Wagner et al., 1986
Dowell/Schlumberger
Canada inorganic x(near-well) N.A Chang, 1989

+ Some of several performed tests were successful.
+ Performed tests were successful.

figures cited were around 1 barrel of oil per pound of polymer (Tate, 1983; Bowdish, 1985;
Sampath et al., 1989). A tabulation by Seright and Martin (1991b) of 43 injection-well treatments
that includes some unpublished results may be summarized as follows:

Profile changes?
Profile improved?

No Yes
12 21

17 13

Slightly

7
4

Debatable

3
9



CURRENT AREAS OF RESEARCH

Modified 1 Al ive Pol

Improved acrylamide-based polymers, mostly proprietary (Ryles, 1986; Purkapple and
Summers, 1988; Moradi-Araghi et al., 1989), are more resistant to high-temperature hydrolysis.
The improvements include modifying molecular weight and degree of hydrolysis. A low degree of
hydrolysis is advocated for high-temperature applications (Sydansk, 1988). Cationic forms have
also been employed (Avery et al., 1988; McCool et al., 1988). Molecular weight has to be kept
low for low-permeability reservoirs. Probably more effective for gel stability is copolymerization
with other monomers (Moradi-Araghi, 1989).

Polysaccharides are also capable of forming gels by crosslinking. A modified xanthan with a
higher pyruvate content has been studied in the laboratory (Liang et al., 1989; Hejri et al., 1989;
Joussat et al., 1990; Kolnes et al., 1991), and field tested (Abdo et al., 1984; Tate, 1985). Three
novel polysaccharides have been proposed: (1) the Mobil Alcaligenes product (Strom et al, 1989),
a heteropolysaccharide without acetate or pyruvate, which can be gelled with chromium or other
crosslinking agents; (2) the University of Kansas product from fermentation with Cellumonas
flavigena (Vossoughi and Buller, 1989; Vossoughi and Putz, 1991), which is gelled by
neutralization of a dilute alkali carrier; and (3) a high-molecular-weight nonionic material developed
by the Institute Francaise du Petrole (Kohler and Zaitoun, 1991) for treatment of production wells
up to 130° C.

Some of the products of current interest are phenolics. Commercial products that incorporate
formaldehyde are effective at higher pH and are thermosetting. These include Borden's Geoseal, a
tannin-based product (Navratil et al., 1982), and C300 and C305 (Navratil et al., 1983); also
Pfizer’s Floperm 325, which is rate-controlled by an added retardant or accelerant (Chang et al.,
1985). Phenoformaldehyde types have been used in research by Nagra et al. (1986) and Seright
and Martin (1991). Lignosulfonates with a chromium crosslinking agent were used in a field test
by Wagner et al. (1986). However lignosulfonates require larger amounts of chromium, which
adds significantly to the cost (Nagra et al., 1986).

Floperm 465 is a vinyl-based system (Martin et al., 1988). Acrylate is copolymerized with a
acrylamide monomer in the Phillips product (Moradi-Araghi et al., 1989).

An inorganic system was tested in a single well, as recently reported by Chan (1989). A gel
formed from a colloidal silica manufactured by Conoco was studied in the laboratory by Seright
and Martin (1991b).
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A number of other techniques have been described in the past (cf. Sydansk, 1988) but are not
being pursued at the present time.

Crosslinking Agents

To avoid handling of toxic dichromate, there is a growing use of trivalent chromium. This,
however, requires more polymer (Purkapple and Summers, 1988). The chloride is sometimes
used directly. Kolnes et al. (1991) believe that the actual crosslinking species is a chromium
hydrate oligomer. Oligomerization is a very slow process, so the age of the chromium solution
prior to mixing can affect the kinetics of gelation. A low pH (3 to 5) is required for gelation. The
demands of pH control can be reduced by use of poorly ionized salt such as the propionate
(Mumallah, 1988) or acetate (Sydansk, 1988). Aluminum is usually used as the citrate, but high-
pH aluminates have also been proposed as an alternative by Unocal (Dovan and Hutchins, 1987).
Other metallic agents mentioned in the literature are Zr(IV) (Moradi-Araghi et al., 1989; Seright and
Martin, 1991b) and Si, V, and Mo (Navratil et al., 1982). The polyphenol-aldehyde combination
has been used as purely organic crosslinker on acrylamide-based polymers (Avery et al., 1988;
Moradi-Araghi et al., 1989), but tends to be slower than the metallic agents.

N? ive Stratesi
Originally, common practice was injection of alternating slugs of polymer and crosslinking
agent. An interesting variation of this (Sloat et al., 1972) was to inject a cationic polyacrylamide
first, which would form a layer on the negatively charged surface to which subsequently injected
anionic polymer could be linked. This is still an established technique for moderate permeability
modification (Hochanadel et al., 1990), although its merits have been disputed (Lin et al., 1987).

The recent tendency is to mix polymer and agent at the surface. This has two variants. The
first is to form a "pregel” designed so it will set at a selected location, targeted by injection rate and
gelling time. As discussed below, the gelling time is affected by so many variables that it is
difficult to predict under field conditions. Another challenge in design is tailoring of the slug size
so that the extent of blockage meets predetermined specifications. Because of these difficulties, the
majority of successes in the field have been in near-wellbore treatments (Vossoughi and Buller,
1989).

The second variant of injecting pre-mixed gelling systems is reversible gel formation, so that
the slug has relatively low gel strength in regions of high shear and reheals at low shear. This has
been applied with some success in the field (Avery et al., 1986). Laboratory studies (Liang et al.,
1989) indicate that the formation of gels is slower the second time, and that there is some
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irreversible degradation, especially with strong gels. However, the degradation is not severe if the
high shear period is brief (Avery et al., 1986) and not too severe (Gao, 1989).

The adjustment of pH has been a part of the strategy in some processes. The Unocal process
of using the AlO2= ion as a source of aluminum consists of injecting the pregel at pH 10, and
depending on alkali consumption to reduce pH below about 9.6, when the aluminum becomes
active enough to act as a crosslinking agent (Dovan and Hutchins, 1987). The recently developed
University of Kansas polymer (Vossoughi and Buller, 1989; Vossoughi and Putz, 1991) is
injected in strong alkali and set by injecting alternating slugs of strong acid. Good volumetric
coverage was achieved in the laboratory. The gel can be fluidized by injection of strong alkali.
Chan's (1989) inorganic gel can be fluidized by strong acid (if applied soon after setting), but pH
adjustment is not part of its formation. Phenoformaldehyde gels must be formed at fairly high pH
to be effective (Seright and Martin, 1991a). With Floperm 500, pH can be reduced to
accommodate higher temperature (Avery et al., 1986). No field tests have been reported where pH
change was used to form gel.

A novel technique for permeability contrast correction in depth is the injection of a surfactant-
alcohol blend (Llave et al., 1990). When the two components are separated by normal
chromatographic processes, the surfactant forms a gel that substantially increases the flow
resistance factor.

Laboratory Evaluation

A great deal of work has been done on gelation time because of its importance in design. In
bulk studies it is the time at which the viscosity increases rapidly, after an induction period that
varies from minutes to weeks. The rate of gelation and gel strength are influenced by several
parameters, as shown:

MW, H Cp Ca Cs pH T
Rate + + + + + + +
Strength + + + - - +

where M.W. = molecular weight, H = degree of hydrolysis, Cp = concentration of polymer, C, =
concentration of crosslinking agent, Cs = salinity, T = temperature, + means the rate (strength)
increases with an increase in the value of the parameter, - means a decrease and + means increase
or decrease. In one study (Prud’homme and Uhl, 1984), the reaction was identified as second
order in Cp and C,. At low polymer concentrations, the rate of formation of Cr+3 or Al*3 ions is a
rate-determining step (Kolnes et al., 1991). The effect of salt depends on the ionicity of the
polymer (Prud’homme and Uhl, 1984; Purkapple and Summers, 1988). The effect is nil for a
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nonionic polymer. Specific ion effects were also reported. There is apparently an optimal degree
of hydrolysis, but different values have been reported by different authors (Purkapple and
Summers, 1988; Gao 1990). The temperature effect obeys the Arrhenius relation (Kolnes et al.,
1991).

The inexorable variations in Cp, Ca, Cs, pH, and T (when treatment follows extended
waterflooding) create difficulties in applying laboratory results in the field. Temperature is
probably the most sensitive factor, and Kolnes et al. (1991) predict a variation of three others of
magnitude in the gelation rate across the temperature gradients of North Sea reservoirs.

The table also shows the dependence of gel strength (viscosity) on the same parameters. A
maximum was observed both with respect to concentration of the crosslinking agent (Batycki et al.
1982) and the degree of hydrolysis (Gao, 1990). In one study (Kolnes et al., 1991) a higher
viscosity was reached at higher temperature, but the gel was more readily degraded by shear. In
the work of Batycki et al. (1982), when polymer and aluminum were injected alternately, the
concentration of aluminum had more influence than the concentration of polymer on gel strength.

It should be emphasized that most of the trends listed above are based on relatively few
observations. Seright and Martin (1991a & b) have done extensive work on the pH effect. Each
gelant system has an optimal pH, and the gel quality is degraded by deviations from this pH, either
during gelation or in subsequent contact with brine. The pH in a reservoir is chiefly dependent on
the buffering capacity of the rocks. This may take various values, e.g. around 4 with kaolinite
(Somasundaran and Gryte, 1985), and greater than 7 with limestone. It is not likely to correspond
with the optimal salinity for the gelant.

In addition to the parameters shown, the conditions of "mechanical disturbance” have a
strong impact on the behavior of the gelling system. In many studies in bulk, increased
disturbance (stirring, shear rate in viscometer) reduced gel time (Hubbard et al., 1986; Gao, 1989;
Kolnes et al., 1991). The gel strength (maximum viscosity) also trended downward. Gels that
were stronger because of formation at low shear were observed to be less resistant to shear
degradation (Aslam et al., 1984; Vossoughi et al., 1989).

However, the gelation process is complex and does not respond to shear in a uniform and
monotonic manner. Kolnes et al. (1991) observed that a system maintained at a constant shear rate
went through a maximum in viscosity with respect to time. Joussat et al. (1990) found that trends
with shear do not persist at very high and very low rates. Bhaskar et al. (1988) observed that
increasing shear slowed the gelation of the acrylamide/chromate-thiourea (slow-gelling) system,
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but speeded the rate for the fast-gelling system with bisulfite replacing thiourea. They suggested a
two-step reaction, in which the production of Cr+3 is rate-determining with thiourea, and the
crosslinking reaction is rate-determining with bisulfite. However, Gao (1990) observed the same
relation to overall rate when comparing Cr*3 and Al*3 as agents, and the results of Seright and
Martin (1991b) also conform with this pattern.

The behavior of gelling systems in porous media ostensibly differs from that in bulk, even
when the comparison is made at the same shear rate. When a pregel is injected continuously,
blockage of flow is observed in a localized region that acts as a filtration barrier. The age of the
pregel at the site where the barrier forms is considerably less than the age for gelling in bulk, but
the blockage occurs only after the pregel has been flowing past the site for some time (Hubbard et
al., 1986; Huang et al., 1986; McCool et al., 1988; Marty et al., 1989; Joussat et al., 1990). An
explanation of these effects is that the first step in gelation is the formation of aggregates, and the
second step is the formation of an extended structure. The formation of aggregates is fairly clearly
indicated in bulk by elastic measurements (Prud’homme and Uhl, 1984; Hubbard et al., 1986). It
is not surprising that the blockage of flow in pores by the aggregates occurs at a different time in
the history of the process than the sharp increase in viscosity in bulk. The process in pores is
dependent on shear rate and (perhaps separately) on pore geometry, as shown:

Effect of
higher shear higher permeability
Amount that passes filtration site
before plugging starts no effect increase
Age of pregel at filtration site no effect increase
Relative increase of resistance at filtration site decrease decrease

Although the results of Marty et al. (1989) show a trend in the age of the pregel at the filtration site
with increasing flow rate, Todd et al. (1990) were able to model the data with a fixed gelation rate
‘constant. The tendency of a gelling system to form a barrier to flow that is localized poses a
problem when it is desired to modify permeability over an extended region. Joussat et al. (1990)
found that with the xanthan/Cr+3 system there was a buildup of flow resistance downstream from
the barrier, while no buildup was observed with the polyacrylamide/Cr+3 system (McCool et al.,
1988; Marty et al., 1989).

Batycki et al. (1982) discussed the effect of geometrical confinement on gel formation in
pores from a somewhat different perspective. Their data show that in the domain where no gel is
formed, increase flow resistance is attributable to precipitation. In cases for which permeability
modification is applied to a rock matrix (rather than channels and fractures), a major factor in
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permeability modification is adsorption of polymer or gel (Sloat et al., 1972; Avery et al., 1988).
Laboratory investigations should include a search for thin pregels that are strongly adsorbed. With
proper design, this might achieve the purpose without the formation of a bulk gel that would
reduce flowrates and displace oil around a production well, thus immobilizing the oil in low-
permeability layers (Hughes et al., 1990).

The conclusion from these observations is that, in our present state of knowledge,
measurements in bulk are not sufficient for the design of in-depth permeability modification
processes in porous media (cf. Avery et al., 1988).

In simulating the process, Seright et al. (1988) felt the need of better data on the behavior of
pregels in regard to flowrate and permeability dependency, and values of the residual resistance
factors. The same workers (see also Liang et al., 1990) found that the depth of penetration of a
pregel into low-permeability layefs is smaller in linear cores than in a radial system, so that the
degree of permeability modification attainable is overestimated in many laboratory studies.

Stabili

The durability of permeability modification by gels is subject to chemical and thermal
degradation and mechanical stress. One problem at high temperature is the instability of the
polymer units (Yang and Treiber, 1985; Ryles, 1988). It has been asserted (Moradi-Araghi et al.,
1989) that crosslinking neither increases nor decreases the stability of the polymer. However
Sydansk (1988) claims that the polyacrylamide-Cr(III) gel, once formed, is relatively immune to
thermal and chemical degradation. The other problem is that the crosslinked structure itself is
degraded by syneresis (Nagra et al., 1986). Table I-14 lists the gel-forming systems that have
been designed to address these two problems. The principal thrust has been to develop materials
that are thermally stable before gelling.

According to Seright and Martin (1991b), a phenoformaldehyde, a vinyl polymer, and a
colloidal silica gave gels that were fairly pH tolerant, but the polyacrylamide and xanthan gels (in
bulk) lost strength under alkaline conditions.

The shrinking and swelling induced in gels by pH changes or extended exposure to brine
were studied at the University of Kansas (Young et al., 1985; Gales et al., 1988). Volume
changes of + 60-70% are recorded, and are affected by polymer/agent ratio, pH, divalent cations
acting as crosslinking agents (Ryles and Cicchiello, 1986), and temperature. However, Eggert et
al. (1989) found that flow resistance changed only a little (12%) with a gel that exhibited a large



TABLE I-14. - Gelling systems designed for thermal stability

Product Chemical Temperature, Duration Reference
type °C of test
Borden's tannins 170 Navratil et al., 1983
275 months
Floperm 325 phenoformaldehyde 92 10 mo Chang, 1985
Cyanagel crosslinked by
Cr(VI) - redox 120 >1yr Ryles, 1986
MARCIT acrylamide (Cr acetate) 124 2yr Sydansk, 1988
Phillips copolymer 113 212 yr Moradi-Araghi, 1989
lignosulfonate 90 — Nagra et al., 1986

inorganic 120 days Chan, 1989

(63%) volume change in bulk. Seright and Martin (1991b) found little correlation between the
pore volume occupied by a gel and the flow resistance. On the other hand, Ryles and Cicchiello

(1986) found that a gel that had undergone syneresis was much more sensitive to mechanical
stress.

The effect of mechanical stress is described in terms of a "breakpressure,” which is an
important property in near-wellbore treatment. Break pressures up to 1,000 psi/ft are achievable
(Avery et al., 1988), but for treatments that reduce water permeability without seriously reducing
oil permeability, break pressures of 300-400 psi/ft are more practical. Martin et al. (1988) found
that rigid gels are less susceptible to breakdown by postflush.

The sensitivity of gel properties to pH and divalent cations has been discussed above. Other
substances that pose challenges, to both the formation and stability of the gels, are ferrous, ferric,
sulfate, and hydrogen sulfide (Sydansk, 1988).

SCREENING CRITERIA AND DESIGN FACTORS
The constraints on permeability modification by gelled polymer largely overlap those for
polymer flooding. These have been considerably relaxed in recent years by the development of
new products that are more resistant to thermal and chemical degradation (table I-14), and that pose
fewer injectivity problems (Tate, 1985; Lund et al., 1990; Fletcher et al., 1990).
It is quite important to characterize the reservoir problems that a permeability modification
treatment is to ameliorate (Sydansk, 1988). Figure I-5 outlines the choices that must be made.
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It has been emphasized that the effectiveness of a near-wellbore treatment depends on a lack
of communication between layers within the reservoir (Hughes et al., 1990). The simulation work
of Gao et al. (1990) showed that plain polymer flooding outperforms gel treatment when the ratio
of vertical to horizontal permeability gets "large” (>0.01). This suggests that when there is vertical
communication, a pregel should be designed with fairly high viscosity - which also promotes a
more "piston-like" flow (Navratil et al., 1982).

Gao et al. (1990) also found that treatment of both injection and production wells gives better
recovery than treating either well alone. The optimum time for gel treatment in waterflooding is
close to the water breakthrough (which is, of course, the best time for the purpose of evaluating the
performance).

Zone isolation to confine the injection to watered-out layers avoids damage to productive
zones (Seright, 1988; Liang et al., 1990), and in the case of production wells allows immediate
resumption of pre-treatment production rates with reduced water cut (Hughes et al., 1990).
Naturally, zone isolation is inappropriate when the goal is to plug vertical fractures. It may be
dispensed with when the high-permeability zones are watered out and the water/oil mobility ratio is
high. In this instance, a low-viscosity pregel is preferable (Seright, 1988).

A plausible alternative to near-wellbore treatment of injection wells is recompletion.

Two caveats (Avery et al., 1988) are worth repeating: (1) For reservoirs with low remaining
reserves, treatment probably will not be economic unless payout occurs as a result of reduced
water handling costs; (2) A gel treatment can reduce the productivity index; therefore, flowing
wells that are treated may require artificial lift in order to produce incremental oil or restore oil to
the desired level.

CONCLUSIONS
Permeability modification by gelled polymer is a well established technique that has enjoyed
considerable success. The predominant application is for near-wellbore treatment of injection and
production wells. In-depfh treatment is necessary when there is significant vertical communication
among strata, and especially in the case of vertical fractures. It is important to define the reservoir
problem to be addressed in designing a specific treatment.
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Research needs to include the following:

Near-term
1. Accumulation of more extended data on the influence of reservoir parameters on
properties of gels (especially gelation kinetics).
2. Improved models for prediction/design of profile modification process.

Mid-term
1. Improved accuracy in treating the target zone without damage to productive
zones.
2. Development of methods for achieving the desired effect over an extended
region.

1. Delineation of rheological properties of gels and pregels.

2. Develop a better understanding of the differences between behavior of gel in
bulk and in porous media. ‘

3. Improved crosslinking systems which are nontoxic and environmentally
benign.

4. Improved gel systems which are stable at high temperature and salinity.
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CHAPTER 8
THERMAL EOR TECHNOLOGY: STATE OF THE ART REVIEW

By Partha Sarathi

INTRODUCTION

The United States has about 80 billion barrels of heavy oil-in-place in 248 large reservoirs
(greater than 20 million barrels of oil-in-place) (Kuuskraa, 1988a). An additional 20 billion barrels
of heavy oil is estimated to exist in smaller reservoirs (less than 20 million barrels of oil-in-place).
The total U.S. heavy oil resource represents about 20% of the estimated 500 billion barrels of
crude oil discovered to date {(Kuuskraa, 1988b). The U.S. heavy oil resource base includes a
diverse collection of oil fields, ranging geographically from Alabama to California and from Alaska
to Texas. Over half of the U.S. heavy oil resource is found in California, and more than half of
that is in the San Joaquin Valley, mostly in four massive, shallow fields—Midway-Sunset, Kern
River, South Belridge, and Coalinga.

The recovery of heavy oil by thermal methods involves the introduction of heat into a
reservoir to reduce the viscosity of the oil and improve its ability to move through the reservoir to a
producing well. The effect of heat on oil viscosity and the idea of using heat to enhance the
recovery of viscous crude oil were described in detail in a 1917 U.S. Bureau of Mines publication
devoted to oil recovery methods (Crawford, 1964). Heat may be introduced into a reservoir by
burning a portion of oil-in-place or by the injection of a hot fluid such as steam or hot water. Both
techniques are being used commercially, with injection of steam being the most preferred
technique. The first reported U.S. steamdrive was performed in a reservoir near Woodson, TX, at
a depth of 380 ft in 1931 (Stoval, 1934). The first reported U.S. in situ combustion field
operation was performed accidentally in an Oklahoma field in the mid-1920s (Crawford, 1964).

Thermal oil production technology (TEOR) has developed rapidly in the United States since
the 1930s. Most of the U.S. thermal EOR effort has been focused on recovering the heavy oil
reserves of California, where TEOR technology has been developed, tested, and proven. In 1988,
TEOR production accounted for 73% of all U.S. EOR production (Blevins, 1990). The DOE EOR
Project Database contains information on 544 thermal EOR projects that had been started as of
January 1990 (Pautz and Thomas). In 1990, oil production by thermal EOR methods is estimated
to have been 454,000 barrels per day. According to Pautz and Thomas (1990), this production is
within 15% of that predicted by the 1984 National Petroleum Council (NPC) study. The principles
of thermal recovery processes and their main characteristics are well documented in books
(Boberg, 1988; Butler, 1991; Prats, 1982; Burger, 1985) and review papers on field applications
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(Farouq Ali, 1979; Chu, 1982; Chu, 1985; Kuuskraa, 1984). Therefore, this review will focus on
the recent developments in thermal recovery technology and future outlook for TEOR in the United
States.

TECHNOLOGY CHANGES IN THERMAL EOR
St Injecti
Screening Criteria

Numerous screening guides and criteria have been presented by many authors and
institutions (Prats, 1981; Farouq Ali, 1970; Lewin and Associates, 1981) as an attempt to
document reservoir and fluid properties needed for successful implementation of the steam
injection process. Several authors (Prats, 1982; Dougdale and Belgrave, 1989) have indicated the
use of engineering judgment in the application of these criteria to target reservoirs. Since many of
the criteria are being violated in commercial operations, each criterion must be examined on an
individual basis. Dougdale and Belgrave (1989) questioned the assignment of values to a set of
reservoir parameters and suggested that the only criteria that a steam injection process must meet
are the following:

(a) can the process heat the reservoir efficiently and economically?

(b) can the process produce oil economically?

Improved Reservoir Conformance

Injection of steam into a non- or low-dipping reservoir with nonzero vertical permeability and
low horizontal permeability will result in steam override and poor vertical sweep. A review of
steamflood field projects (Part II, this report) identifies gravity segregation and reservoir
heterogeneities as problems that limit the efficient application of steamflooding. An example of
such a case is the steamdrive in the Mecca lease of Kern River (CA) field (Dilgren et al., 1980;
Patzek and Koinis, 1988). Injection of foaming agents with steam has been used to improve the
steamdrive efficiency in such reservoirs (Duerksen, 1986; Robin, 1987; Friedmann and Jensen,
1986). However, in steeply dipping reservoirs where gravity drainage is the dominant production
mechanism, the steamdrive process is very efficient with updip steam injection and downdip
production. In such situations, foam will contribute very little to augment production. Other
situations, where there is very little potential for foam, include thick, high vertical permeability
reservoirs and reservoirs having good communication between injections and producers (high-
permeability reservoirs).

In most reservoirs, steamdrive suffers due to gravity override and channeling of steam
through high-permeability streaks. Channeling is defined as the loss of steam to isolated ‘thief
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zones’ that take a disproportionate amount of the injected steam (Hirasaki, 1989). The thief zone
could be a zone of high-permeability sand, or a gas-filled, desaturated zone that is isolated from
other zones except at the wellbore. In reservoirs with no crossflow, the foam mobility in the
vicinity of injection well is much more important than that farther into the reservoir because in such
reservoirs the resistance to radial flow from an injection well is concentrated near the wellbore
\;ic:ihity (Hirasaki, 1989). Thus, in such a situation foam can improve the injection profile without
invading the entire reservoir.

The use of foam to control the mobility of steam in a channeling interval has been practiced in
the oil patch since the early 1970s. It should be pointed out, that the process of injecting small
slugs of foam forming surfactant to control injection profiles in cyclic steam operations is different
from the continuous injection steam foam to enhanced oil recovery. The slug application method in
cyclic process is called a “steam-foam treatment” and the continuous injection of steam foam into
the reservoir to improve oil recovery is called the “steam-foam process.” Unfortunately in the
literature “steam-foam treatment” and steam foam process” are used synonymously. As previously
mentioned the “steam foam treatment” method began to be used in the early 70s and continues to
this date. More than 4,000 such treatments have been performed (Eson, 1989). The “steam-foam
process” on the other hand was started in 1979 with two DOE-funded field demonstration projects
(Doscher, 1982) in Kern Front field. An example of a “steam-foam process” pilot is Union Oil
Company's “Dome-Tumbador” steam foam pilot (Mohammadi, 1989b).

Several successful “steam-foam process” pilots have been reported (Castanier and Brigham,
1988; Patzek and Koinis, 1988; Yannimaras and Kobbe, 1988; Mohammadi et al., 1989a, b; Eson
and Cooke, 1989). In most cases, the steam foam was applied to a mature steamdrive (10 or more
years of steam injection). An exception to this is the Bishop lease steam foam pilot in Kern River
field (Patzek and Koinis, 1988) which had been under active steamdrive for only a year before
foam injection began. Substantial increases in oil production and improvement in oil-steam ratio
were observed in all cases. However, most reports in the literature on steam-foam projects do not
give a breakdown of the percent increase in oil production that is directly attributable to foam
and/or indicate whether steam-foam resulted in incremental ultimate oil recovery. Since most
reported steam-foam pilots showed an improvement of the cumulative oil-steam ratio, this can be
considered as equivalent to an increase in net oil recovery because the accelerated production
conserves steam and results in the saving of crude oil burned as fuel for generating steam. Since
the improvement in oil-steam ratio is likely to be high for a steam-foam pilot undertaken in a
nonmatured steamdrive reservoir, the steam-foam process should be started soon after steam
breakthrough rather than after the economic limit of conventional steamdrive (Hirasaki, 1989).
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Most of the reported steam-foam process pilots were conducted in Kern River and Midway-
Sunset (CA) fields. Kern River field has multiple reservoirs each with net pay of 65 to 100 ft.
The individual sands within the reservoirs are in vertical communication. Gravity override of
steam is the primary problem associated with steamdrive in Kern River. Midway-Sunset field has
a 500-ft-thick sand reservoir which is characterized by large permeability contrast (variation in
horizontal permeability) and vertical flow barriers. Channeling into high-permeability thief zones
and gravity override are the major steamdrive problems in Midway-Sunset reservoirs. Response to
injection of foam in these reservoirs varied from pattern-to-pattern with the best results being in the
confined pattern (Castanier and Brigham, 1988). Because of the existence of vertical flow barriers
in Midway-Sunset field, improvement in vertical sweep efficiency was achieved by controlling the
injection profile only, and the consumption of surfactant was much lower, indicating the avoidance
of foam propagation across the entire reservoir (Mohammadi et al., 1988b).

In the reported pilots of the steam-foam process, surfactants were added to the injected steam
either (1) continuously at some specified concentration (Patzek and Koinis, 1988; Dilgren et al.,
1980; Mohammadi and McCollum, 1988a; Mohammadi et al., 1988b) or (2) as periodic slugs in a
semicontinuous manner (Ploeg and Duerksen, 1985; Lee and Kamilos, 1985) or (3) as periodic
concentrated slugs (Doscher et al., 1983; Brigham et al., 1986). Small amounts of noncondensible
gas were always added to surfactant to stabilize the collapse of foam bubbles due to steam
condensation (Falls et al., 1988). Eson and Cooke (1989) recommended the injection of surfactant
on a semicontinuous basis rather than as a concentrated periodic slug. However, if the intent of the
process is to improve injection profiles in a reservoir without vertical communication, then slug
injection is the preferred alternative (Hirasaki, 1989).

Even though most of the reported steam-foam process pilots were technically successful, the
economics were variable due to generally high surfactant consumption per barrel of incremental oil
produced.

Another method being developed for improving conformance is the development of emulsion
blocking (French et al., 1986, French, 1987). The advantage of this method would be more
complete blocking and lower cost than that of other methods. Emulsion formation may be part of
the mechanism in ‘foam’ projects that do not have inert gas injected with steam.

Horizontal Wells and Steam Injection
The increasing interest for using horizontal wells in combination with steam injection for

optimizing production from heavy oil reservoirs is evidenced by the number of recent research
studies and field developments.
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One advantage of horizontal wel<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>