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ABSTRACT

Liquids, water inparticular are responsible for additional pressure losses iralagas
surface production systems. For the case of natural gas stripper well facilities, the optimization of
these surface fluid transportation operations is vital for a successful business. This research work
is aimedat developng and teshg an analyical tool able to track and map the preferential route
of water in natural gas network systems so that the operator can make better decisions regarding
system optimization, resulting in a more economically viable operation. The accurate mapping of
the presure, velocities of the phases and fluiedigtribution inside the network is critical, since
it can reduce additional compression costs caused by the liquid phase, help to make decisions
regarding water removal from the network, and also affect the rdesid location of surface

production and separation equipment.

This study was undertaken in stages, starting with the development ctdanmresional,
steady statéool for modeling the flow of a single phase fluid (gas) in pipes. This model was then
expanded to accounfor the additional pressure drop due to the appearance of multiphase flow
conditions in the system by employing the Beggs and Brill m@®499). In the final stage, tee
junction sequences were incorporated to create netwiolk predictiom capabilities. The
products of eacbf the stages were validated and crosschecked independently and as a group with
commercial simulators and field data. The presank shows that the proposed model is capable
of handling twephase splits at tee junctig especially for the common case of uneven <plits
which commercially available network simulators do not model and cannot capture. As a result,
the proposed multiphase network model is able to tackle realistic field scenarios where flowing
phases do taktheir own preferential pathgsulting in sections of the network having dry and
wet fl ow regions. The proposed model t hus al | «
and plan to undertake the adequate corrective operational measures tonnsgstitan capacity
and minimize compression requirementiserdoy improving the performance of the entire

network.



TABLE OF CONTENTS

LIST OF FIGURES ... ettt e et ettt se et e e e e e ettt bb e e e e e e e ennneaaaas \Y
LIST OF TABLES.... .ottt e et eeee e e e e e ettt et e e e e e e eesbmnmteeestbaa s e e eaeeeesennn s smnrennnsd ix
LIST OF SYMBOLS..... ittt ettt eeee s e oo e et ettt b e e e e et e eamaneaeaeeesbba e e eaeeeeesssammneees X
ACKNOWLEDGEMENTS ... ettt e e ettt e e eeaea e e e e e e e e aeaa e eeas Xii
CHAPTER LINTRODUGCTION ..ottt ettt ettt e e e e aeeaa s e e e e e et tbba e a e e e aaeeesannmeeeesbena e eeeas 1
CHAPTER 2LITERATURE SURVEY..... ittt ettt et 3
CHAPTER 3PROBLEM STATEMENT ...ttt eeees et e e e e eebbnmn s 10
CHAPTER AMODEL DESCRIPTION ...ttt ieree ettt e e e eebbmmme et s e e e e e eaeba s smnnaa s 11
4.1 Singlephase flOW QUALIONS. ........ccuuuiiiiiiiie et e e e e e smmne e 11
Flowrate (Q) formulation...............cooiiiiiiimeciic e 15
Pressure (P) fOrmMUIALION.............ooo oo reee e e e e e e e e e e e e e e e e e e e e e e e eeeeaa e 16

4.2 SINglephase NEIWOTK SOIVE.........c.ueiiiiiiiii et e e e e e e e rmmne e 17

4.3 Pressure drop in MUltiphase SYSLEML...........ooiiiiiiii e e e e e e e e e e e eeeeeens 20
4.3.1 Segregated flOMY........ooi it enr e e e 20

4.3.2 INEErMITLENT FIOW.......eiiiiiiiiie e 21

4.3.3 Distributed or BUBDIY fIOW. ........cooiiii e 21

4.3.4 TranSItioN FIOW.......ccoiiiiiiiei e e e e e e 22

4.4 Tee JUNCHION TrEAIMIEIIL. .....eii ittt e ettt eeee et e e e e e e et e e e e ememr e e e e e e e e e e anne 23

4.5 Inflow Performance Relationship (IPR)..........uuiiiiiiiiiiie e 30

v G\ To o [ T (=T =1 (o) o P 31
CHAPTER 5RESULTS AND DISCUSSIONS.... ..ottt eeeeereee ettt smmesnn e e e e eeene s 33
CHAPTER 6CONCLUSIONS AND RECOMMENDATIONS. ..ottt cveern et 62
1o I (L] Y o PP 64
APPENDIX AINPUT FILE STRUCTURE.......uuiiiiiiiiiiiiiiis v eeeiiin e ssmenn e e s eeesnnnn e e e saeennen 68
APPENDIX BBEGGS AND BRILL ALGORITHM.....cciiiiiiiiiiiiie ettt 76



LIST OF FIGURES

Figure 1 Flowpatternmap for horizontal pipes (reproduced from Mandhane 1974)........... 5
Figure 2 Tegunction classification, A) Splitting tee B) Splitting impacting tee, C) Converging
tee D) Converging iMpPacting tRE.......uuuuuuriiriiiiiiieme e e e e e e e e e e et eee e a e s 7
Figure 3 Single pipe at an angle to describe energy changes...........cccccvvcccee e, 11
Figure 4 Two loop network (S) indicates supply (D) iatiks demand (B) dicates pipend the
dashed arrows indicate assumed flow dir€CHON............cceviiiiiiccceiiiiiieee e 15
Figure 5 Segregated flOW regiMeS...........ooiiiiiiiiiiiieeeiccc e eae e 21
Figure 6 Intermittent floOWegimES.........oooi i 21
Figure 7 Distributed flow regimes...........oooiiiiiiiiiieeeeecce e 22
Figure 8 Tee junction to describe the split factor...........ccoooii i, 24

Figure 9 Flow highly perturbed at the T block and steady state afterwards. Also explain the Dual
Stream Model (four stream lines) (A) inlet to run gas, (B) inlet to run liquid (C) inlet to branch

gas and (D) inlet to branCh Q... 27
Figure 10 Route selectivity map wusing Hartds
Amsterdam (reproduced from Ha&ttal. 199) .........ooiiiiiiiiiiiiiiee e 29

Figure 11 Types of flows entering or leaving a tee junction that will be used in the code for tee
ClAaSSITICALION ...t ee e e et e e e e e e s nens bbb e et e e e e e e e e b b e e e ean 29

Figure 12 ImpoSSIDIe € JUNCHIONS. ......ciiiiiiiiiiiiiieee e 30

Figure 13 Equivalent system representation to handle multiple junctions....................c... 30

Figure 14 Flow diagram of GASNET tWO PhaSE........ccccuuiiiiiiiiieeeeeeee e 32

Figure 15 Model of the Network 1 solved for two phases (10 nodes 11 pipes 2.lagps)...33
Figure 16 Equivalent model for Network 1 solved for two phases (12 nodes 13 pipes)2.Bbp
Figure 17 Results for single phase simple gas network system. Run with GASNET (single phase)

and PIPESIM (12 nodes 13 PIipes 2 I0ORS) ....cceeieeeeee ettt 35
Figure 18 Results for two phases of simple gas network system. Run with GASNET (Even Split)
and PIPESIM (12 nodes 13 PIipes 2 I0ORS) ....coeeeieeeeeeee e 35

Figure 19 Fluid distribution (gas, liquid) and me=e distribution (psia) for each node obtained
from two phases GASNET (Even Split adihetic Energy Modél..............cooeeiiiiiiiiccnnnnnnn. 36



Vi

Figure 20 Model of the Network 2. Solved for single phase, two phases Even 8litcaphase

with Kinetic Energy Mode(22 nodes 25 Pipes 4 l00PS)..........ccvvvveviieevveeemiiiiiiee e 38

Figure 21 Results for single phase simple gas Network 2. Run with GASNET (single phase) and
PIPESIM (22 NOAES 25 PIPES 4 IODPS .. uuvvrriiiiiiiiiiiiiiiimnmieeeeeeeeieeieereee e e e s seeesssssssas s ae s e e e e 39

Figure 22 Results for two phases in a gas Network 2. Run with GASNET (Even Split) and
e 1 S Y SRR 39

Figure 23 Results for two phasesgas Network 2. Run with GASNET.............ccccvvvvviviene. 40

Figure 24 Liquid and gas distribution in a gas Network 2. Solved with two phases GASMET

Figure 25 Results for two phases in a gas Network 2. Run with GASKHEEt{c Energy Split

(22 nodes 25 pipes 4 loops) for low flowrates of water and water and changing the demands on
TSV L=] = | 0T =T PP 41

Figure 26 Liquid and gas distribution in a gas Network 2. Solved with two phase GASNET (22
nodes 25 pipes 4 loops). By reducing all the supplies and demand, it was found that there is one

dry pipe that initially had liquid (PIpe-B) .......cuuiiiiiiii e 41

Figure 27 Liquid and gas distribution in gas Network 2. Solved with two phase GASNET (22
nodes 25 pipes 4 loops). By reducing all the supplies and demand by..10. %.................. 42

Figure 28 Results for two phases in a gas Network 2. Run with GASKIiBE&tic Energy Split

and Dual Stream Model) (22 nodes 25 pipes 4 [QQAS)........ccoeeeeieiiiceeciieees 43

Figure 29 Structure for a NCL Pewhsnia gathering center distributimetwork..................44

Figure 30 Results for a single phase of the NCL Pennsylvania gas distribution system. Run with
GASNET (single phase) and PIPESIM (38 nodes 389Iploops).........ccooovvviiiiiiiiiiiceeinnnns 46

Figure 31 Results for two phases of the NCL Pennsylvania gas distribution system. Run with
GASNET (Even Split) and PIPESIM (38 nodes 38 pipes 1 1aQps)...........ccooeeiiiieecvvnnnnnnns 46

Figure 32 Results for two phases in the NCL Pennsylvania gas distribution system. Run with
GASNET (Even Split an&inetic Energy Spli (38 nodes 38 pipes 1 100pS)..........cccvvveen. A7

Figure 33 Results for two phases in the NCL Pennsylvania gas distribution system. Run with
GASNETKinetic Energy Splitwhile increasing the water content from the well on node.28
Figure 34 Results for two phases in the NCL Pennsylvania gas distribution system. Run with
GASNETKinetic Energy Splitwhile increasing the water content from the well in node. 248
Figure 35 Model of the Korea gas distribution network (A) and the equivalent system (B) (To

avoid more than three pipes on a node) Netwoikesofor two phase (34 nodes 40 pipes 7


file:///C:/Users/David/Documents/Thesis/David%20Thesis/David%20Thesis%20Docs/Libro%20Final/Research_07_Mar_Grey_Wang.docx%23_Toc256527504
file:///C:/Users/David/Documents/Thesis/David%20Thesis/David%20Thesis%20Docs/Libro%20Final/Research_07_Mar_Grey_Wang.docx%23_Toc256527504
file:///C:/Users/David/Documents/Thesis/David%20Thesis/David%20Thesis%20Docs/Libro%20Final/Research_07_Mar_Grey_Wang.docx%23_Toc256527504

vii

Figure 36 Results for single phase of the Korea gas distribution system. Run with GASNET

(single phase) and PIPESIM (34 nodes 40 pipes 7 I00PS)........cccceeeeeeiieecciviviiiiiiiniinnnnnnd 51
Figure 37 Results for two phases of the Korea gas distribution system. Run with GASNET (Even
Split) and PIPESIM (34 nodes 40 pIiPes 7 I0QRS).........ccoviiiiiiiiieeeiiicceee s e e e e 52

Figure 38 Results for two phases in the Korea gas distribution system. Run with GASNET (Even
Split andKinetic Energy SpliX (34 nodes 40 pipes 7 [00PS).....ccvvveeeiiiiiiiriiieeniiieieeeee e 52

Figure 39 Liquid distribuon profile for initial parameter of the Korea gas distribution system
GASNET (Kinetic Energy Splix (34 nodes 40 pipes 7 I00PS)......ccoeveeeeiiiiiiiiiieeeiiiiiiees 53

Figure 40 Results for two phases in the Korea gas distributistera. Run with GASNET

(Kinetic Energy Spliand dual stream model) (34 nodes 40 pipes 7 100pPS)............ccvvvven. 54
Figure 41 Model of complex gas distribution network solved for two phase (26 nodes 31 pipes 6
[oT0] o 1) TP P PP PP PPPPPPN 55
Figure 42 Results for single phase of the complex gas distribution network. Run with GASNET
(single phase) and PIPESIM (26 nodes 31 pipes 6 I00PS).........ccveeeeeeiieecciiiiiiieiiiiniiinieeend 56
Figure 43 Results for two phases in a complex gas distribution network. Run with GASNET
(Even Split) and PIPESIM (26 nodes 31 pIpes 6 100PS)........ceeiriiiiiiiicceeeeeeeeeeeeeeeeeeeeeeee 57

Figure 44 Results for twohases in a complex gas distribution network. Run with GASNET
(Even Split aninetic Energy Split (26 nodes 31 pipes 6 l00PS).....ccoeeeeeeeeieeiiiiimeeeeeeeee, 57

Figure 45 Model of liquid and gas preference route for a cong@existribution network.....58

Figure 46 Model of liquid and gas preference route for a complex gas distribution network,
changing the position of the demand...............ccci e 58

Figure 47 Results for two phases in a complex gas distribution network. Run with GASNET
(Kinetic Energy Spliand the Dual Stream Model) (26 nodes 31 pipes 6 l0ops)................ "9

Figure 48 Results for two phases in a complex gas distribution network. Run with GASNET
(Kinetic Energy Split changing the P specified from node 14 to node 26 (26 nodes 31 pipes 6

Figure 49 Results for two phases in a complex gas distribution network. Run with GASNET
(Kinetic Energy Splix changing the P specified from 60 psia to 100 psia on node 21 (26 nodes 31
(ST 01T SN (o To] o ) F PP PP PPPPPR 60

Figure 50 Results for two phases in a complex gas distribution network. Run with GASNET
(Kinetic Energy Split changing the wategas ratio from 0.01 to 0.1 for the two inlets (26 Nodes
3L PIPES 6 LOOPS). et iiuuittiteteeeee e e e amme e e e e s ettt ettt e e e e e s smmme e e e e e bbb e ettt e e e e e e e ammne e e e eas 6l

Figure 51 Equivalent system to avoid more than three pipes in a single.node................{ 68



viii

Figure 52 90 degrees pipe definition.............oooiiiiii i ceci e 71
Figure 53 Final view of input file for the problem shown in the APPENDIX...................... 74
Figure 54 Initial message when the program starts tQ.[UN..........cccoooiiiiiccceeieeeieeeeeeeeeeeee, 75
Figure 55 Display after convergence is aChi@Ved..............ueeviiiiicceii e, 75
Figure 56 Input file for NetWOrK.L..........oooviiiiiiiiiie e 80
Figure 57 Input file fOr NEtWOIK.2.........ooeiiiiiiiiii e 81
Figure 58 Input file for NetWOrK.3........ooeieieeiie e 82
Figure 59 Input file TOr NEtWOIK 4 ..........ooiiiiiiieii e 83

Figure 60 Input file for NEtWOIrK 5..........uuiiiiiiiieiiiieeee e 84



LIST OF TABLES

Table 1 Number of equations and unknowns for the Q formulation...................... 16
Table 2 Number of equations and unknowns in the P Formulation....................... 17
Table 3 Parameters used in popular gas equatiQnS............coeevvvieeeiiiiiieeeeeeeeeeeee 17
Table 40perating conditions for Network L. 34
Table 5 Operating conditions for NetWOrK 2...............uuueiiiiiccceeiiiiieeee e 38
Table 6 Operating conditions for Network 3.............ovvvveiiiiiccreeeeeee e 45
Table 7 Supply for Network 3. e 45
Table 8 Operating conditions for NetWorki4............ooooiioiiiiemn e 51

Table 9 Operating conditions for NetWOrk 5.............ovvvveiiiiicceeeeee e 55



LIST OF SYMBOLS

Roman

A Area of the cross flow [ft?]

B Pi pe/ Branch numid-er (1, 2é.n)

C Pipeconductivity [ft¥/psi]

Cwer  Well performance constant [mcfd/pst™]

d Pipe internal diameter [in]

D, Demand on node n (SwBxMMs¢fd, 2€é€. n)
dp/dz Pressure drop [psia/ft]

Ex. Beggs and Brill acceleratioatio [-]

enax ~ Max. difference between Even Split, Kinetic Energy Ratio B&V [%]

f Friction (Moody Fanning) factor [-]

g Gravity acceleration [ft/'Sed]

Oc Gravity correction factor [32.2 Ibm ft/(Ibf $)]
HI Height of the pipe [ft]

I Current [A]

KE, Kinetic energy ratio [-]

L Length of he pipe [ft]

Lon Loop number (I, 1I€.n)
m Diameter power [-]

m Fluid mass [1b]

My, Molecular weight [Ib/lbmol]
Muwair  Air molecular weight [29 Ib/lbmol]
n Flow power [-]

Nan Node number (1, 24-] n)
Nwell Value to characterize flow [-]

Pos Pressure downstream [psia]

Psc Pressure at standard conditions [14.7 psia]
Pshur  Well head shut in pressure [psia]

Pwy  Flowing well head pressure [psia]

Pus Pressure upstream [psia]

Og Gas fowrate [scfid]



a Liguid flowrate

Osc Flowrate at standard conditions
R Resistance

R Universal gas constant

Res Pipe resistivity

S Supply flowrate

Tav Average émperature

Tsc  Temperature at standard conditions
Usec  Superficial elocity of gas

Us.  Superficial elocity of liquid

% Fluid velocity

V Voltage

WGR Water gasatio

W,,  Root square of the axial velocity
Z, Z,, Compressibility factor

Greek

q Inclination angle

r Density

Gas/Liquid ensity

Gasspecific gravity

Xi

[STBD]

[scfid]

[ohms]

[10.731 psi f/ (Ibmol R)]
[psi/scf]

[STBD, MMscfd]
[R]

[520 R]

[Ib/sec ]

[Ib/sec ]

[ft/Sec]

[volt]

[STB/scf]

[Ib/s]

]

[deg]
[Ib/ft]
[Ib/ft?]

(-]



Xil

ACKNOWLEDGEMENTS

First, | thank God, who allows me to succeed in all my life endeavors, especially the
challenges of graduate work. This research is a part of my learning experience ieuReaont

Natural Gas Engineering

This research was possible with the sponsorship of the Department of Energy of the
United States (DOE)ral was successfully completed with the guidance, counsel and support of
Dr. Luis F. Ayala H. to whom | am especially gteful | would also like to thanlor. Turgay

Ertekin and Dr. Zuleima Karpyn for their invaluable impastmy professional development

| would not be where | am today without the love , support, advice and guidance of my
parents; Raguel Abbo, Martin drBetty Essenfeld who gave me my education, my moral and
ethical principles that allogd me to continuespeciallyduringthe hard times. My sister and my
brother in law Debbie and Daniel, my nephew and niece Yoel and ltatly,ofwhom gave me
the hope ad strength to continue, and also thanksh rest of my extended family Essenfeld
Abbo.

| wish to take the gmortunity also to thank Dennis Alexis AruBanderAl Ghamdi, Juan
Emilio Fernandez Luengo ancbiuk Alp, Gabriela Caraballoyesica Alvarez, Aisha Fernandez,
Enette Louw, Sarah Luchner, Roy Borkhocties Heim,the Avillion, the Glasnerthe Tabares,
the Meretskyandthe Halpernfamilies for their patience, guidance and friendship during my stay

at Penn State.

| also appreciate my friends alaved ones, | have you all in my heart and | am thankful

for your love, help and support.

Thank you all.



CHAPTER 1
INTRODUCTION

One of the most frequent problems that the hydrocarbon industry and more specifically
the gas indusy faces is the presence of liquids in the pipelines. This liquid will reduce the
transportation (transmission) capacity of the pipelines as well as create some other problems such
as corrosion of the pipelines and the equipmetiteadischarge point, dyates plugging the pipes
and other problemsTherefore, the presence of liquids in the pipelines will have an economic
impact on the operators, as walon the final customers.

Any gas that enters the gathering system is generally water saturatedftevetiea
produced free water has been successfully removed at the wellfibadefore, it is inevitable
that some production water will enter the pipeline system, and with pressure and temperature
changes in the lines, this watieirned to liquid phaswill eventually reach the gathering center
and compression statignsausing a great deabf operationalproblems. Any kind of fluid that
enters the system either as liquid or product of condensatibigenerallyincrease the friction
losses in the systm distibuting the flowing phasesinevenly and perturbingtheir forward
movementtowards the final destination (either gathermanter orfinal consumer) decreasing

the pipeline capacity and increasing compression expenses.

Most of the pipeline netwrks incorporatecompressor stations to compensate the
pressure lases due to friction allowinghe movements othe fluids towards their final
destination. Any compressor system must be water free to operate under optimal cofditsons.
study will focuson the development of a model that allows tracing the points or locations where
the second phasdistributesalong the pipeline networlgased on the application afass and
energy balanseunder isothermal condition$he development of theecond phaseillvact as a
bottleneck, since the appearance of an additional Hgoabe for any reason (eitheecause of
direct injection,retrograde condensation or precipitation of moisture contemthinlyincreases
the frictional losses, thereby increasing dwmpression costs. If the second phase is properly
traced, this will allow the operators to take correctietions and improve productivity by

improving thesystem transmissibility and/or lowering compression costs.

Currently available models and commiat simulators for natural gas networks heavily
rely on simplifying assumptions in order to solve complex pipeline network systems. One of the

potentially most troublesome assumptions is thahefimposition of wholly singlphase flow



throughout the rtevork system, or, when incorporating multiphase flow conditithves simplified
treatment of tegunction splits as a uniform and even phenomenon for all incoming phases. As a
result, reliable prediction of actual pressure drops and fluid misdistributitrese systems can
become severely compromised. Exacerbated network pressure losses in-\welpgethering
systems can easily force production to go below economic limits for an operation, even for the
cases \were the liquid dropout inside the systentow. Even small improvements in the accuracy

of the pressure drops, liquid helgh, and actual fluid distribution calculations may result in a
significant reduction in the cost of operations and increased revenue from additionally realizable
gas volumesThe effect of this inaccuracy will be discussed and confirmé&hapters 4 and.5

A summary of the most significant results of the comprehensive research study are
presented in this report. The work has led to the development of a tool which is ocafpable
improving the predictions for pressure drops in network systems, addressing properly the
multiphase flow in pipelines as well as the uneven split at tee junctions. Model testing has been
completed using different networks (Wonmo Sut@98) which inclde field measurements and

aCentre County netark case for a variety of watémading scenarios.



CHAPTER 2
LITERATURE SURVEY

For several yearauthors had tried to analyze and model multiphase flow in pipeline
networks.Orang (1973) reports the impadf the condensation of liquidshile evaluating a
pipeline system he had datar;f the network that he studiedlas exposed to very low

temperatures in the environment wharte more favorable for liquidondensation-He considezd

o

this phenomenon to be a seasonal effect. However, he tried to determine what would happen t
the system when pressure and temperature chdregathderwhich conditionsof the system
(pressure or temperatyrevould the liquid phase formby condensativ and create the
aforementioned problem@ranje alsovanted to investigate which route the liquidwid follow

as apreferential patho the exit point.

Most of the simulation programs currently used for rphltise flow in pipeline networks
heavily rey on simplifications or approximationsuch as considemnthe entire system as a
singlephase problem and assumean Even Split of the fluids at tee junctions. These
approximations can lead to incorrect estimates for the pressure drop values in diffexime p
segments, because thasedels do not account for any liquids along the pipeline system, or if
they account for liquid presentigey assumé to be evenly distributed across thetire system.
The result of thesassumptiondas causethat the pessure drops predicted for the systéms

some case® be significantydifferent fromthe mes experienced in the real tphase systems

Multiphase flow analysis is a widely researched area since this is a phenomenon that
occurs in several industrialelds. In chendal engineering twghase flow can be found in
reactors, boilersas well as irevaporatiorand distillation towers. In the nuclear reactor industry
multiphase flow is present duringoks ofCoolantAccidents (LOCA) and is used for designing
safety progras. In the space industry twihase low has been studied under zgmavity
effects, for the purpose of power generation. More closer to us, in theladrin two-phase and
multiphase flow can occur during several phases such as duddggtion, or transportation of
the hydrocarbas) downhole or at the surface in horizontal, vertical and inclined planes (pipelines
or porous media). Regardless of the specific industry or field location where multiphase flow
occurs, this phenomenon is geally relevant andmportant because of its effects on #mire

system being consider¢8hoham2005)



The multiphaselevelopmengera can be classified according to the following critdhia
empirical period, the awakening years and mhedeling periad as indicated by Ayalat al
(2007). The empiricaperiodis the beginning of the revolutionary concepts in multiphase flow
and incorporate some of the following correlationd.ockhart Martinelli (1949), Eatonet al
(1967), Beggs and Brill (1963), ardlimans (1975 As part of this early period there ke
relevant research efforts for multiphase flow in the wellbore tubakrsmdertakeby Hagedorn
andBrown (1965), DunsindRoss (1963) and Orkiszewski (196With the continuedprogress
in the availabletechnologyit was possible to digitize the empiricaduations and convettiem
into functional models, this period is known the awakening years. With the development of
robust equipment and faster computers, the modeling period took over. peribid some of the
betterknown programswere formulated RELAP5, MEKIN, COBRA, CATHARE and TRAL
which are currently used in the nuclear industdy comprehensive mechanistic modet two-
phase flow in vertical wells, horimtal pipes and deviated welllasdeveloped by Ansari, Xiao,
Kaya and ceworkers in the 1990Several gass of progress in the multiphaflew field allowed
the development opowerful and innovative tools such as OLGA, P#M, and PIPEFLOW
used nowadaydt is expected that futunmodelscanincorporate some of the idepsesented in

this work.

As soon as the second phasesdevelopedn a pipelinethe liquid contentwhich can be
as small as 5%¢an cause a significant increasetia pressurdrop of the systertOttens, 2001)
Hope et al (1977) compared three of the singbhase equations (AGA, Colebrook and
Panhandleith three of the equations for the tvphase caséBakeret al 1954 Duckler 1964
and Beggs and Brill973) The comparison usedgas flowrate 0800 MMSCFD and 5 bblof
liquid per MMSCFD of gas reading the conclusion that singthase mode gave better
predictions tharthe available twephase modeld.ater, Ullah (1987)performeda similar study
for 1 bbl of liquid perMMSCF of gas,reaching the same conclusions. Howewdder studies
(Gouldet al, 1975 and some other authgosiblishedsimilar studies for 1420 bbls/MMSCFand
reportedopposite results, concludingat the twephaseflow correlations are better to predict
presure drop and fluid properties in twphase systemgne clear point derived from this
discussion of results is that the correlations are very sensitive to the flowrates, flow profile and
fluid propertiegAsante, 200Q)

In a study performed by Walgt al (1996) the authaer evaluate a model that uses a

revised Beggs and Brill correlation, and the Aziz and Govier correlation, as the best fit for an



eight wells field. The authors conclude thhigh gas/liquid ratio wells (greater than 1500
SCF/STB) were bésnodeled using the Aziz and Govier multiphase correlation, while the low
gas/liquid ratio wells (less than 1500 SCF/STB) were best modeled using the revisechBagg

Brill multiphase pressurdrop correlations. Finally, they conclude that for high pnessinops

t he

whereas for the low pressudeop wells the best modeling correlation was that of Mukherjee and

Brill (1985).

best

model ing fit was

obt ai

ned

usi

ng

Depending on the pressures, fluid propertad fluid velocity, the flow pattern might
vary. According to this variation, flow pattern maps can be developed. Baker (8543

pioneer in developing fluilow maps for horizordl systems. Recent work on flgpattern maps

has beemublished by Ahme Fazeli(2006) This author developed a contpucode (FLOPAT)
that allows theyenerabn of suchflow-pattern maps.

Currentmodels are based dhe physical mechanisms which determine the transition
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Figure 1 Flow-pattern map for horizontal pipes (reproduced from Mandhane 1974)

between the different flow regimdsigurel shows a sample flow map for horizontal pipes. If the

pipe position is changed from horizontal to an inclined oticad position, then the flow pattern

t

and map will change as well. Once the flow pattern is defined and the transition zones identified,

it is possible to estimate the physical properties for the fluids and in addition their behavior inside

the pipe can & predictedAlthough the idea of using flow maps to describe the flow regimes

prevailing for different phaseelocity conditionsis usefu] the fact remains that such maps are

not universal, but rather apply to specific existing conditions, geometrib@mose.

he



An important fact whicthas beersufficiently reported is that each equation developed to
study and analyze multiphase flow across pipelines or annulus, uses several assumptions and
some of them work for horizontal flow, some others for vertitta/ and finally some others
work for inclined flow (always considering the three main energy components: acceleration,
elevation and friction, as wibe discussed in later sectiofarther, formulations work for certain
types of flow according to thegwn of the flow map that they fall on, as can be sedtigarel1.

A remarkablefinding is that the approach that generally works best is the Beggs and Brill
correlation. Since the objective of this research isldgelop a model with the most general
application and accepted principles, Beggs and Brill was the correlation selected to be used.

Hein (1985) established that one of the energy methods used to evaluate pressure drop is
the Beggs and Brill correlation h€ author changed one of the lower limits for the liquid holdup
value to 10 (for convenience purposes) which differs from the one previously established by
Beggs and Brill (18). This is brought out here to confirm that even though Beggs and Brid is th
most general procedure that can be used to modepitase pressure drop in a single pipeline, it
has some limitations, and therefore different researchers have tried to improve on it.

Since there are several and different flow patterns, when a systgainsomore than one
phase it is understandable that phases can move at a different speed. However, a common
simplification used when working with pipeline network systems is to assume that both phases
move at the same speed. But the truth is that differeases do not move at the same speed and
therefore it is important that Beggs and Brill accounts for slippage between the phases. Chapter 4

includes a formal classification for the flow profile phenomenon.

As the fluids continugheir movement throughh¢ network there are constraint points
such as the branching conduits, generally known as T junctions, where the fluid either can split
into two different flowstreams or merge with another, until the exit point is reackiethe Tee
junction the fluid wil experience a volume expansion and therefore a pressure drop that can lead
to condensation of the liquids present in the gas phase. Since the fluid is moving along the pipe it
has certain inertia, and when the second phase (liquid) apped#g injecéd iquid approaches
the junction some liquid will continue with the inertia of the original flow path but some other
will follow a different path. This phenomenon is well known, and has been named fluid flow

route selectivity.



Regarding the fluid streamsplits when reaching tganctions in pipeline network
systems, development has proceeded femansplit concepts, to Ketic-Energy concepts, and
finally to DualStream approaches. Thus, Shohanal (1987)developed a geometrical model
that is hard tapply and not always consistent with experimental findings. Also Azzopaedi
(1989)developed a phenomenological model to predict the split in horizontal and vertical pipes.
However this model is not always accurate. teasdl (1991)establishedrat the only time when
a fluid can split evenly in a tee or junction is when the kinetic energy ratio value is close to unity,
which is very unusual since the split at the tee depends on several factors such as: mass flowrates
and fluid properties (gas atiduids), interaction between phases (surface tension) and gas liquid
contact angle as well as pipe diameters (inlet, run and branch), roughness of the pipe and angle at
the junctions. Hart (1991) provehat the effect of an uneven split is more rembldan systems
with a very small amount of liquidsneaning holdups less than 0.06<0.06). A T-junction is
characterized by joining a set thfree flow lines shown as eqtdibmeter inlet, run and branch

arms. According to the position of the arms, a Tee can be classified as sHeagur@?®.

Inlet Run Branch Branch Inlet Run Inlet Inle
—> —> <+— —> —> —> —> <+
A B C D
BrancH Inlet Inlet Branc

Figure 2 Teejunction classification, A) Splittingete B)Splitting impacting ¢e, C) ConvergintgeD)
Converging impactingee

According to Hartet al. (1991) to fully understand the flowstream splitting phenomenon
it is important to consider the following parameters as the flow enters the Tee: mass flow rates of
gas and liquid in the inlet, which will help to formulate the matérgddnce for the entire system;
densities and viscosities of gas and liqug well assurface tension and géiquid-solid contact
angle, which will be used to handle the fluid superficial velocities and mixture velocity.
Diameters at inlet, run and branch, will have an impact on the pressure drop when the fluid
reaches the T. Other paramet of interest are the inclination angles of the main pipe and the
sidearm, angle of the junction, radius at the connection between the main pipe and the branch
(sharp edged or radiused). All these parameters will have an impact on the estimated Wadue fo

split factors.



For this research project, the split calculations are handled in three different ways
allowing the user of the newly developed model to select the most convenient procedure
according to the system specifications and the desired ajpppraad also allowing comparison

with commercial simulators. The three methods are:

Even Split: This method is used by commercial simulators such as PIPESIM and other

previously developed codéadewumi, 1994)

Split factor based onKinetic Energy ratios: In reality, the fluid splitwhich occurs at the
junction depends on several factansluding fluid flow andgeometricalproperties and it is
rarely even. This simplified modelcalculates thekinetic energy ratio ashe primary term
governing the splitand neglects the effect of other parameters suchregersibilities and
geometrical factors.

The Dual Stream Model (DSM): One of the models used for handling the split factors in
branches or junctions was proposed by Hdaral (1990)and isknown asthe fidoubl e str
mo d e | ( 8108 )basedon energybalance equations for the gas and liquid phases. This
modelusesGardel correlations (1957r the calculation ofrreversibilitiesoriginally proposed

for the singlephase system. This model water improved by Ottenet al (2001),and renamed
AdvancedDouble Stream Model (ADSM)

Later Shoham (2005) published a text that summarike variables involved in two
phaseflow as follows: mass and volumetric flowea for liquid, gas and mixturéguid holdup
(Hy) and gas void fractiora{; superficial velocities (\ and Vsgin ft/s), mixture velocity, mass
flux (G), actual velocities, slip velocity, drift velocity, drift flux, diffusion velocities, quality,
mass concentration, slip holdup, slip dgnsand average fluid properties. These parameters
where incorporated to the Tee junction analysis by Singh (2008), Alp (20@Bfrernandez
Luengo (2010).

In several papers, texts and commercial software docunwmtatiis clear that the
singlephaseproblem has been solved with adequate precision and that accurate pressure drops
and flow distributions can be determined with well established routines. Hovleyaames not
true for twoephase and nitiphase flow. In fact, the twphaseflow phenomeon is much nore

complicated than the singfghasds.

As part of the past developments for handling the problem optwase flow in complex

gas transport networks, Adewursi al.(1991) worked on singlgphase and multiphase systems



applying the linear thegrmethod which converts the nonlinear flow equations of the multiphase
problem into a linear system. In two published papers Adewumi (1991 and 1994) uses the most
common equations Weymouth, Panhandlan®l Panhandle B for the singlbasegas problem

and he Beggs and Brill correlation for the multiphase case. Further, they were combined with the
electriccircuitanal ogy wusing the first and ugseThamrnthd Ki r c h
energy and madsalance equation can be solved for differémiv profiles. This is a common
ground between Adewumi 6s wor k thenndain diffeeencepr es en
betweerAd ewu mi 6 s appr oach atimtdAdewhns doesinot adelress tha splis e ar ¢ |
factor for the multiphase flow at the tpanctions.The handling of Fjunctions and uneven split

factors (dual stream) used in the current research will be discussed in following sections.

On the other hand, commercial simulators such as PIPESIM (2007) assem&plitat
the Tee junctionsThis is an unrealistic assumption which leads to allocating water in the entire
system, and predicts higher pressure drops in pipes where there is no water and lower pressure
drops in pipelines witla high content of water, which again is an unrealistic sganatrtil 2007
marching algorithms ware the rule rather than the exception in the determination of pressure
distribution in long multiphasiow pipes and they are the basis of most #isd models
HoweverKehlneret al (2007) operdthe pasibility to exploreif there are casegheremarching
algorithms arenot adequateln Chapter 4 we will confirm that the governing equations for the
multiphase flow are nonlinear. Therefpiteis not desirable to use a marching algorithm which
will divide a singlepipe into multiple small pipes or blocks. Instead it is recommended to solve
the entire system simultaneously, at one time, which is now possible with iterative algorithms

such as Newton Raphson. This is one of the contributions of the current work.

It is well known that improvementsf the gas pipeline distribution networkan
significantly decrease the operational cost of systems already instal&hs demonstrated by
Sunget al (1998) Krishnamurthy(2008),Alexis (2009) The final stage of the pregework will

beto testthe new model approach several networks and validate the results
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CHAPTER 3
PROBLEM STATEMENT

Natural gas gathering and production systems often cover significant areas, using a large
number of piees of equipment and pipeline segments, which require a-licatet free system
to perform adequately. This makes it difficult for the operators to effectively evaluate the
performance of the network, due to the lack of critical information and the strong

interdependence of all elements in the system.

Here atool that helps map and track the liquid in thestem was to be developed
allowing operators tcevaluate singikphase and multiphase systems to detect bottleneck points in
the pipeline networkthereby establishing theoute selectionvhich optimizes the liquid removal
system for the pipeline network, thus maximizing the fraction of pipeline capacity available for
gas transportation. This should lead to lowering the expenses and other operatisnaiotored

for gas compression.

The objective was to develop andesta model capable ofproperly distribuing liquid
pathsin agaspipeline network systemThe integratedesearctproduct i.e. the GASNETTwo-
PhaseModel, was testedas independent mates and as a combined produbgfore final
deploymenusing different networkdaionmo(998), the NCLfrom Center County Pennsylvania
and three additional networks. Thisallowed the research team to testid evaluateseveral

scenarios.
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CHAPTER 4

MODEL DESCRIPTION

4.1 Singlephase flow equations

The gowerning equations fosinglephase flow can be derived lapalyzing the energy
changesn a fluid that travels inside pipeline. Equation(1) represents an energy balarioea
single pipe that is inclined at a given angle, considering that a change in energy will lead to a
change in pressure, whiclouldlead in turn tacondensation and phase chande= us consider
the system of a sghe pipe as shown iRigure3.

q ©

Figure 3 Single pipe aain angleo describe energy changes

The change in energy in the systsihown abovean be discretized as follows:
YO= YQusasat YQawe + YOoawe:
1

Considering that the change in energy is nothing more théarsge in pressure in the system.
Equation(1) can berewritten ina differential form as shown in Equati¢?):

2] -9 + D ; D
W wan W oese: @D garday W odve:
2
where:
joi] Q .
— = ” > m
@ ohere: 03 (=

3)
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The pressure drgmlue to elevation andelocity changesan be considered asversible
pressure drops, since they can be recovered bgragehin elevation of the systeand change of

the velocity however pressire drogs due to frictionareconsidered irreversible since they cannot
be recovered by any natural method.

For the horizontal case the angle will be equal to zero. Therefore, the energy loss due to
elevation (Equatior§3)) will be equal to zero as wekind thevelocity factor will be neglected

because it will generally be less than 1% of the friction. Iblence, the final expression for
pressure drop will be:

(6)

()
Here the density can be replaced usingdbneral gas equation, and danrearranged to
prepare for integrations as shown in Equatgn

17
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(9)
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Then clearing fon :

‘ ZQP Ugn 1 6_[2 l7)22 25

* 64Y 0 [b ¥ G0
(10)
Finally replacing
a="idio
(11
S I
T G QrdY
12

From a thermodynamic engy balance, a fundamental Generalized Gas Flow Equation
which corresponds to thgeneral onalimensional, steadgtate isothermal gafow equation in

pipes is developed and presented as Equét@nlt is basedn the following assumptions

Flow is steady state along the pipe length
The flow is assumed to be isothermal

The compressibility of the gas is assumed to have a corstarsigesalue

P w N PRF

The kinetic energy change the line is assumed to be negligibling Kinetic Energy

term isneglectedl

5. The flowing velocity is assumed to be accurately characterized by the apparent bulk
average velocity

6. The friction factolis assumed to be constant along the pipe segment

The change of pressure with elevation is as=iito be a function of some constant mean

density at the mean section pressure

To better understanithe fluid behavior in pipeline networka commonly accepted analogy
uses electrigl systems. If an analogy is made of the movement of flow in one dinetti the
movement of electrons in a circuit, and the pipelines are analogous to the electric lines connected
in sucha circuit, it is clear that one might represent flow and pressure drop with an expression

analogoustd he vol t age dasdpwnankglat@d{@dnodos | aw
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w="1T
(13
The equivalent expression for pressure drop in hydraulic systeaagoows

55 = Yarls
(14

fio= 6 07 03 14

Nig=0 G%Y L7”(23‘\(1/é
(19

where Rsis the pipeline resistivitygsiscf], C is thepipeline conductivity [scfisi], and Rs
representdhe pressure in the upstream end of the pipe segment wheygaspResentghe
pressure inthedownstream endf the pipe segment.

Several operational equations are derived from the general gas flow equation, such as the
ColebrookWhite Equation, Modified Colebrook, AGSMenon, 2005kand others. Howevethe
most @mmon ones used in the gas industry are the Weymouth, Panhandle A and Panhandle B

equations. Therefore, they are the ones that will be addressed and discussed from here onwards.

For every system, several elements will be handled such as nigmssapdr-junctions
(node-connecting elementsandloops The equations can be written for every pipe of the system
and will then allowformulatinga system of equations for an entire network as showigure4.
Since thesystem show will be analyzed under steadtate conditionsthe following rule

applies:
6=0+0 1
(16)
where
B Pipes otranchegNodeconnecting elements, also known as brifiges
N Nodes(Junctions that connect two amaximumof three pipep

L Loops(Closedcircuit network ofpipes and nodés
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Further, after stablishing the analogy with the electric circuit, and since every element of

the system will have resistance armhductanceit is possible togproposethat the use of an

expression such asirchhoff 6s Law (for vol t agressukerdogo)thet o est

system is a valid approach.

N N
S > ; By ’ » D
_____ >
v L :
B . B, B
‘< Ly
Bs - D
N, - N

Figure 4 Two-loop network (S)indicates supply (D) indicatesddemand (B indicatespipe and the dashed
arrows indicate assumed flow direction

For the above mentioned case, there are tws waesolve the entire network:

Flowrate (Q) formulation: It means that the system will be solved using material balance for the
flowrate and then calculate the pressure diopugh every pipe, and assuming flow in the
direction of the dashed arrows ditiea, the following system of equations applies:

Node equations:
Ni Y iy =0
N2 M+ M 0=0
Ns: Na+nNs O, =0
Nio M3 N2 nNs=0
17

A review of these equations leadiseto conclude that the balance on node 4 is a linear
combination of the expressis for nods 1, 2 and 3 (B=N;+Nx+N3) and that it is not an
independent equation. Therefpieis not possible to use that expression to solve the system.
Hence it will be necessary to develop two more independent equations to solve the system for a
unique solution. Those required equations are loop equatiord nd cor r esplbawd t o

applied to hydraulic flow (for estimating the pressure drop) as indicated above, and they are as

follows:
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L i2nf Yo2zns Yazns=0
Li: Y2205+, 208 YszRE =0

Loop equations are nlimear expressions thatomplde the system of equatiorthat
needs to be solved using a numerical prot@cmh as the Netwon Raphsormmethod Table 1
shows the inventory afquations and unknowns fBigure 4 assuming that Supply (S), Demand
(D, and D) are specified.

Table 1 Number of equations and unknowfios the Q formulation
Unknowns Equations

3 Node Continuity equations
G %, Ge: . Os 2 LoopsContinuity equations

Total: 5 unknowns Total: 5 Equations

Specifications1 Node Pressur€qg, Qw at inlet and outlet
Closure relationshipsgscas P exptit

Pressure (P) formulation: In this casethe nodal continuity equations are written for each
participating node. The resulting system of equations can then be solved in terms of passsure
primary unknownsOnce the system is solved and the pressgueach node is found, the flowrate

in each pipe is then calculated uskbguation(15). For the sample system shownFigure 4the

system of equations &s follows:

Node equations:

Ni Y 6,(02 0HYE 6307 0AHVE=0
No: 0405 05)YE + 65(07 0HYE G, =0

. o 5 5 & [T 5 5 & [T 5 ’1"2 1 & _
Na: 03(0F 02)YE  6,(07 0HYE 65(0F 0HYVE=0

(19
An inventory of theequations needed and unknownshef system is presentedTiable2

(for the example oFigure4 with P, specified)
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Table 2 Number of guations and unknowns in the P Formulation

Unknowns Equations
Py Ps, Py 3 Node continuity equations
Total: 3 unknowns Total: 3 Equations (M)
N: Number of nodes in the syste
Specifications1 Node Pressure

It is clear that this Formulation requires less information from the udéan the @
formulation On the other handt is important to indicate thain order to solve any of these two
sysems, an initial direction diow hasto be assumedThen, the final solution will tell the user
if the assumed direction was correct or if flow is in theasite direction. For simplicityn the
logic and coding, the P formulatiémusedin this studyfor the entire development tfie model.

The following sections are devoteddizcuss the principles of this implementation.
4.2 Single-phasenetwork solver

As indicated above, and to be able to use the P formulation in combination with

Kirchhoffds Law, t h en pnoeess is te descibe thenequiatiores that avil mu | a
help to determine the pipeonductivity (Weymouth, Panhandl& and Panhandle B) The
corresponding expressions are summarizéichivie3.

Table 3 Parameters used popular gas equations

Equation F* KFf ** C m n
0.008 Ffyn Y Ug 2 | 433.39|5.3333 | 2.000
Weymouth TR o= ——a—
o 0.019231 o 19 Gg 2 | 435.87 | 4.8540 | 1.854
Panhandle A Al o 014 Vo= —gTesa A
Q
0.003586 g% Gg 2| 737.0 | 4.9600 | 1.960
Panhandle B Mg 003922 | Vo= —&1gs e
Q

* Equations 18, 19, 20
** Equations 21, 22, 23

£
I
d|g

(24)
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fig= 6(6§ 0§)Y*

(15
. 1 vaé
°T W
(25)
where
C Pipe conductivity [scfd/psi]
d Internal diameter [in]
m Diameter power [dimensionless]
Mwair  Air molecular weight [29 Ib/lbmol]
n Flow power [dimensionless]
Psc Pressure at standard conditiofts4.7 psia]
Ppos Pressure downstream [psia]
Pus Pressure upstream [psid
Osc Flowrate [scfd]
R Universal gas constant [10.731 psia R/(ftbmol)]
Res Resistivity of the pipe [psi/scfd
Tav Averagetemperature [R]

Tsc  Temperature at standard conditions [520 R]
Zny  Averagecompressibility factor [dimensionless]
O Specific gravity of the gas  [dimensionless]

For application in the singlphase modehe newmodel works as follows:

The program starts initializing the constant values; reads and extracts all the required
information from an input file (the sampleput file format is included aSPPENDIX A). As the
next step the program will check for input data consistentce. (establishing communication
between nodes of the system by checking for interconnectivity, fluid and pipes properties are in
tolerance, &t) Once the input consistency checks are completed in a sequential manner, the main

part of the model starts to execute.

The execution will continue determinirtge initial pipe conductivity, according to the
userselection and the equations presentetiable3. After all pipeconducivities are determined,
and before proceeding with further calculations, one last test is run: an interconnectivity test to
assure that all the elements in the systeencannectedAt this point the mdel is ready to solve
all the node equations simultaneoushince the resulting node continuity equations are highly
nonlinear in nature, a NewtdRaphson iterative protocol is necessary and is implemented to

solve the system of equattis.
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The Newton Raphsonrgtocol is built to solve a nonlinear system of equations, by
determining the derivativef@ach function of the systemitfger in an analytical ora numerical
way) and will try to find the roots that will satisfy all the equasoepresening the system under

study. The Newton Raphson protocol can be summarized as follows:

1) Assignaninitial value of P for each node
2) Enterthe Newton Raphsoiethod
a. Calculate the residual

fip= 6(0F 0§)Y°

(19
the coefficients for n will depend on the single phase user selection according to
theTable 3
b. Introduce perturbatigmode by node Pye=P+DP"
c. Calculate theesidual
Asae = 6(0digas 0§)Y*
(19
d. Determine the entry to the Jacohian
= (nh‘%.cz)br]id))
(26)

a Jacobian matrixs asqguare matrix wlosemain entries areomposedy all the
derivativeswith respect to pressu the equations that conform the system. In

that sese, the Jacobian matrix appgasindicated in equatio(27) :

N k
epf, W, i, W2 app f of o
é u = < 13
SHP, HP, 1P, Ww,p€é U €
; Sé U é u
ey, 1, 11, WU u éf,0
& b €D, U f, U
SHP, Hp, Wp; W€ U e
> S é U é u
oHs W, Wy Hsleppt =-éf0
S 3~ 7 '3~
éupl HP, HP; IJ-pnu e u e u
é € u é u
b €. é u
éufn an I'Ifn I“[fn u Q 3 2f 3
A ¥ d:pn n
CHP, HP, HP, Hp, U € u e u
& ue u é u

(27)
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where the first matrix in the lefhand side is the Jacobian matrix, the second
matrix is the differential maix and the matrix in the rigttand side is the
residual matrix. After every iteratipimprovements ar@appliedto the residual
matrix, and the iteration processwill continue until convergence Then the
process continuesith the following steps:

e. Remo\ethe perturbation for the node and moweto the next node

f. Check that the main diagonal of the Jacolamot zero, and Jacobian
normalization

g. SolvetheJacobian

h. Update thevalue ofP in each node

3) If convergence is achieved, meaning that the node’s pressure wasfaltite residual
value is close to zerahe modelwill display a message indicag the pressure at each
node, flow for each pipeand pipeconductivity Then the modgbroceedgo calculatethe
pressure drapdue to the presence of tlsecond phasdf convergence has not been

achieved, step 2 is repeated with the updated pressuesvalu
4.3 Pressure drop inmultiphase system

Several authors have worked on pressure ity to multiphase flow in pipelines,
developing specific procedures such as: Poettmann and Carfd&@%2jwho were attempting to
solve the multiphase flow issue, th©rkiszewski, Duns and Rq$963) used mostly for mist
flow, Hagedorn and Brow(il965)used mostly for bubilandslug flow, andBeggs and Brill
Correlation(1976) which has become the most widesedcorrelationfor the multiphase flow
case and therefe is the one thathis thesis will focus on. APPENDIX B presentsa detailed

procedure for the implementation of the Beggs and Brill model

As discussed irAPPENDIX B as preliminary step in the pressdrop calculations due
to two-phase flow, the flow geern in each pipe is determined based on thestipriquid holdup
and Froude number. The flow pattern can be classified as Segregated, Distributed, Intermittent

and Transition as shown kigure 5 Figure6 andFigure?.

4.3.1 Segregated flow This is the flowprocessof two phase®f liquid and vapor that have been
separated due to the gravity effect. As soon as the fluiditselacreases, the profile will change

from stratified to wavythenif the flow rate is highethe flow profile becomes annular
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Segregated Wavy flow

Segregated Annular

Figure 5 Segregateflow regimes
(The bluecolorrepresergthe liquid portion of the flowand the rest is vapor)

If the fluid velocity keeps increasinthe flow pattern evoh&from segregated flow to

intermittent flow.

4.3.2 Intermittent flow : In this case, the fluids wilhot be as separated as in the segregated

patternbut rathetthere will be some batches of one fluid or another as shown:

Intermittent Plug

Intermittent Slug

Figure 6 Intermittentflow regimes
(The blue color representhe liquid portion of the flowand the rest is vapor)

At maximum fluid velocity the flow regime can be identified as distributed bubbly or

distributed mist.

4.3.3 Distributed or bubbly flow: In this case the high fluid velocity forces the gas to be

transported by the ligdiin the form of bubbles, drops mist as showbelow.
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Distributed Mist

Figure 7 Distributedflow regimes
(The blue color represents the liquid portion offlbavstream and the ress vapor)

Since the changenithe flow profile due to the velocity increase does not occur

immediately, it is reasonable to think of one more possible flow rediraasition flow.

4.34 Transition flow: This condition occurs when the flow pattedue tothe velocity profile

canbe placed between segregatetkrmittentor intermittent distributedflow.

Regardless of the fact that one can describe the flow profile diogaio the Reynolds
number aslaminar, turbulent or transitiah the Beggs and Brill procedurewill use the
classification indicated aboveriQure 5 Figure 6 and Figure 7) but only with the general
classification(segregated, distributed, intermittent or transaipn

Once the flow pattern has been recognifldll properties are recalculateliguid, gas
and mixture densities, rg, rm [l b/ft%], volumetric flowrates andnixture velocities, gas and
liquid fracions andgas and liquicslippage holdup for horizontal and inclined pipes). Then the
friction gradient, elevation gradient and kinetic gradient are determined to calculate the two phase

pressure drop with Equati@@8).

a0 A
N De Ao
(07 1 0Q

(28)
This equation takes into consideration the angle of elevation which will be determined
from the length of the pipe, and an elevation parameter. Howevemlyare the pipe elevations
and angles important, but also important are the angles for the different branches. This will

become apparent in the next sectdrhis Chapter4.
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Based on the pressure drop calculation (dp/dz) above, and the known valpsgedm
pressure (i), the downstream pressuresgPis calculated. The twphase gas pipe conductivity
can be determined usiikguation(29):

Nai a0

6‘9: %5 1T

(29)

Since the flow of gas becomes hindered due to the presence of the second phase, the
newly updated pipe capacities (i.e., tploase pipe gas capaed) are expeted to be lower
compared to their singlghase counterparts. Once the pipe capacities are updated, the flow rate
of the gas in all the pipes in the system are recalculated based on the new nodal pressures

obtained from the Beggs and Brill subroutine.

The Beggs and Brillcorrelationwas developed from exparental results in a system of
90 ft longtransparent acrylic pipes with diameters between 1 and 1.5 in, gas flowrates between
0.0 to 0.3 MMscfdandliquid flow rates between 0 and &al/min Average pessure between
35 to 95 p4i, pressure gradients fradrD to 0.8 psi/ft, liquid holdufractionsfrom 0 to 0.870 and
inclination angles betwee®0° to 90°.Its applicatiorhasbeen extended to thehole spectrum
of flow situations that may be encounteiiadoil and gas operations, namely uphill, downhill,
horizontal, inclined and vertical flonmostly for small diametersup to 7 in low and high
pressure dropsThe Beggs and Brilnodel isfrequently used andited byresearchers as the best
known and resonably accurate multiphase flow correlation in{utase gas/liquid hydrocarbon
systems. It is important to consider that, as with any other empirical correlB¢iggs and Brill
is sensitive to properties chang@e fartherthe properties are from ttaiginal values used in

thdr experimental work, theebst the expected accurasfythe predictions from theorrelation.
4.4 Teejunction treatment

Tee junctions provide the means of connecting three pipes in a network and thus become
the basic hilding block of complex networks. What happens at therEtion in terms of even or
uneven split of phases during multiphase flow regimes largely determines route selectivity of
each of the phases in the multiphase network environmentliscussed irChapter2 Oranje
(1973) was the first to identify this uneven split phenomenon or route selectivity (or preference).
As such, properly accounting for this phenomenon is very important since it will affect the design

and operation conditions for the surfacgi@ment, installation of separators or dehydrators, and
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compressor stations. In a typicatjunction, the different pipe sections making time tee
junction can be identified as inlet pipe, run pipe and the branch pipe as shbignre8 which

also illustrate the concept of split factorhatare used to quantify the uneven split phenomenon

) Qur Qur
—)

| g8 = Qus/ Qqin (Fraction of inlet gas in the branch)

at T-junctions.

- )

| we = Qua/ Quin (Fractionof inlet water in thebranch)
Figure 8 Tee junction to describe the split factor

A convenient way to eluate and account for the split phenomenon at tees is through the
definition of split factors. Split factors are simply defined as the ratio of the amount of phase
leaving one of the outlets (either branch or run) to the amount of phase that origitexdg eéhe
T-junction. Obviously, the split factor can range from 0 to 1 and can be defined for both the liquid
(water) and gas phases, as illustratedrigure 8 and Equation 30In Figure8, & n dr &
represent the mass fraction of gas and water flowing through the run ofjtimetibn with

respect to the original volume injected at the inlet. In other words,

(30

R Run pipe gas mass intake fractidimensionless
Mgz  Mass flow rate of gas in then pipe[lb/sed

Mgn  Mass flow rate of gas in the inlet pifib/sed

awr  Run pipe water mass intake fractijagiimensionless]
Mwr Mass flow rate of water in the run pifb/sed

Mwn  Mass flow rate of water in the inlet piplb/sed



25

e @ N @ represent the mass fractions of gas and water running through the branch-of the T

junction with respect to the original masses irgdat the inlet. That is:

Mgs Mg
96B = Mggm » owB = M,
(31
Note that:
R+ 2cg = 1 and ayg + oy = 1
but
dGr*+ awr landegg+ons 1
(32

It shouldalsobe noted that for nearly incompressible fluids such as water, defining the
split ratio either as a ratio of mass flow rates or volumetric flow rates does not make a difference.
In the case of natural gas split, the split ratio can be defintsfrims of a ratio of mass rates or
volumetric flow rates as long as the latter is always calculated at standard conditions. For the
purpose of this research project, the split calculations are handled in three different ways allowing
the user of the progma to select the most convenient procedure according to the system

specifications and the desired approach.
Case 1:EEven Split

As it has been indicated previously, tBeen Splitapproach is the most common way to
handle the split in multiphase network netg] however, this approach is far from realistic. This
method is included here for comparison purposes. The method is used by commercial simulators
such as PIPESIM and other previously developed moghdewumi, 1994) and can be
expressed to mean théetliquid mass intake fraction in the branch arm will be equal to the gas

mass intake fraction in the branch arm, as implied by the following expression:

3 = awp and 3gr = AR
(33



26

This scenario implies that the-splits are uniform and that they always occur at equal
proportions, i.e., neglecting phase inertia and “astablished uneven distribution phenomena at

T-junction. Results comparirgven Splitwith other options are discussed in the next section.
Case 2:Split factor based on Kinetiénergy ratios

The fluid split that occurs at the junction depends on several factors, including fluid
properties and the geometrical factors, and it is rarely even. Experimental observations have
firmly established that onef dhe controlling factors in the split is the relative inertia of the
phases. When the inertia of the heavy (liquid) phase increases and domisaesgency is
generally seero prefer to follow the path of the run (sEegure 8) and miss most of the-T
branch. The&inetic Energyratio quantifies this relative inertial effeets shown below:

1, .
vQg =

111 N D

5 &Y

(34)
This approach calculates tiénetic Energyratio asthe primary, firstorder contributor
to the uneven split at junctionand neglects the effect of other paramet&ased on this

approach, the liquid split factor at the branch can be readily related to the gas split factor at the
branch through the expression:

&g = 92 0Q
(39

In Equation (35) &g cannot become larger thamity, and thus its maximum value is
capped at 1. The split factor calculation basedimetic Energyratios can be considered as an
intermediate step betwedme Even Splitassumption and the Dual Stream Model, éadiscussed

next.
Case 3: The Dual Stream Model (DSM)

The Dual Stream Model (DSM) treats the flow of each phase at-plweclion as that of
independent streams, allowing the phases to move at different velocities and for the Bernoulli
equation to be ap@d to each phase independently. The model was first proposed bst ldhrt
(1991) who established that the only time when a fluid can split evenly in a tee or junction is

when theKinetic Energyratio nears unity, and that for all other cases the spltieatee would
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dependon several factors such as mass flowrates and fluid properties, geometric considerations
such as pipe diameters (inlet, run and branch), roughness of the pipe and angle at the junctions.
Hartet al proved that the effect of an unevsplit is more remarkable in systems with very small
amouns of liquids, meaning holdups less than 0.06 and proposed a model applicable for such
systems. In their model, the characteristic equation that governs the uneven split phenomenon is

the extende@ernoulli equation as shown in general form as EquatidB6)

"-' "-' =|_n + _ZJ'" f4“£ fJ-HG + Z:l-nl L=l-|-|o L=l-|-|q = Loc_Z=|-"f:Ln£

(36)
where the sulindices have the following meaning:
X Refers to inlet arm,
Y Refers to run or branch arm,
LG Refers toilquid orgas phase.
Using this nomenclature:
P, Pressure at the upstreamdof the inlet arn{psid
rws  Density of the liquid (gas) phafie/ft’]
W,,  Root square of the axial velocity of the liquid (gas)gehat the run (branch) arm and
[Ib/g depends on the velocity profile and hold up,
Kxy Kinetic Energyratio for inletrun or inlet branch.

Figure 9 Flow highly perturbed at the T block and steady state afterwards. Also explain the Dual Stream
Model four stream lines) (A) inlet to run gas, (B) inlet to run liquid (&gi tobranchgas andD) inlet to
branchliquid



28

By assuming that the phases can be treated independently in terms of the application of
Bernoul |l i 6s e qhligute9),dquatibné36) can bheawitierfour times for the four
different streamlines (A, B, C, D) shown imatligure. By manipulating these four equations, the

authors showed that it is then possible to obtain the equation describing route selectivity, as

follows:
N 2 2 2 ) .
W W WG Wy W 2Q "o, . . .
. D > > ) > T o5 7 Qo Wg Wy Wy
(I Aad $X5)] (03] (03] 0@ 0@ 0@ V]
” 2
ldo(ﬁ . . i
=+ Uiz Uz UM UMy
0Wie
(37)
where:
in = Inlet
R = Run
B = Branch

Theexpression above can also be simplified for splits in horizonpahdtion systemss
shown in equatioi38). As indicated before and as it is clear from EquatB), for the DSM it
is crucial to know which pipe is on the branch (90 Ipagd which one is the run. In the proposed
model, it is thus required &l the user specify the 90 Dggipe in the context of each-jlinction

defined in the network.

6= 5+0Q(Ce )
(39)
wherel ¢ is a factor that accounts foreversibilities

Hart et al. (1990) implementedequatiors (37) and (38) to relatethe liquid branch
fractdon o(at he gas 4 pragasctakefff thraugh theo saalldd &Route
Selectivity Plot presented irigure 10. The straight linesepresent theesultsusing the Double
Stream Model (DSM) while théotsrepresent the experimental results obtained by the University
of Amsterdam as quoted in their paper. It can be seen that a very close match is achieved between
the expeimental and the calculated alues.For this projectan improved version of the DSM
developed by Fernandet al. (2010) was usedt is important to indicate th@m most casethe
route selectivity does not follow theven Splitapproach incorporated by most commercially

availablesimulatorsfor gas network systems.



29

A B C
1.0 , -
? / /
ool' ,"/ //
R /
L ; ! /
o | / y
R 0.6 of 7 g D
=14 (e3>
y » .
o4l / .y A
c1 A s
0.2 'kf‘-al A
5
0.0 =
0.0 0.2 0.4 0.6 0.8 1.0
| e

Figure 10 Route glectivityma p usi ng Hxerimentsl datbofrdne the, Unieersity of Amsterdam
(reproduced from Hast al. 199)

Once the flowpaths havéeen establisheflpw reversal might ocar during the iteration
process. The new modi able to identify the flow reversal by evaluating the pressure in each
node. If the pressure in the downstream node is higher than the pressure in the upstream node, the
flow will move from downrnode to umpode and the developed code will put a negative sign in
front of the flow. As in the pipes, flow reversal also occurs in the tee junctions, converting a
splitting tee or splitting junction into a merging junction. The system can also iddmifyge of
junction by checking the number of neighbor pipes to a Tee node aled poesent in a tee
block. If the totalnumberof neighbor pipes connected to a single node is equal to three (3) the
node will be marked as a tee junction; then if the totahber of downstrea flows in a tee
junction (DNN)is two and the number of upstream flows is equal to one (UPN) the tee will be
classified as a merging tee. On the other hirtie total upstream flows (UPN) are equal to 2
and the downstream (DNN) fl@nare equal to one, the tee will be classifiedsplitting tee. The

possible scenarios can be summarizefigurell as follows:

N, N> Nz Ns N> Nz [\ No> Nz N N, A
° ® ° ® ° ® ° °
l UPN=2 T UPN=2 l UPN=1 T UPN=1
DNN=1 DNN=1 DNN=2 DNN=2
Na N, Na N,
Split tee Split impacting Converging Converging
tee tee impacting tee

Figure 11 Types of flows entering or leaving @t junction that will be used in the code for tee
classification



30

There are two more possibilities that can be defined by the user in the input file that will

lead to an imposklie determination of the systeand they are indicated Figurel12.

Ny N, N; N, N> N3
® 7Y [ o
— | — “«— | —>
T UPN=0 l UPN=3
DNN=3 DNN=0
N4 N4

Figure 12 Impossible tee junctions

It is important to note that for the ftiphase final program, a mulinctions system
such as the one indicated on node Figure 13-A represents a computational difficulty as well
as an unrealistic situation that can be circumvented as follows. It will be required thsethe
appliesa procedure of conversion into an equivalent sysseith as the one shownkhiigure 13-

B:

N& B ‘Nz B, Ns Né B N B ‘l\.ls
By By Bs By By Bs

Ny B N B N Ng B NeBid Nio BN

® \ 4 ® ®
By By B By By By

Nl  Bu NJ  Bp e N. By Nl By

@ ® —°

A B

Figure 13 Equivalent system representation to handle multiple junctions

Since the pipes merging at node number 5 can have different diameters, if the diameter of

the exta pipe is not knowrthe smallest diameter on the merging node must be selected.

4.5 Inflow Performance Relationship (IPR)

In any network, the supply nodes can be replaced by producing wells. Changes in
pressurdossesin surfacepipeline network would affect directly the well performancand i
ability to deliver fluids A common corrkation used in the field of gasell testing to characterize

the deliverability from a producing we&Kelkar, 2008)is indicated below:

nwell

Osc = Cwell PSZHUT I:Q%/H
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(39

where,

Osc:  Gas production flowratenjscfd

Cwer  Well performance constant, a function of rock and fluid properties, formation

thickness, external bouad radius and wellbore rag [mcfd/ps?™®']

Pshur  Well head shut in pressurethe average reservoir pressunsif

Pwy  Flowing well head pressufesid

Nwer  Value to characterize turbulent or laminar flow of fluid and varies between 0.5

and 1.0 with 0.5 representing colefely turbulent flow and 1 representing completely

laminar flow.

In the GASNET Two-PhaseModel, an IPR option can be activated as per the user
request, in the nodesection of the input filEAPPENDIX A showsclearly how the information
should be includgin the input filein order for the IPR option to work. The user should provide
IPR parameters (fi, Psnut, Rwn and n.y) if the IPR option is selectedf the pressure
requirements are equaltfte shutin pressure, the welbcated in such a node Wideaseo flow.

4.6 Model integration

The main goal for the present work is to combine the widely used Beggs and Brill
simulation tothe single phae model, converting the singhbhase simulation inta two-phase
model Then, by ncorporating proper wateplitting conditionsproposed by Hargt al (1991)
and alreadytested byMartinez (1994),Alp (2009) and Fernanddzuengo (2010) the model

would be capable to help the operators to effectively track the \wathe entire network.

As previously discused, the starting point for the proposed model development is the
definition of the network connectivity information (as required by the input file and shown in
APPENDIX A) and the development of consistency checkshefinput data. Then, a single
phase mtwork model is solvedSgction 4.2 using the universal gas flow equation with the
corresponding flow equation options (Weymouth, Panhandle A, PanhandiedBje iterative
protocol of Newton Raphsoffhen a twephase split factor is calculated accordinghe useis
selection.Once twephaseflow conditions are invoked, the Beggs and Brill miedis used to
determine the twha® pressure drop and the new tpltase pipe capacityéction 4.3 Three
options are made available to handle the split afTeéee junctions: Even SpliKinetic Energy
Model and the Dual Stream Model (DSM) that will run according to the user iQaation 4.4
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for the determination of fluid distribution. The resulting system of equations is solved using a
multivariate Newton Rahson subroutine and an iterative process. Each time new pressures are
found, the system will recalilate fluid properties and twghase pipeonductivities. The cycle

continues until pressure convergence is achiesedording to the flow diagramresentd in
Figure 14

Extract information from inpufile »| 2-Phasepipe conductivity
¥ v
v Split
R : ) . Merging
> SinglePhase Pipe conductivity Type of split
Y Even
Newton Raphsoprotocol Kinetic
DSM
Convergence? v
Newton Raphsoprotocol
Yes ¥
Beggs and Brilmodel No

Convergence?

)\ 4

Stop

Figure 14 Flow diagram of GASNET two phase

With the entire model integrated and each of its individual sections validated
independently, the capabilities of theoposed tool were tested using the scenarios discussed in

Chapter 5APPENDIX A discusses the typical structure of the input file required by the proposed
model
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CHAPTER 5
RESULTS AND DISCUSSIONS

Several networks were depky for study as part of the testing and validation process.
Model predictions were compared with PIPESIM predictions for the cases of single phase and

Even Split and the results are shown and discussed below.
Network 1

The first model testei depicted m Figure15. It is important to note that the presence of
nodes with moréhanthree connected pipés an unrealistic situation since most pipe connections
in actual networks are accomplished througjurictions that is, 3pipe connections. Hence, a
more realistic representation of the networkFigure 15 is shown inFigure 16 Some of the
operating conditions for this network goeesented iTable4, anddetailed input fils are found
in APPENDIX A and APPENDIX C It is important to note that liquid demands cannot be
specified, sincaheir determination represents the primary objectivethaf water distribution
prediction model. Given the desired gas demand information, the model would be able to pinpoint

resulting liquid preferential routes within the network.

D;=25 MMSCFD
e

Qg=100MMSCFD B4
QI=1008TBD
— &

D,=25 MMSCFD
—_—

D3=50 MMSCFD
—

Figure 15 Model of the Network 1 solved for wphaes (10 ades 1lpipes 2loops)
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Figure 16 Equivalentmodel forNetwork 1 solved for two phases (Ibdes 13ipes 2loops)

Table 4 Operating conditions fdletwork 1

Number of Pipes 13 T average of the 82 [F]
system
Number of Nodes 12 Flow efficiency 1[-]
Number of Loops 2 Pipe Roughness 0.00086 [in]
Supply and Demand Information Gas Comp. Factor (Z) | 0.8900 f]
Node 5 Supply g4 100 [MMscfd] Gas Specific Gravity 0.6200 f]
Node 5 Supply q, 100 [STBD] Gas Viscosity 0.0127 [cp]
Node | 10 Dem. g, 50 [MMscfd] Tsc | 60[F] | Psc | 14.7 [psia]
Node | 11 Dem. q 25 [MMscfd] Liquid Density 62.4 [Ib/ft]
Node | 12 Dem.y g 25 [MMscfd] Liquid Viscosity 0.8566 [cp]
Node | 10 P Specif. 400 [psia] Surface Tension [ dsyagg?:rz]
Pipe Dla[ir::]eter Length [ft] Pipe Dla[ir;l]eter Length [ft]
1 10.0 198000 7 2.0 1
2 8.0 99000 8 2.0 1
3 6.0 99000 9 2.0 1
4 8.0 198000 10 4.0 10
5 10.0 171600 11 2.0 1
6 4.0 10 12 2.0 10

Network performance resulissing the proposed model (GASNET) and a commercial
simulator(PIPESIM) are presented Figure 17, Figure 18 and Figure 19. Figure 17 shows the
performance comparison when singlease conditions are assumed throughout the network and
incoming liquid rates are impred. In this figure, the lefiandside plot shows pressure
predictions (Y axigepresenting pressure and X axis representing node numbers). THaright
side plot inFigure 17 displays the predicted gas distribution in each pipe as forecasted by
PIPESIM (in black) andSASNET (in red).For the single phase casthe range of difference

betweenGASNET anda commercial simulators found betweer0.0 to 4.5% for the pressure
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dropwith an average of 3.6%-orthe gadlow distributioncalculationsthe differences ranges

found betweed.0to 25.4% with an average of 446
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~+GASNET P(psia) B Qg GASNET (MSCFD)

Figure 17 Results for single phase simple gasvuek system. Run with GASNET (single phase) and
PIPESIM (12 nodes 13 pipes@bps)
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Figure 18 Results for two phaseof simple gas neork system. Run with GASNETE{en Spli} and
PIPESIM (12nodes 13ipes 2loops)

Figure18 andFigure19 present performance results for Network 1 wiveo-phase flow
is considered. In both cases, the simulation results from the commercial simulator are the same;
while the proposed model (GASNET) is shown in different mode<-igure 18, GASNET
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assumegven Spli at all junctions (Case 1 discussed above) arfigare 19, a more realistic
case of KineticEnergyratio split (Case 2) is considered. It is clear that a good match between the
modelsis achieved only ifFigure 18. For this casehe pressuradrop differences rangeis found
betweer0.0to 9.4% with an averagdifferenceof 6.8% Thegas distributiornvaluesdifferences
rangeis found betweer0.0 to 17.6% with an averageifference of 3.9, andfor the water
distribution calculationsthe differencs rangeis foundbetweenl.4 and 16.9%with an average
differenceof 5.4%. These results demonstrdtatthe evensplit assumption is the badicilding
block of commercial simakors.Figure 19 shows, however, what happens when meaistic
cases are consideredijetic Energyratio split). While pressure predictions are significantly
different in this casethe differences rangeis found betweer0.0 to 148 % with an average
differenceof 7.3% There is a clear difference in tigas andwvater distribution the differences
rangecan be found betwedhO to 102.8%6 with anaverage of 19.3 % for the gas abdiween
0.0to 177.9% with an average of 73 % for the liquid his difference in the water distribution in
the system is attributed to the phenomenon of reatectivity, as indicated in this study. This
case demonstrates that realistic watacking capabilities are only possiblehen eversplit

assumptions are not embraced.
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Figure 19 Fluid distrikution (gas, liquid) andgressure distribution (psia) for each nodéadfed from two
phases GASNETHven SplitandKinetic Energy Modél

From here onthe format for every plot will be maintained: the red bars for the gas
flowrate using GASNETEven Splitand the black lines for either the results of PIPESIM or the
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results of GASNET for th&inetic Energy Model Similarly for the water distribution: the green
bars represent the water flowrates obtained with GASE®#h Splitand the black bars represent
the water flowrates from PIPESIM or GASNEIBing the Kinetic Energy Ratitm handle the

fluid split at the junctions.

Network 2

The second network tested witie GASNET model consists of 1 supply, 7 demands, 25
pipes 22 nodes and 4 loops is shown ifrigure20. Some of the onditions of operation for this
network are presented Trable5 andFigure57 of the APPENDIX C This scenario increases the
complexity of the proposed network. Again, it can be demonstrated that excellent matches
between predictions from commercial simulators #redproposed model are possible for single
phaseand two phaseonditionsas shown irFigure 2landFigure 22. For the single phasease,
thedifferences range for the presiredropis foundbetweerD.0 to 8.2% with an average of 2.9%
For the gas distribution profila differences rangeis foundbetweerD.0 to 11.2%with an average
of 1.8b. For the two-phase flow conditions every time the esapiit assumption is embraced
(Figure 22), the differences rangein the pressure distribution profile found betweer®.0 and
3.2% with an average of 4%. The gas distributiordifferences rangeis found betweer®.0 to
3.1% with an average of.8% and for the liquiddistribution differencerangeis found between
0.0 to 3.6% with an average of ¥4l Figure23 showthat significantly different results in terms
of water distribution arendeed obtained wimethe Kinetic Energy option is activated, which
stresses the need for sudpability to be present in twghase network model3he differences
range forthe pressure distribution profile iund betweerD.0 to 93.%6 with an average of
31.1%. Thegas digribution differences rangeis found betwee.0 to 288.8% with an average of
38.9% andor the liquiddistribution profile the differencgange ifound betwee.0 to 3860%
with an average of 7@%. Figure 24 shows the resulting watedistribution when theKinetic

Energy Modeis used
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Table 5 Operating conditions fdletwork2

Figure 20 Model of the Network 2. Solved for single phase, two phasesn Splitand two phase with

Network 2 T average of the 70 [F]
system
Number of Pipes 25 Flow efficiency 1[-]
Number of Nodes 22 Pipe Roughness 0.0006 [in]
Number of Loops 4 Gas Co(r;)p. Factor 0.9000[]
Supply and Demand Information Gas Sp_ecific 0.7000 ]
Gravity
Node 1 Supply g4 | 14 [MMscfd] Gas Viscosity 0.0180 [cp]
Node 1 Supply q | 280[STBD] | Tsc | 60[F] | Psc | 14.7 [psia]
Node 5 Dem. g, | 2 [MMscfd] Liquid Density 62.4 [Ib/ff]
Node 7 Dem. g, 2 [MMscfd] Liquid Viscosity 1.0000 [cp]
Node 8 Dem. g, 2 [MMscfd] Surface Tension 8.41 [dynes/cm]
Node 14 Dem. g, 2 [MMscfd]
Node 17 Dem. g, 2 [MMscfd]
Node 19 Dem. g, 2 [MMscfd]
Node 19 P Specif. 100 [psia]
Pipe | Diameter | Length Pipe | Diameter | Length | Pipe | Diameter | Length
(in) (ft) (in) (ft) (in) (ft)
1 4.0 500| 10 4.0 500| 19 4.0 500
2 4.0 7900| 11 4.0 500| 20 4.0 7900
3 4.0 7900| 12 4.0 7900, 21 4.0 7800
4 4.0 7800| 13 4.0 7900, 22 4.0 7900
5 4.0 500| 14 4.0 500| 23 4.0 7800
6 4.0 500| 15 4.0 500 24 4.0 500
7 4.0 7200| 16 4.0 500| 25 4.0 500
8 4.0 8100, 17 4.0 7900
9 4.0 500, 18 4.0 500
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Figure 24 Liquid and @s distribution in a gasetwork 2. Solved withwo phases GASNET
(22 nodes 25 pipes 4dps)

One important effecanalyzed herés the potential reouting of water upon changes in
gasdemand conditions. In an attempt to create sudte selectivity test, one of the demands in
this network is changed to tratke water distribution changes. Results are presentddgure
25. The pedictionwith the new demands showsferences rangebetweer0.0 and2.2%with an

average of 0.78%or pressure valuesandfrom 0.0 to 100.0% with an average of 44.4 %6r the
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gas distribution profile. \&te distribution profiless showa differences range between0.0 and
133.2% with an average of 39.6%o0r this case it is possible to see that the pipaberl4 was

initially wet and when changing the demand piye section changed to transport only gas.

14 25
24
23
22
21
20
19

|
|

N
o

€max100

4
]
g
N
w

2%

12

Pipe Number
Pipe Number
~
N
I I I I I

¢
110

17
16

106 15

14

104 t 13
\‘ 12
102 SN P u

=
>

P(Psia)

X 10 10 —
100 A . s
~_oJ g -
\*\/ —\\N 7 7 -
98 4 6 6 E—
X 5 5
. .
9% . 4
Eman2.2% 3 :
2 2
94 1 1 .
12345678 910111213141516171819202122
0 500 1000 1500 0 50 100 150 200 250 300
=P Demand (psia) Node Number mQg Demand (MSCFD) Qg (MSCFD) ®Qw Demand (STBD) Qw (STBD)
——P Orig (psia) B Qg Orig (MSCFD) Qw Orig (STBD)

Figure 25 Results for two phases in a dgdstwork 2. Run with GASNETKinetic Energy Split (22 nodes
25 pipes 4loops) for low flowrates of water and water and changing the demands on several nodes

Figure 26andFigure 27 demonstrate thawhile varyingthe gas demands in pipes 6, 9,
10, 15, 19, 24 andb5, the new conditions can force the system to change operating from a fully
two-phasesystem vith nodry paths Figure24) to the creation of one dry patRigure 26 or two
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Figure 26 Liquid and @s distribution in a gadetwork 2. Solved with two phase GASNET (2&des 25
pipes 4 bops) By reduchg all the supplies and demaiitdyas found that there is one dry pipe that initially
had liquid (Pipe B9)
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Figure 27 Liquid and @s distribution in gabletwork 2. Solved withwo phase GASNET (2Bodes 25
pipes 4 loops). Byeducing all the supplies and demand by 10 %

Figure 28 shows the resulteshen running Network 2 undethe Kinetic Energy Ratio

Split factor and théual Stream ModelEven though the pressure distribution profile using the

Kinetic Energy Modekhows arange ofdifferences between @ and11.1 %with an average of

4.8% and the gas disthution profile has a differensgange between.0 and 59.2% with an

average of B%, when compared with the Du&ream Model the water distribution profile

shows éhigherdifference rangebetween 0.0 and 10D% with an average of 3B%. It is evident

that the pressure profile and the gas distribution profile usingKthetic Energy Model

approaches much betterthe results from the Dual Stream Model, than the results dEvba

Split presented ifrigure23.
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Figure 28 Results for two phases in a gdstwork 2. Run with GASNETKinetic Energy SpliendDual
StreamModel) (22nodes 25oipes 4loops)

Several different cases can be tested to cause significant changes in thehigeid
routing. For this particular network, it can be demonstrated that madise ofater pathsan be
maintained under different conditions, with the creation of one of two dry psithg theKinetic
Energy Model while for this systemfour dry patls devdoped when usinghe Dual Stream
Model. It was alsgroven that even though th€inetic Energy Modebivesbetter results than the
Even SplitModel, there arstill some important differences the water distribution profilezhen
compared tothe Dual Stram Model However, different network topologies can show very
significant sensitivities to water preferentjgths aswill be discussed in upcoming network
scenarios.

Network 3

Network 3, depicted irFigure 29 represents portion ofan actual pipeline system in
operation m Cente County, PennsylvaniaThe operational conditions are presented afle 6
andTable7 andFigure58in APPENDIX C This network was used to test and deploy previously
developed single phase models that preceded this redgaishnamurthy 2008,and Alexis
2009) The portion of the network under study corsist38 pipes or branches and 38 nodes, one
pipe loop, and 15 points of supply with 3 demands. This scenario employs the newly developed
model under actual operating conditions and with known values of pipe lengths, dsameter
roughness and elevation, asliwas gas supply and demand. The only unknown that introduces

uncertainty to this system is the volume of water present in the network, which is changed for the
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purposes of understanding the effect of water loading on system performance. The network is

shown in Figure 29and the results for single phase and two phises Splis are presented in

Figure30 andFigure 31, respectively Another important reason for analyzing this network is the

possibility of coupling network behavior with actual inflow performance relationships of wells in

operation. It is expected that any increase in the water loading in the network should increase

pressure requirements on the system and eventually force some wells to be shut down, which is

particularly critical and undesirable in stripper well systems.
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Table 6 Operating conditions faletwork 3
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Network 3 T average of the system 60 [F]
Number of Pipes 38 Flow efficiency 0.9501 f]
Number of Nodes 38 Pipe Roughness 0.00L [in]
Number of Loops 1 Gas Comp. Factor (2) 0.8801[-]

Supply and Demand Information Gas Specific Gravity 0.5517[-]
Node | Table 7| Supply q, Table 7 Gas Viscosity 0.0127Qcp]
Node 37 P Specif. | 40.65 [psia]| Tsc | 60[F] | Psc 14.7 [psia]

Liquid Density 62.4 [Ib/ft]
Liquid Viscosity 0.8566 [cp]
Surface Tension 59.667 [dynes/cm]
Pipe | Diameter | Length | Pipe | Diameter | Length Pipe | Diameter | Length
(in) (ft) (in) (ft) (in) (ft)
1 1.58 467.86 14 2.38 259.03 27 1.58 203.53
2 1.58 227.86 15 1.58 116.19 28 2.38 1139.21
3 1.58 783 16 1.58 541.88 29 1.58 960.15
4 1.58 126.32 17 1.58 545.3 30 1.58 1501.59
5 1.58 365.67 18 2.38 600.78 31 2.38 305.43
6 1.58 1778.25| 19 1.58 1020.12 32 1.58 192.24
7 2.38 96.75 20 2.38 138.86 33 2.38 274.81
8 1.58 239.95 21 1.58 274.49 34 2.00 302.86
9 1.58 1809.26| 22 2.38 340.43 35 2.00 313.62
10 2.38 143.43 23 1.58 355.6 36 2.00 481.17
11 1.58 708.66 24 2.38 617.74 37 2.38 302.86
12 2.38 183.14 25 1.58 1585.25 38 2.00 288.25
13 1.58 766.80 26 2.38 616.45
Table 7 Supplyfor Network 3
Node Well Shut In Well WGR Node Qg WGR
With | Performance | Pressure | Exponent | (STB/scf) | WO Well | MM scfd (STB/scf)
well Constant (psia)
1 0.326 175.000 0.50 0.1 10 47.19 0
3 0.096 106.204 0.75 0.1 12 14.44 0
5 0.0735 164.807 0.5 0.1 24 26.94 0
7 0.045 170.710 0.75 0.1 26 12.34 0
14 0.086 178.959 0.5 0.4 28 28.04 0
17 0.0117 131.732 0.75 0.4 33 21.29 0
18 0.0086 167.7954 0.75 0.4 36 15.00 0
20 0.0248 95.000 0.75 10
22 0.0126 151.960 0.75 0.4
31 0.0201 138.542 0.75 0.4
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Figure 31 Results for two phaseof the NCL Pennsylvania gas distrilon system. Run with GASNET
(Even Spli} and PIPESIM (38 nodes 38 pipebps)

As discussed before, it is clear that excellent matches between GASNET and commercial
simulators (PIPESIM) are achieved whesing single-phase conditionsFHgure 30) and two
phase conditions witkven SplitassumptiongFigure31). For thesingle phase case, the pressure
distribution profiledifferences range was foundo be between @ to 8.3% with an average of
2.2%. For the Even Split the pressure differenc@nge was found betweerD@nd4.1% with an

average ofl.4%. Thegasdistribution profiledifferences wre:in the rangenf 0.0 to 39.7% with
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anaverage of 2% for the single phase and betweeddhd 37.86 with an average 2.5%6r the

two phases Even spliHowever there are some differences in the water distribution profile
difference range from 1.1 to 2% % with an average of 82.5.%s shown in Figure 32, the
majority of thejunctions in this system are merging junctions instead of splitting junctions and
therefore nosignificant differences between usiityen Splitmodels and thé&inetic Energy
Modds are to bexpected. However, the flow distribution profileiqure 32) shows three major
differencepoints, which are nodes 34, 36 and 37 where the water predicted Kindie Energy
Model is considerably loer than the volume predicted by tBaen Splitdistribution The
differencerangein the pressure distribution profile feund betweer0.0 and 2.4%, with an
average of 0.7%. For the gas distribution profile the differerasgge wadound betweei®.0 and
50.2 %with an averag8&.3 % and finallyfor the water distribution profilé was found between
0.0 and 83.3%with an average of 8.9 %As was indicated beforéhe Kinetic Enegy approach

is considerea better approximation tthereal world than th&ven Split.
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Figure 32 Results for two phases in the NCL Pennsylvania gas diiibsystem. Run with GASNET
(Even SplitandKinetic Energy Split (38 nodes 38 pipes @dps)

As indicated before, this gatheringstem was ermipyed to test thenflow Performance
Relationship (IPR) option ithe newmodel. Wells located on nodes 1, 37514, 17, 18, 20, 22
and 31 vere modeled using fielgenerated IPRs. The only fixed demand for this case was left on
node 38. The rest of th@odes are supply nodes without IPR wells. To better observe network
behavior and the resulting well performances, a varying volume of incoming watefedvas
through the well located on node 20. The volume of water imtasducedgradually andthe

results ae displayed irFigure33 andFigure 34, where a maximum differee of 14.7%, 99.7%
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and 100% are achieved for the pressure profile, gas distribution and water distribution
respectively.

110.00

- ™ 33—
g 3 g ¥
£ 30 | 36—
E
s"\(_,\/\ S xm 5 3
100.00 Z x Z 34 -
N a 2 3 3 33
Ve & 32 m o3
Moy 31 31
90.00 ¥ 30 = 30 —
ey 20 mm 29—
\ 28 2
\ 27 == 27
80.00 T 26 26
[V 25 m 25
\ 24 24
N, 5= 2
70.00 o i m 2
: \ i 1=
0 \
4 | A 19
[ \ 19 0 9
¢ . b b Emax100.0 %
60.00 i 7m 17 -
| 6 m 16 ==
15 . 15—
14 14
50.00 13m 13 -
12 12—
1 m 1
10— 10—
40.00 9 9
8 mm— 8
7 — —
emax14.7 % o — ; e
30.00 S 5 -
4
3 —
2 B emax99.7 (% g |.-'
20.00 1m— im
1357 91113151719212325272931333537 0 100 200 300 400 0 20 40 60 80 100
§ Node Number Qg (MSCFD) Qw (STBD)
~+~GASNET P WGR=0 (psia) BQg GASNET WGR=10 (MSCFD) BQw GASNET WGR=10 (STBD)
~<GASNET P WGR=10 (psia) HQg GASNET WGR=0 (MSCFD) 5Qw GASNET WGR=0 (STBD)
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Figure 33 includes two of the results of solving the NCL gas distribution network with
several wells connected to the line for conditions when WGRa0d WGR=10 STBMSCF
(WGR=producing wategas ratio). To fully evaluate the penfeance of the entire network and to
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draw meaningful conclusiongjgure 34 was prepared. From these two figures it is evident that
when increasinghe inflow water to the system through the well located in hod@2the outlet

of branch 19)more energy is required by the system. Therefore, the pressure requirements in all
nodes in the system increase. The unfortunate effect is that, while increasing the amount of water
traveling in the system, the increased pressosses in the gathering system represent an undue
burden on the producing wells which are now able to produce even less. Since the increase in the
volume of water increases the pressure requirements on the nodes, these new higher nodal
pressures can aeh values higher than the shntpressure of the well connected to that node. If

that happens, some wells will be shut down and total gas production from the field is curtailed.
Therefore, as the volume of water incoming in node 20 increases, the ®aiogaction from

the system decreases.

Network 4

Another network structure has been tested based on the published topology of Sung
(Sung, 1998). The structure refers to the distribution gas system between different cities in Korea.
The original structuréFigure 35 A) was adapted to our study and the equivalent network that
avoids junctions with more than three pipes is presentEdyjire 35 B. The operating conditions
for this network are presented Tiable 8 and inFigure59 of APPENDIX C As has been shown
before,an excellent matchesultsbetween GASNET and PIPESIM for the pressurdilpsy and
small differences in the water and gas distribution profiles are obtairtedtire 36 (for single
phase conditions) anéigure 37 (for two-phase conditions emidcing Even Splij. Once again
Figure 38 highlights the significant difference in flow distribution and pressure profile obtained
by proper handling of the liquid splits.

Figure39 displays a visualization of the system and the resulting water preferential paths
that are created within the network, which highlights the water tracking capabilities of the

proposed model.
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Table 8 Operating coditions forNetwork 4
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Network 4 T average of the 82 [F]
system
Number of Pipes 40 Flow efficiency 1.0000[-]
Number of Nodes 34 Pipe Roughness 0.0001in]
Number of Loops 7 Gas Comp. Factor (2) 0.9303][-]
Supply and Demand Information Gas Specific Gravty 0.5517 f]
Node 1 Supply g, 3 [MMscfd] Gas Viscosity 0.0119cp]
Node 11 Dem. g, | 0.3[MMscfd] | Tsc| 60[F] | Psc 14.7 [psia]
Node 19 Dem. g, 1.0 [MMscfd] Liquid Density 62.4 [Ib/fls]
Node 30 Dem. g 1.7 [MMscfd] Liguid Viscosity 0.8555 [cp]
Node 1 P Specif. 500 [psia] Surface Tension 64.6871 [dynes/cm]
Pipe | Diameter | Length | Pipe | Diameter | Length Pipe | Diameter | Length
(in) (ft) (in) (ft) (in) (ft)
1 5.0 5026.35| 15 5.0| 3982.09 29 2.0| 1804.61
2 6.0 5249.59| 16 2.0| 3588.84 30 5.0 3937.06
3 5.0 6561.6/ 17 4.0| 3280.39 31 5.0| 3280.39
4 5.0 5249.59| 18 4.0| 3280.39 32 5.0| 3608.22
5 7.0 5741.72| 19 4.0| 4868.35 33 5.0| 3421.65
6 5.0 7217.66| 20 2.0| 3917.76 34 2.0| 524451
7 5.0 6233.68| 21 2.0| 3280.39 35 2.0| 4921.56
8 5.0 5249.59| 22 2.0| 4021.22 36 6.0| 34713.a
9 5.0 5473.9| 23 2.0| 3604.83 37 2.0 10
10 5.0 7181.17| 24 6.0 | 3608.22 38 2.0 2
11 6.0 3608.22| 25 6.0 | 3608.22 39 2.0 2
12 5.0 3636.11| 26 2.0| 3280.39 40 3.0 10
13 6.0 3608.22| 27 2.0| 5417.66
14 4.0 3469.18| 28 2.0| 4471.85
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Figure 36 Results for single phase of the Korea gas distidin system. Run with GASNETI(gle phase)
and PIPESM (34 nodes 4Qipes 7 bops)
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Figure 38 Results for two phases in the Korea gas distiiim system. Run with GASNEEyen Splitand
Kinetic Energy Split (34 nodes 40 pipes @dps)

In Figure 36 the differencerange for the pressure profile $imgle phase is between 0.0
and 0.2% with an average of 0.07%or the gas distribution profilthe differences are found
between0.0 and74.9% with an average of 14%. For the two phasEven lit the differences
range for the presire profile issound betweer®.0 and0.3% with an average of 0.03%he gas
distribution profile the differenserange is found between O0dhd 59.6% with an average of

16.1% andfor the water distribution profile the diffences range wasrom 0.3 to 62.1% with
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average of 16%. Finally, when comparing the Even Split Model with the Kinetic Energy Model,
the difference range for the pressure profile found betweerD.0 and 2.1% with an average
value of 0.1%.The gas distribtion profileis foundbetween 0.0 and 79.6% with an average of
13.5% and for the water distribution profile between 0.0 and 6150% with an average of 1237.6%

which confirm once again the proper split handling is required for new simulators.

N11

2 Phase pipe
e&———0 Gas pipe

Figure 39 Liquid distribution profile for initial parameter of the Korea gas distributionesysGASNET
(Kinetic Energy SpliX (34 nodes 40 pipes @dps)

After verifying that there was a match between GASNET and PIPESIM for rilgée si
phase condition anBlven Split and after proving that ¢éhe was some difference in theegsure
profiles and flow distribution profile when using tlenetic Energy Model the Dual Stream

Model was activated and the results are presémteidure40.
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Figure 40 Results for two phases in the Korea gas distidim system. Run with GASNEK({netic Energy
Splitand dual stream model) (34 nodes 40 pipesps)
The results presentech iFigure 40 show that for this specific network there is no
difference between thKinetic Energy Modeland the Dual Stream Modeh the water flow

profile and a discrete difference in the gas distribution profile

Network 5

One final network has been tested using the commercial simulator (PIPESIM) and the
proposed model (GASNET). The network, displayedrigure 41 is one of the most complex
systems tested in thisgicula study. The system is made ap31 pipes, 26 nodes and 6 loops,

2 supplies and 4 demandke rest of the parameters are presentdhbie9 and inFigure61 of
APPENDIX C. This network will be used for sensitivity analysis of water routing within the
system based on changes on gas demands at the delivery Fleelesnditions for this network
are: all the pipes had a length of 10000 ft, internal diameter of 6 in., resghf.006 in,
temperature 82 F. The systetonsistsof 31 pipes, 26 nodes and 6 loops, 2 supplies and 4
demands
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Figure 41 Model of complex gas distribution tveork solved for two phase (26 nodes 31 pipesdps)

Table 9 Operating conditions faletwork 5

Network 5 T average of the 82 [F]
system
Number of Pipes 31 Flow efficiency 1.0000 f]
Number of Nodes 26 Pipe Roughness 0.005[in]
Number of Loops 6 Gas Comp. Factor (2) 0.9303 f]
Supply and Demand Information Gas Specific Gravity 0.5517 f]
Node 1 Supply g, | 2.7 [MMscfd] Gas Viscosity 0.0119[cp]
Node | 10 | Supplyq, | 0.3[MMscfd] | Tsc | 60[F] | Psc 14.7 [psia]
Node 1 Supply g 27[STBD] Liquid Density 62.4 [Ib/ft]
Node 10 Supply g 3[STBD| Liquid Viscosity 0.8555 [cp]
Node 15 Dem. ¢, | 1.0 [MMscfd] Surface Tension 64.6871 [dynes/cm]
Node 16 Dem. g, 0.8 [MMscfd]
Node 20 Dem. g, 0.7 [MMscfd]
Node 21 Dem. g, 0.5 [MMscfd]
Node 15 P Specif. 60 [psia]
Pipe | Diameter | Length Pipe | Diameter | Length | Pipe | Diameter | Length
(in) (ft) (in) (ft) (in) (ft)
1 6.0 100000 11 6.0 100000 21 6.0 100000
2 6.0 100000 12 6.0 100000 22 6.0 100000
3 6.0 100000 13 6.0 100000 23 6.0 100000
4 6.0 100000 14 6.0 100000 24 6.0 100000
5 6.0 100000 15 6.0 100000 25 6.0 100000
6 6.0 100000 16 6.0 100000 26 6.0 100000
7 6.0 100000 17 6.0 100000 27 6.0 100000
8 6.0 100000 18 6.0 100000 28 6.0 100000
9 6.0 100000 19 6.0 100000 29 6.0 100000
10 6.0 100000 20 6.0 100000 30 6.0 100000
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Not surprisingly, andas systematically shown before, there is an excellent correlation
between results obtained with PIPESIM and GASNET for the single phase case andefarthe
Split ratio, as shown ifrigure 42 and Figure 43, respectively The maximum difference range
for pressure value®r single phasare found betwee@d.0to 2.1 % with an average of 1%, and
between @ and5.0 % with an average of 0% in thegasdistribution profile.For the two phases
the difference range wagound betweer®.0 and49.9 %with an average of 3% in the pressure
profile, between M and21.5%with an average of 2.6%r the gas distribution profile and the
water distribution profileangeis foundbetveen 0.3 and 22.0% with an average of 2.9% this
particular networkwhen running the simulation with th€netic Energyratio a good matcis
obtainedin the gas distribution profilevith minor differences in the pressupeofile. However
there is aconsiderable difference in the water rate distribution profile presentEdjume 44.
Figure 45 presents the visualization of the resulting water distribution in the netwualer the
stated conditions. Red pipes represent dry regions in the network and green pipes the water
selected routes.
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Figure 42 Results for single phase of the compims distribution network. Run with GASNESir(gle
pha®) and PIPESIM (260odes 31pipes 6loops)
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Figure 45 Model of liquid and gas preference route damomplex gas disibution network

It can be demonstrated that changing gas demand has an important effect on water
routing. For example, when the gas demand at node 14 is eliminated and reallocated to node 26, a
new water distribution profile can be established. Thih@vs in Figure 46, which should be

compared to the original water distribution illustrateéigure45.
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Figure 46 Model of liquid andgas preference route faromplex gas distribution network, changing the
position of the demand
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Figure 47 Results for two phases acomplexgas distribution network. Run with GASNEKI(etic
Energy Splitand theDual StreamModel) (26nodes 3pipes 6loops)

Figure47 shows the results for the application of the Dual Stream Modbke Network
5. As opposed to the results presented-igure 40, this case shows sormminor differences
between theKinetic Energy Modeland the Dual Stream Model. From the above Bgiiris
possible taconcludethatthe Kinetic Energy Models a better approximation in the determination
of the fluid distribution profile andthe fluid flow path through the network, than tBeen Split
model

Additional sensitivity analysis for water routingpsssible Figure48 throughFigure51
display the results of these attempt$iosedetails are presented next. Another possibility, for
instance, is to change the location of the pressure specification node from node 14 to node 26
(specified pressure=60 psia). Results are presenteigjime 48. It can be seen that the pressure
profile, gas flow profile and the water flow profile changed accordingly, forcing water in pipes
that originally were dry. Similar effects can be observed when pressure semxifis changed
to node 21, this time with a specification level of 100 psia instead of 60 psia. The results obtained
are shown irFigure49. In this case, even thougfte pressure profilebavechanged, there wam

significant change in gas or water distributions.
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Figure 49 Results for two phases acomplexgas distribution network. Run with GASNEKi(etic
Energy Spli} changing the P specified from 68ig to 100 psia on node 21 (26 nodes 31 pipesas)

The volume of incoming water to the network also plays an important role in route
selectivity. To explore this, incoming watgas ratios (WGR) at supply nodes were changed
tenfold from 0.01 to 0.1 STB/SCF. Such change allocates 300 STB/D of water at each supply
node instead of 30 STB/D originally used. Results are presentdure50. It is clear that since

the gas demand remains constant the gas distribution remains the same. However, the pressure
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distribution and watedistribution are significantly different. It is not surprising that pressure
losses were bound to increase since more water is found within the system; however, the new

water distribution profile could not have been forecasted accordingly.
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Figure 50 Results for two phases ancomplexgas distribution network. Run with GASNEKI (etic
Energy Spli} changing the wategas ratio from 0.01 to 0.1 for the two inlets (26 Nodes 31 Pipes 6 Loops)

From the five scenariagstedit was possible to confirm that operational conditions have
a significantimpact on route selectivity of fluid flow. Current simulations that heavily rely on
assumptions such as entire single phase,Eareh Splitsometimes lead to miscalculation of
pressure dp in the system that might increase the operation and compression cost to the
operators. Future generations of multiphase flow should consider the incorporation of uneven

splittreatment for better optimization of pipeline networks.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

A comprehensive network model has been completed with the successful development
and testing of a new flexible twghase simulator (GASNET) capable of handling complex
networks, and treating more rigorougie flow splits at tegunctions. The developed code is able
to hande and effectively model singlghase and twphase flows in complex pipeline networks.
Currently available commercial models heavily relysamgle phaseflow assumptiongand Even
Split of phasesat teejunctions during twephaseflow. Not only is twephase flow a common
occurrence in gagipeline networks, but when twghase flow does occugven Splitrarely takes
place at pipe tepinctions. The use of such common assumptions hasdteswn to introduce
significant deviation in the prediction of actual water distribution in networks. As a consequence,
anticipated pressure demue to the second phase can also be affected significantly. The
proposed model has been shown to allowtheuse o ef fecti vely trace the
network and plan to undertake adequate corrective operational measures to maintain system
capacity and minimize compression requirements. As such, the GASMEIhase code allows
improvement ofthe gas rmansmission procesmalysis identifying the places were compressors
and traps should be located and pigging operations should be expected. Even small improvements
in pipeline network performance can translate into significant economic sagings less

compression and less maintenance would be required.

The proposed twphase GASNET moddiasbeen tested and validated with PIPESIM
for the cases of single phase and Even Split for five different networks. Single phase results show
a difference range from0.03 to 4.7% with an average 2®for the pressure distribution profile
andarange ofdifferences between @ to 310% with an average of 5.4%6r the gas distribution
profile. For the Even Split, theange ofdifferenceswere found betweer0.0 to 13.4%for the
pressire distribution profilefrom 0.0 to 27.9 %with an average of 5.2f@é6 the gas distribution
profile andbetween 0.0 and 72% with an average of 2fdfthe water distribution profile. Even
thoughthe total average difference for the wald&stribution profileseens high, thevalue of 726
was obtained in a single netwofBeviations are significantly more pronouncelden comparing
predictionsfrom the Even Split againstthe Kinetic Energy Model and the Dual Stream model
The Kinetic Energy Mdelshowsan average differenseange of0.0 to 34.6% for the pressure
distribution profile, an average rangef differences between 0.0 and 11®6 for the gas

distribution profile anaverage range of between 0.0 and 14#48r the liquid distribution
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profile. The Dual Stream Modeadrovides more realistic predictions of actual split conditions at
Teejunctions, and thus it represents a better approach to multiphase flow network modeling than

the EvenSplit and/or Kinetic Energy Ratio models.

In terms ofthe predictionsof preferentialliquid routes, the uniform oEven Split
assumption commonly used in commercial simulators oversiggtlie problem considerably.
Splits based o the Kinetic Energy Ratio are shown to generate more realistic predictiorgasf
and liquid distribubn in the network. However, thi€inetic Energy Modetan still misr@resent
the correct phase distribution and associated pressure drops when compared to the prediction
from the Double Stream Moddtor these cases there can loene considerabldifferences that
have an importanimpacton the roug selectivity process thaffects the liquid distributioin the
system. Hencgein order to propdy handlefluid migrationin a gas pipeline network, the new
generations ofietworkmodkls shouldconsider the implementation thfe Dual Streanviodel.

The proposedhew liquid-trackingtool relies on the Newton Raphson numerical method
for the solution of the resulting highly ndinear set of governing equations. In general, the
number of ferations needed for convergence will depend on the complexity of a network. For the
simple cases between 5 to 7 iterations will be required and for the more complex systems between
7 and 15 iterations will be required. A maximum number of iterations ata® $00 to avoid
excessively long runs. The current version of the GASNET model allows the user to either
specify well information in terms of fixed demands and supplies othesmflow Performance
Relationship (IPR) when evaluating the performanceralfs feeding the network. These results
can be used to suggest optimal well operating conditions. New generations tabtiphase
modebk are recommended to incorporate the temperature effect and compressor performance

along the lines, to be able to fulipk it to an economic decision process.
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APPENDIX A
INPUT FILE STRUCTURE

The following section offers a practical step by step summary on how to operate the GASNET

model, with requires the construction of the following input file as described below.

a) The first line of a GASNET input file corrempds to the simulation title. Do not leave blanks
spaces, you can use letters and numbers as shown.

TITLE:Double_Loop Sample_1 Dec_15

b) Nodes and pipes must be quantified. All nodes and pipes must be numbered. It is a good
practice to try to maintain d&in order from left to right or from top to bottom. As example,
the network in Figure 40 is considerés. shown inFigure51

N, Bs Ne D;=25 MMSCFD

° >
N1o
B
Qg=100MMSCFD . 6
I=1008TBD 10!
Q N; B, N7 D,=25 MMSCFD
> @ 'Y >

B Na D;=50 MMSCFD
9 PY o~

»

Figure 51 Equivalent system to avoid more thdunete pipes in a single node

In this network, the total number of nodes (NNODEYS) in the system is 12 nodes and the
total number of pipes (NPIPES) is 13 and the number of pipe loops (NLOOPS) is 2. This
information is now included in the next two lines of thput file, as shown below

TITLE: Double_Loop_Sample_1 Dec_15

NPIPES

13

NNODES

12

NLOOPS ( NLOOPS =NPIPES - NNODES +1)
2
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¢) The next section of the input file corresponds to the pipe informatiahe followingcolumn
wise :

i. Pipe numberl{oc)
ii. Upstreamrmode (JUP)
iii. Downstream node (JDN)
iv. Pipe Efficiency (fe)
v. Average Temperature in F (Tav)
vi. Internal Diameter (ID) (in)
vii. Pipe roughness (in)
viii. Total number of slopes of single pipe (#Slopes)
ix. Length of each slope (ft)
X. Actual endpoint elevation of each slope of tiygep

Thus, as a sample, the pipes information lines should appear as follows:

Loc/ JUP/JDN/Fe/ Tav/ld/Rough/Slop/Length/Elev/fromUPtoDOWN
1 19 10 70 4.00.06 1 316.8 0.0 0.0
2 19 21 0.9560 2.30.01 2 138.8 212.1 280.0 270.0 240.0

In this example, and for the case of the first pipe (Loc=1), the information indicates that
this pipe connects node 1 (JUP or Upstream Node) and node 9 (JDN or Downstream), is 100%
efficient (Afeo), fl owing at an rmalvWiametegod4d t e mp e |
in(ID). In addition, the total roughness is 0.06 in(e), the pipe is described by 1 single slope
(#slopes), and its total length is 316.8 ft(L ft), without elevation. For the second pipe (Loc=2), the
information indicates that it connedise nodes 19 to 21, it has a 0.95 efficiency, the average
temperature is 60 F, the internal diameter is 2.3 in, roughness is 0.01 in, the pipe has 2 slopes the
first slope has a length of 138.8 ft. and the second section has a length of 212.1 ftatienedév
the first slope is from 280.0 ft to 270.0, and the elevation of the second section is indicated from
270.0 to 240.0. For the example used in this appendix (Figure 40), the input file now should look

as follows:



70

TITLE: Double_Loo p_Sample_1 Dec_15

NPIPES

13

NNODES

12

NLOOPS ( NLOOPS =NPIPES - NNODES +1)

2

LOCATION(D/JUP(/IDN(D/felTav(F)/ID(in)/e(in) /#slopes
/L'sft(i=1,.. #slopes) /ActualElevations - ft(#slopes+1)
fromUPtoDOWN

11 91082 4.0 0.0006 1 10 0.0 0.0
2 10 4 1.082 8.0 0.0006 1 198000 0.0 0.0
32111082 10.0 0.0006 1 171600 0.0 0.0
4 12 5 1.082 10.0 0.0006 1 198000 0.0 0.0
54 6 1.082 4.0 0.0006 1 10 0.0 0.0
6 4 111.082 6.0 0.0006 1 99000 0.0 0.0
73 71082 2.0 0.0006 1 10 0.0 0.0
83 51082 8.0 0.0006 1 99000 0.0 0.0
95 81082 2.0 0.0006 1 10 0.0 0.0
109 10 1.082 2.0 0.0006 1 1 0.0 0.0
119 2 1.082 2.0 0.0006 1 1 0.0 0.0
122 12 1.082 2.0 0.0006 1 1 0.0 0.0
131 3 1.082 2.0 0.0006 1 1 0.0 0.0

d) The next step in the input file is to indicate the node and the value of pressure the user wants
to specify. In our case: Node 6 with P=400 psia.

e) The next information required to put in the input file is the node information. The required
order is as follows: Node number, 90 degrees pipe, select the type of node (balance node,
fixed node, IPR), Gas supply or demand flowrate and Water Gas Ratio (if is a supply node).
To help understand the 90 degrees pipe corféigpre53 is presented as a clear example. In
this case the 90 degrees pipe is B3 that connects nodes 2 Hnabde type is set to O it
indicates balance node, balance node can be only set at demands nodes and every system
must have one balaa node. If node type is set to 1, the node is considered as fixed node (no
changes expected on that node). If the node type is set to 2, the Inflow Performance
Relationship (IPR) is used. For IPR nodes, meaning that a well is present on that node, the
information needed and the order which should be presented as follows: well performance

constant, shut in pressure and the flow exponent for the well.
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Figure 5290 degrees pipe definition

The node information should look adlbws:

NODE/90d- PIPE/O - 1- 2(Balance/Fixed/IPR)/Qg(MSCFD) / WGR(STB/MSCFD
1 0 2 0.0326d0 175d0 0.5d0 4.4

2 3 1 00
3 0 1 - 300
4 0 0 0

The information presented above can be interpreted as follows: For node 1 there is no 90
degrees ipe (indicated by 0), since it is type 2 node (IPR node) there is a well on that node, the
well performance constant is 0.0326 mscfd/psi2n the shut in pressure for that well is 175 psia the
well exponent factor is 0.5 and the Water Gas ratio (WGR) foirth@w of the well is 4.4
STB/SCF. Then for node 2 which is a tee junction the 90 degrees pipe is B3. It is a fixed node (1)
and there is no supply or demand on that node. Following node 3, does not have a 90 degrees pipe
connected, it is a fixed node, htas a demand of 300 MSCFD (Supply rates are positive and
demand rates are negative) and finally, node 4 there is no 90 degrees pipe and it is a balance
node, therefore no demand should be specified on that node. At this point, and for the sample

problem dscribed at the beginning of this Appendix, the input file looks as follows:



72

TITLE: Double_Loop_Sample_1 Dec_15

NPIPES

13

NNODES

12

NLOOPS ( NLOOPS = NPIPES - NNODES +1)

2

LOCATION(D/JUP(/IDN(D/felTav(F)/ID(in)/e(in) /#slopes
/L'sft(i=1,. . #slopes) /ActualElevations - ft(#slopes+1)
fromUPtoDOWN

11 91082 4.0 0.00061 10 0.0 0.0
2 10 4 1.082 8.0 0.0006 1 1980000.0 0.0
32111082 10.0 0.0006 1 171600 0.0 0.0
4 12 5 1.082 10.0 0.0006 1 198000 0.0 0.0
54 6 1.0 824.0 0.0006 1 10 0.0 0.0
6 4 111.082 6.0 0.0006 1 990000.0 0.0
73 71082 2.0 0.0006 1 10 0.0 0.0
8 3 51.082 8.0 0.0006 1 990000.0 0.0
95 81082 2.0 0.0006 1 10 0.0 0.0
109 10 1.082 2.0 0.0006 1 1 0.0 0.0
11 9 2 1.082 2.0 0.0006 1 1 0.0 0.0
122 12 1.082 2.0 0.0006 1 1 0.0 0.0
1311 3 1.082 2.0 0.0006 1 1 0.0 0.0
NODEWITH PRESSURESPECIFICATION: NodeNumber/Pressure(psia)
6 400d0

NODE INFORMATION: NODE / 90d - PIPE /0 - 1- 2(Balance/Fixed/IP R)/
Qg(MSCFD) / WGR(STB/MSCFD)

1 0 1 100000d0 0.1d0
2 12 1 0dO 0do
3 8 1 0dO 0do
4 6 1 0dO 0do
5 8 1 0dO 0do
6 0 0 0dO0 0do
7 0 1 -25000d0 0do
8 0 1 -25000d0 0do
9 10 1 0dO 0do
10 0 1 0dO 0do
11 6 1 0dO 0do
12 0 1 0dO 0do

f) Following the input file must contain the gas information: Gas Specific gravity, compressibility
factor, gas viscosity (cp) the Pressure (psi) and Temperature (F) at standard conditions. The gas

information should look as follows:
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Gas Gravity/ Zav(Zav=0 if Standing) / Gas Visc(cp) / Psc (psia)

/ Tsc (F) [Base Conditions]

0.62 0.89 0.0127d0 14.7 60.0

If the compressibility factor is not known, the program can determine it using the Standing Katz

correlation, the user mds to specify it as zero (Zav=0).

g) Then the liquid information should be provided. Liquid density (Ib/ft3) liquid viscosity (cp)
and the surface tension(dynes/cm), as shown bellow. This information is used by the Beggs and
Brill two-phase flow correlabin

LigDens(Ib/ft3) / LiquidVisc(cp)/ Surf Tension (dynes/cm)

62.4d0 0.85d0 59.66d0
h) Next, the user needs to select the desired approach to solve ghe @iase case. The
following options are available: (1) for Generalized Equation, (2) for Weymouth, (3) for
Panhandle A and (4) Panhandle B. Also, in this section of the input file, the user can select if two
phase calculations are needed or not (1 i iheeded and 2 if not). If two phase results are
required, then the user must select the split type to be used. The options are (1) for uniform or
Even Split (2) Kinetic Energyratio split and (3) for the Dual Stream Model, as shown:
GAS_Flow_Equation(1= Gen;2=Wey;3=Panh - A;4=Panh - B)/ YES(=1) -

NO(=0)2PCalcBeggs andBrill/SPLIT_HANDLING:(1)=UNIFORM;(2)=KEbase
d; (3)=DoubleStream

2 1 2

In the part of the input file shown above the user has selected to run single phase solved with
Weymouth(2), the two phaseaults are requested(1) and the split must be solved with the Kinetic

Energy Ratio optioi(2)

i) Since this model uses a Newton Raphson procedure as part of the numerical model solver, a

Jacobian matrix needs to be built. For that the user has two otinnmjerical or analytical

method. It is strongly recommended to use the numerical method as a default option, as shown:
Type of Jacobian Entry Calculation (1=Numerical ; 2=Analytical)

1

J) Since the Newton Raphson procedure is an iterative protocelhighly dependent on the

initial guess, this can accelerate the iteration process and can prevent the system from divergence.
The final section of the input file allows the user to create an input file (that can be used on future

runs and forecasting), dfrthe pressures are known or the user has an idea of a closer value, the
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information can be input in a separate file. The file is just a txt file that contains only the pressure
guess for each node. Iti®ry important that the total number of pressurastries in this file
matches the total number of nodes, if the number of pressures does not match the number of
nodes, the program will lead to an error. A final view of the input file for the sample run in this

Appendix is shown ifrigure53

TITLE: Double_Loop_Sample_1_bec_15_APPENDIX_FILE
NPIPES

NLOOPS  NLOOPS = NPIPES - NNODES + 1 )

2

liochIord(i)fJuP(g)f’Jon(I;Jlfg f‘rav(F)lIo(‘ln)/e(*n) ﬂshpeio;‘l.'sft'(a-%. ﬁlopes) JhctualElevations-fr(#sopes+l) fromuptobown
2 10 4 1.0 82 s.o 0 0006 1 198000 0.0 0.0
3 2 1 1,08 10,0  0.0006 1 171600 0.0 0.0
4 12 5 1.08 10,0 0.0006 1 168000 0.0 0.0
5 4 6 1.0 8 4.0 0.0006 1 10 0.0 0.0
6 4 1 1.08 6.0 0.0006 1 89000 0.0 0.0
7 3 7 08 2.0 0.0006 1 10 0.0 0.0
8 3 j 108 80  0.00061 99000 0.0 0.0
9 5 8 1.08 2.0 0.0006 1 10 0.0 0.0
10 9 10 108 2.0 0.0006 1 1 0.0 0.0
11 9 2 08 2.0 0.0006 1 1 0.0 0.0
12 ! 12 108 2.0  0.00061 1 0.0 0.0
13 1 3 1.0 8 2.0 000061 0.0 0.0
HODE-HJT: -PRESSURE=-SPECIFICATION: Hudeuunberfpressure(psu)

6 400do

NODE INFORMATION: MODE / 80d-PIPE /0-1-2(Balance/Fixed/IPR)/ Qg(MSCFD) / WGR(STB/MSCFD)
1 0 1 100000d0 0.1do

2 12 1 0d0 0do

3 8 1 0do 0do

4 [ 1 0do 0do

5 8 1 0do 0do

6 0 0 0d0 0do

7 0 1 -25000d0 0do

8 0 1 -15000d0 0do

9 10 1 0do 0do

10 0 1 0d0 0do

1 6 1 odo odo

12 0 1

0do 0do
Gas Information: Gas Gravity/ Zav(Zaval 1f Standing) / Gas V1sc(cp) / Bsc (psia) / Tsc (F) [Basedcnnd1t10ns]
0.0127d0 14.7 60.0
Liguid 1nformation: Liqoensﬂhffts) / LiquiMsc(:p)f surf Tensiun (dynesfm)
62,440 0.8566d 59, 6667162680
1pms _Flow_Equat 1on(1sGen; 2-wey, =Parih-A; 4=Panh-B)/ YES(=1)-N0(=0)2PCalcBogyseBrill  / SPLIT_HANDLING: (1)aUNIFORM;(2)=KEbased; (3)sDoudleStream
1 2

Type of Jacobian Entry Calculation (L=Numerdcal ; 2=Analytical)

1
pressinitial.tut file  (0=Not needed ; l«Create it ; 2=l it when  available for p=initialization)
1

Figure 53 Final view of input file for the problem shown tihe APPENDIX

Since this code was developed in FORTRAN it is very important that the input file does
not have any blank line, if the useales blank lines within the inputs, the program will not run,
and di splays an error message. I't is importan
pressure specification file) are located in the same folder where GASNEfhwge executable
is located. Once the input file is ready you can start to run the program by double clicking on the
executable file. The program will start to run on a command screen window, and the following

message will appeaFigure55).
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Model hasz processed the following values as specified <constant):
=) P at node 400 . BB ABRAEHE

NETWORK COMNWECTIUITY DIAGHOSTICS:

Metwork is fully communicating?

OUERALL Interconnectivy test a SUCCESS

Mode Trail followed to establish overall interconnectivity...
i@ 9 i 12 7 5 8

SPANNING TREE == Pipes Belonging to the Tree:

i 2 3 5 b 7 ) 9 18 12

13
Number of LOOPS detected 2

¢= NHumber of out—of-tree pipesd
READY TO START COMPUTATIONS ... Please press [ENTERI]

Figure 54 Initial message when the program stéotrun

psia

As shown inFigure 54 the result is the pressure in each node, pipe conductivity
(MSCFD/psi) Gas flowrate (MSCFD) aniduid flowrate (STB/D). These results can be exported

to a txt fileor an excel file for plotting purposes.

NR It: 18 — dPmax= B ABPAA22 psia — Resmax= a.886268 JacRow— 7
Diverg. T—Jjunction at DE: 2z SplitG = B.6B887 SplitL = B@.153
Diverg. T—junction at NODE- 5: SplitG = @.33297 SplitL = 1. BBBBB
Diverg. T—junction at HODE: 9: EplitG = BA.38444 SplitlL = B.17351
Diverg. T—junction at HNODE: 11: SplitG = B.47?98 SplitL = B.25165
HR It: 19 — dPmax= B.0980AABE? psia —— Resmax= B8.88887 JacRow= ]
Diverg. T—junction at NODE: 2: SplitG = B.68887 SplitL = ©B.1537
Diverg. T—junction at HODE: 5: SplitG = @.33297 Splitl = 1.0686088
Diverg. T—junction at NODE: 9: SplitG = B.38444 SplitL = B@.17351
Diverg. T—junction at HODE: 11: Sp11tG = B.47998 SplitL = @_.25165
NR It: 28 — dPmax= B ABEAEE1 psia — Resmax= B.88881 JacRow= 7
Diverg. T—junction at HODE: 2: SplitG = B.6B887 Splitl = B.15398
Diverg. T—junction at NODE- 5: SplitG = B8.33297 Splictl = 1.08088
Diverg. T—junction at HODE: 9: EplitG = BA.38444 SplitlL = B.17351
Diverg. T—junction at NODE: 11: SplitG = B.47?98 SplitL = B@.25165
*Successful* N-R convergence achieved in 28 iterations
TITLE:
P.C.Q PREDICTIONS BASED ON 1P Beggs & Brill EQUATION
Nodal Pressures (psiad #* Conductiv(MECFD/psi> #* Pipe Gas Flows, Qg (MSECFD>
P< 1>= 1294.93 psia * Cg{ 1D>= 578.566 = Qg( 1>= 1ABAAA . HAA MSCFD
FPattern< 1>= 3 Qu 1>= 1886860 .88A8 STB-D
P< 2>= 1257.69 psia * Cg{ 20= 31.746 = Qg( 2= 38443 .866 MSCFD
FPattern< 2>= 5 Qu 2>= 1735.148 STB-D
P< 3= 1833.65 psia = Cg{ 3d= 33.749 = Qg( 3= 24876 .419 MSCFD
FPattern< 3= 6 Qul 3= 6922.208 STB-D
P< 4>= 4A8 .99 psia * Cg{ 4d= 58.664 = Qg 4)>= 37479.714 MSCFD
FPattern< 4= 5 Qul 4>= 1272 .65%2 STB/D
P< 8>= 1877.88 psia = Cg{ &>= 586.398 = Qg( 5>= 56886840 . 38R MSCFD
FPattern< 5>= 3 Qu 5>= 3424.733 STB/D
P< 6o= 4A8.88 psia * Cg{ 6D= 12.144 = Qg( 6= —11556.134 MSCFD
FPattern< 6>= 4  Qul 6= —175%9.585 STB-D
P< = 268.13 psia * Cg{ 7O= 62.832 = Q< V)= 25880 .88 MSCFD
FPattern< = 3 Qul = 65685.267 STB/D
P< 8>= 1867.39 psia = Cg( 8>= 40.834 = Qg( 8>= —12479.714 MSCFD
FPattern< 8>= 5 Qu 8>= —1272.65%2 STB/D
P< 9>= 1283.34 psia = Cg{ 9>= 166.637 = Qg( 2= 25880 .88 MSCFD
FPattern< 2= 2 Qul 2= A.888 STB-D
P¢ 18>= 1278.18 psia = Cg{ 18>= 334.2992 = Qg¢ 18>= 38443 .866 MSCFD
FPattern{ 18>= 3 gud 18>= 1735.148 STB-D
P 115= 1A35.79 psia = Cg¢ 115= 249 . 134 * Qg( 115>= 61556 .134 HSCFD
FPattern{ 11)>= Qu 11>= 8264.85%2 STB/D
P 125= 1253.88 psia = Cg¢ 125= 345, 615 * Qg( 125= 37479 .714 HSCFD
FPattern{ 12>= 3 gud 12>= 1272 .65%2 STB/D
Pomsensd = somsemaeesnnx pzia * (gl 130= 188.191 = Qg< 13>= 1252@0.286 HMSCFD
FPattern{ 13>= 3 gud 13>= 5232.615 STB-D
PRODUCTION FROM UARIABLE-FLOW NODES [Balance HNode and Nodes Type
NODE= 6 — =% BALANCE NODE s Ghalc= —SBBBB 888 MSCFD
Beggs&Brlll FPattern MHomenclature:
FP=1 LIgU — FP=2 GAS — FP=32 DISTRIBUTED
FP=4 INTERHITTENT — FP=5 SEGREGATED — FP=6 TRANSITION
Fortran Pause — Enter command<CR> or <CR> to continue.

Figure 55 Display after convergencs achieved

As shown in Figure 56, the result is the pressareeach node, pipe conchivity
(MSCFD/psi) Gas flowrate (MSCFD) and liquid flowrate (STB/D). These results can be exported

to a txt file or an excel file for plotting purposes.



APPENDIX B
BEGGS AND BRILL ALGORITHM

The Beggs an@rill subroutine requires the following input dat
1) Pipe diameter (D) [ft]
2) Pipe inlet pressure [psia]
3) Fluid densitiesr(,, rg) [Ib/ft?]
4) Superficialgas and liquid velocities () Usy) [ft/s]
5) Mixture velocities (|J) [ft/s]

The routine will start as follows:
a) Determination of the Froude number

. _
Ua = 55

b) Calculation of the liquid fraction with the following expression:

_o= o8
%
c) Calculation of the Liquid velocity number
" o U4
Ug = 1.938 T

d) Calculate the limits of the Bgs and Brill Application
L1=316 3%
L2=0.0009252F %482
L3=0.1% |[**°

L4=0.5* [®739)

76

(B-1)

(B-2)

(B-3)

(B-4)

e) Classify the flow type according to Nfr ahgdaccording to the following classification

| | <0.01andNfr<L1 or 0.01<= |landNfr<L2 ==> Segregated flow

0.01<=l ,<0.4andL3<Nfr<=L4 or 0.4< |landL3< |I<=L4 ==> Intermittent flow

| | <0.4andL1<=Nfr or 0.4<= |landL4<Nfr ==> Distributed flow
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0.01< landL2<Nfr<L3 ==> Transition flow

f) Determination of the correction term due to inclination and liquid holdup for horizontal
case according to the flow pattern

o~ _ P
Qo = 53
(B-5)
Flow Regime | A B C
Segregated | 0.98 0.4846 | 0.0868
Intermittent | 0.845 | 0.5351 | 0.0173
Distributed 1.065 | 0.5824 | 0.0609
Constant for the inclination factor -
8= 1 _yIn(D_L,0.5)
(B-6)
Flow Regime d e f g
Segregated Uphill | 0.011 | -3.768 3.539 | -1,614
Intermittent 2.96 0.305 | -0.4473 | 0.0978
Uphill
Distributed Uphill -- -- - --
All Flows downbhill 4.7 | -0.3692 | 0.1244 | -0.056
For transition flow the holdup is calculated with the following expression
Quc) =02 Qron) + 6 Qress )
(B-7)
g) Calculation of the inclination factor:
w=1+6 "0 18— V@3 18—
(B-8)
h) Calculation of the holdup on the inclination plane:
Heange™ YH(
(B-9)
i) Calculate the properties of the two phase and nonslip:
"oy = YRy Qoran) t Y@L Qoran)
(B-10)
"o = Y@y + YR )
(B-11)

‘o= e Qoran) tdl Qeeran)
(B-12)
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b T e tdl )

(B-13)
j) Calculdion of the pressure drop due to hydrostatic head
D _ e QVR(6EE0)
(B-14)
k) Determination of the nonslip Reynolds Number
. "1 "% 0(1488.16
YQi = %
(B-15)
I) Determination of Non slip fetion factor with Jain equation:
2
—— nonm Q2125
Qi = 114 2z0£Q o e
(B-16)
m) Calculation ofy:
W= (=
(qzﬁ's“CEQ)
(B-17)
n) Determination of the Beggs and Brill Coefficient
i =0¢ 220 12 W< w< 12
(B-18)
- e (R)
T 0.0524+3.1820¢"Qc) 0.872(0"Qw )2+0.01853 (08" A )4
(B-19)
0) Determination of an slip friction factor with Jain equation:
@ = "@i Qf
(B-20)

p) Calculation otthe pressure gradient

Q _ % ’i‘\ﬁ 2”%;[

06 20

(B-21)
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g) Determiration of the acceleration term

T A £
OF 5
(B-22)
r) Determination ofthe pressure drop
R © VR o
D Wa Wes
Qo 1 0Q
(B-23)

s) Conwersion from PSF to PSIfb/ft?] to [Ib/in?]
t) Determirationthe total pipe pressure drop

RN o |
30 = ,mUQ @Q

(B-24)
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APPENDIX C
SAMPLE INPUT DATA FILES

The next figures are a caption of the input filesall the networkstested with GASNET 2 pisas

TITLE: 15T _Systen_Gasnet_2_PHases_2_Triaigle_Loaps_Figure_8

NPIPES

13

NNODES

12

NLOOPS { NLOOPS = NPIPES - HNODES + 1)

2

LOCATION(T)/JUPCT)/IONCT) e fTav(F) J10(in)  JeCin)  /#slopes/L's-fr(i<l,.. #slapes)/ ActualElevations-Ft(dsTopes+L)fromIpt onoi

1 7 r 1 i 10,0 00006 1 198000 0o 00

2 2 g Lo i B0 0.0008 1 99000 0o 00

3 4 310 i 6.0 0.0008 1 99000 0o 00

4 § 40 82 B0 0.0008 1 198000 0o 0.0

i 0 3 L0 82 1.0 00006 1 171600 0o 0.0

f § 1 Lo ® 4.0 000 1 10 0.0 0.0

7 1 5 1.0 i L0 0.0008 1 1 0o 00

8 1 6 1.0 i L0 0.0008 1 1 0o 00

§ 6 7oL i L0 0.0008 1 1 0o 00

10 4 10 1.0 i 4.0 00006 1 10 0o 00

11 3 g Lo i L0 0.0008 1 1 0o 0.0

12 8 11 L0 82 L0 0.0008 1 10 0o 0.0

13 2 12 Lo ® 20 00006 1 10 0.0 0.0

NODE—WITHAPRESSURE—SPECIFICATION: Nadetumher /eressure(psia)

10 400d0

NODE INFORMATION: NOOE / 90d-PIPE /0-1-2(Balance/Fixed/IPR)/ Qq(MSCFD) / WGR(STB/MSCFD)

1 7 1 oo 0do

2 2 1 0o 0do

3 3 1 0o 0do

4 3 1 0do 0o

§ 0 1 100000d0 0.1d0

b § 1 0do (do

7 0 1 oo odo

8 2 1 oo odo

§ 0 1 0o 0do

10 0 0 0do 0do

1 0 1 2500000 0o

12 0 1 -25000d0 (do

Gas Information: Gas Gravity/ Zaw(Zav=0 if standing) / Gas Visc(cp) / psc (psia) / Tsc (F) [Base Conditions]
0,62 0,89 001700 147 0.0

Liguid Information: Liﬂnensilb/fﬂ) S Uddvisc(ep)/ surf Tenstan (dynes/an)
62,400 0.856600 59, 5671626010
1rGAS_Fow_Eguat ion€l=Gen; 2=Wey; 3=Panh-A;4=Fanh-8)/ YES(=L)-N0(=0)2rCalcBegysdBrill  / SPLIT_HANDLING: (L)=UNIFORM;(2)=KEhased, (3)=Douplastrein
2
Type of Jacobian Entry Calculation (l=Mumerical ; 2=analytical)
1

pressinitial. oo file  (0=hot reeded 1=Create it : Rlse it when  available for p-dnitialization)
1

Figure 56 Input file for Network 1
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TITLE:2nd_System_Gasnet_2_PHases_d_Sguares_4_Loops_Figure_12
WPIPES

25

NMODES

22

NLOOPS € NLOOPS = NPIPES - MNODES + 1 )

4
LOCATIONCIN/JUPCI)/I0N(T) e fTav(F) A10(in)  /felin) /#s]upes/L‘sjt('i:l,..,#s'\upes)/ Actualelevations-ft(#slopes+1)fromuptobown
2 L0 7 . 0. 5000 0.0

1 1 1 1] 4.0 0006 1 0.0
2 2z 9 1.0 70 4.0 0.0006 1 7900d0 0.0 0.0
3 2z 3 1.0 70 4.0 0.0006 1 7900d0 0.0 0.0
4 3 13 1.0 70 4.0 0.0006 1 7800d0 0.0 0.0
5 3 4 1.0 70 4.0 0.0006 1 500d0 0.0 0.0
] 4 5 1.0 70 4.0 0.0006 1 500d0 0.0 0.0
7 4 ] 1.0 70 4.0 0.0006 1 7200d0 0.0 0.0
i) G 15 1.0 70 4.0 0.0006 1 8100d0 0.0 0.0
9 G 7 1.0 70 4.0 0.0006 1 500d0 0.0 0.0
10 9 8 1.0 70 4.0 0.0006 1 500d0 0.0 0.0
11 9 10 1.0 70 4.0 0.0006 1 500d0 0.0 0.0
12 10 18 1.0 70 4.0 0.0006 1 7900d0 0.0 0.0
13 10 11 1.0 70 4.0 0.0006 1 7900d0 0.0 0.0
14 11 13 1.0 70 4.0 0.0006 1 500d0 0.0 0.0
15 13 14 1.0 70 4.0 0.0006 1 500d0 0.0 0.0
16 11 12 1.0 70 4.0 0.0006 1 500d0 0.0 0.0
17 1z 15 1.0 70 4.0 0.0006 1 7900d0 0.0 0.0
18 15 18 1.0 70 4.0 0.0006 1 500d0 0.0 0.0
19 18 19 1.0 70 4.0 0.0006 1 500d0 0.0 0.0
20 18 20 1.0 70 4.0 0.0006 1 7900d0 0.0 0.0
21 12 20 1.0 70 4.0 0.0006 1 7800d0 0.0 0.0
22 20 21 1.0 70 4.0 0.0006 1 7900d0 0.0 0.0
23 16 21 1.0 70 4.0 0.0006 1 7800d0 0.0 0.0
24 16 17 1.0 70 4.0 0.0006 1 500d0 0.0 0.0
25 21 22 1.0 70 4.0 0.0006 1 500d0 0.0 0.0
NODE—WITH&PRESSURE—SPECIFICATION: ModenNumber /Pressure(psia)
19 100d0
NODE INFORMATIOM: WODE / 900-PIPE /0-1-2(Balance/Fixed/IPR)/ QU(MSCFD) / WGR(STE/MSCFD)
1 0 1 1400000 0,2d0
2 3 1 0do
3 4 1 0d0 0do
4 6 1 0d0 0do
5 0 1 -2000d0 0do
6 8 1 0do 0do
7 0 1 -2000d0 0do
3 0 1 -2000d0 0do
9 10 1 0do 0do
10 13 1 0do 0do
11 13 1 0do 0do
12 17 1 0do 0do
13 15 1 0do 0do
14 0 1 -2000d0 0do
15 17 1 0do 0do
16 24 1 0do 0do
17 0 1 -2000d0 0do
18 20 1 0do 0do
19 0 1 -2000d0 0do
20 21 1 0do 0do
21 22 1 0do 0do

0

2z 0 0do odo

Gas Information: Gas Gravity/ Zav(zav=0 if standing) / Gas visccp) / Psc (psia) / Tsc (F) [Base Conditions]
0,70 0.90 0.018d0 14.7 60,0

Liguid Information: Ligoens(1b/ft3) / Uiguidvisc(ep)/ surf Tension (dynes/cn)
62.40d0 1.0d0 8.41d0

1pGAS_Flow_Equation(1=Gen; 2=Way; 3=Panh-A;4=Panh-8)/ YES(=1)2PCalcBegysé&Brill-NoC=0)/ SPLIT_HANDLING: (1)=UNIFORM; (2)=KEbased; (3)=Doublestream

2 1 1

Type of Jacobian Entry calculation (l=humerical ; 2=nalytical)

1

Pressinitial.txt fila (0=Not needed 1=Create it H 2=lse it whan available far p-initialization)
0

Figure 57 Input file for Network 2



Figure 58 Input file for Network 3
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