,/.A;

o))

1913kl Jel el el el el el el ol el Jel el Sl el del el el sl Sl

&J -

}
A

Jeie 9 o el eile

o

-

)

o7

1)

STABILITY AND TEXTURE OF CO,/N, FOAM IN SANDSTONE %

|
8t

BY

i

}
'

Mohammed Abdul Qadeer Siddiqui

A Thesis Presented to the
DEANSHIP OF GRADUATE STUDIES

KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN, SAUDI ARABIA

el e 92| 9o el e e el

In Partial Fulfillment of the

Requirements for the Degree of

el

t
|
.

I3RS

MASTER OF SCIENCE

In

PETROLEUM ENGINEERING

I

|

[k

February, 2016

19 el e I

Nl
42 e e SETE eSS E S S te SE e S se s et

.

N N A P P P P e P R R R

X

e




KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN- 31261, SAUDI ARABIA
DEANSHIP OF GRADUATE STUDIES

This thesis, written by MOHAMMED ABDUL QADEER SIDDIQUI under the
direction of his thesis advisor and approved by his thesis committee, has been presented
and accepted by the Dean of Graduate Studies, in partial fulfillment of the requirements

for the degree of MASTER OF SCIENCE IN PETROLEUM ENGINEERING.

Dr. Rahul Narayanrao Gajbhiye
(Advisor)

‘n
Dr. Abdullah S. Sultan — Z‘M

Department Chairman -

% Dr. Sidqi M Abu-Khamsin
: ~ Member) /

\
Dr. Salam A. Zummo é (? '7

Dean of Graduate Studies
Dr. Abdullah S. Sultan

(Member)

1qlsle

Date




© Mohammed Abdul Qadeer Siddiqui
2016



To my beloved parents, brothers and little sister who stood by me with their love,
support and encouragement during this journey at King Fahd University of Petroleum
& Minerals.



ACKNOWLEDGMENTS

First and foremost | thank Allah Almighty for His unlimited mercy and countless
blessings. Without His decree nothing is possible including my successful completion of

studies at King Fahd University of Petroleum & Minerals (KFUPM).

I would like to extend my gratitude to the prestigious King Fahd University of Petroleum
& Minerals (KFUPM) and the Petroleum Engineering Department for providing me the
opportunity to complete my higher studies here and for all the help and support
throughout my thesis work at KFUPM. | am really grateful to have gained knowledge
from such experienced and high caliber faculty and researchers. The knowledge,
experience and skills that | have acquired during my stay at KFUPM have played an
important role in my life and | am sure it will bear me great rewards and fruits in my

future endeavors as well.

I would like to acknowledge the financial support provided by the Deanship of Scientific
Research (DSR) at KFUPM for this research through the startup research grant (Project #
131025). Laboratory facilities provided by the Petroleum Engineering Department and

the Centre of Integrated Petroleum Research are also acknowledged.

| am deeply grateful to my thesis advisor Dr. Rahul N. Gajbhiye for his guidance and
support throughout my research. All of my meetings, interactions and discussions with
him have always taught me something new. | have acquired under his supervision and
guidance not only knowledge required for the completion of my thesis but also
knowledge that would help me enhance my overall personality throughout my life. |
would also like to extend gratitude to my thesis committee members Dr. Sidgi M Abu-

\Y



Khamsin and Dr. Abdullah S. Sultan for their guidance and support. | also express my

gratitude for all the resources provided to me by the department for my research work.

| would like to thank Mr. Aziz Arshad (now retired) and Mr. Zaid Zaffar Jangda,
researchers at the Centre of Integrated Petroleum Research, for helping me on the
complex core-flooding equipment whenever required. They extended their help even
during off-duty hours and also during vacations. | owe my technical know-how of the
complicated equipment to these two highly qualified and experienced researchers. |
would also like to thank Mr. Abdulraheem Mohammadain and Mr. Abdul Samad Idrisu
from the Petroleum Engineering Department for their constant support and logistics

whenever required.

I cannot conclude without acknowledging the love, support and encouragement given to
me by my family who has been a great source of inspiration and comfort for me
throughout my thesis. Without their love and prayers this journey would have been a lot
difficult. I especially thank my parents for instilling in me through their upbringing
qualities that have helped me stand out among my peers in my academic career up to
now. | also thank all my friends at the university who made my stay here at KFUPM an
enjoyable and memorable one. | will never forget the friends | made here during my

Masters degree and | wish all of them great success in their lives.

Vi



TABLE OF CONTENTS

ACKNOWLEDGMENTS ...ttt e ettt e e e e e e e e e e e s e e e e e eereeeeeeeeees Vv
TABLE OF CON T ENT S oottt e e e e e e e e e e e e eanas VIl
ST OF T ABLES ...t e e e e e e e e e e e e e e e e e e e s IX
LIST OF FIGURES ... ..ottt ettt e e e e e X
LIST OF ABBREVIATIONS ..ottt ettt e e e e e e e e e eeeaeeee s X1V
F N IS I R SN O IR XV
ARABIC ABSTRACT ... sba b baaa b sbababssssasssssasasssares XVII
CHAPTER 1 INTRODUCTION ..o, 19
CHAPTER 2 LITERATURE REVIEW. ...ttt 22
PN = T T Tl @] g (ot o e300 = Vo o RS 22

22 0 B 1< i1 11 22

2.1.2 ClasSifiCatioN OF FOAM ......iiiiiiic ittt st e s e bt e e e s bt e e e s srb e e e s ebeaeesnaeas 22

2.1.3 MaiN FOAM PrOPEITIES .. .eoviiieiie ettt et et e st e st et e e be e beeseesneesteesaeenteenneenes 24

2.1.4 Mechanisms of Foam Generation in POroUS MEAIa.........c..eeeivuiiiiieeie ettt 26

2.1.5 Effect of FOam 0N Gas MODITILY .........cooiiriiiiiiiie e 28
2.2 Studies on Foam FIOW iN POrOUS MBI .........ooovceiiiieiee ettt et e et e e s et e e s sraee s 29
2.3 Problems WIth SC-CO2-FOAM ......ccocueiiiieeiie ettt et e et e e st e e s et e e s st et e e seaaeessssbeeessereeeesssreeeas 35
2.4 Potential of MiIXed CO2/N2-FOAM .......cooouiiei ettt ettt et e e e et e e s sttt e e s et eeesstbeeessreeesssrreeeas 37
CHAPTER 3 PROBLEM STATEMENT AND RESEARCH OBJECTIVES ......... 39
CHAPTER 4 EXPERIMENTAL PROCEDURE AND METHODOLOGY ............ 41
Y E- N (=Y W E- | TR 41
o o [T 11911 o | SR ST ORI 42

vii



4.3 METNOAOIOY ...ttt bbb et b bbbt b ettt b 47

CHAPTER 5 RESULTS AND DISCUSSION.......ccoiiiiiiiiiciiin e 57
5.1 IFT ReSUILS @Nd DISCUSSION......ueiuiiiieniiieiieitisiestieiee ettt seeee e see st stesseeseeeesaesaesbesaeensensenseseeseens 57
5.1.1 IFT Results and Discussion of Fluorosurfactant FS-51.........cccocvriiiiiiiinninineise s 57
5.1.2 IFT Results and Discussion of Alpha-olefin-sulfonate (AOS) ........ccccveieieieiiiie e 59
5.1.3 IFT Results and Discussion of Witcolate SUrfactant ..o 61
5.2 Measurement 0f COIre PrOPEITIES .....c.ciiiiii e st e et e e st e be e eneene e e e seenreas 63
5.3 Foam-flooding Experiment Results and DiSCUSSION ........ccccvovcieriereieseseeeeieesie e see e e ee e see e 65
5.3.1 Foam-flooding Experiment Results and Discussion for Fluorosurfactant FS-51 ...........ccccceeeienene 66
5.3.2 Foam-flooding Experiment Results and Discussion for Alpha-olefin-sulfonate (AOS).................. 68
5.3.3 Foam-flooding Experiment Results and Discussion for Witcolate Surfactant.............ccccceveviinnnne 71
5.4 Foam Texture Analysis Results and DiSCUSSION.........c..curirieirinieineniesie e 73
5.4.1 Image Analysis Results and Discussion for Fluorosurfactant FS-51..........cccocvivviiniinienieienininnnene 74
5.4.2 Image Analysis Results and Discussion for Alpha-olefin-sulfonate (AOS) .......ccccccevvvieviveveeinene, 77
CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS......ccoceeiviiieeeeeieee. 80
REFERENGCES...... ..ottt ettt e e s bbee e e s bte e e e e eaba e e e s sbaeeeeanns 83
APPEND X -A et e e e e e e e e s s e raaaeaeaaans 87
APPENDIIX-B .. oottt 90
R I RPN 119

viii



LIST OF TABLES

Table 4-1 Injection scenarios for CO2/Nz-surfactant flooding ..........cccceveveieniininnnnnns 50
Table 5-1 Measured COre PrOPEITIES ......c.eivveiverieiieseerie e seese et e e e e e sre e esreeneeas 64
Table A-1 Fluorosurfactant FS-51 concentration and corresponding measured IFT ....... 87
Table A-2 AOS surfactant concentration and corresponding measured IFT .................... 87
Table A-3 Witcolate surfactant concentration and corresponding measured IFT ............ 87
Table A-4 Average steady-state AP values (in psi) for foam-flooding of fluorosurfacant
T 1 SRS 88
Table A-5 Average steady-state AP values (in psi) for foam-flooding of AOCS ............... 88
Table A-6 Average steady-state AP values (in psi) for foam-flooding of witcolate......... 88
Table A-7 Average circularity of foam bubbles with fluorosurfactant FS-51.................. 89
Table A-8 Average circularity of foam bubbles with AOS ...........cccccoveii i 89



LIST OF FIGURES

Figure 2.1: Generalized foam SYStem [32]......c.ccoveiiiiieiieii e 22
Figure 2.2: Schematic of gas flow in porous media in presence of foam [34]. ................ 23
Figure 2.3: Foam viscosity vs. foam quality [6] ........ccccoveveiiiiiiieiiic e 25
Figure 2.4: Schematic of neck snap — off mechanism [7].........cccoiiiiiinniie, 27
Figure 2.5: Schematic of lamella division mechanism [7] ........cccooviiiiiininiciiiee 27
Figure 2.6: Schematic of leave — behind mechanism [7]........ccccooiiiiiiini 28
Figure 2.7: Effect of liquid rate and gas saturation in gas permeability with and without
SUITACTANT [4]..eeeeeee e 29
Figure 2.8: Pressure temperature phase diagram for COz.........cccccvevevieveciciiecece e, 36
Figure 4.1: Schematic of the core-flooding experimental SEtup.........cccccvevveieeieciiesinenne. 43
Figure 4.2: Vinci Technologies IFT 700.........cccciviiiiiieiieie e 46
Figure 5.1: IFT vs. fluorosurfactant FS-51 surfactant concentration..............ccoccocvvveuenne. 58

Figure 5.2: Shapes of drops of (a) 0 vol% (b) 0.05 vol% (c) 0.10 vol% (d) 0.15 vol% (e)
0.20 vol% and (f) 0.30 vol% fluorosurfactant in sc-CO; at 1500 psi and 50°C.

....................................................................................................................... 59
Figure 5.3: IFT vs. AOS surfactant CONCeNtration ............cccocveveeieiiieiiese e 60
Figure 5.4: Shapes of drops of (a) 0 vol% (b) 0.15 vol% (c) 0.30 vol% (d) 0.50 vol% (e)
0.75 vol% and (f) 1.0 vol% AOS in sc-CO; at 1500 psi and 50°C. .............. 61
Figure 5.5: IFT vs. witcolate surfactant concentration .............ccccceevevvevecicceene e 62
Figure 5.6: Shapes of drops of (a) 0 vol% (b) 0.0125 vol% (c) 0.025 vol% (d) 0.05 vol%
and (e) 0.075 vol% witcolate in sc-CO> at 1500 psi and 50°C...........cccoeueneee 63
Figure 5.7: Flow rate vs. pressure drop to calculate permeability (before and after foam
FIOOTING) .. 64
Figure 5.8: Average steady-state AP vs. foam quality (fluorosurfactant FS-51).............. 67
Figure 5.9: Average steady-state AP vs. foam quality (AOS) .....c.cccevevirieneiiieneseeene 70
Figure 5.10: Average steady-state AP vs. foam quality (Witcolate).........ccocoeeervrvrrrennne. 72
Figure 5.11: 8-bit Analyzed Foam Images for Fluorosurfactant FS-51..........c...c.ccccuee... 74
Figure 5.12: Average circularity vs. foam quality for fluorosurfactant FS-51.................. 76
Figure 5.13: 8-bit Analyzed Foam Images for AOS.........cccoviiiiiiiieieeee e 77
Figure 5.14: Average circularity vs. foam quality for AOS ... 79

Figure B.1: Shape of distilled water drop in CO2 (0% surfactant) at 1500 psi and 50°C. 90
Figure B.2: Shape of 0.05 vol% fluorosurfactant FS-51 in CO> at 1500 psi and 50°C .... 90
Figure B.3: Shape of 0.10 vol% fluorosurfactant FS-51 in CO- at 1500 psi and 50°C..... 91
Figure B.4: Shape of 0.15 vol% fluorosurfactant FS-51 in CO- at 1500 psi and 50°C..... 91
Figure B.5: Shape of 0.20 vol% fluorosurfactant FS-51 in CO- at 1500 psi and 50°C..... 92
Figure B.6: Shape of 0.30 vol% fluorosurfactant FS-51 in CO- at 1500 psi and 50°C.... 92
Figure B.7: Shape of distilled water drop in CO2 (0% surfactant) at 1500 psi and 50°C. 93
Figure B.8: Shape of 0.15 vol% AOS in CO; at 1500 psi and 50°C ..........cccevvrernvrinnens 93

X



Figure B.9: Shape of 0.30 vol% AQOS in CO2 at 1500 psi and 50°C ...........ccccevervrrernnnen. 94
Figure B.10: Shape of 0.50 vol% AQOS in CO2 at 1500 psi and 50°C ..........cccceeervevrnennes 94
Figure B.11: Shape of 0.75 vol% AQOS in CO2 at 1500 psi and 50°C ..........cccceeervevrnennes 95
Figure B.12: Shape of 1.0 vol% AOS in CO; at 1500 psi and 50°C ..........cccverernerennns 95
Figure B.13: Shape of distilled water drop in CO2 (0% surfactant) at 1500 psi and 50°C 96
Figure B.14: Shape of 0.0125 vol% witcolate in CO2 at 1500 psi and 50°C.................... 96
Figure B.15: Shape of 0.025 vol% witcolate in CO; at 1500 psi and 50°C...........c.cccuenee. 97
Figure B.16: Shape of 0.05 vol% witcolate in CO> at 1500 psi and 50°C............cccceevnee. 97
Figure B.17: Shape of 0.075 vol% witcolate in CO> at 1500 psi and 50°C.............cccu.... 98
Figure B.18: 8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality
0.70 aN0 0%0 N2u.viviiiieiieieie et be e 99
Figure B.19: 8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality
0.70 AN 5% N2u.vieiiieieeie ettt nre e 99
Figure B.20: 8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality
0.70 AN 1090 N2..ooiviiieieie et e e e 100
Figure B.21: 8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality
0.70 aN0 15% N2uviiiiiiiiieierie e 100
Figure B.22: 8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality
0.70 aN0 2090 N2u..viivieiiiieiecie et 101
Figure B.23: 8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality
(RS TO Ua Lo 0 N ST 101
Figure B.24: 8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality
0.80 AN 5% N2u.viiiieeieee ettt nae e 102
Figure B.25: 8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality
0.80 aN0 1090 N2u..viivieiieieiesie et 102
Figure B.26: 8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality
0.80 aN0 15% N2u..viiiieiiiieiesie et 103
Figure B.27: 8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality
0.80 @N0 2090 N2u..viiviericieecie e 103
Figure B.28: 8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality
(R L0V (o IO N USSR 104
Figure B.29: 8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality
0.90 AN 5Y0 N2u.viviiiieiieie ettt e 104
Figure B.30: 8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality
0.90 aNA 1090 N2u..viivieriiieieeie et reens 105
Figure B.31: 8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality
0.90 AN 15% No..ooivieieieiecie et e e 105
Figure B.32: 8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality
0.90 aNd 2090 N2u..vvoviericieiecie e 106

Xi



Figure B.33:
Figure B.34:
Figure B.35:
Figure B.36:
Figure B.37:
Figure B.38:
Figure B.39:
Figure B.40:
Figure B.41:
Figure B.42:
Figure B.43:
Figure B.44:
Figure B.45:
Figure B.46:
Figure B.47:
Figure B.48:
Figure B.49:
Figure B.50:
Figure B.51:

Figure B.52:

8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality

0.95 AN 000 Nttt e et e e e e e e e e eeeens

8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality

0.95 AN 5Y0 N ..ttt eeeeeneennennnnnennnnnnen

8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality

0.95 AN 10D Nttt eeeeeeeeeeeeseennennenennnnes

8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality

0.95 AN 15%0 N2u.eiuviiiiiiieies e

8-bit analyzed foam image using fluorosurfactant FS-51 for foam quality

0.95 N0 2090 N2u..viiiiiiiiieierie e s
8-bit analyzed foam image using AOS surfactant for foam quality 0.70 and

8-bit analyzed foam image using AOS surfactant for foam quality 0.70 and

10% N2

8-bit analyzed foam image using AOS surfactant for foam quality 0.70 and

15% N2

8-bit analyzed foam image using AOS surfactant for foam quality 0.70 and

20% N2

8-bit analyzed foam image using AOS surfactant for foam quality 0.80 and

8-bit analyzed foam image using AOS surfactant for foam quality 0.80 and

10% N2

8-bit analyzed foam image using AOS surfactant for foam quality 0.80 and

15% N2

8-bit analyzed foam image using AOS surfactant for foam quality 0.80 and

20% N>

8-bit analyzed foam image using AOS surfactant for foam quality 0.90 and

xii



Figure B.53: 8-bit analyzed foam image using AOS surfactant for foam quality 0.95 and

000 N2 ottt e 116
Figure B.54: 8-bit analyzed foam image using AOS surfactant for foam quality 0.95 and
BB N2 ettt ettt et neenes 117
Figure B.55: 8-bit analyzed foam image using AOS surfactant for foam quality 0.95 and
LOU0 N2 et naes 117
Figure B.56: 8-bit analyzed foam image using AOS surfactant for foam quality 0.95 and
1590 N2 o 118
Figure B.57: 8-bit analyzed foam image using AOS surfactant for foam quality 0.95 and
2000 N2 .ttt 118

Xiii



LIST OF ABBREVIATIONS

EOR Enhanced Oil Recovery
AQOS Alpha-olefin-sulfonate

PV Pore Volume

IFT Interfacial Tension

SAG Surfactant Alternating Gas
WAG Water Alternating Gas

Xiv



ABSTRACT

Full Name : Mohammed Abdul Qadeer Siddiqui
Thesis Title . Stability and Texture of CO2/N2 Foam in Sandstone

Major Field . Petroleum Engineering

Date of Degree : [February 2016]

Foam formed when gas and surfactant are injected in porous media can overcome
problems associated with gas injection enhanced oil recovery (EOR) techniques like
viscous fingering, gravity override and high gas mobility. The reduced recovery
efficiency of the reservoir due to these problems can be overcome by means of foam.
Foam is a dispersion of gas in liquid phase. Gases most commonly used in foam EOR
techniques are CO2 and N2. Foams with these two gases have been extensively studied
and compared. A common problem with CO»-foam is that it becomes weaker above
supercritical conditions of CO2 of 1100 psi and 31°C. At same high pressure and
temperature conditions N2 forms stronger foam than CO. Due to weakening of CO»-
foam above supercritical pressure and temperature of CO2, gas mobility is not effectively
reduced which leads to poor sweep efficiencies. Few studies have shown potential of
mixed CO2/No-foam in bulk media. However, foam stability and texture of mixed

CO2/N2-foam have not been yet investigated in porous media.

In this study, oil-free steady-state foam flooding experiments were performed in a
sandstone core above the supercritical conditions of CO- using three different surfactants-
fluorosurfactant FS-51, alpha-olefin-sulfonate (AOS) and witcolate. Effect of addition of

XV



N2 to sc-COr-foam in different proportions was studied with the three different
surfactants. Co-injection of all three fluids — surfactant, CO2 and N> was performed and
pressure drop (AP) data across the core was recorded and foam images were captured
through a visual cell and analyzed using ‘Image]’ image analysis software. Interfacial
tension experiments were also performed at same pressure and temperature conditions as
foam-flooding experiments to determine the critical micelle concentration (CMC) of the
three surfactants. The surfactants were injected at their CMC’s during foam-flooding

experiments.

Results from the foam-flooding experiments showed improvement in foam strength as N>
is added to CO> above its supercritical conditions. The improvement in foam strength was
evident by increase in steady-state pressure drop (AP) across the core. Analysis of
captured foam images also provided evidence of increasing foam strength as the

circularity of foam bubbles was significantly enhanced with addition of No.

This study aims to provide a solution to the problem of weakening of sc-CO,-foam. With
the increasing number of CO2-EOR projects around the world in lieu with the need of
CO: sequestration, the results from this study provide a safe and effective method to
improve CO»-foam at high pressure and temperature reservoir conditions which could

develop CO-foam EOR potential and help in keeping as much as CO2 below the ground.
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CHAPTER 1

INTRODUCTION

Foam is formed when surfactant and gas are injected in a porous medium due to dispersion of
gas into the liquid phase. Foam is essential in enhanced oil recovery (EOR) projects where the
main aim is to recover trapped oil from the reservoirs. Foam formed by using surfactant and gas
has proved to significantly increase the oil recovery because foam increases the apparent

viscosity of the system and thus enhances the sweep efficiency [20, 1, 30, 38, 36]

High mobility ratio, gravity segregation, and reservoir heterogeneity are the most common
problems faced during gas injection enhanced oil recovery (EOR) processes. This has a
detrimental effect on the recovery efficiency of the EOR process due to low microscopic and
macroscopic sweep efficiencies. Methods like surfactant alternating gas (SAG) and water
alternating gas (WAG) were proposed to increase the macroscopic sweep efficiency. In SAG
processes foam is generated when gas moves through the surfactant-invaded zone of the
formation which improves the macroscopic sweep efficiency by reducing the gas mobility. In
WAG processes, due to absence of surfactant in the water, foam is not generated and gas

mobility is still considerably high making SAG processes more advantageous.

Most commonly used gases in surfactant alternating gas (SAG) processes are CO2 and Nz. The
CO:2 and N, foam behaves differently depending on the pressure and temperature condition [18-
20]. CO2 foam and N. foam have their own strengths and weaknesses. It has been observed in
some studies that ultimate recovery obtained by N2 foam is greater than CO foam while some
studies show that the pressure requirement for CO2 foam injection is less compared to N2 foam.
CO2 is more soluble in oil as compared to N2 which is advantageous for swelling of oil thereby
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reducing the viscosity of oil and making it flow easily towards the production wells. However,
the solubility of CO: in aqueous phase is detrimental for foam generation. Carbonic acid which is
corrosive could be formed if CO2 dissolves in water while N2 being an inert gas does not react

with water making it safer for field applications.

Due to awareness of global warming and need for sequestration CO, foam gained popularity
over N2. Some of the advantages of CO2 make it a favorable choice for EOR processes like its
higher solubility in oil and higher miscibility.CO> at supercritical condition is unable to generate
strong foam especially during co-injection of surfactant and gas in spite of the aforementioned
advantages. CO, foam gets weaker with increasing pressure which increases mobility of CO; and
hence resulting in poor sweep efficiency. Moreover, when CO2 comes in contact with oil in the
reservoir, it hardly forms foam most likely due to its higher solubility in oil or due to the

detrimental effects of oil on foam.

Replacing part of CO2 by N2 could possibly overcome these drawbacks associated with the CO-
foam. N2 remains in subcritical state for most of the reservoir and operating conditions unlike
CO.. Addition of N2 to CO2 can generate foam at supercritical conditions of CO2 and open
pathway for the successful application CO>-foam EOR at high pressure and temperature

reservoir conditions.

The purpose of this study was to study the properties of mixed CO2/N.foam generated by
replacing part of CO2 by N gas. By maintaining pressure above supercritical pressure of COathe
experiments were carried out by co-injecting surfactant and CO2/N. gas mixture at different
proportions though the core. By varying individual gas and liquid injection rates, foam quality

and CO2/N2 ratio a series of experiments were performed to incorporate the effect of these
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parameters on foam stability and texture. The results obtained in terms of pressure response
(high/low) and foam texture at different individual gas and liquid injection rates, foam quality
and CO2/N> ratio are important for deciding injection strategy and design parameters (gas/liquid
injection rates, foam quality andN2/CO- ratio) for foam EOR processes. It could strengthen CO»-
foam EOR potential and open pathway to successfully utilize sc-CO»-foamat actual reservoir

conditions.

This report has been divided into six chapters. Chapter 2 comprises of a literature review of basic
foam concepts and foam flow in porous media in general and specifically problems associated
with sc-CO.-foam and potential of mixed CO2/N2-foam. Chapter 3 mentions the problem
statement and the research objectives. Chapter 4 includes the details of the equipment and
materials used in the experiments and the detailed procedure of the experiments. Chapter 5
consists of all the results, where they are discussed and compared on the basis of pressure drop
response and foam texture analysis. Chapter 6 gives the conclusions and future recommendations

for this research.
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CHAPTER 2

LITERATURE REVIEW

2.1 Basic Concepts of Foam

2.1.1 Definition

Foam is generally defined as a dispersion of gas bubbles in agueous phase. The dispersed phase
(gas) exists as discontinuous phase whereas liquid phase is continuous phase. The contact
between bubbles of gas occurs through several thin liquid films called “lamellae” (singular
“lamella”).The stability of these films is usually strengthened by surfactants (Figure 2.1). Foam
stability is governed by lamellae in the absence of oil. If these films are stable, foam is stable and

vice versa. The stability of lamellae can be improved by adding surfactant in aqueous phase. [18]

Thin Film (2.0 Surface Phase)

Figure 2.1: Generalized foam system [32]

2.1.2 Classification of Foam

Generally, foams can be divided into two broad groups: bulk foams and foams in porous media.
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2.1.2.1 Bulk Foam

Bulk foam refers to the volume in which foam resides which is much larger than individual
bubble sizes. Bulk foam can be considered to be one homogeneous phase where gas and liquid
phase velocities are considered similar since bubbles in bulk foam are relatively small compared
to flow channel [31]. In oil industry, bulk foams are used in drilling, cementing and fracturing.

The half-life time of bulk foams is often used to evaluate the foaming ability of surfactants.

2.1.2.2 Foam in Porous Media

Foam in porous media, on the other hand, is dependent on the distribution of pore size and pore
throat [37]. A single bubble occupies one or more pore bodies in porous media, meaning that

foam behaves as a discontinuous and non-homogeneous phase within porous media [11].

When foam flows in porous media very often it results in gas trapping or gas flowing as a
continuous or discontinuous phase. Trapped gas occurs when all gas-flow paths are blocked by
foam. If the gas-flow is continuous, some flow-channels might exist that are not disrupted by
lamellae. Conversely, if gas-flow is discontinuous, lamellae interrupt all flow channels and foam

flows as train of bubbles (Figure 2.2). [34]

continuous gas discontinuous gas (flowing)

'_;"‘;{ ; :

discontinuous gas (trapped)

Figure 2.2: Schematic of gas flow in porous media in presence of foam [34].
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2.1.3 Main Foam Properties

2.1.3.1 Foam Texture

Bubble size distribution characterizes the foam texture. Foam is said to be of ‘fine texture’ when
the bubble size distribution is narrow. On the other hand, foam is said to have a 'coarse texture'
when the bubble size distribution is wide. Foam stability was compared on the basis of bubble
size distribution, and it was concluded that for a narrow bubble size distribution foam was more
stable when compared to foam with a wide size distribution. Fine textured stable foam has a low
mobility as a result of reduced relative permeability of gas and increased effective viscosity.
Foam texture is a function of surfactant concentration, surfactant type, pore structure, pressure,
and injection rates. In general, for a constant volume of fluid, foam with smaller bubble size is

more viscous. [14]

2.1.3.2 Foam Quality

Foam quality is the volume fraction of the foam which contains gas. It is defined as:

. ity — gas volume 100%
oam Qua iy = gas volume + llquld volume * ’

In core-flooding experiments, injection (or in-situ) foam quality is often used and is defined as:

gas injection rate

x 100%

Injection foam quality = — ————
gas injection rate+liquid injection rate

Several studies have tried to relate foam quality to foam mobility [5, 26]. These studies show that
a certain range of foam quality exists within which foam is able to reduce mobility and this range

depends on chemical and fluid properties, rock properties, as well as injection methodology and
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rates. Several authors have reported the mobility reducing range to be between 40 to 95% foam

qualities [9, 21].

The effect of foam quality on viscosity was described using experimental results by dividing the
range of foam qualities into regions of distinct bubble interactions. The first region exists
between 0 to 52% foam qualities, characterized by spherical bubbles uniformly dispersed
throughout the foam volume. The flow is Newtonian and the bubbles do not contact each other.
Above 53% foam quality, spherical bubbles are packed loosely in a cubic arrangement and
contact one another during flow which results in an increase in viscosity. Above foam quality of
74% the bubbles change their shapes from spheres to parallelepipeds while flowing. This third
range exhibits maximum foam viscosities [5]. Figure 2.3 shows foam quality versus foam
viscosity [6]. Describing the curve, above 95% foam quality, foams are unstable; liquid becomes
the dispersed phase, like a mist. On the lower scale of the curve, at foam qualities below 40%,

gas exists as dispersed pockets (of gas) in the liquid. Foam is very unstable at such qualities.

u Foam

VISCOSITY, U

o 25 50 el 100
FOAM QUALITY, Z

Figure 2.3: Foam viscosity vs. foam quality [6]
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2.1.4 Mechanisms of Foam Generation in Porous Media
At the pore-level, there are three basic mechanisms in which foam is generated: snap — off, leave
— behind, and lamellae division. Understanding of these mechanisms is important to reach to

physically meaningful conclusions for foam generation and coalescence in porous media.

2.1.4.1 Snap-off

Snap — off occurs repeatedly during flow of more than one phase in porous media irrespective of

the absence or presence of surfactant. In the presence of surfactant, three types of snap — off exist

[7]1.

Pre-neck snap — off occurs when a bubble blocks a given pore throat. Depending on the
geometry of pore throat, snap — off occurs when there is sufficient amount of liquid just upstream

that accumulates and squeezes the initial bubble to smaller one.

Rectilinear snap — off occurs mostly further downstream in long pores with sharp corners [7].

During Neck snap — off (Figure 2.4), a bubble first approaches a pore throat and blocks it at the
upstream. At this point, capillary pressure starts increasing and must exceed the entry pressure to
let the bubble pass through the pore throat. Upon entering the downstream body, the capillary
pressure at bubble front falls with expansion at the interface. This negative gradient in capillary
pressure initiates a gradient in liquid pressure that drives the liquid from the pore body into the

pore throat where it accumulates as a collar [7].
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Figure 2.4: Schematic of neck snap — off mechanism [7].

2.1.4.2 Lamella Division

In lamella division mechanism, the breaking-up of a bubble into two smaller ones occurs when

stretching around a branch point of a flow channel [7] as shown Figure 2.5.

Figure 2.5: Schematic of lamella division mechanism [7]

This division of a lamella depends on several factors. The main factor is the bubble size. It has
been found that foam bubble does not divide when approaching a branch point if its size is
smaller than that of the pore-body. So, it can be said that the division generally occurs if bubble
size is greater than size of the pore-body [7]. However, that statement has remained controversial

since the lamella may be drained of liquid and coalescence might occur in the process [16].
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2.1.4.3 Leave-behind

As described in Figure 2.6, two gas menisci invade pore bodies. First, a lens is left behind as two

menisci converge downstream and the lens may drain to a lamella later [29].

Lamellae created by snap — off and lamella — division mechanisms are generally perpendicular to
local flow direction. Whereas, lamellae created by leave — behind are parallel to flow direction

and thus do not make gas phase discontinuous.

Figure 2.6: Schematic of leave — behind mechanism [7]

2.1.5 Effect of Foam on Gas Mobility

Gas mobility can be reduced significantly in porous media in the presence of foam. The lamellae
in foam can be stationary or in motion. Stationary lamellae make the gas immobilized by
trapping it whereas moving lamellae cause a resistance to flow of gas due to the surface tension
on individual lamellae and drag forces acting on them when they slide along the pore bodies. In
both cases gas mobility is lowered but with different mechanisms. In the first case, gas relative
permeability is decreased with increasing gas saturation trapped by stationary lamellae. In the
second case gas apparent viscosity is increased, not actual viscosity, since a portion of gas flow
experiences the “flow-resistance” caused by moving lamellae. Therefore, effect of foam on gas
mobility can be interpreted as an increase in gas apparent viscosity or as a decrease in gas

relative permeability. [14]
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Figure 2.7 shows the results from an experimental study [4] in which it was concluded that gas
permeability was reduced significantly since lamellae were stabilized in the presence of
surfactant (the top and bottom curves). However, the middle curve does not show an increase in
gas saturation due to trapping in both cases. This lead to a conclusion that the effect of increasing

trapped gas saturation is not comparable to that of pore throat blocking.

Figure 2.7: Effect of liquid rate and gas saturation in gas permeability with and without

surfactant [4]

2.2 Studies on Foam Flow in Porous Media

Isaacs et al. (1988) investigated steam-foam stability in porous media at elevated temperatures
using different surfactants mainly to observe the influence of these surfactants on heavy oil

recovery. In this study, non-condensable gas foams were generated in a sand-pack by injection of
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hot water (or steam), gas (Nitrogen) and surfactant. Experiments were also carried out in the
absence of non-condensable gases to determine the effect of steam velocity, permeability,
salinity and surfactant concentration on mobility reduction. It was concluded that formation of
steam-foam required a critical steam velocity that was roughly proportional to the inverse of
permeability. Also, there was an optimum surfactant concentration beyond which no additional
mobility reduction could be achieved. This optimum concentration shifts to higher levels in
presence of oil. Non-condensable gas foams were stable provided gas and foaming agent
injection rate was maintained. A rapid decline in pressure drop AP occurred when surfactant
injection was stopped. At high temperatures and pressures, high-salinity environments had no
detrimental effects on foam stability with a surfactant known to be intolerant to brine at ambient
conditions. Increased oil recovery was observed with and without non-condensable gas along

with surfactant. [22]

Suffridge et al. (1989) studied foam performance at typical reservoir conditions using bulk foam
experiments, screening core flooding experiments and actual core flooding experiments. Most
core tests were performed on foot long Berea sandstone. Some tests were also performed on 4 ft
cores. Screening core tests were performed at constant pressure drop conditions of 10 psi/ft and
some tests at 200 psi/ft while actual core flooding experiments were performed at constant
velocity conditions ranging from 0.5 ft/day to 20 ft/day. Incremental pressure drops were
recorded at selected distances from the injection face. According to Suffridge et al., during bulk
foam experiments lower molecular weight alkanes were more detrimental to foam volume. It was
concluded that presence of oil is usually deleterious to foam stability but it may not be a serious
problem in miscible processes mainly because when foam injection is initiated after water-

flooding, oil saturations are much lower and would be comprising of higher molecular weight
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alkanes/aromatic residues. Basically, lower oil saturations and higher carbon number residues
would not be expected to show severe adversity to many surfactant systems. In this study, all
foams were generated at unsteady-state conditions and it was found that under such conditions
foam texture would be dynamic and constantly changing with gas throughput. It was found that
after about 9.5 PV of COzinjection in the presence of foam, CO> permeability was reduced
approximately by a factor of 10 compared to CO, permeability in the absence of foam. It was
also concluded that effective foam can be generated in an oil-wet environment provided

appropriate foaming agents are selected. [33]

Osterloh and Jante (1992) studied the effects of gas and liquid velocities on steady-state foam
flow in porous media at high temperatures. Experiments were performed at 150°C using nitrogen
gas along with Cie.18 alpha-olefin-sulfonate (AOS) and pressure gradients were measured in a 6.2
mD sand pack over a wide range of fractional flows and gas and liquid velocities. It was found
that during the transient surfactant displacement by foam, propagation of foam was piston-like.
Also, the rate of propagation was almost equal to the gas injection rate. Steady-state pressure
gradients, and hence foam rheology, were characterized by the value of fractional flow of gas (fg
or foam quality) and were divided into two distinctive flow environments. One environment was
gas-rate dependent and the other was liquid-rate dependent. In one environment, the response of
pressure gradients to gas and liquid velocity was exactly opposite than that in the other
environment. In the gas-rate dependent environment (fg< 0.94), the pressure gradient was
practically independent on liquid velocity and mainly dependent on gas velocity. In the liquid-
rate dependent flow environment (fg> 0.94), the pressure gradient was practically independent on
gas velocity and mainly dependent on liquid velocity. The transition point of fg equal to 0.94

possibly corresponds to that at which limiting capillary pressure was reached. It was also found
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that at very high liquid velocity (f;> 0.998), a chaotic like flow existed in which pressure drop

(AP) fluctuated and dropped to very low levels and steady-state could not be attained. [28]

Liu et al. (1992) studied displacement by foam in porous media utilizing C16-18 AOS surfactant
and nitrogen in a sandpack. It was concluded that foam flow is not a piston-like process neither
does it follow Buckley-Leverett theory. It was found that the breakthrough time, final gas
saturation and apparent viscosity of foam can all be correlated to the surfactant concentration and
be used for prediction of foam flow. One important conclusion they made was that surfactant
adsorption had only a minor effect on the foam flow behavior. It retards the foam front velocity,
however, the effect is not very significant for the bulk of the displacement. They also concluded
that the apparent foam viscosity can become very high at high surfactant concentration. It can be

much greater than that of either of its components: gas or water. [24]

Chang et al. (1994) performed laboratory foam flow tests to determine reservoir simulator foam
parameters for a particular CO>-foam pilot. Oil-free core tests were performed at 101°F and 2100
psig. Foam was generated by co-injection of CO2 and surfactant into a brine-saturated core.
Foam qualities of 66.7%, 80.0% and 85.7% were examined. Flow rates were varied in terms of
superficial velocities ranging from 0.36 to 34.38 ft/day and the pressure drop across the core AP
was measured. It was concluded that for each of the tests performed, resistance factor ranged
from 3-63 indicating foam was generated at all the conditions tested and a minimum velocity or
pressure was not required as confirmed in a previous study by Chou. The resistance factor
decreased and the mobility increases with increasing superficial velocity. It was found that in
general higher surfactant concentrations have higher resistance factors (lower mobility). It was
also concluded that effect of foam quality on resistance factor (or mobility) is not very
significant. [8]

32



Holt et al. (1996) studied the effect of system pressure on foam stability in porous media both in
the presence and absence of oil with pressures ranging from 10 to 300 bar. Two surfactants, Cie
AOS and a betaine surfactant were used. Pressure drop AP across the cores was measured for
investigating foam stability. It was concluded that in the absence of oil AP increases with
increasing system pressure for both surfactants used. For the fluorinated betaine, AP increased
threefold between system pressures 10 and 290 bar, while a 30 fold increase was found for Cis
AOS. However, in the presence of oil, C1s¢ AOS formed stronger foam at reservoir conditions and
rather weak foam at relaxed conditions in both the Oseberg and Snorre cores. Almost opposite
trend is seen for the betaine surfactant in the presence of oil where strongest foam was generated
at relaxed conditions in the Oseberg core whereas in the Snorrecore equivalent strong foam was
generated at both relaxed and reservoir conditions. The observations in this study show that both
the foam stability in absence of oil and the oil-foam interactions varies differently with pressure
for different surfactants implying that flooding experiments at reservoir conditions (especially

pressure) are required for a proper screening of foamers. [19]

Tsau et al. (1997) evaluated foam properties in porous media and in the bulk phase for possible
correlation. They studied effectiveness of CO2-foam in reducing mobility. Oil-free foam flooding
was performed in dual permeability setup comprising of composite cores arranged in series and
in contact with each other during flooding. Several surfactants were tested with dense CO; for
foaming ability. Critical Micelle Concentrations (CMC) for all surfactants used were determined
through interfacial tension (IFT) measurements. First, base-line experiments were performed
using CO2 and brine followed by foam flooding using CO. and surfactant. Mobility was
calculated using Darcy law to compare between foam and base-line experiments. All mobility

measurements were carried out at 77°F and 2000 psig. During co-injection of CO2-brine or CO;-
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surfactant foam quality was maintained at 80%. However, total injection rate was varied from 5
cc/hr to 15 cc/hr. It was concluded that stability of foam in the bulk phase can be correlated with
the performance of foam flowing in porous media and that greater foam stability gives more
mobility reduction in foam displacement. The mobility reduction factor increases as the IFT
between CO-. and aqueous phase decreases but there exists an optimum concentration at which
the most stable foam in the bulk phase is formed and it is close to the CMC of each surfactant.

[35]

Chang et al. (1999) performed a series of oil-free steady state CO,-foam flow experiments at
reservoir conditions of 101°F and 2100 psig to study the effects of foam quality and flow rate on
CO»-foam behavior. Three total injection rates 4.2, 8.4 and 16.8 cc/hr and five foam qualities
20%, 33.3%, 50%, 66.7% and 80% were used to determine the effects on foam mobility. Co-
injection of COz-brine was preceded by CO:-surfactant to compare between the calculated
mobilities. The pressure drop AP across the core was also recorded for each experiment. It was
concluded that total mobility of CO2/brine increases as the CO> fraction is increased from 0.333
to 0.8. Foam mobility for CO2/surfactant decreases as the foam quality is increased. Also, as the
total injection rate is increased foam mobility increases and hence foam resistance factor
decreases with increasing flow rate. It was also observed cyclic pressure response with high
fluctuation for low foam qualities (no steady-state) but for foam qualities of 66.7% and 80% the

AP was stable with very little fluctuation. [9]

Apaydin and Kovscek (2000) conducted transient oil-free nitrogen-foam flow experiments in
homogenous porous media (7 mD sandpack) to study foam generation and propagation as a
function of aqueous surfactant concentration. A Cis-16 AOS surfactant was used. The in-situ

phase saturation and pressure distribution were measured during the experiments. It was found
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that displacement efficiency decreases and gas mobility increases with decreasing surfactant

concentration. [3]

Gauglitz et al. (2002) performed oil-free foam flooding experiments in sand packs using different
surfactants utilizing both nitrogen and carbon dioxide separately. It was found that foams made
with N2 and CO; for all surfactants require a minimum pressure gradient (APmin) for foam
generation. This minimum pressure gradient seemed to vary with permeability but a direct
relation could not be established. It was also observed that dense COz required lower APmin for
foam generation when compared to N2. This was attributed possibly to the lower IFT of dense

CO. with the aqueous surfactant phase. [15]

Liu et al. (2006) performed oil-free foam flooding experiments to study foam mobility and
adsorption in carbonate cores. Nitrogen gas was used along with a commercial surfactant.
Experiments were performed at 40°C and 1500 psi. Flow rate, foam quality and surfactant
concentration were varied to see their effects on foam mobility. It was found that at a constant
flow rate, gas mobility slightly decreases with increasing foam quality until a critical foam
quality fg* above which it increases with foam quality. Also, low gas mobility was found over a
wide range of foam qualities. Long times to reach steady state during foam flooding was also

reported. [25]

2.3 Problems with sc-CO,-Foam

CO2 can quite easily become a supercritical fluid owing to its relatively lower critical
temperature (32°C) and pressure (1070 psi) as can be seen if figure 2.8 below. It is obvious that

at most, if not all, reservoir conditions CO2 would be in a supercritical state.
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Figure 2.8: Pressure temperature phase diagram for CO>

Du et al. (2008) performed foam flooding experiments comparing CO2-foam and N2-foam using
SDS (sodium dodecyl sulfate) surfactant. A visual analysis of foam propagation was done using
CT-scan. Pressure drop across the core (AP) was measured for testing the foam stability. It was
observed that AP for CO.-foam was lower than that for N2-foam signifying lower apparent
viscosity for CO>-foam. N>-foam propagation was found to be piston like through CT-scan
analysis but similar conclusion could not be reached for CO,-foam. When the system pressure
was increased even lower AP was recorded for CO2-foam showing that foam became weaker at

high pressure conditions whereas no change was observed in AP for N>-foam. [10]

Farajzadeh et al. (2009) also compared CO2 and N2 foams at both low and high pressure and
temperature conditions using AOS surfactant. It was observed that CO>-foam gave lower
pressure drop (AP) than N-foam at all pressure and temperature conditions. It was concluded

that CO.-foam was always weaker than N>-foam and CO,-foam became weaker with increase in
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pressure and temperature but no change was observed in the strength of N>-foam. Also, through

CT-scan it was observed that No-foam had better frontal displacement than CO»-foam. [13]

Solbakken et al. (2013) performed oil-free foam flooding experiments in sandstone core at
pressures ranging from 30 bar to 280 bar and at temperatures of 50°C and 90°C. A Cis.16 AOS
was used. Supercritical CO,-foam was compared to No-foam in this study. It was found that
strong CO2-foams can be generated even at supercritical conditions and low density CO2 gives
stronger foam. Higher density of CO. was found to give reduced foam strengths. Visual
observations of foam texture showed that all CO>-foams were coarser in contrast to denser N»-
foams which means that CO,-foams were weaker as fine textured foams are stronger than coarse
textured foams. Also, it was observed that variation in CO2-foam texture did not necessarily

change the mobility reduction capability. [2]

2.4 Potential of Mixed CO,/N2-Foam

Falls et al. (1988) investigated the effect of addition of non-condensable gases like air, methane
and N2 to steam foams through field tests. Alpha-olefin-sulfonate (AOS) was used as the
foaming agent. It was concluded that foams formulated with 0.5 mol% N> reduced steam
mobility, raised reservoir temperature and increased vertical sweep efficiency. It was also
concluded that when non-condensable gas is incorporated in steam foam more oil is recovered.
Also, the benefits of adding non-condensable gas to steam foam decrease with increase in

temperature. [12]

Harris (1995) investigated rheological properties of mixed-gas foams to be used for fracturing
fluids. Both anionic and amphoteric foaming agents were used without describing their details. It

was concluded that adding small amounts of (even 5%) N. to CO, foams gave increased
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viscosities at low shear rates. It was also concluded that replacement of CO, by N2 in 70%
quality foam decreased the half-life of the foam. There was no evidence that addition of N2 to

CO. foam improved its static stability. [17]

Nguyen and Ali (1998) studied the effect of addition of N2 on CO> solubility in oil. However,
foam was not considered in their study which means no surfactant was used. It was found that
addition of N content in COz reduces CO: oil solubility and reduced the displacement
efficiency. Also, lower oil recovery was reported when N2 was added to CO,. Maximum
recovery loss of 10% was reported for 30 mol% addition of No. It is important to note that mixed
CO2/N2-foam flooding was not performed to see if sweep efficiency (or recovery) could be

improved with the use of surfactant along with gases (or equivalently by the use of foam). [27]
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CHAPTER3

PROBLEM STATEMENT AND RESEARCH OBJECTIVES

As evident from the literature, a determined effort has been carried out worldwide since several
decades to develop a foam system consisting of gases like CO2, N etc. and different surfactants
that is stable under actual reservoir conditions and supercritical gaseous condition like that of
CO.. However, most of the work done till now has not been able to reach to a conclusion of the
most suitable CO.-surfactant or No-surfactant system that would form longer-lasting stable foam
along with its capability to reduce IFT which is an important factor to be considered in enhanced
residual oil recovery studies. Also, inability of foam generation and instability of generated foam
means that the problem of high mobility of CO> is not tackled, ceasing all the benefits thought to
be associated with a quality foam system. To date, formulations of CO.-surfactant and No-
surfactant systems have been separately studied and compared, but, very few investigations have
been performed to determine foamability of mixed CO2/N»-surfactant system. Also, based on
literature review, it has been found that very few attempts have been made so far to visually
characterize foam in porous media based on foam texture and bubble size distribution making
use of a high-pressure and high temperature (HPHT) visual cell and an image analysis software.
Only pressure drop response across the porous media was used to support the hypothesis of foam
generation. Moreover, very limited foam experiments have been conducted on sandstone rocks
and even less so on long cores. Thus, a systematic investigation into the synergistic properties of
a mixed CO2/Nz-surfactant formulation is proposed as a possible solution to foamability and

foam stability problems based on pressure response and visual characterization of foam.
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In this work, three surfactants were used with sc-CO and N. One foot long sandstone core was
used in this study to see the full effect of the injected fluids on foam generation as it generates
and propagates through the core. Also, a high-pressure and high temperature (HPHT) visual cell
was used to capture the texture of the foam being injected. The texture was then analyzed using
‘Image]’ image analysis software. All the experiments were conducted at a back-pressure range
of 1300-1500 psi and a fixed temperature of 50°C. The pressure and temperature conditions were

chosen to ensure the supercritical condition CO> during foam flooding experiments.

The main objective of this thesis is to evaluate mixture of sc-CO2/N2-surfactant as a foam EOR
solution. The objective here is to carry out steady-state foam flooding experiments to study
stability and texture of foam being injected in the sandstone rock using mixture of sc-CO2 and N2
with three different surfactant systems and determine the optimum injection strategy based on

optimum individual gas/liquid injection rates, CO2/N> ratio and foam quality.
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CHAPTER 4

EXPERIMENTAL PROCEDURE AND METHODOLOGY

For this research, an experimental core-flood setup was used to conduct flow through the
prepared sandstone core. The set-up is composed of fluid injection pumps, fluid accumulators,
absolute and differential pressure transducers, temperature transducer, core holder, back pressure
regulator, overburden pressure pump, pressure multiplier, data acquisition system and an oven.
Control and safety valves, tubing, and fittings form an integral part of the setup. This equipment
was used to conduct tests to determine the efficiency of the mixed CO2/Nz-surfactant system in
forming foam. The flooding system was integrated with a data acquisition system to record all

data generated during the flooding test.

Different experiments were carried out by varying different parameters (individual gas and liquid
injection rates, foam quality, CO2/N; ratio etc.) to optimally accommodate effect of different

parameters on formation of stable foam.

Foam stability and texture were studied and supported by measuring the pressure drop across the
core sample and through visualization of the injected foam through a HPHT visual cell which

was placed before the inlet of core in the core-flooding equipment.

4.1 Materials

4.1.1 Core Sample
Berea Grey Sandstone cores of 12” length and 1.5” diameter was used in all the experiments.

The core samples were procured 