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ABSTRACT

Water-alternating-gas (WAG) injection is a relatively mature oil recovery technique in
hydrocarbon reservoirs that has attracted the interest of the oil and gas industry due to its successful
performance. The main goal of a WAG process is to control the mobility and to decrease the
problem of viscous fingering, leading to improved oil recovery by combining the benefits of gas
injection (GI) and waterflooding (WF). Mathematical modeling and simulation of three-phase flow
in porous media involve complexities related to the three-phase relative permeability, capillary
pressure, and hysteresis effects that are cycle-dependent. Extensive theoretical studies are available
in the literature, simulating immiscible and miscible WAG processes; however, the simulation
study on near-miscible WAG is overlooked. Also, the majority of WAG simulation studies lack
the cycle-dependent three-phase hysteresis that appears in the relative permeability and capillary
pressure models. Production from naturally fractured reservoirs (NFRs) is more complicated
(compared to homogeneous reservoirs) due to the flow communication between the matrix and
fracture in fractured porous media. The implementation of water-alternating-gas (WAG) injection
in NFRs also features inherent complexities related to the three-phase flow, the saturation history,
and cycle-dependent hysteresis of the individual phases. Moreover, the experimental evaluation of
WAG injection in a fractured system is expensive and time-consuming, if not impractical.

In this research work, the three-phase flow modeling of near-miscible WAG process for enhanced
oil recovery (EOR) implication is studied, using implicit pressure explicit saturation (IMPES)
method. The mathematical model simulates a WAG case study in a strongly water-wet Berea core,
using synthetic oil and brine at 38 °C and 12.7 MPa. The recovery data from the mathematical
model is in excellent agreement with the experimental data of near-miscible WAG process. For
instance, the absolute relative error is less than 1.7% while estimating the ultimate recovery factor
of the oil in WF and Gl stages of all three cycles. The effects of main variables such as injection
rate, WAG ratio, slug size (PV) injection, crude oil viscosity, and core absolute permeability on
the WAG performance are also studied. The findings from this study can help for better
understanding of WAG injection at near-miscible condition for various scenarios under various
conditions in terms of operational condition and rock and fluid’s characteristics.

This work is also intended to simulate WAG injection in a fractured system through a
computational fluid dynamics (CFD) approach. We evaluate the impacts of hysteresis, fracture

characteristics (aperture, orientation, and fracture density in the network), and the three-phase



relative permeability of phases during the WAG injection using COMSOL Multiphysics®. The
model simulates an immiscible WAG injection, and the modeling results are compared to the
experimental data in a strong water-wet sand-pack. Similar to the experiments, we simulate
Maroon crude as the oil phase, synthetic brine, and pure CO> at 100 °C and atmospheric pressure.
The results from our model are in excellent agreement with the experimental data. The absolute
relative error is less than 12 % while predicting the ultimate recovery factors (RF) of the oil in
water flooding (WF) and gas injection (GI) cycles. Including three-phase hysteresis significantly
increases the accuracy of a WAG process simulation. Excluding the hysteresis remarkably
decreases the instantaneous RFs at each cycle (especially Gl cycles) and also the ultimate RF by
4%. The simulation results can help to manage and design the optimum operation of immiscible
WAG in fractured reservoirs. In the fourth phase of the work, a total number of 1457 data points
to predict three sets of two-phase relative permeabilities involved in the WAG injection process,
and in a strongly water-wet sandstone core where smart tools such as least squares-support vector
machine (LSSVM) and adaptive network-based fuzzy inference system (ANFIS) are employed.
The statistical parameters including coefficient of determination, root mean square error, mean
error, and standard deviation are used to examine the predictive models. The LSSVM shows a
better performance compared to ANFIS in estimating relative permeabilities. The analysis based
on relative importance of parameters shows that for the LSSVM model, water saturation is the
most influencing input for gas-water and oil-water systems, while gas saturation is the most
important input parameter in the gas-oil system. Final RF of WAG process after three cycles of
water-and gas injection is 93.6%.

Forecasting WAG flooding performance using fast and robust models is of great importance to
obtain a better understanding of the process future, optimize the operational design procedure, and
avoid high-cost blind tests in laboratory or pilot scales. In the last phase of this work, a novel
correlation to predict the performance of near-miscible WAG injection is presented in strongly
water-wet sandstones. An analytical correlation using gene expression programming (GEP)
technique is developed. Dimensional analysis technique is applied and generated dimensionless
numbers using eight key parameters with the aid of the Buckingham’s 7 theorem. Based on the
error analysis, the newly developed GEP-based correlation leads to the predictions, which are in a
good match with the target data so that R?= 92.85 % and MSE=1.38e-3 are obtained for the training
phase; and the testing phase results in R?= 91.93 % and MSE=4.30e-3. The correlation proposed



in this phase can be used to forecast the RF of a WAG injection process before committing to

expensive and time-consuming laboratory and pilot tests.



ACKNOWLEDGMENTS

I would like to express my sincere gratitude and appreciation to my supervisor, Dr. Sohrab
Zendehboudi, for his continued support and guidance as | undertook this study. Without your
support, continuous engagement, and prompt and thoughtful feedback, this dissertation would not
be completed.

I owe endless thanks to Dr. Nima Rezaei, thank you for your tireless support, mentorship, and
expertise. | learnt a lot from you.

I would also like to thank my friends for providing me with their experience and unfailing and
continuous support throughout my years of study: Ali Ghamartale, Dr. Hamideh Hamedi, Dr.
Mohammad Mohammadi-Baghmolaei, and Dr. Omid Mohammadzadeh. Finally, | would like to
express my profound gratitude to my family (especially to my sister Azi, who lived a year with a
ghost (me!)) for all their endless love and support and continuous encouragements through all

these years.



“This dissertation is dedicated to my mother who I am grateful for being her

daughter every single day of my life ”



TABLE OF CONTENTS:

1
2

Chapter ONne: INTFOQUCTION .......ecviiicie et re e esreene s 1
Chapter TWO: LItErature REVIEW .........ceciiiiiiieiiiiieiieiiesie et 13
P20 A 11 £ [Nt A o o ST RTR 14
2.2  WAG Process Description: Theory and MechaniSmS............ccccvveveiieeveeniesiiesieese e 17
2.3 WAG ValIALIONS. ....oveeiiiiieiiieie ettt sttt ettt esbeete s e sbeentesseesbeenbeareenbeeneeeneenras 20
2.3.1  Hybrid-WAG and DUWAG ........coceieieieiiseeeeie e 21
2.3.2  Simultaneous Water-Alternating-Gas injection (SWAG) ......ccccccevvvevvivieivereenenn, 22
2.3.3  Water Alternating Steam Process (WASP)......cccooeiiieie e 23
2.3.4  Foam Assistant WAG injection (FAWAG) .......ccoeieieiinininineseee e 23
2.3.5  Polymer Alternating Gas (PAG) INJECLION ........ccccovevieiieiicie e 26
2.4  Effects of Petrophysical Properties 0N WAG...........cccocoeiieie i 28
2.4.1  Reservoir Heterogeneity and Stratification............cccoeoiiiiininiiicieeee 28
2.4.2  Relative Permeability and HYSLEIESIS .......ccocvveiiiiiiiee e 30
2.4.3  WEtaDIItY ....cc.eoiicecece s 32
2.5 Effect of Fluid PropertieS 0N WAG..........coooiiiiiiiiieeee et 33
2.5, G Ty P ittt ettt b nre s 33
2.5.2  BIINE SAIINILY .ocviiieiece et 35
2.5.3  FIUIdS MiSCIDIIITY ..c.oocviiiceci e 39
2.6  Effect of Operational Parameters 0N WAG..........cccccviieieeie i 40
2.6.1  INJECLION PAEIM .....eiiieii ettt sre e 40
T T N € . 1 o LSRR 41
T T - Vo T T SRS PR 42
2.7  Pore-Scale Investigations 0N WAG..........ccooiiieiecie et 43
2.8  Field and Pilot Applications Of WAG PrOCESS.........ccuerueriiiiiiiiniesieseeieneese e 51
2.9  Simulation/Modeling and Optimization of WAG..........cccccceiieiiiie e 53
2.10 Theoretical and Practical Challenges of WAG Implementation............ccccccceevveiieiinnnns 58
2.10.1  Field ChallENgES........ooviiiiiiiiieiieeiese et 58
2.10.2 Research Challenges and Problems ...........cccocveiiiiiiiie e 60
2.10.3 Economical and PractiCal ASPECES........ccuciuieiieiiieiie e 61
220 5 R @0 o] 131 ] S 62
RETEIBINCES ...ttt ettt e b ettt e b e et e re e be et nne e be e 65
Chapter Three: Mathematical Modeling of WAG Injection in a Homogeneous System..... 81
T80 A 1111 T [Nt o o SRS 82



3.2 WAG Process: DESCHIPLION .......cueiieieiieiie et ste e ste ettt sre et ra e te e sneenas 86

3.3  Mathematical Modeling OF WAG .......coooiiiiieece et 89
3.3.1. GOVEINING EQUALIONS ....c..oviiiiiiiiiieiieieite sttt 89
3.3.2. AUXIHANY EQUALIONS. ...cveeeieieie ettt et sne e nee e 89

B4 CASE STUAY ....cteiieiieiee ettt 94

3.5 RESUILS ANA DISCUSSIONS .....vveueieiieitiesiesiiesteesieeteestee e sseesteeeesreesbeeseesseesteensesreesseeneesneeneas 96
351 Model Validation ......ccooiiiiiiieieiee e 96
3.5.2  SENSITIVILY ANAIYSIS ..c.viiiiiiiiiiiii e bbb 101

3.6 Summary and CONCIUSIONS..........coieiiiiiiiiterti e 108

R EIENICES ... ettt bbb bbbt bbb b 111

4 Chapter Four: CFD Modelling of WAG Injection in a Fractured Medium............c..ccc..... 119

g 1011 o To 1ot 1 o] OSSR 121

4.2  CFD Modelling of WAG Injection in a Fractured Medium............c.ccccoevvveveiivesnenne. 126
421 GOVErNING EQUALIONS ......ccviiiiiiiiiiiiie et 126
4.2.2  AUXIHAIY EQUALTONS. ....oouiiiiiiiieicie e 126
4.2.3 Initial and Boundary COoNditioNS...........ccceeviiiieiieie e 128
424 Model Discretization and Numerical Method in COMSOL Multiphysics®............. 129
425  Limitations and ASSUMPLIONS .........couiiririeiiiieiesie s 130

B O 11 I (110 )Y SO 130

4.4 ReSUILS ANd DISCUSSIONS .....eeveerieriiieitesiestesresseeseesie et ste st ste e sesneeseeeessesbessessesnennens 132
441  Mesh Sensitivity and ANAIYSIS..........coiiiiiiiie s 132

4.5 Model Validation with Experimental Data ..............ccccocveieiieii i 133
451  MODIItY ChanQeS......ccocoviiieiiiiieieeie ettt sre e re et nas 135
4.5.2  HySEEresis EFfEC ... oo s 138
453  COre ALGNMENT.......oooiiiiiece et re et nas 141
454 FraCture APEITUIE .....cccueie ittt e e e e e e s b e e e ssa e e e nnreeensneeans 142
455  Permeability contrast between matrix and fracture ..........ccccccoeevevevvnienierencee. 144
4.5.6  Fracture INCHNATION .........oiiiiie e e 146
457 FraCture PAEIN .......cooieiiieie et 147
4.5.8  Interfacial TENSION ......ccveiieieie et nas 150
45,9 WAG RO ...oviiiiicicieee sttt 151

4.6 SUumMmMary and CONCIUSIONS. .........coiiiieiiiee it 152

5  Chapter Five: Hybrid Mathematical Modelling of Three-Phase Flow in Porous Media.... 160

5.1 INFOUUCTION ...ttt et b ettt e et b nbe e b 163

vii



5.2  Theoretical Frameworks of LSSVM and ANFIS Models........ccueeveeeeiiiieeiiieiieeeee, 167

5,21 LSSVIM MOUEL.....ccoiiiiiie ettt 167
5.3 ANFIS MOUEI ... 170
54  WAG Injection Model CharaCteristiCS..........ccvviiiereeieiiieieee e 171

5.4.1 Mathematical Model DeVvelopmeNt.........ccooviiiiiiiieiee s 172

5.4.2  Empirical MOdelS (EMS)......couiiiiiiiie it 174
5.5  Modelling of WAG Injection Process Using LSSVM and ANFIS Algorithms .......... 175

55.1 Data Acquisition, Quality check, and Analysis ..........cccoovriiiiriiiinnieie e 175

55.2  Advantages and Limitations of the Models ... 177
5.6  ReSUILS AN DISCUSSIONS .....ccueiuiiiierierieiesiestestesiesseeseesie e stesiestesse e ssesseeseeseesbessessessensens 178

5.6.1 Evaluation of the Two-Phase Relative Permeability Prediction Models.............. 178

5.6.2  Evaluation of the Models in Predicting WAG Injection Ultimate Recovery Factor

183

5.6.3  Relative Importance (RI) of Input Parameters...........ccocoovririnieieiene s 187

5.6.4  Three-Phase Relative Permeability Comparison ...........ccccoccevieiiiiciieiesie s 189
5.7  Summary and CONCIUSIONS.........c.coviiiiieiie ittt esre e 194
R (=T =] 0TSSR 197

Chapter Six: Application of Gene Expression Programming (GEP) in WAG Modeling... 206

6.1 INEOTUCTION ..ttt ettt et e st nbesbennenneas 208
6.2 Theory and Background ............ccoooieiiiiiiiiiiiisieee e 210
6.2.1  WAG MECNANISIMS.....eouiiiiieieeiie ettt ae e sne e eneenreeneeas 210
6.2.2  DImMeNSIoNal ANAIYSIS ........coviiiiiieie ettt 211
6.2.3  Fundamentals Of GEP ..........cccooiiiiiie e 212
6.3 MEINOUOIOGY ...t bbbt 213
6.3.1  Data COIECLION ..ot 213
6.3.2  GOVErning EQUALIONS ........oiiiiiiiieiie et 214
6.3.3  AUXIHANY EQUALIONS .....ccuiiiiiiiiiiiieieie et 214
6.3.4  Design of EXperiments (DOE)........cccoeiiiiiiiiiic et 215
6.3.5  Dimensionless SCAliNg GrOUPS ........ccoeriririiieiiie e 216
6.3.6  Analysis of VarianCce (ANOVA) ..ot 217
6.3.7  GEP PrOCEUUIE........oitiiiie ittt sttt ettt et be e 218
6.3.8  Model DevelopmENt STEPS......cciiiiieiiieii e 220
6.4 RESUILS AN DISCUSSIONS .....cuiiuiiiiiiieiieieiieste sttt sttt sbe bbb nneas 223
6.4.1  MoOdel DeVEIOPMENT......ccciiiieciee et 223
6.4.2  Relative Importance (RI) of Input Variables ............cccocviiiininiiieiee 227

viii



6.4.3  Evaluation of Developed Correlation ...........ccccoeveiviiieiiiic e 230

6.4.4  Capillary NUMDE.........ooiiiiiii s 232

6.4.5  VISCOSItY RALIO (713, TT4) ..ueeieeeieiiiieiiecie sttt st 234
6.5  Summary and CONCIUSIONS.........c.ciiuiiiiieiie ittt e e 237
RETEIBINCES ...ttt sttt ae e bt et Rt b et ne e nre et ene e 241

Chapter Seven: Summary and Recommandations for Future Works ..........c.cccoccvevveivennns 249
7.1 Literature ReVIEW (ChapLer 2)......cccciiiieiie ettt sra e 250
7.2 Numerical and Analytical Modeling of WAG Injections in Homogeneous System in
Near-Miscible Condition (Chapter 3,5, and 6) ........ccccoveiiiieiiee e 252

7.3  CFD Simulation of Immiscible WAG Injection in a Fractured Porous Medium (Chapter
4) 253

7.4  Recommendations fOr FUTUIE WOTIK .........eeeeeeeee et 255
AAPPENAIX A et bbb bRt R et e et bbb 256



LIST OF TABLES

Table 2-1: Summary of experimental studies 0N WAG. ........ccooiiiiiiiiieiee s 47
Table 2-2: WAG injection projects across the WOrld.............cccoovevveiiiie i 51
Table 2-3. Summary of literature works on WAG with their focus of study. ........ccccccceveverennenne. 57
Table 3-1: The parameters used in the three-phase relative permeability model. ........................ 91
Table 3-2: A summary of the fluid, core, and process conditions in the case study. ................... 95
Table 3-3: Comparison of RF of near-miscible WAG injection (1:1) obtained by the model and
EXPEITMENTAL WOTK. ...t bbbttt b b eneas 99
Table 3-4: WAG injection results at three different injection rates of 10, 25 and 40 cm®/h. ..... 104
Table 3-5: Viscosity sensitivity analysis after WAG flooding process. .........ccoceoevenerenenennnns 105
Table 4-1: Boundary conditions for fractured medium in COMSOL Multiphysics®................ 129
Table 4-2 : Rock and fluid properties used in this study (provided from #8). ...........cccccccoevevnene. 131
Table 4-3 : Effect of mesh size on processing time and error percentage for WF; and Gl
INJECTION CYCIES. ...ttt bbb 133
Table 4-4: Comparison of RF from model and experiments for WAG injection in a fractured
porous medium; Experimental data are from #8.............ccccoooiiiieieiceeee e, 135
Table 4-5: Effect of fracture aperture on WAG iNJECHION. ........ccveviiieii i 143
Table 4-6: Simulated results of WAG injection in different fractured models............cc.cccovenene 146

Table 4-7: Residual saturation and recovery factors of WAG injection in different models. ... 148
Table 5-1: The parameters used in the three-phase relative permeability model in the porous

MEAIUM B2ttt ettt sttt 173
Table 5-2: The details of database utilized in €ach SYStemM..........ccccooeiiiiiiiiiiice e 176
Table 5-3: Optimization parameters used in the ANFIS model for oil-water, oil-gas, and water-

0 F= ISy Y (] 11U UR TP 176
Table 5-4: Limitations and advantages of the smart tools used in this study.........c..cccccevvrennnne 177
Table 5-5: Values of the optimized y and o parameters for the two-phase relative permeability
predictions made using the LSSVM-CSA algorithm............ccccoeiieiiiiiiieceecece e 180

Table 5-6: The statistical quality measurements for the ANFIS and LSSVM-CSA models...... 180
Table 5-7: The predicted and experimentally measured RF values for the WAG injection process

in a water-wet medium. Experimental data are from Fatemi etal. 1, ..............c.cccoovirrirnnnene, 185
Table 6-1: Design matriX Of TaCtOrS. ........coviiiiiiie e 216
Table 6-2:Variables needed to develop the dimensionless numbers. ...........ccoccveveviveiiiieniens 217
Table 6-3: Analysis of variance (ANOVA) table to assess design parameters in porous and non-
010 (01U Sy 0 T<To - H USSP TP PO PRSPPI 218
Table 6-4: The optimal GEP Parameters. .........cccvovieiieiiiiee et 223
Table 6-5: Statistical analysis of training and testing resultsS. ... 224
Table 6-6:The constant values obtained for EQs. (6-20) t0 (6-24).......ccccccvevievieiiieiiie e, 225
Table 6-7: The statistics of the input variables to develop the new correlation with regard to the
reSPONSe VAriable (RIFF). ....eiiiieie ettt et te e e e aeeaneas 226
Table 6-8: Comparison of RF of near-miscible WAG injection obtained by the developed
correlation, mathematical model, and experimental WOrk.............ccccoovviveiiieevicsie e, 231
Table 6-9: 5 and m, sensitivity analysis to assess WAG flooding process...........ccccvevervennnns 236



LIST OF FIGURES

Figure 2-1: Schematic representation of WAG injection in a reservoir (modified after Luis et al.

S OO T OO U U UUURURROS 19
Figure 2-2: Variations of WAG processes based on different attributes. ..o 21
Figure 2-3: Comparison between SWAG and FAWAG recoveries in a series of coreflood
BXPEIIMENES 2. (..ot bbbttt bbb bbbt 24
Figure 2-4: Schematic of challenges and benefits of (a): continuous gas injection, (b):
conventional WAG injection, and (c): FAWAG injection in areservoir ®.............cccccccevvevneee. 25
Figure 2-5: Comparison of EOR recoveries and gas utilization at three runs of coreflood
BXPEIIMENES B8, ..ot bbbttt 26
Figure 2-6: Simulation results of oil production rate for different injection operations . .......... 27
Figure 2-7: Comparison of oil recovery for SAG, WAG, gas flooding, and water flooding *°.. 34
Figure 2-8: Ultimate oil recovery for different tertiary injection modes 1. ...........ccccoooevevvinnne. 36
Figure 2-9: The effect of brine salinity on 0il reCOVEry 126............cccoovevieeeieeeeee e 37
Figure 2-10: Dynamic contact angle of unaged Grey Brea sandstone at 500 psi and 149° F with
different salinities during the CO2-WAG process 230, .........coocevieeevececeeeseee e, 38

Figure 2-11: Corner filament flow in a square water-wet tube: (a) profile along the diagonal line,
(b) profile along the middle of the tube parallel with sides, (c) water in the corners on top of the
tube and (d) water in the corners on top of the water column 5, .........c.coooiviieceeeeeecens 44
Figure 2-12: WAG injection in a micro-model at different cycles and wettability conditions °.

....................................................................................................................................................... 45
Figure 3-1: A schematic of WAG process in a hypothetical oil reservoir (Modified after

SHANVEITE BT AL) 7. ..ottt ettt st bt 87
Figure 3-2: WAG injection modeling flowchart..............ccccooveiiiii i 94

Figure 3-3: Comparison between the RF from near-miscible WAG injection from experimental
and numerical modeling (q=25 cm®/h, slug size=1 PV, and WAG ratio=1). Solid line shows
simulation results and scatter points are experimental data from Fatemi etal. %" ........................ 96
Figure 3-4: Oil saturation evolution profile in near-miscible WAG injection for different
injection stages: (a) WF1, (b) Gl1, () WF>, (d) GF, (€) WFs and (f) Gls (q=25 cm®/h, slug size=1
PV, @N0 WAG TAHIOTL). c.eoiviiiiieie ettt ettt e e ta e te st e s beeteanaesteesteeneesneenreas 98
Figure 3-5: A ternary saturation profile (core center) for water-oil-gas system in WAG injection.
The colored markers show saturation at the end of each stage along with the RF value (q=25
cm?/h, slug $ize=1 PV, and WAG FatiO=1)........cccveveverererererirercesieeseseeeseiesssesessnsssssssenensesssesans 101
Figure 3-6: A comparison between the oil recovery behavior upon waterflooding (WF), gas
injection (GI) and water-alternating-gas (WAG, 1) in a strongly water-wet core (q=25 cm®/h).102
Figure 3-7: Effect of WAG ratio on the recovery performance of near-miscible WAG injection

(0=25 CM3/N, SIUG SIZE=L PV). ..ottt 103
Figure 3-8: Effect of injection rate on oil recovery factor upon near-miscible WAG injection
(Slug size=1 PV, and WAG FatiOT1).....cciueiiiirieiiesiesiisieeie ettt 105
Figure 3-9: Influence of oil viscosity on oil recovery performance upon near-miscible WAG
injection (q=25 cm?3/h, slug size=1 PV, and WAG ratio=1). .......ccc.cccersrrrrerrrrrrerrrrrrererrersrenennnn. 106
Figure 3-10: Effect of slug size on oil recovery performance upon near-miscible WAG injection
(0=25 M3, aNd WAG TAO=1). .....coevieeeeiceeieccee ettt 107
Figure 3-11: The effect of absolute permeability oil recovery performance upon near-miscible
WAG injection (q=25 cm?®/h, slug size=1 PV, and WAG ratio=1)............ccceceererrrrrrerrrrrerrerernns 108

Xi


file:///C:/Users/afzal/Documents/PhD/Thesis/Dissertation/Final%20Shokufe's%20Thesis%20-%20V1.docx%23_Toc61523756

Figure 4-1: Boundaries of fractured porous medium during WAG injection for numerical
modeling; the fracture domain is shown with red and matrix is shown with white. The matrix
boundaries are B1-B4 and fracture boundaries are Bs and Be. The length and width are not scaled

TOr DELtEr VISIDIIITY ....c.eiieieieeeee e 128
Figure 4-2: Schematic of model discretization in different regions. .........cccccevvevevieiiciecnenne. 130
Figure 4-3: Schematic of WAG cycle injections scheduled in mathematical model. ................ 133

Figure 4-4: Comparison between the RF of WAG injection in a fractured system from
experimental and numerical modeling works (g = 0.5 cm®/min, slug size = 0.5 PV, and WAG
ratio = 1). Solid line shows simulation results and scatter points are the experimental data from
48

Figure 4-5: The phase mobility and total mobility changes of each process in the middle of the
core, based on PVI in the matrix zone where (a): primary WF, (b):1% Gl, (c): 2" WF, (d): 2" GlI,

AN (B)130 W . ..ttt ettt n et en bttt en st ettt en s 137
Figure 4-6: WAG injection recovery factor in two cases of with and without involving the
hysteresis three-phase relative permeability effects. ..., 140

Figure 4-7: Two different core alignments to study the effect of gravity in immiscible WAG
injection performance (a): horizontal (along x-axis) and (b): vertical (along z-axis). The gravity

VeCtor g IS apPlied iN =Z AIFECHION. ........oiiiieieiesee e 141
Figure 4-8: Effect of gravity on RF of immiscible WAG injection. WAG ratio = 1 and WAG
SIUG SIZE = 0.5 PV . bbbt 142

Figure 4-9: Influence of fracture aperture size on oil recovery performance upon immiscible
WAG injection in a fractured medium (g = 0.5 cm®min, slug size = 0.5 PV, and WAG ratio = 1).
..................................................................................................................................................... 143
Figure 4-10: Influence of permeability contrast (Km/Ks ratio) between matrix and fracture on oil
recovery performance upon immiscible WAG injection (q = 0.5 cm®/min, slug size = 0.5 PV, and

WA FALIO T 1), 1ottt bbbttt bbbttt b bttt et et e bbb benre s 145
Figure 4-11: The effect of fracture inclination angle on oil recovery performance upon
immiscible WAG injection (q = 0.5 cm®/min, slug size = 0.5 PV, and WAG ratio = 1)............ 147
Figure 4-12: Fracture patterns in different porous media models. Pattern (a) is the original model
used in the experiments and pattern (d) is the homogeneous model. ...........cccoovveviviieiveinennnne 148
Figure 4-13: Effect of fracture pattern on the recovery performance of immiscible WAG
injection (g =5 cm3/mMin, sSIug Siz€ = 0.5 PV)....ccoiiueiiieieieeeeeeee e, 149
Figure 4-14: Effect of interfacial tension (IFT) reduction on oil recovery factor during WAG
process (4=0.5 cmmin, SIUg SIZE=0.5 PV)........ccceriurrrrmrerieeieeieee e, 151
Figure 4-15: Influence of WAG ratio on recovery factor (2.5 cycles, slug size = 0.5 PV). ....... 152
Figure 5-1:A schematic of LSSVM-CSA model used in current work %, ................cccoovveneiee. 169
Figure 5-2: Simplified flowchart of the ANFIS model optimized by a hybrid algorithm . ..... 170
Figure 5-3: WAG injection modeling flowchart applied in current study..........ccccoooeveniiennnne. 174

Figure 5-4: Regression plots for the oil-water flow system, displaying predicted versus measured
(a) oil relative permeability using ANFIS model, (b) water relative permeability using ANFIS
model, (c) oil relative permeability using LSSVM-CSA model, and (d) water relative
permeability using LSSVM-CSA MOCEL. .......ccocvviieiiie e 181
Figure 5-5: Regression plots for the gas-water flow system, displaying predicted versus
measured (a) gas relative permeability using ANFIS model, (b) water relative permeability using
ANFIS model, (c) gas relative permeability using LSSVM-CSA model, and (d) water relative
permeability using LSSVM-CSA MOCEL. .......ccocvviieiiie e 182

Xii



Figure 5-6: Regression plots for the gas-oil flow system, displaying predicted versus measured
(a): gas relative permeability using ANFIS model, (b) oil relative permeability using ANFIS
model, (c) gas relative permeability using LSSVM-CSA model, and (d) oil relative permeability

USING LSSVM-CSA MOUEL. ... 183
Figure 5-7: Comparison between the predicted versus measured RF values (q=25 cm®hr, WAG
L L0 ) PSPPSR 184

Figure 5-8: Calculated relative importance of each input parameter in the (a) gas-water, (b) oil-
water, and (c) gas-oil flow system to predict water relative permeability using LSSVM-CSA

Figure 5-9: Comparison of the Kfv’;h values in the (a) first, (b) second, and (c) third Gl cycles
using correlation-based EM as well as ANFIS, and LSSVM-CSA algorithms.............c.cce.v..... 191
Figure 5-10: Comparison of the ng’h values in the (a) first, (b) second, and (c) third Gl cycles
using correlation-based model as well as ANFIS and LSSVM-CSA algorithms....................... 192
Figure 5-11: Comparison of the ng’h values in the (a) first, (b) second, and (c) third WI cycles
using correlation-based EM as well as ANFIS and LSSVM-CSA algorithms (Note: due to zero
gas saturation during W11 stage, the (a) plot expresses the two-phase oil relative permeability

0 L ) TSRS T PP PP PR 193
Figure 5-12: Comparison of the Kff;h values in the (a) first, (b) second, and (c) third WI stages
using correlation-based EM as well as ANFIS and LSSVM-CSA algorithms (Note: due to zero
gas saturation during W11 stage, the (a) plot expresses the two-phase water relative permeability

0L ) OSSPSR 193
Figure 5-13: Comparison of the Kf;h data in (a) first, (b) second, and (c) third WI stages using
correlation-based EM as well as ANFIS and LSSVM-CSA algorithms. ...........ccccooveviiiieinennns 193
Figure 6-1: A schematic of WAG process in a hypothetical oil reservoir (Modified after
ShANVEIT BE A1) B2..... .ottt sttt sttt en ettt en ettt 211
Figure 6-2: A typical two-gene chromosome with its corresponding mathematical expression
(Modified after Gharagheizi 8t al. #7). ........ccooviiiceccee e, 219
Figure 6-3: A schematic flowchart of workflow for developing the WAG recovery factor
COrrelation N thiS FESEAICH. ........cii i et ne e 222
Figure 6-4: The correlation introduced for prediction of WAG RF in the form of an expression
LU PP U PP PP PPPRPP 227
Figure 6-5: Relative importance of all input variables included in the new correlation for RF
determination of WAG INJECLION PrOCESS. ....veeiviiieiiieiiecieiteeste et sre et ste e sraesaesae e e 228
Figure 6-6: Cross plot of training data against the target values. ...........cccooviviiiinieiinene 229
Figure 6-7: Scatter residual error plot of training and testing phases. ...........cccoevevevieveciecnenne. 230
Figure 6-8: Comparison of RF of near-miscible WAG injection obtained by the developed
correlation, mathematical model, and experimental WOrk.............cccovvviviiiiieiieesie e, 231
Figure 6-9: Effect of oil inverse capillary number () on the recovery factor of near-miscible
WAG injection using the GEP COrelation............ccocvoiieiiiiiii i 234
Figure 6-10: Effect of oil to water viscosity ratio (m3) on the recovery performance of near-
miscible WAG injection based on the developed correlation............cccccveviiiiiiiii e, 236
Figure 6-11: Impact of oil to gas viscosity ratio (m,) on the recovery performance of near-
miscible WAG injection based on the GEP COITElatioN............ccocvveiiiiiiinieiiieee e 237

Xiii



CHAPTER ONE

Introduction and Overview



Water-Alternating-Gas (WAG) injection is a relatively mature oil recovery technique in hydrocarbon
reservoirs that has attracted the interest of oil and gas industry due to its successful performance.
Currently, WAG injection is recognized as a common technology to enhance the total oil recovery
through re-injection of produced gas in water injection wells in mature petroleum fields 1. The main goal
of the WAG projects is to control the mobility and to decrease the problem of viscous fingering, leading
to improved oil recovery by combining the benefits of gas injection (GI) and waterflooding (WF).
Initially, WAG injection as an enhanced oil recovery (EOR) technique was introduced to enhance the
macroscopic sweep efficiency in gas injection processes 2. This technique was firstly implemented in
1957 in Alberta, Canada in a sandstone reservoir by Mobil as a combination of two conventional
approaches; namely, gas injection and water flooding . Due to the low gas viscosity and considerable
density difference between gas and reservoir crude oil, gas injection processes exhibit poor microscopic
sweep efficiency which results in bypassing of a part of oil, fluids front instability, viscous fingering,
and early breakthrough in the swept zone/area of a reservoir 1> °. In the case of alternating injection of
water after gas, water (because of its higher density) will sweep the bottom part of the reservoir and
stabilize the displacing front through creating a more favorable mobility ratio ®. This technique is also
profitable in terms of economic prospective by lowering the gas volume required to be injected into the
reservoir ’. It was reported that 80 % of USA WAG field projects were fruitful®. Skauge et al. reviewed
59 WAG fields. Their study revealed that the average oil recovery increases by 5 % to 10 % originally
oil in place (OOIP) for all WAG cases °. WAG processes have been successfully applied (mostly by
down dip injection) in the North Sea fields such as: Gullfaks, Stafjord, South Brae, Snorre, and Oseberg
Ost 1%, Weak performance of WAG in some projects can be related to inappropriate WAG parameters
such as the number of cycles, volume of each cycle, and the injection rates of the gas and water phases.
Hence, WAG optimization is a proper scheme to control the gas mobility to increase the oil recovery -
12 These optimal parameters can vary with the reservoir rock and fluids characteristics **. The optimal
design of WAG process needs strategic planning, which includes a milestone for the equipment

installation, maintenance, and operation activities over the life of project.

According to the 2020 oil and gas resource assessment results of the Newfoundland and Labrador (NL),
an addition of 11.1 billion barrels of oil and 24.5 trillion cubic feet of gas potential were identified in
offshore NL. In total, reports show the combined resource potential of 63.6 billion barrels of oil and
224.1 trillion cubic feet of gas in only 10 % of the NL offshore *. The oil and gas industry plays an
important role in growth and development of Newfoundland and Labrador’s economy. For instance,
from 2010-2017, the total (direct, indirect, and induced) economic benefits related to the oil and gas

2



industry in NL accounted for approximately 30 % of the province gross domestic product (GDP), 13 %
of labour compensation, and 10 % of all employment *4. Therefore, the application of reliable, efficient,
and low-cost techniques for producing the hydrocarbon benefits the province in various ways. WAG
injection is a great candidate to be applied in NL field which has been proved to be successful in several
similar fields; in addition, this recovery technigue can use the available resources (ocean water) and COo,

resulting in low capital costs.

Modeling and simulations of the WAG process have been investigated in the literature by studying
variables such as WAG ratio, the number of WAG injection cycles 1522, wettability 2 2% and relative
permeability and hysteresis 17 202223, 2532 The main difficulties in the modeling and optimizing of a
WAG process are to find realistic correlations between rock/fluid properties and the amount of residual
phases in the reservoir ., The cyclic nature of the WAG process and the mobility of the three-phase flow
in porous media add to the complexity of modeling of three-phase flow in porous media. There are
considerable research investigations in the literature with a focus on the analytical solution of the three-

phase flow and three-phase relative permeability during WAG flooding 3+3°.

Despite the worldwide applications of the WAG injection process in the fields 4, researchers still need
to obtain comprehensive knowledge of the underlying mechanisms of this recovery technique. One of
the overlooked aspects is the near-miscible-gas WAG condition. The near-miscible-gas injection relates
to a process where the injected gas is close to the complete miscibility state 3. The near-miscible gas
injection processes seem interesting from both operational and economic perspectives. In the case of
high oil-gas interfacial tension (IFT) (immiscible), in spite of the connectivity of the oil to the main flow
of the system, if there are no other driving forces such as gravity forces, the recovery achieved by the
film flow is very small. On the other hand, during the miscible Gl, there is no interface between the gas
and oil. Thus, the flow is similar to the single-phase condition where the oil is recovered through
molecular diffusion and dispersion mechanisms . Sohrabi et al. 3 conducted a series of pore-scale
micromodel WAG experiments under the near-miscible condition. A substantial portion of the oil in
micromodel that had been completely saturated with oil was recovered during low-IFT gas flooding.
Some of the oil was bypassed by the main gas front. The recovery of the by-passed oil bank was
continued behind the main gas front, and almost complete oil recovery was attained due to near-miscible
gas injection.

It has been claimed in some studies that WAG injection is not beneficial to be implemented in natural
fractured reservoirs (NFRs) *. However, there are some successful examples of the application of the

WAG injection in fractured reservoirs * 1% 3-39 Reservoir heterogeneity is among vital parameters that
3



strongly affects the WAG efficiency. Many failed EOR projects (in general) have been resulted from the
reservoir heterogeneity or the lack of understanding of the reservoirs’ general structure “°. In highly
fractured or stratified reservoirs, the operation of Gl is not economical due to high recycle rate and early
breakthrough of the injected gas ‘. In some NFRs, during a WAG process, water and gas displace each
other and bypass the trapped oil in the matrix media. Therefore, the use of appropriate relative
permeability and capillary pressure correlations significantly affects predictions of fluid flow between
matrix and facture in a porous medium . Although WAG injection in fractured reservoirs in field, pilot,
or lab scale might be difficult and not economical, it would be helpful to investigate important aspects
(transport phenomena and thermodynamics behaviors) of WAG in fractured media for better practical
implementation. There are a few studies on mathematical modeling or simulation of this EOR process

in heterogeneous porous systems.

Smart tools such as artificial neural network (ANN) models enable us to predict the target parameters
with high accuracy, though there are non-linear, and multidimensional relationships between input
parameters. However, the application of smart models in petroleum industry particularly in EOR
processes is still in its infancy. There are not also adequate number of research works about dimensional
analysis of WAG processes in the open sources.

Most of the WAG injection research studies in the literature are the experimental and/or modeling
investigations with some limitations in terms of dimensions and process conditions where the porous
media are homogeneous. WAG flooding in heterogeneous/fractured reservoirs is a common process,
while has been overlooked in available research works. Most of the studies on this subject are
experimental runs which have been conducted at environment condition; and no mathematical model
under reservoir conditions has been provided so far. Among investigations in heterogeneous/fractured
systems, there are limited research studies in the literature of WAG injection with focus on empirical
and pore-network modeling. Also, there are a few research studies in the open sources that discuss about
the important aspects such as the effect of gravity and capillary forces in the matrix-fracture transfer
system !, WAG injection in systems with different fracture patterns at various fracture intensities and
with the effect of shape factor *3, upscaling the flow model from fine scale single porosity to dual porosity
for a WAG injection process *°, WAG injection in a micromodel system with fracture elements 4, and
the effects of non-wetting phase trapping and the miscible and immiscible WAG injection in a

heterogeneous reservoir?3,



Three-phase relative permeability data are necessary to model the distribution and transport of oil, water,
and gas in porous media *°. Obtaining two-phase relative permeability data is more straightforward than
those of the three-phase, as the lower number of phases decreases the available saturation paths.
However, a three-phase flow system has infinite number of saturation paths that makes it difficult to
estimate the three-phase relative permeability values. Hence, the evaluation of the three-phase relative
permeability data has been the subject of numerous studies 2. Two of the most known smart tools,
namely LSSVM and ANFIS can be applied for predicting the two-phase relative permeability data.
These models have been employed in oil and gas industry for different purposes such as the application
of LSSVM for predicting natural gas viscosity “6, the effect of temperature on two-phase oil-water
relative permeability data %', phase equilibrium conditions of clathrate hydrate, modelling freezing point
depression of electrolyte solutions, calculating minimum miscibility pressure for CO-oil systems, and
estimating dew point pressure for a gas condensate system “8-%,

Despite the extensive success of WAG flooding technique, the process has not been well-developed.
One of the overlooked areas of studying this process is the development of predictive tools prior to
establishing full field operation and running pilot tests >.. The gene expression programming (GEP)
mathematical approach was introduced to overcome some application limitations involved with the GA
and GP algorithms %2. Generally, GEP as an extended and modified form of the GP method °3, performs
an algorithm to obtain a solution for regression problems. GEP method has been extensively used in
various fields of oil and gas engineering including: estimating mixture viscosity in solvent-assisted oil
recovery process >*, CO- solubility in crude oil *°, minimum miscibility pressure (MMP) of live oil
systems ¢, petroleum emulsions’ viscosity °/, surfactant retention in porous media °8, residual gas
saturation during spontaneous and forced imbibition processes *°, and oil price . However, the
application of this technique has not been reported in the literature for forecasting the oil recovery of
near miscible-WAG injection process.

The main contributions/phases of this research project are given below:

- Inthe review section, the effects of important variables on WAG performance (fluid properties,
reservoir properties and operating conditions) are extensively studied and summarized.

- The pore-scale and field scale implementations are studied, and important technical challenges
are given.

- A dynamic three-phase flow mathematical model (IMPES) of near-miscible water-alternating-
gas (WAG) injection process with enhanced oil recovery application is developed.
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The recovery data from our mathematical model is in excellent agreement with the experimental
data of near-miscible WAG process.

The effects of various variables such as WAG ratio and injection rate on the WAG performance
are studied.

A simulation of immiscible water-alternating-gas (WAG) injection into porous media with
fractures, using CO as the gas phase; the model is implemented in COMSOL Multiphysics®.
The impact of including hysteresis effects in the model is discussed and it was found that the
hysteresis effects are mostly due to the gas trapping in the larger pores (such as fractures).
Different parameters such as core alignment, fracture aperture, permeability contrast between
fracture and matrix, and fracture inclination during WAG injection process are also examined.
We use a total number of 1,457 training data points to develop three sets of two-phase relative
permeability data using the LSSVM-CSA and ANFIS models that are applied in the WAG
injection processes.

Among the proposed hybrid models, the LSSVM-EM-FPM model significantly removes the non-
linearity of the two-phase relative permeabilities.

We develop an accurate correlation for predicting the WAG RF with the aid of gene expression
programming (GEP) technique and the Buckingham’s m theorem where all terms in the
correlation are dimensionless.

According to the error analysis, the newly developed GEP-based correlation is able to generate
the target values with high precision. For instance, R?= 92.85 % and MSE=1.38e-3 are obtained
for the training phase, and R?= 91.93 % and MSE=4.30e-3 are attained for the testing phase.

This thesis consists of a series of manuscripts either published or under review for publication, as listed

Chapter two has been published in the Journal of Fuel. The manuscript provides a systematic literature

review on the conducted WAG injection processes at different scales. The review briefly discusses

various aspects of WAG injection process including: active mechanisms during WAG injection, and

WAG variations. The effects of petrophysical properties on WAG, such as reservoir heterogeneity and

stratification, relative permeability and hysteresis, and wettability are studied. We also investigate the

effects of fluid properties, such as type of the injected gas, brine salinity, and fluids miscibility on the

recovery performance. The impacts of operational conditions on the WAG performance are explored.

The literature review phase also covers the field and pilot applications, simulation/ modeling and
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optimization of WAG processes, research challenges and problems, and economical and practical

challenges involved during implication of a WAG process.

Chapter three has been published in the Journal of Fuel. In this chapter, we study the three-phase flow
modeling of near-miscible WAG process for EOR implication, using implicit pressure explicit saturation
(IMPES) method. The mathematical model simulates a WAG case study in a strongly water-wet Berea
core, using synthetic oil and brine at 38 °C and 12.7 MPa. Three cycles of water and gas injections are
used in the WAG operation. The recovery data from our mathematical model is in excellent agreement
with the experimental data of near-miscible WAG process. The absolute relative error is less than 1.7%
while estimating the ultimate recovery factor of the oil in WF and Gl stages of all three cycles. We also
study the effects of main variables such as injection rate, WAG ratio, slug size (PV) injection, crude oil

viscosity, and core absolute permeability on the WAG performance.

Chapter four is submitted (under review) to the Journal of Hydrology. This chapter provides details on
the CFD simulation of WAG injection in a fractured system. We evaluate the impacts of hysteresis,
fracture characteristics (aperture, orientation, and fracture density in the network), and the three-phase
relative permeability of phases during the WAG injection using a computational fluid dynamic (CFD)
modeling approach. The model simulates an immiscible WAG injection, and the modeling results are
compared to the experimental data in a strong water-wet sand-pack at 100°C and atmospheric pressure.
Chapter five has been presented in the 70th Canadian Society of Chemical Engineering Conference
(CSChE) and also submitted to the Journal of Natural Gas Science and Engineering. In this chapter, a
hybrid mathematical model is proposed for the near-immiscible WAG process. We use data-driven sub-
models, including least square support vector machine (LSSVM) and adaptive neuro-fuzzy inference
system (ANFIS) in series with an empirical model (EM) and a first principle model (FPM) to study
three-phase flow in porous media. The LSSVM and ANFIS sub-models predict the two-phase water-oil,
gas-oil, and gas-water relative permeabilities. The outputs from these models are supplied to the
empirical models (EMs) to estimate the three-phase relative permeabilities for oil, gas, and water phases.
We examine the accuracy of oil recovery estimates from each model and compare it with experimental

data for a WAG injection process involving three water- and gas-injection cycles.

Chapter six has been submitted to the Natural Resources Research Journal. In this chapter, we develop
a new correlation using gene expression programming (GEP) technique. We use dimensional analysis
technique and generated dimensionless numbers using eight key parameters with the aid of the

Buckingham’s m theorem. Seven dimensionless numbers are generated and employed as the input
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variables of the desired correlation for predicting the recovery factor of a near-miscible WAG injection.
A statistical error analysis is conducted and some graphical illustrations are provided to evaluate the
efficiency of the proposed model. Based on the statistical measures, the developed model is in a good
match with the target RF values. In this chapter, we also determine the relative importance of each input
variable to the newly developed model. A sensitivity analysis on the capillary number and viscosity

ratio (as input variables) is also performed.

Chapter seven contains a summary, conclusions, and recommendations for future work.
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ABSTRACT

Water-Alternating-Gas (WAG) injection is a relatively mature oil recovery technique in hydrocarbon
reservoirs that has long attracted the interest of oil and gas industry due to its successful performance.
The main goal of the WAG projects is to control the mobility and to decrease the problem of viscous
fingering, leading to improved oil recovery by combining the benefits of gas injection (GI) and
waterflooding (WF). Implementation of a new EOR/IOR project requires a comprehensive knowledge
of previous successful and failed experiences, and adequate understanding of the technical and non-
technical aspects of this recovery process. This knowledge may be derived from reviewing similar
projects that were reported in the literature. Despite great applications of WAG injection in hydrocarbon
reservoirs and extensive studies, the last comprehensive review goes back to 1998, focusing on the field
applications only. There are a few review papers that are more updated; however, they are either
dedicated to a particular aspect of WAG (such as CO2 abnormalities), or applications in a specific
geographical region (such as North Sea). An updated comprehensive study, covering recent experiences
and lessons that are learnt from previous studies seems to be imperative. This chapter reviews the WAG
theory, applications, governing mechanisms of fluid displacement and oil production from pore to field
scale, and the most common challenges and operational problems along with the remedies during WAG
projects. The effect of important variables such as reservoir properties, fluid properties, and operating
conditions on the performance of WAG is studied from experimental, simulation and modeling, and
pore-scale investigations.

Keywords: Water Alternating Gas (WAG), Water Injection, Gas Injection, Enhanced Oil Recovery
(EOR), Mobility, Displacement Mechanisms, Review

2.1 INTRODUCTION
For a typical oilfield, the average recovery factor is approximately 40 %, highlighting that a huge portion
of oil left behind after primary oil recovery despite the extensive production infrastructures. The need to
improve recovery factor and to accelerate the associated production rate is the main motivation/goal
behind many EOR schemes in practice around the world 1. Due to the low gas viscosity and considerable
density difference between gas and reservoir crude oil, gas injection processes exhibit poor microscopic
sweep efficiency which results in bypassing of a part of oil, fluids front instability, viscous fingering,
and early breakthrough in the swept zone/area of a reservoir 2. Initially, Water-Alternating-Gas (WAG)
injection as an EOR technique was introduced to enhance the macroscopic sweep efficiency in gas

injection processes 3. This technique was firstly implemented in 1957 in Alberta, Canada in a sandstone
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reservoir by Mobil as a combination of two conventional approaches; namely, gas injection and water
flooding >®. Currently, WAG injection is recognized as a common technology to enhance the total oil
recovery through re-injection of produced gas in water injection wells in mature petroleum fields 2.
However, WAG is a difficult process and in most cases is an impractical technique in terms of reducing
the fluids front instabilities due to high completion costs, complexity of operational conditions, and
gravity segregation problems in injection wells associated with simultaneous injection of water and gas
’. Thus, the sequential injection of water and gas slugs-WAG injection was proposed. Generally, a WAG
process combines the advantages of two conventional methods, water flooding and gas injection, i.e.,
enhancement of macroscopic sweep efficiency in water flooding operation and high displacement
efficiency in gas injection process to improve the incremental oil production 8. In the case of alternating
injection of water after gas, water (because of its higher density) will sweep the bottom part of the
reservoir and stabilize the displacing front through creating a more favorable mobility ratio °. This
technique is also profitable in terms of economic prospective by lowering the gas volume required to be
injected into the reservoir 1°. It was reported that 80 % of USA WAG field projects were fruitful 2.
Skauge et al. reviewed 59 WAG fields. Their study revealed that the average oil recovery increases by
5% to 10 % Originally Oil In Place (OOIP) for all WAG cases *2. WAG processes have been successfully
applied (mostly by down dip injection) in the North Sea fields such as: Gullfaks, Stafjord, South Brae,
Snorre, and Oseberg Ost 3. Because of gravity segregation, a majority of the attic oil is displaced by the
gas phase and that of the bottom oil by the water. The down dip injection scheme results in dispersed
flow zones as the attic oil is being produced 3. In 1991, the technical potentials of surfactant flooding
and WAG injection were evaluated by the Norwegian Petroleum Directorate (NPD) and three Norwegian
oil companies 4. Since then, WAG injection has been extensively applied in the Norwegian Shelf;
chemical EOR techniques were also used in a few pilot studies **. The WAG performance is highly
affected by the injection strategies (e.g., injection well pattern, WAG ratio, number of WAG cycles,
volume of each cycle, and injection rate and pressure) and different optimal strategies were found in the
literature. Simulation results reported in the open sources show that multiple WAG cycles with high
Voidage Replacement Ratio (VRR) in the gas cycles at a WAG ratio of 1 result in the optimum oil
recovery . Different WAG scenarios have been studied. For instance, Kulkarni and Rao performed a
set of tertiary immiscible and miscible core flood experiments to compare WAG and Gas Injection (GI)
processes * in which WAG injection was found to be superior to Gl 6. WAG is also effective in
heterogeneous reservoirs. In low permeability heterogeneous reservoirs, waterflooding features include

poor injectability, low production rate, high WOR, and low oil recovery factor 1’. Through numerical
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simulations, Liao et al. investigated three different technologies to implement WAG injection: 1)
Allocation Of Injection Rates (AOIR), 2) Tapered Water Alternate Gas (TWAG), and 3) AOIR-TWAG.
All of these methods provided higher recovery factor, compared to the conventional WAG injection 17,

Experimental and modeling studies demonstrate that a high recovery of up to 90 % is achievable in
simultaneous water and gas injection using the five-spot pattern, while gas injection alone usually results
in residual oil saturation of 20-50 % 8. One of the best WAG strategies was applied in the Brent reservoir
of the Stafjord field ° in which WAG injection horizontal wells were practiced; the injection well was
deeply perforated while the production well was sidetracked °. Panda et al. proposed an optimal design

strategy through applying WAG injection in Eileen West End (EWE) reservoir, Prudhoe Bay field °.

The WAG injection process combines the imbibition and drainage mechanisms during successive
injections of gas and water cycles in a three-phase regime in the reservoir > 2. Designing an optimal
WAG process requires fine-tuning of the critical parameters, affecting the optimum conditions and
ultimate recovery factor. Weak performance of WAG in some projects can be related to inappropriate
WAG parameters such as the number of cycles, volume of each cycle, and the injection rates of the gas
and water phases. Hence, WAG optimization is a proper scheme to control the gas mobility to increase
the oil recovery 2122, These optimal parameters can vary with the reservoir rock and fluids characteristics
’. The optimal design of WAG process needs strategic planning which includes a milestone for the
equipment installation, maintenance, and operation activities over the life of project. To the best of our

knowledge, no systematic reviews were found in the literature on WAG processes.

This comprehensive review chapter covers a wide range of research studies related to WAG processes
in the open sources. It is structured as follows: first a brief description of process mechanisms along with
the governing equations related to the three-phase flow in porous media will be provided. Based on the
shortcomings of conventional WAG processes, different WAG configurations have been suggested by
researchers which will be reviewed. Then, we will study the effects of different variables on the
performance of WAG including, petrophysical properties, fluid properties, and the operating conditions.
After that, a review of the pore-scale of WAG including experimental and theoretical studies will be
summarized. Following the pore-scale observations, the large-scale implementations of WAG
technology (pilot and field cases) will be discussed. Then, the mathematical modeling of WAG process
from classical works to modern studies with the three-phase relative permeability, capillary pressure,
and hysteresis models will be briefly explained. The technical and non-technical WAG challenges and

conclusions will be addressed at the end.
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2.2\WAG PROCESS DESCRIPTION: THEORY AND MECHANISMS

According to the 2016 British Petroleum (BP) statistical review of the world energy 23, 1.2 trillion
barrels are the total proved oil reserved of the world. While, in most discovered reservoirs 377 million
barrels of oil are still trapped in porous systems after primary and secondary stages of recovery 8.
Knowing this large amount of trapped oil which is a huge energy potential for current and future
demands, many research and engineering projects have focused (and are focusing) on Enhancing Oil
Recovery (EOR) techniques. However, many of these proposed techniques have failed or attained low
success. The main goal of EOR methods is to achieve the best performance in terms of economic and

recovery factor prospects.

EOR techniques aim to create a more effective movement of displacing and displaced fluids in the
reservoir by maintaining a favorable mobility ratio (M<1.0) and increasing the capillary number (Nca).
The mobility ratio is defined as follows:

M= 2-1)
ed

where 4;,4is the mobility of the displacing fluid (injected water/gas) and A4 stands for the mobility of

the displaced fluid (e.g., oil). The mobility ratio affects both the micro-sweep (areal and pore scale) and
macro-sweep (volumetric) displacement efficiencies. The capillary number (Nca) is given by *:

N, =& (2-2)

o

in which, ¢ is the interfacial tension, IFT (N/m), u refers to the viscosity of the displacing fluid (Pa.s),
and o is the Darcy velocity (m/s). One of the strategies to increase the capillary number is reduction of
the interfacial tension through using a surfactant or heat to increase the temperature of system. Increasing
the capillary number by three orders of magnitude, the residual oil saturation will decrease by 50 % 24,
In a miscible displacement, the capillary number becomes infinite and the residual oil saturation in the
swept region may approach zero (if the mobility ratio is favorable) %. The efficiency of any flooding
process such as water, gas, and WAG injection is highly dependent on macroscopic (volumetric) and
microscopic (displacement) efficiencies 4. Displacement efficiency is related to the produced oil from
the pore spaces by injecting fluid, while the volumetric sweep efficiency corresponds to the amount of
produced oil which has been in contact with the injected fluid . The total oil recovery efficiency is
resulted from combination of both displacement efficiency (Eq) and volumetric efficiency (E.) %/, as

given below:
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E =E, xE, (2-3)
where E is the total recovery efficiency (%).

In the case of gas injection, an unfavorable mobility ratio leads to gas fingering phenomenon which
reduces the sweep efficiency. This problem has been reported in several field cases 2. Gas fingering
and consequently, early gas breakthrough might be resulted from reservoir heterogeneities such as
fracture and high permeable layers 3132, The injection of water slugs along with gas injection can
appreciably lower the gas effective permeability in the reservoir. Thereby, the fluids’ front will be
stabilized, leading to an improvement in overall sweeping efficiency. Another important mechanism
during the WAG injection processes is gravity segregation caused by the density difference between the
phases. The gravity segregation improves the vertical sweep efficiency by displacing the oil, especially
the attic oil in the bottom of the reservoir which might be bypassed due to gas migration to the upper
part of the reservoir. Viscous and gravity forces control the vertical sweep efficiency as expressed by a

k Apg 39).
Ho

variation of the dimensionless gravity number (N

Rs = Gaan ) (2-4)

where v is the Darcy velocity, uo is the oil viscosity, L refers to the distance between the wells, k is the
oil permeability, g denotes the acceleration due to the gravity, 4p is the density difference between fluids,
and h represents the height of displacement zone. There are other reservoir characteristics influencing
the vertical sweep efficiency such as permeability variation, porosity, and reservoir dip angle 2. For
example, with an increase in the porosity (or/and an increase in the permeability), the fluid flow will be
stabilized, resulting in a greater displacement efficiency & 3. Furthermore, a lower IFT between the gas-
oil phases provides better conditions for the gas to displace the oil from small pores which have been
untouched by the water phase 3. Figure 2-1 depicts a simple schematic of miscible WAG injection

expected to happen in a reservoir.
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l Gas segregation to the top leads to a ‘.’
very efficient miscible displacement

Residual oil after waterlooding is further The lower part of the formation is mainly
reduced by gas injection exposed by water

Figure 2-1: Schematic representation of WAG injection in a reservoir (modified after Luis et al. %).

The governing equations for immiscible three-phase flow in porous media (with application to the WAG
process) uses the classical formulation of Muskat’s extension *® for the Darcy’s equation. The continuity

and auxiliary equations are given in this section.

Continuity equation for phase o is as follows ¥

0 S
—((/)’gjéf ) +V.(p,u,)=q, o =W,0,g (2-5)
where t is the time; ¢ signifies the porosity; p« is the density of phase « (which can be water, oil or gas);
S« is the saturation of phase «; u« is the velocity of phase «; and g« denotes the sink or source term. The
velocity of phase « can be obtained from the extended Darcy’s equation for the multiphase flow systems

as given below °7:

Kk
u,=——-"(Vp,—p,09) a=W,0,9 (2-6)

in which, K is the intrinsic permeability of porous medium; kr. represents the relative permeability to

phase «; p« is the pressure of phase «; u« stands for the viscosity of phase «; and g denotes the

acceleration vector due to the gravity.
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The auxiliary relationships are shown below:

ka=ka(S..5,.5,) (2-7)
P,(S,.S,8)=p,-p, (2-8)
P,(S,.S,8)=p,-p, (2-9)
P..(5,.5,.5,)=p, - p, (2-10)

The summation of saturation of three phases holds one as follows:
S, +5,+S8,=1 (2-11)

Only two of the three saturation terms are independent. Three -phase relative permeability and capillary
pressure models are functions of the phase saturation. Due to the cyclic nature of the WAG, researchers
have suggested to use three-phase relative permeability and capillary pressure models with hysteresis

effects 8.

2.3 WAG Variations

Different variations of WAG were found in the literature based on different attributes of this EOR
process as shown in Figure 2-2. These variations were proposed to enhance the efficiency of process and
to compensate some of the shortcomings of conventional WAG. With regard to the process scheme,
conventional water-alternating-gas (WAG), simultaneous water and gas injection (SWAG) and hybrid-
WAG (HWAG, also called Denver Unit WAG or DUWAG) were introduced. In the hybrid-WAG, the
conventional WAG process is hybridized with cycles of CO- injection only. In the simultaneous water
and gas injection (SWAG), gas and water are mixed at the surface and injected to the reservoir. Although
SWAG does not philosophically belong to the category of WAG (water-alternating-gas) process, it is
often classified under this process. Hence, we do not consider this classification (SWAG) to be
unambiguous. Modifications were also applied on the fluids (gas or aqueous phases) to improve the
sweeping efficiency. The gas phase modifications include the following alternatives for the gas phase:
1) foam (in foam-assisted WAG or FAWAG), 2) miscible gas, 3) CO2, and 4) steam (water-alternating-
steam process or WASP). The liquid phase modifications include the following alternatives for water:
1) low salinity water (LSW), 2) water soluble polymer additives (polymer WAG or PWAG or PAG), 3)
surfactant additives, 4) o/w emulsions (emulsions WAG or EWAG). Arguably, the most important

classification of WAG is based on the miscibility condition in the gas cycles (miscible WAG versus
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immiscible WAG). The miscibility or immiscibility nature of the injection scheme is a strong function
of reservoir conditions (temperature, pressure, and depth) and the properties of the displaced phase (oil)
and injected fluids (water and gas) 3. The miscible and immiscible injection processes are
comprehensively described later in this chapter. Other categories of WAG processes, which are less
common in terms of practical implications, are composed of HWAG (also called DUWAG),
Simultaneous Water-Alternating-Gas injection (SWAG), Water-Alternating-Steam Process (WASP),
Foam Assistant WAG injection (FAWAG), and Polymer-Alternating-Gas injection (PWAG or PAG),
as listed in Figure 2-2.

‘ WAG Attributes

Process Fluid

I | [ I

WAG Hybrid CO,+WAG Simultaneous Injection ‘ Gas Liquid
(HWAG or DUWAG) (SWAG)
Immiscible (IWAG) — — Water (WAG)
Miscible (MWAG) — — LSW (Low Salinity Water)
CO, (CO,-WAG) — [— Polymer Additives (PWAG)
Foam (FAWAG) — [— Surfactant Additives
Steam (WASP) — L~ Emulsions (EWAG)

Figure 2-2: Variations of WAG processes based on different attributes.

In the following, some of the important variations of WAG processes will be discussed in more details.

2.3.1 Hybrid-WAG and DUWAG

Union Oil Company of California (UNOCAL) introduced hybridization of CO> injection and WAG
injection for the first time. In this technique, a considerable fraction (pore volume) of CO; is injected
and followed by a number of WAG cycles with the ratio of 1:1 . Lin and Pool #! numerically evaluated
the recovery performance for different strategies such as single-slug CO2, WAG, and hybrid CO>
flooding processes with application to Dollarhide Devonian field. Their results indicated that both single-
slug and hybrid processes speed up the oil production during the early CO: injection. It was also
concluded that the overall incremental recovery of the hybrid process is 0.7 % OOIP higher than the case
of single-slug CO: injection. It was interesting that the hybrid injection outperformed the WAG injection

case, while the overall recovery of the hybrid case was 1.2 % OOIP lower than the WAG injection **. In
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1992, Shell developed an empirical model to obtain the optimized recovery of gas injection. Similar to
the hybrid-WAG process, four to six years of continuous COz injection were followed by 1:1 WAG
injection to take the advantages of both conventional WAG injection and continuous CO; injection 2.
The early EOR response, fine injection performance, an increase in hydrocarbon GOR as well as an
instant decrease in CO> production, all were the main prospects of the project. Due to the ongoing

process, the quantitative data/info were not reported.

2.3.2 Simultaneous Water-Alternating-Gas injection (SWAG)

In 1963, Humble QOil and Refining Co. first applied the simultaneous injection of water and enriched gas
in the Seeligson Field Kleberg Country, Texas “3. They used the low injection rates and high pressures
during the process. Although this process lacks a cyclic nature, it is often classified as a variation of
WAG in the literature. In 1964, water alternating enriched gas was also implemented. Despite having
higher injection rates in the first cycle, the wells received a little gas and the saturation of water around
the wellbore was increased in the next cycles. Based on the literature studies, SWAG provides a higher
mobility control than WAG injection. It also enhances the gas displacement efficiency due to the creation
of more stable gas production and eventually ultimate oil recovery 4. In Joffre Viking Tertiary Oil
Unit (JVTU) pilot study, various injection strategies such as continuous CO- injection, Water Alternating
CO2 (CO.-WAG) injection, and simultaneous injection of CO2 and water were tested. The dual tubing
strings for the SWAG operation were installed in the pilot study. The results showed that the
simultaneous injection of water and CO- at the ratio of 1:1 yields a higher improvement in the sweep
efficiency than the conventional CO2-WAG and continuous CO; injection 6. Experimental results 8
have also revealed a higher sweep efficiency in SWAG; the simultaneous injection of water and gas
resulted in 90 % sweep efficiency in a five-spot flooding pattern, while the gas injection alone led to 60
% ultimate sweep efficiency 8. In some cases, the simultaneous injection of water and gas is referred to
the processes that a solution of water and dissolved CO: is injected into the reservoir—a process which
is often called carbonated water flooding (or injection) or “fizz flood” #’. Compared to the WAG-EOR
processes or full-scale miscible gas flooding strategy, the carbonated water injection might not offer
remarkable economic benefits. Based on the literature, fizz flooding has been proved to be applicable in
naturally fractured reservoirs and low permeable reserves (e.g., Austin chalks) “35!. Despite the
advantages of the SWAG injection, there are several drawbacks to this process such as higher costs for
well completion, equipment and operation; design complexities; gravity segregation; and gas-front

instabilities 7.
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2.3.3 Water Alternating Steam Process (WASP)

Water Alternating Steam Process (WASP) was originally developed to overcome the problems
associated with steam injection such as steam gravity, steam channeling, and occasional surface
breakouts. This process can be considered as a variation of WAG strategy that leads to improving the
reservoir vertical conformance/displacement. The main difference between the conventional WAG
injection and WASP is that in WASP the vapor phase is condensable while the gas phase in the
conventional WAG process is commonly non-condensable °2. The steam also carries thermal energy that
can lower the viscosity of oil and help productivity and also sweeping efficiency (by improving the
mobility ratio). Upon vapor condensation, the gravity over-ride process will decrease. In general,
comparing with continuous steam injection, the advantages of WASP include enhancing areal
conformance, lowering the chance of channeling, lessening fuel waster, decreasing wellbore heat loss,
facilitating the oil production, improving the incremental oil recovery, and specifying the best time to
inject the continuous water if water injection after the steam process is considered %23, WASP was
applied in West Coalinga Field at the pilot scale and resolved the steam breakthrough problem of steam
injection processes®?. It was also implemented at the Cymric field >*. The project started with two cycles
of steam injection over a 4-month period. The subsurface temperature data indicated that the WASP can
effectively control the steam channeling in the down-dip producers; but no considerable breakthrough
control was noticed in the up-dip reservoirs. WASP was also efficient in terms of reservoir pressure
maintenance, oil production pattern, thermal efficiency, and economic prospective °*. In 1999, with the
minimum capital costs, four (4) Petrotrin’s steam flooding projects were converted to WASP. It was
reported that 18 % oil production reduction in 1988 turns to 12 % increase in production in 1999 through
applying the WASP technique. This incremental increase in the oil production could be potentially
greater if there was no water supply shortage for the water cycles. It was also economically successful,
as the direct operating expenditure per barrel of oil was reduced by 33 % which was mainly due to a

decrease in the steam and workover costs. °°.

2.3.4 Foam Assistant WAG injection (FAWAG)

Generally, the main application of foam in EOR processes is to control the mobility of gas phase which
leads to improving the sweep efficiency and postponing the breakthrough time 6. The idea of using
foam to control the fluid front mobility was first introduced by Bond and Holbrook in 1958 *8. Since
then, in a number of oil recovery processes (e.g., COz injection and water flooding), CO2 foams including

surfactants have been used as an effective mobility reduction approach. The stability and properties of
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the foam are the main factors which influence the performance of FAWAG processes *°. In a series of
core-flood experiments, the performances of SWAG and FWAG were evaluated °°, showing a promising
performance of the SWAG processes in reducing the problems with adverse mobility, gravity
segregation, and viscous fingering; a higher recovery factor was however attained in the FAWAG
processes so that it increased to 61 % first, and then a significant increase up to 92 % was achieved after
the FAWAG application, as illustrated in Figure 2-3°°.
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Figure 2-3: Comparison between SWAG and FAWAG recoveries in a series of coreflood experiments *°.

Foam injections were used in the EOR projects in the North Sea field for the purposes of mobility control
and production well treatment (to reduce produced GOR) €2, Foams can be generated in situ, mostly
in high-permeable layers due to a higher chance of fluids to flow. The foam generation from a given
surfactant is highly dependent on time, oil saturation, and capillary pressure 5. Figure 2-4 shows a
schematic of the challenges and advantages associated with the continuous gas injection (CO- injection
in Figure 2-4 (a)), conventional WAG injection (in Figure 2-4 (b)), and FAWAG (in Figure 2-4 (c)).
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Gas Oil Water/Gas oil (Water+Surfactant)/Gas oil
GI WAG FAWAG
* viscous fingering * Dbetter sweeping efficiency than GI * better sweeping efficiency compared
» carly gas breakthrough * less adverse effects compared to GI to WAG
* gravity segregation (i.e., gravity segregation, early * less adverse effects compared to
* heterogeneities effects breakthrough, viscous fingering, WAG

heterogeneity effects)

Figure 2-4: Schematic of challenges and benefits of (a): continuous gas injection, (b): conventional
WAG injection, and (c): FAWAG injection in a reservoir 5.

In 1997, a large-scale FAWAG injection was applied in the Central Fault Block (CFB) of the Snorre
field where 2000 tons of the commercial grade surfactant were injected into the reservoir to conduct two
injectivity tests and two full-scale treatments 2 ¢°. Due to the gas leakage in one of the wells, the process
of FAWAG injection was stopped in CFB and the project was moved to Western Fault Block (WFB) in
the Snorre filed. The main objective of the FAWAG process in WFB was to increase the gas sweep
efficiency, which leads to an increase in the gas storage and a decrease in the GOR at the production
well 8. In a series of FAWAG coreflood tests , the foam generation was found to decrease with an
increase in the gas density. At a constant density, a CO»-rich foam exhibited a better mobility control
than CO»-lean foam. The foam enables to benefit from three-phase flow (microscopic-scale sweep
efficiency); the foam lamellas help to control the gas mobility . The stability and mobility of foams (as
the main parameter, affecting the foam propagation and stability) were investigated by a series of
laboratory tests at different injection rates 7. It was concluded that the Mobility Reduction Factor (MRF)

increases by increasing the flow rate. The MRF is defined as follows ©':

MRE :M (2-12)

prithout —foam

in which, AP, oam aNd APinout _1eam are the pressure difference across the porous medium with and

without foam, respectively. The effect of injection rate on the stability of foams was investigated in
Surfactant Alternating Gas (SAG) injection tests 7. At low flow rates, SAG showed a poor efficiency in
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generating foam, resulting in a low MRF. In addition, SAG caused high MRFs at various flow rates due

to the frequent contact and mixing between the gas and surfactant phases ©’.
2.3.5 Polymer Alternating Gas (PAG) injection

Another modification of the WAG process to overcome the early gas breakthrough and gravity
segregation was proposed through Polymer-WAG (PWAG) or Polymer Alternating Gas (PAG) injection
%8, A hybridized CO, and polymer injection WAG (CO2-WAG) was applied to Saskatchewan heavy
oilfield. The hybrid strategy resulted in a higher recovery factor, compared to the sole polymer flooding.
In these coreflood experiments, the immiscible CO2-WAG injection recovered 15.3 % OOIP, using 6.16
MSCF/STB. The sole polymer flooding led to 12.93 % OOIP. The highest recovery efficiency was
attained at the hybridized CO2-polymer (or PAG) flooding with 18.7 % OOIP by consuming only 2.0
MSCF/STB injected gas (one-third of CO2 were consumed in the first run), as demonstrated in Figure
2-5%,
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Figure 2-5: Comparison of EOR recoveries and gas utilization at three runs of coreflood experiments 8.

A more general term, known as Chemically enhanced Water-Alternating-Gas (CWAG), is also used in
the literature % which refers to the use of any chemical slug such as alkaline, surfactant, and polymer
during the WAG process to control the mobility and to reduce the IFT °. A higher efficiency was attained
in CWAG, compared to the conventional WAG injection. According to the simulation results It was
estimated that PAG increases the oil recovery up to 14.3 %, which is 7.0 % higher than WAG injection

in TR78 section of the North Burbank Unit 7°. The simulation results ° also show a remarkable GOR
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reduction (at production well), a noticeable delay in the gas breakthrough, and an improvement in the
gas and water sweep efficiencies during the PAG processes. Figure 2-6 illustrates the simulation results
in terms of oil production rate versus time for the injection of CGI, WAG, PAG, and polymer flooding
0 In 2014, Li and Schechter studied the effects of polymer concentration and adsorption on the
efficiency of PAG where CO2 was used as a gas phase "*. It was found that the PAG performance strongly
depends on the polymer adsorption and a higher oil recovery is expected at a lower polymer adsorption.
In homogeneous reservoirs with a permeability higher than 500 mD, the PAG processes give 7-15 %

higher oil recovery than the WAG injection ".
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Figure 2-6: Simulation results of oil production rate for different injection operations .

PAG exhibits an acceptable performance in both low and high permeable heterogeneous reservoirs with
the heterogeneity coefficient (Vpe), ranging from 0.5 to 0.9. It was also estimated that 2.1 1b/STB
polymer are needed to increase the oil recovery by 20 % (which is 12 % higher than the recovery for the
WAG injection) where the economic feasibility is met "*. The coreflood experiments indicate that the
use of polymer in WAG is only efficient when the process is miscible displacement. In the absence of
miscibility condition, PWAG does not offer any significant improvement to oil recovery, compared to
conventional WAG injection "2, However, during miscible WAG process in a homogeneous reservoir,
the addition of polymer to the water cycle (in a conventional WAG process) reinforces the oil trapping

phenomena ( in which water shield oil droplets) which leads to higher residual oil saturation (Sor=25.34
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%) than both WAG injection (Sorwac=15.95 %) and continuous CO: injection (Sor co2=6.35 %).
However, in heterogeneous reservoir at the same miscible condition, no residual oil saturation gap
between these two methods was observed which is mainly due to inactivity of dispersion viscous

fingering in such a type of reservoirs.

24EFFECTS OF PETROPHYSICAL PROPERTIES ON WAG
The success of a WAG injection process depends on a variety of factors/parameters such as petrophysical
properties of the reservoir, fluid characteristics, field scale considerations, and economic aspects 2.
Among the petrophysical properties, we study the impacts of reservoir heterogeneity, relative
permeability, hysteresis, and wettability on the performance of WAG, according to the materials
available in the literature.

2.4.1 Reservoir Heterogeneity and Stratification

The production performance of reservoirs in a WAG process is highly affected by the reservoir
heterogeneities. The failure of EOR projects (in general) has been attributed to the reservoir
heterogeneity in many cases . In highly stratified reservoirs, economical gas injection is not possible,
due to the early breakthrough and high gas recycle rates. In such reservoirs, the WAG scheme is the most
cost effective technique to delay the gas breakthrough and to decrease the gas-to-water ratio (GWR)
which will result in economical oil recovery °. In reservoirs with high stratifications, the displacement
front tends to move along the highly permeable layers which leads to bypassing a considerable residual
oil in the layers with less permeability "*. A higher vertical permeability results in perpendicular
crossflow to the bulk flow which is influenced by other forces such as gravity, capillary, viscous, and
dispersion ”°. The vertical conformance/displacement of the WAG processes in terms of performance is
strongly affected by anisotropy, stratification, the flow connectivity between the reservoir layers, and
the ratio of viscous-to-gravity forces °. Due to the decrease in fluid flow velocity in reservoir and gravity
segregation problems, the cross flow adversely affects the reservoir, which results in restriction of frontal
advancement in the low permeable layers, while it may improve the vertical sweep efficiency 6. Previous
studies demonstrated that the crossflow created by capillary imbibition can assist the vertical sweep
efficiency in an immiscible displacement if the mobility ratio is favorable in heterogeneous systems "
7. Their results also confirmed the previous studies that gas first occupies the high permeability strata
and bypass the low permeability zones (as a result of channeling), while the water phase due to its
favorable mobility flows into all layers that the gas has not been able to sweep &
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Claridge conducted different simulation runs for CO2 flooding at various vertical transmissibility factors
where CO injection and WAG injection processes (with different ratios of CO2 and water) were utilized
81, He found that the WAG injection leads to a higher oil recovery (and a lower residual oil saturation)
at the end of the process in the case of zero vertical transmissibility (e.g., Kv/Kn=0). It was concluded
that as the vertical transmissibility increases, the recovery of the WAG process decreases. In fact, the
WAG injection mitigates the extent of crossflow and consequently lowers the adverse effects which are
observed in the continuous CO> injection strategy 8. Gorell et al. compared the results of continuous
injection of CO with different WAG approaches through simulating a 3D, five-spot elements of a
symmetrical pattern 8. They reported that the vertical displacement during the WAG injection is highly
influenced by the flow communications between the zones. In a non-communicating medium, the
permeability contrast controls the vertical distribution of the gas phase. Normally, the flowrate in each
layer is directly proportional to the flow capacity (Kn) of that layer, which is independent of the WAG
ratio. At high WAG ratios, the gas tends to quickly enter the high permeable zones. Thus, high permeable
layers will be quickly filled and they may contain more fluids than their capacity (Kn) during the WAG
cycles. As the water cycle is injected (in WAG), it sweeps most of the gas from the zones and
improves/modifies the mobility ratio close to its initial value 2. The most efficient displacement of the
WAG injection will be attained when both the water and gas phases move in the reservoir at equal pore
velocities 8384, The simulation results revealed that the WAG injection in heterogeneous reservoirs not
only reduces the mobility in high permeable layers, but also in less permeable layers, since it leads to
migration of a large portion of the gas into the highest permeable layers during the WAG injection 8. In
gas condensate reservoirs, due to a greater viscosity difference between the water and gas condensate,
the water partially blocks the thief layers (layers with higher permeability). Depending on the crossflow
effects and fluids density and viscosity, Kn differences between the layers and relative permeabilities
result in gas diverting into a superior sweep of the matrix and reducing gas channeling. Several
simulation runs performed by Jones et al. showed that the improvement in oil recovery is a strong
function of the permeability ratio of the thief zone to matrix and also their fluids viscosity ratio . In the
condensate gas reservoirs, the magnitude of permeability in various directions has a remarkable impact
on both continuous GI and WAG processes in highly stratified reservoirs. In the case where the top
layers have the highest permeability, the gas overrides will intensify and water will prefer to move to the
lower strata; however, if the layer placed at the bottom has the highest permeability, the water phase

underrides and diverts the gas to the upper zones .
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2.4.2 Relative Permeability and Hysteresis

Simultaneous flow of three phases (oil, water, and gas) in WAG demands accurate knowledge of relative
permeability (through experimental and modeling investigations) to obtain the mobility and velocity of
the individual phases &’. It is clear that the miscibility nature of the phases and the time required to attain
the miscibility condition have considerable effects on the displacement mechanisms and oil recovery in
WAG. Three phase relative permeability data are required for reservoir simulator packages to model the
transport phenomena in porous systems, to understand the interactions between the phases, and to
determine the saturation, pressure distributions, and the velocities of all phases ®. Several studies
reported that the classical techniques to obtain the relative permeability of each phase might not be
accurately applicable in WAG due the cyclic hysteresis nature 8%, Owing to the technical challenges
in obtaining laboratory measurement of three-phase relative permeability data, they are usually inferred

from two-phase relative permeability data and a three-phase relative permeability models 912,

Relative permeability is a lumped variable that considers the impacts of heterogeneity, wetting
properties, porosity, pore size distribution, Interfacial Tension (IFT), and fluid saturations . As discussed
previously, one of the main mechanisms during the WAG injection is the IFT reduction so that gas-oil
IFT is lower than water-oil IFT, resulting in more oil displaced from the pore spaces compared to
waterflooding 2. IFT affects the relative permeability curvatures. For instance, in a completely miscible
process, the IFT value is zero and the relative permeability is a linear function of saturation with a slope
of one %. There are many research works in the open sources, discussing about IFT impacts on the
relative permeability in gas condensate reservoirs. This discussion can be extended to other miscible or
near miscible EOR projects such as WAG injection processes %%, Harbert performed coreflood tests
using alcohol, brine, and oil samples. It was concluded from the results that as the IFT decreases, two

phases have less inference with each other and the relative permeability curves are shifted upward 9.

Skauge and Larsen designed a set of WAG injection experiments at different rock wettability states
under unsteady state conditions %. They measured the three-phase relative permeability at various stages
of gas and water cycles. In each cycle, the relative permeability for all phases showed irreversible
hysteresis effects during the process. It was also found that the gas phase exhibits the strong hysteresis
effects regardless of the wetting state of the rock. The relative permeability of non-wetting (gas) phase
was more affected by the hysteresis and at similar saturation level, the relative permeability to the non-
wetting phase (krg) was lower when decreasing the gas saturation (imbibition cycle), compared to the
increasing saturation path (drainage cycle) *.
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In another work, Larsen and Skauge presented a relative permeability model that is applicable for local
hysteresis effects. Their hysteresis model accounts for both wetting and non-wetting phases. The model
also considers the reduced mobility and irreversible hysteresis loops during the three- phase flow of the
WAG injection processes. Their proposed approach takes the initial saturation and relative permeability
values of the wetting and non-wetting phases as the input data to the model *. Egermann et al.
implemented successive drainage and imbibition experiments (WAG injection) for various initial
saturations and proposed a three- phase model (including the hysteresis) which was validated by the
experimental data. They found that the hysteresis not only depends on the saturation history, but it also
is a function of the displacement history. They observed two types of hysteresis: mechanism
(imbibition/drainage) and cycle (history) hysteresis. At the large scale of WAG injection, the ratio of
vertical permeability to horizontal permeability (K./Kn) has a significant influence on the overall
production efficiency . Based on the experimental data, Element et al. validated the hysteresis models
%, They designed a series of experimental tests to investigate the secondary and tertiary immiscible in
WAG injection in water-wet and intermediate-wet Berea cores. They concluded that the hysteresis cycles
are irreversible; the gas trapping by water leads to a reduction in the residual oil saturation; and both
water and gas permeability values reduce. Thus, the fractional flow varies with trapped gas saturation

and the land trapping factor (C) changes between the hysteresis cycles as shown below.

C=c"9 (2-13)

where the C represents the land trapping factor, Sqt is the trapped gas saturation, and Sgi refers to the
initial gas saturation %1%, They also concluded that Carlson and Killough’s two-phase hysteresis models
cannot describe the secondary and tertiary WAG processes %8. Spiteri and Juanes studied the impact of
the relative permeability hysteresis on the efficiency of WAG processes at the field scale in which the
three-phase relative permeability was inferred from two-phase data. They applied history-depending
saturation function in the simulation runs. The validity of existing models was also investigated and the
model parameters that created the most uncertainty were also identified. Their analysis showed that the
models introduced by the experimental observation of hysteresis behavior cannot be generalized for
cyclic nature of gas and water injection during the WAG processes. To illustrate the effects of relative
permeability model (considering hysteresis) on the output of the reservoir simulation runs, they used a
five-spot pattern model in both homogeneous and heterogeneous reservoirs, which is a modified version
of PUNQ-S3 model. This model is a reservoir model originally suggested (as a test case) for production

prediction under uncertainty. They designed their models with and without hysteresis and noticed great
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differences in simulation results. They concluded that the relative permeability models involving
hysteresis are required to forecast the performance of the immiscible WAG injection processes, though
the current hysteresis relative permeability models still need modifications for the sake of further

accuracy and generalization 0%,

The effect of rock wettability on the relative permeability during the WAG injection is also important.
Shahverdi et al. investigated the relative permeability and hysteresis in the WAG process with various
rock wettability conditions where a series of two-phase coreflooding experiments were carried out at
unsteady state conditions 2. Their results exhibited a significant reduction in three-phase relative
permeability and consequently a reduction in the gas mobility and injectivity at different wettability
conditions. They observed different hysteresis effects for all three phases (oil, gas, and water) at various
wettability states during the WAG injection. It was found that the relative permeability of each phase is

a function of two independent saturations %2,
2.4.3 Wettability

Wettability is one of the main factors controlling the fluids flow and distribution in a porous medium 203,
The wettability of a reservoir influences the vital variables such as capillary pressure, relative
permeability, dispersion, and electrical properties 1. It has been proven that the wettability plays an
important role in tertiary oil recovery processes such as hot water, surfactant, miscible, and caustic
flooding 1%. It has been also claimed that the reservoirs’ cross beds are initially in contact with water.
As a result, they were initially water-wet. After oil migration to the water-wet reservoir rock, the oil
phase was able to invade the large pores and the water remained in the small pores. However, fluid
phases became detached as an interplay between the capillarity and gravity forces which might lead to
alteration of wetting properties of the rock surface. The polar components of the crude oil such as

asphaltene and resin might adsorb onto the pore surface and alter the wettability to oil-wet or mixed-wet
104-107

The experimental and modeling results show that more oil trapping occurs in the water-wet rocks,
compared to the oil-wet rocks during WAG injection “°. In the WAG injection, other aspects such as
recovery, injectivity, optimum WAG ratio, and three-phase relative permeability are affected by the
wettability condition. For instance, an experimental study carried out by Jackson et al. suggested that an
optimum WAG ratio of 0:1 (continuous slug injection) is attained in the water-wet reservoirs, while this
optimal ratio is 1:1 in the oil-wet rocks. In tertiary floods of water- wet cores, the gravity override is the
main factor, controlling the enhanced oil recovery factor.
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Both oil-wet and water-wet tertiary floods have the same gravity-to-viscous ratios, but the first one is
controlled by viscous forces, while in the other one the gravity forces is the dominant force. Stern
conducted a series of tertiary multi-contact CO. coreflooding tests and investigated the impacts of
wettability and WAG ratio on the displacement mechanisms and recovery factor. He reported lower oil
recovery due to less extraction of bypassed oil at high WAG ratios in water-wet rock samples. However,
in mixed-wet rocks, the WAG ratio became less important and the most portion of the recovery was
obtained due to the extraction regardless of amount of the WAG ratio. That might had to do with the

wall-coating on mixed-wet surfaces that enhances the interaction among oil and solvent %,

Wettability also influences the three-phase relative permeability and displacement hysteresis during the
WAG processes. Reliable measurements of relative permeability need careful and complicated
methodologies in the WAG processes. Shahrokhi et al. examined different three-phase relative
permeability models (e.g., Stone I, Stone I, IKU, Carlson, Killough, and Jargon) and compared the
results for various rock wettability. They concluded that none of the available methods can accurately
predict the experimental WAG injection data in mixed-wet reservoirs 1%, There are other studies in the
literature that report micro-model experiments under various wettability conditions. For example, a set
of capillary dominant WAG injection tests were conducted by Sohrabi et al. in glass micromodels %,
They concluded that the WAG injection process has a higher oil recovery factor than waterflooding or
gas injection alone regardless of the type of wettability. The pore-scale observations revealed that the
fluids in the WAG injection process find new flow pathways in the porous medium (in each cycle) which
are different from the previous paths. It was reported that the WAG injection in the oil-wet and mixed-
wet systems is more efficient than that in the water-wet models. Having additional injection cycles in
the mixed-wet models leads to a gradual increase in the oil recovery, while the additional oil recovery is
reduced in the oil-wet and water-wet systems, after first two cycles . It is important to note that

wettability is not the sole parameter governing the recovery mechanisms 108 112-113,

2.5EFFECT OF FLUID PROPERTIES ON WAG

25.1 Gas Type
As mentioned earlier, WAG injection improves the recovery through enhancing the microscopic

efficiency of gas injection and enhancing the macroscopic efficiency of waterflooding. Due to the cyclic
nature of WAG, the slugs of water and gas invade the porous media and reduce the oil viscosity due to
the gas dissolution in the oil phase 1**. The type of injected gas in the WAG process may be categorized
into three classes: 1) non-hydrocarbons (CO; excluded), 2) CO,, and 3) hydrocarbons °. Nitrogen and

flue gas are two examples of the non-hydrocarbons and non-CO gases which have been used in a few
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fields due to their economic prospects and resources availability >, Nitrogen is not as common as
the other gases for EOR by the WAG process, nitrogen can be still used in both miscible and immiscible
processes 1°. In an experimental study, Salehi et al. used nitrogen at a constant injection rate in WAG,
Surfactant-Alternating-Gas (SAG) and gas injection and compared the production results with those of
waterflooding 1*°. They reported the ultimate recovery factors of 87 %, 70 %, 66 %, and 50 % for SAG,

WAG, waterflooding, and gas injection, respectively, as depicted in Figure 2-7*1°,
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Figure 2-7: Comparison of oil recovery for SAG, WAG, gas flooding, and water flooding .

There are some advantages using nitrogen in the WAG processes, compared to CO». For instance, CO>
is a highly corrosive gas, while nitrogen is an inert gas in many cases 2. Ghafoori et al. experimentally
investigated the performance of the WAG injection and continuous gas injection (CGI) processes using
two types of gases: nitrogen and CO; in a carbonate porous sample. According to their results, the WAG
injection with both gases exhibited a higher performance, compared to the CGI process. The ultimate oil
recovery was not sensitive to the size of nitrogen slugs in the WAG injection. However, it was found
that the miscible CO> WAG injection attains about 13 % more oil than the immiscible nitrogen WAG
injection 121, Although CO: is a relatively expensive gas, it has been utilized for many miscible injection
EOR operations. Among 60 WAG field applications reviewed by Christian et al., 28 WAG injection
cases employed CO; as the injected gas °. Initially, there were some concerns regarding the CO2 flooding
(e.g., in CO.-WAG) such as water blocking, corrosion, injectivity loss, low oil production, and
production concerns. However, most of these problems have been resolved through engineering

experience, efficient management, and optimal process design ’. For example, it has been reported that
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an average of 20 % water injectivity loss occurs in the WAG operations 12, There are some suggestions
to compensate this drawback by adding more injection wells, creating fractures, increasing the injection
pressure, and decreasing the WAG ratio. One of the main concerns regarding the CO> WAG injection is
the injectivity loss. For more details on injectivity loss issues during WAG injection, technical readers
may refer to the Rogers et al. review ’. An analysis on Wilmington field test in Tar zone block V CO>
injection project indicated that the high oil recovery in immiscible CO> injection is attributed to two
major mechanisms: first, an instant response resulted from moving the portion of the oil left untouched
over water movement by gas; and the second one is related to the relative permeability alteration,
swelling, and viscosity reduction which have a long term impact on the project performance 2. Another
advantage of using CO: is that it creates higher gravity segregation in zones with a greater water
saturation, compared to the areas with a higher percentage of oil saturation. This phenomenon is helpful
in recovering oil from bypassed or target pocket zones through improvement of sweep efficiency ’. The
design criteria for CO- injection include some limitations such as minimum depth, oil viscosity range,
and value of oil specific gravity "®. Moritis’ EOR survey showed that the number of CO2 miscible projects
is increasing while the application of other injecting gases such as nitrogen and flue gases is decreasing
over time "®. Despite the environmental benefits of using CO2, most of offshore WAG projects inject
hydrocarbon gases due to the availability in the production site. In a review study, 24 fields out of 60
reviewed fields used hydrocarbon gases in dry or enriched forms 6. In a study which focused on the
feasibility of WAG injection in Ekofisk field, the slim tube simulation results recommended the
immiscible WAG injection by dry hydrocarbon gases due to the high minimum miscible enrichment and
minimum miscibility pressure °. The WAG injection experiments conducted on the GS-5C sand of a
mature light oil field showed that CO> with 5 cycles of WAG injection yields an incremental recovery
of 40.18 % Hydrocarbon Pore Volume (HCPV), which is much higher than the recovery of 19.3 %
HCPV for the same number of cycles, in the WAG injection using hydrocarbon gases '2*. Another
technique, named Water Alternating High Pressure Air Injection (WAHPALI), was recently proposed by
Batenburg et al. in which a high pressure air was used '°. The main advantage of WAHPAI is the
availability and low cost of air, compared to other injecting gases. The man goal of WAHPAI

implementation is to enhance the oil sweeping efficiency.
2.5.2 Brine Salinity

Water salinity is an influential parameter in WAG. This has been confirmed by several numerical and
experimental investigations in waterflooding ?°. According to the coreflooding experiments conducted

by Sharma et al., the imbibition relative permeability curves strongly depend on the salinity. It was also
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concluded that high oil recovery can be achieved at low salinity level of connate water /. A significant
reduction in the water/oil ratio and an increase in the oil recovery factor were observed in an Alaskan
reservoir by injecting low salinity water. A double increase in oil production rate was also reported by
continuing the production for nearly 12 months 12, Therefore, the effect of salinity is expected to be
considerable in WAG or SWAG injection processes. Comparing Simultaneous Water And Gas injection
(SWAG) and WAG injection using brines with various salinities, at seawater (SW) and twenty times
dilution of seawater (SW/20) brine salinities, SWAG exhibited a higher oil recovery compared to WAG
injection an continuous gas injection due to more efficient mobility control during gas cycles even in the
microscopic level *2°, Figure 2-8 shows the simulation results of ultimate oil recovery in various tertiary
injection modes including miscible CGl, SWAG, and WAG *%°.
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Figure 2-8: Ultimate oil recovery for different tertiary injection modes ?°,

In a research study, a synthetic brine with NaCl salinity in the range 1,000 to 32,000 ppm, and a synthetic
brine containing 4000 ppm NaCl and 4000 ppm CaCl, were used to examine the performance of the
WAG injection process %, Tertiary oil recovery from the coreflooding experiments showed a slight
increase in the oil recovery factor with increasing the brine salinity (see Figure 2-9). This is due to a

decrease in the solubility of CO- in the brine phase with increasing salinity 26,
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This phenomenon was also observed in a series of Low Salinity Water Flooding (LSWF) and seawater
coreflooding experiments for both CO> WAG injection and stand-alone waterflooding tests. The
seawater case showed a greater oil recovery, compared to the LSWF, during the CO2 WAG injection
process because of the same reason addressed above. Another reason might be the fine migration that

occurs in the LSWF-CO2 WAG injection *°, Figure 2-10 shows the influence of various water salinities
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Figure 2-9: The effect of brine salinity on oil recovery %,

on the dynamic contact angle during CO2-WAG injection 1%,
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Figure 2-10: Dynamic contact angle of unaged Grey Brea sandstone at 500 psi and 149° F with different salinities
during the CO,-WAG process ¥,

In another research study, Kulkarni and Rao designed a series of coreflooding experiments under both
Continuous Gas Injection (CGI) and WAG injection conditions where the salinity varied from 5 wt %
NaCl to 0.926 wt % multivalent salinity in Yates reservoir 8. Although the recovery factor increases from
96.7 % to 97.6 % through changing the brine salinity from 5 % NaCl to Yates formation brine, CGI
showed a negligible dependency to the salinity in the tested range. However, in the miscible WAG
injection, a notable dependency of oil recovery to the brine composition and salinity percentage was
observed 8. Using the modified brine composition (which is sometimes referred to smart waterflooding)
during CO2-WAG injection leads to a decrease in the relative permeability of both water and oil phases.
In another words, utilizing smart water in the WAG cycles lowers the oil recovery factor and water cut.
The slight shift of the intersection point between the relative permeability of water and oil curves
highlights that the smart water injection during CO2-WAG injection alters the wettability state of the
system towards more water-wet. The impact of divalent ions such as Mg?* and Ca?" in the composition
of the smart water CO.-WAG injection was also investigated. It was found that an increase in the
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concentration of these ions improves the oil recovery due to a decrease in the ion binding at the interface
of carboxylic oil components and the rock surface 1. Hence, modifying the brine chemistry during the
WAG injection is clearly demonstrated by determining the variation of the relative permeability of
phases which needs further experimental and simulation research works. Cuong et al. studied the
mechanisms and advantages of CO, Low Salinity WAG (CO.-LSWAG) injection through coupling an
ion exchange model with geochemical mechanisms in the coreflooding tests *2. Their modeling results
highlighted the promising aspects of CO,-LSWAG mechanisms (in terms of recovery performance) such
as chemical reactions, ion exchange process, and wettability alteration. They showed that the COo-
LSWAG eliminates the late production problems that usually occur during the WAG injection projects.
Comparing the CO2 High Salinity WAG (CO2-HSWAG) with CO2-LSWAG, the low salinity case
improved the incremental oil recovery up to 9.0 % OOIP 32, The success of the CO2-LSWAG injection
approach depends on various factors such as the amount of clay and its type, initial wettability condition,
formation heterogeneity, type of minerals, compositions of injected water and formation brine, and

reservoir pressure and temperature.
2.5.3 Fluids Miscibility

In recent decades, gas injection has become one of the most applicable and environmentally friendly
techniques in several oilfields. This technique is more efficient when the injected gas is at nearly or
completely miscible condition with reservoir oil **3. Miscible or near miscible WAG injection
(nMWAG) processes generally feature a higher recovery factor (9.7 % OOIP), compared to immiscible
WAG (IWAG) injection (6.4 % OOIP) ©. A number of factors such as injectivity loss and pressure
maintenance failure can negatively affect the life-span and performance of miscible and immiscible gas
injection processes 6. There are no certain screening criteria to decide between the miscible or
immiscible injection strategies. Thomas et al. inquired the importance of miscible gas injection ***. Based
on their study, as long as the desired recovery is achieved at reduced interfacial tension, the condition
for miscibility is not required. The success of such processes depends on a compromise between the
mobility, IFT and a safety factor to account for problems such as gravity overriding ***. Miscible flooding
is normally implemented by increasing the reservoir pressure above the Minimum Miscibility Pressure
(MMP). It is conducted with or without WAG injection to lower the IFT between the gas and oil phases
and to control viscous fingering. In the case of nearly miscible processes (hnMWAG), the injected gas
slugs displace the oil bank which is also referred to multi-contact WAG injection. The main role of the
water slugs is to achieve a better volumetric sweep efficiency in the nMWAG process due to lower

residual oil saturation after near miscible gas front. MWAG processes in very early cases were
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commonly performed in onshore fields using solvents such as propane which is not currently economical
135 Production history analysis of the oilfields under MWAG shows that a close well-spacing is used in
the majority of projects. However, recent offshore MWAG projects have been conducted using large
well-spacing *°. Although mass transfer between the gas and oil phases might happen during the IWAG
injection (which can enhance the oil recovery), IWAG injection is strictly referred to the injection of gas
slugs that cannot develop miscibility with the oil phase. Skauge and Sorbie studied both miscible and
immiscible mechanisms through analyzing WAG injection at pore scale, core scale, and field scale. The
results of pore scale (micro-model) experiments showed an additional oil recovery in the IWAG process,
compared to the miscible WAG process . This enhancement is resulted from the gas spreading to the
larger pores due to the microscopic dispersion during gas cycles. InnMWAG processes, less gas trapping
occurs, resulting in expansion of the gas clusters within the continuous oil phase in the system and
eventually sweeping almost all of the contacted oil 137138,

2.6 EFFECT OF OPERATIONAL PARAMETERS ON WAG

2.6.1 Injection Pattern

Selection of an optimum injection pattern is an important stage in designing a WAG injection project.
This refers to the best injection pattern that involves more contact of the displacing fluids (water and
gas) with the reservoir fluid (oil) 2. Several vital factors that should be taken into account in designing
optimal injection pattern include reservoir heterogeneity, directional permeability, fracture directions,
the nature of the injected fluids, well intervals, and performance of injection and production wells **°. A
review of WAG field cases reports that the five-spot injection pattern is the most common configuration
in onshore fields ®. Although five-spot patterns with close well-spacing dictate higher costs to the project,
compared to other patterns, due to requiring more careful control on pressure of miscible processes, they
are still the favorite injection patterns especially in miscible operations in Texas, USA 8. Other criteria
such as geological characteristics and operating and capital costs also control the well placement and
injection pattern (such as the North Sea field) 3. Pritchard et al. concluded that as the injection pattern
size reduces, the oil recovery factor by tertiary EOR improves. In Judy Creek oilfield, the five-spot
configurations with 40 acre pattern size attain the highest oil recovery “°. For port Neches field, using
WAG injection and modifying the injection pattern were reported among the main reasons for an oil

production improvement 141,

Extensive upward gas migration in the formations flooded by WAG causes a low volumetric sweep

efficiency for the gas phase 1%2. For this case, reservoir simulations suggest the horizontal WAG injection
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to achieve a higher gas volumetric sweep efficiency, compared to vertical injectors 42, For instance, a
compositional simulator model was employed to simulate the WAG process in the Alpine field. The
results showed that the horizontal wells have higher performance (with 59 % oil recovery factor),
compared to vertical wells (with 50 % oil recovery factor) 142, The WAG injection strategy using
horizontal wells is more suitable for reservoirs that are thin and contain low permeable layers with high

continuity between the vertical layers 42,
2.6.2 WAG Ratio

The WAG ratio is one of the most important operating variables in the design of WAG injection projects.
For SWAG injection in a homogeneous formation, the optimum WAG ratio is achieved based on the
displacement front of advanced water-oil rates and oil-solvent displacement front 143, Stalkup proposed
a graphical methodology using the water-solvent fractional flow to determine the optimum WAG ratio
134 There are two main criticisms on this method: 1) it considers the same relative permeability for the
water-solvent and water-oil systems, and 2) it overlooks the effect of capillary pressure on the efficiency
of small scale displacement processes 1*4. In some research studies, wettability is considered as the main
factor affecting the WAG performance especially at high WAG ratios 18, At high WAG ratios due to
less oil extractions, a lower amount of oil would be recovered. This effect is even more severe in water-
wet reservoirs at high WAG ratios where no extraction occurs; while the WAG ratio has less impact in
mixed (or/and oil)-wet media and a substantial amount of oil is recovered by extraction *°. ElImond et
al. showed through a simulation study that the optimum WAG ratio is affected by the shape of water-
blocking curve, which represents the residual oil saturation versus water saturation 4>, The WAG ratio
of 1:1 was reported as the optimum value *4°. Moreover, Stalkup investigated the influence of wetting
condition on the water blocking. It was noticed that more oil trapping occurs in the water-wet samples
than the oil-wet cases 1. Raimondi and Torcaso observed that a portion of the oil phase that was trapped
after water injection, can be mobilized by the solvent injection *#7; the rest of oil remains blocked in the
pore throats. They suggested an empirical equation based on the water blocking data in strongly water-

wet reservoirs as follows 47:

s, 10
Son/v [10 + kim] (2_14)
k

w

where Set is the transverse oil saturation; Sorw represents the water flood residual oil saturation; Kr, and
Krnw are the oil and water relative permeability, respectively. Tiffin and Yellig investigated the impacts

of both WAG ratio and reservoir wettability on the oil recovery, using linear coreflooding experiments
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113 They reported an optimum WAG ratio of 0:1, representing the continuous slug injection in either
water-wet or oil-wet rock samples 3. Kootiani et al. designed a series of WAG injection experiments
using glass-bead packs to visually investigate the impacts of miscibility and WAG ratio on the
performance of WAG 18, The experiments were performed at three different WAG ratios of 1:1, 4:1,
and 1:4. The results implied that the optimum WAG ratio is 1:1. Comparing this optimum ratio to that
obtained by Stalkup’s method, it reveals that the optimum WAG ratio based on the Stalkup approach
offers a higher oil recovery, but it fails to suppress the viscous fingering at an acceptable level 14°.

A number of simulation studies suggested an optimum WAG ratio of 4.1 which is much greater than the
optimal WAG ratio of 1:1 proposed by the experimental studies 1%8. The differences between predictions
of optimal WAG ratio from theoretical and experimental studies might have various reasons such as
neglecting gravity force and reservoir heterogeneity. In addition, the relative permeability and capillary
pressure curves may also cause error **3. Gorell showed that over a limited range of WAG ratios (the
optimum WAG ratio in which the solvent-water and oil bank move at equal velocities), the displacement
efficiency is insensitive to the amount of water injection . In most field studies, a WAG ratio of 1:1 is
used due to higher recovery efficiency, although other WAG ratios are also applied. Injection below or

above the equal velocity is unfavorable, since it causes viscous instabilities and higher residual oil °.
2.6.3 Tapering

When the WAG injection is progressing in a porous system, the tapering phenomenon occurs due to an
increase or a decrease in the water/gas ratio ©. The relative volume of the water compared to gas can be
increased at the later stages of the WAG injection to control the flow problems such as gas breakthrough
and channeling 1. Tapering becomes important when the injected gas is expensive; in such a case, fluid
recycling is needed 2. Tapering during the CO.-WAG injection is implemented to optimize the oil
recovery and to attain a better use of CO; gas. It is better to initially inject the gas at high flow rates and
to decrease the flow rate in the later cycles . Tapering was found to be useful in reducing the CO;
production and in improving the CO: injectivity. Chevron applied a tapered WAG injection through
increasing the ratio of water-to-gas in a step-wise process at predesigned quantities of solvent bank to
alleviate the CO; production 22, Khan et al. investigated the optimization of miscible WAG injection
using tapering technique by varying duration of the gas injection cycles in which the time interval of gas
injection was decreased with injection time %3, They concluded that tapered WAG is more efficient than
the uniform WAG injection when the duration of both gas and water cycles are the same and fixed 3,
Tapered WAG also reduces the response time through shortening the arrival time of the oil bank at the
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production wells. Thus, this strategy can offer an efficient usage of gas, which leads to a greater oil
recovery per unit of injected gas 1*. Srivastava observed an improvement in the displacement efficiency
in the WAG injection process using gas tapering '?*. The gas tapering resulted in an incremental
efficiency of 20.73 % HCPV by increasing the WAG ratio and 23.84 % HCPV through decreasing the

ratio 12,

2.7PORE-SCALE INVESTIGATIONS ON WAG

The majority of WAG research studies have focused on the field applications, pilot tests, coreflooding
experiments, and simulation studies. The WAG injection process represents a complex phenomenon
that involves inter-phase mass transfer, multiphase momentum transfer, swelling, oil trapping, and water
blocking by injected gas slugs. The complicated nature of WAG creates strong motivation to discover
the interactions between the phases and transport phenomena mechanisms in the porous medium at
various process and fluids conditions during WAG injection through conducting pore-scale experiments.
The pore-scale tests are also useful to verify numerical modeling results and simulation outputs that
assist to track the phase movement, saturation distribution, and phase hysteresis. Dong et al. investigated
the displacement mechanisms of gas, oil, and water during IWAG injection in a water-wet micro-model
154 A stable oil layer was formed between the gas and water phases. Due to the blockage effect of gas
bubbles, the oil/water blobs could not be displaced. After the first water injection cycle, additional oil
was recovered in next water cycles mainly due to two mechanisms: water displacing the oil that was
trapped in water injected pores in the previous gas injection cycles, and water displacing oil that was
trapped in other zones when the gas refilled the water channels. A significant decrease in the oil recovery
was observed due to high water saturation and less oil discontinuity. In further cycles, fingering in long
oil channels occurred due to unfavorable high gas mobility 1>*. Sohrabi et al. conducted a series of WAG
injection tests in a water-wet micro-model where a capillary dominant flow regime was maintained *°.
Their results indicated that the corner filament flow controls the oil snap-off during the initial water cycle
injection. Hence, the process became more filament flow than piston like displacement at the pore-scale
as seen in Figure 2-11.
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Figure 2-11: Corner filament flow in a square water-wet tube: (a) profile along the diagonal line, (b) profile
along the middle of the tube parallel with sides, (c) water in the corners on top of the tube and (d) water in the
corners on top of the water column 2%,

During the gas injection cycles, the gas invades the oil trapped (after the first water cycle) in the pores
due to the lower gas/oil IFT, resulting in more oil production (or recovery). In the next water cycles, the
gas bubbles may snap off at the pore throats and become discontinuous due to the interplay of capillary
forces and local gas pressure fluctuations **°. Generally, the main improvement in the oil recovery was
achieved after a few cycles of WAG injection in the pore-scale experiments. Sohrabi and Jamiolahmady
carried out pore-scale visualization study at high pressures to further understand the WAG injection
mechanisms at different wettability conditions where a strongly water-wet glass micro-model was
utilized (see Figure 2-12) 6. The experiments showed that the relative permeability reduction and
injectivity loss take place due to the gas trapping **. In fact, the subsequent injections of water and gas
cycles lead to fragmentation and trapping of the gas in pores that limit the available area for water to

flow and consequently reduce the relative permeabilities *°.
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Figure 2-12: WAG injection in a micro-model at different cycles and wettability conditions %,

The amount of trapped gas is a strong function of the IFT between the oil and gas which highlights the
importance of further investigation on IFT impacts on gas trapping during WAG injection processes.
Sohrabi et al. repeated the tests for strongly oil-wet micro-model systems in another research study *'.
In the oil-wet micro-model, the flow was piston like displacement, and the residual oil appeared in the
form of pore surface films and corner filaments in the pores surrounded by throats *’. Suicmez et al.
employed a 3-D network model for Berea sandstone to predict the production rate and relative
permeabilities and to specify the displacement pathways during WAG injection . Over the
waterflooding cycles (in the presence of gas), the relative permeability of water is lower than that of the
gas in the gas flooding cycle as the oil/water capillary pressure increases, resulting in the
conduction/continuity of the wetting layer. However, the relative permeability of gas is higher in the
cycles after the first gas slug injection at high gas saturation due to the collective pore filling %8, In the

oil-wet pore medium, the relative permeability of water remains low until water fills the pores in the
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entire porous system. It then increases rapidly. In the presence of water, the gas relative permeability has
lower values, compared to the case where oil and gas are present since it is no longer the most wetting
phase. Suicmez et al. demonstrated the application of pore network modeling to estimate the three-phase
relative permeabilities 1°8, It was indicated that the relative permeabilities are almost independent of the
saturation path in the plot of relative permeability as a function of flowing saturation. The flowing
saturation is defined as the phase saturation minus the saturation of the phase that is trapped *8. Van
Dijke et al. used a network model to simulate the WAG injection in a water-wet micro- system where
the WAG operation was conducted after the primary drainage and waterflooding **°. A good agreement
between their simulation results and experimental data was attained. A multiple displacement chain was
predicted by the pore network modeling at higher numbers of WAG cycles as observed in the micro-
models (even water-wet media). Network model was also able to forecast the qualitative behavior of the
phases in future WAG cycles such as the gas clusters break-up and redistribution of the oil and gas
phases that yield a minor improvement in the oil recovery . Al-Dhahli et al. developed a three-phase
network model of WAG to determine the relative permeability and capillary pressure functions where
the effects of single and multiple-displacements on the residual oil saturation were investigated 160,
According to the pore network modeling results, a higher residual oil saturation was obtained in a single
displacement process, compared to multiple-displacement process. This is mainly because of the
disconnected oil, water, and gas clusters that can be mobilized in multiple-displacement (WAG), while

most of the clusters are trapped and immobile during single displacement 1,

A summary of the experimental investigations of WAG process in cores, packed columns or

micromodels is presented in Table 2-1.
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Table 2-1: Summary of experimental studies on WAG.

regardless of the layers’ arrangement.
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NA 1000
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e nMWAG has superior performance
compared to WF and GI. This is
especially true for low permeability and
mw cores.

o WF performs better in mw and Gl
performs better in the ww cores.

e For nNMWAG, it is better to start with
WF cycle in mixed-wet and with Gl

cycle in the ww medium.
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e SWAG: 62% RF after WF cycle, and
88% RF at the end of SWAG.

e FA-WAG: 61% RF after WF cycle and
92% RF at the end of FWAG.
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using N2 was not significant. Max RF
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e Gas injection alone gave RFc02=73.5%
and RFn2=45.6%.
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e Using HC gas mix, 43% increase in
IWAG recovery observed when #cycles
increased from 1 to 5.

o Incremental RF in CO2-MWAG had
120% increase compared to HC-IWAG
(5 cycles).

e Tapering (increasing) WAG ratio
improved incremental recovery but did

not changed total recovery much.
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e Increasing Oz contamination from 0 to
10% (by mole) decreased the RFwac
from 12 to 10% in immiscible and from
33 t0 27% in miscible mode.

o Total RF decreased from 28 to 20% in
IWAG and from 73 to 57% in MWAG.
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e The effect of oil viscosity on RFwac
was more than that of permeability.

e For viscous oil, CO>-WAG was more
efficient than CO: flooding and less
efficient than WF.
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In Table 2-1, the performance of WAG process is assessed through recovery factor or residual oil
saturation and is compared to baselines such as stand-alone gas injection (Gl) or waterflooding (WF)
processes. Different attributes of the experimental works such as WAG process (type, recovery mode,
number of cycles, slug size, water-to-gas ratio, temperature and pressure), WAG fluids (oil, gas, and
brine), porous medium used (type of porous medium and its permeability and porosity ranges), and the

WAG performance (recovery range and major conclusion remarks) are chronologically summarized.

2.8 FIELD AND PILOT APPLICATIONS OF WAG PROCESS

Prior to conducting a WAG project, it would be vital to have a comprehensive literature survey on its
field application studies. In general, WAG injection is a mature EOR technology; so, there are numerous
successful WAG projects in the North Sea, US, and Canada. The field and pilot studies of the WAG
injection processes are summarized in Table 2-2. This section provides details on the realistic large-
scale WAG projects across the world.

Table 2-2: WAG injection projects across the world.

Project/field Year  Scale Process Objective Ref.
Statfjord 1997 Field WAG Increased incremental oil recovery 19
Mangus 2002 Field MWAG Improved Areal and vertical sweep efficiency 172
Siri 1999 Field SWAG Increased oil recovery s
Snorre 1997 Field FAWAG Improved gas sweep efficiency 5
Petrotrin 1999 Pilot WASP Increased oil recovery and reducing the capital cost %
Dulang 2002 Pilot IWAG Increased oil recovery 174
Ivanic 2001 Pilot MWAG Increased oil recovery 175-176
Abu Dhabi 2005 Field MWAG Enhanced oil production %
Cranfield 2015 Pilot PAG Improved water sweep efficiency 1w
West Africa 2009 Pilot WAG Reduced gas flaring and improve oil recovery 18
Lagocinco 2000 Pilot IWAG Increased oil production s
Abu Dhabi 2007 Pilot IWAG Increased sweep efficiency and optimize oil recovery 180

Christensen et al. reviewed WAG field projects from 1957 to 1996 where the main process and reservoir
characteristics influencing the performance of successful and unsuccessful projects are systematically
discussed . USA with 37 WAG field projects (in the period 1957 to 1996) has the highest number of
executed WAG injection projects . Many other WAG projects with various injection strategies are
performed after 1996. Offshore (such as in North Sea) WAG injection has different prospects in terms
of equipment requirement, and drilling and operating expenses. Awan et al. reviewed EOR projects
(including WAG) in the North Sea fields during the period 1975 to 2005 3. In 1997, Statfjord field

experienced a pilot scale WAG injection in Brent reservoir in the North Sea 3. Achieving successful

51



results, the project was extended to the entire oilfield. At the beginning, the recovery factor was 56 %
and the water cut was 70 % in the Statfjord field. Over five years of WAG injection, the water cut was
reduced (from 90 % to 20 % in some wells), and increase of the oil recovery rate and GOR were
experienced . In 2002, a field-scale immiscible WAG injection was implemented in an isolated sub-
block part of the Dulang field for the first time 1’4 The main objectives of this pilot test were to verify
the contribution of IWAG in improved sweep efficiency, to obtain optimal conditions for the design and
operation of WAG processes, and to determine the magnitudes or/and typical ranges of recovery factor
and capital and operating costs. The results obtained from the water and gas tracers’ injection tests
indicated the possibility of high flow transmissibility between the wells, and a reasonable increase in the
oil recovery factor (by 7 %) and production rate. The Dulang field was recognized as a good potential to
experience the WAG injection approach after these promising results 14, In 2003, the first WAG cycle
in the sandstone lvanic pilot at Croatia oilfield was examined where the CO: injection rate was 50000
mé/day and the injection rate of water was 160 m*/day after six months of continuous CO; injection ">
176 The pilot study was run to evaluate the oil recovery after five cycles (6 months of CO; injection and
6 months of water injection) over 19.5 years. Due to the financial problems, the pilot test was stopped
after two WAG cycles; however a decision was made to establish a full-field project 1">17¢, In 2005, an
enriched hydrocarbon WAG injection was implemented in a heterogeneous, low dipping, and tight
carbonate oil reservoir in Abu-Dhabi onshore oilfield, in UAE 3. The tests and observations did not
show early gas breakthrough, asphaltene deposition, and corrosion while operating the project. The only
main problem was the injectivity loss during the waterflooding which was compensated through
increasing the injection pressure. Although, no recovery factor was reported for this project, an increase
in the oil recovery by 10 % was expected *°. Kong et al. conducted pilot tests of Polymer Assistant Gas
(PAG) and WAG injection in Cranfield reservoir located in Mississippi, USA, featuring a gas cap, an oil
ring, and a water leg at various depths ’”. They employed a commercial chemical flooding simulator
(e.9., CMG-STARS) to simulate polymer and CO. flooding. Hybrid approaches of WAG and PAG
injection were applied by injecting water (or polymer) and CO> with the ratio of 1:1 where the duration
of each cycle was three months. According to their results, PAG with recovery factor of 74 %
outperformed the WAG injection with 68 % recovery factor and CO> flooding with 59 % recovery factor.
The higher recovery factor of PAG was attributed to the reduction of the reservoir pressure that leads to
less injection volumes of water and CO; fluids 1'7. A WAG pilot was established in a down-dip injector
located in offshore West Africa to decrease the flare gas release (to environment) and to enhance the oil
recovery 1’8, Through alteration of a water injection well to WAG injector, the WAG process
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successfully attained the project goals in which the water cut and oil recovery curves were monitored
over the project. After successful implementation of this pilot test, the down-dip water injectors were
changed to WAG injectors and this change caused promising recovery performance 8. Based on a study
conducted by Hinderaker and Njaa, the ultimate recovery factor of the Norwegian WAG/gas injection
projects was in the range of 53 % to 66 %; a total oil production of 2012 to 2026 MMSTB was achieved
through utilizing WAG technique 8. A pilot No-WAG injection was conducted in Lake Maracaibo field
with a light oil and an increase of 4.4 % STOOIP was achieved compared to the waterflooding. It was
also concluded that hydrocarbon-WAG (75 % of methane) operation has a greater performance due to
stronger swelling effects and higher solubility in oil, compared to the No>-WAG strategy. The project
caused a 2-3 % improvement in oil recovery at the field scale *’°. In 2007, a gas injection process in a
carbonate reservoir in an onshore Abu-Dhabi oilfield was converted to a WAG pilot test with 3-month
cycles 8. With the aid of extensive monitoring programs (e.g., BHCIP, PBU, and PFO), the simulation
results demonstrated a significant improvement (up to approximately 68 % in some wells)in the sweep

efficiency through implementation of WAG approach over five years %,

2.9SIMULATION/MODELING AND OPTIMIZATION OF WAG
The theoretical aspect of WAG process has been studied through extensive modeling and optimization
works, including analytical, numerical, empirical, stream-line, forecasting, data-driven, pore-scale
simulation, and optimization of WAG processes. According to the literature, researchers investigated the
effects of different variables such as cyclic injection configuration, 8" 166 18219 WAG ratio, cycle
volume, wettability 182 188.191-192 " hysteresis, relative permeability, capillary pressure 388797, 185, 188, 190-
196 gravity segregation 1, capillary instability 1% %7  petrophysical properties 97186192 'heterogeneities
87, 166, 182, 187, 190-193, 198 1 mlSCIbIlIty 87, 185-186, 189, 193, 199-200’ compositional effects 87, 194, 199, 201, operating
conditions such as temperature, pressure and injection rate 87 185 187,189, 192, 198-200, 202 || pattern 2% |
scaling ®” 192 | initial water saturation * | and asphaltene precipitation %2, Pore scale simulations of the
WAG process have also been investigated since 2002 %8 192.203-204 "1 thjs review, we will discuss more
about the macroscopic modeling of WAG. The macroscopic mathematical modeling of WAG is
conventionally based on the Muskat extension *® of Darcy’s law in the context of Reimann’s problem of
three-phase flow in porous media. There has been a strong debate in the literature regarding the analytical
solution of the three-phase flow using the Muskat method 2% . Some researchers suggested that the three-
phase relative permeability models such as Stone 12%° model will result in the loss of hyperbolicity in
particular ranges of fluids saturation. Juans and Patzek 2% argue that a physically realistic three-phase
flow in porous media should have hyperbolic nature. Therefore, such relative permeability models will
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result in a mathematical model that does not capture the physics of three-phase flow in porous systems.
A review on the comparison of various formulations of the three- phase flow in porous media is given
by Chen and Ewing 3’. The mathematical modeling of a conventional WAG process is more challenging
than continuous three-phase flow in porous media due to its cyclic nature. In the WAG simulation, the
relative permeability to a specific phase depends on: 1) the saturation history of the displacement process
(drainage or imbibition), and 2) the chronologic cycle history ®7 in which each cycle has the scanning
curves for the saturation-increasing and saturation-decreasing paths 2°* .An excellent review of the three-
phase relative permeability models that can be applied in WAG process has been recently provided by

Beygi et al. 2%,

Current WAG simulations with the three-phase hysteresis models of relative permeability and capillary
pressure still suffer from mass transfer ignorance between phases (near miscible), especially when one
phase disappears % 20! . The compositional effects also become important in determination of
equilibrium parameters (such as end-point saturations in relative permeability models); dynamic tuning
of the WAG simulation parameters may become inevitable when the oil phase evaporates or absorbs the
injected gas 18 207 In a WAG simulation, the three- phase hysteresis is found to affect the relative
permeability of the non-wetting phase more than that of the wetting and intermediate wetting phases
; however, the three- phase hysteresis effects become less important in the MWAG injection (compared
to IWAG) 8 . A comprehensive review of the experimental studies on three- phase flow relative
permeability measurements is given by Alizadeh and Piri 2%, which can be used as the input

data/function for simulation studies on WAG.

In the following, we report a brief progress in the development of numerical simulation studies of WAG.
Larsen and Skauage * proposed a methodology in the simulation of WAG, by integrating the three-
phase hysteresis models with the three- phase flow model in porous media. They demonstrated that the
two-phase hysteresis models are not able to explain some features such as irreversible hysteresis loops
which are observed in the relative permeability behavior. New correlations for three- phase relative
permeability were also introduced. They were able to correctly capture characteristics of the WAG
processes such as increased oil recovery and decreased gas mobility due to the three- phase hysteresis
effects. They found that the WAG models that utilize the three- phase relative permeability models (and
three phase hysteresis) predict a higher oil recovery factor (and consequently more accurate values),
compared to those models without a hysteresis model or with a two-phase hysteresis model. Egermann
et al. ®” simulated the WAG process based on three- phase relative permeability hysteresis models. In

agreement with their experiments, they found that the two- phase hysteresis models cannot capture the
54



performance of three- phase flow in a cyclic process such as WAG. They proposed a methodology to
modify the relative permeability formulations proposed by Land *°, in which the hysteresis effect was
attributed to the pore structure of the porous medium only without including the hysteresis effects of the
process (imbibition/drainage). This modification was performed by using different constants in the Land
model to account for the irreversibility of relative permeability scans. Using Implicit Pressure Explicit
Saturation (IMPES) simulation of WAG, they concluded that the three- phase hysteresis influences the
non-wetting phase more and it does not considerably affect the wetting phase. The ratio of vertical to
horizontal permeability was found to significantly influence the WAG performance. Fayers et al. 2%°
suggested a procedure to calculate the three- phase relative permeability and capillary pressure models
and they used it to simulate the three- phase flow with applications to WAG. They used Baker’s 2%
relative permeability model and modified it to include the saturation of all phases in the three- phase
relative permeability model, considering the compositional effects. Hajizadeh et al. ‘¥ simulated a field
scale miscible WAG injection in Mangus field. They first simulated a fine grid block. After upscaling,
they used the Todd and Longstaff formulation ?** to account for the miscibility condition in WAG. Klov
et al. 12 conducted multi-scale modeling of WAG. They proposed a mathematical framework for pore-
to-field scale modeling, and applied it to Etive formation in North Sea. The input parameters to the field-
scale simulation (such as relative permeability and capillary pressure) were initially obtained through
pore-scale modeling which was tested for 11 different rock types. Upon steady-state up-scaling, the
properties of facies scale heterogeneities were obtained. They utilized the effective relative permeability
and capillary pressure curves through standard saturation weighted model that relied on two- phase
relative permeability models. This framework allowed them to avoid using history matching to obtain
the parameters of the input models. The framework was successfully tested in the Etive formation.
Heermans et al. 8" conducted mathematical modeling of WAG in fractured porous media. They
performed 2D fine grid simulations using the dual porosity model and a transfer function to account for
matrix-fracture flow communication in a proxy model. They found that the shape factor used in the
transfer function is significantly affected by the reservoir properties and injection type. After conducting
scaling analysis, they concluded that the effective permeability to phases, and matrix and fracture
permeability values contribute the most to the recovery achieved by WAG. Skauge and Dale ** reviewed
the progress in the modeling of WAG, focusing on three- phase capillary pressure and three- phase
hysteresis models. They proposed a methodology to obtain the three-phase capillary pressure model from
two- phase capillary pressure data. A better match was attained (in the simulation of WAG) when the
three- phase capillary pressure model was included. Moreover, the inclusion of capillary pressure
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resulted in an increase in the oil relative permeability and a decrease in the relative permeability of the
injected fluid. The simulation study was then able to predict the shape of recovery plot, breakthrough
time, and injection pressure better. Hustad and Browning '* conducted implicit compositional
simulations of WAG where the three- phase hysteresis is included. The relative permeability and
capillary pressure were allowed to correlate to all three saturations, and three sets of saturations in the
hysteresis model were used. Both hysteresis and hydrocarbon miscibility were considered and the end-
points in the models (relative permeability and capillary pressure) were allowed to change dynamically
by capillary number scaling to account for the compositional effects. The model was tested in water-wet
and mixed-wet media, and the proposed model was found to improve the recovery results. Shahverdi
and Sohrabi ** conducted IMPES simulations of WAG with focus on the effect of gravity segregation.
When the gravity segregation was included in the simulations, it decreased the total mobility; it was
more pronounced in WAG with a smaller volume of the injected fluids. Duchenne et al. 8 adopted the
mathematical modeling framework of Larsen and Skuage % in simulation of WAG and developed an
optimization algorithm to obtain the parameters of three- phase relative permeability models, based on
two sets of experiments. They argued that the history matching should be conducted simultaneously for
all experiments (at different conditions) and not for individual experiments. The simulation results were
validated by the coreflood tests at near miscible conditions in sandstone cores. It was found that
simultaneous optimization (history matching) tends to better results. Streamline (also called front-
tracking) methods have also been used for the modeling of three - phase flow in porous media that in
general combine analytical solution to Riemann problem 2% with a front tracking method 2. Researchers

have also implemented the streamline method for modeling of WAG processes 2% 213,

A summary of the studies that were found in the literature on experimental (in cores, sand-packs, and
micromodels), and theoretical (macro- and pore-scale mathematical modeling, simulation) aspects of
WAG is summarized in Table 2-3. This table is organized to chronologically show the focus of each
study including the four categories of 1) fluid properties, 2) reservoir properties, 3) operating conditions
and 4) pore-scale mechanisms. In the miscibility condition, M, | and nM are used for miscible,

immiscible and near miscible conditions.
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Table 2-3. Summary of literature works on WAG with their focus of study.

Effect Year Variable(s) studied Process g’—'\’\//lllsm?'“rtm Porous Medium Scale Ref.
1993 Mobility control CGI, WAG,SWAG M - - Sandstone Pilot %
2005 Brine composition and miscibility WAG, CGI M 1 - Berea sandstone Experimental 8
2006 Gas type (N2, CO,, enriched gas) WAG -0 - Sand pack Experimental 165
2010 Brine composition WAG M - - Berea sandstone Experimental 126
» 2010 Salinity WAG, PWAG - - Sandstone Experimental 68
£ 2012 Gas type (N2, CO,) WAG, CGI M 1 - Carbonate Experimental 12
S 2013 Salinity WAG M - - Sandstone Experimental 170
S 2014 Salinity CGI, WAG,SWAG M | - Carbonate Modeling 129
< 2014 Salinity WAG M - - Carbonate Compositional Simulator 182
2 2014 Gas type (Ny) SAG, WAG, WF,CGI - | - Sand pack Experimental 19
2015 Salinity WAG -0 - Berea sandstone Experimental 130
2015 Salinity WAG M - - - Simulation (CMG-STAR) 13t
2015 Gas type (N2, CO,, associated gas) WAG M - - Sandstone Experimental 120
2015 Gel treatment WAG - - - Simulation 24
2016 Salinity WAG M - - Carbonate Compositional Simulator 215
1982 Heterogeneity CGI, WAG M - - - Simulation (Todd, Dietrich) 8l
1985 Wettability WAG, CGI M - - Bead-pack Experimental 162
1988 Wettability WAG, CGI M - - Sandstone Experimental 4
¢ 2000 kr WAG M - - Sandstone Simulation o
£ 2003 K WAG -0 - Berea Sandstone Experimental %
S 2004 Vertical gas sweep SWAG M 1 - - Simulation (quasi steady-state) 2%
E— 2005 k. hysteresis WAG -0 - Berea sandstone Simulation (ECLIPSE 100) 1ot
S 2005 ks, injection loss WAG - - Glass micromodel Experimental 156
2 2009 Optimal parametric design WAG M - - - Simulation 2
§ 2011 Wettability WAG, CGI, WF - - nM Sandstone Experimental 167
g 201 k. hysteresis, P., wettability WAG -0 - - Network modelling a7
o 2013 kr, Hysteresis, wettability WAG - - Sandstone Experimental and simulation 1%
2013 Kr WAG M 1 - - Simulation 87
2014 Heterogeneity, K WAG, PAG, CGI M - - - Simulation (ECLIPSE 100) "
2014 Relative permeability, wettability WAG M - - - Experimental 109
1985 WAG ration, wettability WAG, CGI M - - Bead-pack Experimental 162
1991 WAG ratio WAG, CGI M - - Berea Sandstone Experimental 108
1992 WAG ratio WAG, CGI M - - Berea Sandstone Experimental 163
1999 WAG ratio WAG M - - Sandstone, carbonate Experimental 163
2001 WAG ratio and slug size WAG M - - Sandstone Simulation 186
» 2003 WAG ratio, flow rate WAG M - - Bead-pack Experimental 143
g 2003 WAG ratio and flow rate WAG M - - Glass bead pack Experimental 143
E 2005 Injection pattern WAG M - - Carbonate Modelling 28
g 2007 WAG ratio, viscous fingering WAG M - - - Experimental 219
= 2010 Heated WAG Heated WAG - - Sand pack Experimental 220
§ 2010 Slug ratio WAG, CGI, WF - - - Experimental 169
B 2011 Cycle time and slug size WAG, CGI, WF M - - - Simulation (E100, E300) 135
é- 2012 Tapering WAG I - - Experimental 124
2014 Injection rate WAG, CGI, WF - - Carbonate Experimental i
2015 Injection pattern WAG - - Carbonate Simulation (ECLIPSE) 139
2015 Injection rate, WAG ratio, slug size WAG M - - Berea sandstone Simulation 21
2016 Injection pattern, injection rate WAG M - - Limestone Field operation 222
2016 Injection rate WAG, SWAG - - Carbonate Simulation (ECLIPSE 100) 2%
2016 Tapering WAG - - - Simulation 158
2005 Three phase flow mechanisms WAG M - - Glass micromodel Experimental 154
g€ 2000 Visualization of three phase flow WAG - - Glass micromodel Experimental 185
é 2006 ki, hysteresis, wettability WAG - - Berea sandstone Pore Network modelling 158
5 2002 Three phase flow processes WAG -0 - Glass micromodel Network modelling, Experim. 159
g 2011 Three phase flow processes WAG -0 - Berea Sandstone Pore Network modelling 160
L 2013 ke, Pc WAG -0 - Berea Sandstone Pore Network modelling 224
g 2008 Pore scale fluid distribution SWAG - - nM  Glass micromodel Experimental 110
@ 2005 Oil displacement mechanisms WAG - | - Sandstone, micromodel Simulation, Experimental 225
& 2014 Recovery enhancement using nano-particles WAG - - Glass micromodel Experimental 226
2014 Miscibility, IFT, wettability WAG - - nM Carbonate Experimental 21

* M=Muiscible, I=Immiscible and nM=near Miscible
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2.10 THEORETICAL AND PRACTICAL CHALLENGES OF WAG
IMPLEMENTATION
2.10.1 Field Challenges

Operating an EOR/IOR project in any scale (field, pilot or lab) is always associated with numerous
limitations and challenges. In WAG injection processes, process and thermodynamic conditions of both
water flooding and gas injection affect the production efficiency. Generally, the major practical

challenges in most field applications of WAG can be classified as follows:

e Early breakthrough 228-230,

° |njECtiVity |OSS 6, 73, 75, 82, 122, 222, 230-2311

e Corrosion 232234

e Asphlatene and hydration formation & 13 235236,

Awan et al. reviewed the EOR technologies including WAG projects that were conducted in North Sea
fields 3. They briefly discussed about the experimental, techniques, and global statistical aspects of the
EOR projects . The operational problems and reported limitations of the WAG projects in the North
Sea fields were discussed. The main issues were related to equipment such as compressor specification
(e.g., compression of enriched gas) in Gullfake field during miscible WAG injection or tubing
malfunction due to heating and injected gas expansion in Brage field 2%°. In the Brage field, the gas
breakthrough occurred after three months of WAG initiation, and a low sweep efficiency was observed
in the next gas cycles 22°. The main reason for this problem was a thin and high permeable layer that

behaved as a thief layer which linked the production and injection wells.

The availability of gas for gas cycles is also a challenge, such as that in Gullfaks field 2. Due to gas
availability and market price, a majority of the North Sea fields experience more gas injection in summer,
compared to winter 27, In Snorre field, the leakage of tubing annulus imposed a high cost in compressors’
maintenance due to corrosion. Early breakthrough occurred due to the channeling of gas in high
permeable layers. The issues reported above are the main operational problems during the HC miscible
WAG injection & 2%, In Ekofisk field, the pilot operation was failed during SWAG injection because of
hydrate formation 2%8-2%°, The same EOR process was implemented in Siri field and the main problems
for this Iranian field were unfavorable field characteristics (low horizontal permeability and porosity)
and the injectivity problems 238-23°, During FAWAG operation in Snorre field (SnA-CFB), the major
concerns were the injectivity of gas below the fracture pressure and the vertical connectivity of the layers

that prevented the foam propagation & 2%, Injectivity loss corresponding to the reduction in injection
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rates of gas slugs and water slugs was an initial concern in this project in both continuous gas and WAG
injection processes 8 2! It has been reported that about 20 % of the reported water injectivity loss
happen in the WAG injection projects 22, Rogers et al. reviewed CO2-WAG injectivity abnormalities,
and systematically discussed the hypothesis and theories that create this phenomenon during CO-WAG
injection ’. They concluded that the factors affecting the injectivity of CO2-WAG are oil bank mobility,
water salinity and pH, wettability, dissolution, precipitation and invasion of fluids, fluid trapping or
bypassing, relative permeability, reservoir heterogeneity, and phase behavior ’. Ghahfarokhi et al.
observed two types of CO2-WAG injection patterns; 1) WAG-sensitive which is a general form of
injectivity loss that occurred during above 150 injection patterns, and 2) WAG-insensitive which
includes injectivity loss characterized by differences in injectivity profiles, Dykstra-Parson (DP)
coefficient, and injectivity indexes. The WAG flow is not able to notably redistribute the flow injection
profiles in high permeable and low heterogeneous regions of the reservoir. There is a high chance of
injectivity loss problem in wells with DP coefficient of 0.81 or more and injectivity indexes of 10
bbl/psi/day or less. A decrease in Dykstra-Parson coefficient, production of oil, gas and water for WAG
sensitive-wells was also noticed, while a majority of patterns were WAG-insensitive for which no
production decline was noticed. It was recommended to design a longer CO2 and shorter water cycles
(drier WAG cycles) over CO2-WAG injection operation for the wells with injectivity values lower than
10 bbl/day/psi 2%2. One of the common challenges with the WAG injection is that the oil recovery rate
significantly decreases with more WAG cycle injections due to a significant increase in the water
saturation and reduction in oil phase discontinuity 1°* 5% 204 Although WAG can effectively controls
the gas mobility, highly heterogeneous reservoirs still challenge this recovery technology. Choi et al.
suggested gel treatment during CO2-WAG injection to overcome unfavorable sweep efficiency as a
result of gravity override effect and the channeling problem caused by inappropriate mobility ratio
between oil and CO, %4, These unfavorable conditions decrease the sweep efficiency that leads to low
recovery factor 214, They simulated the hybrid gel treatment with CO2-WAG injection, using dynamic
gel viscosity in a heterogeneous heavy oil reservoir. To quantify the extent of permeability reduction by
gel treatment, the following equation was introduced by Lake et al., which is called Residual Resistant
Factor (RRF):

(kl)initial

RRF, =%
(7W)final
Ho

(2-15)
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The (K, / 24, )initia @nd (K, / £4, )sinas @re the ratio of water permeability over water viscosity before and

after gel treatment, respectively. Eqg. (2-15) is an assessment tool to demonstrate the permanence of
permeability reduction during polymer solution flooding 24°. The simulation results indicated 31 %
improvement in the oil recovery by applying micro gel assisted WAG (considering dynamic gel
viscosity), compared to traditional WAG injection because of better conformance (or displacement

performance) and mobility control (e.g., reduction in oil viscosity) 24,

Another strategy to overcome unfavorable sweep efficiency and mobility ratio is Viscosity Reducing
WAG (VR-WAGQG) injection which was developed to improve the recovery of viscos-oil reservoirs. This
technique leads to mixing of heavy components of oil with produced lean gas to create Viscosity
Reducing Injectant (VRI). This method reduces the oil viscosity up to 90% and improves the oil recovery
factor by 15-20 % 241,

Generally, EOR techniques in fractured reservoirs are challenging for the petroleum industry. Due to
early breakthrough and flow channeling in the fractures, the injected flow directly goes from the injection
wells to the production wells. Chakravathy et al. suggested water viscosified with polymer to be injected
directly into fractures in order to redirect the CO; flow to the matrix and to postpone the breakthrough
228 They also recommended that a cross-linked gel can be used for the conformance control to overcome
the water leak off to the matrix. The control and regulation of injection operational conditions in WAG
are challenging, especially when CO: is injected in the gas cycles. Generally, the contact of CO. and

water leads to corrosion of tubing, resulting in serious technical, environmental, and economic concerns
232

2.10.2 Research Challenges and Problems

During WAG injection in a reservoir, two processes of imbibition and drainage are involved which take
place sequentially; it results in complex saturation patterns as both gas and water saturations increase
and decrease alternatively. Hence, a reliable modelling of WAG process requires a comprehensive
knowledge on three-phase relative permeability and capillary pressure, including the saturation
directions and cyclic hysteresis effects °. Several correlations for calculating the three-phase relative
permeability are provided in the literature 8 %; however, they suffer in situations where the mass transfer
between phases occurs and specially when one phase disappears. Dynamic effects due to the evaporation
of residual oil and adsorption of injected gas in the residual oil also increase the complexities. Previous
studies show a remarkable error in the performance of WAG obtained from simulations by applying

inappropriate three- phase model parameters % %2 101-102 - An accurate prediction of the three- phase
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relative permeability data based on the rigorous and reliable models or experimental data is still
remaining as a challenging issue. One of the challenges regarding the reservoir simulation of WAG
injection at heterogeneous reservoirs is the sensitivity of the process to the K\/Kn (vertical to horizontal
permeability) ratio. For example, Jackson’s simulation studies indicated that as the K\/Kj ratio increases,

the vertical displacement improves, while it adversely influences the overall oil recovery 162,

WAG simulation in the fractured carbonate reservoirs becomes computationally expensive due to the
multiscale heterogeneities and matrix transfer mechanisms that should be involved through a detailed
model with a large number of grid cells 2, The connectivity of the fracture network and the variability
in the matrix structure are two sources for uncertainties in fractured carbonate flow behavior in WAG
injection 242243 For example, Agada used data-driven surrogate modelling technique which significantly
lowers the computational cost for CO>-WAG injection in a fractured carbonate reservoir through
completing each model evaluation in 13.2 seconds, compared to 8.2 hour-time needed for numerical

simulation runs, using the mathematical structure for three- phase flow in porous systems 82,
2.10.3 Economical and Practical Aspects

WAG injection was originally developed to control the mobility of gas phase in a porous medium during
gas injection process; it is the second widely used EOR process with economic benefits 8. Increased
concerns over the greenhouse gas emissions lead to the evaluation and realization of CO> potential as a
carbon storage technique. Previous studies on CO.-EOR (WAG) projects suggest a promising feature
because of low cost of CO. source, availability and high gas utilization efficiency (167-227 sm®
CO,/STB oil) 2*. With an increase in the global awareness about sustainability, global warming, and

new environmental regulations, CO2-EOR is receiving an increasing attention from energy industries
245

It is believed that approximately two-third of the original oil is place is bypassed after primary and
secondary recovery processes 26, A recent report by the Department of Energy 2’ suggests that the
tertiary techniques of CO,-EOR can recover an additional 20 % of the Initial Oil In Place (IOIP). If it is
applied to all of the U.S reservoirs, this additional recovery is equivalent to 87.1 billion barrels. At an
oil price of $70 per barrel and a CO price of $45 per metric ton, 45 billion barrels oil can be potentially
produced by the CO,-EOR 2#'. A sensitivity analysis on economic factors of the CO,-WAG injection in
a low permeable heterogeneous reservoir was conducted by Changlin-lin. Three configurations of WAG

were suggested (allocation of injection rates, tapered Water-Alternate-Gas, and their combinations).
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They investigated different cases for oil price varying between $50-$140 and found the peak in the Net
Present Value (NPV) in the range of 2-4 years, depending on the oil price and CO; price *'.

2.11 CONCLUSIONS

WAG injection is a mature EOR/IOR technique with successful experiences in many projects from pore
to field scales. Due to its proven performance, different variations of WAG were introduced by
researchers to enhance its production characteristics through modifying the liquid phase, gas phase and
operating conditions. This includes alternate processes such as Foam Assistant WAG (FAWAG),
Simultaneous Water and Gas injection (SWAG), Polymer Alternating Gas (PAG) or Polymer Assistant
WAG (PAWAG), and Water Alternating High Pressure Air Injection (WAHPALI). Despite extensive
recent investigations on theoretical, experimental and mechanistic aspects of WAG, no comprehensive
review is available in the literature. In this chapter, the effects of important variables on WAG
performance (fluid properties, reservoir properties and operating conditions) are extensively studied and
summarized. The pore-scale and field scale implementations are studied and important technical
challenges are given. The following key conclusions are drawn based on this review.

e COg is the most common gas used in the WAG operations and it has advantages over N2 or Oz. The
use of high-pressure air is also recently proposed due to its abundance.

e Brine composition and salinity are important parameters in WAG. Low salinity water injection has
been recently proposed for the water cycles; although the performance of LSW in waterflooding is
proven, its performance in WAG is controversial in the literature.

e Five-spot pattern is found the most common injection pattern employed in the WAG projects.
However, it may result in poor volumetric sweep efficiency due to extensive upward gas migration.
Horizontal wells may be alternatively used to overcome this problem.

e WAG injection at equal volumes of water and gas cycles (WAG ratio = 1:1) is preferred and results
in optimal oil production. However, the WAG ratio does not influence the oil recovery performance
in mixed-wet formations.

e The saturation history in individual drainage and imbibition processes, and the chronological cycle
history of water and gas injection in the WAG will significantly affect the distribution of fluids in
three-phase flow. Mathematical modeling of WAG demands the inclusion of these two types of
three-phase hysteresis effects that if accounted, will increase the oil mobility and decrease the gas

mobility, resulting in more realistic predictions.
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In both miscible and immiscible WAG recovery processes, an accurate relative permeability model
is needed to determine reliable values of fluids distribution and production in the three phase flow in
porous media. The relative permeability models become less accurate in near miscible conditions
when mass transfer between the two phases occur. Due to the complexity of the WAG flow pattern,
the classical techniques to obtain relative permeability may not be efficient.

Wettability significantly controls the performance of WAG process. Optimal values of injection rate,
WAG ratio, number of cycles, brine salinity and polymer additive concentration will be significantly
affected by the wettability.

Tapering (WAG ratio variation) is a potential strategy to control excessive gas production. It also
reduces the response time and accelerates the oil bank, reaching the production wells.

The most common challenges in WAG operation are early gas breakthrough, injectivity loss,
corrosion, and the potential for asphaltene and hydration formation. Of potential solutions for those
problems originated by the adverse mobility ratio include hybrid gel treatment, viscosity reduction
WAG (VR-WAG), and polymer additives in water.
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NOMENCLATURES
Acronyms
AOIR Allocation Of Injection Rate
CaGl Continuous Gas Injection
CWAG Chemically enhanced Water Alternating Gas
EOR Enhanced Oil Recovery
FAWAG Foam Assistant Water Alternating Gas
Gl Gas Injection
GWR Gas Water Ratio
GOR Gas Oil Ratios
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HCPV
IFT
IOR
IWAG
LSWAG
LSWF
MMP
MRF
mw
NPV
nMWAG
OQIP
ow
PWAG
PAG
RRF
SAG
SWAG
TWAG
VRR
VRI
VDP
WAG
WASP

English letters
E

g
K
L

Hydrocarbon Pore Volume
Interfacial Tension

Improved Oil Recovery
Immiscible WAG

Low Salinity WAG

Low Salinity Water Flooding
Minimum Miscible Pressure
Mobility Reduction Factor
Mixed-wet

Net Present Value

Near Miscible WAG

Original Oil In Place

Oil-wet

Polymer WAG injection

Polymer Alternating Gas injection
Residual Resistant Factor
Surfactant alternating Gas injection
Simultaneous Water And Gas
Tapered WAG

Voidage Replacement Ratio
Viscosity Reduction Injectant
Dykstra-Parson permeability variation coefficient
Water Alternating Gas

Water Alternating Steam Process

Water-wet

Total recovery efficiency
Gravity force
Permeability

Wells’ distance
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M Mobility ratio

Nca Capillary Number
Rvig Ratio of viscous force to gravity force
v Darcy velocity

Greek letters

M Viscosity

A Mobility

p Density

c Interfacial tension
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CHAPTER THREE

Mathematical modeling and simulation of water-alternating-gas (WAG) process by

incorporating capillary pressure and hysteresis effects (Published)
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ABSTRACT
Mathematical modeling and simulation of three-phase flow in porous media involves complexities

related to the three-phase relative permeability, capillary pressure, and hysteresis effects that are cycle-
dependent. Extensive theoretical studies are available in the literature, simulating immiscible and
miscible WAG processes; however, the simulation study on near-miscible WAG is overlooked. Also,
the majority of WAG simulation studies lack the cycle-dependent three-phase hysteresis that appears in
the relative permeability and capillary pressure models. In this chapter, we study the three-phase flow
modeling of near-miscible WAG process for EOR implication, using implicit pressure explicit saturation
(IMPES) method. The mathematical model simulates a WAG case study in a strongly water-wet Berea
core, using synthetic oil and brine at 38 °C and 12.7 MPa. Three cycles of water and gas injections are
used in the WAG operation. The recovery data from our mathematical model is in excellent agreement
with the experimental data of near-miscible WAG process. The absolute relative error is less than 1.7%
while estimating the ultimate recovery factor of the oil in WF and Gl stages of all three cycles. We also
study the effects of main variables such as injection rate, WAG ratio, slug size (PV) injection, crude oil
viscosity, and core absolute permeability on the WAG performance. We find the WAG ratio of 1 to be
better than 0.5 and 2 cases. Although the absolute permeability changes the breakthrough recovery
performance of individual stages, it does not significantly affect the ultimate recovery of near miscible
WAG. Increasing the injection rate decreased the recovery factor. The effect was more pronounced in
the gas injection cycles. Also by increasing the viscosity of the in-situ oil, the ultimate recovery factor
decreased by 20%. The finding from this study can help for better understanding of WAG injection on
near-miscible condition for various scenarios and at different conditions in terms of operational condition

and rock and fluid’s characteristics.

Keywords: WAG injection; Mathematical modeling; Hysteresis effects; Three-phase capillary pressure;

Three-phase relative permeability

3.1 Introduction

It has been proven that the low microscopic sweep efficiency in gas injection (GI) process is the result
of both low density of the gas phase and/or a significant difference between the densities of the reservoir
fluid and injected gas as well as the wettability of the rock which affects the capillarity of the system ¥
3, Gravity segregation, complexities in operational procedures and high completion costs have made the

Gl technique challenging and even in some cases, impractical . Water-alternating-gas (WAG) injection
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process provides an efficient method to recover hydrocarbons by combining the benefits of water
flooding (WF) and Gl °. In the oil and gas industry, the WAG injection is being considered as a matured
and reliable enhanced oil recovery (EOR) for producing the trapped oil after the primary water flooding
(WF) operation. In fact, the WAG approach has been introduced as an EOR technique to enhance the
macroscopic sweep efficiency and to reduce the cost of the GI process . During the WAG injection
process, the mass transfer can also occur between the invading and in-situ fluids, that can affect the
ultimate oil recovery and fluids’ density and viscosity /. Through several decades of the field 5810, pilot
1115 'laboratory 161° and simulation 2°2* studies of WAG process, a variety of WAG aspects have been
investigated. For instance, production mechanisms and optimal conditions have been studied from pore
to field scales at various fluid and rock characteristics 1* 25-33, Water flooding into a reservoir will cause
a phenomenon called voidage replacement in which it intend to deliver pressure support to the reservoir.
However, there are problems associated with this method including low recovery caused by the variable
permeability of fluids in the reservoir, and unfavorable mobility ratio of the injected water. These
drawbacks makes the application of WF inefficient especially facing a heavy oil reservoir 3+,

In a recent study, Khezrnejad et al. * investigated the impact of silicon oxide (SiO2) and aluminum oxide
(Al203) nanoparticles added to the brine phase in WAG injection, that decreased the residual oil
saturation by up to 20%. A systematic review by Afzali et al. ® comprehensively covers previous

experimental and modeling studies related to WAG injection process.

Modeling and simulations of the WAG process have been investigated in the literature by studying
variables such as WAG ratios, the number of WAG injection cycles *-*, wettability 4> “>#7 and relative
permeability and hysteresis 3% 42 44-45.47-54 The main difficulties in the modeling and optimizing of a
WAG process are realistic correlations between rock/fluid properties and the amount of residual phases
in the reservoir %. The cyclic nature of the WAG process and the mobility of the three-phase flow in
porous media add to the complexity of modeling of three-phase flow in porous media. There are
considerable research works in the literature with a focus on the analytical solution of the three-phase
flow and three-phase relative permeability during WAG flooding %6->". Some researchers, including
Juanes and Patzek °° discussed the hyperbolic nature of the three-phase flow models in porous media
and questioned the validity of previous models such as Stone | 5. Beygi et al. *® provided a
comprehensive review of the three-phase relative permeability and hysteresis models in the literature
with application to multiphase flow in porous media, including process WAG process *8. Beygi et al.

concluded that in a WAG process, the relative permeability of each phase is a function of saturation
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history of drainage or imbibition displacement processes and the chronological scanning curves for
saturation paths (decreasing/increasing saturation of phases) in each cycle %2,

According to the WAG simulation results, the three-phase hysteresis effects are less pronounced in
miscible WAG (MWAG) cases compared to immiscible WAG process (IWAG) #4. In addition, the three-
phase hysteresis has a greater impact on the three-phase relative permeability of the non-wetting phase
than the wetting and intermediate wetting phases *°. According to Larsen and Skauge °!, two-phase
hysteresis models may not adequately explain some aspects of the relative permeability behavior such
as irreversible hysteresis loops 1. Their model integrated three-phase hysteresis models with the three-
phase flow equations to simulate the WAG process in porous media °. The obtained three-phase relative
permeability models were able to properly capture an increase in oil recovery and a decrease in gas
mobility as the result of the three-phase hysteresis effects in the WAG process. Models without hysteresis
effects or with two-phase hysteresis models underestimated the oil production (recovery). By including
the three-phase hysteresis, capillary pressure, and relative permeability models, a higher recovery factor
was obtained, providing a better fit to the actual data 8. Egerman et al. *® demonstrated the same notion
by comparing the experimental data with the simulation results of the WAG process where the two- and
three-phase hysteresis models were used. They suggested a model that did not use the displacement
direction like imbibition or drainage patterns, but it modified the Land’s relative permeability model by
including the effect of pore structure®. Fayes et al. %° extended Baker’s ® relative permeability model
through the compositional model and included the effect of all phases saturations in the three-phase
relative permeability model. They also provided a framework to calculate the capillary pressure and
relative permeability in the WAG injection process . The simulation of MWAG injection in Mangus
field was performed by Hajizadeh et al. *°, where the MWAG process was simulated at two scales: fine
grids and field-scale. In the field-scale simulation, they applied the Todd and Longstaff mathematical
formulations ®* to attain greater accuracy. The effect of reservoir wettability was also considered in WAG
experimental and simulation studies. In general, a higher residual oil saturation was achieved in water-
wet reservoirs, compared to oil-wet systems during WAG operation ©. The wettability state of the
reservoir rock has considerable impacts on injectivity, optimum WAG ratio, injection rate, three-phase
relative permeability, and three-phase capillary pressure 28, Stern %2 studied the effect of reservoir
wettability and WAG ratio on the recovery factor by conducting a series of multi-contact tertiary CO-
core flooding experiments. They reported a lower oil recovery in cases with a high WAG ratio in water-
wet rocks due to the considerable amount of bypassed oil 2. In the mixed-wet rock samples, the recovery
factor was not appreciably affected by the WAG ratio due to the wall-coating surface of the rock by oil
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films that improve the contact of the oil and solvents 2. It was found that wettability has a profound
impact on the hysteresis effects and the three-phase relative permeability. For instance, Shahrokhi et al.
%3 employed different three-phase relative permeability models such as Stone I, Stone Il, Carlson,
Killough, and Jargon for WAG injection in mixed-wet rock samples. They showed that none of the
examined models could accurately simulate the experimental data of WAG injection under the mixed-
wet condition 3,

Klov et al. *’ provided a new multi-scale (pore-to-field) mathematical methodology based on the data of
Etive formation in the North Sea field #’. To obtain the input data, including the relative permeability
and capillary pressure, they conducted experimental tests on 11 different types of rocks to attain reliable
data for their pore-scale modeling. They also used a relative permeability model based on two-phase
relative permeability models and capillary pressure curves using the standard saturation weighed model
47 This methodology enabled them to avoid history matching for calculating the relative permeability
and capillary pressure data calculations. The simulation of WAG injection in fractured porous media
was conducted by Heermans et al. **. They simulated the process in a two-dimensional fine-grid system
by applying a dual-porosity model, using a proxy model as a transfer function to model the flow between
fracture and matrix media. After scaling analysis, they concluded the significance of the effective
permeability to the phases and the fracture and matrix communication term in the WAG injection
process. They also found the injection type and reservoir properties to significantly affect the shape
factor parameter used in the transfer function **. Skauge and Dale studied the production history of WAG
injection with focus on the three-phase relative permeability and three-phase hysteresis models. They
proposed a new model for the three-phase capillary pressure, based on the two-phase capillary pressure
data and three-phase relative permeability calculations *°. A better match with real data was obtained,
using the three-phase capillary pressure model, where they found higher oil relative permeability values
and lower relative permeability for the injected fluid . Sherafati et al. > studied the effect of gravity
segregation, using an IMPES WAG simulation model. Their results highlighted the importance of the
gravity segregation during the processes with a small injecting fluid volume; the segregation also
decreased the total mobility of the fluid system, compared to the case without including the gravity
segregation effect °2.

The mathematical modeling and simulation of the WAG injection process at near-miscible (very low
oil-gas interfacial tension or IFT) condition is overlooked in the literature despite the considerable effort
on modeling of IWAG or MWAG processes. In the near-miscible GI condition, the gas phase does not

have complete miscibility condition with the oil phase 8. This process is similar to condensing-
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vaporizing gas driving at a pressure close to the minimum miscibility pressure (MMP) value. The process
of the near-miscible WAG is efficient and practical from both the economic and operational perspectives
%, In the near-miscible G processes, the capillary forces are not as significant as those in the IWAG,
due to low oil-gas IFT; thereby, a small value of gas-oil capillary entry pressure is expected for the
leading interface to advance to the pores filled with the trapped oil. As a result, the gas phase can easily
advance into the oil phase. This mechanism creates a driving force to recover the trapped oil from pores
to the main flow stream; the oil flow would be even more improved through coupling with the flow of
the gas phase °’. Sohrabi et al. % showed that this mechanism is not active in the miscible gas injection
and immiscible gas flooding processes. A significant portion of the research studies in the literature of
WAG injection mostly focuses on the development of the relative permeability and hysteresis models

for fluid flow in porous media based on the experimental data and in-house or commercial simulators.

None of the previous research works studied the WAG injection on near-miscibility condition, while this
condition is very common in any field or reservoir. Most of studies were conducted at laboratory
condition with numerous limitations on performing sensitivity analysis due to high cost and time
consuming of the process. However, the conducted simulation studies were not comprehensive regarding
the accuracy of data and reliability of the model.

In this study, a robust mathematical explicit finite-difference modeling system is implemented by
considering the three-phase relative permeability, capillary pressure, and hysteresis models. This chapter
is structured as follows. After the introduction, a brief description of the WAG process, including a
schematic of the fluid flow direction during WAG injection in the porous media, is provided. After that,
a mathematical framework is introduced that includes the governing and auxiliary equations. The model
is applied to a case study with experimental core flooding test results to verify our model. In the results
and discussion section, the effects of various rock and fluid properties are discussed. Finally, the main

conclusions are listed.

3.2 WAG PROCESS: DESCRIPTION
In June 2018, British Petroleum (BP) statistical review ®8 of the world’s energy reported approximately
1.7 trillion barrels globally proven oil reserves by 2017. After producing 92.6 million barrels per day, a
large quantity of the oil remains in the reservoirs %. A large portion of this trapped oil is because of
capillary forces, unfavorable mobility ratio (between the displacing and displaced fluids), and unwanted
bypassed oil resulted from reservoir heterogeneities . Economical production of this trapped/residual
oil is an ultimate target of all enhanced oil recovery (EOR) and improved oil recovery (IOR) projects.
Among the EOR/IOR techniques, gas injection (GI) and water flooding (WF) are the most used and
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mature methods of oil and gas production °. The effectiveness of these techniques dependents on the
macroscopic volumetric sweep efficiency and microscopic displacement sweep efficiency (e.g., the
amount of oil produced from pore spaces) ..

The main drawbacks of the Gl are gas fingering as a result of unfavorable mobility ratio and low
volumetric sweep efficiency . The occurrences of early gas breakthrough are reported in different field
and pilot applications ">7* as a result of the gas fingering and channeling through more permeable layers.
The primary concerns of the Gl efficiency are attributed to the fluid mobility and reservoir conformance
89, Alternatively injecting water and gas (in WAG injection) lowers the gas effective permeability,
leading to a higher stabilization of the fluids’ interfaces and consequently, improving the overall sweep
efficiency. Another governing mechanism during the WAG injection process is gravity segregation,
which occurs due to the density difference between the acting phases . This mechanism can improve
the vertical sweep efficiency by recovering the oil left at the bottom of the reservoir (from the gas
injection cycle) in the waterflooding cycle °. Figure 3-1 shows a schematic of the WAG injection and

the fluid flow distributions for oil, gas, and water in a typical reservoir.

Injection Production
well well

Un-swept oil

=

Figure 3-1: A schematic of WAG process in a hypothetical oil reservoir (Modified after Shahverdi et al.) 7.

Measurements of the three-phase relative permeability are difficult and are time-demanding; especially,
when the steady-state method is used °!. Numerous empirical models such as Stone-I, Stone-11, and
Baker are introduced to estimate the three-phase relative permeability values from two-phase data 625794,
Various theoretical and experimental studies confirm the dependency of the relative permeability to
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parameters such as rock and fluid properties including fluid viscosity, interfacial tension, injection rate,
wettability, immobile water saturation, pore size distribution, and especially the saturation history 1%,
The dependency of relative permeability to fluid saturation history is described as relative permeability
hysteresis, which becomes significant in three-phase flow systems %, Cyclic dependency of the three-
phase hysteresis permeability becomes important in tertiary oil recovery processes such as WAG
injection and cyclic steam stimulation (CSS) processes ®’. Simulation studies showed remarkable
uncertainties associated with applying three-phase relative permeability models in gas and WAG
injections at field scales 1°1. The simulation results of oil recovery with and without including hysteresis
revealed that a higher oil recovery is obtained by incorporating hysteresis effect in relative permeability
correlations, compared to the no-hysteresis case 1%2. In the case of involving hysteresis effects, a higher
oil recovery is obtained over a longer period which is attributed to the effect of trapped gas, blocking the
oil flow from high-permeability pore spaces.

Improving the macroscopic sweep efficiency during the gas injection was one of the main reasons to use
cyclic injection scheme for water and gas 6. This inherent cyclic nature makes the WAG injection as a
complex process for the three-phase flow that contains sequential imbibition and drainage displacements
as well as the hysteresis effects. Despite the worldwide applications of the WAG injection process in the
fields °, obtaining a comprehensive knowledge of the underlying mechanism of this recovery process is
still ongoing research. One of the overlooked areas is the near-miscible-gas WAG condition. The near-
miscible-gas injection relates to a process where the injected gas is close to the complete miscibility state
65, The near-miscible gas injection processes seem interesting from both operational and economic
perspectives. In the case of high oil-gas IFT (immiscible), in spite of the connectivity of the oil to the
main flow of the system, if there are no other driving forces such as gravity forces, the recovery achieved
by the film flow is very small. On the other hand, during the miscible Gl, there is no interface between
the gas and oil. Thus, the flow is similar to the single-phase condition where the oil is recovered through
molecular diffusion and dispersion mechanisms . Sohrabi et al. % conducted a series of pore-scale
micromodel WAG experiments under the near-miscible condition. A substantial portion of the oil in
micromodel that had been completely saturated with oil is recovered during low-IFT gas flooding. Some
of the oil is bypassed by the main gas front. The recovery of the by-passed oil bank is continued behind
the main gas front, and complete oil recovery is resulted due to near-miscible gas injection. So, more oil
is recovered even after passing the gas front that are not reported in previous processes containing high

oil-gas IFT systems .
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3.3MATHEMATICAL MODELING OF WAG

The process of WAG injection is a three-phase flow system, including both imbibition and drainage
displacement schemes during the sequential injections of gas and water '"-'8, Because of the complexities
of the three-phase flow and its cyclic nature, the numerical modeling of the oil recovery by WAG process
remains as a challenge. In our work, we employ the implicit-pressure explicit-saturation (IMPES)
method in a two-dimensional core system. In the following sections, first the mathematical framework
of the model is presented, following the numerical formula, boundary and initial conditions,

discretization, and numerical solution approach.

3.3.1. Governing Equations

The primary equations to be solved for an incompressible and three-phase flow system (gas, oil, and
water) are the mass/molar balances for all involved phases. Neglecting the gravity effects and the
dispersion between phases and applying Darcy’s equation (as the momentum balance equation) for an

immiscible three-phase system, the following relationships for all phases (oil, water, and gas) can be

written:
v. (2 2o 4 g, = 2 (#PoSs) (3-1)
v, (Betee ) 1 g, = 2 (Bpwsw) (3-2)
v. (20 %) 4 g, = 2 (9pgs,) (33)

where the subscripts 0, w, and g refer to the oil, water, and gas phases, respectively; p is the pressure; s
denotes the saturation; o and w are the density and viscosity, respectively; g represents the source/sink
term, which can be the production or injection rate; ¢ and K are the rock porosity and absolute
permeability, respectively; t is time; and x is spatial location.

3.3.2. Auxiliary Equations.

The following relationship exists between the phase saturations:

So+Sw s, =1 (3-4)
where So, Sw, and sq resemble the saturation of oil, water, and gas, respectively.
Reliable three-phase relative permeability and three-phase capillary pressure models are needed to model
the three-phase flow in WAG injection accurately. Measurements of the three-phase capillary pressure

data from the coreflooding tests are time-consuming and practically challenging "*-%.
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In general, the capillary pressure (pc) is defined as the pressure difference of non-wetting phase and
wetting phase (see Eq. (3-5)), which is a function of rock properties such as permeability and porosity

as well as the saturation value and distribution.

Pc = Pnon-wet — Pwet (3'5)

in which, pnon-wet and pwet denote the pressure of the non-wetting, and wetting phases, respectively. In this
study, we use a three-phase capillary pressure model proposed by Neshat et al. &, which uses the Gibbs
free energy; this model is an extended/modified version of Skjaveland et al.’s 8 two-phase capillary
pressure model. This capillary pressure model applies to all types of cores in terms of wettability state.

The generalized form of capillary pressure model follows:

Cyw
pc ow = Opw COS (How)f< So—Sor)ao + (Sw—Swr)aw> (3'6)
1-swr
c
Pcog = Oog €COS (eog)f So—Sor ao + Sg— SZT (3'7)
G ' (e

where p. ;; is the three-phase capillary pressure between phase i and j, where the subscripts i and j can
be oil, water or oil gas phases.; o;; and 6;; are the interfacial tension and contact angle between phase i
and j, respectively; c; and c; are the capillary entry pressure for the phases i and j, respectively; s is phase

saturation; and a; symbolizes the capillary exponent of phase i &.

The three-phase relative permeability values also depend on the saturation distribution and saturation
history 8. The saturation history is related to the relative permeability hysteresis. Relative permeability
hysteresis has been reported with both two-phase 848 and three-phase 8- laboratory data. Most of the
three-phase relative permeability models proposed in the literature use the two-phase relative
permeability data. In addition, common correlations such as Stone and Baker models have been
commonly used in the literature to evaluate the three-phase relative permeability 8. These models are
not satisfactory in the case of three-phase flow in porous media. Thus, the three-phase flow parameters
should be obtained as a function of saturations of two phases to apply for different wettability conditions
8992 In the current study, we use the three-phase relative permeability model proposed by Shahverdi and
Sohrabi in 2012 52, which also considers the hysteresis effects. Shahverdi and Sohrabi °? assumed that

the two-phase relative permeabilities and saturations affect the three-phase relative permeability values

(k3ph) of phase i (where, i=gas, water or oil) as defined below:

3ph So
(Sw' Sg) ngl—m [krowkrwg + krog krgw] (3-8)
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3ph
(50; Sg) (1- sg)(l ) [krwokrog + krwgkrgo] (3'9)

3ph(

Sw» So) = [krgokrow krgwkrwo] (3-10)

1- S_)(l Sw)
where i and j subscriptions can be oil, water or gas phases and k,;; is the two-phase relative
permeability of phase i in the presence of phase j; and s, is the normalized saturation of phase i,
which depends on the flow direction (imbibition/drainage) as well as the initial state of the grid

block, as given below®?:

— _ _ Sg=5g
9 1-Sw—So—Sg (3-11)
— So—S¢
S0 = 1-syy—s5—Sg (3-12)
— Sw—Sw
Sw = 1-Sw—So—Sg (3-13)

In Egs. (3-11)—(3-13), the s; values are defined based on different injection fluids, as listed in
Table 3-1.

Table 3-1: The parameters used in the three-phase relative permeability model.

Three-phase relative Model WAG injection cycle
permeability parameters  Gas Oil Water
* start
Sg Sg Sgt Sgt
3ph % start
krg Sw Swe Swe Sw
ss 0 So "t Sot
S; 0 Sgt Sgt
3ph start
kro Sw Swe Swe Sw
* start
So Sorg So Sot
Sg 0 0 0
3ph *
k3w Sw Swe Swe Swe
Sy 0 0 0
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In Table 3-1, s7**" is the saturation of phase i at the beginning of the phase i injection process; and s,

and s,; denote the trapped/residual saturation of gas and oil, respectively. The two-phase relative
permeability correlations are mentioned in Egs. (A-11)-(A-16) Appendix A.

3.3.3. Boundary and Initial Conditions

Similar to the case study, we consider constant injection flowrate (25 cm®/h) at the inlet section of the
core and a constant back pressure (12.686 MPa) at the outlet of the core sample. The critical gas
saturation is assumed to be 0.03, implying that for saturations higher than this value, the gas can travel
within the porous medium. At the initial condition, only oil and connate water exist in the system, and

no gas is present in the core, as shown below:

Soi = 0.82
att = 0, Swi = Swe = 0.18 (3‘14)
Sgi = 0.00

3.3.4. Model Discretization and Numerical Solution Method

To solve the partial differential-algebraic system of three-phase flow equations, the IMPES (implicit
pressure-explicit saturation) approach is employed. This method was originally developed by Sheldon
etal. (1959) * and Stone and Garder (1961) %. It disconnects the relation between pressure and saturation
in a system of governing equations. In this technique, the coupled system of equations is divided into
two sets of separated pressure and saturation equations that can be solved by implicit and explicit time
approximation, respectively. This approximation is accurate and simple to be applied, which requires
less computational time and memory, compared to other techniques such as simultaneous solution (SS)
%, IMPES is widely utilized in many process simulations in petroleum industry®®. Figure 3-2 describes

a simple procedure of mathematical modeling to simulate the WAG injection process in this study.

3.3.5. Advantages and Limitations of Model

One of the advantages of our study is that we tested used new three-phase relative permeability and
capillary pressure models (which also include the hysteresis effects) to model a near miscible WAG
injection process. The hysteresis effects have a remarkable impact on accurately simulate the cyclic
imbibition and drainage displacement paths occurring in WAG injection process. Our mathematical
model results show the reliable of these new auxiliary models for capturing the physics of a cyclic three-
phase flow in porous media, such as near miscible WAG.

In our mathematical model, the following assumptions are made:
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« Gravity effects are ignored

« 1D horizontal flow direction is considered in the core.

« Fluids and core compressibilities are neglected.

. Core is homogeneous and strongly water-wet.

« Capillary equilibrium holds in the system.

« Thermal equilibrium holds and temperature is constant at 38 °C.

« The capillary end-effects are not considered.

We simulate a case study where a 5 cm diameter core (2 inches) was used. The gravity effects are not
significant for such small diameter and the 1D flow assumption is satisfactory. The parameters of the
two-phase relative permeability correlations may need to be tuned, and optimized during each cycle. In
the three-phase relative permeability model used, the constant parameters of the two-phase relative
permeability are obtained using the experimental two-phase data, and they are then tuned to be used in
our model. For more detail on tunning the two-phase relative permeability models please refer to
Appendix A. During cyclic WF and Gl of the WAG process, these parameters are optimized again, to

account for the saturation and cyclic process hysteresis.
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Figure 3-2: WAG injection modeling flowchart.

3.4CASE STUDY
To verify our mathematical model capabilities, we use an experimental case study by Fatemi et al. 8.
They conducted a series of WAG injection tests in water-wet and mixed-wet core samples. Here, we use
the experiments conducted in the sandstone water-wet cores. Their core-flood experiments were
performed at a high-pressure (1840 Psi)and a temperature of 38 °C. Fatemi et al. ® used cores with a
length of 60.5 cm and a diameter of 5.08 cm (2 inches) with a permeability of 65 mD and porosity of
18%. They used synthetic brine composed of 16 g sodium chloride (NaCl) and 4 g calcium chloride
(CaCly) in 2000 cm? deaerated distilled water. The brine salinity, density, and viscosity at 38°C are 1000
mg/L, 992.96 kg/m?, and 0.68 cP. The hydrocarbon phase in their study was a binary mixture of methane
(C1) and n-butane (nCs). A sight-glass separator with the volume of 90 cm® was used to collect and
measure the effluent (water, oil, gas) from the core. The cumulative produced volumes of the fluids were
recorded in each time step using a camera to read the level of phases’ interface with the accuracy of

+0.05 cm? for each recording point. The Quartzdyne gauges monitored the pressure across the core with
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an accuracy of £0.001 psi. Their experiments started with an initial oil saturation of 82% and an initial
water saturation of 18 % as the initial process conditions. The WAG operation in the water-wet core was
conducted in 3 cycles, including (in order) primary waterflooding (WF1), primary gas injection (Gl1),
secondary waterflooding (WF>), secondary gas injection (Gl>), tertiary waterflooding (WF3) and tertiary
gas injection (Gls). Both brine and gas phases were injected at an injection rate of 25 cm®/hr. The average
saturations of the oil and water (brine) phases trapped in the core after the final cycle (third GI) were
reported to be 6% and 54%, respectively. A summary of the fluid properties, core characteristics, and
core-flooding operating conditions appear in Table 3-2.

Table 3-2: A summary of the fluid, core, and process conditions in the case study.

WAG ) ) Acting
) Variable (unit) Value
Attributes phase(s)
g 2114
p (kg/m?) 0 3174
w 993.0
Fluid g 0.0249
p (mPa.s) 0 0.0405
w 0.68
 (mN/m) 0g 0.04
ow 55
Lithology Sandstone
Wettability Water-wet
K (mD) 65
Core
¢ 0.18
L (cm) 60.5
D (cm) 5.08
g 0
si (fraction PV) o 0.82
Operating w 0.18
condition ¢ (cm®h) 25
P (psia) 1840
T(CO) 38
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3.5RESULTS AND DISCUSSIONS
The accuracy and robustness of the IMPES algorithm are examined in this part of the chapter. In our
model, we consider a 1D core sample saturated with oil in the presence of initial water saturation. The
core is then flooded with cyclic injections of water and gas for three cycles at 1840 psia. The modeling
of WAG injection is conducted where a set of near-miscible gas data for the experimental WAG flooding

runs are used.

3.5.1 Model Validation

Figure 3-3 compares the modeling results with the experimental data reported by Fatemi et al. 8”. The
proposed WAG injection model is implemented in a water-wet core sample with the same fluid and rock
properties of the experimental data. Our model accurately forecasts the experimental results of the WAG
flooding tests. In Figure 3-3, we have identified cycles 1, 2, and 3 and the successive waterflooding

(imbibition) and gas injection (drainage) recovery results from model and experiment.

Model ! GI,
C O Experiment I
0.9 WF; |
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Figure 3-3: Comparison between the RF from near-miscible WAG injection from experimental and numerical
modeling (q=25 cm?h, slug size=1 PV, and WAG ratio=1). Solid line shows simulation results and scatter
points are experimental data from Fatemi et al. ¢’

Based on Figure 3-3, after primary water flooding (WF1), only 50% PV of the oil in the core is produced

and a significant portion of the oil is trapped in the porous system. Because the core is strongly water-

wet, no further oil production is expected upon waterflooding at this rate. More details on the

waterflooding behavior in water-wet core and the effects from capillarity and viscous forces is available

in Rezaei and Firoozabadi %. Because in the WF; stage, water and oil are the only phases, flowing in the
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porous medium (there is no gas in the system during this step), we employ two-phase relative
permeability and capillary pressure correlations to achieve the best match with the experimental results.
After the primary WF, primary gas injection (Gl1) begins with 42 % oil and 58% water in the porous
medium. In the Gly, three-phase relative permeability and capillary pressure correlations are applied.
The simulation results for the first GI process shows that by the end of the first cycle, 65 % of the oil is
recovered. The WAG injection process is continued for two additional cycles, resulting in the ultimate
recovery of 93%. According to Figure 3-3, an excellent match is observed between our mathematical
model and experimental results. The recovery factor during each stage and also at the end of each stage
is perfectly estimated by the model. The ultimate RF at the end of the last cycle is only slightly
underestimated from the model. Our model is able to simulate the experimental data, accurately. The
evolution of saturation in the core at different injection times (in PV1) for each step is plotted in Figure
3-4.
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Figure 3-4: QOil saturation evolution profile in near-miscible WAG injection for different injection stages: (a)
WF;, (b) Gly, (c) WF, (d) GF2, (€) WF3 and (f) Gls (q=25 cm?/h, slug size=1 PV, and WAG ratio=1).

As it is shown in Figure 3-4., a more piston-like displacement is observed in the WF cycles compared to

the GI cycles. This behavior is expected because of the higher mobility of the gas phase compared to
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that of the water phase. After the primary WF, the ultimate oil saturation in the core is stabilized with
less PV1 in the WF cycles compared to the Gl cycles.

The three-phase relative permeability and three-phase capillary pressure variables dependent on the
saturation distribution and chronological cycle history. Hence, the selection of reliable models that
include the hysteresis strongly affects the simulation results and consequently the recovery factor values.
Comparing the results of the introduced model and the laboratory WAG injection tests confirms the
reliability of the three-phase relative permeability models (see Table 3-3) where the hysteresis model
used in this work is the model proposed by Shahverdi et al.  and the three-phase capillary model by
Neshat et al. 8 is used in this study. Table 3-3 summarizes the recovery factor obtained by the model,
the recovery factor is taken from the literature, and error percentages. In Table 3-3, we show a relative
percent error in estimating the RF at the end of each cycle and also the maximum relative error attained

during each cycle. The error calculation formula is expressed as:

exp sim
RF¢inai~REfinai

exp
RFfinal

Error (%) = 100 (3-15)

Table 3-3: Comparison of RF of near-miscible WAG injection (1:1) obtained by the model and experimental
work.

WAG Attributes RF (HCPV)™ Relative Max Error
Cycle  Process” Sim Exp Error (%) (%)

WF 0.5008 0.4997 0.220 15.750
. Gl 0.6464 0.6559 -1.448 5.090

WF 0.7194 0.7201 -0.097 -1.718
? Gl 0.7937 0.7912 0.316 13.690

WF 0.8430 0.8509 -0.928 10.190
3 Gl 0.9200 0.9358 -1.688 1.160

* WF=Water flooding cycle; GlI=Gas injection cycle

** RF = Recovery factor; HCPV=Hydrocarbon pore volume; Sim=Simulation; Exp=Experimental

As it is observed from Table 3-3, our model could predict the ultimate recovery factor during each stage
and cycle of WAG injection is estimated with excellent accuracy. The highest deviation between the
model and simulation is at the end of first and last gas injection (Gl1 and Gl3) stages where in both cases,

the model underestimates the experimental results with an error of -1.448% and -1.688%, respectively;
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among the WF cycles, the WF3 stage has the highest error in estimating the ultimate recovery with a
relative error of -0.928%. The maximum error attained during all cycles is about 16%, which arises

during the first WF cycle.

In Figure 3-5, we show a ternary plot for the saturation of the existing phases at the end of each WAG
injection phase in the middle of core. The white filled circle shows the initial point of the WAG injection,
after an initial oil saturation of 82% and water saturation of 18% are established (no gas is initially
present). The blue arrows indicates the direction of change in the saturation of three phases, and the color
of each circle shows the RF value at the end of that specific cycle. According to Figure 3-5, the successive
WEF and Gl cycles change the ultimate RF to 94% at the end of Gls. The oil saturation is initially 82%.
In the first WAG cycle, the oil saturations decrease to 42% and 29% at the end of WF1 and Glj,
respectively; in this cycle, the water saturation increases from 18% at an initial state to 58% at the end
of WF; and then lowers to 47% after Gly; the gas saturation is still 0% at the end of WF1 which increases
to 24% by the end of Gl:. The oil saturation continues to decline during the second and third WAG
injection cycles; the oil saturation at the end of WF2, Gl2, WF3, and Gls are 25%, 17%, 13%, and 6%,
respectively. Unlike the oil phase, the core center saturation for water and gas alternatively increases and
decreases due to the cyclic injection of water and gas phases. The water saturations at the end of WF»,
Gl2, WFs3, and Glz are 57%, 40%, 58%, and 38%, respectively. Therefore, the imbibition cycles increase
the water saturation consistently to about 57-58%. The drainage cycles, however, tend to lower the
ultimate water saturation for the core mid-point from 48-38%, but the majority of changes is in the first
cycle. In the second and third WAG injection stages, the water saturation of core mid-point during the
drainage cycles decreases to 40-38%. The gas saturation at the end of WF», Gl2, WF3, and Gls are 18%,
43%, 29%, and 56%, respectively. The results show that the gas phase is persistently affected by the
hysteresis imposed by the successive imbibition and drainage processes. It is concluded that between
the strongly wetting phase (water) and strongly non-wetting phase (gas), the gas phase is affected by the
cyclic hysteresis the most, while water is not significantly affected by the hysteresis.
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Figure 3-5: A ternary saturation profile (core center) for water-oil-gas system in WAG injection. The colored
markers show saturation at the end of each stage along with the RF value (q=25 cm?®/h, slug size=1 PV, and
WAG ratio=1).

3.5.2 Sensitivity Analysis
A parametric sensitivity analysis is conducted to investigate the impacts of the operational conditions

(WAG ratio, WAG injection rate, and WAG slug size (PV1)) on the performance of a WAG injection
process.

Effect of process: Referring to Figure 3-6, we investigate the behaviors of oil recovery upon WF, Gl
and near-miscible WAG (at WAG ratio=1) for a water-wet core. In Figure 3-6, the values of the recovery
factor obtained by the near-miscible WAG injection are compared with those from primary Gl and
primary WF. The near-miscible WAG injection exhibits a higher performance than the stand-alone
injection of water or gas. However, the breakthrough recovery upon primary WF is much lower than that
in the primary GlI, which is due to the wettability of the core that is strongly water-wet. The gas phase is
the most non-wetting phase that tends to invade the percolating pathway of larger pores from the
injection side to the production side. Interestingly, the breakthrough recovery for the stand-along Gl
process is even slightly higher than the RF at gas breakthrough after injecting the first gas cycle in WAG
(i.e., after Gl1). The breakthrough RF upon primary WF, primary Gl and WAG are about 50%, 75% and
93%, respectively. The near-miscible WAG process can, therefore, enhance the oil recovery factory

considerably.

101



WAG

0.9

0.8

RF (fraction PV)

0 1 2 3 4 5 6 7 8 9 10 11 12
PVI

Figure 3-6: A comparison between the oil recovery behavior upon waterflooding (WF), gas injection (GI) and
water-alternating-gas (WAG, 1) in a strongly water-wet core (q=25 cm?®/h).

Effect of WAG ratio: Finding the optimum WAG ratio is of significant parameters in designing a WAG
injection process. Wettability is a parameter that also correlates with the effects from WAG ratio; the
recovery performance of a WAG process is especially affected by the wettability at high WAG ratios 2.
At a high WAG ratio, lower oil recovery was reported upon WAG injection, which is even more
pronounced in water-wet systems %. Optimal WAG ratio is also affected by the shape of water-blocking
curve, which is the residual oil saturation versus the water saturation curve. The majority of published
works report optimal WAG ratio of 1%, There are a few cases that report higher recovery at high WAG
ratios (such as 3) for which a great portion of the recovered oil is obtained through an uneconomically
high water-cut production %,

To study the influence of the WAG ratio, we perform near-miscible WAG simulation for three different
WAG ratios: 1, 0.5, and 2, as seen in Figure 3-7. According to Figure 3-7, the highest recovery factor is
attained at the WAG ratio of 1 (RF=92.0%), while the WAG ratio of 0.5 gives the lowest recovery
(RF=74.3%). At a WAG ratio of 2, at the beginning of the process (corresponding to high oil saturation
in the system), oil trapping happens as a result of water blockage. Due to the water-wet nature of the
rock, water tends to occupy the smaller pores and blocks the oil flow from larger pores. At high WAG
ratios (of 2), the larger pores (with lower capillary pressure and higher oil content) have less chance to
be invaded by the gas phase since the system is strongly water-wet and also due to the lower flowrate of
the gas phase. However, water occupies smaller pores at early stages and invades a sequence of smaller

pores towards the production zones, resulting in higher residual oil and early breakthrough of the water
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phase (when WAG starts with the WF cycle). Hence, during this early period, the WAG process performs
similar to a WF process. At later stages of WAG injection, as the amount of trapped oil decreases in the
system, the lower oil recovery in the early WF and Gl cycles is compensated by enhanced gas-oil contact
in the system. However, the ultimate recovery (e.g., 87.0%) is still lower than the optimal WAG ratio of
1 (RF=92.0%).

WAG ratio =
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Figure 3-7: Effect of WAG ratio on the recovery performance of near-miscible WAG injection (=25 cm?/h,
slug size=1 PV).

For the case of WAG ratio of 0.5, gas channeling happens due to high gas saturation, resulting in early
gas breakthrough (BT) with a rapid decline in pressure, and consequently, a lower ultimate oil recovery
factor. Thus, at a WAG ratio of 0.5, the gas phase travels at a higher velocity than the water phase. The
higher velocity of the gas phase and its higher mobility results in viscous fingering, causing fluid
instability and early breakthrough, which can be seen in lower ultimate recovery of 74.0%. Hence, our
results confirm that the best WAG ratio for our system is 1, where both phases (gas and water) travel at
the same velocity, resulting in more stable fluid’s front, a delayed breakthrough of injected fluids, and
consequently, lower residual oil saturation (Sor=0.066).

Effect of injection rate: We also examine the performance of near-miscible WAG injection at three
injection rates of 10, 25 (corresponding to Nea,ow= 2.76x10), and 40 cm®/h, using a constant WAG ratio
of 1. As can be seen in Figure 3-8, there is no significant difference in the oil recovery performance as
well as ultimate RF for the case of 10 and 25 cm®/h. A slightly lower RF is achieved at primary WF at
the highest injection rate of 40 cm®/h; the lower recovery propagates through the next WAG cycles, and

the ultimate RF is lowest for this case. This ultimate RF is, however, comparable to that for the case of
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10 cm®/h as it is observed in Figure 3-8. Because the core is strongly water-wet, no significant difference
is seen in the primary WF at different injection rates. The recovery of all three cases after the primary
WEF are approximately 50% with the residual saturation of Sor=0.41. After that, the first GI process
remarkably changes the recovery performance for different injection rates. As Figure 3-8 shows, all
major differences of three case occurs during the GI cycles. Higher injection rates are more favorable,
especially, in field applications, to contact (and therefore recover) more oil . However, at very high
injection rates, phase segregation may happen, resulting in early segregations of the water and gas phases
in the reservoir. Early segregation of the phases is caused by the contrast in the density of reservoir fluid.
It results in bypassing the oil zone when the injected phases find direct paths (gas phase at the top of the
reservoir and water phase at the bottom) towards the production well to cause early breakthrough. It also
leads to viscous fingering due to the dominancy of viscous forces, causing interface front instability.
WAG studies show that © there is an optimum injection rate where the overall process performances are
maximized at an intermediate injection rate. In our study, the flowrate of 25 cm®h gives the highest
recovery factor of 92%, which can be compared to the ultimate recovery of 86% and 83% at 10 cm®/h
and 40 cm?®/h, respectively as it is summarized in Table 3-4. In the case of WAG injection at 10 cm?/h,
the process is continued for 2.5 cycles and ceased after the third WF injection. At the end of the third

WEF cycle, no more oil is produced after the breakthrough.

Table 3-4: WAG injection results at three different injection rates of 10, 25 and 40 cm?/h.

Injection rate

RF Sor No. cycles Total PVI
(cm?3/h)
10 0.86 0.115 2.5 7.43
25 0.92 0.066 3 11.7
40 0.83 0.140 3 4.55
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Figure 3-8: Effect of injection rate on oil recovery factor upon near-miscible WAG injection (slug size=1 PV,
and WAG ratio=1).

Effect of oil viscosity: The oil viscosity affects mobility ratio of displacing and displaced fluids, residual
oil saturation, and the ultimate recovery in the three-phase flow of oil, water, and gas in the WAG
injection process. To evaluate the impacts of oil viscosity, the near-miscible WAG simulations are
conducted, using different oil samples whose viscosities are 0.04, 0.4, and 4 cP (see Table 3-5 and Figure
3-9). All cases are simulated in three cycles, starting with primary WF, where the same injection rate of

25 cm3/h and WAG ratio of 1 are used in all cases.

Table 3-5: Viscosity sensitivity analysis after WAG flooding process.

Oil viscosity (cP)  Total PVI  Ultimate RF (%)

0.04 11.7 92.0
0.4 14.2 79.0
4 18.5 69.4
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Figure 3-9: Influence of oil viscosity on oil recovery performance upon near-miscible WAG injection (q=25
cmd/h, slug size=1 PV, and WAG ratio=1).

As it is observed in Figure 3-9, increasing the oil viscosity decreases the oil recovery factor. Unlike the
effect of injection rate, the primary WF injection is also affected by changing the viscosity in the range
0.04 cP to 4 cP. This means that the viscous forces overcome the capillarity; otherwise, it was expected
to obtain a similar RF at the breakthrough condition of WF1. When the oil viscosity increases 0.04 cP to
0.4 cP, the ultimate recovery is decreased by 11%. Compared to the case of 0.04 cP, the ultimate RF
with 4 cP oil is decreased by 21%. The oil viscosity strongly affects the behavior of WAG gas and water
slug injections as well. As the viscosity of the oil increases, larger slug sizes of the injected fluid are
needed to push the same amount of oil bank to the producing end of the core. As depicted in Figure 3-9,
when the oil viscosity changes from 0.04 to 0.4 cP, the duration of each cycle (or injection period)
becomes longer. This prolonged injection is especially pronounced in the Gl stages due to a higher
viscosity difference between the oil and gas phases. This condition leads to a greater mobility ratio (10
times). Thus, a higher PVI is required to push the oil bank. This finding is also in agreement with the
Sohrabi et al. *® observations in micromodel WAG injection experiments. They reported that the gas
channels mainly through the oil-filled pores and reduces the recovery factor due to lower interfacial
tension between the gas and oil in near-miscible flow 8,

Effect of WAG slug size: The influence of slug size (in PV) on the WAG injection performance is
analyzed for which the results are shown in Figure 3-10. In this section, an injection rate of 25 cm®hr
and a WAG ratio of 1 are considered. Figure 3-10 compares the oil recovery factor versus PVI for WAG

injection with slug sizes of 0.2 PV, 0.5 PV and 1 PV. According to the results, an increase in the injection
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slug size from 0.2 PV to 1 PV is favored as it improves the ultimate oil recovery. The increase in slug
size causes more contact between the injected phases and the hydrocarbon phase and also the relative
permeability to the injected phase, which allows overcoming the capillary forces that trap the oil. For
instance, during the GI following a WF, there is a high entry capillary pressure for gas invasion into
those pores that are occupied by the brine (from the previous injection process). Hence, the gas phase
invades a new path in the porous media, which will subsequently push the oil toward the outlet of the
core. Itimplies that the fluids obtain a greater chance to redistribute in the porous medium and to improve
the sweep efficiency (and thereby, the ultimate oil recovery of the cycle) with increasing the slug size.
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Figure 3-10: Effect of slug size on oil recovery performance upon near-miscible WAG injection (q=25 cm?/h,
and WAG ratio=1).

Effect of absolute permeability: We compare the WAG recovery profile for the cases of a core with
permeability 65 mD, 200 mD and 500 mD to assess the impacts of the absolute permeability on the
WAG injection performance in a water-wet core. The base case is attributed to the experimental work
that used a 65 mD core sample (see Figure 3-11). The injection rate of 25 cm®/h and WAG ratio of 1 are
used in the simulation runs. According to Figure 3-11, changing the permeability from 65 mD to 500
mD slightly increases the breakthrough RF for the primary WF. A porous medium with a higher
permeability leads to a greater recovery factor in the primary WF stage. This difference seems to
propagate during next cycles of WAG injection; however, there is not a significant difference between
the ultimate RF by varying the absolute permeability of the core from 65 mD to 500 mD in near-miscible
WAG injection as it is observed in Figure 3-11. For the case of the high-permeability core, a lower

number of cycles is required to attain the ultimate recovery compared the case of WAG injection in a
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low-permeability core. For instance, in the case of WAG injection in the 200 mD permeability sample,
which is approximately three times more permeable than the baseline (65 mD case), the process is
completed in 2.5 cycles. At the 3™ WF process (WFs), ultimate recovery of 92.5 % is obtained after 10
PVI, while the ultimate recovery of the 65 mD core is 92 % after 12 PVI. Figure 3-11 also illustrates
that the ultimate recovery values of all three cases are similar (at about 92 %). This again highlights the
effectiveness of the WAG process in minimizing the residual oil saturation in a water-wet system even

at a wide range of core permeability.
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Figure 3-11: The effect of absolute permeability oil recovery performance upon near-miscible WAG injection
(9=25 cm?/h, slug size=1 PV, and WAG ratio=1).

Despite the extensive research and engineering studies on the WAG injection as an EOR technique,
mathematical modeling of near-miscible WAG injection process has not been studied in the literature.
Our model with three-phase capillary pressure and relative permeability considers the hysteresis effects
and successfully captures the process physics. The proposed model can be used by other research and/or
industrial sectors to suggest the optimal operation of near-miscible process, which can be not only used
for oil recovery but also for the remediation operation. In other words, the introduced mathematical
model can be utilized to estimate the optimal WAG ratio, WAG size, injection rate, and the cumulative
fluids to obtain the optimal recovery in terms of technical, economic, and environmental prospects.
3.6 SUMMARY AND CONCLUSIONS

In the present study, we develop a dynamic three-phase flow mathematical model (IMPES) of near-
miscible water-alternating-gas (WAG) injection process with enhanced oil recovery application. The
accuracy of the mathematical model is verified using the experimental results taken from the literature
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where the porous medium of the case study is a water-wet Berea sandstone core at 38°C and 12.7 MPa.

The effects of various variables such as WAG ratio and injection rate on the WAG performance are then

studied. The following conclusions and recommendations for future works can be drawn based on the

study outputs:

By incorporating the three-phase relative permeability, capillary pressure, and hysteresis effects,
an excellent match is attained between the experimental and simulation results. It is found that
the three-phase relative permeability and capillary pressure models (including the three-phase
hysteresis) proposed by Shahverdi and Sohrabi are suitable for the near-miscible WAG process
studied in this research work.

The absolute relative error in estimating the oil recovery factor at the end of each WF and Gl
cycle is less than 1.7%. The breakthrough times for individual injected fluids (gas and water) in
three different cycles are also estimated with a high accuracy using the mathematical model.
Hence, very good agreement is obtained between the predicted and real recovery values (and
breakthrough times) over the three cycles of water-and-gas injection.

By changing the WAG ratio in the model from 0.5 to 1 and to 2, it is noticed that the optimal
operating condition is achieved at the WAG ratio of 1. Although the ultimate RF values of the 1
and 1 WAG ratios are not appreciably different, the WAG ratio of 0.5 leads to a substantially
lower ultimate RF.

The total amount of injected fluids to achieve an ultimate RF of 90% decreases from 11.7 PVI to
less than a total PV1 of 5 with increasing the injection rate from 25 ml/h to 40 ml/h. A comparison
between the cases with the injection flow rates of 10 ml/h and 25 ml/h shows that after one WAG
injection cycle, the recovery behaviors follow similar trends at these two injection rates.
According to the simulation results, a RF of 50.1% is obtained upon primary WF, while the
cumulative RF increases to 64.6% after the first GI. Implementing the secondary WF and Gl
cycle, the RF increases further to 71.9% and 79.4%, respectively. In the tertiary WF and Gl cycle,
the RF reaches 84.3% and 92.0%, respectively.

By increasing the oil viscosity up to three orders of magnitude, the recovery factor decreases by
21 %. An increase in the oil viscosity not only reduces the ultimate recovery, it increases the
duration (higher PVI) of each WF or GI process.

It is revealed that a higher absolute permeability increases the production rate, while the ultimate
recovery of the system does not alter remarkably.
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e A lower fixed injection slug size results in less oil recovery in each cycle as there would be less
contact and interactions between the phases to direct the hydrocarbon phase to the outlet of the
porous sample.

e The hysteresis in decreasing and increasing the fluid’s saturation affects the saturation of the non-
wetting phase (gas) the most, while it does not appreciably affect the saturation of the most
wetting phase (water).

e For future works, the effect of the gravity can be studied to discover the impact of gravity forces
on the recovery of the system.

e One of the recommended case for next studies is to investigate other wettability states (e.g. oil-
wet or water-wet) on recovery of near-miscible WAG injection process.
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NOMENCLATURES

Acronyms

EOR Enhanced oil recovery

Gl Gas injection

IFT Interfacial tension

IOR Improved oil recovery

IWAG Immiscible WAG

IMPES Implicit-pressure-explicit-saturation
MMP Minimum miscible pressure
MWAG Miscible WAG

PVI Pore volume injection

RF Recovery factor

WF Waterflooding

WAG Water-alternating-gas injection

Variables and Parameters
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a Capillary exponent

c Capillary entry pressure
K Absolute permeability
Kri Relative permeability of phase i
p Pressure

Si Saturation of phase i

t Time

X Length

Greek Letters

VI Viscosity

p Density

o Interfacial tension

@ Porosity

0 Contact angle

Subscripts and Superscripts

C Capillary pressure
D Drainage

g Gas phase

I Imbibition

0 Oil phase

0g Oil-gas system
ow Oil-water system
W Water phase

wg Water-gas system
r Residual phase
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CHAPTER FOUR

The application of CFD simulation for multi-phase flow in fractured porous media
in water-alternating-gas (WAG) injection process (under review)
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Abstract

Naturally fractured reservoirs (NFR) are among major producers of oil and gas reservoirs that are
commonly targeted for various enhanced oil recovery (EOR) techniques specially water-alternating-gas
(WAG) injection. Production from NFRs is complicated due to the flow communication between the
matrix and fractures in fractured porous media. The implementation of WAG injection in NFRs features
inherent complexities not only related to the three-phase flow, saturation history, and cycle-dependent
hysteresis of the individual phases, but also the fracture-matrix communication, fingering and early
breakthrough of injecting phases in system and fracture medium specially during gas injection processes.
Moreover, the experimental evaluation of WAG injection in a fractured system is expensive and time-
consuming, if not impractical. This paper provides details on the computational fluid dynamic (CFD)
simulation of WAG injection in a fractured system. We evaluate the impacts of hysteresis, fracture
characteristics (aperture, orientation, and fracture density in the network), and the three-phase relative
permeability of phases during the WAG injection using a CFD modeling approach. The model simulates
an immiscible WAG injection and the modeling results are compared to the experimental data in a strong
water-wet sand-pack. Similar to the experiments, we simulate Maroon crude as the oil phase, and
synthetic brine, and pure CO> at 100°C and atmospheric pressure. The results from our model are in
excellent agreement with the experimental data. The absolute relative error is less than 12 % for
predicting the ultimate oil recovery factors (RF) in water flooding (WF) and gas injection (GI) cycles.
Including three-phase hysteresis, it significantly increases the accuracy of the WAG process simulation.
Excluding the hysteresis effects, it remarkably decreases the instantaneous RFs at each cycle (especially
Gl cycles) as well as the ultimate RF by 4%. We also analyze the fracture pattern and configuration;
adding fractures to the system increases the system effective permeability, leading to more contact
between the injecting fluid and trapped oil, and consequently higher oil recovery. Connecting a vertical
fracture to the horizontal fracture enhances the recovery through strong connections between vertical
and horizontal blocks. An increase in the fracture aperture from 0.5 to 3 mm results in improving the RF
(from 50 % to 59%). Fracture inclination angle does not considerably change the ultimate RF so that,
the RF increases only by 2 %, if the inclination angle varies from 30° to 90°. Including the gravity forces
in vertical systems results in overall improvement in RF through engaging both matrix and fracture
media in all cycles. As the permeability contrast between matrix and fracture media decreases, the flow
communication between the two regions increases and improves the recovery performance of the WAG
process. Our simulation results can help to obtain a comprehensive view towards the effect of various

parameters and operational conditions on WAG injection performance in fractured reservoirs.
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4.1 Introduction

Natural fractured reservoirs contain a substantial portion of the world’s remaining oil reserves. They
feature complicated production, unforeseeable coupling of wells, instant fracture charges, early
breakthrough, and low ultimate recovery 2. The recovery performances and production mechanisms in
fractured and un-fractured (conventional) reservoirs are completely different. One of the major factors
that impacts the oil recovery from a fractured reservoir is the capillary pressure difference between the
fracture and matrix blocks ®. The experimental data on fracture characteristics, water breakthrough,
and/or relative permeability values are rare and difficult to be implemented or unable to describe the
same process in the field scale. Instead, the application of computer modelling and simulations eases
these issues and provides an economical tool to study various factors such as viscous, capillary and
gravitational forces at various scales of investigation.

Fractured reservoirs are associated with complex pore structure heterogeneities that include high flow
conductivity in fractures and low contributions to flow in the pore matrix #. This complexity makes the
design of EOR techniques difficult due to poor control of fluid injection into the system, resulting in low
sweep efficiency and early breakthrough toward the producing wells *. Early breakthrough among all
possible problems has been shown in several case studies, indicating very low overall hydrocarbon
recovery in fractured reservoirs °>’. In addition, the lack of interconnected fracture networks in NFR
systems makes the application of any conventional EOR technique less feasible 8.

One of the well understood and effective secondary oil recovery method in petroleum reservoirs is
waterflooding (WF) with the purpose of maintaining the reservoirs pressure and displacing the oil toward
the production wells. In NFRs, the oil displacement from the matrix blocks is a capillary dominated
process, which is dependent on the wettability of the rock * °1°. In wettability conditions that are not
favorable for the WF process (e.g., mixed-wet to oil-wet), the recovery method can be switched to gas
injection, for achieving a higher oil RF. However, the high risk of by-passing oil due to gas high mobility
can lead to early breakthrough of the gas phase ’. The gas breakthrough is delayed upon gas injection to
some extent when gravity becomes important. For such systems, the gas-oil gravity drainage mechanism
increases the oil recovery rate by providing a driving mechanism as a result of flow communication

between the matrix and fracture -3, The availability limitation of the gas phase in some cases is another
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limiting factor in the sole application of gas injection (as an EOR scenario) into a given naturally
fractured reservoir.

Numerous EOR field scale projects in fractured carbonate reservoirs have been reported since early
1970. Among the reported processes, gas injection (Gl) is the most common applied technique with a
low oil recovery and production rate 4. These reports also showed that WF is not a successful and
common technique in such reservoirs due to very low recovery as a result of by-passing the oil saturated
matrix blocks in the case of an oil-wet reservoir *°, The three-phase immiscible WAG injection in non-
fractured reservoirs has previously been comprehensively studied °1° while the heterogeneous
reservoirs including the interaction between the matrix and fractures on the performance of WAG
injection has been overlooked.

WAG as a mature oil recovery technique, both in miscible and immiscible conditions, incorporates the
advantages and merits of both gas injection (GI) and waterflooding (WF) techniques. WAG injection
works through enhancing the microscopic (in GI) and macroscopic (in WF) sweep efficiencies,
stabilizing the injection fluid’s front, postponing the breakthroughs, and thereby, increasing the oil
recovery, compared to two basic techniques ’. WAG injection has been recognized as the main
employed EOR technique (48%) in the North Sea fields, which is typically applied in clastic formations
4. The application of WAG injection as an EOR technique is underway in carbonate reservoirs including
offshore pre-salt Brazil carbonate reservoir 2° or carbonates in the Middle East.

Immiscible WAG injection over-performs the continuous WF or Gl processes through various compiled
mechanisms that are described below 2!, namely:

e Enhancing the volumetric sweep efficiency through WF followed GI: The presence of free gas
(through GI cycle) decreases the water three-phase relative permeability values, leading to the
invasion of water phase into the by-passed zones.

e Reduction in oil viscosity caused by gas dissolution into the oil: Through this mechanism, the
mobility ratio of the water-oil displacement becomes more favorable in an under-saturated
reservoir.

e Oil swelling through dissolved (injected) gas: This mechanism results in less stock tank oil of
residual oil, which leads to a higher recovery even in the case of no additional driving force for
Sor reduction.

e Interfacial tension (IFT) reduction: In the case of lower IFTo.g than IFTo.w, this mechanism passes
the gas into the small pore throats that are not attainable for the water phase under the dominant

pressure gradient.
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e Lowering Sor is caused by three-phase hysteresis: In a water-wet reservoir, gas trapping during
WEF (imbibition displacement) cycles, which is also known as hysteresis, results in oil

displacement even at low saturations and reduces the three-phase Sor value 2.

For a time, it was assumed that WAG injection is not beneficial to be implemented in NFRs 22, However,
there are many successful examples of the application of the WAG injection in fractured reservoirs 1723
25 Reservoir heterogeneity is among significant parameters that directly affects the WAG process
efficiency. Many failed EOR projects (in general) have been attributed to the reservoir heterogeneity or
to the lack of understanding of the reservoirs’ general structure 2°. In high fractured or stratified
reservoirs, the operation of Gl is not economical due to high recycle rate and early breakthrough of the
injected gas 2’. Due to higher storage capacity of the matrix to trap the crude oil, capillary and gravity
forces depending on the wettability of the system, have profound impacts on the recovery from fractured
reservoirs, compared to the conventional reservoirs 222, In some NFRs, during a WAG process, water
and gas displace each other and by-pass the trapped oil in the pore matrix part of the system. Thus, the
use of appropriate relative permeability and capillary pressure correlations significantly affects the
predictions of flow between matrix and facture in a porous medium #. At the field scale, dual porosity
or dual permeability models are applied to calculate the fluid transfer between matrix and fracture media.
Although both models use transfer functions to simplify and simulate the exchange rate between two
media, namely, matrix and fractures, this simplification results in neglecting the heterogeneity existing
in the matrix properties, especially, in carbonate reservoirs *°-3L, Although the WAG injection in
fractured reservoirs is difficult to be implemented and not economic, there are a few studies on WAG
mathematical modeling or simulation in the literature.

Elfeel et al. (2016) analyzed three-phase flow during WAG injection at two scales (e.g., pore scale and
intermediate scale). The latter scale is comparable to a scale of a single reservoir; fracture and matrix
media are represented using a fine grid model. Their model applies empirical and pore-network modeling
systems based on three-phase flow functions to study the effect of gravity and capillary forces in the
matrix-fracture transfer system 4. Their simulation results highlighted the impact of the hysteresis effects
in fractured medium, which cause up to 10 % difference in predicted oil recovery. However, this
difference is smaller in oil-wet systems due to the limited three-phase region and less impact of hysteresis
4. A sensitivity analysis showed that wettability, block geometry, and matrix permeability highly affect
the matrix-fracture transfer rates. They also suggested a new multiple interacting continua (MIC) model
or a double block model 4. The proposed model computed more accurate results for fracture-matrix

transfer rates at a reduced computational cost *.
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In another study conducted by Aleidan et al., three different injection modes including simultaneous
water and gas injection (SWAG), WAG, and continuous gas injection (CGI) were applied on fractured
and un-fractured carbonate cores 2. They also considered different fracture patterns; at various fracture
intensities, they studied the effect of shape factor including elongated slab and sugar cube models. Their
simulation results showed that the improvement in recoveries of SWAG and WAG injection processes
over the CGl is related to the higher conformance provided in water cycles, which controls the CO>
mobility and decreases its flow through the fracture. It was also reported that the sugar cube model is
better than the elongated slab model due to the presence of a vertical fracture in the middle of the core,
which helps the gas phase to diffuse in matrix and to be in contact with more oil .

Heeremans et al. (2006) performed several fine scale single porosity simulations to correctly upscale the
flow model to a dual porosity system. The recovery outputs were presented based on two dimensionless
numbers i.e. capillary over viscous and gravity over viscous forces. Their generated proxy model
optimized the WAG process; it was found that WAG injection increases the final recovery by 10 %
higher than WF or CGI 3. Their model also showed that the shape factor characterizing the nature of the
fracture network does not significantly affect the recovery of the system, which was in consistent with
field experiences %,

Dehghan et al. (2012) performed an experimental study of WAG injection in a micromodel system with
fracture elements. Their micromodel consisted of four matrix blocks surrounded by fractures to examine
different scenarios such as continuous WF, CGI (nitrogen as the gas phase), and WAG injection with
various slug injection arrangements. Their results showed higher recovery factor achieved by WAG
injection than continuous WF and CGI in a fractured system. The optimum slug size injection was
reported as 0.08 PV of waterflooding followed by 0.35 PV Gl slugs, where the sweep efficiency from
matrix blocks was maximized and gas/water production rate was reduced at the outlet. Han (2015)
experimentally measured the PVT properties of Bakken crude 0il-CO,. Experiments were performed at
six COz concentrations with three flooding schemes including WF, GI, and miscible CO2-WAG injection
in tight and fractured Bakken formation. They also evaluated the CO; soaking effect in the fractured
formation. Their results confirmed that breakthrough (BT) occurs much earlier in the fractured formation
than the tight system 3. Chakravati et al. (2004) conducted a series of core-flood experiments using both
homogeneous and fractured cores. They found that in the fractured medium WAG injection remarkably
delays the BT time (compared to the continuous GI) and accordingly results in higher oil recovery in

such systems.
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Agada®® used a high-resolution simulation model to investigate the effects of non-wetting phase trapping
and the miscible and immiscible WAG injection in a heterogeneous (carbonate) reservoir. They showed
that the nature of the fracture system has a significant impact on the WAG recovery simulation results,
especially in a low-intensity fracture system. While, in a high-intensity fracture reservoir, the fracture
system’s characteristics become less significant in the recovery process. To obtain the maximum
recovery of a WAG process, analyzing and fine-tuning the critical parameters as well as providing an
optimal design of the project are required. Inappropriate designs of WAG parameters in terms of the
number of cycles, slug size volume, and injection rates of each WF and Gl cycles result in weak process
performance, low oil recovery and/or even damaging the formation . Hence, optimization of all
affecting factors as well as obtaining a comprehensive knowledge of reservoir characteristics (e.g.,
wettability and heterogeneity) provide a proper scheme to predict and control the gas and water mobility
for recovery improvement -7,

Most of the WAG injection studies in the literature are experimental and/or modeling where the porous
systems are homogeneous. WAG flooding in heterogeneous/fractured reservoirs is a common process,
which is overlooked in available research works. Most of the research investigations conducted on this
topic are experimental studies at environment pressure and temperature and no mathematical model
including reservoir conditions in such cases has been provided so far.

In current study, a robust and reliable CFD model using COMSOL Multiphysics® is applied to
investigate WAG injection in a fractured system with different fracture configurations, considering
three-phase relative permeability and hysteresis. The results of this work provides a comprehensive
understanding of fluid flow during WAG injection in a fractured reservoir through a systematic
sensitivity analysis on fracture configurations and characteristics, which is useful for designing an
optimum WAG injection process in fractured reservoirs.

The paper is structured as follows. After the introduction, the mathematical framework including a
description on CFD model, governing and auxiliary equations, initial and boundary conditions,
discretization, and numerical model are provided. We also discuss the limitations associated with this
model. The model is applied to a case study with experimental results to verify our model. After assessing
the model with case study data, in results and discussion section, the effects of various parameters on the
recovery of WAG injection in the fractured system are investigated. Finally, the main conclusions and

recommendations for future studies are listed.
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4.2 CFD Modelling of WAG Injection in a Fractured Medium
In this work, we study the three-phase flow during a WAG injection process in porous media with

fractures, using COMSOL Multiphysics® software.

4.2.1 Governing Equations

In this subsection, first, the mathematical framework of the introduced model is described followed by
the numerical formulation, boundary and initial conditions, and numerical simulation in the COMSOL
Multiphysics® environment. The governing equations for the three-phase flow system (containing gas,
oil, and water) include mass balances for all phases, and Darcy’s equation for the momentum balance.
The gravity effects and dispersion phenomenon are neglected. We study the effect of gravity by changing

the alignment of porous medium. The following equations apply for both the matrix and fracture

domains:
;—x[%(%)hf—y[%“(%wa-g)]wa=¢%“ a € {o,w,g} (4-1)

where the subscript « denotes the fluid phase which can be oil (0), water (w), and gas (g); p is the
pressure; s represents the saturation; g is the gravitational constant, p and w refer to the density and
viscosity, respectively; g resembles the source/sink term, which can be the production or injection rate;
¢ and K are the rock porosity and absolute permeability (matrix or fracture), respectively; t is the time;
and x introduces the spatial location.

We use the mathematical model to simulate the WAG process in which a fracture is simulated with a
matrix having a significantly higher permeability but with a porosity lower than 1 (porosity of the
fracture=0.85) (meaning the fracture is also a porous medium -not a hallow space between two slabs of
matrix blocks-). Therefore, the Darcy’s equation is assumed to apply to the fracture, as well.

4.2.2 Auxiliary Equations.

The physical constraint relates the phase saturations for all phases, as given below:

Zsa=30+sw+sg=1 (4-2)

a

where So, Sw, and sq denote the saturations of the oil, water, and gas phases, respectively.

Measurements of the three-phase relative permeability and three-phase capillary pressure in laboratory
are highly time-consuming, expensive, and challenging 3-3°. Hence, it would be of practical implications
to use accurate and reliable three-phase relative permeability and three-phase capillary pressure models

in the mathematical modeling framework of three phase flow behavior (such as in WAG), to compensate
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for challenging experimental methodology that was mentioned. At equilibrium conditions, capillary
pressure between two phases (pc) is defined below as the pressure difference between the non-wetting
and wetting phases (see Eq. (4-3)); the capillary pressure is a function of rock properties (¢, K, and

wettability), fluids saturations, saturation distribution, and the interfacial tension between the phases.
Pc = Pnw — Pwet (4-3)

in which, pawand pwet denote the pressure of the non-wetting and wetting phases, respectively. To avoid
confusion with the pressure of water phase (pw), we use the notation pwet for the pressure of the wetting
phase (oil or water). We use the three-phase capillary pressure model by #°, which is a modified version
of Skajaveland et al.’s two-phase capillary pressure model . The proposed capillary pressure model is
applicable to every rock wettability condition. The Eg. (A-1) in the appendix A used for the three-phase
capillary pressure which is the generalized form of this model obtained using Gibbs free energy
minimization framework. *°. The entry capillary pressure and capillary exponent values should be
estimated from experimental data.

In the two-phase systems (e.g., oil/water, oil/gas and/or water/gas), there are only two major
displacement paths in which the saturation of one phase may decrease or increase. However, in a three-
phase flow systems, there are infinite numbers of various displacement paths “2. In other words, any
three-phase flow system involves variations of the two independent saturations. Hence, measurement of
the three-phase relative permeability for all possible displacement variations is not practical for the
immiscible WAG injection displacement. The WAG process involves an inherent complexity from
hysteresis that occurs due to the alternating saturation increase-and-decrease (for wetting and non-
wetting phases), corresponding to the imbibition and drainage cycles. Hysteresis is a vital phenomenon
that strongly affects the performance of a WAG process 2. Thus, utilizing a reliable three-phase relative
permeability and hysteresis model is an important step in simulation and modeling of processes involving
the three-phase flow such as the WAG injection process. Larsen and Skauge developed a relative
permeability model based on cyclic hysteresis effects during a WAG injection process “3. The proposed
model is developed to capture the reduced mobility and hysteresis loops during three-phase flow. The
experimental wetting and non-wetting relative permeability data as well as the knowledge of the
interaction of maximum non-wetting saturation and trapped non-wetting saturation are used in the model.
Another model developed by Ranaee et al. to predict three-phase oil relative permeability based on a
sigmoid-based model *. Their proposed model involves key effects of the pore-scale phase distributions
within the suggested effective empirical model for oil relative permeability. The sigmoid-based model
is capable to generate: (i) the amount of induced remobilization oil by gas injection in a water-wet
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system. (ii) the transition in layer-drainage regime for low oil saturation ranges, and (iii) the consequent
residual oil saturation reduction in a three-phase flow system. Lomeland and Ebeltoft proposed an
analytical correlation for three-phase relative permeability and an LET function with an extended version
LETx .
In current work, for the matrix domain, we apply the three-phase relative permeability (including
hysteresis effects) proposed by Shahverdi and Sohrabi #2. Their three-phase relative permeability model
coupled with a hysteresis model are involved during an immiscible WAG injection process in water-wet
systems. The model was excellently verified with experimental WAG injection data. The proposed
model also incorporated all three sets of two-phase relative permeabilies (i.e. oil-water, oil-gas, and
water-gas systems), while most of the proposed models only are accountant for two sets of relative
permeability systems i.e. oil-water, and oil-gas systems. This model assumes that the three-phase relative
permeability (kfgh) of a given phase a is a function of the two-phase saturations and relative
permeabilities for all three phases. The correlations are described in Eqs(A-2) —(A-5), appendix A.
For the three-phase relative permeability model in the fracture domain, we use a proposed model by °,
Egs.(A-6)-(A-8), appendix A. To calculate the capillary pressure in the fracture domain, we use the %’
model, which is commonly used in modelling multiphase flow in porous media. The correlation is
described in Eq. (A-9)-(A-10), appendix A.

4.2.3 Initial and Boundary Conditions

COMSOL Multiphysics® 5.4 uses a graphical user interface (GUI) that enables to model the problem.
The analysis of the WAG injection process is performed, using a 2D domain, having two subdomains
and eight boundaries for the fractured medium studied in this research as shown in Figure 4-1. The
boundary condition for each boundary is listed in Table 4-1.

For each phase, the initial conditions s. (X, z, t=0) are known from the initial phase saturations established

in the experiments.

matrix

B, fracture B,

matrix

Figure 4-1: Boundaries of fractured porous medium during WAG injection for numerical modeling; the fracture
domain is shown with red and matrix is shown with white. The matrix boundaries are Bi-Bs and fracture
boundaries are Bs and Be. The length and width are not scaled for better visibility.
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Table 4-1: Boundary conditions for fractured medium in COMSOL Multiphysics®.

Boundary BC
B: Qinj = Cte
B> no flux
Bs no flux
B. po=0
Bs flow continuity
Bs flow continuity

4.2.4 Model Discretization and Numerical Method in COMSOL Multiphysics®

The COMSOL Multiphysics® uses a general form of the Darcy’s law under the phase transport in porous
media module, which is integrated into the continuity equation. The formula is presented for the phase

o that can be either the wetting phase (wet) or the non-wetting phases (non-wet), as given below:

8s¢-Cp ‘%“ + V. [5k !IE—Z (VDo + Po G Vh)] = 8§0Qq a € {wet,non — wet} (4-4)

where K. is the effective permeability of phase a.. The input parameters are the time scaling factor (dst),
flux scaling factor (dx), source scaling factor (dg), storage term (Cp), and source term (Q). The storage
term (Cp) is a function of porosity, residual wetting saturation and the effective wetting saturation and pressure
(Cp=d6\w ldn¢), where the 6y is the saturation of the wetting phase, and the h¢ is the capillary pressure
function.

Values of d = 0 and 1 are used for steady state system and dynamic systems, respectively. dx is the flux
scaling factor, which is unity in our system; and Q refers to the source term.

For the geometry of the meshes, triangular mesh elements are applied as shown in Figure 4-2. Later on,
we compare two different mesh sizes, coarse case and extra-fine case, to assess the effect of mesh size

on the reliability and computational burden of our developed CFD model.
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Figure 4-2: Schematic of model discretization in different regions.

4.2.5 Limitations and Assumptions

In our CFD model, the following assumptions are made:

2D fluid flow is considered.

Except for one case (vertical injection), the effect of the gravity force is neglected.

The porous medium is incompressible and non-deformable, having a constant porosity.

The three phases are immiscible, and no reaction occurs between the phases in the model.

The fluid and rock properties remain constant; no asphaltene precipitation and wettability
alteration are considered upon CO; injection.

Hysteresis is neglected in the fracture domain due to its low capillary pressure.

All WAG injection cycles (both WF and GI) are conducted at a fixed slug size of 0.5 PVI.

The fracture is modeled as a porous medium with much higher permeability and porosity than
those in the surrounding matrix. In the experiments, the fracture pore space is created by steel
wool 8,

We study an idealized fracture system, containing 3 horizontal and 1 vertical fracture
configurations, while in an actual system a variety of random fracture patterns and configurations

are possible.

4.3 Case Study
To verify the simulation results, we use the WAG experimental results reported by Dorostkar et al.
(2009). They conducted a series of CO2-WAG flooding and hot CO>-WAG flooding in fractured sand

packs. In this study, we only use those data related to the CO.-WAG experiments conducted in water-

wet and fractured sand packs where the fracture (2 mm aperture) is simulated with a matrix of larger

permeability and porosity. Their experiments were performed at the atmospheric pressure (to keep the

immiscibility condition) and 100°C. Dorostkar et al. (2009) used sand packs with the characteristics

summarized in Table 4-2. The oil sample used in their experiments was provided from the Maroon
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reservoir’s crude oil in south of Iran. The brine used in their study was synthetic, with a similar
composition to the formation brine of the Maroon reservoir. The injected gas was CO2 with a viscosity
and density of 0.0182 cP and 1.6x107 g/cm?, respectively 8. CO, and water were injected into the
fractured sand pack at the same rate of 0.5 cm3/min. The WAG injection tests were continued until no
change in oil production was observed. The fluid, porous media, and operating conditions used in the
experimental study by Dorostkar et al. *® are provided in Table 4-2. A schematic of the model is also

depicted in Figure 4-1.

Table 4-2 : Rock and fluid properties used in this study (provided from #8).

] ] ) Acting
Attribute Variable (unit) Value
phase(s)
g 0.0016
o (g/lcm?) 0 0.8700
w 0.9970
. g 0.0182
Fluid
1 (cP) 0 2.1680
w 0.2822
og 50
o (MN/m)
ow 75
Kn (D) 1.1
Kr (D) 5.0
¢Pm 0.28
Porous
. ¢+ 0.85
Medium
L (cm) 35.0
D (cm) 4.2
W; (cm) 0.2
g 0.000
si (PV) 0 0.849
Operating w 0.151
Conditions g (cm®/min) 0.5
p (atm) 1
T(CC) 100
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4.4 Results and Discussions
In this section, we present the results of the CFD model that is developed for the WAG injection process,
based on the case study experimental data. We use a relative tolerance of 1 x 10~* for the absolute error.
The value in the Relative tolerance field is a relative tolerance that controls the accuracy of the geometric
representation of the swept object. The geometric representation is an approximation, which is necessary
because it is not possible to exactly represent a swept object using NURBS (nonuniform rational basis
splines). The default value is 10—4 (0.01%), for more details about the relative tolerance, you can refer
to 4. A 2D heterogeneous medium with matrix and fracture domains is used, consisting of 2416 domain
mesh elements and 1026 boundary mesh elements. Similar to the case study, the fractured sample is
initially saturated with oil and connate water saturation prior to starting the WAG injection cycles. Then,
it is flooded with alternating injections of water-and-gas cycles. One pore volume injection (at the flow

rate used in the case study) corresponds to 16300 seconds.

4.4.1 Mesh Sensitivity and Analysis

In the COMSOL Multiphysics®, the time-dependent set of equations for fluids flow in porous media are
computed using finite element method (FEM). The accuracy of the calculated variables is significantly
affected by the mesh properties used in the model. To obtain an optimum mesh configuration and size,
we simulate the model using extra fine and coarse triangular meshes for the first waterflooding (WF1)
and first gas injection (Gl1) cycles, and compare the results, as reported in section 4. To compare the
performance of the model using two different mesh sizes, we use measures such as absolute average
relative deviation (AARD, in Eq. (4-5)) and the relative error (see Eq. (4-6)) in terms of the final recovery

factor (RF+inal) from experimental data and the CFD model for all of instantaneous RFs (N), as expressed

below:
AARD (%) = 100 vy M (4-5)
0 N “i=1 RF*P
RFEP —RFSI,
Error (%) = 100 %,,lf"“ (4-6)

The percent error results are given for the RF achieved by the end of the first water injection (WF) and
first gas injection (Gly) cycles. CPU time is also reported in Table 4-3, as a measure of computational
burden due to mesh size. It also should be mentioned that the timestep for both cases are fixed and

constant.
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Table 4-3 : Effect of mesh size on processing time and error percentage for WF1 and Gl injection

cycles.
CPU time (s) % AARD % Error
Mesh #Nodes
WF, Gl: WF; Gl: WF; Gly
Extra fine 2416 17 1389 33.6 3.032 0.436 0.96
Coarse 1242 3 1005 34.1 6.241 1.854 9.14

The percent error results are given for the RF achieved by the end of the first water injection (WF1) and
first gas injection (Gly) cycles. CPU time is also reported in Table 4-3, as a measure of computational
burden due to mesh size. It also should be mentioned that the timestep for both cases are fixed and

constant.

Table 4-4 reveals that by applying the extra fine mesh (which includes twice as much number of nodes)
the CPU time is increased as expected, and the error is decreased (both AARD and relative error). The
percentage of relative error in the RFyinal is more affected by the mesh size for the gas injection cycle
where the error in the ultimate recovery factor is changed by one order of magnitude. For the
waterflooding cycle, both extra fine and coarse meshing result in accurate results where the error in the
RFfinal is < 2%. Overall, the GI cycle brings more computational burden, compared to WF. The CPU
time for the Gl is two orders of magnitude slower than the WF injection which most probably is occurred
due to the three-phase flow system during GI that involves three-phase relative permeability, hysteresis,

and capillary pressure in system. While in WF1 only two phases (oil and water) exist in the system.

4.4.2 Model Validation with Experimental Data
The schematic of the WAG injection cycles for the CFD model is illustrated in Figure 4-3. Each injection
mode (WF or GI) volume is 0.5 PV; in the first WAG cycle, WF and Gl are conducted; in the second
cycle, WF2 and Gl are employed; and finally, in the third cycle, WF3 is implemented. Because the oil

production is insignificant at this stage, the Gls stage is abandoned.
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Figure 4-3: Schematic of WAG cycle injections scheduled in mathematical model.

After developing the CFD model, we compare its performance (outputs) with the experimental data for
these 2.5 WAG injection cycles; the comparison is presented in Figure 4-4. For this simulation, the
injection rate is 0.5 cm®/min, using a WAG ratio of 1.0 and a slug size of 0.5 PV. The WAG ratio is
defined as the volume of water slug size in WF cycles to that of the gas slug in the Gl cycles. Here, we
use constant slug sizes of water and gas in different cycles of water injection (WF1, WF; and WF3) and
gas injection (Gl1, Gly), as it is shown in Figure 4-3.

0.6
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Figure 4-4: Comparison between the RF of WAG injection in a fractured system from experimental and numerical
modeling works (g = 0.5 cm®/min, slug size = 0.5 PV, and WAG ratio = 1). Solid line shows simulation results
and scatter points are the experimental data from “8,

The first WAG cycle starts with the injection of water (WF1) in a two-phase system, consisting of initial
oil saturation of s0i =0.849 pore volume (PV), and initial water saturation of swi =0.151 PV. In this stage,
no gas is present (sqi =0); therefore, two-phase relative permeability and two-phase capillary pressure
models are applied in the WF1 cycle. As it is clear from Figure 4-4, after 0.5 PV in WF1, an oil recovery
factor RFsinai= 0.23 hydrocarbon pore volume (HCPV) fraction is achieved. Therefore, a high portion of

134



the oil in place is still trapped in the system (Sor =0.65 HCPV fraction). The first GI process starts at the
initial oil saturation of 0.65 PV and initial water saturation of 0.35 PV, using injection rate q = 0.5
cm®/min, which is constant during the 0.5 PVI. At this point, due to the presence of gas in the system (in
addition to oil and water), three-phase capillary pressure and three-phase relative permeability
correlations are utilized. By the end of Gl (after 0.5 PVI), a final recovery of 0.45 HCPV fraction is
obtained. After the first Gl, the second WF, second GlI, and finally the third WF are performed in the
fractured porous system, after which the RFfinai =0.53 HCPV fraction and residual final oil saturation of
0.55 are obtained.

Based on Figure 4-4, the CFD model is capable of capturing the recovery performance behavior as an
excellent match is attained between the model results and experimental data of WAG injection in
heterogeneous porous medium. A summary of error values when estimating the RF in different WAG
cycles is presented in Table 4-5, where the relative error is calculated based on RF at the end of each
process; the maximum error is achieved during the 0.5 PVI in each process. The proposed CFD model

is a suitable tool in estimating the oil recovery factor with a maximum relative error of 12%.

Table 4-5: Comparison of RF from model and experiments for WAG injection in a fractured porous medium;

Experimental data are from 2,

WAG Attributes Sor RF (HCPV fraction) Error” (%)
Cycle Process (HCPV fraction) Exp Sim Relative Max
1 WF, 0.65 0.220 0.230 -4.50 12.30
Gly 0.50 0.448 0.446 0.446 5.60
) WF; 0.42 0.502 0.503 -0.126 11.20
Gl, 0.39 0.528 0.529 -0.189 0.571
3 WEF; 0.38 0.539 0.540 -0.237 0.230

* Relative error is defined based on RF at the end of each process while the maximum error is achieved.

For the simulation results in WF1, we tune two-phase relative permeability and capillary pressure data
a priori. To do so, we used the experimental data from the literature and tuned the two-phase relative
permeability and capillary pressure models using the pattern search optimization method. This is the
reason for the overestimation in WF; cycle. We are able to obtain a perfect fit for this stage, but, preferred
not to force the model to match the WAG production data as the recovery at the end of WF1 is very close
to that in the experiments. For the Gl to WF3 cycles, the model parameters are tuned by using the
production data of WAG due to unavailability of the three-phase capillary pressure and relative

permeability behaviors for a system similar to the case study. There is also some overestimation in the
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RF from our model corresponding to WF2; however, the ultimate recovery is similar to the experimental
data. This difference might be caused due to the slight change in the wettability of the rock from strongly

water-wet to slightly oil-wet during the process.

4.4.3 Mobility Changes

In this section, we show the mobility of different phases, using fitted mathematical model. The mobility

of each phase and the total mobility of system are calculated using Egs. (4-7) and (4-8):

__ Kkyq

Ay = a€{owg} 4-7)

Ha
Aot = z Ao (4-8)
a

where A« is the phase mobility; « denotes different phases of oil, water, and gas; kr« and p,, are the three-

phase relative permeability and viscosity of phase «, respectively; and K stands for the absolute
permeability.

The interplay between the capillary and viscous forces can be described by the capillary number
Nca=vud o °%; based on the operating conditions corresponding to the WAG experiments, Nca ~ 2x107
which reveals the dominancy of capillary force compared to viscous force during the WAG flooding
process.

Plots of the phase mobility for oil, water, and gas are depicted in Figure 4-5 for both the matrix and
fracture domains, at the middle of the core according to the model that is verified with the experimental
data. The results for gas, water, and oil are consistently shown with red, blue, and black, respectively.
Furthermore, the curves of phase mobility in the matrix and fracture are consistently shown with solid,
and dashed lines respectively. The symbols of mobility of gas, water, and oil, in the fracture are Gls, W,
and O}s. Similarly, those for the matrix are distinguished with G|m, W|m, and O|m.

During the primary waterflooding (WF1), only water (wetting phase) and oil (non-wetting phase) exist
in the system. By injecting the water in WF1 (see Figure 4-5 (a)), the mobility of the water increases,
while that of the oil phase decreases. The mobility values of the gas phase in the matrix and fracture are
zero because at this stage, there is no gas phase in the system. Water advances into the network of smaller
pore spaces in the matrix blocks with higher imbibition capillary pressure, knowing that water is the
wetting phase. For this reason, the mobility of the water in the matrix is much higher than that in the
fracture. The oil (non-wetting phase) can flow from matrix into fracture that has a lower resistance to
flow. After WF1, a high percentage of the oil (sor = 0.65 HCPV fraction) is still trapped in the pores;
when gas is injected into the system in GF1 cycle (in Figure 4-5 (b)), it flows through the fracture, which
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has a relatively lower entrance capillary pressure, compared to the matrix. Therefore, the mobility of the
gas phase in the fracture becomes high. Since the saturation of the oil phase in fracture is higher than
that in the matrix medium, oil recovery (due to increase in the oil mobility in the fracture) increases
significantly. Because of the high mobility of the gas phase, total mobility increases in porous medium
in GF1 cycle. Most of the injected water from WFy is trapped in the matrix where the gas phase does
not access in GF1; hence, the mobility of the water in both matrix and fracture media remains constant
during GF1 cycle.
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Figure 4-5: The phase mobility and total mobility changes of each process in the middle of the core,

based on PVI in the matrix zone where (a): primary WF, (b):1% Gl, (c): 2" WF, (d): 2" GlI, and (e):3"

WEF.
The mobility profiles for the secondary water injection (WF>) are illustrated in Figure 4-5 (c). As it is
expected, the mobility of the water phase increases sharply and that of the gas phase decreases. During
the second WF (WF2), the dynamic of water mobility in both matrix and fracture is faster than those in
the previous water injection cycle (i.e., WF1). The mobility of the water phase stabilizes sooner (after
about 0.2 PVI in Figure 4-5 (c)) in the WF2 compared to WF1. Because water is the most wetting phase,
it does not advance through the larger pores (previously invaded by the gas phase). This is especially
valid for the water phase in the fracture; consequently, the matrix domain contributes the most to oil
production in WF cycles. For this reason, the mobility of gas phase in the fracture is low, which stabilizes
quickly (<0.1 PVI in Figure 4-5 (c)). Because of insignificant production from the matrix zone by the
water phase and gas entrapment in the fracture, the mobility of the oil phase does not change significantly
during WF». The mobility of different phases during the secondary gas injection (Gl.) cycle is depicted
in Figure 4-5 (d). The mobility of the gas phase increases in both matrix and fracture, while the oil
mobility is low, which slightly decreases. This is due to the oil depletion in the fracture medium upon
previous gas injection cycles. Therefore, there is a percolating pathway of gas phase (through the
fracture) from the injection to the production points which will remain as the preferential pathway for
the gas phase. In tertiary waterflooding (WF3) process, the flow communication between the matrix and
fracture is ceased due to the hysteresis effect and high mobility of gas in the fracture as a result of high
gas saturation. Therefore, no significant oil production is observed in RF data during WF3. The mobility
of the gas phase in the matrix also decreases and the mobility of the oil and water phases do not
significantly change.

4.4.4 Hysteresis Effect
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In this section, we present the effect of hysteresis on the performance of WAG, using the tuned model.
To model the results without the hysteresis effects, we use a different relative permeavility model that
overlooks the hysteresis. Measurements of the three-phase relative permeability are difficult and are
time-demanding; especially, when the steady-state method is used 1. Numerous empirical models such
as Stone-I, Stone-I1, and Baker are introduced to estimate the three-phase relative permeability values
from two-phase data %24, Various theoretical and experimental studies confirm the dependency of the
relative permeability to parameters such as rock and fluid properties including fluid viscosity, interfacial
tension, injection rate, wettability, immobile water saturation, pore size distribution, and especially the
saturation history . The dependency of relative permeability to fluid saturation history is described as
relative permeability hysteresis, which becomes significant in three-phase flow systems . Cyclic
dependency of the three-phase hysteresis permeability becomes important in tertiary oil recovery
processes such as WAG injection and cyclic steam stimulation (CSS) processes °L. Simulation studies
showed remarkable uncertainties associated with applying three-phase relative permeability models in
gas and WAG injections at field scales °. The simulation results of oil recovery with and without
including hysteresis revealed that a higher oil recovery is obtained by incorporating hysteresis effect in
relative permeability correlations, compared to the no-hysteresis case *. In the case of involving
hysteresis effects, a higher oil recovery is obtained over a longer period which is attributed to the effect
of trapped gas, blocking the oil flow from high-permeability pore spaces.

To study the impact of relative permeability hysteresis on the behavior of three-phase flow in WAG, we
use the Stone model (see Egs. (4-9) — (4-13)) > which excludes any hysteresis effects (Stone, 1970). In
this phase of the study, we model three cycles of WAG injection with 0.5 PV slug size at WAG injection

ratio of 1 and operating conditions similar to the previous case with hysteresis.

55= o 5, > 5, (4-9)
iy = e (4-10)
5= o (4-12)
B, = f_—si (4-12)
k" = s53.B,,. B, (4-13)

where a stands for phases (oil, water, and gas); B« is defined factor; sor and swc are the residual oil

saturation and connate water saturation, respectively; krow is the two-phase oil relative permeability for
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oil-water system; and kf}f n represents the three-phase oil relative permeability. Similar formulations are

applied for the three-phase gas and three-phase water relative permeabilities.
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Figure 4-6: WAG injection recovery factor in two cases of with and without involving the hysteresis three-phase
relative permeability effects.

The recovery factor results, using the Stone model are compared with those of WAG injection,
considering the hysteresis relative permeability by *? as seen in Eqgs. (4-5) — (4-8)). Figure 4-6 display
the results of oil recovery with and without the hysteresis effects. As observed in Figure 4-6, there is no
significant difference between the models with and without hysteresis during WF1 because no gas is
present and water is the most wetting phase. A higher amount of oil is recovered when the three-phase
relative permeability hysteresis is considered. This is especially true about the oil recovery in the gas
injection cycles (Gl1 and Gl.). This observation is in agreement with our previous findings that the three-
phase relative permeability and capillary pressure affect the non-wetting phase (gas) the most, while they
do not considerably affect the behavior of the most wetting phase (water) 6. More details on the
importance/influence of capillarity and viscous forces during WF1 are available in the literature 58, The
magnitudes of ultimate oil recovery factor upon injecting 2.5 PV successive cycles of water-and-gas (0.5
PV each) are estimated to be RF=0.53 and 0.44 HCPV fraction for the models with and without the
three-phase hysteresis, respectively. The higher RF in cyclic injection of water and gas— when the
hysteresis effects are taken into account—may be explained by the gas trapping in the system due to
hysteresis that reduces the mobility of the gas phase (see Figure 4-5(c)). Consequently, this effect will
prevent water to flow into the fracture, resulting in a lower water-cut and a lower gas-to-oil ratio. Because

the majority of the oil resides in the matrix with smaller pores, the gas trapping in the larger pores
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(especially in the fracture domain) leads to a higher sweep efficiency, and therefore, a higher oil recovery
compared to the case without the three-phase relative permeability hysteresis. This finding is in

agreement with micro-scale advancement of phases into small and large pores *°.

445 Core Alignment

In the naturally fractured reservoirs (NFRS), pressure-driven mechanisms of producing hydrocarbon may
not be an effective strategy for oil production. In such reservoirs, the presence of the fracture, as a highly
permeable path, provides a direct channel for the injected fluid (especially the gas phase) towards the
production zone, reducing the oil recovery efficiency %1, Gravity drainage is reported as an efficient
process producing from NFRs 624, Low residual oil saturation was reported after conducting gravity
drainage tests in highly permeable media and in sandstones ©°.

To examine the effect of gravity forces on the WAG injection performance, a set of immiscible WAG
simulation runs are conducted in the porous media with and without the gravity effects. We change the
orientation of the porous medium to account for the gravity by aligning it vertically; due to the small
size of the porous medium, the gravity effect is minimal in the model that is held horizontally. Figure

4-7 shows a schematic of horizontal and vertical alignments of the porous system.

(b)

MOfF

Figure 4-7: Two different core alignments to study the effect of gravity in immiscible WAG injection performance
(a): horizontal (along x-axis) and (b): vertical (along z-axis). The gravity vector g is applied in -z direction.

For the analysis of gravity, all fluid and rock properties, and the operational conditions are the same for
both the horizontal and vertical model alignments. The effect of gravity is demonstrated in Figure 4-8
using simulation results. The WAG injection scenario is the same as that shown in Figure 4-3 where the
WAG ratio is 1, and each WAG cycle is 0.5 PV. According to Figure 4-8, including the gravity force
improves the oil recovery. Due to significant contribution of gravity force in overall driving forces and

the flow communication between the matrix and fracture 2, the ultimate RF after 2.5 PV is higher in the
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vertical mode; the ultimate RFfina=0.62 and 0.53 HCPV fraction are achieved in the vertical and

horizontal models, respectively, which is about 17% (relative) increase in the RF due to the gravity.
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Figure 4-8: Effect of gravity on RF of immiscible WAG injection. WAG ratio = 1 and WAG slug size = 0.5 PV.

In both cases, similar RF values are obtained by the end of WF: cycle. However, due to the existence of
gravity forces in the vertical case, the instantaneous RFs in the vertical mode are higher. During later
cycles, especially during the WF, and WF3 cycles, more oil is recovered in the vertical model, compared
to the horizontal case. The presence of gravity also improves the drainage of continuous oil and water
films from pore corners, which is more significant during the later stages of injection cycles when the
oil production rate decreases. During the GI cycles, the flow communication can also drive the fluids
from matrix to fracture. This flow communication will postpone the gas breakthrough; as a result, the
RF+inar is higher in GI cycles when gravity is considered. By sweeping the oil from matrix to the high
permeable fracture medium, the fracture will become the main source of oil production and improve the
overall recovery rate from the system. The flow of oil from matrix to fracture is considerably less in
horizontal case where no gravity is considered. The oil flow from matrix to fracture postpones the
channeling and early breakthrough of the injected fluids especially the gas phase. In WF3 cycle, the
recovery plot reveals that the oil recovery is not ceased in the vertical model even after 0.5 PV. Thus,
unlike the recovery behavior in the horizontal model, both matrix and fracture contribute to the oil
production when gravity is considered. Further WAG cycles can be injected to increase the ultimate oil

recovery in the vertical model.

4.4.6 Fracture Aperture
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The effect of fracture aperture on the oil recovery of the fractured system during the WAG injection
process is investigated in a set of designed simulation runs (see Table 4-6). In this section, four different
aperture sizes are simulated to study the oil recovery of WAG injection. All simulated models use the
same fluid, fracture, and matrix properties (except for the aperture size). In all cases, a WAG injection
scenario similar to that shown in Figure 4-3 is followed.

Figure 4-9 illustrates the impact of the fracture aperture on the RF performance during the immiscible
WAG injection process. In all cases, a WAG ratio of one, and WAG slug size of 0.5 PV are used. The

temperature and pressure are 100°C and 1 atm, respectively.

Table 4-6: Effect of fracture aperture on WAG injection.

Sor (HCPV RF (HCPV
Fracture aperture (mm) ) )
fraction) fraction)
0.5 0.424 0.500
1 0.415 0.511
2 0.399 0.530
3 0.348 0.590
0.7
0.6 1 3 (mm)
original —— 2
E 05 ¢ Ry UI:
E 03 ¢
02 ¢+
01+ :;
—3
0.0 F— e e

Figure 4-9: Influence of fracture aperture size on oil recovery performance upon immiscible WAG injection in a

fractured medium (g = 0.5 cm®/min, slug size = 0.5 PV, and WAG ratio = 1).

According to Figure 4-9 and Table 4-6, by enlarging the aperture size of the fracture in the model, the

oil recovery of the porous system increases. The model with the 3 mm aperture size results in the highest

oil recovery (in each cycle) and reaches the RFsina = 0.59 HCPV fraction, at fixed PVI for all cases.
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Moreover, the production is ceased at 2.24 PVI, compared to other cases in which the production is
continued for 2.5 PVI. The shorter time of process in the cases with higher fracture aperture size may
occurs due to the faster drainage of oil from fracture (that contains more oil) and faster imbibition in
matrix blocks as the water tends to sweep into the matrix blocks rather than fracture medium with a high
capillary entrance. Note that the fracture is simulated both in model and experiments with a porous
domain with a significantly higher porosity and permeability. The fracture has a porosity of near 85%.
Because the overall recovery from the fracture is higher than that from the matrix, the overall recovery
factor from the fractured model increases with increasing fracture aperture, because the pore volume of
oil residing in fracture increases accordingly. Upon an increase in the fracture aperture, the overall
permeability of the model also increases, resulting in a greater recovery rate from the model. At very
low aperture values, the fracture block acts similar to the matrix. Looking closely at the instantaneous
RFs for the case with the largest fracture aperture size (b=3 mm), most of the jumps in the instantaneous
RFs occur during the GI cycles rather than the WF cycles. The ultimate RF obtained during WAG
injection in a case with 0.5 mm fracture aperture is 0.5 HCPV fraction.

The discussion on the loss of capillarity in the fracture when the aperture increases above a critical value
is not valid in our case study because the fracture medium is a porous medium with higher permeability
and porosity for which capillary continuity holds. By increasing the fracture aperture, only the width of
this higher permeability region increases, and the critical aperture size will not be materialized. More
details about the critical aperture size and its effects on recovery performance is available in the literature
2,50, 66-68

4.4.7 Permeability contrast between matrix and fracture

The flow properties of the NFRs is governed by the flow through fracture and matrix as well as the flow
communication between these two regions. One of the important parameters affecting the flow
distribution along the porous medium is the permeability of matrix and its contrast with the fracture
permeability. To investigate this effective parameter, a set of WAG injection with three different Kmn/Ks
ratios (by changing the matrix permeability) is conducted. All three cases are conducted with a WAG
ratio of 1, and constant injection rate of 0.5 cm®/min, with 2.5 cycles and at the constant PV1 of 0.5 for
each injection mode (WF or GI). The ratio of Kn/Ks = 0.22 is considered as the base case and two other
ratio of Km/Ks = 0.1 and Kn/Ks = 0.3 are compared with the base case to examine the effect of increasing

and decreasing of this ratio.
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Figure 4-10: Influence of permeability contrast (Kn/K: ratio) between matrix and fracture on oil recovery
performance upon immiscible WAG injection (q = 0.5 cm®min, slug size = 0.5 PV, and WAG ratio = 1).

As the ratio of Kw/Ks increases and approaches unity, the permeability contrast between matrix block
and fracture vanishes. Figure 4-10 presents the results of permeability contrast comparison according to
the RF data versus the PVI. Comparing the simulated results for the case of Knw/Ks = 0.1 and the base
case where Kn/Ks = 0.22, shows that by lowering the matrix permeability the oil recovery significantly
decreases—especially during WF injection modes. At Kw/Ks=0.1, and during WF; cycle, the water (as
the wetting phase) prefers to invade into the matrix blocks due to high capillary entrance, bypassing the
fracture. Because the majority of HCPV resides in the matrix, decreasing the matrix-to-fracture
permeability ratio increases the effect of hysteresis and more oil will be trapped in the matrix. Also
because the fracture permeability is held constant, by decreasing the matrix-to-fracture permeability, the
overall permeability of the porous medium decreases which also decreases the rate of oil production as
well. The overall RF increases upon gas injection as the gas phase invades into the fracture medium due
to its lower capillary entrance and drains the trapped oil of that zone. In the second WF, water flows
through the low permeable matrix blocks and has a less chance to sweep the oil towards the producing
zone, so low RF is resulted. However in second Gl, the gas faces a high resistance for entering into the
matrix medium and flows through its direct path in the fracture which is previously drained, quickly
breakthroughs and no significant oil is recovered. The RFsinai = 0.5 HCPV fraction is obtained this case;
Kn/Ks = 0.1. At a higher matrix-to-fracture permeability ratio of Kw/Ks = 0.3, the WAG injection
performance generally improves in all cycles as shown in Figure 4-10. Significant increases in the oil
recovery are resulted in the WF1 and WF, cycles for the highest permeability contrast ratio, compared

to the base case (Kw/Ks = 0.22). At a higher matrix permeability, both the recovery and recovery rate
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from the matrix blocks increases upon water injection. Also, due to less permeability contrast between
matrix and fracture, flow communication between these two regions enhances and improves the oil
recovery from the system. Increasing the matrix permeability also raises the chance of the gas phase to
invade into the larger pore continuum in the matrix to recover the oil from both the matrix and fracture
zones. Therefore, the chance for undesired viscous fingering phenomena decreases, which causes
delayed the breakthrough time (consequently, higher RF at the breakthrough). The ultimate RFfinai = 0.6
HCPV fraction is resulted after 2.5 cycles of WF and Gl in the case of Kn/Ks = 0.3 which is (relatively)
20% higher than the low matrix permeability case of Kn/Ks = 0.1.

4.4.8 Fracture Inclination

A series of simulations are conducted to study the influence of fracture orientation on the RF during the
immiscible WAG injection. The simulations are performed, using a fracture aperture size of 2 mm. We
compare the horizontal fracture with three other cases where the fracture is inclined by 30°, 60° and 90°
with respect to the horizontal axis. Figure 4-11 shows the results of the simulations based on the oil RF
for 3 cycles of WAG injection with the slug size of 0.5 PVI. According to these results, the ultimate RF
of all cases are so close, between 0.47-0.49 HCPV fraction (see Table 4-7). The ultimate recovery is

however, lower than the case of horizontal fracture.

Table 4-7: Simulated results of WAG injection in different fractured models.

Sor (HCPV RF (HCPV
Inclination (*)

fraction) fraction)
30 0.440 0.471
60 0.442 0.481
90 0.432 0.491
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Figure 4-11: The effect of fracture inclination angle on oil recovery performance upon immiscible WAG injection
(g9 = 0.5 cm¥min, slug size = 0.5 PV, and WAG ratio = 1).

During the WF1 cycle, all three cases have a similar RF performance which is attributed to the strongly
water-wet condition of the system. Since the rock is strongly water-wet the wetting phase which is water
tends to stick to the rock surface as an adhering thin film and displaces the oil towards the production
zones. During the primary WF, since the system only contains two phases (water and oil), water which
is the wetting phase prefers to invade into matrix blocks rather than the fracture. When water reaches to
the fracture (with any inclination angle) due to low capillary entrance, it bypasses the fracture, so the
fracture inclination angle does not mainly affect on the oil recovery during primary WF. When injecting
gas into the system, increasing the inclination angle postpones the gas breakthrough and results in a
higher recovery factor at the breakthrough condition at higher inclination angles. This reveals that the
oil drainage from inclined fractures is more facilitated as the gas phase enters to the fracture and also the
flow communication between fracture and matrix blocks is improved. Furthermore, in waterflooding
cycles, this difference between recoveries of different inclination angles become less pronounced. This
is due to the less access of water to the fracture medium at any inclination angle. However, during all

cycles the differences in RF values of all three cases is not more than 4%.

4.4.9 Fracture Pattern
Fracture configuration and pattern highly affect the fluid flow in the porous systems. To evaluate the
effect of fracture pattern during the WAG injection on oil recovery, three different fractured porous

media are considered. In Figure 4-12(a), there is only one fracture in the middle of the horizontal model,

the case shown in Figure 4-12(b) contains two horizontal fractures with similar properties as those in the
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case of (a); the model shown in Figure 4-12(c) contains one horizontal and one vertical fracture in the
middle of the core with the same properties at the first two cases. We also compare the performance with

a homogeneous model (without fracture) as shown in Figure 4-12(d).

Sflow

(a)

(b)

(c)

Figure 4-12: Fracture patterns in different porous media models. Pattern (a) is the original model used in the

experiments and pattern (d) is the homogeneous model.

For the WAG injection process in all of the fracture configurations shown in Figure 4-12, three cycles
of 0.5 PV slugs are injected at a WAG ratio = 1; the injection flow rate is fixed at 0.5 cm®min). Table
4-8 and Figure 4-13 show the results of RF for these three cases. According to Figure 4-13, adding
fracture to the system substantially increases the both the instantaneous and ultimate RFs.

Table 4-8: Residual saturation and recovery factors of WAG injection in different models.

Sor (HCPV RF (HCPV
Model ) )
fraction) fraction)
a 0.380 0.540
b 0.263 0.690
c 0.290 0.658
d 0.250 0.703
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Figure 4-13: Effect of fracture pattern on the recovery performance of immiscible WAG injection (q =5 cm®min,
slug size = 0.5 PV).

As Figure 4-13 shows, model (d) results in the highest RF with ultimate recovery of 0.71 HCPV fraction
after three cycles of WAG injection. The model (c) shows a close RF dynamics compared to the case (b)
with ultimate RF=0.69 HCPV fraction; furthermore, model (a) with only one horizontal fracture is the
original case that simulates the experimental condition and has the lowest ultimate RF=0.54 HCPV
fraction among all fractured models. The higher RF in model (b) and (c) compared to the model (a)
occurs mainly for the reason that by adding fracture to the medium the effective permeability will
increase, leading to increase more contact between the injecting fluid and more oil production of oil.
This effect is more highlighted during first GI cycle, where the gas (hon-wetting phase) has more chance
to occupy the fracture medium which highest oil saturation remained from the previous WF cycle. The
injected water (wetting phase) does not advance into the fracture, and it enters into the matrix medium
and sweeps the trapped oil in the matrix medium due to the low capillary entrance of the added fracture.
Another reason for a slight small increase in the ultimate RF in model (c) over model (b) is related to the
inter-connection of the horizontal and vertical fractures though which a larger extent of oil
communication between matrix and fracture network is possible. This latter phenomena occurs if the
capillary continuity holds for the vertical fracture in the model (c). The capillary continuity will be lost
in the vertical fracture if the aperture increases above a threshold value, making the capillary pressure
insignificant. The importance of the fracture aperture is analyzed in the section 4.6.

Model (b) adds a second horizontal fracture with the same characteristics of the first one (length, and
petrophysical properties) while in model (c) the vertical fracture occupies less pore volume. This

difference is more important when the matrix blocks become the main source for the oil production
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(especially, during the WF cycles), resulting in more production, and consequently a higher RF from
case (c) compare to that in case (b). The highest difference in the RFs of the model (b) and model (c)
occurs at the Gl1 process when the gas invades into the fractures, sweeping the oil from the fracture
medium; in the Gl> both models do not contribute much to the oil recovery and the RFs become
comparable between the two models. This is due to the movement of the gas phase into the drained
fractures, where gas already founds its direct path to the producing zone through the fracture (due to less
capillary entrance of the fracture and high capillary entrance of matrix blocks); so gas instantly flows
through its path and the condition for breakthrough occurs. So, after Gl; process, most of the recovery
from the system is achieved during the WF cycles rather than those during the Gls, since water phase
has more chance to flow into the matrix blocks as the main source of oil production and sweep the
trapped oil from that zones. Although the fracture pattern in the case (c) shows some instantaneous higher
RF values comparing to the case (b), the difference in the ultimate RF between the two models is less
than 2% HCPV.

4.4.10 Interfacial Tension

One of the main active mechanisms in WAG injection is the interfacial tension reduction. The value of
the interfacial tension significantly affects relative permeability curves. For instance, in a completely
miscible system, the interfacial tension value is zero and the relative permeability of phases is a linear
function of saturation with a slope of 1. To study the effect of interfacial tension for oil-water and oil-
gas systems on the performance of the WAG injection, the low interfacial tension values (o oil-water=15
mN/m and aoil-gas =10 MN/m) are considered in the simulations (see Figure 4-14) and the outputs are
compared with the results of the original case study.

For both cases, the WAG injection processes are performed at the WAG ratio of 1, with 2.5 cycles at 0.5
slug size for each injection mode. According to Figure 4-14, lowering the interfacial tension values for
both systems (water-oil and oil-gas) significantly increases the instantaneous and ultimate recovery
factor of the WAG process (by 21.76%). The lower interfacial tension facilitates the oil displacement in
the matrix zone, where it might be untouched by water, especially during the Gl cycles. On the other
hand, the amount of trapped gas is a strongly affected by the interfacial tension; a lower interfacial
tension value results in more gas-oil contact and higher gas entrapment (hysteresis) in the system. Lower
interfacial tension values also increase the recovery factor of the WF cycles and delays the breakthrough

time of the water phase (see Figure 4-14).
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Figure 4-14: Effect of interfacial tension (IFT) reduction on oil recovery factor during WAG process (g=0.5
cm?®min, slug size=0.5 PV).

In the last WF cycle (3@ WF), the recovery factor trend shows that the production is not ceased if the
system is continued for further injection cycles of water and gas injection for the case of low interfacial
tension (IFT), while at a higher interfacial tension condition, the recovery factor reaches to a plateau in

which no more oil is expected to be recovered from the system even by injecting more water and gas.

4.4.11 WAG Ratio

WAG ratio is one of the important operating variables in designing a WAG flooding process. Unlike the
oil-wet and mixed-wet systems, WAG ratio profoundly affects the fluid flow of phases during a WAG
injection process %. To examine the impact of WAG ratio on WAG process in the fractured porous
medium, three different WAG ratios of 1, 0.5, and 0.25 are taken into account. For the WAG ratios 0.25
and 0.50, the injection rate of the gas is fixed as the original case, and the injection rate of the water is
multiplied by 0.25 and 0.5, respectively. Figure 4-15 describes the simulation results of this sensitivity
analysis. According to Figure 4-14, the highest ultimate recovery factor is obtained at the WAG ratio of
1 (RF = 52.86%); by decreasing the WAG ratio to 0.5 (RF = 47.20 %) and 0.25 (RF = 38.74 %) the
recovery factor is significantly reduced. WAG injection at low WAG ratios (e.g., 0.25) results in very
low RF in the first WF cycle (~6.5 %), compared to two others (11.5% and 22.5% for the WAG ratios
of 0.5 and 1, respectively), due to the low injection rate of the water to sweep the entire matrix zone.
Since the porous system is strongly water-wet, more RF reduction occurs and the water breakthrough is
delayed during the WF cycles, compared to the Gl cycles. It should be noted that the rate of oil recovery
during the GI cycles almost shows the same behaviour as the gas (due to the wettability of the system

and its preference) mostly flows through the fracture medium.
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At higher WAG ratios (e.g., 1), the water has more chance to be in contact with higher portion of trapped
oil bank in small pores and displace more oil. Furthermore, at the WAG ratio of 1, two displacing phases
of water and gas are traveling at the same velocity in the porous medium that provides a continuous and
stable front in which the fluid mobility (especially the gas phase) is controlled, and thereby, a higher

recovery is achieved.

WAG ratio =
1

RF (HCPV Fraction)

0 03 06 09 12 15 18 21 24 27 3
PV

Figure 4-15: Influence of WAG ratio on recovery factor (2.5 cycles, slug size = 0.5 PV).

The performance of enhanced oil recovery techniques is mostly influenced by the heterogeneity of the
applied reservoirs. WAG injection as a mature EOR technique has been widely used in naturally
fractured reservoirs. Despite many research and engineering studies conducted on this topic, no
comprehensive, robust, and reliable model is provided to simulate immiscible WAG injection in
fractured systems. The CFD model proposed in this study uses three-phase relative permeability and
hysteresis and three-phase capillary pressure in a fractured porous medium during immiscible WAG
injection. The verified model can be used to study the effect of different parameters including the fracture
configuration and pattern, fracture aperture, fracture inclination angle, mobility, and velocities of phases
on the recovery performance of WAG injection This introduced CFD model can be used by industrial
and environmental sectors to avoid additional time and financial costs; it can also help to obtain a

comprehensive knowledge of immiscible WAG injection in heterogeneous/fractured reservoirs.

4.5 Summary and Conclusions
In this study, we simulate immiscible water-alternating-gas (WAG) injection into porous media with
fractures, using CO as the gas phase; the model is implemented in COMSOL Multiphysics® for
enhanced oil recovery application. The simulations are conducted at atmospheric pressure and 100 °C

temperature. Water and gas are sequentially injected with WAG ratio of 1, using slug size of 0.5 PV in
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a strong water-wet sand pack where Maroon crude is used as the oil phase. The following conclusions

are obtained from this study:

The three-phase flow model with three-phase relative permeability and capillary pressure models
is reliable in simulating the WAG process in fractured porous media. The maximum error in
estimating the recovery factor is 12%.

During the water flooding cycles, the mobility of water and oil in the matrix dominates the overall
fluid mobility while in the gas injection cycles, the mobility of the gas and oil in the fracture
dominates overall fluid mobility.

The hysteresis effects results in higher ultimate oil recovery after 2.5 PVI. With and without
hysteresis, the ultimate oil recovery factor values are 0.53 and 0.49 HCPV fraction, respectively.
The hysteresis effects are mostly due to the gas trapping in the larger pores (such as those in
fracture).

Having a vertical fracture connected to a horizontal fracture in the system enhances the oil
recovery through improving the matrix-fracture flow communication.

Increasing the fracture aperture in the case in which the fracture is a high permeable porous
medium leads to an increase in oil recovery at a fixed slug size and PVI.

Increasing the fracture aperture increases the recovery and recovery rate of the oil phase.
However, at later cycles, the early gas breakthrough reduces the incremental recovery.

Fracture inclination angle does not remarkably change the ultimate RF; by changing the
inclination angle from 30° to 90°, the RF is increased only by 2%.

Including the gravity forces in vertical systems causes an overall improvement in RF through
engaging both matrix and fracture media in all cycles. It increases the RF by 9%, compared to
the horizontal model where no gravity force is applied to the system.

As the permeability contrast between matrix and fracture media decreases, the flow
communication between the two regions increases and improves the recovery performance of the
WAG process.

Lowering the IFT between phases significantly increases the oil recovery by providing more
contact between phases.

At a WAG ratio of 1, the highest oil recovery is obtained, while by lowering the WAG ratio, the
fluid front is not stable and less oil is recovered from the system.

In the current study, we focused on immiscible WAG injection. It is recommended that the

miscible WAG injection in heterogeneous reservoirs is also examined in future work.
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NOMENCLATURES

Acronyms

AARD Average absolute relative deviation
CFD Computational fluid dynamics

EOR Enhanced oil recovery

FAWAG Foam assistant water alternating gas injection
FEM Finite element method

Gl Gas injection

HCPV Hydrocarbon pore volume

IOR Improved oil recovery

IWAG Immiscible WAG

M Mobility ratio

NFR Natural fractured reservoir

PVI Pore volume injection

PVT Pressure volume temperature

RF Recovery factor

SWAG Simultaneous water and gas injection
WF Waterflooding

WAG Water-alternating-gas injection

Variables and Parameters

a Capillary exponent

B Three-phase relative permeability factor (Stone model)
c Capillary entry pressure

Cp Storage term

D Diameter

Gravity acceleration constant
Height
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X
z

Greek Letters

S D T > . >

Q

Length

Absolute permeability

Effective permeability of the phase «
Relative permeability of phase i in the ij two-phase system
Three-phase relative permeability of phase i
Capillary number

Pressure

Fracture entry pressure of phase i

Source term

Phase saturation

Time

Temperature

Velocity

Width

x-axis coordinate (horizontal)

z-axis coordinate (vertical)

Phase (gas, oil, and water)

Scaling factor

Porosity

Mobility; Pore size distribution index
Viscosity

Density

Contact angle

Interfacial tension

Subscripts and Superscripts

Capillary pressure
Fracture

Final state

Gas phase

Flux (in scaling factor)
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m Matrix

Oil phase
0g Oil-gas system
Q Storage (in scaling factor)
ow Oil-water system
W Water phase
wg Water-gas system
r Residual phase
st Time (in scaling factor)
Tot Total
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Abstract

Machine learning algorithms are extensively used to reduce the complexity of applied problems in
various fields, including energy. Water-alternating-gas (WAG) is an enhanced oil recovery (EOR)
process that is widely implemented to increase the hydrocarbon recovery. Accurate prediction of the
WAG performance is of great importance in the optimal management of the hydrocarbon resources. In
the current work, a hybrid mathematical model is proposed for the near-immiscible WAG process. We
use data-driven sub-models, including least square support vector machine (LSSVM) and adaptive
neuro-fuzzy inference system (ANFIS) in series with an empirical model (EM) and a first principle
model (FPM) to study three-phase flow in porous media. The LSSVM and ANFIS sub-models predict
the two-phase water-oil, gas-oil, and gas-water relative permeabilities. The outputs from these models
are supplied to the empirical models (EMs) to estimate the three-phase relative permeabilities for oil,
gas, and water phases. We examine the accuracy of oil recovery estimates from each model and compare
it with experimental data for one WAG injection process involving three water- and gas-injection cycles.
For a strongly water-wet sandstone system, we use a total number of 1,457 training data points to develop
three sets of two-phase relative permeability data that is applied in the WAG injection process. Statistical
analysis is conducted on model results, in which we use coefficient of determination, standard deviation,
and error analysis. The model developed using LSSVM shows a better prediction performance in
estimating the relative permeabilities, compared to that using ANFIS. The relative importance parameter
analysis shows that for the LSSVM sub-model, water saturation is the most influencing input parameter
for the gas-water and oil-water systems while for the gas-oil system, gas saturation is the most important
input parameter. The results from the WAG process also shows a better performance for the LSSVM,
compared to the ANFIS. Using the models proposed in this work, some hybrid models are developed to
forecast the ultimate recovery factor (RF) in the testing phase. The predicted ultimate RF values are
92.0%, 91.6%, and 82.9% for the correlation-based EM-FPM, LSSVM-EM-FPM, and ANFIS-EM-FPM
hybrid models, respectively, in comparison to the measured ultimate RF value of 93.6% after three cycles
of water- and gas-injection. Among the proposed hybrid models, the LSSVM-EM-FPM model
significantly removes the non-linearity of the two-phase relative permeabilities. The absolute maximum
error in estimating the ultimate oil RF is 1.7%, 2.5%, and 11.4% for the EM-FPM, LSSVM-EM-FPM,
and ANFIS-EM-FPM hybrid models in the testing phase, respectively. In general, the LSSVM-EM-FPM
hybrid model possess the same level of accuracy as that of the EM-FPM hybrid model, but with
significantly less model complexity and non-linearity. Thus, the LSSVM-EM-FPM hybrid model can be
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used in demanding applications such as optimization and control of this oil recovery process, leading to
a better resource management.

Keywords: WAG injection; Three-phase relative permeability; LSSVM; ANFIS; Machine learning;
Recovery factor.

5.1 Introduction

The WAG injection has been successfully field tested as a promising EOR technique. Through
controlling the frontal mobility, the WAG injection process features a lower residual oil saturation
compared to traditional waterflooding or gas injection especially in miscible condition *. Generally, four
mechanisms are responsible for enhanced productivity of the WAG injection process, including: 1)
changing the oil density as well as reducing its viscosity as a result of the interactions between the oil
phase and the light components of the injecting gas phase, depending on the temperature, pressure, and
composition of the oil and gas phases, 2) changing the three-phase relative permeability of the phases
that result more stable fluid fronts, 3) trapping of the non-wetting phase(i.e. gas), and 4) reducing the
interfacial tension (IFT) between the phases upon compositional changes, leading to lower residual oil
saturations 1.

During a WAG injection process, some complex displacement patterns occur due to highly non-
monotonic saturation variations of all three phases 2. Since the WAG process involves subsequent
injections of different fluids, simulation of the process performance is more complicated than that of a
typical three-phase flow system 3. The WAG injection process is challenging in terms of fluid-fluid
interactions, surface and interfacial tension effects, capillary and phase trapping, wettability, and pore
size distributions *. It is thus important to further explore the vital characteristics of the WAG process
such as relationships between relative permeabilities of the phases while studying the flow behavior in
such complex systems.

In a WAG flooding process, directional hysteresis occurs in the magnitudes of the relative permeability
during the changes in saturation history between the subsequent imbibition and drainage displacements
in the system >®. Three-phase relative permeability data are necessary to model the distribution and
transport of oil, water, and, gas in porous media; and to evaluate the pressure and velocity distribution
of the available phases ’. Relative permeability functions integrate the effects fluid and rock properties,
and fluid saturations in porous media . Skauge and Larsen ° used dynamic WAG injection experiments
and measured unsteady three-phase relative permeability values using consecutive cycles of water-and-
gas injections for different porous media wetting conditions. In each cycle, the relative permeability of

all the phases showed irreversible hysteresis effects. The gas phase saturation profiles (as the most non-
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wetting phase) caused more hysteresis effects in all porous media compared to the wetting phase.
Relative permeability of the most non-wetting phase (gas) was affected by the hysteresis the most,
compared to hysteresis effects on the relative permeability of most wetting (water) and intermediate
wetting (oil) phases; at a constant saturation, the gas relative permeability was lower during the
imbibition cycles when compared to that in drainage cycles °. In another study, Larsen and Skauge
proposed a three-phase relative permeability model that accounted for local hysteresis effects for wetting,
non-wetting, and intermediate wetting phases. The proposed model assumed reversible hysteresis loops
which was applied for WAG flooding process. The model inputs were the initial phase saturations and
relative permeability of wet, non-wet, and intermediate-wet phases 1°. Egermann et al. proposed a three-
phase relative permeability model for a WAG injection process; it was found that the hysteresis effects
depend on both the saturation and displacement histories 2.

Obtaining two-phase relative permeability data is more straightforward than those of the three-phase, as
the lower number of phases decreases the available saturation paths. However, a three-phase flow system
has infinite number of saturation paths that makes it difficult to estimate the three-phase relative
permeability values. Hence, the evaluation of the three-phase relative permeability data has been the
subject of numerous studies 2. In the literature, two main approaches are followed to estimate the three-
phase relative permeability data: 1) direct measurements using coreflooding experiments, and 2)
predictions made from two-phase relative permeability data. In the first approach, the three-phase
relative permeability values are obtained using steady-state or unsteady-state experiments. In addition,
there are various empirical correlations to estimate the three-phase relative permeability values using the
two-phase data 3. One of the primitive correlations that estimate the three-phase relative permeability
was introduced by Stone, that is widely known as “Stone I” model 4. In this model, the three-phase
relative permeability data are predicted based on measured two-phase data points. The Stone | model
assumes that water and gas are separated in the system, and the oil bank displacements by water and gas
are two independent processes **. However, the error associated with the Stone | model (and similar
models) is high, making these relative permeability correlations unreliable for modelling the three-phase
flow in porous media. Therefore, several investigations are performed to enhance the accuracy of the
existing three-phase relative permeability models against experimental data >°. These studies also
revealed that there is no single model that can fit to the experimental data from different sources which
is not surprising, considering variation in the rock and fluid properties involved in different experimental
studies. Two-phase relative permeabilities are non-linear functions of the phase saturations, which are

influenced by various parameters such as phase saturation history, pore size distribution, pore structure,
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wettability, permeability and porosity, overburden pressure, the IFT between fluids, fluid properties
(e.g., viscosity and density), initial wetting phase saturation, and the flow rate "%, The two-phase
relative permeabilities do not only control the fluid flow and saturation distribution in two-phase
systems, but their values and behavior also significantly affect the fluid flow in three-phase systems.
However, the relative influence of the two-phase relative permeabilities and the impact of rock and fluid
properties in three-phase systems have not been clearly understood and quantified in the literature 3.
Smart tools such as artificial neural network (ANN) models enable us with robust toolboxes to conduct
non-linear and multidimensional interpolations. These models are being extensively applied in various
sectors from biology to engineering. However, the application of ANN (and connectionist) models in
the petroleum industry and specifically in EOR processes is still in its infancy. In this work, we utilize
two of the most known smart tools, namely LSSVM and ANFIS, for prediction of the three-phase relative
permeabilities based on the two-phase data.

Vapnik 3 proposed the idea of support vector machine (SVM) to address typical problems and
limitations that are encountered in the ANN modeling, such as overfitting, convergence to local minima,
and inconsistence or unrepeatable results 3. Additionally, although the structure of the SVM is simpler
than ANN (less model parameters and no hidden nodes), it converges to a global minima. The SVM
network topology and is only obtained through the training stage and does not demand a priori
knowledge about its structure 3+, In general, the SVM model develops a robust machine learning
approach that uses statistical learning theory, leading to reliable generalization of the performance *.
The SVM algorithm results in an optimum hyperplane that features a minimum threshold distance from
all experimental data points. The SVM model is extensively applied in classification application to divide
the experimental data points to various classes with distinct boundaries *-%. Due to the extensive
uncertainty, complexity, and non-linear behaviors associated with various data and properties reported
in the petroleum industry, the SVM model is considered as a reliable tool in dealing with these challenges
39 There are modified versions of the SVM model that are applied for data analysis in the oil and gas
industry. For instance, Fayazi et al. predicted natural gas viscosity using least square support vector
machine (LSSVM) model “°. In another work, Esmaeili et al. used supervised (learning) LSSVM model
to predict the effect of temperature on two-phase oil-water relative permeability data 3. The LSSVM
model has also been used for other oil and gas related applications such as predicting the phase
equilibrium conditions of clathrate hydrate, modelling freezing point depression of electrolyte solutions,
calculating minimum miscibility pressure for CO2-oil systems, and estimating dew point pressure for a

gas condensate system 35 4142,
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The fuzzy neural network models benefit from the learning capability in the ANNs and knowledge
demonstration capability of the fuzzy logic *®. Adaptive neuro-fuzzy inference system (ANFIS)
eliminates the drawbacks of the neural networks, such as the lack of transparency in explaining the main
decision, and the weaknesses involved in the learning stage of fuzzy logic. ANFIS is able to predict
systems with acceptable accuracy in various subjects/disciplines such as engineering, medicine,
transportation, business, and economics 4. This success led to extensive developments in various
modifications®, applications®®, and reviews and surveys** of the fuzzy neural network systems. Among
proposed neuro fuzzy models, ANFIS introduced by Jang in 1993% has attracted many interests.
However, ANFIS also faces major limitations such as high dimensionality and training complexity,
which impose restrictions on problems with large datasets. ANFIS algorithm has been extensively used
in petroleum engineering research studies to predict, for instance, permeability and porosity, injection
profile and well placement, oil viscosity, minimum miscibility pressure (MMP), asphaltene precipitation,
reservoir oil solution gas-oil ratio, and oil recovery factor 4"-°¢, Shamshirband et al. used the multilayer
perceptron artificial neural network (MLP-ANN), ANFIS, and LSSVM models to estimate the oil
relative permeability in a sandstone reservoir at various temperatures °’. Their proposed models linked
the oil relative permeability to the corresponding input parameters such as water saturation, temperature,
and water and oil viscosities. Their results showed that the LSSVM model leads to the best performance
based on the graphical and statistical error analysis. In another study, Roghanian et al. used ANFIS and
identified the complex relation between rock and fluid properties and water-oil relative permeability key
points including: maximum water and oil relative permeability values, cross point saturation, and cross
point relative permeability 8.

In this work, the LSSVM, ANFIS, and a correlation-based empirical model (EM) are used to determine
the two-phase relative permeability values in three systems of oil-water, oil-gas, and gas-water. The
predicted values are then embedded in a first principle model (FPM) of WAG flooding process to
estimate the ultimate recovery factor for comparison with some experimental data. We structure this
chapter as follows: after the introduction, we provide the mathematical framework, including the
mathematical model and numerical solution. The theoretical framework of data acquisition and analysis,
and the training procedure of the ANFIS and LSSVM models are then given. We also discuss the
limitations associated with the applied models. After evaluating the two-phase relative permeability
predictions by the ANFIS and LSSVM models, we discuss the oil recovery factor, three-phase relative

permeability of all the phases, and the relative importance of all the input parameters. The models are
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then applied to a case study and the predictions are compared with the experimental results. Finally, the

main conclusions drawn from the results are listed.
5.2 Theoretical Frameworks of LSSVM and ANFIS Models

5.2.1 LSSVM Model
For a specific set of the experimental data {(x,, y,), (x5, ¥2), ..., (xy, ¥n) } inwhich x; € R™and y; € R

are the input and output variables, respectively, the following relationship is applied by the SVM
algorithm to evaluate the separation plane %

y=wl.px)+b (5-1)

where w is weight factor; ¢ (x) is a non-linear function; T is matrix transpose operation; and b is bias
term. Through this non-linear function, the data (x;) are mapped into the n-dimensional feature space.
When the given dataset is divided into two linearly separable classes (1 and 2), the constraints in Eq.
(5-2) applies **°%%, For y; = +1, the input data x; belong to class 1 and for y; = —1 the input data

belong to class 2.

{WT.go(x) +b=>+4+1 y;=+1 (5-2)

wlh.o(x)+b<-1 y;=-1

The margin is set as a distance between the plane passing through the data points of class 1 or 2 with
values of y; = +1 and y; = —1, respectively. The constraints presented in Eq. (5-2) can be generalized
as seen in Eq. (5-3) for a separable case. Using a slack variable (; = 0), Cortes and Vapnik extended

the inequality constraints for a non-separable case (see Egs. (5-3) — (5-5)) .

yilwl. o(x) + bl = +1, i =1,23,...,N (5-3)
yilwT.o(x)+b]=>1-¢, i=123,..,N (5-4)
=0, i=123,..,N (5-5)

Similar to other conventional optimization algorithms, the LSSVM algorithm uses constraints to
introduce objective or cost function(s). An objective function (also called, cost function) can be
developed (see Eq. (5-6)), using the constraints and a constant value C (which is a positive and real

number); the cost function provides a trade-off between the classification error and margin °:

Cost(w,{) = %WT.W + %Z’i\’_l v (5-6)
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Using the Lagrangian multipliers a and 8, and by imposing its derivate equal to zero, the constraints

minimization (in Eq. (5-4) and Eqg.(5-6)) changes to an unconstraint minimization as seen in Eq. (5-7)
40.

Uw,b,a,B,) = %WT- w + 22?’—1 =3 ai(yilwT. o(x) + bl — 1+ 3) — XX, Bid; (5-7)

The LSSVM algorithm is a modified version of the SVM model in which a linear set of equations are
solved instead of the quadratic equations of the SVM. Hence, a new cost function (Eg. (5-8)) is obtained

in which the parameter ¢ is the regression error and y is the model tuning parameter 3!
1
Rw, Q) =-wh.w+I3l, &7 (5-8)

In the LSSVM algorithm, similar constraints to those of the SVM algorithm (Eq. (5-4)) are applied which

include the equality constraints instead of the inequality constraint (Eq. (5-3)), as given below 3!
yilwl.o(x)+b]l=1-¢, i=123,..,N (5-9)

The following Lagrangian function is developed that uses the Lagrangian multiplier % ®:
Uw,b,a,B,9) = swT.w + 13, 2 = SN, ay(yi[w". 9(x) +b] =1+ (5-10)

where a can be either a positive or a negative value depending on the formulation of the LSSVM
algorithm. The optimum point is met where the derivatives of Eq. (5-10) with respect to b, «, and ¢

become zero. The following equations are resulted from the derivation of Eq. (5-10) 385

ou
( = 0 =>w=X",ayp(x)
ou
P 0 => Zév=1ai3’i =0
< ou . (5-11)
—=0 =>a,=y(,i=12,..,N

04;
Lg—‘lzjlz 0 => yl[WTq)(Xl)-Fb] = 1—€i”i — 1,2,-..,N
0 1y b1 _ [0
1y Q+ y‘llN] [a] N [Y] (5-12)

Eq. (5-12) is Karush-Kuhn-Trucker equation in which a = [ay, ay, ..., ay]", ¥ = [y1, V2, ..., yn]7, and
1=[1,1,...,1]7; furthermore, Q € RV*N represents the kernel matrix with a size of N x N, and Iy refers
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to the identity matrix. In Eq. (5-12), w and ¢ parameters are removed. The transformation (y) of the

input variables to feature space is simplified by using kernel function K (x;, x;):

Qi = YT DY(x;) = K(xi,x;)
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(Train, Test, and
Validate)
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besign Base LSSVM] ' """""""""""""" H
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Apply feature subset

(gamma and sigma) sigma)

parameters (gamma an

Train LSSVM

Calculate fitness

erminatio
criteria
are met?

new optimized (gamma Kl

Retrain LSSVM using
and sigma) parameters

Predict data

Figure 5-1:A schematic of LSSVM-CSA model used in current work 6.

|

Cs

(5-13)

Numerous kernel function are proposed in the literature, such as polynomial, linear, spline, and radial
basis function (RBF) ®-"°. In the current study, we use the RBF kernel function (Eq. (5-14)) in which

a?is the squared variance of the Gaussian distribution function that is be minimized in the SVM

algorithm 3L,

K(x,x;) = exp (_”xl—_x”z)

o2

Figure 5-1 shows a schematic of the general algorithm of a LSSVM-CSA applied in this study.
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5.3 ANFIS model

The ANFIS model hybridizes the fuzzy inference system (FIS) and ANN to minimize the drawbacks
associated with each of these stand-alone models 6. ANFIS is an adaptive multi-layer feed forward

network which is originally applied for forecasting target parameters in nonlinear systems "2, The

ANFIS model structure, consisting of nodes in five different layers, is based on fuzzy values being

determined during the training stage "2, The flowchart for the ANFIS model, including its hybrid

optimization algorithm, is illustrated in Figure 5-2.

Data Collection

Divide Data
(Train, Test, and
Validate)

Design Base ANFIS
Model

e

ANFIS - e
Set membership 1 2| Optimize ANFIS
' function parameters| | ¥ parameters

Retrain ANFIS using
new optimized
membership
parameters

Predict data

erminatio
criteria
are met?

Hybrid

optimization

algorithem

Figure 5-2: Simplified flowchart of the ANFIS model optimized by a hybrid algorithm €,

In this approach, each node is designed using its membership function. The Oij represents the output of

the i node in the layer j. For example, in the first layer where j=1, the i"" node refers to an adaptive node

with the input of x (or y). The linguistic label attributed for this node is referred as Ai (or Bi2). The

membership function for a given node is formed as follows *:
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O = uyu(x);  i=1.2
or,

O = ppi—2(y); =34 (5-15)

The 0} symbolizes the membership function of a given fuzzy set A (A1, A2, B1 or By) that calculates the
step where the input (x or y) correlates to the quantifier A. The membership functions (MFs) can also be

obtained (for A and B) by a generalized bell function as follows "3:

1
||x—rl-
Pi

pai(x) = 707 (5-16)

where pi, gi, and rj represent the set parameters. The shape of functions depends on these set parameters.

For the next layer (j=2), the inputs are multiplied using the nodes, and their product is represented as ":

07 = wipta;(up;(y); i =12 (5-17)

Each product node resembles the rules of firing strength. In the third layer, also known as the
normalization layer, the ratio of firing strength of node i to the summation of all rules firing strengths

is determined as follows 73:

Wi

3 5. —
Oi_Wi_

w112 (5-18)
In the fourth layer, the i node computes the portion of the i rule to the total output, defined by the
following equation "3

0} =wizi =wi(a;x + by +¢), i=12 (5-19)
where w; refers to the normalized firing strength (the output from the 3" layer); a;, b;, and c¢; denote the
set parameters which are known as the consequent parameters.
In the fifth layer, the final output is calculated by the summation of all entering signals to a node as given

below :

— Xiwiz;
0F =¥ W;z; = 2= (5-20)

Xiwi
5.4WAG Injection Model Characteristics

The WAG injection process is a three-phase flow application in porous medium, in which both the

wetting (water) and non-wetting (gas) phases are injected sequentially "#"°. The numerical modelling of
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WAG injection process is challenged by the complexities related to the three-phase flow and its cyclic

injection nature.

5.4.1 Mathematical Model Development
In this research, we use a 1D core and apply implicit-pressure explicit-saturation (IMPES) method as the

first principal model (FPM) for the WAG injection process. Details of the mathematical foundation for
the three phase flow in porous medium are described in our previous work '8,

The three-phase relative permeability values are related to the saturation history as well as the saturation
distribution. The saturation history of each phase causes relative permeability hysteresis; there are
reported laboratory hysteresis results for from saturation history in two-phase and (to a less extent) in
the three-phase tests ® 7’8, The majority of the reported three-phase relative permeability models that
are available in the literature infer the three-phase results from the two-phase relative permeability data.
Stone and Baker models are among the most commonly used relative permeability correlations that do
not perform well in calculating the three phase relative permeability data '°. The three-phase flow
parameters (e.g., relative permeability and capillary pressure) should be obtained as a function of
saturations of the various phases in the system %2, In the current mathematical modeling study, three-

phase relative permeability model by Shahverdi and Sohrabi is used &. This model accounts for the
3ph

three-phase hysteresis effects in which the three-phase relative permeability values of phase i (k) is
defined as %:
3ph So
krg (SW'Sg) = m [krowkrwg + krogkrgw] (5-21)
3ph Sw
krvri/ (Sorsg) = m [krwokrog + krwgkrgo] (5_22)
k3P (50, 50) = ——2— [k 0okrow + Krawkrwo] (5-23)
rg wr 20 (1-55)(1-5w) rgo™*row rgw*rwo

where i and j subscriptions are the three available phases (e.g., oil, water, or gas), and k,.;; refers to the

two-phase relative permeability of phase i in the presence of phase j. The s;jstands for the saturation of
phase i. In the current study, the two-phase relative permeability values are calculated using correlation-
based, LSSVM, and ANFIS models as described in the next sections.

The 5, is the normalized saturation for the phase i, that is affected by the initial saturation values and the

injection cycle (i.e., gas injection, or water injection), as given below 83

;
= _ Sg—Sg

(5-24)

9 1-sy,-sh-sy

.
_ S0—So
So

(5-25)

1-Sw—S5—Sg
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1-55,—55—5}
In Eq. (5-24) to Eq.(5-26), the s; values are defined for different phases.
Table 5-1 summarizes the three-phase relative permeability model parameters (see Eq. (5-21) to Eq.
(5-26)) that are used in our simulation. In Table 5-1, s3'%"* is the starting point saturation of phase «
when injection cycle is started; and s, and s,, denote the trapped/residual saturations of gas and oil,

respectively.

Table 5-1: The parameters used in the three-phase relative permeability model in the porous medium 82,

Three-phase relative Model WAG injection cycle
permeability parameters Gas Qil Water
Sg Sgtart Sgt Sgt
kg S Swe Swe srert
S; 0 S.OStaT't Sot
Sg 0 Sgt Sgt
kigh Sw Swe Swe sw Tt
S; Sorg Sstart Sot
Sg 0 0 0
kivr\)/h S\:/ Swe Swe Swe
Sy 0 0 0

In this work, the three-phase flow in a 5 cm diameter core plug in the context of the WAG injection
process is simulated. In the modeling phase, the assumption of 1D flow is rationale because the effect of
gravity is not expected to be significant due to the small diameter of the core sample. The two-phase
permeability values are obtained through smart tools (ANFIS and LSSVM) or EMs. During each
injection cycle, the parameters of the two-phase relative permeability model should be tuned, when using
EMs. The two-phase relative permeability data calculated using the optimized EMs will then be
embedded in the three-phase relative permeability model to calculate the three-phase relative
permeability of each phase.

Figure 5-3 depicts a schematic of the flowchart applied in this study.
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Figure 5-3: WAG injection modeling flowchart applied in current study.

5.4.2 Empirical Models (EMs)
EMs are important tools to calculate relative permeability values for a given wetting condition. The

174

Next WAG
Cycle

EMs are only applicable within the range of experimental conditions based on which they have been
developed; therefore, generalization beyond the experimental conditions is risky. This lack of
generalization capability can be a major source of error in predicting the relative permeability data for
the desire processes. However, availability of these correlations, in addition to their capability of being
easily tuned for various processes and conditions, have made them practical tools to predict relative
permeability values. In this research, two EMs are employed to calculate the two-phase relative
permeabilities in order to be embedded later in the three-phase relative permeability model proposed by

Shahverdi et al. '°. The three-phase relative permeability data calculated from Shahverdi et al. ® model



are then used in a FPM for a three-cycle WAG injection process. Among the numerous suggested EMs
in the literature, two of the most known models are Mualem’s model (Egs. (5-27)-(5-29)), which is a
modified version of Van Genuchten model, and Hirasaki’s model (Egs. (30)-(32)) 8%°.

2

1\m
kw(s) = 5% (1= (1-5m) ) 5-27)
1 1 2m
krn(sn) = 5715 (1 - (1 - S_na)> (5_28)
—_— Sa—Sar
«= Ty - (5-29)

where the subscription w denotes the wetting phase; n refers to the non-wetting phase; s,,- symbolizes
the residual saturation of the phase a; km and krw denotes the two-phase relative permeability of the non-

wet and wetting phase, respectively; and m is the model parameter which is obtained through

optimization.
Kry = k2,Sp™ (5-30)
kyn = k?nw(l - SD)nn (5'31)
Sw_swi
SD = m (5-32)

Where k.., and k,.,, denote the two-phase relative permeability values for the wetting phase and non-
wetting phase, respectively; k2, and k2, are the end-point relative permeability values for the wetting
phase and non-wetting phase, respectively; sw is the saturation of the wetting phase; swi and snr refer to
the initial wetting saturation and residual saturation of the non-wetting phases, respectively; and n,, and
n,, refer to the model parameters for the wetting and non-wetting phases, respectively, which are

obtained by fitting the model to the experimental data.
5.5 Modelling of WAG Injection Process Using LSSVM and ANFIS Algorithms

5.5.1 Data Acquisition, Quality check, and Analysis
In machine learning applications, the capability of the model in terms of robustness, accuracy, and

universality highly depends on the quality of the input data 888, A review of the previous studies shows
that relative permeabilities are related to rock properties (permeability and porosity), fluid properties
(saturation, or viscosity), and operating conditions (pressure and temperature) 892, In the current study,
we use different datasets for three systems of oil-water, oil-gas, and gas-water in order to predict the
two-phase relative permeability values for each phase. A total number of 2,116 raw datapoints are
borrowed from the literature. After performing an initial raw data quality check and analysis, several

datasets (10 datasets from the oil-gas system, 3 datasets from the oil-water system, and 8 datasets from
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the gas-water system) are discarded due to inconsistencies. Indeed, the modeling is conducted with a
total number of 1,457 data points. The details of the database utilized in each system are described in
Table 5-2. All the collected data belong to strongly water-wet sandstone rocks to match the wettability
conditions of the proposed case study.

Table 5-2: The details of database utilized in each system.

Gas-Oil Oil-Water Gas-Water
Input (510 data points) (626 data points) (321 data points)
Variable Range Variable Range Variable Range

1 Swe 0.03-0.50 Sw 0.052-1 P(kPa) 0.3-24233
2 Sorg 0.05-0.48 T(°C) 21.1-200 K (mD) 0.004-3515
3 Sge 0.006-0.25 i (cP)  0.419-1190 y 0.0416-0.37
4 k(mD)  1.48-3650 i (cP) 0.136-1.1 T(°C) 25-120
5 @ 0.063-0.39 K (mD) 152-95000 Sw 0.1-1
6 S 0-0.95

ANFIS Training phase. In the ANFIS algorithm, the input and output data are first normalized in the
range of -1 to +1 to make the predictions computationally efficient and enhance their accuracy. In this
study, we use Takagi-Sugeno fuzzy model for the ANFIS algorithm. The optimization parameters for
the relative permeability prediction by ANFIS model are listed in Table 5-3 for all three systems.

Table 5-3: Optimization parameters used in the ANFIS model for oil-water, oil-gas, and water-gas systems.

ANFIS parameter System

Oil-Water Oil-Gas Gas-Water
Fuzzy structure Takagi-Sugeno  Takagi-Sugeno  Takagi-Sugeno
Initial FIS for training genfis2 genfis2 genfis2
Membership function type Gaussian Gaussian Gaussian
Output membership function Linear Linear Linear
Cluster center's influence range 0.7 0.5 0.4
Number of inputs 5 6 5
Number of outputs 1 1 1
Training maximum epoch number 200 200 200
Initial step size 0.1 0.1 0.1
Step size decrease rate 0.9 0.9 0.9
Step size increase rate 1.1 1.1 1.1
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LSSVM Training phase. The LSSVM model contains two adjustable parameters (a2, and y) which are
optimized during the prediction process. In the current study, we use coupled simulated annealing (CSA)
optimization method. The optimization search algorithm is repeated to converge to the global-optima.
By having the optimum values of ¢ and y, the unknown vector («) and the bias term (b) are computed

for relative permeabilities in all three-systems (two-phase relative permeability).

5.5.2 Advantages and Limitations of the Models
Overall, the Al modelling tools are classified into three main categories: the black-box (data-driven)

models which include all the connectionist tools; the white-box (first principal) models; and the grey-
box (hybrid) models combined with either white-box or black-box models ®. The black-box models
provide a higher computational speed and efficiency compared to other models while requiring minimum
knowledge of the targeted phenomena. The black-box models (such as LSSVM and ANFIS), however,
are heavily dependent on the data. One of the main limitations of the black-box models is their low
capability in extrapolating data °*. On the other hand, the white-box models are highly dependent on the
physics and the type of the phenomena being modeled; they are able to provide a deep understanding of
the processes/phenomena since they can be developed before starting the modelling procedure. The
accuracy of a model is limited by its assumptions. The major advantages and limitations of the applied
models, in the current study, are listed in Table 5-4.

Table 5-4: Limitations and advantages of the smart tools used in this study.

Model Advantages Disadvantages

LSSVM High accuracy and generalization capabilities Lack of the sparsity limits the method for large scale
No over-fitting or under-fitting problem % processes %.
Applicability in systems with limited data points . Employing the sum square error without
No local minima; leads to a global optimum. regularization results in less accuracy in data
Less complexity in the model structure compared to ANN 7 prediction.
No need for prior knowledge of the network topology.
Contains only two adjustable parameters (2 and ).
High computational speed and high efficiency %,

ANFIS Capturing the non-linear structure of a process High computational cost due to the complex structure

High adaption capability

Rapid learning capacity

Handling both numerical and linguistic knowledge.
Employing the ANN ability to classify data and identifying
parameters.

Applicable in data involving crisp input and crisp output 43,

and gradient learning which is more significant while
dealing with large inputs.

Implies a trade-off between interpretability and
accuracy.

Limited number and type of membership function 3.
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5.6 Results and Discussions

In three-phase flow systems of oil-water, oil-gas, and gas-water, we first predict the two-phase relative
permeability values and use them in the three-phase relative permeability model. In this section, we first
present the criteria applied to evaluate the prediction performance of different proposed methods.
Second, the models are optimized, and the trained models are hybridized with the FPM to estimate the
ultimate recovery factor as an important measure of the WAG recovery performance. The reliability and
precision of the predictions are then assessed through comparison with the experimental data, for both
the ultimate recovery factor and the three-phase relative permeability values.

The reliability and robustness of the predictions derived from the developed models are examined using
various statistical quality and error analysis measures such as coefficient of determination (R?), mean
error (ME), standard deviation (std), and root mean square error (RMSE). These statistical parameters
are defined for a dataset of N samples, each expressed as (X1, X2,... , Xk, ¥) where k is the number of input

features; x; is the independent input j variable; and y denotes the target value according to the following

equations:
2 i=(rp)i)?
2 _ 4i=1\Vi pli )
ke = I (Op)i-7)? (5-33)
Error =y; — () (5-34)
N .
ME = Ei:l(llfvrrom 6.35)
std= Jﬁﬁil(Error—ME)z (5-36)
N-1

N - —_— .

RMSE — 2i=1(yl (yp)l)z (5-37)

N
where yi is the output variable for the i'" sample data, and (p) represents the corresponding output value
predicted by the model. The R? parameter measures how much of the variations in the data is explained
by the correlation; a good fit is represented by an R? value close to 1. The std is a measure of the amount
of variation or dispersion of the data. The RMSE and ME measure the prediction accuracy, and the error

values close to zero are desired.

5.6.1 Evaluation of the Two-Phase Relative Permeability Prediction Models

To predict the two-phase relative permeability values for a system, the independent input variables
(described in Table 5-2) are embedded into the developed models (hybrid LSSVM-CSA and ANFIS).

We use the CSA optimization technique to optimize the LSSVM model parameters (o and y) as listed
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in Table 5-5. The RBF is also applied in the LSSVM algorithm as the kernel function with the optimized
o and y values. The statistical quality measures for the two-phase relative permeability predictions are

presented in Table 5-6.
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Table 5-5: Values of the optimized y and ¢ parameters for the two-phase relative permeability predictions made using the LSSVM-CSA algorithm.

. o Parameter

Relative permeability ”

Krow 1.37990 35885.0

Krwo 0.48102 703.0

Krog 4.81019 2.05

Krgo 0.09347 1.6987

Krwg 0.65554 30.7757812

Krgw 2.3409 64.79675

Table 5-6: The statistical quality measurements for the ANFIS and LSSVM-CSA models.

Statistical ANFIS LSSVM-CSA
System pa?aI;:a(t:gr (kr)non-wet (kr)wet (kr)non-wet (kr)wet

Training Test Validate | Training Test Validate | Training Test Validate | Training Test Validate

Standard error  0.0735 0.06726 0.03270 0.01867 0.24867 0.14028 0.01846 0.04732 0.03709 0.00507 0.01826 0.01679

Oil-Water Mean error 1.19e-08  4.81e-04  5.96e-03 | -2.31e-07 4.81e-03 1.72e-02 | -1.01e-13  -6.20e-3 -1.04e-2 2.12e-16 -4.71e-4 -5.68e-3

RMSE 0.0150 0.0415 0.0177 0.0391 0.0943 0.0873 0.0184 0.0475 0.0382 0.0051 0.0188 0.0176

R? 0.9838 0.9820 0.9954 0.9827 0.9684 0.9763 0.9997 0.9987 0.9987 0.9995 0.9968 0.9939

Standard error  0.09883 0.07584 0.05963 0.03112 0.07612 0.27639 0.01284 0.02660 0.02710 0.01888 0.04880 0.07047

Gas-Water Mean error  -1.16e-06  1.43e-03  -6.62e-02 | -2.23e-08 -1.33e-03  -1.62e-03 | -9.60e-09  7.36e-4 -2.48e-4 | 2.47e-08 1.42e-4 1.56e-3
RMSE 0.02457 0.02580 0.01542 0.04002 0.01849 0.21482 0.01279 0.02729 0.02646 0.01880 0.04770  0.0706063

R? 0.9151 0.9541 0.9946 0.9874 0.9940 0.9758 0.9898 0.9727 0.9917 0.9898 0.9892 0.9936

Standard error  0.02560 0.06592 0.01131 0.01717 0.08530 0.08269 | 0.006267  0.01891 0.00625 0.01650 0.08250 0.07958

Gas-Oil Mean error  -5.75e-08  7.70e-3 3.10e-2 7.04e-08  2.00e-03  -9.21e-02 | -9.42e-14  8.35e-3 -1.92e-3 | 9.23e-18 2.89%-3 -8.83e-3

RMSE 0.04220 0.03176 0.02574 0.07311 0.06051 0.08999 0.06258 0.04935 0.06182 0.01650 0.08210 0.07910

R? 0.9650 0.9781 0.9963 0.9606 0.9841 0.9928 0.9966 0.9953 0.9939 0.9847 0.9893 0.9958
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The values of R? for both the developed models are close to 1 for all the two-phase fluid flow
systems, demonstrating an excellent fit of the predicted values to the experimental data. The higher
R? values associated with the LSSVM-CSA model predictions for all the fluid flow systems
suggest the superiority of this model over the ANFIS model. The regression plots for the two-
phase flow systems are presented in Figure 5-4 to Figure 5-6. According to these plots and the
statistical analysis measures presented in Table 5-6, both models are well trained; the LSSVM-

CSA model is more accurate in predicting the target values of the experimental data in the training

phase, which results in smaller mean error values.

1
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Figure 5-4: Regression plots for the oil-water flow system, displaying predicted versus measured (a) oil
relative permeability using ANFIS model, (b) water relative permeability using ANFIS model, (c) oil
relative permeability using LSSVM-CSA model, and (d) water relative permeability using LSSVM-CSA

model.
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Figure 5-5: Regression plots for the gas-water flow system, displaying predicted versus measured (a)
gas relative permeability using ANFIS model, (b) water relative permeability using ANFIS model, (c)
gas relative permeability using LSSVM-CSA model, and (d) water relative permeability using LSSVM-

CSA model.
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Figure 5-6: Regression plots for the gas-oil flow system, displaying predicted versus measured (a): gas
relative permeability using ANFIS model, (b) oil relative permeability using ANFIS model, (c) gas
relative permeability using LSSVM-CSA model, and (d) oil relative permeability using LSSVM-CSA
model.

5.6.2 Evaluation of the Models in Predicting WAG Injection Ultimate Recovery Factor
To evaluate the performance of the developed black-box models (i.e. LSSVM-CSA and ANFIS)

as well as that of the correlation-based EM (EM-FPM) model, the calculated values of the two-
phase relative permeability are compared with the experimental data of a WAG injection process,
containing three consecutive cycles in which water and gas are injected. In the selected experiment,
the WAG injection process was conducted in a strongly water-wet porous medium, starting with a
primary waterflooding stage (WI1) where no initial gas was present (i.e. sgi=0). The process was
then continued with the first gas injection stage (GI1). The consecutive water and gas injection
processes were continued three times. The process was terminated after the third gas injection

stage (GI13) during which no significant oil production occurred. The WAG injection process was
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performed at a WAG ratio of 1:1, i.e. the water and gas injection flow rates were equal and set at

=25 cm®/hr.
The plot of recovery factor versus the dimensionless time based on the predictions and

experimental data is presented in Figure 5-7. The data associated with this plot are provided in

Table 5-7.

RF (HCPV)

6o 1 2 3 4 5 6 7 8 9 10 11 12

Figure 5-7: Comparison between the predicted versus measured RF values (=25 cm®/hr, WAG ratio=1).
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Table 5-7: The predicted and experimentally measured RF values for the WAG injection process in a water-wet medium. Experimental data are
from Fatemi et al. 1,

RFend (HCPV) Relative error in RFgng Max relative error Processing Time (s)
Cycle Process

Exp Model LSSVM  ANFIS Model LSSVM ANFIS Model  LSSVM ANFIS LSSVM  ANFIS

WF1 0.4997 0.5008 0.4750 0.5294  -0.0022  0.04943  -0.0594 0.01575 0.12625  -0.05203
1 60 300
Gl1 0.6559 0.6464 0.6783 0.6098  0.01448  -0.0342 0.0703 0.0509  -0.2082 0.07121

WEF2 0.7201 0.7194 0.7017 0.6588  0.00097  0.02555 0.0851 -0.0172  -0.0302 0.11533
2 75 480
GlI2 0.7912 0.7937 0.7927 0.7318 -0.0032  -0.0019 0.0751  0.01369 -0.0635 0.10658

WF3 0.8509 0.8430 0.8414 0.8047  0.00929  0.01117 0.0543  0.01019 2.46E-05  0.1151
3 75 480
GI3 0.9358 0.9200 0.9157 0.8288  0.01688 0.02148 0.11434 0.01160 0.01457 0.0894
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By the end of the primary waterflooding stage (WI1), 50% of the initial oil in place is recovered
based on the experimental data. The numerical simulation model, developed based on two-phase
relative permeability correlation, is able to predict a RF of 50.08% at the end of the WI1 stage,
implying the excellent accuracy of the numerical simulation model. The ANFIS model, however,
has a less accuracy compared to the numerical simulation model, and results in a RF value of
53.94% at the end of the WI1 stage with a breakthrough time of PVI=0.566. The LSSVM-CSA
model, on the other hand, underestimates the RF at the end of WI1 stage (i.e. 47.50%) as well as
the breakthrough time (i.e. PV1=0.406).

When the first gas injection stage starts, the models need to account for the presence of three phases
that are simultaneously flowing in the porous medium, using the three-phase capillary pressure
and relative permeability models. At the end of the first cycle (i.e. end of the GI1 stage), the
correlation-based numerical simulation model predicts a RF of 64.64%, which is in an excellent
agreement with the experimental RF value of 65.59%. The LSSVM-CSA and ANFIS models
predict the RF values at the end of the first injection cycle at 67.83% and 60.98%, respectively.
Two additional injection cycles are then implemented, and the measured as well as predicted RF
values at the end of each cycle, along with the statistical quality measures of relative error and
maximum relative error, with respect to the experimental data, are all listed in Table 5-7. The
maximum relative error specifies the highest relative error of all the instantaneous RF values
during each cycle. The relative error, however, shows the relative error involved in estimating the
ultimate recovery factor values (RFend) using each model during each injection process (GI or WI).
The WAG injection process is continued for a total dimensionless time of 11.24 PVI. Considering
the accuracy measures and predicted values of the RF at each cycle of the WAG injection (Table
5-7 and Figure 5-7), the ANFIS model is found to be the less successful method in predicting the
correct trend and values of the experimental data; this results in significant error values. The
greatest relative error in predicted ultimate RF, i.e. 11.43%, is associated with this model. Also,
the greatest maximum error of 11.53% occurs for instantaneous RF at the end of all cycles. The
LSSVM-CSA model shows a better performance in terms of predicting the instantaneous RFs at
the end of each cycle, as well as the ultimate RF at the end of the third cycle. This results in a
predicted ultimate RF of 91.57%, compared to the corresponding experimental ultimate RF value
0f 93.58%. The LSSVM-CSA model also outperforms the ANFIS model in terms of computational
cost and simulation speed (Table 5-7).
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The saturation distribution of available phases and the chronological history of phase displacement
control the values of three-phase relative permeability and capillary pressure. Therefore, the model
performance is greatly influenced by reliability of the capillary pressure and relative permeability
models. In the next section, we provide a comparison between the performance of the proposed
models to predict the values of the three-phase relative permeability in WAG injection process;

we also provide the relative importance analysis for different input parameters.

5.6.3 Relative Importance (RI) of Input Parameters
To evaluate the impact of each input parameter on the output of a predictive model, the Pearson’s

correlation (PC) coefficient is used as a measure of the strength of the association between two
continuous variables. This coefficient measures the linear correlation between the two variables;
it gives information about the magnitude of the association, or correlation, as well as the direction
of the relationship between two continuous variables. The PC coefficient is based on the ratio of
the covariance of two desired variables to the product of their respective standard deviations 1°-
102.

The second coefficient to evaluate the RI of the input parameters is Spearman’s correlation (SC)
coefficient, which is regarded as the ranked-based version of the PC coefficient. The SC coefficient
IS a non-parametric measure of the rank correlation, which assesses how well the relationship
between the two continuous variables can be defined using a monotonic function %1%, Similar
to the PC coefficient, the SC coefficient varies between -1 and +1 and the absolute value of the SC
coefficient indicates the strength of the monotonic relationship between the two variables 1%, The
closer the absolute value of the SC coefficient to 0, the weaker the monotonic relationship between
the two variables. Similar to the PC coefficient, the SC coefficient can be 0 for variables with non-
monotonic manner, but unlike the PC coefficient, the SC coefficient can be 1 for both linearly
related variables and non-linear variables.

The last rank-order parameter is Kendal’s Correlation (KC) coefficient that captures the
association between two ordinal (not necessarily interval) variables. The KC coefficient describes
the discrepancy between the number of concordant and discordant pairs 19219, The KC coefficient
is a measure of the rank correlation; in other words, the similarity of the orderings of the data when
ranked by each of the quantities. The Kendall correlation between two variables is high when

observations have a similar rank between the two variables. An example could be the KC
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coefficient of 1 for an identical rank between the two variables. However, when the observations
have a dissimilar rank between the two variables, the KC coefficient has a low magnitude. For
instance, it holds the value of -1 when the observations have a fully different rank between the
variables. This coefficient can be 1 for a wider range of scenarios, compared to the PC coefficient.
In general, the Relative Importance (RI) can be obtained considering the magnitude of the
mentioned coefficients in the [-1, +1] interval. A positive RI value (Rl > 0) indicates a positive
monotonic association whereas a negative Rl value (Rl < 0) denotes a negative monotonic
association between the variables. In the case of no association between the variables, the RI
becomes zero.

Figure 5-8 shows the impact of each input parameter on the values of the two-phase kww, kro, and
krg in gas-water, oil-water, and oil-gas systems, respectively. Since the trend of coefficients for
both LSSVM-CSA and ANFIS models are the same, only the data generated by LSSVM-CSA are
used in this section. In a two-phase system, the RI values for knwg and krgw are the same except for
the saturation as the input variable. The trio of all three coefficients i.e. Pearson, Spearman, and
Kendal show the same behaviors for all input variables in the three systems. Input parameters with
a larger R1 values have a greater impact on the output value. In all systems, the saturation imposes
the largest impact on the output two-phase relative permeability prediction which is logically
sensible. In the gas-water system shown in Figure 5-8(a), the pressure and temperature have the
largest and lowest impacts on the output prediction, respectively. Therefore, changes in pressure
results in a comparatively greater change in the relative permeability values. All coefficients are
positive for this system, indicating that by increasing each input parameter, the output variable
increases. Figure 5-8(b) depicts the RI value for individual input parameters in the oil-water system
to predict oil relative permeability. According to panel (b) of Figure 5-8, the water saturation has
the largest effect on the output variable. Also, all coefficients are negative, meaning that by
increasing the water saturation, the oil relative permeability decreases. The water viscosity exhibits
the lowest effect on the oil relative permeability, and increasing oil viscosity and rock permeability
negatively affect the oil relative permeability @n increase in these parameters leads to a reduction
in the oil relative permeability). In Figure 5-8 (c), the gas saturation is the most influential input
parameter in the oil-gas system, while the gas critical saturation is the second important parameter
negatively affecting the predicted gas relative permeabilities. In all three cases, the coefficients

showed the same trend with a slight difference for each input parameter. However, in different
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system the sensitivity of coefficients might be different for different input variables. For instance,
in the panel “c”, for all input parameters, the Spearman coefficient shows more Rl variations
compared to the Kendal and Pearson coefficients. However, the Pearson coefficient in the same
panel exhibits less sensitivity of RI to the variables, and results in almost the same values for

critical gas saturation, permeability, and porosity of the system.
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Figure 5-8: Calculated relative importance of each input parameter in the (a) gas-water, (b) oil-water,
and (c) gas-oil flow system to predict water relative permeability using LSSVM-CSA model.

5.6.4 Three-Phase Relative Permeability Comparison
The accurate estimation of the three-phase relative permeability values, which is one of the main

objectives of this study, is crucial for reliably evaluating the performance of the WAG injection
process. In this section, the oil, water, and gas relative permeabilities, obtained using all the
proposed smart models as well as the numerical simulation model, for all the gas and water

injection cycles associated with the WAG injection case study are presented. For this purpose,
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first, the two-phase relative permeability values are calculated using EM’s as well as ANFIS and
LSSVM-CSA algorithms over the same range of saturations experienced in the experimental work.
Then, the three-phase relative permeability values are determined using the model developed by
Shahverdi et al. 1* ( Eq. (5-1) — (5-3)) by incorporating the two-phase relative permeability data.
In all the plots, the experimental three-phase relative permeability values are also presented for
comparison purposes.

Three-phase relative permeability data in Gl cycles. In Figure 5-9, the three-phase gas relative
permeability (ng”h) values obtained using the proposed models for the first, second, and third gas
injection cycles of the WAG injection case study are plotted, along with the experimental data. It

is clear that as the injection process proceeds, the Kfé’h value significantly decreases at

corresponding gas saturation values. This can be attributed to the dependency of the Kfé’h on the
saturation history in a water-wet medium. Even though the same drainage displacement process
takes place during GI1, GI2 and GI3 stages, the successively decreasing Kfé’h values at similar

gas saturation levels reveals the importance of periodic displacement transition from imbibition to
drainage on magnitude of the non-wetting phase relative permeability. Of particular importance,
among all other reasons, could be the blockage of the free gas phase by invading water phase

during the prior imbibition stage(s). This apparently irreversible gas trapping restricts the flow of

free gas in the next gas injection cycle, which results in ngh reduction.

As for the reliability of the ngh predictions, the ANFIS model is clearly the least reliable
predictive tool, whereas the correlation-based EM results in the best fit to the experimental data.
The discrepancy between the predicted and measured ngh data is more pronounced at lower gas

saturation values. As the initial gas saturation in the porous medium increases from GI1 to GI3
stage, the accuracy of the models predictions with respect to the measured values increases.

A comparison between the predicted versus measured three-phase water relative permeability

(Kffjh) values during the gas injection cycles is presented in Figure 5-9. The changes in the Kf’fjh

values between the GI1 and GI2 stages over the same range of water saturations are minimal,

showing that the saturation history does not play an important role. However, the Kff;h values in

GI3 decrease by about 30% compared to the corresponding values in the previous two gas injection

stages. At smaller water saturation values, all the predictive models overestimate the K.>2" values
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when compared to the experimental data. However, at greater water saturation values, the

deviation of the predictions from the measured values becomes negligible. The best Kf’,}jh
predictions are obtained using the correlation-based EM over the entire range of water saturations
while the estimations with the lowest accuracy belong to the ANFIS model, especially at lower

ranges of water saturation.
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Figure 5-9: Comparison of the Kffv’h values in the (a) first, (b) second, and (c) third GI cycles using
correlation-based EM as well as ANFIS, and LSSVM-CSA algorithms.

In the Gl cycles, the three-phase oil relative permeability (Kffh) values predicted by the proposed
models are also compared with the experimental data (see Figure 5-10). The oil phase is mobilized
at less oil saturation levels through consecutive Gl cycles, which is due to the decrease in oil
saturation in porous medium while conducting further WAG injection cycles. The effect of

saturation history on ng’h values is also evident in Figure 5-10, and the transition between the

imbibition and drainage processes in each cycle remarkably improves the K P" values and

successively decreases the residual oil saturation through consecutive injection cycles. Similar to

the case of K 5" and K, P", the K P" experimental data are best fitted with the correlation-based

EM. However, the ANFIS and LSSVM-CSA models have similar predictive performance while
obtaining ng’h data. All the proposed ANN models underestimate the ng’h values at lower oil
saturations, especially when approaching the residual oil saturation conditions. This might be due
to the wettability alteration of the rock towards the less water-wet state during the gas injection
cycles at the experimental temperature and pressure. The used models do not account for the
changes in the rock and fluid properties, which results in smaller K3P" values during the gas

injection stages.
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Figure 5-10: Comparison of the ng’h values in the (a) first, (b) second, and (c) third GI cycles using
correlation-based model as well as ANFIS and LSSVM-CSA algorithms.

Three-phase relative permeability data during WI stages. The relative permeability predictions
during the WI stages are depicted in Figure 5-11 to Figure 5-13. During the WI1 stage, only water
and oil are present in the porous medium; therefore, the two-phase oil-water relative permeability
data are presented in Figure 5-11 (a), 12(a) and 13(a).

Unfortunately, the experimental data are not available for the WI stages. Therefore, for the
comparison purposes, we select the correlation-based EM predictions as the baseline relative
permeability data owing to its excellent performance (it accurately predicts the experimental
results obtained in the Gl stages). We compare the relative permeability values predicted by the
ANFIS and LSSVM-CSA models during WI stages with the results obtained from the EM model
as our baseline. Both the ANFIS and LSSVM-CSA models are in good agreement with the baseline
relative permeability curve during the first WI stages for oil, water, and gas (Figure 5-11 (a), 12(a)
and 13(a)). However, in the second and third W1 stages, the ANFIS and LSSVM-CSA models lead
to less accurate three-phase relative permeability values compared to the baseline correlation-
based EM. During the WI stages, the same common trends in relative permeability data are
observed as those in the Gl stages. For instance, the importance of cyclic displacement process
transition from imbibition to drainage is evident in mobilizing the lower oil saturations as the WAG
injection process proceeds (see panels (b) and (c) of Figure 5-11). This also depicts itself in
successively decreasing residual oil saturation values through the cyclic injection stages. Figure
5-12 demonstrates that the end-point water relative permeability value during WI2 and W13 stages
does not significantly vary. The LSSVM-CSA model performs well in following the trend and

values of the baseline data as depicted in all two- and three-phase relative permeability plots. The
effect of saturation history on ngph during the W1 stages (Figure 5-13 (a) and 13(b)) is significant,

resulting in reduced gas relative permeability at similar saturation levels. The residual gas
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saturation subsequently decreases over the WI stages. The results given in Figure 5-11 and Figure
5-13 also reveal that the oil and gas relative permeabilities during the WI2 and WI3 cycles
considerably decrease as the water breakthrough occurs. This is more significant in the case of
gas relative permeability (Figure 5-13) during the W12 and WI3 cycles, when the gas saturation

change is negligible after the water breakthrough.
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Figure 5-11: Comparison of the ng’h values in the (a) first, (b) second, and (c) third WI cycles using
correlation-based EM as well as ANFIS and LSSVM-CSA algorithms (Note: due to zero gas saturation
during WI1 stage, the (a) plot expresses the two-phase oil relative permeability data).

0015 0015 0015
(a) W1, (b) WI, (c) WI,

0010 0010 0010

< of £

0.005 ——Model 0.005 —— Model 0,005 —— Madel
—— ANFIS ——ANFIS —— ANFIS
——LSSVM ——LSSVM ——LSSVM

0.000 0.000 0.000

0.10 0.20 0.30 0.40 0.50 0.40 045 0.50 055 0.60 036 040 044 048 052 056 060

Sw Sy S

Figure 5-12: Comparison of the K:’M’;h values in the (a) first, (b) second, and (c) third WI stages using
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5.7 Summary and Conclusions

In the current study, we use various hybrid models to predict the three-phase relative permeability

data for a high-pressure WAG injection experiment. The LSSVM-CSA and ANFIS models are

employed to predict the two-phase relative permeability curves, and then a three-phase relative
permeability correlation is used with input values from the two-phase data. In another effort, the

we used the two-phase relative permeability empirical models by Mualem [88] and Hirasaki [89]

to obtain the two-phase data, which are then implemented in the three-phase relative permeability

correlation model. To assess the reliability of the predictions, the instantaneous and ultimate RF
values, along with the relative permeability data are selected as the objective functions to be

compared against the experimental data. The experimental data are taken from the literature, for a

water-wet Berea sandstone core at temperature and pressure equal to 38 °C 12.7 MPa, respectively.

The following conclusions are drawn based on this study:

e The statistical quality measures reveal that the LSSVM-CSA and ANFIS models can be
successfully trained for relative permeability predictions with relatively small errors.

e The LSSVM-CSA model exhibits a better predictive performance by generating less errors
(RMSE, Mean Error, and Error_std) associated with the training, testing, and validating stages
for the two-phase flow systems.

e The correlation-based EM as well as the LSSVM-CSA and ANFIS algorithms used in this
study predict the ultimate RF values of 92%, 91.57%, and 82.88%, respectively, in comparison
with the experimental measured value of 93.58% at the end of the WAG injection process.

e According to the PC, SC, and KC coefficients in the gas-water system, the pressure and
temperature have the largest and lowest impacts on the output predictions, respectively. All
coefficients are positive for this system, indicating that by increasing each input parameter, the
output variable increases.

e The RI analysis of oil-water system shows that the water viscosity has the lowest impact on
two-phase relative permeability values and water saturation, oil viscosity, and rock
permeability negatively influence oil relative permeability meaning that by increasing these
parameters, the oil relative permeability decreases and vice versa.

e The gas saturation is the most influential input parameter in the oil-gas system, while the gas
critical saturation is the second influential parameter; it negatively affects on the predicted gas

relative permeabilities (similar to the rock permeability and porosity).
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e The best fit to the experimental three-phase relative permeability data is attained by
correlation-based EM, while the ANFIS model leads to the less-accurate predictions.

e The three-phase water relative permeability values in three Gl and WI cycles show less
hysteresis compared to the gas relative permeabilities.

e The amount of residual oil saturations at the end of each W1 or GI stage has a decreasing trend
due to the cyclic nature of the saturation history transition between the imbibition and drainage
processes during the WAG injection process.
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Nomenclatures

Acronyms

ANN Acrtificial neural network

ANFIS Adaptive neuro-fuzzy inference system
Cost Cost function

CSA Coupled simulated annealing

EOR Enhanced oil recovery

EM Empirical model

FIS Fuzzy inference system

FPM First principal model

Gl Gas injection

IFT Interfacial tension

IOR Improved oil recovery

IWAG Immiscible WAG

IMPES Implicit-pressure-explicit-saturation
LSSVM Least square support vector machine
ME Mean error

MF Membership function

MMP Minimum miscibility pressure
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PVI Pore volume injection

PC Pearson’s coefficient

RBF Radial basis kernel function
RF Recovery factor

RI Relative importance

RMSE Root mean square error

SC Spearman’s coefficient

Std Standard deviation

SVM Support vector machine

Wi Water injection

WAG Water-alternating-gas injection

Variables and Parameters

a Capillary exponent

b Bias term

c Capillary entry pressure

K Absolute permeability

Kri Relative permeability of phase i
Kri® Endpoint elative permeability of phase i
p Pressure

Q Membership function

Si Saturation of phase i

Sic Critical saturation of phase i

t Time

T Temperature

W Weight factor

X Length

Greek Letters

VI Viscosity

HAi Generalized bell function

p Density
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Variance of the Gaussian function
Porosity
Contact angle

Regression error

<€ ¥ O » 9

Non-linear function

Subscripts and Superscripts

C Capillary pressure
D Drainage

g Gas phase

I Imbibition

0 Oil phase

0g Oil-gas system
org Residual oil after Gl
ow Oil-water system
w Water phase

wg Water-gas system
r Residual phase
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Application of Gene Expression Programming (GEP) in Modeling

Hydrocarbon Recovery in WAG Injection Process

Preface

A version of this manuscript has been submitted to the Natural Resources Research Journal. | am the
primary author of this manuscript. Sohrab Zendehboudi, Mohamadi-Baghmolaei, and | were involved
in the definition of objectives, modeling approach, and design of the manuscript. | prepared the first
draft of the manuscript and subsequently revised the manuscript based on the feedback/comments from
the co-authors. The co-author, Sohrab Zendehboudi, significantly helped in reviewing and revising the
manuscript. The co-author, Mohamadi-Baghmolaei, also contributed to the developing the method

and creating the structure of the paper.

206



Abstract

Water alternating gas (WAG) injection has been successfully applied as a tertiary recovery
technique. WAG injection is well-known and widely being acceptable due to providing stabilized
front, and mobility control of fluids for better conformance, possible oil saturation reduction, and
mobilizing the oil phase even at low saturations. Forecasting WAG flooding performance using
fast and robust models is of great importance to attain a better understanding of the process,
optimize the operational conditions, and avoid high-cost blind tests in laboratory and/or pilot
scales. In this study, we introduce a novel correlation to determine the performance of near-
miscible WAG injection in strongly water-wet sandstones.

The new model is developed using gene expression programming (GEP) technique. We conduct
dimensional analysis with the Buckingham’s 7 theorem technique to generate dimensionless
numbers using eight key parameters. Seven dimensionless numbers are employed as the input
variables of the desired correlation for predicting the recovery factor of a near-miscible WAG
injection. A proper and reliable mathematical model is used to generate the required training and
testing data for the development of the correlation using GEP algorithm. The provided data points
are then separated into two subsets: training (67 %) to develop the model and testing (33 %) to
assess the models’ capability. Conducting error analysis, statistical measures and graphical
illustrations are provided to evaluate the effectiveness of the proposed model. The statistical
analysis shows that the developed GEP-based correlation is able to generate target data with high
precision such that the training phase leads to R?= 92.85 % and MSE=1.38e-3, and R?= 91.93 %
and MSE=4.30e-3 are attained for the testing phase. The relative importance of the input
dimensionless groups is also determined. According to the sensitivity analysis, decreasing the oil-
water capillary number results in a significant reduction in RF in all cycles. Increasing the
magnitudes of oil to gas viscosity ratio and oil to water viscosity ratio lowers the RF of each cycle.
It is found that oil to gas viscosity ratio has a higher impact on RF value, compared to oil to water
viscosity ratio due to a greater viscosity difference between the oil and gas phases. It is expected
that the GEP as a fast and reliable tool can be useful to find vital variables such as relative

permeability in complex transport phenomena such as three-phase flow in porous media.

Keywords: WAG injection; Gene expression programing; Statistical analysis; Empirical
correlation; Oil recovery
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6.1 Introduction
Water alternating gas (WAG) injection is among the common enhanced oil recovery (EOR)
techniques; this recovery method has been recognized as a cost effective and successful method
for greater oil production 2. In the past decades, there have been some field applications,
numerical simulations, and laboratory experiments on WAG injection processes 2. In a study
conducted by Skauge et al. 3, it was reported that the WAG injection can increase the oil recovery
factor by 5-10 % in the field scale.
Modeling and simulation of the WAG injection processes have been investigated in the literature
to explore the effect of various key variables such as WAG ratio, number of cycles 41, wettability
91214 relative permeability and hysteresis & 9 11121421 on WAG performance. One of the main
problems in modeling and optimizing a WAG injection process is development of appropriate and
reliable correlations between rock/fluid properties and the amount of residual phases in the
reservoir 22, The cyclic nature of the WAG process and the three-phase flow in the porous medium
add extra burden in terms of computational costs and modeling robustness. The main focus of most
previous simulation and modeling studies related to WAG is on the analytical solution of the
governing equations of three-phase flow, and three-phase relative permeabilities during the oil
production 2324,
Despite the availability of several correlations for determination of three-phase relative
permeability and capillary pressure for a WAG flooding & %, they fail in situations where the mass
transfer between phases occurs, particularly when one phase disappears. Dynamic behaviors
caused by evaporation of residual oil and dissolution of the injected gas in the residual oil also add
extra complexities to the WAG process. Many past studies were not able to have a proper
evaluation of WAG process performance due to incorporation of inappropriate three-phase relative
permeability or capillary pressure expressions/data in their models 26-2°,
In the oil and gas industry, laboratory coreflood experiments have been conventionally used as a
representative of actual hydrocarbon reservoirs to evaluate the effectiveness of EOR processes
such as WAG flooding prior to the field applications. Coreflood experiments can be also used to
quantify flow properties such as capillary pressure and relative permeability curves. The acquired
data from a small laboratory model can be utilized to predict the behavior of other similar systems
30 In the last decades, several research investigations have focused on the WAG performance 3%,

WAG process simulation 32, WAG pilot tests 12, WAG process mechanisms 33, WAG hysteresis
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3 and WAG management *. However, the WAG process has not been well-developed and
understood yet. One of the overlooked aspects in WAG process is the development of predictive
tools prior to conducting pilot and field tests *°. In some cases, complicated and timely simulations
and modeling approaches are employed to examine the efficiency of the WAG process. For
instance, the computational time for simulation and optimization of some reservoirs, particularly

heterogeneous cases, might be thousands of hours ¥

. Moreover, the optimization process
conducted by simulation modeling is based on one parameter at a time process without involving
the effect of interactions between uncertain parameters on the process output 38, Therefore, fast
and low-cost tools for assessment of WAG injection are required to overcome this issue.

As the first step in the prediction process, it is necessary to establish a set of relationships between
the two systems, i.e., the given system (i.e. laboratory system) which is used to predict the behavior
of the target similar system, and the one of actual interest, the prototype. These relationships are
generally known as the scaling laws, similarity laws, or similarity requirements *°. The scaling
process eventually leads to developing dimensionless numbers, which are known as dimensionless
scaling groups.

Smart computational tools have been extensively utilized for prediction of reservoir fluid and rock
properties, optimization, and performance assessment of EOR techniques 3°2. In recent years,
various optimization techniques such as genetic algorithm (GA) and particle swarm optimization
(PSO) have been widely used as reliable approaches to optimize different upstream and
downstream processes in oil and gas industry “. The primary version of GA was then modified
into a new algorithm called, genetic programming (GP) approach. The gene expression
programming (GEP) is a new and updated version of GA that addresses most of
drawbacks/concerns of previous versions **. Generally, GEP is able to obtain a solution for
regression problems “°. Unlike the GP program that the individuals’ population are symbolically
considered as expression trees (ETs), the individuals’ populations are regarded as the linear
chromosomes in the GEP algorithm “¢#7. GEP method has been employed in various research
subjects in petroleum engineering, including estimating mixture viscosity in solvent-assisted oil
recovery process “¢, CO, solubility in crude oil *°, minimum miscibility pressure (MMP) of live
oil systems *°, petroleum emulsions’ viscosity °*, surfactant retention in porous media 2, residual
gas saturation during spontaneous and forced imbibition processes *3, and oil price **. However,

the application of this smart technique has not been reported for predicting the oil recovery of near
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miscible-WAG injection process in the open sources. Near-miscible WAG injection studies are
limited to few experimental investigations, which are highly time consuming, expensive, and more
importantly not comprehensive in terms of sensitivity analysis. Today, with significant
developments in computer and data science, it is feasible to introduce robust, fast, and reliable
models to predict the performance of complex EOR processes such as WAG injection. The main
objective of this work is to conduct the scaling analysis using the data provided by the validated
and reliable implicit-pressure-explicit-saturation (IMPES) model for development of a robust
empirical model, which is able to predict the recovery factor of near-miscible WAG injection.

This chapter is structured as follows. After the introduction, in the theory and background section,
we provide a brief description of the WAG process and a background on dimensional analysis
approaches, and the introduction/fundamentals of GEP algorithm. In the methodology section, the
application of dimensionless model and its principles for generating the required data are
discussed. Then, the design of experiment is provided, which is required to know the number of
required runs, data, and dimensionless scaling groups. Afterwards, the analysis of variance
(ANOVA), procedure of the GEP algorithm, and the model development are described. In the
results and discussions, the results of the ANOVA test and the relative importance of the input
parameters are elaborated. We also discuss the results of the testing and training phases, statistical
error analysis, GEP correlation, and sensitivity analysis. In the last section of this chapter, the

summary and main conclusions are given.

6.2 Theory and Background
6.2.1 WAG Mechanisms

Gas injection (GI) and water flooding (WF) are the two conventional and common methods in oil
and gas production among the tertiary and secondary techniques *°. The efficiency of these
methods depends on efficiencies at both macroscopic volumetric sweep efficiency and
microscopic displacement sweep efficiency scales °°.

The major drawbacks during Gl processes are gas fingering phenomenon caused by unfavorable
mobility ratio, low volumetric sweep efficiency °’; and early gas breakthrough occurrence which
has been reported in various pilot and field applications *2%° caused by the gas fingering and
channeling in layers with high permeability. The main issues with the Gl effectivity are related to

the mobility of the fluids and reservoir conformance °’. On the other hand, the cyclic injection of
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water and gas (in WAG injection) reduces the effective permeability of the gas phase, resulting in
a stabilized fluids’ fronts and thereby, enhancing the overall sweep efficiency of the system.
Gravity segregation is another governing mechanism during a WAG flooding process which is
caused by the density difference between the active phases in the medium ®*. Gravity segregation
enhances the vertical sweep efficiency through sweeping the bypassed oil at the bottom of the
reservoir (from the Gl cycle) in the WF cycle . Figure 6-1 depicts a schematic of a general WAG

injection process and the phases’ distributions for oil, gas, and water in a typical reservoir.

Injection Production
well well

Un-swept oil

—_

Figure 6-1: A schematic of WAG process in a hypothetical oil reservoir (Modified after Shahverdi et
al.) ©,

6.2.2 Dimensional Analysis

Two conventional techniques are proposed to generate the dimensionless groups: inspectional
analysis %% and dimensional analysis - %%, The inspectional analysis is on the basis of the
differential equations that govern the flow displacement, while the dimensional analysis performs
based on the pertinent variables that directly affect the system behavior. In the inspectional
analysis, the differential governing equations of the process along with the initial and boundary
conditions are transformed into dimensionless forms through normalizing variables into the
equations ©®3%*, This transformation leads to obtaining the dimensionless dependent variables,
dimensionless independent variables, and dimensionless scaling groups. In contrary to the
inspectional analysis, in dimensionless analysis, only the pertinent variables are required, and the
governing equations are not transformed. In this technique, to obtain the dimensionless scaling
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groups, the power products of the variables are rendered to dimensionless forms. This leads to
generating a set of homogeneous linear algebraic equations ®. %° The solutions of these
equations provide a set of complete independent, though not unique, dimensionless numbers.
Using a set of variables and applying the Buckingham’s 7 theorem result in generating the number
and the forms of the dimensionless groups. Many studies have focused on applications of the
theory of scaling and similarity laws for fluid flow in porous media 8% 85 87070 "Initjally, Leverett
et al. 8 used the dimensionless groups in a research on immiscible displacement of oil by water,
which was later extended by Klinkenberg 81, Asghari et al. 8 used the data provided by the past
performance of waterflooding in the Weyburn field to develop an empirical correlation for
predicting CO> flooding performance. Two different correlations were introduced based on
different injection schemes in the Weyburn field. The first correlation was developed according to
the WAG injection through vertical wells and the second one was based on the horizontal injection
using the Kinder Morgan CO, Scoping model and the field production data. However, in their
proposed model, only the oil production rate and CO2 and water injection rates were accounted to
develop the model and other field or operational variables were not included. Shunhua et al.
suggested a new model for generating dimensionless CO: flood forecast such as total injection
(DTI), CO2 injection (DCI), tertiary oil production (DEOR), CO> production (DCP) , for various
WAG injection approaches &. A Microsoft Excel VBA program (for injecting CO2 pulses) was
utilized to generate the prototypes for forecasting the performance of the system. Their new
methodology (Pulse method) was verified using mechanistic simulation results of finite element
for different WAG injection processes and/or different CO; injection slug sizes ®. Khalil et al. 3
introduced a simple data-driven model to assess the miscible CO,-WAG injection in an Iraqi
oilfield. They employed a central composite design (CCD) to introduce a proxy model. They
applied ANOVA to examine the effectiveness of the variables and their combinations within the
model. The proposed proxy model determined the incremental oil recovery (AFOE) as a function
of reservoir properties and operational conditions including permeability, porosity, ratio of vertical
to horizontal permeability, cyclic length, bottomhole pressure, ratio of CO, over water slug size,

and COz2slug size.

6.2.3 Fundamentals of GEP

Current genetic algorithm (GA) and genetic programing (GP) techniques have been widely used

in common regression engineering problems such as function fitting and time series predictions 8+
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8, In the GA algorithm, individuals are represented as the linear strings with fixed lengths
(chromosome) during all evolution levels. This prevents GA to be applied in some complex
function fitting problems . However, in GP algorithm, individuals are represented as the non-
linear objects with different sizes and shapes. GP algorithm is normally capable of analyzing very
complex functions; however, the variety in object sizes often hinders the evolutionary procedure
to obtain an optimum solution 8. In contrast, gene expression programming (GEP) is a new
approach in developing computer programs with focus on learning models and discovering
knowledge ** 8, GEP combines the features of GA and GP algorithms, while it differs from these
two evolutionary approaches mainly in chromosome encoding. In GEP algorithm, the individuals
are encoded as the chromosomes and are considered as the linear strings with fixed lengths 44
GEP has more flexibility and power for exploring the search space by separating the genotype and
phenotype. The designed chromosomes in GEP are simple and linear. GEP demonstrates
significant advantages over its peers; for instance, compared to the GA, GEP performs
approximately 2-4 orders of magnitude faster in solving general problems due to its unique
individual functioning ** 8. GEP is a full-fledged genotype/phenotype system in which the
genotype is totally separated from the phenotype. However, in GP, the genotype and phenotype
are one element; indeed, it is a simple replicator system. GEP works based on two elements (e.g.,
chromosomes and ETs). The chromosomes encode the candidate solution and transform the actual
solution candidates into an ET. The transition process of the chromosomes into an ET is inspired
by the biological process of genes encoded (in an DNA) into proteins .

6.3 Methodology
6.3.1 Data Collection

The applicability, reliability, and accuracy of any correlation/model are strongly linked to the
identified input variables as well as validity and reliability of employed data points used in the
development stage *” %7, The most important parameters affecting a WAG injection process
include the fluid and rock properties and operational conditions. Due to the lack of adequate
experimental data for near-miscible WAG flooding processes, a suitable and reliable mathematical
model is used *3. The mathematical simulator approach is a one-dimensional model, with implicit-
pressure explicit-saturation (IMPES) solution scheme. In the following subsections, the governing

and auxiliary equations required for developing the mathematical model are provided. For more
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details about the model development, technical readers may visit the study conducted by Afzali et

al 33

6.3.2 Governing Equations

For a three-phase, incompressible flow system, the governing equations to be solved are the
mass/molar balances for all presented phases. The final form of the governing equations for an
immiscible three-phase (e.g., oil, water, and gas) system, after neglecting the phase dispersion and
gravity effects and applying the Darcy’s Law (as the momentum balance equation) can be written

as follows:

v (PiKkri op;
o ox

a .
)+ a =5 (bpis) i€{ow,g) (6-1)
where the subscript i denotes the water, oil, and gas phases; p represents the pressure; s refers to
the saturation; p and w are the density and viscosity of the fluid, respectively; q symbolizes the
source/sink term (i.e. production or injection rate); K and ¢ stand for the absolute permeability and

porosity of the rock, respectively; t refers to the time; and x is the spatial location.

6.3.3  Auxiliary Equations

Eq. (6-2) indicates the relationship between the saturations of three phases existing in the system:
Sotsyts;=1 (6-2)

where sw, So, and sq refer to the water, oil, and gas saturations, respectively.

For an accurate simulation of the three-phase flow in WAG injection, selecting reliable three-phase

relative permeability and three-phase capillary pressure models is essential. Using direct

measurement method of three-phase capillary pressure data from coreflooding tests is time-

consuming and practically challenging %8-9°,

The capillary pressure (pc) between two phases is defined as the pressure difference between the

non-wetting phase and wetting phase (see Eq. (6-3)), which is a function of fluids’ saturations

and distribution, and rock properties such as porosity and permeability.
Pc = Pnw — Pw (6-3)
in which, pawand pw represent the non-wetting and wetting phases’ pressures, respectively.

In this work, we use a three-phase capillary pressure model suggested by Neshat et al. 1°°, derived

based on the Gibbs free energy. The proposed model is an extended/modified version of a two-
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phase capillary pressure model introduced by Skjaveland et al. 11, This capillary pressure model
is appropriate to be used for all types of rock in terms of different wettability states. The general
form of the applied capillary pressure model is presented by Eq. (6-4).
— ® Co Cw
pc,ij - O-ij cos (911)\/; <(5nw—5nwr)ao + (SW_SWT)aw)

1-Snwr 1-swr

in which, p;; introduces the three-phase capillary pressure between phases i and j, where the
subscripts i and j refer to each of the phases: oil, water, or oil.; g;; and 6;; denote the interfacial
tension and the contact angle between phases i and j, respectively; ¢; and ¢; symbolize the capillary

entry pressure for the phases i and j, respectively; s shows the saturation of a phase; and a; stands
for the capillary exponent for the phase i 1°°. The subscripts nw and w refer to the non-wetting and
wetting phases, respectively.

The following assumptions are considered to develop the mathematical model:

« Gravity forces are neglected.

. The flow direction is considered in 1D horizontal in the system.

« The core and fluids are assumed to be incompressible.

. Core is strongly water-wet and homogeneous.

« The equilibrium of capillary forces is held in the system.

« The temperature of the system is 38 “C and the thermal equilibrium holds in the system.

« The capillary end-effects are neglected.

In the current work, we simulate a case study, in which a 5 cm (2 inches) core was utilized.

Since the diameter of the core is small, the gravity effects are insignificant and 1D flow assumption
is satisfactory for the simulation. The two-phase relative permeability parameters are needed to be
tuned and optimized in each cycle. To do so, the experimental two-phase data are used for tuning
the two-phase relative permeability models. Afterwards, the tuned two-phase relative permeability
models are being used in the three-phase relative permeability model.

For each of WF and GI cycles in the WAG injection process, these parameters are optimized again,

to incorporate the saturation and cyclic process hysteresis.

6.3.4 Design of Experiments (DOE)

Due to the three-phase flow in the porous medium and the cyclic nature of the WAG flooding, the

number of influential variables is higher than other conventional oil recovery techniques. Using a
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design of experiment (DOE) approach can reduce the computational costs required for
mathematical modeling runs. The key aspect of a DOE is the selection of controlling factors. In
this study, oil viscosity (u,), gas and water injection rates (gg and qw), system permeability (K),
pore volume injection of fluids (PVI), and number of cycles (N) are chosen to determine the
dimensionless numbers and their significance. Using a two-level full factorial DOE, each
parameter is studied at two levels with the upper and lower bounds coded as +1 and -1. Table 6-1

shows the upper and lower levels of all variables.

Table 6-1: Design matrix of factors.

Factors Level
Low (-1) High (+1)

1, (Pa.h) 1.11e-8 1.11e-8
qy, (Mé/hr) 25e-6 40e-6
q4 (m%hr) 25e-6 40e-6
K (mD) 65 200
PVI 0.5 1
N 0.5 3

In the case of six factors (variables) at two levels, the model run design is called 2° full factorial
design. Thus, the total of 96 runs are required with no replicates of each run to obtain each

response.

6.3.5 Dimensionless Scaling Groups

As mentioned before, having an adequate knowledge of WAG process helps use the Buckingham’s
7 Theorem and derive the dimensional groups in the dimensional analysis. We consider six
variables, four fixed parameters, and the recovery factor (RF) as the response variable to obtain

the dimensionless numbers (see Table 6-2).
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Table 6-2: Variables needed to develop the dimensionless numbers.

Variables Fixed Parameters  Response Variable
U, (CP) 0w (N/M) RF
gw (M3/h) Tog (N/m)
g (M?h) H (CP)
K (mD) tg(CP)
PVI
N

Hence, seven dimensionless numbers are introduced using the Buckingham’s = Theorem, which

are listed below:

m, = Oow-K
HUw-Gw
Oog-K
T[Z = =4
Ugdg
T[3 - &
Kg
T, = Ko
Hw
s = aw
dg
g = PVI
T[7 = N

where 0,4 and o, denote the interfacial tension between the oil-gas and oil-water phases,
respectively; u; refers to the viscosity of the phase i; qwand qgrepresent the water and gas injection
rates; PVI is the pore volume injection during each injection mode (WF or GI); and N introduces

the number of injected cycles.

6.3.6 Analysis of Variance (ANOVA)
Lorenzen and Anderson 1% reported that ANOVA is the most accurate method to investigate the

significant effects of factors. In the ANOVA table, the F test and P values represent the main and

interaction effects, respectively %, The P value denotes the probability of error involved in the
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obtained results °41%  Accordingly, the smaller values of P, the more significant the
corresponding coefficient term is 1%, The P value corresponds to an « value of 0.05. For a factor
with a lower than 0.05, the factor is considered as significant. In this study, we perform an ANOVA
analysis for the simulation results and corresponding dimensionless numbers. Table 6-3 presents
the results of the ANOVA to show the significance of each factor, statistically. Thus, the relevancy
and importance of the input variables in a WAG flooding process can be determined through
implementing the ANOVA.

Table 6-3: Analysis of variance (ANOVA) table to assess design parameters in porous and non-porous

media.
Source  Sum Sq d.f F P
Ty 0.0092 2 6.66 0.0018
T, 0.01592 1 10.45 0.001
T3 0.01 4 200.243 <0.0001
Ty 0.0153 1 40.34 0.00132
s 0.01888 1 12.39 0.0007
g 0.06351 1 4.67 0.0023
Ty 0.06137 4 348.21  <0.0001
Error 0.15638 8

Total 0.19418 22

6.3.7 GEP Procedure
As previously mentioned, the GEP algorithm uses two entities: the ETs and chromosomes. A

chromosome consists of constant and variable terminals as well as pre-arranged functions in one
or more genes with equal lengths °1. The function and variables are the input data, while the
constant values are generated by the algorithm within a range specified by the user. Each gene
contains a head made of functions, variables, and constants, and a tail of terminals 1. The size of
the head (h) is specified by the user; however, the size of the tail (t) is computed as a function of
“h” and a parameter “n”, which defines as the number of elements in the function sets. The tail

size of a chromosome can be obtained using the following equation:
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t=h(n-1) +1 (6-12)

where t and h are the tail and head of the gene; and n represents the number of elements of the
function used in the head of the gene. Figure 6-2 demonstrates an example of a two-gene
chromosome resulted by four functions of x, +,+, andV , and three terminals including a,b,
and c. In Figure 6-2, both the mathematical and the equivalent expression tree forms using Kara

language are illustrated.

Mathematical Expression:

)]+ [vaxa)

Figure 6-2: A typical two-gene chromosome with its corresponding mathematical expression (Modified

after Gharagheizi et al. #7).

Every character sets in one spot from zero to seven, which is shown by 01234567. In the case of
multigenetic chromosomes, all ETs are connected by their root nodes through a linking function
such as Boolean function 1%, The computational procedure of GEP algorithm is summarized in
the following steps “°:
1- Initializing the population through generating random chromosomes of a certain number
of individuals.
2- Fitting the population individuals according to the fitness functions.
3- Selecting some individuals and copying them for the next generation based on their fitness,
such as the simple elitism &8
4- Applying the same procedure for the new population including the selection of the
environment, expression of genomes, selection of the population individuals, and

reproduction with modification.
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5- Repeating the previous steps until the termination criteria are met.

6.3.8 Model Development Steps

Using the GEP algorithm, there is no need to assume pre-specified correlation formats for accurate
prediction of target data. Hence, the GEP’s computation process finds the most accurate forms of
independent parameters by itself. As previously discussed, the main parameters affecting the RF
of a WAG injection process are oil viscosity, water and gas injection flowrates, permeability of
the system, PVI, and the number of injected cycles (N). Therefore, the variables are used to
generate the dimensionless numbers; these groups are assumed as correlating parameters for
predicting the RF of WAG flooding:

; = f (Ho» Gw» 44, PVI, K, N, Fixed parameters)

where RFy 4¢ = f(m;)

The following steps are taken to develop a newly WAG RF correlation:

1- Generating the population using random chromosome individuals and applying correlation
formats as pars trees using the functions or operators (*, +, -), and terminals which are
functions of input variables and output results (RF of WAG).

2- Computing the fitness value for each individual of the generated population using the

following objective function (OF):

d(i)—RFexp (l)|
RFexp(i)

_ 100 wy |RFpr
OF =—=%;

where N is the number of data points used for the GEP implementation, and subscriptions “prd”
and “exp” denote the RF values predicted by the GEP algorithm and the RF values generated by
the verified mathematical model to be used as the experimental (or target) data, respectively.
3- Selecting some individuals and copying them into the next generation based on their fitness
(simple elitism). In this work, the tournament method is implemented to select adequate
varieties of the population in each generation #>-4¢,

4- Applying the genetic operators on selected chromosomes, including:
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5-

- Replication operator: This operator copies the chromosome’s structure selected in step
3.

- Mutation operator: As the most important step in the GEP algorithm, the mutation can
occur anytime and at any position in a genome, as long as the mutated chromosome
meets the validity criteria. The mutation operator changes the head and tail terminals,
while the original structure of the chromosome is preserved.

- Inversion: The inversion operator is only applied to the heads of genes, where any
sequence is randomly selected and employed. The inversion operator by random selects
the chromosome, the gene to be modified, and the initiation and termination points of
the sequence to be inverted.

Transposition and insertion sequence elements: A portion of the genomes, which can be
activated and jumped to another place in the chromosome, are called the transposable
elements of the GEP program. Ferreira divided these elements into three types 6: “short
fragments with either a terminal or function in the first position transpose to the head of
genes, short fragments with a function in the first position that transpose to the rest of the
head of genes (root IS elements or RIS elements), and entire genes that transpose to
commencing of chromosomes.”

Recombination: This step normally involves two parent chromosomes to produce two new

chromosomes through combining various parts of the parents through three approaches:

linking one-point recombination, two-point recombination, and gene recombination “°.

Accordingly, the new generation will be reproduced, and the procedure is continued until

the termination criteria are met.

In this study, the data are distributed into two categories: training and testing/validation sub-

data sets by a ratio of 67 % and 33 %, respectively. The training phase is carried out for the

developing the model. After this stage, the validation data set is used to assess the validity of

the model. Figure 6-3 illustrates a schematic flowchart of the procedure applied in this study

to develop a correlation for recovery factor of WAG.
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Figure 6-3: A schematic flowchart of workflow for developing the WAG recovery factor correlation in this

research.
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6.4 Results and Discussions

6.4.1 Model Development

In order to develop a new reliable correlation for estimating the WAG injection using the GEP
approach, some important factors/parameters in the GEP strategy including population size,
number of chromosomes, head size, number of genes, type of the fitness function, map operators,
and number of constants per genes are required. The optimal/adjusted parameters for this work are
listed in Table 6-4. For instance, the number of constants per gene determines the maximum
number of constants that can be allocated for a gene. The higher numbers of constant, more
complicated, and accurate the algorithm becomes. Therefore, a balance should be between the
accuracy and degree of complexity while selecting the optimized GEP configuration. The optimal
parameters are normally found randomly for development of any new correlation through GEP.

Table 6-4: The optimal GEP parameters.

Configuration Value
Population size 96

No of chromosomes 33

Head size 8

No. of genes 4

Fitness function RMSE

Map operators +,—,N%,=,V,Ln, Log, ...
No. of constant per gene 10

In this modeling method, 67 % of data for the oil recovery factor are allocated to the training step.
Then, 33 % of the entire database is considered as unseen data for the testing phase. It is found
that the model is satisfactory and can predict the unseen data within almost the same accuracy
obtained in the training phase. The model is developed based on the GEP algorithm using the
GeneXproTools software 1%, To examine the accuracy of the newly developed model, a systematic
error analysis should be conducted. The statistical parameters including mean square error (MSE),
root mean square error (RMSE), mean absolute error (MAE), residual standard error (RSE), relative
absolute error (RAE), and coefficient of determination (R?) are used for statistical analysis of the

developed model. Thus, the error analysis can effectively test the reliability and accuracy of the
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proposed model. For instance, the R? parameter demonstrates the degree of match between the
target data generated by the mathematical model and the calculated RF data using the new
proposed correlation. Equations (6-15) to (6-19) express the mathematical formulas of the
statistical measures used in this study.

Table 6-5 presents the results of statistical error analysis for both the training and testing phases.
The low values of error as well as the high magnitudes of correlation of determination (R?rraining =

0.93 and R?testing= 0.92) for both phases confirm the effectiveness and precision of the new GEP

correlation.
MSE = % L (RF (D exp — RF (D pra)? (6-15)
RMSE = 2SI, (RF (Dexy = RF Dpra)? (6-16)
MAE = =37 (RF({)exp = RF (D pra) (6-17)
RSE = |5 51, (RF Dasp — REDpre)? (6-18)

2?=1|RF(i)exp_RF(l’)prd|
RAE =
Z?:llRF(i)exp_ave(RFexp)|

(6-19)

Table 6-5: Statistical analysis of training and testing results.

Error statistics Training Testing

MSE 1.38E-03  4.30E-03
RMSE 3.72E-02  6.56E-02
MAE 3.06E-02  5.15E-02
RSE 7.15E-02  0.232917
RAE 0.268548  0.478682
Correlation Coefficient 0.963596 0.876774
R? 0.928518 0.9193

Moreover, cross plots or parity diagrams and residual scattering error distribution plots are
provided to graphically investigate the error analysis. After conducting the ANOVA test, the

selected dimensionless numbers (m;to m,) are introduced as variables to the GEP simulator for
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generating the correlation. The final form of the developed correlation using the GEP algorithm
for predicting the recovery factor of a WAG process is expressed as follows:

C11.mm4

A _ 1- (1—H1X16—2).? (6-20)
1 €13.C15.C18.(d2—ds)
4
A, = ([(n7—c22).n§.n2.c;8xle—10]4+7t;29) (6-21)
A3 — [(C35—C32)+(7T6.7T%)+TE5.C32+TL'6.7T7] .TL'_Z (6-22)
4 3
A4 == eXp(l + 7T5 - 7T3). C4_9. [(7-[2.7-[7 X 18 - 4‘) + 77:3_7-[5_7-[2;(16_4’_(:4—2] (6'23)
RF = Al + AZ + A3 + A4 (6‘24)

The constant values of Egs. (6-20) to (6-24) are listed in Table 6-6.

Table 6-6: The constant values obtained for Eqgs. (6-20) to (6-24).

Constant Value
C13 -4.7530
C15 -5.4106
C18 -7.5887
C11 6.7068
C10 2.2652
Cc28 11.5608
C29 0.7480
C22 -59.7849
C35 -7.7281
C32 9.5931
C49 8.75E-02
C42 0.4019

Table 6-7 shows the statistical information of the input variables, i.e. dimensionless numbers (m;to
1) including the minimum, maximum, standard deviation, slope, intercept, correlation, and R-

square versus the response variable which is the RF.
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Figure 6-4 demonstrates the newly developed correlation in the form of an expression tree (ET)

diagram. The generated ET consists of four sub-ETs (four genes) and each sub-ET is linked with

the “addition” operator to the others. The input values to the model (7r;t0 ;) are expressed as d,to

d, within the sub-ETs.

Table 6-7: The statistics of the input variables to develop the new correlation with regard to the response

variable (RF).

Attribute Ty T, 3 Ty g e v
Importance 1.89E-02 1.70E-02 3.66E-01 1.88E-01 2.30E-02 1.53E-02 0.371409
Minimum 3.16E-02 4.71E-02 1.608696 6.17E-02 0.625 0.5 1
Maximum 1.56E-01 0.231884 16.08696 0.616667 1.6 1 3
Average 8.22E-02 0.124819 8.621603 0.330495 1.065625 0.757813 2.140625
Median 7.39E-02 1.10E-01 1.608696 6.17E-02 1 1 2
Standard Deviation 4.63E-02 7.19E-02 7.292794 0.279557 0.358444 2.52E-01 0.833185
R? (vs Response) 2.62E-03 2.30E-04 3.24E-01 0.324006 4.51E-03 4.12E-03 0.567451
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Sub-ET 2

Sub-ET 3

Sub-ET 4

Figure 6-4: The correlation introduced for prediction of WAG RF in the form of an expression tree.

6.4.2 Relative Importance (RI) of Input Variables

The importance of each input variable (e.g., dimensionless numbers) used for developing a
correlation is associated with the weight and effect of the variable on the objective function; this
is important for better design and optimization of the corresponding operation. The relative
importance of the dimensionless numbers generated in this study is depicted in Figure 6-5.

According to Figure 6-5, r, or the number of WAG cycles has the highest impact on the developed
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correlation with a relative importance (RI) of 37.14 %. This is logical since through injecting
consecutive WAG injection cycles (and thereby increasing the number of cycles (N)), higher
recovery factor is expected from the porous system. After mr;, m;and m are reported as the most
important parameters. According to Figure 6-5, there is a noticeable difference between the ratio
of oil to gas viscosities (m3) and the viscosity ratio of oil to water (m,) in terms of variable
importance. This is due to a higher viscosity difference between the oil phase and the gas phase,
compared to the oil and water system. Moreover, the injection rate ratio of the water to the gas
(ms), inverse of oil-water capillary number (rr;), inverse of oil - gas capillary number (m,), and
PVI injection (ms) have the relative importance values of 2.30 %, 1.89 %, 1.69 %, and 1.52 %,

respectively.

0.4

0.35 ——

0.3 ——

0.25 ——

0.2 ——

0.15 —

Variable Importance

0.1 ——

0.05 ——
S . 1] i

nl n2 73 4 s 6 7

Dimensionless No.

Figure 6-5: Relative importance of all input variables included in the new correlation for RF determination
of WAG injection process.

In Figure 6-6, the cross plots show a part of error analysis for the training and testing phases of the
employed connectionist tool. As clear from Figure 6-6a and Figure 6-6b, a good match is noticed
between the target data and RF predictions based on the newly developed correlation. The
magnitudes of the coefficient of determination R?=0.9285 for the training phase, and the coefficient
of determination R?=0.9193 for the testing phase confirm that the proposed correlation is reliable

and accurate for predicting oil recovery factor in a WAG injection process.
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Figure 6-7 shows the residual plot with the residual error, e; (Eq. (6-25)), on the y-axis and the

(a) Training

(b) Testing

Figure 6-6: Cross plot of training data against the target values.

predicted recovery factor values on the x-axis.

e = RFi,Target - RFi,GEP

According to Figure 6-7, for both testing and training phases, the absolute residual error values are
less than 0.1. It is concluded that the obtained data are unbiased within an average approximately

zero around the zero residual line; it also indicates a homoscedastic behavior (constant variance).

229

. 1.0
@8
ﬁ@ A 0.8
m&AA A
A A A
m A & - 06 0
A
- 1 o
3 e 104
0.2 :
2 v
3
: 0.0
0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8
RFﬁr;.r_qvt RFtnrgnt

(6-25)



0.15 T

A Training o
0 Testing ©
0.10 o O &
= @]
by A A
> 0.05 T
= O a % 4 @AA&
T 000 s A
| : A&%O A/_\. E\Q O A @]
% AA L A%AAA
£ —0.05| o afa A ]
o ' A % 2
— o
A
~0.10 ©
o © ©
—0.15 '
0 0.2 0.4 0.6 0.8 1
RFgEp

Figure 6-7: Scatter residual error plot of training and testing phases.

6.4.3 Evaluation of Developed Correlation
To assess the performance of the newly developed correlation (Egs. (6-20) — (6-24)), the predicted

recovery factors of a three-cycle WAG injection process are compared with the experimental data
and the results obtained by the mathematical model. In the selected experiments, the WAG
flooding process was conducted at the near-miscible condition (T=38 °C, and P=12.7 MPa), and
in a strongly water-wet sandstone starting with a primary waterflooding (two-phase flow where
Sgi=0). The process was then followed with the first gas injection in which the first cycle of the
WAG injection was complete (N=1). The consecutive injections of water and gas continued for
three cycles (N=3). The process was terminated after the third gas injection where no significant
amount of oil was recovered from the porous system. In the experiments, the process was
conducted at WAG ratio of 1:1 with a constant gas injection rate (e.g., Q=25 cm®/hr). The
recovery factor against the number of injected cycles (N) based on the experimental data, predicted
values by the new correlation, and the estimated values by the mathematical model is presented in

Figure 6-8.
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Table 6-8: Comparison of RF of near-miscible WAG injection obtained by the developed correlation,
mathematical model, and experimental work.

\ RFcep Relative Error®&P&® RFarget Relative Error®&r-Target RFexp
(%) (%) (%) (%) (%)
0.5 59.35 18.77126 50.08 18.51038 49.97
1 69.2 5.503888 64.64 7.054455 65.59
15 76.08 5.651993 71.94 5.754796 72.01
2 81.56 3.083923 79.37 2.759229 79.12
2.5 86.22 1.328006 84.3 2.27758 85.09
3 90.32 3.48365 92.00 1.826087 93.58
100
80
—~ 60
X
2,
=40
20 A Target
o Experiment
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WAG Cycle (N)

Figure 6-8: Comparison of RF of near-miscible WAG injection obtained by the developed correlation,
mathematical model, and experimental work.

After the primary water flooding (N=0.5), the recovery factor of RF=50.00 % was obtained in the
experimental run. The mathematical model is able to predict a recovery factor of RF=50.08 %,
confirming the accuracy and reliability of the numerical model. The newly developed correlation
forecasts a recovery factor of RF=59.35 % at the end of the primary waterflooding. Following the
production operation by conducting the first gas injection (N=1), the experiment resulted in the
recovery factor of RF= 65.59 %); this was predicted by the mathematical model with the recovery

factor of RF=64.64 %, implying excellent agreement. The proposed correlation predicts the
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recovery factor of RF= 69.20 % for this stage. After that, two more cycles were injected to the
porous medium and the final recoveries of RF=93.58 %, 92.00 %, and 90.32 % were obtained
through the experimental phase, numerical model, and newly developed correlation, respectively.
The details of the recovery factor at each injection mode are given in Table 6-8. The relative errors
in estimating the recovery factor at different cycles (N=1 to 3) are also listed in Table 6-8.
According to Table 6-8 and Figure 6-8, it is found that the correlation developed by the GEP
algorithm is able to successfully predict the RF of the intermediate cycles and more importantly
the ultimate recovery factor with the relative error of 3.48 % at N=3.

Comparing the methodology used in this chapter (Chapter 6) with the ones in chapter 3, and 5,
depending on the purpose of the study and the availability of the data each one of these techniques
can be useful. For instance, to have a mechanistic overview on WAG injection process, fluid flow,
including the saturation history and saturation distribution in the porous medium, the application
of IMPES method (described in chapter 3, and 5) is recommended. However, if the data for
recovery factors of a case are available and one aims to acquire an overview only over the
performance (RF) of a system by changing the key parameters and their interactions
(dimensionless numbers) the application of a specified correlation generated by the GEP algorithm

is more beneficial.

6.4.4 Effect of Capillary Number
The efficiency of oil recovery techniques depends on interplay between various forces at pore scale

and macroscopic scale 1%, The capillary and viscous forces are not in favor of each other during
implementing an EOR/IOR process. The capillary forces are responsible for entrapment of fluids
during immiscible/near-miscible processes. However, viscous forces of the displacing (injecting)
phase act against the capillary forces. The capillary forces are affected by the interfacial tension
(IFT) between phases, wettability state of the system, and the pore geometry in which the blobs
entrapment of phases occurs. Viscous forces, on the other hand, are governed by the permeability
of the rock, applied pressure drop, and the viscosity of the displacing phase *'°. In oil and gas
industry, the capillary desaturation curves are well recognized for highlighting the properties and
geometry of the porous systems as well as the fluids distribution within the pores . Increasing
the capillary number has always been set as a target for designing EOR/IOR processes in order to
achieve a higher oil recovery from reservoirs. Capillary number (Nca) is defined as the ratio of

viscous forces to capillary forces !2. There are numerous expressions for the capillary number.
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Among the proposed versions, the capillary number introduced by Saffman and Taylor '3 is the

most common form, as given below:
_ v
Nca g

where the v is the superficial velocity; u stands for the viscosity of the displacing phase; and o
refers to the interfacial tension between fluids.
In this work, after applying the Buckingham’s = Theorem, a variation (inverse) of the capillary

number between the oil-water (N2) and oil-gas (N27) systems are generated as follows:

__OowK _ 1
m = — Ajow
HUw-Gw N¢a
Uog.l( 1
Ty = = o7
Hgdg Nca

where a,, and a,, denote the interfacial tension between the oil-gas and oil-water phases,
respectively. u; refers to the viscosity of phase i; qwand qg represent the water and gas injection
rates; and K is the permeability of the medium. Since m; and m, show approximately the same
relative importance within the developed correlation for predicting the RF of the WAG flooding
process, a sensitivity analysis on the impact of =; on RF of WAG injection is conducted. To
investigate the impact of capillary number (the inverse of ;) on oil recovery factor, the results of
WAG recovery factor for three cycles (N=1,2,3) at three orders of magnitude of 7; are compared
in Figure 6-9. According to the results presented in Figure 6-9, by increasing the mr; from the initial
value of 8.16e-5 (corresponding to the value at the experimental condition) to 8.16e-2, and 8.16e-
1, the ultimate recovery factor of WAG injection decreases from 90.32 % to 85.79 %, and 75.03
%, respectively. This implies that the recovery factor of a WAG injection process decreases by
16.92 % upon a decrease in the capillary number by four orders of magnitude. The same trend of
RF reduction at higher values of m; is noticed at the end of the first and middle injection cycles.
Increasing m, by four orders of magnitude (corresponds to decreasing the capillary number by four
orders of magnitude) lowers the ultimate RFs of the first (N=1), and the second (N=2) cycles by
22 % and 23.1 %, respectively. This result highlights the dominancy of viscous forces at low
capillary numbers, resulting in more oil trapping in the porous medium and decrease in oil RF

during various cycles of a WAG flooding process.
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Figure 6-9: Effect of oil inverse capillary number (m;) on the recovery factor of near-miscible WAG
injection using the GEP correlation.

6.4.5 Effect of Viscosity Ratio (3, 7,)
The viscosity of fluids in three-phase flow of oil, water, and gas affects the mobility ratio (M) of

the displaced (oil) and displacing phases, residual oil saturation, and finally the recovery factor

of a WAG flooding process. The mobility ratio is defined as follows:
kr,ing
Hin
M= Tred

Hed

In Eq. (6-29), k;ing and k,..4 represent the relative permeability of the displacing (water or gas)

and displaced (oil) phases, respectively. u;,, and u.4 denote the viscosities of the displacing and
displaced phases.
In this research, two of the introduced dimensionless groups describe the ratio of oil to gas, and

oil to water viscosities (5 = %,m = Z—"), which considerably affect the RF of WAG flooding.
g w

To evaluate the impact of the viscosity ratio, WAG simulations are conducted at different values
of m; and m, (Figure 06-10 and Figure 6-11). All cases are simulated using the developed
correlation in all three cycles (N=1,2,3), where the rest of dimensionless groups are fixed at the
base condition corresponding to the experimental data. We examine the performance of the WAG
injection at three values of m5: 1.59 (the base value), 2, and 3. The simulation outputs are shown
in Figure 06-10. The RF results reveal that in all cycles by increasing the w5 value, the RF
decreases. When m5 increases from 1.59 (RF U!ima®= 90,32 %) to 2 (RF “iMa®€= 84 14 %), and 3
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(RF Ulimate— 76 66 9%), the ultimate recovery factors of WAG injection after three cycles of injection
decrease by 6.84 % and 15.12 %, for m3=2, and m5=3, respectively. Increasing 5 also decreases
the oil recovery at the first and second injection cycles, significantly. The RF results at each cycle
are provided in Table 6-9. The results are consistent with the previous studies in which the higher
viscosity difference between the oil and gas leads to unfavorable high mobility ratio, bypassing
the oil bank (gas channeling), and early gas breakthrough 3.

The sensitivity analysis is also performed, considering different values of , = Z—" The simulations

are conducted using the experimental conditions and at three cycles of consecutive injections of
water and gas for three values of m,: 0.061 (reference value corresponding to the experimental
condition), 0.10, and 0.12. The outputs of the simulations for three cycles of WAG injection are
demonstrated in Figure 6-11 and Table 6-9. Based on the simulation results of the WAG process
using the GEP correlation (Egs. (6-19)-(6-23)), increasing the values of m, from 0.061 to 0.10,
and 0.12, lowers the ultimate recovery factor by 6.72 % and 10.11 %, respectively. This appears
to be logical as the m, (the ratio of oil to water viscosity) increases the mobility ratio of the oil (as
the displaced phase) and water (as the displacing phase) which is unfavorable, resulting in front
instability of fluids and considerable residual oil saturation. Comparing Figure 06-10 and Figure
6-11 also highlights the superior impact of 5 on RF of WAG injection over the impact of r, ; this
is also confirmed while assessing the relative importance of the variables (dimensionless groups).
This is due to higher viscosity difference between oil and gas, compared to the difference of oil-
water viscosities, leading to higher potential of oil trapping and early breakthrough, and thereby

the RF is affected more (greater reduction) at higher values of 5, compared to m,.
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Table 6-9: 3 and m, sensitivity analysis to assess WAG flooding process.

Ho Ho
T3 =— N RF (%) Ty =— RF (%)
Ug Hw
1 69.20 69.20
1.59E+00 2 81.56 0.0611 81.56
3 90.32 90.32
1 63.15 62.14
2.00E+00 2 75.46 0.100 74.89
3 84.14 84.25
1 57.00 59.40
3.00E+00 2 70.00 0.120 73.42
3 76.66 81.19
100 - .
80
—~ 60
&
y
& 40 N
—o—1I3 = 1.6 (Exp)
20 —a—1JI3 =1.6
—o— 13 =2
g1l =3
0 | °
0 1 2 3

WAG Cycle (N)

Figure 06-10: Effect of oil to water viscosity ratio (r3) on the recovery performance of near-miscible WAG

injection based on the developed correlation.
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Figure 6-11: Impact of oil to gas viscosity ratio (r,) on the recovery performance of near-miscible WAG
injection based on the GEP correlation.

6.5 Summary and Conclusions
In this study, we develop a new correlation for predicting the recovery factor (RF) of a near-
miscible water alternating gas (WAG) injection process. The model is developed using
dimensionless groups made of the key fluid, rock, and process characteristics that impact the RF
of a near-miscible WAG flooding process. Seven dimensionless groups are generated using the
dimensional analysis approach through employing the Buckingham’s m theorem. The
dimensionless numbers are used as the input variables for the newly introduced evolutionary
algorithm gene expression programming (GEP) model to develop a reliable predictive tool for RF
of WAG processes. The accuracy of the proposed correlation is verified using an experimental
case study taken from the literature in which a near-miscible WAG flooding was conducted in a
strongly water-wet sandstone at 38 °C and 12.7 MPa. Based on the error analysis, the newly
proposed GEP model shows a very good match with the target data. For example, R?= 92.85 %
and MSE=1.38e-3 are attained for the training phase. The results of the relative importance (R1) of

input variables indicate that the number of injected cycles (N, ;) has the highest impact on the
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developed correlation with an RI of 37.14 %. After m,, m;and m,are reported as the most essential
parameters with an Rl of 36.61 %, 18.84 %, and 2.30 %, respectively.

The predicted recovery factors of a three-cycle WAG injection process are compared with the
experimental data; the results obtained by the mathematical model show that the correlation
developed by the GEP algorithm is able to successfully predict the RF of the intermediate cycles
and more importantly the ultimate recovery factor with the relative error of 3.48 % at N=3.
According to the sensitivity analysis, increasing oil-water capillary number leads to an increase in
RF in all cycles. In addition, an increase in the magnitudes of oil to gas viscosity ratio and/or oil
to water viscosity ratio causes a reduction in RF of each cycle in the WAG flooding process. It is
found that the viscosity ratio of oil and gas has a greater influence on the RF value, compared to
viscosity ratio of oil and water because of a greater viscosity difference between oil and gas phases.
For future work, due to the lack of predictive tools for WAG injection process, it is recommended
to conduct similar procedures to develop empirical correlations for WAG injection in other porous
systems such as fractured and/or heterogeneous porous media. The presented results in this work
are based on experimental data of a near-miscible WAG injection in a strongly water-wet Berea
sandstone core. This research work can be extended for other miscibility conditions such as
miscible/immiscible, at other wettability states and rock lithologies.
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NOMENCLATURES

Acronyms

ANOVA Analysis of variance

CCD Central composite design

DCI Dimensionless CO> injection

DCP Dimensionless CO> production
DEOR Dimensionless tertiary oil recovery
DOE Design of experiment

DTI Dimensionless total injection
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EOR Enhanced oil recovery

ET Expression tree

GA Genetic algorithm

GEP Gene expression programming
Gl Gas injection

GP Genetic programming

IFT Interfacial tension

IOR Improved oil recovery
IMPES Implicit-pressure-explicit-saturation
M Mobility ratio

MMP Minimum miscible pressure
MSE Mean square error

N Number of injected cycles
OF Obijective function

PSO Particle swarm optimization
PVI Pore volume injection

RAE Relative absolute error

RF Recovery factor

RI Relative importance

RMSE Root mean square error
RSE Residual standard error

WF Waterflooding

WAG Water-alternating-gas

Variables and Parameters

a Capillary exponent

Cij Correlation constant values

Ci Capillary constant

F The main effect of factors in ANOVA
K Absolute permeability

Kri Relative permeability of phase i
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p Pressure

Pvalue The interaction effect of factors in ANOVA
q Flowrate

R? Coefficient of determination
Si Saturation of phase i

t Time

Vv velocity

X Length

Greek Letters

I Viscosity

p Density

o Interfacial tension

@ Porosity

) Contact angle

T Dimensionless number

Subscripts and Superscripts

ave Average

ca Capillary

D Drainage

ed Displaced phase (oil)
exp Experiment

g Gas phase

ing Displacing phase

I Imbibition

nw Non-wetting phase
0 Oil phase

0g Oil-gas system

ow Oil-water system

r Residual phase

w Wetting phase
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CHAPTER SEVEN

Summary and Recommendations for Future Work
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This study focuses on modeling and simulation of WAG injection process using various tools
including mathematical modeling, CFD simulator-COMSOL Multiphysics, smart models such as
ANFIS and LSSVM-CSA, and evolutionary algorithm such as GEP. In each phase of this study, a
different WAG injection scenario is studied. Numerical modeling and simulation tools are used to
investigate the effect of various process and system parameters affecting the efficiency of the
WAG processes. This thesis includes seven chapters: Introduction and overview (chapter one),
literature review (chapter two), mathematical modeling of near-miscible WAG injection in a
homogeneous system (chapter three), CFD simulation of WAG injection in a fractured porous
medium (chapter four), using data-driven sub-models such as least square support vector machines
(LSSVM) and adaptive neuro-fuzzy inference system (ANFIS) in series with an empirical model
(EM) and a first principle model (FPM) of three-phase flow in porous media (chapter five), and
applying the dimensional analysis technique to generate dimensionless groups of key parameters
to develop a new correlation based on gene expression programming (GEP) algorithm leading to
predicting RF of a WAG process (chapter six). The current chapter (chapter 7) includes the

summary and recommendations.

7.1 Literature Review (Chapter 2)

Implementation of a new EOR/IOR project requires a comprehensive knowledge of previous
successful and failed experiences, and adequate understanding of the technical and non-technical
aspects of this recovery process. This knowledge may be derived from reviewing similar projects
that were reported in the literature. Despite great applications of WAG injection in hydrocarbon
reservoirs and extensive studies, the last comprehensive review goes back to 1998, focusing on the
field applications only. There are a few review papers that are more updated; however, they are
either dedicated to a particular aspect of WAG (such as CO2 abnormalities), or applications in a
specific geographical region (such as North Sea). An updated comprehensive study, covering
recent experiences and lessons that are learnt from previous studies seems to be imperative. This
chapter reviews the WAG theory, applications, governing mechanisms of fluid displacement and
oil production from pore to field scale, and the most common challenges and operational problems
along with the remedies during WAG projects. The effects of important variables such as reservoir
properties, fluid properties, and operating conditions on the performance of WAG are studied from
experimental, simulation and modeling, and pore-scale investigations. The main

findings/conclusions of the first phase are as follows:
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CO: is the most common gas used in the WAG operations and it has advantages over
N2 or O2. The use of high-pressure air has been recently suggested due to its abundance.
Brine composition and salinity are important parameters in WAG. Low salinity water
injection has been recently proposed for the water cycles; although the performance of
LSW in waterflooding is proven, its performance in WAG is controversial in the
literature.

Five-spot pattern is found the most common injection pattern employed in the WAG
projects. However, it may result in poor volumetric sweep efficiency due to extensive
upward gas migration. Horizontal wells may be alternatively used to overcome this
problem.

WAG injection at equal volumes of water and gas cycles (WAG ratio = 1:1) is preferred
and results in optimal oil production. However, the WAG ratio does not influence the
oil recovery performance in mixed-wet formations.

The saturation history in individual drainage and imbibition processes, and the
chronological cycle history of water and gas injection in the WAG will significantly
affect the distribution of fluids in three-phase flow. Mathematical modeling of WAG
demands the inclusion of these two types of three-phase hysteresis effects that if
accounted, will increase the oil mobility and decrease the gas mobility, resulting in
more realistic predictions.

In both miscible and immiscible WAG recovery processes, an accurate relative
permeability model is needed to determine reliable values of fluids distribution and
production in the three phase flow in porous media. The relative permeability models
become less accurate in near miscible conditions when mass transfer between the two
phases occurs. Due to the complexity of the WAG flow pattern, the classical techniques
to obtain relative permeability may not be efficient.

Wettability significantly controls the performance of WAG process. Optimal values of
injection rate, WAG ratio, number of cycles, brine salinity and polymer additive
concentration will be significantly affected by the wettability.

Tapering (WAG ratio variation) is a potential strategy to control excessive gas
production. It also reduces the response time and accelerates the oil bank, reaching the

production wells.
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- The most common challenges in WAG operation are early gas breakthrough, injectivity
loss, corrosion, and the potential for asphaltene and hydration formation. The potential
solutions for those problems originated by the adverse mobility ratio include hybrid gel
treatment, viscosity reduction WAG (VR-WAG), and polymer additives in water.

7.2 Numerical and Analytical Modeling of WAG Injections in Homogeneous
System in Near-Miscible Condition (Chapter 3, 5, and 6)

The main objective of this phase of the thesis is to study the three-phase flow modeling of near-
miscible WAG process for EOR implication, using implicit pressure explicit saturation (IMPES)
method. The mathematical model simulates a WAG case study in a strongly water-wet Berea core,
using synthetic oil and brine at 38 °C and 12.7 MPa. Three cycles of water and gas injections are
used in the WAG operation. The recovery data from our mathematical model is in excellent
agreement with the experimental data of near-miscible WAG process. The absolute relative error
is less than 1.7% while estimating the ultimate recovery factor of the oil in WF and Gl stages of
all three cycles. We also study the effects of main variables such as injection rate, WAG ratio, slug
size (PV) injection, crude oil viscosity, and core absolute permeability on the WAG performance
are studied. By changing the WAG ratio in the model from 0.5 to 1 and to 2, it is noticed that the
optimal operating condition is achieved at the WAG ratio of 1. The results also show that a higher
absolute permeability increases the production rate, while the ultimate recovery of the system does
not alter remarkably. For the same system, we also employ data-driven sub-models, including least
square support vector machine (LSSVM) and adaptive neuro-fuzzy inference system (ANFIS) in
series with an empirical model (EM) and a first principle model (FPM) to study three-phase flow
in porous media. The LSSVM and ANFIS sub-models predict the two-phase water-oil, gas-oil,
and gas-water relative permeabilities. The outputs from these models are supplied to the empirical
models (EMs) to estimate the three-phase relative permeabilities for oil, gas, and water phases.
Among the proposed hybrid models, the LSSVM-EM-FPM model significantly removes the non-
linearity of the two-phase relative permeabilities. The absolute maximum error in estimating the
ultimate oil RF is 1.7%, 2.5%, and 11.4% for the EM-FPM, LSSVM-EM-FPM, and ANFIS-EM-
FPM hybrid models in the testing phase, respectively.

Forecasting WAG flooding performance using fast and robust models is important to obtain a
better understanding of the WAG process, optimize the operational condition, and lower capital

and operating costs at laboratory to field scales. In the last phase of this thesis, we introduce a
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novel correlation to predict the performance of near-miscible WAG injection and develop an
accurate model using gene expression programming (GEP) technique. Based on the error analysis,
the GEP-based correlation is able to generate the target values with high accuracy. For instance,
the training step leads to R?>= 92.85 % and MSE=1.38e-3, while R?>= 91.93 % and MSE=4.30e-3

are obtained for the testing phase.

7.3 CFD Simulation of Immiscible WAG Injection in a Fractured Porous Medium
(Chapter 4)

The implementation of WAG injection in NFRs features inherent complexities not only related to
the three-phase flow, saturation history, and cycle-dependent hysteresis of the individual phases,
but also the fracture-matrix communication, fingering and early breakthrough of injecting phases
in system and fracture medium specially during gas injection processes. Moreover, the
experimental evaluation of WAG injection in a fractured system is expensive and time-consuming,
if not impractical. This research phase provides details on the computational fluid dynamic (CFD)
simulation of WAG injection in a fractured system. We evaluate the impacts of hysteresis, fracture
characteristics (aperture, orientation, and fracture density in the network), and the three-phase
relative permeability of phases during the WAG injection using a CFD modeling approach. The
model simulates an immiscible WAG injection and the modeling results are compared to the
experimental data in a strong water-wet sand-pack. Similar to the experiments, we simulate
Maroon crude as the oil phase, and synthetic brine, and pure CO> at 100°C and atmospheric
pressure. The results from our model are in excellent agreement with the experimental data. The
absolute relative error is less than 12 % for estimating the ultimate oil recovery factors (RF) in
water flooding (WF) and gas injection (GI) cycles. The main outcomes of this simulation study
are as follows:

- During the water flooding cycles, the mobility of water and oil in the matrix dominates the
overall fluid mobility while in the gas injection cycles, the mobility of the gas and oil in
the fracture dominates overall fluid mobility.

- The hysteresis effects result in higher ultimate oil recovery after 2.5 PVI. With and without
hysteresis, the ultimate oil recovery factor values are 0.53 and 0.49 HCPV fraction,

respectively.
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- The hysteresis effects are mostly due to the gas trapping in the larger pores (such as those
in fracture).

- Having a vertical fracture connected to a horizontal fracture in the system enhances the oil
recovery through improving the matrix-fracture flow communication.

- Increasing the fracture aperture in the case in which the fracture is a high permeable porous
medium leads to an increase in oil recovery at a fixed slug size and PVI.

- Increasing the fracture aperture increases the recovery factor and recovery rate of the oil
phase. However, at later cycles, the early gas breakthrough reduces the incremental
recovery.

- Fracture inclination angle does not remarkably change the ultimate RF; by changing the
inclination angle from 30° to 90°, the RF is increased only by 2%.

- Including the gravity forces in vertical systems causes an overall improvement in RF
through engaging both matrix and fracture media in all cycles. It increases the RF by 9%,
compared to the horizontal model where no gravity force is applied to the system.

- As the permeability contrast between matrix and fracture media decreases, the flow
communication between the two regions increases and improves the recovery performance
of the WAG process.

- Lowering the IFT between phases significantly increases the oil recovery by providing
more contact between phases.

- At a WAG ratio of 1, the highest oil recovery is obtained, while by lowering the WAG

ratio, the fluid front is not stable, and less oil is recovered from the system.

Overall Main Outcomes of the Study:

e A comprehensive literature review study covers the application of the WAG injection at
various scales and scenarios.

e The proposed mathematical model can accurately simulate three cycles of near-miscible WAG
injection in a strongly water-wet system.

e Sensitivity analysis is conducted to further understand effect of WAG ratio, fluid and rock
properties, and process conditions on WAG performance.

e The CFD model is able to successfully simulate the WAG injection in a fractured medium.
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e The impact of hysteresis on the performance of WAG injection in a fractured system is highly
significant.

e Gravity drainage mechanism is dominant over production from NFRs under WAG injection.

e The LSSVM exhibits better performance in predicting ultimate RF.

e The GEP model shows a very good match with the target data and successfully predicts the
intermediate cycles RF and the final RF with the relative error of 3.48 %.

7.4 Recommendations for Future Work

The following suggestions and recommendations are given for future studies:

- The effect of the gravity on WAG recovery performance and mechanisms in homogeneous
and heterogeneous porous systems can be studied.

- The influence of other wettability states (e.g., oil-wet and/or water-wet) on recovery of
near-miscible WAG injection processes in porous media with various characteristics can
be investigated.

- We recommend conducting further experimental and modeling studies on WAG in
fractured media at the near-miscible and miscible conditions where broad thermodynamic
conditions and fracture properties are examined.

- It would be also interesting if the WAG process is implemented for underground
remediation to clean soil and water from oil spills and contaminations through both
laboratory and modeling phases.

- It is believed that pore scale modeling and lattice Boltzmann simulation studies can help
us to further understand the oil recovery and fluid displacement mechanisms over WAG
operation.

- Investigation of mass transfer and fluid phase equilibria during WAG process can show
better the component exchange between the phases, particularly while dealing with gas
mixture. This will provide more effective tips and guidelines for design and operation of
WAG processes.

- We also recommend using heterogeneous porous systems in terms of both wettability and

permeability with various distributions in experimental and modeling WAG studies.
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Appendix A

Governing Equations and Correlations Used in This Study.

Three-phase capillary pressure correlation used in this study proposed by Neshat et al.:

Pcoam = OoaC€O 5(900{) \/% X [(so—jsr)ao + (Sa_jgr)aa] a € {W’g} (A' 1)

1-Sor 1-Sqr

where p.,q.m IS the three-phase capillary pressure between phase oil (0) and phase o (w or g); the
subscript m refers to the matrix domain; ¢, and 6, are the interfacial tension and contact angle
between phases 0 and «, respectively; c, and c , are the entry capillary pressure for the phases o
and «, respectively; s stands for the phase saturation; and a, and a ,symbolize the capillary
exponent of phase oil and phase ¢, respectively 1.

Three-phase relative permeability model proposed by Shahverdi et al. 2.

kfcz)),rrln(sw' Sg) = m [krowkrwg + krogkrgw] (A- 2)
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3 h
rvpi/m(so: Sg) (1- sg)(l %) [krwokrog + krwgkrgo] (A_ 3)
Eg’rln(sw; Sp) = (1_%;)‘#5—@ [krgokrow + krgwkrwo] (A-4)

where Kr opm IS the two-phase relative permeability of phase « in the presence of phase g in the
matrix; and s, introduces the normalized saturation of phase « that depends on the flow direction

(imbibition/drainage) and the initial state of the grid block, as given below 3:

_ Sa—S&

Se=T———— a€{owg} (A- 5)

1-Sw—S,—Sg

In Eg. (A- 5), the s, values are defined based on different injection fluid scenarios, as listed in

Table Table 0.

Table 0: The parameters used in the three-phase relative permeability model in matrix medium.

Three-phase relative Model WAG injection cycle
permeability parameters Gas Oil Water
Sg sg " Sgt Sgt
kg m S Swe Swe st
55 0 sstart Sot
Sg 0 Sqgt Sgt
kig}rln Sw Swe Swe sstart
S; Sorg Sgtart sot
Sg 0 0 0
kf\f/};n S;/kv Swe Swe Swe
So 0 0 0
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In Table 0, s5t@" is the saturation of phase « at the beginning of phase « injection process; and
sq¢ and s, denote the trapped/residual saturations of gas and oil, respectively. Egs. (A- 2)-(A-5)

are used for the matrix domain.

-Three-phase relative permeability correlations in the fracture medium:

3
ko = 2= (3 = ) (A-6)
k2P = 542 (542 + z—i(Bsw — %swz) + Z—‘Z (35450 + %soz)) (A-7)
3ph _ Uo 3 3 -
Kros = So”(So” + E(Bsw — ESWZ) +>5450) (A-8)

where kfgf} is the three-phase relative permeability of phase « (i.e. oil, water, and gas) in the

fracture domain; s, is the saturation of phase «; and u, resembles the viscosity of phase « in the
fracture.

According to the Brooks and Corey model, the capillary pressure of the phase oil-« reads as:

1
Pcoa,f = Paa(Sea) * a € {w, g} (A-9)
Sa—Sra
Sea = m a € {W' g} (A' 10)

where pd« denotes the entry capillary pressure of phase «, which is the minimum pressure for the
non-wetting phase to displace the wetting phase from the largest pore accessible. The parameter A
is a measure of pore size distribution and describes the uniformity of the sand particles; and Sr«
represents the residual saturation of the wetting phase c.

Two-phase relative permeability correlation proposed by Hirasaki *:

Krw = kpwSp"” (A- 11)
kynw = qunw(l — Sp)ltnw (A-12)
S, = —SwTSwi (A- 13)

1-Syi—Snwr
where the k,,, and k,.,,, are the two-phase relative permeabilities of the wetting phase and non-

wetting phase, respectively. The k2, and k2,,,, are the end point relative permeability values of
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the wetting and non-wetting phases, respectively. The n,,, and n,,, are the wetting phase and non-
wetting phase exponents, respectively.
Mualem’s model (Egs. (A-14)-(A-16)), which is a modified version of VVan Genuchten model:

1

krw(s) = 5°% (1= (1- m)m)z

krn(sn) = §l§ (1 - (1 - S_n%)>2m

5= Sa—Sar
= —
1-Ya Sar

where the subscription w denotes the wetting phase; n refers to the non-wetting phase; s,
symbolizes the residual saturation of the phase a; km and kww denotes the two-phase relative
permeability of the non-wet and wetting phase, respectively; and m is the model parameter which
is obtained through optimization.The endpoint relative permeability and relative permeability
exponents of both wetting phase and non-wetting phase for all three systems i.e. oil-water, water-
gas, and oil-gas systems are tuned using the experimental data from literature and using the Pattern

search optimization technique.
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