POLITECNICO DI TORINO

Department of Environment, Land and Infrastructure Engineering
Master of Science in Petroleum Engineering

Rate Transient Analysis and Flowing Material
Balance for Oil & Gas Reservoir

Supervisor
Prof. Dario Viberti

Co-Supervisor:

Prof. Alberto Guadagnini
Dott. Muhammad Shoaib

Candidate:
Mohamed Amr Mohamed Abdelhamid Aly [S236320]

July 2018



Acknowledgement

“We raise to degrees whom We please, but over all those
endowed with knowledge is the All-Knowing (Allah).” Quran surah
Yusuf 76 (QS 12: 76)

“You have been given of knowledge nothing except a little.”
Quran surah Al Isra 85 (QS 17: 85)

All praises to ALLAH for the strength he gave to me and his
blessings to complete my thesis. My extreme gratitude goes to my
supervisor Prof. Dario Viberti for giving me the opportunity to work with
him and for his continuous support and guidance through the whole
Master of Science program. Over the course of this program I have
gained a lot from his knowledge, advice and encouragement. I am also
very thankful to the support I have received from my co-supervisor Prof.
Alberto Guadagnini, for the time he has dedicated into helping me.
Special thanks to Dott. Muhammad Shoaib for his help and the huge
efforts he made with me to finish this work.

I would like to acknowledge both KAPPA software platforms, and
Schlumberger (SLB) for using the academic license of the rate transient
analysis interface (Topaze NL) and (ECLIPSE) respectively in this work.

Finally, I would like to warmly thank my parents and my siblings
for their endless support and love. Many thanks to my friends and
colleagues who had encouraged me all the time during my studies.



Table of Contents

Table Of CONTENTS ...t ettt et e e et e e e e e ea e eenanas Il
TaTo [Nt o) B T {1 v
INAEX OF TabIES ...ttt et e et et e e e e e e eens Vil
List Of ADDIeVIatioNns ........ it eeaaas IX
LiSt Of SYMDOIS «.oniiiiii e aas IX
FY o1 o - Lot U PT U P RPN Xl
(@ 0= o) =T bt A 1 e Yo [Tt d o Y o ISP 1
1.1. Rate Transient ANalYSIS ...eeiiiiiiiiiiiiei e ens 1
1.2. Flowing Material BalanCe .......ccooiiiiiiiii e 2
Chapter 2 State Of The Al ... e aaas 3
2.1, DECliNg CUIVE ANGIYSIS . evuitiii ittt e e e e et e et e et e et e et e et e eaaaeaaaes 3
2.1.1. Arps Decline Curve Method  ......couiiiiiiiee e 4
2.1.2. Fetkovich typecurve Analysis ThEOrY  ..oooeeiiiieii e 5
2.1.3. Blasingame Typecurve Analysis Theory ....ccooeiiiiiiiiiii e 6
2.1.4. Agarwal Type-curves Theory Analysis .......coeeiiiiiiiiiiiiccie e 8

2.2. Flowing Material BalanCe ......cooiiiiiiiiii e 10

2.2.1. (Mattar & McNeil, The "Flowing" Gas Maerial Balance , 1998; McNeil, 1995) .11
2.2.2. (Mattar & Anderson, Dynamic Material Balance(Oil or Gas-In-Place Without Shut-

1), 2005) «.. ettt ettt ettt et ettt ettt e ettt e e e, 13
2.2.3. Agarwal-Gardner Normalized rate ......coooeuiiiiiiiii e 16
2.2.4. Flowing Material Balance using a new Pseudotime function ......................... 18
Chapter 3 MethodolOgY......ccuuiiieii e e e 22
3.1. Synthetic Data by ECHPSE  ..ivniiiiiiiiiie et e eas 23
3.1.1. Dead Oil Single Well ... e 23
3.1.2. Dead Oil MURT Well oo e e 24
3.1.3. Dry Gas Single Well e 25
3.1.4. Dry Gas MUlti Well ..ot 28
3.2. Rate Transient Analysis [Ecrin v4.20.05- Topaze Interface] .......ccooeevieiiiiiiiiiiiinnn.s, 29
3.2.1. Dead Oil Single Well ... 29
3.2.2. Dead Oil MUt WEll .. e e 30
3.2.3. Dry Gas Single Well oo 32
3.2.4. Dry Gas MUlti Well ..o 33
3.3. Flowing Material BalanCe .......ooiiiiiiiii e 35
3.3.1. DA Ol e 35
0 0 B T YA C - 1] 36



Chapter 4 ResuUlts & DiSCUSSION .....cuuieeiteeie et e et e e e et e e e e e e e e e e e e e e e e e e eeanas 43

4.1. Dead Oil Single Well ... e ean 44
4,1.1. Numerical Simulation Model ..o 44
4.1.2. Rate Transient Analysis Model ..o 44
4.1.3. Flowing Material BalanCe .......iiiiiiiii e 47

4.2. Dead Oil MUlti Well oot e e een 49
4.2.1. Numerical Simulation Model ... 49
4.2.2. Rate Transient ANAlYSIS  ...viirieiiii e e 49
4.2.3. Flowing Material BalanCe  .....ooovuiiiii e 53

4.3. Dry Gas Single Well oo 55
4.3.1. Numerical Simulation Model ... 55
4.3.2. Rate Transient Analysis Model ..o 56
4.3.3, Flowing Material Balance .......cooiiiiiiiiii 59

4.4, Dry Gas MUE Well oo e e eas 62
4.4.1. Numerical Simulation Model ... 62
4.4.2. Rate Transient Analysis Model . .....ooiiiiiiii 62
4.4.3, Flowing Material Balance .......coooiiiiiiiiii 66

Chapter 5 CONCIUSIONS ....iuiiiie e e et e e e e e e e e e e e e e e e e eanns 69
Bibliography and ReferenCes .......oeue i 71
FA o] o 1T o Vo 1t PPN 74
APPENAIX B ettt ettt ea et a e e e e e eaaaae 82
AN o 1= o [ 97



Index of Figure

Figure 1: Nominal Decline at @ point in timMe .. ..o 4
Figure 2: How material balance time is used to change the variable rate scenario into
constant rate scenario (Fekete.com, Material Balance Time Theory).......cccccoveeviiieincennnee. 7
Figure 3: Pi/zi plot as Parallel to Pwf/Z line in Pseudo Steady State Conditions. Flowing
Material Balance Approach. (Fekete.Com) .......ooeuiiiiiiii e 11
Figure 4: (Ismadi, Kabir, & Hasan, 2012) Comparison of the two FMB approaches [Gas FMB
vs. Agarwal] for homogenouUS SYSTEM. ....cuuiiiiiii e 17
Figure 5: Steps of Methodology done in this study.........c.coeviiiiiiiiiiiie, 22
Figure 6: Dead Oil Single Well Eclipse Model PVT data......c.cccvviiiiiiiiiiiiceeee e, 24
Figure 7: Dead Qil Single Multi Well Model, Well Locations..........ccovuviiiiiiiiiiiiiiiciiiceieeen, 24
Figure 8: Importing PVT data from Ecrin. Topaze database representing our model
parameters of Pressure and temMpPerature .......ccoo i 26
Figure 9: Dry Gas Single Well Eclipse Model PVT data.........ccoeeieiiiiiiiiiiecieeeeeeeee e, 27
Figure 10: Dry Gas Single Well Eclipse Model capillary pressure data .........c..cceeeueieneinnnnnn. 27
Figure 11: Dry Gas Multi Well Model, Well Locations .........ccoveiiiiiiiiiiiieeeeceeceeeeee e 28
Figure 12: Dead Oil Single Well, Production rate and bottom hole flowing pressure vs. time29
Figure 13: Dead Oil Single Well PVT data input in Ecrin. TOPaze.....c.ccoveveviieeiiciieciecieeen, 29
Figure 14: Dead Oil Single Well Analytical Model Description ........ccccoeeviiiiieiiiiiiiiiiiccieeen, 30
Figure 15: Dead Oil multi-well cumulative production vs. time .........cc.ccoeeieiiiiiiiiiiieienenn. 30
Figure 16: Dead Oil Multi-well Model. Well location. .........c.covviiiiiiiiiiieieeeeeceeee e, 31
Figure 17: Dead Oil Multi-well Numerical Model description. ........ccccceeiiiiiieiiiiiiieiiieeieeen. 31
Figure 18: Dry Gas Single Well production and Bottom Hole Pressure Vs. Time .................. 32
Figure 19: Dry Gas Single Well Analytical Model Description .........cccooveuiiiiiiiiiiniiiiieceis 32
Figure 20: Dry Gas Multi-Well Cumulative production vs. time. ........cccccoeiieiiiiiiiniiiecinenn. 33
Figure 21: Dry Gas Multi well Model. Well Locations. ...........ooiiuiiiiiiiiiiieieiieei e 33
Figure 22: Dry Gas Multi-well Numerical model Description..........cccceoeeiiiiiieiiiiiiiiiiieeieen. 34
Figure 23: Pseudo Pressure Function polynomial equation as a funcation of pressure......... 37
Figure 24: Average Reservoir Pressure polynomial equation as a function of gas pseudo
=3 U= 38
Figure 25: Average Reservoir Pressure Polynomial Equation as a Function of P/Z. .............. 38
Figure 26: Gas Copressibility as a function of Pressure...........ooiviiiiiiiiiiii e 39
Figure 27: Gas Compressibility factor as a function of pressure. ..........ccoooeieiiiiiiiiiiiiiinnnnn.. 39
Figure 28: Gas viscosity as a function of pressure. ..o 40
Figure 29: Viscosity compressibility ratio as a function of cumulative production. .............. 42
Figure 30: Dead Oil Single Well Production History Match. Rate, Cumulative production,
flowing pressure and model reservoir average pressure vs. TiMe........cccccoveiieiiieiiieineennnnn. 44
Figure 31: Dead Oil Single Well Log-Log Plot Match.........ccooiiiiiiiiiiii e 44
Figure 32: Dead Qil Single Well Model Blasingame Plot Match. ...........cccoeiiiiiiiiiiiineieen. 45
Figure 33: Dead Oil Single Well Model Fetkovich Plot Match. ..........cccooviiiiiiiiii 45
Figure 34: Dead Oil Single Well Fetkovich Type-curves Match ...........cccooiiiiiiiiiiinnenne, 46
Figure 35: Dead Oil Single Well Blasingame Type-curves Match............cccocoeiiiiiiininnnnn. 46
Figure 36: Dead Qil Single Well FMB, by is obtained as the Y-intercept of the straight line..47
Figure 37: Dead Oil Single Well Flowing Material Balance using Oil Compressibility ............ 48
Figure 38: Dead Oil Single Well Flowing Material Balance using total Compressibility.......... 48
Figure 39: Dead Oil Multi Well Cumulative Production vs. time. ...........cccoiiiiiiiiiinnnn.n. 49


file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381903
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381904
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381904
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381905
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381905
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381906
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381906
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381907
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381908
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381909
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381911
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381912
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381913
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381914
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381916
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381918
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381925
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381926
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381926
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381927
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381928
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381929
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381930
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381938
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381939
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381940

Figure 40: Dead Oil Multi-well Well #1 History Match. Rate, Cumulative production, flowing

pressure and model reservoir average pressure Vs. TIMe. .....ccouvieiiiieiiieeiieeieeeeeeeaeeeee, 50
Figure 41: Dead Oil Multi-well Well #1 Log-Log Plot Match .......ccccoeviiiiiiiiiii, 50
Figure 42: Dead Oil Multi-well Well #1 Model Blasingame Plot Match. ............ccccooiiiennniies 51
Figure 43: Dead Oil Multi-well Well #1 Model Fetkovich Plot Match..................cocoiiiannl. 51
Figure 44: Dead Oil Multi-well Well #1 Fetkovich Type-curves Match. ...........ccccevviiinnnnnn. 52
Figure 45: Dead Oil Multi-well Well #1 Blasingame Type-curves Match. ....................el. 52
Figure 46: Dead Oil Multi-well Well #1 FMB, bpss is obtained as the Y-intercept of the
=Y =4 ) B o TP 53

Figure 47: Dead Oil Multi-well Well #1 Flowing Material Balance using Oil Compressibility..54
Figure 48: Dead Oil Multi-well Well #1 Flowing Material Balance using Total Compressibility.

................................................................................................................................. 54
Figure 49: Dry Gas Single Well Well #4 History Match. Rate, Cumulative production, flowing
pressure and model reservoir average pressure Vs. TIME. ...u.vii e eeieeii e e e e 56
Figure 50: Dry Gas Single Well Log-Log Plot Match. ..........ccooiiiiiiiiii e, 56
Figure 51: Dry Gas Single Well Model Blasingame Plot Match...........cccooiiiiiiiiiiinn. 57
Figure 52: Dry Gas Single Well Model Fetkovich Plot Match. .........cccoooiiiiiiiiiis 57
Figure 53: Dry Gas Single Well Fetkovich Type-curves Match...........cccooviiiiiiiiiiiiiiiiiien, 58
Figure 54: Dry Gas Single Well Blasingame Type-curves Match. ..........cccoeviiiiiiiiiiiiiiiiiennn. 58
Figure 55: Dry Gas Single Well FMB, b is obtained as the Y-intercept of the straight line...59
Figure 56: Dry Gas Single Well, Gas Flowing Material Balance, P/z Plot.............ccevvvniennnn... 60
Figure 57: Dry Gas Single Well, Agarwal Gardner Approach..........cccoveiiiiiiiiiiiiiiiiiieceieeen, 60
Figure 58: Dry Gas Single Well, Using The New Pseudo Material Balance Function.............. 61
Figure 59: Dry Gas Multi-well Well #1, Production Flow Rate & cumulative production vs.
110N 62
Figure 60: Dry Gas Multi-well Well #1 History Match. Rate, Cumulative production, flowing
pressure and model reservoir average pressure Vs. TIME. ...u.v v eeieeiieeieeeiee e eeaeeaeeann 63
Figure 61: Dry Gas Multi-well Well #1 Log-Log Plot Match. .........cccuuiiiiiiiiiiiiiiiiceees 63
Figure 62: Dry Gas Multi-well Well #1 Model Fetkovich Plot Match...............cccoeiiiiiann.. 64
Figure 63: Dry Gas Multi-well Well #1 Model Blasingame Plot Match. .......c....cccoiiiiiiennnies 64
Figure 64: Dry Gas Multi-well Well #1 Fetkovich Type-curves Match. .........c..ccooeiiiiiinnnnn. 65
Figure 65: Dry Gas Multi-well Well #1 Blasingame Type-curves Match............................ 65
Figure 66: Dry Gas Multi-well Well #1 FMB, b, is obtained as the Y-intercept of the straight
T3 T 66
Figure 67: Dry Gas Multi-well Well #1, Gas Flowing Material Balance, P/z Plot. .................. 66
Figure 68: Dry Gas Multi-well Well #1, Agarwal Gardner Approach. ..........cccccovviiiiiiiinnn.. 67

Figure 69: Dry Gas Multi-well Well #1 Using The New Pseudo Material Balance Function....67
Figure 70: Dead Oil Multi-well Well #2 History Match. Rate, Cumulative production, flowing

pressure and model reservoir average pressure VS, TIME. ... e eieeieeieeeeieeie e eeeaeeans 82
Figure 71: Dead Oil Multi-well Well #2 Log-Log Plot Match. ........cccooiiiiiiiiieee, 82
Figure 72: Dead Oil Multi-well Well #2 Model Blasingame Plot Match. ..............cccceeiennie. 83
Figure 73: Dead Oil Multi-well Well #2 Model Fetkovich Plot Match.............cccceeeieiennnnen. 83
Figure 74: Dead Oil Multi-well Well #2 Fetkovich Type-curves Match. ...............cccoeeeenn. 84
Figure 75: Dead Oil Multi-well Well #2 Blasingame Type-curves Match. .............cccceeeunnnee. 84
Figure 76: Dead Oil Multi-well Well #2 FMB, bpss is obtained as the Y-intercept of the
0114 o A 10T PSP 85

Figure 77: Dead Oil Multi-well Well #2 Flowing Material Balance using Oil Compressibility..85


file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381948
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381948
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381949
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381950
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381950
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381957
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381958
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381959
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381960
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381978
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381978

Figure 78: Dead Oil Multi-well Well #2 Flowing Material Balance using Total Compressibility

................................................................................................................................. 86
Figure 79: Dead Oil Multi-well Well #3 History Match. Rate, Cumulative production, flowing
pressure and model reservoir average pressure VS, TIME. .. eei e e e e eeaeeaeeanes 87
Figure 80: Dead Oil Multi-well Well #3 Log-Log Plot Match. ..........coeeiiiiiiiiiiiiiee, 87
Figure 81: Dead Oil Multi-well Well #3 Model Blasingame Plot Match. .............cccevvivennne. 88
Figure 82: Dead Oil Multi-well Well #3 Model Fetkovich Plot Match..................ccooiiianniil. 88
Figure 83: Dead Oil Multi-well Well #3 Fetkovich Type-curves Match. ...............cccoeeienninn. 89
Figure 84: Dead Oil Multi-well Well #3 Blasingame Type-curves Match. .............c.ceeeenn. 89
Figure 85: Dead Oil Multi-well Well #3 Well FMB, by is obtained as the Y-intercept of the
=Y =4 ) B o T 90

Figure 86: Dead Oil Multi-well Well #3 Flowing Material Balance using Oil Compressibility..90
Figure 87: Dead Oil Multi-well Well #3 Flowing Material Balance using Total Compressibility.

................................................................................................................................. 91
Figure 88: Dead Oil Multi-well Well #4 History Match. Rate, Cumulative production, flowing
pressure and model reservoir average pressure Vs. TIME. ......couviuieieiiieeiieeieeeeeieeaeeenn 92
Figure 89: Dead Oil Multi-well Well #4 Log-Log Plot Match. ........cceviiiiiiiiiiiiee, 92
Figure 90: Dead Oil Multi-well Well #4 Model Blasingame Plot Match. ..................cccooneil. 93
Figure 91: Dead Oil Multi-well Well #4 Well Model Fetkovich Plot Match. ......................... 93
Figure 92: Dead Oil Multi-well Well #4 Fetkovich Type-curves Match. ............cccevveiinnnnn. 94
Figure 93: Dead Oil Multi-well Well #4 Blasingame Type-curves Match. .........................l. 94
Figure 94: Dead Oil Multi-well Well #4 FMB, b, is obtained as the Y-intercept of the straight
73T 95

Figure 95: Dead Oil Multi-well Well #4 Flowing Material Balance using Oil Compressibility..95
Figure 96: Dead Oil Multi-well Well #4 Flowing Material Balance using Total Compressibility.

................................................................................................................................. 96
Figure 97: Dry Gas Multi-well Well #2 History Match. Rate, Cumulative production, flowing
pressure and model reservoir average pressure Vs. TIME. ... i eeei et eeee e e eaiaees 97
Figure 98: Dry Gas Multi-well Well #2 Log-Log Plot Match. ..........ccccoiiiiiiiiiiiiie, 97
Figure 99: Dry Gas Multi-well Well #2 Model Fetkovich Plot Match..........ccoooviiiiiiiiiiinnnnes 98
Figure 100: Dry Gas Multi-well Well #2 Model Blasingame Plot Match. .........................l. 98
Figure 101: Dry Gas Multi-well Well #2 Fetkovich Type-curves Match. ..............cccoeeiannien. 99
Figure 102: Dry Gas Multi-well Well #2 Blasingame Type-curves Match...........ccc.ccciviennnnnes 99
Figure 103: Dry Gas Multi-well Well #2 FMB, bpss is obtained as the Y-intercept of the
A 114 o A T T PSP 100
Figure 104: Dry Gas Multi-well Well #2, Gas Flowing Material Balance, P/z Plot. .............. 100
Figure 105: Dry Gas Multi-well Well #2, Agarwal Gardner Approach. ...........ccceeeienennnen. 101

Figure 106: Dry Gas Multi-well Well #2 Using The New Pseudo Material Balance Function.101
Figure 107: Dry Gas Multi-well Well #3 History Match. Rate, Cumulative production, flowing

pressure and model reservoir average pressure VS, TIME. .. eieieeieeiiceeiieeeeeeeeneeanas 102
Figure 108: Dry Gas Multi-well Well #3 Log-Log Plot Match.........ccciviiiiiiiiiiiiiiiiceeeen, 102
Figure 109: Dry Gas Multi-well Well #3 Model Fetkovich Plot Match..................c..ocoeii. 103
Figure 110: Dry Gas Multi-well Well #3 Model Blasingame Plot Match. .............c....occoeiiis 103
Figure 111: Dry Gas Multi-well Well #3 Fetkovich Type-curves Match. ..................cc.o.e. 104
Figure 112: Dry Gas Multi-well Well #3 Blasingame Type-curves Match........................... 104
Figure 113: Dry Gas Multi-well Well #3 FMB, by is obtained as the Y-intercept of the straight
T =SSP 105
Figure 114: Dry Gas Multi-well Well #3, Gas Flowing Material Balance, P/z Plot. .............. 105

Vi


file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381987
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381987
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381988
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381989
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381989
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381996
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381996
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381997
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381998
file:///E:/FMB/My%20work/Thesis.docx%23_Toc518381998

Figure 115: Dry Gas Multi-well Well #3, Agarwal Gardner Approach. ........ccccccvvviieiiinnnnns 106
Figure 116: Dry Gas Multi-well Well #3 Using The New Pseudo Material Balance Function.106
Figure 117: Dry Gas Multi-well Well #4 History Match. Rate, Cumulative production, flowing
pressure and model reservoir average pressure VS. TIME. v v eeneeeeeeeeaeeeeeeeeneens 107
Figure 118: Dry Gas Multi-well Well #4 Log-Log Plot Match............ccccooiiiiiiiiiiii 107
Figure 119: Dry Gas Multi-well Well #4 Model Fetkovich Plot Match..............cccoociiieannn. 108
Figure 120: Dry Gas Multi-well Well #4 Model Blasingame Plot Match. ...................c.oeiiil 108
Figure 121: Dry Gas Multi-well Well #4 Fetkovich Type-curves Match. ..............ccceeveenniis 109
Figure 122: Dry Gas Multi-well Well #4 Blasingame Type-curves Match.............ccc.coeeennes 109
Figure 123: Dry Gas Multi-well Well #4 FMB, by is obtained as the Y-intercept of the straight
1 =SSP 110
Figure 124: Dry Gas Multi-well Well #4, Gas Flowing Material Balance, P/z Plot. .............. 110
Figure 125: Dry Gas Multi-well Well #4, Agarwal Gardner Approach. ...........ccceeevieiiinnn.ns 111
Figure 126: Dry Gas Multi-well Well #4 Using The New Pseudo Material Balance Function.111

Vi



Index of Tables

Table 1: Advantages and Disadvantages of Arps Decline Curve Analysis ........cccccevvveiinnnnnn. 4
Table 2: Comparison between Transient and Pseudo Steady State Conditions in Rate-Time
Type-curves, Based on Drainage Ar€a A........coeuiiiniiii e 9
Table 3: Comparison between Transient and Pseudo Steady State Conditions in Rate-Time
Type-curves, Based on Effective Well RAIUS FwaZ .....everererererneeessesesssssssssssssnesssssesssssennnnnees 9
Table 4: Comparison between Transient and Pseudo Steady State Conditions in Rate-
Cumulative Production Type-curves, Based on Drainage Area A ........cooeviiiiiiiiiiiicieeneennnn, 9
Table 5: Comparison between Transient and Pseudo Steady State Conditions in Rate-
Cumulative Production Type-curves, Based on Effective Well Radius rwa® .evveeeveeeeeiieveeennnnn. 10
Table 6: Comparison between Transient and Pseudo Steady State Conditions in Cumulative
Production-Time Type-curves, Based on Effective Well Radius a2 ........evveeeereeveeeeenenennennns 10
Table 7: (Choudhury & Gomes, 2000) Gas in Place Estimates and the status of ] sand.......... 12
Table 8: (Choudhury & Gomes, 2000) Comparison of Gas in Place estimates by different
[0 T=1d 0 o Yo - 12
Table 9: (Guzman, Arevalo, & Espinola, 2014) Summary of OGIP (MMSCF) Calculation by
Dy =T T O ] 0 e 11T 13
Table 11: Flowing Material Balance Approach introduced by (Mohammed & Enty, 2013)....21
Table 12: Dead Oil Singe Well Model Description.........cocuiiiiiiiiiiieeie e, 23
Table 13: Dry Gas Single Well Model Description ..........ooeuiiiiiiiiiiiiecie e, 25
Table 14: Comparison between results obtained by Fetkovich Type-curves match and
Numerical SIMUIAtion MOEL. .......cieiiirii e e e e e e 46
Table 15: Dead Oil Single Well PVT Data used in RTA& FMB .......ccvviiiiiiiiiiiiieeeeeeieeen, 47
Table 16: Dead Oil Single Well, reservoir permeability using FMB approach..........c............ 47
Table 17: Dead Qil Single Well OOIP comparison between the different approaches........... 49
Table 18: Dead Oil Multi-well Well #1 Well PVT Data used in RTA& FMB ...........cccceuvvennnenn. 53
Table 19: Dead Oil Multi-well Well #1, reservoir permeability using FMB approach. ........... 54
Table 20: Dead Oil Multi-well OOIP comparison between the different approaches............ 55
Table 21: Dry Gas Single Well reservoir permeability using FMB approach............c....c....... 59
Table 22: Dry Gas Single Well OGIP comparison between the different approaches............ 61
Table 23: Dry Gas Multi-well Well #1, reservoir permeability using FMB approach. ............ 66
Table 24: Dry Gas Multi-well OGIP comparison between the different approaches............. 68
Table 25: Dead Oil Multi-well Well #2, reservoir permeability using FMB approach. ........... 85
Table 26: Dead Oil Multi-well Well #3, reservoir permeability using FMB approach. ........... 90
Table 27: Dead Oil Multi-well Well #4, reservoir permeability using FMB approach. ........... 95
Table 28: Dry Gas Multi-well Well #2, reservoir permeability using FMB approach. .......... 100
Table 29: Dry Gas Multi-well Well #3, reservoir permeability using FMB approach. .......... 105
Table 30: Dry Gas Multi-well Well #4, reservoir permeability using FMB approach. .......... 110

Vil



List of Abbreviations

DCA Decline Curve Analysis

DMB Dynamic Material Balance

FBHP Flowing Bottom Hole Pressure

FMB Flowing Material Balance

MBE Material Balance Equation

PA Production Analysis

Pave Average Reservoir Pressure

PDA Production Data Analysis

PDG Permanent Downhole Gauges

PTA Pressure Transient Analysis

PVT Pressure Volume Temperature

RTA Rate Transient Analysis

List of Symbols

(t)  Characteristic time

Cy Gas compressibility at average (static) reservoir pressure

Hy Gas viscosity at average (static) reservoir pressure
g Gas Formation Volume factor

B, Oil Formation Volume Factor

Cy Dietz shape Factor

G, Cumulative gas production

Gpn  Normalized pseudo cumulative function

N, Cumulative oil production

Npq Ultimate recovery

P, Pressure at standard conditions

Py Tubing head pressure

Qpa Dimensionless cumulative production based on area A

Q.p Dimensionless cumulative production based on ry.?

Syi Initial Gas saturation

T, New Material Balance Pseudo time function

T, Temperature at standard conditions

Vp Pore Volume

Z; Initial gas compressibility factor

(second)
(psia™)
(cp)
(SCF/STB)
(bbl/ STB)
()
(MSCF)
(MSCF)
(STB)
(STB)
(psia)

(psia)

(second)
(R)

(ft?)

()



b a,pss
b pss
Cg

Cgi

Pwp
Pwp
pwf

Y]

Pseudo steady state constant for gas
Pseudo steady state constant for oil
Gas Compressibility

Initial gas Compressibility

Oil Compressibility

Initial Oil compressibility

Total Compressibility

Initial total compressibility

Initial reservoir pseudo pressure function
Reservoir Static (Average) Pressure
Dimensionless Pressure

Initial Pressure

Dimensionless wellbore pressure used by Agarwal

Dimensionless wellbore pressure derivative used by Agarwal

Bottom hole Flowing Pressure

Fetkovich Dimensionless rate

Gas flow rate at surface conditions

Oil flow rate at stock tank

Dimensionless diameter

Drainage radius

Dimensionless outer diameter

Wellbore radius

Effective Wellbore radius

Dimensionless time

Dimensionless time based on the drainage area
Fetkovich Dimensionless time

Material Balance time for oil

Material Balance pseudo time function for gas
Material Balance time for gas

Stabilization time

Gas Viscosity

(psia/MSCF/s)
(psia/STB/s)
(psia )
(psia )
(psia )
(psia )
(psia )
(psia )
(psia®/cp)
(psia)

()
(psia)
()

()
(psia)
()
(MSCF/d)
(STB/d)
()

(ft)

()

(ft)

(ft)

(second)
(second)
(second)

(second)

(cp)



Hgi Initial gas Viscosity

U Oil Viscosity

Ap Pressure difference between initial and bottom hole flowing pressures
Formation Volume Factor
Nominal decline rate
MBH Function

Initial Gas In-Place

Initial Qil In-Place

Skin

Reservoir Temperature
Gas compressibility factor

Net pay thickness

R T T

Effective Permeability

m(p), Static (Average) normalized pseudo pressure

m(p) Static (Average) reservoir pseudo pressure function
m(p),, Normalized pseudo pressure

m(p,,) Bottom hole pseudo pressure function

m(p) Gas pseudo-pressure function

n Decline Exponent
P Pressure

q Flow Rate

t Time

Y Euler's Constant

n Diffusivity constant
n Viscosity

()] Porosity

(cp)

(cp)
(psia)
(bbl/STB)
(second™?)
()
(MSCF)

(STB)

(ft)

(mD)
(psia)
(psia®/cp)
(psia)
(psia®/cp)
(psia*/cp)
()

(psiaa)
(STB/d)
(second)
()
(mD/s)
(cp)

()

Xl



Abstract

Rate Transient Analysis and Flowing Material Balance for Oil & Gas Reservoirs
By: Mohamed Amr Aly

Estimation of initial hydrocarbon in place is a critical step for any investment in the oil and
gas industry, based on which revenues and further developments are planned and designed.
The conventional ways of estimating the hydrocarbon initially in place are Material Balance
Equation, Volumetric Methods, and Numerical Simulation Models.

Material Balance Equation and numerical simulation models are based on dynamic data
analysis and simulation and therefore require the availability of a significant amount of
historical production data (such as produced volumes of oil, gas, and water at the reference
thermodynamic conditions) and periodic measurements or estimation of reservoir pressure
typically provided by well testing. However, in most of the cases, for reasons related to the
market and to the definition of the strategies of an oil company, a preliminary reservoir (or
filed) development plan has to be defined within the first or the second year of production
life of a reservoir when the amount of available information is limited. Furthermore, the
costs of well test operations (i.e.: the time down when the well being shut in and the
corresponding loss of production; the time needed to stabilize the bottom hole pressure
reservoir) has an impact on the pressure data availability. Therefore, the amount of available
production and pressure data reduces the reliability of the conventional material balance
method during the first years of production life of a reservoir. The problem is emphasized in
unconventional reservoir, or in general, in scenarios characterized by low permeability, high
viscosity liquids, etc.

Reservoir Engineers have tools to be coupled and integrated to the Pressure Transient
Analysis (Well testing) and other conventional approaches. In this view Production Analysis
(PA) or Rate Transient Analysis (RTA) were developed for the interpretation of production
data to obtain information about reservoir characteristics, well completion effectiveness and
hydrocarbon initially in place. What signifies RTA is that this approach aims to analyze rate
as well as pressure. Pressure can be measured during the production by permanent down-
hole gauges (PDG) that provide a continuous record of pressure in time. The high cost of
PDG installation for each well led to converting wellhead pressure into bottom hole pressure
using VLPs for pressure surveillance.

Production Analysis was first introduced by Arps as Decline Curve Analysis (DCA) to
empirically estimate the ultimate production recovery. However, Arps Type-curves are only
applicable after the transient period i.e. in pseudo-steady-state conditions when the bottom
hole pressure is fairly constant. Later in 1980, Fetkovich introduced a type-curve combining
the Arps decline curve with the fluid flow behavior in a closed reservoir to provide a
technique valid for both the two periods, transient and boundary dominated flow periods.
However, this is still only applicable under the condition of constant bottom hole flowing
pressure. This was the limitation until the introduction of the material balance time by
Blasingame and McCary to transform the variable rate/variable pressure solution into an
equivalent constant pressure or constant rate solution.

Flowing Material Balance (FMB) was introduced as a recent approach of Production Analysis
in which production data (flow rate and measured or calculated bottom-hole pressure) is
used through an iterative approach to estimate the initial hydrocarbon in place. Through the
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development of these different approaches, reservoir engineers succeed to exploit the
production data in an easier way to overcome the limitations of the conventional methods.

The thesis work provides a validation on the production data analysis approaches used to
estimate the initial hydrocarbon in place (RTA & FMB) by developing synthetic data on 4
different cases (Dry gas & Dead oil, Single & Multi-well Models) and comparing the results
obtained with the numerical simulation models results. The study demonstrates the
importance of PVT in Production analysis by importing PVT data represents our models from
the PVT tables in Production Analysis software programs to be implemented in the FMB
approaches and see how this will affect the obtained results. Analysis of results showed
good agreement between the values of Hydrocarbon initially in place estimated through
RTA, FMB and the numerical simulation model.

Keywords

Production Analysis, Rate Transient Analysis, Decline Curve Analysis, Flowing Material
Balance, Original Hydrocarbon in Place, Reservoir Characterization.
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Chapter 1 Introduction
The process of estimating hydrocarbon reserves for a producing reservoir is a continuous
process through the life of the reservoir. However, there is always uncertainty in the

obtained values from the different methods. This uncertainty is affected by some factors
like:

e The type of reservoir,

e The source of Energy (Depletion, Water drive, Gas in solution, Gas Cap),
e Geological and geophysical data and its quality,

e Assumptions adopted in the process,

e Available technology.

There are different approaches for estimating hydrocarbon in place:

Volumetric Method: considers the real extent of the reservoir, the rock pore volume and
the fluid content within the pores to provide an estimate of the amount of hydrocarbons-in-
place. Then the ultimate recovery could be estimated by applying a recovery factor.

Decline Curve Analysis: uses the production data to be compared by decline curves
previously established on empirical equations to calculate the expected ultimate recovery of
the reservoir.

Material balance: is a well-established methodology in reservoir engineering for the
estimation of Hydrocarbon Originally In-Place (HOIP) and identify drive mechanisms. The
methodology is based on production and pressure data only and does not require
petrophysical data, etc.

The issue about Conventional Material Balance Equation (MBE) is the need to have a static
pressure profile over a long period to be able to roughly estimate the OOIP, OGIP and even
to know the drive mechanism and evaluate the volume of the aquifer.

For many complexities related to the reservoir characteristics (e.g. low permeability) or the
type of fluid (e.g. heavy oil.), it becomes harder to shut the well to have a reading of the
average reservoir static pressure. Hence, the need to have an alternative valid approach
could be used to determine the estimate of Hydrocarbon-in-Place without the need to shut
the wells to obtain the static pressure or stabilize the reservoir is important and in this thesis
work we validate two approaches:

1.1. Rate Transient Analysis

The software Ecrin [Topaze 4.20.05] commercialized by Kappa Engineering was adopted to
analyze the production data and validate the results though a comparison with those
obtained by the numerical reservoir simulation model [generated using the software Eclipse
commercialized by Schlumberger]. The production data were numerically generated for 4
synthetic reservoir models:

e Dry Gas single Well
e  Dry Gas Multi Well
e Dead Qil Single Well
e Dead Oil Multi-well
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PVT data set for the numerical simulation model was extracted from Topaze database. Data
was integrated with Fetkovich, and Blasingame Type-curves to obtain the decline
parameters, reservoir extension, permeability and initial hydrocarbon in place.

1.2. Flowing Material Balance

Flowing Material Balance is an analytical approach by which the reservoir engineers could
have an initial appropriate estimate of the in-place hydrocarbon volumes without the need
to shut in the well to record the static reservoir pressure.

The Flowing Material Balance approach is mainly an iterative approach in which we use the
production data (Flowing Bottom Hole Pressure and corresponding flow rates in addition to
fluid properties and rock properties) to get an analytical set of equations used in a specific
order by assuming a parameter (Initial G or N for instance or Pag) on which the other
parameters are dependent and we iterate until we reach an acceptable convergence.

Production data was then tested by FMB approaches for the four models to validate the
results obtained by both numerical simulation models and the RTA.

Dead Oil FMB: PVT data (Compressibility and viscosity) were set as constant during the
production profile. In addition, a sensitivity analysis was performed to compare the results
between case using the compressibility of oil and case using total compressibility in the
equation for depletion of the oil.

Dry Gas FMB: The main challenge for developing the FMB for gas was the PVT data and how
to correlate PVT data with the corresponding flowing data (Q, Pwf). The other challenge was
how to calculate the pseudo function parameters for the gas based on these PVT data.

For Gas, it is necessary to convert the pressure and the time into a pseudo function to
consider the change of the gas properties while production.

The results obtained by the two approaches showed a good agreement in terms of the
hydrocarbon in place and of the reservoir properties such as permeability..
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Chapter 2 State of The Art

Production Data Analysis basically means the use of production date (Flow rate and flowing
pressure) to do some analysis aiming to have information about the reservoir characteristics.
Production Data Analysis has been developing through time starting from the explicit
concept of PA (Production Analysis) to PTA (Pressure Transient Analysis) , RTA (Rate
Transient Analysis) and FMB (Flowing Material Balance).

Here we provide a closer focus on RTA starting from the discussion of Decline curve Analysis
started by Arps in 1945 and developed by Fetkovich and Blasingame to provide type-curves
working for different production scenarios and then the development of these type-curves
by (Agarwal, Gardner, Kleinsteiber, & Fussell, 1998).

The introduction of flowing material balance by Blasingame converted the constant flowing
pressure production scenario into constant flow rate production conditions. It was the
turning point of production data analysis, not only for decline curve analysis but this concept
also showed a great effect for the development of Flowing Material Balance concepts
(Fekete.com, Material Balance Time Theory).

Flowing Material Balance was first introduced by (McNeil, 1995) and it was an approach to
use flowing data to estimate Gas-in-Place without shutting the well-in and overcome the
production loss and time down needed to stabilize the reservoir. The main limitation was to
keep the flow rate constant. Then the FMB has been extended not only to variable rate dry
gas production but also for variable dead oil single well or multi-well production scenarios.

The main point of the two approaches is to confirm how production data could be only used
to provide an estimation of hydrocarbon initially in place when the conventional Material
balance is not applicable in the first few years.

2.1. Decline Curve Analysis

The concept is mainly estimating the expected ultimate recovery (EUR) by monitoring the
performance of the well in the past and extrapolate it in the future based on the assumption
that what affects the production in the past will continue to affect it in the future. This is
done by building the production performance on a plot using: Flow rate (Dependent
Variable) vs. Time or Cumulative Production (Independent Variables). (Fekete.com,
Traditional Decline Theory)

These plots are empirical and do not depend on the fluid flow physics in the porous medium.
The most common curve used is daily rate vs. month.

The Production Analysis started in 1920 with a pure motive to find the best decline function
by which it is possible to predict the revenue of the production in the future on an empirical
basis with no technical background in it. Then (Arps , 1945) formulated the constant
pressure exponential, hyperbolic and harmonic rate decline. In 1960, Type-curves were first
introduced, still assuming constant flowing pressure by Fetkovich. These type-curves have
two families one related the transient flowing period and the other for the late boundary-
dominated flow. In late 80s and early 90s, (Palacio & Blasingame, 1993) introduces the
variable rate/variable pressure type-curves as a log-log plot of productivity index vs. material
balance time.
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2.1.1. Arps Decline Curve Method
Based on empirical rate-time and associated cumulative-time equation. (DIATI, 2018)

Table 1: Advantages and Disadvantages of Arps Decline Curve Analysis

Advantages Limitations
Simplicity Fairly constant bottom-hole pressure.
Conservative reserve estimation Constant well behavior

Applicable to closed reservoir (Exponential | Constant drainage area

Decline)
Transient behavior

The decline curve analysis theory starts with the concept of the nominal decline rate (D).
Nominal Decline (D) is defined as the fractional change in rate per unit time which is the
negative slope of natural logarithm of the production rate Q vs. time t as shown in
Equation 2-1

B _dln(q) _ _dq/dt

= Equation 2-1
dt q

Another way of representing the decline rate is based on rate (q) and the decline exponent
constant n.

D = Kq" Equation 2-2

Exponential Decline

Slope tangent to
data point

Gas Rate

Time

Figure 1: Nominal Decline at a point in time

Production data could follow different behaviors depending on the attitude the nominal
decline with rate. These behaviors are characterized by the decline exponent constant (n).

e Exponential —n=0
e Hyperbolic — nis a value between 0 and 1
e Harmonic—n=1
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Arps’ typecurve analysis was basically used for boundary dominated flow with fairly
constant bottom hole flowing pressure. We first define the n power, initial nominal decline
rate, abandonment time t, and then the ultimate recovery Np..

2.1.2. Fetkovich typecurve Analysis Theory

(Fetkovich, 1980) explained that Arps are not valid for early time production data (Transient)
and therefore he used the analytical equation for the transient flow to generate type-curves
for transient flow that are combined with the type-curves of the Arps. Using the concepts of
well testing with the empirical equations Arps used in his type-curves.

He used in his study a model of well centered producing well in a circular reservoir with
constant flowing bottom-hole pressure with the same standard assumptions used in
describing the reservoir in well testing. (Fekete.com, Fetkovich Theory)

He used the (Van Everdingen & Hurst, 1949) solution to solve the problem in developing the
equation for the transient period and proving that boundary dominated flow period solution
described by Arps had a theoretical background.

He defined a new term of dimensionless rate and dimensionless time by which he succeeded
to make the new type-curves that has two parts.

T, 1
dpa = 4p [ln (—e) - = Equation 2-3
Twa 2
t ‘o
pd = .
1 \> 1 T, 1 Equation 2-4
2 [1“ (m) - ?] [in (m) -3

The left part of Fetkovich type-curves describes the transient dominated flow. This part is
different from qgp vs tp type-curves where transient flow was represented only with one cure.
Instead, in Fetkovich type-curves the transient flow was represented by a stem of curves
representing the different reservoir sizes re/ry. From this part we can define the reservoir
characteristics (Permeability, skin and well effective radius rwa). (Fetkovich, 1980)

The right part of Fetkovich type-curves describes the boundary dominated flow in which
Fetkovich succeeded to combine his solution with Arps empirical equation using the new
dimensionless rate and dimensionless time he defined and showed that depending less on
the reservoir size, dimensionless rate is exponentially depending on dimensionless time.

qpg = e~ tpd

This is exactly the same exponential equation of Arps for exponential decline regime where
b=0. Then he extended this solution to cover the hyperbolic decline and include all possible
decline types that could happen in the boundary dominated flow.

A match will decide the type of decline defined here by (b) which is equal to (n) in Arps
decline curves. In addition, the match will provide with the values of r. (Drainage radius), kh,
Di and qgi and therefore the reservoir pore volume can be calculated. With knowledge of PVT
and reservoir characteristics we could define the Initial hydrocarbon in place.
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2.1.3. Blasingame Typecurve Analysis Theory

(Fekete.com, Blasingame Theory) The previous techniques introduced by Arps and Fetkovich
do not account for variations in bottom-hole flowing pressure and also the change in the
PVT properties of gas with the change of pressure caused by production (Depletion).

(Fetkovich, 1980) believed that the exponent "b" could vary between 0 and 1 and that can
be correlated with fluid properties and recovery mechanism. As a proof; single phase oil flow
would align the exponential decline curve where b=0 (Exponential). However, Single phase
gas flow would exhibit b>0 because of the change in gas properties with production.

(Palacio & Blasingame, 1993) used the concept introduced by Fraim and Wattenbarger of
pseudo time that accounts for the change of gas fluid properties. Therefore, boundary
dominated gas flow against a constant back pressure would exhibit the same behavior that
an oil reservoir would (Exponential Decline b=0).

(Palacio & Blasingame, 1993) introduced a function that would change the variable-
pressure/variable-rates solution into an equivalent constant pressure or constant rate
solutions. They reported that using a pressure-normalized flow rate when the bottom hole
pressure varied significantly is not a remedy of the problem, refereeing to variable
rate/variable pressure situation. They introduced two time functions, t. the constant rate
time function and tc, for constant pressure. Plotting the pressure normalized rate vs. te- on a
log-log scale will result in a negative unit slope line for boundary dominated flow.

Later, (Palacio & Blasingame, 1993) introduced a superposition time function that accounts
for the variable rate/variable pressure production conditions to appear as constant rate
production regime and what used to match the exponential decline on Fetkovich would
match the harmonic decline on Blasingame type-curves. This time function is called Material
Balance time.

Using Material Balance time by Blasingame allowed depletion at a constant pressure to
appear as it was depletion at constant flow rate. In fact, (Palacio & Blasingame, 1993) have
shown that boundary dominated flow with both declining pressure and rates appear as
pseudo-steady state depletion at a constant rate provided that the pressure and rate decline
monotonically. This would follow the harmonic decline instead of exponential and
hyperbolic decline curves.

The significance was readily evident by considering the inverse of the flowing pressure
plotted against time, pseudo-steady state depletion at constant flow rate follows a harmonic
decline trend.

(Fekete.com, Blasingame Theory) Blasingame, McCary and Placio developed type-curves
which follow the analytical transient stems as Fetkovich type-curves but with harmonic
decline stem. In addition to overcome the noise of production data and smoothen it to
match the type-curves, they introduced other two functions: Rate Integral and Rate Integral
Derivative.



Mohamed Amr Aly
5236320

Material Balance Time Theory

(Fekete.com) defined the material balance time as the time needed to produce this
cumulative production amount with the instantaneous flow rate value. Figure 2 shows how
variable rate/variable pressure production scenarios can be transformed into a constant rate
production scenario. (Fekete.com, Material Balance Time Theory)

Material-Balance-Time

Graph A Graph B -
o C)
Actual Rate Diecline %CDnstantRate i ==
E.
{
__________ e e j
y el
&
Q= Q= Cumulative
Production at a given time \\
Q= Ql
tel
Aetual Time Material-B alance-Time

On Graph 4, at time (%) the cumulative production i (.
The rate, (q) at that time is used in Graph B and i assumed to be constant.

The time taken in Graph B for the well to flow at the constant rate to get the same cumulative production as in
Graph A, is 1; or materialhalance time.

Graphs C and D helow demonsirate the same principle, wsing a different time (t,) and the corresponding material

halance time §_...
Graph € Graph D 0
Actual Rate Decline Constant Rate -
> xd
o Q=0,
__________ e %
Q = Q4 = Cumlative
Production & a given time.
: ty T'c2
Actual Time Ilaterial-B alance-Time

Figure 2: How material balance time is used to change the variable rate
scenario into constant rate scenario (Fekete.com, Material Balance Time
Theory)

Material Balance time for Oil’

Ny,
te =— Equation 2-5
4o
Material Balance for Gas:
Gp
teg =— Equation 2-6
dg

The introduction of material balance time to gas production is different because of the
effect of gas properties change with production. Hence, the concept of oil material balance
time is limitedly used to gas production scenarios. The precise formulation of gas material
balance time is defined as material balance pseudo time (Fekete.com, Material Balance Time

Theory):

ca

t
_ (#gcg)if dg dt Equation 2-7
g Jo HgCq
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Which in some cases is defined in terms of total compressibility to account for other fluids
compressibilities and the compressibility of rocks:

KgCe). [t
teg = va q—gdt Equation 2-8
g o HgCt

2.1.4. Agarwal Type-curves Theory Analysis

(Agarwal, Gardner, Kleinsteiber, & Fussell, 1998) used the concept developed by Fetkovich,
Palacio and Blasingame of equalizing the constant rate and constant pressure solutions to
introduce the decline type-curves to analyze production data. The dimensionless variables
used by Agarwal and Gardner were built on the conventional well testing definition instead
the ones Fetkovich presented and used by Blasingame. (Fekete.com, Agarwal-Gardner
Theory)

In addition, they included derivative plots (Primary derivative and inverse semi log
derivative) used to illustrate some features between transient and PSS flow in decline
analysis. Moreover, they presented their decline type-curves in additional formats: the rate
vs. cumulative, and cumulative vs. time analysis type-curves. (Fekete.com, Agarwal-Gardner
Theory)

Dimensionless variables used by Agarwal: The dimensionless variables used in type-curves

for pressure transient analysis are dimensionless pressure Pyp and its derivative with respect

. . . . dpP

and with respect to log of dimensionless time—22

D dlntD

type-curve appear like a decline curve we should use the reciprocal of Pyp to produce a
1

graph of # and 22wb. plotted against dimensionless time. (Agarwal, Gardner, Kleinsteiber,
D

dintp
& Fussell, 1998)

Pwp

. . . d
to dimensionless time P . To make a

Production Decline Type-curves are represented in three types:

e Rate—-Time
e Rate — Cumulative production
e Cumulative production — time.
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2.1.4.1. Rate-Time Type-curves

(Agarwal, Gardner, Kleinsteiber, & Fussell, 1998) The dimensionless time representing the x-
axis on the log-log plot could be represented in two different ways:

1) Based on the drainage area A: used to distinguish features during transient and PSS
flow periods

Table 2: Comparison between Transient and Pseudo Steady State Conditions in Rate-Time Type-curves, Based
on Drainage Area A

Transient Flow Pseudo-Steady State Flow

1/Pwp Is a function of re/rwa A negative unit slope line

A negative unit slope line | Constant value of 21 (Zero
Slope)

PwD

1/ dPwp/dIntp (1/dInPup') Constant value of 2.0 | A negative unit slope line
(constant slope)

2) Based on the effective wellbore radius squared rw.?: used to estimate reservoir
parameters like permeability and skin

Table 3: Comparison between Transient and Pseudo Steady State Conditions in Rate-Time Type-curves, Based
on Effective Well Radius ry,?

Transient Flow Pseudo-Steady State Flow

1/Pwp Single curve for all re/ry | Different negative unit slope
values lines for each re/rw.

Pwp' Negative unit slope line Different zero slope with

different constant values
representing the different re/ry
values.

1/ dPwo/dIntp (1/dInPyuo') Zero slope with a constant | Different negative unit slope
value of 2.0 line except for | lines for each re/ru.
tp<100

2.1.4.2. Rate- Cumulative Production Type-curves

a) Based on the drainage area A

Table 4: Comparison between Transient and Pseudo Steady State Conditions in Rate-Cumulative Production
Type-curves, Based on Drainage Area A

Transient Flow Pseudo-Steady State Flow
1/Puo (log-log graph) Curves are obtained for | All curves merge into a single
different re/rw values. value of Qp, = i = 0159
1/Pup (Cartesian graph) Curves are obtained for | These curves become linear and
different re/rw values. converge at Qp, = % = 0.159
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(Agarwal, Gardner, Kleinsteiber, & Fussell, 1998) The significance of that feature that an
approximate estimation of the Initial Hydrocarbon in Place would fit the production data at
the anchor point Qp, = % = 0.159. Optimistic estimation would undershoot the anchor

point and a pessimistic estimate will overshoot the anchor point.

b) Based on the effective wellbore radius squared ry.>

Table 5: Comparison between Transient and Pseudo Steady State Conditions in Rate-Cumulative Production
Type-curves, Based on Effective Well Radius ry,?2

Transient Flow Pseudo-Steady State Flow
1/Pup One curve with a negative | Different seemingly vertical
slope for all re/rw. values lines for different values of
re/rwa
Pwp' One negative unit slope | Positive different positive unit
curve slope curves for different values
of re/rwa

(Agarwal, Gardner, Kleinsteiber, & Fussell, 1998) The feature of this graph is that 1/Pwp and
the derivative forms an envelope with a vertical tangent corresponding to the Initial
Hydrocarbon in Place.

2.1.4.3. Cumulative Production- Time Type-curves

Based on the effective wellbore radius squared ry.>

Table 6: Comparison between Transient and Pseudo Steady State Conditions in Cumulative Production-Time
Type-curves, Based on Effective Well Radius ry,?2

Transient Flow Pseudo-Steady State Flow

Qap Vs. tp (Log-Lg graph) Single Curve is obtained | The curves stabilize and
for all re/rwa values with a | become flat at different times
unit slope except for | according to the value of re/rua

tp<100

(Agarwal, Gardner, Kleinsteiber, & Fussell, 1998) These type-curves allow us to use
production data with the absence of transient data and would be a useful tool to
characterize some reservoir parameters (Permeability, skin and reserves).

2.2. Flowing Material Balance

When Flowing Material was first introduced for gas production in pseudo steady state
conditions where the pressure decline at any point in the reservoir at the same rate and

therefore, Apy, s = Apgyg and then by plotting lef vs G, we will get a line. Knowing Pi we

. P; P . . . .
can draw a line from 7‘ parallel to %f that intersect the x-axis in G. This was the main

concept introduced by (McNeil, 1995) as the Flowing Material Concept.

This approach was verified in some case studies, and the results of Initial Gas in Place were
not far from the values obtained by conventional Material Balance or numerical simulation
models. (Fekete.com, Flowing Material Balance Theory)

10
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2.2.1. (Mattar & McNeil, The "Flowing" Gas Maerial Balance , 1998; McNeil, 1995)

++ Conditions: Dry Gas reservoirs with constant flow rate in a PSS flow regime.[Single
or Multi-well]

% Approach: Using the concept of at a PSS regime the pressure drop at any point in
the reservoir is the same at any time step. Therefore the pressure drop at the well is

. P P . .
the same at the boundary. Drawing %f or ?’1 vs. time or total production and get a

straight line with a negative slope. Then defining the Pi or the initial tubing pressure,
respectively, and draw a parallel line. The x-intercept gives the initial Gas in Place.

i
L r

Measured at JaR -

well during flow - oGIP

M Gp

Figure 3: Pi/zi plot as Parallel to Pwf/Z line in Pseudo Steady State Conditions. Flowing Material Balance
Approach. (Fekete.Com)

@,

% Case Studies:

e (Choudhury & Gomes, 2000), Bangladesh: the study was developed on
Bakhrabad field
— Medium permeability (50-700 md)
— 4 Sand Formations with 8 wells.

The field had been through different stages of development and at the time of the study
there were 4 wells producing from the major sand formation J-Sand.

Application steps:

- They divided J-Sand formation into 4 drainage volumes and each is allocated to a
producing well.

- For FMB, the following pressure data was plotted for each well individually to
calculate the reserve of the drainage volume assigned to it.

- The total gas in place in J-formation was calculated by summation of the reserves
estimated for each drainage area.

- Flowing well bore pressure values have been calculated from flowing well head
pressure data using Beggs and Brill method.

- Pressure surveys could not be conducted in the J-sand formation due to critical
supply condition.

11
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- For confirming the assumption of the 4 drainage volumes J-sand formation FMB was
plotted as (average P/z vs. total production) as shown in Table 7

- The study showed comprehensive results compared with static material balance and
numerical simulation models.

No liquid build up in the well bore was present and gas wells were producing under PSS
conditions. This was a direct implementation of the method through which it showed near
values of the Gas in place when it was compared with the conventional MBE approach as
shown in Table 8.

Table 7: (Choudhury & Gomes, 2000) Gas in Place Estimates and the status of J sand

Jsand | OGIP Recovery | Remaining Cum. Reserves
% Reserves Prod (BCF)
(BCF) (BCF) (FBHP)
SBHP FWHP FBHP

Bkl 155.46 155.00 155.00 62.38% 19.3 96.7 116
Bk6 85.14 89.00 85.00 59.00% 9.8 50.2 60
Bk7 115.22 121.5 118.50 55.52% 18.2 65.8 84
Bk8 99.54 104.0 102.00 57.94% 12.9 59.1 72
TotalJ | 455.36 469.5 460.50 59.00% 60.2 271.8 332

Table 8: (Choudhury & Gomes, 2000) Comparison of Gas in Place estimates by different methods

Sand | Welldrill | IKM Petrobangla | Mobil | Simulation Present Study
(FBHP)

J 585 597 665.0 666 427 460.50

G 370 318 245.5 244 233 216.00

DL 200 148 176.0 175 168 144.50

DU 167 180 180.3 187 174 150.00

B 231 145 166.6 167 202 151.00

Total | 1553 1388 1433.4 1439 1204 1122.00

BK
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(Guzman, Arevalo, & Espinola, 2014) provided a case study of implementing

FMB for estimating on two Dry Gas reservoirs in Mexico.

— A (22 producing well, 4 with downhole sensors).
— B (7 producing wells, 2 with downhole sensors).

For some wells it was possible to have information about static and dynamic pressure

profiles.

Table 9: (Guzman, Arevalo, & Espinola, 2014) Summary of OGIP (MMSCF) Calculation by Different Studies

Conventional | Reservoir Flowing Difference
stud Vol tric | Del Material Numerical | Gas FDMB  vs
udy olumetric ecline Balance Simulation | Maerial Numerical

Curve . .
. Balance Simulation
Analysis
Reservoir | 552 424.6 701 510 499 2.2%
1 Field A
Reservoir | 97 69 81 86 93 8%
1 Field B

However, for the ones that lack information, data was modeled through tubing head
pressure and a multiphase flow simulator.

The large difference between conventional and flowing material balance for field A in Table
9 was due to the lack of shut-in pressure.

Results in Figure 9 showed error that did not exceed 10% that could be acceptable in case of
the need of estimating the initial Gas in place with no shut-in pressure.

2.2.2,

This can be written as:

(Mattar & Anderson, Dynamic Material Balance(Oil or Gas-In-Place Without
Shut-In), 2005)

Conditions: For under saturated oil reservoir and Dry Gas reservoir both constant or

variable flow rate scenarios. Boundary Dominated flow should be existing.

Approach: this method uses the flowing data at any point to convert the measure

flowing pressure to the average pressure that exists at the reservoir at this time.

Then, using the calculated average pressure and the corresponding cumulative

production we can calculate the original volume in place by the conventional

material balance method.

a) FMB [Constant Rate, Gas]: The use of the previously explained method of
(McNeil, 1995) and (Mattar & McNeil, 1998)

b) FMB [Constant rate, Qil]: Using the Pseudo Steady State equation with the
depletion equation of under-saturated oil reservoir we reach this equation:

141.2 q,B 3
ool [In (E) Equation 2-9

kh 4

Tw
Equation 2-10
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Where byss (The Pseudo-Steady State Constant), (the reciprocal of productivity index):
141.2 q, B, T, 3 )

bpss = % [111 (é) — Z] Equation 2-11

This is constant and was first presented by (Palacio & Blasingame, 1993) It can be obtained
by rearranging the equation into:

P, —P t N
( L Wf) = o + pss = S + bpss Equation 2-12
q coN gy CoNg,
. (Pi—Pw§) Np .0 . . . . .
A Cartesian plot of E— vs. — will yield a straight line with an intercept of bpss.

0 4o

Then Average Pressure could be obtained by:

P = ow + bpss *q, Equation 2-13

c¢) Dynamic Material Balance [Variable rate, Oil]: (Agarwal, Farim and Palacio)
have proved that replacing the flow time by the material balance time makes
the previous procedure of (bpss) could be still applicable for variable production
rate Equation 2-5 and the same method with the same steps used for the
constant rate scenario could be used. (Fekete.com, Flowing Material Balance
Theory)

d) Dynamic Material Balance [Variable rate, Gas]: two important steps should be
considered; Converting the pressure into pseudo-pressure to consider the
viscosity and Z factor dependence on pressure in addition to replacing the flow
time with the material balance pseudo-time for gas (t.) to consider the gas
properties change with pressure.

P
Where Pseudo-Pressure is: m(p) = ZfM—Z dp Equation 2-14
g

Using the same manner and starting with the material balance equation (depletion
equation) with the Pseudotime function we reach:

2piqqt
m(p;) —m(p) = % Equation 2-15
i
dt
Where: tea = J._ — Equation 2-16
Hg Cg
From the Pseudosteady state flow equation for gas:
m(p) = m(ow) +4q4 ba,pss Equation 2-17

1417 x 106 T T, 3
LT X003

Where bapss = h

] Equation 2-18

ba,pss can be obtained by merging the two equations and get:
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24 %2348+ T q  teq N 1.417 «10° T q 0 (re) 3

T Ugi Cgi 7.2 h kh Ty Equation 2-19

Then average pseudo pressure can be calculated through Equation 2-17 that would be
converted to average pressure to plot the gas P/z plot vs G,

(Mattar & Anderson, 2005)) provided the steps of the "Dynamic Material Balance" for gas
production a variable flow rate are:

1.

Nowv &

Convert initial pressure and the flowing pressures to pseudo pressures, m(p;),

m(ow)

Assume an initial value for G to calculate the average reservoir pressure values

corresponding to the cumulative production.

Calculate Pseudotime function t., based on the gas properties estimated at the

average pressure values.

Am(p)
4g

Calculate the average pseudo-pressure

Convert the average pseudo-pressure to average reservoir pressure

Calculate P/z values and plot them against Gy, just like conventional MBE and get

the intercept, G

Iterate until reaching a good convergence for the G value.

Plot

vs. pseudo material balance time t., and the intercept gives b pss.

**Note: When Equation 2-15 was compared with other literature it showed that the
dominator misses the gas viscosity and compressibility

Zpiq tca

Equation 2-20
GZ;

m(p;) —m(p) =

In our thesis work we will call the Dynamic Material Balance for a variable gas rate
production as the Gas Flowing Material Balance Approach to generalize the concept
and to be easier compared with the other approaches implemented.
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2.2.3. Agarwal-Gardner Normalized rate

It's similar to the dynamic material balance approach and it is called Normalized
Rate/Normalized cumulative analysis. (Fekete.com, Agarwal-Gardner Theory)

% Conditions: It is applicable for both oil and gas for constant and variable flow rate
scenarios.

«» Approach: to get the average reservoir pressure representing the time step of the
flowing data and then applying the conventional material balance approach. We plot
the normalized rate against the normalized cumulative. A straight line is set for the
best fit of the points, and the x-intercept gives G. The equation for the straight line
for the Agarwal-Gardner analysis is:

dg -1 2qg teaPi 1

= + Equation 2-21
Am(p)  bapss (Cn’ Hgi Zi) (m(Pi) - m(pwf)) ba,pss

G(m(p;) —m(P)) _ 2 4g tca P;
(m(Pi) - m(ow)) (crimgi Z;) (m(Pi) - m(ow))

Where, Qm = Equation 2-22

G(m(p;) —m(p
Normalized Cum.= (m(@,) 2 Equation 2-23

(m(Pi) - m(ow))

g
m(p;) — m(ow)

Normalized Rate = Equation 2-24
Using the conventional Material Balance equation to calculate the average reservoir
pressure:
P P G, .
—= —(1—- _) Equation 2-25
Z Zi G
The steps of generating the Agarwal-Gardner analysis for gas production with a variable flow
rate are:

1. Convert initial pressure and the flowing pressures to pseudo pressures, m(p;),
m(pwy)

2. Assume an initial value for G to calculate the average reservoir pressure values
corresponding to the cumulative production using lookup tables of P.,/Z values
from the MBE.

3. Convert average reservoir pressure to pseudo-pressure.

4. Using Equation 2-22, plot a graph of normalized rate versus normalized cumulative.

5. Draw a straight line through the best fit of the data points. (The intercept on the x-
axis gives original gas-in-place.)

6. Using this new value of original gas-in-place, repeat steps 2-6 until the original gas-
in-place converges.

The only drawback of this method is that the resulting plot is not intuitive as that for the P/Z
plot and the normalized cumulative term becomes a true representative of cumulative gas
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production only when the material balance line intercept the cumulative gas production line

and nowhere else.

R/

«» Case Study: (Ismadi, Kabir, & Hasan, 2012) provided a case study that compares the

two approaches (Dynamic Material Balance of Gas by (Mattar & Anderson, 2005)
and Agarwal — Gardner Analysis in estimating the original gas initially in place. The
difference between the two methods was in calculating the average reservoir
pressure by which the conventional material balance is applied. The DMB by (Mattar
& Anderson, 2005) showed more iterative steps and values of Initial Gas in place
were not similar to the ones calculated by the actual static pressure data with
conventional MBE as shown in Figure 4: (Ismadi, Kabir, & Hasan, 2012) Comparison
of the two FMB approaches [Gas FMB vs. Agarwal] for homogenous system. The
reason is that any variations happen in the flowing data is reflected in b, pss and then
in calculating the average reservoir pressure. However, Agarwal's method includes a
combined approach of static material balance with his normalized rate/normalized
cumulative in calculating average reservoir pressure and then G.

311 Bscf

qy ! Am(p,,), Mscf-cp/D-psi?
m
B

Flowing MB = 306 Bscf

Static MB w/PSS =

0.E+00 T T T T

0 50 100 150 200 250 300
2y teaPillCs pigi Z AM(Pyd & Gp, Bscf

qe | Am(p,,), Mscf-cp/DipsP

Static MB = 306 Bscf

5000
1 4,000
13000 %
=
1 2000 E

T 1,000

50 100 150 200 250 300
Gi X [AM(p.) | AM(pyr)] & G, Bscf

350

Figure 4: (Ismadi, Kabir, & Hasan, 2012) Comparison of the two FMB approaches [Gas FMB vs. Agarwal] for

homogenous system.
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2.2.4. Flowing Material Balance using a new Pseudotime function

This approach was presented by (Mohammed & Enty, 2013) in their paper of Analysis of Gas
Production Using Flowing Material Balance Method where:

- Provided a derivation for a new pseudotime material balance function through which he
proved the theoretical background of the material balance time and it is not just intuitive as
it has been considered for years.

- They also provided a flow equation based on this new pseudotime function that represents
the flow rate normalized pseudo cumulative that has been first introduced by (Callard &
Schenewerk, 1995), but not used for this approach.

- Provided a simpler approach to calculate Gas-In-Place after defining PSS regime using type-
curves.

- Provided a method to validate computed initial gas in place calculated by any method.
Between The Material Pseudotime and The new Pseudotime Functions

Material Balance Pseudotime (t..) has gained a widespread acceptance as it has the ability
to handle the variable pressure or variable rate scenarios and it also considers the variations
of gas properties (Viscosity and compressibility) with the average reservoir pressure change.

Although it’s suitable to handle long term boundary dominated flow and it's rigorous for real
gas, it's dependent on time step size and it's not suitable for shut in periods and requires the
knowledge of average reservoir pressure or indirectly Gas-in-place.

It has first introduced by Palacio and Blasingame (1993) and used by Agarwal (1999) and
Mattar and Anderson (2005) included in the gas flow equations applied for Flowing Material
Balance approaches.

The New Pseudotime Function (T.) is not sensitive to the time step size and offers a simpler
approach to handle the viscosity-compressibility variations as viscosity-compressibility ratio
is a function of the cumulative production. Viscosity-Compressibility variation showed a
sensitive impact on the flowing material balance field data that have been plotted. It
appeared as a fluctuation in the late-time boundary dominated flow data that caused a
change in the slop of the straight line.

. . 1 G, \HgCt). .
It is defined as: T,=—] 1’@ dG, Equation 2-26
dg~0 UGl

(Mohammed & Enty, 2013) provided a simple approach to include the new material balance
pseudo time in the general flow equation for variable rate or variable pressure scenarios.
They started from the general expression for dP is given by (Farim and Wattenbarger 1987):

_ —q,B
dP = Lﬁ dt Equation 2-27
VPSgiCt

Where the relation between gas cumulative production and gas flow rate is given by:

dGy

qg = ” Equation 2-28

Combining Equation 2-27 and Equation 2-28 yields:
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dP= ——9 _d¢ Equation 2-29

Knowing that formation volume factor can be expressed as:

_ITP,

B — Equation 2-30
9 PTy,

Therefore, by substitution in Equation 2-29 we have:

_ ZT (P, 1
dP = — —(—) dGp Equation 2-31
VPSgLCt

Here, we introduce the normalized pseudopressure given by (Meunier, Kabir, & Wittmann,
1987) and (Palacio & Blasingame, 1993):

m(P),, = —dP Equation 2-32

(P‘gz) f
This is differentiated to give:

dm(P), = —dP Equation 2-33

(ugZ), P
p;

Now we substitute Equation 2-31 into Equation 2-33 and we get:

— T P .
—dm(P)n = ( SC) .ng de Equation 2-34
s (1) = |

Initial Gas in Place is expressed as:

Vp gl( /Z) ( ) Equation 2-35
T Psc

We combine Equation 2-34 & Equation 2-35to have:

[#gl

—dm(P),, = dG, Equation 2-36

ez
We can now integrate Equation 2-36 from the initial normalized pseudopressure, which
corresponds to zero cumulative, to any given average reservoir pressure, which corresponds
to a cumulative production of Gp. In other words, we are integrating from initial time (i.e.,
t=0) to any given time, t, to reach:

fm(g);n dm(P),, = GZ‘ pr (#jlcn) aaG, Equation 2-37
ti t
_ C
Which then becomes: m(P;), — m(P), = j (Hgl ) aaG, Equation 2-38
GCi .ugCt

Here, we introduce the pseudocumulative function given by (Callard & Schenewerk, 1995)
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C
= f ('ugl tl Equation 2-39
pn
.UgCt
= 1
Therefore, m(P), = m(P;), — e Gpn Equation 2-40
13
This equation is similar now to the liquid material balance given by (Dake):
P=P ! N E 2-41
=P — — uation 2-
T d

Using normalized pseudo pressure instead of actual pressure and pseudocumulative instead
of actual cumulative linearizes the single phase gas flow equation and this allows us to solve
single phase problems with the liquid solution.

Including gas flow equation during Pseudosteady state (PSS) flow regime is given by (Palacio
& Blasingame, 1993):

m(ﬁ)n - m(PWf) = nga,pss Equation 2-42
Then we combine Equation 2-38 and Equation 2-42 to have:

mP)n - m(PWf)n — [ 1 Gp 1 (”gLCtL) dG

+ b Equation 2-43
dg GCy; 70 g ﬂgct ] apss

And the expression in the bracket on the right hand side (RHS) of Equation 2-46 becomes our
basis for defining the new material balance Pseudotime function T, in Equation 2-26

m(Py)p— m(PWf)n
_— R = Equation 2-44
Py GC“ Ty + bgpss q

Equation 2-44 shows that both the material balance pseudotime function and the new
function have sound theoretical proof and they are equivalent.

m(P), — m(ow)n _ 1 Gy

Equation 2-45

qg B GCti QQ wpss
By Plotting Equation 2-45 we get the x-intercept as G*Cy
dg 1 Gpn 1

_— = — + Equation 2-46
Am(p)n ba,pss GCy Am(p)n ba,pss

(Mohammed & Enty, 2013) Stated the steps for the FMB approach using the new material
balance pseudo function using the normalized pseudo cumulative function:

1. Make a polynomial plot of viscosity-compressibility ratio against actual cumulative
production at least to the third degree and set the intercept to 1. In our study for more
accurate we developed it to the fifth order.

2. Integrate the resulting polynomial equation with respect to the actual cumulative
production.

3. Substitute each actual cumulative production data point into the integral expression to
obtain the corresponding pseudocumulative.

4. Make an approximate plot using G, instead of G, in the previous equation. If data did
not follow one straight line and two segments are observed (i.e., early and late time
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PSS periods), extrapolate the early time PSS Period to the x-axis and solve for G. This
yields the correct G at one time. However, if the early time PSS line is absent, any
known method can be used to solve for G. This is explained in Table 10.

5. Once we have a value of G. Use the material balance equation to compute the average
reservoir pressure profile, and, subsequently, the viscosity compressibility values.

6. Compute for pseudocumulative from steps 1, 2, 3.

7. Plot the pressure normalized pseudo cumulative function vs. pressure normalized flow
rate on linear axes.

Table 10: Flowing Material Balance Approach introduced by (Mohammed & Enty, 2013)

Rate and | y-axis X-axis Linearization (Pss | Computation of Gcy on

Pressure flow regime) x-intercept

scenario

General dg Gpn (almost) complete | Extrapolation to GCy

(Rigorous) Am(p), Am(p), | (one straight line)

General dg Gp Partial (two | 1. Early Straight line

Approximation Am(p)y, Am(p),, | straight lines are extrapolation to Gcy
observed) 2. Late straight line

overestimates the
Geyi

Therefore, we will test 3 different approaches for dry gas starting from (Mattar & Anderson,
2005)approach; (Agarwal, Gardner, Kleinsteiber, & Fussell, 1998) normalized rate and the
new pseudotime function approach introduced by (Mohammed & Enty, 2013). For the dead
oil model we will use the approach presented by (Mattar & Anderson, 2005) and comparing
the results obtained using oil compressibility once and total compressibility once.
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Chapter 3 Methodology

Studying the two proposed approaches needs to have production data and our study mainly
based on synthetic data developed by Eclipse Simulator. Having the production data enables
us to start analyzing them by Topaze (RTA Interface of Ecrin v4.20.05) by first model
matching and then RTA. The last step is to build Flowing Material Balance approaches to
obtain the Hydrocarbon in place estimation using flowing data.

N

¢ Dry Gas: Single Well & Multi Well

Shuagsee ® Dead Oil: Single Well & Multi Well
[Eclipse] J
N

¢ Model Matching
RTA ¢ Fetkovich & Blasingame Type-curves matching.

[Ecrin-Topaze 4.2] y,
N

¢ Dead Oil: Oil compressibility & Total Compressibility

¢ Dry Gas: Pseudo Material Balance time function, Agarwal - Gardner
approach & New Material Balance Function.

J

Figure 5: Steps of Methodology done in this study
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3.1. Synthetic Data by Eclipse
3.1.1. Dead Oil Single Well

Model Description
Table 11 includes

PVT and densities data are synthetic data used from Eclipse database. Relative permeability
and capillary pressure curves are imported from Eclipse Data Base as shown in Figure 6. The
well is symmetrically centered in the reservoir described in Table 11.

Production starts on 15/05/2018 with an exponential fine time steps to match the pressure
distribution in the transient period in Topaze.

Table 11: Dead Oil Singe Well Model Description

Two Phase Model: Oil & Water

Reservoir Dimensions 2000 m * 2000 m * 50 m
Grids 100 * 100 * 20
Reservoir Pressure 4500 psi

Rock Compressibility 4e-6 psi !

Oil Compressibility @ Pi | 1.26E-05 psi™*

Qil Viscosity @ Pi 1.8 cp

Oil FVF (Bo) 1.2 bbl/STB

Reservoir Top Depth 8000 ft

OWC Depth 8200 ft

Swi 25%

Production control | Constant Pwf @ 900 psi
condition

Well Diameter 0.6667 ft

Porosity 20%

Permeability (Kx, Ky, Kz) | (200,200,50) mD

Net Pay h 50 m
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PROPS L
-- Densities in 1lb/ft3
-- 0il Water Gas
DENSITY
49 63 8.e1 ;

-- PVT data for dead oil

-- P Bo Vis
PVDO
380 1.25 1.8
268 1.28 1.1
6008 1.15 2.8/

-- PVT data for water

-- P Buw Cw Vis Viscosibility
PVTW
4586 1.82 Je-86 0.8 8.0 /

-- Rock compressibility
-- P Cr

ROCK
4508 de-86 /

-- Water and oil rel perms and capillary pressu

-- Sw Krw Kro Pc
SWOF

.25 6.0 8.9 4.8

8.5 8.2 8.3 8.8

8.7 @.4 B.1 B8.2

8.8 @.55 .8 8.1/

L

< >

Figure 6: Dead Oil Single Well Eclipse Model PVT data

3.1.2. Dead Oil Multi Well

For Multi-well we have the same model. The main difference is the number and the location
of the wells. In this model we have 4 wells, symmetrically located. The grid numbers of each
well are shown in Figure 7.

Ll
WELSPECS
Wl Gl 25 25 ges2  OIL/
W2 Gl 75 25 ges2  OIL/
W3 G1 25 75 8@s2  OIL/
W4 G1 75 75 8es2  OIL/
|’r L
< >

Figure 7: Dead Oil Single Multi Well Model, Well Locations
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3.1.3. Dry Gas Single Well
Model Description

PVT and densities data are synthetic data used from Ecrin database. Figure 8 shows the PVT
data window in Ecrin software interface.

The well is symmetrically centered in the reservoir described in Table 12.

Production starts 01/06/2018 with fine linear time step.

Table 12: Dry Gas Single Well Model Description

Two Phase Model: Gas & Water

Reservoir Dimensions

2000 m * 2000 m * 24.5 m

Grids 100 * 100 * 20
Reservoir Pressure 4500 psi
Reservoir Temperature 212 F

Rock Compressibility de-6

Reservoir Top Depth 8000 ft

OWC Depth 8200 ft

Swi 22%
Production control | Constant Pwf @ 3000 psi
condition

rw 0.6667 ft
Porosity 20%

Permeability (Kx, Ky, Kz)

(50*50*20) mD

Net Pay h

24.5m
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Exporting PVT data (Viscosity, Density, Z factor, Gas FVF, Compressibility). As shown in

the figure below, reservoir pressure is set as 4500 psia and reservoir temperature as 212
F. By importing the PVT we could obtain the PVT as a function of pressure at any point.
Therefore we could create PVT table for the Eclipse model from the imported data. Data
imported and used for Eclipse are shown in Figure 9.

©esoasas A 8L

Temperature option
(®) Only 1 Temperature, table input allowed

() Any Temperature, table input not allowed

Fluid type
[v] Hydrocarbons:
Dead Oil

_) Saturated Oil (bubble point fuid)

® Dry Gas

O Condensate (dew point fluid)

O From FYT report D

[v] water

Reservoir parameters
Reservoir Temperature
[212 | |F

Reservoir Pressure
| 4500 | | psia

Pressure range
Minitum (146953 | [psia
s
Increment ) # pts
50 |[ps

(® Value

Edit interfacial tensions | @)

Cancel | | OK

Figure 8: Importing PVT data from Ecrin. Topaze database representing our model parameters of Pressure and

temperature
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PROPS
-- Densities
-- 0il
DENSITY

49

in

-- PVT data for

_- Pg

14.6959
256.828
497 .36
738.891
980.823

1221.
1462.
1784.
1945.
2186.
2428.
2669.
2918.
3152.
3393.
3634.

3876

4117,
A358.

46608
/]

35
89
a2
35
68
al
35
68
al
34
&7

34
&7

1b/ft3
Water Gas

63 8.8537/

DRY GAS
Bg Vis

Bg
229.7542297
12.92607382
.527853963
.317292965
.281745325
.532911843
.089082760846
77813179
.548148695
.373155833
.236694568
.128135352
.048318789
.968242208
.988317608
.857914515
.815@870347
.77830098
. 7464666087
.718680321

2D EEDE OO R R R R R R RW D

Figure 9: Dry Gas Single Well Eclipse Model PVT data

mu_g
.8135411
.8137ez2
.B9139589
.8142871
.B146884
.B151359
.B156511
.B162224
.B168452
.B175134
.B1822683
.B189585
.B1972086
.B285
.B212984
.B220866
.B228842
.B236794
.B244694
.B252519

oD 0000000000000 a3
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For the relative permeability and capillary pressure curves, data is imported from Eclipse
Database where the SGWFN keyword is used for the two phase model (Water and gas) and
columns represent respectively (Gas saturations, Gas relative permeability values
representing the saturation values, water relative permeability values representing these
saturations and capillary pressure values at these saturations). (Ltd., 2014, p. 2104)

SGWFN

.Boee .oeeo 1.00e0
.B460 .0000 ©.5080
.leee .0220 ©.3000

.2000 .leeo ©.5060
.3gee . 2460 1*
.5eee .4200 1=

.6Bee .5ee0 ©.1125
.7800 .8125 ©.boGO

. 7388

.Boee
2000
.5e00
1.06800
1*
1*
3.0600
3.5600

1.0080 ©.8088 3.9008

Figure 10: Dry Gas Single Well Eclipse Model capillary pressure data
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3.1.4. Dry Gas Multi Well
Model Description

For the multi-well model, we reduced the permeability from 50 to 30 to reduce the
production rate and have a longer profile of production with changing the bottom hole
flowing pressure to 2000 psi instead of 3000 psi.

The same PVT data imported from Ecrin-Topaze, and the relative permeability and capillary
pressure curves used for the single well model are used here.

The model consists of 4 wells symmetrically distributed in the reservoir as shown in Figure
11.

WELSPECS
Wl Gl 25 25 3882
W2 Gl 75 25 8882
W3 Gl 25 75 3882
k4 Gl 75 75 3882
/

Figure 11: Dry Gas Multi Well Model, Well Locations
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3.2. Rate Transient Analysis [Ecrin v4.20.05- Topaze Interface]

After running the model on Eclipse we get the .RSM file with the production data and we
input the production flowing data (Pwf, Qo) in Ecrin for each model. After this we build the
model. For the single well model, we used the analytical approach and for the multi well we
used the numerical model to compare the results of the two approaches.

3.2.1. Dead Oil Single Well

80000

Liquid rate [STB/D]

40000

o 10000 20000 30000 _ Time [hr] 40000 50000 60000 70000 |

3500

2500

Pressure [psia]

1500~

Liquid rate [STB/D], Pressure [psia] vs Time [hr]

Figure 12: Dead Oil Single Well, Production rate and bottom hole flowing pressure vs. time

Figure 13 shows PVT as described in the Eclipse Model. The PVT data are considered
constant for the production profile.

PVT ]
Farmation Volume Factor B |1 2 ‘ B/STB v
Wiscosily p |1.8 } | cp v ‘

Total compressibility ct | 1.42E-5

[w] Advanced

b Calculate from correlations

So co 1.26E-5

0.75
Sw 0.25 oW £ [psﬂ—v"

So and Sg from Flash @ cf 4E-6

I

| Hep || Ccancel 0K

Figure 13: Dead Oil Single Well PVT data input in Ecrin. Topaze
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Model 7

Analytical ] Mumerical I

generate g(p) [Jindude qw prediction

Option |Standard Model W | [Jgenerate p{g) []single step response
[ fast model with approximation : 5
Well model -
Parameter | Value I Unit I Pick
|Vert|cal vl Well & Wellbore parameters (Reference well)
[[Irate dependent skin add other wells Skin | 0 | |
|:|time dependent skin Reservoir & Boundary parameters
Pi 4500 psia
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Reservoir model
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[ Inew analysis [ ] keep opened To ndayer EE | Time | | Help | | Cancel | | Generate |

Figure 14: Dead Oil Single Well Analytical Model Description

The model is adjusted analytically as shown in Figure 14 by setting the boundaries as no
flow boundaries and adjusting the net pay thickness to match the model created by Eclipse.

3.2.2. Dead Oil Multi Well

Figure 15 shows the production cumulative after inputting the production data in Topaze.

4E+5]

3E+5—

2E+5—]

Liquid rate [STB/D]

1E+5]

I

0 400 800 1200 1600 Timgﬂﬁ? 2400 2800 3200 3600

Liquid rate [STB/D] vs Time [hr]

Figure 15: Dead Oil multi-well cumulative production vs. time

30



Mohamed Amr Aly

5236320

000
2000-]

 Weart  wear2

L] L]
200 Welf3 Welll
4000
B e T e e e [ e e e e e [ e e e [ e e
4000 12000 -10000 8000 6000 4000 W0y AW a0 5000 800 10000 12000

Length [ft] vs Length [fi]

Figure 16: Dead Oil Multi-well Model. Well location.

The multiwall model is solved numerically by drawing the boundaries of the reservoir and
locating the wells as shown in Figure 16. Then, by selecting the "add other wells" option in
the model window, the model considers the pressure disturbance created by the other wells
in the same map defined and therefore, no need to set the boundaries like we did in the

single well.
Model x|
Analytical Numerical
= Y [V generate qlp) @ [[Jindude qw prediction
[[Jgenerate p(q) single step response
& s [_] fast model with approximation : 5
Parameter | Value [ Unit | Pick
® ° Well & Wellbore parameters (Well#1)
Skin [ 0 }
Well & Wellbore parameters (Well#2)
Skin 1 0 | l
QLB Ru@BPh Dk Well & Wellbore parameters (Well#3)
Skin | 0 | |
[Jstore pressure fields despiay during generato Well & Wellbore parameters (Well#4)
well & Wellbore Skin [ 0 i ]
Orate d t skin [V add other wels @ Reservoir & Boundary parameters .
Pi 4500 | psia
(] tme dependent sin W e [mf | g
Reservolr & Boundsry reservoir model Homogeneous |«
[ ] horizontal anisotropy inch
[[] show p-average
ndude permeability field
[Inew analysis  [_]keep opened To ndayer EE I Time [ I Help l I Cancel I [ Generate l

Figure 17: Dead Oil Multi-well Numerical Model description.
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3.2.3. Dry Gas Single Well
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Figure 18: Dry Gas Single Well production and Bottom Hole Pressure Vs. Time

After inputting the production data for the dingle well model as shown in Figure 18, we need
to define the PVT data as shown in Figure 8. And before extraction the data, we define the
model. For single well model the solution of analytical or numerical model are equivalent.
However, it is easier for single well to set the model analytically by defining the boundaries
and and their locations from the well as shown in Figure 19.

Model -

Analytical l Mumerical ]

generate qip) include gw prediction
Option | Standard Model v | [ Jgenerate p{g) [Isingle step response
[ fast model with approximation : 5
Well model - -
Parameter | Value I Unit I Pick
|1.-'erhu:al v| Well & Wellbore parameters (Reference well)
[rate dependent skin add other wells Skin | 0 | |
Dﬁme dependent skin Reservoir & Boundary parameters
Pi 4500 psia
Reservoir model kh 4000 md. ft EEEE
S | Mo flow 3280 ft
| Homogeneous W hd
E | Mo flow 3280 ft
[ horizontal anisotropy N | No flow w 3280 ft
W [ No flow| 3280 ft
Boundary model
|Rectangle ]
material balance [ constant drainage area
[Irnew analysis [ keep opened To ndayer EE | Time | | Help | | Cancel | | Generate |

Figure 19: Dry Gas Single Well Analytical Model Description

32



Mohamed Amr Aly
5236320

3.2.4. Dry Gas Multi Well
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Figure 20: Dry Gas Multi-Well Cumulative production vs. time.

For multi-well model, after inputting the production data of each well, the cumulative gas
production of the reservoir could be obtained as a function of pressure as shown in figure
20.

As mentioned in the case of multi-well dead oil by locating the wells and the boundaries of
the reservoir on the map as in Figure 21.

One important note for all the models is we assume no wellbore skin for all the models as in
Figure 22.
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Figure 21: Dry Gas Multi well Model. Well Locations.
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The model in multiwell case is set numerically.

o Y [+ generate q(p) ["Jindude qw prediction
[[Jgenerate p(q) || single step response
fast model with oximation : %
o O oper s ]
Parameter | Value | Unit I Pick
° P Well & Wellbore parameters (Well#4)
CEI I
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N I —
QB RUBPH D« Well & Wellbore parameters (Well#2)
» | O R -
[store € I dsplay during generation | elibore parameters (Well#3)
wel & Welbore Skin | 0 | |
E] rate d t skin E add other wells Reservoir & Boundary parameters
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[Jtime dependent skin kh 2400 ma.ft
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[[] horizontal anisotropy [ lindude thickness field
material balance [ Jindude porosity field
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Figure 22: Dry Gas Multi-well Numerical model Description
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3.3. Flowing Material Balance
3.3.1. Dead Oil

To establish the FMB for dead oil we use the approach introduced by (Mattar & Anderson,
2005). This Approach is valid for constant/variable flow rate conditions in which he replaced
the production time with the material balance time previously introduced by (Palacio &
Blasingame, 1993). The approach aims to estimate the original oil in place using the fluid
flow equation in pseudo steady state conditions and combining it with the depletion
equation for dead oil reservaoirs.

Starting from liquid flow equation in Porous medium in Pseudo-Steady State Conditions, See
Appendix A:

— A 9o Ho
Pwf = P~ 3 kh

[ln 2.25 Equation 3-1

CArMZ,]

Setting Dietz factor for a single well symmetrically located in a rectangular drainage area as
30.9

Using the Material Balance equation for dead oil reservoir above bubble point (Depletion
Equation):

i— D= 9o Equation 3-2
bi p COAh(f) q
i— D= 9ot Equation 3-3
pl p NC0 q
By combining the two equations we reach
qot 1412 q,Bou, )
Pi—Pyr = N + h [ln 2.25 a2 ] Equation 3-4
This can be written as:
P —Pyr = Bot + byss q Equation 3-5
i w CON pss Yo

Where byss (The Pseudo-Steady State Constant), (the reciprocal of productivity index):

L _ 1412By,
pss — kh

[ln 2.25 ] Equation 3-6

Catis
This is constant and was first presented by Blasingame. It can be obtained by rearranging the
equation into:

(Pi_ow)_ dot NP

= ——+4+b Equation 3-7
pSs pSs
do coNgo coNgo

This equation is only valid for constant flow rate, however by replacing the production time
with Material Balance time Equation 2-5

P; — P t t
( i wf) — qolc + bpss — c
o coN gy coN

+ bpss Equation 3-8
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(Pi—Pwf)

A Cartesian plot of vs. t. will yield a straight line with an intercept of by Then

do
Average Pressure could be obtained by:

P= Pys + bpss *q, Equation 3-9
N
A Cartesian plot of (p; — p) vs. C—p will yield a straight line with a slope equal to %
o

Anderson 2005 used the compressibility of the oil c,. However, further developments of the
flowing material balance showed the same approach but using the total compressibility c;
instead of the oil compressibility. In this study we developed the oil in place using the two
approaches to study the effect of the compressibility on the total oil in place.

Note that in the Flowing Material Balance for oil, the fluid properties over the production life
(Production period) are assumed to be constant.

For single well, the production data is analyzed and fully representing the whole reservoir.
Therefore, N represents the Initial Qil in place of whole reservoir.

For Multi well, the production data is obtained from four different wells. Therefore, the N
from the analysis of one set of production data represents the approximate drainage area of
this well. In the development of multi-well approach, we assumed that the production of the
4 wells started at the same, wells are symmetrically distributed in the reservoir boundary
and boundary is constant, hence pressure disturbance is uniform.

3.3.2. DryGas

In reality, the production data is obtained from the daily flow rate at the surface and
Permanent Down Hole Gauges (PDG) in front of the perforation just to have a valid correct
representing bottom-hole pressure for the representing production flow rate. The use of
Downhole Gauges helped reservoir engineers to establish the way for Rate Transient
Analysis and deep analysis of production data. However, the use of permanent downhole
Gauges are not widely used because of its cost. Other ways of obtaining the bottom-hole
pressure from the well head pressure have showed their applicability as well using
correlations and pressure loss equations to estimate Pwf.

The development of the Flowing material balance for gas reservoir does not only require the
production flowing data, but also the representing PVT data for each production data to
account for the change of the gas properties change with the continuous production. That is
why (Mattar & Anderson, 2005) introduced another function called the material balance
pseudo time to account for gas properties change with time. Equation 2-8

MgCt). t
toq = ( g t)lf g dt Equation 2-8
g Jo HgCt

To overcome this point, we have used the PVT data imported from Ecrin database related to
the reservoir and gas properties (Pi, T, Gas Gravity and Gas composition) to build polynomial
equations representing each property as a function of pressure, therefore we could have a
representing set of PVT for the production data at each time step.

The another difference between FMB gas and FMB oil is the use of the pseudo pressure
function instead of the pressure when it comes to gas, hence, the building of polynomial
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equations between pressure and pseudo pressure function to be easily able to have values
of m(p) at different P values and vice versa.

The estimation of the fluid properties at the representing time step or the production points
needs to have the average pressure value. However, the method introduced aims to
overcome the main obstacle of conventional material balance which is obtaining the average
reservoir pressure by shutting the well in. Therefore we build an iterative method based on
initial assumption of the G value from which we can further obtain the average reservoir
pressure at the different cumulative production using the conventional gas material balance
equation and then we calculate the gas properties to be able to estimate the gas pseudo
material balance function to implement the FMB for gas and obtain the initial Gas in place.
We iterate until we reach a final value of G that represents the Gas initial in place for the
reservoir.

Generating PVT data represents the production data at each time step

To convert the Pressure values into pseudo pressure function m (p), from the Ecrin PVT
Import option we have a P & m (p) values representing our reservoir. Therefore, we build a
polynomial equation to be able to get m (p) at any value of P.

Pseudo Pressure Function
1.4E+09
1.2E+09
1E+09
800000000

600000000

m(p), (Psi2/cp)

400000000

=- | 3 2 B
200000000 y =-4.1080E-03x> + 5.8980E+01x“ + 9.0673E+04x - 1.0519E+08

0
0 1000 2000 3000 4000 5000 6000

Pressure (psia)

Figure 23: Pseudo Pressure Function polynomial equation as a funcation of pressure

We chose only the range of pressure we are interested in to have the best fit and we
developed a polynomial equation from the third order for better approximation.

After obtaining m(p) from the FMB plot, we need to convert it to average pressure to build
the conventional Material Balance equation for Gas. We us the polynomial equation
developed in Figure 24.
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Pseudo Pressure Function
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Figure 24: Average Reservoir Pressure polynomial equation as a function of gas pseudo
pressure.

From Step (2) in the Gas FMB procedure, we obtain P/Z values at different Gp values.
However, we need to obtain the average pressure to calculate the gas properties at this
value. Therefore, again from the PVT data imported from Ecrin Database representing our
reservoir. We get P/z values and then build a function of P from these P/z values as shown in
Figure 25. We chose on the range of pressure in our interest for better fitting the polynomial
equation (2500: 4600 Pisa).

P/Zvs P

5000
4500 y =1.177E-04x2 + 2.175E-01x + 9.549E+02

4000
3500
3000

a 2500
2000
1500
1000
500
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Figure 25: Average Reservoir Pressure Polynomial Equation as a Function of P/Z.
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To calculate the gas compressibility at different average pressure values that would be
necessary even for the New material balance function calculations, we plot the imported
daya from Ecrin (Compressibility values as a function of pressure and from the fit equation
on Figure 26 we could obtain the values of gas compressibilites at each value of average
pressure. Total compressibility is then calculated assuming constant saturation values
through the production profiles and assuming constant rock compressibility as well.

Gas Compressibility
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0.09
0.08 :
0.07 §
= 006
8 005
& 0.04
003
0.02 .

0.01
0 =1.6734x1078
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Figure 26: Gas Copressibility as a function of Pressure.

To build the conventional P/Z graph we need to have values for the Z compressibility factor
at each time step. We plot the imported data from Ecrin ( Z vs average pressure and use the
generated polynomial equation on Figure 27.

Z compressibility Factor
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Figure 27: Gas Compressibility factor as a function of pressure.
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For the gas viscosity, the same technique is also developed and the polynomial equation
representing the range we are interested in on Figure 28 is used for generating the gas
viscosity values at different average pressure values.

Gas Viscosity
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Figure 28: Gas viscosity as a function of pressure.
3.3.2.1. Gas Flowing Material Balance

The method used is based on driving the FMB equation from the fluid flow equation and
combining it with the conventional material balance equation as proposed by (Mattar &
Anderson, 2005).

The first approach introduced by (McNeil, 1995) needs to have valid PVT data representing
the production points because it is mainly Pws/Z plotting vs G,. Therefore, the approach we
used to assume an initial G and with the help of the correlation built using PVT database on
Ecrin will not be an appropriate method and might gibe high error.

Starting from the gas flow equation in a porous medium in pseudo steady conditions in
Appendix A

=g ) [ 225 ¢ g
m =m(p) —————|=—] |In 2.25 Equation 3-10
(o) =m0 =5 () [ 22550 ] v
Setting Dietz factor for a single well symmetrically located in a rectangular drainage area as
30.9 Using the material balance equation for gas introduced (Mattar & Anderson, 2005)*
zpiqg tea
m(p;)) —m@P) = ——— Equation 3-11
' GZ;iCripgi
Equation 3-11 mentioned in literature without the term (Cy;) in the dominator. However,
the same equation was found in other literatures (Morad & Clarkson, 2006) indicating to the
missing term.
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Combining the two equations we reach:
Zpng tca QQ T Psc A
N — = + — [In 2.25 —] Equation 3-12
) = m(pur) GZiCuuy | Zmkh (TSC) [ ™ quation
m(p;) —m@Pws)  2piteq
= +b Equation 3-13
dg GZiCupy 7%
m(p) = m(ow) + dg ba,pss Equation 3-14
T P, _
Where, bgpss = ok h (E) [ln 2.25 CATMZ,] Equation 3-15

From by, we can have an estimation of the gas effective permeability k if we know h.

m(p;)-mPws)
dg
converted to Pavg to build the conventional P/z plot.

By plotting Vs e, We get by as intercept. Then we get m(p). Which is

tcq, here is developed from the explicit Pseudo material balance function. Equation 2-8

Comparison between the two methods is developed to see the effect on calculating the
permeability and the gas in place.

Gas FMB Steps in the thesis work:

1) Assume an initial value of G. This depends on the production profile. Assume that
total Gp=30% of G.
2) Use Conventional Material Balance (P/Z) Equation for Gas to obtain the average
reservoir pressure at each time step.
) Calculate the gas properties at this Py (Viscosity & Gas compressibility)
) Calculate the material balance time function tc..
5) Convert all pressures in pseudo pressure function (Pwf & Pavg).
) Plot m(p)-mPws)
4g
7) Getm(p) = m(pwf) + QQba,pss
8) Convert m(p) into P avg and build the Pa,/Z graph o obtain Gi.
9) Repeat until we reach the real value of G.

US t.q to obtain b, pss as an intercept

3.3.2.2. Agarwal Gardner Method

By Plotting the normalize flow rate vs the normalized cumulative to have the initial gas in
place as the intercept of x-axis. Equation 2-23 & Equation 2-24.

3.3.2.3. New Pseudo Material Balance time function

This approach needs to convert the pseudo pressure function into normalized pseudo
pressure function.
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dm(p)n =

(”gz)i
P

i_ dP Equation 3-16
A

Then plotting 19 VS g—g we obtain G as intercept. See Flowing Material Balance

m(P)n— m(PWf)n pn
using a new Pseudotime function

Gp Ce).
T, = i @ aG Equation 3-17
dgJo  HgCt
% (pgiCri
Gpn = f M daG Equation 3-18
0 Hglt
G
T, = —Pn Equation 3-19
dg
T,, is defined as the new pseudo material balance function. The calculating of G,is done by
fitting the polynomial equation of the % term at different pressures as a function of the
gCt

cumulative production as shown in Figure 29.

mui cti/mu ct

y =-1E-22x°+ 1E-17x%- 6E-13x° +1E-08x? - 9E-05x + 1

mui cti/mu ct
(=]
[=)]

0 5000 10000 15000 20000 25000 30000 35000 40000
GP

Figure 29: Viscosity compressibility ratio as a function of cumulative production.

The steps were followed as explained in the Flowing Material Balance using a new
Pseudotime function section (P. 20 & 21).

The comparison between the three methods of FMB introduced here is performed with a
close comparison on the effect on the different calculation approaches of pseudo material
balance function and the pseudo normalized cumulative function.
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Chapter 4 Results & Discussion

The main purpose of the study is to estimate the Initial Hydrocarbon in place for the
different models by validating two approaches; Rate Transient Analysis & Flowing Material
Balance to prove that Production Data could be used to estimate the hydrocarbon in place
without the need to shut the well in and implementing the conventional methods. These
approaches aim to show how close the results obtained from these approaches to the most
valid one (Numerical simulation model).

RTA provides us with information about the boundaries of the reservoir and when
stabilization occurs. This helps us to make sure that we are in pseudo steady state conditions
as the flowing Material balance is valid when the production reaches the pseudo steady
conditions when all boundaries are touched and depletion starts to occur. One important
note is here we are working on single phase production in explicit depletion conditions (No
water drive, no gas in solution or gas cap expansion).

The results we have from this study are:

+* Numerical simulation model HOIP estimation.
+* Rate Transient Analysis (RTA):
e Ecrin, Topaze Model Match
e Fetkovich Type-curves Match
e Blasingame Type-curves Match
+* Flowing Material Balance (FMB):
> Dead Oil: using Material balance time
- Using total compressibility
- Using oil compressibility
> Dry Gas:
- Using Pseudo Material Balance Function
- Using Normalized Rate — Normalized Cumulative Approach
- Using Normalized Pseudo Cumulative Function

Comparing these results will tell us how far we are from the exact value and what the error
percentage for each case is.
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4.1. Dead Oil Single Well
4.1.1. Numerical Simulation Model

The Original Oil in Place value obtained from the numerical simulation model was around
162 MMSTB.

The data developed by Eclipse needed different runs until model of Ecrin is matched. The
main issue was the matching of the transient period. Therefore, a very fine exponentially
increasing time steps were used.

4.1.2. Rate Transient Analysis Model

Model Matching

From the figure shown below, we found that the production data has matched the model
built using Ecrin 4.20.05, Topaze. The model gave initial oil in place equal to 157 MMSTB.
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Figure 30: Dead Oil Single Well Production History Match. Rate, Cumulative production, flowing pressure and
model reservoir average pressure vs. Time.
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Figure 31: Dead Oil Single Well Log-Log Plot Match
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This graph shows that the late part of the data is already in the pseudo steady state
conditions that we are in interest of. The log-log plot of the integral of the normalized
pressure and its derivative also confirms the same results obtained from the model.
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Figure 32: Dead Oil Single Well Model Blasingame Plot Match.
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Figure 33: Dead Oil Single Well Model Fetkovich Plot Match.

From the Fetkovich Plot of the model we can confirm that Pseudo Steady State conditions
already reached after around 2000 hr of the production.

The model shows around 3.00% of error between the numerical simulation model and the
RTA model.
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Fetkovich Type-curves Match
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Figure 34: Dead Oil Single Well Fetkovich Type-curves Match

From the match of the production data with Fetkovich Type-curves, we obtain OOIP as
around 160 MMSTB with permeability 198 mD. Comparing these results with the numerical
simulation model;

Table 13: Comparison between results obtained by Fetkovich Type-curves match and Numerical Simulation
Model.

Models OOIP (MMSTB) Permeability (md)
Numerical Simulation 162 200
Fetkovich Type-curves 160 198

Comparing the results with the numerical simulation values, we obtain an error ~ 1.25 %.
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Figure 35: Dead Oil Single Well Blasingame Type-curves Match.
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The match of the production data with Blasingame’s Type-curves showed OOIP as ~163
MMSTB with an over estimation of permeability as 219 mD (Which still in the same order of
magnitude).

4.1.3. Flowing Material Balance

For Dead Qil, the most critical issue is to have a valid PVT data representing the production
data of your reservoir. As we have mentioned that for Dead Oil FMB the PVT data is
considered constant over the production profile. Therefore, the oil compressibility, oil
viscosity and oil formation volume factor are considered constants.

Table 14: Dead Oil Single Well PVT Data used in RTA & FMB

Pi (psia) 4500
viscosity (cp) 1.8
co psia-1 1.26E-05
ct psia-1 1.42E-05
Bo 1.2

Our area is represented by a rectangle (2000m*2000m) with a net pay thickness of 50 m.
Therefore with setting a well in the center we get a Dietz Shape factor as 30.9. This is
important in calculating the reservoir permeability from the Pseudo Steady State Constant
(bpss).

Estimation of bpss
12000

10000
y =4.362E-04x + 5.191E-02..@

8000 .

6000

Pi-Pwf/q

4000
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0 @
0 5000000 10000000 15000000 20000000 25000000
Material Balance Time tc

Figure 36: Dead Oil Single Well FMB, by is obtained as the Y-intercept of the straight line

From the graph we get:

Table 15: Dead Oil Single Well, reservoir permeability using FMB approach.

bpss 5.19E-02 pSIa/STB/D
Kh 3.94E+04 | mD.ft
k 240 | mD
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We notice that the value of the permeability from the Flowing material balance approach is
over estimated by around 20%

Pi—-P _Np .. O 1 .
From bpss we get P,y to plot ~ vs — to get the Original Oil in place as Slope " The first

values representing the transient period where they do not follow the straight line.
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Figure 37: Dead Oil Single Well Flowing Material Balance using Oil Compressibility

From Figure 37, we get the slope as 1/N which gives N equal to 178.5 MMSTB
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Figure 38: Dead Oil Single Well Flowing Material Balance using total Compressibility.

Figure 38 shows theat the slope increased when using the total compressibility which in
return gives N as 158.5 MMSTB. This value is more reliable comparing with the numerical

simulation model.
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Table 16: Dead Oil Single Well OOIP comparison between the different approaches.
Numerical RTA Model Blasingame Fetkovich FMB
Simulation Model type-curve plot | type-curve plot | Total C
oolIP 162 MMSTB 157 MMSTB 163 MMSTB 160 MMSTB 158.5
K 200 mD 198 mD 219 mD 196 mD 240

Therefore, we see that the approach introduced by (Mattar & Anderson, 2005) that using
total compressibility instead of the oil compressibility gives better estimation of the oil in
place.

4.2. Dead Oil Multi Well
4,2.1. Numerical Simulation Model

The same model with the same parameters have been used for the multi-well case.
Therefore, the same value of OOIP from the numerical simulation model was obtained as ~
162 MMSTB.

The same time steps used for the single model was also implemented in this case to match
the cumulative production cure in Topaze in the transient period.

4.2.2. Rate Transient Analysis
Model Matching

The model built using Topaze for the 4 wells matched the production data and gave the
same result provided by the single well as ~ 157 MMSTB.
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Figure 39: Dead Oil Multi Well Cumulative Production vs. time.
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Figure 40: Dead Oil Multi-well Well #1 History Match. Rate, Cumulative production, flowing pressure and

model reservoir average pressure vs. Time.
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Figure 41: Dead Oil Multi-well Well #1 Log-Log Plot Match
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Figure 42: Dead Oil Multi-well Well #1 Model Blasingame Plot Match.
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Figure 43: Dead Oil Multi-well Well #1 Model Fetkovich Plot Match.

From both the Log-Log Plot and Fetkovich plot match of the model we confirm that the late
period of production for the well is already in the pseudo steady state conditions.

In our study we focus only on how the production data could be analyzed to provide
estimation on the hydrocarbon in place, therefore skin is set equal to zero.

The Match of the model plots (Log-Log, Blasingame, Fetkovich) with the production data
confirms the validation of the model built with the production data of each well and also the
estimation of the OOIP.
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Fetkovich Type-curves Match
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Figure 44: Dead Oil Multi-well Well #1 Fetkovich Type-curves Match.

From Fetkovich Type-curves match we obtain the OOIP in the drainage area of each well. For
well #1 we obtain ~ 38.7 MMSTB
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Figure 45: Dead Oil Multi-well Well #1 Blasingame Type-curves Match.

The match of the Blasingame type-curve gives an estimation of the OOIP stored in the
drainage area covered by each well. For Well #1, it gives ~ 39.7 MMSTB
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4.2.3. Flowing Material Balance

The same approach used for single well is implemented for the production data of each well
separately to give an estimation of the OOIP covered by the drainage area of each well.

The PVT data for the single well with the same assumption of constant PVT over the
production period are considered.

Table 17: Dead Oil Multi-well Well #1 Well PVT Data used in RTA & FMB

Pi (psia) 4500
viscosity (cp) 1.8
co psia-1 1.26E-05
ct psia-1 1.42E-05
Bo 1.2

The only difference in this analytical approach is the Dietz Shape factor regarding the
multiwall case as in the single well it was only a symmetrically centered well in a rectangular
area. However, here we have 4 wells; considering the new Dietz Shape factor 17.7 for each

well.
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Figure 46: Dead Oil Multi-well Well #1 FMB, bpss is obtained as the Y-intercept of the straight

line
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Table 18: Dead Oil Multi-well Well #1, reservoir permeability using FMB approach.

bpss 0.0483 pSla/STB/D
Kh 44123.43 | mD.ft
k 269.0 | mD

The permeability estimated by the flowing material balance is over estimated and this might
be because of the neglecting of the skin effect.

Np
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Pi—P .. . 1 .
From bpss we get P, to plot LT vs — to get the Original Oil in place as Slope ° The first

values representing the transient period where they do not follow the straight line.

Welll #1 Oil Compressibility

3500 y =2.234E-08xg®
0
3000 i

0.00E+00 5.00E+10 1.00E+11 1.50E+11 2.00E+11
Np/co

Figure 47: Dead Oil Multi-well Well #1 Flowing Material Balance using Oil Compressibility

N1=44.8 MMSTB

Well #1 Total Compessibility

4000
® . I
o .
]
0.00E+00 5.00E+10 1.00E+11 1.50E+11 2.00E+11
Np/ct

Figure 48: Dead Oil Multi-well Well #1 Flowing Material Balance using Total Compressibility.
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N1=39.7 MMSTB

Again the early data representing the transient period do not follow the straight line of the
Pseudo Steady Sate.

Table 19: Dead Oil Multi-well OOIP comparison between the different approaches.

Again, the using of the total compressibility instead of the oil compressibility gives more
reliable and closer results to the ones obtained from the RTA. However, the usage of oil
compressibility in the multiwall model overestimates the oil in place which is opposite to
what happened with the single well model. See Appendix B for Well #2, #3, and #4 graphs.

Approach Well #1 | Well#2 | Well #3 | Well #4 | OOIP MMSTB
Numerical Simulation Model 162
RTA Model 157
Blasingame Type-curve 39.7 39.2 39.2 40.7 158.8
Fetkovich Type-curve 38.7 39.2 39.2 39.2 155.7
FMB total compressibility 39.7 40.0 40.0 40.2 159.9

From the results we see that the flowing material balance approach gives the best results
comparing the numerical simulation model estimation and proves its validation as a
production data analysis approach for estimating the Qil Originally in place without the need
to implement the conventional methods.

4.3. Dry Gas Single Well
4.3.1. Numerical Simulation Model

Some difference applied to the dry gas model from the dead oil model. These difference
were applied to be able to match the production data with the Ecrin Topaze model.

a) Changing in the dimension of the reservoir by changing the reservoir thickness from
50 mto ~ 24.4 m (164 ft to 80 ft)

b) Changing the reservoir permeability from 200mD to 50 md for the single well (and
30 mD for the multi well model).

c) Changing the time steps from exponentially increasing time steps into linear time
steps.

The first two changes were to be able to reduce the total cumulative gas production limit
provided with the model. The production cumulative was out of the range of the model.
Therefore, we wanted to reduce the production rate so that the total cumulative could be
reduced and matches the model built on Ecrin Topaze.

The time steps change was due to the convergence problem on Eclipse as the linear fine
time steps showed a good convergence with no errors.

The Numerical simulation model Original Gas in Place value is ~ 131 BSCF.
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4.3.2. Rate Transient Analysis Model
Model Matching

The match of the analytical model on Ecrin, Topaze showed that the reservoir has ~135
BSCF. For single well model, the analytical or the numerical model Ecri. Topaze will give the
same values. However, for multiwall model it is better to use the numerical model.
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Figure 49: Dry Gas Single Well Well #4 History Match. Rate, Cumulative production, flowing pressure and
model reservoir average pressure vs. Time.

Again from the log-log plot we confirm that the reservoir has reached the pseudo steady
state conditions when the integral and the integral derivative merge in a straight line with a
unit slope. This is also easily confirmed from the Fetkovich plot. And that is what we need to
confirm to be able to continue our further analysis using the flowing material balance as
well.
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Figure 50: Dry Gas Single Well Log-Log Plot Match.
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Figure 51: Dry Gas Single Well Model Blasingame Plot Match.
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Figure 52: Dry Gas Single Well Model Fetkovich Plot Match.
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Fetkovich Type-curves Match
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Figure 53: Dry Gas Single Well Fetkovich Type-curves Match.

The match of the production data on Fetkovich Type-curves showed an estimation of OGIP
as ~ 131 BSCF.
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Figure 54: Dry Gas Single Well Blasingame Type-curves Match.

Also the match of the production data on Blasingame Type-curves gave the same result as ~
131 BSCF which confirms the validation of the RTA as an approach for dry gas reservoir to
give an estimation of the OGIP.
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4.3.3. Flowing Material Balance

As we mentioned in the Methodology chapter that in our study we tried to provide the
different approaches stated in the literature with a comparison on the results of these
methods.

The main issue of the gas FMB is the change of gas properties with the production or with
pressure decline therefore the development of material balance time for gas has not only
solved the problem of the constant/variable flow rate but also it consider the gas properties
change in its function to be the material balance pseudo function for gas.

For gas Flowing material balance we have used 3 approaches that agree on the same
concept of assuming an initial value of G that would be used in the conventional gas material
balance to evaluate the static (reservoir average) pressure at the corresponding Pw and
therefore correlate the PVT data at these static pressure values. However, they only differ in
the final step of estimating the OGIP.

Gas Flowing Material Balance

m®)-m(pws) Vs

By calculating the pseudo material balance function, tca and plotting p teq to
sc
calculate the by;.
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L 80000000 __.c""
= 60000000 -®
£ .,-.
= 40000000
20000000
0
0 2000000 4000000 6000000 8000000 10000000
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Table 20: Dry Gas Single Well reservoir permeability using FMB approach.

Figure 55: Dry Gas Single Well FMB, by is obtained as the Y-intercept of the straight line

ba,pss 2215
kh 3402 | md.ft
k 43 | md

After getting by ;55 we calculate the m(Pavg) that would be transformed in Pavg to plot the
conventional P/z plot.
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P/Z Graph from FMB
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Figure 56: Dry Gas Single Well, Gas Flowing Material Balance, P/z Plot.

By solving this equation we get G ~ 131 BSCF.
Agarwal — Gardner Method

By plotting the normalized cumulative vs. the normalized rate we get the OGIP as an x-
intercept when the normalized rate is equal to zero. See Agarwal Type-curves Theory
Analysis. By solving the equation in Figure 57 we obtain G ~ 132.7 BSCF.
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Figure 57: Dry Gas Single Well, Agarwal Gardner Approach.

The new Material Balance function

This method requires a valid PVT as it highly overestimated the OGIP. The main aim of this
approach was to overcome the dominant effect of gas properties change with time by
introducing a new pseudo material balance function that is insensitive of the time step, but
is a function of the cumulative production.
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By Plotting this equation we get the x-intercept as G*Cy
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Figure 58: Dry Gas Single Well, Using The New Pseudo Material Balance Function.

G ~ 150 BSCF

(Mohammed & Enty, 2013) stated that for early dominated pseudo state flow the plot of Gp
or Gpn overlab showing the same behavior. However, for late dominated pseudo steady
state, the behavior changes due do the effect of viscosity-compressibility change as a
function of production and the cumulative production plot shows another line
overestimating the Original Gas in place. The use of Gpn function should give a one straight
line that gives G*Cti at the intercept. The usage of cumulative production plot is just helpful
for giving an initial estimation of G that would be used for iteration.

For our study using this approach we get an overestimated G ~ 150 BSCF. The over
estimation is due to the not perfectly representing PVT data. As the PVT data in this model
are all correlated using polynomial equations set from the PVT tables imported from Ecrin.

Table 21: Dry Gas Single Well OGIP comparison between the different approaches.

Approach | Numerical | Rate Transient Analysis Flowing Material balance
Simulation
Model Model | Fetkovich Blasingame | Gas | Agarwal | New
Match | Type- Type- FMB | Gardner | Material
curves curves Balance
function
G (BSCF) | 131 135 131 131 131 | 132.7 150
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From these results, we see that RTA and FMB show comparable results of OGIP. The only
overestimation is due to the lack of valid PVT data representing the production profile.

4.4. Dry Gas Multi Well
4.4.1. Numerical Simulation Model

The same OGIP for the single well mode as we only changed the permeability from 50mD to
30 mD. G~ 131 BSCF

4.4.2. Rate Transient Analysis Model

The numerical model built for the multi-well case gave the exact same value of OGIP
however; it does not perfectly match the cumulative production. The cumulative production
starts to deviate when the reservoir reaches the pseudo steady state conditions.

The Model gas a value of G ~ 131 BSCF.
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Figure 59: Dry Gas Multi-well Well #1, Production Flow Rate & cumulative production vs. Time.
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Figure 60: Dry Gas Multi-well Well #1 History Match. Rate, Cumulative production, flowing pressure and model
reservoir average pressure vs. Time.
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Figure 61: Dry Gas Multi-well Well #1 Log-Log Plot Match.
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Figure 63: Dry Gas Multi-well Well #1 Model Blasingame Plot Match.
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Figure 64: Dry Gas Multi-well Well #1 Fetkovich Type-curves Match.
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Figure 65: Dry Gas Multi-well Well #1 Blasingame Type-curves Match.

From Blasingame Type-curves match we obtain G1 ~33 BSCF

65



Mohamed Amr Aly
5236320

4.4.3. Flowing Material Balance

The FMB approaches are implemented for each well individually where the results obtained
represents the Gas originally in place in the drainage area covered by each well. To have the
total initial gas in place we sum the results of the 4 well for the same approach as in table
24,

The same procedure developed for the single well is performed for the multiwall model,
each well individually and the results are obtained in the figures below.

Gas Flowing Material Balance

Estimation of ba,pss

500000
450000 y=78.011x+3396.8 .
400000 Pt
350000 e I

300000 e

250000 o

200000 o

150000 P
100000

"1 4
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0

0 1000 2000 3000 4000 5000 6000 7000
Pseudo Material Balance time, tca

{m(pi)-m{pwf))/qsc)

Figure 66: Dry Gas Multi-well Well #1 FMB, b, is obtained as the Y-intercept of the straight line

Table 22: Dry Gas Multi-well Well #1, reservoir permeability using FMB approach.

ba,pss 3397
kh 2499 | md.ft
k 31 [ md
P/Z FMB
6000
5000
..‘,._ ______ o
4000 Bht ...
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L ]
X ®.0.q
= .“'O“m
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Figure 67: Dry Gas Multi-well Well #1, Gas Flowing Material Balance, P/z Plot.
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G1 ~ 30.2 BSCF
Agarwal — Gardner Method
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Figure 68: Dry Gas Multi-well Well #1, Agarwal Gardner Approach.
G1 ~ 32.3 BSCF
The New Material Balance Function
Normalized Pseudo Cumulative Production Function
140
120 °
c ‘
E 100 .,.__
£ e
80 o. o
% o '0-." °
S °
Q . [ ] @ Gpn
@ 40 * ® 9
= L ° ®Gp
20 |y = 2.863E-02x+1.251E+02 "0\
0
0 1000 2000 3000 4000 5000 6000 7000 8000

Gpn/Delta m(p)n, Gp/ Delta m(p)n

Figure 69: Dry Gas Multi-well Well #1 Using The New Pseudo Material Balance Function.

G1 ~ 34.8 BSCF

For Well #2, #3, #4. See Appendix C.
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Table 23: Dry Gas Multi-well OGIP comparison between the different approaches.
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Rate Transient Analysis

Flowing Material Balance

Numerical
Approach | Simulation . . New .
Model Model Fetkovich | Blasingame | Gas Agarwal- | Material
Type Type FMB Gardner | Balance
Curves Curves Function
Well #1 - - 32.6 33 30.2 32.3 34.8
Well #2 - - 321 32.8 30.5 325 34.9
Well #3 - - 32.7 32.4 30.5 32.6 34.9
Well #4 - - 32.7 325 30.8 32.8 35.1
G (BSCF) | 131 131 130.1 130.7 122 130 139.7
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Chapter 5 Conclusions

Production Analysis methods used in this study (RTA & FMB) demonstrated comparable
results of hydrocarbon initially in place and also reservoir characteristics (Permeability).

Dead 0Oil Single well

Rate Transient Model matching required fine exponentially increasing time steps to match
the transient period and the analytical model underestimated the Qil Originally in place with
only 3% comparing the value obtained from the numerical simulation model. For the
permeability, the production data matched the model represented approximately the same
permeability used in developing the synthetic data by Eclipse. Both models assumed no skin
around the wellbore.

The results obtained by both Fetkovich Type-curves were approximately the same as the
numerical simulation model with 1% underestimation of both the oil in place and the
permeability. Blasingame Type-curves perfectly matched the OOIP value but overestimated
the permeability with ~ 10%.

For Flowing Material Balance, the approaches used showed that replacing the oil
compressibility in the material balance equation for oil used by (Mattar & Anderson,
Dynamic Material Balance(Oil or Gas-In-Place Without Shut-In), 2005) with total
compressibility would give better results as using oil compressibility underestimated the oil
originally in-place with~ 10% error. However, using total compressibility would
underestimate OOIP by only 2 %.

Dead Oil Multi-well

Although all values obtained by the different approaches were underestimating the OOIP in
the multi-well model as the values obtained from the production data analysis of each well
were representing the drainage area covered by each well, the underestimation did not
exceed 3% of the OOIP (except for FMB using Oil compressibility that overestimated the
0OO0IP) which confirms the validation of the approaches used in estimating the OOIP.

Flowing Material Balance for Dead Oil overestimated the permeability obtained by the
analysis of the production data assuming no skin around the wellbore.

This confirms that obtaining PVT representing the production data would generally improve
the quality of estimation for oil PVT were considered constant over the production profile
and a small change in the data used would highly affect the results on both OOIP and
permeability.

Dry Gas Single Well

The Production Analysis approaches used in our study confirm its validation for not only
estimating the OGIP but also for reservoir characteristics evaluation (Permeability). The
different approaches for Dry Gas Single Model demonstrated a high quality of estimating the
OGIP with +3% comparing with the numerical simulation model (131 BSCF, 50 mD).

RTA analytical model match overestimated the OGIP by ~ 4 BSCF. Permeability estimation
was 48 mD. Fetkovich and Blasingame Type-curves perfectly matched the OGIP value as
both gave G as 131 BSCF. Blasingame type-curves match gave a permeability of 50 mD.
However, Fetkovich type-curves match with a permeability of 47 mD.
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Flowing Material Balance approaches used in this study strongly confirmed its validation as
the new method of estimating OGIP using production data. The newly introduced iterative
method gave comparable results from the second iterative step.

For Gas FMB and Agarwal — Gardner approaches, both required to iterate the assumed value
of G in two steps to reach the representing value of G for the single well model. However,
the results did not confirm what demonstrated in study of (Ismadi, Kabir, & Hasan, 2012)
based on comparing the two approaches. They showed that Agarwal — Gardner approach
should give more accurate results than the Gas FMB approach as evaluating the average
pressure in the first approach (Agarwal — Gardner) depends on the conventional MBE.
However in the later (Gas FMB), the evaluation uses the fluid flow equation after estimating
the pseudo-steady state constant bps. In our study, we observed that Gas FMB perfectly
gave the OGIP value estimated by the numerical simulation model and Agarwal — Gardner
method overestimated the value. Nevertheless, the difference is less than 1 % of the
numerical simulation model.

On the other hand, using the new material balance function introduced by (Mohammed &
Enty, 2013) and was confirmed later by (Molokwu & Onyekonwu, 2016) highly
overestimated the OGIP value.

The reason of this unexpected overestimation could be due to the quality of the PVT data
generated for this approach. The calculation of the normalized pseudo cumulative function
depends on the viscosity compressibility ratio values at the representing cumulative
production values. This is developed by fitting a polynomial equation that showed a
considerable error that could be clearly seen in Figure 29 as the first value of the viscosity
compressibility should be equal to 1. This error because of the consecutive usage of
polynomial equations of for generating compressibility and viscosity values from the PVT
data imported from Ecrin.

Dry Gas Multi-Well

The match of the numerical model of RTA on Topaze, Fetkovich type-curve and Blasingame
type-curves gave the value of Gas in place in the drainage areas covered by the wells and the
summation of these values gave a strong agreement with the OGIP value estimated by the
numerical simulation model.

For Flowing Material Balance approaches, the contrary of what was experienced in the
single well model happened. The Agarwal — Gardner approach showed its validation for
estimating OGIP over the FMB approach using material balance time. Although the
normalized pseudo cumulative function showed its equivalence with the material balance
time function or it is even better as it is not sensitive to the time step and the gas properties
change is considered as a function of the cumulative production, not as a function of time,
the application of the new material balance approach using the normalized pseudo
cumulative function still overestimated the OGIP and again this is a result of the PVT data.

To sum up, Production Data Analysis approaches could give reliable results for the
estimation of the initial hydrocarbon in place and the reservoir characteristics. Flowing
Material Balance is a valid approach for estimating the Original Hydrocarbon in Place. PVT
data surveillance during production is crucial for production analysis in general and for FMB
in specific.
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Appendix A

Fluid Flow Equations in Porous medium for different flow regimes (DIATI, 2018)

In this part we develop the derivation of the fluid flow equations that would be further used
in the FMB approaches.

We start from the solution to the diffusivity equation. The diffusivity equation is a
differential equation obtained by combining continuity equation that governs the
conservation of mass, flaw law and state equations. It's a Partial differential equation that
describes the change of the pressure in space in time in the reservoir.

Assuming Monophasic flow of a slightly compressible fluid (Liquid) through a homogeneous
and Isotropic porous medium, pressure gradients are small and Darcy's law applies we
reach:

Vzp — /"Knbct a_p_ la_p

T = — T Equation A-1
n
Where 7 is defined as Diffusivity constant
k
n= ud)c Equation A-2
t
Developing the equation for radial flow we reach:
e Steady State Flow
2
a_p la_p =0 Equation A-3
or? ror
9 _
Defining the initial and boundary conditions: { at 0 vr,vt
p =p; =const. r=r,
Solving the diffusivity equation we get MUSKAT Equation where
2mkh p; —pw
q= T, Equation A-4
H 11’15
which also can be written as:
qu Te .
Pwr = Di — S kh o Equation A-5
w
Introducing the skin factor we reach
7,
Pwr =Di — % In (r_e + 5) Equation A-6
w
Knowing that this in the Sl units we can get this equation in Qil-field units as:
141.27gB 7,
Pwr =Di — —khq s In (r_e + S) Equation A-7
w
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Where,
p (psi)
q (STB/d)
p (cP)
K (mD)
h (ft)
re, rw (ft)
B (bbl/STB), S(-)
e Transient Flow
2
a_p + la_p = 'ud)ct a_p Equation A-8
or? ror k ot
t=o0,p=p; vr
Initial and boundary conditions: p=p; T=1, Constant Terminal Rate
t>0 {Z—f = constant r="Ty
Solving the diffusivity equation we reach
_ Ak (T .
p(r,, t) = p; > kh P (r ,tD> Equation A-9

w

Before we proceed, we would like to define what is called dimensionless variables.
Dimensionless Variables have been used in well testing to solve the unsteady-state flow
equation and to simply the diffusivity equation and its solution. Hence, reduce the number
of unknowns by combining the reservoir parameters (Such as permeability, Porosity).
(Ahmed, 2010)

«* Dimensionless Pressure Variable Pp:

Pp = 2mkh Ap Equation A-10
qp
In the oil field units:
P, = kh Ap = 0.007082 kh Ap Equation A-11
141.27qB u qBu
++ Dimensionless Time Variable tp:
tp = L = L Equation A-12
te  MpCRE
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Where t. is the characteristic time:

2
. = ety Equation A-13

k

In the oil field units:

. __t _ 00002637 kt
PO e

Equation A-14

+» Dimensionless Outer Boundary Radius Variable rep:

Te
Tep = — Equation A-15
w
«» Dimensionless Radius Variable rp:
re
Yep = — Equation A-16
7"W

Back to the solution of the diffusivity equation, the solution of the term P (TL,tD) was

w

P(Loty)= 2 r’ Equation A-17
P = ——Ff. - uation A-
ry, P 270\ 4nt a

found in literature as:

Where, r2
‘< kt

M(pctrMZI Equation A-18
4 nt )

4
) =In (e_VtD) =1n(2.25¢tp) =1In (2.25—

Wherey = 0.57721 is defined as Euler's Constant

1 CeTia
Therefore, p (y, t) =p; — 3 ?rll:h <—Eln <2.25 Mbk% >> Equation A-19

qu kt qu ‘
p (hy,t) =p; — mln (2-25W) =D~ o In(2.25tp) Equation A-20
t'w

Introducing the skin factor

qu kt _
p (b, t) =p; — mln (2.25 e + 25) Equation A-21
p (1, t) =p; — il In(2.25t, + 25) Equation A-22
w ' 4mkh
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In the Qil-Field Units

(T, t) 7064981, (2 25 ke +25> Equation A-23
= i - .4 . t -
p (w, bi h n berl quation
70.64q B u .
p (rw,t) =p; — Tln(Z.ZStD +25) Equation A-24

e Pseudo-Steady State Flow

d’p 10p _ ugc, dp

+ - = — Equation A-25
or2  ror k ot

I{t:O'p:pi r=re

dt

v _

Initial and boundary conditions: P = const Vr
t>0
=0 r=r,

or

A Pseudo-Steady State condition is reached when all boundaries of the reservoir is touched
and the reservoir is acting as enclosed system where the pressure starts to drop with the
same rate at each point in the reservoir.

From the flow equation of the transient flow, we can define the time to reach the pseudo-
steady state (Stabilization time) as:

1 ugpcrd

t. = —— Equation A-26
S 225 k

However, the reservoir boundaries rarely take a regular shape and therefore the well is
probably asymmetrically located in a bounded, irregularly shaped drainage area which
makes the flow equations we have developed in a porous medium are no longer valid
because of the additional pressure drop of due to the reflection of the pressure disturbances
on the boundaries.

Applying the superposition in space and assuming a linear boundary we get:

qu (1 d
p (TW, t) =p; — m Eln(ZZStD) + P (r—, tD) Equation A-27

w

As d is the distance between the well and the boundary at which the pressure disturbance

will reflect. Therefore,
P (d t ) 1E d* Equation A-28
— = —=FE|——— uation A-
T D 2°'\ 4nt a
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However, the well could be affected by the reflections of infinite number of boundaries each
according to the distance from the well and therefore:

qu N djz .
p (hy,t) =p; — Tkl In 2.25t, — Zl E; _W Equation A-29
]:

To solve this newly introduced term we introduce another dimensionless variable.
Dimensionless time Variable with respect to the drainage are tpa:

A kt _trmz,
Pa= g 0y

Equation A-30

In addition (Matthews, Brons, Hazeborek) introduced a function called MBH or F function
Time
that depends on {Shape of the Drainage area that will be used to solve this term where:
Well Location

d?
F=4mtp, + Z E; (— ﬁ) Equation A-31

This gives us the general flow equation that is also used in late transient flow to address the
influence of the boundaries of the drainage as:

qu

Takh [In 2.25tp +4mwtp, — F | Equation A-32
T

p (. t) =p; —
When Pseudo-Steady State (PSS) it's found that F function stabilizes and becomes linear
F=InCytp, Equation A-33

Where Cais defined as Dietz Shape Factor that depends on the shape of the drainage are and
on the well location within it.

qu

Tkh [In 2.25tp +4mtpy —F | Equation A-34

p (. t) =p; —

p (b, t) =p; — % [In 2.25tp +4mwtpy — InCytps |  Equation A-35

A
[ln 2.25 m +4mtpy Equation A-36

qu
4 wkh

p (. t) =p; —

In the meanwhile, if the reservoir conditions reached PSS this means that depletion started
to occur. Depletion energy is completely driven by the compressibility of the fluid in the
pores of the reservoir roc and from the definition of the compressibility:

1AV

cC=—— Equation A-37
V AP
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We reach:

Knowing that

Therefore,

__qt
pi p_cAhc,b
qu u_, kt
4 tkh 4 tkh upc,A  cAhg

p (hy,t) =p; — 4 Tokh [l 2.25 CATv121+4ntDA ]
i T |1 225 7]
=p. — In 2.2
PGt =Pi= o 4 kh S T2
p(n,t) =p 1K [ln 2.25 ]
w 4 wkh CATW
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Equation A-38

Equation A-39

Equation A-40

Equation A-41

Equation A-42

This equation represents the fluid flow equation in a porous medium in PSS conditions.

p The average reservoir pressure which is really important for the material balance
calculations, can be obtained, using the FMB, combining this equation with the depletion

equation

__q
bi p_cAh¢

Equation A-43

For a well symmetrically centered in a circular drainage area Ca is found equal to 31.6. By
substituting and also by putting A = ©r,? we reach:

p(r,t)=p— il In 2.25 i Equation A-44
4 wkh 31.6 12
2
p(h,,t)=p— ﬂ 1 0. 2236— Equation A-45
W 2 mkh r2
_ qu Te
=p- In 0.476 — ion A-
p(y,t) =p > kh [ n0.476 " Equation A-46
3
p (1, t) = ~ 3 a Zh In E ~7 ] Equation A-47
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This is the liquid flow equation in a porous medium in a PSS conditions for an asymmetrically
centered well in a circular drainage area.
Liquid Flow Equations:

1) General equation: This equation is used in late transient conditions.

o Uo
4 wkh

Pwr =Di — [In 2.25tp +4mwtpy — F + 25 ] Equation A-48

2) Early Transient conditions (where no boundary is felt) and in RTA is called Infinite
Acting Radial Flow

Pwr = Pi — %IH(Z.ZSQ +2S5) Equation A-49
3) Pseudo-Steady State Conditions:
_ ol .
Pwr =D — 4 kh [ln 2.25 CATMZI] Equation A-50

Gas Flow Equations:
Instead of derivation all equations again for the gas, we use the dimensionless terms.

Recall the dimensionless pressure variable Equation A-10:

qu
2mwkh

Ap = Py =p; —p(y, t) Equation A-51

Therefore we could express the dimensionless pressure variable according to the flow
regime

%+ General Equation (Always Valid)
1 .
pPp = 3 [In 2.25tp + 4 mwtp, — F] Equation A-52
«» Early Transient Conditions
1 .
Py = E ]n(2_25tD ) Equation A-53

%+ Pseudo-Steady State Conditions
A

2
CA Tw

1
Pr=7 [ln 2.25 +4mip, ] Equation A-54

+* Pseudo Steady State conditions (Well symmetrically centered in a circular drainage
area)

3
Pp = 2mtpy + [ln Te _ Z] Equation A-55

Tw
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This found in literature expressed as:
2tp 3
Pp = —=+ In(rep) —— Equation A-56
%) 4

Using these equations gives the same equations with only two changes:

e The Pseudo Pressure Function instead of the Pressure to account for the change of
compressibility factor Z and viscosity of the gas with the change of pressure.

In literature, the pseudo-pressure function could be found expressed as:

p
m(p) = Zf ﬁdp Equation A-57
po ZH
[
e The proportionality in the dimensionless parameters equation
For Liquid Flow equation we found in Equation A-10

o qu
T 2nkh Pp

However, for gas flow equations with introducing the pseudo pressure function to have the
rigorous solution of the diffusivity equation, it is found that:

q, T (P, _
Am(p) = ﬂz(h (ﬁ) Pp Equation A-58

1) General equation: This equation is used in late transient conditions.

T (P
m(pwf) =m(p;) — Zfrgk " (i) [In 2.25tp +4mtpy — F + 25 ] Equation A-59

2) Early Transient conditions (where no boundary is felt) and in RTA is called Infinite
Acting Radial Flow

qq T (P :
m(ow ) =m(p;) — ank . (i) In(2.25tp + 2S) Equation A-60

3) Pseudo-Steady State Conditions:

D~ () [n 225 | e
= - —_ . E A-61
m(ow) m(p) TTTAYS In 2.25 s quation
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Appendix B
Well #2
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Production history plot (Liquid rate [STB/D], Pressure [psia] vs Time [hr])

Figure 70: Dead Oil Multi-well Well #2 History Match. Rate, Cumulative production, flowing pressure and
model reservoir average pressure vs. Time.
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Figure 71: Dead Oil Multi-well Well #2 Log-Log Plot Match.
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Blasingame plot: q/q_ref/(pi-p), Int[q/q_ref/(pi-p)]/te and d[Int[q/q_ref/(pi-p)])/te]/dinte [[psi]-1] vs te [hr]

Figure 72: Dead Oil Multi-well Well #2 Model Blasingame Plot Match.
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Figure 73: Dead Oil Multi-well Well #2 Model Fetkovich Plot Match.
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Fetkovich Type-curves Match
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Fetkovich type curve plot: gDd and QDd vs tDd

Figure 74: Dead Oil Multi-well Well #2 Fetkovich Type-curves Match.

From Fetkovich Type-curves match we obtain the OOIP in the drainage area of each well. For
well #2 we obtain ~ 39.2 MMSTB

Blasingame Type-curves

— Re/wa=4
Re/wa=12
~ Re/wa=28
Re/wa=80
Re/wa=160

Re/wa=800
= Re/ma=277254
Re/wa=10000
= qDd
+ qDdi
+4 qDdid
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Nota unit

0.1

1E-4 1E-3 0.01 01 1 10 100
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Blasingame type curve plot: qDd, qDdi and gDdid vs tDd

Figure 75: Dead Oil Multi-well Well #2 Blasingame Type-curves Match.

The match of the Blasingame type-curve give an estimation of the OOIP stored in the
drainage area covered by each well. For Well #2 it gives ~ 39.2 MMSTB
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Flowing Material Balance

(Pi-Pwf)/qo, (psia/STB/D)
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Figure 76: Dead Oil Multi-well Well #2 FMB, bpss is obtained as the Y-intercept of the straight

line.

Table 24: Dead Oil Multi-well Well #2, reservoir permeability using FMB approach.

bpss 0.0483 pSla/STB/D
Kh 44123.43 | mD.ft
k 269.0 | mD

The permeability estimated by the flowing material balance is over estimated and this might

be because of the neglecting of the skin effect.

Pi-P N .. - 1 .
From bpss we get P, to plot lT 'S Tp to get the Original Qil in place as Slope The first

values representing the transient period where they do not follow the straight line.
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Figure 77: Dead Oil Multi-well Well #2 Flowing Material Balance using Oil Compressibility
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Figure 78: Dead Oil Multi-well Well #2 Flowing Material Balance using Total Compressibility

N2=40.0 MMSTB

5236320

The early data representing the transient period do not follow the straight line of the Pseudo

Steady Sate.
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Production history plot (Liquid rate [STB/D], Pressure [psia] vs Time [hr])

Figure 79: Dead Oil Multi-well Well #3 History Match. Rate, Cumulative production, flowing pressure and

model reservoir average pressure vs. Time.
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Figure 80: Dead Oil Multi-well Well #3 Log-Log Plot Match.
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Figure 81: Dead Oil Multi-well Well #3 Model Blasingame Plot Match.
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Figure 82: Dead Oil Multi-well Well #3 Model Fetkovich Plot Match.
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Fetkovich Type-curves Match
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Fetkovich type curve plot: gDd and QDd vs tDd

Figure 83: Dead Oil Multi-well Well #3 Fetkovich Type-curves Match.

From Fetkovich Type-curves match we obtain the OOIP in the drainage area of each well. For
well #3 we obtain ~ 39.2 MMSTB

Blasingame Type-curves

~  Re/wa=4
Re/wa=12
~ Re/ma=28
Re/wa=80
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Blasingame type curve plot: qDd, qDdi and gDdid vs tDd

Figure 84: Dead Oil Multi-well Well #3 Blasingame Type-curves Match.

The match of the Blasingame type-curve give an estimation of the OOIP stored in the
drainage area covered by each well. For Well #3 it gives ~ 39.2 MMSTB
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Flowing Material Balance

Estimation of bpss
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Figure 85: Dead Oil Multi-well Well #3 Well FMB, b is obtained as the Y-intercept of the straight line

Table 25: Dead Oil Multi-well Well #3, reservoir permeability using FMB approach.

bpss 0.0483 pSla/STB/D
Kh 44123.43 | mD.ft
k 269.0 | mD

The permeability estimated by the flowing material balance is over estimated and this might
be because of the neglecting of the skin effect.

Pi-P N .. - 1 .
From bpss we get P, to plot lT 'S Tp to get the Original Qil in place as Slope The first

values representing the transient period where they do not follow the straight line.

Welll #3 Oil Compressibility
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Figure 86: Dead Oil Multi-well Well #3 Flowing Material Balance using Oil Compressibility

N3=45.0 MMSTB
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Well #3 Total Compessibility
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Figure 87: Dead Oil Multi-well Well #3 Flowing Material Balance using Total Compressibility.

N3 =40.0 MMSTB

The early data representing the transient period do not follow the straight line of the Pseudo
Steady Sate.
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Figure 88: Dead Oil Multi-well Well #4 History Match. Rate, Cumulative production, flowing pressure and
model reservoir average pressure vs. Time.
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Figure 89: Dead Oil Multi-well Well #4 Log-Log Plot Match.
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Figure 90: Dead Oil Multi-well Well #4 Model Blasingame Plot Match.
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Figure 91: Dead Oil Multi-well Well #4 Well Model Fetkovich Plot Match.
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Fetkovich Type-curves Match
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Figure 92: Dead Oil Multi-well Well #4 Fetkovich Type-curves Match.

From Fetkovich Type-curves match we obtain the OOIP in the drainage area of each well. For
well #3 we obtain ~ 39.2 MMSTB

Blasingame Type-curves
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Blasingame type curve plot: qDd, qDdi and gDdid vs tDd

Figure 93: Dead Oil Multi-well Well #4 Blasingame Type-curves Match.

The match of the Blasingame type-curve give an estimation of the OOIP stored in the
drainage area covered by each well. For Well #3 it gives ~ 40.7 MMSTB
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Figure 94: Dead Oil Multi-well Well #4 FMB, b, is obtained as the Y-intercept of the straight line.

Table 26: Dead Oil Multi-well Well #4, reservoir permeability using FMB approach.

bpss 0.0482 pSla/STB/D
Kh 44214.98 | mD.ft
k 269.6 | mD

The permeability estimated by the flowing material balance is over estimated and this might
be because of the neglecting of the skin effect.

From bpss we get P,y to plot ? 'S % to get the Original Qil in place as ﬁ . The first

values representing the transient period where they do not follow the straight line.
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Figure 95: Dead Oil Multi-well Well #4 Flowing Material Balance using Oil Compressibility.
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N4=45.35 MMSTB
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Figure 96: Dead Oil Multi-well Well #4 Flowing Material Balance using Total Compressibility.

N4 =40.2 MMSTB

The early data representing the transient period do not follow the straight line of the Pseudo
Steady Sate.
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Appendix C
Dry Gas Multi-Well Results
Well #2
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Figure 97: Dry Gas Multi-well Well #2 History Match. Rate, Cumulative production, flowing pressure and model
reservoir average pressure vs. Time.
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Figure 98: Dry Gas Multi-well Well #2 Log-Log Plot Match.
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Figure 99: Dry Gas Multi-well Well #2 Model Fetkovich Plot Match.
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Figure 100: Dry Gas Multi-well Well #2 Model Blasingame Plot Match.
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Fetkovich Type-curves
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Figure 101: Dry Gas Multi-well Well #2 Fetkovich Type-curves Match.

G2~ 32.1 BSCF

Blasingame Type-curves
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Blasingame type curve plot: qDd, qDdi and gDdid vs tDd

Figure 102: Dry Gas Multi-well Well #2 Blasingame Type-curves Match.

From Blasingame Type-curves match we obtain G2 ~32.8 BSCF
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Figure 103: Dry Gas Multi-well Well #2 FMB, bpss is obtained as the Y-intercept of the straight line
Table 27: Dry Gas Multi-well Well #2, reservoir permeability using FMB approach.
B‘a,pss 3372
kh 2518 | md.ft
k 31 | md
P/Z FMB
6000
5000
L
®...... ®-........ °
4000 [ T °...
9.9
T 3000 ®0eee
2000 y =-1.520E-01x +4.849E+03 -
1000
0
0 2000 4000 6000 8000 10000 12000 14000 16000 18000

Gp

Figure 104: Dry Gas Multi-well Well #2, Gas Flowing Material Balance, P/z Plot.

G2 ~ 30.5 BSCF
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Figure 105: Dry Gas Multi-well Well #2, Agarwal Gardner Approach.

G2 ~ 32.5BSCF

New Material Balance Time

Normalized Pseudo Cumulative Production Function
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Figure 106: Dry Gas Multi-well Well #2 Using The New Pseudo Material Balance Function.

G2 ~ 34.9 BSCF
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Figure 107: Dry Gas Multi-well Well #3 History Match. Rate, Cumulative production, flowing pressure and
model reservoir average pressure vs. Time.
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Figure 108: Dry Gas Multi-well Well #3 Log-Log Plot Match.
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Figure 109: Dry Gas Multi-well Well #3 Model Fetkovich Plot Match.
: - :
- + Plint. -
1E3 E ++ Pl Int. Derivative -
E I I H
E del Option  Numerical, Other Wells Included, Material Balance E
1E-4 ¢ Ty =
3 ESE ™ i
5 E / \'\\ :
3 F z
8 1E7 ; 1 H
E . :
b 4500 psia \\
2400 md.ft
1E-8 E 30 md H
F 28300 [hr-1 z
[ 8.23E4 [psi2/ cp)-1 .
Ab. rate (qa) O Mscf/D
1E-9 E Ab.time (ta) N H
E Q(ta) N/A Z
1E-5 1E-4 1E-3 0.01 0.1 1 10 100 1000 10000 1E+5 1E+6 1E+7

Time [hr]

Blasingame plot: g/q_ref/(m(pi)-m(p)), Intla/q_ref/(m(pi)-m(p))J/te and d[Int[q/q_ref/(m(pi)-m(p))//tel/dInte [[psi2/cp]-1] vs te [hr]

Figure 110: Dry Gas Multi-well Well #3 Model Blasingame Plot Match.
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Figure 111: Dry Gas Multi-well Well #3 Fetkovich Type-curves Match.

G3 ~ 32.7 BSCF
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Blasingame type curve plot: qDd, qDdi and gDdid vs tDd

Figure 112: Dry Gas Multi-well Well #3 Blasingame Type-curves Match.

From Blasingame Type-curves match we obtain G3 ~32.4 BSCF
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Figure 113: Dry Gas Multi-well Well #3 FMB, by is obtained as the Y-intercept of the straight line

Table 28: Dry Gas Multi-well Well #3, reservoir permeability using FMB approach.
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Figure 114: Dry Gas Multi-well Well #3, Gas Flowing Material Balance, P/z Plot.

G3 ~ 30.5 BSCF
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Figure 115: Dry Gas Multi-well Well #3, Agarwal Gardner Approach.

G3 ~ 32.6 BSCF
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Figure 116: Dry Gas Multi-well Well #3 Using The New Pseudo Material Balance Function.

G2 ~ 34.9 BSCF
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Production history plot (Gas rate [Mscf/D], Pressure [psia] vs Time [hr])

Figure 117: Dry Gas Multi-well Well #4 History Match. Rate, Cumulative production, flowing pressure and
model reservoir average pressure vs. Time.
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Figure 118: Dry Gas Multi-well Well #4 Log-Log Plot Match.
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Figure 119: Dry Gas Multi-well Well #4 Model Fetkovich Plot Match.
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Figure 120: Dry Gas Multi-well Well #4 Model Blasingame Plot Match.
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Figure 121: Dry Gas Multi-well Well #4 Fetkovich Type-curves Match.

G4 ~ 32.7 BSCF
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Figure 122: Dry Gas Multi-well Well #4 Blasingame Type-curves Match.

From Blasingame Type-curves match we obtain G4 ~32.5 BSCF

109



Mohamed Amr Aly

5236320
Flowing Material Balance
Gas Flowing Material Balance
Estimation of ba,pss
500000
450000 y=77.324x+3347.2 .,,---"'
= 400000 _.
]
5 350000 e
= i
% 300000 e
2 250000 o
£ 200000 e
S 150000 P ok
£ 100000 v L
50000 /'..
0
0 1000 2000 3000 4000 5000 6000 7000
Pseudo Material Balance time, tca
Figure 123: Dry Gas Multi-well Well #4 FMB, b, is obtained as the Y-intercept of the straight line
Table 29: Dry Gas Multi-well Well #4, reservoir permeability using FMB approach.
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Figure 124: Dry Gas Multi-well Well #4, Gas Flowing Material Balance, P/z Plot.

G4 ~ 30.8 BSCF
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Figure 125: Dry Gas Multi-well Well #4, Agarwal Gardner Approach.

New Material Balance Time

G4 ~ 32.8 BSCF
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Figure 126: Dry Gas Multi-well Well #4 Using The New Pseudo Material Balance Function.

G4~ 35.1 BSCF
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