Table of Contents

1.

INTRODUGCTION ...ttt ettt e sb e sat e et et e e ameesareeaneenneennneen eane 1
1.1 Background INfOrmation .........cccueieiiiiiiiie e 1
1.2 ODbjJECHIVES AN SCOPE cueviiiiiiiitreieiee ettt e e eesrrr e e e e e setbrae e e e e eeeeeesessbraeeeeeeeenns 2
G T |V =Y o o ToTe [o] [o =4V SRR 3

LITERATURE REVIEW ...ttt ettt ettt sttt st e et beesaeesaneeneenne 7
2.1 Wellbore FIOW MOAEING .....ccooiiiieeee ettt et e e e e e e e e eee s 8
2.2 State of the Artin Modeling CO, FIOW in Pipes ....coocevviiieieeiecciiieeee e e 12
2.3 Thermophysical Properties of FIUidS........ccccoomiiiiieeiiee e 13

2.3.1  Thermodynamic Properties MOdEels ........ccceevuieeiiieiieiiiiie e 14

2.3.2 TranSPOIt PrOPertieS..uuuiiiiiiiiiiiiieiiic e e 19
2.4 Thermodynamic and Transport Properties of COz..vvvvvvviieeiiiiiee e, 21
2.5 VaPOUE PrESSUIE ..ttt ettt ettt ettt e e e e e eeseseeeeeeeeeeeeeeeeees 24
2.6 Phase EQUIlIDIIUM ....ciiiiiii e e e s srae e e s nbaee s 25
2.7 HEAT TranS el . .c et 28
2.8 Heat Losses by Condensation and CooliNg .......coceeiieiceiiiciiiieiee e 32
2.9  Efforts to Predict Temperature and Pressure of CO,in a Wellbore ...........ccccuuunee... 34

PREDICTION OF THERMODYNAMIC AND TRANSPORT PROPERTIES.......ccceeieerreerreneene 36
3.1 ThermodynamiC PrOPerti€S.. ... cirreeeee ettt et e e e e e e e e annreeas 37

3.1.1 Validation of the thermodynamic Properties Tables.........ccccceeviiiieeeeeieccnnnen. 42
3.2 Transport Properties TabIes......couiiiiiiiiiie et 44

3.2.1  Validation of the Transport Properties Tables.........cccccevueeeiniieeesiiieeeeieeeenens 44

INJECTION WELLBORE FLOW EQUATIONS ...ttt 47
4.1  Mass Conservation EQUAtiON......cccee it e e e e e aeens 47
4.2  Momentum Conservation EQUAtioN...........eeiiiiiiiiiiiiie e e eeees 48

421 Frictional LOSS TEIMN .euueiiiiiietie ettt s 50
4.3  Pressure Gradient in @ Wellbore ..o 52

43.1 DIiMENSIONAl ANGIYSIS c.ceeiiiirieeiee et e e e e e e e e e abrreeee s 54
4.4  Heat Flow in a CO,INJECtioN WEll........uvmvieeiiiieieeee e et e e 56

44.1 Energy Conservation for a Close System ........occcviiiiiiiee e e 56

Page | xxi

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fiir den personlichen Gebrauch.



5.

4.4.2 The JoUIe-ThOMSON Eff@CT.. i e e ere e e e e e aaees 58

APPLICATION OF THE MODELS TO WELLBORE INJECTION.......oevveeeeiieeeecieee e 63
5.1  Non-Adiabatic Flow during INJECLION .......eeiiiviiiiiiir e 63
5.1.1 Linear Temperature Profile Asymptotic to Formation Temperature................. 63
5.1.2  Temperature Profile Accurately Accounting for Transfer of Heat between Fluid
AN SUITOUNGING ...ttt e e e e e se b e e e e e eesseabraeeeeesee s eensbaneeeeeesesnreeen 70
5.2 Isolated System BENAVIOr.......cccccuriiiieee ettt e e e e e e e e e errraeee s 93
5.2.1 The NoNn-I1SOthermal Case .....uuuiiiii i e e 93
5.2.2 The 1SOthermal Case.......ceuuiieeeee e e e e e 95
5.3  Heat Loss or Heat Taken Up Due to Phase Change.......ccccccvvveeeeieccciiieeee e, 96
5.3.1 Phase Identification ........occcuiieiei i 97
THE SIMULATION CODES AND THE GRAPHICAL USER INTERFACE.........ccccovveeeeirreeennen. 97
6.1 Thermodynamic and Transport Properties Tables .......cccoccvveiviiieeiniiiee e 97
6.2  Pressure and Temperature Calculation........ccccveeeeeiiii e, 98
6.2.1 Flowing Fluid Temperature and PreSSUIe........coccuvvveeeeeeeeeeieiireeeeeeeeeirreeeeeeeeenns 98
6.2.2  Tubing, Casing, Rock-Cement Interface and Annulus Temperature ............... 100
6.2.3 Surrounding Rock Temperature Calculation..........oocccvivieeieeiecccireeee e, 100
6.3 Phase Change CheCK... ... e e 102
6.4  Phase [dentification. ... e e 103
6.5  The Graphical User Interface (GUI) .....cocuueeeieiiiieee e 105
VALIDATION OF THE MODELS AND THE PROCEDURE........coceeiiriiieeeeiieee e 109
7.1  Comparison with Measured data of the Injection Wells..........cccoveirviiveeiniieeennee. 110
7.1.1 The KetZin WEIl ...ttt et e e e e e e 110
7.1.2  The SNBNVIE Wl ..ooooeeeeeeeeeee et 116
7.2  Comparison with Measured Data from the Production Well.........cccccovvvveeiernnnnnee. 123
7.2.1 TaT oYU Ao F- | = F R 123
7.2.2 RESUILS aNd DiSCUSSION ...uviiiiiiiieeeiiie e citee e et e e e tee e et e e e ae e e e enaeeas 124
7.3  Comparison of the Different Temperature Models Developed in this Work......... 128
7.3.1 Performance COMPAriSON ......uuiiiiie ittt e ee e e e e e e e e e e e e arenaneeas 128

Page | xxii

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fiir den personlichen Gebrauch.



7.3.2 Similarities between the Main Temperature Model (Non-Adiabatic) and the

other Temperature MOEIS..........ueiiiii i e e e e 135

7.4  Analysis of Sensitivity of the Predictions of the Non-Adiabatic Model to Major

Parameters that Would Influence Pressure and Temperature Prediction in the Well .....142
7.4.1 Sensitivity of Pressure and Temperature to Wellhead Temperature ............. 142
7.4.2  Sensitivity of Pressure and Temperature Wellhead Pressure........ccccveeeeeeenns 145
7.4.3 Sensitivity of Pressure and Temperature to Flow Rate .......ccccceeeveiiiiieeeennnnnns 148

7.4.4  Sensitivity to Tubing Inner Diameter and Tubing Inner Surface Roughness....153
7.4.5 Sensitivity of Pressure and Temperature to Injection Time ........cccceeeveiveennns 158

7.4.6  Sensitivity of Radius of Thermal Influence and Surrounding Rock Temperature

1O INJECTION DUFATION ettt e e e e e e e e e e e e e e e e e e e eeeeaens 165

7.4.7 Sensitivity to Rock Thermal ConductiVity ....ccceeeeeeeereeeeeeeeieieeeecccccceciin 170
8. CONCLUSIONS AND RECOMMENDATIONS ..ottt e e e e e e eeeeaasne e e e e 178
9. REFERENCES..... oottt e e e e e ettt e e e e e e e e e eeeaaa s e e e e eessa st aeeeaaae seas 184
APPENDIX A- Further CalCulationS ..........eeeiiiiiie e 190
APPENDIX B —Thermodynamic and Transport Properties in the Tables .......cccccvvvveerieiennnnnee. 197
APPENDIX C - SImUl@tion RESUILS ....eeiieiiiee it 200

Page | xxiii

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fiir den personlichen Gebrauch.



