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Foreword

I am pleased to write the foreword to the book by Dr. G. V. Chillingar,
and Dr. M. Haroun. Electrokinetics for Petroleum and Environmental
Engineers addresses the advances made in the science of electrokinetics
(EK) as it applies to environmental and petroleum engineering. What was
once a technology for dewatering clays and soils is now being positioned
for use in environmental remediation and enhanced oil recovery. This
reference book includes chapters by the foremost researchers in the world
conducting research in the area. Top academic researchers from USC,
Lehigh University, the University of Vermont and the Petroleum Institute
of Abu Dhabi contributed to the book. You will learn about the most recent
advances for the use of EK to assist in the cleanup of contamination in soil
and ground water. You will also learn about the application of the EK tech-
nology for extracting oil as an innovative Enhanced Oil Recovery (EOR)
Process.

Electrokinetics was introduced to the US by Leo Casagrande, of Harvard
University, in the 1950s. He had used the technology extensively in Europe,
for construction site soils stabilization, prior to, and during World War II.
In the 1950s, Dr. G. V. Chilingar, and his students at USC conducted a series
of laboratory experiments, which suggested that electrokinetics could be
utilized to increase flow in permeable formations and for Enhanced Oil
Recovery (EOR). About the same time, researchers at a General Electric
(GE) facility were conducting field investigation, which indicated that elec-
trokinetics could be an effective and efficient EOR technology. Later, some
of these researchers left GE, taking the EK technology with them, founded
Electro-Petroleum, Inc. (EPI), and have continued to develop an under-
standing of EK field implementation.

Electrokinetics is a simple concept to move fluids through rocks and
soil under a unidirectional electrical current flow. Current research has
extended this technology to move contaminants and oil under the same
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stressors. The application of Electrokinetics commercially, to date, has been
limited to the soil dewatering and soil stabilization and should be extended
by those who read this book. Previous field studies have suffered from a
lack of knowledge relating to issues which are being defined and addressed
in the chapters in this book. The understanding of the transport of heavy
metals having different oxidation states and mobility and organic mole-
cules having different adsorbent coefficients are elucidated in the chapters.
The volume of research from laboratory studies is large and the hundreds
of research papers published in the scientific literature were reviewed to
understand the issues surrounding the complexity of EK technology. This
basic understanding of the variables surrounding the technology field can
be used to design meaningful field tests.

By reading this book you will learn about the most recent laboratory
results for the transport of contaminants in soil and ground water, be
exposed to research in the use of EK for oil recovery in the previously unex-
plored use in carbonate rocks. In Chapter three, Dr. D. G. Hill evaluates the
use of the EK process in the oilfield showing the potential of the process for
releasing previously unrecoverable oil resources around the world.

Finally great strides are being made in the transferring of the laboratory
results into a series of models which can be used to predict the transport
phenomena in all types of substrates.

The simple and straight forward style of this book will be of useful to the
academic researcher following EK technology development, the environ-
mental remediation engineer looking for a state of the art technology for
cleaning up contaminated sites and the petroleum executive looking at the
next breakthrough in Enhanced Oil Recovery.

J. Kenneth Wittle, Ph.D.
Electro-Petroleum, Inc.
Williamsburg, VA 23185



List of Contributors

DONALD HILL
Petroleum Engineering, University of Southern California, Los Angeles, CA

EHSAN GHAZANFARI
Environmental Engineering, University of Vermont

SIBEL PAMUKCU
Environmental Engineering, Lehigh University

SANGHEE SHIN
Environmental Engineering, Korea Institute of Construction Technology,
Seoul, S. Korea

HASAN SHOJAEI
Petroleum Engineering, University of Southern California, Los Angeles, CA

KENNETH WITTLE
Electro Petroleum Inc., Williamsburg, VA

MENGEFEI LIU
Petroleum Engineering, University of Southern California, Los Angeles, CA

xvii






Contents

Preface

1 Introduction to Electrokinetics

1.1
1.2

1.3
1.4
L5
1.6

1.7
1.8
1.9

Factors Influencing Electrokinetic Phenomena
Zeta Potential and the Electric Double
Layer Interaction

Coehn’s Rule

Combined Flow Rate Equation
Dewatering of Soils

Use of Electrokinetics for Stabilization of
Week Grounds

Bioelectroremediation

Electrical Enhanced Oil Recovery (EEOR)
Improving Acidizing of Carbonates

1.10 Economic Feasibility
1.11 Releasing Stuck Drillpipe
1.12 Summary

Bibliography

2 Reduction of Contaminants In Soil and Water
By Direct Electric Current

2.1

2.2  Overview of Direct Electric Current in Subsurface

Introduction

Environmental Mitigation

2.2.1 Theoretical Considerations: Transport of Charged

Species - Electromigration

2.2.2 Theoretical Considerations: Transport of Water

and Its Constituents - Electroosmosis

2.2.3 Theoretical Considerations: Mathematical

Modeling of Transport

2.2.4 ‘Theoretical Considerations: Electrochemical

Transformations

Xiil

(89

= \O 0 W

13
14
16
18
20
22
23
24

33

33

34

35

38

43

49



x CONTENTS

3

2.3 Electrokinetically-Aided Environmental Mitigation
2.3.1 Electrokinetially-Aided Separation and Extraction
2.3.2  Electrokinetially-Aided Stabilization and
Immobilization
2.3.3 Electrokinetially-Aided Containment
2.4 Transport and Extraction of Crude Oil
2.4.1 Laboratory Evidence of Oil Extraction
2.4.2 Field Evidence of Oil Extraction
2.4.3 Laboratory Evidence of Oil Transformation
2.5 Summary and Conclusions
References

Application of Electrokinetics for Enhanced Oil Recovery

3.1
3.2

35
3.4
3.5

3.6

3.7

Introduction

Petroleum Reservoirs, Properties, Reserves,

and Recoveries

3.2.1 Petroleum Reservoirs

3.2.2 Porosity

3.2.3 Reservoir Saturations

3.2.4 Initial Reserves

3.2.5 Primary Oil Production and Water Cut

Relative Permeability and Residual Saturation

Enhanced Oil Recovery

Electrokinetically Enhanced Oil Recovery

3.5.1 Historical Background

3.5.2 Geotechnical and Environmental
Electrokinetic Applications

3.5.3 Direct Current Electrokinetically Enhanced
Oil Recovery

DCEOR and Energy Storage

3.6.1 Mesoscopic Polarization Model

Electro-chemical Basis for DCEOR

3.7.1 Coupled Flows and Onsager’s Principle

3.7.2 Joule Heating

3.7.3 Electromigration

3.7.4 Electrophoresis

3.7.5 Electroosmosis

3.7.6  Electrochemically Enhanced Reactions

54
56

74
81
83
83
86
89
92
94

103
103

105
106
106
106
107
107
107
109
110
110

111

112
112
114
115
115
117
118
118
118
118



CONTENTS Xi

3.8 Role of the Helmholtz Double Layer
3.8.1 Dissociation of Ionic Salts
3.8.2 Silicates
3.8.3 Phillosilicates and Clay Minerals
3.8.4 Cation Exchange Capacity
3.8.5 Electrochemistry of the Double Layer
3.9 DCEOR Field Operations
3.9.1 Three-Dimensional Current Flow
Ramifications
3.9.2 Electric Field Mapping
3.9.3 Joule Heating and Energy Loss
3.9.4 Comparison of DC vs. AC Electrical
Transmission Power Loss
3.10 DCEOR Field Demonstrations
3.10.1 Santa Maria Basin (California, USA)
DCEOR Field Demonstration
3.10.2 Lloydminster Heavy Oil Belt (Alberta, Canada)
DCEOR Field Demonstration
3.10.3 Golfo San Jorge Basin (Santa Cruz, Argentina)
DCEOR Field Demonstration
3.11 Produced Fluid Changes
3.12 Laboratory Measurements
3.12.1 Electrokinetics and Effective Permeability
3.12.2  Sulfur Sequestration
3.12.3 Carbonate Reservoir Laboratory Tests
3.13 Technology Comparisons
3.13.1 Comparison of DCEOR and Steam
Flood Efficiency
3.13.2 Comparison of DCEOR and Steam
Flood Costs
3.13.3 Comparison of DCEOR to Other
EOR Technologies
3.14 Summary
Nomenclature
References
Websites

119
119
119
121
122
123
126

128
129
129

130
132

133

136

137
138
140
142
143
143
144

144

145

146
146
148
149
155



xii CONTENTS

4 EEOR in Carbonate Reservoirs

4.1
4.2

4.3

4.4

4.5

4.6

Introduction

Electrically Enhanced Oil Recovery

(EEOR) - EK Assisted WF

SMART (Simultaneous/Sequential Modified

Assisted Recovery Techniques)

(SMAR EOR) Electrokinetic-Assisted

Nano-Flooding/Surfactant-Flooding

4.4.1 Electrokinetic-Assisted Surfactant Flooding
(Smart EOR) on Mixed to Oil-Wet Core Plugs

Electrokinetics-Assisted Waterflooding with

Low Concentration of HCI

Effect of EEOR and SMART EOR in Carbonate

Reservoirs at Reservoir Conditions

4.6.1 Economics

Conclusions
Nomenclature
References

5 Mathematical Modeling of Electrokinetic Transport
and Enhanced Oil Recovery in Porous Geo-Media

5.1
5.2
53

5.4

5.5
5.6
5.7

Introduction

Basics of EK Transport Modeling
Fundamental Governing Equations

5.3.1 Fluid Flux

5.3.2 Mass Flux

5.3.3 Charge Flux

534 Conservation of Mass and Charge
5.3.5 Geochemical Reactions
Mathematical Model and Solution of

Ek Transport

5.4.1 Initial and Boundary Conditions
5.4.2 Preservation of Electrical Neutrality
5.4.3 Numerical Solution Approaches

EK Mass Transport Models

Coupling of Electrical and Pressure Gradients
Mathematical Modeling of EKEOR

157
157

158

159

161

165

166

168
169
171
172
173

177
177
178
179
179
180
183
184
185

188
189
190
191
191
194
197



