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Typically, oil reservoirs in Pattani Basin in the Gulf of Thailand are highly faulted,
relatively small compared to other reservoirs elsewhere, and most of the time they are multiple and
stacked. In order to make the marginal reservoirs economically attractive, there is limited
development option and almost by default the slim monobore compltiation is selected to justify the
small reserves. Basically, this monobore completion allows one siﬁgle well to accommodate as
many hydrocarbon zones as possible. Most of the time, all zones 1are perforated and produced
commingledly. It is generally observed that natural flow periods %)f these small reservoirs are
short. In some cases, these monobore oil wells can be completed yvith conventional gas lift to
extend its production or increase recovery factor. However, in some cases, both capital and
operating costs of gas lift have a great impact on these economicalfy burdened fields, especially
the offshore environment. As a result, it is not always economic to‘ drill and complete oil wells
with conventional gas lift and many monobore oil wells are completed without gas lift for
economic reason. Therefore, the gas zones in these monobore oil wells without gas lift become
very important because these gas zones, if managed properly, can pr&vide additional in-situ gas to
increase or optimize the well’s GLR; thus increased oil production rate or reserve recovery factor.

This thesis is to study some pre-determined variables that éffect the oil recovery factor
using the in-situ gas lift technique in the monobore oil wells with commingled production and
compared to the monobore oil wells with the conventional gas lift.

It can be concluded that the recovery factor of oil wells using the in-situ gas lift is very
comparable to that of the oil wells with conventional gas lift. The higher recovery factor can be
achieved from having the deeper or the thicker in-situ gas zone or the time-lapsed perforation

schedule of the in-situ gas zone; however, this is not always true for increasing permeability.

Department: Mining and Petroleum Engineering Student’s Signature... C&‘l” L o O
Field of Study: Petréleum Engineering........... Advisor’s Signature..;.Z’.‘:".’./?t . A ctanegarr

Academic Year......... 2000 5.......... ... o s



vi

ACKNOWLEDGEMENTS

I would like to extend my gratitude to my thesis advisor, Assistant Professor Dr.
Suwat Athichanagorn, who has been very supportive and patient, always giving valuable
feedback, helping me cross hurdles throughout the research. This thesis would not be
possible to get done in timeliness without him.

I would like to express my appreciation to my bosses; Mr. Mike Haas, Mr.
Thanairat Anantachote, and Mr. Richard Dolan, for all of their great support. Also thanks
to my colleagues for their knowledge as reference to complete this research.

I am very thankful to Chevron Thailand E&P Limited for the scholarship.

I really treasure my family that endures me; no word can express my gratefulness.



CONTENTS

Page
Abstract (1) THai).. (35 ontts saieenes o5 oo abuaiassdss s.onsoeo@iiin s Vups esmupngs or e sbunbnss iii
Abtract (ENGHSh). . il c il vosbimenmosnsss o vocliiins o+ oo s sveecunsbiiins s o Sonvos Gonsis vssoirsh v
ACKNOWIEABEIMBIERE . i wvvvs o« o o bmunieatin s s Hosemins 58  SEERBSERE S SRS +.5:65i0.56.5:00 sl b o o adar ook vi
U)o T S R A TR T S—— . et T N vii
By I et S T S . % e O X
LaSE Of Fionres, B oxeoes o s ve s smmmmin s s b s B0, o oo xnonillem O e s oursnss o st 55 v xi
b f77 ol g T S T ot S, T S e XV
Chapter
I INErOdRCHON . « «oocvemnnshn ompnsameVom s soseonns vs suneRsiwisisns s PRI 565 ¢ ¢ & 65 s Spsiliowiansn 1
II Literatuke Rewiemwe. .ccoee ..« daaviali.ono - Spslve s Wssmame ve smnivsinasdis dhsssses dinsy 8
111 ReIB1El THRORIES. ...o. v avvnumvns bermnnssisvnn s sissnnnsmsn bnmsmmss wxsss s ssiipaains sl ERmo e 12
33l Ngtal Ang Vet S ... .. e . R 12
3.1.1 Inflow Performance Relationship (IPR).............................. 14
3.1 2 ProduChvity IRElEK. - covcs s o5 5 s ispai@ill h « aodBoncn.r ol Bl eacncimn o o e 15
3.1.3 Key Variables that Affect IPR....................oooiiiiiiiiinn. . 17
3.1.4 Tubing Performance Relationship (TPR) ............................. 19
3.1.5 Key Variables that Affect TPR................ccooiiiiiiiinnn.. 21
3:1.6 INERIBA] PO 0 cms sitamions <o munsonth s s b sk Bas mbsisins » v s« § s 2dubisiociis 23
3.2 Material Balafite:.. ... Suadentk . . . . cleeraly : » ; yssuab@en ek v ymesemss o1s 11 § v 24
3.2.1 Expansion of Oil and Originally Dissolved Gas..................... 25
3.2.2 Expansion of Gas-cap Gas...........cccevviiiiiniiiiiiiiiinienenenns. 26
3.2.3 Change in HCPV due to Connate Water Expansion and
Pore Yoluihie REAUCHIGIL.. . ... ..cdlial. ... i, oy5 wemetiis s o 12 97 26

324" Dnderground WENABEVAL...05 05 1 5 cuvmns mnsmnensnminss 82818 5 sa33 55 27



viil

Page
Chapter
3.2.5 The Material Balance Expressed as a Linear Equation ............ 28
3.3 Resevoir Drive MechaniSmsr .. .. oo o iia s - S eon s gos se nmomsimmis o « s 60 8 29
335 SOl GEaS T IVE . BB - e s St il = W » +5 A sl B o 30
8.38 JGas Cap D o e v ot s mmielncnc i 32
333 WalRrIDEIVOU. | &5 Tt vosas s oo sBismmns o 5 55 nmumations 24 - 54 ampbi s soos gusasnned 34
35,4 GrasilyvPrainage.... %, e . WA ... B 36
155 pEombination Drive S0 b Yeeal. . .. « : - ik oneiits 008 2 o Gl 36
2.4 Gas Lilt Theo@ ... 0. .« -ttt . K. ... BTN . . il « o e 37
5.1 Cottititusms Gas TRIE. . . .o B« 5 oo 00w i« susssolbe b essliingse=si I
3.4 2 S ntermiliChl Gas e ............ o S et ... Sa . 41
3 T T ity Gl e L S e o ir as vl s s + « oudlins 41
v Moiel Set UP. ... -sasasivcscoveves Sl vt oo o s oombubeesis oo s sgiswesoaszlhghsensin 43
4.1 Introduction to Integrated Production Model (IPM) Toolkit................ 43
4.2  Base Case Well Model DISBUSSION. « §15 o can vown o i i msisinsiss s » 455 awsmses s & 558 46
4.3 Conventional Gas Lift Operation Practice..................coviiiiiiniin. 53
4.4 Favorable-Gas to Liguid Ratio (GLR): . i cosssmmegens s sasssmmns v o 4 s somssns 35
4.5  Tank MoOdel {MBALY..covic. .. iormuccmmnsss smmsvmmmnes s s s smvamnnes ssso s saons 58
\4 Résults and DiSCUSSION: . cvusnsmsnss sssssrs sasmsmusmnsss ssuummnmunnnsss ss sessonenanansssss 60
5.1 Base Case Results ... couevoneoronmmmmenon oo o o sommmamusne s s s sasmmsene oo sssnnn 60
5.2 Impact of Perforation Schedule of In-situ Gas Zone on Oil Recovery

FaCtOT. o 62
5.2.1 In-situ Gas Zone @ 5500° TVD.....ccociiiiiiiiieiieniininneneeeninne 62
5.2.2 In-situ Gas Zone @ 6500’ TVD......ccoiiiiiiiiiiiiiiiiiiiie e 63

5.2.3 In-situ Gas Zone @ 7500° TVD.....coooiiiiiiiiiiiiiiiiie e 64



X
Page
Chapter

5.3 Impact of Depths of In-situ Gas Zone on Oil Recovery Factor............. 65

5.3.1 In-situ Gas Zone with 15-ft Thickness............oovvvviiieinniin, 65
5.3.2 In-situ Gas Zone with 45-ft Thickness ..............ooviieiiiiiiii, 67
5.3.3 In-situ Gas Zone with 90-ft Thickness.............ovoveiviiiinini . 68

5.4  Impact of Thickness of In-situ Gas Zone on Oil Recovery Factor......... 72

5.4.1 In-situ Gas Zone @ 5500° TVD.......ccooviviiiiiiiiiiiiiiiiien, 72
5.4.2 In-situ Gas Zone @ 6500" TVD.......ccooviviiiiiiiiiiiiiiiin, 74
54.3  In=situ Gas Zohe @ 7500 TVD.... ... it o sosmsametss s vanmsssss 75
- Impact of Permeability of In-situ Gas Zone on Oil Recovery Factor....... 77
535.1. JIn-sita Gas Zone (@ 55007 TVD.... it semsmommtsivsnn crusisnses sosmuses 77
5.5.2 In-situ Gas Zone @ 6500 TVD.........coooiiiiiiiiiiiieeienn, 79
5.5.3 In-situ Gas Zone @ 7500’ TVD.......cooovviviiiiiiiiiiiiiiiiie, 81
5.6  Impact of Perforation Interval on Recovery Factor........................... 82

5.6.1 Increased Perforation Intervals of In-situ Gas Zone

gkl ke OTONRLY Aol P AR A ST . ol i 82
5.6.2 Decreased Perforation Intervals of In-situ Gas Zone

withk of 1000 mD ..ot 84

5.6.3 Effect of Perforation Intervals of In-situ Gas Zone at

7500-ft with 100 mD on Oil Recovery Factor.................ccccoeue.. 85

VI Conclusions and Recommendations............ccevevumieerniieriennennnnenscnsnsenses 87
6.1 CONEIISIONS ..« 38 buvecesmin 8a's 5 w5800 75 SRS & = e 8 » ot St masssmms B8

6.2 Recommendations ........ .....oouiiiiiiiiiiiiiii e 89

BT CNETIER annvnn o s saversammenannn s bemIeRERSESERERS §6 558 ISUARHE8454 55 oesabatnans o Pemensessanmns 91
-8 G L | N [ N W S G G | — 93
Appendix A General Information for Well Model.........................oooinn, 94



LIST OF TABLES
Page
Table 3.1 Comparison between Conventional Gas Lift and In-situ Gas Lift ............. 42
Table %1 QIO fomOHl Zones:” T .« nevotons ++ 2 o Mol e v e oo 47
Table 4.2 Tanks Parameters for Oil Layers ..............ccoveeeiuemieeeeeeese . 47
Table 4.3 OGIP for In-situ Gas ZONe .............couiunieneeneeseseeie e, 48
Table 4.4 Tanks Parameters for In-situ Gas Zones ............cc.ooveeenieneeneeniisiiin, 49
Table 4.5 Variables for Thesis Study... .........oouiiuiiieiin e 58
Table 5.1 Immediate Gas Rate and GLR after Time-lapsed Perforation on
In-siCoas Zaneat SSOU TN et .. . it o1 bS8 s s 5t 79
Table 5.2 Immediate Gas Rate and GLR after Time-lapsed Perforation on
In-situ Gas Zone at 6500° TVD ......cuiuiininiuieiineeeieeereeseneerssnensn i 80
Table 5.3 Immediate Gas Rate and GLR after Time-lapsed Perforation on
In-situ Gas Zone at 75007 TVD ., cuueueccrisrsosionism et nsinomeessssmmamesssemsses 82
Table 5.4 Effect of Perforation Interval of In-situ Gas Lift Zone at 7500-ft
with 100 mD and 15 ft thickness on Recovery Factors............................. 86
Table 5.5 Effect of Perforation Interval of In-situ Gas Lift Zone at 7500-ft
with 100 mD and 45 ft thickness on Recovery Factors......................o..... 86
Table 6.1 Summary of Oil Recovery Factors using In-situ Gas Lift Technique........... 87
Table A1 Water Influx Parameters for Oil Layers ..............ccooovereeeoiii, 94
Table A2 PVT Input Data in MBAL for Oil Layers ..............c.coovueeineieeeeeanni, 94
Table A3 Input Data - Relative Permeability for Oil and Gas Layers ...................... 95
Table A4 Input Data - Residual Saturation and Corey Exponents for Oil and
GaS Layers. ......ouininii i, 95
Table A5 Input Data for Option Summary in PROSPER.............covvviviieiiiiii, 96
Table A6 Table Al0 Input Data foTIPR. . ... caoon e s vasmusssss it s s s bomssmmsin sty s s s ssbassans 96
Table A7 Input Data for Downhole Equipment .................ccocooiiiiiiiiii 97
Table A8 Input Data for Geothermal Gradient .....................cooooiveiiisiiiii, 97

Table A9 Input Data for Directional SUITVEY ............couvuievemee e 97



Figure 1.1

Figure 1.2

Figure 3.1
Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13
Figure 3.14
Figure 3.15
Figure 3.16
Figure 3.17
Figure 3.18
Figure 4.1

Figure 4.2

Figure 4.3
Figure 4.4

Xi

LIST OF FIGURES

Page
Well Schematic for Commingled Reservoirs in Slim Monobore
Completion with Gas Lift Mandrels................c.cocoiiiiii, 3
Well Schematic for Commingled Reservoirs in Slim Monobore
Completion without Gas Lift Mandrels.........................c 4
Possible Pressure Losses in a Complete System .............ccoeiviviiiiinn 13
Straight-line IPR of an Undersaturated Oil Well Producing above
BUBb1e P el ey + 5 5B o S e GO s £ 1 el ¢ 13 evwmameirn 15
Typical IPR of an Undersaturated Oil Well Producing below
BihiSRaint. . ........ 0E. 25 SR Bt .. SO B S e o cxnms s 16
The Composite IPR Curve Calculated in Conventional Way as
the Sum of Three Individual IPR Curves ............ccccooeiiiiiiiiiin.. 18
The Composite IPR Curve in Relationship with Productivity Index ........ 19
Components of Pressure Losses in Tubing ....................oooiins 21
Datirsl PEnEamiion ... e : : s ool gmints st gy + B> sufivoser: 24
Solution Gas Drive ReServoir...........o.oueivieieiiiiiiiiiiiiiiiinieiane, 31
Schematic of Production History of a Solution Gas Drive Reservorr....... 32
Gas"Cap-Drive RSVl l.. &8N ITRE & % Mo panlsailncaess o1 s susmmmunn s 33

Schematic of Production History of a Typical Gas-Cap Drive Reservoir... 33

Water Drive RESEIVOIT. ....oueuiiiiiitiie e 35
Reservoir Pressure Trends for Drive Mechanisms ..................cooonen. 35
Gravity Drainage ReServoir ...........c.coviiiiiiiiiiiiiiiiiiiiiee 36
Combination Drive RESEIVOIT . .+ ; s s » 58 smmms vies srsnaamess s 4 s 5505 37
Pressure Diagram for 8 Gas-Lift Well.. .. cocomusesnrs ssssmmons o513 00 sossme sxswmmes 38
Example Plot of Favorable and Formation GLR vs. Oil Rate................. 39
Gas-lift Well Analysis........oouiiiiiiiiiiiiiiiiiiiii i, 40
Completion Schematic for Base Case Scenario with an Orifice

Gas Lift Yalve . mEssmiliie. . . . ..ocon st i - : (T (R B sovssurss 50
Completion Schematic for Different Scenarios by Varying Depth,

k and h of an In-situ Gas ZONe .........cceviuiiiiiiiiiiiiiiiiiiiiiiiiieeaeen 50
Base Case Well Model Diagram in IPM for Gas Lift.......................... 51

Well Model Diagram in IPM for In-situ Gas Zone @ 5500’ TVD............52



Page

Figure 4.5 Well Model Diagram in IPM for In-situ Gas Zone @ 6500’ TVD........... 52
Figure 4.6 Well Model Diagram in IPM for In-situ Gas Zone @ 7500’ TVD............53
Figure 4.7 Gas Lift Performance Curve for Various Water Cuts at (a) 30%, (b) 40%,

() 50%, (d) 60%, (e) 70%, (f) 80%, (g) 90%, and (h) 95%.......c.cceveu....... 55
Figure 4.8 Favorable GLR Curve for the Base Case with Injection Gas Rate of

1.0 MMscfd, 50% WC and Formation GLR of 500 scf/stb.................... 56
Figure 5.1 Production Profile of the Natural Flow Case ......................ooivinninene. 61
Figure 5.2 Production Profile of the Base Case..... SEEUTL I T — 61
Figure 5.3  Production Profile with Gas Rate and GLR of the Base Case ................. 62
Figure 5.4  Oil Recovery Factors for Concurrent and Time-lapsed Perforation

Schedules of In-situ Gas Zone @ 5500 TVD ......ccooiiiiiiiiiiiiinnn. 63
Figure 5.5 Oil Recovery Factors for Concurrent and Time-lapsed Perforation

Schedules of In-situ Gas Zone @ 6500° TVD ........ccooiiiiiiiiiiiianinnnn. 64
Figure 5.6  Oil Recovery Factors for Concurrent and Time-lapsed Perforation

Schedules of In-situ Gas Zone @ 7500° TVD .......ccooviiiiiiiiiniininnnn. 65
Figure 5.7  Oil Recovery Factors for In-situ Gas Zone with 15° Thickness.............. 66
Figure 5.8  Oil Recovery Factors for In-situ Gas Zone with 45” Thickness.............. 67
Figure 5.9  Oil Recovery Factors for In-situ Gas Zone with 90’ Thickness............... 69
Figure 5.10 Production Profile for Well with In-situ Gas Zone at 7500’ TVD

with 10 mD, 90’ Thickness and Time-lapsed Perforation Schedule..........69
Figure 5.11 Oil Recovery Factor Summary for Concurrent Perforation Schedule of

TSIV CTS ZOMIE, « ¢ soomumenis s 15 smmnmmns 53 54 5 SHOEHESE 3§ 53 SOBETEEEAE 1 5 3 6 Sbioens 51 70
Figure 5.12 Oil Recovery Factor Summary for Time-lapsed Perforation Schedule of
IDBIGES ZHE. . . ; spisssssms s 6304 smnstlBE R+ 5 555505555 5 § 1 5 2nbommcancn 28 Sl mmmrsmimmimenenn 71

Figure 5.13 Oil Recovery Factors for In-situ Gas Zone @ 5500’ TVD with

Various ThiCKIESSES. . ... u e e e e e e 72



Figure 5.14 Comparison of Cumulative Oil Production, Recovery Factor
and Production Profile of In-situ Gas Zone at 5500’ TVD, 10 mD,

Concurrent Perforation Schedule with Various Thicknesses

(a) -1, () AR and (0] TOIE 5. v e ¢« s0 8 Polns - i+ » dhxaovigssone i Wl » ser e

Figure 5.15 Oil Recovery Factors for In-situ Gas Zone @ 5500° TVD with

AV 5 10 11T N 01 T6) 4 8 (oL T

Figure 5.16 Oil Recovery Factors for In-situ Gas Zone @ 5500° TVD with

VarioUS ThICKIIESSES. . . v vt eee et ettt et ee e naaaans

Figure 5.17 Oil Recovery Factors for In-situ Gas Zone @ 5500” TVD with

Various Permeabilities. ... ..un ettt et ettt et eans

Figure 5.18 Comparison of Production Profiles of In-situ Gas Zone at

5500’ TVD, 90-ft Thickness, Concurrent Perforation Schedule

between (a) 10 mD vs. (b) 1000 mD..............oooiiii

Figure 5.19 Oil Recovery Factors for In-situ Gas Zone @ 6500’ TVD with

Various Permeabilities. . ... ein ittt

Figure 5.20 Oil Recovery Factors for In-situ Gas Zone @ 7500° TVD with

Various Permeabilities. ... coeeen ittt it

Figure 5.21 Comparison of Cumulative Oil Production, Recovery Factors and
Production Profiles of In-situ Gas Zone at 7500° TVD with 10 mD,

15-ft Thickness and Time-lapsed Perforation Schedule with

(a) 1-ft and (b) 2-ft Perforation Interval on In-situ Gas Zone...................

Figure 5.22 Comparison of Cumulative Oil Production, Recovery Factors and
Production Profiles of In-situ Gas Zone at 5500’ TVD with 1000 mD,

15-ft Thickness and Time-lapsed Perforation Schedule with (a) 1-ft

and (b) 0.33-ft (2 shots) Perforation Interval on In-situ Gas Zone ............

Xiil

Page

83

85



Figure Al
Figure A2
Figure A3
Figure A4
Figure AS
Figure A6
Figure A7
Figure A8
Figure A9
Figure A10
Figure Al1
Figure A12
Figure A13
Figure A14

Page
Reservoir Pressiife Prote i i vu s v s srwmmmmn s 10 s s3agss 98
Reservoir Temperature Profile ..................ooooiiiiii 98
Initial Formation GOR Correlation..................ooooiiiiiiiiiiiiiii i, 99
Initial Oil Formation Volume Factor (B,;) Correlation......................... 99
Tank Input Data — Water Flux for Oil Layer @ 5000’ TVD.................. 100
Tank Input Data - Rock Compressibility for Oil Layer @ 5000’ TVD...... 100
Tank Input Data - Relative Permeability for Oil Layer @ 5000’ TVD...... 101
Water-Oil Relative Permeability from MBAL....................coooovinne.. 101
Water-Oil Relative Permeability from Core Analysis.......................... 102
Tank Input Data - Relative Permeability for In-situ Gas Zone................ 102
Gas-Oil Relative Permeability from MBAL.....................oiiiiieennnn. 103
Gas-Oil Relative Permeability from Core Analysis..............cccccveveen. .. 103
Examples of IPR — Input Data for Oil Layer....................ccoevivviennn. .. 104
Example of IPR — Input Data for Gas Layer.......................ooveeennn. .. 105



R

NOMENCLATURES

drainage area
gas formation volume factor
initial gas formation volume factor
oil formation volume factor
initial oil formation volume factor
water formation volume factor
conversion constant for oil or gas wells
rock pore volume compressibility
gas compressibility
oil compressibility
total fluid compressibility
water compressibility
turbulence coefficient
depth of formation, mid perforation
depth of injection valve
the total pressure drop (AP) in a tubing component
expansion of oil
gas cap
expansion of formation and connate water
underground withdrawal
initial gas in place

cumulative gas-cap gas produced

XV

average pressure gradient above injection point, a function of the gas rate injected

average pressure gradient of flowing formation fluid below injection point

reservoir thickness

zone height

liquid hold up

gas hold up

productivity index
productivity index for oil

productivity index for gas
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k absolute permeability

Krg gas relative permeability

Krw water relative permeability

ko oil permeability

ko oil relative permeability

m ratio of gas cap volume to oil volume

n reciprocal slope of best fit plot of q vs. @ —po)
n flow exponent

N initial oil in place

N, cumulative oil production

Ny cumulative oil produced during transient period
p pressure

& initial pressure

Py bubble point pressure

s static average pressure measured at the drainage radius, 7.
DR average reservoir pressure

Pror bottom-hole flowing pressure measured at the wellbore radius,
Py wellhead pressure

P shut-in pressure

q production flow rate

qc critical gas flow rate

qL liquid production rate

qm producing rate when p,,r= 0

9o oil production rate

(qo)max ~ Maximum oil production rate

G water production rate

R production gas-oil ratio

rd external drainage area

i external boundary radius

Fi wellbore radius

R, cumulative production gas-oil ratio
R; solution gas-oil ratio

S skin
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skin factor which include effect of turbulence and formation damage

gas saturation

critical gas saturation
oil saturation

initial oil saturation
residual oil saturation
water saturation
connate water saturation
temperature (deg. R)
stabilization time
viscosity, cp

terminal velocity, ft/sec
cumulative aquifer influx
total water produced
gas deviation factor
viscosity for oil

viscosity for gas
liquid density
gas density

gas gravity





