OPTIMAL ELECTRICAL SUBMERSIBLE PUMP (ESP) DESIGN USING
VARIABLE SPEED TECHNIQUE FOR VARING WELL CONDITIONS

Mr. Thanudcha K hunmek

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Engineering Program in Petroleum Engineering
Department of Mining and Petroleum Engineering
Faculty of Engineering
Chulalongkorn University
Academic Year 2012

Copyright ef Chulalgngkorn Umlvgrgt
UnAngeLaY LLWWamauummmmmuwuﬁwm NMIANEI 2554 N wmmﬂuﬂmﬂﬂjmmwm (CUIR)

nmeJmaagammu’cmqummmuwuﬁﬁdamuwﬂ’mmmwmaEJ
The abstract and full text of theses from the academic year 2011 in Chulalongkorn University Intellectual Repository (CUIR)

are the thesis authors' files submitted through the Graduate School.



< Y o & A 3 o
mseonuuuily lihuuuquih@eaiihimmngay Tagldamatiannus wuoulsiu

dnsusessumalasumlasvoaquian

WIYTUBY AN

a a 4 yd [ 3 [ a a @ a
Ineninusiiludiuvilivesmsanmurangaslsyyimnssumdasuniuge
1173951370550 Tas@en MadxIenssumvesusuazll Ins@ey
ANZIAINTTUAMAAT PNAINTAINMIINAY

=S =1
msanyT 2555

4

a a = J a @
AUANTUDIYPWIAINITUUNIING QY



Thesis Title OPTIMAL ELECTRICAL SUBMERSIBLE PUMP
(ESP) DESIGN USING VARIABLE SPEED
TECHNIQUE FOR VARING WELL CONDITIONS

By Mr. Thanudcha Khunmek
Field of Study Petroleum Engineering
Thesis Advisor Assistant Professor Suwat Athichanagorn, Ph.D.

Accepted by the Faculty of Engineering, Chulalongkorn University in
Partial Fulfillment of the Requirements for the Master’s Degree

......... Dean of the Faculty of Engineering

(Assaociate Professor Boonsom Lerdhirunwong, Dr.Ing.)

THESISCOMMITTEE

.............................. Chairman
(Associate Professor Sarithdej Pathanasethpong)

............................... Thesis Advisor

(Assistant Professor Suwat Athichanagorn, Ph.D.)

(Assistant Professor Jirawat Chewaroungroaj, Ph.D.)

............................... External Examiner
(Witsarut Tungsunthornkhan, Ph.D.)



FUYW ABINN. maaammuﬁu”lﬂﬁmumjm%(%L@ﬂﬁ)ﬁmuwauiﬂaal%’mﬂﬁﬂ
anuduvunlsiudmsusessumsnldsundatvesnquada  (OPTIMAL
ELECTRICAL SUBMERSIBLE PUMP (ESP) DESIGN USING VARIABLE
SPEED TECHNIQUE FOR VARING WELL CONDITIONS) ». fsnun
Inertiwusuan: e, as. gianl eF¥ung, 208 wi.

= dy ° =] Y 0 9 @
Glumiﬁﬂmu ﬂ'li%'laf)\‘]Llfﬁﬁ\?ﬂﬂLﬂUUlﬂQﬂHWNWﬂigEJﬂﬂﬁlcﬁﬁluﬂ'liﬂ'lﬂﬂgluf)ﬁﬁ']ﬂ'lﬁ
a o { a a a 1 a 0 4
Wamgamimuﬁﬁ}uﬁqu 1Jigﬁ‘ﬂ‘ﬁ.ﬂ'lWiHﬂWigWﬁ@mWﬂVl@Na@gﬂuWﬂWi%iuﬂWiﬂWﬂﬂ’lim A1
Y] 4 a -4 {a A o [y} < % a A
ﬂuﬁ}qumﬁ@%Namlm'lﬁaﬁﬁumﬁwmu HAINNITIIaUHaINNINUN ULz UsEaNnsa N
9 2]
Tumszraannnenaagninnldlunmseenuuuiwausuvesily  na'lnandnlumsndnau
g’ % a A oy %) A @ 1 g’ v oA 9 o dg’ a A 9
umuﬁawuﬂﬂaumazﬂwwazmamagﬁluumuﬂu VlﬂQﬂHﬁJUNWW%'ﬁmHW@ﬂHWW
£ & o
NHANTINVOITIAULAEAUIUITIIBVRIT UV Nar Juve 9Ty
Y
Nai]"lﬂfﬂiﬁﬂ‘k!1W‘]J’J"Iﬂ'JnJﬂOQﬂOTLWTgﬂJﬂQm@QqﬂﬂﬁGV]‘ﬁWﬂﬂﬂ"l\ill"lﬂ ﬁﬂ{hmmlmﬂ?u
=

[ ] Y 4 Y 1 Y
woaily  lunsdlvesna lnamsduwasudistiniunuiumavesuvainiivune lva)iu

o o ¥ J 1 3’ < o @ o 4 [ {
%i?fmmsmmuﬂf‘umﬂﬂﬂuummummuwmmaﬂ ﬁﬁ’iﬁ‘]JﬂTiﬂlULﬂﬁﬂuIﬂﬂﬂT‘ﬂfﬁﬂgaTﬂiu

Y Y
£

o Y] A o ~ ] 1 Y a == o
iy iWemaazasedszvesen livzdawaliinamsanasvesnnuruiiuddinaii
Yo 091} o
TWuusuvesiluanas
Y A Y o & == P} o o
Mhengaudrdnuduvesuidnnalaninmseenuuuinlyd  lugaamnssuniu
AIBNTAANDULTINUVOINAUNAR 10%, 25% taz 50% gmimnnlSeuiieiuifinauelu
=® dy o qg.: ¥ Ao yy @ a = 3 9
msaneil Swavduvestlundunalddremsaaneuusiauvesnquranlunnnsaitiuios
oA ¢ A A o A v o =t 4 <3 ~ ~
animamssitiefionunan lanindrasslunsaivesmsdszgnannudwuunsn lunsdl
4 <3 [ qaj [ d' o 1 09/’
woamslszgnannusmunulsAuiu misanouussaui 50% lumsesnuuuna limniu
A ¥ & A Y o ' o 0 R I a o o
Aansaliwailunnelamudedivua  edralspausnusui lddisunnnuanusuiluy

lunsaiNaaneuusIaun 50%



##5271607221: MAJOR PETROLEUM ENGINEERING
KEYWORDS: ESP/SIZING/ DRIVE MECHANISM/RESERVIOR

THANUDCHA KHUNMEK. OPTIMAL ELECTRICAL SUBMERSIBLE
PUMP (ESP) DESIGN USING VARIABLE SPEED TECHNIQUE FOR
VARING WELL CONDITIONS. ADVISOR: ASST. PROF. SUWAT
ATHICHANAGORN, Ph.D., 208 pp.

In this study, reservoir ssmulation is applied to predict the performance of the
fluid rate and bottom-hole pressure. The vertical lift performance is used to estimate
the discharge pressure required to lift fluid to the surface. The results from reservoir
simulation together with vertical lift performance are used to design the number of
pump stages and compare with industrial practice. Water and solution-gas drive
reservoir were considered to investigate the pressure behavior and determine the

number of pump stages and the pump model.

From the results, it was found that the specific gravity of fluid mixture has a
significant influent in number of pump stage. In the case of water drive reservoir has
proved that the larger aguifer will require a higher number of pump stages than
smaller aquifer. For solution-gas drive reservoir, once the solution gas vaporizes as a
free gas, it has a significant effect of reducing fluid density, resulting in number of
pump stage reduction.

Finally, the number of pump stages calculated from conventional design with
10%, 25% and 50% reduction factor was compared with the proposed method. The
numbers of pump stages calculated from conventional design with all reduction
factors are underestimated when compared with the results from the ssmulation in the
fixed speed application. In the variable speed application, only 50% reduction factor
in the conventional design can satisfy the requirement when compared to simulation
results. However, overestimation of pump stages happens in many cases when 50%
reduction factor is used.



Acknowledgements

| would like to express my sincere gratitude to my advisor, Asst. Prof. Suwat
Athichanagorn, for his guidance and support throughout the study. Without his
valuable comments, completion of this work would not have been possible.

| would like to thank all faculty members in the Department of Mining and Petroleum
Engineering who have offered petroleum knowledge, technical advice, and invaluable

consultation.

| would like to aso thank Schlumberger for providing educational license of
ECLIPSE reservoir ssmulator and Petroleum Experts for providing educational license

of IPM to the Department of Mining and Petroleum Engineering.
| would like to thank PTTEP for providing financial support for this research project.

My appreciation goes to my mother for all the care and advice | have received and
continue to receive from her. She is always closest to my joys and sorrows and always

standing by me.

Specia thanks to Chonlada Doungprasertsuk, my best friend who provided technical

knowledge about reservoir engineering practice and numerous encouragements.



Contents

Page
ADSIFACE 1IN TH@I ..o iv
ADSIract iN ENGISN......oe e s v
ACKNOWIEAGEMENT ... ... Vi
(@] 1= 0 | PP Vil
LISt Of TADIES. .. e e e iX

LISt Of FIQUIES. .. ettt e e e e e e et e e e et e e e e e e e X
List Of ADDreVIatioNS. .. ... e e e e XX

[N\ T g T L > XXIV

CHAPTER

| INTRODUGCTION ...ttt sttt et e et s re e aenaennesnesnesneens 1
1.1 ODJECHIVES ...ttt sttt b et b e et st enbe et e nne e 2
1.2 SCOPES Of WOIK....coiiieecec e 3

[ LITERATURE REVIEW ..ottt ereee et 4

[T BASIC ESP SIZING ...ttt 7
S LWE DELA......cccueecieccie ettt ettt e et e e e e re e e ere e 11
3.2 DeSigN aNd SEECHION .....ccueeieeeecieeie et 11
3.3 Variable SPeed DESION......cccvieeiiee et 20

IV RESERVOIR SIMULAITON MODEL ...oooiiiieice e 7
R €1 g0 = ot o o PSPPSR 22
A e 1 TT0 = o £ o o SRS 24
4.3 SCAL (Special Core AnalysiS) SECHION.........ceveererieeieereeieeseesie e seesreeeens 26

AAWEIDOIrE SECHION. ... 29



viii

Page

CHAPTER
V RESULTSAND DISCUSSIONS. ...ttt siee st e snae s e 30
5.1 Base Case for Solution-Gas-Drive RESEIVOIT ........cccverererenieieriesesie e 30
5.1.1 Fiexed SPeed PUMP......cccocii ettt 34
5.1.2 Variable Speed PUMP. ......ccooiiiirieneee e 36
5.2 Base Case for Water-Drive RESEIVOIT ......c.coeeieeiieiieneeie e 38
5.2.1 Fiexed SPeed PUMP......cccciiieeriee et 40
5.2.2 Variable Speed PUMP.......ccoveeiieeceesece et 42
5.3 Case Studies for Solution-Gas Drive RESEIVOIT ..........ccceeeereeieeienenieneennenne 44
5.3.1 Solution-gas Drive Reservoir at Reservoir Depth 5,000 ft. ................ 45
5.3.2 Solution-gas Drive Reservoir at Reservoir Depth 7,000 ft. ................ 57
5.3.3 Solution-gas Drive Reservoir at Reservoir Depth 10,000 ft................ 69
5.4 Case Studies for Water-Drive RESEIVOIT ......ccovevererinireseeeeeese e 81
5.4.1 Water-drive Reservoir at Reservoir Depth 5,000 ft. .........ccooceeieniennen. 83
5.4.3 Water-drive Reservoir at Reservoir Depth 7,000 ft. .........ccocevenne 119
5.4.3 Water-drive Reservoir at Reservoir Depth 10,000 ft...........ccceeveneee 155
5.5 Design Comparison of Case SIUdIES..........ccccveveereereeceeseee e 191
5.5.1. Design Comparison at Reservoir Depth 5,000 ft. ........ccooeveeiennenne 192
5.5.2. Design Comparison at Reservoir Depth 7,000 ft. .......cccooceveeienenne 195
5.5.3. Design comparison at reservoir depth 10,000 ft. ........ccoeevveevernnnns 197
VI CONCLUSIONS AND RECOMMENDATIONS. ... 199
6.1 CONCIUSIONS ......cotiiieiiiesieeiesee sttt be et s reesae st e sbeebesneesreensennnans 199
6.2 RECOMMENELIONS........eiiieiieieiesie et nre s 200
REFERENCE ..ottt sttt be e 201
APPENDI X .ttt ne et st n e nenaenen 203



List of Tables

Page
Table 4.1: PVT INPUL ABEAL .....cc.eeiieeieiieiieeie ettt 24
Table 4.2: Oil property COElalion. ........ccoceieereriiiiere e 24
Table 4.3: Gas property COMElalion. ........ccceieereeieeneere e s 25
Table 4.4: Water and rock property COrrelation...........cceceveereeceeseesesieeseese e s 25
Table 4.5: Gasand oil relative permeability. ........ccooeiiriiieeiineee e 26
Table 4.6: Oil and water relative permeability. ........ccoovviiiiincinee e, 27
Table 5.1: Varied parameters of solution-gas-drive reServoir .........ccocvceveereeceeseene. 44
Table 5.2: Varied parameters of water-drive reSErVOIr. .......ccooveceeeereseeseere e 82
Table 5.3: Future reservoir pressure for number of pump stage calculation. ............ 192

Table 5.4: Comparison of number of pump stages for
initial reservoir pressure 2,200 PSIAL ...cueevveeeereereeeeseeree e sreesee e seees 194

Table 5.5: Comparison of number of pump stages for
initial reservoir Pressure 3,300 PSIAL ...cc.eevveeerreerieneenee e 196

Table5.6:

Comparison of number of pump stages for

initial reservoir pressure 4,400 PSIA .....coveeeeieereeeieeseese e seesee e e 198



Figure 3.1:
Figure 3.2:
Figure 3.3:
Figure 3.4:
Figure 3.5:
Figure 4.1:
Figure 4.2:
Figure 4.3:
Figure 4.4:
Figure 4.5:
Figure 4.6:
Figure 4.7:
Figure5.1:

Figure 5.2:
Figure 5.3:
Figure 5.4:
Figure 5.5:
Figure 5.6:
Figure 5.7:

Figure 5.8:

Figure5.9:

List of Figures

Page
Typical ESP puMPINgG SYStEM........coiiriirieeieseesee e siee e see e see e sae e 8
TYPICAl PUMP CUMNVE.....ccuiiieeeciieie et sie e ie e ee e te e e ae e e reeseenee e 10
Typical vertical pressure tranSVerse CUNVES..........ocvecveeeereeereeeeesseeneesneenns 16
Hazen-William friction loss for new, oil and average pipe.........c.cccveeeueee 18
V ariable-speed-drive pump performance CUrVe...........coccovcereeieeneesiennns 20
3D view of solution gasdrive model............cccveeeveeienieenecce e, 22
3D view of bottom water-drive reservoir with 1PV with aquifer. ............ 22
3D view of bottom water-drive reservoir with 5PV aquifer. .................... 23
3D view of bottom water-drive reservoir with 10PV aquifer. .................. 23
Gas and oil relative permeability........cccccceviieieiiese e 27
Oil and water relative permeability. .......cccoveveveevecie e 28
WE SCHEMELIC. .....eeiiiiiiii ettt s 29
Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles
for SOlUtiON-gas-AriVE FESEIVOIT. ..c..ceevueeeieeeesieeieseeste e e ste e e e e 30

Bottom-hole pressures from ECLIPSE and vertical lift performance

for SOlUtiON-gas-AriVE FESEIVOIN. .....cceiierieeeesieeie e 31
Required pump pressure and head for solution-gas drive reservair. ......... 33
Fixed speed pump design for 60-Hz 538P11 pump model ...........ccccue...... 35
Fixed speed pump design for 60-Hz 538P17 pump model. ..........cccc.c...... 35

Variable speed pump design for pump 538P11

fOr SOIULION-QaS ArMVE.......coiiieiieeie e 37
Variable speed pump design for pump 538P17

fOr SOIULION-QaS ArVE.......ccciieeieceeee et 37
Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles

fOr water driVe rESEIVOIT. .....cc.eeeeeieeee e 39
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

FOr WaLEr AFrIVE TESEIVOIT . .eeeeeee et e e e e e e e e e e e e e e e e e 39

Figure 5.10: Required pump pressure and head for solution-gas drive reservair......... 40



Xi

Page

Figure 5.11: Fixed speed pump design for 60-Hz 538P11 pump model

fOr Water-ariVe rESEIVOIT. ..ot 41
Figure 5.12: Fixed speed pump design for 60-Hz 538P17 pump model

fOr Water-ariVe rESEIVOIT. .......ocueeieeee e 41
Figure 5.13: Variable speed pump design for pump 538P11

fOr Water-ariVe rESEIVOIT. .....ovveieeriieieeee e 42
Figure 5.14: Variable speed pump design for pump 538P11

fOr Water-ariVe rESEIVOIT. .......oceeiieeie e 43
Figure 5.15: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for solution-gas drive reServoIr iN CaSE L. .....cccevvveeveenieeieeseeseeseeseeeeens 45

Figure 5.16:

Figure5.17:

Figure 5.18:

Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for solutioN-gas drive iN CaSE L.......cciiievereereerie e 46
Required pump pressure and head for solution-gas drive

(=SS Vo] g o= S = 46
Fixed speed pump design for 60-Hz 538P11 pump model
for solution-gas drive reservoir in Case L. ......coccvveeveerenieeniesiie e sieeens 48

Figure 5.19: Variable speed pump design for 60-Hz 538P11 pump model

Figure 5.20:

Figure 5.21:

Figure 5.22:

Figure 5.23:

for solution-gas drive reservoir iN Case L. ......cccccvveeveeveesieeseesieseeseenens 48
Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles

for solution-gas-drive reServoir iN CaSE 2.......ccocveeererrieseeseeiee e e 49
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for solution-gas driVe iN CASE 2. ......ceveevueeeeseerieeeeseesiesee e eee e sse e 50

Required pump pressure and head for solution-gas drive

FESEIVOIT 1IN CBSE 2. ..eeeeeieeieeiee et sttt sae b e e sneesaeeneesnee e 50
Fixed speed pump design for 60-Hz 538P11 pump model
for solution-gas drive reSErVOIr IN CaSE 2. .....cvevueeeereerieeieeseeseeseesseeeens 52

Figure 5.24: Variable speed pump design for 60-Hz 538P11 pump model

Figure 5.25:

for solution-gas drive reServVoIr IN CaSE 2. .......cevveeereeneeseeniesie e seeeens 52
Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for solution-gas-drive reServoir in Case 3.........covvvveeveereeieeseeseseeseenens 53



Figure 5.26:

Figure 5.27:

Figure 5.28:

Figure 5.29:

Figure 5.30:

Figure 5.31:

Figure 5.32:

Figure 5.33:

Figure 5.34:

Figure 5.35:

Figure 5.36:

Figure 5.37:

Figure 5.38:

Figure 5.39:

Figure 5.40:

Xii

Page

Bottom-hole pressure from ECLIPSE and Vertical Lift Performance
for solution-gas drive in CaSE 3. ........ccveveeeereereeee e 54

Require pump pressure and head for solution-gas drive

(=3 AV o ] T o= S S R 54
Fixed speed pump design for 60-Hz 538P11 pump model

for solution-gas drive reServoir iN CaSE 3.......vevvveeveereesieeseeseeseeseeeeens 56
Variable speed pump design for 60-Hz 538P11 pump model

for solution-gas drive reServoir iN CaSE 3........cooeveererrenieenieeie e 56

Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for solution-gas reSErVOIr IN CBSE 4. ..ccuvevueeeereerieeeeseesee e e e eee e sreeneens 57
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for sSolutioN-gas reSErVOIr IN CASE 4. .....covvrereeieree e e 58

Required pump pressure and head for solution-gas drive

FESEIVOIT 1N CBSE 4. ..ieiiiiiiie ettt st snenne 58
Fixed speed pump design for 60-Hz 538P11 pump model

for solution-gas drive reServoir iN CaSE 4. .......covveeereeneneeneeie e s 60
Variable speed pump design for 60-Hz 538P11 pump model

for solution-gas drive reServoir iN CaSE 4. .......cvveeeveereeieeseerieseesseenens 60

Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles

for solution-gas drive reServoir in CaSe 5. ....ccouevvveererrenieeseeie e 61
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for solution-gas drive reservoir in Case b, .....ovevvveeveeie e 62

Required pump pressure and head for solution-gas drive

FESEIVOIT IN CBSE D, ..eiiieieeieeie sttt et 62
Fixed speed pump design for 60-Hz 538P11 pump model

for solution-gas drive reservoir in Case b, .....ovvvvveeveeie e 64
Variable speed pump design for 60-Hz 538P11 pump model

for solution-gas drive reServoir iN CaSe 5. .....ceevvveereenesieeseee e 64

Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for solution-gas reSErVOIr IN CASE 6. ......ccuvevereereeieseesieeee e eeesreesreeeens 65



Figure 5.41:

Figure 5.42:

Figure 5.43:

Xiii

Page

Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for solution-gas reSErVOoIr IN CASE 6. ......ccveeereerierieseeriesee e eeeseesreeneens 66

Required pump pressure and head for solution-gas drive

(=3 AV o T o= S Y G R 66
Fixed speed pump design for 60-Hz 538P11 pump model
for solution-gas drive reServoir iN CaSE 6. ......ccvvveereereeieeseeieseeseeeens 68

Figure 5.44: Variable speed pump design for 60-Hz 538P11 pump model

Figure 5.45:

Figure 5.46:

Figure 5.47:

Figure 5.48:

for solution-gas drive reServoIr iN CaSE 6. .......covveeereeiereeneeie e 68
Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for solution-gas drive reSErVOIT IN CASE 7. ....ccveveeeeseerieeeesieeeeseesseeeens 69
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for solution-gas drive reSErVOoIr IN CASE 7. ....cceeveeeerernieseesieeeesiee e 70

Required pump pressure and head for solution-gas drive

(5SS Vo ] oS 70
Fixed speed pump design for 60-Hz 538P11 pump model
for solution-gas drive reSerVoIr IN CaSE 7. .....cueveeeereerieseesieeee e seeeens 72

Figure 5.49: Variable speed pump design for 60-Hz 538P11 pump model

Figure 5.50:

Figure 5.51:

Figure 5.52:

Figure 5.53:

for solution-gas drive reSerVoIr INCASE 7. .....ccueveeeereereeieesieesieseesseenens 72
Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles

for solution-gas drive reservoir in Case 8. ......ccoovvveereenienieeseeie e 73
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for solution-gas drive reServoir iN Case 8.........covvveeveevesieeseeieseeseenens 74

Required pump pressure and head for solution-gas drive

FESEIVOIT IN CBSE 8. ..ottt e 74
Fixed speed pump design for 60-Hz 538P11 pump model
for solution-gas drive reServoir iN Case 8.........oovvveeveevesieeseeeeeseeseenens 76

Figure 5.54: Variable speed pump design for 60-Hz 538P11 pump model

Figure 5.55:

for solution-gas drive reServoir iN Case 8. ........ooovveeveerenieenenie e 76
Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for solution-gas drive reservoir iN Case 9. .....ccvevvveeveeviesieeseee e seeeens 77



Figure 5.56:

Figure 5.57:

Figure 5.58:

Figure 5.59:

Figure 5.60:

Figure 5.61:

Figure 5.62:

Xiv

Page

Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for solution-gas drive reservoir iN Case 9. ......cvevvveeveeciesieeseere e seeens 78

Required pump pressure and head for solution-gas drive

FESEIVOIT IN CBSE 9. ..ottt e 78
Fixed speed pump design for 60-Hz 538P11 pump model

for solution-gas drive reservoir iN Case 9. ......vevvveeveeviesieeseee e e 80
Variable speed pump design for 60-Hz 538P17 pump model

for solution-gas drive reservoir iN Case 9. ......cocvveeveerenieenese e 80

Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in Case 10........ccovevvrevenenenieee e 83
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for water drive reservoir IN Case 10......coovveireeieneereeiesee e 84
Required pump pressure and head for water drive

FESEIVOIT 1N CBSE L0, et e e e e e e e e e e e e e e e e e e e e aennnees 84

Figure 5. 63: Fixed speed pump design for 60-Hz 538P11 pump model

Figure 5.64:

Figure 5.65:

Figure 5.66:

Figure 5.67:

Figure 5.68:

Figure 5.69:

Figure 5.70:

for water-drive reservoir in Case 10........ooceeverieeneereeiesee e 86
Variable speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 10. ........ooeverevenenereeeee e 86
Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles
for water drive reservoir in Case 11........ccuciieenenenneerie e 87
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reservoir in Case 11........ccooevevevenenenereee e 88

Required pump pressure and head for water drive

(=5 AV o ] T o= S = PR 88
Fixed speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in Case 11 .......occevvvevenenenenee e 90
Variable speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in Case 11. .......cooceveeieneeneere e 90

Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir iNCASE 12......oc e eeeeea e 91



XV

Page

Figure 5.71: Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reServoir in CaSE 12........cocevvveveninereeee e 92

Figure 5.72: Required pump pressure and head for water drive

FESEIVOIT IN CBSE L12. ...t e 92
Figure 5.73: Fixed speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in Case 12. .......oocevvvevenenerieneeee e 9
Figure 5.74: Variable speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in Case 12. ........ooeeveeieneeveeieseeseee e 9

Figure 5.75 Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in CaSE 13, ...cc.uvvrieriere e 95
Figure 5.76: Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for water drive reservoir in Case 13. ......coovieieeieneeree e 96

Figure 5.77: Required pump pressure and head for water drive

FESEIVOIT 1N CASE 13, .oiiiiiiiiiiiii ettt s sbe e 96
Figure 5.78: Fixed speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in Case 13. ........ooceieeiereeneeee e 98
Figure 5.79: Variable speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in Case 14. ........occevevevenenenieeeee e 98

Figure 5.80: Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles

for water drive reServoir in Case 14........ccuiieenenee e 99
Figure 5.81: Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for water drive reservoir in Case 14.......cccovvveieveneneneeeesee e 100

Figure 5.82: Required pump pressure and head for water drive

FESEIVOIT IN CBSE L4, ...t 100
Figure 5.83: Fixed speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in Case 14 ......covvveieveneneeieee e 102
Figure 5.84: Variable speed pump design for 60-Hz 538P17 pump model

for water-drive reservoir in Case 14. ......coovveeeieeieneenee e 102

Figure 5.85: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir iINCaSE 15......oov e 103



Figure 5.86:

Figure 5.87:

Figure 5.88:

Figure 5.89:

Figure 5.90:

Figure 5.91:

Figure 5.92:

XVi

Page

Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reservoir in Case 15.......ovvevveeereere e 104

Required pump pressure and head for water drive

FESEIVOIT IN CASE 15, ..ot e 104
Fixed speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in Case 5. ......ccovvvvrereneneeee e 106
Variable speed pump design for 60-Hz 538P17 pump model

for water-drive reservoir in Case 15. .....ooeovveeeieeienee e 106

Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in CasE 16.......cccovvverereniererieeesee e 107
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for water drive reservoir INCase 16.......couevereereenienee e 108
Required pump pressure and head for water drive

FESEIVOIT 1N CBSE L6, .. ee e e e e e e e e e e e e e e e e e e e e aeneees 108

Figure 5. 93: Fixed speed pump design for 60-Hz 538P11 pump model

Figure 5.94:

Figure 5.95:

Figure 5.96:

Figure 5.97:

Figure 5.98:

Figure 5.99:

for water-drive reSerVOIr 1IN CASE 16. .....eeeeeeeeeeeeeeeeeeeeeneneennnes 110
Variable speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir iNCaSE LB. ....coveeeeeeeeee e 110

Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles

for water drive reServoir iN CaS 17.......civviviaeeneeienee e 111
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for water drive reServoir in CaSE 17.......covveveieveneneeee e 112

Required pump pressure and head for water drive

FESEIVOIT 1IN CBSE L7. .ottt s 112
Fixed speed pump design for 60-Hz 538P11 pump model

for water-drive reServoir in CaSE 17. .....cccuvevenereneneeee e 114
Variable speed pump design for 60-Hz 538P11 pump model

for water-drive reServoir in Case 17. ......cecvveeeneeienee e 114

Figure 5.100: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir iNCASE LS. .....ooovv oo 115



Figure 5.101:

Figure 5.102:

Figure 5.103:

Figure 5.104:

Figure 5.105:

Figure 5.106:

Figure 5.107:

Figure 5.108:

Figure 5.1009:

Figure 5.110:

Figure5.111:

Figure5.112:

Figure5.113:

Figure 5.114:

Figure 5.115:

XVii

Page
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reservoir in Case 18. .......cocovvveveneneneneeresee s 116
Required pump pressure and head for water drive
FESEIVOITN IN CASE 18. ... e 116
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 18........cocovvvevenenenenieesiese e 118
Variable speed pump design for 60-Hz 538P17 pump model
for water-drive reservoir in Case 18..........ccoveeveeiineenenie e 118
Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles
for water drive reservoir in Case 19. .......cocovvvevenereneeeese s 119
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reservoir in Case 19.....cccvvvveeieeiineeseee e 120
Required pump pressure and head for water drive drive
FESEIVOIT 1N CASE 19, ..ottt e 120
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 19........coccvveeieeieneeneee e 122
Variable speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 19........cccovvvvvenenenieiesesee s 122
Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles
for water drive reservoir in Case 20. .....ccoecviveererrinsee e 123
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reservoir in Case 20. .......cocvveverenereneeeeresee s 124
Required pump pressure and head for water drive
FESEIVOIT 1IN CSE 20. ....cueieeeieeiee sttt sae e 124
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir Case 20........coveererereneneseeee e 126
Variable speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 20........oovveereeieneeneeee e 126

Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservVoir iNCASE 2. .....oeeeeeeeeeeeeeeeeeee e 127



Figure 5.116:

Figure5.117:

Figure 5.118:

Figure 5.119:

Figure 5.120:

Figure5.121:

Figure 5.122:

Figure 5.123:

Figure 5.124:

Figure 5.125:

Figure 5.126:

Figure 5.127:

Figure 5.128:

Figure 5.129:

Figure 5.130:

XViii

Page
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reservoir in Case 21L. .......cocoveveveneneneeeesese s 128
Required pump pressure and head for water drive
FESEIVOIT 1IN CBSE 2. ...ttt st 128
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 2L........cocvvveveneneneeieesese s 130
Variable speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 21........oocveeeierceeneeneeee e 130
Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles
for water drive reServoir in CaSE 22. .......covvvvevenerereeeesee e 131
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reServoir in Case 22. ....cc.veeveeeieriee e 132
Required pump pressure and head for water drive
FESEIVOIT 1N CBSE 22. ....iiiiiiiiiiie ettt sttt sttt sne e 132
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reServoir in Case 22........ooveeeverceneesesee e 134
Variable speed pump design for 60-Hz 538P11 pump model
for water-drive reServoir iN CaSE 22........cocuvvvevenereneeeesee e 134
Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles
for water drive reServoir in Case 23. ......coocvieenerin e 135
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reServoir in Case 23. ..o 136
Required pump pressure and head for water drive
FESEIVOIT IN CBSE 23..... ettt sttt nae e 136
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 23........cocoveveveneneseeee e 138
Variable speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 23........oovveeveeienee e 138

Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reServVoir iNCASE 24 ..o 139



Figure 5.131:

Figure 5.132:

Figure 5.133:

Figure 5.134:

Figure 5.135:

Figure 5.136:

Figure 5.137:

Figure 5.138:

Figure 5.139:

Figure 5.140:

Figure 5.141:

Figure 5.142:

Figure 5.143:

Figure 5.144:

Figure 5.145:

XiX

Page
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reServoir in CaSE 24. .......couvevevenereniee s 140
Required pump pressure and head for water drive
FESEIVOIT 1N CBSE 24 ...ttt sttt s nae e 140
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir inN CaSe 24........cccoveveveneneneeese e 142
Variable speed pump design for 60-Hz 538P17 pump model
for water-drive reServoir in Case 24........ooeeeeveeceeneeseee e 142
Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles
for water drive reservoir in CaSe 25. .......ooovvivevenerenieeeesee s 143
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reservoir in Case 25. ...couvvevieeneeie e 144
Required pump pressure and head for water drive
FESEIVOIT 1N CASE 25. ...iiiiiiiiiiiie sttt sttt 144
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 25........oovveererinneeneeee e 146
Variable speed pump design for 60-Hz 538P11 pump model
for water-drive reServoir in Case 25........cocvveverenenerieee e 146
Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles
for water drive reServoir in Case 26. ......coocvvveererienneeneee e 147
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reServoir in CaSE 26........oovvvrerenenereeeesesee e 148
Required pump pressure and head for water drive
FESEIVOIT 1IN CSE 26. ....cueevieieeiee sttt sttt s sae e 148
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir inin Case 26.........coovverererenieeniesee e 150
Variable speed pump design for 60-Hz 538P11 pump model
for water-drive reServoir in Case 26........couvveerereeneeneeie e 150
Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reSerVOIT INCASE 27 ..o e e aeann 151



Figure 5.146:

Figure 5.147:

Figure 5.148:

Figure 5.149:

Figure 5.150:

Figure 5.151:

Figure 5.152:

Figure 5.153:

Figure 5.154:

Figure 5.155:

Figure 5.156:

Figure 5.157:

Figure 5.158:

Figure 5.159:

Figure 5.160:

XX

Page
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reServoir in CaSE 27. ......uveveeevesereseeee e 152
Required pump pressure and head for water drive
FESEIVOIT 1N CBSE 27...eiieeeteeieeiee sttt ee sttt eesre e eneens 152
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reServoir iN CaSE 27........oouveeeveneseseeeese e 154
Variable speed pump design for 60-Hz 538P17 pump model
for water-drive reServoir iN CaSe 27........oocveeereeieseeneee e 154
Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles
for water drive reservoir in CaSE 28. .......cccovvveveneneneeesese s 155
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reservoir in Case 28. .......ooevveeveriennee e 156
Required pump pressure and head for water drive
FESEIVOIT 1N CASE 28, ...ttt 156
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive drive reservoir in Case 28. ........occveeveeceneenesiensene 158
Variable speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 28..........covvvevenereneeieene e 158
Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles
for water drive reservoir in Case 29. ......cociveenerin e 159
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reservoir in Case 29. .......oocevevevenereneeeese s 160
Required pump pressure and head for water drive
FESEIVOIT 1IN CBSE 2. ..ottt sttt 160
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 29........cocoveveveneneneeee e 162
Variable speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 29........occvveeveeinneeneecee e 162
Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir iN CaSE 30. ...oeveeee e e e 163



Figure 5.161:

Figure 5.162:

Figure 5.163:

Figure 5.164:

Figure 5.165:

Figure 5.166:

Figure 5.167:

Figure 5.168:

Figure 5.169:

Figure 5.170:

Figure5.171:

Figure5.172:

Figure5.173:

XXi

Page
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reservoir in Case 30. .......oocvverereneneneeeesee e 164
Required pump pressure and head for water drive
FESEIVOIT 1N CSE 30. ...eeueeeeeierieesieeiesee sttt sae e ae e sreenee e 164
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 30........cocoveverenereneeee s 166
Variable speed pump design for 60-Hz 538P17 pump model
for water-drive reservoir in Case 30........ooevveereriienee e 166
Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles
for water drive reservoir in Case 3L. .......cocvvvvevenerereeee s 167
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reservoir in Case L. ...coovvevieenerie e 168
Required pump pressure and head for water drive
FESEIVOIT 1N CASE BL. ..ttt 168
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 31.......oocvveeierinneeneee e 170
Variable speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 3L........cccvvveveneneneeieeese s 170
Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles
for water drive reServoir in CaSe 32....ccccvuvireenerier e 171
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reServoir in Case 32. .......oovveveveneneneeee e 172
Required pump pressure and head for water drive
FESEIVOIT 1N CBSE 2. ...eeieeeieieeieesiee it s ettt st sae e se et sneesreenae e 172
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 32........cocvvvvevenereneeee e 174

Figure 5.174:V ariable speed pump design for 60-Hz 538P11 pump model

Figure 5.175:

for water-drive reservoir IN Case 32.........cccveieeeieeieesiee e eireesee e 174
Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir iNCASE 33. ...oooee e eee e e e e e eaans 175



Figure 5.176:

Figure5.177:

Figure 5.178:

Figure 5.179:

Figure 5.180:

Figure 5.181:

Figure 5.182:

Figure 5.183:

Figure 5.184:

Figure 5.185:

Figure 5.186:

Figure 5.187:

Figure 5.188:

Figure 5.189:

Figure 5.190:

XXii

Page

Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reservoir in Case 33. .......oovvevevenenereeee s 176
Required pump pressure and head for water drive

FESEIVOIT IN CBSE 33..... ettt sreenne e 176
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 33........oocvviveveneneneeee s 178
Variable speed pump design for 60-Hz 538P17 pump model
for water-drive reservoir in Case 33........oocvveeierinnee s 178
Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles
for water drive reservoir in CaSE 34. .......oovvvrevenirereeee e 179
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reservoir iN Case 34. ...couveevieeieee e 180
Required pump pressure and head for water drive

FESEIVOIT 1N CBSE 34 ..ttt 180
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 34.......vvveeeierie e 182
Variable speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 34........cocvvvveveneneseeee s 182
Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles
for water drive reservoir in Case 35. ....ccvviireenerin e 183
Bottom-hole pressures from ECLIPSE and Vertical Lift Performance
for water drive reservoir in Case 35.......coovvivereneneneeee s 184
Required pump pressure and head for water drive

FESEIVOIT 1IN CBSE 35. ...ttt 184
Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in Case 35........ooovviverenenereeeeeee s 186
Variable speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in Case 35. ......ccoveevereneenie e 186
Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reServVoir iNCASE 36. ...oeeeeee e eeeeeeeeeeaeans 187



XXiii

Page
Figure 5.191: Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for water drive reServoir iNCASE 36. ...ooeeeee e eeeeeeeeeaaans 188

Figure 5.192: Required pump pressure and head for water drive

FESEIVOIT 1N CASE 3. ..ceeeeeeeeeeeeeeeeeeeeeeeee e e eeee e et e e e e e e e e e e e e e e e e e eeeeeaeeeeaaaeeaeaees 188
Figure 5.193: Fixed speed pump design for 60-Hz 538P17 pump model
for water-drive reServoir INCASE 30.....eeveeee e eee e eeeeeeeeeeaaans 190

Figure 5.194: Variable speed pump design for 60-Hz 538P17 pump model
for water-drive reservoir in Case 36........covvveererienneenenesee e 190



XXV

List of Abbreviations

STB/D barrel (bbl/d : barrel per day)

BHP bottom hole pressure

SCF/STB standard cubic feet per stock tank barrel
PVT pressure-volume-temperature

PSIA or psia pounds per square inch absolute

PSI or psi pounds per square inch

SCAL specia core analysis

SWAT water saturation

SG specific gravity

MG specific gravity of mixture

PD true vertical pump setting depth

Tf tubing friction losses

TP surface pressure necessary to move the produced fluid to the

production facilities

PIP pump suction or intake pressure which helpslift the fluid.



XXV

Nomenclature

K permeability

k relative permeability

Kg gas relative permeability

Kew water relative permeability

Krog oil relative permeability for a system

Krow oil relative permeability for a system with oil and water
Krowg oil relative permeability for a system with oil and water at ;=0
Jo oil production rate.

Oo,max maximum oil production rate.

P reduced reservoir pressure.

Pu bottom-hole flowing pressure.

n exponent of back-pressure curve.

A laminar-flow coefficient

B turbulence coefficient

GREEK LETTER

o porosity

a oil IPR parameters for the new 1PR model
SUBSCRIPTS

g gas

w water



CHAPTER |

INTRODUCTION

In general, the natural flowing well uses the differential pressure between
reservoir and wellbore as the driving force to displace fluid out of the reservoir. Fluid
can flow naturally to the surface. If the pressure between wellbore and the surface
facility is sufficient. In the case that differential pressure in the system is not adequate
to lift the fluid to the surface, the well must be implemented by some form of artificial

lift such as electrical submersible pump.

Electrical Submersible Pump (ESP) is a multistage, centrifugal pump. The
pump stage consists of rotating impeller and stationary diffuser which generates the
differential pressure that is required by the well. The pump part is driven by downhole
motor. The total dynamic head (TDH) is produced by converting shaft horsepower to
velocity energy that in turn is converted to fluid horsepower.

To effectively design an ESP, one needs to know the volume of fluid to be
pumped and the total dynamic head (pump pressure) which change continuously
during the life of the well or the life of the pump. In order to accommodate variations
in the volume of pumped fluid and pump pressure, variable-speed-drive ESP has been
used. The design of such pump is based on trial and error method with an attempt to

accommodate the worst case scenario such as high water cut.

This worst case scenario is generally assumed by the engineer designing
the pump without incorporation of production profile forecast. Failure to include
dynamic prediction of the well inflow and outflow performances inevitably results in
over-sizing or under-sizing the pump. In some cases, this could result in premature

equipment failure and costly equipment change.

In order to design variable-speed-drive ESP to handle dynamic changes in

reservoir and wellbore conditions effectively, we will consider the dynamic change of



inflow performance via reservoir simulation and dynamic change of outflow
performance via vertical flow performance. The reservoir ssmulation will help us to
identify pump suction pressure and total liquid rate at different times during the life of
the well while vertical flow performance will help us determine the pump discharge
pressure at different times as well. With these three parameters, namely, pump
suction pressure, pump discharge pressure, and liquid rate, we can predict pump
reguirements which are pumping rate and pump pressure at different times throughout
the life of the well and design variable-speed-drive ESP appropriately to

accommodate the requirements.

In this study, reservoir and fluid conditions which are depth, solution gas
oil ratio, and size of agquifer support are varied in order to observe dynamic changesin
the flow rates of oil, water, gas and bottom-hole pressure (pump suction pressure) as
well as dynamic changes in down-hole pressure calculated from vertica flow
performance (pump discharge pressure). The purpose of this variation is to
investigate the impacts of these parameters on designing variable-speed-drive ESP in
terms of the number of pump stages and power requirement in order to make
appropriate ESP design to handle different reservoir and fluid conditions.

1.1 Objectives

1. To determine the optima design of variable-speed-drive electrical
submersible pump (ESP) under influence of different reservoir and fluid conditionsin

terms of number of pump stages.

2. To compare the performance, advantages, and disadvantages of fixed
speed ESP design, conventiona variable-speed-drive ESP design by trial and error
(current industrial practice), and optimal variable-speed-drive ESP design by
incorporation of production profile and vertical flow performance forecast under

different reservoir and fluid conditions.



1.2 Scopes of Work

1. Set up various cases to study the effect of the following parameters on pump

design:
a. reservoir depth: 5000, 7000, 10000 ft
b. solution gas-ail ratio: 100, 250, 500 SCF/STB
c. sizeof water aquifer: 1 PV, 5PV, 10 PV

2. Design fixed speed ESP for each case based on available well and reservoir

information and pump characteristic curve.

3. Design variable-speed-drive ESP for each case to accommodate worst case
scenario by trial and error (current industrial practice) based on variable-

speed-drive pump performance curve.

4. Design variable-speed-drive ESP based on production profiles predicted by
ECLIPSE and vertica flow performance from PROSPER for each case.

5. Compare and anayze the designs based on the three methods in terms of the
number of pump stages and power requirement for different reservoir and

fluid characteristics as stated in item 1.

6. Make conclusions and recommendations for fixed speed and variable-speed-

drive ESP design compare to the industrial practices.



CHAPTER I

LITURATURE REVIEW

The fast changing of global economy has a great influence on demanding of
world's energy. This has pushed up the prices of world energy. In order to minimize
the operation cost and maximize the oil production, many studies and research had

been conducted.

Petroleum industry plays a major role in supplying world’s energy. Petroleum
is recovered mostly through oil drilling. It is refined and separated, most easily by
boiling point, into a large number of consumer products, from gasoline and kerosene
to asphalt and chemica reagents used to make plastics and pharmaceuticals.
Predicting present and future of well productivity effectively can help control

operating cost, production rates, capital cost, and minimize losses as well.

Kelly[1] showed in his paper that by installing a variable-frequency generator
in place of the standard motor controller at the surface, a Variable-Speed Electric
Submersible Pumps (VSEP) can utilize this variation in frequency and this result in
wider operation range of retrieving fluid productivity. A well test was conducted to
compare both single speed and variable speed. The result clearly showed that a
variable speed pump can produce more than aresizing ESP of single speed because
variable speed pump does not loss time on pulling out the downhole equipment and
has no lead time as well. VSESP also helps increase the accuracy of predicting the

behavior of well by mean of wider range of operation.

Understanding ESP operation in two-phase conditions is not an easy task. it
involves many parameters such as gas degradation and surging prediction
correlations. An experiment was conducted to gather data on pressure change at each
stage. Surging and gas lock were found during the test, and each stage pressure was
recorded. The result showed that the average pump behavior was different in each

stage.



Pessoa and Prado[ 2] concluded that with current knowledge, it is not sufficient
to develop an accurate model for predicting head degradation, gas lock, and surging

conditions.

Powerg[3] discussed in his paper the effect of speed variation on the
performance and longevity of electric submersible pumps. This paper demonstrates
the downside of speed variation on complexity of ESP equipment selection and
difficulties to achieve the maximum pump life. The effect of thrust wear can
dramatically shorten pump life, which results from operating in the severe downthrust
zone. Vice versa, operating with high speed will result in increasing cavitation which
causes a very destructive impact to any type of centrifugal pump. The longer duration
of critical speed operation during startup and frequent change of speed greatly affects
the problem of vibration. The motor used in ESP system is a two-pole induction
motors that have speed equal to the driving frequency. Both the motor and centrifugal
pump used in ESP do not form a good partnership if frequency is varied.

Sipra, Mugbali, and Beattie[4] discussed the well design, well inflow and
outflow behavior in their paper. The well bore inflow is said to be a wel
characteristic, and the outflow is characteristic of pump properties. At any point,
these curves intersect and define an operating point. Then, Gradient Traverse was
plotted to analyze the ESP system by its design parameters, performance monitoring
and failure analysis. The design parameters such as well inflow, fluid properties,
completion design, require rated, and etc can help one to understand a typica
environment of an ESP system. Many downhole equipment such sensor, gauges, and
etc are installed to help monitoring and responding to the operating condition. The
data from failure are collected and analyzed for overal system improvement.
Comprehensive usage of these data sets enables right/ real time decision to sustain

ESP at optimum range, leading to enhancing ESP run life.

Powerg[5] developed an equation, useful in making economic evaluations for
power consumption for ESP. It is categorized into the energy required to perform
useful work, the energy absorbed by tubing friction, and power-cable electrical |osses.

Practical examples using his design techniques are shown in the paper. The value of



power consumption on tubing size, power-cable size, and motor voltage are presented

and being compared on economical viewpoint.

Knight and Bebak[6] presented an economic viewpoint for ESP offshore
operation. Since offshore operation is more costly than onshore operation in term of
capital and operating expenditures, ESP reliability and common failure reviewed to
seek for an improvement and optimize ESP runtime. Three crucia areas were
equipment, installation and operation. This paper also shows the common failure and
breakdown frequency from collected data of dismantles. These falures are ESP
motor failure, shaft break, corrosion, well problems, and etc. Careful consideration of
the application and proper system monitoring can significantly increase the life cycle
of downhole equipment as well as minimize the cost of overall system, especialy
with the offshore operation. These are some of studies for understanding the inflow
and outflow production. Being able to predict the well performance accurately can
result in maximizing future financial return through question such as tubing and choke
size, timing of artificial lift, future revenue streams, and abandonment time with some

certainty.



CHAPTER 111
Basic ESP Sizing

This chapter will explain the basic of ESP design in term of system
components and selection of ESP. The ESP system can be separated into downhole
and surface components. The surface components are transformers, motor controllers,
and junction box. The wellhead accommodates the passage of the power cable and
tubing from the surface to the well bore. The main down-hole components are the
motor, seal, pump and cable. Additional items may include the check and drain
valves, gas separators, cable bands and protectors, motor lead guards and data
acquisition instrumentation. Figure 3.1 shows schematic diagram of a submersible
pump installation. In a normal installation, the ESP assembly is connected to the
bottom of tubing string via the pump discharge head.

The pump discharge head is usually a separate component that bolts onto
the top of the pump section. Occasionally, the pump is built in either an upper tandem
or single configuration. In these cases, the discharge head as an integral part of the
pump assembly. The pump is a multi-stage centrifugal pump and is generally built as
a center tandem configuration. The pump may be a single piece pump as shown in

Figure 3.1.

Fluid enters the pump through pump intake. Usudly, the intake is a
separate component that bolts onto the bottom of the pump section. Occasionaly, the
pump is built in either a lower tandem or single configuration. In these cases, the
intake is an integral part of the pump section. A bolt-on intake is usually a standard
screened intake but sometimes a gas separator is used instead.



Figure 3.1: Typical ESP system component [7].

The seal section is located between the pump intake and the motor. Other
names for the seal section include motor protector and equalizer. The seal section is
designed to prevent well fluids from entering the motor while providing a reservoir
for motor oil expansion. It also allows for the equalization of the pressure between the
motor and well bore. The seal section also includes a thrust bearing to carry pump
shaft thrust.

The seal section can be a single unit as shown in Figure 1.1 may be run in
tandem where it is desired to have additional seals and oil volume capabilities for high
horsepower motors or more protection. The number of shaft seals varies with the type
of seal section used. The motor is connected to the bottom of the seal section. An ESP
motor is a 60-hertz power, rotates between 3400 to 3500 RPM, depending on the |oad.
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Located between the wellhead and the motor starter (switchboard or VSD)
is ajunction box. Within the junction box, the cable is separated and stripped to the
bare copper conductor. The conductors are then tied back together on insulated
terminal blocks. This allows any gas that might have migrated up the cable to escape
and vent to the atmosphere. The remaining surface equipment consists of a motor

controller and transformer(s).

Typicaly, the ultimate goal of ESP sizing is to deliver the desirable liquid rate
with the highest operational efficiency of selected equipment. Prior to selecting
suitable equipment, we need to emphasize on the well data that ESP will be utilized.
Therefore, reservoir data which are include bottom-hole pressure, bottom-hole
temperature well production date, fluid properties, well geometry, and reservoir

producing characteristics come to play a significant role.

ESP Performance curve

The pump curve in Figure 3.2 describes the performance of a particular pump
type. All the manufacturers describe their pumps with this type of curve. The left
vertical axisis scaled in feet and meters of head. The bottom horizontal axisis scaled
in bbl/d. The curve labelled Head-Capacity defines the head that impeller can produce
a al of the available flow rates. For example, at 1200 bbl/d the single stage P11
shown in Figure 3.2 will produce 44 ft. of lift.

Note that centrifugal pump performance is defined by the head they produce,
not pressure. The 44 ft. of lift in the example above represents 19.05 psi for specific
gravity 1.00 fluids. However, the impeller will produce the same 44 ft. of lift with a
specific gravity 0.85 fluid with an associated pressure of 16.19 psi. Thisis because the

centrifugal forces acting on the fluid are the same regardless of the fluid's density.

Density does affect the power required to lift the fluid. The curve in Figure 3.2
labeled Horsepower Motor Load indicates the power requirements for this impeller at
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various flow rates. The first vertical axis on the right is scaled in horsepower motor
load. This horsepower is based on pumping water with a specific gravity of 1.00.

As an example, at 1200 bbl/d the one stage pump in Figure 3.2 will require 0.72 hp if
the fluid has a specific gravity of 1. For fluid having a specific gravity of 0.85, the
pump will only require 0.61 hp.

HEAD (FT} Fower (HF) ERf (%)
— ] [CFERATING RANGE

EisE

500 P, 1.08

Ex|
- HE
S

\ 0.6 E0.0

/"'
. Pt

\ 020200

1000 1200 1400 1600 1800
Flowrsta (BFD) 60Hz

200 400 600 800

P11 Pump 538 SERIES
1 Stage Performance Curve
RPM=3500 Sp.Gr.=1.0

Figure 3.2: Typica pump curve[8].

The rightmost vertical axis of Figure 3.2 is scaled in percent efficiency.
Sometimes the curves will not agree with the calculation due to errors in reading and
reproducing the curves. Because of this, the API has established that mathematical
coefficients should be used to determine an impeller's head, horsepower and
efficiency. The published curves will usualy be for a single stage pump but
sometimes the curve will be on a 100-stage basis. In the example above, if we had
read the head at 1200 bbl/d of a 100-stage curve we would read 4,400 ft. The curves
are aso rotational speed dependent and the speed for the curve will be listed.
Changing the speed of the impeller will affect the head and horsepower curves
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according to the pump and fan affinity laws. This will be covered in the section on

variable speed drives.

3.1 Wdll Data

Any kind of artificial lift design, whether it is gas lift, ESP, or PCP, it is

mandatory to start with the well data and it can be classified into six categories.

1. Genera information: well name, well location, date of collected date and well
history.

2. Wel geometry: deviation survey, exiting completion details, perforation
depth, production casing/liner profile

3. Surface information: flowline pressure, wellhead type, available power and
cost.

4. Fuid properties: kill fluid density, oil °API or specific gravity, PVT laboratory
reports, water cut, and etc.

5. Wédl inflow data: well test data, static and flowing bottom-hole pressure,
productivity index (PI).

6. Design goal: desirable fluid rate, maximum efficiency, extended run-life and

minimum investment, including operating frequency.

3.2 Design and Selection

Produced fluid in a well that has a high water cut and low gas-oil can be
considered as a single phase fluid or incompressible fluid. In this case, there is no
concern about multiphase fluid flow into the pump intake. This means we can assume
that the volume produced at the surface is equivalent to the volume that is pumped
from down-hole. However, in reality, we are dealing with compressible fluid in the
wellbore such as gas, oil and water flowing from the reservoir into the wellbore and
being produced through the production tubing to the surface. This is more

complicated and unable to do by hand calculation. There are severa software in the
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market that will assist petroleum engineer to design the ESP. However, we need to

follow the three main steps to design and select the pump:

= Determine the flow rate (Q)
= Cdculatethetotal dynamic head (TDH)

= Select the proper pump, number of pump stages and pump housing

I nflow Perfor mance

Flow rate (Q) is the most basic item that is needed in the design of multi-stage
ESP pump. There are several cases that pump size is larger than well fluid
productivity, resulting in pump off or fluid level below the pump intake. In the case
that selected pump size is smaller than the capacity of the well can deliver, the return
rate of project will be less worthy. Therefore, design engineer needs to spend more
time with well’s productivity and finds proper productivity index and flow

characteristics from available reservoir data.

Many assumptions for predicting a well inflow and outflow are based on
single phase mixture. It is often assumed that production rates are proportiona to
pressure drawdown. This straight-line relationship can be derived from Darcy’s law
for steady-state flow of a single, incompressible fluid and is called the productivity
index (PI). Since the condition of well is dynamic and none of them having the same
conditions, the intake pressure, the volumetric fractions of free gas and liquid phases,
the liquid flow rate, and the angular speed are some of the main parameters causing
variations in each of the well condition. This led to the development of several
empirical inflow performance relationships (IPR) to predict the pressure, production
behavior of oil wells producing under two-phase flow condition.

Fetkovich’s work[9] proposed the isochrona testing of oil wells to estimate
their productivity. He got his n value from his field experiment. By mean of methods
not shown in his paper, Fetkovich found an n =1.24 for his g o, Using data from
multirate tests on 40 different oil wells in six fields, Fetkovich showed the following
approach:
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o _ [y (B)]” (3.1)
domax h Py '
where g, = oil production rate.

OJomax = Maximum oil production rate.

P = reduced reservoir pressure.

Pus bottom-hole flowing pressure.

exponent of back-pressure curve.

>
I

Jones, Blount, and Glaze[10] method requires that a multi-rate test be
conducted to determine the coefficients, A and B, in which A is the laminar-flow
coefficient and B is the turbulence coefficient. It isevident that a Cartesian plot of the
ratio of the pressure difference to the flow rate vs. the flow rate yields a straight line,
with the y-intercept being A and the slope, B. Once the coefficients are estimated the

flow rate at any flowing pressure can be determined.

e ) (3.2)

4o = '

On the basis of Vogel’s work[11], Klin and Mgcher[13][14] developed an
IPR that incorporates the bubble point pressure. Using the nonlinear regression

analysis, they presented the following IPR.

% _1_0.295 (P;”f ) —0.705 (ow )n (3.3)

domax T Py

Sukarno and Wisnogroho[12] developed an IPR based on simulation results
that attempts to account for the flow efficiency variation caused by rate-dependent
skin as the flowing bottom-hole pressure changes. The authors developed the

following relationship using nonlinear regression anaysis.
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do __ ow ow 2 ow 3
o= [1 — 0.1489 (P—) — 0.4416 (P—) — 0.4093 (P—) ] (3.4)

Al-Saadoon’g[12] used a similar method with Standing but different in
definition of J: However, both authors obtained the same curves g, VS pwt

dqo
= o (35)

Klins and Clark 111[14][15] had studied from previous research and came up
with amore realistic equation used to predict the future IPR curves of their own. They
predict future maximum oil deliverability as a function of f J and n from Fetkovich
equation. By assuming a flowing BHP of zero, the AOF potential at any reservoir
pressure below the bubble point can be estimated. Coupled with Vogel’s[11] and
Klins and Majcher’ §14][15] IPR relationships, we obtain

L —1-02(2)-08 (M)2 (3.6)

domax T Py

Elias et a. [16] derived their equation to predict inflow performance based on ail

mobility- pressure profile where o isthe oil PR parameter for the new IPR model.

[N YA—— ln(aPWf+1)
do,max - In(aPr+1) (37)

The result gives a more precise prediction of PR behavior curve than the
methods used in the industry. It is ranked number one whereas model of Fetkovich,
Sukarno, Vogel, and Wiggins is ranked the second, the third, the forth, and the fifth,
respectively.

After the target production rate is decided, a production engineer then can
select the pump setting depth, pump intake pressure, and pump model that is suitable
for the reservoir and operations. The flow may be decided based on other reason such
as surface facility limitation, availability of the equipment in inventory or lead time of
ESP system. In addition, it will depend on the economic decision as well.
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Outflow Perfor mance

Instead of dealing with the fluid flow from the reservoir into the wellbore like
the previous section, the outflow performance is involving with fluid flow from the
wellbore up to the tubing. The fluid will flow only when the pressure at te tubing
intake is greater than the hydrostatic pressure, plus the friction loss in the tubing itself,
plus the tubing discharge pressure or wellhead pressure.

The friction loss calculation in single phase fluid is very simply and can be
determined by Hazen-William equation [17]. Nevertheless, the fluid that is produced
is multi-phase fluid and it is difficult to calculate since the average density and the

velocity of the fluid is usually unknown because the gas breakout and fluid dlip.

Many researchers have performance the experiment and come up with
empirical solution to solve multi-phase fluid problem. Many tubing correlation have
been published and applied worldwide. Poetmann and Carpenter[18] established the
vertical flow performance that can be used with 2-3/8” to 31/2” OD tubing and flow
rate graer than 400 STB/D with minimum slippage.

Dun and Rog[ 18], Hagedon and Brown[18], Begg and Bill[18], and other have
developed additiona outflow correlation intended to improve the accuracy of the
friction loss calculation. Most are applicable to al conditions including annular flow.
In addition, these correlations can be applied in deviated well from 15° to 20° from

vertical.

However, no correlation that satisfies for every well conditional. The
correlation will need to calibrate with actual filed data and select the most accurate
calculation. Figure 3.2 shows the typical pressure travers curves from the Hagedon
and Brown[18] correlation. When the surface pressure is known, this curve can be
used to obtain frication loss in tubing as the following procedure.

1. Pick proper curveto fit the situation, i.e. flow rate, pipe size, WOR etc.
2. Draw avertica line from surface pressure intersect with gas-liquid ratio to

determine pseudo depth.
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3. From the pseudo depth that obtains from above add the well depth to
determine pressure depth.

4. Move horizontally from pressure depth to proper gas-liquid ratio and read
bottom-hol e pressure.

5. Subtract surface pressure from bottom-hole pressure to determine pressure

drop in the tubing.

\ WOR =0
Tubing size = 1 Y-in —

1
°API =35
Yo =0.65

2 G ,=0.65 ]

Ho=0.65
T=140°F

Depth, 1,000 ft
w
S
&
Q

10

0 4 8 12 16 20 24 28
Pressure, 100 psi

Figure 3.3: Typical vertical pressure transverse curves19].

Total Dynamic Head

Total Dynamic Head or TDH is the differential pressure that pump need to
supply in order to deliver the fluid to the surface at desirable flow rate. Normally, the
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amount of head is defined in term of height unit such as feet or meter. The tota
dynamic head can be cal culated as following equation:

TDH = PD + T; + TP — PIP (3.8)
where:

PD = truevertical pump setting depth
T¢ = tubing friction losses
TP = surface pressure necessary to move the produced fluid to the production
facilities
PIP = pump suction or intake pressure which helps lift the fluid and therefore
need not be supplied by the pump. This includes casing pressure.

Equation 3.8 is combination of head and pressure units and needs to normalize
into one common units of head. Pressure can be converted to head by divided by

specific gravity as shown in following equation.

PSI

Head(ft) = w5133

(3.9)

The specific gravity (SG) in the equation is specific gravity of mixture (MG)
or specific gravity of gas, oil and water that is produced by the pump. The Tota
Dynamic Head equation can now be written with common units:

TDH = PD + Tf + (3=)- (5o) (3.10)

From equation 3.10, most of the terms have aready been defined except the

tubing friction losses (Tr). The loss of head due to friction of water may be calculated
using Hazen-Williams formula [16].



18

Hazen-Williams Friction Loss
(for New, Old and Average Pipe)

1,000

100
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Figure 3.4: Hazen-William friction loss for new, oil and average pipe[17].

Thetotal dynamic head or TDH determined from Equation 3.10 can be used to
calculate number of pump stages by dividing the TDH by the ability of lift per stage
(head per stage).

Pump Selection

At this point, the number of pump stages can be determined by selecting the
pump model based on desirable flow. Bearing in mind that the manufacturing pump
catalog curves and select must be meet with two the criteria bel ow:

e A pump outside diameter fitsin the casing internal diameter.

e Thepump can deliver the highest efficiency among selected model.

Basicaly, the largest diameter of pumps that fits in the well casing is more

efficient than the smaller diameter. In norma practice, there will be two or three
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pump models that meet the volume and diameter requirements. On another hand, we
also need to consider the availability and delivery requirements.

After the number of pump stages has been determined, we need to refer to
manufacturing standard catalog available in the market. Pump housing or housings are
available to handle the required number of stages. It must be emphasized at this point
that al ESP manufacturers have different standard size pump housings. For each
standard housing, many different stages can be combined in order to meet multi-stage
pump requirement. For example, if the required number of pump stages is 114 stages,
and there are two available pumps in the catalog and the standard pump sizes that

vendor makes are:

1. Housing #14 which contains 100 stages.
2. Housing #15 which contains 128 stages.

The two choices are:

1. Use the #14 housing and have 114 stages less than required.
2. Use the #15 housing and have 114 stages more than required.

It is vital that we know this so that we can make a decision. However, it is
recommended to select the higher number of stages than calculated in case thereis no

variable speed drive available.
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3.3 Variable Speed Design

Nowadays, the variable speed drive (VSD) is more popular in the ESP industry due to
the flexibility and adjustability to the ESP pump base on varying of well condition.
The affinity laws was applied to calcul ate the new rate, head and break horse power as
follow equations:

0= 0:(3) (39)
H, = H, (x—j)z (3.10)
BHP, = BHP, (x—j)g (3.11)

where:  Qq, Hi, BHP; and N; = initial capacity, head, brake horse power and speed.
Q., Ha, BHP, and N, = new capacity, head, brake horse power and speed.

The variable speed pump curve is depicted in Figure 3.3.
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Figure 3.5: Variable-speed-drive pump performance curve[ 7]



CHAPTER IV

RESERVOIR SIMULATION MODEL

In order to determine optimal pump stages with a various reservoir conditions,
reservoir simulator together with vertical lift performance were used to determine
total dynamics head (TDH) behaviour under different reservoir conditions. As a
result, the optimal pump stages can be obtained in fixed and variable speed
application.

The reservoir simulator ECLIPSE 100 specializing in blackoil modeling was
used in this study. There are two drive mechanism model in this research, solution gas
drive (depletion drive) and water drive. The solution gas drive reservoir was
constructed with various Gas Oil Ratio (GOR) — 100, 250 and 500 scf/STB. The water
drive reservoir was built with bottom aquifer support — 1PV, 5PV, and 10PV aquifer
size. We can divide the reservoir simulation model into three main sections as

follows:

1. Grid section. In this section the geometry of the reservoir and its

permeability and porosity were specified.

2. Fluid section. The PVT was assumed with different reservoir conditions.

Initial reservoir condition was also included in this section.

3. SCAL section. In special core analysis or SCAL section, gas and oil
relative permeability in gas-oil system with connate water as a function of
gas saturation, oil and water relative permeability in water-oil system as a

function of water saturation were specified.

4. Weéllbore Section. The wellbore model was constructed and used to
incorporate the vertical flow performance from other software into the

simulation mode!.

This chapter describes in details on how properties are gathered in each

section. The detail of the simulation input is shown in Appendix A.
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4.1 Grid Section

In this study, we performed simulation for two different reservoirs which are
water drive and solution gas drive (depletion drive). Both reservoirs were constructed
using Cartesian coordinate under simple geometry and homogeneous conditions. The
dimension of each reservoir is 2500 ft x 2500 ft x 50 ft. The number of grid blocks of
each reservoir is 50 x 50 x 5 in the x, y and z direction, respectively. The top of
reservoir is located at depth of 10,000 ft in the base case, and the top of the reservoir
was varied in order to consider the effect of depth at 5,000 and 7,000 ft.

The porosity of the reservoir was assumed to be 18.0%. The horizontal
permeability was set at 100 mD, and the vertical permeability was 10 mD. Figures
4.1, 4.2, 4.3 and 4.4 display the reservoir shape for solution and water drive with a
bottom aquifer support of the size 1PV, 5PV and 10PV, respectively.

Figure 4.1: 3D view of solution gas drive model.

Figure 4.2: 3D view of bottom water-drive reservoir with 1PV with aquifer.



Figure 4.4: 3D view of bottom water-drive reservoir with 10PV aquifer.
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4.2 Fluid Section

The PVT data such as initial reservoir pressure, temperature, gas-oil ratio,
specific gravity of gas and fluid were input in this section and varied by depth as
shownin Tables4.1, 4.2, 4.3 and 4.4. The data are required to calculate the density of

each phase in each grid block for material balance purposes.

Table4.1: PVT input data.

Depth Pressure Temperature Gas Oil Ratio
(ft.) (psi) (°F) (scf/STB)

5,000 2,200 168 100, 250, 500
7,000 3,300 200 100, 250, 500
10,000 4,400 250 100, 250, 500

Table 4.2: Oil property correlation.

Oil property Correlation

Solution gasratio (Rs) Velarde Blasingame
Bubble point pressure (Py) Vako McCain
Dead ail viscosity Beggs Robinson

Viscosity below bubble point pressure

Beggs Robinson

Viscosity above bubble point pressure Vasquez Beggs

Formation volume factor (Bo) Casey Cronquist
Compressibility above bubble point pressure | Spivey Valko Mccain
Compressibility below bubble point pressure | Spivey Vako Mccain




Table 4.3: Gas property correlation.

Gas property Correlation
Z factor Hall and Y arborough
Viscosity Lee

Critical properties

Mccain Corredor Grav

Formation volume factor (Bg)

Spivey McCain

Table 4.4: Water and rock property correlation.

Water and rock property Correlation
Viscosity Kestin Khalifa
Formation volume factor (By,) McCain
Compressibility Meehan
Reservoir density Spivey McCain
Compressibility Newman

25



26

4.3 SCAL (Special Core Analysis) Section

Two tables of relative permeabilities (k) and capillary pressures (p;) as
functions of saturation in ECLIPSE allow us to enter gas/oil relative permeabilities
and oil/water relative permeabilities into the software as depicted in Tables 4.5 and
4.6, respectively. These functions are shown in Figures 4.5 and 4.6.

k.gis relative permeability to gas
krois relative permeability to oil
k-wis relative permeability to water
Sy is saturation of water

Syis saturation of gas

pcis capillary pressure

Table 4.5: Gas and ail relative permeability.

S = ko
0.000 0.000 0.600
0.121 0.000 0.367
0.196 0.001 0.258
0.272 0.007 0.173
0.347 0.022 0.109
0.423 0.053 0.063
0.498 0.101 0.032
0.574 0.178 0.014
0.649 0.282 0.004
0.725 0.421 0.001
0.800 0.600 0.000
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Figure 4.5: Gas and ail relative permeability.

Table 4.6: Oil and water relative permeability.

Sw Kew kro
0.200 0.000 0.600
0.250 0.000 0.476
0.319 0.001 0.334
0.388 0.007 0.224
0.457 0.024 0.141
0.526 0.057 0.082
0.595 0.111 0.042
0.664 0.193 0.018
0.733 0.306 0.005
0.802 0.457 0.001
0.871 0.650 0.000
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4.4 \Wellbore Section

The well in this study has the tubing outside diameter of 3-1/2 inches with an
inside diameter of 2.992 inches. The well is completed with conventional 500 series
ESP Pump, sea and motor and set above perforation 100 ft. There is no packer
installed above the pump discharge. The well schematic of production well is shown
inFigure4.7.

In this study, multiple sets of vertical lift performance(VLP) curves were
generated by production and system performance analysis software (PROSPER) for
the variety of fluid produced from the reservoir. Each set of VLP curvesisfor specific
fluid properties and depth. The chosen vertical flow correlation is Petroleum Expert 2.
The bottomhole flowing pressure is calculated based on the tubing head pressure, gas

rate, and gas ail ratio of the producing well.

Figure 4.7: Well schematic.
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liberated gas and the expansion of the ail itself as the reservoir pressureis reduced. In

this case, the reservoir pressure declines rapidly with the production of oil from the

CHAPTER YV
RESULTSAND DISCUSSIONS

Base Casefor Solution-Gas-Drive Reservoir

The main source of drive energy for this kind of reservoir is from expansion of

reservoir and no water is produced during the entire reservoir life. A sample of

production profileisillustrated in Figure 5.1.

Liquid Rate (STB/Day)
Gas Oil Ratio (Scf/Sth)
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4000 %
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+ Liquid Rate = Gas Oil Ratio + Flowing bottomhole pressure

Figure5.1: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for solution-gas drive reservoir.
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Figure 5.2: Bottom-hole pressures from ECLIPSE and vertical lift performance

for solution-gas drive reservoir.

In the simulation, the control parameters are maximum liquid production rate
of 1,000 STB/D, minimum bottom-hole pressure of 200 psia and economic oil rate of
50 STB/D. Vertica lift performance tables are not incorporated in reservoir
simulation since one of the purposes of running the simulation is to observe the
behavior of bottom-hole pressure from inflow performance perspective in order to
determine the suction pressure in the design of a pump to boost the pressure of the

produced fluids to the surface.

As depicted in Figures 5.1, liquid production rate from the reservoir is
maintained at 1,000 STB/D for a period of 1,600 days. Then, it keeps declining until
reaching an abandonment rate of 50 STB/D. The bottom-hole pressure declines
rapidly at the beginning (while the liquid rate is maintained at 1,000 STB/D) until it
reaches the minimum bottom-hole pressure of 200 psia at 1,600 days and stays there
until the end of the production period. Once the bottom-hole pressure cannot be

reduced any further, the liquid production rate dramatically decreases.

Figure 5.1 also shows gas-oil ratio and water cut profiles. The gas-oil ratio is

more or less constant at early time as the reservoir and bottom-hole pressures are still
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high. In later stage of production, the gas oil ratio increases as more and more gas
liberated inside the reservoir starts flowing into the wellbore. At late time, the amount
of gas-oil ratio decreases again as the liberated gas that flows into the wellbore and
the dissolved gas that is produced with the oil can expand less due to lower reservoir
pressure at late time. For the water cut, it is zero for the entire life of the reservoir

because there is no aquifer attached to the reservoir model.

The values of liquid rate, gas-oil ratio, and water cut from Figure 5.1 are used
to determine the bottom-hole flowing pressure based on Petroleum Expert 2
correlation for multi-phase flow in tubing. This calculated bottom-hole pressure is
shown in Figure 5.2 asthe vertical lift performance curve and is actualy the discharge
pressure of a pump. Also shown in Figure 5.2 is the bottom-hole pressure calcul ated
from inflow of fluids from the reservoir into the wellbore which is actually the suction
pressure. The difference between the discharge pressure and the suction pressure is
the required pump pressure to lift the produced fluids to the surface. Subsequently, the
head is determined by dividing the differential pressure by the fluid gravity as plotted
in Figure 5.3.

During the early period of plateau production, the head gradually increases
because of the reduction in the suction pressure while the required bottom-hole
pressure for vertical lift increases. Once, the reservoir pressure is below bubble point
and free gas starts to flow into wellbore (free gas liberated from solution), the head
starts to decrease due to a sharp decline in the bottom-hole pressure required to lift
fluids from bottom-hole to surface while the bottom-hole pressure keeps declining
gradually. After the end of the plateau period, the head required to pump the fluid
declines as the pressure required by vertical lift performance becomes lower as there

islessoil produced inside the tubing.
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5.1.1 Fixed Speed Pump

In order to determine the appropriate number of pump stages, the pumping
head is plotted as a function of pump intake rate on pump curve at 60 Hz operating
frequency in Figures 5.4 and 5.5. Note that the pump intake rate is different from
liquid production rate at surface since it has dissolved gas in it. The ail intake rate is
simply cal culated by multiplying the surface oil rate by the formation volume factor at
the pump intake pressure, and the water intake rate can be caculated in the same
fashion. However, thereis no water production in this case.

Two pump sizes, P11 and P17, were selected to compare the performance in
fixed speed application. The shaded area shown in Figures 5.4 and 5.5 is the
recommended operating range (ROR). The pump run-life can be extended if the pump
is operated in this shaded area. The numbers of stages shown in the figures are the
published stages as listed in the pump catalog. In our study, we assume that a high
efficiency gas separator is deployed in the well and no free gas enters the first stage of
the pump.

For fixed speed, an ESP is operated at either 50 or 60 Hz only, depending on
power source. The pump stages are selected based on the maximum head and liquid
rate. It is a good practice to add a few extra stages to handle worst-case scenario.
Therefore, a safety factor needs to be applied by choosing the number of stages higher
than the calculated one.

During the production of liquid from the reservoir, the maximum head
required to deliver the liquid to surface is around 3,000 ft as derived from Figure 4.3.
If P11 model is used, Figure 5.4 suggests that 130 stages should be chosen in order to
provide a safety factor for pump operation. However, if P17 model isto be used, only
58 stages are needed as shown in Figure 5.5. As the liquid intake rate is between 50
to 1450 RB/D as shown by the red line, P11 model should be selected because its
recommended operating range is from 750 to 1500 RB/day while the recommended
operating range of P17 model is from 1,000 to 2,400 RB/day. The ROR of pump P11
covers awider range of liquid intake rate than that of P17 pump. At late time, as the
reservoir pressure is depleted, the liquid production declines and becomes lower than



35

the recommended operating range. At this point, a smaller ESP is recommended to

accommodate the well conditions.
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5.1.2 Variable Speed Drive Pump

As seen in Figure 5.3, the head requirement at early time is small since the
bottom-hole pressure from the reservoir inflow is still high. Thus, there is not much
need to pump the bottom-hole pressure up. If a fixed speed pump is used, it will
generate excessive pressure at the wellhead because there are too many pump stages.
Therefore, a variable speed drive pump should be evaluated. With variable speed
drive (VSD), the speed can be adjusted to reduce the energy losses in the system. In
another word, the system will be operated with more efficiency.

In this section, variable speed application is considered and will be compared
with fixed speed design. The variable speed pump performance curves for 58 stages
of model P17 and those for 115 stages of pump P11 are plotted in Figures 5.6 and 5.7,
respectively. The two pumps are designed to operate at minimum frequency of 40 Hz
and maximum frequency of 60 Hz.

From the plot, it is clearly shown that at the early production stage, pump P11
is dlightly operating in the up-thrust region, compared to pump P17 which can handle
the liquid rate better. As the liquid rate becomes smaller, the frequency of both
pumps can be reduced to accommodate lesser volume of pumping liquid. With
variable speed drive, pump P11 can handle the liquid rate down to 820 RB/day at 40
Hz. in comparison with minimum liquid rate of 750 RB/day when afixed speed pump
is used. On the other hand, variable speed drive enables pump P17 to handle a
minimum liquid rate of 800 RB/day at 40 Hz. in comparison with minimum liquid
rate of 1,000 RB/day when afixed speed pump isused. Therefore, if avariable speed
pump is to be used, pump P17 is better suited to the producing conditions. At late
times, the calculated head falls outside the ROR because of reservoir depletion. It is
advisable to use a smaller ESP at this point to prevent the down-thrust and extend the
pump life.
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5.2 Base Casefor Water-Drive Reservoir

In this section, the performance of oil production from a reservoir supported
by a bottom aguifer is investigated. The aquifer sizeis 1, 5, and 10 times the pore
volume of the oil reservoir. Similar to the smulation for solution-gas-drive reservair,
the control parameters are maximum liquid production rate of 1,000 STB/D,
minimum bottom-hole pressure of 200 psia, economic water cut 95%, and producing
time of 10 years. Vertica lift performance tables are not incorporated in reservoir
simulation since one of the purposes of running the simulation is to observe the
behavior of bottom-hole pressure from inflow performance perspective in order to
determine the suction pressure in the design of a pump to boost the pressure of the
produced fluids to the surface.

As depicted in Figures 5.8, liquid production rate from the reservoir is
maintained at 1,000 STB/D for the entire life of the well. However, the water cut
increases from 0 to more than 80%, meaning that the oil production decreases from
1,000 STB/D to less than 200 STB/D. The bottom-hole pressure declines at a
moderate rate at the beginning and starts to decline at a slow pace at 1,800 days due to
pressure support from the water aquifer. For the gas-ail ratio, it is more or less
constant for the entire life of the well due to small changesin reservoir pressure.

The values of liquid rate, gas-oil ratio, and water cut from Figure 5.8 are used
to determine the bottom-hole flowing pressure in the same fashion as the one for
solution-gas-drive reservoir. This calculated bottom-hole pressure is shown in Figure
5.9 as the vertical lift performance curve and is actually the discharge pressure of a
pump. Also shown in Figure 5.9 is the bottom-hole pressure calculated from inflow
of fluids from the reservoir into the wellbore which is actually the suction pressure.

The head which is determined by dividing the difference between the
discharge pressure and suction pressure by the fluid gravity is plotted in Figure 5.10.
At early stage of production, as ail is produced from the reservoir at constant liquid
rate, the head increases at a moderate rate due to the moderate reduction in the suction
pressure while the required bottom-hole pressure for vertical lift increases. Later on,

the required increases at a slow rate because of a slow reduction in the suction
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pressure while the required bottom-hole pressure for vertical lift still increases due to
higher water cut.
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5.1.2 Fixed Speed Pump

In order to determine the appropriate number of pump stages, the pumping
head is plotted as a function of pump intake rate on pump curve at 60 Hz operating
frequency in Figures 5.11 and 5.12. Note that the pump intake rate is different from
liquid production rate at surface since it has dissolved gas in it. The oil intake rate is
simply calculated by multiplying the surface oil rate by the formation volume factor at
the pump intake pressure, and the water intake rate can be calculated in the same
fashion. Two pump sizes, P11 and P17, were selected to compare the performance in
fixed speed application. The shaded area shown in Figures 5.11 and 5.12 is the
recommended operating range (ROR). During the production of liquid from the
reservoir, the maximum head required to deliver the liquid to surface is around 8,000
ft as derived from Figure 5.10. If P11 model is used, Figure 5.11 suggests that 334
stages should be chosen in order to provide a safety factor for pump operation.
However, if P17 model is to be used, only 134 stages are needed as shown in Figure
5.12. Asthe liquid intake rate is between 1290 to 1420 RB/D as shown by the red
line, either pump can be chosen as the liquid rate falls within the recommended
operating range. Nonetheless, pump P17 with 134 stages should be selected because it
requires a smaller number of stages.
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5.2.2 Variable Speed Drive Pump

In this section, variable speed application is considered and will be compared
with fixed speed design. The variable speed pump performance curves for 334 stages
of model P17 and those for 134 stages of pump P11 are plotted in Figures 5.13 and
5.14, respectively. The two pumps are designed to operate at minimum frequency of
40 Hz and maximum frequency of 60 Hz. Since pump P17 requires a smaller number
of stages, it is selected for the case. From the plot, it is clearly shown that at the early
production stage, pump P11 is dightly operating in the up-thrust region, compared to
pump P17 which can handle the liquid rate better. With variable speed drive, pump
P11 can handle the liquid rate in the range of 1,500 RB/day at 60 Hz down to 500
RB/day at 40 Hz. in comparison with 1,500 down to 750 RB/day at a fixed speed of
60 Hz. On the other hand, variable speed drive enables pump P17 to handle liquid rate
of 2,400 RB/day at 60 Hz. down to 650 RB/day at 40 Hz. in comparison with liquid
rate of 2,400 RB/day down to 1,000 RB/day when afixed speed of 60 Hz. is used.
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Figure 5.13: Variable speed pump design for pump 538P11 for water-drive reservoir.
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5.3 Case Studiesfor Solution-Gas Drive Reservoir

In this section, the reservoir parameters such as the reservoir pressure,
reservoir temperature, reservoir depth, initial solution gas-oil ratio are varied. The
reservoir is perforated 25 ft. from the total thickness of 50 ft. The perforation interval
is 15 ft. away from the top of reservoir and 10 ft. away from the bottom of the
reservoir. The full factorial combination of sensitivity analysisis applied to determine
fixed and variable speed of pump stage design for various reservoir and fluid
conditions. The designs are then compared with commercia software designs.

In the case of solution-gas drive reservoir, nine combinations of initial solution
gas-ail ratio (GOR) 100, 250 and 500 scf/STB and reservoir depth of 5,000, 7,000 and
10,000 ft. are obtained as shown in Table 5.1 to investigate the influence of solution-
gas with pump stage calculation. Note that the reservoir pressure and temperature
change accordingly with the depth of the reservoir and that the bubble-point pressure
of the reservoir fluid varies accordingly to the initial solution gas-oil ratio.

Table5.1: Varied parameters of solution-gas-drive reservoir

Reservoir Reservoir / Gas-ail
Case Reservoir _ Bubble point
depth pressure ratio _
no. . temperature (°F) pressure (psia)
(ft.) (psi) (scf/STB)
1 5,000 2,200 168 100 510
2 5,000 2,200 168 250 1110
3 5,000 2,200 168 500 1934
4 7,000 3,300 200 100 543
5 7,000 3,300 200 250 1182
6 7,000 3,300 200 500 2061
7 10,000 4,400 220 100 588
8 10,000 4,400 220 250 1282
9 10,000 4,400 220 500 2239
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5.2.2 Solution-gas Drive Reservoir at Reservoir Depth 5,000 ft.

Case 1: Reservoir pressure 2,200 psi, reservoir temperature 168°F, and initial solution
GOR 100 scf/STB.
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Figure 5.15: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for solution-gas drive reservoir in case 1.

The simulation results of initial solution gas-oil ratio of 100 scf/STB are
illustrated in Figure 5.15. Liquid production rate from the reservoir is maintained at
1,000 STB/D for only 60 days and then, it sharply drops to 400 STB/D. Once the
bottom-hole pressure cannot be reduced any further, the liquid production rate
dramatically decreases to 150 STB/D with the minimum flowing bottom-hole
pressure limit of 200 psia.

Figure 5.16 depicts the plot for flowing bottom-hole pressure from reservoir
inflow via simulation and bottom-hole pressure from vertical lift performance. The

difference between these two curvess is the head requirement to lift the fluid to the
surface as plotted in Figure 5.17.
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At early production stage, the head rapidly increases because of the reduction
in the suction pressure while the required bottom-hole pressure for vertical lift is high.
As soon as the reservoir pressure drops to the minimum limit of 200 psia, the head
starts to remain more or |less constant because there is no significant change in oil and
gas production rate.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 1 is P11 with 86 stages as shown in the Figure 5.18. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 86 stages as
depicted in Figure 5.19.
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Case 2: Reservoir pressure 2,200 psi, reservoir temperature 168°F, and initial solution
GOR 250 <cf/STB.
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Figure 5.20: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for solution-gas drive reservoir in case 2.

Figure 5.20 depicts the simulation results for initia solution gas-oil ratio of
250 scf/STB. Fluid production can be sustained at 1,000 STB/D for 640 days, and
then, it steadily declines until reaching 150 STB/D with minimum flowing bottom-
hole pressure at 200 psia. As the reservoir pressure drops below the bubble point of
1,110 psia, producing gas-oil ratio increases gradually.

The plot for flowing bottom-hole pressure from simulation and the bottom-
hole pressure determined from vertical lift performance is shown in Figure 5.21. At
the primary production stage before 500 days, the differential pressure is high because
there is a high amount of liquid production in the tubing, resulting in large head
required to lift the fluid as shown in Figure 5.22. Since there is a high gas-oil ratio in

the tubing after 500 days, the pressure required for vertical lift and the head
reguirement reduces accordingly.
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The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 2 is P11 with 86 stages as shown in the Figure 5.23. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P17 with 71 stages as
depicted in Figure 5.24
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Case 3: Reservoir pressure 2,200 psi, reservoir temperature 168°F, and initial solution
GOR 500 scf/STB.
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Figure 5.25: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for solution-gas drive reservoir in case 3.

The simulation result of initial solution gas-oil ratio of 500 scf/STB is
demonstrated in Figure 5.25. The fluid is produced and maintained at 1,000 STB/D

for 1,400 days. Later on, the production rate declines as the bottom-hole pressure
drops to the minimum limit of 200 psia.

The gas-ail ratio is more or less constant over the first 1,000 days as the
bottom-hole pressures declines. After that, the gas-oil ratio increases as more and
more gas is liberated gas inside the reservoir and starts flowing into the wellbore.
Finally, the amount of gas-oil ratio slightly decreases as the liberated gas that flows

into the wellbore and the dissolved gas that is produced with the oil can expand less
due to lower reservoir pressure at late time.
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The difference between the flowing bottom-hole pressure and bottom-hole
pressure from tubing performance as shown in Figure 5.26 is quite small due to high
amount of gas production in the tubing. The less head requirement at late time as
shown in Figure 5.27 is due to the fact that there is more free gas liberated from the
solution as the reservoir pressure declines.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 3 is P11 with 42 stages as shown in the Figure 5.28. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 27 stages as
depicted in Figure 5.29.

In summary, case 1 which has initial solution gas-oil ratio of 100 scf/STB has
the smallest effect of solution gas in the entire life of reservoir as shown in Figures
5.16 and 5.17. The head requirement is initially high and stays at the same level until
abandonment. In contrast, case 2 with an initial solution gas-oil ratio 250 scf/STB has
small head requirement at the beginning, relatively large head in the middle, and
small head at late time, resulting from the negative effect of the decrease in reservoir
pressure and positive effect of liberated gas. A similar trend can be observed in case
3. However, there is no head requirement at early time in this case since there is

enough gas-ail ratio flowing in tubing.
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5.3.2 Solution-gas Drive Reservoir at Reservoir Depth 7,000 ft.

Case 4: Reservoir pressure 3,300 psi, reservoir temperature 200°F, and initial solution
GOR 100 scf/STB.
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Figure 5.30: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for solution-gas drive reservoir in case 4.

This section is similar to the previous cases except for the reservoir depth,
reservoir pressure and temperature. Figure 5.30 represents the simulation result for
reservoir pressure 3,300 psi and reservoir temperature 200°F. For the case of the
lowest initial solution gas-oil ratio, the production target rate can be sustained for a

dlightly longer from time 60 days to 90 days when compared to case 1 in which the
reservoir pressure is higher.
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Figure 5.32: Required pump pressure and head

for solution-gas drive reservoir in case 4.
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The flowing bottom-hole pressure, vertical lift performance, required pump
pressure and head are illustrated in Figures 5.21 and 5.32. They have the same trend
asthose in case 1. The head dramatically at the beginning because of the reduction in
suction pressure and later remains constant and high due to a small amount of solution

gas-ail ratio.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 4 is P11 with 130 stages as shown in the Figure 5.33. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 115 stages as
depicted in Figure 5.34.
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Case 5: Reservoir pressure 3,300 psi, reservoir temperature 200°F, and initial solution
GOR 250 <cf/STB.
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Figure 5.35: Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles

for solution-gas reservoir in case 5.

The simulation results of solution-gas drive with reservoir pressure 3,300 psi
and reservoir temperature 200°F depicts in Figure 5.35. The initial solution gas-oil
ratio of this case was altered to 250 scf/STB. The results have similar trend as those
in case 2. The target rate can be continued to 1,100 days as the reservoir pressure is

higher than the one in case 1. The producing gas-oil ratio is constant for amost 1,500
days and rapidly increases afterward.

Figure 5.36 illustrates the plot of flowing bottom-hole pressure from reservoir
simulation and bottom-hole pressure from vertica lift performance, required pump
pressure and head. Once more, they have the same trend as the ones in case 2. The
head in Figure 5.37 gradually increases because of the reduction in the suction
pressure from the reservoir inflow and then gradually decreases because the bottom-

hole pressure calculated from tubing performance decrease as the gas —oil ratio in the
tubing increases.
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The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 5 is P11 with 115 stages as shown in the Figure 5.38. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 101stages as
depicted in Figure 5.39.
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Case 6: Reservoir pressure 3,300 psi, reservoir temperature 200°F, and initial solution
GOR 500 scf/STB.
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Figure 5.40: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for solution-gas reservoir in case 6.

Case 6 simulation results are depicted in Figure 5.40. The initial solution gas-
oil ratio was increased to 500 scf/STB. At initial production, the GOR is more or less
constant while production target is maintained at plateau rate of 1,000 STB/D up to
1,700 days. After 1,200 days, the gas-ail ratio dramatically increases as liberated gas
inside the reservoir starts flowing into the wellbore. Later on, the amount of
producing gas-oil ratio dlightly decreases as the liberated gas that flows into the

wellbore and the dissolved gas that is produced with the oil can expand less due to

lower reservoir pressure.

Figure 5.41 illustrates the plot between flowing bottom-hole pressure and
bottom-hole pressure from vertical lift performance. The well can flow naturally for
400 days by the dissolved gas that expands and flows into the tubing. Afterward, the
well needs an artificial lift to produce liquid to the surface. However, the differential
pressureis dightly small due to high amount of gas production in the tubing.
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Required pump pressure and head is represented in Figure 5.42. Once more,
they have the same trend as the ones in case 3 as the two cases have the same initial
solution gas-oil ratio. The head in Figure 5.42 is initialy zero which means that the
well can produce by itself without artificial lift. Later on, the head dramatically
increases because of the reduction in the suction pressure and later on drops because

of higher amount of gas production in tubing.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 6 is P11 with 56 stages as shown in the Figure 5.43. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 56 stages as
depicted in Figure 5.44.
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5.3.3 Solution-gas Drive Reservoir at Reservoir Depth 10,000 ft.

Case 7: Reservoir pressure 4,400 psi, reservoir temperature 250°F, and initial solution
GOR 100 scf/STB.
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Figure 5.45: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for solution-gas drive reservoir in case 7.

This case is similar to the previous cases except for the reservoir depth,
reservoir pressure and temperature. Figure 5.45 represents the simulation results for
reservoir pressure 4,400 psi and reservoir temperature 250°F. At the lowest initial
solution gas-oil ratio of 100 scf/STB, the production target rate can be sustained for a
dightly longer time from 90 days to 150 days when compared to case 4 as the
reservoir pressure is highest among all solution-gas drive case studies.
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The flowing bottom-hole pressure, pressure from vertical lift performance,
required pump pressure and head are illustrated in Figures 5.46 and 5.47. They have
the same trend as those in case 1 and case 4. The head dramatically at the beginning
because of the reduction in suction pressure and later remains constant and high due
to asmall amount of solution gas-oil ratio.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 7 is P11 with 189 stages as shown in the Figure 5.48. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 189 stages as
depicted in Figure 5.49.
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Case 8: Reservoir pressure 4,400 psi, reservoir temperature 250°F, and initial solution
GOR 250 <cf/STB.
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Figure 5.50: Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles

for solution-gas drive reservoir in case 8.

In this case, the initial solution gas-oil ratio is atered to 250 scf/STB, and
reservoir pressure and temperature remains the same as those in case 7. Comparing
between production target rate in Figure 5.50 with the one in case 7, the rate can be
produced continuously up to 1,500 days and after that it declines at a moderate rate.
Producing gas-oil ratio is more or less constant initially and considerably increases
after 1,500 days due to the reason that gas starts to expand and flows into the
wellbore.
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The flowing bottom-hole pressure and pressure calculated from vertical lift
performance are shown in Figure 5.51. The pressure from vertical lift performance
falls after 1,500 days due to higher amount of producing gasin the tubing. Figure 5.52
illustrates the required pump pressure and head which have similar trend. In the first
31 days, the head requirement is zero, meaning that the fluid can flow naturally to the
wellhead during that period. As the bottom-hole pressure required by the inflow
dramatically drops, the head dramatically increases. As the pressure becomes lower,
more liberated gas flows into tubing. The required pump pressure decreases as well as
the head.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 8 is P11 with 174 stages as shown in the Figure 5.53. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P17 with 160 stages as
depicted in Figure 5.54.
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Case 9: Reservoir pressure 4,400 psi, reservoir temperature 250°F, and initial solution
GOR 500 scf/STB.
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Figure 5.55: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for solution-gas drive reservoir in case 9.

Figure 5.55 represents the simulation results of the last initial solution-gas
drive case. Theinitia solution gas-ail ratio isincreased to maximum of 500 scf/STB.
At initial production, the producing gas-oil ratio is more or less constant while the
liquid is produced at the target rate until 1,600 days. Producing gas-oil ratio
significantly increases as liberated gas inside the reservoir starts flowing into the
wellbore after 1,200 days. After 2,500 days, the amount of producing gas-oil ratio
decreases again as the liberated gas flowing into the wellbore and the dissolved gas

being produced with the oil can expand less due to lower reservoir pressure.
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Figure 5.56 illustrates the plot of flowing bottom-hole pressure and pressure
form vertical lift performance. The well flows naturally for approximately 150 days
by the dissolved gas. While the gas expands more and more, pressure from vertical lift
performance reduces because there is less hydrostatic loss in the tubing. The
difference in the pressure from reservoir inflow and the pressure from tubing
performance is plotted in Figure 5.57. The required pump pressure and head have
similar trend as those in case 3 and case 6 for the same reason.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 9 is P11 with 115 stages as shown in the Figure 5.58. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P17 with 58 stages as
depicted in Figure 5.59.
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5.4 Case Studies for Water-Drive Reservoir

For water-drive reservoir, twenty seven cases of various aquifer sizes, namely,
1PV, 5PV, 10PV including reservoir parameters such as pressure and temperature
were varied to study the effect of aquifer strength in pump stage design. Not only the
aquifer strength but also the initial solution gas-oil ratio is altered from 100, 250, and
500 scf/STB to investigate the influence of solution-gas in water-drive reservoir in
pump stage calculation. The formation is perforated for 25 ft. from total of 50 ft., 15
ft. from the top and 10 ft. from the bottom. Cases are categorized by reservoir depth
and fluid properties as tabulated in Table 5.2.

The control criteriain the smulation remain the same as the previous section.
These constrains are the maximum liquid production rate of 1,000 STB/D, minimum
bottom-hole pressure of 200 psia and economic oil rate of 50 STB/D. Vertical lift
performance is calculated by Petroleum Expert 2 correlation for the outflow of fluid
from bottom-hole to surface.

Pump size is selected based on the head requirement from the simulation
results for fixed speed and used as a reference to select the number of pump stagesin
variable speed application at different frequencies. In some cases, the pump may need
to be operated dightly above 60 Hz due to the fact that head requirement is not

sufficient to select alager pump housing.



Table 5.2: Varied parameters of water-drive reservoir.
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Case Reservoir | Reservoir | Reservoir Aquifer Gas-oil Bubble point
no. depth pressure | temperature <ize ratio pressure
(ft.) (psi) (R) (scf/STB) (psia)
10 5,000 2,200 168 1PV 100 510
11 5,000 2,200 168 1PV 250 1110
12 5,000 2,200 168 1PV 500 1934
13 5,000 2,200 168 5PV 100 510
14 5,000 2,200 168 5PV 250 1110
15 5,000 2,200 168 5PV 500 1934
16 5,000 2,200 168 10PV 100 510
17 5,000 2,200 168 10PV 250 1110
18 5,000 2,200 168 10PV 500 1934
19 7,000 3,300 200 1PV 100 543
20 7,000 3,300 200 1PV 250 1182
21 7,000 3,300 200 1PV 500 2061
22 7,000 3,300 200 5PV 100 543
23 7,000 3,300 200 5PV 250 1182
24 7,000 3,300 200 5PV 500 2061
25 7,000 3,300 200 10PV 100 543
26 7,000 3,300 200 10PV 250 1182
27 7,000 3,300 200 10PV 500 2061
28 10,000 4,400 250 1PV 100 588
29 10,000 4,400 250 1PV 250 1282
30 10,000 4,400 250 1PV 500 2239
31 10,000 4,400 250 5PV 100 588
32 10,000 4,400 250 5PV 250 1282
33 10,000 4,400 250 5PV 500 2239
34 10,000 4,400 250 10PV 100 588
35 10,000 4,400 250 10PV 250 1282
36 10,000 4,400 250 10PV 500 2239
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5.4.1 Water-drive Reservoir at Reservoir Depth 5,000 ft.

Case 10: 1PV Aquifer, reservoir pressure 2,200 psi, reservoir temperature 168°F, and
initial solution GOR 100 scf/STB.
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Figure 5.60: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 10.

As depicted in Figure 5.60, liquid production rate from the reservoir is
maintained at 1,000 STB/D for 60 days and rapidly decreases to around 200 STB/D.
The bottom-hole pressure declines rapidly at the beginning and is maintained at the
minimum of 200 psi at the same time as the production rate falls down to 200 STB/D.
The water cut increases quickly since the beginning to around 65% within 250 days
and reaches 75% at the end of production. For the gas-oil ratio, it is more or less

constant for the entire life of the well due to small solution gas-oil ratio.




2500
r
2000 /f
& 4
31501} 3
: l
& 1000
500
5 |
1] 500 1000 1500 2000 2500 3000 3500 4000
Days
—a— Flowing bottomhole pressure —s—Vertical Lift Performance

Figure 5.61: Bottom-hole pressures from ECLIPSE and Vertica Lift Performance
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5000
|

4500 | gueeeem—

4000
3500

3000 |=

Pressure (psi)
Head (ft)
g
|
|
|
|

2000

1500

[
§

1
L}
L

1000

SLE T TE Y m .|

500

0
1500 2000 2500 3000 3500 4000

a 500 1000
Days

+ Required Pump Pressure = Head

Figure 5.62: Required pump pressure and head for water drive reservoir in case 10.



85

The well cannot flow naturally at the very first day due to high amount of
water flowing into the wellbore. The differential pressure between the bottom-hole
pressure and pressure from vertical lift performance increases rapidly and stays stable
until ten years as shown in Figure 5.61. The head in Figure 5.62 significantly
increases at the beginning as the well flowing pressure sharply declines. Then, the
head stays constant and high due to small solution gas-oil ratio. In comparison with
case 1, the head in this case is higher due to water production.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 10 is P11 with 101 stages as shown in the Figure 5.63. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 101 stages as
depicted in Figure 5.64.
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Figure 5. 63: Fixed speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in case 10.
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Case 11: 1PV Aquifer, reservoir pressure 2,200 psi, reservoir temperature 168°F, and
initial solution GOR 250 scf/STB.
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Figure 5.65: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 11.

In this case, the initial solution gas-oil ratio is altered to 250 scf/STB while
other reservoir parameters remain the same. From Figure 5.65, liquid production rate
is sustained at target rate for about 1,000 days and moderately decreases afterward.
The water increases rapidly since the beginning to around 60% within 500 days and
reaches almost 70% at the end of production. The bottom-hole pressure sharply drops
since thefirst day due water production. Producing gas-ail ratio is constant until 1,700

days and then starts to increase afterward due to reduction in reservoir pressure.
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Figure 5.67: Required pump pressure and head for water drive reservoir in case 11.
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The well flows naturally for a very short period because rapid of increase in
water cut. The bottom-hole pressure and pressure from vertical lift performance are
shown in Figure 5.66. The pressure from tubing performance is high in the middle of
production period and lower after gas flows into the wellbore due to pressure
reduction. The head in Figure 5.67 significantly increases at the beginning due the
reduction in the suction pressure and higher water production rate. As more gas flows
into the wellbore at later times, the required pump pressure slowly declines. In
comparison with case 2, the head requirement in this case is higher due to high water
cut.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 11 is P11 with 115 stages as shown in the Figure 5.68. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 101 stages as
depicted in Figure 5.609.
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Case 12: 1PV Aquifer, reservoir pressure 2,200 psi, reservoir temperature 168°F, and
initial solution GOR 500 scf/STB.
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Figure 5.70: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 12.

Figure 5.70 illustrates the simulation results of initial solution gas-oil ratio 500
scf/STB while other reservoir parameters are the same. Liquid production rate is
constantly produced at the target rate for 2,200 days and decreases gradually later.
The water increases sharply since the beginning to around 55% within 500 days and
reaches nearly 70% at the end of production. On the other hand, the bottom-hole
pressure suddenly drops from the first day and declines at a Slow pace until reaching
the minimum requirement at 200 psia around 2,200 days. Producing gas-oil ratio
increases after 1,500 days because the reservoir pressure drops below the bubble point

pressure and gas starts to flow into the wellbore.
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The well naturally flows for around 300 days due to influence of pressure
support from water aquifer and liberated gas in the tubing. The bottom-hole pressure
and pressure from vertical lift performance increase gradually until 1,500 days and
decline after free gas starts to flow as shown in Figure 5.71. The head in Figure 5.72
remarkably increases during 300 days to 1,500 days of production due to the
reduction in the suction pressure to maintain the target rate and the increase in
pressure required for vertical lift as water cut increases. When free gas starts to flow,
the required pump pressure slowly declines in the same trend as the head. In
comparison with case 3, the water production in case 12 causes the head requirement
to be higher.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 12 is P11 with 86 stages as shown in the Figure 5.73. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 71 stages as
depicted in Figure 5.74.



HEAD (1)

Fixed Speed Performance Curve 538P11 Pump

TO00
o T
—
5000 — \‘ |
\\ 5 R
o0 I —— ___\\\\ || | | : —21su:
| I 1 — 41 St
=~ i \\\ i 1 _m..::
e P P
EEmEEmEEmE—— \Q\ | e
" Fo—— | S~ \\Q ::‘::::dma
iEEESEERsES
o ! —— [ \L k
—T] e Q
nG 200 400 600 g0 1000 1200 1400 1600 1800

Reserveir Flow Rate (RbThay)

HEAD ()

Figure 5.73: Fixed speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in case 12.

Variable Speed Performance Curve

. - Jermpi
. eI =
N I ReR —
~ \\))(I\\ — Calcsinted head
§ T RN N
, ENSENEE RN

1400 1600 1800

Figure 5.74. Variable speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in case 12.




95

Case 13: 5PV Aquifer, reservoir pressure 2,200 psi, reservoir temperature 168°F, and
initial solution GOR 100 scf/STB.
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Figure 5.75 Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 13.

In this scenario, water aquifer is upsized to 5 times of reservoir pore volume
(PV). The rest of reservoir parameters have not changed. The initial solution gas-oil
ratio in this case is 100 scf/STB. From Figure 5.75, the bottom-hole pressure declines
sharply due to the reduction of suction pressure and reaches the minimum at 200 psia.
Theliquid rate is maintained at the target rate for 490 days and then drops in the same
fashion as the bottom-hole pressure. The water cut increases quickly since the
beginning to around 80% within 500 days and reaches over 80% at the end of
production. The water cut in this case is higher than the one in case 10 as a result of
stronger water aquifer. Producing gas-oil ratio is more or less stable through the end

of reservoir life because of small solution gas-oil ratio.
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Figure 5.76: Bottom-hole pressures from ECLIPSE and Vertica Lift Performance
for water drive reservoir in case 13.
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Figure 5.77: Required pump pressure and head for water drive reservoir in case 13.
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The well is unable to flow naturally since the first day of production because
the rapid production of water. The pressure required by vertical lift performance is
high since the beginning and moderately increases and stays the same for the entire
production period but flowing bottom-hole pressure drops quickly at the beginning
and stays constant as shown in Figure 5.76. The head and the required pump pressure
in Figure 5.77 rapidly increases due the reduction in the suction pressure and stays
stable as there is no significant change in gas-oil ratio and water cut. In comparison to
case 10 the head requirement in this case is higher due to higher amount of water cuit.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 13 is P11 with 115 stages as shown in the Figure 5.78. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 101 stages as
depicted in Figure 5.79.



Fixed Speed Performance Curve 538P11 Pump

o0 “__;—__““*-“h

R N

e

- SEC RN
, ‘“‘“‘“-ss;“_“:\\\x\\\
. TN

=

R e

Reserveir Flow Rate (RbThay)

1800

— 12 Siages
—7 EAGES
s 41 Slages
—— 56 Stages
—— 71 Stages
e B SagES
—— 101 Stages
—— 115 Stages
e 130 SEAZES
—— 145 Stages
= Caleulated head
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Case 14: 5PV Aquifer, reservoir pressure 2,200 psi, reservoir temperature 168°F, and

initial solution GOR 250 scf/STB.
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Figure 5.80: Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 14.

The initial solution gas-oil ratio is varied to 250 scf/STB. As shown in Figure

5.80, the bottom-hole pressure rapidly changes due to the reduction of suction

pressure. The liquid production rate is maintained at the target rate for 2,700 days by

the aquifer support and slightly drops at the end of the reservoir life. In comparison to

case 11, in which the aquifer is only 1PV, the liquid production rate in this case can

be sustained for a longer period of time. The water cut increases quickly since the
beginning to around 70% within 250 days and reaches over 80% at the end of
production. At early stage, producing gas-oil ratio is stable until 2,500 days and

increases moderately after 2,500 days.
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Figure 5.82: Required pump pressure and head for water drive reservoir in case 14.
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The well is able to flow freely for a very short period. The pressure required
by vertical lift performance in Figure 5.81 is high since the beginning and moderately
increases and become more or less constant until it slightly drops at the end due to
less hydrostatic loss in the tubing as more gas flows into the tubing. In contrast, the
flowing bottom-hole pressure keeps falling down until reaching at the minimum limit
of 200 psia. The required pump pressure and head as depicted in Figure 5.82 sharply
increases at the beginning and later on gradually increases and finaly declines after
gas starts flowing into the well. In comparison to case 11, the maximum head in this

caseis higher due to higher water production.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 14 is P11 with 115 stages as shown in the Figure 5.83. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P17 with 73 stages as
depicted in Figure 5.84.
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Case 15: 5PV Aquifer, reservoir pressure 2,200 psi, reservoir temperature 168°F, and
initial solution GOR 500 scf/STB.
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Figure 5.85: Liquid rate, gas-ail ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 15.

In Figure 5.85, the bottom-hole pressure steadily drops whereas the production
is stabilized at target rate 1,000 STB/D through the end of simulation due to strong
aquifer support. The water cut increases quickly since the beginning to around 65%
within 250 days and reaches 75% at the end of production. At early stage, gas-oil
ratio does not change until 1,300 days. Then, the value steeply goes up because free

gas startsto flow.
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Figure 5.86: Bottom-hole pressures from ECLIPSE and Vertica Lift Performance

for water drive reservoir in case 15.
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Figure 5.87: Required pump pressure and head for water drive reservoir in case 15.
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The well can naturaly flow for around 450 days as shown in Figure 5.58. The
pressure from vertical lift performance in Figure 5.86 gradually increases and drops at
the end of simulation due to less hydrostatic loss in the tubing as the producing gas-ail
ratio increases. However, the flowing bottom-hole pressure required by the inflow
steadily declines. The required pump pressure and head as depicted in Figure 5.87
sharply increases after the well cannot flow naturally until 2,300 days and afterward
declines because free gas starts to flow into the wellbore. In comparison to case 12,
the maximum head in this case is higher due to higher water production.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 15 is P11 with 86 stages as shown in the Figure 5.88. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P17 with 43 stages as
depicted in Figure 5.89.
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Case 16: 10PV Aquifer, reservoir pressure 2,200 psi, reservoir temperature 168°F,
and initial solution GOR 100 scf/STB.
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Figure 5.90: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 16.

The aquifer support is changed from 5 times to 10 times of reservoir pore
volume in this case to study the influence of aquifer size on pump stage design. As
represented in Figure 5.90, the bottom-hole pressure steadily declines while the liquid
production target rate can be sustained for 900 days. The water cut increases quickly
since the beginning to around 80% within 500 days and reaches 85% at the end of
production. In comparison to case 13, in which the aquifer size is 5PV, the water cut

in this case is higher due to larger aquifer.
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Figure 5.91: Bottom-hole pressures from ECLIPSE and Vertica Lift Performance

for water drive reservoir in case 16.
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Figure 5.92: Required pump pressure and head for water drive reservoir in case 16.
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The well cannot flow naturally since the first day as shown in Figure 5.61. The
pressure from vertical lift performance is also high from the beginning and stays flat
until the end but flowing bottom-hole pressure moderately declines until reaching the
minimum as shown in Figure 5.91. The required pump pressure and head as depicted
in Figure 5.92 rapidly increases at the beginning and remains unchanged after 750
days. In comparison to case 10 and 13, which have smaller aquifer size, the head
requirement in this case of 10PV aquifer is the highest.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 16 is P11 with 101 stages as shown in the Figure 5.93. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 86 stages as
depicted in Figure 5.94.
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Case 17: 10PV Aquifer, reservoir pressure 2,200 psi, reservoir temperature 168°F,
and initial solution GOR 250 scf/STB.
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Figure 5.95: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 17.

In this case, the initial solution gas-oil ratio is atered to 250 scf/STB. The
simulation results are shown in Figure 5.95. The production target rate remains stable
at 1,000 STB/D for the entire life of simulation period because of aquifer support. The
bottom-hole pressure declines while the water cut rapidly increases to around 70%
within 500 days and reaches over 80% at the end of production.

From Figure 5.96, the well can flow naturally for a very short period and the
bottom-hole pressure from vertical lift performance is initially high and gradually
increases after the water cut increases gradually. The differential pressure between
flowing bottom-hole pressure and pressure from vertical lift performance is plotted in
Figure 5.97 as arequired pump pressure. In another word, it is the difference between
the discharge pressure and suction pressure and after dividing by fluid gravity, it is
plotted as head in the same trend. In contrast with cases 11 and 14, the head does not
decline at late times due to constant producing gas-oil ratio.
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The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 17 is P11 with 115 stages as shown in the Figure 5.98. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 101 stages as
depicted in Figure 5.99.
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Case 18: 10PV Aquifer, reservoir pressure 2,200 psi, reservoir temperature 168°F,
and initial solution GOR 500 scf/STB.
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Figure 5.100: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 18.

This is the last case of water drive reservoir at depth 5,000 ft. Initial solution
gas-ail ratio is changed to 500 scf/STB. The simulation results are shown in Figure
5.100. Due to pressure support from water aquifer, the production target rate remains
stable at 1,000 STB/D for the entire life of reservoir. The producing gas-oil ratio is
more or less unchanged for 3,000 days and steadily increases afterward. The bottom-
hole pressure declines at a Slow pace while the water cut increases quickly since the
beginning to around 65% within 500 days and reaches over 80% at the end of
production.
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From Figure 5.101, the well flows naturally for around 500 days. The flowing
bottom-hol e pressure declines at moderate rate while the pressure required for vertical
lift performance increases due to water production in the tubing. Later on, when more
gas flows into the wellbore, the pressure for vertical lift performance deceases
because a lighter fluid is produced in the tubing. The required pump pressure and
head are shown in Figure 5.102. They steadily increase in the same style due to water
production and afterward when more gas flows into the wellbore, they gradually
decrease. In comparison to cases 12 and 15, the head requirement in this case is the
highest due to high water cut.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 18 is P11 with 86 stages as shown in the Figure 5.103. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P17 with 43 stages as
depicted in Figure 5.104.
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5.4.2 Water-drive Reservoir at Reservoir Depth 7,000 ft.

Case 19: 1PV Aquifer, reservoir pressure 3,300 psi, reservoir temperature 200°F, and
initial solution GOR 100 scf/STB.
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Figure 5.105: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 19.

In this section, the reservoir depth is changed to7,000 ft. with the higher
reservoir pressure, and reservoir temperature. The initial solution gas-oil ratio and
aquifer size is atered in the same fashion as section 5.4.1. As depicted in Figures
5.105, liquid production rate is sustained at 1,000 STB/D for around 200 days and it
steadily decreases to minimum of 200 STB/D. The water cut increases quickly since
the beginning to around 70% within 250 days and reaches over 75% at the end of
production. The bottom-hole pressure rapidly declines at the beginning until reaches
at minimum of 200 psia. The producing gas-oil ratio is more or less constant for the

entire life of the well because of small solution gas-oil ratio.
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The well cannot flow naturally at the first day of production because of high
amount of water production. The differential pressure between the bottom-hole
pressure and pressure from vertical lift performance increases rapidly and stays stable
until the end of simulation period as shown in Figure 5.106. The head in Figure 5.107
significantly increases at the beginning as the well flowing pressure sharply declines.
Then, the head stays constant and high due to small solution gas-oil ratio. In
comparison with case 1, the head in this case is higher due to water production.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 19 is P11 with 160 stages as shown in the Figure 5.108. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 145 stages as
depicted in Figure 5.109.
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Case 20: 1PV Aquifer, reservoir pressure 3,300 psi, reservoir temperature 200°F, and
initial solution GOR 250 scf/STB.
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Figure 5.110: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 20.

In this case the initial solution gas-ail ratio is altered to 250 scf/STB . From
Figure 5.110, liquid production rate is sustained at target rate for 1,700 days and
steadily decreases afterward. The bottom-hole pressure suddenly drops at the
beginning because of water production and small size of aquifer support. Producing
gas-oil ratio is constant until 1,700 days and then starts to increase afterward due to
reduction of reservoir pressure below the bubble point pressure. The water cut
increases quickly since the beginning to around 60% within 500 days and reaches

over 70% at the end of production.
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The well flows naturally for a very short period because rapid increase in
water cut. The bottom-hole pressure and pressure from vertical lift performance are
shown in Figure 5.111. The pressure from tubing performance is high in the middle of
production period and lower after gas flows into the wellbore due to pressure
reduction. The head in Figure 5.112 significantly increases at the beginning due the
reduction in the suction pressure and higher water production rate. As more gas flows
into the wellbore at later times, the required pump pressure slowly declines. In
comparison with case 2, the head requirement in this case is higher due to high water
cut.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 20 is P11 with 145 stages as shown in the Figure 5.113. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 130 stages as
depicted in Figure 5.114.
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Case 21: 1PV Aquifer, reservoir pressure 3,300 psi, reservoir temperature 200°F, and
initial solution GOR 500 scf/STB.
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Figure 5.115: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 21.

Figure 5.115 illustrates the simulation results of initial solution gas-oil ratio
500 scf/STB while other reservoir parameters are the same. Liquid production rate is
constantly produced at the target rate for around 2,700 days and decreases gradually
later. The water increases sharply since the beginning to around 55% within 500 days
and reaches nearly 70% at the end of production. On the other hand, the bottom-hole
pressure suddenly drops from the first day and declines at a Slow pace until reaching
at the minimum requirement at 200 psia around 2,200 days. Producing gas-ail ratio
increases after 1,500 days because the reservoir pressure drops below the bubble point
pressure and gas starts to flow into the wellbore.
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The well naturally flows for around 250 days due to influence of pressure
support from water aquifer and liberated gas in the tubing. The bottom-hole pressure
and pressure from vertical lift performance increases gradually until 1,500 days and
declines after free gas starts to flow as shown in Figure 5.116. The head in Figure
5.117 remarkably increases during 250 days to around 1,500 days of production due
to the reduction in the suction pressure to maintain the target rate and the increases in
pressure required for vertical lift as water cut increase. When free gas starts to flow,
the required pump pressure slowly declines in the same trend as the head. In
comparison with case 3, the water production in case 21 causes the head requirement
to be higher.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 21 is P11 with 130 stages as shown in the Figure 5.118. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 115 stages as
depicted in Figure 5.119.
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Case 22: 5PV Aquifer, reservoir pressure 3,300 psi, reservoir temperature 200°F, and
initial solution GOR 100 scf/STB.
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Figure 5.120: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 22.

In this scenario, water aquifer is upsized to 5 times of reservoir pore volume
(PV) and the rest of reservoir parameters have not changed. The initial solution gas-
oil ratio in this case is altered to 100 scf/STB. From Figure 5.120, the bottom-hole
pressure suddenly declines due to the reduction of suction pressure and reaches at
minimum requirement of 200 psia. The liquid rate is maintained at the target rate for
around 800 days and then drops in the same fashion as the bottom-hole pressure. The
water cut rapidly increases since the beginning to around 80% within 500 days and
reaches 85% at the end of production. The water cut in this case is higher than the one
in case 19 as aresult of stronger water aquifer. Producing gas-oil ratio is more or less

contestant through the end of reservoir life because of small solution gas-ail ratio.
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Figure 5.122: Required pump pressure and head for water drive reservoir in case 22.
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The well flows naturally at the very short period because of high amount of
water production. The pressure from vertical lit performance is high since the
beginning and stable for entire production period but flowing bottom-hole pressure
drops quickly at the beginning and stays constant as shown in Figure 5.121. The head
and required pump pressure in Figure 5.122 rapidly increases due to the reduction in
the suction pressure and stay stable in as there is no significant change in gas-oil ratio
and water cut. In comparison to case 19, the head requirement in this case is sightly
higher due to higher amount of water cut.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 22 is P11 with 160 stages as shown in the Figure 5.123. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 160 stages as
depicted in Figure 5.124.
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Figure 5.123: Fixed speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in case 22.
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Case 23: 5PV Aquifer, reservoir pressure 3,300 psi, reservoir temperature 200°F, and
initial solution GOR 250 scf/STB.
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Figure 5.125: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 23.

In this case, the initial solution gas-ail ratio is varied to 250 scf/STB with the

same aquifer size. As shown in Figure 5.125, the bottom-hole pressure rapidly

decreases due to the reduction of suction pressure. The liquid production rate is

maintained at the target rate through the end of the simulation period. In comparison

to case 20, in which the aquifer is only 1PV, the liquid production rate in this case can

be sustained for a larger period of time. The water cut rapidly increases since the

beginning to around 65% within 500 days and reaches over 80% at the end of

production. At early stage, producing gas-oil ratio is more or less stable until 3,000

days and slightly increases afterward.
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Figure 5.127: Required pump pressure and head for water drive reservoir in case 23.
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The well flows freely for around 150 days. The pressure required by vertical
lift performance in Figure 5.126 is high since the beginning and moderately increases
and become more or less constant until it dlightly drops at the end due to less
hydrostatic loss in the tubing as more gas flows into the tubing. In contrast, the
flowing bottom-hole pressure keeps falling down until reaching at the minimum limit
of 200 psia. The required pump pressure and head as depicted in Figure 5.127 sharply
increases at the beginning and later on gradually increases and finaly declines after
gas starts flowing into the well. In comparison to case 20, the maximum head in this
caseis higher due to higher water production.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 23 is P11 with 160 stages as shown in the Figure 5.128. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 145 stages as
depicted in Figure 5.129.
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Figure 5.128: Fixed speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in case 23.
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Figure 5.129: Variable speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in case 23.
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Case 24. 5PV Aquifer, reservoir pressure 3,300 psi, reservoir temperature 200°F, and
initial solution GOR 500 scf/STB.
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Figure 5.130: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 24.

In the Figure 5.130, the bottom-hole pressure steadily drops whereas the liquid
production rate is sustained at the target rate of 1,000 STB/D until the end of
simulation because strong aquifer support. The water cut rapidly increases since the
beginning to around 60% within 500 days and reaches 80% at the end of production.
At early stage, producing gas-oil ratio is more or less stable until 2,500 days. Then the

value steeply goes up because free gas flows from the reservoir to the surface.
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Figure 5.131: Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for water drive reservoir in case 24.
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Figure 5.132: Required pump pressure and head for water drive reservoir in case 24.



141

The well naturally flows around 500 days as show in Figure 5.131. The
pressure from vertical lift performance gradually increases and drops at the end of
simulation due to less hydrostatic loss in the tubing due to higher amount of gas
production increases. In contrast with flowing bottom-hole pressure required by the
inflow steadily declines until the end of simulation period as depicted in Figure 5.132.
The required pump pressure and the head suddenly increases and rapidly declines as
free gas flows into the tubing as depicted in Figure 5.59. In comparison to case 21, the
maximum head in this case is higher due to higher water production.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 24 is P11 with 145 stages as shown in the Figure 5.133. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P17 with 58 stages as
depicted in Figure 5.134.



142

Fixed Speed Performance Curve 538P11 Pump
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Figure 5.133: Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in case 24.
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Case 25: 10PV Aquifer, reservoir pressure 3,300 psi, reservoir temperature 200°F,

and initial solution GOR 100 scf/STB.
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Figure 5.135: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 25.

In this scenario, the aguifer support is changed from 5 times to 10 times of

reservoir pore volume.in this case to study the influence of aquifer size on pump stage

design. As represented in Figure 5.135, the bottom-hole pressure steadily declines

while the liquid production target rate can be sustained for 1,500 days. The water cut

increases quickly since the beginning to around 80% within 500 days and reaches

85% at the end of production. In comparison to case 22, in which the aquifer size is

5PV, the water cut in this case is higher due to larger aquifer.
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Figure 5.136: Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for water drive reservoir in case 25.
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Figure 5.137: Required pump pressure and head for water drive reservoir in case 25.
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The well can flow naturally at very short period as shown in Figure 5.61. The
pressure from vertical lift performance is also high from the beginning and stays flat
until the end but flowing bottom-hole pressure moderately declines until reaching the
minimum as shown in Figure 5.136. The required pump pressure and head as depicted
in Figure 5.137 rapidly increases at the beginning and remains unchanged after 1,500
days. In comparison to case 19 and 22, which have smaller aguifer sizes the head
requirement in this case of 10PV aquifer is the highest.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 25 is P11 with 174 stages as shown in the Figure 5.138. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 160 stages as
depicted in Figure 5.139.
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Fixed Speed Performance Curve 538P11 Pump
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Figure 5.138: Fixed speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in case 25.
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Case 26: 10PV Aquifer, Reservoir pressure 3,300 psi, reservoir temperature 200°F,
and initial solution GOR 250 scf/STB.
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Figure 5.140: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 26.

In this case, the initial solution gas-oil ratio is atered to 250 scf/STB. The
simulation results are shown in Figure 5.140. The production target rate remains
stable at 1,000 STB/D for the entire life of simulation period because of aquifer
support. The bottom-hole pressure declines while the water cut rapidly increases to
around 70% within 500 days and reaches over 80% at the end of production.
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Figure 5.141: Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for water drive reservoir in case 26.
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Figure 5.142: Required pump pressure and head for water drive reservoir in case 26.
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From Figure 5.141, the well can flow naturally for around 250 days and the
bottom-hole pressure from vertical lift performance is initially high and gradually
increases after the water cut increases gradually. The differential pressure between
flowing bottom-hole pressure and pressure from vertical lift performance is plotted in
Figure 5.142 as a required pump pressure. In another word, it is the difference
between the discharge pressure and suction pressure and after dividing by fluid
gravity, it is plotted as head in the same trend. In contrast with case 20 and 23, the

head does not decline at the late times due to constant producing gas-oil ratio.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 26 is P11 with 160 stages as shown in the Figure 5.143. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 145 stages as
depicted in Figure 5.144.
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Case 27: 10PV Aquifer, reservoir pressure 3,300 psi, reservoir temperature 200°F,
and initial solution GOR 500 scf/STB.
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Figure 5.145: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 27.

This case is considered as the last case of ware drive reservoir at depth 7,000
ft. Initial solution gas-oil ratio is changed to 500 scf/STB. The simulation results are
shown in Figure 5.145. The production target rate can be sustained at for the entire
life of reservoir due to the pressure support from water aquifer. The bottom-hole
pressure declines at a slow pace while the water cut rapidly increases since the
beginning to around 60% within 500 days and reaches over 80% at the end of
production. The producing gas-oil ratio is more or less stable through the end of

simulation.
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Figure 5.146: Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for water drive reservoir in case 27.
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Figure 5.147: Required pump pressure and head for water drive reservoir in case 27.
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From Figure 5.146, the well flows naturally for around 600 days. The flowing
bottom-hol e pressure declines at moderate rate while pressure required for vertical lift
performance increases due to water production in the tubing. Later on, when more gas
flows into the wellbore, the pressure for vertica lift performance deceases because a
lighter fluid is produced in the tubing. The required pump pressure and head are
shown in Figure 5.147. They steadily increase in the same style due to water
production and afterward when more gas flows into the wellbore, they gradually
decrease. In comparison to case 21 and 24, the head requirement in this case is the
highest due to high water cut.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 27 is P11 with 130 stages as shown in the Figure 5.148. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P17 with 58 stages as
depicted in Figure 5.149.
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Figure 5.148: Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in case 27.
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5.4.2 Water-drive Reservoir at Reservoir Depth 10,000 ft.
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Case 28: 1PV Aquifer, reservoir pressure 4,400 psi, reservoir temperature 250°F, and
initial solution GOR 100 scf/STB.
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Figure 5.150: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 28.

In this section, reservoir depth is changed to 10,000 ft. with the new reservoir

pressure and temperature to investigate pump stage design. From above Figure 5.150,
liquid production rate is maintained at 1,000 STB/D for around 500 days and rapidly

drops to around t 200 STB/D. The bottom-hole pressure sharply declines and drops to

minimum of 200 psia after 500 days. The water cut rapidly increases at the beginning

to around 60% within 500 days and reaches over 80% at the end of production.

Producing gas-ail ratio is more or less constant for the entire life of the well due to

small amount of initial solution gas-oil ratio.
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Figure 5.151: Bottom-hole pressures from ECLIPSE and Vertica Lift Performance

for water drive reservoir in case 28.
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Figure 5.152: Required pump pressure and head for water drive reservoir in case 28.
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The well cannot flow naturally at the very first day due to high amount of
water flowing into the wellbore. The differential pressure between the bottom-hole
pressure and pressure from vertical lift performance increases rapidly and stays stable
until ten years as shown in Figure 5.151. The head in Figure 5.152 significantly
increases at the beginning as the well flowing pressure sharply declines. Then, the
head stays constant and high due to small solution gas-oil ratio. In comparison with
case 1, the head in this case is higher due to water production.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 28 is P11 with 233 stages as shown in the Figure 5.153. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 233 stages as
depicted in Figure 5.154.
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Figure 5.153: Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive drive reservoir in case 28.
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Figure 5.154: Variable speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in case 28.
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Case 29: 1PV Aquifer, reservoir pressure 4,400 psi, reservoir temperature 250°F, and
initial solution GOR 250 scf/STB.
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Figure 5.155: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 29.

In this case, the initia solution gas-oil ratio is varied to 250 scf/STB. As
shown in Figure 5.155, the bottom-hole pressure steadily decreases while liquid
production rate is maintained at target rate for around 2,400 days. The water cut
rapidly increases since the beginning to around 58% within 500 days and reaches over
70% at the end of production. At early stage, producing gas-oil ratio is more or less
stable for around 2,000 days and dlightly increases afterward due to reduction of

reservoir pressure below the bubble point pressure.
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for water drive reservoir in case 29.
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Figure 5.157: Required pump pressure and head for water drive reservoir in case 29.
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The well flows naturally for a very short period around 60 days because rapid
increases in water cut. The bottom-hole pressure and pressure from vertical lift
performance are shown in Figure 5.156. The pressure from tubing performance is
high in the middle of production period and lower after gas flows into the wellbore
due to pressure reduction. The head in Figure 5.157 significantly increases at the
beginning due the reduction in the suction pressure and higher water production rate.
As more gas flows into the wellbore at later times, the required pump pressure slowly
declines. In comparison with case 2, the head requirement in this case is higher due to
high water cut.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 29 is P11 with 219 stages as shown in the Figure 5.158. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 219 stages as
depicted in Figure 5.159.



Fixed Speed Performance Curve 338P11 Pump

16000
14000 -.____‘_____ _ _
T [T~ N
12000 :xh"‘h\q
o O o ] SiEE
10000 mt:s\
_ _""‘-'——--..._.__h__‘“\ N %, S
€ ol ——T N
==
T t—— |
G000 = /_"‘HHQ., \\
- B SRamesas ~§ N
——-—-_____"\N\
',"-«-._\-
- — 4’*: T -T-‘-‘-ﬁ""'h-
® 1] 200 400 a0 A00 1000 1200 1400 1600

Reservoir Flow Rate (Rb/Day)

1800

——12 Stuges
—17 Slages
——41 Stages

— S0 S1agES
——71 Stages
——86 Stages
=101 Stages
——115 Stages
———130 Stages
——145Stages
160 Stages
=174 Stages
——189 Stages
=104 Stages
———119 Stages
=133 Stages
248 Stages
———163 Stages

——— 175 Stages

= Calculated head

Figure 5.158 : Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in case 29.

Variable Speed Performance Curve
538P11Pump 219 Stages

12000

10000

8000

iy
£

KL

HEAD (i)

\
/

*—-—..._rh

\

Ty

\

<

SEmEmzEm=EE -
LRy

\

N

0 200 400 600 800 1000 1200
Reservoir Flow Rate (Rb/Day)

1400

1600

1800

——6i Hz
—55 Hz
——350 Hz
—45S Hz
—— 40 Hz
= Calculated head
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Case 30: 1PV Aquifer, reservoir pressure 4,400 psi, reservoir temperature 250°F, and
initial solution GOR 500 scf/STB.
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Figure 5.160: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 30.

Figure 5.160 illustrates the ssmulation results of water aquifer size 1PV and
initial solution gas-oil ratio of 500 scf/STB. Liquid production rate is constantly
produced at the target rate for around 3,100 days and decrease simultaneously later.
On another hand, bottom-hole pressure suddenly drops since the first day and declines
at a slow pace until it keeps stable at minimum requirement of 200 psia. The water
cut rapidly increases since the beginning to around 60% within 500 days and reaches
over 75% at the end of production. Producing gas-oil ratio is more or less stable and
increases after 1,500 days due to reservoir pressure drops below bubble point

pressure.
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The well naturally flows for around 300 days due to influence of pressure
support from water aquifer and liberated gas in the tubing. The bottom-hole pressure
and pressure from vertical lift performance increases gradually until 1,500 days and
declines after free gas starts to flow as shown in Figure 5.161. The head in Figure
5.162 remarkably increases during 300 days to 1,500 days of production due to the
reduction in the suction pressure to maintain the target rate and the increases in
pressure required for vertical lift as water cut increase. When free gas starts to flow,
the required pump pressure slowly declines in the same trend as the head. In
comparison with case 3, the water production in case 30 causes the head requirement
to be higher.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 30 is P11 with 219 stages as shown in the Figure 5.163. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P17 with 88 stages as
depicted in Figure 5.164.



14000

12000

10000

E
g

HEATD (ft}

2
2

4000

2000

Fixed Speed Performance Curve 538P11 Pump

e
O —
S . _
o } I
RN
“"‘“-——-_‘:\\xk\k
— TN
= N
] N
, S
(] 200 400 ﬂ.lll’ 800 1004 lill.l 1400 1600

Reservoir Flow Rate (Rb/Day}

1800

——12 Stages
—17 Siages
——41 Stages

— 56 Stages
——T71 Stages

—— 86 Stages
——101 Stages
=115 Stages
w130 Stages

—— 145 Stages
160 Stages
w174 Stages
=180 Stages

—— 104 Stages
219 Stages
=133 Stages
——Calculated head

Figure 5.163: Fixed speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in case 30.
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Case 31: 5PV Aquifer, reservoir pressure 4,400 psi, reservoir temperature 250°F, and

initial solution GOR 100 scf/STB.
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Figure 5.165: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 31.

In this scenario, aquifer size is increased to 5 times of reservoir pore volume
and initial solution gas-oil ratio is altered to 100 scf/STB. From Figure 5.165, the

bottom-hole pressure declines sharply due to the reduction of suction pressure and

reached at minimum 200 psia after 1,500 days. The liquid rate is maintained at the

target rate for 1,500 days and then drops in the same fashion as the bottom-hole

pressure. The water cut increases quickly since the beginning to around 80% within

500 days and reaches over 80% at the end of production. The water cut in this case is

higher than the one in case 28 as a result of stronger water aquifer. Producing gas-oil

ratio is more or less stable through the end of reservoir life because of small solution

gas-ail ratio.
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The well can flow naturally at the very short period. The pressure required by
vertical lift performance is high since the beginning and moderately increases and
stays the same for the entire production period but flowing bottom-hole pressure
drops quickly at the beginning and stays constant as shown in Figure 5.166. The head
and the required pump pressure in Figure 5.167 rapidly increases due the reduction in
the suction pressure and stays stable as there is no significant change in gas-oil ratio
and water cut. In comparison to case 28 the head requirement in this case is slightly
higher due to higher amount of water cut.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 31 is P11 with 248 stages as shown in the Figure 5.168. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 233 stages as
depicted in Figure 5.169.
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Figure 5.168: Fixed speed pump design for 60-Hz 538P11 pump model
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Case 32: 5PV Aquifer, reservoir pressure 4,400 psi, reservoir temperature 250°F, and
initial solution GOR 250 scf/STB.
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Figure 5.170: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 32.

In this case, the initial solution gas-oil ratio is changed to 250 scf/STB and the
aquifer size is remained the same. As shown in Figure 5.170, the bottom-hole pressure
rapidly changes due to the reduction of suction pressure. The liquid produces rate is
maintained at the target rate for entire production period by the agquifer support. In
comparison to case 28, in which the aquifer is only 1PV, the liquid production rate in
this case can be sustained for alarger period of time. The water cut increases quickly
since the beginning to around 70% within 500 days and reaches over 80% at the end
of production. The producing gas-ail ratio is stabled until 3,500 days and dlightly

increases afterward.
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The well is able to flow freely for around 250 days. The pressure required by
vertical lift performance in Figure 5.171 is high since the beginning and moderately
increases and become more or less constant until it slightly drops at the end due to
less hydrostatic loss in the tubing as more gas flows into the tubing. In contrast, the
flowing bottom-hole pressure keeps falling down until reaching at 500 psia at the end
of simulation. The required pump pressure and head as depicted in Figure 5.172
sharply increases at the beginning and later on gradually increases and finally declines
after gas starts flowing into the well. In comparison to case 29, the maximum head in
this case is higher due to higher water production.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 32 is P11 with 248 stages as shown in the Figure 5.173. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 233 stages as
depicted in Figure 5.174.
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Figure 5.173: Fixed speed pump design for 60-Hz 538P11 pump model
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Case 33: 5PV Aquifer, reservoir pressure 4,400 psi, reservoir temperature 250°F, and
initial solution GOR 500 scf/STB.
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Figure 5.175: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 33.

In Figure 5.175, the bottom-hole pressure steadily drops whereas the
production is stabilized at the target rate 1,000 STB/D through the end of simulation
due to strong aquifer support. The water cut increases quickly since the beginning to
around 70% within 500 days and reaches 85% at the end of production. At early
stage, gas-oil ratio does not change until 3,000 days. Then the value steeply goes up
because free gas starts to flow.

The well can naturally flowing around 300 days as show in Figure 5.112. The
pressure from vertical lift performance in Figure 5.176 gradually increases and drops
at the end of simulation due to less hydrostatic loss in the tubing as the producing gas-
oil ratio increases. However, the flowing bottom-hole pressure required by the inflow
steadily declines. The required pump pressure and head as depicted in Figure 5.177
sharply increases after the well cannot flow naturally until 3,000 days and afterward
declines because free gas starts to flow into the wellbore. In comparison to case 30,
the maximum head in this case is higher due to higher water production.
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The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 33 is P11 with 219 stages as shown in the Figure 5.178. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P17 with 88 stages as
depicted in Figure 5.179.
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Figure 5.178: Fixed speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in case 33.
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Case 34: 10PV Aquifer, reservoir pressure 4,400 psi, reservoir temperature 250°F,
and initial solution GOR 100 scf/STB.
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Figure 5.180: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 34.

In this scenario, the aquifer support is changed from 5 times to 10 times of the
reservoir pore volume. As represented in Figure 5.180, the bottom-hole pressure
steadily declines while the liquid production target rate can be sustained for 2,750
days. The water cut increases quickly since the beginning to around 80% within 500
days and reaches amost 90% at the end of production. In comparison to case 31, in
which the aquifer sizeis 5PV, the water cut in this case is higher due to larger aquifer.
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The well cannot flow naturaly at very short period as shown in Figure 5.115.
The pressure from vertical lift performance is aso high from the beginning and stays
flat until the end but flowing bottom-hole pressure moderately declines until reaching
the minimum as shown in Figure 5.181. The required pump pressure and head as
depicted in Figure 5.182 rapidly increases at the beginning and remains unchanged
after 2,200 days. In comparison to case 28 and 31, which have smaller aquifer sizes
the head requirement in this case of 10PV aquifer isthe highest.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 34 is P11 with 248 stages as shown in the Figure 5.183. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 248 stages as
depicted in Figure 5.184.
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Figure 5.183: Fixed speed pump design for 60-Hz 538P11 pump model

for water-drive reservoir in case 34.
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Case 35: 10PV Aquifer, reservoir pressure 4,400 psi, reservoir temperature 250°F,
and initial solution GOR 250 scf/STB.
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Figure 5.185: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 35.

In this case, the initial solution gas-oil ratio is atered to 250 scf/STB. The
simulation results are shown in Figure 5.185. The production target rate remains
stable at 1,000 STB/D for the entire life of simulation period because of strong aquifer
support. The bottom-hole pressure steadily declines while the water cut rapidly
increases to around 70% within 500 days and reaches over 80% at the end of

production.
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Figure 5.186: Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for water drive reservoir in case 35.
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Figure 5.187: Required pump pressure and head for water drive reservoir in case 35.
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From Figure 5.186, the well can flow naturally for around 250 days and the
bottom-hole pressure from vertical lift performance is initially high and gradually
increases after the water cut increases gradually. The differential pressure between
flowing bottom-hole pressure and pressure from vertical lift performance is plotted in
Figure 5.187 as a required pump pressure. In another word, it is the difference
between the discharge pressure and suction pressure and after dividing by fluid
gravity, it is plotted as head in the same trend. In contrast with case 29 and 32, the

head does not decline at the late times due to constant producing gas-oil ratio.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 35 is P11 with 233 stages as shown in the Figure 5.188. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P11 with 219 stages as
depicted in Figure 5.189.
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Figure 5.188: Fixed speed pump design for 60-Hz 538P11 pump model
for water-drive reservoir in case 35.
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Case 36: 10PV Aquifer, reservoir pressure 4,400 psi, reservoir temperature 250°F,
and initial solution GOR 500 scf/STB.
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Figure 5.190: Liquid rate, gas-oil ratio, water cut, bottom-hole pressure profiles

for water drive reservoir in case 36.

In this case, initial solution gas-oil ratio is changed to 500 scf/STB and it is
considered as the last case of this thesis. As shown in Figure 5.190, Due to pressure
support from water aquifer, the production target rate remains stable at 1,000 STB/D
for the entire life of reservoir. The producing gas-ail ratio is more or less unchanged
and for over 3,500 days. The bottom-hole pressure declines at a slow pace while the
water cut increases quickly since the beginning to around 70% within 500 days and
reaches over 80% at the end of production.
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Figure 5.191: Bottom-hole pressures from ECLIPSE and Vertical Lift Performance

for water drive reservoir in case 36.
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Figure 5.192: Required pump pressure and head for water drive reservoir in case 36.
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From Figure 5.191, the well flows naturally for around 500 days. The flowing
bottom-hol e pressure declines at moderate rate while pressure required for vertical lift
performance increases due to water production in the tubing. Later on, when more gas
flows into the wellbore, the pressure for vertical lift performance deceases because a
lighter fluid is produced in the tubing. The required pump pressure and head are
shown in Figure 5.192. They steadily increase in the same style due to water
production and afterward when more gas flows into the wellbore, they gradually
decrease. In comparison to case 30 and 33, the head requirement in this case is the
highest due to high water cut.

The design for fixed speed pump is performed by plotting the head as a
function of downhole rate liquid on two pump characteristic curves. The chosen pump
model in case 36 is P17 with 134 stages as shown in the Figure 5.193. Similarly, the
variable speed pump is designed by plotting the head requirement versus downhole
liquid rate on two variable speed pump characteristic. The design that suits best for
the varying well and reservoir conditions is pump model P17 with 134 stages as
depicted in Figure 5.194.
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Figure 5.193: Fixed speed pump design for 60-Hz 538P17 pump model
for water-drive reservoir in case 36.
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5.5 Design Comparison of Case Studies

In this section, conventional pump design method is applied all 36 scenarios
presented in Sections 5.3 and 5.4. The conventional design is then compared with the
design proposed in this study to determine whether the conventional design can

satisfy all requirements.

In conventional design, static bottom-hole pressure is used to design the number
of pump stages by applying reduction factors to reservoir pressure to predict number
of pump stages. Typicaly, reduction factor of 10, 25, and 50 percent of the initia
reservoir pressure is used. Future IPR may be based on Productivity Index or Vogel
equation depending on the phase flowing in the reservoir. If gas is present in the
reservoir, Vogel equation is used instead of Productivity Index.

Table 5.3 summarizes future reservoir pressure of three different reservoir depths
for different reduction factor. For pump stage calculation in the conventional design.
The future reservoir pressure will be used to calculate inflow performance and
incorporate outflow performance tubing correlation to evaluate the number of pump
stages. Note that all conventional design scenarios are performed by industria

commercial software.
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Table 5.3: Future reservoir pressure for number of pump stage calculation.

Reservoir Initial Reservoir . Future reservoir
Reduction
depth. pressure. pressure.
_ factor )

(ft) (psia) (psia)
10% 1,980
5,000 2,200 25% 1,650
50% 1,100
10% 2,970
7,000 3,300 25% 2,475
50% 1,650
10% 3,960
10,000 4,400 25% 3,300
50% 2,200

5.5.1. Design Comparison at Reservoir Depth 5,000 ft.

The reduction factor of 10, 25, and 50 percent is applied to initial reservoir
pressure to obtain the future reservoir pressure for pump design. The ultimate goal is
to determine the actual number of pump stages and select the number of pump stages
that are available from industrial catalog. The number of pump stage obtain from
conventional design are compared with the design based simulation results for both

drive mechanisms.

The results of design based on reservoir simulation and conventiona design
with three different reduction factors are shown in Table 5.4. For fixed speed design,
11 out of 12 simulation cases require the number of pump stages larger than the one
based on 10% and 25% reduction factors. The only case that requires less number of
stages is case 3, which is solution-gas drive reservoir with initial solution gas-oil ratio
of 500 scf/STB with no aquifer. This means that conventional design based on 10% or
20% reduction factors would generally not satisfy the head requirement except when
the fluid has high GOR in tubing. When 50% reduction factor is used, there are till
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four simulation cases which require larger number of pump stages than the ones in the
conventional design. These four cases are case 10, 13, 14, and 17 which have water
aquifer and small initial solution gas-oil ratio. In summary, the conventional design
for fixed speed pump based on the reduction factor applied to reservoir pressure may
underestimate the number of required pump stages, particularly, in the case of water
drive reservoir which yields high water cut and in the case of low producing gas-oil

ratio which results in high hydrostatic |oss.

In the case of variable speed design, the conventional design based on 10%
reduction factor can satisfy all cases of solution-gas drive reservoirs without water
aquifer but in the case of high initial solution gas-oil ratio (case 3), the number of
pump stages is over estimated. For reservoir with water drive, 4 out of 9 simulation
cases require higher number of pump stages than those determined from conventional
design with 10% reduction factor. When 25% and 50% reduction factors are applied,
all of the conventional designs overestimate the number of pump stages. The
overestimation is extremely high in the case of solution-gas drive reservoir, in which
the requirement is between 27-86 stages for different initial solution gas-oil ratios
while conventional design suggests 174 stage.



Table 5.4: Comparison of number of pump stages

for initial reservoir pressure 2,200 psia
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Scenario No. of stages (catalog)
Case Drive Solution | Aquifer | Fixed Pump | Variable Pump
no. | mechanism GOR size Speed model Speed model
(scf/STB)
Case | Solution- | 109 No 86 P11 86 P11
1 gas-drive aquifer
Case | Solution- | 550 No 86 P11 71 P11
2 gas-drive aquifer
Case | Solution- | gpg © 42 P11 27 P11
3 gas-drive aquifer
Case | Water- 100 1PV 115 P11 101 P11
10 drive
Case | Water- 250 1PV 101 P11 101 P11
11 drive
Case | Water- 500 1PV 86 P11 71 P11
12 drive
Case | Water- 100 5PV 115 P11 101 P11
13 drive
Case | Water- 250 5PV 115 P11 73 P17
14 drive
Case | Water- 500 5PV 86 P11 43 P17
15 drive
Case | Water- 100 10 PV 101 P11 86 P11
16 drive
Case | Water- 250 10 PV 115 P11 101 P11
17 drive
Case | Water- 500 10 PV 86 P11 43 P17
18 drive
10% reduction factor 56 P11 86 P11
25% reduction factor 71 P11 130 P11
50% reduction factor 101 P11 174 P11
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5.5.2. Design Comparison at Reservoir Depth 7,000 ft.

In this section, the reduction factor of 10, 25, and 50 percent is applied to
initial reservoir pressure to obtain the future reservoir pressure for pump design at
depth 7,000 ft. The ultimate goal is to determine the actual number of pump stages
and select the number of pump stages that are available from industrial catalog. The
number of pump stage obtain from conventional design are compared with the design
based simulation results for both drive mechanisms.

The number of pumps stages determined based on head requirement from
simulation and that from conventional design for different reduction factors are shown
in Table 5.5. For fixed speed design, all ssimulation cases require the number of pump
stages larger than the one based on 10% reduction factors. In the case of 25%
reduction factors, 11 out of 12 simulation cases still require larger numbers of pump
stages than the ones in conventional design. For the cases of 50% reduction factor, 10
out of 12 simulation cases still have higher requirement of pump stages. This means
that conventional design based on 10%, 25%, and 50% reduction factors would
generally not satisfy the head requirement. In summary, the conventional design for
fixed speed pump based on the reduction factor applied to reservoir pressure may
underestimate the number of required pump stages, particularly, in the case of water

drive reservoir with high water cut and in the case of low producing gas-ail ratio.

In the case of variable speed design, the conventional design based on 10%
reduction factor cannot satisfy any cases a al. The design based on 25% reduction
factor can satify only 4 cases while the design based on 50% reduction factor satisfy
all cases but the numbers are overestimated. The overestimation is extremely high in
the case of solution-gas drive reservoir, in which the requirement is between 56-115
stages for different initial solution gas-oil ratios while conventional design suggests
204 stages.



Table 5.5: Comparison of number of pump stages

for initial reservoir pressure 3,300 psia
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Scenario No. of stages (catalog)
Case Drive Solution | Aquifer | Fixed Pump | Variable Pump
no. | mechanism| GOR size Speed model Speed model
(scf/STB)
Case | Solution- | 109 No 130 P11 115 P11
4 gas-drive aquifer
Case | Solution- | 550 No 115 P11 101 P11
5 gas-drive aquifer
Case | Solution- | 5o © 56 P11 56 P11
6 gas-drive aquifer
Case | Water- 100 1PV 160 P11 145 P11
19 drive
Case | Water- 250 1PV 145 P11 130 P11
20 drive
Case | Water- 500 1PV 130 P11 115 P11
21 drive
Case | Water- 100 5PV 160 P11 160 P11
22 drive
Case | Water- 250 5PV 160 P11 145 P17
23 drive
Case | Water- 500 5PV 145 P11 58 P11
24 drive
Case | Water- 100 10 PV 174 P11 160 P11
25 drive
Case | Water- 250 10 PV 160 P11 145 P11
26 drive
Case | Water- 500 10 PV 130 P11 58 P17
27 drive
10% reduction factor 27 P11 42 P11
25% reduction factor 56 P11 101 P11
50% reduction factor 115 P11 204 P11
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5.5.3. Design comparison at reservoir depth 10,000 ft.

The reduction factor of 10, 25, and 50 percent is applied to initial reservoir
pressure to obtain the future reservoir pressure for pump design at depth 10,000 ft. in
the same fashion as the previous section. The ultimate goal is to determine the actual
number of pump stages and select the number of pump stages that are available from
industrial catalog. The number of pump stage obtain from conventiona design are
compared with the design based simulation results for both drive mechanisms.

The number of pump stages from simulation and conventional design are
shown in Table 5.6. For fixed speed design, ailmost all simulation cases require the
number of pump stages larger than the one based on 10%, 25% and 50% reduction
factors. The only case that the conventional design meets the requirement is case 9
with reduction factor of 50%. This means that any conventional design based on 10%,
25%, and 50% reduction factors would not satisfy the head requirement. Even though
50% reduction factor is applied, almost al simulation cases which require larger
number of pump stages than the ones in the conventional design, especialy, in the
cases which have water aquifer and initial solution gas-oil ratio. In summary, the
conventional design for fixed speed pump based on the reduction factor applied to
reservoir pressure may underestimate the number of required pump stages,
particularly, in the case of water drive reservoir with high water cut and in the case of
low producing gas-oil ratio.

In the case of variable speed design, the conventional design based on 10%
reduction factor cannot satisfy any cases at all. The design based on 25% reduction
factor can satisfy only three cases with initial solution GOR of 500 scf/STB (cases 9,
30,33). When 50% reduction factor is applied, all of the conventiona designs
overestimate the number of pump stages. The overestimation is extremely high in the
case of water drive reservoir, in which the requirement is between 88-248 stages for

different initial solution gas-oil ratios while conventional design suggests 263 stages.



Table 5.6: Comparison of number of pump stages

for initial reservoir pressure 4,400 psia
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Scenario No. of stages (catalog)
Case Drive Solution | Aquifer | Fixed Pump | Variable Pump
no. | mechanism| GOR size Speed model Speed model
(scf/STB)
Case | Solution- | 309 No 189 P11 189 P11
7 gas-drive aquifer
Case | Solution- | 950 No 174 P11 160 P11
8 gas-drive aquifer
Case | Solution- | 5o © 115 | P 58 P17
9 gas-drive aquifer
Case | Water- 100 1PV 233 P11 233 P11
28 drive
Case | Water- 250 1PV 219 P11 219 P11
29 drive
Case | Water- 500 1PV 219 P11 88 P17
30 drive
Case | Water- 100 5PV 248 P11 233 P11
31 drive
Case | Water- 250 5PV 248 P11 233 P17
32 drive
Case | Water- 500 5PV 219 P11 88 P17
33 drive
Case | Water- 100 10 PV 248 P11 248 P11
34 drive
Case | Water- 250 10 PV 233 P11 219 P11
35 drive
Case | Water- 500 10 PV 134 P17 134 P17
36 drive
10% reduction factor 42 P11 71 P11
25% reduction factor 71 P11 130 P11
50% reduction factor 132 P11 263 P11




CHAPTER VI

CONCLUSIONSAND RECOMMENDATIONS

In this study, reservoir simulation was applied to predict the future
performance of the fluid rate and bottom-hole pressure. The vertical lift performance
is used to estimate the discharge pressure required to lift fluid to the surface. The
results from reservoir simulation together with vertical lift performance are used to
design the number of pump stages. Water and solution gas drive were considered to
investigate the pressure behavior and determine the number of pump stages and the

pump model.

6.1 Conclusions

After comparing the number of pump stages determined from conventional
design and the one based on reservoir performance simulation which considers

reservoir and tubing performance, the following conclusions can be drawn:

1. The specific gravity of fluid mixture in tubing has a significant influence
to number of pump stages. In the case of water drive reservoir, the larger
aquifer will require a higher number of pump stages than the one with
small aquifer. Water production has a major effect on head requirement
and number of pump stages required in the future. For solution-gas drive
reservoir, the solution gas once vaporizes as free gas has a significant
influence of reducing fluid density, resulting in head reduction.

2. In the fixed speed application, the numbers of pump stages calculated
from conventional design with reduction factor are generaly
underestimated when compared with the results from the simulation. For
fixed speed, the number of pump stage selected must be bases on the
worst case scenario to accommodate varying well conditions thus

whenever the well conditions change, the pump till fluid to the surface.
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3. In the variable speed application, at reservoir depth of 5,000 ft, the
conventional design with 25% reduction factor satisfy the minimum
required number of pump stages for both drive mechanism. However,
50% reduction factor in the conventional design results in overestimation
of pump stages compared to all simulation cases. At depth of 7,000 ft. and
10,000 ft., only design with 50% reduction factor can satisfy the
requirement in all cases. However, overe design still happens in some

cases.

6.2 Recommendations

In this research, the gas separator efficicnecy was assumed to be 100%
efficiency. In other word, there is no gas flow into the first stage of pump and the
head is not degradated by the effect of gas. Since free gas causes a certain level of
head degration, it is highly recommended to extend this study by including the
percentage of free gas that enters the pump and reevaluating the number of pump
stages.

Tubing size. wellhead pressure, and addtional parameters that affect the total
dynamic head need further anaysis for the pump stage design, especialy, offshore in
the case of offshore development project that certainly concerns with the footprint and
size of platform to accommodate the topside equipments such as gernerator, swithch
gear, variable speed drive, switchboard, step-up transformer and etc. This equipment
needs to be sized based on number of pump stages and other downhole equipment.
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A-1) Reservoir model

APPENDIX A
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Two reservoir models are generated by entering required data into ECLIPSE

100 reservoir simulator. The model used in this study composes of 50 x 50 x 60

blocksin the x-, y- and z- directions.

A-2)Case definition
Simulator:
Model dimensions:

Grid type:
Geometry type:

A-3) Reservoir properties
Grid
Porosity

Permeability k-x

X Grid block sizes
Y Grid block sizes
Z Grid block sizes
Depth of top face (Top layer)

Black Qil

Number of cellsin the x-direction
Number of cellsin the y-direction
Number of cellsin the z-direction
Cartesian

Block centered

=0.80
=100mD
k-y =100mD
k-z =10mD
=50 ft
=50 ft
=5ft

50
50
60

= 5,000, 7,000, 10,000 ft



A-4) SCAL
Gag/Qil relative permeabilities

where;

kigis relative permeability to gas
krois relative permeability to ail

k-wis relative permeability to water

Sy is saturation of water
Syis saturation of gas

Sq qu Kro
0.000 0.000 0.600
0.121 0.000 0.367
0.196 0.001 0.258
0.272 0.007 0.173
0.347 0.022 0.109
0.423 0.053 0.063
0.498 0.101 0.032
0.574 0.178 0.014
0.649 0.282 0.004
0.725 0.421 0.001
0.800 0.600 0.000
0.000 0.000 0.600
0.121 0.000 0.367
0.196 0.001 0.258
0.272 0.007 0.173
0.347 0.022 0.109
0.423 0.053 0.063
0.498 0.101 0.032
0.574 0.178 0.014
0.649 0.282 0.004
0.725 0.421 0.001
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Oil/Water relative permeabilities

Sy Krw Kro
0.200 0.000 0.600
0.250 0.000 0.476
0.319 0.001 0.334
0.388 0.007 0.224
0.457 0.024 0.141
0.526 0.057 0.082
0.595 0.111 0.042
0.664 0.193 0.018
0.733 0.306 0.005
0.802 0.457 0.001
0.871 0.650 0.000
0.200 0.000 0.600
0.250 0.000 0.476
0.319 0.001 0.334
0.388 0.007 0.224
0.457 0.024 0.141
0.526 0.057 0.082
0.595 0.111 0.042
0.664 0.193 0.018
0.733 0.306 0.005
0.802 0.457 0.001
0.871 0.650 0.000

206



A-5) Schedule
Production well
Well Specification (P-01) [WELSPECL]

Well P-01
Group 1
| location 25
Jlocation 25
Datum depth 5,050/ 7,050/10,050 ft
Preferred phase Liquid
Inflow equation STD
Automatic shut-In instruction Shut
Cross flow Yes
Density calculation SEG
Well Comp Data (P-01) [ COMPDATL]
Well P-01
| Location 25
J Locatioon 25
K upper 3
K lower 8
Open/Shut flag Open
Well bore ID 0.70833 ft.
Direction Z
Production well control (P-01) [ WCONPROD]
Well P-01
Open/Shut flag Open
Control LRAT
Liquid rate 1,000 STB/D
BHP target 200 psia
Production well economics limits [ WECON]
Well P-01
Water Cut 95%
Workover procedure None
End run No
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