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Ln febrero de 1979 se .firmé un éonﬁenio'de colaboracién entre la-
'UNAM, PEGMEX, IMP y el CIPM (Colegio de Ingenieros Petroleros de’ -

México). El1 objeto del convenio ha sido eleVar el nivel académico

- de5los-%1umnos del &dres dé Ihgenieria Petrolera ¢n 1la Facu;tad -

de Ingenieria, tanto de.licenciatufa_como de posgrado, asi como -
crear el Doctorado, y promover la suﬁeracién de un mayor nﬁmerozﬁ
dé,prpfesionales que laboran en la industria petrolera, por medio
dé'cursos'de actualizacién y especializacién..

Un0'd€ io; programas que se esfén llevando a cabo a nivel de -'}
licenciatura, dentro del marco del Convenio; es la elaboracidn y_ -

actualizacién de qpuntés de las materias de la carrera de Inge--

[ -
1

. ' 1 _ ) . !
nicro Petrolero. Con-esto se pretende dotar-al alumno de mis .y -- -

¥

3 ' -,'l = ' - . k .
. _mejores medios para elevar su nivel académico, a la vez que pro--

porcionar'aL profesor material didéctico qﬁe_lo auxilie en ‘¢l pro

~

;ceso enseﬁanza-apre%dizaje.'
j

La elaboracién de cstos apuntes fué realizada“por los ingeniérb;

Lﬁig Ayala Gémez y -José Serrans Lo?éno, bajo la direccién dél .Dr.

Jos€¢ Luis Bashbush. El1 Ing. Franciscb Garaicochea y cl Dr. Gui--

llc;mq Dominguez V.,.colhboraron enléu_}evisién.l La sehgrita An- -

géiiéa Serrano Lozéﬁé Qe encargo dc¢ la mcéanografia.

%

DEPARTAMENTO™ DE EXPLOTACION DEL PETROLLO.
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PROLOGO _ .

La evoluedibn y desanrnollo da La Lnduéznaa petrolena,. ha inatdo
coma conéecuenCLa La apﬁ&cac&&n de técn&caé cada vez mds depunadaéi
Y éo§¢¢14cada4, on¢enzada4 a ma;¢m¢zan La pnoducg&du de hxd&oca;bg

: a6¢; ‘pero al mismo tiempo, £keuando a cabo una ékpzotaeLJn ndcio;?nj

nat de Los mLAMOA, enthe dLChaé zéanQaé s encuentra La simula--.

edibn numénica de yacimientos, ta cudf, "es una hernnramienta" suma--’

menteluxzt, para predecin el comportamiento de Los yaeimientos.

ﬁ?ke'tenenée_en Euehta, que 84 La informacibn p&ovieﬁe de fuen
te&ggidédignaa,_zoa nesultados que se¢ obtendrdn sendn cbhﬁidbﬂca.'
S{:pan‘éﬁ_contnanio no se cuenta con buéna‘iﬁﬁonmacidn, Los fesul-’
taQOA-obtenid04 sendn un elemento Andicativo panra detehh{na@ que -~
p;idmatno$.deben obtenense. con pnéE{ALSn. o oo
fh-gﬁﬁda La meonia?cid que tiene La anenien(a dé:yacémientob_gﬁ?
lédﬁéibﬂoxdcidn'de Los hidrocanrburos y teniendo‘eh cuenta fLas nece-
“Akd&daaide Los estudiantes de Lngenien£a pezné£end, s4e elaboranron-
cato¢ apuntes con fa intencddn de brindar una: 5uante de Lngoama— -
CLJH escnitd en caateﬂﬁano, ya que en La majoaia de Loas.r reasod dL-‘
cha'LnﬁanmacLJn esid EAC&&IQ en otro Ldioma. A través de Los m&é-;“'

mob Ae pnezende despentan el Lntené¢ del afumnado, mot&udndoto pa--

o ona Au.-’.mcjpn preparacdLlén.

——— e —
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1.1. INTRODUCCION

EL" ob;at&vo pa&mo&daaﬂ al hace& uAa de La A&mutac¢6n numdw&ca
es pnedQCLn el componiam&ento de un yacimiento en cuebt&dn Y en--

rcontrar La manera de optimizan cientas condiciones pana aumentan~f

T R e
oy .

£a“aécupenaci6n.‘”

En. £a LngenLana de yacam&Qntod znad¢c40na£ Aa anza al yac&-l
m&ento en fonma bunda, conALdendndo£o como un xanque con p&op&eda‘
des pnomedco mienthas que £a ALmuﬂaQLGn de yac&m&enio& pon medio
de computadonaé, peamite un eatad&o mds detallado, al poden divi -
din v&ntuaﬁmente a d&cho yQCLMLenIO en un ndmero finito de cefdas
; 0. bzoquea y aplicanr £a5 ecuac&oneé ﬁundamentaﬁeb de fLlujo de Z£u£;‘
dos en medios pohosos pana cada celda con;ugadaa_ a La acuaci&ﬁ_déx
balance de materia. | .i' - /

.. 54 impbntanig sefialan qug:£a utilidad de fLos nesultados obte-
nidbﬁlde una Aimutaﬁidn, éAtaﬁd“en funcidn delﬂd'dé$i&eza y expe-
n&enc&a que el &ngenLe&a tenga para 4nte&pke£aa£oa dependienda‘-.
de ﬂaé cond¢CLoneé de expﬂotac&ﬁn de un yac¢m4ento ya sea en Au*

'exapa 4n&c¢a£ o en una elapa de ajuste a tuaué& de ﬂa h&dton&a -

de£ yQCLMLenIO.

¢

1.2 DEFINTCION

La simulacién numérica de yacimientos, es un proceso mcediante

el cudlf ecfingenieno, con La ayuda de un modelo matemdtico, L{nte-.




w-gra un confunto de factones para deseribin con cigata'pneciéidn-
el comportamiento de procesos §Ladicos que ocurnren en un yacimien-

to,
1.3 OBJETIVO

Lo que se anZQnde;at hécea_ﬁgo de La simubacién eé-pnzdécinf-
el compon;dmiento delZOA‘ydcimianIOA'AquIOA.ﬁ di{enente§-ﬁo££t£ﬂ
cas de exp&ozacidn y en base a aeauttadd&'obtanidoa de dicha simu
Eacidn' poden Aeiecc&onan La manena mds. adecuada de expﬂotanio&.

Depend&endo de £a po£££4ca de £a empkeéa, La manena mdé adacuada—

de exptotan un yac&m&enzo puede requenir; ‘maximizan el gasto, -ma-

x&m&zan Ea &QCUPQ&QCLJ“, maximizan za ganancaa ete.

4También en muchas ocasiones, qon ayuda de £a,5i@u£acidn, se -
ﬁuede ££eygn‘a caﬁ& el deaanno££o de,un campo én_baée a unalingog”
maeibn ££m£tada;.pud£énd05e detenminan donde pgﬂgonaifﬁueuoa po-=-
zos 0 eatééﬂecei uh edquema ﬁaia cbmpanan el agﬁiﬁﬁéento pon necd.

P !

penacLJn anmanLa y La que ée zendnza con una decupanaQLJn seeun-

dan&a 0 nu;upenac&dn me;onada. _ g

7

La_eno¢me”uentaja que Je tiene al haéén-uao de-tﬁ simulaecdibn-
es duc?peaﬁzte "producdir” un yac&m&ento vaalasd veced y en muy d&m'
5cnenzﬁ3'mdne&ab .con Lo cud£ se pueden analizanr: d&ﬁenenxea atien
nai&uaa y seleceionan una de eitao,'en £a que e obzenga por efem
pto, £a imdxima necupenac&du, mientras que 5£A¢camente el yac&m&en
toxpuede pnoduanae una sola vez, y £q ‘mds pnobabﬂe 28 que no sea
en a foama mds adecuada, dado que un. enron cometido en el proce-

s0 afectarnd cualquien cambio subsecuente.

N )



1.4 DEFINTICION DE UN MODELO MATEMATICO -DE SIMULACION

. BdsLicamente un m&dezo matemdiico de simulacidn dé'yddimienioA}
consiste en un ndmeno deteéminado de'eduacioneé difenenciales ﬁan-'
ciataa que expneaan el deHCLpLO de conservacidn de masa y/o eneai'
gla acopladas con acuac&oneé napaeaentatLuaa de {Lujfo de 62&&d06 -
| ;zmpenaiuna ylo La concentracidn: de dichos‘ﬁﬂuidqala'znavéé‘de me-
dios porosos. | -

Las eeuaciones neéuﬂtantea,-éon ecuacioneé.d;ﬁe&encia£ea ﬁaa-;_
elfales "no £éheﬁ£eA" y su solucdbn: es poaib&é &nicaﬁente de una ma
Hneha dibcﬂeiq, es decir, en un hdmenro de puntod~p¥eaefécc£onadoa -
‘en xieﬁpoiy espacio y no de una manenra conzinué; poA £o-qua£ es in

Hiépené&ble.eﬂ uso de un programa de cémputo.

‘1.5 INFORMACION REQUERIDA

‘.lPana £{eua¢.a.cabo una simulaci6n se nequiene La informacibn -
sdiguiente:
a) Propiedades petnoflfaicas,
- Porosidad | ¢
- Permeabiltidad (k|

S Sg )

- quunacionea de agua, aceite y gas (s , S
~ Presdidn capilan entne diferentes L{ntenfases
. S : (

(Pcw_o,‘Pco_g, ch_w )

- Peameabilidades nefativas; af agua, al acéite y al gas

{ krwa Rror kpg |
b) Pn0p43dadeé pVT de Los fLuidos del yac&m&ento



; -Faqunia de uqiumen { By, Bs, Bg )
-Relaedidn de solubilidad [Rs |} |
‘-Véécoaédadea Luysugony |
‘-Comp&aALbLtadadaa {egr & Cor e )
"l Limites del yacimiento. ' _
Idl'Canacteafétécaa del aculfero Que‘nadeg‘az gacimienzo
e} Cuando se %naza de hacen un aiuaie de fa historia del yacimien-
'ta;'ée requienen; ritmos de produccibn, declfinacidn de La pne;-'-“
Aidn; etc. ! |
Tanzo £a6 pnopLQdadeé PetﬂoéléLcaé como Las p&op&edadea PUT, -
se detanm&nan en el £abonatoa40 a trnavés de mueatnaa delf yachLQn-
que 4¢ phocunra sean nepnaéénzaILvaa Reg&atnob eféctrnicos obte
n&dob auranie La penﬁonac&du proporcionan 4ndonmac¢5n comptementa-'

ﬂia, neceéanLa en £a connecta evaluacdldn de Las p&op&edadeb petno-',

3£4¢ca4.

&)

Los LLmizes de£5yac£mienzo y Las caracterlaticas del acuiﬂené,
se deteam{nan con estudios geolfgicos ayudados de métodos inmdirec-

tos como son Los hegistnos geofLsicos, ete.:

: Pe‘aumameponIanc£é1EM un estudio de yacimienzqalﬁo&'medio de-
Aimuﬁ&qi&n,fgﬁ.ta deteaminaﬁidn de Las permeabilidades relativas y
Las presiones capiﬁanea; Las peameabilidades nefativas deteaminan-
el 5£uf6“6&acc£ona£ de Las fases ¢ pon ende £o¢-ne3d£tadoa ﬁez 8-
muﬁadoa ObuLamante £a5 curvas obten&daé en el Laboratorio en po--
'quenoa.nqcteOA, cuyas d&mené&oneé se miden en ceniimetno&, deben -
sen ajustadas antes de . podexr gaanée en un‘aimuzadog'cuyaa cetdab.f
se miden normalmente en'cenzendieaide melros. i@'euatwcidn OpO&Iu;

na y s{stemdtica de un confunto de "pseudo penmeabitédadea nelati-
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-vas” ea un pnaceao Lnd¢5pen4ab£a Yy a menudo o£u4dado en La simula

cln mazamdt4ca de yac¢m42nt06., : .

Las curvas de p&aaidu capitaa'éon necesarias para poder descri

bin La d4¢£n¢buc46n de Aatunac&onea Y e£ tamafio .de La zona de tran

. dLedibn, Los contactos agua- ace&te Yy gas-~ ace&te.‘

i

1.6 RESULTADOS A

Los neauﬂtadoa z£p4c05 que se obILenen de un pnognama de simu-
Lacibn, conALAten en £a d&ét&&bun&én de presiones, saturacioncs em
- ecada una de. Laé celdas en Las que se ha dividido al yac&m&ento --
asd como &ezaCLonea agua- ace&tﬁ y gas- ~aceile pana Los pozoa pAOduc

tones,

i

S< hay inyeccifn de §fuidos, se obtiene; o el aitmo de inyec-- .

cibn de Los pozos inyectores, o Las presiones necesarias para in--

. yectan Los volumenes establecidos.

1.7 UTTLIDAD DE LA STMULACION

Un mode20'maZdex£co de Aimuﬂacidn calibrado adecuadamenze7'éa

La hexnam&enta mds podenosa con La que cuenda un 4ngen42&o pana pe

‘ den pnedec¢n con cLe&to gnado de pnec&é&dn el comportamiento de un

: yac¢m4gnzo dujeto a diferentes politicas de exp£otaCL6n.

Aln cuando en ocaaioneé ‘no se..conozcan Las dahhctekiéiicaé pe-
tnoﬁ(ALcaa de un JachLeuto La ALmuEac&Jn puede, sen - dtiL en obte--

inen La sensibilidad de Los debuttadoa 2 ua&&ac&onea en La deacn&p-

cifn en el yaC¢m4enta. Por ejemplo-s4 se Xiene una pnopAedad‘ X"y



i
.-'iﬁhéabe que - d4cha pnopLedad puede varian en un rango de x1 a x2:uf 
es deedn, X4 2 x S X Yy s¢e eﬁeczdan 26 3 CO&&Ldab de ALmuZaC46n - f:
34 Los nesultados no uanIan mucho se puedg,‘ "‘ |
1]. Toman como buena una de Las p&eﬁ{qcione#.‘ B
2) Relegar a segundo ténming eéﬁuénéab eApééZateA-pana'ﬁedii'can -

"pﬁeCLbidn dicha propiedad. E |

'I'SL por el contranioc Los ne&utiado& de simular el yaéimienio'-J
.céﬁ.didenenteé valonres de La propiedad "x" uaﬁzan}coﬁéidenabﬂemen-
Ze, entonces se debe tener especial cuidado en £& obfcnci&n de fa:
dLét&LbuCLﬁn de La propiedad "x" en d&ﬁe&ente& dneaé del yacimien-
to para me;o&an La debcd&pc&&n de£ m&émo, ya que su dLéI&&buc&JH -

aﬁectaad conALdenabtemente La necupemac¢6n.

..

Adn 84 hay diferencia en £od'ne¢u£tadoa al vardifan Las padhiedg
des, s¢ puede tratan de buscan diantaa Lnuanianzeéren La necupera-

c&dn por medio de daﬁenentea jormas . de exp£otac¢6n dat yaCLmLenio;

Ejemp£o. N
SL el .valon aé&gnado a una pnop&edad digamos ponoALdad es -

(¢11, y Los nesubtados de una Angﬂachn indican Zaé:éLguLanea ne

cupei&cioneé: ) | : ) | - B

- Ponr. agotam&ento natunal 20%

; Pon un método de LnyeCCLén A 30% A¢"- o ‘  .;

L Pon un método de LnyQCCLJH B 40%

. EL inenemento en Za necupenacédn al aplican et‘método‘da‘inyec
et i i
c&dn Aes'de 50% y el incremento a£ ap£4can el método de &nyechJn-

Bies 100 %

Ahona, &4 e£ valon asignado a £a porosidad es. ¢£ y Los neéutxa

doA indican que £a hecuperacibn es:



:;‘ﬁggﬁaéatdmiehto natural 23% .
- "Por’ un mézodo de {nyeccidn A 35%
- Porn un método de inyeccibn B 47%

1 ‘.
Y-

7; En este caao el annemento en La aecupenachn al apﬂ&can eZ mé:'
'j'todo de Lnyecc¢dn A es de 57% y et incremento co&naéponde at méto-i

.do de inyecedlbn B es de 104%. _
e _,

De Lo antendior se obaenua, que adn hab&endo variaciones en £aaf .

-

pkop&edadeé de b ad,, Los anaamenzoé caﬂcuﬂado¢ para ambos méto

“dos de LnyechJn son p&act&camente Los mismos pon £o que se deduce

 en este caso no.es necesario conocen toda La LﬂﬁOdmaCLﬁn en. {orma-
p&eciéa. En una forma mds. neatéata, La pneciéidn de fa Lnﬁonmaﬂidh»
-debe Aen pnopo&c&onaﬂ a za sensibilidad de Los ne&uttado& a ua&&a-,

caoneé de. dicha 4n§0¢mac46n

Y

1.8 CONSECUENCTA DE UNA INFORMACION DEFICIENTE .

'Lo'anteaioa ho éignigéca que ZLa Aimuzaciﬁn de yacdimientos deba
apt&cahae en cua£qu¢en ocasibn. Dada La compzejidad y-s0fistica~ -
c&dn de 2a éLmuﬂac&JH numérica de yac&m&ﬁnio&, carece de. 62ﬂ$&d0 -

Au ut&t&zacadn sino se trata p&eu¢amenre de obzanen buena &nﬁo&

\
I

;mac&dn deb¢do a que ta conﬁ&ab&£&dad de Loa teduttado& de una- 6&‘

muéaékdn, estd en funcibn de La ¢n§onmac¢6n pnopo&c&onada.

‘Pana usar La 44mu£ac46n ap&op&adamente, de citan a con£¢nua-<~

c&Jn cientas consideraciones 6undamen£a£eé.

- Se debe hacen un muesireo adecuado g éuﬂacaenre, para aéeguuaa -

que Za 4n4OAmac46n dea nep&eaentaILUQ del: yaCLmLEHIO



1.9 TIPOS DE SIMULADORES =~ o

.:- AL dete&m&nan Las propiedades pet&oﬁl&icad y pVT de £a4 mueét&aé

de debe tnaxan dé aproximar al mdemo Laa cond&c&oneé que read-<
mente pnevaﬂecendn en el yac&m&Quto.‘ |
- Es 4mpantante, tnatan de &ephodue4n en e£ fabo&aion&o, £aa mcca-J
'nLémaa de deaplazamiento que Openaadn en el yachLano paaa da--'ﬂﬂ
'”tenanan Laa penmeabLELdadeé neiat&uaa que tanta tnaacendancxa'—
tienen en La nacupeaacaﬁn Ademds, en el caso de ALmutac&Oneé -
_aneaﬂeé 0 tn&d&mcné&onaﬁeé,'eé indispensable egectuan primeno ea
:tudios en 4ecc40neé tnanouenaazeo que panm&tan detenanaa 2as’ --
cumuaa de ps eudo pe&meab4£4dad ne£a£4ua que pe&m&tan ca£¢baan e
foa aeauﬁtadoé de un modelo bundo con celdas: &aﬂatLvamenze gnan—

deb a ZOA chesultados ObtenLd06 al uthLzaa una - me;on deﬁ4n4c&6n~:

de£ ndmeno de capaA y con ceidaé mdb pequanaa..f

.
S£ pog”ez contrario La Lnformacibn diéponibze egfihéﬁgiciente;
é;déeméégno‘népneaenzatiua, La utilizacibn de un ﬁ&dazﬁ éimﬁliﬂibg
do ta£‘c8mo'£aé eduqcioneé de bafance de mazeniq, aplicadas con --
buan'ciltenip Lngendenll pueden utilizarse con vehta}g-éobne un mo
deto_de‘éimuzﬁcédn.' B
IE&iécutLbﬂemante, un mo&éﬁo mafeﬁdtiéo a&ecuddamentefajuétado

que'h&jpenmizido neproducin La hisdtoria de un yacimiento, es el --

instramento mds podenoso para predecir, con ef mayor grado dé con-

1

b C . e,
. g§Lanzasirel comporamiento de dicho yacimiento,

K

}

-

1.9. ! MODELO DE CERO DTMENSIONES 0 MODELQ DE TANQUE - .
| : .
, {roa coné&dcnan al yac&m&ento eomo un xanquel - ’




Estc modelo, éupvnt que el uac:mcvuto s¢ componta como un tan-
que “con p&op¢edadeé pnomed&o, ademda aupone que Las pnap&edadeé -
PUT aon 5unc¢6n de La pneéLJn med&a y que La penmeab4£4dad AetarL-

,va es un&camente 5unc¢6n de £a Aaxu&ac46n med&a.

A este modelo comunmente se Le L&ama balance de materia (Fig. 1).

1.9.2. MODELOS DE UNA DIMENSION Y

:Dicho moedelo 5ue_genenado'poﬁ BUCKLEV-LEVEKETT;Jpaaa}daa una -
46£ué£6n1ana£{t£ca gl‘compontamien{o por recupenracibn Aecuﬁdania.
En Aimdtdéidn dé g;dimiehtoé dicho modeﬂb e pﬁéde aplicar, 84 se-
tiene un yachLenzo en e£ que el 6£uj0 en una d&AQCCL6H es pnedo--.'
.ananza. Poa ejempto en Los casos de LnyechJn de gas en La c&eéta
de un ydcimiento o en La inyeccibn de agua (0 entrada naturat de -

agualapon el {lanco de otro yacimicnto (Fig. 2).

En una dimensifn también. se paede utilizan un modelfo en ﬁanma-'
nadLaﬂ Eéte modelo es dtil pana pruebas de foamacdidn y pruebas de
anrcvunto o-decnemento de presibn., En cada ceﬂda de pueden vardiar

pnopLQdadeé tales como pO&Oé&dad y pcnmea64£4dad (F&g 2a}.

1.9.3, MODELOS DE DOS DIMENSTONES

1.9.3.1. MODELO AREAL IR | S |

t

..Se tiene variaciones de Las propiedades en dos dinrecciones, pu-
di€ndose considenan ademds, Los--ejectos grivitaciodales al asignan
difenentes profundidades a £as cefdas def modelo, el cual puede --

(¥ a]



" sen nepnaéentado por una malia. Este modelo se aplica a yacimien--
tos donde ggnenaﬂmenze Los e&peéo&eb 40n pequeios con me¢pacta a -

su daea y no ex&ate eﬂecto muy marcado de e&tna{&ﬁ&cacLﬁn 0 4¢ ha-

genenado un con;unta adecuado de pbeudo penmeab&ﬁ&dadeé netaz4ua4-';

(Fig. 3al.

1.9.3.2 MODELO DE SECCION TRANSVERSAL

0trno tipo dé'médeto de dos dimensiones se tiene en La nepneééﬂ
tacibn de Aecc40ne4 znanauenaaﬂea en donde fas pkop&edadeé de Las~
capas vanzan. La utilidad de estos modelos estriba en su ve&aat&t& -
dad en £a deseripcibn de La distnibucibn ventical de AazunacLOnea-'?
de'aqanqé;dh un 5aenteifgaély/o'agual ademéfs Ha'één éoa in&t&umen~ F,
.toagﬁdia £q obtencibn de Las meﬁcionadaa cunvas de pseudo permeabi 3

T3

idad nelativa (Fig. 3b).

1.9.3.3, MODELO AREAL DE DOS DIMENSIONES EN FORMA RADIAL

Incluyen algunus de Las considenaciones def modelo anterior --
ademds de La ventaja de podea analizar con mayonr detalle Los cam--
_b&oa bnuécoa de P&Qé&dn y saturacibln que ccurnen en £a cenrcanfa de -

204 pozob {Fig. 3e).

:,q;4 MODELOS TRIDIMENSTONALES

“EXLAIen yac&m¢antoa con eapeaanea muy gnandea, poxr L0 que es -

necaaanLo con6¢denan uan4acLonaA Ianto hoanontazea como - ua&t&cates

H



(Fig. 4). 0tro tipo de modedo de tnes dimen4ione¢,-4é puede hepire-

sentan en foama nadial (Fig. da). . LS N

1.10 TIPOS DE FLUJO.

Haaza aqul se han moAznado Aoﬂamente Ua&Lac&Oneé en £a geame-ﬂ,‘
ta(a 0 sea Las d&menéioneé, 44in embango, en e£ yac&m&anto Ae pue--[
'den considenan tambiln uaa¢04 ILpOé de 6£ujo .como Aon e£ monoﬁdd&

-_co}.b46d54ca i fﬂdeé&co.

1.10.51 FLUTO MONOFASICO
_ E£ 6£ujo monogdALQO es2d dado pon el fLujo de un Adto 5£u¢do.-
en pan*¢cu£an Por ejemplo en £04 acufﬁeno& el agua, aCQLZe en un--

yac¢m¢ento bajo Aatunado 0 gas en un yaCLmaento de gaé uo£um6tn¢cot'

1.10.2 FLUJO BIFASICO

Se presenta cuando dos {Luidos dédeneniéé'éﬂugen aﬁ/mibmo tiem

po pon ejempﬁo

Gaa Y Acecte : En un yachLQnto que pnoduce pon empuje de = -
B | gas d&Auetzo 2iberado. |
akéua g\Ageéie: En un yacimiento bajo saturado con entrada -
~ de agua, cuya presibn se mantiene ankiba'de;'
_ La presién de bunbujéo. |
;L Agua y'Gaé: En un ya;ﬁmiento.de gaélcon eﬁianalde agua-
0 cuya saturacién de agua congénif&ﬂéa ﬁayaa‘

s 3



que La saturacidn cnltica.

1.10.3 FLUJO TRIFASICO

Se presenta cuando hay 6£ujo'de trnes 6£uédo$.a'£a Oezé'agua;.:‘
acelts y gas. Esle caso se contemp£a en yacimientos. que pnoducen -l
. pon. Qmpuje combinado, en ﬂoa que £a entrada de agua, et empuje da- 
gaa ‘disuelto y/o a£ enpu;e de un casquede onLQLnat 0 AecuudaaLa --

‘ILCne influencia en La pnaducc46n

~Pox zodo Lo antendion se puede tenen comb&nac&onea ‘entre moda—-,
Los. y ILpOé de fLufo; es decin, se puede Zener un modeta de una d< -
men4¢6n ‘con 3 fases 0 bidn une en 2 d&men¢¢one5 con 2 6a¢ea o gene '
na£42ando un modezo de 3 d&mené&onea con 1, 2 d 3 5a¢e¢. |

-

1.11 MODELOS COMPOSICIONALES

! 1

Ex&ézen OIAOA tipos de modeﬁod donde no Ad&o se toma en cuen;"
ta £a vardiacién de La geometrlfa y eﬂ ILpO de 5£ujo, A&no xamb4én -
La uaALacadn de La compo&&cidn de Los 6£u¢daé det gac&m&ento al ex
p£otan£oa En eata .categonla se antugan Los yac&mLQntoA de acelte-
;voﬂdi&ﬂ y Los yacimientos de gaa y condenéado con condensacibn né-
! trnégrada, pana Los cuales se debq toman en cuenta La COmPOALCLJH -
de Los 5£u¢do¢ on&g&nateé. Conéecuentemcnze, eate tipo de ALmutado
hes penm&te pnedec¢n varifaciones en:fa QOMp06LCL6n de £o¢ ﬁﬂu&do&—r“
paoduchoa, asi como variaciones en Los gastos ¢ p&eé&onab del ya- .

. . : i
cimiento, -

13



1,12 MODELOS TERMICOS

1.

jorada ponr med{b de un método:téamico como pon e;empto £a Lngec-ﬁ-

elbn de vapon o La combustibn in-situ, Lndependaentemente de ex&é-~

- Cuando se somete un yacimiento a un proceso de aecupenaciﬁn'mé4

in fLufo de 6£u4d04 en el medLo poroso a causa 2- de g&ad&enzeb‘de'j.

presdldbn, se geneaa un LnteacambLo de eneag(a en e£ yacimiento, uaJ-f

&LdCLOneé de temperatunra y viscosidad de £aa 5£u4d04 eﬁeczoa de -1'w

destilacibén y/o craqueo, - etc. Estos geneaan una sendie de mod&ﬂ&ca--*

cionesen fLas p&OPLEdadQé de zoa f§ludidos .,

Teniendo en cuenta Lo anterion se pueden efaborar modelos qué’-

s Anvolucren tanto Las vaniaciones de {Lujo, como Las vardaciones en-

Las propiedades de‘£o£\§£u£d04 det yacimienzé_eniéancidn de £oA'Lf;_.-'

efectos compoaicionatﬁp y/o variaciones en Las temperaturas.

© e et e
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CAPITULO 2

'PRINCIPIOS BASICOS Y ECUACIONES FUNDAMENTALES

2.1 INTRODUCCION o . N

EL 6£ujo de 6£ULd06 en med404 porosos eslun. 6en6meno muy compze

jo y como tal no puade den deéanIO explicitamente.

En 6£ujo a través. de tubenlfas o conducto&, 24 poA&ble deLn £a-
Longitud y el didmetno y caicuiaa La capacidad de 6£uja como 5un- -
“edlén de La ca(da de pne&&du, adn embango el 5£u50 en medios poao--'
AOA es d&ﬁenente, ya que se tienen que considerar ecuaciones que -J
deéc&Lban el 5£ujo de- Los fLuidos en una dos o tres 5aaea, a zaa--‘
uéa de ”canaiea -de §Llufo" que pneaenzan va&&acaonaa de uno o uah&ob
 ondenes de magn&tud en donde £oa 5£u4doa pueden sen Inazadoa como - - .
&nCOMpHPALbﬂeA Ligenramente anompae5¢b£a4 0 compne44b£ea AdQMdévﬂ
' para nepresentan el sistema de 6£ujo pueden conaideaanae una, &b&lo
trhes dLmeﬂéLOHCA, Lncluyendo, 84 de desea, heteaogeneLdad en 2as -?_

¢t

pAOpLadadeé petroflsicas, efectos gnau¢tac¢ona£e4, eﬂectoa cap&ta--

res y I&anéﬂeAQMCLa de masa entne £a4 5a4ea..

2.2 POTENCIAL DE FLUJO ( o)

Et potenc&aﬁ de {Lujo combina Los eﬁeczaé de presibn con 2os =

eﬁecto& gravitacionales y se deﬁ&ne pon:

'...;,1,.

6=-p - pgD AR (2.1

" en donde’:



o = (p,?)

Pg = es eﬂ peso e&pecfﬁ&co

D s es Rd pnoﬁundadad ([positiva hacia aba;o) mchda a -_}

< pa&t&n de un plano conuen&enta de na{enencLa.

H

De acuerdo a £as unidades comunmenze uéadad eu Lngen&enza petno N

Lena, el potencial puade sen expke&ado comos

e p o4 , . . (2.2)
' ' 144 P oo '- : ' R N
¢ = p - TL—-‘“Q; pD ;ﬁf;f:? (2;3)1'
144 ga ,
en dahdg“
L p . presién (2b/pg ?
‘ o - dersidad (2b/pies®) . A
h = aztuﬁa médida'hacia arniba de un plano dqd? (p£e§)_.
ID_ =fbaoﬁund£dad medida hacia abajo -de un plano dado - ”‘
{fpieél | |
. g ;ﬂaceﬁe&dci&n de La gravedad en el Zuja&%que se este-

trabajando.
‘9o = ‘constante gravitacionatl condiciones noamaled y es -

Lgual a 37.12 pieé/&eg?

La Ud&&dﬁ&dﬂ del potencial en una direccibn honizontal es - QQUL'

uatenta a£ .cambio de presadibn en esa d&necc&ﬁn

Lo Lde Ly o S (2.4)
dx dx : . -

SL” embango La vaniacibn del potencial en La danecc4§n veaIL-j

r

cal antuye tambi€n el efecto q&dULIQCLondﬂi

de dp 1 g . {2.5]

= - P
dz dz . 144 g..

22



2.3:LEY DE DARCY

La Ley de Daacy establece La paopo&c&ana£4dad de La! vetoc&dad .

de 6£ujo de un gluldo homogéneo en medio porodo con, e£ gnadLQnte de

5\

presidn, .
: ,i—— ~ ghadiente de presidn : .'f . l2.6)
en donde : o S .

4

Pana cambian el signo de paopo&c&ona£¢dad pon el signo {gual es
neceéaALO Iomaa en cuenta zanzo Las canacte&46£4ca5 de£ med&o poao-
40. KPQAmeabLELdad] como £aé def 6£u4do fULéCOA&dad], aéI pana dZujd

. hoa&zonzaz La ecuac&dn de Dancy se expneéa como:

1

@ .k g l2.8)

La va£4dez de La ecuacién ante44oa paaaupane £aé s{iguientes con

. d4c4oneé

._ al Ffuido homogéneo luna sola fase)
b) No existen neacciones quimicas entne el fluido Y e£ me-

dio poaoéo.

é) La penmeab4£¢dad es LndependLane de£ 5£u4do, de £a tem
R peratura, de fa p42446u y de Za toca£42ac¢6n. |

d) Régimen Laminanr.

e). No existe efecto dng££nkeﬁbeng. e :‘Q

) qujo peamanente e inCOmpEééibte.

g E£\5£u£do satura 100%. a& medio poroso.
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EL signo [-) de La ecuacidn anteniorn, surge al considerar que -
La pmeaidn disminuye cuando fa £oﬁg£tqd aumente y ée requdiene para-

_compenaaa'e£ s4igno. negativo del gradiente.

,.‘

Pana 6£ujo &nc£4nado es necaaaa&o considerar tanto La van&ac&én-

'S

en £a p&e&&&n como La variacidn en La ca&ga gnau&taQLOnaﬁ

!

L I SRR I 12.9)
W de
1fd.hazdu del signo (+] se netaciona eon Za'dinecCLdn que Aa'&di@

de a, "£"' 2a cual puede ser posditiva hacia an&&ba 0. u&ceuenaa

Ahda@ﬁbien, La vetocidad a La que se neﬁiéne ia_eéuaci&n de - -:°

Daacyﬁa[’za vetoeidad aparente, porn Lo que &4 se dedea evaluar fa - .

-uezochad heal habrd que d&v&d&& La velocidad apaaente pon £a ponro~

Aadad eﬁect¢ua def medio, o sea:

v, = (z.10).
med, :
. ¢’e ! )
) !
dbnaéﬁf ;;
T oo . ' ) i
Vomed, yﬁ{oc&dad neal o media.
u = velfoedldad aparente.
‘ % = porosdidad efeeliva.

la ecuacdibn de Darcy en forma.vectorial se expresda como:

— o (z.11) -

o

Y
-— u -

-
v = 4ok
¢ ¢

[T
Haciendo un andlisis de cada una de Las vardiables que {n¢cauié-,

nen cn La ecuacibn (2.11) :



- Lla viseosidad {u ) es un escalan,

- ta}§o¢06idad (6 ) es un escalan, .

- La veloeidad (v ] por tenen magnitud, direccidn y sentido es un -
vécto&. | ' :
L g s

.= EL potencial (%%T) también es un vecton,

~~ La penmeabilidad [ h) es un tenson, capaz de influin en La dinec-

cién de f§Lufo, La cual no siempre es gobernada-exclusivamente ponr

el gradiente de presidn.
Dados Los efes x, y, z no necesariamente ontogonales, Laé'éQmpg
> - - o
nentes de La vefocddad v (U, ug, o, ] s¢.expresan, de acuerdo a -

La Ley de Dadcy, como:

_ I : | ,
Gy = = 5 (ks * by 3o g 3 ) 12.12)

- 1 a¢ ae 3¢ . .
U & = — [k + R —_—t h -] {2.13)
y u YXxayx ¥y oy yz 3z ' C
- 1 30 20 3¢ - - ‘
U_= = —— [ k_: + h —_—t h e—) {2.14)
z Y 2¥ 3x 2Y ay 223 2 - : Lo

‘ila matniz tensdon de permeabilidad tiene nueve componentes:

o

kx}é kxy h Xz

B3 Ry By Ry
b k- R :

zZX zy zz

mientrad que £a velocidad y. el potencial, siendo  vectores tienen --

tnés componentes solamente:

L
v, TP L=



Debido a La Laboriosidad de tnabdjd&.con tensones, se hacen co-

munmente Las sigulentes suposiciones, para simplificar Las ecuacio- -

nes ‘:

1) . La matriz tensonial es siméiniea, o seat

kxy.’ kyx"kxz " k,zx’ kyz * krzy
: . - -
kxx -kxy
k Xy k'yy .
pkkz kyz

kxz

. kyz

kyy

iy

.

Z) AL notar Los efes de una matrlz simétrnica se obtiene una matriz

diagonal.
kR yw 0
6 kyy
0 0

En donde £0s ejes son ontogonaled y. estdn alineados con Las di-

recciones pﬁincipaﬁca de §Lujo. Pon Lo que Las componentes de La ve

Locidad se reducen a :

m kxx 3¢
x- T ax
k *

T.o- - vy 3%
y u 3y
.= kzz ¢
z- - —— g .
. u Z

26

' (z.zr'sl

(2.16)

(2.17)



En éenenaﬂ Las direcciones principales de fLujo son:
S; lLa direcedlfn mdxima, paralela a Los ptahoa_de dedimentacidn.

§; Lla dinecedldn minima penpendicular a Los planovs de sedimenta-
cibn.
' Sé et medio es Lsotnépico [k, '=hy=k£ ), entonces fa direceidn-

del f(Lujo es igual a £La finecciﬁn del gradiente aplicado.

.3 31 el medio es anisotalpico &.in embaagd‘(k¥¢ky¢kz); La direc--
eibn del fLujo es difenrente a La dinecedbn del gradiente apﬂicadb,.
- EJEMPLO:

Sea un medio poroso bidi{mensionaf donde kx-.4ky_, 84 se apliéa’

un gradiente con un dngulo de 45°{b.éea €FL=%EL ) encontrar La di--
x "y

recedbn del glujo.

SOLUCION
vy ¢
dineceibn del gradiente de presibn
[ .
dineccddn de fLlujo
.UX
X
a 4 3¢
X = --:‘__ﬁ
AL 13 )
y u 8 Y -
- 4 ek ! 3¢
Yy = T T ( 7 x b= T ( d,,}
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' -+ ; -1 ! .' 4 i }’¢
’U.l y »\A.;( _:J-X_

'La_magnitud def vector nonmal estd dada pon:

e
o "

"f'é B .
La direceidn del veeton unitario estd dada pon:

e hx 3¢ fy 20

= - —
ul_ u\/i_? 3x “\/ﬁ 9y

v sea La aplicacibn de un gradiente a 45°a este medio, resulta en - -
. X \ ",: ) -1
un vecton velocidad cuya dirneccidn princeipal tiene un dngulo 6 = tan

1/4, 6 =14°02

2.4 ECUACION DE CONTINUIDAD YV DIFUSIVIDAD

Ld:deﬁdiépcédn matemdtica del flujo de fluidos en medios ponro--

804 esta basada en La Ley de La consenvacibn de La masa.

7.4.1 ECUACTON DE CONTINUIDAD PARA -UN SOLO FLUIDO

’ St

La ecuacién de continuidad es consecuencia de £a aplicacibn del

principio de conservacidn de £a masa, el cual establece que La masa "

] ' .
dentro de un sistema permancce condtante con el Ziempo, es decdx, -

-

dm/d? = 0. La ccuacibn de continuidad para un ciento elemento de me

2e



.‘.'

: -d&o poqua earabtece que La nap4dez de crecimiento de Za ma&a den-

- tno del elemento es exactamente’ 4gua£ al fLujfo neza de masa hacia -

(uP)
aez mianio eﬁemenio. W(x,yz) 2+42
H ////(UP)Y
E < -
(UP)X ; I (UP)X-\‘-AX"'q
——f——-b N —_—t &
/}"_'——-
e

///f; !
s {
< |

(UP)Y+AY l(up)z

Conaadanebe un pequeno pakazezepredo de un med&o poroso de dL-
mensiones Ax, Ag, 4z; a tnaué& del cuat,ex4¢zg 6£ujo.en todas £a¢”e_
”caaaQQ‘ | N o

Haciendo un bafance de materdia dunrante uh'iﬁzaaualo pequedo de-
ziémbo at. |
Se puede condiderar que:

E£ fLujo de.masa por unidad de superficdiees Lfgual a £a uetoc&-'

dad multiplicada poxr La densidad

up i ' c . (2.73]{'
: — o
Dimensionalmente L
L Mo _ M
T L3 1L?

Ahora bien 84 e£ §Lujo de masa se. multiplica por el dnea xaan5-

L]

uen¢a£ al ftujo, se obtiene como nesultado, el fLujo mdsico.: . 7¥ ‘

K
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uphA . pq ) : (2.19)

donde
A= dnrea
M= masa
T= Ziempo
u= velocdidad

P= .densidad
Por othra parte se puede consdiderar que La entrnada de masa al -.
elemento considerado es positiva (inyéccéﬁn), mienthas que {La sald
da de masa se considera negativa [(produccidn), EL téamino fjuente -
lo sumideno) se nepresenia por W { x,y;z), el cual tiene unidades-

de masa porn unidad de voldmen de roca.

W (x,y,z) Masa

unidad de_uot. de nroca

W {x,y,z) [ + ) Ingyecedbn
J w (x,y,z) (-; ) Producedibn
?on pl&q parie: )
Masa de f{Luido en el ezdménxo,
en el tiempo £ ax by oz (" ¢0 )¢ (dnicial)
| (§inal)

en el tiempo £ + at: 8x 8y 8z [ 4o ) L, ..

Del pnrinedpio de cceuservac{n de masa:
{Masa que entrnal - [Masa que safe) = Acumulacidn,

Acumulacibn = {(Masa {inal) - (Masa indiciall

la cara &y, Az ¢5 peapendiculanr al flujo en fa direccdbn x, coin = -

*

Lo cuad La cantidad de masa nefa que entra en La diiccedfnxs: oxr -

presa cemed



at [(pu)x I\ (oulx+ﬁx]ay g;f ‘1 {?.20).

L

. . "o " . . . '
Para Las direcciones ¢, y z serobtienen expresiones similanes.

Ahora La acumufacibn se escnibe como:

o ; . AZ . Ax Ay b ' , 2,21
Acumulacifn = 4X Ay (¢p)t+AtJ._X Y zl¢olt | ‘)
tomando en cuenta Las expresiones anteriohres

ét'[ (ou), - Tpu)x*hx] ay az + AL { (bu]y - (pu)Y*Ay] AX A2
+”Az [{pu)z - (pu}z+Az ]Ay ax o+ Wix,y,z) =.§xAyAi:[f¢p)t+A%‘$o)t]

dividiendo entre Ax Ay 4z Al se obtiene:

_ ‘pu,xﬂlx'- [pu,x‘ {pu')yhﬁy_ -(puj_y_ ‘(..pu’z-v»Az"”(pu"z
AX by - ¥4
Ax Ay bz At AL

AN

tomando £Lmites cuando ax +0, ay+ 0, az+ 0 ¢ At+0y recordando La -

definicién de denivada de una funcdibn:

e wlees) g
dx Ax+0 . AX

se tiene que:

L dleun) _alouy' _ dlowzl , gy ooy . 200 Mz.24)
3 x - By 3z "' S o

~

Esta ecuacibn es La foama general de La ecuacibn de conddnudi--

dad cn un medio ponroso,

3t
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+"2.4:,2 ECUACION DE DIFUSIVIDAD -

SubAILIuyenda Zaa componentes de. La ueioc&dad poxr £a Zey de -

Daacy en fa ecanLJn de conthuLdad se tiene:

Ay,

— o hx 3¢') + -9 [p& 3_?_) + -2 (pfz_za;?.] + w(x,y,z) = _______3(¢p} (2.25)

ax M dX 3y o9y 9z  p @&z ' o a3l
Esta es La ecuacdibn general de difusividad. que nepresenta el -

feujo de un s0fo fluido a través de un medio ponroso. o

Para el 5£gjo de vanidd’ﬁﬂuidoa, es necesando cbﬁé@denan IamQ-
bién_qﬁe el medio poroso eézand‘éujeto a uaniaﬁioneé en fa satura-
cibn pon Lo tanto, despuésd de pnocede& en'5onma Aiﬁitan a La ante-
&ioa; La ecuacédnrde difusividad para §Lujo muzzigdﬁico en donde -

k¢ nebneaenta La peameabilidad efectiva al {Lujo en cuestibn, 4e -

Ziene:
so(odfn 20, B key 20, B Rf2 38)  yixy 2)e —-—2—-“5?:‘” (2.26)

ax "y 3x' T Fg'"w Uy

Para £a 4o£uc46n de &sza ecuac&dn es necesarnio’ ut&i&zaa una --

ecuaciln de eazado que netac&one La densidad con La pnea&ﬁn.

2.4.3. TIPOS DE FLUIDOS

Los ffuidos de un yacimientb A&n éEaéigzcadba den#no de tres -
‘grupos, dependiendo de su compieaibitidad. .

a) Fﬁﬁidod éncompieéibfea.

b) 'F‘Eu.édoA'f.{gefmn'ien»te compresibles.

el Feuidos compresibles .
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,-ben un {tuido incompresible, La densidad de Los §Ludidos se consi
dera constante. "

L Un §ludido se denomina Ligenamente compresible 84 su denéidad_ﬁ:
‘se puede considerar como una funcibn Linedl de presién [pon cjem--
plo compresibilidad constante) .

_ " Finalmente un §luido compnresible es aquel que presenta un cam-

bio significante de densidad con La presibn.:

Gragicamente se Tiene Lo siguiente:

P 49 compresible

~ligeramente compresible

incompresible

oo

2.4.4 ECUACIONES DE ESTADO

Denendiendo del §Ludido qﬁe se este manejando, exdsten varias --
ecuactones de aézédo..
al Si el {Luido es én&ompneéibﬂe quiere decir que £a'denaédad -
serd conatanté. |

o = ctte. (2.27)

b) S4< eﬁ-ﬁ&ﬁ{do es Ligenamente compresible: (L{iquido] La ccua-. -

edbn de.eazado send:

: : ¢ =+ (22 - (7.26)

o 3p ' T=ctte.
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s e) Pana un gas ideal

pV = nRT . ) S (2,29)

" 'd) Para dn gas nreal

pV = InRT . .
| . {2.30)
Antes de intnoducin Las ecuaciones de estado a.la ecuacibn de -

difusividad, se definen alguncs téaminos.

T * - . £l' . l. .l ’
Bo = ' Facton de voldmen en [ Uo£ ; ¢ 3 ‘ ]
. ' ) VoL, C..A:.

02, ='§L£mo de inyeccdifn en [ vol. @ e.s./d{a ]
b piea de roca

por Lo que

Wix,y,z} = Ritmo de inyeccibn de masa por unidad de vo-

) Ldmen, _ L o
Wix,y,z}= Bo q, , o , L (z.31)
Lowlx,y,z) = vol., @c.y.l[vol.@ c.4. masa ]""

vol. @c.s.,” dia’ pied “Tvol. @.y

2.5 DESARROLLO DE ECUACIONES PARA tbs DIFERENTES TIPOS DE FLUIDOS

2.5.1 ECUACTION PARA FLUJQ INCOMPRESIBLE

8i p = ctte. , %zﬁg-o o (2.32)
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y ademfs La viscosidad es conatgnxé.ive £a ecuacifn de difusdividad

3, okx 3¢, 3 k 3¢ 3
jY{oE" 37? + 3;1 ;1 gg) t o5y

'Ahbatituyendo el valon de w,

por u o dividiendo pox p

En Za ecuaclbn anterion Las

es -deedin

kx

o
L
n

n

rz

Si el medio es Léotddpico

( okz

aM}'
H aZ .

33) + Wix,y,2) =

sabiendo que —%% = 0,‘ multipficando -
{ambas constantes): .
30 . (2.33)
lkzg7] vol 0 .

[

peameabilidades pueden varian en x,y,2;

kx(x,y,z)

/ hyf{(pysz’

kz{x,y,z)

Y homogénéo

kx = ky = kaz k
i
Dividiendo La ecuacibn (2.33) pon k ‘
2128y L ey, ey, Ml
3X ax 5y 3y 3z 'z E :
2 2 - 2
s & , 3 ; . & g R ﬁfi 0
3X Y 3z " - ‘

Za‘

cual se puede expresanr como
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2

v e, quaZ.B .0

Ecuacidn de Poisson (2.35)
S4 no exdiste inyeceibn La ecuacibn antenion se simplifica a:

2 . . . R ’
Vo s 0 Ecuacidn de Laplace (2.36)

Las unidades que comunmente se usan en ingenienta petrolena son Las-

s{gudlentes:

o]

Tyol, [az;iég__;]

4 pied | -
x,y,z2 [ pies )
o { 2b/pg? ) o
bl oep )
pon Lo que
., _1a 3k
Ix * 733°§— IX
e
2¢ (2.37]
7 1
Ip 1 aD
i rr i
3p I ,a_ 3k
vy © TIT g7 5y
20 { ‘
3¢
sp .1 g 3D 2.35)
aj 14409(:3!! (
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"éubtiiuyéndo en £a ecuacibn (2.40) Las expresiones (2.41) y (2.42).

Al

¢ o =L zme -
m/o p23p
¢e 1 %0 S o {2.43)
p op "

La ecuacifn anterion nos nepresenta La nétaéién'ée La densidad-
de un LLquido con su compresibilidad. Para obtenga:£4 variaeidn ﬁegn
La presisn en Las dinecelones " x,y,z ", bastard con despejan "udb'f
de 2a gcuacidﬁ_t2.43) 7 deniﬁaa respecto a cada ﬁna de Las dineééig»

nes cornespondientes.

despejando "dp":

dp

derivando hespecto a "x,y,z"

dp_ . 1 _dp - o (2.44)
dx = cp S dx *
do 1 _dp B (2.45)

dy o dy

dp_ _ _1 dp . (2.46),
dz cn dz ' ‘

1}

- S84 el espeson del yacimiento”es peq@eﬁo Y de bajo neldieve estruc

v

Zunaf, ¢4 decdn panra fEujo hondizontal, se puede hacer La ceunsidena--
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-cibn de que el potencial de fLujo es aproximadamente igual a La --

pnaaidn;
- | . e p | : o (2.47)

Ahora bien, 84 no se tiene inyeceifn en ningdn pozo (Wlx,y,z)=0)
tomando en cuenta La consideracibn antenion y recondando La ecuacibn,

de difusividad dada por fa siguiente expresibn: . ¢+

by a0y, 2y, ke e

‘ (p'hx e ] + 3 {5 ‘
3X oooax 3Y o3y 32 T X
- (CFep )
+ W {x,y,z} = 9l Fép 7 ,
0t TR , N

Auatizdgenda en La ecuacibn anternion Las ecuaciones [2.44), (2.45) .

(2:46), y (2.47} se tiene:

N ’ \ :
.3,(9’“‘ 39)+_3_..{p”5r l_3 y ., (o .
dx. - M ep 3x 3y U ¢p Y 8z U ep 3z
. 2lsp) oL
Aimptkfééanda 2a eccuaciln antenior: "
. -l' -
-; ( Ry .7 B ) 3 ky 1 .30 - 2| k- ! 30y,
RS S 3x - Ay M. et Ay C 3z TR #.Z
Tz ' . '
"t | _ ' (2.48)

Considenando un medio iaata&ﬁiﬁo (k;ahy=kzsﬁy; La viscosidad -
constante [us=scHe), mulitiplicando.ponr we y d{vidiendo entre k, se -
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obtiene:

9 | 9 k] ]
SR 1 NP RO Q] - R
IxX ox oy ay 8z -
0 dea:
2 2 2
3 0 +‘_ap s 3P . _%uc 3p
4 2 2
IX - Y pz” kot

siendo equivalente a :

" VZD. c ¢uc 30 “w o
k at

\n

(2.49)

La ecuacidn obtenida anterionmente es fLa nepresentativa para el-

fLujo de un §Luido Ligenamente compneéib£e de compaedibitiddd cons--

tante, La cual puede ser aplicada para LLouidos Y pdnq gases en in--

tenvalos pequenos.

La ecuacibn (2.49) no et muy prdetica para su utilizacibn en La-

gorma obtenida, debido a La dif{cuftad que presenta La evaluacidn de

Las denaidada@iqun L0 que es convendiente expresar La ecuacibn (2,49

en funcdidn de La pnaéidh.

Pe La ecuacién (2.45)

despejande "edp' 4e tiene:

40
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edp = do
integrando de p_a p
P P ' : _—
f cdp - f ip_. o . !
:po po p B

4e obtiene:

" u

despejando o
A . poec( P-P, ) N i} - (lz__tsmj

’oo = densidad inicial del fLuido valuada a una:paeéidn inicial -
.('-poJ ,
p = presdbn medida a cualquien tiempo.

i

Recondando que La {6rmula de expansibn de wna funcibn "{(z) , <"
en Las cencanfas del valon conocido de La funcibn por medio de 2a se-
. I - .

nie de Taylor, siendo "a" el punto conocddo:

(l2) » fla) + Hlal(z-a, (" (alle-a¥, o, £alk-a)”

TT n!

porn Lo tanto se puede expandir_La 5unc£6n‘5(iatnededon def punto x=0,

entonced:

fCa) = 1+ x_+ x% + x°+ e 4 x]
R T T o
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pon fo tanzo:_

cp

0P 1 e ep v e . coe gt L (2.1
S N B ! ! , n! o .

En La mayonla de Los casos en ihgenéea(é petrolera {para LLqui- -

i

dos), se cumple que:

cp < 0,01

‘c2p2< 0.0001
por Lo que La expresibn (251) se puede simpLificar a: '
cp

£ 1 ¢ cp._ o | v (2.52)

;-

B

sustituyendo La ecuacifn (2.52) en la ecuacibn {2.50) se tiene:

~

o : o #p, [ 1+ ¢cp)

't2.53l

teniendo La-densidad como funcibn de La presdibn, se podrd obtenen La-

ecuacibn de fLujo nepresentativa.

Sustituyendo La ecuacdiln (2.53) en La ecuacibn (2.49)

3_[a[°;{I+cp)] ] , 0 [3[°o(7¥cp)]. ] . 3 [3[po(l+CpJ  jf,A .

ox ax Sy Y , Jdz - dz
. . . i
hug 3&¢(I+cpﬂ . ‘ .
- L _ : {2.54)

kR 3z

Alende "*." La densidad iricial del 52u£da(coh4tdhtg],'entance;{

= 0
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" por Lo que, en f£a direccibn "x" se tiene:

e ( 0 + ¢ Po2l )
- X 3x

aeduciéndﬁée La ecuacibn (2,54) a:

) 3 » 3. _ cc 3
o P [ L., + g] - .¢uc Cp_ 3P |
3x 3y az -k 3t
divddiendo entne op
2 2 2 : :
2 p, 3P, 3P _duc _ 3p.
) z )
aX Y 3z I -I  »
0 sea:
) . | .
n v p = ppt ap " ‘ s . ‘2.551
k at :

que es lLa ecuécidn de difusibfn para un fLuido Ligeramente co$pne4£b£e':

habiendo hecho fas sigulientes consdideraclones:

« meddio i&otainco ,A | -

- medialhdmogéneo

~ viscosdidad constante

- compresibilidad constante
La importancia que reviste dicha ecuacidn. s tnaacehdkn%ﬂ,.debido-

a su mdetiple utifidad, Entre otnas.aplicaciones ae tienénéf' |

- pruebas de presidn |incremento, decremento, interferenciai etc.)

- pauebas de tim;té de yacimientos

- simulacddn de yacimientos.
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2.5.3 ECUACTON UE FLUJO PARA UN GAS REAL

Para podex obtenex La ecuacibn representativa de §Lujfo delgaé,J

es necesdario introducdin La ecuacibn genexal de Lod gases.

Recordando £a ecuacifn genenatlde Los gases ddda ponr:

pVs=2InRT L (2.56) "

oon 3 n® de moles = m = masa - [2 57)
M. peso moleculanr |

sustituyendo La ecuacibn {2.57). en La ecuacibn (2.56).
pv=im RT o ; (2.58)

de £a ccuacibn [2.40) o = m
v

Auazituyehdb La ecuacddn (2.40) en La ecuacibn {2.58) y despcjando--

p" se tlene:

wosom s pM | | (2.59)

4nuoPuc1andu el valon de La densidad de un gas dada pox La ccuacLJn-

{2 50} en fa ecuacLldn dr difusfuidad.,

. ’ P , Yo ) \ '
o ‘ Pl" k:-ﬁ_ a I' ) + i ( ....’-J_':.{-_- .f.;.:j:-— a !! - } + : Q ( &-’ I\.z a E ’ -
Sy IRT 3 3y ay ZFTT_- o oy 4 IRT ' 4
M ¢, vol. {x,y,z} = . 3 "
t J . - - ! P ’ (9.60)
2rT ot IRT



Si{ se Lama ! a Las condiciones de yacimiento y 2 a Las condicio-

nes de superficie

pyVy = po ¥y
LTy 1Ty

como V, = q vol. {x,y,2}

py g vol. (x,y,z) = p, q vol. [sc§)/d (2.6&3
)T, _ 2,7, ' ‘
éaﬁigndo que £as condiciones estandar son: - \

T, = 60°F = 60+460 = 520 °R
R
pz-s 14.7 tb/pgz.
i
d = dla
despefando q vol. {x,y,z} de La ecuacibn [(2.61) y susiituyendo Los -

valores de Las condiciones esiandanr:

q vol. fﬁ,y,z] = 14.7 x g vol. (scf/d) ;T
' : 520 o P

dustituyendo La ecuactbn (2.62) en La ecuacdibn (2.60)

\

2 oM _kx opy , _a oM Ry _3p, , .3  pM kz _3p,,
Ax IRT u  aX 3y  IRT " 5y 2z IRT w3z

p {14.7) ¢ vol. [scf/d) *. 3 M }
' 2 Tep x 520 ‘3t IRT
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'como M R y T son constantes; mu!t&p!&cando pon R T y dchd4endo “Tﬁ'

t 4.

'lent&e M nesulta Lo siguiente:

na(_p kx BP’+ B(J.ky..ap)‘,_.a( p ke _Sn)+
cex w2 a3y wiZv -y 3z .y 1 2z

14.7 ¢ vot. [scf/d) = 1 a(' *'5 "

(2,63
520 x 5.615 5.615 3t ’ 2z ( |

que. ¢4 La ecuacidn de difusifn para un gas real, 'en donde:

666/63 R | h
2. vet. [ pie3_ roca ] B o

r.. [°7]

' [eb/pg?] _’f; | g - | n\}

5,615 facton de conversddn [ 1 bg-= 5.615 pied |-

La ecuacibn anterionr es una eéﬁaci&n no Lineal.
Pana #educin La no Linealidad de 2a. ecuacibn se é;itiéand wn aati{{4n:
cio. : i

DPejdlnase al potencial de un gas neaﬂgcomo (pi):

P. : R
LT f ¢ de "

po  wlzh 2 0g) ok

La indcanral anteniox se'puede calculan a ;aduéé dgz‘méxoda de Simp--

dun pana 6unc«onea discnetas. EL método canaiaze en efabonar una ta-.

bla d¢ valeres y una gnﬁﬁ¢ca de "p" VS "p/ z", donde a pani&n dc La-

uni{fn deo ﬂaé puutus se cbitend:d una cuava, poR. med&o ‘de fta cual se -

4€



. podad obtener el uaton de £a ¢n£egna£ en un Lnteaualo, que hepne-

—;Aenta el drea bajo 2a curva.

1
oo

La funcddn antenion peamile transformar La ecuacidn.no tineal -
,dé ta sigudiente manera:

44 . o B

221 : L.y apt , iﬂ: o 3P
ap w2 ax 3p  Bx

de Lendrnd que:

] ’ll At ! "
! P, L, 20 . B 2P (2.64)
'y
L
ul

>
e

'au¢£ikuyendo.a£ valon de fa ecuacibn {2.64) en La ecuacibn para un-

gas real se tendrd:

Y

Tax, ER S Y 32 RS
14.7 g vol. (scf/d) = 1 5 (op _y (2.65)
520 x 5.615 5.615 3t 2. | .

ademds de (a expresdidn antenion se pueden obtencr oXras 2 cxpresio-’
\
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-nes: de La Ley de £0s gases neales:

Ve Im RT - S (2.66)
M p ;o

denivando respecto a "p" La ecuacién antenion

BV = mRT ( I + 1 a2 ) :

ap M Ip? P ap .
oV : .‘ mRT ( 1 :.)VZ _ z ’ {2.67)‘
ap M p 3P p2 .. , o

sustituyendo La ecuacidn fZ.éél,yILa !2.6?i en La ecuacibn dercoﬁpnéf

sibitidad ceuacibn (2.40).

A

Im RT " M p ap  p2?
éimpfiﬁiéaudo
Z p An pZ2
| = 1 _ 1 caz v (2.68)
fﬁ o P - uEp ' :

que neprescnta Lo ecuacdbn de compresibilidad para gascs.
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.nijjvgtuténmino SN ,.de La eccuacidn (2.65), §£ s¢ consdide-

2t 1

na’ La ponosdidad { ¢} como una constante, se tiene:

3z ' ]

jp, ’

~ L) . 2By 3P, 2B + )
I ap - 2 at 22 w2 At
. :
P ( ] _ ] ai ] ap |
p z ap 3t
como c= 1 1 .3z
p Z ..9p
entfonces:
" 2y . o.pe _p @ "

S&

. de npn

o seaqa:

ponr Lo

ap* ot

se tiene una difenencial total, es decir que

enfonces:

. » ;‘ ]
ap*  ap*/ap
dp - 1 . I :
dp* dp*/dp p/gz‘ %.‘

que:

49
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gt gy aee a0

quedando finalmente La ecuacibn para un gas neal en tres foamas dife

rentes:

;a;"'._.'o'_(fzx_aﬂi;+__a,(fiy_g£1,+__a;k2-_a2l,;

Ix 3x Y 3y k4 3z
14.7 q. vol, [sef/d) = 4pe [ 2B ) {z.70)
520 x 5.615. 5.615 at |
2a) —2 ( Rx _3p® 3 ky ap% ) 2 kz ap’ ),
: ix X Ay dy 9z D ¥ 4
14.7 g. vol, (scf/d) = euc ( SE') ‘ : (2;71)
520 x 5.615. 5.615 at ,A'
. ‘ L *
sa) 2 [ Rx apt ), 8 kyapt , _a (hz ap7,y,
3 X ax Y Yy 3z 9z
14.7 q. vol. lacf/d) = 4 2 | L) '{2'/”')
520 x 5.615 5.615 3z Z - ) |

NOYA: La consdideracddn de que 2a ponoaidad es constante, es acep-ta--_<

hie duebido a que fa compresibilidad de La noca es mucho menon que La

cr.-mpﬁ'c.u'.bé tidad del gas .



2.6 FORMULACTION TNTEGRAL DE UN PROBLEMA TRIFASICO-

Para formulanr Las ecuaclornes de §lujo tniﬁdaicb}#éé tomaron en-
~cuenta fas propiedades de cada fLuido en paat&cutan. Pnoced&endo en 7
5onma similan a La utilizada pahra deducan 2a acuaca&n de §Lujo mono

fdsdico, se LlLega a Las sdgulenies ecuaciones de 6£uj0 de thes fases.

\ : \ :":_"." . "

Ax 1 Taz
"~ . R “L .
- - Ay —g .
Acedte: . N S -ﬂ' "
v( Ker0h op ) 4 o, stb/d = L0 2 (30 (2.73)
vy Bo Lo 5.615 3t - Bo'h _ B
. Agua: .
v( Kexw Ao ) 4oq, stbid - —YB 3 (4Su 12.74)
iy Bu 5.615 3t  Bu. o
Gas:
v( Kere &g, o B Khroh oo )4 4 o stb/go L0 & (2.75)
Ug Bg ] Uo Bo ~5.6]5 2t
(¢3_g +¢SO RS}
Bg‘ Bo
donde !
A =btxbz, v =ﬁxlﬁtj1‘2

4

Ademds del {Lujo de cada fase se ILQHEH £aa siguientes: ecuacdo-

nes auxsliares que can&esponden a La pne446n cap&ﬂan ecuac&éu de -
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- saturacibn y Las ecuaciones del potencial.

" Pegy " Po T Py B L (2.76)
- ch_o " Pg " Py :. ' C12.77)
-1 - Sov s+ sg S | © (2.7

* Medio mojfado por agua, donde generalmente Pg> Py > Py
. - {

Como se menciono antenionrmente ¢f comportamiento de La presifn-
capilan, se obtiene pon medio del andlisis petnofisico LLevado a ca

bo en el Labonratonrio.

Pco,DAP 1o o | |

En alguras nrocas p s2 vuelve negativa, implicando un cam--

Co-w

bio de mefabilidad.

Relacdiones de polencial. d
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-q’o' po‘_I__LpoD [2.79)

144 90
°w= pw-.i..__ﬁ.__pwv ‘(2.80)_'
144 de .

Qg = pg'- ] ] pgv.. - N ‘
144 ga (2.871)
! - ‘
Con Lo cual se tendrdn 6 ecuaciones con 6 Zucdgnitaa y por Lo--

tanto el sistema serd compatible. Los pandmetnob que se¢ deben de- -

teaminar soni p., pw,‘pé, So, Sw ¢y Sg.

2.7 CONDICIONES INICIALES y CONDICIONES DE FRONTERA

] . ' ‘
i - i .
‘al.= Condiciones Liniciales, » o

) 1

Cuando una de Las variables independientes en una ecuacibn dife-

rencial pancial es el tiempo, se necesita conocen entre otras cosas,
La vandiable dependdiente a un tiempo £t phna obtener La solucidn de-

La ecuaciln a oinos tiempos. A €sta se Le teama condicifn inicial.

En aimulacibn de yacimientos, geﬁgxa&mente”fa vardiable depénf -
diente es La presibn. |

Las presiones y satunaciones deben sen conocidas al tiempo =2 .

Para deteaminan Las condiciones anterdiones, éstas se determinan

a través de un ejemplo ilustrativo. Dadas fas presiones del acedte,

« fa saturacibn de agu&'y La saturacibn de gas.

Sg = 1 - So - Su
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\ .
£as permeabilidades nelativas de 3 fases,

En La prdetica se debe proceden de La sigudiente manenra:

- Conocer el plano estructural y eatnatignd&ico

Conocen Las profundidades de Los contactad {g -0 ,w-0 |

.EXLAIZRC&a Y tamano def aculfero (6L es que EXLAIQ)

Propiedades pVT de Los 6£u¢doa en 6unc46n de £a presibn

Cunvas de ‘presibn cap&@an (pcg_o, pcw_o )

Cunvas de permabilidades relativas. -

krg = hrg(sgj
Ryw = kRyw (Sy)

kro = kro (Sw, Sg |

p

Sg
agua — aceite . -’ oceite-gos

En La actualidad no existe un equipo efectivo para deteaminan --

Lo guc'&e hace es elaboran-

2 gndgicas utilizandc 2 fluidos pana cada una?ﬂé-q y w-0).

{-
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Y, , : .
7.- Como d€timo dato se requiere defindin La presibn en un plano de -
referencia. ,

Antes de entran al andlisis de frontenas, deﬁzhaae algunocs Térmd

"nos necedarios para su entendimiento.
+ Thansmisividad (T}

La tranamisividad se define como La capacidad de transmitin, da-
da por La sdigulente ecuacdibn:

‘qupt

de La ecuacién de'Daacy

entonces ' oL . 3

6}.- Condiciones de 6aonte&a.l L ..

I .t ' .
Si se conoce La presibn, ylo Las prdimenas denivadas espaciales -
de La misma, en deteaminadas negiones de un yacimiento para todo va-

Lon del tiempo, a Estas se Les conoce como condiciones de §rnontera.

Las §rontenas son Limites del yacimiento, que pueden estar abien
tas o cerradas al ffujo. De acuerdo a Los problemas que se presentan

en simulacibn de yacimientos, se consideran frontenas cerradas.

Frontena cerrada. . Frontena caractenizada .por La inexistencdia dc

fLujo. Su cualidad 5undam¢nza£ esta dada po&;_-
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A}

‘;1]?;12_ #0 ) = Condiciones de fnontena de presifit ylo gastos cons

Y LT SEESIRNR
o ":.-'. '\ . o tantes . ‘J )
s T = Veetor penpendicular a todas Las superficies equi-
sty i. .. .. potemciales. . .o B

i Cémo cenrar Las 5nontea&zv? o e

'-“. .t i - . - "T
.. Bdsdlcamente exisien 2 formas de cernaxi Las frontferas cuando se --

utiliza una malla de btoéuea, y €stas son Las Aigdienzea:

1}.- Evitar el flujo a través de toda La peniferia, haciendo Las .- -

transmisividades en dicha periferia Lgual a cenro.

|
TYie 0

(L L L Ll

N

NNANN

~

'T*~:+a?°

ONNANLN
AN S S BNN

VAT arr av e v av av 4
S T 8
. y, = 0
donde: | o, ‘I,Ny+1
Nx = Ndmeno de bloques en La direcelbn "x"

Ny = Ndmeno de bloques en 2a direcedibn iy

2).- la Qegunda foama se puede hacer a través de extenden La malla
agregando bloques vintuales exteanos a d;cha frontera y hacdlendo tb#-
potenciales, pemmcabiﬁida&éé, presicnes, ete. de cada béoque agnegd,-
do dLguales a Lus del btoque {nteaior {nmediato aduaécutc. De tal foxr-
hm& que e haya cambio de -bloque a bEoque adyacente y el §Lujo 4qa'¢e—

AU,

e e e e s s ok & Swrmmmm b



F==rr ot
I A i 31
. ! t |
1 -~ : o} O\i.’ \r "--"'
RIRA RIS »
. fow'a _
I -
| oo I,
- [ A ’ . * l
e lL - --.4'
i,
| ‘?11 I - _{l |
" ol o I cee

1 y 1’ tienen Las m&éma& canactea£44t¢caa de£ bloque adyacente, es -

o

decin:

por Lo tanto el flufo de 1 a 1' es zgua£'a cero. .

. ~

La degddleiencia de &sta segunda forma es que se genera una nueva-

ned o sea:

L1

e_:[Nx) (Ny] a (Nx +.2) (Ny + 2] - 4
Nk 4 2) (N o+ 2) - 4= 2Ny v Nx) + NxNy Nx'Ny

4
A

por Lo que se agregarla un  ndmeno considenable de"ecuaciones. B

P0Z0S INVECTORES 0 PRODUCTORES {téamino fuente).

+ Para un modelo areal

[

S{ el rditmo de inyéccidn es dato, se antuye como zénm¢no guente

t

(sumideno) en La ecuacibn y se deteaanan Las p&eé&oneé y Aatuaac&o—-

+

nes como en cuafqudien otro bloque.
- i

S{ se quiene deteaminar el gasto en funcifn de foamaciones se - -

Zendrd que nelacionan La presdidn en et jondd con La presién de'{ondg-
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.,

6£uyendo.-:,

+ Paaa un modeto ve&ILcaZ o t44d4men440ua£

.,,-.

.',' I;

Se deEe dividin el gaéto entre Las capaA "d&&panadaa".-ﬁay va---
rias formas de hacento, La mdé simple es dLULdL& el nitmo :oiaz de -

4

acuerdo af producto hh de cada b£oque. Lfﬁvﬂ . ' T jf:

Ponr ejempzo.- Para 3 bZoqueA (capas y un ritmo de Lnyecciduidadol

1

L v '
. WA
h"
_ h+ w2 ;
hy 4
. 'S
.- h{ - .
h .
7, - Ki A1 2, 3
K, h,  + K2.h 3 h3 s
q2 " K2 h2 QT
, Ky by + Ky h 3 hy
K1 h1,+ K2 h2_+ Ka ha

?

se puedé presentan el caso de que kxﬂf.Ky ¥ Kz landsotnbpie ).
Panra p&Opdaitbgdéfdiuidin Los gastos, solo se Ltoma Kx y Ky.

Por Lo que &¢ puede'chtcuzan "K" de difaaenteé §onmas.

1. Promeddio anitﬁétito
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K, = 1/2 (Kx, + Ky, |

2.- Promedio geométrico

K K —
Kl =/ xl - yl 3

Ejemplo: .

Dada K{ 150, 180, 10 }, caleulanr K,
Solucibn: .

!1.- | K = 1/2 (150 + 1§0) = 145

' 1
2,- k= VIso x 1500 = 164,32
2.a.- K, ://]15012 + (1680)2 = 165.68
3.- K, = _ ] S e 163.64
I 4 1

2 x 150 2 x 180

Efemplo No., 2: K ([ 150,15,10)

Solucibfin:
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1.- o K, = 1/2 (150 + 15) = 82,5

. . 1 , g

PR K, =a/150 x 15 = 47.43

2 L W D~ :

2.a.- Ky =a/1150)% + (158 = 1066 ;

LI K e 1

o ' ' I + , :if
300 30 )

De 20s ejemplos anteniores se puede concluln:
al.- Se puede utillzan cuaiduien forma cuando se ziene anisotropla.”

b).~ A travéa de expen&anc&aa s¢ ha dctenm&nado que en an&aotnoplaa-L
considerables, es necomendable eof pmomad&o geamétn&co para £a -

penmegbi&idadAhonazontat del tloque.

2.8 REQUERIMIENTOS, DAT(OS GENERALES ¥ PREPARACION DE UN STHULADOR .
:11.- Mapas bdaicoa'aequenidoa=

l.a.- Mapa eétnuczuna£ - Sinve para dctenm{nan h'zndveé de fas -
curvas de nivel, Las p&o&und&dadaé de. Los pozos, eﬁeczaé gcoﬁdg&cob-
de subsuelo como . fatllas, ﬂé& como La ULAIa en ptania det yac&m&QuIm,

Limites del mismo, contactos agua-acedle, gaé-ace4£e y/o gas- aguq,.

1.b.- Mupe de {scpacas.- Lineas que-unen puntb& en el yacimiéuzo'

de iguul cepescn. Entre otras cosas, sinve pada cuantigican uoﬂdma--

Lndcamente ya sca c£ voldmen original de ace&te y/o voldmen o4&q¢na£
de gas ¢

‘l.e.- Mapa de Léoporosdidades.- Vor meddo dg_ddcﬁeoa y de negdis--:.

" tuoe grogfsicos se defeamina La porosidad en cientos puntos, L0 cua



J-Lea son referidos a un plano. POéth&O&menta se Lpte&poﬂa entre di-

RPN

“"choa valores para asignar un uazoh da porosidad a cada cetda

1.d.- Mapa de LAOPE)LmeabLZLdadQA o~ . Tgual at de &AOpOILOéLdadeé -

La diferencia-entre eflfos es que en €ste dltimo e ut&t&zan pe4mea64

L lidades,

.
2).- Sistema de cuadnicula de fa malla.
Un sistema de cuadadicula o Aiatema de celdas éé-aobnepueétd at --
plano estructural del yacimiento, ALQHdO cada celda una unidad bdb&-.
ca usada en el simulador de fLujo de 6£u¢d04 Y catcutaa de bazance -

de matenia para cada celda.

‘.u

Algunos pquOA bdd&co& a coné&denaa en La aeﬂecc¢6n de£~44¢tema-
de cezdaa es e£ 649u&2n£e "
a]ﬁjfEZ sLstema de La malla en toda 4#'6oama Aendtaectangutaa!
b):- La malla contendnd La menor cantidad de btoqded-camo ¢eg ﬁbA{;7
" ble,. dependiendo de 2a hezenogene4dad del yac&m&enzo L
' cj,- La ma££a'oend conneptamente oaLanada, c£aé¢54cada segiin Aqua-
mano Y &ﬂ fjorma pana'pzamitin_und buena apnoxgmac46n de,£o¢ 2L~
mites def yacimiento. B |
d) .- S& exiéte'peﬁmeébi£idad dinecciandﬁ u oaienté&a un efe de £a.-
malla eatand en £a dineccibn de méxima penmeab4£4dad DLCha per
meabilidad podnd sen determinada pon medio de prucbas dc.pne¢46n
pruebas de pulso, ele. .
el.: Tratanr de colocan un pozo pon blogue y en et centrno del m&&mo
5),4:S¢ La QXLAIQHCLQ de un aculfeno cs conoc&dq 0_44 el 5£ujo dc --
agua ealéaapechado, el $£5§ema'de malla iﬁg?uind hilenas extras

de celuas a cubain el acuzgena‘pa&a ¢£mu£42:e£ fLujo del agua.
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CAPII'T-ULO3 : o o

4 ~
N, L ) . 4

'$.1 INTRODUCCION

Las ecuacionea'que nepresentan ef fLujo de 6£u£do; en meddios po:i
R0504 son en genenai ecuaciones dLﬂQ&QHCLdZEd pahc&aﬂeé no £4uea£eé
'Zaé cuales aeﬂac&anan cambios de p&e&&dn y éatuaac¢6n con el I&empo-;
a trhavés del mad&o. Esas ecuacdiones Aon extnemadamente campﬂe;aé, Y-
ta obtencibn de una s0lucibn se compt&ca por La paeaencaa de cond&-:

"c&oneb de Efmite (de frontena) eépec¢a£42adaa. h

La 402uc¢6n de eAaA ecuac&oneé pOklmed&Ob anaﬁft&co& cs. general
mente meOdLbze, excepta para casos I&Lvéaﬂeé. La Ao£uc¢6n num€n4ca-
de esas. ecuac4one4 ed genenazmenze e£ dndco cam&nﬁtpana que.una Aotu
cibn pueda sen obtenida en La mayon(a de Las api&cac&oneé. Pana nc--
Aotuea numénicamente eazaa ‘ecuaciones se procede a uéaa atgunos de -

2os mEtodos de s0lucibn, entre L0s& cuales se encuentran £o0s siguden-

tes:

St
ot

I

d) Me¢odoa de diferencias finitas.
| La so0lucdbn numén&ca de Las ecuac&oned pne&enza aedpuEétaé a pun
‘tos discretos dentro del sistema, la tnan&ﬁonmacadn de una ecuaC¢6n-
| diferencial (cantinua].d:una forma d&Acneza'ée_hage pon ¢l uso dg di
'6e@enc£aé-5inizaé. : | -
b).- Métodos vaniacionales. - f' ‘ -
Estos métodos ne tan solo nesuclven £a5 ecﬁacioncé en punio&~d£4
.
cnétoa dino ademds aproximan Las aoﬂuc&oneb poa med&o de un conjun-{
to de polinomics dc diveasos gnados.zventno de - cazoa métodos se cn--

-'.)‘

iguanzna el método de Galeakin.
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Estos métodos son muy‘uiilizq&oa en La so0lucdibn de problemas que

‘consideran gLujo de calor, esfuerzos generados por cambios de tempe-

natura, etc.

3,2 SERIE DE TAYLOR ".‘.a'. : .

La sernie de Taylon es el principio bdsico usado en fa denivacién
de Las §6rmulas de @pﬁbx;macLJn en diﬂeienciaa 5£niiﬁ¢. |

Sea una 5uné£6n:3{£),.g£ valon dejelta funcibn expandida alrede-~
don de un punto A cualquienra, estd dédb ponr:

LA

4 (x) ?'a; +'a1“{x-al + aé (x{a)?‘+ a, [x-af3"+...... (3.1)

en donde tas incognitas son Las constantes Qgy G4, a2, ..... a. . ta ~
obtencidn de estos valores se Logra derivando sucesdi{vamente fLa fun--

cibn oniginal:
§' (x) = a, + 2a, (x-a]1 ¢ 3a, [x-a)? + 4a, (x-a)° + .
1 2 3 . u .. L I B ]
' | . 1 2 3
§'' (x) = 2ay +'3.%a5 (x-al"+ 4.3a, (x-a)” + 5.4a. (x-a}” + ...
6 dx) = 3.2.0a5 + 4.3.24, (x-alt+ 5.4.3a; (x-a)® + ...,
T

§ (x] = n! ah'f (n-1) ! a__, (x;a] F e "':;:f"

‘;'Ahoia,cuaﬂuandb.tdé denivadas en el punto x=a y despejando 3¢ ob "

Lendrndn Los valones de Los coeficientes a;
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§{x)

=]
<
"

I

'a2 = ' (a-}ll

2!

“3 - Arrr.L(‘a) ‘=l' '6”' (a]
3.2.1 . 3!

. £ la)

n!

[~
n

Sustituyendo en (@ ecuacidn (3-1) el valon de £os coeﬁicienzed;

encontrados, se Lendrd:

fix) = fla) + _4' (a) (x-a) + £ la) {x-a)? o+ (' (a] “(x-a}%,“

1! 2! i 3!

e g la) (x-a)”

n! :

 Pana obtenen una aproximacién adecuada évaluando el menox ndme-
\ S
ho posdible de 2Enminos de La sendie cs ncceaan{d’que, para el enésdi-
'ﬁo téamino (x-a)® < n! {(y/o que La enfsima dendvada sea peduéﬁa}.
Pon Lo tanto 84 se quderen consdiderar un ndmero neducido &g tén

minos es necesario que (x-a) sea pequeia.

3.3 SERIES DE MC. LAURIN

Tral L

La sexie de Mc. Launin de una funcibn se genena expandiendo La-

misma alrededon del punto a = 0,
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i

~

-
W
LE

(3.3)

y = § (x) = sen 18°

Evaluando La funeién y sus denivadas en el punto ael, y tomando_h

en consdideracibn que 18°son - n/10 nadianes:

L]
L=

y = den x

y' | ’ = co0d x = 1

y'! ' .- sen x = 0

g't! : = - cos x & -1

y'tte - sen x = 0

ytrree o = cos x = 1

y'trrer = - sen x = 0

gtrrrrer o =-dbl4x=-1 -
PEEEERRE | = sen x = 0

Entonces

S ——

19 6 120

B
i

4 L‘ﬁ)!b} e 0+ 1+ 0 - f i((n/ro]3 + 0+ 1 ( 3/10}5+ﬂj'

+
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Tt n/10) = 0.314159265 - 0,005167713 + 0.00002502

gl w/10) ¢ 0.309016994

3.4, APLICACION DE LA SERIE DE TAYLOR EN LA EVALUACION DE DERIVADAS

C s

Considénese el intervalo 0,1 dividiendo en R subintenvalos de

Longitud x.
xe ]

En un punto cualquiena xi :

x, = 4 8x, ¢ obviamente

~La distancia entre dos puntos condecutivos eania_"viﬁcncnc{a §£
rndta x.
! En.ez'método'de "Difenencias Finitas" La evaluacibn de Llas fun-

ciones, y sus denivadas se efectda solamente en Los puntos X

L= 0,1,2,..... R,

x-4x - x T x+hx :
. . . . 1
: Ax ! Ax :
g - . + ey P . .;H .
" la. E — D
: Rz —
Ax.
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oox=-Ax & i— 4
.: 3 T ‘

‘ x+Ax g ity

k - 3.4,1 SERIES DE TAVLOR EN UNA DIMENSION . -

" UtiLizando La notacdbn anternior Las expansiones en senie de Tay-.

Yy X,

£on'paaa una funcibn { (x), en Los puntbé Xi4q

mo:? Ny

, lax)?2 a2 |

i-1

s Lexd® a3

de escriben co

-~ he

6.4.1" 65. + AX _aL , - + . '!.
. : Cax | i 2! ax2 i 3! ax .
i _ e , ‘ ) ; :h
, Lax)n _ang | | A3.4)
n! ax 1 i el
| ] 2 2 : .3“ 3 g
§. = 4. - ax .aﬁ 4 {ax) 3. 4 _ [ax) 3°4 e
i-1 1 x| 2! ax? i 31 3
n n ) T
. Lax) 2 g _ 1 (3.5)
] . .
n! ax 1 1
3.4.1.1 PRIMERA DERIVADA -
La expresién de 2La pniﬁeaa denivada, se obt{ene de&pejandq'ﬂd'
ecuacifn {3.4) en téaminos de dicha denivada:
‘ . 2,.. 2,13 i
af . fata-f; o ax _3a’f" o fax) CAS S B (3.6)
ax | i x0T 2t x| . 3! ax 3
\ .
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)

La cual tiene un erron de truncamiento de segundo onden,
4

_Ld_ = fite - f£5-4 + g(Ax2) ' {3.11)
ax i 2ax ;

Procediendo en forma andloga se pueden obtener {6amulas de magor
precisi{bn pana La primena denivada, expandiendo La funcibén cn utaros-

puﬁxoé cercanos al punto x, por ejemplo:

fov = 6.+ lzax) 26 | o MZexd® 924 |, lzad® 9% |,
1+2 i : 9X i 2! cax 2 3 3 oy 3 :
e ‘ ‘ ' | |
e e (3.12)
4! Ix i

S PRI S B { T LY S (2ax)3 834, (Zax)"
i

60_ '

i-2 Coax i 20 ax? 3! 5x 3 4!

1

_a'f , (3.13)
b :

gX

3.4.1.7 SEGUNDA DERIVADA ' )

Una expresibn de La segunda dendivada se obtiene sumando Las ecua

ciones (3.4} y (3.5)

i

' ' "' | 2 | u k .....
R P T Lox) _ 278 | 4eeeeee 3014)
R ©ax ;

'8

i+l i=1

6

i 12 ax* i

en donde el téamino del enncr €4 de segundo onden

!
¢
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3’2{!. T T I (M.j2 a4y §iv1 ~26; *E5y

ax? | (8x) 2 P 2 PRI I ' (Axlz

i 2
fie[bx) (3.15)

o )
3.4.7 SERIE DE TAYLOR EN DOS DIMENSIONES

Pana La obtencifn de {drmulas en diferencias finitas que Lnvolu-
chen dos dimensiones, se puede utifizar La eXpansibn de La sendie de-

Taylon, en dos dimensiones:

fis1,921 = 65,9 * (28x) 4 .t (rayl "i“ [
i} aX 1,3
+ 2 g 224 2
2! 3x2 isj Bxay lij 7! 39‘2 ilj

‘., (3.16)

0tna altennativa, generalmente m&é sencilla se Logra utilizando-
Las ﬁdﬁmdzaa de unﬁ dimens{ibn, haciendo vaniar £a funcibén en una di-
neceibn y manteniendo Los subindices de Las otnas dineccdiones cons--
tantes, ponr ejemplo; La-expansibn de La funcibdn §(x,y) en el punto -
(i+1,3+41 ) se puede obtenen porn ejemplo expandiendo primenc en fa -
en La dineccdén "xf; manteniendo constantes Los Indices de La dinec-

cibn "y", ejemplo:

: 3 (ex)® 3%
. o= e .+ px b Lot *
fiv1,541 6},J+1 | | geitl Y w? li.j+t
(1) (2) [3)
3 " )
()2 g R (5.7,
3! x4
(4)
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NJ;eae que £a funcibn. y Las derivadas estdn evaluadas en [i+1,

41 es decdin en el punto (x,ytay ), pon'tb tanto es necesanio ex--
pandir nuevamente cada un& de Los téaminos numenados, manteniendo -
ahora constantes Los Lndices en fLa dineccdidn "x" y uénian £o; {ndd-

ces en La dineccibn "y";

2 2
! ) = + o4 L+ (ay)” _3%f s 3.18)
(1 6y 541 = 65,9 % 09 i y oy 113 (
' 3
(2} 24 —1 . v oay 228, Lay) 3¢ I ..
T ax i,i+1 ax  li,j 3X 3y 3! ax3y 2 li,]
..... » LI B BN (3‘19}
4 %4 3 3¢ [ag)® 2%
(3) = + oY + Y +,
ax li,j+1 ax?2 1i,j ax 23y 7! ax?ay? i,
et (3.20)

La expresibn final se obtiene cuando fLos {ndices de La guncibn-

y sus doadvadas son precdsamende (1,3}, en este cado:

' 5
Lt 5‘“"”2‘& ”“y)_ag pAexi® 2, L s

it1,521 3 X

§

|

3.4.3 SERIE DE TAYLOR EN TRES DIMENSIONES

La expansibn de una funcibn en tres dimensiones se Logra en una

forma andloga a La anteraior o mediante La expansién de €a senie de-
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Taytor en tres dineccdones &,4,k:

+ [+ ax 3 * a8y 3 * sz 3 ) -
X 8y 3z

6 6

i1,5¢1 k21 05,4,k

T 2
+ + AX + + AZ
" (+ & 3+ Ay 3t A ) ) 61’]’k‘
Coax ay 3z
+ {+ + + 3
—3T— IN 8y __3 42 85 5 '
2 »
X Y iz - : 1
+ . . » - . - (3.22']

3.5 METODOQ DE GREENSPAN

Esze método es dtif panra encontrar expresdiones de cualqudier dend-
vada en términos de valonres de La funcibn, en Los puntos cercanos en-
cuestibn. EL método consiste en asocian a cada uno de Los puntos se--

Leccdionados una consitante, £a cuaf se valua postenionmente.

A continuacibn se presentan vanios ejemplos pana {lustnan La apli

cac{fn del métgdo.
' 73
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3.5.1 INTERVALOS IGUALES

x-Ax X Xt Ax
T o

- —0> -

i~1 i i+t4

Ejemplo No. 1

Encontran La expresibn para La prnimena derdivada de €a funcidn u

en ténminos de Los valones de La funcibn en Los puntos 4i,c, 4 + 1.

Cy C»z
i R X
I C e —o

i AX ——n
PROCEDIMIENTO.

1) Asignan Las constantes a Los puntos 4i,e, 4 + 1.

U

= Cyoug + Coougyq + €4
ax i :

2} Pana vatuan Cy leQ,expandimoa porn series de Taylon,

2 2
3u ' = Cqug+ € [ wi + bx au Lax) ? t l ] t ey
Ix i dx i 2! Ix i
. 2 2
. 9°u
S = {C1 + Co ) ouj+ Cp ax ou + Co Lox) 5 t e
ax i . ox i . 2! Ix “ i

3) ITguafan cceficdentes pana obenex Los valones de fLas constantes-

y def ennon de thuncamiento. (Lade {zquiendo y tado denecho de La

ecuacilbn) .,
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: 7 P 7 -
C? (hXJ J ‘;- + e l = 0 ) . e - C2 (AX] rI/u
2t et lp F : T g
2
I {ax) 32u Ax 3%u i
e = - = - ) ' =
N : 5 ; . 8= téamine dedl
Ax 2! ax i 2 ax i '
ernon,

4] Substituin Los valores obtendidos en £a ecuacibn cn donde apaxez-

can Las conslantes.

u ., .
au o - 4, i1 61X %u
. , - i
3 X i AX AX ? 5x 2 i
u. u .

u 1 -
‘a . - 14 1 N O(Ax]

ax i AX

EJEMPLO No., 2

Expresan La segunda derivada mixta de una funcidn cn té€xmines -

de Los valones de fLa funcién en Los puntos L + 1,

b, L+, 40 L0y -0 4 -1, § o+ T

c, ¢,
° [ ]
} (-1, §-1 , i+l g1
'Yy
<,
y C.
Ou' -
-1, g+l (o1, el
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1

Ten paso. Expresanr Lo anterior matemfticamente:

(ax)”?

2 : '
_..l._li__ = (C1 w. . + (AX.J au s + (A ) au + REAT
1 Y w2
Xy 2] 3?( i,3 ay i, ] 2! dx i,9
2 2 .2 3 3
b (ax) {ay) 224 l . (AQ'{) a: , 1ax] a:.;
]
X3y i, 2! Ay i,4 3. ax i3
3(ax)? lay) 3% 3tan) (ay)? a3 (ay)° 3% |
¢ Sl L e
! 2 ! .
3! axgy 1,4 3! , X ;5 3! 'By .
au ) (ax) 2 2%
+C2 [u,_+[f_\x) — {ay) u + _
+ed 3x 11,3~ ay i, 2! a2 H,]
2 3
2 2 33
- lex) (ay) 22— - ey a.,u2 » L) -
. H !
3x 3y 1,3 2! 3y i, 31 ax i3
3 ? L) ek , 3lax) (agl? 5% _Le® )]
v 2 : ' 2 3! ayd | .
31! IX €3y i 3 3x3y i3 Y i3
au AU lax)?2 a2u
+ C3 [ui,j - {ax) - lay) ——— + .
: ax 1,4 3y 11,5 2. BX i,]
2 3 3
52 42 X 9-u
- ) lay) ‘ fsﬁfl 220 - ‘;" =
Xy i3 . ay i3 . - iLi
e . 2 3 ‘ |3 33y
o 3 ex) s (i) 3iu __3(ax) (ay) 3%u L | ]
! Ykl w - 3! sX it ? 3 3‘.”‘ }
l‘, ’ N s |
(ix]” 52
o X o ‘U
+ C, [u .o {ex) u + [ ay) L + : — ‘ '
sl BN hy o i 2 oX Py
B | : 2 { )} 2 TR
clax) (ry) A oLl "."'“"l - — 1.
e S 2 P v dio 3 S

1



3(8x)2 (8y) 2% 3(ax) (8y4)% a3y

, 1oy)® 3%u| ]

-
.

3! ax23y 1,3 3! 3x3y2 |55 3. 3yali,j
1) - | | (2)
_32%u ‘ au .
Y sy, {C+C_+C_+C ) + ax {Cy+Cy-Ca-Cy)
axay i, 1 "2 3 4 ax li,5 { 177273 }
{ ]
(3) {n
au (c.- '} 2%a 4 (00 (oo ey '}
+ Ay -C.-C.+C + Cy+Co*Ca*Cy
ol T B i B el Sranllis
(4) , {1
2
- L { (ax) { y) (cl-c2+c3-cu}} y 2K { (ay] (c1+c2+c3+cu)}
axay i j . 39;2 Z
(2) , : (3)
. 33u (ax) 3 | 2
+ | { p» [C1+C2-C3-Cq)} + 33y {[Ax} [ ay) (Cl-CQ-C3+Cq)}
*oliLg : ax2ay 2!
- (2) ;
3 ' 2 . 3 fs!
¢ - { L] [89)° eye o€ ) — { ( l.)
ax 3y i3 2! Ay 3 i3 3!
(3)

{ Cq- Cp- Ca+ Cyl } ‘e,

Igdatando Los coeficientes de Los ténminos andlogos en ambos Lados

de La ecuacidn, se tiene:

Cq+ Cpop+t C3+ Cy=0 (1)

Cqi1+Co-C3-Cy=20 {2)
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Ci.- Co-C3+ Cy=0 {3}

- Sumando (1} y (2]}
2 C1 + 2 C2 = 0 |
donde 01 + C2 = 0 por Lo que 01 = - C2
- Sumando (2) + {3)
e -2cy =0
2 .
porn Lo que C1 C3
- Sumando (1) + [3)
2Cy+2C, =0
por Lo que €, = -¢,

- Sustituyendo en (4)

- I
¢C, +C, +C,'+C, =
1 17 M 7 oxog _
1
4C1:.
AX by
\I -
pon Lo que Cq = . 1
: 4daxLy
€, e~ —— , ¢y Ly, -~ !
doxty 4Ax by 44x by

Sustituyendo en La ecuacdibn indicial y reduciendo téamines:

Ui+l ,9+41 _ Ui+d,5-1 UWi-1,4-1 _ Uj-1,3+1
v ’] 2 M - ' + olexcu)

sxoy 4 tx Ly
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3.5.2 INTERVALOS DESIGUALES

'

e BX kg _BX
& 7 ]
-1\ : i i+4

0tna aplicacibn de Las sendies de Taylon es para intenvalos desdi-
guales.
EJEMPLO No. 3

Expresar La primera denivada de La funcibn "u" en el punteo"i{"en-
ténminos de Los valonres de La funcibn en Los puntod "4 + 1", " - 1"
(nétese que ax # sx). |

Expresando el pnobﬁéma en forma matemdtica

au - C
ax

expandiendo La funcién "u" pon medio de fLas sexnies de Taylor, valua- -

da en Los puntos "L + 1" "L - 1"

7/

du au (ax]? o2 {ex)® 3%
| ° C1 U, - A% ~—— -
* ax |3 2! x? i 3! x 3
+ C‘2 uL:L
| 2, 2,
Wz ¢ \
' C, [ u. o+ g . ,féx ) 9 ‘u , Al _ou |
2 ax i 2! ax 2 |3 3! ax 3 Ii
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1: ' ‘. 2

' 2 .
L. | = {040 #C} u. v (€, 4x-C AX) by e A, o ey
7 3 i A 1 ; . 1 ! .
i dx i 2 ?

X

. - 3 4 e
a’ul N [Ca (6x] _ c, (Ax] vlu e
3!

Sty 3! ax? t

Igualando Los coeficientes de Los ténminos andlogos en ambos La-

dos de La ecuacilbn:

C1 +C,+Cyc= 0 (1)
C3 6x 7,C1 ax = 1 {2)
Ci"(Ax)2 + C, (6xl2 = 0 (3)
2
De La ecuacdidn (1)
Cp e - Cy- Cy (4)
. Pe La ecuacibn (3}
| 2
Cy ==ty Laxl (5)
(8x) '
Sustituyendo {5} en (4) | .
2 -
Cpm Gy Lex)” Gy )
[ax)
Sustituyendo {5) en (2]
, C ox + 03{6XJZ'AX = 1 (7]
{ ax)
Despejando C, .
vy | 2, = ]
C3 [ AX O Ax 4 (5xl. ] ‘
LX

I=1s]



. = AX
5x Ax + (6le2

]
¥

Consecuentementde

-~

. 8x - AX ) - 8x
Ly s ¢ )
2 (ax) (§x) ax 6x + [8x)

nflese que para el caso en que ax = 8x, Las constantes se simplifican

a-:

y La {6rmula para La ‘primera derdivada para el caso de intervalos uni-

foames se escribe como:

AU i+l i i-1
Ak 28x

por Lo tanto La f6rmula buscada se expresa éomo:

{éxizui_l + {(6x)2-(0x)2}ui

; '.'_’u. -
G _dax)T¥i+a
[6x + Ax)ax&x t

"~ 3.6 RESOLUCTION POR TABLA (F6amulfas de Bickley)

En £as ecuaclones (3.4.1.1) y (3.4.1.2) se obtuvieron Las aproxi-
" macdiones de La primena y segunda deaivada. En aquellos casos en que-
se desee Lncrementan el ghado de aproximacibn (dibminu@a ¢£ ténming -

def canon) se deben usar mds puntos. EZL manejo de un mayor ndmeno de



o

teéaminos y expansdiones en series de Taylon, Lncrementa La posibilidad

de errones algebnradlcos.

Pana obvian Las posibilidades de enron, BickLey compil6 .una tabla

con Los coeficientes de La f6rmuba siguiente:

. k . . m !
A gix) R Y §ix;) (3.23]
dxX X=Xn Cmih* =0

Aj = coefdicientes dados en La tabla sigudlente

h = Ax

o
[}

onden de fa derivada
m = ndmero de puntos que se desea usar en La aproxdmacdibn, menos uno
n = ndmero del ‘punto en el que evafua La derivada

§ {xj] = funcibn evaluada en cada punto.

EJEMPLO No, 4
Obtenen una aproximacibn en La paimera denivada, en el punto 4, -

usando 3 puntos pon med<{o de £La tabla de Bickley.

A
(g CAx . %g x"—qi
T it 1 it+2
(0] 1 2

NGtese que Los puntos en cuestidn se numenan de {zquierda a dene-
cha comenzando con cero. Asf,el punto "L{" fLe connesponde el ceno, al-
‘punto "& + 1" el ndmeno uno y al punto "4 ¢ 2" el nimero dos.

Pon Lo tanto en este caso ef orden de fa denivada el primeno k=l.
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+ ‘, '
E£ uato& de ?m" es M2v jp que es f{qual al ndmero de puntos @
usaxr. (3) menod uno. F(uafmcdie, a que se desea cvaluar La deadvada

en el punto "i" "n" es ceno.

: Aplicando La 66nmd£a :

Af R Ag + A g + Af. + 8
dx lx - g 2ilex)? | ofo 7 faf1 T T2l2 T ]

de £a tabla 1

Con Los datos de primena denivada (k = 1), m =2 y n = 0 3¢ ob-

A2 y el término del-

tienen £os valores de Los coeficientes Ao’ Al,
ennon.
. ! 3 43

A = -3, A =4 A =-1 y e = — [ax] ———ﬁy

0 i 2 . t 3 d x r
Sudtitugehdo estos valones en La ecuacidn se tiene:

_df . .1 [_ 36+ 4f. - 4 d3

0 i 2

dx [x = xy 28

y en La notacidnfqaiginaﬁ La géamula pana fLa primera dendivada se ex

presa como:

a4 L o3 b0 30y - 8549 e 1 ax) d3
: 3
dx ix = x; 2 ax 6 dx”™ |,

Nota: ; \
3 : : .
Za]—i—g— del ténmino del ennon se evalua en el inteavale {(, { *+ 2,-



es deedn X SLgx, ne se evalua cn o,
EJEMPLO No., 5
Obzenen .una expnébidn parna La segunda derivada de §{ evaluada en-

el punto x = x; utilizando 6 puntos. | x, = 2 }

Asignando primeno el onden a Los puntos

0 1 2 3 4 5
0] . .
i2  &-1 4 i+l i+l i+3

De La tabfa de Bickley se obtiene:

Ay = =5, A = 80, A = =150, A = 80, A = -5 A =0

Expandiendo La 56nmﬁ£a para este caso en particulan:

Bzﬁ ' = 2! - A
Bx_z 'xgx | 5! [AJ(}Q [A060+A161+A262+A363+A“6’4+ 565+ et]
i-2 T
1 | s d%¢
Y10 dx |¢

Suaz{tuyeﬁdo Los caiéicientea:

;iii* I 2 0 - 150 + 50 -5 + 0 + -l~.(bx16
dx"- gt ({\x)z [ 560 + 8 61 62 63 6‘* 180
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L"ﬂ_']'. ;
ax® g

Simpligicando:

826 =-‘ -6i-*2 + 16 6 i-1 30 61.. + 16 6i+1 - 6i+2 ; ] (Ax’u 365

axe 12 (ax)? 10600 ax®

Obsénrvese que puede darse el caso que uno mds de Los coeficientes
sea ceno. Esto quiene decin que para expresar fa denivada en cuestibn,
no es necesardio el valor de La funcién en todos Los puntos del inten-

valo. Ademds observe que £a suma de Los coeficientes de La {6amula de

Bickley es ceno.
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CUEFFICIENTS FOR DIFFERENTIATION

Diferentiation Formula: '!’:ﬁ:l

FIRST DERIVATIVE (k=1)

A1 A3 d3
Three Point {(m=2)
4 -1
0 1
-4 )

Four Point {m=38)

i8 -4 2
-3 b ~1
~b 3} 2

9 -18 i1

Fi\;‘e Point (m=4)

96 =12 32
-20 % 12
-14 0 16

12 -3 20
-3 n -96

Six Point (mi=5)

600 600 400
-130 240 220
-0  -40 120
3o -120 40
—40 120 240
150  -40) 400

A

=600

4y

24
-
'y
-4
24
274

SECUND LFHRIVATIVE (h=2)

i Az A
Three Point (n=2)
-2 1
=2 1
~i 1
Four Point (m=3)
-1 12 -}
=6 ) 0
3 -6 )
12 -15 [

Five Point (w--4)

~104 114 =56
=20 b 4
s -30 16

4 6 20
~56 114 =104

Six Point (m 5

=710 1070 -780
~7% =20 70
g0 -1%0 80
=% 80 -150
=30 0 =20
a0y -780 1070

A

~1%
170

'
.

-50
5
0.

-5
50
224,

'x-:;;'rfl.‘é
A* Error i
oA
B J
173 o -
-.-1/5 B’f O} 1 __%
17 2 A
3 -1
-}/4
-_lﬁg vy 0 -1
174 2 -2
3 2.
7 ] b
7%
1730534 0 -8
-1/20 1 -3
1/5 2 5
3 £
4« 5
-1/6 5 =3%
i
~1760, b (8)
1760% 1
-1/30
178
J A
A Emr
or
A e
a2 2™ H 1
1
-17240' ™ : 1
172 b’f‘” ’
1B
o 1
- 4 u
—1/24".'“1- g -
- 11724 5 =10
=5/71¢ 4,15}
124 °¢ L
171800 "¢
~1724 3,08
/12 J on
1377360 0 -1
-137360 3 -1
17180 LY 2 -1
17180 3} -]
~137360 4 -1
1377360 5 -1

TABLA

RBR&6

I

%

 difs)

’

THIRD DERIVATIVE (k=3)

Ay Az As
Four Point (m«38)
3 -3 ]

3 -3 1
3 -3 1
3 -3 b
Five Point (m-4),

36 -48 28 -
26 24 12
4 0 -4
=12 24 ~20
~26 48 -36

Six Point (m=5)
385 590 490
125 =176 110
-5 50 =70
=35 10 =50
3B =110 170
205 490 590

A Ay

-

-2

4

6

10
205 3
~35 5
35 -5
5 5
=125 b1
~355 85

FOURTH DERIVATIVE (k-4}

A Az Ay
Five Point (v ~4)

-4
-4
-4
—

[ o - - - o

Six Point (n=5)

=70 130 -l20
45 g0 -1
=20 0 -0
s =20 3
e =10 80
55 =120 130

A4 ds

1

1

1

1

1
5% =10
w -5
5 0
=20 5
45 10
-70 15

FIFTH DERIVATIVE (A 3)

s da

s

Six Point (» 5)

5 -10 10
5 -10 10
5 -10 10
] ~10 10
5 ~10 10
& -10 10

Compiled from W. G. Bickicy, Formulae for numerica! diflerentiation, Math. Gaz. 25, 19-27, 1941

'

A4 b
-5 1
-3 i
-5 1
-5 1
-5 1
-4 1

%; Error !

W

- ! [ )

112 ¢
174

7724
1724
-1524»‘-"‘
1724
7724

=5/16
~1/48

1748 & t4)
RV

1/48
/14

A'Error e
k!

-1712 849
LAY
=17144%" 1 )
1724 s LS
Yt ¢

17/144
L7144
=17144
17144
47144
177144

.t ‘(i)

ht
H Error

=1,48

-11800
~1/240
yo2a0" !
1460,
1748

te}

{with permission).
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CAPITULO 4 e

SOLUCTON DE ECUACTONES DIFERENCIALES EN DERTVADAS PARCTIALES POR EL METODO DE DIFERENCIAS
FINITAS.

4.1 INTRODUCCION ' \

las ecuaciones obtenidas para fLa simulacibn de yacimientos son ge-
neralmente ecuaclones diéeneheiataé en. derdivadas parciales no Lineales
para Las cuales, salvo en algunas excepedlones, no se han encontrado 89
Luciones analiticas. Por esta razén es necesario utilizar métodos nu-

ménicos para LLegan a una solucibn.

Anterionmente se pneaéntanon Las bases del Método de Diferencias
Finitas que es La téenica més comunmente utifizada para este Lipo de
pi;bzemaa. Ahonra se presentard una breve clasificacibn de Las ecuacio
nes diferenciales en derivadas parciales, atgunaa'conaidenacionea s0-
bre La forma de cxpdndin el £a&o denecho de £as ecuaciones de fLlujo
(el téamino de acumulacién) y Los diversos pnocedimienio& propuedtoa
para resolven £é¢ eccuaciones de flujo de fLuides a través de médios

proCes os.

4.1 CLASIFICACfON DE LAS ECUACTIONES DIFERENCIALES EN DERIVADAS PARCTALES.

En‘gencnaz Las ecuaciones diferenciales en derivadas parciales pue-
den sch ckaaiﬁicadq& como elipticas, p&nab&ﬁicaa, hipenbdlicas o mixtas.
Cada una de estas clases puéden sern Eineal o no Uircal. La mayonia de
Las ecuaciaﬁé& negﬁttaﬁtea de problemas prdcticas de simufacibn son ecua

" e{ones no Lineales, es decin, Los coeficientes de Las deaivadas pah-

t .
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1

-ciales son funciones tanto de Las vari{ables dependientes como de --
Las vaniablfes independientes.

Pon esta razdén, y en especial Las ecuaciones resultantes en pro-
blemas de fLujo en dos o tnes fases pueden ser muy diflcifes de cla-

Alficar, ya que ademds de Las no Linealidades de Las ecuaciones, eb-

tas aparecen como sistemas de ecuaciones y no como una so0fa ccuacdbn.

Una ecuacién diferencial parncial de segundo orden es una ecua- -
cibn que contiene denivadas hasta de segundo onden y mds de una va--
niable independiente. La forma mds general de una ecuacién diferen--

cial pancial de segundo orden con dos varniables independientes es:

7

. 2 . 2 ‘ .
A (x,y)d 2% 4B (x,y) 2% 40 o(x,y) 228 . g (x,g,u 0L G4
ax? 3x3y ay? dx  dy

C e e e e (4.1}

en donde "x" e "y" son Las varniables independientes y "u" es La va--
niable dependiente, Noamafmente "x" ¢ "y" se nefieren a posicidn pe-
no en problemas en Los que una de Las vaniabfes sca el Xdiempo "y", -

se puede refendin a ziempb. Si Los coeficientes A, B y C son funcio--

nes dnicamente de Las vaniables independientes, son constantes o son

ceno, £a ecuacdibn’es Lineal. Esta ecuacibn es no Lineal 8L cuafquie-
na A, B o C es funcidn de La varniable dependiente. Pon ejemplo &a -

ecuacién (4.2) es Lineal.

) ( Bx_ ap ), 3 _ky _ap (gstp) x,y,t | cc2L-
3x Wooo3x o 3y TR Y 8X AY -k

e e e (4.2}
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y La ecuacdibdn (4.3) es no fineal.

2 kx _p p 4,2 Ry P o3Py, Py,
3 X b I ax Jy u I Jy T o8
(qstb | xyt 6 —2 | ? 4 (4.3)

Ax Ay ol

Lla ecuacibn (4.1)se clasificand como ellptica, parabflica o hi--
perbb6lica dependiendo'dez-uatoa del discaiminante 8% - 4AC, panra un-

punto dado (x,y)

64 B 2. 4Ac < 0 ELLptica (4.4]
si B %- 4AcC = 0 Parabdlica (4.5)
si B 2- 4AC > 0 Hipenbblica (4.6)

Esta delimitacibn involucna que La ecuaeibn pueda cambiar de - -
‘clasificacibn dependiendo de Los vafones de "x" e "y" bajo considera

cibn (valonres de Los coefdicientes A y B).

AsL por ejemplo La ecuacedbn

2 2 _ _
Chull S Al es siempne hiperbblica;
3 x? 3 y?
La ecuacifn 324 324 ' . _
. : : + = 0 es siempre eflptica, [ecuacibn
3 x% 3 y2
de Laplace}
y La ecuacdibn 22u 1 au es siempne parabdlica, (ecua-
3 x2 a 0

cién de onda)
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Sin embanrgo, La ac@acidu

' 2 2 2 ,
( 1-y4 ) 37U 4oy 2H { T+y ) I
dx2 aXdy ay?

cuyo disecriminante es:

(2x)2 - 4 {1 - ¥) {1 + V)

=
1

D« 4x% - 4 (1 - v?

D

4x?% - 4+ 4g2,

D= 22+ y? -1

2, y2 e 1 (ejemplo: . diseriminan-

es ellptica dentno del clnrculo x
te negativo),hipenbélica fuena del cinculol{ejemplo discriminante po-

8itivo) y parabblica en La frontena. lejemplo: discriminante cenro}.

Los problemas en ZBS que el signo del discriminante depende de -
fLa solucibn pueden presentan dificultades especiales ya que el tipo-
de ecuacifn gobienna el ndmeno y La naturaleza de Las condiciones -

iniciales y/o de frontena.-

Es decin, un problema complejo puede tener en un cierto nango -
una solucddn dnica y bien determinada mientras que en otro rango fas

I

sclucdiones pueden sen miltiples y no deteaminadas o aln no exi{stdir.

Sin embango Las ecuac<iones netamente elipticas, parabdélicas o hi
perb6iicas se mantienen como tales, independientcmente de £as dimen-
siones y del sistema de cocndenadas que se considene. AsL, por ejenm-

ple, Las ecuacdoncs
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’p , ap .1 ap
n? LA n

don Ltambién panrabbélicas.

4.3 ESQUEMAS DE SOLUCION DE LAS ECUACIONES DE FLUJO

La 6aumu£aci6n de un esquema adecuado de solucibn a fLas cﬁuac;Ov
nes diﬁe&enc@atea panﬁiatea es de suma importancia ya que de €& de--
penden £a estabilidad y precisién de Las soluciones. En general se -
puede decin que entre mds implledto Aeﬁ el esquema de s0fucidn, se -
Logrard una mayor esta—bilidad, y se podadn utilizarn intervalos de-.
tiempos mayones, Desafontunadamente, entre mds Amplledito sea un es--
quema .mayor send ét gnad§ &e dificultad para nesofvenlo (o avanzan -
La solucidn del tiempo 't al Ziempo t+st).

Pon esta nazdn es necesario encontrar un equifibrio enfre un e4-
quema simple que peamita inteavalos de tiempo pequefios y nequiera -
poca tiempo de c&hﬁgto para avanzar fa solucdibn y un esquema muy com
plichdo que sea estable adn para intanuazoa de tiempo ghandes penro -

que requienra uhn tiempo de cfmputo considerablemente mayoxr.

Deteaminante en £a formulacién de estos esquemas ed el nivel de-
ziemﬁo al cual Los ténminos de flujo, o sea fas dendivadas cspaciales,
se evaldan., Thres de Los esquemas mds comunmente utdilizados sun el e
quema c;bﬂzcito, éz esquema mixlo y.cf esquema émpﬁﬁcita. Su {Lustra

cidﬁ se harnd mediante La ecuacdibn bimptiﬁicada de §Lujo monofdsdicos

k_ _3p ;‘,'..fiﬂ_ (4.7)
2

Qr
—

Qb
>
| =4
[os]
L]
F i
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La cual se aproxima en diferencias {initas como:

_ ‘ . _ _ Vps n+i n
Txiay2 WPgeq Py D - T o ey ) s Tt {p; Py
v e e e e (4.8)

en donde, Tx es La transmisividad entre Las celdas y Vy; es el vold-

men total def blogue 4.

4.3.1 ESQUEMA EXPLICITO.

En este esquema, Las presiones y transmisividades de Los téami--
nos de ftujo se evaluan al nivel de tiempo conocido "n".
Porn esta nazén es. el esquema mds senciffo. Su expresibn en dife-

nencdias finditas se escaibe como:

n n n n’ n n bi
Tie172 Wigg 7Py V- Txiyyn o -pi 4 )

(4.9)

Como en este esquema La dnica inclgnita es p2+1 , para avanzahr-

La solucidn de "n" a "n + 1" Lo que se requiere es aplicar La ecua--
cién (4.9) a cada uno de Los puntos de La malla. Pon su sencillez es
te esquema prcsenta Limitaciones f{uentes de.estabilidad Lo que impld
ca.tcﬁc& que usan {ntervalos pequeros de tiempo al avanzar La solu--

cibn. Esta Cimitacibn hace que su aplicacibn sea imprdctica en &a ma

yorla dcsfcs problemas de simulacibn.

4.3.2 ESQUEMA MIXTO.
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Este es el esquema que se¢ utifiza con mayor frecuencia y consis-
te en evaluan Las presiones al nivel nuevo de tiempo "n + 1", mien--
trasd que £as transmisdividades se evaluan al nivel de Xiempo conocido-

LILS AsL, La ecuacibn en diferencias finitas se expresa como:

' v :
n n+1i _.n+l - n ‘n+l _ n+1l - bi ‘n+l__n
Txifl/? Piv1 Pi b Ty gy Uy Pyl At (pi""-p

e e e e (4.10)

Para cada celda para La que e escaibe La ecuacibn [4.10) se tde

n+l n+1l n+l
i-1* Py 2 Piyq

zan La solfucddn del tiempo "n" al tiempo "n + 1" se nequiene escrnibin

nen ahora {nes Lincégnitas p por Lo tanto para avan-
Las ecuaciones para todas Las cefdas y postenionmente nesolver un --

sistema de ecuaciones algebraicas Lineales.

Este tipo de 24quemd de utiliza con €xito en simulfadores areales
y trlidimensionales en Eqa cuales, en general, no se dan camb{aa brus
cos de presdiones y/o éatunacioneé de un intenvalo de Ziempo al olnro.
Sin embango pueden presentan seniad Limitaciones de estabilidad y -
consecuentemente nequenin intenvalos de tiempo muy pequeiios en simu-

Ladores de §Lujo convengente tales como simuladores de conificacidn-

y algunos simuladonres de secciones transvenrsales.

Es de mucha meontaﬁcia La forma en que se¢ manéjan Los ténminos-
fuente en esle edquema; especiafmente en modelos tnidimanaionaﬂea Y-
de secciones transversales en donde exdisten pozos teaminados en va--
rias capas. Una formulacibn inadecuada de £os Zéaminos guente ‘puede-
disminuin la estabilidad del modefo y reducin en mucho el mdxdimo Ln-
cremento de tiempo (&t) peamisible paxra obtenexr rnesultados acepta- -

b{esf - : !
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4.5,5 ESQUEMA TMPLICITO.

 Este esquema consiste en evaluar tanto Las presiones como Las -~
transmisividades af nuevo nivel de tiempo "n + 1" quedando La ccua--

cibn en diferencias §initas como:

v

Tx*1 n+i _pn+1 ."_ Txte { n+l  n+l ) - bi (pn+1_pn V.

i+172 ‘Pisa i DT X112 Py TP " i i

e 4l

Nuevamente, alf escribin La ecuacidn panra cada-celda Las L{ncégni-

tas nresultantes son pgti , p2+1‘, p?ji ,

La solucibn hay que escnibin Las ecuaciones para todas Las celdas. -

poa Lo Tanto para avanzan -

EL sistema nesultante no puede evaluanrse directamente ya que Los coe

n+l
i-1/2

se tiene un sistema de ecuaciones no-Lineales. La solucién sc Logra-

ficientes Tx dependen de presiones al nivel "n_;'l", 0 sca que -
meﬁiante Zécnicas iterativas tales como La de Newton-Raphson extendd

da al caso de variables midltiples.

Pon esta nazén el esquema implicito es el que L{nvoluchra mayor es
fuerzo de ddmputo paﬁﬁ avanzan La soluecdibn de un nivel a otro {tres-
0, cuatro veces mayor que el esquema mixto) sin embargo esta formula-
cibn peamite utilfizar {ncrementos de tiempo mucho mayored que ef es-

.quema mixto y adn permenecen estable.

Panra {tuja multifdsico, Las tlenicas de solucibn utilizadas nox-

1

malmente combinan Los dos dltimos esquemas presentados. :

La 6ig&ha adjuntd presenta. una comparacidn esquemdtica de Los
Eae¢ esquemas en La cual Lo lelrncules nepresentan Los puntos en fos-.

cuales se evaluan Las presiones y Los taidngulos Los puntos ci donde

- [
-

-
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se evaluan Las transmisdividades.

ESQUEMA EXPLICITO.
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De acuerdo a La discusibn antenion, Las ecuaciones en dife-
rencias finitas presentadas en Las secciones previas pueden sen
rnesuelias utilizando dos procedimientos difenrentes para proble-
masd mulitifdsicos:

" EL primen procedimiento es implicito en presibn y explleito

en satunacibn [IMPES) y el segundo es implicito en presibn y sa

turacdibn {IMPIS). . g

En La mayonla de Los estudios de yacimientos se puede ullili

‘zan ventajosamentie el procedimiento IMPES, sin embargo, en pro-

blemas tales como conificacién en donde se utilizan celdas muy-

pequenas cenca del pozo es necedandio usar un procedimiento ----

IMPIS o una de sus variaciones.

En problemas monofdaicos £a pne&i&n en Li{gquidos, o el poten
cial neal def gas para gases son las dnicas variables dependieg
tes y o4 convendente ca£cu£anﬁaa implicitamente., Ponr csto para-
problemas monogdéiéob no hay Limitaciones en el famaﬁo det in-~
tervalo de tiempo a utilizan, en cuanto a estabilidad se nefdie-

nel
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CAPITULO 5

SOLUCTON DE SISTEMAS DE ECUACTONES ALGEBRAICAS.

5.1 INTRODUCCION.

EL objetivo de esta seccibn es presentar manernas de resofven Las
ecuacdones de presidn, Las cuales forman un sistema Lineal de ecua--
ciones simultaneas. Dichas ecuaciones pueden ser escaitas con La si-

guiente notacién matricial:

Ap=5b , (5.1)
la ecuacdidn (5.1} puedé sen LLamada ecuacdibn vectondial o ecua- -
cidn matnicial y nepresenta un ndmeno de ecuaciones Lineales simulta
neas, debido a que Las ecuaciones son Lineales, por que La matndlz A
contiene solo coeficientes que son constantes. EL vector "p" repre--
denta Las andgﬁiﬁaé de prnesibn en todos fLos puntos del sistema con-

si{denado.

La solucién de La ecuacdén de knabidn puede-sen en todo caso muy
simple o muy compleja, dependiendo del problema §{sico. Cuando £a 40
Zycidn es nelativamente {dcil, como en el caso de problemas de una -
dimensién y muchos pnobtemaé de dos dimendiones, fLa éoﬁuCLGN de La -
QCuac46n de paea&6n constituye dofo una 6AGCCL6n del t&empo total -~
computacidin y del costo de La simubacion del yacimiento. En pnobga-~

mas diflciles como algunos de dos y {La mayon{a de Lrnes dimensiones,-

el esfuenzo nequerido para nesolver La ecuacd6n de presdifn ficne un-



@

C

mayor digndificado en nelacidn al nesto del problema de fa simulacibn

def yacimdieno.

Existe un ndmero de téenicas panra resolven La ecuacibn (5.1), La
mayor parte de &stas estan orlentadas hacia problemas de dos dimen--
diones puesto que edtos ocurren mas frecuentemente en simulacidn de-

yacimiﬁuIOA. A continuacibn se explica un ndmeno- de técndicas de solu

cibn comunmente usadas para La simulacién de yacimientos.

\

5.2 PROBLEMAS EN UNA DIMENSION. S -

Para el paobﬂema'&é una dimensdién, se puede sen mds especlfico -
acerca de La inteapretacibn de La ecuacibn vectornial A p = b. Para -
princdipian considénese el siguiente diagrama esquemdtico (Fig. 5} -

; \
usando un ndmeno de celfdas Nx Las cuales s¢ encueniran numeradas de-

Lzqudienda a denecha, Cualfquien cefda puede sen neferida a La cefda -

"L" con el paopdait& de escnibin una ecuacibn general. De la ecua- -
ciln de simulacidn déﬁyacimientoA, se sabe que una ecuacdidn escnita-
pan4.£a celda "Li" inqbﬂdc&a Zambién Los valonres de Las dos cefdas --
continuas préximas, Jeade,ﬂaa cuales puede ocunnin el fLufo de flud-
dos. Una ecuacdidn para La celda "i" presenta el siguiente aspecto:

a +byp, + = d, (5.2)

i Pioa i Pisa i

Para £a cefda le i; soﬁamen;e una celda eata pradxima, ¢ esto Av-

presenta La condicibn Limite de no §Lujo en el final de fLa celda.

Sus ecuacdioncs estan dadas ponx:

b, p +c.p,ed (5.3)
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g P . 420" C o

FIG. 5.1y5.2

kx

200 mD

w=1cp
A = 200 pies? o
600 Zb/pg2

o
.-. .
f

100 £b/pg2

o
~l
n

Se tiene un sistema Lineal, medio homogéneo, hay un pozu inyec-

ton en La celda 1 y un pozo producton en La celda 7.
SOLUCTON:

Los gastos se pueden calculan con La ecuacibn de Darcy

BA_ _ap . _10.2) (1.127) (200)  __{600-100)

u AX (1.0} (360) '

q =

g = 62.61 bes/dla.

En este caéo'pdﬁticuZan tdé presiones se pueden calcular en una-
§onma muy 4enci££a.lgbnaidcnando que se trata de un sLstema tineaz{-
La presibn vania en forma Zincazlpana cada celda y ek giadieuta -
peamanece constante en cf sistema, se puede hacen una grdfica de x -
vs p temando en c@gnza Los datos pruponcionados, de tal manera que -

para cada di{stancia se pucda tenen un vafon de pesibn.
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Otrna forma de nesofver ef probfema es utifizando La formulacidn

en diferencias {initas. Escenibiendo La ecuacidn general para cada -

nodo en ef cual no se conoce La presibn, se tiene Lo siguicnte:

Pi1” Tpit P

{ax)?

;

v Bo

kx (Vof. def nodo 4]

[q 6tb] = 0

sustituyendo Los valones cornespondientes en La ecuacibn anterion:

Piig T 2Py * Piy

(1.0} (1.0) (g s2b/d)i ,

L
¥

tao;z

+

(0.2]/(1.!27) {200x60)

donde para g 6Ib/d}1 = 62.61, lq stb/d), =-62.61. Los gastos son -

{guales en valon absoluto debido a que el flujo es incompresdble --

por Lo que se dice que el gasto gque se ingecta {+) es igual al gas-

te que se produce f—j.-En Las celdas 2,3,4,5,6 existe fLujc pero no

hay fuentes nd sumidenos por Lo tanto:
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llq s2b/d) ;.5 3 4, 5,6 = 0; tas inclgnitas son £as p;.5 3 4 5,6° |
para Lo cual se tiene que escnibin La ecuacibn en diferencias panra -
cada uno de £os nodos en donde no se conoce La presibn. Para esto se

tiene Lo sigudente:

Nodo

i'Z" bl - 2p, toops ¢t 0o + 0 + 0 + 0 = 0
=3 0 + po _j lpy ¢ p# + 0 + 0 + 0 = 0
i{i=4 0 o 0 ‘.+ Pa - 2p, +  pg ¢+ 0. + 0 = 0
£=5 0 + 0 .y+. 0 + py = Ipg + Pg * 0 = 0
L=b | 0 + 0 Ei* 0 | + -0 + ps - zps + p? = 0

pasando Las presiones conocidas al Lado derecho de Las ecuacdiones

-2lpy + py 4.0 ¥ 0. + 0 = - 600

P2 - 2py toopy ot 0 + 0 = 0

0 J+ p3 = zpu + ps + 0 = 0
0 + 0 * Py - Ips v pg T 0
0 t 0 s 0 + ps - Ipg = - 100

Este sistema de .,ecuaciones Lineales se puede esenibin en nota- -
ciln matricLal como:-
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- 1 o i h
-2 ! 0 0 0 P, -600 | °
A ~
] -2 ! 0 0 Py 0
0 ! -2 ! 0 Pyl = 0
0 0 ! L2 1 P 0
0 0 0 1 -2 P -100
- . ) J L J - L =

EL arneglo de ?;5 céeﬁicientaé puede sen LLamade matriz &e coe-
ficientes (A}, et dn@egto.de Las pﬁeaioneb p (8} como vecton de 4Ain-
efgnitas (;) y el annﬁgto de coeficientes del Lado deneche de La . -
iguatdad como fado denecho (D)., La ecuacdibn vectonial del anneglo -
es La sdgudente: |

“w Ap=0D

premultiplicando a La ecuacibn vectonial por La invernsa de A, con -

el objeto de tenen ef vector de inclanitas en funcibn de (A™Y) y (D)

p= A‘l D

Al A ﬁ = A lp |
Este ¢L¢temé podnd nesolvense por {nvernsibn matricial solamente
44 es posdible obtaneA La knuenaéén de A [A™Y en otnas pgtébnas 80~
Lo 84 det#0. | |
Pana s4istemas pequeiios es nelativamente senciflo obtene% La 4in-
versa de La matn{z:de coeficientes, pero para sisdtemas gnandéa pue-

de sen ventagoso utilizan e fa solucdibn métodos itenativos.

I . ‘ ' ' : I .
Una {Lustracibn de fLos métodos mas comunes sec presenta a'conlinua--

cdLon.,

5.3.1 METODO DIRECTO.
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Auieé de paeéenﬁdn el m@todo dinecto se necondarnd el teorema fun-
damentét de equiva&énéi&, el cual es La base para el desarroflo de La
et&manac&du de Gauss. Eéie teorema s¢ expresa de La siguiente §oxma:
S& en un sistema de ecuacdones se sustituye una de efLlas ponr una com-
bLquLGn Lineal de taa ecgac¢onea del sistema, se obtiene un nueuo --
sistema que es equivalente af antenionr.

~

]

'5.3.1.1 METODO DE ELIMINACION DE GAUSS.

Este método es un método exacto para nresolver sistemas Lineales,-
el cual bdsicamente consiste en sistematizan el teorema fundamental -

de equivalencia.

EL método consiste én aplican a una matriz ampliada (La cual se
forma con La matriz de coeficientes y ef Lado denecho de fa ecuacibn-
vectorndial (5.4 ), un‘n&meao éetenmin&do'da operaciones, Las cuales -
son Llamadas openacianéé elementales sobre Los nenglones de una ma- -
‘I44z, con el f4in de obienen un AL&IQma equivalente al anterior en don.

de se pueden obzenea 6ac4£mente Las inclgnitas.

Tomando el 544tema On&gLnaf el objet{vo es trhans forman a £a ma--

triz de coeficientes A en una matrniz thdidiagonal supenioh.

-2 ! 0 0 0 Py | -600
0 -2 ! 0. 0 P 0
0 1 -2 ! 0 p,| - 0
0 0 1 .-2_ 1 P 0
0 0 0 1 -2 Pe -100
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formando £a matriz ampliada, se obtiene:

- i -
-2 i 0 0 0 | -600
o -2 1 o0 o | 0
o
0 1 27 1 0 ! 0
0 0 ] -2 ! { 0 -
I
0 0 0 ro-2 b <100
L | -
- | -
-2 ! 0 0 0 : -600
|
0 -3/2 1 0 0 I ~-300
I .
o 1 -z 1 o | 0 12 multiplique el primen
0 0 I t9 1 { 0 nenglén pon 1/2 y sdmese
' al segundo nrengldn.
¢ o 0 - 1 2 : 100
- I 7
-2 1 0 0 0 : -600
0 -3/2 1 0 0 g -300 22 multiplique el segundo
0 0 -4/3 1 0 : -9200 | nenglbn por 2/3 y sdmese
i al tenceno.
0 0 ! -2 1 i 0 -
|
0 0 0 ! ? : -100
- | =
-2 I 0 0 0 I -600 1
| . ;
0 -3/2 1 0 0 : -300 3¢ mubtiplique el tencen
0 0‘ -4/3 1 0 i -200 renglén ponr }/4 y sdmese
| | al cuanto nenglén.
0 0 0 -5/4 1 i -150 |
L
o 0 0o 1 -2 | -100]
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A2 1 0o .0 0o
0 -3z 1 0o =300 ® multipbique el cuanto

¢ 0 -4/3 1 tb' nenglbn pon 4/5 4 sdmese

— A ————— — —— — —— —

-200
o al quinto. ;
0 0 0  -5/4 1 -130 :
0 0 0 0 -5/5 -220

-_{220) (5)

2 _
: 183.33£b/pg sustituyendo este valor en
=y :

Por Lo que p, =

el cuarto nengldn

;& 5/4 ps + ps = - 150

-.{ ps = (’150 - 183.33, (41 = 266.67 £b/PGQ

)

y a La vez sustituyendo P en el 3en nengldn

- 200 - 266.67

. j.4/3 P, =
p, = 350 £b/rg?
ahona p, en el 2do nengfén : : o
g i
- 3/2p,=-300-350 .
p o= 433.332b/pg?
y porn d&timo, Auét{iuyendo'pa en el len nengldn y

.2 p s 600 - 433,33

p,= 516.67 Lb/pg?

. 4
i 1
L
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obteniendose La siguiente distribucibn de presiones:

L

Py * 600 psi, p, = 516.67 psi, p, = 433.33 psi, p, = 350 psi, p o

2

266.67 p_ = 1§3.33 psé y p. = 100 psd.

Q626 q:=0 q:=0 q:=0 " q=0 Q=0 q=~626
Omem ...._4_2.._. Py e i--e-l-—e,

3. 4
p=600 | p=516.6 | p=433.3| p=350 | p=266.6 | p=183.3 | p= 100

qibl/dia} , D(Ib/pgz}

5.3.2 METODOS TTERATIVOS.

5.3.2.1 METODO DE -JACOBI., (DE PUNTO JACQBT)

Escnibanse fas ecuaciones de tal manera que cada ecuacdifn conten-
ga_.una {ncdgnitq;én funcién de Las otras cantidades, La incbgnita co-
anespundend conuézféndeﬁ_de La ecuacifn, Por el ondenamiento de estas
ecuaciones fLa iﬁcdgnita tiene geﬁcnalmente el coeficiente mds grande.

Este método conuedée siempne que por Lo menos un elemento di{agonal
' \

sea, en valfon absoluto, mayor que La suma del nesto de Los elemenios-

del mismo nengdén. Aplicando el método el ejemplo antenion.

by
(=77 pi_-f2p2 tpye 0
“Ipyt c Py Py

tpy = Pyt Py

Hi



Pa - ”2("’1*’”3 ’

Lo p™ o I*Pa*p

| m
2 i g V=12 Lpy e 600 )

Haciendo Lo mismo para Los siguientes nodos se Liene:

L= 3 p§+1 = 1/2 [ py+ p, )
N AT
i*5 I_p'é”l = ’(:?_:"‘- Pyt Pe ]
i= 6 p2+1= }/;4 p?+ p7) ='I/2.(p?-f100)

En Las acuacioneéfgntenioneé La incbgnita estd en el lado izquier
do de £a {gualdad y se Le asigna el nivel de iteraci6n "m+1", la panr-
te conocida se encuentra cn ef Lado denecho y se Le asigna el nived -

t

de {feracibn "m".

EL proceso iterativo consdiste en suponer valfores para cada una de
Las andgnataa neaaZulendo Las ecuaciones del método y mediante éaze
proceso meforan Los ua£onea supueslos por medio de {teraciones.
EL proceso se cant&nua hasta que dos valonres consecutivos de todas --

Las variables presentan una variaciln a una tolenancia predeteaminada.

EJEMPLO:

leara 1ternacdién

. 0
Auponen: Pa=Pg=Py=Ps=Pg = 0

cntonces:

ne



Py e 1/21pY + pS ) = 1/2 (600 + 0} = 300

Py 1/2(p5 + pl )= 1/2 {0+ 0) <0

Py = 1/2{p) + pS) = 1/2 (0 + 0} = 0 -

pe = 1/2(p0 + PO ) = 1/2 (0+ 0) = 0

Pg = 1/2(pg + p37) = 1/2 (0 + 100) = 50
2da 1tenracibn

Py < 1/2 (0 + 600) = 300 |

p; = 1/2 {300 + 0) = 150

2 | '
P, - e (0 + 0] =
s 172 10+ 100) < S0

Parna Las demds itenaciones el procedimiento serd el mismo, hasta
el ndmeno de LIenac4ona¢ nequen4da6. Para €ste ejcmpfn el ndmeno de-
L{ieracdiones pchdad e5 de nueve. Los nesultados son presentados en -

La tabla {5.1).

5.3.2.2 METODOQ DE GAUSS SEIDEL.

Este método es A@miﬁan al de Jacobd, pero peamite acelerarn La --
covengencia del hdgado itenativo, af toman ventaja del hecho de que-
cuanda se cafeulan. Uﬂ&&dbﬂﬂb posteriores a La ¢cgunda £a¢ {ncdgni-~
.. tas de menon ¢ub4nd¢ca e conocen-a un nivel de {tenacdidn md¢ avanza
do. Lste es eﬂ.métodc de Gauss-Seddel’ tambcén Leamado de {tcnac{iones

patcdiales o desplazamdicentos sucesdives.,

;

3



3ra Iténacidn

p2 . 600, p2 = 375, p3 - 225, pl - 131.25, pg = 100, Pl 100
p§_- 100 pss R '

| pp= 1/2 1225 + 600) - 412.5

py=.1/2 [412.5+ 131.25) = 271.47

4

p: = 1/2 (271.87 + 100.00) = 185.93
po= 1/2 (185.94 + 100.00) = 142.97
po= 1/2 (142.97 + 100.00) = 121.48

Itenrando sucesivamente se obtienen Los valones presentados en La ta-

bta {5.2]).

T

5.3.2.3 METODO DE SOBRERELAJACION PUNTUAL SUCESIVA (PSOR)

EL concepto de sobrenelajacibn e un método de aceleramiento en -

La convengencia de Los anteniones procesos iterativos. En este caso -

+1

el nuevo valon de.itenacibn p™*se obtiene con pante del nuevo y pax

te de La iteracibn antenion p ™

Para el ejemplo antenion, fLas ecuaciones def método PSOR se escasl

ben de La sdigudiente manenra:

L] \ -

.pg+f = wl1/2 (pg + 600) ) + |11wl p?

" 1
pT* e w1/2 (pP* 4 pT) )¢ (1-ul p]

m+l . m+i m _ m
Pyt w172 {p7%7 + pg) 1+ (1wl p

“ m&1 - . . n+l m L m
P <(1/2 (p7" ¢ pcll+ (1-w) P

o 15



m+1 m+1
+

p™ L w12 (p 100) ) + (1-w) p"
6 . ‘ G

)
1 Sw €

-
-

duuan£é$£a dobnrenelajacidn, se amplifica La ﬁagnitud def cambio de -
presibn durante cada {teracién multiplLicando €sze cambio de presibn-
por un pardmetno de relajacidn, w>1.0. |
5S4 w estuviese comprenddido enine cerno y uno,.se tendnfa bajorelaja--
cibn, Este pnocedimiento‘no es efectivo para el tipo de problemas-de

yacimientos,

S{ w =1, el PSOR se neduce al ﬁétodo de Gauss-Sedidel. Ahona u--

sando un valor de 1.334 para w se tiene:

lera Itenacidh

supondendo pg'f pg = PS = Pg = Pg = 0
py = 1.334 (1/2 (0 + 600))+ | 1:1.334} {0} = 400.2
pé - 1.334 (1/2 (400.2 + 0]+ (;r-i.334) (0} = 266.93
pL = 1.334 ( 1/2(266.9 + 0))+ [ 1-1.334) (0) - 175.04
py = 1.334 11/2 (178.0 + 0)1+ ( 1-1.334) (0) = 116.75

1.334 (1/2 (118.7

+

o
o
n

10011+ [ 1-1.334) (0) = 145.91

2da Ttenacibn
p; = 400.2, p; - 266.9, pj - 133, pé = 116.7, pé = 145.91
pi o« 100
o
1.334 (1/7 (266.9 + 600) + (1-1.334) (400.2) = 444.57

L]

o«
YR

L]
[EIE N
]

1.334 (1/2 (444.5 + 178.0) + (1-1 334) (266.93) = 326.13

T
& N

1.334 (1/2 (326.13 + 118.7) + {1~-1.334) (178.00}) = 237.27

He



p2 = 1.334 (1/2 (237.27 + 145.9) + {1-1.334) (118.7) = 215.91

2
5
p2 « 1.334 (1/2 {215.91 + 100) + (1-1.334) {145.91) = 161,98

" {lerando sucesivamenie se obtienen Los valores presentados en €a ta-

" bla (5.3).

¥y "z
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TABLA., 5.1 ﬁ_ |
Iwe’ Yatex L e x a ¢ & o r €t b
- -'g,"‘.':-.“,‘:““ ta la Ja 4a 5a ba Ta la fa 10a tla
P 0 300 500,00 . 375,00 375,00 415,615 415.675 €42.1875 442.1875 d61.13 4113 478,09
P 0 0 150.00  150.00 31,85 $31.250 284,375 284.3750 312.1500 311.26 150.19  se.19 -
Cop 0 0 0 ... 87.50 £7.50 FS3.IES 153,125 102.3440 2021.3440 139.28 139.25  lé6.94
TP 0 0 25 .. 0 15,00  75.00 75.000 120,313 120.3130 156.1500 156.25 143.49 113.49
P 0 50 50 TLO82.50 .621.50  B7.500  £7.500 T10.1563 1101563 128,027 i14.02 41,84
ne ’
. e TABLA 5.1 {continua=ilr)
. i £ ¢ A a ¢ 4L 6 on
11a LR H Hda  15a féa 11a tta 19a
e75.09 4855 $85.51 493,304 493,30 99,14 499. 14 503.512
371,01 5 ) 4 386.61 384,610  39£.29 398,29 407.05 407.05
164.94 281,71 287.70  ‘303.180  303.18 34,96 314.98 325,71
204,59 250,43 219.95 . 2719.950  131.43 231,45 240.34 240.31
TINTY 152,03 152.19 159,980 159.98 165.81 . . 165,10 170.19 )
‘ T TABLA. 8.2
Ing I‘I:fzzdt . Lt ¢ 2 a ¢ d :
- la ix $a da Sa ba Ta la fa 172 lla
[ ¢ 300 376.00  412.50  435.94  455.670 470.600 JE2.0800 490.7100 497.27  502.14 335,72
P ¢ 150 225,00 171,87 310.94  341.210 364,160 3IB1. 4300 394.4000 404,13 411 43 £16.9)
P 0 75 131,25 1ES.94 126,95  257.710 180.780 198.0400 3}1.0500 310,80  318.13 §33.87
P ¢ 1.5 100,00 142,97 174,12 197,400 204,746 227.7000 237.4600 134,76 150.34 54,35
P 0 $8.7 160,00 IRI.48° 13700 148,710 157,370 163.4500 V64,7300 178,38 175,12 11,17
R AL 5 .‘? (contl:‘.'.'.r.-:!n)
) ; i ¢t e a a'c 4 ¢ a
1t 13z Ha- 15q lsa i7a 1ta 192
$08.45  51:.i. 512,04 $15.100  $14.06  SI14.71  515.20+  §15.57 - -
411,01 424,38 424 .40 418,136 419.43 43041 430,14 431.51
537,68 340.7: 343,07 344,800  336.00 © 347,07 347,40 348,35 .
257,43 259,75 741,47 261,768 153.74 244,47 155,02 185.43 -
118,71 1194 180,73 11,380 107 112,121 1210 182,71

He
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p—
TAEBLA, 5,23
‘Ine. ::fz:at i £ t. erac4i{dn
Ta 2a 3a da Sa éa Ta fa 9a 10a
P 0 - 400.2 444,57 469.24 . 485,13  509.60 512.58 515.580 516.0800 515.48 516.57
P 0 265.9 326,13 362.3)  406.96 423.65 425.53  431.63 432.7600 433.10 433.24
p 0 178.04  237.27  306.43  329.39  342.50  346.84 348,88 349.5500 349.84  349.94
F 0 V1675 215,91 . 240.37 27475 262.67  265.10  266.01  266.4400 266.58  266.63
P .0 145,91 161,98 172.68  178.87 ~ 182,15 182,68 - 183.11 -183.2500 183.31. 183,32
. ,g O :
. TAB LA £ .3 (cencinuscién)
L £ ¢ 1 a ¢ L & n
1la “12a 13a 14a 15a 1éz I7a 1éa 1la
516.63 516.66  516.57  516.63 516.66 515.45 516.66 516.66 §15.65
433,30  433.30 . 433,24 433.30 433,32 433.33  433.33 433,33 $33.33
349,98 349.99 34994 349,98 349,99 349.99 349.99¢ 349.99 349.99
 T266.65  166.66  166.63  266.65 266.66 266.56 266.56 266 .66 266.56
© 183.33 183,33 183.31 183,32 183.33 153,33 183,33 1§3.33 163.33
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g = 183,329

py, = 100.000 "
‘e).- AL sobrenelajan el método de Gauss-Seidel, es decin, aplicando-
PSOR dnicamente se necesditanron 10 iteraciones para que se LLegara a -

La convengencdia con Lq_mi&ma Lolenancia de 0.001 de presiln, obte---

niendose La sigudiente distribueibn de presiones:’

-
[N
n

600.000 £b/pg?
P, 5;5r6.666 "
py = 433.320 "
p, = 349.980 "
Ps = 266,650 "

pe = 183,329 "

o
~3
n

leo.000 "

En foama breve e LEustrativa se efemplifico La eficiencia de 3 -
métodos itenativos, siendo el PSOR el de mayor utilidad. Aplicado -
ya a una s{mulacibn en computadona £a disminucién de Liempo es suma-

mente notable aunada a una disminucidn en £os costos.

5.3.2.4 CRITERIOS DE CONVERGENCITA.

EL caditenio para que ef PSOR convenja es:
1).- La matriz sea diagonatmente dominante.
2).- EL valon de w sea menor que 2.

Diagonal dominanie quiene deein que el valoxr absoluto de la dia-

gonal principal serd mayorn o igual a La suma de Los valones absolfutos

123



de Los otnos coeficientes pana'atgdn nodo; Flsicamente en dirulacién
de yacimientos, esta condici6n es sicmpre satisfactoria s{ se tiene-
foamulado un sistema {Laico propio. Los nequenimientos panra que esto
' ocuiaa es éue La compresibilidad del sistema fLsico sea positiva, ef
Lranscunso del tLempo'poaéziuq; y La tnanami&iuidad_poaitiua. S{ ek-
PSOR no conveage, es ﬁaaibie que haya un error en el sistema {{sdico,

‘probablemente ocurra una compresibifidad negativa en algin nodo.

m+ 1
ll d H .“ )
max

T3

max

La proposicibn dq!gpnuengéncia puede ser analizada por ef 2éami-
no Leamado facton de;&gduceiJu, p , primeno se definird una medida-
de convergencda neéeﬁi&a a una variable a cada mdximo nesidual. S{ -
se obsenva el mdximo:;ébiduat a cada {teracifn y se tnaza este uazﬁn

ve el ndmenro de itenaciones se tendnd La Fig. [ 50 )

CONVERGENCIA
ASINTOTICA

i
-

Y . k ileraciones
.- FIG. 5a

Durante €sta convengencia asinténica, el mdximo residual y todos
Los otrnos resdiduales en Las celdas estan gobernadas porn £a refacdbn-
sigudlente:

k+1 k

R, . = ph,. .
1,] 1,]
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donde p es LLamado el 6dcton de neducedidn y es Lgual al aa&io eépec-

tral de La matriz formada durante el proceso PSOR,p depende del va--

Lon de w ¢y £La velocidad Yy nazbn de conveargencda,

EJEMPLO:

.Ca£cu£e ‘|d|l y ¢, en donde ps

ﬁoa el método de Gauss-Seddel

Solucidn

la

g
| 4]

m+]

max

<]

De La tabla 5.2 se tiene Lo sigudlente:

LLternacibn

482.0800781

381.4331055

298.09599690

227.7313232

163.8656616

8a Litenacibn

490.7165527
394.4030762
3171.0671997
237.4664307

168,7332153

9a {teracidn:

497.,2015381
404.,1343689

320.800399¢

244.7668076

-172.3834038

difenrencia mdxima entre La 7a y 8a itenacdibn

12.9712037

diferencia mdxima en¢4e‘£a Ba y 9a Lteracdibn

de fLa f6amula

R '”d

9.7332001

|m+1

i llmax

m
Il ]
Hdh
W l:max s

125
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entonces

p o A-133200] - 0.7503698442
12.9712037

COMPORTAMTENTO DE w

En genenal, se pﬁede obtenenr un valon de w que opiimize el proce-

80 L{leralivo. lna manera prdctica de obtenenr Wopt. » CONsLsle en efec

fuaxr unas 10 iteraciones conw = 1. Entre La 7a, 8a, 9a, y 10a se ob--

‘tiene p. Por ejemplo para el problLema de Gauss-Seidef o = 0.75037

= 1,334

t

Wopt.©

2 __ .
1 +a/1 - 0.7507

EL pardmetro de relajamiento w es mayor para problemas mas com--
plicados, por ejemplo; grandes contrastes en peameabilidad y su com--

poatamiento esquemdtico es similan al presentanfo en La sigudlente 64

gura.

No. de <{teracdibn
,para alcanzan La

convengencia,

5.4 EJEMPLO DE FLUJO MONOFASICO BIDIMENSTONAL TNCOMPRESTBLE.

sudcidn panu r'l'uf(v ™o, ﬂ.‘f5¢>(‘f- ;’-::';-mg'*.vs.f.-f.': en ¢ damensio-



-nes, e tiene:

R R . g Sy PR
ax HoBo ' 3X oy voBo 3y

*

Expandiendo en difenencdlas {initas, suponiendo ky, Ry, y Bo como cons

Ltantes

bx  Pi-1,9 " "Piy tPisa,y . by Piyjo1 T %Pigt P

: +
Bo , (ax)? -~ Bo (ay) 2
e stb i J,'
{vol., det noda)i' i.‘ ~
100 T A
Datos o S S S - . :.
|
ky = 200 mD. :
‘ |
' i
ky + 50 mD, 'ZT % °2 © 4 J
- n . i /(l
uo "., I.'5 cp. _l_ - O'J
- 7 g
Bo L !.2 é (KI
' : i o o .
h = 20 pies jj 4 5 7
1 .
x = 100 pies A /
y = 120 " :; 4
G. = 500 bL/dla .7 o o o p
1o A 7 8 s I
qq " <500 " - | ’
| P ' -~ ’ / - ’ .'l 4 / /l /, ./ - .’_/'/ s /’ /’ 7," // o ;
pgy* 1000 2b/pg* , ‘

‘Es <{mportante notar que el sistema es cearado, es decdr, que no-
,hay flujo en La frontera exteana. Para hacer esto, neconrdando La - -

ccuac46n de Darcy, en donde ¢l gasto es pnaponcconat a £a calda de -
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presibn:

q = ctte., p

‘'S4 el fLujo es cenro en La frontera p tiene que sen cerc. Por Lo-

tanto hay que aumentar. nodos f{icticios alrededor del sistema cuyas -

presiones son Ldenticas a fLas.de Los nodos inmediatamente contiguos-

L

dentro del sistema.

Escaibiendo £as ecuacdiones conrrespondientes a cada uno de Los no

dos se tiene Lo siguiente:

P

+

Nodo -
yy 0.2 x 1127 o Pa T %Py " Py 905 x 1127 Py T TPat Py
(1.5) (1.2~ (1002 (1.5) (1.2) (120)
500 L
(100 x 120 x 20)
) 0.2 x1.027 P2 TPt Py 905 x 1027 , P2 Pyt Ps
- 1.8 (100)2 1.8 (120)°
0 .o
3) 0.2 x1.127 P2~ "P3* Py Lg0.05 x1.127 , P3R5t Pe
1.8 | (1002 1.8 (120) 2
f
0 . 0
4 0.2 x 1027 Py T TPy Py 905 x 127 Py T PPyt Py
1.8 o 100yt 1.8 (120) 2

128
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0.2 x 1.127 Py~ %P5t Pe . 0.05 x1.127 P2 'Ps* Py
1.8 (100)2 1.8 | (12012
Vs .
0 -0
0.2 x 127 Ps” ®Pe*Pe . 0.05 x1.127 , P3 PPet 1000
1.8 {10012 1.8 (120) 2
0 a0
0.2 x 1.127 P2 "ot Ps o g.05x 1127 Py P9t Py
1.8 (100)° 1.8 (1202
0 . 0
0.2 x 1,127 P77 %Pet 1000 9,05 w1127 Ps " "Ps ' Ps
1.8 (100)2 1.8 (120)2
0 s 0 |
. - R - - =]
+ a12 N + alB Pl Ql
' ; PQ q?
t %32 ' tagg) P3 ] e
|..- . p‘u qu
ps o qs
Py AE/
’ a82 -.. ' aes b pe-.l h-qe_
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3055.42-p,

1603.2 Py
0 P

1252.22 p
0 P
0 Py -
0 Ry
0 Py

-

+

1§03.2

4858.6

1803.2

1252.2

+

+

1803.2

3055.42

0

1252.22

+

+

+

1252.22

4307.64
1503.2
0

1252.22

13 O

~1252.22

1803.2

6110.84

1803.2

0

1252.22

+ 0

+ 0

+ 1252.,22

;” - 0-’
o+ 1803.2

- 4307.6

+ 0

+ 0

+*

1252.22p,+ 0

+ 0

+ 0 py * 0

)

+1803.7

p, + 1252, 2 Pg

p8='-3klai
Py = 0
pg = 0

-1252222!

3055.42p, + 1803.2py= 0

p, - 4858.6p,=

-1803200



Resolviendo el sistema de ecuaciones pon efiminacibn de Gauss -

lmézodd'dénecta), se obfiane La Aiguiénta distnibucibn de presiones:
py = 1303.6270 1b/pg”
p, = 1216.6606 - « |
p. = 1174.7270 .
p - 1169.2844 «
P ='1151.8139 "
P 1114.3425 .;

py = 1128.9000 ~

= ]086.9664 -
Pe q=500 q=0 q=0
© o] o
! 2 3
p=1303.6 p=1216.6 p= 11747
q=0 q=0 q=0
0 o]
04 5 6
p=1189.2 p=1151.8 p=11i4.3
q=0 q=0 q=-500
\ .
o (o] e}
r 7 8 S
p=1128.9 p=1086.9 p =1000

+

a{bl/dfa), p(ib/pg?)

5.5 ARREGLOS CARACTERISTICOS RESULTANTES DE FLUJO MONOFASICO.,

al.- Una dimensibn

Ecuacidn:
n+l . n+l n+1 n+1 n
SO U Y W T S S
(L-X.]z a ig
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! 2 3 4 5 6 7
L ] [ ]
i~ (? i+l
- B : — - — .
XXX - P, qé
XXX o j.f.i3 q3
XXX . '
: A q,
Xxx o q,
, xxx s qs
XXX ) p7 Q7
XXX Py e,
Obteniendose una matriz trnidiagonal
b}.- Dos dimensiones
Ecuacibn !
n+l- 2N+l + phtl n+l gpntl 4 . ntl
P =1 2pi.‘i Pivi.d + pi.i-—l pi.-] i,3+1 .
[ax) 2 { ay) 2
n+l .n ‘
Pirm Pis
At

132



§

' ]
i,j=1

2 . ® °

I-1,j 1 itl, ]

.3 . ,
, j+i '

4

5

Supondiendo que se¢ tiene una ﬁazﬂa‘de cuatro por cdnco, se obtendad
una matriz pentadiagonal, didgonatmente dominante, en donde La pante -
central de La matniz, esta formada pon ecinco matrices de 4 x 4, que co
anespondend al flujo en la direcedidn "x".

Las diagonales adyacentes a La panie central cornresponderdn al §Lu

jo en La dineceddn "y".
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L o . O W L8 w

12
3
) 14
s
16
17
¥
19
20

02 03 04 05 06 07 08 09 10 11 12-13 14 15 16 17 18 19

20_ 139
X X
X X X
X X X X
X X X
X X 1 x
X X X X X ,
X X X X X
X i X X X
X X X 1 x
X X X X l X
X { X X xl X
X X X X
X [x «x X
X X X X | x‘\.\-
X X X XI X \‘\) " Flujo en
X L X X "/’f/’ La dinec-
X A—"””. {k X 1 ci{bn "y"
X X X X
X % X X x|
X _ X X
135
e) Tﬂ‘u dimensdiones. (uiujo mong fAs{co) a
Ecuacidn_; ’
ténmino en.' T ténmdino en
X E + y + ,
+1 n
P?fi,k-i ) ijti . p:ti,k+1 . pg,i.k " Pii.k
' (2212’ @ s ¢



N\

D,EyF —— FLUJO EN LA DIRECCION " x"
By H —— FLUJO EN LA~ DIRECCION "Y"
1] zll

ZyS—— FLUJO EN LA DiRECCION
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5.6 ALGORITMO DE THOMAS PARA UN SISTEMA DE ECUACIONES TRIDIAGONAL,
) » n
EL algonitmo de Thoma@bea esencialmente una variacibn de La eli-
minacién Gaussiana y cog_el cual se éviza el crecimiento del erron -
asociado con La solucibn de Las eccuacdiones y se diAthuyen Los pro--

blemas en cuanto a capacidad de computadonra.

Supongase que se tiene un sistema de n ecuaciones con £as incfg-

NLLas X, , X, , + « o o o & « x .en donde:

1 2
b1 c1 0 q_ 0 0 _11 d1
a, b2 e, 0. .0 .0 X, d, \ .
0 a, b3 e, 0 30 X4 d3
0 0 a, bl4 e, 0 X, dq
an-i bn—l cn—1 xn-l dn-l
a b X d
| n n JpLnr»4d LD
b + °c0x 4+ = d
13(1 1 2 1
+ + X + = d
a . x . bzx2 c2 3 2
+ + b x_ + ¢ X s d .
a x( 33 3 4 3 |
+ + b + C X = d
2.Xs Wy 45 4
. X + e d
n-Ixn-’z.’ n-1 n-1 n-1n n-1 '
1 " d
an xn-i * bn Xy n



Por definicidn

| dy (1)
Y.i : b '
1
o = ¢y vee. (2)
1
bl

s

despejando x, de La primena’ ecuacdbn y sustituyendo Las expresiones -
. ¥ .

anteriores 4¢ tiene Lo sdigudiente:

entoncesd

“W, X cenasee- (3)

sustituyendo La ecuacidén (3) en La segunda ecuacibn det sistema se -
Liene
l - + + = ,
a, v, m1x2} bzx2 ¢ X d
- factondizando x

2

w ) X +ex =d ~a
17 T2 Y

6 - a
V4 3 3 2 21

2
definiendo a

B2 = bz - ajzw;

X = cwoLoX .‘; T
2 “To That Xy (41

continuando et proceso hasta n-1, ya que hasta n-1 habadn 3 ecuaciones

e e tanto



sustituyendo Las expnesiones anteniones en La dltima ecuacidén del -

sddtema se¢ liene,

~

a - X +bx = d
n ( Yn-i n-1 nl n n
(b - a } x =d -av
n n-n-1 n n n n-1

x F-

n . Yn *
X, =Y, -w X,

i i i i1+1

como ya se conoce el valor de X ) ahora se conocendn Los valones de-

x X ete. EL algoritmo de Thomas consiste en dos secuen

n-1’ "n-2’ "n-3°’
cias:

1}.- Paimena secuencia progresdiva:

. \ 8 = h
1 1
¢, ) .
Wi= . , L= 1, 2,3, vouve. n-l
°1. ..
3 = b - a.w 'L x 2' 3, 4, ) P Y n
i i i i-1 .
d d. -.a
Y = 1 'Y .= 1 Yl'l 4 =2, 3, 4, seeses N
1 ﬁ ) B
1 i
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2).- Segunda secuencia negresiva

5.7 FLUJO P0CO COMPRESIBLE, HORIZONTAL, EN DOS DIMENSIONES.

La ecuacibn para este lipo de flufo es La sdigudlente:

3 [ Ax Kx _ap g, . 3 ( Ay Ky P} ay+oq :
3x Mo Bo  ax ay uoBa - 3y stb/d
ve Vo
5.615 ol

En donde:

A Anea transvensal total [p ]

K Pemmeabiiidad'abéo£uta (7.127 x Darcy) [bancﬂ

Bo _’ Viscosidad det 6ﬁu£do k.]

Bo Facton de volidmen 'b . cy./vol.@c. A]
P Presidn ' , Db/pg ]

X,y Dibtancia . _ b) ]

ax,nry Longitudes de Las celdas _ b: ]

o Porosidad L _ | Bnacc&d@

¢ Compresibitidad del f{Luido ' @oi /vol. Lb/pg’ ]
t Tiempo }f Pf ] |

v

v Volidmen total de La celda , &LQ ]



A = hiy

A = hix - i
e bt ,//4
o s A
Vo= haxsy - //;241473;4 y
. k—ﬁ'Au

La expansién en diferencias finitas senrd:

- 2p tp
220, Paagm TPig T Piaag ,
ax 2 {ax) 2
- 27 +
22, Pi4-1 TPt Py
ay? [ay) ?

® 1,127 ctte. de trans formacibn para que el gasto de directamente en

b1/dLa

Formulando Za expresdibn en La dineccibn "x" se tiene:

S . .
( AJ; K % A% ) ( pi—l;j pi.) 'pl"'lyL | = { Ax Kx )
o Bo ‘ (ax)? vo Bobx

- 2 + | l
iy tPas " Paay
Ax Kx . ) .
{ b BAX PP a5 T P T Pag  Paenyg
( A; kx. ) ( p_n+1 - pin+1.) - A; KZ, )! { pr'H-i - pr.1+1
HoBoAX 141,19 5 HoBoAX ! l,j i-1,3
AUZSY I =172, }

en La dineccibn Ty"

1 ., [ 1 ! +1 n+1
(Au Ky bt ety AL Kty gttt
b Boby i i,j+1- i,] poBod y : i,3 1,3-1
‘ Piyivi/e by j=172
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obteniendose £€a sigulente expresddbn:

. X n+l n+1 A n+l n+l
e I I S B R vt LR 2P N I
b Bobx i+1,3 ] M Boax i, i-1,j
/2, L : i-1/2,j
+ ' +
+ Txi+1/2,j - Txi-1/2,j
. Al " . ‘1
e Ax Kx X
. LoBort .i11/2,j
n+1 B n+i n+1 n+l
(2w Ky g p o p ) (—AwKy MM
uoBoay i,J+¢1 . 71,3 b B sy l i3 i,j-1
i 14172 . i i=1/2
¥ L +
T : ’ -
Y5102 | TY: 5-1/2
o ¢ Wy,

q. . stb/dla = 1.l ptl o pn

1,3 5.615 ‘at 1,3 1,3
esta ecuacibn se puede escnibir en fa notacién SIP:

D + H =

P Pesen” PasPienng T B Py T ey Praay T My Page T %
en donde:
B . | Au___Ky ,_~, p. .- | Ax Kx . .

1,] o BpAy i,§-1/2 i,73 vo Boax i-1/2,]3

Vp, . ¢ Ay K _
rl Js Hl,] = ( SELLY LY * B ) .. )
’ 5.615 Mo Boby 1,91/
A K r. . n

F [ 2 . @, . = - Qstb/dia, . - —3-p,

4,4 uoBoAx \‘¥‘_f1/2.] 1,] 1,]) ot 1,3 ,

E, = Ex, _ + Et k"fg,, Ex, = - | Ax Kx ;”/2% Ax Kx
€ -} 1,3 ») . .1 ) 1,] 1 .
, - i : vo Botx u0 8°“i-1/2j



ST . o Ay Ky
Et, § = - el - Ey; s = - | Vi,je1/2

i.] 7 st ' '] Vo Bob.y
[ Ay Ky
wo,BoAy i,§-172
Exi,j s - ( D+ F) Ll | Eyi,j = - [ B +.H)

5.8 ESQUEMAS DE SOLUCION.

I.- DIFERENCIAS PROGRESIVAS
- Ndivef de tiempo [ n ) en ef LIE*

-Condicionalmente eb;abte: . At + o At

5 £1/2
(ax) (ay)

2

- Ennon olax)? + eﬂazl + O(Ayl2
2.- DIFERENCIAS REGRESIVAS
- N{vel de tiempo jfn+1 | en el L1E
- Incon&écionatmedte estable
- Ennon  ofax) 2 +-olst) + ol ay) 2|
3.- CRANK - NICHOLSON
- Nivel de t{cmpo}1/2 {ne¢1 ) 4y 1/2 { n ) en el LIE

- lncondicianatmepze estable

Eanon ol ax) 2+ olatd 2+ ol wy)?

- PROMEDTOS PONDERADOS

£-S

- Nivel de ztiempo ipl n+1 ) 4y [ 7T-8) [ n ) en el LIE

- Incondicionalmente estable &4 1/2<p<l

* LTE LADO TZQUIERDO DE LA ECUACION
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- Condicionalmente estable 84 0 <0 < 1/2

= 5.- DUFORT - FRANKEL -
- Tres niveles de tiempo { n-1 ), {n), [ n+el )
- Explleito en | n+l )

- Puede sen inconsistente .°. no es hecomendable

6.- ADEP (PROCEDIMIENTO EXPLICITO DE DIRECCTON ALTERNANTE)
vensi6n de BARAKAT - CLARK
- Expticito L.
- Incondicdo ndtqéﬁte estable

- Errnon  ©f ax) 2;{_4 ef ay) 2 + ofat) 2

"PRIMER. PASO

" n+l n+i n - n n+l n+l n n
u, - U, .- U, L+ U, . U, -u, .- u - U, .
i-1,3 i,d i,] ivl,j o, _i,j-1 i,J i,j i,jt+1
tax) 2 o : (oy) 2
n+l n
u , - Uu -
! 1,7 i,
a at !
84 a = “A’tg Y b “MQ
. (ax) (ay) .
n+l n+l n’ n ) n+l n+l n
all, ., - aul, . - all, , + all, + bu, ., - bU, , - bu, .-
i-1,3 1,3 21,3 i+1,3 i,3-1 1,] i,]
n n+1l ri_.
Yigen” Yag 7 Y
despejando e
. ),"; n+l n b n+l b n
+ + blU . + bU
. gttt _1-a-b ™ . Mio1,3 " e i,i-1 i,3+1
i,j l+a+b My l+a+b '
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»
Ahora, 8¢ baine fa malla en el siguiente onden:

§oel 5iae, 2,3, L N

j. 2‘;“&",2’3' a0 0 s s Nx “ ) !
jo» 35 is1,2,3, ..... CNx | )

Ny ; £=1,2,3, .... Nx°

.,
L]

SEGUNDO PASO

un n n+i 1'hn+1 , n ‘'n n+l n+l
. -"u: --u- . " - - .I -u- = -u--
< i-1,73 i,j i,9 i+1,4 + i,9-1 i,4 i,1 i,3+1 e
( ax) 2 | [ ay) 2
nti ' n e

g Uig- Uiy

a 6 1

n n n+l  n+d ﬁ n n+1 n+l
al . -all, - al, '+ al, + bU_ - bU_  _ -bU_ 4+ o

i-1,73 i, i,5 - i+1,73 i,j-1 i,J i,3 i,j+1
un+1 n :

. - U,

i,] i,j
despejando :

Qpﬂj < _ n+i n n+1
"t _1-asb ¢ alj-g,5+ alljeg,g+ bUy 5.1+ bUj 541 '

F —_— + : )
i,i l1+a+b i,j T+a+b

ahona, se barne £a mafla en el siguiente onden:

*

e

f= Ny ; 4= Nx, Nx-T, Nx=2,...., 1
j-'Ny-l; Lruﬁx, Nx-1, Nx-2,..., 1

j- Ny'z; ‘:. Nx' NX’,, ..!J..x-_z...noo, 1

] A E



.

je 1. ; &= Nx, Nx-1, Ni-2 ...., 1

TERCER PASO oo e - (2
D n+1 utts o+ ulty
U, -, = i2] 1.)
1,7 7
Jz | J=1
. —pr < —
e I e
2 iy g —
e e - —
= e = ——
e T ) e T T
—— e —_—
] — T : B — :
e N e
i T e =
—f e o
J=Ny - ) J= Ny . )
isi , © " I=Nx sl i Nx

7.- ADIP (No iterativo)
(PROCEDIMIENTO IMPLICITO DE DIRECCION ALTERNANTE]}

Peaceman y Rachfond, Trans .AIME 1959,

[

PROPOSITO: Avanzar La solucibn del tiempo "n" al tiempo "n+1"
. -y .

- PRIMER PASO

Se considenan implleitas Las incbgnitas en La dineccibn "x" y ex-

‘lpticitaé Las incdgn@t&b'en La dineccibn "y". Ademds en Los ténminos

e 4 3 , E 1, ae\u&a'un intervato de tiempo de 82/2. (porn ejemplo
r " /82/2). En el primen paso se avanza fa s0fucidén del nivel "n" -

, ‘
at niveg "¥",

- _'-' . 3 . n ' n n

D P} 7. "+ [Ex+EL)}P* , + FP*  _ =- (BP + Ey P + H P
i-1,j s 1,7 itl,j i,j-1 i,j i,j+1
n B ,,’ ., _ |
ij 5 ’

Para cada (4, f) .se tiene una ecuacién con tres incégnitas, por -

T
-
P
PR
Y
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)

.

Lo tanto para podenr neaotvcn el sistema ed necesanio escaibin Nx ecua-
e
ciones: para toda "i" y una "{" dada. Las Nx ecuaciones con Nx inclgni-
tas aeauttan en un A&étema tnidiagonal que se puede resolven eficiente
mente con el algonitmo de Thomas .
jAbap
valor intermedio

P
ave T2

SEGUNDO PASO

Ahonra se considenan implleitas Las incbgnitas en La dineceibn "y"-

y explleitas Las incGgnitas en La dineccibn "x":

n+l n+l° n+i )

+(Ey+fth'j P = - (D p* + ExP*. + F P! ) b

B P i,j+1 i-1,73 i,3 i+1,5

i,j-1

Similanmente se analizan simultancamente Ny ecuacionesd con Ny 4in-

nen

chgnitas eschiibiendo an'ecuacionea'pana toda "§" y una "4{" dada. La -

solucibn se obtiene po¢‘medio del algonitmo de Thomas,
] -

r

:: énwr“\r . S

" ler. paso . 20 peso i
Campaaat&vamanie, pana una malla de 10 x 20 ef esquema &diﬁALUO -

genena 200 ecuacdiones qqn 200 incbgnitas, ‘dando Lugan 4 una e&tnuczuna

pentadiagonal. Pox to_t@ﬁf;, para avanzar fa solucibn de "n" a “"n+l" -

se necesdita nesolven este sistema. EL esquemd ADIP nequierne nesolver -

10 ecuaciones veinte veces mds 20 ecuaciones diez veces, todas ellas
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PASO 2

(me1/2) (m+1/2) (mfi)?) (m+1) (m+1) (m+1)
TSI Lt % B U V% R S0 P St 00 B 9015 U
(ax) ? | (ay) 2
(m+1) (m+1/2)
9,9 7 oty g - Uy ’

Los o 4son PARAMETROS DE ITERACION. Su empleo acelera fa conver--

gencia del proceso. Noamalmente se utifizan de 4 a § pandmetros de -
F) » . 3 k‘ - »
Ateracibn en fonma clclica. Por efemplo, 44 se selecclonan cuatro pa-

rdmelros o e 4, ays 2, ay =1, a, = 0.5 se usarnfa a, para La primena

n

itenacibn, o, para La segunda,a, para La tercenra, a, para fa cuaria,

2 3
@, para La quinia, a, para La sexta, efc. EL método convenge para --

cualquier valor positivo de a.
!

En todos Los métado&iitanatLUOA hay que dinvesiigar si ya se alcan

z6 La convengencdia despulds de cada {tenacifn, pon ejemplo

i

(m+1) (m)
¢ Max u, ., - u, ., <e 2
1,3 1,] 1,3
. ! I
METODOS ITERATIVOS PARA FLUJO TRANSITORIO
9.- METODO DE JACOBI
- i n+l n+l : n+l
(m+1) 1 ©n , (m) . (m) F! T)(rn)
T = p— - + +
PiLs e L B Tt P Py Fas T
i, '
n+l:
(m)

Hils Pi,j+1 )] -
v ’I

Este método es muy Lento y pon Lo tanto no es necomendable utifizanfo

)
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10,- METODO DE GAUSS-SETDEL

n+l - n+l . n+l n+l
(m+1) 1 n (m+1) (m+1) (m)
iy m e s B Pt PPt FaPaeas
n+l 1) BERF
- (m)
Hi,3Pi,9e1 ]
11.- PSOR (SOBRERELAJAFION PUNTUAL SUCESTVA) ' V-
n+l n+l -
(m+1) (m[
Pisj = { 1- w] Pi,j +.
ﬂ; n+l - n+l n+1 -
f n " (m+1) ' (m+1) (m)
m{- : C-ay 5 By 5P 50t P55 P05t Fayg Paea,s * il
1sj ﬁ )
r(H-% .
bi1] o
Pi,j+1 ’} .

12.- LSR (RELAJACION LINEAL SUCESIVA) :w = I
En este método se iienen dos opedones, considerar La dinecedibén "xV
implledita, o conéidaagilﬂa dinecedén "y" implLfcita. Para La primera -

itenacibn se tiene Lo.siguiente:

n+1 <§' : n+l n+l n+1
(m+1) 7 . n (m) {(m+1) (m+1)
Pivg  °° . Cimag 5% By 5 Ps 5.0 05, 5P5o1,9* Fi,5Pi01,5
n+e1 el
(m)
P Pagen ] |
it
despejando: 5
e ' '
" n+l n+l n+1l
(m+1) (m+1) (m+1)
W E A + F
1,7 1'1!3 1,3 1,3 1,13 1+1’J
-------------- incbgnitasy -------=-==--=----
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;e

L R N

n+i
{m)

U-ay,5 % ByyPagoa

1énminos conoedldos

Por Lo tanto se Ziene que panra:

j= 1
j' 2 n "

~

n "

i= 3
js 4 . [} n I

§= Ny se genenan N

X

se genenan Nx ecuaciones

"

ecuacionesd

P T

- m - .

Estos sistemas de ecuaciones se¢ deben nesolven M veces hasta que-

se obliene convengencia,

13.- LSOR (SOBRERELAJACION LINEAL SUCESIVA)

Nuevamente, para este método se tienen Las dos opcdiones del LSR.

1Lustrando ahora La forma de Las ecuaciones al consdderar La direccibn

"y" impllcdiia.

n+l \ n+l
{m+1) ' (m)
P. . ° ( I-w ) P. .+
4,4 : 1.1
* n+1 n+l
. I n (m+1) (m)
w{- - a5 By 5Pi9-0t %5,5P5-1,5
i1 : ~
(mi1) §
. m+
Hx,j i,j+1)}
Despejando:
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n+i " ne1l n+l
Bi,j (m+1) {(m+1) p P(m+1)
——————— + R . . N =
i Pison P By Pas P Mg PiLge

3

" ténminos desconocddos o inclgnitas

n+1l n+1 . n‘+1
(m) , n (m) {m)
(I'Wl P ’ * ) —E-— i} ql’j * Di'] Pi-i,j Y Fi,j Pi'fi;j
i,j

- o am w  A e e e we B A am o e

En este caso, se tiene que para:

L= 1 82 generan Ny ecuaciones
{= 2 s¢ genenan Ny ecuaciones Coe

4": 3 n n n

4= Nx se genenan Ny ecuaciones

Eatos sistemas de ecuacionesd se deben nesolver M veces hasta obte-

H

nen convengencdia.

Para obfenen w bptiha en LSOR se procede en forma similan al caso-
de PSOR, pon;gjempto de efectdan vanias {tenaciones con w = 1 (LSOR} -
obteniéndoae;éérnadio espectrnal [p). Con este valon se calcula wopt.
ADIP (<{tenativo) PROCEDIMIENTO IMPLICITO DE DIRECCION ALTERNANTE
Peaceman-Rachﬁpnd, Douglas-Rachfond (no usarlo ni en problfemas en tres

dimensiones ni en flujo mulifdsico) o

I
4

PRIMER PASO

Considenando impllcitas Las incégnitas en €a dineccibn "x" y ex--

. plLeitas Las inclgnditas en La direccibn "y

1
R
u
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() S ()
D P, .+ (Ex+Et - hkyT) P, s+ F P = q - [B P.

. i-1,3 s i+1,7 i,j ' (Ey *

o (m) (m)
hktT) P. s+ HP ]

3 Soi,in

SEGUNDO PASO

' Considenando ahona implleitas Las Lncbgnitas en La dircecidn "y" y

exptlcita§ Las Lrcbgnitas enlﬁa dineceddn "x":

/

s p M, e (m1)  (mel) [ (%)
i1,5-1 7 (BYTEL- hkET) Pi;j PHP STy LD Pit,s? (Ex+ hkrT)
() (%)
P+ FP. ] PEACEMAN-RACHFORD
i,j i+1,3
. [ (*) (#)
= qi'j - D Pi- , + Ex Pi,j +
(m) (%) ]
hktTP. . + F P. . DOUGLAS-RACHFORD
1,) i+l .3

NGtese que La dnica diferencia entrne Los dos esquemas {Lerativod -
. (m+1) (%) '
24 que P-R £& suma af LDE: pRrT (P, | - Pi 5 ] mientrhas que D-R fLe su-

(me¢1) ° (m) ta] ’
P

ma .al LDE: KhREIT (Pi 5 - P ; en el segundo paso de La i{tenacibn,

EL procedimicnto D-R.en 3 dimensiones es aiqﬁgan usando ndiveles de

() () (m+1) o (m)
L{tenacdln, , y y-sumando hkgT [me+l)- P ) al LDE -

respectivamente,

5.9 CONSISTENCIA, CONVERGENCIA, Y ESTABILIDAD.

En esta seccibn se. verndn formas de analizan fas expansiones en di-

ferencdias fini{tas y dcienminan que tan nepresentalivas son paira Las -

A
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.,

ecuaciones diferenciales parciales oniginales, asl como bajo que con-

diciones el esquema propuesio es estable.

Se dice que una ecuacidn en difercncias finitas cs CONSISTENTE 0-
COMPATIBLE 84 tiende a éen -idéntico a La ecuacibn difenencial parcial

orniginal a medida que ax-+ 0 y at+ 0.

Se dice que una ecuacibn en diferencias finitas es CONVERGENTE &4
La solucifn exacta a Las ecuaciones en difenencias (u] tiende a La &0
Lucibn exacta a Las ccuaciones diferenciales | u )} para todo valonr de

x a medida que sx+ 0 y s+ 0.

Se dice que un sistema de ecuaciones en difenencias finitas es -
H

ESTABLE a4 un ernon en fa sofucibn (introducdido por cualquiexn 6bnma]-

tiende a desvanecense a medida que avanza La solucibn y 84 Los erro--
nes de truncamiento. en Las operaciones anitméticas no se acumulan con

el tiempo. vy

P
- .‘
P
N

CONSISTENCIA O COMPATIBILIDAD

EL andlisis de con%igéencia de un esquema en diferencdias finitas-

e _
se LLeva a cabo en.una'£0&ma similan a La desannollada para analizar -
el ténmino del eaﬁon,‘g&-decia, s¢ expanden Los ténmino& en funcdibn -
de sendes de Taylon y se analiza ef comportamiento de La expresdibn ne-

sultante a medida que & y & tienden a ceno.

Ejemplo: Analizan fLa coﬁéi&tencia def esquema de Dufont-Frankel.

. ecuacd{bn diferencial paﬁc&qi: 2% 1 u L,
7 ; ax 2 a ' &
6 , difen "A finitas . ‘ n , n+i n I n+i
ccuacidn en diferencias finitas: ]=
o e AUy - Uy - U Uy e Uy
" (ax) n
- Uy
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g

expand@endo en dendies de Taylon:

diuidianda.poﬁ 2a0t

ke

155

. o ,
. » n : ' 2 2 3 3 4 b
2aht '[ui v (bx] 4 ,lax)® o%u . (ax)” 23w, (8x) A% e
(ax) 2 ax |, o o2f ax? 31 ax? 4t axt
n 4 27 3 y
Cuh ey 2w | tand® a2 fee)® 2P (at)? R%w
* 3¢ |, 2t ex? - 31 apd 4! at"
n - |n
S U e qap) u o (ex)  R%w  fet) 3% (at) 2,
-7 ot |, 2! az? 30 az? 4! ath
. U? - (ax) 24 . (Axf? 3%u (ax)? a3 . (ax]" 3% ]8
i ax 2! “hoax? 3! ax3 4! ax"
.
n i ' 2 a3 Y
ST {82 au , fat): 3%u . (a2] 3%u | (82) 8% L.
oz |, 2! - az? 3! at? 4! at"
. k
' 4
Cut e ey 2e) o let1® %, (aa)® 03w (et dtw o,
: 2t 13 2! ..at? 300 arr 4l ath
aimptiﬁicando'ténminoa, ZarkpanLJn se neduce a:
, n ' in " . |
2, | K 2, 2 Y,
2uM2 [(t\xl? B(; _l“ (A‘t}z a{: L, 8!; L, ( Ax ]} BL: _
{ ax) ' axs . . X 2 12 CE
" fn i in 3 in
" ' : 3 i
(J:\'tl a“ul . ] - 2 (At]‘ au ’ + lﬂt) I u ;
12 ath . - 3 atd .
R DRI i



3%u _(Ml2 a%u (ax)? 3%  (at)® 3% 1, ik
Cax? o (ax) ¢ ar? 12 ax* 1z(axl’ et a  at  ba
33y

a3

2 2 Y : oy 2 3 ‘ 2 W3

3°u 1 du_ [ (ax}) " 3w [af) 3% _ o latlhy2 _sfw
ax? a 3t 12 axt ba at3 { ax) at?

2 4
! ( {at) 2 3 ] : 0
12 (ax] ~= 2z

Ahona La pregunta a contestan para analizar La consistencia de es-
ta detima ecuaciln es 8{ tiende a ta ecuacibn diferencial parcial a me

da qué ax+ 0 y que af> 0.

.

Como se puede comproban’'el prnimero, segundo y cuarto ténamino del -

2

paréntesis tienden a cero a medida que Ax—+ 0 y At+> 0 {el téamino 1ag1”
ax

probablemente se acerca a cero) peno el cocdiente que apahece en -

‘ Ax
ef Zercen Zénmino puede ser un ndmenro f{Lnito, digamos B por Lo tanto -

el esquema Dufont-Frankel nepresenta mas bién una ecuacifn del tipo de

La ecuac«bn de onda, pon ejemplo:

2%2u_ _ g2 3% _ 1 _au
ax? . at? a at

= 0

Una vez asegurada fa consistencia de un esquema L{teraiivo uy para -

!

poder tener una apnoximacidn udtéda; ésta debe arnnojan nesultados que-

esten mds o menos cenca de fa solucibn del probfema oniginal. Esta con
!

sidenacd{dn se puede analizan en dos formas diferentes:
. . . .. n- '
Primeno se puede consdiderar un punto §{<ijo X, y pregunian acerca de

: n n
La digenencia entne u.y ui a medida que fa maflla {espacio-iiempo) se¢ -
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‘ hacetqua vez mds fina, Se espera que en el Lomite, ammedéda que 4x+ 0 ..

y 8+ 0, e£ .ennon ttenda zambLZn A cerng. (CONVERGENCIA)

EL segundo aspecto de{ compontamiento de La aproximaedifn en dife-
nencdas 6Ln4tq¢ puede ebtudLanbe manten&endo 6Lja6 Ax y Bt y examinan

AN
do que pasa a medida que £a boﬁat&én 4¢-avanza en z4empo. Se espena -
s “__1

en este caso que £oa eaaonea no se amp£L6¢quen a taz grado que Los ne

sullados obtenidos no Aean vdlidos (ESTABILIDADI.

CONVERGENCTIA - ERROR DE TRUNCAMIENTO

En genenal, entre menon sea el ennon de truncamiento, fa conven--
gencia de La ecuacilfn en dLﬁe&encLaé a £a ecuacdidn diferencial es mds
ndpida, Por epto, una forma de analizarn La convergencia de un esquema

en difenencias f{initas es analizando su eanon de truncamiento,

Enxnon de truncamiento es éﬁ ennon incunnido al neemplazan La ecua
. edbn difernencial por una eéuaciﬁﬁ en diferenciasd findtas., Debido a es
te ennon, La solucibn exacta a La ecuacidn en diferencias (s4in ernonr-
de nedondeo) es difenente a La solucibn de La ecuacdbn difenencdial --

pancial cosrnespondiente.

EL ténmino "ennon de truncamiento” viene del hecho de que af reem
plazan dendivadas pon cocientes de diferencias es equivalente a utlili-

zan senrdes de Taylorn "truncadas"

EL ennoa de truncamiento Local de una aproximacibén en diferencias

f§initas sc_define como: n n

en-donde:

E = enrox de truncamiento Local

LD = foama en difenencias finitas
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Lu « gonma diferencial

i
'
5
LY
5 o

. Por ejemplo: Pana el esquema en diferencias progresivas:

2
Ly = Icu _ au
ax 2 at
n n n n+l n
n U -2 U, + U u - U
L U _ i-1 i i1+1 _ i i
b1 {ax)? At
(ax) 2 aty At 32u 2
E, = - ] E, - of ax) © + of at}
12 ax ? ar? '

S84 se tuviesen Las solucdones exactas se podnfa definin cf ERROR-

DE TRUNCAMIENTO GLOBAL mediante:

n

E. = Ma:i,nui - u (xi,'zn)

En La mayonfa de Los caéaa,'no se tiene fLa 4o£uc{5n exacta u(xi, In]
por Lo tanto el problema consisle en tratar de enconitran Los Limites-
al earvn global. Pana ecuacdicnes difenenciales simples noamafmente se
puedan encontran peno, a medida que fas ecuaciones se hacen mds comple
fas, €a estimacidn de estos Limites se hace bastante mds dif{cil.
Agontunadamendte se ha encontrado que fos ennones globafes muestran el-
mismo orden de dependencia con respectoc a fLos tamanos de malla (espa--
cL0-tiempo) que Los ennones Locales. De aqud qﬁe Los EkRORES LOCALES -
DE TRUNCAMIENTO que son mucho mds fdciles de estiman se puedan usar -
ipo& £o menos como gula pana el orden de CONVERGENCTA de Ea'aoiucidn a-

fa ecuacidn en difenencias finitas a fa solucibn de La ecuacibn dife--

nencial a medida que e tamaio de £a malfa tiende a ceno.
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’}Enﬁza.pndctica paxra p&obﬂemaé que Ienqan algdn grado de dLé&Quﬂ'
tad Za esz4macc6n del enron sec obtiene resolviendo £a ecuac&dn en di-
5enen€;aa ut&&&zando difenentes tamafios de malla uaniando tanta Los -
annemento¢ espaciales (Ax,‘ﬁy, 6z} como el Lincremento temponaﬁ [At)

para encont&an sus ‘efectos en La éozucaén.

;Eﬁfmuchaé ocasiones, valores prdeticos de Ax y At {para Los cuaj{
Les: el iiempo de compuiacidn ne &e hace éxceaiuo) 4on tan grandes --.
que e£ erhon no pahrece d&ém&nu&n Zan &dp&damenta como Lo pned&cen £a5"
66nmu£a4 pana el ernnon £oca£ de truncamiénto. La aazdn de esto eé que
Las expresdionesd que se obt&@nen para el onden del ennon descaiben et-
componzamLQnto aé&mpIJILCO a medida que ax Y ot taenden a cerno Y no -

chen mucho acerca del comporfamiente de£ eanoa pana tamaiios de ma££a

nelazivamente grandes.

Poa estas nrazones, nonmaimentc se Lienen que considenan como EAI&
mac&onea .empLlricas del enrron. abtan&daé conn&endo e£ mismo pnobtema --
con d&ﬁenen;ea tamaiios de mallas. lna vez encontrado el tamaiio de ha-
Lla que equilibra el costo de usar un tamaio péquefio, contra el nies- .
go asociado al utilizan una malla grande y aumentar el enron, e co--. -
anen Lo siguientes casos con dichu tamaio.

ESTABILIDAD
" Un esquema en difenencias finitas es ESTABLE Si'eﬂ efecto de un -
ennon (v perturbacidn) hecha en alauna de Las ctgpaé de cdmputo no 5e

phoupaga en errones- a med&da gue La Aotuc&én se auanza en ctapas poz:afe

rniones de cdlculo. ! o K:V
Para el andlisis de estabilidad no meanta cua£ es fa fuente deﬁ-

erron pon efemplo, ennen de Ihuncamachfﬁ ennon de nedondeo ¢ aEguna-
- 4 . »
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"CAPITULO &

4

CONSIDERACTONES GENERALES

1.-7

La s{mulacibn de yacimientos una hernramienta Gtif, que au-
nada a otrnos procesos de prediccibn peamite obtenen mejones

nesultados en el estudio de yacimientos petrolenos.

la eﬁecziuidad.de una simulacibn e¢std en funcibn de La re-

p&ebenzatiuidaéjy de La calidad de £La inﬁonmaéién que se
proponrcione. |

Los modelos matemdticos penmiten simufanr el .comportamienio
de un gacimienio, bafo difenentes altennativas de produc-
eibn, a §in de Agteccionan La 6oamat6ptima de desarnollan

y explotan un yacimiento de aceite y/o gas.

En ocasiones es conveniente desarnollan un modelo malemfldi
co, de acuerdo a Las caractenlsticas del yacimiento por e
tudian,

La predicedibn ﬁédianté una simufacibn, so0lo puede ser con-
5£ab£e cuando @e cuente con La cgnactanizacéﬁn precisa del
yacimiento y,.ademda cuando ¢f modelo penmita simulan Los
nuevos mecani#baa de desplazamiento as{ como sus fenbmenos
asociados que 'posteniormente Aé presentanrdin.

Ningln modelo simula Los fenémenos de convencibn, supensa-
tunacibn de aceite y el de inversibn de pre— aibn asocia-
dos al mecanismo de La segregacdibn gnavitacion&t.

Un modelo matemdtico, una veé ajustado, es el mejox necun-

80 para predecin el comportamierto de un yacimiento.



8. -

Teniendo en cuenta Las consideraciones anteniones se infdie
re que fa aplicacibn de un modelo si{mplificade, con un buen
erdilenio ingenienfl, puede fenen ventaja sobre un modelo 4o

g§isticado de simulacién.
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NOMENCLATURA

S W SIMBOLOS | e

A Area
Bg : Facton de voldmen def gas (Bg<}]
. -
Bo i FacZor de voldmen del aceite (Bo>1)
Bw 1 Facton de voldmen det'aguaff; :
)
e Compresibilidad
CF : Compresibilidad de La formacdidn
cé' 2 Compresibilidad del gas |
c; : Compresdibilidad del acedlte .
¢, ¢ Compresibitidad del agua
o Pnbﬁund;dad
Eg - ¢ Earon de Zruncamiento gﬂbbaﬁ
E : Ennon de truncamiento Lecal

e : Téamino del enrron

.

5(xi}t: Funcdién evaluada en cada punto .
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UNTDADES FACTIBLES -

DE_USARSE

( péeaz ]

. 3
. pieég @c.y

ples  @cC.s

g

'?54852_ @c.y + gd.@c.y

v pies . @c.é
LW
N

pieéi @c.y + gd.@c.y

. 3 W
pies @c.8

4. /pg® T
fzb./pgzlﬁl
(fb./n92)_1
(. /pg?) .
!ffb./pg?)-1

{pies |



ke
g

ke
o

kr
W

M

P
ne

re

+ En algunos capitulos’'se hace, M = masra,

Lisis dimensdonal. ?1

L]

Acelenacibn de La jnauedad.
Constante gravitacdonal @ condiciones.

nonmatebuy'ea {gual a 32,12 piea/aeg?

Al tura,

‘Poiencial de un gas neal.

Permeabilidad absoluita.
Penrmeabilidad efectiva af gas.
Peameabilidad efectiva al aceite.
Peameabilidad efectiva afl agua,
Penﬁeabitidad relativa al gas.
Peameabilidad nefativa af aceite.
Penmeabilidad refativa al agua.
Longitud.

' +
Pedo moleculan .-

: Masa.

Ndmero de b£oq4é5 en La dinecelbn "x"
Ndmeno de blLoques en La dineccibn "y"
Ndmenro de bzoquia en La direccibn "z"
Nimeno de moles - n = m/M )

Vecton penpend{éutan a todas Las supen-

ficies equipolencdiales.

Eanca de truncamiento.

: Paesddn, i

o-p :

Presdibn capilan.

Presifn capilan: entre Las {ntenfases

gas-acedde. e

[3

1
v\

solamente

[pies/seg?)

(piea/aeg?}

(pdes)

(Parcy)
(Darcy)
(Darey)
{Dancy)

{Dancey)

(Darncy)
(Dancy)
[pies)
(lb/mnﬁé-Zh)
(L6 )

m

lzb./pg?g |
(Lb./pa™) -

(2b./pq?)

pard fines de and-



Rs

St

So
Sw
Sgr
Sor
Swr

- Swi

i
n

¢ Presdibn capillar entre Las intenfases

agua-acedile.

Ritmo de Lnyeceibn y/o produccibn.
Gasto, | L
Constante'universal de Lo3 gééeé.
Razdén gas déauetzo—aceize; 
Saturacdibn de fLudido en geneiaﬂ.
Satunacibn de gas.

Saturacidn de acedlie.

Saturacdbn de agua.

Satunacibn de.gab nesidual,

QSatunacLJn de aceite &eéiduaﬁ;‘“

Saturacdibn de agua neé&duaﬁ
SatunaCLdn de agua LnianétLCLaﬁ

i+ +
Tempenatuna

AR
n Bax

Thansmisividad T =
Tiempo,

Ue£ocidad'apéﬂen£er

|
:-Ueiocidqd media.

Volimen bruto de noca.
Voldmen,

Términe 5uentc o sum{dero.

Facten de dcauaaca&u de Loy qaaeé neaﬂeé.

Poao&adad

i
Peaosidad cfectiva
Viﬁccsédad

chcos¢dad del gas.

£3 En algunos capituﬁaa se hace, T = tiempo

andlis (s dimensienal, :
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_f, (p&ca /pacé
’ (p&eé

. (pdes
{pies’s

Apiesie

,'(pceé Fe.t/pdes

“lgb./pg?)
' (bE.@c.s/d{a.pieaa)

(bt /dcal

s

" (Bb-pg 2/op. moﬂe .%)

3

)
3 ]
poros

, 3
Dc.y/pf@épqros]

c.y/pies

Pc.y/piaés }

(pdes poros

S/ pies® )
: poros

3
Pc.w/p&eéporos}
3 )
poros

o

(pies

c.u/pdes

wOmm mfuomUO C«O"‘h
)
e

poros
(p&eaw@c.ulpicégorosl
(°rY .

(pies? mD/ép-pLa;}
(dtas) |

. -lpLesfseg. )
tpiea/beg.)
(pies® )
{barndiles) -

(Masa/voldmen de rocal

(piea’ ponos /pies’ roea)

(picbaponaalpicéa

roca)
{podises)

(poises)

solamenie para 4{dines de



" : Viscosdidad def acedite. ' (poises)

M, : Visccsddad del agua. | {poises)

p ¢ Dens.idad. ' | (£b/pies’) . QS;
o, ¢ Densidad del gas. | (2b/pies”) If
o, Densidad del aceite. | C (#b/pies®) s
o, : Densidad del agua. (ﬂb/pie&3}

¢ : Potencial de fLujo. (£b/pgzl

Razén de convergencia. :

w ,‘r
Pe : Radio espectral de La matndiz. p
®c.s  : Medido a condiciones estandan o supenficiales. |
@e.y : Medddo a condlclones de yacimiento, b
SUBINDICES ’ - .
{ 1 Tnneductible. o

. L iy
g : Gas. s
0 : Acedlte, {indicial. ' : -
w ¢ Agua. ' |

x,y,2 Dinecciones ortogonales en Los efes x,y,z =

{,§,k Dineccivnes catogonales en Los ejes x,y,z 7 ‘ : <ix

TERMINOS USADOS EN TABLAS

A+ .. Coeficicentes dados en fLa tabla.

m . Ndmero de puntos usades en La aproximacidn menos ung.
i . Ndwmene del punto en el que se evalua fa dexrivada.

L. . Fowma ¢n ddifercencdas fdndtas.

Ly . Forma difenencdal.
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'Qj)

FACTORES DE CONVERSION

Longitud
l pg = 2.54 cm,
I pie = 30.45 cm.

Volidmen

.

I BL = 159 2t = 42 .gal

5.615 pies’

L]

1 BL
3

1]

I m® < 6.29 BL = 35,314 pies®

’
Fa
i
P

1 atm = 760 mm, Hg f

Predsadidn

2
I atm = 14.7 &/pg abs.
i
CONSTANTES {70

I
*

J A

Condicdiones ¢upen5{$ia£eé (c.8); 1 atm y 20°C & 14.7 €b/pg’ v 60°F

[
A

TEMPERATURA ABSOLUTA °K = °C + 273
‘R = °F + 460

Peso mufecuzan'medib,det aire seco = 28.97
Voldmen de 1 mole-gn de gas ©c.4 = 22.40 Litros

Voldmen de 1 mole-Lb -de gas %c.s 379.40 pieas

n

.y L 3 .3
Peso especifico del agua dc.s = 1 gajfem™ = 62.4 Cb/pdic

Peso especlfdico del gas @c.s. = 0,0764 {Zb/piesl
R = £2.05 (atm-Cm'f”/ {°K- mole-gn) |
R = 10.73 (eb/pg?- pie’} / {°R-mofe- &b)
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' (EO"'FE.R.‘-E\I. PE SERVOIR SIHJ‘.ATIC’\S WiTH SMAFTI® .

AT

by Karsten Pruess and Ron C, Schrosdsr - -

Lawzence Berkeley Laboratory, Berkeley, Ca.’ 94720

:

INTRODUCTION

7he. rational development of geothermal rescurces
zequires an adequate knowledge of the behavior ai.;
a given reservoix under various preduction and
injection schemes. Matheratical rodeling attexzpts
to provide such knovwledge and to determine i=pore=
ant reservolr parameters, such as formation perme-
sbilities and reserves of fluid and heat.

s

Beceuse of phase changes and.;:ecaﬁse of the coup~
ling between energy- and cass-flow, the equatlons
describing geothermal reservoirs _are strongly non-
linear, This limits the appl:.cabilit‘y of analyt-
ical approxim.:oﬂs and has motivated t.he develop—
zent of nuwericel sizulators. In this paper, we
review the concepis and oethods used' in LaL's
geothermal similator SHAFT79, and illiustrate its
application to a variety o:f typical p‘ro‘.alem.s.

PHYSYCAL MODLTI, AND SSLUTICN METHOD

The simulator SRATT?9 was developed for computing.

two-phase flow phenomena in geothermal reservoirs.

_The program ha.nd.les tra.nsie.nt initial-value
‘problems with prescribe_d boundary conditions.

SEAFT?9 is an improved version of the simulator
SHAFT?8, which was discussed in detail in }ef. i).
It solves coupled eq\.\aq.ér::s. for mass~ and energy-
transport, using an integrated finite difference
pethod. This method allows.a }rglry flexible
description of reservoi:n.bel:ause it does not
di_sti.ngu!.sh between one-, two-, or three-dicens-

ional regqular or irregqular geometries.

The main asswotions and approximations rade

in the formulation of SHAFTI9 are as follows:

(1) Geothermal reservoirs are approximated as

systems of porous rock saturated with one-
(2}
rock properties - poresity, density, specific

corponent fluld in liguid and va_i:-or form, All
hu:,.theml conductivity, absolute permeabilirty
- are independent of temperature, pressure, or
vapor saturation, (3} Liguid, vapor, and reck
zatrix are in local thermodynamlc equilibriuz,

- oy, . P
{i.e. nt the smaotc—pcratnre and pressute, at.

(4 C:npllIary p"essu.re is neg'fe-ted.

The rain new feature 1n SPATTTO as co

all tizes.

Fared with

- SHATT?8 is a com?;letely ainultanepus, iterative

v . b
'solution of the coupled mass- and energy-trans-

port ecuatiens. This allows between ten and one

" hundres tises Ia.ger tine steps than the seguent-

12l mathasd e::plo;ed 1n SHAFT7A. In particular,

" phase transitions can be cosputed accurately and

efficiently. SHAFTTY ‘offers a chokce of several
methods for solving. the coupled non-linear . °

t
equations for cass- and energy-flow. The preferred

* solution nethod i{s__'fully implicit, emplovs'a,

. Kewton/Raphson ite:ation for simultanecus solution

- of the non-linear n-ass- and energy-transport

. ‘2
. eguations, and uses an efficiant sparse solue:. !

. SHAFT?9 has been apphed to problems with up to

350 ele::ents in three dimensions. Typical through-
puts rnnge from 0.1 1n highly transient situations
to more than 106 in’ pro‘blems approaching stenéy

state, Here t.hrcughput is defined as ratloe of the

fluid rass flowing throug‘h the surface of an ele-

ment in one tiwme step, divided by the fluid rass

initi2lly in place in that element.

APPLICATIONS i
iy ;

-Table 1 gives an overview of the types of Sysi:":-.s

and processes which have been modeled with SHAFT?9.

‘Below are pre:.ente‘:'! results of selected SHAFTIO-

‘simulations which illustrate the range of applic~

< ations,

‘ ‘given in the ﬁgu}i-:e"”ca.ptions.

' residua) icmobile steam saturation §

Parameters for the individual cases are .

Relative permesbil-

", dties were obtain‘e"d:fro;.n Corey's equntion‘s, with

cequalto

zero, and rqsidual S.vmobile water saturation Sv::

varying betwean 0. 40 and 0.70.

1
DEFLETION OF A RESERVOIR WITH SHARP STEAM/WATER

IKTERFACE

Wnen steam is produced from above a liguid water

- table, boiling commences near the top of the vates

zone. This gives rize ro a drop in temj<rature and

.pressurc, vhereby a two-phase layer betueen vater

the boiling fx_-pm‘;;‘:'_:_nd advancing it downwvard.

and stenm zones is esublxshrﬂ Water wmoves upuard

into the two-phese’ zone, releasing prossure bclcn-
3)
S



"! PL OF PV‘BL—H

GEIMEVRY

SIMULATED FROCTSSES .

,r

depletaon-of- two-plase

1-D, rectangular
3) -

geot..hnrmi reservoirs

1-D, cylindrical two-phase flow near wells

2-D, rectangular

(Iceland) 4,

"high leve) nuclesr waste

2-p, cyliniricsl
. 5

- :epcuiu‘;ry

3D, regular
in Cexro Prieto (Mexico)
Serrsazanc geut.he.r:.n].

3-b, irregular
a3

ressrvolr t!;a]y)

Rrafla geothermal reservoir

 two-phase intarference test

. resvrvelrs vil.h unlfox'a initial conditions or

injection into twoiphase and superheated steanm

Ceifferent

.\arious production and inject !on scheres for’

with sharp suu\/\uter interfaces
! .

profuction freo two-phase 'i‘or-es: cold vater

zones, rtspect_ive.ly

space and Time patterns of, _pr.odui:t.ion
and injection "’
'llon.g-t.ez'a rvolu:inn of temperatures and pressures )

near a pon-:rful hrat source (in progresa)

(in progress)

. L
detailed field production from 1960 to 1966

Table }1: Sinplation Stufies with” SHAFTYG..

the examples studied (see fig. 1) thé top of the
two-phese zcne does not Ary up until after
the boiling front hes reached the hot%om of the
reservoir., This ocours after 6.4 years for the
"high perceability* case (A in fig. l), and after
9.6 years for the "low permeabilicy” case (B in
‘ fig. 1), Vvapor saturation at the top of the water

tzble then renches 46.7 % for case A and iB.B L3

for cese B, Pressure at the steam/two-phase inter-

face, 2t & Eepth of 500 m, declines very .slowly
curing the aﬂvancing of the boiling front in casze

A. The reason for this Is “hat the wost rapid

boiling oceurs at the bottom of the two-phase sond.

This provides a gupply of hott.er steam, which

.

" flows up froo depth and tends to maintain t:wpcr-q

ature and hence pressure at the top of the two-
phase zone. In case B thiz mechanism for pressure
maintenance 1s Tuch less eZfective bicause of the

lower permeabiliey,
IKTECTION OF COLD WATER

€old vater Lnjection into » steam reservoir gives
rise to 2 hydrodymenic front and, trailing behind
it, » terpersture front, In the finite—daifference
sizulazion of this process subsequent elecents

undergo phase transitions from superheated stean

. o two-phase conditiens

4

1

.shous the fronts at two 2ifferent tlncs. Jt is
‘apparent that the .ronts are propagntcd accordxng
-to the parameter tfR The voluse swept by the
is close to 1/4 of the volume

‘terperature front

':éunpt by the hydrodynamic front. This reflectz the .

fac- that, at a porosxty of 20 \, the volume~r1c

; hcnt capacity of wvater is about 1/¢ of the volu-

"me:riq heat capacity of the rock/uater nixture.

" SIMUTATION OF YRAFLA FIFLD (ICTLAND)

.

* to shallov injection.

Fig. 3 shows a vertical two-dimensional ¢rid as

‘used by Jonsson for simulating production and in-

jection at !L'afla.‘” The reservoir is initially

al-est entirely f£illed with ligquid water close to

saturated conditions, Various production and in-

! idection schemes were explored in an attempt to

optinize injection, f{.e. to combime pressure and
tesmperature maintenance during production H'th.
minimal sacrlf;ces in terms of decreasing vapor
sat.uration S Fig. 4 shows typical resn..lts.‘ .
Jonsson finds that deep injection is preferable
Corplete problem specific-
ations and discussions of results are given in

re!.vl).

to subcooled water. Plig, 2

i
|
'
]
{
t
i

+
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SIMULATION OF SERFAZIANO FIFLD (ITALY)

.The most cooplex sizulation effort undertaken with

SHAFT?9 to date is.a-case study (history caich) of
r.‘!)'e’_s;rfauano resorvoir. Serrazzano s onc of the
:!istinct. zones of the extensive ge;»therral area
neu' tarderelle in central Tuscany {(Italy).
Detailed production data gathered since 1939 and

.an extensive body of geological and hydrological

‘work rake Serrarzano an attractive exa=ple for

Saveloping geothermal reservoir simulation rethod-
clogy (sce referencetgiven in 3), Fig. 5 gives a
map of the resa:—'vo!.:, and fig., 6 shows the geolo~
gléally accurate mesh as ceveloped Sy Reres.7)
Conceptual model of the reserveizr and parasetriz-
ation of the problem are di.scus.seé in refs. 3)

and 7).

Hany paraneters aré only partially known, and ar;
determined in.t:ial-andncrror fashion by corsaring
sirulated reservoir perforrance with field obser-
vations. A veluable criterion for éeternining
absolute be!t:nbilities is that wel) biocks mast
resadn very close to steady flow conditions. Our
ost csmplete simulation so far covers the period
froz 1960 to 1%66. With the permwability distribe
ution as 1ﬁdicated in f£ig. 5 we achicve steady

flow for 21l wells producing since.1961 or earlier

_to vithin-2 A for the entire six year period

rodeled (i.e., the difference between inflow
and production for any well block Aever exceeds
2 1), ) i '

;.
From nass balance considerations it can be shown
that most of the fluid reserves in Serrazzano
are in place in liguid form. Little is Xnown, how-
ever, about the distribution of p&}é water in the
reservoir. Making the tentative assumption that
liquid vater is distributed throughout most of
the reservoir, wve compute 2 pressure decline {see

fig. 7) which is slower than cbserved in the 7ield

by & factor of approximately 3.5. In the sirulation.

pressure declines slowly becasvse bolling is spresd
out over a large volume, We conclude that in most
of the reservoir volume no liquid water is
Present, and we shall modify our initial conditiorns
accordingly in subsequent simulastions. We 2lso
need to correct some imbalances in initial con-

ditions, vhich are apparent from the initial non-

ronotonic behavior of pressure in fig. 7.

_furthet development work 1s presently undst way:
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CONCLUSION

ﬁhe simulator SHAFTTS uses efficient -methods for

computing rass- and energy-iransport in geother-
cal reservolrs, and ‘Allows for a flexible ésscrip-
L3

tion of lrregular geometric features. A broad
‘.

.range of spplications, inciuding ilealized systexs
‘as well as large field problems, demonstrates its

-usafulness for geotherral Teservolr stuqies.

v

to ixprove on some of the restrictive approxic-

ations rade in the formulation of the physical

- model, B

£ "
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Geothermal Reservoir Simulation

I.  Mathematical Models for Liquid- and Vapor- Dommaled

/!

Hydrothermal. Systems

CHARLES R. FausT AND JAMES W. MERCER

U.S. Geological Surcey, Resion, Virginia 22092

Two allernative mathematical models are presented that are suitable for numerical simulation of
geothermal reservoirs. The generai mathematical model describes the three-dimensional flow of single-
component waler (both one and two phasc} and the transport of heat in porous media. §1 is composed of
%o n,onlmear partial differential equations, posed in 1erms of uid pressure and enthalpy. and appropn-
ate boundary conditions. An aliernative quasi-three-dimensional model is derived by partial intcgration
(in the verlical dimension) of the three-dimensional equations. The reservoir is assumed 10 have good
vertical communication so that vertical equilibrium (gravily segregation) between steam apd waler is
achicved. The resulling equations, posed in terms of venically averaged pressure and enthalpy, include
eflects of an inclined, variable-thickness reservoir and mass and encrgy leakage 1o confining beds.

INTRODUCTION

Geothermal energy recently has received substantial atten-
tion as an allernative energy source. This has stimulated con-
siderable research in several broad areas: exploration and
identification of geothermal resources, technology for extract-
ing energy from different types of geothermal resources, and
characterization of geothermal reservoirs and hydrothermal
system behavior. Geothermal reservoir simulation, anc aspect
of the third area, is the subject of this series of three papers,
This paper, first in the series, deals with the development of the

.- mathematical models that are the basis of our approach to

gevlbermal reservoir simulation, The second paper introduces
the numerical methods used and presents examples to verify
the models as well as to demonstrate important characteristics
of geothermal reservoir behavior, The final paper in the series

/~presents an application of onc of our models to the Wairakei

hydrotherma! sysiem in New Zealand.
The primary objective of this paper is to provide a rational

‘mathematical description of fluid (liquid water and steam)

flow and energy transport in porous hydrothermal systems.
This description begins with the balance cquations for mass,
momenium, and cnergy in porous media. These equations are
combined (invoking appropriate simplifying assumptions) to
yield two nonlinear partial differential equations posed in
terms of fluid pressure and enthalpy. We then present the
consisient boundary and initial conditions, which, along with
the partial differential equations, comprise the general three-
dimensional mathemalical model.

Three-dimensional models are not always practical to use
due to constraints imposed by data requirements and compu-
Lational expense (for numerical solution). As an aliernative we
propose & quasi-lli ce-dimensional ereal model based on verti-
cal intcgration of the threec-dimensional equations. This ap-
proach, unique in geothermal simulation, leads 1o two non-
lincar partial differential equations posed in terms of vertically
averaged fluid pressures and enthalpies. The resulting areal
model sccounts for vertical variations in propertics {(such as
the presence of a sicam cap) as well as varialions in reservoir
thickness and slope.

This paper is not subject 1o U.S. copyright. Published in 1979 by the
Amencan Geophysical Union.

Paper number 8WO0880, - 23
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GEOTHERMAL SYSTEMS

The ultimate source of geothermal energy is heat energy
generaled and siored within the earth. Potential sources of
geothermal energy can be divided into three major sysiems:
hydrothermal, geopressured, and hot, dry rock (conduction
dominated). In hydrothermal sysiems, heal from near-surface
sources such as magmalic bodics is translerred to porous
media and to the fluid within those media by conductive
and conveclive processes. These systems can be further
clussified as being either liquid dominated or vapor dom-
inated [Hhite ei al., 1971]. In geopressured systems, fAuid
ts trapped in geosynclinal accumulations where it is subjecied
to extreme pressures and high temperatures. Finally, in hot
rock sysiems, low-permeability igncous rocks arc heated by
sources similar 1o those associated with hydrothermal systems.
These sysiems are, by nature, fluid independent.

In this study, only geothermal energy from hydrothermal
systemns is considered. When such a system is utilized for its
heat energy, it is called a geothermat reservoir, The best known
geothermal reservoir that is liquid dominated is the Wairakei
field in New Zecaland. Of the vapor-dominated geothermal
reservoirs the best known are the Larderello ficld in Italy and
The Geysers field in California.

Although geothermal fluids contain impurities, many resery
voirs, as a first approximaltion, may be treaied as pure waler
systems, Making this assumption, consider the pressure-en-
thalpy dizgram for purc waler in Figure 1. Because all the
known geothermal reservoirs exist at temperatures oclow the
critical point of water {the temperature above which two
phases cannot exist), this diagram may be divided 110 three
regions. The first of these is the compressed-waler region,
which is the condition existing in Jiquid-dominated hydro-
thermal sysiems. The sccond is the two-phase (sicam-waler)
region, in which temperature is a function of pressuze only.
The third region contains supcrheated steam. The vapor-domi-
nated system 'described by White et al. [1971) is believed to

“eaist in the two-phase region, rlthough the lower part of these

svslems may have a waler table below which the fluid exists as

_ compressed water, In the vapor-dominated systems it is also

possible, especially when influenced by production, that pans
of the system may conlain superhealed stcam.

From the above description il is apparent that any mathe-
matical model of fluid Aow and energy transpon in hydro-
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Fig. 1. Pressurc-enthalpy diagram for pure water and vapor show-

ing three slates below the critical point (1op of two-phase enselope): |,
compressed water; 2, lwo-phase steam and waler; and 3, superheated

slcam.

thermal sysiems will be complex. It must account lor the flow
behavior of one- and two-phase fluids and heat transport in
tomplex natural systems. The remainder of this paper is an
attempt to offer a simplified yet realistic description of this
behavior subject 1o appropriate assumptions,

GENERAL MATHEMATICAL MODEL

A pencral mathematical model of a geothermal sysiem that
describes the three-dimensional flow of water and/or steam
and transport of hecat in a perous medium is the basis for
several numerical models developed in-this study. Elsewhere,
we have presented B heuristic derivation [Mercer et al., 1974)
and a more formal derivation [Faust and Mercer, 1977a) of this
general mathematical model, Other derivations of general geo-
thermal models may also be found in work by Brownell et al.
[1977) and Witherspoon et al. [1975). Rather than repeat the
details of these lengthy derivations, in this paper we only show
a brief derivation of the final cquations and state major as-
sumplions.

The conservatipn equations for mass, momentum, and en-
ergy must first be considered for each phasc in the geothermal
syslem. Using a set of constitutive relationships, these balance
cquations are reduced to two nontinear partial differential
equations in terms of the dependent variables pressure and

enthalpy.

Mass Balance
The mass balance for steam s and waler wmay be writien as

a(¢::p:) + v_(p‘v') - q" — d, - 0 (I)
and . .
E ¢j:‘°" + V'(anv) - qU" + d' =0 (2)

where boldface type indicales 8 vector quantity and 9 is the
vector differential operator. In the above equations, ¢ is the
porosity, § is the volumetric saturation, p is the density, d, is
the gain of steam mass slue 1o the vapunzation (low of hyuid

FAUST AND Mercer: GEOTHERMAL RESERVOIR SIMULATION: §

wuter), ¢" i w source term, und v iy the uscraped phase veloce
ity, '
Momentum Balance

It is assumed that Darcy's equations for multiphase flow
may be used as simplified momenium balances. For sicam and
waler these are as follows:

Kk,
Vo — ~(Vp, — pgVD) (3)
and
Kk, u
Y, = = {VPuw = pgVD) ICH

Hae

where sans serif type indicates a second-order tensor quartity.
In these equations, K is the intrinsic permeability tensor of the
porous medium, X, is the relative permeability of the phase, «
is the dynamic viscosity, g is the gravitational constant, D is
the depth, and p is phase pressure. The represcniation of
mobility as Kk,/u is thoughl to be a reasonable assumption,
although data on geothcrmal sysiems are not available 10

support it conclusively.

Energy Balance

Simplified energy cquations for steam, water, and rock ¢
may be writien as

,

'a(ﬁbstpthl) + V'(p,h.va) + V'l;, + v'lﬂ -

(SS.pa)
at g

!

- V.'Vp, - - Qa'ho' =0 (3

HSe2ded 4 G (puhave) + 2 + -2, - 2522

al ' at

~ v Vpu+ 0. - g kS =0 (6)

and

where h is specific enthalpy, X, is the heat conduction vector,
24 is the dispersion (thermal mixing) vector, and Q... Q.
and Q. are the interphase energy exchange terms.

In these equations, kinctic energy (viscous dissipation) and
potential cnergy are neglected. Gorg and Pritchetr [1977] have
shown that viscous dissipation has negligible effects in one-
phase (water) and two-phase geothermal systems.

()

Constitutive Relationships

The balance equations (1)}<7) are not sufficient 10 describe
the geothermal system, and consequently, addilional equa-
tions are required. These are in the form of constitutive rela-
tionships that are based on the following assumpliuns:

1. Capillary pressure cffects are negligible.

2. Thermal equilibrium cxists among the steam, waler, and
rock.

3. The reservoir fluid is single-component water consisting
of either one or 1wo phases,

4. Rclative permcability is a function of hquid volume
saturation; hysteresis is neglected.

5. Viscosilies are considered functions of temperature.

6. Porosity is a lincar function of pressure, given by

¢t 8- p) (8)
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where ¢, and p, are the initial porosll) and prcssur: respec-

tivcly, and Bis the intergranular vertical comprcss:b:l:ly cocfh-’

cient. , .
7. Rock density, reservoir thickness, and intrinsic per-
meability are funcilions of space,
8. Rock enthalpy is a lincar function of 1emperature, given

by
)]

where ¢, is the specific heat of the rock and T is temperature.
We now consider the first three of these assumptions in detail.
An expression relating phase pressure

h, = e, T

Capitlary pressure.
is given by

Pc=Ps ™ Pu {10)

where p. is the capillary pressure, Capillary pressure has the
effect of lowering the vapor pressure of waicr. Ramey er al.
[1973] point out that the reason for this lowering is that vapor
pressure data found in steam tables [Meyer er al., 1968; K eenan
et al., 1969} are based on flat steam-water interfaces, whereas
.the interface in porous media is curved. The amount that the
vapor pressure curve is lowered in a geothermal reservoir is
not completely understood. The work of Calhoun ei al. [1949)
on consalidated rock does show a lowering with decreased
fluid saturation. Cady [1969] and Bilhariz {1971), however,
indicate no significant vapor pressure lowering in experiments
using unconsolidated sands. An imporiant difference in these
results is that the experiments of Calhoun and others were
made al a temperature of 36°C, while those of Cudy and
Bilhartz were done over a temperature range of 121°-240°C,
Further work on the importance of capillary pressure in geo-
thermal reservoirs is required. For this development the only
effect of capiliary pressure that is considered is the possible
occurrence of a residual water saturation (disconnected water
in the pore space that is immobile). Other capillary pressure
eflects are neglecled, and capillary pressure is assumed
negligible, an assumption which implics that fluid pressures in

the stcam and water phases are equal. With this assumption,

(1) and (2) may be combined 10 chmmatc the vaporization
{erms?

220) | 9uov) + Vouvad = ¢ = g’ = 0

a1 an

where p is the density of the 1otal steam-water mixture, defined
as

r p = Supu + S, (12}

the velume saiurations are defined so that they sum to 1,
S, +S5.=1 (13)

and phase velocities can now be cxprcsscd in terms of a single
pressure p.

-Thermal eguilibrium. The movement of sicam and waler
through porous media is sufficiently slow and the surface areas
of all phases are sufficiently large that it is rcasonable to
assume that local thermal equilibrium among phasces is
achjeved instantancously. This assumption permits the encrgy
equitions for rock, stcam, and walcr to be combined and the
medium conduction-dispersion term to be expressed as a func-
tion of a single temperature. In this devclopment the lumped
conduction-dispersion term is defined by a Fourier-1ype cqua-
tion;

de t At e t Ao tohe, = —KLVT {14)

where the medium conduction-dispersion coeflicient K n.is isg-

" tropic.-This simplifying assumption is made because data on

the tensor nature of thermal dispersion are gencrally unavail-

able. In addition 1o the limitation of combining the-cflectsof

conduction and dispersion, (14) neglects-the impartani efect”
of temperature on thermal conductivity, In this regard, Sonier-

1on er al. [1974] point out that the thermal conductivity of a

porous medium is a function of lemperature, porosity, and

water saturation. This effect may be important in a purely

conductive system; houc\cr in this study these effects are

neglected.

I'nvoking these assumptions concerning thermal equilibrium
and dispersion, the energy balance equations may be com-
bined, yiclding
—:; [¢ph + (1 = 0)oh]

+ V(o)) + Velphuv,) = V- (KVT) —

- quhy —~ [%ﬂ + (v, + v.)- Vp] =0

in which k is the enthalpy of the steam-water mixture and is
defined as

(13)

h = (Swh, + Sup.hi)e (16)

Nole that the interphase energy exchange terms in(5), (6), &nd
{7) have been climinated in (15), because they sum to zero.
Finally, the lust term in (15) is the pressurc material derivative,
which in part comprises the compressible work term. Moench
[1976] points out that the 1erm for compressible work is negli-
gible except for conditions of low waler saturation, The same
charactéristics can be shown for the rest of the pressure male-
rial derivative, and for most applications this term is neglected.

Thermodynamic propertien  As'wWas previously indicated
§ assumed that the hydrothermal fluid ispure water? Just how
unrestriclive this assumption can be is demonsirated by Haas
[1976a, b], who gives thermodynamic data for an NaC} solu-
tion. These data show that in the pressure range of most

~ geothermal reservoirs the vapor pressure curve is Jowered by

iess than 3°C for a 5% (by weight) solution. Although the fluid
in geothermal reservoirs contains other dissolved solids in
addition to NaCl, in a qualitative sensc the effects are similar
for other impurities. For geothermal reservoirs such as those
at Wairaked, New Zealand, Lardercllo, Italy, and The Geysers,
California, in which the salinities are low [Koenig, 1973), the
cflects of dissolved solids are small.

Additional expressions are nceded to relate the thermody-
namic properties of pure water and steam to the dependent
variables pressure and enthaipy. These expressions are func-
tional in form, were obtained by lecast squares regressions
applicd to data from steam tables [Meyer et al.. 1968; Keenan
ef al., 1969), and are described in detail by Faust and Aercer
[1977). This approach avoids the necessity of seatching for
and interpolating data from tables. Also, derivalives of the
functions can be easily obtained by analytica) methods. The
necessary relationships for this development are as follows:

L. Saturaied sicam cnthalpy A, and salurated water en-
thalpy h. are treated as functions of pressure.

2. Temperature is treated as a function of pressure and
enthalpy for the compressed-water region and the super-
heated-stcam region and is treated as a function of pressure in
the iwo-phase region.

3. Total density p and sicam and water densities p, and p,
are considered functions of pressure and enthalpy.
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4. Ph.:sc s.numhg/ns dre I’umnons of enthalpy und pres-
sure .in the two- phasc fegion, "Wilter saturation in the com-
[nnwd water region is assumed to be | and in the super-
hc.ucd -steamn region is wsswined fo be 0. In the stcam-waler
region, waler saturation is obtuined from (12). (IJ) and (16)
uas
= polhs = b)
how = p0) — (hupe —

and S, is determined using (13).

Se (7

h.o,)

Th rfEF'DImMn'o'n'al Equation;

F[‘h: finale cquauons are foimulatéd In; terms of the dcpg:
d:nt variabled pressure and enlhalpy, bccau:c these two vim-
ables, yniquely. define the ghcrmod)nam:c statc of the syslegy.
und because they are commonly oblained ina field situatign.
With the’ assumptions of zero capillary pressure and thermal
cquilibrium the number of balance equations was reduced to
four {(equations {3}, (4). (11), and (15)). These can be reduced
I'unhcr by substitution of (3) and (4) into (11) and (15) and by
capansion of the temperature derivative in {15) to yield

Kk,.p, .
"(a"‘,e') v [ “'p (VP"p.xVD)] )

-9 [Kk}:uﬂw {vp _ p.,gVD)] =0 (18)
and

" ook + (1 = @loik] - [-"%L (P “p.gVD)]
S [ M ]_ [ (2r)
V[ e (P~ pugVD) = V[ Ku\ 5 ) VP

2T . )

where the pressure material derivative has been neglected.
These final three-dimensional equations describe the two-

phase flow of heat-in a stcam-water-rock system; however,
with minor modifization they also describe the fiow of heat in a
waler-rock or a steam-rock system. When cither steam or
waler is absent, the saturation of the absent phascis 0 and that
for the existing phase is ). Further, it is assumed that the
relative permeability of the absent phase is 0 and that for the
existing phase is 1. Therefore (18) and {19) reduce to the
appropriatc equations for either the compressed-water region
or the superheated-steam region. A solution for these equa-
tions will determine whether & specified location contains com-
pressed water, a steam-water mixture, or superheated steam.

 Sourc¥iermsd The mass and energy source terms ¢.' and
ga', respectively, represent the amount of mass and heat lost
{or gained) to source-sinks. In the two-phasc region the mass
rate Joss (o a source-sink is defined as

(09)

q‘i = q'- + q't (20)
and the heat r:;tc loss to a source-sink is _
o = h'e +hSe) (21)

where a negative rate indicates 2 loss from the reservoir, The
steam production rate may be determined by the fractional
flow of the sicam phase 2s follows:

4 "ada (22)
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un_d
a, = koo /[key + (ouna/pupidk,g)

Because h,' and h.' wre known functions of pressure and the
mass flux g, is specified, g,' is calculated using (22), and g\" 1
calcutated using (21). _

Boiindary_conditionyp Equations (18) and (19) together
comprisc a pair of nonlinear second-order partial differential
cquations. Tug condifiohs (Gnc inYerms of pressiré and o2 in
(efins of cntBalpy) B¢ requiced 4l the baundariey Perhaps the
most common boundary condition is the specification of
fluxes. Frequently, the flux is specified as 2¢ro, indicating a no-
flow boundary. For specification of a mass flux the following
cqualion must be satisfied:

qn' = "'(Kk“p' +
Hy

xk,kp..)_ {1 N
én

He

where g, * is the specified mass flux at the boundary and &/én
is the outward normal derivative. Il a mass flux is specified, a
convective energy flux must also be specified according to an
equation analogous 1o {21):

@ = Q%+ gtk (24)

where h,* and A, * arc the pressure-dependent saturated water
and saturatcd sicam enthalpies and q,* and q,* are the frac.
tional steam and water fluxes at the boundary. The total
energy flux for the general case coasists of two parts,

s

=G+ g0 (25)

where g, ** represents the conductive heat Aux at the bound.

ary, determined by
1

qa..H—K _?_T

an poundary

(26;

A constant-pressure condilion may also be encountered.
Since this implics a mass flux at the boundary, it also implics a
convective energy Aux. To determine the convectlive cocrgy
flux, the mass flux is calculated from (23) and used in (24).

ASREAL MODEL
_The general equations (18) and (19) describe three-dimen-

sional flow and heat transpart. For many_ field problems-a. -

three-dimensional mode! is unnecessary and expensive. In or-
der to oblain areal two-dimensional equations the three-di-
mensional equations must be partially inlcgrated in the z di-
mension (vertical). The process of vertically intcgrating the
three-dimensional equations is fairly straightforward but is
lengthy and tedious. We gave a detailed derivation of 1he
vertically integrated equations in an carlier paper [Faust and
Mercer, 1977a). Here, as in the previous seclion, we will pres-
ent only the major assumptions and final cqualions resulting
from the derivation,

To perform the averaging procedure, it is necessary 10 in-

troduce the following dcﬁnilio?s. A quantity averaged in the 2

dimension is given by

Pof*
W= ¢dr (21)
b v,
where 2z, » 2 (x, ¥, 1) is the bottom of the reservoir, 2, = zdx, y.
1) is the top, b = b{x, y, 1) = z4 — 2,15 the thickness, and the
angle brackets signily a quantity averaged in the z dimension,
Leibnitz’s rule is frequently used to reverse the order of in-
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- [ o <J> + i <a:>
(s (8]

+

- [ (ww)< >+(wu)<ay>
. @ . @ .

+ <Uu—a‘f,‘>+ <Ucn'57> ]" b(q.)

+ hvly Wz~ 2} = by, Yz - 2y)
+hnmla Vi - 2y)

— Ay Viz—2) =0 (38)
The terms in (37) and (38) with the vertical bars are Aux terms

that arc cvaluaied at either the top z, or the bottom z, of the
reservoir and are defined (for the reservoir bottam) as fo}lows:

ap | oz )
vl -V(z—2z)= —(w.‘é‘E) ?1'}
o L
)| 22 (o2 4,)
(“” oy /1, oy T \Uor T el (49)
| 9 -5y = ~{one 22)| 22
. ! "ox/l, ax
- 22.) 2 ( ép )1
(wu, ay /1, Gy + Waig s + Wy . {40)
2 dh é
Fm N V(iz—-2)= -(wcp az + wcnax) ‘é!‘
( ah) a1, ( 2 dh)}
‘ (‘A’cp a + W=7 ay y + Wep 3z + Wep-o— az . (4])

Similar expressions may be written for the rescrvoir top by
exchanging z, for z, in (39)-(4!). Thesc lerms account for
convective and conductive fluxes at the reservoir top and bot-
tom and include the eflects caused by the slope of reservoir
bedding and the spatial change in reservoir thickness,

Evaluation of Vertically Averaged Terms

Given (37)and (38), a critical problem remains in evaluating
averaged quantities and averages of the pressure and enthalpy
derivatives. The relationship between the verlical average of a
derivative and the derivative of a vertically averaged quantity
is given by (34}. For pressure the x derivative becomes

d1,
PI-.) 'ai"
(42}

o1,
< — e = pl) S+ 0 -

If we assume hydrostatic equilibrium, it can be shown that

Pls, = (0 + {2 = 2,)08) {43)
and
Pla, = ) + (2 = 23)0g) — blog) (44)
Noting that
G- 2= b2 (45)

and substituting (3") (43), and (44} into (42) lcad 10

PR o2, 21)
< w’az‘ax ----- .

1 . A (az. E:.)
T _—-— 4
ML ANy (46)
Further, it may be shown that the derivative of the average
depth is

LY Y

47
éx 2\ax  ox “7)
so that the average of the pressire derivative becomes
g & &D) 1 .. e}
<—5P— =T - P.pg) Ix (438)

Hence this term includes the effects of a sloping reservoir of
variable thickness. Equation {48) and the analogous equation
for the y derivative may be used 1o replace the (ép/2x) and
(ép/ £y} terms in (37) and (38). For enthalpy the relationship
for \he x derivative is
éh dz &z
<-5-;> = %‘? - bi((fr)'- hl.,) 'a?l + %—((h) - k) ;;‘
(49)

which, along with the analogous expression for the y deriva-
tive, may be substituted into (38) directly.

Having considered the evaluation of averaged derivatives of
pressure and enthalpy, we must now address the problem of
cvaluating the averaged coefficients that also appear in (37)
and (38). In general, these terms may be evalualed under two
conditions: 1he fluids are (1} unsegregated and (2) segregated,

If the Auids are not scgregated, then their properties are
assumed 1o be uniform throughout the thickness of the reser-
vair. For this condition, laboratory relative permeability
curves may be used in the areal calculations. This leads 1o the
easiest evaluation of the vertically intcgrated terms, but for
two-phase systems it is alsp a very restrictive assumption,
being limited to very thin reservoirs. For single-phase reser-
voirs, however, the uniform-property assumption is normally
used. .

A less restrictive condition (one that allows simulation of
two-phase reservoirs), and one that conforms with the as-
sumption concerning the absence of significant capillary pres-
sure, is that of segregation. For this condition, it is common 10
assume vertical equilibrium, 8 concept that was first used in
connection with areal simulation of multiphase petroleum res-
ervoirs [Coars et al., 1967, 1971, Hearn, 1971; Jacks e al.,
1973}. It is assumed in applying the concept of vertical equilib-
rium 1o petroleum reservoirs that the Ruid potentials are uni-
form throughout the reservoir thickness. This correspondstoa

gravity-segregated Auid distribution with the potential of each

fiuid being uniform in the part of the column occupied by that
fluid. This condition requires that the reservoir have goed
vertical communication. Using this assumption, vestically av-
craged liquid saturations ere related 10 pressure at some refer-
ence level by employing pscudo capillary pressute and pseudo
relative permeability curves. Basically, the pseudofunction ap-
proach gives results similar to those that would be obtained if
vertically averaged pressures were used.

Spivak |1974] has made a detailed study of gravity segrega-
tion in two-phase petroleum displacement processes. His con-
clusions are based on simulation runs in which the paramecters

-
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affecling gravity segregation were varicd, He found that grav-
ity segregation increasey with increasing:permeability, increas-
ing-filid density difference, increasing viscosity ratio, and de-

~Ereasing viscosily for a given ratio, 1t is obvious that in stcam-

water geothermal sysiems, conditions dre favorable for gravity
segregation, because the density difference and viscosity ratio
for stcam and water arc Jarge and the viscosities are relatively
low.

For the geothermal problém, many thermodynamic proper-
lics are strongly dependent functions of pressure and enthalpy;
hence the pseudofunction approach would be awkward. In-
stead, the concept of vertical equilibrium is used 10 average the
terms in (37) and (38). To perform this averaging, it is neces-
sary to make cerlain a priori assumptions concerning the
vertical distribution of the dependent variables pressure and
enthalpy. In making the following assumptions we have relied
upon conceplual descriptions of vapor-dominated reservoirs
ruzl: as those provided by White er al. {1971]. We have also
relied upon the resulis of numerous computer experiments
(seccond paper in this series) using three-dimensional and
cross-sectional (vertical) reservoir simulators. Our basic as-
sumption 15 vertical equilibrium. In the absence ol significant
capillary pressure, steam and water separate by gravily segre-
gation, producing a steam cap with a water saluration equal to
the residual water saturation §,,; below the steam cap the
waiter saturation is 1.0 {sce Figure 3).

Because the pressure varies hydrostatically in each phase
(sec Figure 4), the vertically averaped pressure is

@) = 1pudze = ) + {(puXzy = 2.))/6 (50)

Recall that vertically averaged quamiiies are denoted by angle
brackels. In (50) the averaged pressurc in the saturated region
(below the interface at z.), {(p.), is defined by

Pul = ps, + puglze - 1)/2 (31)

and the averaged pressure in the two-phase region {abovs the
interface at z.), {p,u), is defined by

Powt = Ps, = paglzs = 2:)/2 (32)
where p, is the density in the lh{p-phase region, defined by
pr = p 1 = S} + puSer (53)

Nole that the sieam and water densitics in (513(53) are con-
sidered functions of the interface pressure p, .

The assumed enthalpy distribution is also shown in Fig’arc '

4. Notc that the enthalpy increases, with depth in the two-
phase zone because the water saturation is assumed constant
and pressure increases with depth. The vertically averaged

Lawp Sumsalt

"Fap 3 ldcalized cross section showing the steam cap in a confined
rexcrsour, 2, 18 the steam-water contact, and S, is the residual waler

salurdabson.
AY

12

ic =

ELEVATION

i1} I
plr
PRESSURE

12 I

FH =

ELEVATION

I

iy > xhgys
ENTHALPY

Fig. 4. Pressure and cnthalpy profiles through idealized reservoir,
showing the pressurc a1 the steam-walcr conlacl, p, | average water
enthalpy th,); and average stcam cap enthalpy (,,).

enthalpy is defined as

thy = [hodze = 22} + houXzy = 1))/b (54)
where ¢4, is the averaged enthalpy in the saturated region and
is a function of the interface pressure. The averaged enthalpy

in the two-phase region above the interface is defined by

Gy = Lhel) = Suc) * 0 hSe:
* pull = Suv) + 2uSue

(53)

where the water and steam densities and enthalpics in (55) are
considered functions of {p,.}. As was previously noted, the
assumptions concerning the vertical enthaipy distribution are
based on results from numerous cross-sectional and three-
dimensional simulalions. '

The assumptions concerning the vertical distribution of
pressure and enthalpy expressed explicitly in (50)-(55) permit
the determination of all pressure- and enthalpy-dependent pa-
rameters in (37) and (38). The procedure used to obtain these
parameters is straightforward. Equations (50}<{55) are solved
simultancously, by Newton-Raphson ileration, 10 obtain the
clevation of the interface conlact, z,, and the fluid pressure p,
al the conlact as funciions of x-) space. Required for these
calculations are the vertically averaged pressure (p) and en-
thalpy (h) and the 1op z, and botlom z, clevations of the
reservoir, all as functions of x-y space. With this information,
{p,u) is compuicd using (52), {p.} is compuicd using (50), P is
computed using (51), (h,.} is computed using (55), and 3, is
computed using (34). If steam is not present at a point (x, y),
then averaged pressure and enthalpy arc used to calculate the
thermodynamic 'propenies of waler.

Finally, the averages of relative permeabilities can be ob-
tained by vertical integration of any standard relative per-
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meability function. Fer a scgr:ga!ed system, lhcsc averages are
givenby- -~ - - - Pl

tkew) = [zr - zl}/b - (56)

and

(krl) = (Z. - zc)ku(slw)/b (57)

where k,.(S.-) is the rock relative permeability of steam at
residual water saturation. As may be seen, these result in lincar
relationships.

Given the assumpuons that we have made regarding gra\lty
scgregation, il is clear thal disconlinuities in quantities occur
al the sieam cap interface z.. Strict application of Leibnitz’s
rule 1o thesé discontinuities leads 10 additional interface terms
of the form

] ’ az,

"b_(‘l!’nhnn Interface Voelow tntertace) -é';

For practical applications, these are neglected because
(1/6X 82./éx} is usually small. Furthermore, in general, the
codeviation ierms are also neglected. In paper 2 we outline the
conditions for which the vertical equilibrium assumption, the
assumption neglecting codeviation terms, and the assumption
ncglecting interface terms are approximalely valid.

CONCLUSIONS

The mathematical development of fluid flow and energy
transport in hydrothermal systems presented in this paper
serves two general purposes, Mainly, it provides a betler un-
derstanding of the implicit and eaplicit assumptions that are
necessary to derjve tractable governing equations that describe
hydrothermal systems, As it emphasizes these assumplions, it
also reveals the need for further work to climinate restrictive
approximations.

For two-phase hydrothermal systems the need for experi-
mental data is most evident. Little suitable experimental work
has been done on thermal dispersion in steam-water porous
systems. Although some very limited daia for relative per-
meability of stcam and water arc available, they are in-
- sufficient for gencral applications. Additional studies of capil-
" lary prcssurc effects and thermal effects on intrinsic
permeability would also be useful.

From practical considerations it is necessary to keep the
mathematical models as simple (yet realistic) as possible. 11 is
apparent that general analytical solutions 10 the muliphase
equations for hydrothermal systems are not likely 1o be ob-
tained duc to their complex nonlinear nature. Numerical solu-
tions are also difficult. For three-dimensional problems the
expense of numerical solutions is ofien excessive. A rigorous
two-dimensional trecatment is a rcasonable alternative bul also
requires more study. Specifically, allernative assumptions for
averaging quantities in the vertical dimension should be inves-
tigated, and the significance of codeviation 1erms and interface
terms that arisc in the partial inlegration should be deter-
mined.
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A quasi three-dimensional, arcal model based on hnite-difference approximations is applied to the
bydrothermal field 2t Wairakei, New Zealand. The model simulates hea? transport associated with the
flow of sicam and water through porous media. An analysis is made of the production aquifer under
steady-state and transient fiow conditions, 2llowing vertical fiow of heat and Ruid through confining beds.

Computed steady-stale resulls correlate well with observed data and indicate that portions of the aqu:f:r )

had a steam cap prior to exploitation. Compuled transient resulls also maich observed data and suppon

the hypothesis thal the producnon aquifer js recharged through underlying confining beds, The limiting .
factor on production is the amount of mass available, both from storage and leakage. Although
simulation results indicate that the fieid can maintain produciion rates 1o the year 2000, such tong range
predictions are unrcliable due to the tack of information on the leakage propertics of the confining beds.

INTRODUCTION=

This report is the third in a series of three concerned with
geothermal reservoir simulation. The first report [Fausr and
Mercer. 1979a] dealt with a theoretical development of the
equations that describe mass fiow and heat transport in liquid-
and vapor-dominated hydrothermal systems. Numerical solu-
tion technigues used to solve the resulting nonlinear partial
differential equations were the subject of the second paper
[Faust and Mercer. 19795). In this report, we apply a quasi
theee-dimensional, areal model (based on vertical integration
and the assumption of vertical equilibrium} 1o the hydro-
l!‘lcrmal system located at Wairakei, New Zealand. Steady-
-slale behavior is reproduced and used as initial conditjons for
a two-part transicnt simulation. The first part is a history
malch from 1953 to 1973; the second part represents a prcdlc-
tion from 1974 to 2000,

This modeling study is an atiempt to bring together cxlstmg
information and data on Wairakei and to develop a rational
framework on how the system operates. The framework is a
numerical model that incorporates: (1) a conceptual descrip-
tion of the physics of Auid flow and heat transport in porous
media, (2) the thermodynamics of two-phase, single-com-
ponent water, (3) a geomelric description of the Wairakei field
including baundary conditions and initial pressure and en-
thalpy conditions, and (4) the hydrologic and heat transpont
parameters that characterize the Wairakei ficld. Information
included in the third group is based primarily on published
descriptions. Many of the hydrologic and heat transport pa-
;ramctcrs are determined by comparing model computations
with historical data. The model is tested and calibrated
lhrough this history matching procedure, and is used to iden-
ufy data deficiencies. Once the history malching is complete,
. thc model is used 1o make predictions on future reservoir
pcrformancc
i Modeling studies of complex physical systems are generally
unable to completely explain all details of observed behavior.
. In addition to uncertaintics associated with interpretation of

ﬁcid mecasurements of subsurface conditions, numcrical mod-

.Is no matter how sophisticated, are approximations o na-
lurc Because of these uncelaintics, model calibration requires
cuhcr subjective evaluation or statistical treaiment, Statistical
proccdurcs for history matching of the numerical model used
u; this study have not been sufficient!v developed. We musi,

- This paper is not lub;r.f:t 1o US. copyright. Published in 1979 by the
Amenican G eophysical Union.
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therefore, set subjective guidelines. For the Wairakei ficld, it is -

required that determined parameters be physically reasonable
and major aspects of the reservoir behavior be explained (or
matched). For steady-stale conditions, major rescrvoir aspects
include observed initial fluid pressures and the distributed
fluid and heat (convective and conductive) Jeakage at the
surface. For transient conditions, these aspects include (1) the
sharp decline in tempgratures that occurred around 1962, (2)
différential drop in pressure between the top and bottom of the
reservoir, (3) the pressure recovery that was observed during a
partial shut down of the field, and (4) changes in surface
discharge characteristics during the first ten years of produc-
tion.

The numerical results that are presented in this paper do
meel the subjective guidelines. Obviously, these results are not
a unique description of the Wairakei system.” Further, this
description and subscquent predictions are based on curtently
available data, and as additional information-on Wairakei is
oblained, the model should be updated. The Wairakei ficld
application represents a validation of the numerical simulators
developed in this study. This hydrotherma) field ‘was chosen
for the validation of our model because abundant daia cov-
ering approximately 21 years of production history were made
available by the New Zealand rovernment.

WAIRAKEI HYDROTHERMAL SYSTEM
Location and History of Development

The geology of the Wairakei ficld is discussed in Grindley
[1965] and the geohydrology is described in Snidr [1958],
Bolion [1970], and Mercer er al. {1975). The ficld is focaled
north of Lake Taupo and is situated on the west bank of the
Waikato River (see Figure 1), which at thislocation serves as a
groundwaler discharge arca. The field is considered to occupy
a surface area of approximately 15 km? [Grindley. 1¥65] and
extends westward from the Waikato River for S km, whereitis
bordered by hills that act as 2 groundwaler recharge area
|Studt, 1958].

Cenlered in an active volcanic belt, Wairakei is one of many
geothermal regions located between the Tongariro and White
Island volcanoces. This volcanic belt appears 1o be a surface
manifestation of a landward extension of the Pacific trench
system found north of New Zealand. This hypothesis is sup-
ported by gravily, magnetic, and seismic studies, which in-
dicate that this voicanic belt is a structural depression approxi-
nately 5 km deep filled with broken block struciures and

!
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Fig. 1. Index map showing location of Wairakei, New Zealand; inset

is of Nonh Island {Mercer e1 al., 1975].

penetrated by rhyolitic complexes [Modriniak and Studi,
1959).

The first wells were drilled at Wairakei in 1953, and to dale,
over 100 wells have been drilled, some 1o a maximum depth of
approximately 1400 m. Power generation began in 1958, and
by 1968 the power stations at Wairakei were providing ap-
pro:umalcly 172 MW (R. S. Bolton, written communication,
1978) or 18% of the total electrical requirements of New
anland s North Istand. Wairakei i§'considered 10 have been a2

ISLAND -« | .
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Gquid-dominated system priof 1o exploitation_ [White et al.,
1971; Stud, 1958; Bolton, 1970]. Utilizing steam (w hich flushes
in the wells and discharges under pressure) to drive turbines, il
became the first liquid-dominated. syslem’ Lo be dev cloped for
the purpose of generating electricity.

Availability of water, rather than heat, appears to be the
dominant factor controlling production rates. A _cumulaiivd®
mgs.“.'ﬁmhargc. amounung to approximately 6.0 X J0VKZdf
stedrfid Waler by the end of 1969 TBalton, 1970], has n:Suh?a
in pressur¢ drops ranging fiom 2.0 X 101024 R 10 Non!
mroughou( the “majn “production” af€} As pressures have
dropped, steam has formed and accumulated in the upper
parts of the reservoir. As a result, temperatures have dropped
in the'upper portions of the reservoir. Temperatures are stable
in' the deeper paris of the reservoir, possibly indicaling a
source for the hot water. Cold water intrusion around the field
margins does not appear 10 be a senous problem [Grindley,
1965).

Eluid produced by Wairakei“wells ¢onitaing 1¢s57than 3%
weight concentration of dissolved so!nds and 80% of the origh-
nal geothermal uid produced is discharged 10 the, Waikafgh
River; apparently without harmful eflect [Koenig, 1973). Even
though the hot water is relatively pure, mineral deposilion
associated with steam separution may be an imporiant factor
limiting the performance and life of Wairakei wells [Grindley.
1965]. -

Geaoh )-a;‘rolog y

The local stratigraphy consists of ncurly horicontal Quater-
nary acidic volcanic rocks of the following formations, in
descending order [Grindley, 1965): Holocene pumice covet,
Wairakei Breccia, Huka Falls Formation, Haparangi Rhyo-
tite, Waiora Formation, Waiora Valley Andesité, Wairakei
Ignimbrites, and the Ohakuri Group. There are at least (wo
aquifers in the above sequence: the Wairakei Breccia and the
Waiora Formation. Although a decper third aquifer may also
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Fig. 3. Finite-difference grid used in Wairakei simulation showing well locations (circles) and block-centered nodes
(crosses). also shown are three section lines, A-A’, B-B', and CC.

exist in the Ohakuri Group, it has been found in only one well,
and its lateral extent is unknown.

The bulk of steam and hot water discharged by Wairakei
wells comes from the Waiora aquiler, which consists of pumice
breccias and vitric tuffs. Detailed measurements are not ayail-
able, however, it is believed that the permeability of the
Waiora aquifer varies spatially depending on the amount of
brecciation and is highest at fault zones and near a lower
unconformable contact. Although productive wells at Wii.
fakel are ‘nearly always_ locufed in zones of locally high pdYs
Greability associated with major faults, the reservoir as awhdje
r¢sponds 8s 2 porous medium defined in'a continuum seffse
[Ne:db et al., 1975), and_is treated as such in this work

The Waiora aquifer is overlain by lacustrine shales of the
Huka Falls Formation that act as confining beds. In some
locations the shales are interbedded with breccia. Hydro-
thermal, mudflow conglomerates that are also interbedded in
the Huka Falls Formation may indicate that hydrothermal
activity at Wairakei is at least 500,000 years old [Grindley,
1965).

Underlying the Waiora aquifer are the Wairakei lgnim.
brites, welded tufls of low primury permenbitity, The buse of
the Waiora aquifer is not well defined because of secondary
permeability aflorded by fracture rones and the irpegular sur.
face of the contact between the ipnimbrites and the aquifer,
The problem cf determining the buse of the aquifer is further
complicated in the south and southwest, where rhyvolite over-
lies the ignimbrites and progressisely culs out the Waiory
aquifer from below. T he rhyolite also displays secondary per.
meability in its upper layers [Studi, 1958].

The stratified voleunic sequence at Wairakei is compledly
faultcd and druped over a basement horst, and thickens cast.
ward and westward into adjoinizg volcno-testunic depres-
sions [Grindley, 1963). Most of the major fault zone. are well
defined through drilling, and strike in a southwest-northeast
directon [Boltan, 1970]. 1Uis generaily thought that such fuult
zones in the underlying ignimbrites ate the suurce of the hot
water 16 the Waiora squifer.

Heal and Mass Flows and Temperatures at Wairaiei

The natural heat flow at Wairakei has been measured sev-
eral times, beginning in 1951, Fisher [1964] gives a summary of
results obtained by various authors during the period 1951-

1959, The values range from 3431 X 10° 10 6.820 X 10° J/s:

however, Fisher concludes that the best value for natural
(preexploitation) heat flow at Wairakei is approximately 4,184
X 10* }/s, where a heat low reference temperature of 12°C s
used.

One commontonclusion of all the heat flow surveys is'thay
the majority of the natural heat flow is due to convestion and
if thus ‘associated_with a natural mass discharg® Alhough
somc'-rh"a's;-di.s‘chargc was measured, the total initial natural
mass discharge was not; however, it can be estimated from the

mecasured heal flow. Fisher [1964], using a mean enthalpy ofl-

1025 X 10* J/kg and omitting the heat flow due to con-
duction, obtained a mass discharge of H0 kg/s for the 1951~
1952 period. Fisher also noted that the nawwral hest dischurpe
between 1951 and 1958 appears to have remained relutively
uniform, whereas the natural mass discharge decressed, resubt-
ing in more steam and less water being discharged.

Temperatures at Wairakei increase rupidly with depth down
1o the top of the Waiora aquifer. where the temperature in the
hotter tegions i1s about 200°C. In the aquifer the tesperature
gradient 1s reduced with depth, and in the lower part of the
aquifer the gradient s either very small or become: neatinve
In some locations, temperatures reach approvimately 250°C wt
460 m depih.

WaAIKAKEI MODEL

The conceptual model of the Wairakei field presented in this
puper is similar 1o that presznted by Mercér eral [1975) with
the ¢xceplions thut mass feahage is now allowed through the
Wairaket lgmimbrites and two-phase flow is allowed in the
resersoif. Thuy the Waiors Formation s asumed to be the
principal producing rescrsoie B overlain and undzelain by
leaky confining beds of the H.hs Fully Forne tou and the
Wairakei Igzambriten,
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Fig. 4. Map of cqual thickness for the water-table aquifer used in the Rnite-differcnce model: contour interval is 24 m.

Modcling the Wairakei field is accomplished in two steps: a
steady-state simulation and a transient simulation. Briefly, in
the steady-state simulation, we attempt to match single-phase
How conditions and the observed natural discharge rate of 440
kg/s through the Huka Falls Formation, This is accomplished
by (1) adjusting pressure distributions on both sides of the
Huka Falls Formaltion (this controls the direction of the spa-
tially distributed leakage through the Huka Falls) and (2)
adjusting the vertical permeability through the Huka Falls
Formation (this controls the magnitude of the leakage). Dur-
ing this process, temperature distributions are considered
known from downhole temperature measurements. Con-
currently, we compute a distributed steady-state leakage
through the Wairakei lgnimbrites that maintains the initial
pressures and temperatures in the Waiora aquifer. Once a

satislactery maich is obtained by trial and error, the steady-
state solution, including the sicady-siate leakage from above
and below (which sum 10 zcro), is used as the initial conditions
for the transient simulation. For this step, transicnt mass
leakage through the confining beds is approaimated by analyt-
ical solutions and is added to the sicady-state Jeahage. During
this part of the simulation (history match), permeabilities in
the Waiora aquifer are adjusted and vertical leakuge propertics
of the Wairakei Ignimbrites are estimated. Finally, these re-
sults arc used for the predictive portion of the transienl simula-
tion,

Numerical Approach

The numerical approach is described in detail in paris } and
2 of this study; only & brief summary is given here. Two-phase

Fig. 5. Map of equal thicknas for the Huk Falls confining bed used in the finite-diffierence model contour inten aAnddm,
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Geologic cross sections from Wairakei model data sho“mg in descending order, water-table aqunfcr Huka Falls

confining bed, Waiora aquifer and Wairakei Ignimbrites, Cross sections correspond 10 section lines shown in'Figure 3 and
are (A-A") west 1o east, (B-B') north to south, and (C-C’) northwes! to southeast. :

Roundary Conditions
- A base map of the Wairakei region showing the major

geographical features is prcscntcd in Figure 2, where the clus- -

‘ter of wells represents the main production area, The produc-

; tion area is often subdivided further into an eastern and west-
" ern production area, which will be used for later reference.

"Also, note the location of the power stations, as these will be

v used as a reference point'in later figures, The irregular bound-
-+ ary of Figure 2 represents the boundary used in the finite-
difference model, This boundary is essentially the same as that

“used by Mercer et al. [1975] and is similar to that described by
Bolron [1970] except that it has been extended slightly further
from the main production area. It is interesting 1o note that
these bounduries coincide approximately with those defined by

" ground subsidence, gravity surveys [//unt, 1970), and electrical

b

resistivity surveys (G. .E. K. Thompson, written communica-
tion, 1972).

The bouridaiy” condifign, for the Auid TGW equation 75 con:
ﬁﬂcrcd lo be’iic: ﬂovf[lhar T the bd!.rrfdaﬁ'ﬁ‘imp;rmcabla

ary of the Waiorg aguifés 565l 0

. wcllr ncar!hese boundan:s appcnrer'beT"dcpcndcnf-oT
groducnoj [Bolton, 1970). Finally,™ K¢ Wesiern boundan a3
lended far crough fronr e Mam producu:m Area that 1fe
transient suluuon is not s:gmﬁcanUy’aIchlcd by it, and it 1ad .
may be treated as impermeablé) This western boundary may
aclua!ly be no-flow if the hills near it act as 2 groundwater
divide. Finally, it is intcresting 10 note that the lmpcrmcablc
boundaries ‘o the north and cast may have resulied in pan
!’r?m silica deposition and sell-sealing (D. E. White, oral

' v

which max_'_t_x ’
oons:dcrca :mp-rmca hchbc nonhcrn and d castern boundaridy

cbmmunication, 1975). lhal is associated with olhcr gcolhe.
mal fields.
. The boundary condition for the energy equation is a!sr
OnSIdcrcd no-flow. In previous work [Mercer ef al., 1975;,
‘this boundary condition was considered constant temperature,

however, numerical results were insensitive 1o the type of
_ boundary condmon and no-heat-flow is chasen for conve-

nience,

Figure 3 is the ﬁmlc-dlﬂ'crcncc grid used for the Wairakei
simulation. The circles represent well locations und the crosses
are the block-centered’nodes. There are 150 blocks covering an
area of approximately 74.5 km?®, Although the actval field only
covers 15 km?', the impermeable bounduries of the entire sys:
tem enclose a larger area, This difference in areal coverage is
timportant to note since some studies of Wairakei [for example,
McNabb et al., 1975; Grant and Robinson, 1976) consider the

‘smaller area and therefore do not use impermeable bounda- .
« ries, Finally, note the three section lines in Figure 3, as these

will be used for future reference. Also the block where the
north-south {B-B') and ‘east-west {A-A’) scction fines intersect
will be referred 1o in the modeling resulls as the western
producuon block, . -~ g

Reservoir Properiies,and Description

The thickness of the water-table aquifer, where the water-..

table aquifer is comprised of the Holocene pumice and Wai-
rakei Breccia,'is shown in Figure 4. The values are in meters

and the contour intérval is 25 m; the scale is the same as that -
on the finite-difference grid, This plot is based on well data.

from Grindley [1968). The data were smoothed and extrapo-
lated 10 the node points; consequently, general trends are
indicated and details of local geology, such as fault locations,

—
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Fig.9. Horizontal permeability distribution for the Waiora aquifer used in the finite-difference mode!; values are in meters
squared.

- are lost. Note that there is a8 considerable amount of unces-

tainty in these and other data to be presented, especially oul-
side the main production arca.

Figure 5is a thickness map of the Huka Falls confining bed.
Again the values are in meters, the contour interval is 25 pm,
and the plot is based on smoothed well data from Grindley
[1965]). The thickness of the Waiora aquifer is shown in Figure
6. The aquifer thickens toward the south where it is intruded
and cventually cut off by the lowly permeable rhyolite. In
preparing Figure 6, the rhyolite is considered to contributg 1o
the total reservoir thickness. An attempt is made, to com-

pensate for this by using a lower permeability in the southern
region. )

A structure map of the top of the Waicra é’quifcr in meters
above mean sea level, is presented in Figure 7. The data for
this are also from Grindley [1965] and the contour interval is
25 m. To better visualize the hydraulic units used in the model,
it is helpful to construct cross scctions. The finite-diflerence
grid (Figure 3) has the locations of three section lines jn-
dicated. The corresponding cross-sections are shown in Figure
8. The units are {from top to boltom) the water-table aquifer, .
the Huka Falls confining bed, the Waiora agquifer, and the
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TABLE 1, Data Used in Wairlakei Mo.del i
Property © Value
Tnitiat aquiler porosity (Waiora) 0.25
Confining bed porosity (Huka Falls) 0.25

Medium thermal conductivity (Waiora) 21LEBOW/m-K)

Confining bed thermal conductivity
(Huka Falls}

Rock density (\Waiora) .

Rock specific hest {(Waijora)

Rock compressibility (Waiora)

218W/(mK) |
2.187xg/m'

9.2 X 10" J/(kg-k)
5.0 X 10~ m¥/N

Whairakei Ignimbrites, The horizontal line passing through the
Waiora aquifer represents mean sea Jevel, As indicdted in the
cast-west cross section (A-A’), the Waiora aquifer dips steeply
in the east and west. The exact depth of the Waiora Formation
in these directions is unknown and, thcrcfarc. the indicated
depth may be in error, :

Very little is known about the permeability distribution at
Wairakei. In carlier work [Mercer er al,, 1975], an average
value of 1.0 X 10-" m” was used for most of the Waiora
aquifer and 1.0 X 107" m® was used for Lthe eastern production
area, which is less faulted, For the confining bed, in general,
Mercer et al. [1975) used 1.0 X 107" m?, which was widely
criticized as being too high. AfeNabb er al, {1975), using a
simplified analytical model, cstimated a horizomial per-
“meahility for Wairakei of 2.0 x 107 m?, Using the temper-
ature profile at 1 km and early pressurc measurements, they
estimated a vertical permeability of 7.6 X 10-"
results from core analysis [Pritchert er al,, 1976) indicate that

metely 5.0 X 10-"" m*, which is clearly insufficient to sustam
the production at Wa:rakcl

Based upon these limited data and on our simulation rcsulls .

the permeability distribution we use for the Waiora aquifer is
shown in Figure 9, where the values at each point are used for
both the x- and y-directions in the model. We have assumed

-that the reservoir 8s a2 whole responds as a porous medium .

defined in a continuum sense. This assumption leads to a value
of permeability that probably lies between that of the inter-
granular matrix and the fracture permeability. As can be seen
in Figure 9, the castern production area is assigned per-
meabilities that range from 3.0 X 107 10 3.0 X 10-* m",
Pcrmeability in the western production area and just west and
north of this area is generally assigned the higher value of 3.0
X 10-** m" 10 allow for increased laulting there, As indicated
carlier, to account for the rhyolitic intrusion in the southern
part of the aquifer, the permeability in that direction is de-
creased. Also, to help account for the impermeable boundary
in the east and allow for the possibility of self-sealing in. this
direction.we have Jecreased the permeability eastward.

The vertical permeability distribution of the Huka Falls
confining bed, shown in Figure 10, was determined by a trial
and error match of the steady-state surface mass discharge,
Again, this distribution represents effective permeabilities that
incorporate both primary permeability and secondary per-
meability resulting from faulting. The values vary from 1.0 X
10-'" m" in the south 10 2,0 X .10-" m? in the main production
area. In general, these values are Jower than those used by
Mercer et al. [1975). Note the southern block with the high
permeability; this is based on an attempt to reproduce the
observed natural discharge at the Karapiti area, an area of
relatively high discharge located south of rmain production
arca (not shown}. It is interesting to note that although the

m®, Finally, .

Merces anp Faust: Grotieamat, REservoir SIMULATION Cel
N . PR

Sl

‘permeability distribution in the Huka -Falls confining bed Is

adjusted to match the observed natural field dischdrgc zones’
assigned high permecability generally are localid in arcas of

known Taults, \ﬁ
. Other data used in the Wairakei model are giveliin Table 1.

As may be seen, the initial aqucr porosity is esurﬁetcd 1o be
0.25; this value is increased in the western production area to
0.35 10 help account for the effects of the fractures there. Also
note that the medium thermal conductivity is considered con- .
stant and is a lumped coefficient that jncludes the efects of -

both conducnon and dispersion in the waler and conduction in

the rock matrix. Most orthc values in Table 1 compare favor- -
ably vn{h the core anal; sis rcsuhs presented in Pmdm: et al.
[1976].

Vertical Flow at the Top and Base of the Reservoir

It is belicved that the Waiora aquifer receives hot wate

through fault zones in the Wairakei Jgnimbrites, Also flow
occurs through the Huka Falls confining bed as evidenced by
mass discharge obscrved at the surface, The difficulty is to
describe these flow terms as functions of time and space, |

The equations used in this study were obtained by in-
tegrating the three-dimensional flow and heat-transport equa-
tions over the reservoir thickness {Foust ond Mercer, 1979a).
The resulting quasi three-dimensional, area! cquations include
terms that account for convective and conductive fluxes at the
reservoir top and base {these are referred to as leakage terms).
These terms need to be evaluated for both steady-state and
trafisient conditions in order 10 mode! the Wairakei field, This
is complicated by the lack of data, since only lhc stcad) stalc

the Waiora aguifer has a primary permeability of approxi- - heat flow at the surface has been measured.

Steady-siate leakage. In the Wairakei model, we consxdcr

".'

AT
P .;;.\).

1

only the vertical component of convective and conductive’

leakage through the Huka Falls confining bed and Waarakcl
Tgnimbrites. In general, to determine the direction and magni-

" tude of these Nuxes, pressure and temperature distributions at -

the top of the Huka Falls confining bed and bottom of the
Wairakei Ignimbrites are required. The 1cmpcralurc distribu-
tion at the top of the Huka Falls confining bed is shown in
Figure 11, This temperature distribution was estimated from
well data in Grindley [1965), and is similar 1o that used in
Mercer et al. [1975). Figure 12 shows the pressure distribution
at the base of the water-table aquifer (1op of the Huka Falls
Formation}. These pressures were determined by assuming the
watér-lable aquifer had a saturated thickness that was 80% of
ils total thickness. These values were used in conjunction \th
a density distribution, which was a function of the tempers -
atures in Figure 11, to compute hydrostatic pressures. Using .
these as our initial approximation, we adjusted the water-1able
pressures in order to obtam the proper direction of the ob-
served mass flow at the surface. Our final result is the pressure

distribution in Figure 12, Using the distributions in Figures 11

and 12, pressure and temperature data for the Waiora aquifer, '
the verlical permeability distribution in Figure 10, and the

canfining bed thermal conductivity in Table I, (iCEadysfaly

Teukage thrd’ugh“lth"Fans conﬁnm;‘EEd u’—dclcrmir_lg
by usé ol Daréy"s-équalion and FolriersEquation

Data for the base of the Wairakei Ignimbrites do not exist
and'steady-state leakage through the ignimbrites to the baseof
the Waiora aguifer was treated using distributed mass and
heat source terms. These were determined from the steady-
state simulation and were used to maintain the stcady.state

pressure and temperature distributions in the Waiora aquifer.
' Discharge to weliy causes pressure de-

Transient feakage,

4

1
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clines in the Waiora aquifer. These pressure decreases cause an
influx of mass (fluid) into the aquifer, that is. transient leakage.
It is estimaled from gravity data [Hunt, 1970] that 20% of thg
water discharged 10 wells from* 1961 to 1967 was replaced by
fechargedand that between 1967 and 1968, approximately
100% replacement occurred, presumably by transicent Icakagc
from confining beds.

Transient mass leakage through the o»crlylng Huka Falls
confining bed is assumed to be the result of a stepwise change
in pressure in the Waiora aquifer and may be approaimated by
[Trescott et al., |976] {modified for prcssurc):

Temperature distribution (degrees Celsius) at the top of the Huka Falls confining bed used in the finite-difference
model; contour interval is 25°C.

where gr is the mass leakage at the top of the Waiora aquiler;
K and §,' are the hydraulic conductivity and spealfic storage
of the Huka Falls confining bed, approximated by A" = k'pg/u
and 5, = pg¢'F: p. and p are the initial and current aquifer -

. pressures; 7 is the clapsed time of the pumping period; g is the

graviational constant; and &' is the thickness of the Huka Falls
Formation. Finally, k' and ¢’ arc the permeability and poros-
ity of the Huka Falls Formation, respectively, p is fluid den-
sity, p is fiuid viscosity and g is the vertical compressibility -
coefficient. In this approach we have assumed that leakage
through the Huka Falls confining bed is single phase (water)
and recharge (rainfall) is sufficient to maintain the water table
in the upper aquifer near its initial or- steady-state location.
Note that g, varies spatiafly, and thut during production simu-

qr = (po — P)“‘{I-FZ-}; exp| —n's b"("S )
]

l‘\ N

Pressure distribution {Nm* X 107 a1 the top of the Huke Falls confining bed used in the firte-dillercace moddl,

Fig 12

pressurc decreases fron west 1o cust with 3 contour sntere st of 24 4 102 Nopd!
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Fig. 13.

Observed stead)-statc tcmpcraiure distribution (degrees Cclsws) Values have becn vertically averaged through

the Waiora aquifer; contour interval is 25°C.

lations, the computed transient leakage is added to the stcady-
state leakage.

We approximate the transient mass leakage through the.
underlying Wairskei Ignimbrites by using an analytical solu-
tion that describes the flow at the contact of the Waiora

aquifer and the Wairakei Ignimbrites caused by a stepwise
change in pressure in the aquifer. The solution assumes that
the ignimbrites can be \reated as a semi-infinite layer and is
1962] {modified for pressure):
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Fig. 14. Example of observed downhole temperature profile (de-
grees Celsius). Also indicated in descending order are water-table
aquifer, Huka Falls confining bed, Waiora aquiler, and Wairakei
Ignimbrtes.

7.

P A e L @

* where gu is the single-phase mass leakage at the basc of the

Waiora aquifer, {KS5,)s is the hydraulic conductivity-specific
storage product for the Wairakei Ignimbrites, No data are
available for this product and its value was determined by trial
and error, The final distribution ranged from 7.5 X 107 5=t in
‘the,faulted zones 10 1.5 X 1077 5= near the bourid.:rics
lmphcahons resulting from these high values will be discussed

- later.

Transient mass lcakagc has an associated cntha!py, provid-
ing & transient convective heat leakage. 1t is assumed thal flow
from both above and below enters the Wajora aquifer with an
énthalpy equal to the initial vertically averaged enthalpy in the
Waiora, This assumption is reasonable for flow from the Wai-
‘rakei lgnimbrites. It is also appropriate for the Huka Fails
Formation during early stages of reservoir development, since

" initial temperatures in that formation were high, During later

stages of development, however, there may be some reservoir
cooling due 1o this upper leakage that our model does not 1ake
into account. Several computer runs were also made in which

" the vertically averaged saturated water enthalpy at the current

iime step was used for convective heat leakage. This change
did not significantly affect the computed results, - - .1
Although the computer model is capable of computing 2

_lransrcm conductive heat leakage [Faust and Mercer, 1977),

this option was not used in the Wairakei model. Because
lemperatures are rclat:vely invarient with time, transient con-
ductive heat Icakagc is not considered significant.

Verileal EGu um‘nwa . - .'

TheTongept of vertical equilibanfd¥ discussed in Fmr?:yd
Mercer [l979a] incorporzies the assumption that t) m'ay

forms, it migraicy to_the 1op-of the aquifer, forming, .U.'T“?

phase zonc at residual water saturgtio 1t is believed thatalier

producuon bcgan 2 steam cap formed at Wairakei. Unforty.,

nately, no measured residual water saturation is reported in

>
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Fig. 15.

Steady-state pressure distribution (N/m*' X 10¢, absolute) at 2 datum of 274 m below mean sea level compuled

from the finite-difference model; contour interval is 25 X 10* N/m?. Also shown is a section line D-D’

the literature. Pritchers et al. [1976] used a residual water
saturation of 0.2 in their study of Wairakei, and that same
value is used here. .

Averages of relative permeabilities can be obtained by verti.
cal integration of measured rock relative permeubilities, which
results in lincar rclationships, Measured rock relative per-
meabilities for Wairakei do not exist and the follomng aver-
ages were used in the model:

(ke = Se= e

I =S 1.0

(kru') = Su' s Su-f (3)

and
tky = 1.0~ 5, (C)]

where (k) and (k,,) arec averaged relative permeubility for
water and steam, S, is the water saturation, and 5., is residual
water saturation.

Finally, recall that in the quasi three'dimensional, arell
model properties and dependent variables such as pressure ang)
erthalpy have been vertically averagid. Therefore data for the
W airakei model must also be vertically averaged.

Initial Conditiony

The Wairakei hydrothermal system is considered to have
been at steady state prior to exploitution, The fiest step ing
modeling Wairakei'is therefore the reproduction of observed
virgin or steady-siate conditionspT hese results will be used as,
tnitial conditions for the trunsient mode! of exploita mn)ln-
asmuch as wells drilled in the carly 1950's “had litle discharge,
temperalure and pressure measurements made in these origi-
nal wells arc considered representative of steady-state condi-
tions. .

The steady-state (or initial) temperature distribution for the
Wuinrg aquifer is presented in Figure 13, The temperatures
have been vertically averaged over the thickness of the Waiora
ayuifer using well data from Grindley [1965]. This temperuture
distubution is simtlar to that used in Mercer er of. [1975],
cucept that the temperatures in the moin production area have
be:n lowered slightly, The reason for lowernp these temper-

_ .
atures will be discussed later. Jt is interesting to note that
although the temperatures are vertically averaged, downhole
temperatures are relatively uniform within the Waiora aquifer,
as is evidenced by the downhole temperature plot in Figure 4.
The data for this plot come from a well located in the western
production area, and are somewhat typical of vertical teruper-
ature distributions at Wairakei. As can be seen, the temper-
atures at this location do not vary greatly with depth, with a
maximum temperature of 254°C. Note that the cunfining bed
and aquifer are indicated, as well as mean sea level The
temperatures at the top of the Huka Falls confining bed were
used to construct Figure 11, and for the aquifer temperatures,
the valucs between the top and botiom of the Watora Forma-
tion were depth averaged. In the model, these temperatures are
used 10 compute vertically averaged enthalpics, considered Lo
be the initial conditions. The enthalpies, along with vertically
averaged pressures, are used 1o compute thermodynamic prop-
erties, such as density.

The steady-state pressure dlsmbunon is shown in Figure 15.
Although vertically averaged pressures are used in the model,
for purposes of discussion, a reference level of 274 m below
mean sea level is used. The peneral trend of the pressure
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Fig. 17. Vertically averaged water saturations compuled by the

finite-difference model for steady-state condmons contour interval is
0.1

distribution was estimated from 1955 polentiometric surfaces
given in Studr [1958]  Initial pressure data for the lower part of
the aquifer are very limited, and the magnitude of the pres-
sures computed from Studt's surfaces had 10 be increased to
prevent substantial two-phase behavior throughout the field.
Recali that prior to exploitation, Wairakei was considered to
have been sinple phase (water).. The pressure profile ‘corre-
sponding 10 the section line D-D’ in Figure 15 is shown in
Figure 16. The model data (solid line) is compared to an
observed 1956 pressure profile (dashed line) from Bolton
[1970]. Note that all pressures are absolute. As may be seen,
the trend compares well; however, the pressures used in the
model gre generally higher than Bolton’s: The final pressure
distribution shown in Figure 15 was obtained by trial and
error in an atlempt to permi! as much of the field as possible to
be single phase {(water) and to match the observed mass dis-
charge at the surface (through the Huka Falls Formation).
Even with the higher pressures, portions of the field were
two phase. Other than increase pressures, two additional data
modifications could be made to reduce the size of the two-
phase zone. First, the vertically averaged temperatures used by
Mercer et al. [1975] were lowered slightly to obtain those
shown in Figure 13. Second, a lower clevation of the aquifer
top shown in Figure 7 was assumed. This modification causes
un increase in vertically averaged waler saturation as a result
of the vertival-equilibriim asswanption, and is helicved to be
juntified alnce the Jower it of the Walura aquifer iv the
producing layer and 1 lucation s poorly deined. Using the
downhole temperatures (see, for eaxample, Figure 14) as a
puide we lowered the agquifer top 60 m. This is the depth where
the thermal gradient herores upproimaiely sera, which we
felt indicates a zone of higher pesmeability.
With these data modifications, we oblained the steady-state,
vertically averaged water saturations shown in Figure 17. As
.may be scen, our medeling results indicale that two parts of
the ficld had a small steam cap, cven before exploitation be-
- gan. This could be a result of our approximations or the lack
of detailed data in the early slages of development, We believe,
however, thal the ficld was two-phase prior 10 exploitation. 1t
Is interesting to note that most wells are cased with openings
only in the Jower part of the Waijora aquifer, below the sleam
cap shown in Figure 17. The cffect of this on interpreting
presture and temperature data is unknown. 1t should also be
noted that Prtchent ei al. [1976) had to lower the shallow

MERCER AND FAUST: GEOTHERMAL RISERVOIR SMULATION

temperatures in their Wairakei simulation to ensure no vapor-
ization. Also M. A. Grant (writlen communication, 1977)
believes that Wairakei was two-phase prior 10 eaploitalion.

A surface:mass discharge through the Huka Falls Forma-
tion was computed in the §teady-state model. The calculations
were made using Darcy's equation, the permeability of the
Huka Falis confining bed, and the potential gradient across
the cenfining bed. In general, recharge occurred toward the
west where the Wairakei hills are located, and discharge oc-
curred toward the east. The accepted total natural mass flow
rate for Wairakei as computed by Fisher {1964] is 440 kg/s.
The total discharge rate computed in this modeling work is 424
kg/s, with most of it occurring in the productlion area. Thus
the match on the natural mass discharge is good exeept for the
Karapiti area {the discharge arca in the south) for which we
were unable 1o use reasonable hydrologic parameters 1o repro-
duce its large dischargc This area is outside the main produc-
tion area, and is believed not 1o- ha\e a large effect on the
transient simulation.

The surface heat discharge computed by the steady-state
model has a similar distribution 10 the mass discharge. The
heat flow includes the effects of both convection and con-
duction, and is compuled using the mass flux multiplied by the
enthalpy of the mixture and Fourier's equalion, respectisely.
The range of values for the total natural heat flow measured at
Wairakei as given by Fisher {1964)is 1.172 X 10° to 5.983 X
10° J/s by conduction through the soil, and approximately
3431 X 100 to0 6.444 X 10" J/s by convection, with 2 heat flow
reference temperature of 12°C. Hcat discharge through the
Huka Falls Formation computed by the model was 5.99 x 10
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Fig. 18, {a) Mass discharge rate {(bilograms per sccond} from
Wairakei wells 1953-1973; (b) also shown is the computed transient
leakage lhrough the Wairakei lgnimbrites and Huka Falbs Formation
for the same time period, (¢) and the total {s1cady -stale and 11ansient)
leadiage 1through both confliming beds
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1/s by conduction, and 3.566 X 1(* J/s by convection, with a
heat flow reference temperature of 0°C, giving a total caleu-
lated natural heat discharge of 4.165 X i0* J/5. The com-
parison with the total measured vailue of 4.184 X 10°'J/s,
which Fisher considers the best valuc, is reasonable.

The_steady-state convective and conductive fluxes at the
base of the Waiora aquifer were computed from the model by
specifying aguifer pressures and enthalpics. Unfortunately, by
computing the fluxes in this manner, the uncertainty in other
reservoir parameters peecludes meaninglul interpretation of
- the sicady-state bottom mass and heat distributions.

Tiansient SimulTioR Hisiory Matsh

By using the steady-state enthalpy and pressure solutions
as initial conditions, well discharge rates are incorporated into
the model and transient effects of exploitation are simulated.
Discharge rates were averaged for cach well over 3-month
intervals, The rates for each well lying within a finite-difference
block were summed, and that the value was considered to be
the discharge rate for that block for that time interval. The
discharge for the entire ficld may be obtained by summing the
discharge for cach well and is presented in Figure 184. As may
be scen, little discharge took place before power generation
began in 1958; it peaked at the end of 1963, after which a
steady decrease occurred. The large decrease in 1968 resulicd
from a partial shut down of the field. At its peak, the well
discharge was three to four times the steady-state (natural)
mass discharge of 440 kg/s. At the time of this simulation
work, we only had discharge data up to Januvary 1974 and this
period of 21 years was used to ‘history match’ the Wairakei
data. )

The:niass sotrce/sink (well) ferm is spedificd in the molcls
howevers (hé heat'sgurce/sink (well) term must be computed)
The vertical-equilibrium approach allows us to track the eleva-
tion of the contact between the single-phase (water) and two-
phase boundary. Wells at Wairakei are cased and in general,
are open in only the deeper part of the reservoir. For simula-
tion purposes, we have assumed that the wells are fully-pene-
trating and are slotted {open)in the lower part of the reservair,
For wells in the eastern production area, we generally use an
elevation of 60.0 m above mean sea level for the elevation of
the jop of the open interval and for the western production
area we use 60.0 m below mean sea fevel, These values were
estimated from drilling data. When the two-phise contact is
above the clevation of the top of the open interval, mass is
removed with the enthalpy of water. When the two-phase
contiact drops below this elevation, a mixture of steam and
water is removed, and the heat sink term is deterinined from
the phase mobilities according to (Faust and Mercer, 19792

(- U'l _ h.r)k'l ] v .
™ [hu * krl‘ + (ﬂuH-/P-#.. )A'r.. qn (5’

where b, and A, are the saturated steam and water enthalpies,
p, and p,. are the steum and waler densities, y, and u, are the
steam and water viscositics, ¢.' is the specified mass discharge
of‘thc well, and &, and &, arc the relutive permeabilitics of
stetm and water computed using (3) and (4) and the thickness
of the upen interval,

S.orthe simetation Js over an endlznlded penod of tine, 2
tres step of 91 228 diys (3 months) was utilived) This time
stzp. in conjunction with a buckward difference scheme, was
found 1o provide a satisfactory solution.

In cur first attempt at history matching we assumed that all
dis B e was coming from storuge. that bs, the Hluks Falls

B "

c

Fig. 19. Computed pressure distributions (N/m? X 10*) for (a)
Aprit 1960, (b)Y April 1965, and (¢} April 1970, Datem is 274 m below
mean sea level; contour interval is 25 X 10 N/m',

confining bed and the Wairakei lgnimbrites provide no tran-
sient leakage. Without transient leakage the computed pres-
sures decreused much more rapidly thian did the obsersed
pressures. Therefore some form of trunsient leakage is induced
by production at the Wairakei field.

Next we used the transient leakage formulas presentedin (1)
and (2), and simulated the field to Junuary 1974, The reauins
are shown in Figures 18-23. Figures 19a, 195, and 90 show
pressure distributions for April 1960, Aprit 1985, and Apnl
1970, respectivels, These pressure distributions are at the sume
datum as the initial pressures in Figure 15, In the early stgpen
of development, the castern production arca had the large:
amoun!t of muass remosed, and this area shows the Jurger
decrease in preasure (Figure 19a2), By 1665 the mavimum pro-
duction rate had shifted to the western production ares and 50
did the modeled navimum decrease in pressure (Figure 194),
By 1970 the maviinun decresse in presaure in the woilern
production ares smountad trarprovimaty 225 2 100 Nen?
(Figure 190} This corpated vulus comapares well with ke ob-
served presiute drops feported By Bolrea 190 of 20 2 107
16724 X 100 Nom® howeser, the nhacred et pressure
drop veeurrd in the eastern proZocioer g
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Fig. 20. Compuied temperalure distributions (degrees Celsius) for
(a) April 1960, (b) April 1965, and (c) April 1970. Values are vertically
averaged, and the conlour interval is 25°C.

A possible explanation of this discrepancy may be related to
~ the observation that just northeast of the castern production

arca is located the region of maximum ground subsidence of
approximately 4.5 m [Stilwell et al., 1975]. 1t is possible that in
this location the rock units have a high compressibility. Early
declines in pressure in the castern production area caused
subsidence and probably a reduclion in permeability. R educ-
ing the permeability in the ecastern production area would
vause grealer pressure declines in that area than those shown
i bigure 19,01 this interpretation is cotrect, then modehing the
permeabilities as invarient with lime, as was done, might ex-
plain the difference between the localion of observed and

computed maximum pressure declines. Finally, note thatin all

the pressure plots, with the exception in the southeast, little
change in pressure occurs outside the main produclion area,
especially toward the eastern boundary. This behavior con-
forms with what is obscrved at Wairakei [Bolion, 1970]. The
pressure declines loward the southeast may indicate that our
boundary should be extended in that direction 10 include the
undevcloped Tauhara geothermal field (see Figure 1). Wells in
this field do show slight response to production at Wairakei.

Figures 20a, 20b, and 20c¢ present computed vertically aver-
aged 1emperatures for April 1960, Apnil 1965, and April 1970,

MERCER AND FausT: GEOTHERMAL RESERVOIR SiMULATION

respectively. A comparison of Figure 20 with the initial 1em-
peratures in Figure 13 shows that very little change in temper-
ature occurred by 1960, This conforms with ficld temperature
data given in Grindley [1965]. By 1965, computed temperatures
in the main production area have starled to decline. In the
model, the vertical-cquilibrium interface between the two-
phase zonc and single-phase water had dropped below the 1op
of the open interval for several wells in 1963, Therelore these
simufated wells began producing a mixture of steam and water
from the reservoir and a \emperature drop resulted. We feel
that to a large extent this is what actually occurred at Wai-
rakei. By 1970, the temperatures had continued to decrease in
the main production area and the thermal gradient to the
northeast had been reduced.

The vertically averaged water saturatien distributions corse-
sponding to the same dates are presented in Figure 21. These
represent vertically averaged values of a steam cap at 0%
residual waler saturation underlain by single-phase water.
That is, the smaller values of saturation in Fipure 21 corre-
spond to the larger steam cap thickness for a given reservoir
thickness. Qutside the 1.0 contour, the reservoir contains no
steam. Comparing Figures 17 and 21, it may be scen thal by -
1960 the two initial two-phase regions had merged. As pres-
sures decline with time, the steam cap increases in both thick-

{
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Fig 21. Vertically averaged waler saturaiions computed for (_'abApn'I
1960. (b) April 1965, and (¢) April 1970; contour interval is 0.1,
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Fig. 22.

Profile showing contact between steam cap and water for steady-state conditions, April 1960, April 1965, and

April 1970. Only the Waiora aquifer is shown and the ¢ross section corresponds 10 the west 1o cast {A-A’} section line in

Figure 3.

ness and areal extent, as shown in the plots for 1965 and 1970,
No observed water saturations are available for comparison.

To better visualize what the vertically averaged saturdtion
distributions mean, a profile showing contacts between the
steam cap and waler is shown in Figure 22. The contacts are
shown for steady-state, April 1960, April 1965, and A pril 1970.
The profile corresponds to the west to east section line in
Figure 3 and to section (A-A') in Figure 8. The vertical scale
has been increased from that in Figure 8 in order to show the
two-phase contact maore clearly. Also the aquifer elevation is
lower than that shown in Figure 8 as a result of our data

modification discussed previously, As may be scen, the steady-

siate steam cap is very small. As production proceeds, the
steam cap grows, except for some recovery between 1965 and
1970. As indicated in Figure 22, between 1953 and 1970 the
computed steam cap has a maximum increase in thickness
between 200 and 300 m. This compares well with calculations
based on pressure and temperature measurements in wells that
indicate the boiling level at Wairakei has declined about 200 m
{M.L.Sorey, written communication, 1978). As aresult of our
quasi three-dimensional model, the steam cap is at a residual
water saturation of 20%. It is possible, however, that in the
field, superheated steam could form in the upper parts of the
steam cap, as was demonstrated by Faust and Mercer [19795]
using a cross-sectional model.

A plot of pressure versus time is shown in Figure 23a. The
computed values (dushed line) are for the western production
Gtock (finite-difference block in Figure 3 where the north-
south, B-B’, and east-west, A-A’, section lines intersect), The
solid line is the abacrved field pressures (from all wells) at a
reference lesel of 274 m below meun sed level The data be-
tween 1953 and 1968 are from Bolron [1970]: daty alter 1968
are lrum unpuhlished plots by the New Zealand Minisiry of
Works, Note that the shuded area reprecents the duty spread.
As niay be seen the compuarison between computed and ob-
served data is good. Pressures decrease oni) slighthy from 19523
to 1935, corresponding to the time period of litle well di-
chares (see Figure 1Ba). In 1958 powsr production bey o,
disshurepes increased, and from 1959 to 1905, piesures deo
clined rupidiy. After 1965, discharges bogan todeviesse and in
the beginning of 1963 a partial shutdowa resubted in 2 shgh
increase in the pressure curve. After 1968, pressure devrens:
only shiyhiiy und by the end of 1972 the computed presvure.
shuw s fecosery,

A plot of temperature and enthalpy versus time for the
western production block is shown in Figure 235. As may be
scen, between 1953 and 1961, temperatures are fairly constant.
At approximately 1962, two-phase behavior occurred in ‘the
lower part of the reservoir where the wells were slotted, and
temperatures declined about 8°C. It is belicved that this be-
havior is consistant with what js observed at Wairakei. It is
interesting to note that in one simulation run, the wells were
assumed to be slotted throughout the thickness of the Waiora
aquifer, so that a mixture of steam and water was removed,

beginning with the onset of two-phase flow at the top of the _

aquifer. These results (not shown) guve early temperature
declines that reached values greater than 20°C. Returning to
Figure 23, once two-phase flow occurred in the lower part of
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Fig. 24. Pressure profiles through the Waiora Formation for the

western production block for sicady-state and April 1970,

the aquiferstemperature and pressure became dependent, and
therefore, 1oward the end of the history maich, when pressures
recovered slightly, temperatures did also,

As shown in Figure 235, the enthalpy of the fluid mixiure
increases from 1953 to 1965, then decreases from 1965 10 1968,
Afier 1968 the enthalpy remains fairly consiant. The increase
in vertically averaged enthalpy reflects the increase in the
steum cap (or decrease in the vertically averaged water satura-
tion). The decreuse in enthalpy afer 1965, in part, reflects the
pressure recovery. This trend agrees qualitatively with data on
total field discharge enthalpy presented in Prirchent et al.

“11978). Because the computed fiuid enthalpy is a reservoir
value, and the data in Prircherr et al. [1978) are for the dis-
charge fiuid, no quantitative comparison is made.

Although vertically averaged pressures are used in the
model, pressures relative Lo a reference level of 274 m below
mean sea level are presented in this paper. We arc able to
campute these values based on the vertical equilibium assump-
tion that the pressure in the steam cap and underlying water
zune increasc hydrostatically with depth. This assumption also
allows us 10 compute the vertical pressure distribution in the
aguifer, Two computed pressure profiles through the Waiora
Formation are shown in Figure 24 for the western production
bluck at sieady state and April 1970, The interesting point to
note from Figure 24 is that the pressure decrease in the upper
portion of the aquifer, where the steam cap is located, is tess
than the pressure decrease in the lower portion of the aguifer,
This is coused by gravity segrcgation in the ieservair. For this
particular block, the pressure decline in the upper portion
averapey shout 1.0 X 100 N/m?, whereas in the lower portion
the pressute dechne i approadmately 74 7 118 N/m® Thiv
diflerence compares well with what is observed a1 Wairakei.
According to M. L. Sorey (written communication, 1978),
pressure measurements in Wairakei wells indicate thal the
average pressure decline with exploitation at shallow levels in
the two-phase zone is about 1.0 X 10* N/m’, compared with
an average decline of 2.6 X 10° N/m? in the decper liquid zone.
Also, for this same block and times in Figure 24, the average
computed temperature decline is 7.5°C in the upper portion,
while that in the lower portion averaged only a 2.3°C drop.
Qualitatively, these differences with depth in temperature de-
clines are also observed at Wairakei.

Throughout the simulation, mass and cnergy balances were
checked at cach time step. Both balances generally had less
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than a 0.01% crror, and convergence was oblained within 2.4
Newton-Raphson “iterations. Although transient leakage is
spatially distributed, the net leakage was computed for cach
time step, The net transient mass lcakage into the Waiora
aquifer computed by the model is plotied in Figure 185 for the
period between 1953 and 1973. It is separated into (wo paris
that through the Wairakei Ignimbrites and that through the
Huka Falls Formation. As may be seen, transicnt lcakage
from the confining beds replaced a large portion of the mass
produced by wells, with most of it coming from the Wairakei
Ignimbrites, In the model, transient mass leakage is added to
the steady-state leakage, and this sum is shown in Figure [8¢.
It is interesting 1o note from the plot of leakage through the
Huka Falls Formation, that the natural discharge at the sur-
face should decrease with 1ime, and by approximately 1964,
the total natural discharge should be *captured.’ As noted by
Fisher [1964], the observed natural mass discharge did de-
creasé between 1951 and 1958, Information on observed natu-

ral discharge after 1958 is not available. .

The amount of transient mass leakage fromn the Wairakei
lgnimbrites is too great toward the end of the simulation, as
indicated by the increase in some computed pressures at the

1000 0 1000 METLRS

e

¢ ‘ . .

Fig. 25. Predicied results for January 2000 (@) pressure distribu-
tion (N/m® X 10°) with datum of 274 m below mean wa level and a
contour interval of 25 X 10° N/m' (b) vertically avetaged iemperature
distribution {degrees Celsius) with & contour interval of 25°C: and (¢)
vertically averaged waler saturations with a contour inierval of 0.1
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Fig. 26. Predicied (a) pressures (N/m® X 10°) versus time, 1974-1999 (datum is 274 m below mean sca tevery, and (&)
vertically averaged temperatures (degrees Celsius) versus lime, 1974-1999. All values are for the western production block;
maodificd predicted refers to simulation run in which transient leakage was decreased.

end of the history match. The hydraulic properties pro.viding
this amount of leakage were required to be large in order to
maintain production during the peak discharge years of 1962-
1964, In fact, the hydraulic conductivity-specific storage prod-
uct for some parts of the Wairakei Ignimbrites used in the
simulation implies permeabilities that are of the same order of
magnitude as those for the Waiora Formation. According to
M. L. Sorey (written communication, 1978), preexploitation
vertical pressure gradients into the ignimbrites were nearly
uniform and perhaps indicate vertical permeability in the ig-
nimbrites not much different from that of the Waiora Forma-
tion. These observations emphasize the uncertainties associ-
ated with locating the aquifer base and with the description of
leakage from the Wairakei Ignimbrites,

Transient Simulation: Prediction

For this study, well discharge after January 1974 was not
available. For prediciive purposes, the January 1974 discharge
rates were used, Production wells produced at this assigned
fate or a lesser rate thal the well is cupable of producing
aguainst an average flowing well pressure of 10135 % 104 N/m,
The production capability of a well is approsimated by [Craft
and Hawkins, 1959)

2xhk
T = T (rsr )P~ Pu) (6}

where A is the thickness of the open interval, r, is the well
radius, p, 1% the average flowing wcll pressure, p, s the grid
bleck pressure, and #, is the grid block radius defined as v, =
(32330 Y, where M and Ay are the grid block spacing. The
well radius used for Walrakei wells is 21.9 e [Grondley, 1965,
The beaisind terin i computed as dewerited previvnusly, and
€t prid biockh s assumed to contein o mosainn of 12 wells,

Equation (6) is an approximation 1o account for decreased
discharge associated with decreases in reservoir pressures,

During the prediction portion of this study, the Wairakei
field was simulated from [974 to January 2000 using a time
step of [20.75 days (4 months). It should be emphusized that
we attempt to predict only reservoir behavior, not power out-
put. Pressures, temperatures, and water saturations are pre-
sented in Figure 25 for January 2000. The pressures are for a
reference level of 274 m below mean seu level, and both tem-
peratures and water saturations are vertically averaged. In-all
three distributions the same trend is preseat: values have de-
creased slightly from those obtained in the history-match por-
tion, and the declines have spread further from the main
production zrea.

Pressure and lemperature versus time for the western pro-
duction block are shown in Figure 26. Lathalpies are not
shown, but follow a trend similar to that shown in the temper-
ature plol. Again it may be seen that pressures and temper
atures decrease only slightly from 1974 10 January 2U-)

During this predictive run, the Junuury 1973 production
rates are maintained, in large part by leakare fron, confining
beds. The limiting factor at Wairaked is probshly the simauni
of mass available, and not heat. More specifically, the limiiing
factor appears to be the mass from leakage, especially throuyh
the Wairakei [gnimbrites. 1t is difficult 10 evaluate our ueat-
ment of the leakage terms, since matching the pressure-dedline
history is the only method we have to determine thes As
preseaindin Fipure 23, thes match appears good. excepl per-
haps for the pressure teconery towurd the end of the mutch.
Beonuse of the uncertaingy aswoicted with our trcatment of
the leabae, theiv s alw considergbic unceitainiy in our pre:
dictiun T ordsre tufest the sensitisity of our prediciion aysing

diferzat Toohe, o proj e wy dedrsase ) the Bvdraal oo
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ductivity-specific storage cocflicient for the Wairakei Ignim-
brites by half. The results of this simulation are also presented
in Figure 26 and are labeled *modified predictien.” For this
run, the January 1974 production gates could not be main-
tained, and saturations approached the residual water satura-
tion of 20%. As may be scen in Tigure 26, this happened ut
approximately 1984,

1t is difficult to assess the meaning of these two predictive
runs, We feel thay, due to the uncertainty associated with the
leakage properties, long range predictions, such as the one in
this paper to the year 2000, are not very reliable. Shorter range
predictions of approximately five to ten years are more valid,
espzcially if the leakage description can be continuously scruti-
nized as additional pressure-decline data become availuble.

Finally, it should be noted that other predictive simulation
‘runs were made with eapected results. Of these, one of the
more interesiing runs used a zero discharge rate, thal is, pro-
duction ccased. For this simulation, pressures and salurations
recovered substantially. Simulations with reinjection were not
made because, at the time of this modeling work, reinjection at
Wairakei was considered untikely. In order to help control
pressure declines, however, reinjection is now being considered
(R. S. Bolton, writlen communication, 1978).

CoNCLUSIONS

Complex liquid- and vapor-dominated hydrothermal sys-

tems penerally require some form of three-dimensional de-
scription. The quasi three-dimensional, arcal model used in
‘this study appears 10 be an economical allernative 1o a fully
three-dimensional model. By applying the areal model to the
hydrothermal field Jocaled at Wairakei; New Zealand the fol-
lowing may be concluded about the field's behavior:

1. Afier malching observed temperatures, preexploitation
surface heat and mass discharges, and limited pressure data,
model results indicate that prior to development, the aquiler
had steam in its upper regions. Since most wells were cased

through the sicam cap, in the early stages of development the |

sleam had little or.no effect on reservoir performance, and the
field was considered 1o be liquid-dominated.

¥2. As development progressed, the stcam cap increased
both areally and in thickness, When the contact between the
two-phase zone and the single-phase (water) zone dropped
below the siotted interval of the wells, 2 mixture of steam and
water was removed from the reservoir, and reservoir temper-
atures declined. This occurred around 1963 and resulted in a
drop in temperature of 8°-10°C. At this time the reservoir
began 1o exhibit characteristics of a vapor-dominated field,
and superheated steam may have begun to form in the upper
parts of the steam cap. [t should also be noted that part of the
observed cooling in the upper portions of the reservoir may be
due to leakage of cooler fluid through the Huka Falls Forma-
tion. . '

3. The boundarics and boundary conditions used in this
study appear 1o be appropniate; the southeast boundary, how-
ever, perhaps could be extended to include the Tavhara geo-
thermal field.

4. Based on model runs, some form of transient mass
leakage is induced by production. In the model, most of the
leakage was determined 10 come from below; that is, through
the Wairakei Ignimbrites. Also, it was deiermined that com-
plete capture of the natural surface discharge through the
Huka Falls Formation should have occurred around 1964.

S, The limiting factor on production is the amount of mass
available, not heat. Long range predictions are not reliable due

MERCER AND FausT: GEOTHERMAL RESERVOIR SIMULATION

to uncertainties inherent in the assumptions used in formulat-
ing the model, especially those regarding leakape from the
Wairakei lgnimbrites. Short range predictions (5-10ycars) are
more reliable and indicate that production can be maintained
at or ncar the January 1974 production rate.

The Wuirakei field is a very complex system with many
observalions that must be explained. This modeling study is an
altempt lo usc these observations and develop a rational
framework on how the system operates. Our conceptual model
of the Wairakei ficld does, for the most part, account for what
is observed. Due 1o the uncertainties associated with any sub-
surface description, this conceptual model is obviously not
unique. Numerical results, however, verify most of the as-
sumptions that comprise our canceptual model, and reproduce
muny of the observed cunditions.
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Gcothermal Reservoir Srmulatlon

Numcrlcal Solution Techniques for L1qu1d and Vapor- Dommated

‘Hydrothermal Systems
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' u.s. Cro!;?glmi Survey. Reston, Virginia 22092

Two numerical mode)s arc introduced for simulating three-dimensional, two-phase Auid flow and heat
transport in geothermal reservoirs. The first model is bused on a threc-dimensional forimnulation of the
governing cquations {or geothermal reservoirs, Since the resuhting two partial differential equations,

posed in terms of fluid pressure and enthalpy, are highly nonlinear and inhomogeneous, they require

numerical solution, The three-dimensional numerical mmodel uses finite difference approaimations, with
fully implicit Newlon-Raphson treatment of nonlinear 1crms ‘and & block (vertical slice} successive
iterative technique for matrix solution. Newton-Raphson treatment of nonlincar ierms permits the use of
targe time steps, while the robust iterative matrix method reduces computer evecution time and storage
for large three-dimensional problems, An aliernative model is derived by partial integration (in the
vertical dimension) of the three-dimensional equations. This second mode! explicitly assumes vertical
equilibrium (gravity segregation) between steam and water and can be applied to reservoirs with good
vertical communication, The resulting equations are posed in terms of depth-uveraged pressure und
enthalpy and are solved by a iwo-dimensional finite dilference model that uses e stable sequential solution
technique, direct matrix methods, and New(on-Raphson iteration on accumulation and source terms. The
guasi-three-dimensional arcal mode] should be used whencver possible, because it significantly reduces
compiutler execulion time and storage 'and it requires Tess data preparation. The areal model includes
¢flects of an inclined, variable-thickness reservoir and mass and encrgy leakage to confining beds, The
modc! works best for thin (<500 m) reservoirs with high permeability. It can also be applied to problems
with vertical to horizontal anisotropy when permeability is sufficiently high. Comparisons between finite
difference and higher-order finite element appreaimations show some advantage in using fnite element
techniques for single-phase problems. In general, for nonlinéar two-phase problems the finite clement
method requires use of upsiream weighting and diagonal lumping of accumulation terms, These Icad to

lowcr-6rder approximations and tend lo obviale any advantage of using the finite element method.

INTRODUCTION

This paper is the second in a series of three papers con-
cerning geothermal reservoir simulation. In the first paper
|Faust and Mercer, 1978] we introduced mathematical and
conceptual models that serve as a basis for the numerical
models (simulators) discussed here. The final paper will de-
scribe en application of our numerical models to the hydro-
thermal system at Wairakei, New Zealand,

In the present study we expand our previous work {summa-
rized in the literature review section) in severaliareas: exien-

_sion of the numerical mode! to three dimensions, improvement
of numecrica! techniques, and development of & quasi-threc- .

dimensional areal model,

The three-dimensional mode! differs from mod:ls discussed
in the literature review in jts formulation in terms of Auid

pressure and enthaipy and in its numerical solution technique,
The pressure-enthalpy formulation offers the advantage of
being posed in terms of parameters commonly obtained from
ficid data and of avoiding the necessity of using three unknown
parameters (which is the case in the pressure-temperature-
saturation formulation). The numerical model is fully implicit
and is based on a Newton-Raphson finite difference approxi-
matiun of the nonlinear panial! differential cquauons describ-
ing flow in geothermal reservoirs, A reliable iterative tech-
nique, slice successive overrelaxation (SSOR), is used to solve
the resulting system of lincarized equations. This iterative
method is more efficicnt than direct solution lechniques for
large three-dimensional problems, yet more reliable than other

This paper is not subject to U.S, copyright. Published in 1979 by the
Armerican Geophysical Union,
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llcralwc techniques for dlﬁicull problcms [Wattenbarger and

Thurnau, 19176).

Unfortunately, three-diménsional models often are not -
practical due to constraints imposed by data requirements and

computational expense, As an alternative approach a quasi-

- three-dimensional areal mode! (based on vertical integration

of the three-dimensional mathematical model) is proposed.
The areal model uses finite difference approximations and
accounts for vertical variations in propcrncs {such as the pres-
ence of a steam cap) as well as variations in reservoir thickness
and slope, :

To show the use of the various models, we present several
examples that include one-, two-; and three-dimensional appli-
cations involving both onc-phase (liquid) and two-phase geo-

thermal systems. These examples were chosen 10 test thie gecu- +
racy of several numerical techniques (finite difference as well as ~

finite element), 1o compare model results with available data

from laboratory experiments, to demonstrate the adequacy of -
the proposed quasi-three-dimensional approximation, and 10
, Hlustrate various types of reservoir behavior,

",
1

LIYERATURE REVIEW

In this study,.only gco'lhe.rmal encrgy from hydrothermal
systems is considered (similar models can be used for other

types of geothermal resources, e.g., geopressured ones and hot, -

dry rock). When such a system is utilized for its heat energy, it .- .
is called a geothermal reservoir. In hydrothermal sysiems, heat

from near-surface sources such as magmatic bodies is trans-
ferred Lo porous media and to the Auid within those media by
conductive and convective processes, These systems are classi-

ficd as being cither liquid dominated or vapor dominated '

[ White et al., 1971).



. '“J" ) .. d .
i Mosl mudchng work related to geothermal studies may be
Cdivided into two broad classes: {1) free convection models o
examine the geothermal reservoir under natural conditions
" and (2) feservoir models 10 examine exploitation effects. In
this brief review we consider only rcscr}oir models; however, a
review of free convection models is given b) ll’r!lrfrtpoan et al.
{1978},

Geothermal reservoir models may be subdmded further
into two general types; lumped parameter and distributed
parameter. Although the emphasis in this paper is on distrib-
uted-parameter models, for completeness, lumped- -parameter
models are included in the review section, .

Lumped-Parameter Models

The concept of a lumped-parameter model offers the sim-
plest means of describing the behavior of a geothermal reser-
voir during eaploitation. In this type of model the entire sys-
temn is considered a perfect mixing cell for both mass and
energy, so the spatial variation in rock and fluid properties is
reduced to a single point in space. Instead of considering the
internal distribution of mass and energy, atiention s Festricied
10 the total ameunts generated within the sysiem as well as to
those crossing the boundaries. Since time is the only independ-
ent variable, the system can be characterized mathematically
by a set of ordinary differential equations or an equivalent set
of algebraic expressions representing total mass and cnergy
[ Witherspoon e al., 1975).

The first reservoir mode] applied to a geothermal field prob-
lem was a lumped-parameter modet developed by Whiring and
Ramey [1969). Their model allowed Auid influx from an adja-
rent aquifer and was used to simulate the two-phase steam-
water behavior of the Wairakei hydrothermal ficld. This ap-
proach was also used by Cady [1969] to simulate a laboratory
eaperiment, Hrigham and Morrow [1974] applied & lumped.
parameter mode! to vapor-dominated systems by considering
three different liquid distributions, Martin [1975) used a
lumped-parametcr model to examine two-phase flow in a geo-
thermal reservoir where the liquid and gas phases aré uni-
formly distributed throughout the reservoir. Brigham and
Moirow, and Martin, considered the reservoir 1o be com-
pletely closed. Finally, Seki et al. {1977] applied the Whiting-
Ramey model to several ficlds and used a least squares tech-
‘nique 10 match histarical data.

Distributed-Parameter Models

A mode! in which the properties of the rock and/or the Auid
are allowed to vary in space is referred to as a distributed-
parameter model. In general, these models are complex and
cannol be solved analytically, An alternative approach is to
replace the governing partial differential equations by an
equivalent set of algebraic equations and 10 solve the problem
numerically with the aid of a computer.

HMarlow and Prachr [1972] considered the problem of extract-
ing heat from dry rock using a distributed-parameter mode)
which simulated rock fracturing and single-phase (compressed
water) flow, The first application of a distributed-parameter
model 10 a geotherma! field problem was made by Mercer o1
al. [1975]. Using & Galerkin Anite element method and solving
for temperature and pressure, their areal model was restricted
10 liguid-dominated reservoirs and was able 1o reproduce his-
torical data at Wairakei to 1962, by which time, large quan.
tities of steamn had formed in the reservoir, Toranyi and Faroug
Ali [1975] developed 2 two-phase, iwo-dimensional reservoir
mode! that was coupled with e well bore model. Their work
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was restricted to the saturated vapor pressure curve; they -
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solved for pressure and saturation and used a finite difference
technigue that lncorporatcd Newton-Raphson iteration.

At this point in the chronclogical developmentsthe only
distributed-parameter models that exist for geothermal reser-
voirs ure restricted cither 10 compressed water or to the satu-’
rated vapor pressure curve.-In 1975 at the Second United
Nations Symposium on the Development and Use of Geother-
mal Resources, held in San Francisco, three independent

groups prescnted distribuled-parameter models capable.of -

51muia11ng both liquid- and vapor-dominated geothermal r:s-

crv01rs [Faust and Mercer, 1915, Garg et al., 1975; Lrls:eur e

. 1975,
Faus! and Mercer [1975] and, later, Mercer and Fau.n' [1975]

and Faust [1976) applied both Galerkin finile element and :
finite difference techniques to approximate a pressure-gnthalpy

formulation of the multiphase flow equations in two horizon-

tal dimensions. Both Garg et al. [1975] and Lasseter et al.

[1975] formulated their multiphase equations in terms of inter-"
nal energy and density. The former used finite difference tech-:
niques to approximate their equations, whereas the latter used
an integrated finite difference technique, Both of these models’
were capable of treating threc-dimensional problems,

More rcccmly,’ Thomos and Pierson [1976] have developed a
model for simulating geothermal reservoirs conlaining walter -
in cither the vapor or the liquid state. Their mode! is three
dimensiona! and solves Jor pressure, temperature, and satura- -
tion,“Finilie difference techniques were used in conjunction
with an implicit pressure-explicil .saturation formulation. -,
Coars [1977] has also proposed 2 model based on a pressurce.
lemperature-saturation formulation that includes: ﬁow in »\cll' .

bores and discrete fractures.

‘Fmally. three field appllcéuons of distributed- param:tcr
models for single-phase liquid reservoirs have been published -

recently. Sorey et al. [1977) applied a cross-sectional integrated
finite difference mode! to simulate steady state conditions in
the Long Valley hydrothermal systerh in California. Another
California field, Jocated in the East Mesz area, Imperial Vai-
ley, was simulated by Jnrercomp {1976]. Their model solved for
pressure and temperature and used finite difference techmiques.
Ketienacker [1977] used a horizontal reservoir (pressure only)

model and a vertical, one-dimensional heat 1ransfer model for

cach well 1o examine the Raft River, Idaho, geothermal field.

NuMmEericaL METHODOLOGY

The mathematical modcls developed for geothermal rcser-'

voir simulation are nonlmcar and are not amenable to conve-
nient analytical solution. Addmonally. the highly nonlincar
thermodynamic relationships in the model render even numer-

ical sofution a difficult task. Consequently, considcrable cffort *
has been expended in testing alternative solution procedures. .
In particutar, we have examined (1) numerical approxima- " "

tions, including Galerkin finite tlement, collocation on finite
elements, and finite difficrence; (2) nontinear techniques, in-

cluding Picard iteration, semiimplicit procedures, and fully .

implicit Newton-Raphson iteration; and (3) matrix solution
methods, both direct and - iterative. Some of these solution

procedures are discussed by Mercer and Foust I|975] and Faust -

and Mercer [1977). In this paper we describe those lechnigues
that we found more reliable and efficient to use for geothermal
reservoir simulation, . '

Two models are presented: one for two dimensional areal
applications and the other for three-dimensional zpphications,
The three-dimensional mode! uses finite difference approuma-

‘ e
- +
P
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tions with fully implicit Newton-Ruphson iteration and is
capable of simulating one- and two-phase flow in geothermal
reservoirs. The areal mode! also uses 2 finite difference repre-
sentation, !t can simulate sloping reservoirs of variable thick-
ness, heat and mass fluxes from confifing beds, and both one-
and two- phasé reservoir behavior, Options are provided for
vertical averaging based on either uniform-property or vcrllcal
equilibrium. assumptions,

‘Maothematical Models

Two general mathematical models are the basis of the nu-
merical simulators introduced in this paper. Basic assump-
tions, derivations of the ecquations, and boundary conditions
are presented and discussed in paper | of this séries, 1o which
the reader is referred for deteils [Fauss and Mercer, 1978).
Major assumptions that apply to both the three-dimensional
and the areal model are that (1) Darcy's equation for multj-
phase flow is valid, (2) capillary pressure effects are negligible,
(3) thermal cquilibrium exisis among all phases, {4) the geo-
thermal fluid is pure water, and (5) klncllc and potential
encrgy are negilgible,

The three-dimensional equations are formulat.cd in terms of
the dependent variables pressure and enthalpy, since these two
variables uniquely define the thermodynamic state of the sys-
temn and because they are commonly obtained in a field situa-
tion. These equations are

a‘:f’_"‘— v [K’:.p, (Vp "p.gvn):,
-v. [ﬁf.."—”-(vp - p,".gVD):]- =0 ()
and '
% {60k + (1 = ¢)ph ] = V- [Kk:p'h' (Vp - MVD)]
- [Bate 0, 2oy |- . [6( 1) o
+K.(g:\9h_]-q.'_-0 @)

i

In the above equations, p is fluid pressure, & is the spcciﬁc‘
" enthalpy of the fluid, p is density, K
is relative permeability, u is dynamic viscosity, g is the gravita-

is intrinsic permeability, k,

ttonal constant, D is depth, ¢." is the mass source term, q.' is
the energy source term, K. is 2 combined isotropic con-
duction-thermal dispersion coefficient, T is temperature, and
t is time. The subscripts r, w, and s refer 1o rock, liquid water,
and steam, respectively. The enthalpy of the steam-water
mixture is defined as

h= (Snﬂobl + Swpwhu)/p (3)

where p is the density of the total steam-water mixture, defined
as

4)

and the volume saturations (§, and S,) are defined so that they
sumto ;.

P ™ Suput S,

S, + 8. {3)

These equahons describe the two-phase flow of heat in a
steam-water-rock system; however, with minor modificalion
they also describe the Aow of heat in a water-rock or a steam-
rock system, When cither steam or water is absent, the satura-

4
W

tion of the absent phase is 0, and that for the existing phase is
1. Further, it is assumed that the relative permeability of the
absent phase is 0 and that for the eaisting phase is 1. Therefore
(1) and (2) reduce to the appropriale cquatmns for cnhcr the
compressed-water region or the superheated-steam region. A
solution for these equations witl determine whether a specified
location contains compressed water, a steam-water mixture, or
superheated steam. Boundary conditions for (1) and (2) repre-
sent the presence or absence of mass and energy fluxes or
specified pressures-and enthalpies at the reservoir boundaries.
Initial conditions required are initial prcssurc and ¢nthalpy
distributions for the reservoir.

The equations for the areal mode! are posed in terms of
depth-averaged Auid pressure and enthalpy, Vertically aver-
#ped guantities are denoted by angle brackets. The general
equalions are given by

Tit6eN) ~ o= [b(u,)( 2 - p 22 )]

a d 8(D .
—;;[b(«»,)(a—yco) o) 5 ’)]—b(q-)

V] = 2) = V] Tz ~ 24) = O (6)
and 5 ' ; '
a - .
b-é-;[((cbph) + (o, — (dph,))
Coa e (e 2(0) .
T [bcu rl )
-2 O o) = oy 222
) 2y [M%y)(@;@) {o2) ay )_‘
= 2 oy (2 o0) ;-
3 [b(w"‘)(ax(p) LT ox ")..4 oy
9 ] D),
- .a_[b(w”) m)- (fg)% )] (b(wn) (h))

2l P i
E;(bfwn)'a’y‘(}l)) b(q. ) :f._
+ kvl V(2 = 7,) - hv[,, V(z - z.)

+ Al Wz - 2) - 3 !s. V(I )=

that are evaluated at cither the top z, ot the bottom 2, of the

- reservoir and are defined (for thc'rcscrvoir bottom) as follows: -

V(= 2) = = .@f.) 2
Move-m - (o)) 32
(.22 82«-( 2p )
(w,ay)’ By+ Wy az+w,, .

3 .

i (:'

(M.

The terms in (6) and (7) with the vemcal bars are flux 1crrns":

@

.hv ﬁ'- V(; '-;lz.) = - (w"'g%) . ‘%%
R 2 N
e (o)) 2

(wu;‘:j- + wea z: )L % + (‘l’u% twag zi

)‘ (10) ..
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Similar terms may also be written for the reservoir top, We

“have also comhined terms to simplify the final equations, For
the x direction {terms for the y and 2 directions are similar)

these terms are

kok, oo + kokpoty l

Wy =
Hu Ha
- klkru'{’u'hm + kokrupdhy
nx
. Ho Ha
FA
" wep = Ku (%;’Z )n

.w“"K (z:‘)

where &, i5 the principal component oflhc pcrmcablllty lensor
in the x direction. For the z dimension, additional terms are
defincd as R ‘

o ’(rkrupwl's + k,k,..p,’s )

He Hs
Wage B _L_I‘_Eﬂ_g_&k k"y Y 'b + kl‘kf:‘pl’ghl

Equations {6) and (7) are simplified versions of the more
general area! cquations presented in paper | of this study
|Faust and Mercer, 1978). The simplifications involve neglect-
ing- codeviations of vertically averaged products, neglecting
jump conditions at the steam cap interface, and assuming, for
enthalpy, that (2h/8x) = &/ax ¢h). These simplifications are
not necessary but are desirable for practical applications, Eval-
uation of neglected terms would most likely render the areal
model as cumbersome and expensive {computationally) as the
fully three-dimensional model. In the applications section of
this paper we consider in detail reservoir conditions under
which the simplified areal model and vertical equilibrium as-
sumption arc appropriate,

Famrc Difference Approximations

" Both the two- end the lhr:c»dimcnsmnal models are based
on 8 finite difference scheme using the block-centered grid
commonly found in groundwater models [c.g., Finder and
.Bredehoeft, 1968). The grid altows variable spacing and can be
used to approximate irregular reservoir geometry. For the
three-dimensional model the compact, implicit finitc differénce
representations of (1) and (2) are

Al(T. + T) 8p™"] — Al(Turag + Tupg) AD)
+ Vaga' = (/B (M1 = M) =0 . (1)
and : -
ATy Ap™*?) + B(T, &4**Y) ~ AT hupug + Thog) AD)
+ Vg’ = (V/AIKE™ = By =0 (12)

where the terms directly to the left of the equals signs in (11)
and (12) are the accumulation terms for mass and energy,
respectively, The transmissibility terms are defined as

To = (kA/Nokeu/tin

T, = (ka/Dpkin/u,

Ta ® Thu + Ty + (KaA/IXET/8p)a
o (K A/INETI 2R,

and the mass und cnergy terms are

Me=gp  E=loph+ (1~ &)k ‘

where V.. A, and / are the grid block volume, lhc Cross-
scctional area pcrpcnd:cular to the flow direction, and the
length increment in the flow direction, respectively, The differ-
ence operator A is defined for three dimensions, but, as an
example, acts as follows in the x direction:

n#l)

AfT ., A;P"') = wa,_,,,_“(Pnu.i"’ = Pian
—_ Tu-x,_,,,_,_,(Pu.n"'

L34 1.)

(13)

= Py

where /, j, and k arc indices in the x, y, and z directions,

respectively, and » is the index for the time level. Interblock
transmissibilities (those evaluated at i = 2§,/ =
*§) require averaging or weighting of their various compo-
nents, Density, viscosily, and the derivatives (3T/&p), and

{@T/éh), are evaluated as arithmetic averages of the values in.. -

the adjacent blocks. Relative permeabilities and enthalpies are

usually assigned the upsiream value {that is, the value a1 the -

grid block having the higher fluid potential). Other terms, such

as (kA/I) and (K,,A/l), that are space dependent are deter-

mined as harmonic means of the values in the two adjacent
biocks. For example, :

2k, A kisyA e
kaAt i+l + le!AHIIJ

(kA i =

. Finite difference approximations for the areal model, (6) -
ang (7), are made in a manner similar to that outlined for the .

three-dimenisional model. In the areal model, however, the

difference operator only acts in the two horizontal dimensions, -

and the equations include the additional terms that account
for lhc Ruxes from confining beds,

Nonlinear Technigues

The difference equations (11) and (12) are nonlinear in the
transmissibility, accumulation, and source terms. These terms

can lcad 1o scrious numerical instabilities if not treated prop-

erly, For isothermal, multiphase flow applications the tech-
niques that have demonstrated the least severe stability restric-
tions are those that treat nonlinear terms implicitly and use
upstream weighting on relative permeability terms [Blair and

Weinaug, 1969; Peaceman, 1977). For many geothermal appli- _

cations we have found it necessary 1o use the same techniques
10 achieve stable solutions, )
Implicit treatment of nonlincar terms in (11) and (12) re-
quires that these terms be evaluated at the new time Jevel (a +
1). This leads to a system ol 2¥ nonlinear equations (¥ being
the number of grid blocks) for each time step. Each grid block
is connected to, at most, six adjacent blocks (three-dimen-
sional case), so that cach equation has 2 maximum of seven
unknown grid block values for both pressure and enthalpy, or
14 unknowns per equation. This set of equations is linearized
using a residual formulation with Newton-Raphson iteration,

~~-Rewriting {11) and {12} in vector form,

R(X) =0 (15)

where R’ is the vector of nonlinear difference equations (11)

+f and & =

(14)

| (.f.' |

and (12} written for each grid block and X 13 the vector of :

unknown pressure and cnthalpy values 8t cach grid block. -,

Application of the Newton-Raphson procedure involves ap-
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proxlima!ing ‘(15) with a Taylor's scries expansion aboul an
-assumed solution. This leads to the linearized matrix equation

@
- S [L15. Fp
o [ w5 J16X) == {R(X"))
where m is the iteration level and 8X = X™+' — Xm For the
first iteration in each time step the values of p and 4 at the old
lime leve! are used as the initial solution. In gencral, this
procedure converges very rapidly (within four “iterations).
Convergence is cheched by caleulating global mass and energy
balance errors and comparing them to specified criteria.
The three-dimensional model is fully implicit with Newton-
Raphson iterution applied to the transmissibility, accumula.
tion, and source terms. For the areal model, $table solutions
are obtained hy treating only accumulation and source terms
implicitly; Picard iteration is used on transmissibility 1erms.

(16)

Matrix Solution Technigues

Application of the Newlon-Raphson procedure 1o lhc non-
linear difference equations produces a system of linear equa-
tions in the form of (16) that require & solution for each

iteration, For many problems, solving this matrix equation is -

the most timec-consuming part of the simulation process.
Hence it is essential that this operation be performed as effi-
ciently as possible, )

A combination of direct and robust interative matrix tech.
niques is used in both the areal and the three-dimensional
model. The matrix equations in the areal model are solved
using a sequential solution procedure coupled with Gauss-
Doolittle: decomposition that takes advantage of the matrix
structure obtaincd by alternatc diagonal (D4) ordering. A

block successive overrelaxation method coupled with Gauss.

Doalittle decomposition is used in the three-dimensional
model, '

Solution technique, areal model.  Sequential solution of dif-
ference equations with two unknowns per grid block is an
obvious alternative to simultaneous solution for the \wo un-
knowns, since the simultaneous solution results in a 2N X 2N
nonsymmetric matrix {for a description of a8 simultancous
solution, s<c Suwst and Mercer {1977]), Unfortunately, a

"simple decoupling of ( 1) and (12) (or their areal equivalents)

leads to an unstable iterative scquential procedure. To im-
prove the matrix equation solution technique in the two-di-
mensional (vertical equilibrium) modcl, a sequential solution
formulation outlined by Coars er al, (1974)is used. In this
approach, Gaussian climination is applied to the lincarized
Newton-Raphson cqualions in order 10 upper-trizngularize
the block 2 X 2 nodal equations.

As an example, this procedure is outlined for the two-
dimensional cquations for horizontal flow in a geothermal
reservoir. The equations are first rewritien for each grid block
in the form

[CHX} = (MY} + (R}
in which [C] is the 2 X 2 time matrix, [1] is the identity matrix,

and .
S o }
h {ah-"

where §p = p* — g% and h = FY o pv o the

iteration leve!;

iyl _{ AT+ T,) 8 (Bpre )
AlT. Afgprm")) + AlT, A(sh*+ "))

(1n

35

and

{R) = __ \
oy
Al )

. v
MTa Ap™ ")+ AT AR V) + gyt = (Er0! — E“)T:

- {% )
AR,
Applying Gaussian climination, we obiain

'-C" C" 6}'1"'. !

Al(Tu + T2) A" Y] + gu’ = (M1 = M")

(18)

Lo
n

C 6}1..“

(19)

where .

' M ¥

L ép At

" :‘. , aM v,
Cu ah 'Z;‘ .

Cy=

L " op At ép

E ¥y _ oq)
_ éh Ar ah ;
Note that we are treating the enthalpy source term implicitly.

Solving the enthalpy equation first and using Newton-Raph-
son iteration on only the accumulation and source terms result
in two symmetric matrix equations that arc cach N X N, By -
imbedding the sequential solution in the linearized Newton-
Raphson equations, decomposition of the two matrices is re-
quired only on the first ‘sequential’ ileration. Subsequent
sequential iterations require only the formulation of a new
right-hand side and backsubstitution. Fach additiona) New:
ton-Raphson iteration requires the formulation of an updated
lelt-hand side, one decompesition, and several backsubstitu-
tions. : ’
The work involved in solving the matrix equation includes
the initial decomposition plus three to five backsubstitutions,
depending on the convergence criterion. Usually, the compu-
tation time for all backsubstitutions is less than the computa-
tion time for the one decomposition, The symmetric matrix
cquations are solved using’ Gauss-Doolittle decumposition
that tekes advantage of D4 ordering [Price and Coats, 1974).
In this ordering, the finite difference blocks are numbered in
glternating diagonals. This numbering scheme results in a
matrix with the upper half already in upper triangular form, so
that only the lower half nceds to be decomposed. Overall, -
sequential solution and D4 ordering reduce the computational
work of solving the matrix equation by a factor that ranges
from one-fourth 1o one-sixteenth the work required for simul-
tancous solution and normal ordering (numbering blocks in
the direction of fewest blocks). '

Solution technigue, three-dimensional model. The three-di-
mensional model is more severely nonlincar due 1o gravity

Cua
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High-permeability exampie. Depth-averaged (a) water sat»

Fig. 1.

« urations and (&) temperatures for simulated period of 5.0 X 100 5 -

showing results from vertical equilibrium model and ¢ross-sectional
model. .

cross section) calculated for the one-dimensional models and
the six-laycr cross-sectional model. The results of the 10-layer
model are not shown because they are nearly the same as those
of the six-layer model. As can be seen from the calculated
time-saturation plots for the well block(s), the cross-scctional
and vertical equilibrium results compare favorably, The results
for the one-dimensional model assuming uniform properties
are erroncous. Thus ignoring gravily segregation and vertical
variations in the thermodynamic propertics can lead to the
incorrect prediction of early reservoir depletion for reservoirs
involving two-phase fiow, However, for liquid-dominated res.
ervoirs the uniform-property assumption is adequate,
Relative ‘permeability effects. Relative permeabdility can
significantly aflect gravity segregation and hence the validity of
the vertical equilibrium assumption. Unfortunately, reliable
relative perineahility data for steam-water flow is limited to a
few experimental studies, and these results cannot be extrapo-
lated to field scele with confidence. It is thus important to
consider the sensitivity of reservoir models 10 relative per-
meability. In the absence of reliable laboratory data for a
particular reservoir rock the nonlinear equations (28) and (29),

which were originally proposed for oil and gas, arc commonly

used, Alternatively, simpler linear expressions for relative per-
meabihly are also used:

(S Sr)/(! ~ So) (30)
and

kg = (S, = S )/(1 = S0}’ (3N
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These expressions are similar to the relative permeability func-
tions that arc obtained by vertical imtegralion.

The exarnplc chosen Lo demonsirate the ffcct of relalive
pcrmcabllrt} is the same as the prcvlous one; b‘nI) additional
results f[Fom a cross-sectional model using the linear relative
permicubilities and having an 8 X 10 grid are presented. The
waler saturation distributions after 5.4 X 10* s of production

for the cross-sectional models using nonlinear and linear rela-

tive permeabilities are shown in Figure 4. The outlinc in the
figures represents the boundary of the reservoir. The solid line

"is the boundary between two-phase and one-phasc (water)

blocks in the cross-sectional model with the calculated water
saturations given at the ccmcr of cach grid block, The vertical
equilibrium, one- -dimensional mode! predicts the two-phase/

liquid-water conlact represenied by the dashed line in the-

figure. The resulls from the ane-dimensional model compare
much more favorzbly with these from the cross-sectional
mode! using linear relative permeabilities (Figure 45} in that
the interfacs positions are similar and water suturations in the
two-phase zone are much closer to the residual water satura-
tion of 0.3, Recall that the vertical equilibrivm model is based
on the assumption that water above the interface is at residual
-waler saturation. The saturations calculated using the non-
- linear relative permeabilities (Figure 4a) show a wider variance
about the residual water saturation. Also, a zone of super-
. heated steam is formed, and the two-phase/liquid-water inter-

' face is substantially lower.

, ‘A low intrinsic permeability was chosen for this cxampfc {¢]

. prondc a difficult test for-the vertical equilibrium model, Even
" with this low permecability and the deviations in Figurc 4, the,

dcplh -averaged saturations agree fairly well among the alter-

) natw‘c models (as shown in Figure Sa). The depth-averaged

temperatures agree less favorably, especially in the grid block
containing the well (Figure 5b). The vertical cquilibrium
model tends to break down when water saturations approach
resideal water saturation, that is, when the-water table dis-

" appears. This breakdown is reflected in the depth-averaged

temperatures. For this Jow-permeability example the vertical
equilibrium mode! therefore provides the best results when
relative permeabilitics are linear and water saturations are well
above the residual water saturalion, -

Permeability effects. --On the basis of previous studies for
pas-oil reservoirs we anticipate that high permeabilities will be

applicable to geothermal reservoirs, an example using a higher
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Fig. 8. Depth-averaged water saturations for vertieal equilibrium
and crous-sectiona! modtls using residual water saturations of 0,1 and

0.5; simulation periods equal 6.31 X 10* and 3.23 X 10y, respectively:

" favorable for gravity segregation. To see if this conclusion is |
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ABSTRACT

.This paper presents the development of a
three dimensionel, finite difference model
for the similation of geothermal reservoirs.
The model is designed to simulate
geothermal reservoirs which contain water .
in any of its vapor or liquid states and
provisions are included for properly
treating changes of state during a time step,
This logic provides for a stable calculation
of state change and eliminates pressure,
heat balance, and material balance errors,

Mass and energy balances are solved simmul-
taneously using an IMPES formiletion, An
implicit treatment of production rates,
capillary pressure, and transmissibilities

is included as an option, Thus, entire field,
cross—sectional, .or individual well studies
"can be efficiently performed,

Example problems are presented to demonstrate
the utility of the model and to provide
insight into the nature of geothermal
production under various conditiens, In
particular, an example of a reservoir in-
itialdly comntaining subcooled liquid is
presermted where fluid conditions near the
production well go from subcooled liquid

References and illustrations at end of paper,

- bo saturated steam and then to superhe'ated

steam.

m _
Geothemal energy represents an essentially

witapped alterhate source of energy through—
out the world, The exploration effort for
this. energy source has increased, however,
and should lead to the discovery and develop—
mert of new geothermal areas, Noteable
producing geothermal fields include: T
Wairekei in New Zealand; Cero Prieto in
Mexico; Matsukawa in Japan; Larderello in
Ttalyy and The Geysers in California,

Recert pubhcations in the literature '’

include papers dealing with zero (one'cell), |-
-one, and two dimensional geothermal reservoir |

siirrulation. Most of these papers treat steam
in only one of its states or mention the '
difficulty of simulating blocks chang:.ng

i‘rom one state to another, )

Whi'b:.ng a.nd Rameyl presented a zero d:.men- ‘l’.

sional geothermal model which included water
influx as an pption, A thorough discussion
of reservoir performance during the various

states that steam can assume was given,
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'I"heir paper also included a successful metch

of the pressure, production performance of the|

Wairekei geothermal reservoir in New Zealand
. from 1956 to 1966, , .

' Goats?13 developed & three dimensional,
finite difference, steam flooding model -
vwhich simultaneously solves the mass and |
energy equations, An IMPES formulation was

"used to solve for pressures implicity followed
by a solution for temperatures, saturailons,
ete, Saturations calculated using éxplicit

rates, capillary pressyres, and transmis-
sibilities were recalceulated at the end of
each time step using an :me]icit formulation
for these variables,

Brigham and Morrowl‘ presented a paper dis-
cussing the P/Z behavior of geothermal

steam reservoirs, Their model was similar to
Whiting and Ramey's model but they allewed
for the presence of a vapor and liquid zone,
Mass and energy balances were written for (
both zones end logic for a constarmt or falling
liquid level was included, Martin® presented
an analysis of internal steam drive in geo-
thermal reservoirs which assumed that temper-
ature, pressure, and fluid saturation
gradients as well as capillary pressure and
gravity were negligible, . ¢

(}ould'5 presented the development cf a verti-
cal <+wo phase pressure drop calculation for
flow in geothermal wells, A discussion of
the effect of heat transfer to the surrounding
formation and the effect of steam *qua.llty on
production was given,

Mercer and Faust' developed. a twq-dimension&l .
(areal), two-phase geothermal model using

a Galerkin finite element formulation in
space -and finite difference formilation for
time,” They chose pressure and emthalpy as
independent variables and solved for these
two variables similtanecusly: ' A ten month
similastion of & hypothetical hot—water
reservoir with initial conditions similar to
those in the Wairekei reservoir was presented,
No provisions were included for changing
astates, for example from subcooled liquid

to saturated steam, during the course of a
Irun,

Toronyi and Faroug AJj.B‘presented 8 two~
dimensional, two-phase (saturated steam)
finite difference geothermal simiator, They
solved both areal and cross—sectional problems,
A wellbore model was included to calculate
well head quality and pressure given bottom
hole conditions from the reservoir model
solution, In their model pressure and water
saturation were used as dependent varisbles
and were similtaneously solved for at each
block., An implicit solution scheme similar
to that used in coming models was employed,

" from the reservolr were assumed negligible,

.gional (areal), finite difference geothermal
. snmulator and compared results from this

" model with those i‘r‘om their Galerkin finite
" element model, - Pressure and enthalpy were
" used as independent variables and were

: The equations Idelsdr'ibing three dimensional,
include the conservation of mass for water:
"equation specifying the state of the system, -
~difference form are:

: Water

" Capillary pressure and heat transfer to and

Faust and Mercer’ developed & two—dimen-

caleculated using.a- simultaneous’ solution,
They discussed the occurrence of material
balance errors in blocks changing from one
state to another during a time step, This -
material balance error was minimized by | . . W
repeat:_ng the time step and reducing its
size so that the state change occurred near.
the end of a tme step,

This paper presents the developmert oi' a
three—dimensional, finite difference model
for the similation of geothermal reservoirs,
The solution technigque employed s:.nmltaneou.sly
solves the mass and energy balances using an -
]}IPES i‘ommlat.:_on. . _'..':Y'\‘s

The model is designed to simalate geothermal
reservoirs which contain water in various ..
regions of a reservoir, in any of its vépor',.
or liquid states (subcooled liquid, saturated
steam, or superheated steam), Provisions
are included for properly treating changes = ~
of state during a time step. This logic. . .
provides a stable calculation of state change
and eliminates material and heat balance _
errors, - - s 4
The model is formulated with implicit pro~
cuction rates, capillary pressure, and trans-
missibilities as en option which allows
entire fiald, cross—sectional, or individual .
well studies to be efficiently made,

DEVELORMENT OF FLOW EQUATIONS

two—phase flow in a. geothermal reservoir .
and steamg conservation of energy; and an

The conservation equations written in i'inite B

A[':I‘H(pr - Py _E—; aD)] ~ g =
.
5 Blees,) - a @)
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Steam‘ I these two equationsz. Writing the combined
steam-water balance and equations 3 - 6 in
[T (Ap -p & AD)] - Gg e residual form with transmissibilities,
g & » capillary pressure, -ang densities evaluated
A v L at time n ya.elds i ’
ot g’ _qc [(T +T)ASp’=Cll85 +c]28T+‘ o
.'Energz' . . S Sp + R’.I. . (7) |
&(Tysp) + (T AT) A A(THAsp) = §,y85, + CppfT 4
5 8r¢(pr U + P,Sg u ) + N 230P + 9? ’ (3)
L : ' ‘ 0 = Cgy88 + Cop8Ti
. g 1 LU
e -9065)] IR
.‘(\;1‘ ;. : _.f._ '- Sp + 33 (9)

The sbove mass balances on water and steam
state that the net flow of mass intoc a grid
block mimus the rate of production is equal
~ to the rate of accumilation of mass, The
term is the rate of water condensation,
The enérgy balance states that the net flow
of enthalpy into a grid block plus the net
rate of heat conduction minus the rate of
enthalpy production is equal to the change
of internal energy in the block, Potential
and kdnetic energy terms are assumed to be
negligible and have been omitted from the .
energy' balance, '

In addition to the _above equations another
relationship is necessary to determine the
physical state of the water in a given grid.
block, For subcooled, saturated, and super—
heated- conditions the fgllowing equations
holCL

&chooled Tiquid

' 'SS =
i g En
. Saturated Steam
p = Psat(T) (5)
.Superheated Steam
8, = S, (6)

Equations 4 and 6 indicate that the change
" in saturation of blocks that are subcooled
" or superheated at the end of a time step is
" equal to mimus their saturation at the
. 'beglrmiing of a time step, Equation 5 repre—
{1 serts the vapor pressure curve for water and
" states that pressure and temperature are ..
. uniquely related when both water and steam
' are present,

The condensation term in the water and stean
mass balances can be eliminated by adding

()

The terms ?L are the residuals of
equatlons and 8 at time n, For instance,
a =A T (a —p Eap) - ;
R;. wlOP — B, et ) s Ty
| Pen ~ Pg 6 AD) & qw + Q (13)

The coefi‘icien’os on the right hand sidea of
equations 7 and 8 result from the expansion'’
of the accumlation terms in equations'l, ::
2, and 3 in terms of 8S , 4T, and &p. For
example, the expans:.on 6f Vb/AtSd:(p Syt P gS )

y:.elds ) 7
b Vb o 3 Cq
Gy = EF[¢mZ}.pwn+1 = ¢rx+1"g;n+1] : (10)

' AT o
: b : ' v Sy
Cip = Xy [‘1’1.1_._:[.(S"J_npw,l1 + Sgnpg’r)] (11)
v R Sl
b Iary : : N :_“
%3t ® rsyn(d’mlpw(Tml)?wf';;_-‘ L
. .... ." R . ' r' :.‘.‘ ‘ I
) L
;The tenns D are the parblal of -

.water and sgl‘am dengr ties with respect to
temperature at constant pressure and p !

the partial of steam density sith respgct to
pressurf at constamt temperature, This latter
term, p »is only present when superheated
steam efists at time ntl which will be dis—
cussed in a later section. All partial
denvatlves are evaluated as chord slopes,

The coeffzc:.errts and residual in equation 9
depend on the state of a block at time n+l,
For'example, if saturated steam is prcsent st
t.me n+l
psat(

‘;{Sp = ) + psatS -p,

()( .
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' tﬁese equatione ¥or both sﬁbcooled and

where .
v psat n+1) eat(T )
"pﬂﬂtn oy —T ‘;.‘-"‘

and the coefficients in equstion § .are

&
S

Cy . =0, ' _ T (15)
Cy3 -1 B (x7)
E o S e
TREATMENT_QF FLUID AND ROCK PROPERTIES
Water"deasity for subeooled liquid ls'cal-
culated using water compre551billty, and

saturated water density, p (T).

b (piT) = pwm[“cw(p'- p,-,;ﬁ)] (19)|

The term Py is the-wvapor pressure of

saturated sgeam corresponding to the temper—
ature, T, ) v
Internal energy for subcooled water varies
only slightly with pressure from its saturated
value and can be written as -:,'"

UlpiT) = U(T) 4 U (p - saﬁ) (20)

vhere U (T) is the internal energy of satu=
rated water and Uw is the partial of water
internal energy with respect to pressure at
constant temperature 2 S

U v and U

Saturated values of p, pyy p g

are ca}gulated directly i‘romgthe "steam
tables™ using linear interpolation,

Equatlons 19 and 20 are used for calculating
, &nd U from p (T} and U (T). Use of

saturated steam results in a stable numerical
transition from subcooled liquid to .
saturated steam, It should be noted that
equations 19 and 20 yield

Py = PT) o (21)
and ,;_.- y.. v
Uy T (T) @

for saturated steam since pressure and
aaturat;on pressure are equal, ..

Propertles of superheated steam IrOm the steam
tables are internally stored as & function of

pressures,

steam properties are calculated using linear
interpolation of both temperature and
pressure, Special considerations.are given '
to conditions near the saturation’ boundany '
to insure correct interpolates, <y

Transition from’ saturated steam at time n to
superheated steam at time n+l requires the
addition of the partial of steam (density. ‘and
steam internal energy with respect to. presaure
at constant temperature to coefflcients

and C respectively. For saturated steaﬁ
these éarlables are 'a function of only one
variable, T or P.. T v

Stean and water visc031t1es are. input in
tabular form &s a function of temperature,-
Porosity is calculated as a function of
pressure and i‘orrnatlon compressxblhty. L

"’f‘- = ¢i[1 ?*;f’fcp" pi)] o (23)

SOLU'I‘ION OF FLow EQUATIONS , B

Ecuations 7, 8, and 9 represent three i
equations in the three unknowns §p, 8T, and
8S,, at each grid block, These equations can
be efficlently solved using the dimplicit’: |
pressure explicit saturation {IMPES) method,
Saturation and temperature are eliminated’
from- equations 7-9 by mitiplying equation 7
and 8 by appropriate coefficients,and then .
adding the three equations, The reduced .
band-width direct iilutlon method presented
by Price and Coats is used to: solve for

'frAfter eolving'for pressure, equaticns 7 and

9 are used to calculate 8T and SS .
Fliminating 55 from equations 7 tha 9 y1elds

1
5T = 1231_30 = {A (T +T)A8p]
‘:(013_31 - C 033)
B Rl -.ﬁ”ﬁ.‘ 031 o Lo
\ Cyq C e
P 143} - (‘2L)
7031 N e LR

: . _
The change in water saturation, SSW,
is calculated from equation 7.

Sy ™ ﬁllfei?. (?w + Tg)ASFﬂ Rl < w;. =

The above calculations for &p, 5T, and SS'J
constitute one iteration, After each itera=—
tion, temperature and pressure:dependent
coefficiencts are updated and another

e e e ————— —rm —

both. temperature and-pressure, Superheated

7o

iteration is performed umtil convergence:'f

7
.
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is reached. Convergence can be based on
maximum temperature snd pressure changes or
on the absolute sum of residuals divided by
total production, CGemerally only two'or three
iterations are required to reach comvergence
on most problems,

IMPLICIT PRODUGTION RATES .

Production rates vary with block pressure,.
water saturation, and wellbore pressure, If
the effect of these variables on production
rate is not considered, saturation and
pressure oscillations will occur for difficult
. problems and the solubion may become unstable,

To reduce this stability condition production
rates are written implicitly as

1= Tt Dl %%jﬁsw
2t (26)
Hhere. Q, is the explicit productic;_n rate,
o - 2nkhk o /i (P, o) .- )
Inr, + s-1/2 .
- L

w .

The implicit tremtment of each variable is
optional and in marny cases the 'dq/apw can be
‘deleted. However, for problems such as near
wellbore simulations of incompréssible or”
slightly compressible systems involving pro-
duction from more than one :I.ay'erl2 the effect
of wellbore pressu:re on productlon rate should
be included, ] i

. _ \
. The partial of q with respect topis
calculated holding Sw and P 1 constant, and
is equal to the well PI at g:n.me n,

: 2rkhk_p /|
2
F 7 HT, ¥ sC 12 (28)
- :
W

This term is included in the pressure .
solution and it is s:unply comb:.ned with
coefficient 013

" Nolen and Berz-_\,rl2 eliminated pressure
oscillations caused by variations of wellbore
pressure in a water-—oil coning example by
adding an additional column of blocks with
large vertical permeabilities to simulate the
wellbore, The total production was then
taken from the top b}Qc}c in the column, : -
Trimble and McDonald-” treated this problem
for single well, three dimensional econing

the flow equations as & :mnct:ion of wellbore

.in pressure, saturatlon, and . wellbore pressure

.. similations,

‘to the sum of the individual layer rates at

.' The expression:for 8p  is evaluated using '
; pressure changes i‘rom the previous iteration, -
Both the 2q/dp and 3q/dp . are Omitted from
" the first iteration when“gh

-reached and 85 is calculated explicitly, an

vhere SS

pressure, A production equation was added .
to their set of 3N.equations and the changes

over a time step were solved s:multmueously
using Newt.onlan iteration,

The method, for treat:l.ng 3a/ap wf presented
here can be gpplied to single or mulitiwell
Writing total well production
rate implicitly ‘with respect to pressure and
wellbore pressu.re yields .

. L .. L L (
qruﬂqm_+ EPIkSPk—EPISpr
T k=l k=1 _
!

Since aq/a P ‘é’f ig On‘_L:,r applied o wells mot on |
" ,

decline, th obal production rate is equal
time n, Thus, assuming that Spr = Bpw:f ..
5p. . o 1 L2
wi‘L . s
L .

TP Spk
k=l |
8py = =1
r PI
k==l1

. ()

The aq/apwf i‘or lay-er k is equal to

Br T K | "‘;-".-'..';"531)

A

e B ap

included, since 8p is zero prior to the i‘:u‘st
iteration, The effect on convergence of-
evaluating Spwf using last iterate pressures
is generally small for most problems. For |
instance, on the average aboul one extra
iteration per time step was required for the .
radial problem presented later in the text,

After pressure and temperature convergence is

implicit 8S,. cAleulation is made using mpllczt
production rates.with respect to water ‘
saturation, The difference between mphc:Lt :
and explicit ]JI'OdU.Ctlon is given by3 o

%m+1+q;';; s, "55 RYED

” is sat.urat::.on change calcu.'l.ated_
using explicit production rates and SSW is
the implicit saturation change. The térm fw
is the fractional flow of water and Sy is
total product.lon rate,

simmdation by writing the pradnction rate dn

(29J N

i =
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ap = Q + o 1t7/day (33)
Frlactional water flow is written at time
. N+l as .
. 1
P WL
fm'l'l L] wn ]w L T ] ‘ (BI'F)
Mm Py 5Sw+)‘,gn-r-)\885‘>mT
where ..
A ~ krwn/“‘wn . (35)
Agn - kr@/pgn . .  (36)

Substituting the above expressions into
equation 32 yields a quadratic equation which
can be solved dlrectly for SS

IMPLICIT SATURATION CALCULATTON

MacDonald and Coats™? first proposed the use
of implicit transmissibilities and capillary
pressures in the solution of saturations
Tollowing the pressure solution, Later
asuthors®1 presented improved versions of
this treatment, The method used here closely
follows the developmertt presemted by Coats3,
For simplicity the equations are presented
crily for the x direction. Anslogous equations
hold in the ¥y and z directions,

The i‘log of water and steam from block i=1 to

i in £t is glven by

q, = T,(op, - pw'-g;;w) (37)
and

q = 'rg‘(pr+ 8P, =p, —g—-AD) . . (38)

e

Eliminating p from equations 37 and 38 ylelds
the following fractional flow equation for
water: '

q, = far-10(80 +p -%Ap) (39)
where »
£, = TH/T,-“ (10)
o = G+ 9 (11)
T o= T+ T (12)
and
Pug = Py~ Pg - (13)

.wherei‘ml_,_l and T

Now writing the water flow equation explicitly
and implicitly and subtracting yields {for
the x—direction) . -

5%—_1_-1 i Sqwi i+1 At. (SS 38 *)

The term Squi.a .4 represerrts the change in
water flux at Thee i~ 1/2 due to using
implicit saturations and can be expressed as

a'qw
%t a IS 88 5 * (45)
9q,
W ’ !
EE 554
The term .aqwi-l, i/aswi__l can be written as
e S fop - 1
Eswi-l . wi=1 | gn ] )
. N .
(8P + b0 AD)]
. Ee \
B )
. P, BT )
£, (8P + pwg' gcAD) T .

A siyrd_'l.a.r express:x.on can be written for
The partial derivatives shown
in eqelé%lonwﬁ5 may or may not be presemt
depending on the direction of flow potentials,
Yor example, if both water and steam are
flowing from i-1 to i then the aq . o i/as
i

is given by equation L6 and the wi-l

‘8:“:‘1‘_1 5 )

Wl

£ T P . (47)

wngnci

In the sbove equations f and T are
calculated as & ‘

(48)

el - @' - {(49)
& 85 . )
1 are calculated by

perturbing S,y by a fixed amowrt,
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LYW

we

k a 1
rg i. : lrch-SgcJ
2
r (s, -8 =8 )}
il - = = &S 2 (53)
L (L= 8,0 = 8,0)%

A complete 1ist of the data used in this
example are shown in Table IT,

Automatiec time steps with a minimum step
slze of-1 second and a maximum step size of
10 =seconds were used, . Step size was based
on a desired maximum saturation change of
.03. Increase in step size from one step to
the next was limited to 1,5 times Atn.

Saturations at 180 and 300 seconds from this
similation are presented in Figure 2,
Calculated and experimental pressures at 300
seconds are shown in Figure '3 and are .
reasonably matched considering that hypo-
thetical relative permeability curves and
heat transfer relationships were used,

THREE DIMENSIONAL EXAMPLE

In this c¢xample, a three dimensional
simulation of production from a reservoir
with a 109 dip is presented, ~ A typical slice
of the reservoir representing the drainage
volume of a single well is shown in Figure J.
Areally the slice was divided into three cross+
sections with the .well located in the center
sectlon near the top of the reservoir, The
well was perforated in the top 5 layers of
the model which represents 250 feet or half of
the reservoir thickness., Due to the symmetry
line through J = 2, only one half of the
typical slice was actually modeled, -

Initial reservoir temperature and pressure

in the top well cell were 500°F and 1200 psia,
respectively., Temperature variation with
depth was 3°F/100 ft, At these éonditions
the reservoir is initially subcooled by
approximately 67°F or in terms of pressure
at 500°F, the reservoir is 519 psi above its
saturation point, Additional data for this
example are presented in Tables III, IV, and
V. P

. Production from the well was set equal to a

constart surface steam rate of 2 MM 1by/day
which was ealculated from bottomhole rates

using the following equation: -

Rt By

The coefficient nultiplying q . represents
the amount of steam that will generated by
Ilashing the produced water adiabatically st
a surface pressure of 150 psia,

'

qg surface (54)

Steam and water production rates versus time
are shown in Figure 5, Water rate declined

rapldly at the start of the run as the
saturation pressure near the well was reached,

" .and free steam production was initiated, By

‘the end of I years, the water rate has
declined to a point equal to the stesm rate
and by the end of 12 years the ratio of steam
+to water flow rates is approximately 2, Total
recovery of water and steam from the
reservoir st the end of 12 years was equal to
2% of the original water in place, The
surface steam rate was still 2 MM lby/day at
12 years, but the well was about to go on
decline as the flowing bottomhole pressure

. had dropped to approximately 275 psis,

_Comtours of pressure, temperature, and water

,saturation for the cross-section cor‘ban.m.ng

“the well are presented in Figures 6, 7, and

8. Note the superheated region at the top

of the reservoir near the well,- The top well
~cell went to superheat after about 9,5 years

‘.ancé by the end of 12.years it was super- .

heated by approximately 2,5 The elfect

" of water coning into the partlal‘ly penetrated

well is apparent in Figure &, i .

'I'his example was run using implicit rates
‘with respect to pressure and saturation and
with implicit transmissibilities, Material
and. heat balances at the end of 12 years were
1,0020 "and . 9998, respectively, The small
material balance error shown here is due to
the-use of implicit transmissibilities and is.
the result of the variation in density from
cne cell to the next, This example was also
rn using explicit transmissibilities and the
material and heat balances at 12 years were

. 9998 and 1,0003, respectively., Although
minor oscillations in saturation occured near
the bottom perforations using explicit
transmissibilities, the results at the end of
12 years were essentially idemticel, The run
using implicit transmissibilities required
approximately 10% fewer time steps, Automatic

time steps were used in both runs with desired

pressure and saturation changes of 100 psi
and 03 controlling step size,

RADIAL EXAMPLE

This example illustrates the use of the model
for studying near wellbore problem.,. Radial
coordinates were used to perform drawdown and
buildup calculations for a well producing at -
a constant rate from a reservoir which .
initially econtains subcooled water, Initisl
reservolr temperature and pressure were SOOC’F
and 1000 psia, respectively, Relative
permeability and viscosity data from the 3-D
example were also used here, Other pertinent
data are shown in Table VI,
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TABLE III — THREE DIVENSIONAL EXAMPLE

Intial tempersturs (1,1,1) = 500°F

Initial temperature gradient, 3°F/100 f%,
Imitial preasure (1,1,1) - 1200 psia
Perweability o 150 md

Porosity = .20 .

Vertical permesbility o 15 md -
Initisl water seturastion « 1,0 .r
Water compreasibility w 10,8 (10_6) vol/rol=poi
Formetion compressibility = 4 (10-6) vol/vol-pol
Pormstion specific heat = 38, B’I’U/.ft3 - %
Thermal conductivity = 35, BTU/PF = £t « day
Reservolr dip = 10° I

Length of reservolr = 6000 It o
Width of reservolr « 1250 ft

M =12, NY =3, NZ 310

LY - 500 1t

AT = 500, 250, 500 ft

AZ =« 50 1%

¥Wellbors radius « 4 Tt

Sdn e -4

Froduction rata = 2 (10°) 2 /axy

-[ataam rate + 18 {water ratc)} bottoahole

Hirimm fNowing bottomhole pressure = 250 psia

TABIE V - WATER AND STEAM VISCOSITY DATA FOR THREE DIMENSTONAL PRCSLEM

Q0

T|nr Hxl ©ps
L0 132
L50 115
500 »103
550 094

g cPs

L0157
. 0159
.0121

. Q193

N

0.0 ' L. 0o
.01 . 754
025 82
. 050 T 3%
.0%0 . © . 1e9
L 160 & 7 .o8s
L 315 ey
.585 .01

1. 000 : 0.0

1

TABLE VI - RADIAL EXAMPLE

Initisl pressure = 1000 pais
Initie} temperature » 500°F
Permoabllity = 10 wnd

FPorosity = 20

Initi_nl‘uater saturetion « 1.0 .
Wster coupressibility » 10.8 (107 volfrol—pst
Formation compressibility = J (10—6) vol/vol-psi
Formation specific heat » 38 BTU/st3 OF

Thermal conductivity = 35 BIU/SF —fi-day
Wellbore radius = .4 £

External radius « 5000 £t - .

Block center radius of cell 1 = 10 £t
Sidn = -2,6

a7, ¥u 10

' Producticn ntf_ o5 (106) 1h fday
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Fig, 4 - Grid for the three dimensional example.
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Fig. 7 « Three dimensional example, temperatures
at 12 years.

PRODUGTION
WELL

* .

— ff———"
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. Fig. 10 - Radial example, water
saturations at 30 days.
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Fig. 11 - Radial example, analysis of
drawdown data.
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Fig., 12 - Radial example, Horner analysis
of buildup data. '




-~

Palacio de Minerja,

DIVISION DE EDUCACION CONTINUA
% FACULTAD DE INGENIERIA U.N.A.M.

CURSO: "INGENIERIA DE YACIMIENTOS GEOTERMICOS®
13 DE MARZO AL 18 DE MAYO DE 1984

TEMA: "THE BEST USES OF NUMERICAL SIMULATORS™"

DR. GUILLERMO DOMINGUE?
2-13 de abril

Calle do Tacuba § prime} piso  Deleg. Cusuhtemoe 06000 México, D.F. Tel.: 621-40-20 Apdo. Pastal M-2285



(o




\ DIVISION DE EDUCACION CONTINUA
| FACULTAD DE INGENIERIA U.N.A.M.

CURS0: ™ INGENIERIA DE YACIMIENTOS GEOTERMICOS "
13 DE MARZO AL 18 DE MAYD DE 1984

‘:) TEMA: "GEOTHERMAL RESERVOIR ENERGY RECOVERY-
] A THREE-DIMENSIONAL SIMULATION STUDY
OF THE EAST MESA FIELD"., -

DR, GUILLERMO DOMINGUEZ
: 2-13 de abril
1 | |

. - ; H H . '/
Palacio de Minerfa Calle de Tacuba 5 primer piso Deleg. Cuauhtemec 06000 México, D.F. Tel.: 52140-20 Apdo, Postal M-228F ~ l






%7

-

The use of average porosity values in the
simulation model that are weighied to include the
bulk volume of the intervening discontinugus shale
layers is intended 10 compensate for the inability of
present simulators to model discretely a great number
of layers. By modeling the reservoir as all sand but -
including the shale rock volume with an. assumcd
zero porosity in the average for the gross interval,
is possible to model both the correct fluid storage
capacity and total heat content. This model assumes
there is essentially instant temperature equilibration '
between the sand matrix and the adjacent shales. It
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has been found from layered cross-sectional model

studies that shale layers of the order of 30 ft (9.1 m) -
or less equilibrate very rapidly with adjacent sand

layers. The shales at East Mesa have a geomelric

mean thickness of less than 5 ft (1.5 m) and, there- -
fore, always will be essentially in thermal equilibrium
with sand layers which carry fluid.

The permeability values in Table )-are bascd onthe’
calibration of logs with laboratory core
measurements using air. To relate such values to the
underground flow of geothermal waters, it is normal
reservoir engineering practice to apply a reduction
factor based on measured performance. Recent
production well tests and pressure interference tests

i performed by Republic and Lawrence Berkeley

Laboratory? have shown that the average, per-.
meability-thickness (k4) in the area of the existing .
producers is about 30,000 md-ft (9144 md-m). In -
addition, the permeability-thickness appears to
increase 1o the north, away from the center of the’
therma! anomaly located to the south. Results for .
Wells 38-30, 56-30, and 16-29 indicate good flow

" @ capacity in the producing interval with an average kh

greater than 30,000 md-fi (9144 md-m). However,
the two producers located on the southern edge of the’
currently developed .area’ show a reduced fiow
capacity potential. These wells, 78-30RD and 58-30,

have - an average permeability-thickness of only
18,000 angd 10,000 md-fi (5486 and 3048 md m),-

Flg._ 1~ East Mesa figld.

rcspectwcly
As field development continues to the north, it is

. TABLE 1~ EAST MESA PETROPHYSICAL YROPERTIES FROM LOG AND CORE ANALYSES®

Depth Interval (1)

5,50010 7,000 7,000 10 8,000

2,500 10 4,500 4,500 10 5,520
h e k@@n ¢ kialn Py @ xia  h o K {aln
Well () (fractiony + (md) () {fractior, (md} (1 {fraction} (mo) (i) ({tractlen) ([md)
Producers ) -
16-29 NA - NIA NIA 608t 0.18 98 1.039 0.16 4 At 0.12 8
16:30 740 0.10 93 586 0.16 5 852 0.16 63 507t 0.10 1
38.30 1,044 0.14 185 620 0.18 277 1119 0.21 353 403 0.10 23
56-30 998 013 - 49 607 0.15 85 1,014 0,17 84 136t 0.04. 1
58-30 1,109 [IRR] 124 623 0.2 70 921 0.13 1} 82t - NIA - NiA
78 30 RD 049 0.3 00 5274 013 38 1,268 0.21 69 206t 0.08 2
74-30 1043 016 1,025 693 0.2 765 1,015 18 145 3341 o1 - 3
Injeciors T '
1828 NIA NIA NiA M2t 020 854 017 47D 374 009 45 B76
- 52.29 1.288. 0.7 157 NiA NIA ¢ NIA NIA NIA . NI NIA NA ¢ NI
5619 792 0.12 427 NIA NiA : A A NiA

SPoroaily and permeabiiity vafues welphted 10 inglude shale :omcnl
. *tavalues for Well 3B 30 contiderad (o be BnoMalously Taph. AOT usa: !1 simutahion model avarsges,
TLOg analysrs O81d NO v IALIe IOF COMDIRtE IN1ryal BveraQe pe! u 1ymiCal properhies Srsumed owr'lnuru!
Note Aoch properties Therma! conduttmty = 38 Blu-G°F.
Healcasatny e 35 Blucu (1°F,
Compressitnlity e 0 XXt py. ™ 1,
Atterance lamperatyry = 80°F

736

NiA 7 NIA NiA® N/A NIA  NIA . NIA |

EA
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considered ° reasonable to use an average per-
meability-thickness of 30,000 md-ft (9144 md-m) for
the producing interval of the model. The actual gross

" completion interval [5,000 to 7,500 ft (1524 1o 2286 .

m)] in the existing wells conlains about 1,500 ft (457

“m) of net sand; thus, the “‘measured’” permeability is

about 20 md. This is significantly lower than the
average air permeability obtained by log analyses for

- this interval (even after excluding the anomalously
" high permeability values from Well 38-30). Thus,
~Table 1 values for the 5,500- to 7,000-1t (1676- to

2134-m) interval in the producers (the completion

" -interval in the model) were multiplied by a
. proportional correction factor to yield an average of
" 30,000 md-ft (9144 md-m). All other Table 1 values

were ‘‘normalized'’ similarly using the same factor

for input in the model.
.The division into' four porosny/pcrmeab:hty

. intervals for. simulation' purposes is arbitrary
-inasmuch as there is little vertical distinciion in
properties within the planned injection/production
-intervals between 2,500 and 7,000 ft (762 and 2134

m). Sand/shale layering is present, but layers are not
gcnerally continuous between wells and modeling as
a series of discrete layers is unwarranted, even if it
were feasible. Fig. 2 illustrates the complex structure
with an east-west: cross section through several of the
wells. at the northern end of the field, Marker
horizons are well-defined shales whichcan be

correlated . from well to well but genera[ly are-

displaced by faulting.
Good horizontal - and vertical communication

. actually exists due to (1) the sand-dominated deltaic

depositional environment which provides a primary
horizontal stratigraphic continuity, with sufficient
cut and fill present to interrupt lhe thinner shale
Jinterbeds, (2) the system of penecontemporaneous
normal growth faults which vertically disturb and
dislocate the sediments, thereby increasing the means
for- vertical fluid communication, {3) the post-
depositional folding and doming in this area which

‘'promotes the propagation of vertical tensional

cracks, and (4) the more recent near-vertical lateral
faults which further vertically disrupt the dominantly

" sandstone/siltstone lithologic assemblage.

Temperature

Temnperature surveys have been run in all the
Republic East Mesa wells. These temperature

measurements are made while the well is shut in and’

under conditions such that the data is as represen-
tative as possible of the static formation temperature
at each depth surveyed,

Isothermal surface contour maps covering
essentially all of the East Mesa field have been
constructed using the static temperature surveys from
shallow gradient holes, the 10 deep Republic wells,

the five U.S. Burcau of Reclamation wells, and the .

eight wells drilled by Magma: These mups bevin at a
temperature of 280°F (138°C) and continue in 20°F
(}°C) increments to a temperature of J60°F

(1827C). Fig. 1 shows the 340°F (1717 C} isothermial .

surface mup. The shape of these surfades is esaen-
tizlly dome-like, centered south of Republic's Jeusey,
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" Flg. 2- East Mesa structural cross section, -

and ‘conforms to -the positive . residual gravity
anomaly. Note that the contours have been closed to .
the north- for purposes of the current modeling
because no deep well control exists. There s,
however, some resistivity, gravity, and shallow
temperature hole data that suggest that the resource
may continue significantly farther north,

.. Rock and Fluid Therm’all‘ Properties

The thermodynamic and heat transfer properties of
the formation overburden, underburden, and
reservoir rock are based on typical sandstone and
shale values found in the literature {Table I). The
produced water is remarkably fresh, averaging less
than 2,000 ppm TDS, and is free of heavy metals

which might cause environmental disposal problcms '
Noncondensable gas content of the fluid is also

-low ~i.e., less than one-tenth of 1 wi% of the total
fluid. Theret‘ore. it is reasonable to assume the .
reservoir fluid to be initially single-phase (no free -

gas) and to have the physical and thermodynamlc
properties of pure water. '

Slmulatlon Model SRR
The numerical simulator employcd in this study was
developed by Intercomp Resource Development and
Cngineering Inc. of Houston..It is a fully implicit,
finite difference numerical scheme, coupled with an
analytical wellbore model which can solve the
multiphase mass flow and - energy equations
simultaneously for a three-dimensional matrix of
several hundred grid points.?

Gnd . ,
Thc reservoir propertics debCl’Ide in the forcgoing
were transiated into a ‘numerical maodel for a
postulated feld development at the northiern end of

" the field intended o support a 64-MW power plant.

The grid consists of 600 blocks in an arcal pattern a5
shown in Fig. 3. Note that because of sympictry, only -

" half the propo».t.d ficld development model actually, is
" simulated. The center line is determined by the center
“of the temperature isotherms so as 1o r:\pl:m the

masimum energy recovery potential ‘of the systern.

With a symmetric well locution pattern, the center |
tine becomes a po-flow buundary. Releively manor

heterogenvous erfedts on reservoir heisnior can be

-
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Fig. 3 - Concep1ua1 well location pian — East Mesa
reservolr model.

investigated by simulating each half of the field
separately; however, this is not now justified.

‘Except for the southernmost row .of producers,
‘each proposed well location is separated by at least
one grid block from any adjacent well location. This
reduces the numerical stability f)rob!ems of the finite
difference solution. As shown in Fig. 3, the grid

pattern has four layers. The injection wells normalty_

are completed in the top layer, and the production
wells are completed in the third layer. Thus, a layer is

.used to separate the two completion intervals ver-

tically., The five interior pattern injectors, however,
are completed in both Layers 1 and 3. The
production/injection zones are shown as horizontal
layers (no dip) but in reality may vary with depth
across the field by a few hundred feet (about 100 m).
Fig. 4 is an east/west cross section of the model
extending west along the southern boundary of
Sections 25 and 30 from the axis of symmetry. Note
that the producing interval (Layer 3, Blocks 1

through 6) has a kh of 30,000 md-ft (5144 md-m).
with k=20 md and Ah=1,500 ft (457 m). AS '

previously noted, permeabilities above 'and below
l.ayer 3 werc determined from the average log
analyses values for existing producers normalized to
the value of 30,000 md-ft (9144 md-m). Permeability
in Block 10is based on normalized log analysis values
for the existing injectors. Porosities and per-
meabilities between the core producer aréa and the
peripheral injection area (Blocks 7, 8, and 9) are

. simply imerpolations. Vertical permeability, based -
on laboratory core measurernents, was assumed to be

two-thirds of the honzonta! permeability, The Layer

3 grid blocks along the” southern edge of the ‘

production zone have been assigned Ah values of

738

of ‘that well.
“tion/injection rates,
 wellbore radius  effects.

[ 5 4« 3 ? 1
. IHTERVAL |}
CEPTH
2300%
4 k=83 56 - 80 | &5 [ 4D | 40 |4 | 4D 40 | 40
H .17 ST BINRIEALERENRENSEIESE PSRN
, 1220 250 250 |2%0 [28C [289 (260 26D | 290 | 290
24500 ) ~ .
k=& . 57 9 a0 fa;¥]l i 30
Hops21. 39 A L s IS L5 505 |18 LS
asoo | 1"280 280 " ieo |Jog inp ia20 {320 320 370 | N0
KBS UG o0 | 60 | 20 |
g |7 AT 17 [ ppomCTiON ZUNE -
3 Te30Q 20 328 {30 |33 {wi = 30,002 MD-FT)
7600 '—
[ SR} 15 n 7 4 4 4 4. 4 ]
A g, 04 09 .0% |.p9 |.08 [.06 §.08 |.06 }.OB |.0&
Te330 340 380 | 350 | 350 | 360 | 360 ] 360 | 350 |350 4,

Lk
. T
' !

Fig. 4 - East-west CanS sectlon of East Mesa reservoir
model, '

[

20,000 md-fi (6096 md -m). The reduced permeability - -«

in this area is consistent with the increased cemen-
tation of the rock malrix and the observed pressure
interference data® from the U.S. Bureau. of
Reclamation wells, .

Each grid block in the rcservou’ model is asmgned

an initial temperature based on the Jtemperature,
isotherms described in the foregoing section. The .
specific temperature of a- grid block is the tem- .

perature at the center of the block. In a producnon
and/or injection well completion grid block, the
entire-interval is at one temperature. While this may
produce an initial temperature distortion in the grid
systermn, long-term production effects are slight.

At this time, the heterogeneity of the reservoir is
limited 10 the petrophysical property and tem-
perature distributions, and no faults or barriers are
included. Only one barrier is known 1o exist {near
Well 16-30), but its extent and depree of séaling have
not yet been determined. Therefore, the production
zone is modeled as being free of sealing Larriers.

A final comment on 1he physical properties of thc

model involves the individual grid cells which contain .-

the existing wells, Although the average properties of |

all the wells are used across the production zone,

each grid cell that contains an existing well com-* «

pletion is assigned the actual physical characteristics
These properties include produc-
permeability,

(Layer 3) kA is adjusted further to agree with the

porosity, -and °
The producing interval

observed productivity index of cach well as dv..lcr-_':

mined from ficld tests. Thus, the productivity of each

.existing well accurately reflects the actual cfferts of -

completion interval and formation dumage. ..o
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':’.'of 0.05 was sc!cmcd arbitrarily because it prov:dm an

accuracy of 0.1-percent. This level of accuracy is casily

achieved in pressures obtained by the Hewlen-Packard -

quartz crystal gauge. Further, it is observed from Figs. 5
and 6 and Tables 2 and 3 that the reservoir boundary starts
affecting the mean pressure and drainage-boundary pres-
sure at a dimensionless time of 0.025. A time limit of
0.05, therefore, provides a practical average.

Itis stressed that many of the equations presented here,
such as Eqs. 5, 7, 9, 14, 20, and 22, are obtamed
empirically from superposition calculations. Some of -
these can be derived analytically, :

It is worthwhile to discuss the physical implications of -
J. It was stated eurlier that a range of values of f corre- -
sponds to the following reservoir situations: (1) f = 0,
closed reservoir; {2) f = 1, full injection or constant-
‘pressure boundary case; (3)'0 < f =< 0.5, partial waler
dn’vc reserveir or an en'[argcd drainage area; (4)0.5 <f <

pamal fluid 1th‘.‘C[l0l1 and (S)f > 1, excess fluid ”
mjec.uon.

These interpretations are cwdenl in !lght of lhe super--

position gnd shown in Fig. . When f has a valie be-"

tween 0 and 0.5, two grids of producers generate the .-
effect of no-flow drainage boundaries that are farther -

from the well than whenf = 0. This ¢an be caused
by either a larger drainage area than is known in an
otherwise closed reservoir, or a partial water drive con-
dition resulting from a limited aquifer having the same
transmissibility (kh/u) and storage (¢ch) as the reservoir.

When f = 0.5, the image grid of injectors in Fig. 1

effectively vanishes because g is zero for every well in the
. image grid. Therefore, it gencrates pressures for a well in

the center of a closed square that is twice.the area of the |
dramage area assumed in calculating the dimensionless
time, tp,. The dimensionless pressures Lhcrcforf. deviate
. from early-time mﬁmte reservoir, with' a str.ught line at |
fpa = 0.1 instead of 0.05 for the f = 0 case. Further;, a

given value of dimensionless pressure forthef= 0.5 case . .’

occurs at twice the dimensionless time of the f = O case,
Therefore, a value of f = 0.5 implies’ two reservoir

© situations; (1) a closed reservoir with twice the area of -
what currently is known and (2) a water drive reservoir
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i T hvan aguifor equal in volome togescivoir
\ et havieg the sane rsmissibility (R/p) and
W M as e the resenvair,

NS <f < Lowellsin the mage 'gr'id in Fig. 1

have a act injection rate Jess tban the production rate.
s conesponds 1o a partial Nluid 3njc(;li0n sysiem,
Thewcfore, the pressure ut the drainage boundary con-
thes 1o decrease with the producing life of a ficld.

H 2 natural water-drive reservoir yields f> 0.5, it has
te e antributed 10 a greater tansmissibility of Auids in the
wyuifer as compared with thutin the reservair. Funher, in
il enee of Puid injeciion, one always should obtain a

“value of fless than unity.

It is stressed that this discussion direcis attention 107
only a few interpretations for various values of f, but
many more are possible,

Summary and Conclusions _
This ttrdy has presenicd a unified gencral scheme for
characterizing well pressure behavior an closed, water

drve.and purtiad, full, or  acess ilnid PO R e Ol
systems and the interreationships that evist atidiy them,
Superposition in well rates was wsed 10 S e e
pressure draswdown iad buildup behavior at the ol
well ina finite <quire revervair, The betovior of
drainage-arca meun pressure and the deziee bounday
pressure are also preseated us functions of 1hine.

A pwrameter fis introduced to churacierize the sucncth
of water drive or fluid injection, This poameler is deser-
mined directly from a graph of the (p* - p,) function,
shown in Fig. 10. Jt a0 cun be estimazed from tuildup
pressure behavior uding the Horsier graph, as well as from
druwdown pressure duta using Eqs. S or6.

Once fis known, ihe drainage-arca noun pressure, p,
and the drainage boundury pressure. p,. ut uny time sire
derermined from Figs, Fund 11, respedtin ly.

Numenclature
A = well drainugee area, sq ft
B = oil formation volume factar, RB;STB
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En forma general, el procedimiento a seguir en el anfli-

..sis de datos de presibn bor madio del método de "curva tipo"

es el siguiente‘: -

1. Se selecciona la "curva tipo"!(Log Py contra Log )

- correspondiente a la éitudc;én reél'del pozo.

-

- . 2...8e grafican. los datos de campo, Ap contra At en un

*papel: transparente. Para hacer esto debe emplearse la misna es

~ala de la "curva tipo". Es decir, el papel transgarente se

superpone en la "curva tipo" y se grafican los resultados de

‘campo empleando esta gréafica. A continuacién se encuentra el

'mejor:ajuste posible entre los datos de ~ampo y 1la "curva'tipo",

por medio de un desplazamiento en forma vertical y horizontal,
manteniendo Eiggggglparalelas las eséalas de las dos gr&ficaé.
Una véz hecho esté{ se elige un punto comln o de ajuste a los
dos grificas. Esto se haéelleyendo-un Qunto de la "curva tipo
(pD)M: (tD?M y el punto correspondiente en la 'turva tipo de
campo", (4p) .. (At)M.

3. Se determinan los paré&metros de interés del vacimicn |
to; por ejemélo, de ios datos de presibn del punto con(n se
puede de terminar la permeabilidad,- k, y de los datos el tieszo so
puede obtencr el producto de la porosidad por la compr9§ibilf-

dad, total, ¢c_. La Ec, 1, para los datos del punto comfin puc

de escribirso:
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Fig. C.2 Dimensionless pressure for a single well in an infinite system, no wellbore storage, no skin. Exponential-integral solution.
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- PREFACE _

The Stanford Geothermal Program hosts an annual workshop as part of

its contract with the Department of Energy to deﬁelop reservoir engincering
practices for accelerating the commercial development of geothermal-rasources.
The annual workshop has two major objectives: (1) to bring together research-
ers active in the various scilentific and enginecering disciplines involved in
the study of geothermal reser@oirs to review progress and exchange ideas in
this rapidly developing field, and (2) t6 surmarize the effective state of
the art of geothermal reser@oir'engineering in a form readily useful to the
many government and private agencies invol@ed in the de&elopment of peo-
thermal resources. Each annual workshop featureé a panel analysis of a
problem of major interest to thé geothe?mal energy community.

The topic for panel analysis for the Sixth Annual Workshop in Geo-
thermaereservoir Engineering was selected in conjun;tion with the Department
of Energy to assess the state of development and the appropriate role of
geothermal resérvoir simulator models in predicting geothermal reservoir
performance as it affects investment declsions. The panel analysis was
planned as a cohesive session with (1) an Introduction on the background
of‘the DOE decision to 1ssue a number of contracts to determine how well
existing simulator models can evaluate problems of varying complexity;

(2) a report by the authors of the respective problems on how well the
existing codes appear to evaluate the problems; (3) a discussion by invited
panelists representing varjous sectors of the geothermal commnity to

tespond on Low othe state of et oot coral b Y atern . v et



industry nceds; and (4) a general discussion by all of the participants
with summary reports by three scelected rapporfcurs.

The Stanford Geothermal Program is making the results of this panel
session available as a separate report since.the potential role of simu-
lators in geothermal reservoir engincering is large, and the nced to
encourage further deveiopment of simulator models is apparent. The Stanford
Geothermal Program hopes that thése proceedings will assist in furthering

the successful developument of these simulator models. '

Paul Kruger
Stanford Geothermal Program

March 31, 1981

1v
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GEOTHERMAL RESERVOIR ENGINEERING
CODE COMPARISON PROJECT

Martin W. Molloy
Geothermal Energy Division
U.S. Department of Energy
1333 Broadway, Oakland, California 94612

"Review of the need for geothermal reservoir simulators, begun at the
1978 Stanford Workshop, continues with the results of U.S. Department of
Energy (DOE) contracts on comparison of computer codes. The fundamental
issue is the appropriate role of simulators in major investment decisions |
on geothermal projects, such as the construction of a power plant at a
specific reservoir. -

WHAT

With this session at the 1980 Stanford Workshop, the Department of
Energy responds to the geothermal industry’s recommendation that reservolr
simulators be evaluated and compared. Last year, DOE Headquarters’ Division
of Geothermal Energy budgeted for a code comparison project. In February
1980, a group of code developers met at DOE’s San Francisco Operations
Office to design a set of test problems. In the following papers, the
designers of these problems will present the results of this Code Comparison

P*oject.

In June, DOE requested proposals to run the problem set on commercially

availatle geothermal reservoir simulators. In September, multiple awards
were made to four offerors: Intercomp; Systems, Sclence and Software;

GeoTrans; and Stanford Univ. Negotiations on a fifth contract were unsuc—
cessful. Lawrence Berkeley Laboratory and the University of Auckland have

" also prepared solutions to the problem set. Final reports containing

solutions, descriptions of the simulators, and approaches were delivered to
my office in mid-November. Copies can be obtained fr-m USDOE Technical
Information Center, P.0. Box 62 "Oak Ridge, TN 37830 (Final Report '
DOE/SF/11451=1). .

DOE has not undertaken to evaluate these results, or to certify any of
the reservoir simulators. Rather, the final reports were delivered to
the problem designers to summarize and comment on the results. The Depart-~
ment supports the Stanford Workshop as the medium for the geothermal reservoir
engineering community to become familiar with these results, and to determine

their mcauing and value.

WHY
! ' . - ' : B RE
Public funds were expended on this project for two reasons: the
recommendation of geothermal industry advisors, and the mandate in the

geothermal ‘public law.

’ In,Hay, 1979, the Technical Review Committee on Reservoir Engineering
(Nielson, 1979) recommended to DOE that "Model comparison and validation
should be a new inictiative in the (Geothermal) Reservoir Engineering Program.

o
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An attempt should be made to try all major codes on the same systeam and
compare results with respect to output and efficiency of the code. It was
suggested the codes should be runm on an actual geothermal system where
adequate data exists rather than a hypothetical situatiom. Suggested areas
which could be usad for code comparison include Cerro Prieto, Mexico;
Wairakei, New Zealand; or Larderello, Italy. A workshop should then be held
on the use and limitations of the various codes available..."

The mandate from~Congress to the Department of Energy to support
this effort is found in the Geothermal Research, Development and Demon-
stration Act of 1974 (Public Law 93-410, Sections 103(a) and 104(a)). "The'
gspecific goals shall include . . . the development ‘of better methods for
predicting the power potential and longevity of geothermal reservoirs;
(and) . . . the development of reliable predictive methods and control
techniques for the production of geothermal resources from reservoirs.”

Don Campbell of Republic Geothermal, Inc. has stated the fundamental
need as one of establishing the confidence of consultants to banks, utilities,
etc. in computer simulation as-a basis for investment decisions on major
geothermal projects (e.g. power plants). As you know, computer simulation'
is an. established technique in oil and gas investment decisions. :

In Summary,.we seek to learn what the capabilities of geothermal
reservoir simulators are, and if they are reliable bases for geothermal
investment decisions.

HOW

Infdéfiuiﬁg=h6W‘£b’evﬁlgatesand*compéfe-simulators, DOE turned- ro

code developers and industry users.

A position paper was prepared for DOE Headquarters by John Pritchett
(1979) of Systems, Science and Software, to describe mathematical reservolir
modeling and geothermal reservoir simulators. Pritchett pointed out that
reservolir simulators are tools used in the overall reservolr modelling
process whose application to real flelds requires considerable engineering
judgment and insight. He suggested, as a first step, testing the reservoir -
simulators alone by setting up a sulte of idealized problems designed to

fully exercise the codes, thus testing the "tools" rather than the "modellers."”

A comprehensive review of geothermal reservoir simulators has been

.published by Pinder (1979) under the DOE-LBL subsidence research program.

At the December 1979 Stanford Workshop, differences between numerical
simulations and observed data at geothermal fields were discussed by Donaldson
and Sorey (1979), and several limited applications were proposed. Their
paper responded to the questions posed at the 1978 Workshop: whether these
simulators are of any real value, and, if so, what are their best uses.

DOE then requested code developers and industry users to validate the
need for a Code Couparison Project. .This they did, and recormmended that a
set of standard problems be defined for that purpose. And, in February,
1980, the code developers met and designed the problem set.

FETY N KRN R PR
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‘What Nextf

In my understanding, the current situation is as, follows (Fig. 1):

"

1) Specific Reservoir and &ntegrated Model

.

At operating and developing geothermal reservoirs, field and test data
has been used to derive physical properties, their distribution and
change over time. These same data form the basis for conceptual model(s)
of the reservoilr constructed by integrating structural geology, geo-
chemistry and reserveir engineering analyses. Reservolr management
strategies (flash, pump, inject, stimulate etec.), selected by the field
operator(s), define production and injection operations used to produce
the reservo%r. )

2) Computer Simulator _ , ' o

Fundamental physical processes in geothermal reservoirs have been
represented by partial differential equations and assumptions. Several
code developers have prepared reservoir simulators to solve these
equations. A set of hypothetical reservolr problems has been designed
to test the simulators. -

_3), Reservoir Model and. Simulator

With the aid of simulator "tools™, matches to actual production data

may be achleved. Projections into the future, using possible reservoir
management.strategles, ‘yleld: estimates. of reserves,- production/injection
rates and reservoir lifetime. Together with extensive financial and other
considerations, these results provide input to ilnvestment decisions on
‘ the reservoir. o B

Hopefully, the Code Comparison Project will establish that several reliable
reservoir simulator '"tools" are now avallable to the industry. The question.
remains of how best to engender industry and investment community confidence
in the use of geothermal simulators. Perhaps acceptance of numerical simu-
lation will evolve gradually, as more field studies are made which build

a track.record for the methodology.

Has DOE satisfied the concerns that led the geothermal industry to recommend
that this effort be undertaken? Are consultants to major geothermal projects
sufficiently confident to start using these "black boxes” for investment
decisions?

1f not, I invite you to define the tasks, the geothermal reservoir, and the
sources of data that are needed. Will the next step be carried out by the
industry, or do you recommend that DOE participate in a joint effort?

Acknowledgement

It is a pleasure to acknowledge the contributions of John Pritchett, Karsten
Pruess, Michael Sorey, Michael 0’Sullivan, Leland Mink and Marshall Reed in
definiqg the code comparison project. Theilr concera with the relatiom:
bethgen‘éimulators and reservolr assessment has deepened my understanding,
and incredsed the effectiveness of this effort. o
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EXHIBIT I

- PROBLEM .SET

The Contractor shall provide solutions to the problems included
herein. Work shall be accomplished in accordance with the terms
and conditions of this contract and with the Contractor's proposal -
submitted in response to Request for Proposal (RFP} Ne. DE-RPO3-

80SF10844.

If possible within the project budget, although not a requirement
of this contract, problem set #6 will be addressed to illustrate
the capabilities of the Contractor's code, but a complete solutio
will not be provided.. '



PROBLEM STATEMENT

vl 1. " 1-D Avdonin Soluti;an -

PHYSICAL DESCRIPTION

P

This problem involves cne-dimensional, radial, steady-state flow,

o

and unsteady heat transport iﬁ a singlslphase liquid. The purpose is

to test heat conduction and convection in the single-phase compressed

water region.

+ PROBLEM SPECIFICATIONS

Water at 160°C is injected inte the fringe of a geothermal reser-
voir of temperature 170°C. This problem looks at one well and assumes
a quasi steady—state flow field is set up very rapidly. The boundgry conéi—
tions for flow are: injection rate, q -~ 100kg/sec, specified at the well face,
and pressure -.50 bars at an ocuter radius of 10b0m. For heat trans-~
- port, the temperature at the well face iIs 160°C and at the ocuter rad-'
fus 1s 170°¢c. In{tial temperature is 170°%¢ everywhere in the reser-
voir, and the initial pressure is 50 bars. Beundary conditiéns and

initial conditions are shown below.

Ti = 170%, P, = 50 bars

. o ' -
at r = r, ° 0.0 ~(ac T = R o 1000m '
‘ 1(e) = 160°%C ' T(t) = 170%
.

q = 100 Lg/sec ' . p(t) = 50 bars

h

o ——— —————— =
PR - z
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Properties
permeabilicy = 10'1zm2.
density rock = 2500 kg/m’
specific heat of rock = 1.0 178.%
thermal conductivity = 20 W/m,°C
reservoir thickness = 100m

po%ésity = ,2

Thermal proverties for water

provided by modeler
specify constants: specific heat, viscosity and demsity of water

(165°C, 50 bars).

Numerical grid'and time step data

time steps = 1.67 x 107 sec

grid sﬁacing = 25m

OUTPUT SPECIFICATIONS
1) Temperafure versus radial distaﬁce at 10° sec
_(60 time steps) |
é) Take node at r = 37.5m and give solution of temperature versus.‘

time. ' -

'COMMENTS
For constant density, viscosity, and heat capacity of water, an

analytical solution is available for this problem. For example, this

v

: Iéolution is a limiting case of the »roblem solved by Avdonin, 1964,

—— """Reference D b ,
Avdonin, N.A., 1964, Some formulas for'calculating the temperature

field of a‘égra;um subject to thermal injection: Meft'i Gaz,

v. 3, p. 37—41.

et p———— g ts
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PROBLEM STATEMENT

#2. 1-D Well Test Analysis : -

PHYSICAL DESCRIPTION

This-problem in;olves a set of three. constant discharge, transient
well test cases, . Each case has 1-D radial flow to a line sink (zero
radiﬁ§ well) in a homogeneous porous media. In Case a the fluid is
singlé—phase liquid; in Case b the fluid is a two-phase m@xture with
bo:ﬁ water and steam mobile; and in Case ¢ the fluid changes from
‘compressed liquid tova two—phfse mixture as a flash fronc.propogates
awvay from the well. For egch case, either an exact analytical sélu—
tion (Theis solution) or an accurate semi—analygical solution is avail~
able for comparison with numefical solutions. Solutions will consist
of pressure, saturation, and flowing enthalpy changes as functions 6f

t/r? (time/distance squared).

PROBLEM SPECIFICATIONS

The following initial and boundary conditions and parameter values

are to be used:

. Specification Case a Case b Case ¢
Initial pressure (bars) 9 30 920
Initial liquid saturation . 1 , . .65 . 1
Initial temperature (°C) 260 233.8 1/  -300
Porosity _ .20 A5 .20
Permeability (10 '?m?) . .01 24 .01
Thickness (m) : 100 100 100
Discharge (kg/s) 14,0 16.7 14.0
Rock heat capacity (kJ/m*°c) 2650 2000 2650
Rock compressibility ' 0 0 0
Relative permeability functions 2/ 1-ph Corey Corey

Rock thermal conductivity 0 . 0 0

1/ Saturation temperature at 30 bars
2 Ry = [5%0% k= [A-S0?] ¢ (1= (502, % = [(5,- .3)/(.69)),

§ = 1liquid saiuration

]
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NUMER'ICAL SOLUTIONS
Analvtical results for each case {ndicate that solutions for

pressure, saturatiom, and flowing enthalpy are functions of t/r .

. ————

To minimize computafional requirements while avoiding the significant
spatial discrerization errors, the following fodal arrangement should

be usad for each case. . :

-

r = 0.5 dTH L ‘n=1, 26

Total simulation time in each case should be 1 day. For the grid
specification given above, an’initiél.time step near 10 * or 10 ° days

is suggested for accurate solutions at early times.

ONE WODE TWO-PHASE PROBLEM

~

.To facilitate evaluatidh-of numerical solutions for two-phase
flow, .an additional problem.under Case b conditions should be run.
It involves 1 grid block with volﬁme = 314 @3 and constant discharge
of 16.7 kg/s for .0l days. A constant time step of 107" days should
be usad, and the enthalpy of the discharge fluid should bé weighted

according to the mobility of each fluid phase (as in Cases b and ¢).

. OUTPUT SPECIFICATION

Resulté for each casé, except.for the one-node problem, should
- consist of plots of pressure in bars, liquid saturation (Cases b and
. ¢), and flqwing enthalpy in kJ/kg tCases b and ¢) as func:ians of log
(¢/t?) in days/fn2 for nodal points at 0.5 m, 0.707 m.and-l.o m from
the we;l:--The corresponding data i; tabular form should also be.pro-

widec. OJata covering 3 log cycles for Cases a and ¢, and 4 108 cycles.
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for Case b should be included in the plots and tabulations. Specifi-
cation of the computational grid and time step variation utilized

should also be procided. . Results for the onec-node problem should con-

sist of plots of pres?pre, liquid sé:u}ation, and discharge enthalpy

versus time, along with the correspondTng data tabularions.

ey -

PROBLIM STATEMENT

. §#3. 2-D Flow to a Well in Fracture/Block Media

PHYSICAL DESCRIPTION

. This problem represents a simplificacion of the general problen
of well testing in fractured geotherﬁal resé}voirs. As shown in the
followiéﬁ skatch, a well prﬁduéing_at éonstant discharge is open to

va horizontal fracture of infinite lateral extent. Vertical flow in

the block and radial flow in the fracture, each obeying Darcy'’s law,

T///////////J/

BLOCK

WELL
€<

FRACTURE —
] 1 7 ] [ J T 77

]\

l

" is to be simulated. The upper boundary of che block and the lower
boundary of the fracture are impermeable, and the well has a finite

radius with well-bore storage.



PROBLEM SPECIFICATIONS

For application to vapor-dominated reservoirs, steam flow {n the

block and fracture wii; be simulated. Parameter specificatisos for

two cases are listed below:

Specification Case a Case b
Initial pressure {bars) 30.5 . 30.5
Initial liquid saturation (in block) 1/ 0 .2
Initial temperature ( C) 2/ 234 234
Porosity in fracture .1 .1
Porosity in block .1 .1
Permeability in fracture (10 “1z z) .3 .3

. Permeability in block (10" 'Z*m?) 3/ .- .00003 .00003
Thickness of fracture A - .1 .1
Thickness of block ' ' 1.0 1.0
Well discharge (kg/s) : .028 .028
Well radius (m) : .16 .16
Rock heat capacity (kJ/m’ C) 2570 2570
Rock cowpressibility 0 0
Rock thermal conductivity ' 0 0

1/ Initial liquid saturacion is zero in the fracture in both cases
2/ Saturation temperature at 30.5 bars

|
3/ Horizontal permeability in block is zero in both cases

In Case a, liquid saturation is zero everywhere (no boiling). In
Case b, immobile liquid boils in the blocks but not in the ‘racture.

Relative permeability to steam is 1.0 in both cases.

NUMERICAL SOLUTION

A compﬁtational grid consisting of 1 well block, 10 logarich-
mically-spaced nodes in the fracture, and 100 nodes of equal vertical
thickness in the block should be used. For those codes using finite

difference techniques, either block-centered or ‘ace~centered nodal
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patterns could be used provided that nodal'positipns were approximately
the same as those shown below. The porosity and permeability in the

well block should be set to 1.0 and 30 x 107'%n? (or larger), respec-

tively.
! . —
¢ .95 48
e .8 24+
e .75 % g
® 65 =BhH,
® .55 o o g ~ .
* 45 T LU0 BLOCK (100 nodesg
s .35 Y448
e .25 4 Ewi.
Well s .§5 N o
Block °. .05 » o
N e e ° ° Y . ° ° ® o FRACTURE
o e © ) o~ O o - o Ny
v ~3 . » " - - [ ] =, T —{ (3]
. b —t o8 ¥ ) o~ O 3

Radisl distance in wmeters from centar of well.

Total simulation time should be 10"s or more, and to define the
' pressure history at the well face an initial’:ime step of 1 s should
be used. . Minimum simulation time of 10%s would be reached in about

130 time steps if a time step mulciplication factor of 1.05 were used.

OUTPUT SPECIFICATIONS

Results for Cases a and_g\should consist of plots of, pressure as
é function of log (time), along with the corresponding data in tabu-
lar form. For each case, plot pressure at the well face, and pressure
at a point located 2.5 m from the center line of the well and .25 m
above the top of the fracture.‘ Include a tabulaction of liquid satura-
tion versus time for this same point in the block under Case b condi-
tions. The required data for each case should cover at iedsc 4 log

cycles in time.

- - -

e
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PROBLEM STATEMENT
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#4. Expanding .2 Phase System with Drainage

.

PHYSICAL DESCRIPTION = - .

This problem involves 1-D vertical flow under both single and

.two phase conditions. An initially hydrostatic column of liquid is

disturbed by mass withdrawal at the bottom, Boiling occurs in por-

tions of the column, and inflow of cold water 1s induced at the top.

PROBLEM SPECIFICATIONS

1-D Cartesian (Vertical) Geometry.

0
Depth (D) 1l nm

2 km

Rock Properties

Grain Density (glcm’)

Porosity
Permeability (n?) .
Heat Capacity (37g-°c)

Grain Thegmal Conductivicy
(W/m - "C)

{ Layer "A" 20 Grid Blocks
i Layar "B" of Equal Size
g = 9.8 n/s
Layer IIA"_ Inayer "Bﬂ
(0<D<1 km) (3 km<D<2 ¥m)
2.5 © 2.5
0.15 - 0.25
5x 1018 © 100 x 10 '3
1 1l
1 1

Relative Permeadbility Functions: Corey (as specified in Problem #2)
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PROBLEM STATFMENT

#5. TFlow in a.2-D Areal Reservoir

T

PHYSICAL DESCRIPTION™

' This problem involveg multiphase flow in a 2-D horizontal

reservoir. . Mass is produced at one point in the reservoir, and recharge

is induced over one of the lateral boundaries.

PROBLEM SPECIFICATIONS

2-D Areal Geometry - '

Region 1s horizontal (gravity negiected; g, = éy = 0} and of
uniform thickness; extends over 0 ﬁ.*.ﬁ 300 meters, 0 < y < 200 meters

Finite - difference zoning as indicatedﬂ 12 x_8 grid (96 zones

total) of uniform size Ax = Ay = 25 meters.
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WELL
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<210 il P TR

400 v .
X

200,

Rock Proverties (Uniform over Grid):

Rock Grain Density = 2.5 g/cm’

Porosicy = 0.35_ . . .

Permeability (k, = k) = 2.5 x 10 **m? i

Heat Capacity of Rock Grain = 1 J/g °c

Rock Thermal Conductivity =1 W/m % . =

Relative Permeabilities -- Corey Equations as in Pr

liquid residual saturacion §

1r

= 0.3, gas residL;

300

oblem #2 with

1l saturation S

gr

= 0.

!

-
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Boundary Conditions: (See Figure Below)

Impose no convection, no conducticn (impermeable, insulated) along:
y-om,y-ZOOm;x-om
Maintain initial P, T along X = 300m 0_y<200m

(P %X 36 bars, T = 160 C); see-below

PILL LS tre 22t l LIS L1 ERE/7 L L2 fortf oo fe
/
) P=F
¢ T= e
4 AR
8 7 e

b

o TEIT T (e 17778 ¢t ¢ ¢ s /LG
pr—— X

Initial Conditions:

Pressure initially uniform, and equal to saturation pressure at ZQOOC,

plus 2.5 bars:
P(t = 0, 0<x<300m, 0<y<200m) =
o . .
P at(zao C) + 2.5 bars y

, o ~
Note that Psat(240 C) 33.5 bars, so Po-u 36 bars

Initial temperatures for each zone are provided on the table on the
next page. They are given approximately by:'

T(t=0) = 240°C for r<100m

= [260 - 160 (532292 4 g <f‘;gg“>~:°c

fof 100m<r<300m
= 160°C for r<300m -

where T = X + yz
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{t= o):

212,

a7

206.41

200.81

193.59

185.18

176.31

168.09

162.03

160.

00

160.00

160.

00

224,

92

.16

219.54

213.95

206.41

197.16

186.79,

176.31

167.13

161.

12

160.00

160.

0o

234,

i1

232.

93

229.92

224,92

217.70

208.29

197.16

185.18

173.71

164.

58

160.11
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Production Straregy for Case A

(10

(=27

A-fully—penetrafing production well 1is located at x - 62.5m,

y - 62.5m (ac the égnter of zone i=23, j=3).

produces fluid at the constant rate of 0.05 kilograms/sec-meter of

thickness. The well radius is 15 ¢m and no

Production Strategy for Case B

Starting at t=o, it

A production well is present, identical to Case A.

skin effect is present.

In addition,

an injection well is located at x = 162.5m, y = 137.5m, at the center

of zone i=7, 326. The wvell is fully penetracing, has no skin effecrt,
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and is of radius 15 cm. The injection well is inoperacive until
t = 1 year (3.1536 x 107sec). Thereafter, it begins injecting water

at T - 80°C at a rate of 0.03 kilograms/sec-meter of thickness.

OUTPUT SPECIFICATIONS

In both cases, the time domain of interest is--
.o < t <10 years (3.1536 x 10°se$5.
for cases’A & B, plot an& cabulaté:
(1) Pressure history in zones 1=3, j=3 and 1i=7, j=6.
(2) Témperature history in zones 1=3, j=3,
(3) History of discharge (flowing) enthalpy in zone i=3, j=3.
(4) Variation with time of total mass of steam in the system
per meter of thickness. |
Optional (for those with subgrid well model):
(5) ﬁhat is the sandface pressure history for the producrion
well in cases A § B?
(6) What is the sandface pressure history for the injection
" well in Case B? |

- (7} What is the sandface steam saturation history at the pro-

duction well in cases A & B?
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PROBLEM STATEMENT . ' ' j

416, Flow in a 3-D Reservolr.

PHYSICAL DESCRIPTION T

This problem involves flow within a 3-D system, with production
from one corner grid block, and constant pressure upper and lower
surfaces. The flow is initially single phase liquid, except in one

layer where an immobile steam phase exists. !

*  PROBLEM SPECIFICATIONS

3-D geometry, five layer

NOTE = VELTICAL SCALE BAACGERATES,

e v

3'
G * 957 © . §
i P = 2.8 nfs* i
f\% 1_8 L{ A
.. r-__ ‘.(:gz ?
- xX. .
. ) o {
\// \,, LT B patel $
? '/'l‘.‘-l ’r'ﬂo." y -
gr~z$¥€3::‘ ”‘—/,,,-vi .
B j
LAYER ThHiCKNESSES: * GRID: 2 XS5 X &
Lavee 1 ,O-é'l"'l . (Borizontal, wmilorm, :
Lavers 2-S y 0.3 xm Eacw 5 zones each dizectis
I - ~ *
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Rock Properties

Layer 3: P o+ (1470 m¥/s?) x (p,°-11q + £,

Layer 2:  B,° = B, + (1470 w¥/s®) x (p,° + £,
Layer 1:  P\° = P,° + (1470 m /s ) x (5,° + 20,%)

Where pko-liq = liquid density in Layer &

Layer Layer Layer Layer Layer
1 2 3 4 5
Crain Density (g}cm’) 2.5 2.5 2.5 . 2.5 2.5
Porosity | _ 0.2 - 0.25 | 0.25 0.25 0.2
x-Permeability (m?) _100x107'% 200%10°'% 200x107% 200x107'® 100x107'*
y-Permqability (@?)  100x107'% 200x107'5 200x107'% 200x107'° 100x107'3
z-Permeability (m?) 2x107'%  50x107'%  s0x107'%  sox107!'®  2x107%?
Heat Capacity (J/g-°C) 1 . 1 1 1 1
Rock Tﬁerm. Cond.(w/m-oc) 1 1 1 1l 1
Relative Permeability: Corey equations ;s in Problem #2, except:
Slr (1iquid residual) b.3 0.3 0.3 0.5 0.3 -
Sgr (gas'residual) 0.1 0.1 0.1 0.1 0.1
Initial Conditions
Temperature:
Layers 1-4, 280°% everywhere
Layer 5, 160°C
Pressure:
Layer 4: Pao = Psat (ZBOOC) ~ 64 Bars
"~ (Steam saturation) S °a0.1 (steam initially
N . 8 irmobile )
Layer 5: P.° = P° - (1470 n?/s?) x (p,°-11g + ps%)
o o
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- These initial ;onditions (Po, po, Sso):are functions of z only.
Layers 1, 2, 3 and 5 are initially single-phase liquid; layer 4 is
initially 2-phase with an immobile steam phase. The'pre55ure dis~

tribution 1s liquid-hydrostatic throughout at zero time.

Boundary conditions

At-z = 1.5 knm ttop surface), maintain Jtop - PSo < (1470 m?/s?) x p5°

7

and T = 100°C.

At z = 0, maintain P - Pl° + (2940 m?¥/s?) x 91° and T » 280°C.

bottom
Along planes at x = 0 and y = 0, impose symmetry conditions.
Treat plane at y = 4 km as impermeable and insulated.

Along plane at x = 5 km, maintain initial distributions of P,T,Sa.

Production Strategy

All production is taken from a single cornmer cell (i=l, j=1, k=2),

0 < t <2 years, Q(t) = 1000 kg/s
2 years <t 5.4 years, Q(t) = 2500 kg/s
4 years <t 5 6 years, Q(t) = 4000 kg/s
t >6 years, . . Q) = 6006 kg/s

OUTPUT SPECIFICATIONS

For a total ﬁroduction time of 10 years, plot and tabulate:

Discharge enthalpy history. _

Histories of P,'I‘,Ss at x = y = o for each layer.

1
.



THE DOE CODE COMPARISON STUDY:
SUMMARY OF RESULTS FOR PROBLEM 1

Charles R. Faust, James W. Mercer
William J. Miller
GeoTrans, Inc.
P.0O. Box 2550 -
Reston, VA 22090

INTRODUCTION

The steps in developing a numerical model consist of
different levels of error elimination. The first step is
to compile the program to remove FORTRAN errors., Next, the
numerical solution is compared with analytical solutions to
remove logic errors in solving the equation. - Numerical ‘
solutions are compared with laboratory and field observations
to remove logic errors in equations describing the physics.
Finally, it is good programming practice to include mass
and energy balances as checks that the model is working properly.

Problem 1 satisfies the second step. That is, it is
a problem for which there exists an analytical solution.
Camputed results from the numerical models are therefore com-
pared with the exact analytical results.

PROBLEM DESCRIPTION

This problem invelves one-dimensional, radial, steady-
state flow and unsteady heat transport in a single-phase
liquid. The purpose is to test heat conduction and convection
in the single-phase compressed water region.

Water at 160°C is injected into the fringe of a geothermal
reservoir of temperature 170°C. This problem looks at cone
well and assumes a quasi steady-state flow field is set up
very repidly. The boundary conditions for flow are: injection
rate, q = 10kg/s, specified at the welll face, and pressure =
50 bars at an outer radius of 1000 m. For heat transport,
the temperature at the well face is 160°C and at the outer
radius is 170°C. 1Initial temperature is 170°C everywhere
in the reservoir, and the initial pressure is 50 bars.

These boundary and initial conditions are shown in Figure 1.
Reservoir properties are given in Table 1.
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- T -
T, = 170°Cc, P, = 50 bars
at r =r = 0.0 .at r = R = 1000m
T(t) = 160°C T(t) = 170°C
q = 10 kg/sec p(t) = 50 bars

Figﬁre 1. Boundarf and initial conditions for Problem 1.

Table 1. Reservoir properties and output specifications
for Problem 1.

Propertigs

pPermeability = 107! p?

density rock = 2500 kg/m’

specific heat of rock = 1.0 J/g ‘c
thermal conductivity = 20 W/m °C
reservoir thickness = 100m
porosity = .2

Thermal properties for Water

provided by modeler
specify constants: specific heat, viscosity and
: density of water (165°C, 50 bars)

-

e al Grid and Time Step Data

time steps = 1.67 x 107 sec
grid spacing = 25m

1

tput Spec cations

1) - Temperature versus radial distance at 10° sec
(60 time steps)

2) Take node at r = 37.%n and give solution of
Ceiper aldre. Vversus fo.ne
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Problem 1, calculated results at time = 10? sec.
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Figure 5. Problen 1, calculated results at time = 10° soc for all part Leigs
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GENERAL DISCUSSION

For constant density, viscosity, and heat capacity of
water, an analytical solution is available for this problem.
For example, this solution is a limiting case for the problem
solved by Avdonin (1964).

This problem offers little difficulty in solution. The
grid spacing specified leads to numerical dispersion if up-
stream weighting is used. To see how significant the numeri-
cal dispersion could be, the problem was run twice - once
with upstream weighting and once with midpoint welghtlng
(central difference).

The results of this problem are shown in Figures 2 and 3.
In the medel the specific heat, viscosity and den51ty of
water for 165°C and 50 bars are 0.44425 x 10° ergs/g-"cC
0.001636 g/cm-s, and 0.90893 g/cm respectively. Both
Figure 2 {temperature vs time at 37 5m) and Figure 3
(temperature vs distance at 10%sec) smow the effects of
the coarse grid spacing. The upstream-weighting results
show numerical dispersion, whereas the central-difference
results show an overshoot. ,

COMPARISON OF RESULTS

Figures 4 and 5 show the simulated results of GeoTrans,
s, LBL, INTERCOMP, and two results from a code called
GEOTHN?Z. As may be seen all results compare favorably
(within the range of the thermodynamic parameters used in
each code and within machine error), except the second
results for GEOTHNZ. For these results, the thermal
boundary condition at the outer radius was specified as
170.5%. Also, central difference was used for both the
space and time approximations. These differences in input
speclifications easily account for the differences in results.

CONCT,USTON

The numerical sclutions compare well with the Avdonin
analytical solution. Thus, it appears that the simulators
are solving the equations properly.

" REFERENCE )

Avdonin, N.A., 1964, some formulas for calculating the
temperature field of a stratum subject to thermal injection:
Neft'il Gaz, Vol. 3, p. 37-41.
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THE D.0.E. CODE COMPARISON PROJECT: SUMMARY OF RESULTS FOR PROBLEM 2 -

RADIAL FLOW TO A WELL UNDER SINGLE AND|TWO-PHASE CONDITIONS

AN

Michael L. Sorey
- u.s. GeologicaI‘Survey

Menlo Park, California

INTRODUCTION

Problem 2 involves & set of four constant-discharge, transient well
test cases. Three of the cases involve cne-dimensional radial flow to

a line sink (zero-radius well) in a homogeneous porous media. In case A

the reservoir fluid remains single-phase liquid; in case B the fluid remains

a two-phase mixture with bofh steam and water mobile; in case C the fluid
changes from compressed liquid to a two-phaée mixture as a flash-front
propogates away from the well. An additional problem was run under the
initial conditions used in case B, involving only one grid block with dis-
charge but no inflow. In each of these cases analytical or semi-analytical
solutions for pressure, saturation, and flowing enthalpy as functions of
time/distance squared (t/r2) are available for ;omparison with the numerical
resulté.

PROBLEM SPECIFICATIONS

The initial and boundary conditions specified for this problem are listed

below.

Specification Case A Case B Case C
Initial pressure (barg) 80 30 90
Initial temperature ( C) 260 233.8 _ 300
Initial liquid saturation 1 0.65 Sl
Porosity _12 2 0.2 .0.15 0.2
Permeability (10 "“mn”) 0.01 0.24 0.01
Thickness (m) 100 100 . 100
Discharge (kg/s) 3o 14,0 16.7 A 14.0
Rock heat capacity (kJ/m~ "C) 2650 - 2090 2650
Rock compressibility 0 o - _ 0

Rock thermal conductivity 0 Q.. 0
o ~35-
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Relative permeability functions, based on the Corey equations, were used

. as iudicated below,

4
= ft
k= (5%)
k= ((1-5%)).(1-(s%)?)
v

S%* = (S-0.3)/ 0.65 e

‘where S = liquid saturation.

To minimize computational requirements while aveiding significant spacial
discrectization errors, the following nodal arrangement was suggested for each
radial-flow case. | '

n-1
r =0.5u2) 2 2 96
For these cases a total simulation time of 1 day and an ipitial time step of
10-5 days were specified. In the one-node problem under case B conditions,
a volume of 314 u? and 100 time steps of 107" days each were called for, with
the enthalpy of the discharged fluid weighted according to the mobility of
each phase,

The desired output for cases A, B, and C included pressure (in bars),
liquid saturation, and flowing enthalpy (in k )/ )z) histories as functiong
of t/r-2 (in days(mz) for nodal points at 0.5 m,‘0.707m,‘and 1.0w from the

well. For the one-node problem, pressure, saturation, and flowing enthalpy

in the block versus time were required.

‘REéULTS
~Case A
For this case the exponential integ;al solution of Theis (1233) is avail-
able for comparison. Results plotted in figure 1 show excellent agreement for
each siﬁulafor solution. The fluid remains an isothermal compressed liquid as

reservoir pressures remain above the saturation pressure of 47 bars durihg the



l-day simulation peridd;
One-node Problem j
Results for the one-ﬁpde problem are plotted in figure 2. The cxipuected
change in pressure (AP) ané:saturation (4S) per time step (At) can be hand-
calculated from the,equatioﬁs shown in figure 2, which can be obtained from

" simultaneous solutions to the mass and energy balance equations as presented

by Grant .and Sorey (1379) and Sorey, Grant, and Bradford (1880), where

Q = discharge '
V = block volume
g = porosity

®

effective two-phase compressibility

¢ ~ density of flowing fluid mixture

£~ density of water (liquid phase)
The value of AP/At changes with time as Cy and Pf vary; calculations of AP/At
were made at t = 0 and t = 70 x 10_4 days.. All the numerical results are in good
agreement with the analytically-determined values for&S/At (which remain nearly
constant) and AP/At . Corresponding hand-calculations for changes in flowing
enthalpy were no£ carried out., Simulator results for flowing enthalpy are
self-consistent and show the characteristic rise in enthalpy to a stable value
observed for radial flpw to wells in two-phase reservoirs (Sorey, Grant, and
Bradford, 1980). N '

Case B
fFor case B, involving radial flow witv mobile 1liquid and steam, a semi-

analytical similarity solution involving numerical integration of ordinary
differential equations (0'Sullivan and Pruess, 1980) is available for compari-
son with numerical solutions. - Results shown in figure 3 are in reasonable
agreement; additional runs using the SHAFT79 simulator indicate that the numeri-
cal solutions would match the semi-analytical solution even better if a finer

grid were used near the well. The scatter among the different results is

probably due mainly to minor variations in the thermodynamic relationships

P -
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used in each code. Numerical results for pressure, saturation, and flowing
enthalpy at each of the three nodal distances listed previously .as fupcrions

of t/r2 are essentially identical, in agreement with the similarity solution.

Case C

Case C involves the propogation of a flash front away from the well.
The initial reservoir pressure is approximately 5 bars above the saturation
pressure of.BS bars for T=300°C so boiling occurs near the well soon after
discharge commences and extends to a distance of about 10 m after 1 day.
In several respects, this case is more difficult to accurately simulate than are
the other cases in Problem 2 and consequently deviations of the numerical re-
sults from the semi-analytical solution are somewhat greater in this case as
' shown in figure 4. Numerical sclutions are sensitive to nodal spaciﬁg and
some improvement in the comparison with the analytiéal solution would result if
a finer grid near the well were used. In this case also, the choice of a
logarithmically-spaced grid causes the numerical solution at large values of
t/r2 to oscillate. This is most noticeable in the plot of flowing enthalpy.
Using a grid with equally;spaced nodal increments near the well greatly reduces
the size of the oscillations, but does not improve the fit with the analytical
solution at large't/r2; In spite of these numerical difficulties, results from
each gimulator are roughly the same, and the 1gvel of agreement with the analy-
ti;al result indicates that these numerical simulators can adequately handle |

the flashing-front problem.
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: D.0.E. Code Comparison .- Problem 3 .
"2-D Flow to a Well in Fracture/Block Medfa

A.F, Moench, U.S.G.S.
Y

INTRODUCTION L e

This problem represents a simplification of the general
problem of well testing in fractured geothermal reservoirs. The
reservoir is fdealized as a horizontal fissure of infinite lateral
extent bounded on one side by a block of finite thickness, Steam.
flows vertically from the block to the fissure and thence radially
to a well where it discharges to the atmosphere, Lo

PROBLEM SPECIFICATION . S - “:.." ;

Figure 1 shows the geometry of the reservoir and a suggeﬁtédsj.

mesh design., The upper boundary of the block and the lower

boundary of the fissure are impermeable.. The flow of steam in the'nx o

fissure and block obeys Darcy's law, The well has a finite radius
and discharges steam at a constant rate, . . -

- Two cases are considered, In Case a, 1iquid saturation is
zero everywhere, .In Case b, 1fquid water partially saturates the
block but not the fissure, The relative permeability to steam is
1.0 and the relative permeability to 1iquid water is 0.0. Rock
compresdibility and thermal conductivity are zero. The remaining
parameters are listed in Table I. . : ,

A compuiationa] grid consisting of one well block, ten
logarithmically-spaced nodes in the fissure, and ten equally -

spaced nodes in the block, as partially illustrated in figure 1,

is suggested. The node in the fissure furthest from the well -
block will be located a distance of about 1% km from the well if
the spacing from one node to the next is increased by a factor
of 2.5. A large fictional permeability at least 100x the

permeability of the fissure should be assigned to the well block a

node. Total simulation time should be 10“ seconds and the initial
time step should be 1 second. A time step multiplication factor -

of 1.05 is suggested, This would result in achieving the required
simulation time in about 130 time steps. C .

" Results for Cases a and' b should consist of prts'of pressure

as a function of the logarithm of time, along with the corresponding

.data in tabular form. Pressure at the well face and at a point in

the block Tocated 2.5 m from the center 1ine of the well and 0.25m 7 -

. from the top of the fissure should be presented., . Also, for Case b
1iquid saturation versus time for the above specified point in the
.block ‘should be tabulated. . - '

oo gt
R
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COMPARISON OF RESULTS

Figures 2a and 2b show the results obtained by the various
participants for the single phase flow of steam (Case A). The
solid 1ines represent the results deemed by this author to be
 most accurate, This conclusion ¥s based in part upon comparisons

with an analytical solution and in part upon comparisons with yet
another finjte-difference model designed specifically for this
"problem. Pressure declines in the block are about the same for
all the participants but there is considerable discrepancy in the
pressure declines at. the well face. Upon discussing the results

. with several of the:participants it was found that these
discrepancies.were due primarily to the manner in which the
transmissive characteristic was obtained for the flow between the
well block node, which was assigned a very large permeability, = .
. and the node in the fissure adjacent to the well bleck node. In
~all but the results obtained by LBL and S3 this procedure . -
effectively increased the well diameter so that computed pressure.
drawdowns were less than they should have beenl, Results obtained
by Stanford are in error for the additional reason that the wrong
well radius was specified. : :

Figures 3a and 3b show the results obtained when immobile
1iquid water is present in the block (Case B). As in Case A the
solid 1ines represent the results deemed by this auther to be
most accurate, Pressture declines in the block are nearly the
same for all participants. Unfortunately the parameters defined
in the problem were such that 1little change occurred in the
speciffed block node so a good test of the code is not possible
at this location.,  As in case A there is considerable discrepancy
in the pressure declines at the well face, In the case of . ’

Geo Trans2 and New Zealand this can be attributed to permeabilities .

in the vicinity of the well block node as: in .Case A, The . - |
discrepancy is enhanced in Intercomp's results because of unduly
large time steps early in the simulation and in Stanford's results
because of recognized errors in the thermodynamics at the
saturated -steam-superheated steam interface.

Figure 4 shows the changes in saturations that occur in the
block in Case B, Differences in the results can be attributed to
the reasons already given for discrepancies in figures 3a and 3b.

‘ after the Workshop Geo Trans submitted revised results, correcting
this error, which agree closely with S3 and LBL, . . :

21bid,
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CONCLUSIONS -

_ The results preQEnted in figures 2-4 ;hbw considerable
variations from one participant to another. . It was found that
these variations could be explained by operator errors and -
misunderstanding of the specified problem. Unfortunately the

problem was not posed in .a manner which eliminated anbiguity.

Variations obtained by the different participants were not due
to errors inherent in any of the computer codes.__ .

-

Table 1

Specification : o "~ Case a : Case b
Inftial pressure (bars) 30, . © 30.5
Inttial 1iquid saturation ' 0 e T

in block 1/ ‘ P L
Inftial temperature (°C) 2/ 2348 7 234.8 -
Porosity in fracture : .1 BT |
Porosity in block ' .1 : s
Permeability in fracture (10712p2) .3 . .
Permeability in block (10712p2) 3/ . 00003 .00003
Thickness of fracture (m) .1 ‘ .1
Thickness of block (m) 1.0 . ... 10
Well discharge (kg/s) . .028 - .028
Well radius ?m) . A6 - 0 L16
Rock heat capacity {kJ/m3°C) 2570. 2570,

1/ Initial 1iquid saturation s zero in the fracture in both cases, .

2/ Saturation temperature at 30.5 bars.
3/ Horizontal permeability in block is zero in both cases.
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Figure 1, Reservoir geometry and possible mesh dé;ign \
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THE D.0.E. CODE COMPARISON STUDY s
SUMMARY' OF - RESULTS FOR PROBLEM 4 =
EXPANDING TWO-PHASE SYSTEM WITH DRAINAGE

s

M.J. 0'Sullivan, Lawrence Berkeléy Laboratory o o

[ g

INTRODUCTION - _ o L

The reservolr in this problem consists of two layers each lkm
thick with the top layer less permeable than the bottom (detailed
properties are given in Table 1). The initial tepperature in the
reservolr drops linearly from 310°C at the bottom of the reservoir
to 290°C at the interface between the two layers and then drops
more steeply, but still linearly to 109C at the ground surface.
The initial pressure distribution is the hydrostatic profile cor--
responding to this temperature distribution. . -

The reservoir is produced at the bottom of the system at a
rate of 100kg/s.km?.* It is assumed that the system and the produc—
tion are uniform in the horizontal directions so that flow occurs .

in the vertical direction only.

A calculation grid of 20 equal sized blocks is specified and
results are required for a 40 year period. _

The 'anticipated behavior of the reservolir is that a boiling -
zone will develop near the top of the more permeable layer and
spread downwards, also spreading a short distance into the upper
layer. As the pressure drops in the lower layer, down flow
through the top layer and recharge at the ground surface will be

Anduced.

DIFFICULTIES . ; ' S

The vertical flow of a boiling fluid driven by a combination of
gravity and production related pressure gradients is one of the
post difficult flow problems for a numerical simulator to handle.
Initially the pressure in the reservoir increases rapidly with

" depth. After production begins the slope of the pressure profile
decreases and a liquid/vapor counter-flow develops after sbout one
year when the reservoir starts boiling. That is, water flows
downwards to the production well while steam rises and recondenses

at a hiéher level. The numerical analysis required to simulate :i;.

_these physical processes is quite complex. Separate treatment of
" the vapor flow and the liquid flow is required with upstream
wveiyhting of pressure gradient terms in opposite directxOns for

each phase.-

At a more elementary level this problem also tests the abili-
ty of simulators to handle vigorous boiling (several nodes changing
from liguid to two-phase) and the implementation of a constant
pressure, constant tempezgture recharge conﬂition at the qround

-

surface, . . . .
49 .
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RESULTS

The prongure profiles given in Figure 1 show the processes
involvgd qlhnrly_ The flow in the top layer does not change-verg
significant iy yitn time and at a rate of approximately 30kg/s.km
is not ulflefene to supply all the production., Therefore the
fluid from 11,4 portom layer is progressively mined. The steeper
part of thn yroycyre profile in the lower layer corresponds to the -

boiling zonm, ap apout 30 years this extends throughout the lower

layer and afi,y spout 37 years the liquid saturation has dropped
sufficiently ty jnhibit the flow of water and then the pressure
gradient ftvnpnng to induce an adequate additional downward flow
of steam. “'h. .team flow-rate profiles given in Figure 2 show the

uvpward flow Of steam changing to a later downward flow at'arouné
37 years, : o :

COMPARISON 93~RESULTS |
A s¢luct{ion of the required results for problem four are
shown in Flgyreg 3,4,5 and 6. The surface recharge results shown
in Figure 3 a)1) agree well except for those of Intercomp. Even
the Intercowp results are not significantly different. The surface
recharge ratan is very strongly dependent on the viscosity of water
and other parameters at temperatures close to the recharge temper-
ature of 10, fTherefore, the differences between Intercomp's
results and (he other results could be explained by minor inaccu- .
racies in th,ji, low temperature thermodynamic properties of water.
A more detal).g comparison of temperatures and. pressures at nodes
‘near the surfuce would be.required to fully explain the differen-
ces:  The production enthalpies shown in Figure 4 are all similar
except for thoge submitted by Intercomp. Their results predict a
later rise iy the enthalpy, that is a later boiling of the pro-
- duction noda, This result is to be expected because of their

higher surfacq recharge rate. Since more cold water flows into the

Intercomp reuervoir it takes longer for the bottom layer to com-
pletely boi), v S

The Pressure and saturation'historiés at various depths
shown in Figures 5 ang 6 all agree well (with Intexrcomp results
showing some variation). '

CONCLUSIONS -

‘ A1} the gsimulators compared in this study came through the
severe test yopresented by problem four very well, Clearly they
are capable of handling the counter-flow of steam and water, the
expansion of 5 boiling zone and the vertical drainage of cold
surface watey into a reservoir. - As all these processes occur in
real geotheiy,y reservoirs such as Wairakei, the results for this
problem have considerable practical significance. The simulators
tested all appeay to be satisfactory tools for analyzing models of
this type of geothermal reservoir. ‘ L : v
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TABLE 1, RESERVOIR PROPERTIES

X
1
H

Bottom Layer -

0.25
100.0
2500.
1.0 -
1.0

. ~ : Top Layet
Porosity. _ 0.15 7
Permeability (10 15x?) 5.0
Rock density (kg/m3) 2500,
Rock heat capacity (kJ/kg.K) 1.0 ,
+ Thermal conductivity (W/m.K 1.0 .
. - T T
718
[F-3 3 r
0r )
1°0 sl /18 /1 1920/
t/ sk o
te40
_— 6 - -
g
e
, 2
E 4 -
2} o
% %00 000 00 70"
" Depth im) LR EATE
Figgre 1. ?re;gure Rqofi}eg'in the reservoir at v;fIAus times.
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" THE DOE CODE COMPARISON PROJECT:
_-SUMMARY OF RESULTS -FOR PROBLEM S5- :

John W. Pritchett
Systems, Science and Software B
P. 0. Box 1620 . : o
La Jolla, CA 92038 ~‘;

e,

INTRODUCTION

Problem 5 fs a two-dimensional areal <case {nvolving both

single-phase (water) and two-phase (water/steam) flow in a system in_

which lateral cold-water recharge occurs; the initial temperature

distribution 1s non-uniform. Thus, convective heat transfer and-
water/steam phase transitions play important roles. The first case .

(Problem. 5A) considers the effect of a2 single production well; the
second (5B) treats the combined effects of fluid production . and
reinjection. . e : o :

PROBLEM DESCRIPTION ... . *i
. 4.~ - g"ﬂ K .

Consfder. a horfzontal -i';gion extending over 0 < x < 300

meters, 0 < y < 200 meters (see Figure l). The rock™ properties

within the regfon are uniform (see Table 1). Initially, .

temperatures are distributed in a non-uniform anner For_r < 100
meters, the {initial temperature is 240°C (ré a x¢ + y2).” For
r 2 300 meters, the initial temperature 1s 160°C. For {ntermediate

. values of r, the initfal temperature varies smoothly between 160°C

and 240°C according to:
Ta=o ‘240.C) - (160'C) \’2 + (80.0) 94; v a r-lOOmm i

The 1nitial opressure in the system {s uniform, and {s -
sufficient to maintain an all-1iquid state throughout. The initial - -
pressure (Ppy) 1s taken to be equal to the water/steam saturation -
‘pressure associated with a temperature of 240°C (Pgar (240°C)} = .
.33.48 bars according to the ASME Steam Tables), plus 2.5 bars.

Thus, the {1nftfal pressure (Py) {s about 36 bars, so that a
pressure drop of at least 2.5 bars will be required to cause boiling

in the region within r » 100 meters, and even more pressure decline
" will be required to cause phase ‘changes at greater radii. The

boundarfes along x = 0, along y = 0, and along y = 200 meters are
al) taken as impermeable and fnsulated.. Along x = 300 meters, the
pressure and temperature are maintained at their initfal values (T =
160;;., P s Pg &~ 36 bars), so that recharge fluid may enter the
system, 3 E . : A -
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The ﬁrs*t case (Problem SA) 1nvo'|ves a single production well
1ocated at x = 62.5 meters, y = 62.5 meters which starts producing
fluid at zero time at a constant rate of 50 grams per second per
meter of thickness. In Problem 5B, in addition to the production
well, an 1nject1on well Is 10cated at x = 162.5 m, y = 137.5 m.

Starting at t = 1 year, this well injects fluid at a temperature of '

80°C at a constant rate of 30 grams per second per meter. of
thickness (60 pertent of the production rate). In both cases, the
time domain of interest is 0 < t < 10 years. The problem s to be

subdfvided, for numerical purposes, into' 8 x 12 = 96 square -zones,
measuring 25 meters on a side, as {indicated in Figure 1. The .

time- step to be used {s left to the dfscretion of the engineer.
THE NUMERICAL CALCULATIOMS

Six different organizations used five different numer-ical' e
reservoir simulators to solve this problem during the DOE Code "',
Comparison Project. Geotrans, Inc., Intercomp, and Lawrence ;

Berkeley Laboratory (LBL),- Systems, Science and Software (S-Cubed)
and the University of Auckland {n New Zealand each used their own
internally-developed simulators. In addition, Stanford University
undertook the problem using the University of Auckland's simulator.
In all of these calculations, the prescribed spatial zoning was
employed. The time-resolution employed by the various investigators

varied significantly, however, as shown in Table 2. Intercomp used .

by far the crudest time-resolution (at = 4 months), Ffollowed by
Geotrans (at = 6 weeks), LBL {at = 5 weeks), ‘S-Cubed (At ~ 18 days),

the University of Auckland (at = 4 days) and Stanford University’

(st = 2 days). The very small time-steps used by the last two
groups were required for computational stability by the Unjversity
of Auckland simulator. As will be seen, the crude time-step used by
Intercomp adversely influenced accuracy at early times.

EFFECTS OF THE SATURATION CURVE

At very early times, the pressure in the production well-block

{(zone { = 3, J =3 centered at"x = 62.5 m, y = 62.5 m) drops very:

rapidly 1n response to production. Very quickly, pressures in this
zone reach saturation conditions. Thereafter, the well-block
" pressure drops more slowly, accompanied by a decline in temperature
and the évolution of steam. -Thus, the temperature and pressure
histories {n the production well-block may be cross-correlated; the
resulting relationship between pressure and temperature coincides
with the water/steam saturation curve Pg,¢(T). ‘

Results of this type are shown in Figurs 2, along with data
points taken from the ASME Steam Tables. Figure 2 {1llustrates the
accuracy of the fit to the water/steam saturation curve employed by
- each simulator. Both -the LBL and S-Cubed codes use interpolation
between .tabulated steam-table points to..establish Pgat(T); the
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~other three simulators use analytic fits. Iﬁus. the LBL and S-Cubed
saturation curves are essentially exact. The Intercomp code uses &

fit that is high by about 0.2 bar in the vicinity of 240°C; the .

University of Auckland simulator is high by 0.5 bar. The Geotrans
fit is worst of all in this vicinity, being QIgh.By a full bar.

The prescribed description of Problem 5 entailed a value for

'Po {the inftial system pressure, and the boundary pressure to '‘be
maintained along x = 300 meters} which exceeds the saturation

pressure for 240°C by 2.5 bars, as discussed above. Unfortunately,
these 1instructions were interpreted differently by the various

groups, as 1{llustrated in Table 3. The true value for Pgat - - -

{240°C) from the ASME Steam Tables is 33.48 bars, so that {deally - -

Po should be 35.98 bars (= 36.0 bars). In the cases of LBL and " -
" S-Cubed, who employ exact phase-line fits, no difficulties arose. ..:.

Both the Stanford and University of Auckland groups used an initial

pressure (Po) of 36.52 bars; this value was chosen so as to

maintain the relatfonship [Py = Pga¢ + 2.5 bars] in spite of the
fact that the saturation curve used by the University of Auckland's

simulator is about one-half bar high at T = 240°C. Both Intercomp

and Geotrans, .however, interpreted the problem specifications to
" mean that Py should be 36 bars, and made no attempt to correct for
deviations in their saturation curve fits from steam table values.
In the case of Intercomp, this meant that P, exceeded Pg,y by
. 2.3 bars, or 92 percent of the intended pressure difference. In the
Geotrans ~case, P, exceeded Pgat by only 1.5 bars, or only 60

percent of the intended excess. This error produced substantial =
deviations between the Geotrans calculations and those of the other . -

groups. Due to the smaller restraining pressure, the two-phase

region in the Geotrans results was both larger and more persistant

than in the other calculations, as will be seen.*-_

TOTAL STEAM-IN-PLACE

Figures 3 and 4 show the time-histories of the total mass of o

steam in the system for Problems 5A and 5B as predicted by each
‘catculation. These calculated. results fall into three groups. The
LBL and S-Cubed calculations are virtually fdentical. The Intercomp
results indicate a slightly greater steam mass, probably due to the

. fact that the boundary pressure exceeded saturation pressure by 2.3

bars instead of 2.5. The Stanford University/University of Auckland

calculations. predict higher steam quantities, particularly for.

Problem 5A; typically, from 5 to 15 percent higher than LBL and
$-Cubed. Stanford and the University of Auckland used the correct
restraining pressures; possible reasons for the deviation between

LBL/S-Cubed and Stanford/U. Auckland will be discussed 1later. -

* STnce these calculations were ma&e Geotrans has corrected
their saturation curve fit so that, were they to repeat the
calculations, they would obtain correct results. - -
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Finally, as discussed earlier, the Geotrahs calculations vastl}-

overpredicted the steam mass (by a factor of as much as 1.6). The S

differences in results between Problems 5A and 5B arise, of course,
from the onset of injection at t = 1 year in the latter case. This
rauses pressures to rise and boiling to pg'suppressed. ' K

CALCULATED PRESSURE' HISTORIES.

Figures 5 and 6 show the calculated pressure histories in the
production well-block (§=3, j=3) for the two cases (5A, 5B); Figures
7 and B are the corresponding pressure historfes in the injection :
well-block ({i=7, j=6)}. Recall that no injection takes place 1in
Problem S5A. These results are plotted as pressure difference from
the initial pressure (Py) for each calculation. In both cases (5A
and 5B), the pressure in the production well-block first drops very.
rapidly to the saturation pressure; this occurs virtually
instantaneously on the time-scale of these plots. Then, the fluid
in the well-block begins to boil. Pressures continue to decline,
but much more slowly. In Problem 5A, the production well-block
remains two-phase until t = 2.8 years. At this time, sufficient .
cold water has been drawn into the well-block to cause all the steam
to condense. Once 'single-phase conditions again prevail, the Tower

resistance to flow permits pressures to recover somewhat, in spite

of continued production. In Problem 5B, the pressure {ncrease
induced by the onset of 1injection at t = 1 year causes the
production well-block to revert to single-phase conditions shortly

thereafter. _ -

The pressure histories calculated by LBL and S-Cubed are
escentially 1indistinguishable. Those computed by Intercomp
generally agree with LBL and S-Cubed except at early times {t < 1
year or so). This early disagreement is probably due to the poor

temporal resolution of the Intercomp calculation; a four-month time .f;f
step is too long to accurately resolve the very rapid pressure. ' -..-

changes that occur during the first part of the problem. The
Geotrans results differ substantially from Intercomp, LBL and
S-Cubed for the first several years of history for reasons discussed
above, but at late times all four calculations (Geotrans, Intercomp,
LBL and S-Cubed) are in reasonably good agreement. The computations
of Stanford University and the University of Auckland (both using
the latter's simulator), on the other hand, exhibit late time
pressure disturbances that are 5 to 10 percent .greater than' those
predicted by the other groups. The reasons for this discrepancy are
not known for certain. It is not unlikely, however, that they arise
from the constitutive description of the fluid employed, in
particular the viscosity. Darcy's law states that, all else being
equal, the pressure gradient required to maintain a given fluid mass
flow rate will increase in proportion to the fluid's kinematic
viscosity. Thus, one would expect that if viscosities were about §
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percent ‘too high, predicted pressure drops would be approximately 5

percent high as well.. In this connection, it {s worthy of note that .

the experimental tolekances reported in the ASME Steam Tables for
the kinematic viscosities of saturated water and steam in the
vicinity of 240°C are typically + 2 to 3 percent. Furthermore, if
' the viscosities used by the University of Auckland's simulator were

s1ightly high, the exaggerated pressure drop which would then result
- would tend to cause more boiling and a greater mass of steam in the.

system as a whole. This {is indeed observed, as was shown in Figures
3 and 4. : -

RESULTS FOR HEAT TRANSFER

Figures 9 and 10 illustrate the calculated temperature .

histories. for Problems 5A, 5B; Figures 11 and 12 show the evolution

with time of the enthalpy of the produced fluid. For early times {t -

< 2.8 years for Problem 5A, < 1 year for Problem 5B), the production
well-block 1is two-phase so that the temperature history is

correlated with the pressure history. At late times, the invasion
of the production area by colder fluid causes the well-block

temperature to.decline. This effect is particularly pronounced for
Problem 58 which involves the injection of cold (80°C) water in a
nearby well. Similar trends may be observed, K in the discharge

enthalpy histories (Figures 11 and 12).. The results of all the '

calculations are in excellent agreement, except that at early times
(t < 3 years for Problem S5A, < 2 years for 5B) tha Geotrans results
exhibit lower temperatures and higher discharge eathalpies than the
others. Since the Geotrans calculation produced excessive steam,
the steam-phase mobility was enhanced so that a greater proportion

of high-enthalpy steam entered the production well. The presence of -

-this excessive steam, furthermore, reduced the overall mobility of
the water/steam mixture as a whole, causing a' greater well-block

pressure drop; since, for two-phase flow, pressure and temperature -

are correlated by the saturation curve Pga¢ (T), the well-block
temperatures were correspondingly reduced relative to the other
calculations. At Tlate times, however, -it {s noteworthy that the
Geotrans results for both temperature and discharge enthalpy agree
‘with the others. L o

CONCLUSTONS

The results obtafned from four of the five sihuiators are in

excellent agreement for Problem 5. The fifth simulation (that of.
Geotrans) deviates from the others due .only to an unfortunate’

combination of a misunderstanding concerning the definition of the
problem and a somewhat inaccurate fit to the water/steam saturation
curve in the vicinity of 240°C; the disagreement does not arise from
any fundamental flaw in the Geotrans simulator. As noted earlier,
since these calculation were performed, Geotrans has improved their
saturation curve fit; there is every reason to believe that a repeat
calculation would agree with the other results, particularly in view

of . the good performance of the Geotrans simulator on the other

" problems in the OCE Problem Set. '
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" TABLE 1

ROCK PROPERTIES FOR PROBLEM.S

DENSITY OF ROCK GRAIN MATERIAL = 2500 KG/M
PorosITY = 0.35 ‘
PERMEAB!LITY = 2 5 X 10-14 2 (“'25 MILLIDARCIES)
Rock GRAIN HEAT CAPACITY = 1 JOULE/GRAM- cC

* ROCK GRAIN THERMAL CONDUCTIVITY =1 WATT/M=° C 

~ RELATIVE PERMEABILITY DATA:

R =1

L 1} FoR 0< $< 0.1
%=o o _
R, =1

Ry = @zh a2 i R

o)
il

0 . .
L-l}.mR&7SS§l

=)
K 4]
i

S 1s-STEAM SATURATION |
R 15 RELATIVE PERMEABILITY TO LIQUID WATER

RS IS RELATIVE PERMEABILITY T0 STEAM
z=07-9/06 .
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PROBLEM 5 TEMPORAL RESOLUTION

P
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TABLE 2

CASE “A" ~ CASE “B"
(CycLES/YEAR) (CycLES/YEAR)
Mean - MINTMUM Mean | - HrNiMbﬂ“ 
GEOTRANS 8 MR 8 |~ M
INTERCOMP - 3.2 3.0 3.9 3.0
LBL MR 0 NR 10
Dsomm 2 20 21 20
STANFORD ~ 225* 183t 205° 183%__-_ =
U AUCKLAND MR 90* R 90*

“NR” = NoT REPORTED

® SmaLL TIME STEPS REQuIRED FOR COMPUTATIONAL STABILITY
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TABLE 3,
PROBLEM 5. PRESSURE VﬁLUES

P LQu0°0)

CINITIAL AND ?ﬁOILING o

- BOUNDARY ‘PRESSURE IN Po = Psar

PRESSURE) CENTRAL S

REGION)

GEOTRANS 36,00 Bars 34.50 Bars * | 1.50 Bars

INTERCOMP 35.99 Bars 33,70 BARs 2,29 Bars

LBL 36,00 Bars ° 33.48 Bars 2,52 Bars
S-CUBED 35.98 Bars 33,48 BaRs 2,50 Bars' . |

|~ STANFORD 36.52" BARS 34,02 Bars 12,50 Bars |
U, AUCKLAND 56,52 Bars © 34,02 Bars ~ 2,50 Bars
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DOE~PROJECT ON GEOTHERMAL RESERVOIR ENGINEERING
- COMPUTER CODE COMPARISON AND VALIDATION

-EVALUATION OF RESULTS FOR PROBLEM 6-—

Karsten Pruess
Lawrence Berkeley Laboratory
University of California
Barkeley, California 94720

INTRODUCTION

-Problem 6 13 a reservoir-wide problem, and the only one in
the set Which involves three-dimensional flow. The reservoir is
of "Wairakei-type,” with single-phase liquid at depth, overlain
by a two-phase zone with immobile steam, and capped off with a
zone of colder single-phase water. Production occurs from a well
fleld with completion intervals below the two~phase zone;,
Paraweters are chosen in such a way that boiling in the well
field and two—phase flow commence after a certain period of

production,

“Although the problem i3 schematic in nature, it is
nonetheless a prototype of fleld-wide studies which would be
undertaken to examine alternative reservoir development plans.
Typical questions to be addressed by this type of problem would
include: at what depth should the wells be completed? what
flowrates can be sustained for what length of time by 'a well
field of given areal extension? what is the evolution of downhole
pressures and discharge enthalpies?

Problen 6 18 probably the most difficult one in the set for
nunerical simulators, due to its three—dimensional nature and the
occurrence of phase transitions with subsequent two-phase flow,
including gravicacionally induced steam/water counterflow,

PROBLEM DLSLRIPTION

The reservoir is a parallelepiped of 4 x 5 ka2 areal extent
%and 1.8 ko thickness. Figure 1 shows the geometric design of the
system, and the zoning to be used in the simulaticn. Tables 1
through 4 pgive the complete specifications of all paranmeters.
Formation properties vary somewhat with depth, and there iIs a
large contrast between horizontal and vertical permeability.
The lower 2/3 of the reservoir is initially filled with liquid
water at 280 °C temperature. This is overlain by a two-phase:
region, also at 280 ©C, which has an immobile steam saturation -
of 1UZ by voluns. Uverlying this is a layer of colder water at T
= 160 ©C. The entire reservolr is gravitationally equilibrated,
so that initially there is no fluid flow. The process to be
sinulated is production from a specified subregion at depth.
Production rates increase with time in such a way that boiling in
the wellblock and two-phase flow 1s initiated. .In the process,
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temperatures and pressures are kept to thelr intcf{al values at
the uppet and lower boundaries, and at the surface at x = 5 kn.
The other tnree reservoir faces are closed ("nq.flow ).

GEHERAL LESCRIPTIUN OF RESERVOIR EVOLUTION

The evolution of the reservoir in response to production
can be described as follows, As a consequence of productien,
pressures drop in the wellblock, so that horizontal and vertical
flow towards the wellblock is inmitiated. Downflow from the
two-phase zone pives rise to boiling and increasing vapor saturation.
As the pressure decline spreads to the makgins of the fileld, water
recharge is initiated. Oae consequence of this is the occurrence
of suveral phase transitions to single-phase conditions in the
two—-phase layer. The production rates for the first few years
are such (small) that pressures in the wellblock stabllize,
resulting in an approxzinately steady flow pattern. The increase
‘in production rate after four years can not be readily sustained
for the given permeabilities. Thus, large pressure drops occur in
the prid block which represents the well field, as well as in
adjacent grid blocks. This causes several phase transitions to
two-phase conditions, and subsequent boiling. This 1s accompanied
by a decline in temperatures and pressures, as well as a buildup
of vapor saturation. Stean/water counterflow occurs as steanm
rises from the shallow two-phase layer, whereas water flous
duwnward towards the production well, Conditions agaln approach a
‘gteady flow until the ipposed increase in production rate after
8lx years causes a rapld catastrophic decline of pressures
in the production region, thus terminating the problem. This s
unfortunate, as somewhat smaller production rates and a longer
reservoir life would have allowed a more extensive comparison of
sinulated resulcs.,

COMPARISUON OF RESULTS a

Ve

Figures 2-4 show the simulated time evelutions of sonme
of the more scnsitive parameters. It 1s apparent that there is
excellent agrcenent between the results of 53, Geotrans, and LBL;
whereas Intercoump's caleculation 15 sowewhat off. A conspicuous
feature of lutercomp's results 1s that pressures below the well
block (in layer 1) do not decline at all in the course of
production, which gives rise to more water Influx into the well
block. As a consequence, well block pressures remain higher,
particularly after five years, and vapor saturation and discharge
enthalpy rvemain lower, The deviations become larger after the
increase of production rate after six years. The nature of the
discrepancics sugpgests some error in the problem definition
rather chan an orror in Intercomp's simulator. It appears that
the lover bLuundary conditions or the permeability below the well
block had not beea properly specified.

The quality of agrecuent between the calcuations of 33,
Geotrans, and LBL is quite rcmarkable, particularly in view of
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the significant diffcrences in methodology used in the sirulators.
54 and Geotrans use a finite difference. pethod, whereas LBL's
simularor employs an integral finite diffcrence method. The
primary dependLnt variables are, respectively, energy and
pres.ure (53), prossure and enthalpy (Geotrans), and encrgy

and .ensicy: (LBL). Geotrans uses an analytical approximation

for :ihermophysical properties of water substance, whereas 53

and LBL enploy a tabular equation of state,

CONCLUSTON

Three of the four simulators used in computing a difficulc
three-dimensional problem show excellent quantitative agreenent.
This demonstrates that numerical simulators are capable of
producing accurate results for field-wide reservoir depletion
problems, involving phase transitions, gravitationally induced
steam/water counterflow, and recharge,

Table 1: Rock properties,

Layer Layer Layer Layer Layer

1 2 3 4 5
Grain Density (g/cm’) 2.5 2.5 2.5 2.5 2.5
Porosity 0.2 0.25 0.25 0.25 0.2

x-Permeability (m?) 100x10 % 200%107'% 200x10°'* 200x207'% 100x107%%

y-Permeability {m?) 100x107'® 200x207'% 200x107'% 200x107'% 100x107'°

z-Permeability (m?) 2x107'5  -50x1071%  s0x107'% s0x107'® 2x2073
Heat Capacity (J/g-oc) 1 . 1l 1 1l 1
Rock Therm. Cond.(w/m-"C) 1 1 1 1 S

Relative Permeability: Corey equations as in Problem {2, exceprt:

{liquid residual) 0.3 0.3 0.3 0.3 0.3
sz {gas residual) _ 0.1 0.1 0.1 0.1 0.1
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Table 2: Initial conditions.

" Temperatuie: ,
Layers 1-4, 280°C everywhere
layer.5, 160°C \
Pressure:
NG Psa; (280°C) % 64 Bars

{(Steam saturation) § © = 0.1 (steam initially
s immobile )

Layer 4: P

‘Layer 5:  P° = P,° < (1470 n/s) x (p,°-11a + 05"
Léyer 3: P3° = Pa° + (1470 m?/s?) x (pao-liq + 030)
Layer 2: P, = P,° + (1470 m%/s%) x (p,° +0,°)
Layer 1: Plo = on + tl&?O m/fs) x (Dzo + 2010)

Where Paoﬂliq = liquid density in Layer &

These initial condicions (Po, po, Sso) are functions of z‘only.
Layers 1, 2, 3 and 5 are initially singlefphasehliquid; layer 4 is
initially 2-phase with an Immobile steam phase. The pressure dis-

tribucion is liquid-hydrostatic throughout at zero time.

Table 3: Boundary conditions,

Atz = 1.5 km (top surface), maiﬁtain’Ptop « % 2 (1470 w?/s?) x p,°

5 5
o
and T = 100°C.
' - ’ : - o 2, .2 o - o
At z = (, maintain Pbottom Pl + (2940 w®/s®) x ?l and T = 2B0°C.
Along planes at x = 0 and y = 0, impose symmetry conditions.
Treat plane at y = 4 ko as impermeable and insulated.

Albng plane at x = 5 km, waintain inicial disctributions of P,T,SS.



Table 4: Production-strategy.

All production i{s taken from a single corner cell (i=1, J=1, k=2).

0 <t < 2years, - Q(r) = 1000 kg/s -~
2 years <t < 4 years, Q(t) = 2500 kg/s
4 years <t < 6 years, Q(t) = 4000 kg/s
t >6 years, Q(t) = 6000 kg/s

NOTE = VEBETICAL SCALE B rALGERATER,

LAYER THickNESSES: GRID: S XS5 X %5
LA'\'gc 1 ,O-G L3y (Horizontal, uniform,

Lavers 2-S , 0.3 Km €acw 5 zones each direczion)

Figure 1: Geometry of the reservoir and mesh desig‘n..
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. - COMMENTS ON SIMULATOR VALIDATTON STUDY.
by C. W. Morris and D. A. Campbell

Because of the dependence of the geothermal industry on
the prediction of the resource performdnce with little or no
production history, the validity of the reservoir ungineurlng
estimates, including the reservoir simulation work, 1is very
important, Investors, utilities, government agencies, and other
outside parties, therefore, must have confidence that the geo-
thermal simulator can accurately solve the energy and flow
equations necessary to describe the physical processes. This
is analogous to the use of "black oil" simulators in the petro-
leum industry;1 Qur experience has shown that.many consultants,
particularly those who are non-users of geothermal simulators,
are reluctant to accept the simulator results. Even when they
agree that the model “"set-up®” is a reasconuble representation of a
field as known at the time, they commonly limit their endorsement
because of uncertainty that the physics of reservoir and well
operations are properly replicated. |

The studies presented at this workshop clearly indicated
that these simulators can solve a wide variety of geothermal prob-
lems, using different numerical methods, and arrive at the same
results, It must, therefore, be concluded that these computer
codes can describe the physical processes as well as we now under-
stand them.

The validity of the geothermal reservoir simulator calcula-

tions should not be confused with the accuracy of the reservoir

{ rerformance predictions since the computer code is only one of many

" "tools" used by the engineer. A reasonable reservoir model a2nd an
accurate description to the reservolr parameters by the engineer
are required to achieve good performance predictions. Parametric
and sensitivity studies are properly part of any reservoir simu-
lation work. Outside parties must evaluate these phases of reser=-
voir engineering independent of  the simulatior physics.

Assuming that the reservoir model and input parameters reflect
the true reservoir conditions, the reservoir simulation results
can be accepted as valid by the outside parties involved in geo-
thermal development. The added advantage of the simulator approach
over the consultant's "guess” is that the input is clearly docu-
mented for evaluation by others and the results can be modified
in a logical manner as experience and knowledge of the resource
increases. The complexity of the reservoir simulation effort can
also increase with knowledge.

We wish to congratulate the DOE/San Francisco and the contract
participants for a job well done. This complex study was accom-
.plished in a timely fashion to support a recognized need of the
geothermal industry.

(). A. S. 0Odeh, "Comparison of Solutioné to z Three—-Dimensional
Black-0il Reservoir Simulation Problem," JPT, January 1981,
Vol. 33, No. 1, p.1l3.
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Padglist's Remarks on Intercomparison of Reservoir Models
Sixth Stanford Geothermal. Program Workshop
December 17, 1980

by

Evan Hughes and Vasel Roberts _.
Electric Power Researxch Institute

The presentations made-in this session have shown that simulators are
capable of calculating reservoir performance with reasonable agreement

among the models.. Beyond such confirmation of modeling capability,

additicnal effort in four areas is needed:

o sensitivity of results to errorﬁ in the physical data
o accurate physical data for use in the models '
o estimates of probabilities and/or levels of confidence

associated with production capacity, temperature and
pressure profiles, and reservoir life

o verification of models by comparison with reservoir
production data :
( From our perspective in conducting a geothermal research program for
. the electric utility industry we have formulated some informal criteria
for reservoir simuiation models. f%ese constitute a "model of a model,"
i.e., some expectations of what a>reservoir moqgl should do in order to
meet the needs of electric utilities engaged in geothermal power develop-

ment, To develop the model of the model four questions are .addressed.

First; what should a reservoir model be to a geothermal utility? 1In one
respect it is no different than any other type of model. It is a device
-tﬁat will allow one to visualize what the product looks like and how it
works prior to commitment. While this particular tool is gencrally used
"directly by resource companies and reservoir engineering consultants and
may be foreign to the utility itself, it can contribute to the utility
(J?ECiSiOH making process if results relevang to risk assessment are
presented with clarity. It is expected that the results from reserveir
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modeling will makcithe decision process somewhat ecasier to the extons
that the m8del is a vehicle for understanding what happuens in the
reservoir and how this relates to investment risks associated with
reliance on the resefyoir for the generation of electricity.

|
Second, how should a reservoir model be packagéd, or deveIOpéd as a
product for utility use? It should be understandable by engincers ang
managers who are not specialists in geothermal or petroleum reser?oir
engineering, Also, it should be transferable for use on computers ang

by people other than the particular computing machine and staff that

developed the model.

Third, what should the reservoir model do for the utility? Here are
some specific capabilities of a useful model. It should be capable
of calculating the production of a wholelgeothermal field over a 30 year

life from data based on early tests or production of a well or wells orn

@ limited portion of the field. It should estimate the limits of off-

design pfoduction conditions that may arise and assign probabilities to
different off-design conditions. It should be capable of acdepting and
using new data that become available as the field is developed and
operated. Such data can be used to confirm the model and to improve
predictions in two ways:l(l) greater confidence and (2) narrower rarge

of probable outcomes.

In addition to the above capabilities, and related to them, a reservoir
model should generate the following information for reservoir risk
assessments relevant to the decisions on whether and how to build
geothermal power plants: éurves showing the probabilities associated

with the capability of a reservoir to support various levels of

T - . -
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generating'capacity; life of a reservoir as a function of generating

( sacity being supported, indiéating the confidence levels of variocus |
.life versus capacity curves; probability of precipitous decline'in
production as a function of capacity ; identification of detectible
Ehunges that would precede or be associated with such a decline;

production rate, temperature,pressure and, perhaps chemistry versus time,
capacity and well spacing; and, finally, identification and quantification
of reservoif risk associated with development of the first power generating
unit at a reservoir and with deyelopment of subspquent units at the same

reservoir.

'

Fourth, what is the validity of the reservoir model? The model should
be verified as to usefulness in performing calculations of interest.
The types of results listed above are those of value for powér plant

{ . - . .
\ amitment decisions, generation expansion plans, and geothermal power

. L]
plant design considerations, In addition a reservoir model should, of
course, be verified by comparison with field experiments and actual

Operating experience.

The results presented in this workshop suggest that the models aéree
reasonably- well in calculations for the theoretical problems posed. Also,
the problems posed aré-of typas that have pfactical relevance, especially
those that involve calculating a production history from parameters whose
value could be inferred from\measurements made early in the development of
a reservoir, .What is needed beyond this are calculations that reveal how
sensitive the results are to variations in the values of dominant
parameters, some probabilities assigned to various possible pfoduction
stories, good physical data to put into the models, verification of the
calculations through comparison to field results, and the development of

models that are easy to understand, use and transfer to other users.



SESS1ON VII

Mxdel Intercomparison Study (Panel)
{Op2ning Remarks of N, K. Barrett of
Correon & Black of Pennsylvania, Inc.)

I want to express wmy thanks to our Stanford University hosts for this opportunity
to participate here as a panelist. In order to achieve a realistic perspasctive of
geothermal resource insurance needs, . I do welcane this perspective of the currenc
state of the geothermal art. '

The INA - C&B Geothermal Resource Insurance Program is a very potent financial
tool vhich has been designed to stimulate private sector financing of geothermal .
projects.  In cur opinion, such private funding of geothermal projects will more
than of fset the expected reduction in government funding alluded to by Mr. Robert
Grey in his O{enmg remarks yesterday.

In order to underwrite each geothermal project, the insurance underwriters must
obtain a fair assessment of the expected nature and longevity of the resource
involved -- then tailor their insurance coverages to protect against the unex-
pected. Undexwriters are leaning heavily upon the expertise of the geothermal
engincers of their potential clients for their initial technical perspective

of each geotheimal project. This is vltimately followed by technical confirmaticn
by a qualified geaothenml engineering consultant retained by the underwriters
involved.

Such geothermal enginecrs will be relied upon by the underwriters for decisions
concerning the use of nurerical ocode reservoir simulators. It seans likely that
in imany cases numerical reservoir modeling may be canbined with the economic
madeling of such projects as an aid in fairly assessing “the realm of the ex-

pected”.

The INA — C&B Geothermal Resource Insurance Program is designed to insure the
long~term availability of the resource at the needed quantity and quality
level established for the project during the simulation modeling ard sampling
period. Insurence is afforded not only against loss arising out of project
termination because of resource inadequacy, but also against loss resulting
from project capability reduction. Qoverages are offered for a noncancellable
policy periad encumpassing the project construction pericd plus an operational
period of up to seven (7) years.
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DIRGCT VSE OF GEOIMIERIAL RESCURCE
(Eloctricity Gc.‘m‘:r;at_ion Plant}

A.

|
e Expoediting Pha$e (Plant Construction Pericd):

Coverage for the Experht_mg Phase will go into-effect aftiw U_..xple(:ion
of the rcservoir expleoration process and will remain in ctfuact untal
the counencanent of the normal ccmnzrcial operations., Inception of
such insarince coverage occurs only after confimmation of the resource
resérve capacity sufficient to oparate the proposed yoothermal power
plant at a sjp«cified level of efficiency. In the unlikely ovent that
the proposmd project must be scaloed down or terminated due to’inadevjuacly
of the resource, the pelicy indennifies the Insured for the financial
loss resulting therefrcm.

1. COVERAGE: During Field Development and Facilities Construction Pariod.

2. INSUREDS: Any persons or entities having a financial interest in
the Electricity Generation Project.

3. INDEMNIFLCATION in the event of:

a. Project Temmination Prior To Project Completion -- payment of
the sunk costs of the project as of the date of termination.

b. Project Capability Reduction (inability to achieve the project's
target capability ~~ with subsegquent comnercial operations at
the reduced capabilivy) —-- payment of agreed amounts to assure
continuation of debt service and payment of the fixed costs.

The Operational Phase (Up to Seven Years):

Coverage for the Operational Phase will go into effect at the time of
the official conmencanoant of cannercial operations. Project termina-
tion due to inadequacy of the resource is covered as in the Expediting
Phase. Quverage for loss of earnings (business interruption) due to
inadequacy or scale-down of the geothermal resource is also available.
1. COVERAGE: During Commercial Operations (Maximam of Seven Years)

2. INSUREDS: HAny persons or entities having a financial intcrest in
the geothermal project.

3. INDEMNIFYCATION in the event of:

a. Project Termination -- the payment of the unamortized ;un}. costs
of the Insured as of the date of termination.
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b, Projevt Capability Rexdducticn, (Tnability to continue praduction
at the conmencenent capability lovel -- with subcequent cun-
tinuation of gperations at the raduced capability level) --
paynent. of an agreed amount por day.

NOIE: A self-insured retention of not more than 10% is
negotiated for each Geothemmal Resource Insurance

Program.

II. DIRECT USE OF GEOTHERMAL RESOURCE .
(Space Heating, Agriculture, Agquaculture, Greenhouses, Alcohol Praduction,
Fcod Processmg, Health Spas, etc.)

A. THE "RETROFIT" INSURANCE CONCEPT (One Direct-Use EFxample):

1.- INSUREDS; RAny persons or entities having a financial interest in
.the geothermal project.

2. OWERAGE PFRIOD -- The (onstruction Period plus an agreed
number of operational years (a maximum of seven cperational years).

3. INDEMNIFICATION -~ the Insured's Loss resulting fram the Geothermal
* Resource Inadequacy Hazard.

4. "The Insured's Loss" means the total of the following amunts:

(1) The actual cost, including the cost of installation,
of -an alternatively fueled steam boiler sufficient to
produce the degree level and quantity of heat re-
quired in the geothermal project specifications.

(2) The actual cost of the alternative fuel regquired to
produce the heat necessary to meet the geothermal
project specifications. |

. OTHER INSURANCE CQONCEPTS:

This INA - C&B Geothermal Resource Insurarice.Program can be tailored
o meet the particular financial needs of each specific geothermal
project.

The aforementioned Geothermal Resource Insurance Programs are keing underwritten
by INA Underwriters Insurance Campany, 1221 Avenue of the Americas, New York,
New Yark 10020. Negotiations and unde:rwriting liaison are being conducted by
Corroon & Black of Pennsylvania, Inc. who have been designated by the TNA as
their sole Managing Agency for this type of insurance.

I repeat that this expediting of private sector financing of geothenml projocts
will, in our opinion, more than offset the expected curtailment of govetiinnt
fundieg.  Thnk you,



SOME GENERAL COMMENTS OH THE DOE CODE COMPARISON PROJECT

: J. W. Pritchett
Systems, Science and Software
P. 0. Box 1620 /7
La Jolla, CA 92038

The basic purpose of the DOE Code Comparison Project was to
attempt to increase the confidence of the financial community in
predictions and assessments made by reservoir engineers as regards
the performance of geothermal fields. Numerous issues are relevant
to this question of confidence, not all  of them technical. It
should be recognfzed that this 00E project was directed at only one
of these issues: the accuracy and reliability of numerical
geothermal reservoir simulation computer programs, or “"simulators”.

Numerical reservoir simulators are only one of many tools
available to an engineer when he attempts to make a prediction.
Typically, the engineer proceeds roughly as follows. He starts with
a2 body of measured facts concerning the system in question. These
facts might include such things as the results of surface
resistivity surveys, gravity anomoly measurements, drilling logs,
laboratory tests of core samples, downhole temperature measurements,
the results of pressure transient tests in completed wells, downhole
static pressure measurements, discharge enthalpy measurements,
chemical analyses of reservoir fluids and rock matrix material, and
so forth. 1f the field has already been partially developed, he may
have a significant production history at his disposal. All of these
data are likely to vary in accuracy, reliability, and relevance.

Based on whatever facts are avatlable to him, he constructs a
preliminary conceptual picture, or "model", of the field. Since the
actual density of measurements in the field is always very low,
considerable guesswork is always involved at this stage. Typical
components of this preliminary conceptual "model®™ will include his
best guesses concerning questions such as:

® What kind of a field {is it? (Single-phase hot
. water? Two-phase liquid-dominated? Vapor-dominated?)

° Where are the major ﬁermeable zones and how far do
they extend?

0 Where are the barriers to flow? 1Is the field a
single unified system, or s it really a collection
of relatively isolated aquifers?

¢ What is the subsurface temperature distribution? How
targe is the anomoly?
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(3 Are there major fractures present which serve as
fluid conduits? If so, where are they?

] Where are the major natural recharge paths? What
is the source of recharge fluids? [Is there
significant connection with the  shallow
groundwater system?

If the conceptual model §s simple enough, analytic tools inay
be adequate {such as “lumped parawcter' models, homogeneous radial
single-phase aquifer solutions, and the like). For more ccm91ex
systems, however, the engineer may be forced to employ 2 numer1§al
simulator. He quantifies his conceptual model, assigning spatial
distributions of such quantities as porosity, permeability, fluid
pressure, temperature, enthalpy, and the like, and also supplies
appropriate boundary conditions to the domain of space under study.
He provides all of this information to the computer program (the
"simulator"), and observes the computed results.

Almost invariably, the reservoir response computed by the
simulator based on the preliminary conceptual model will differ in
important ways from the actual observed behavior of the systen.
Accordingly, the engineer revises the model in such a way as to
minimize such discrepancies. This iterative process is likely to be
quite lengthy and 1involve numerous computer runs Dbefore a
satisfactory match is obtained. At this stage, the engineer is now
ready to use the simulator, in connection with his final conceptual
model, to make predictions of future performance. Not infrequently,
particularly for relatively undeveloped systems, two or more
different conceptual models will account adequately for all known
historical data, but will vresult in markedly different future
predictions. Under these circumstances, the engineer cannot make a
definite prediction. He c¢an, however, by using the simulator,
devise a program of experimental measurements capable of
discriminating among the various competing models. Clearly, in the
absence of experimental facts, numerical reservoir simulation is
useless. On the other hand, as more and more data become available,
predictions become more precise.

If numerical reservoir simulation §s employed as a key element
in a prediction of future performance, the question of the accuracy
of the simulator itself becomes an issue of legitimate concern.
Several large-scale general-purpose simulation programs now exist
which are capable of treating geothermal reservoirs. All were
developed within the last seven cr eight years. The Department of
Energy consequently desired to test several such simulators to-
determine which (if any) are capable of producing accurate results.
Originally, it was suggested that these tests be carried out in a
manner something like the following. A particular geothermal field
would be selected which has a substantial production history. A
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partial data set would be assembled, including all availabie carly
exploration weasurements, early development-phase data, and the
first part of the production history. Then, the Dcpartment of
Energy would provide this partial data set to a number of
independent research qroups, each with its own numerical simulator.
Based upon the partial data set,- each group would employ its
simulator in an attempt to "predict" the remainder of the history of
the field {which is in reality known, but is presumably concedaled by
DOE). Each simulator would then be judged on the basis of the
accuracy of this "prediction”.

There are at least two serious shortcomings to this approach.
First, the geothermal industry is at present quite small; the number
of fields with sufficient history 1is so limited that completely
concealing the later history of such a field would probably prave
~impossible. Furthermore, "inside" knowledge concerning the
“unknown® late~time data is likely to be non-uniformly distributed |
among the various research groups involved. Accordingly, it would
probably prove impossible to devise a test of this type which would
be even-handed. y

The. second shortcoming is even more fundamental; a testing
procedure of this type does not really test the numerical simulators
themselves as much as it tests the insight, engineering judgement,

“.and good luck of the engineers in the research groups using the
simulators.- A group with a relatively inaccurate numerical
simulator but with a good conceptual "model" of the reservoir will
probably make better ‘predictions than & group with a better
simulator but a flawed conceptual picture of the system. Stated
differently, even if the simulators themselves were in fact
identical, the various independent groups would almost certainly
produce predictions that differ one from another in varying degrees.

Considerations such as the above led to the approach employed
in the DOE Code Comparison Project. To test the various simulators
(instead of the engineers}, a set of hypothetical problems was
selected. These problems were specified completely a priori, so
that no engineering judgement whatever is required to define them.
The problem set was chosen subject to several constraints. First,
it secemed desirable that some of the problems possess known exact

" analytic solutions (or at least approximate solutions} so that the
absolute accuracy of the simulators could be independently assessed
(Problems 1 and 2 fall 1into this category}. Unfortunately, many
problems of geothermal interest, particularly those involving
multi-dimensional multi-phase flow, do not have analytic solutions
(if they did, there would be no need for numerical simulators). A
wide range of space and time scales was_considered, from effects of
individual wells (Problems 1-3) to field-wide studies {Problems 4-6)
and from short-term pressure transients {Problem 2) to the entire
history of a field during depletion (Problems 4, 6). Emphasis was
placed on multi-phase flow of water/steam mixtures (Problems 2-6);
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the effects of formation heterogenelty were also included (Probloms
4, 6, and particularly Problem 3). One-dimensional (Problems [, 2,
4), two-dimensional (Problems 3, 5) and fully three-~dimensional
(Problem 6) cases were considered.

On the other hand, all of the problems f{in the_ set were
computationally small in scope. . For uniformity, the spatial zoning
was prescribed for all of the problems; for several, _the
computational time-step was also specified in advance. Grid sizes
ranged from 20 zones (Problem 4) to 125 zones (Problem 6}. It
should be noted that a typical field application of a numerical
resevoir simulator usually involves at 1least several bhundred -
computational zones, and often several thousand are required. Crude
zoning was prescribed for two reasons. First, it was desired to
maximize both the number of participants in the project and the
number of different problems which could be accomodated within the
confines of a timited budget. Second, it seemed desirable to
emphasize the effects of numerical truncation errors on the computed
results.

The results of the project cldarly demonstrate that the
various simulators involved are jndeed adequate. The extent of 'the
agreement among these calculations performed by different groups
using independently-developed numerical simulators which empioy
markedly different mathematical techniques {s very reassuring. Such
minor discrepancies as do exist are traceable to misunderstandings
about problem definition, small variations in the description of
water/steam properties such as saturation pressure and viscosity,
and such matters as variations in the time-step size chosen by the

~various groups, rather than to fundamental flaws in the simulators

themselives.,

Thus, it would seem that the particular concern which
motivated this project -- the accuracy of existing numerical
geothermal reservoir simulation programs -- has been laid to rest,
at least as regards the group of simulators involved. Furthermore,
these results may be used as benchmarks by the developers of other

programs. Of course, the fundamental issue -- that of the
confidence of the financial community in reservoir engineering
predictions -- has not been resolved, but an important first step

has been taken. It should be noted that the use of numerical
reservoir simulation to make practical performance predictions with
significant financial relevance 1is not unique to geothermal
development. This same basic approach has been an accepted practice
in the petroleum industry for many years. Presumably, the apparent
confidence in numerical simulation methods as applied to oil and gas
reservoirs arises from & substantial record of successful
performance of these techniques in that industry.

Should the Department of Energy decide to pursue the matter
further, considerations such as the above suggest that further
competitive calculations among various greups would not be
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particularly productfve. What fs lacking in the geothermal area is
a significant record of successful predictions for real geotherma)
systems. This does not mean that those attempts.at describing real
systems which have been made have been failures; {ndeed, several
quite successful simulations of geothermal field performance have
been published {n the open literature. The difficulty is simply
that there are very few geothermal fields presently in production.
Furthermore, {n the United States, the developers of such fields as
exist typically regard all relevant field data as proprietary
information, so that much of the publically-available data on case
histories of real geothermal systems comes from foreign projects.
Nonetheless, at the present time a substantial body of relevant
information is. available for several geothermal systems, both within
the U.S. and abroad. As time goes on, this body of case-study
- information will grow.

In order to develop confidence within the financial community
fn reservoir engineering predictions in general and the application
of numerical simulation techniques in particular, it seems that the
most productive course would be to encourage the application of
these techniques to several real situations for which an adequate
data base 15 available or obtainable. There is no need, however, to
employ the competitive approach used in the present Code Comparison
Project; indeed, such a diffusion of effort would probably be
counterproductive. If a number of research teams were each allowed
to concentrate fully upon a particular system, rather than divide
their attention in a more cursory fashion over several different
systems, more adequate simulation results would undoubtedly occur.



Response to Model Intercomparison Study

by H. Dykstra

The results obtained from the several reservoir simulation
models that were used in the study showed very good agrecument
for the most part. The close agreement indicates that the
modellers have done an adequate job in analyzing the pbbﬁ‘Ca
and in programming the mathematics for computer calculations.
This is very encouraging in that it means that one does not
have to be as much concerned with the computer model as one does
in getting an adequate description of the geothermal reservoir,
The latter point forms a basis for determining when a model
could be used.

A reservoir simulation model can be thought of as having
two purposes. One would be to determine which reservoir and
fluid parameters are important in order to obtain an adequaute
description of a particular reservoir. For example, in a frac-
tured reservoir, the porosity of the rock matrix may be unimpor-
tant. A second purpose, and much more important one, is to make
a prediction of future performance, suchl as flow rate, enthalpy,
water temperature, and pressure decline. This information 1is
then used in the design of a power plant and in making an econo-
mic evaluation of the overall project.

In order to make such a prediction with any degree of con-
fidence it is necessary to have an adequate description of the
geothermal reservoir, and this requires a considerazble znecunt of
time and effort. Two or three wells will in general not provide
sufficient information on which to base a prediction. Five to
ten wells may be needed. along with well test data and interfer-
ence test data in order to provide a picture of the reservoir.

A computer simulation model can be of help in making an evalua-
tion, or prediction, but it should be kept as simple as possible
consistent with the amount of data available.
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RAPPORTEUR REPORT ON PANEL RESPONSE TO MODEL INTERCOMPARISON STUDY

G. A. Frye, Division Enaincer : .
Geothermal Resources Division : -"
Aminoil USA, Inc.

Santa Rosa, California

During the panel discussion, several consensus opinions developed. All panelists
concurred that the model intercomparison study was a proper and necessary effort

for the Department of Energy to support. The results from the problem sets indi-
cate there exists a group of good coders and smart mathematicians. Most results
were comparable which satisfied the first part of the original task. Unfortunately,
the second part of the original task, code efficiency, was deleted for a reported
inability of the model intercomparison advisory comnittee to agree on criteria for
code efficiency.

The models are valid for calculations but do not necessarily yield the right an-
swers. Needs of potential users of geothermal reservoir models require multiple
runs. An example would be parameter study to produce an error bound or various
sensitivity studies to estimate levels of certainty. The need for multiple run
increases the potential user's concern for model efficiency. -

Several technical uncertainties were mentioned. These included the proper means
of defining the well bore radius, weighted mean versus upstream weighting of pa-
rameters, computed enthalpies as an assessment of model validity, and matching
parameters if initial pressure near saturation.

Most panelists concurred that ultimately model results would be a tool for invest-
ment decisions, i.e. build a power plant. Models should be a vehicle for under-
standing the reservoir. 1f so, then modeling results once understood and accepted
as valid, should lead to expedited development of geothermal resources.
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RAPPORTEUR'S SUMMARY

by n:
Goorge 'F, Pinder

Department of Clivil Engineering
Princeton, New Jersey

1.0 INTRODUCT ION

On Wednesday, December 17, 1980, a sesslon of the sixth

Vorkshop on Geothermal Reserveolr Engineering entltled "Model Inter-

comparison Study" was held at Tresidder Unlon at Stanford University.
The session was chaired by M, S, Gulatl, The program consisted

of an introduction by M. W, Molloy, a descriptlon of the performance
of each of four models on a series of problems, a brief panel
presentation and, to close the session, an open discussion., The
objectives of the model! comparison were stated by M, W. Molloy as

I} io test existing geothermal models on a standard
set of problems

2) to compare thelr output [accuracy]+ and efficlency

The motlvation for this project came from the Depariment of Energy
(DOE) congressional mandate and more specifically from a recommendation
oif the Geothermal Divislon advisory committee,

2,0 MODEL COMPARISON

Six problems were considered by each of the four qroups
involved in the project (Intercomp, Geotrans, Stanford Unlversity,
Systems, Science and Software, Lawrence Berkeley Laboratory and a New
Zealand group), Not alil problems were asttempted by all participating
groups, No efforts were made to formally measure the accuracy of the
various simuiations nor were there any attempts to determine the
ralative efficiency of the various models. While the discretization
parameters (eg, Ax, At) were specified in some problems, this was not
universal ly the case. Thus, the comparisons of the resulting simulations
were primarily qualitative, rather than quantitative,

At the time of this writing, all of the written reports on the
performance of each code on each problem were not available to the
rapporteur, Thus, my commenis are necessarily rather general and based
only on information presented by the author of each test problem

AJ. Mercer, M, Sorey, A. Moench, M, O'Sulllivan, J. Pritchett and K. Pruess),

On the whole, The varlous codes were able to provide a solution
qualitatively similar to the known or anticipated physical bchavior,
When unexpected results were encountered they were generally atiributed
to errors In input, Interpretation or grid-sjze seiection rather than

+ :
Square bracketed comments are rapporteur's interpretation. .
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N. Barretts
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nodel veriflcation Is a two-step procedure

1) demonstrate that the model Is computationally sound

2) determine 1ts accuracy through a comparison with fleld
Information

—

the Iimlfad use of geothermal by utlllfies Is due to the
Iack of geothermal Insurance

utliities cannot assume risk and must have protection from
losses incurred either in the development period or from
an fnabillty to provide a contracted level of pawer avallablllfy

uttlitles rely on geothermal englneers and geologists to '1m. i
develop, evaluate and confirm technica! data

cutbacks In fundlng by DOE will be taken up by prlvafe

-Indusfry

J. Prifchett:

H. Dykstra:

" the princlpal problem Is reservolr definition

meaningful model results are dependent upon accurate fleld
data lnpuT and englneerlng InTerprefaTlon

the objective ot this comparison, however, was ?o demonstrate
the veracity of the mathematical apparatus; this was achleved.

the comparlson documented herein dem6n5+fa+es that the models
are mathematically sound :

there are three levels of sophisticatlon fhaf have been
employed hlstorically In conducting reservoir analysis

1) guess at answer

'2) employ analytical models

s

3) employ retaxation [an early form of numerlcal analysl§
used In conjunction with finlte difference approximations]

the basic englneering problem Is the number of wells to be
put In before making a major flnancial commitment to a fleld.

B .

R ——
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4.0 GCENERAL DISCUSSION .

While There was spirited discussion from t+he floor, relaftvely
few distinct toplcs wers consldered. The most relevant, from the
rapporteurs perspective,’ follows: _
. model efficlency Is |mporfan+ because models are becom!ng

mpore comp!lcafed and therefore cosfly to Implement.

. mode! efflclency Is critical to the use of Monfe Carlo
methods of risk assessment.

. mode!s can and should be used to provide Insight into .
the physical sys+em [the goethermal reservoir] : S

. @ large number of runs are normally required ln analyzlng '
a Typica! field problem .

. models can be used to determine the senslflvlfy of reservolr
projections on field paramefer accuracy

there is a lack of consultants who can use the exIsting
computer codes to analyze a field problem

. while some participants felt the models now should be
applled to a real field situatlon, others thought this would
only tést the ability of the geofhermai engineer rather
than the simulator

5.0 ° RAPPORTEUR'S EVALUATION

The stated goals of the project constitute a useful contribution
+o the geotherma! community. Numerical sclution of the equatlons descrlbing
geothermal reservoir behavior is difficult and the accuracy of the codes
cannot be recadily determined. This code comparison demonstrated the
general credibility of the models for the selected problems.

_ The mode! problems were, for the most part, carefully conceived
and the resulting computer solutions conscientiously evaluated. While
a qualitative comparison of accuracy was presented at the workshop, a
quantitative statement 1s also needed. Thls is readily provided for
problems with known solutlons through cone of the generally accepted mathe-
matical norms. It is unfortunate indeed that program efficiency was not
documented. The geothermal community would Ilke to know whlch algorithm
ieads naturally to a more cosf-effecf!ve simulator.

The panel presentation was very Inferesflng 1t provided an
Interesting perspective on the role of models in the geothermal community.
| feel the addition of an academic panel member woutd have provided a
viewpolint quite different from those presented. The general discussion
was lively, relevant and a worthwhlle element ef the program. -

-~
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In summary, the code comparlson project and the subsequent

presentatlon of the results was well concelved and executed. Extenslons
beyond this level of effort probably would be of |imitod beneflt. The
question of simulator efflclency remalns unanswered. ' .
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Code Comparison Project
- - Conclusions «

Martin W. Molloll and
Leland L., Mink

U.S5. Department of Energy

1. Geothermal Energy Division
San Franclsco Operations Office

2. Office of Geothermal Energy
Idaho Operations Office
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ACCOMPLISHMENTS

The message that the Department of Energy heard at the Stanford Work-
shop is that the Code Comparison Project was successful. The geothermal
industry’s need to determine that different reservoir codes yield similar
results was satisfied. The "test problem” approach was proper; the Final.
Reports and the Workshop evaluation were useful. .

The models work! Surprisingly consistent results were achleved by
seven.groups, working independently, with five different models running on
8ix different machines. The sets of output data agree with each other. and
with analytical solutions, where available. Minor differences are explained
either by use of different steam tables and thermodynamics, or by misunder-
standings which resvlted in data input errors.

In addition, a set of standard problems for testing other reservoir
models is now available to the geothermal industry. The SHAFT “79 code -
developed by Lawrence Berkeley Laboratory can be obtained as Abstract
#893, from the National Energy Software Center, Argonne National Labor-
atory, 9700 South Cass Ave., Argonne, Illinois 60439.

However, the ability of models to contribute to investment decisions on
! specific geothermal reservoirs, using field data and skilled engineering
teams, has not been demonstrated by the present effort. It is not clear how.
this might be accomplished to the satisfaction of investors and their con-
sultants; how the needed field data would be obtained; and, how the costs
. of comparative modeling with several. simulators can be met. Whether such an
effort needs the participation of the Department of Energy, is uncertain.

ki

UNSATISFIED RECOMMENDATIONS

The driginal recommendation (in quotes, below) has only been partly
satisfied. . :

» "Model comparison and validation" has been "a new initiative in the
' (DOE)  Geothermal Reservoir Engineering Program." Through competitive

contracts to industry and cooperative efforts with Lawrence Berkeley
Laboratory, U.S. Geological Survey and University of Auckland, N.2., five
"major codes" have been tested on a standard set of problems. 'Results"
have been compared '"with respect to output." The 1980 Stanford Workshop
included panel discussion of "the use and limitations of the various codes
available." TR

However, the Code Comparison Project did not "rum (the codes) on an
actual geothermal system where adequate data exists rather than a hypotheti-
cal situation." Nor has ‘an attempt been made to "compare results with

" respect to... efficiency of the code." John Pritchett observed that it may

A . . )
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not be possible to define fair measures of efficlency for codes run on
different machines; only comparisons of numerical accuracy and precision
may be possible. Finally, a workshop has not considered "the use and
limltations of the various codes available.'

The absence of actual field data has 1im1ted this evaluation. We have
not tested the skills and experience of the team of experts which defines
the problem, prepares the input to the computer, analyzes the output, and
interprets res:lts in terms of reservoir performance, development, opera-
tions and investment decisions. .

GEOTHERMAL INDUSTRY VIEWPOINTS

Speaking for the Field Developers, Charles Morris of Republic Ceothermal o
stated that model validation is a major question: Is the simulator actually1 :~

calculating the physical properties correctly? Morris was relatively

satisfied that the simulators provide valid results; but, this exercise does -

not mean that the answers represent the real world.

,'Evan Hughes of EPRI. representing the Utllitjes, suggested that sensi-
tivity studies are needed to define the wost Important parameters, with
verification through operations at actual reservoirs. He underlined the
need for geothermal models as tools for making decisions; for understanding
the reservolr; for reducing complex problems to a set of varlables; for
" assessing reservoir risk; for predicting field performance over time; and,
for improving confidence by accepting new data as it becomes available. It
is important that a geothermal reservoir model be understood by non-experts,
and be tranferrable to other machines and users.

The Financial Community, through Norman Barrett of Carroon & Black,
summarized its heavy reliance on the expertise of peothermal engineers.
working for potential clients, supplemented by retaining their own consul-
tants to confirm the data. Utilities cannot bewr the resource risk of the
geothermal power plant’s inability to achieve target capability. The
private sector is now coming forward with Insurance programs to expedite
geothermal investment and development.

From the point of view of computer Socftware Developers, John Pritchett-f

of Systems, Sclence and Software stated that the Code Comparison results
showed that these simulators are solving Darcy’s Law and the principles of .
mass and energy conservation. We have established that it doesn’t matter
which computer model engineers use. However, much more than a computer
program is-required to get a meaningful answer for investment decisions.

This requires: 1) field data, 2) physical basis for the specific geothermal :

system, 3) smart engineers to use the computer tool correctly, and §)
regular (yearly) updating. The Code Comparison Project has not addressed
these issues. The next step should be to test the engineering groups.
Pritchett asked: What is important, in terms of differences in the con- .
ceptual models; and, which assumptions (for instance permeability dis-
tribution) are critical? .

e e i e —
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As a Consultant, the focal point of the confidence issue, Herman
Dykstra acknowledged that the modeling community has good mathematicians.
You can trust the results of the geothermal simulators, provided that you
are able to define the reservoir. That is the problem. Most geothermal
reservolrs are very difficult to describe. This is compounded by the very
limited data available early in the field development phase; and, the '
limited ability to represent the fractures and blocks that may comprise the

reservoir._

RELATED PAFPERS

Two other papers in the Proceéﬂings of the 1980 Staanford Workshop bear
on the fundamental i1ssue of consultant confidence in reservoir simulators
for investment decisions. _ U

P. F. Bixley (1980) from the Wafrakei Geothermal Field in New Zealand
evaluated simulators from the point of view of development risks, needed
information, and actual experience with modeling for investment and operat-
ing decisions. Ten years after it was done, one simulation has proven
remarkably accurate in predicting steam flows from construction of an 11X
increase in system efficiency. But this is only one of many simulations
performed.

Kamal Golabi (1980) modeled the overall universe of risks facing an
energy development project. Reservoir engineering dominates the reservoir-
related uncertainties and contributes to the analysis of adverse environ-
mental impacts and technological uncertainties. Conceptually, the reservoir
simulators interact with submodels of groundwater contamination, subsidence,
plant design, plant performance, and plant effluents. The reservoir model
plays a major role, therefore, in simulating and deciding both reservoir
operations and plant design. In turn, these are major factors in the

project cost model.

FOR THE FUTURE

1) Fileld Data

In order to test reservolr models on actual geothermal systems, access
to comprehensive field data is required. Because of the proprietary con-
siderations of private development, such access 1s very limited in the
United States, despite extensive drilling and testing of many geothermal
reserveirs. Data 1s needed over an entire reservoir (not just one operator),
and over a sustained period of time. \

In the United States, only the Geysere field has a lengthy production
history. The two joint industry-DOE demonstration projects at Baca, NM and
Heber, CA are in early phases of field ‘development, prior to the coustruction
of power production facilities.

Several foreign reservoirs have extensive field data which has formed
the basis for modeling studies. These include Lardarello, Italy; Cerro
Prieto, Mexico; and Wairakei,- New Zealand. The Wairakeil data base has
recently been compiled and reproduced on computer tape by Systems, Scieace’



7



" reservolr.

~11¢.-

and Software {(Pritchett, Rice and Cdrg, 197”) for Lawrence Berkeley. Lah-
oratory. Joint research tasks for rusexvoir rode comparison may be needed
under Intergovernmental Agreements between the United States and Italy,
Mexico and New Zealand.

2) Cost - -

The total cost of the four contracts for the Code Comparison Project
was approximately $100,000.  Experts estimate that comprehensive modeling of .
an actual geothermal reservoir, using a single simulator, could be.$250,000. -
A comparative study, using several codes, would approach $1 million per

[

Y

Costs of this magnitude exceed DOE’s priority and anticipated avail-
abilicy of funds. :

3) Risk/Uncertainty

There are many sources of risk and related uncertainty facing a geo-
thermal project, such as a power plant. Many of these sources of risk, .
including the geothermal reservoir, are amcpable to reduction of uncertainty-
by collection and analysis of information (measurement), and by simulation
of possible outcomes and their probability of occurrence (modeling).

Except perhaps for Wairakel, geothermal reservoir simulation has yet to
be placed in perspective in terms of its cont:ribution to overall confidence .
in specific investment decisions. Geothernal modelers can ald this process -
by becoming conversant with risks and models in reletcd disciplines. Ve
need to be able to translate our reservolr cngineering conclusions into
terms which investors understand.

CONCLUSION

The Department of Energy seeks to accelerate the commercial development

of peothermal energy, in accordance with the Geothermal Research, Development-”:

and Demonstration Act (Public Law 93-410)

Understanding the geothermal reservoir is a substantial part of project
investment decisions. The abhility to simulate reservoir behavier with a
computer code can contribute to this understanding. -Industry is encouraged
to evaluate the performance of commercially avallable simulators on important .
geothermal reservoir decisions. ’

. The mathematical accuracy of five participating codes has been demonstra- -

ted by comparison of results and avallable analytical solutions. Underlying
thermodynamic equations and assumptions have provided similar answers for a
standard set of test problems. ‘ .

The next step is to use field data in ;valuating an actual reservoir
rather than hypothetical problems. In this way, the engineering teams as
well as the computer can participate.
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Introduction
The purpose of this paper is to describe the current
level of development in reservoir simulation. This

- ;equires some discussion of what a simulation model is

and why it is needed or used. Following a brief
history of simulation and a general description of a
simulation model, two sections describe the reservoir
simulator through discussions of recovery mechanisms
and model methodology. The second of these sections
discusses pas. and recent developments and
summanzes the technology currently used in
simulation models. The two descriptive sections are
followed by a discussion of why simulation is used
{i.e., typical reservoir performance questions addressed
by computer simulation}, a section with examples
pertinent to simulation today, and a summary.

A Brief History .

* In a broad sense, reservoir simulation has been
practiced since the beginning of petroleum enginecring
in the 1930°s. Simulation is simply the use of
calculations to predict reservoir performance (to
forecast recovery or compare economics of alternative
recovery methods), Before 1960, these calculations
consisted largely of analytical methuds 12 zero-
dimensional material balances, >4 and one-dimensional
(1D) Buckley-Leverett?® calcutations.

The term “‘simulation™ became common in the earty
1960°s, as predictive methods evolved into relatively
sophisticated computer progrums. These programs
represented a major advancement because they allowed
solution of large sets of finite-difference equations
describing twa- and three-dimensionat (2- and 3D),
transicnt, multiphase flow in heterogencous porous
media. This advarcement was made possible by the
rapid evolution of large-scale, high-speed digital
computers and development of numerical mathematical
methods for solving large systems of finite-difference
equations.

During the 1960°s, reservoir simulation efforts were
devoted largely to two-phuse gas/water and three-phase
black-oil reservoir problems. Recovery methods
simulated essentially were limited to depletion or

0149-2136/32/008 1 -0020500 25
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pressure maintenance. It was possible to develop a
single simulation model capable of addressing most

“reservoir problems encountered. This concept of a

single, general model always has appealed to operating
companies because it significantly reduces the cost of
training and usage, and, potentially, the cost of model

development and maintenance.

During the 197¢'s, the picture changed markedly.
The sharp rise in oil prices and governmental trends
toward deregulation and partial funding of field pilot
projects led to a proliferation of enhanced-recovery
processes. This led to simulation of new processes that
extended beyond conventional depletion und pressure
maintenance to miscible flooding, chemical flooding,
CO: injection, steam or hot water stimulation/flood-
ing, and in-situ combustion. A relatively comforable
understanding of two-component (gas and oil)
hydrocarbon behavior in simple immiscible flow was
replaced by a struggle to unravel and characterize the.
physics of oil displucement under the influence of
temperature, chemical agents, and complex,
multicomponent phase behavior. In addition to simple
multiphase flow in porous media, simulators had to
reflect chemical adsorption and degradation,
emulsifying and interfacial tension {IFT) reduction
effects, reaction kinetics, and other thermal effects and
complex equilibrium phase behavior,

The proliferation of recovery methods in the 1970's
caused a departure from the single-model concept as
individual models were developed to represent each of
these new recovery schemes. Thus, the emphasis today
is on examining und fine tuning the equations and
related assumptions pertinent 10 these techniques.

Research during the 19707s, resulted in many
significant advances in simulation model formulations
and numerical solution methods. These advances
allowed simutation of more complex recovery
processes and/or reduced computing costs through
increased stability of the formulations and efficiency of
the numerical solution melhods. \

}

Simulation Models—A Brief Description
Odeh’ gives an excellent description of the conceptual

,simplicity of a simulation model. He illustrates the

subdivision of a reservoir into a 2-.or 3D network of
grid blocks. He then shows that the simulation model

1633
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equations are basically the familiar volumetric materiat
balance equation®*# written for each phase for each
grid block. The phase flow rates between each grid
block and its twa, four, or six (in 1-, 2-, or 3D cases, .
respectively) adjacent blocks are represented by
Darcy’s law modified by the relative permeability
concepl. Fig. 1 illustrates 1-, 2-, and 3D grids

representing a portion of a reservoir. The block and its.

two or four neighbors are denoted by B and N in the
1- and 2D grids. One can visualize an interior block of
the 3D grid with its six neighbors, two on either side
of the block in the x, y, and 2 directions. In practice,
the subsea depths to the top surface of each grid vary
with areal position, reflecting reservoir formation dip.

Reservoir properties such as permeability and -
porosity, and fluid properties such as pressure,
temperature, and composition, are assumed uniform
throughout u given grid block. However, reservoir and
fluid propenies vary from one block to another; fluid
properties for each grid block also vary with time
during the simulation period.

A simulation mode} is a set of partial-difference
equations requiring numerical solution as opposed to a
set of partial diffcrential equations amenable to
analytical solution. The reasons for this are: (1)
reservoir heterogeneity—variable permeability and
porosity and irregular geometry; (2) nonlinearity of
relative permeability and capillary pressure vs.

1634

saturation relationship; and (3) nonllneanty of fluid
PVT properties as functions of pressure, composition,
and temperature. The models require high- -speed digital
computers because of the amount of anlhmeuc '
associated with the solutions.

A simulation model requires three types of input
data. First, reservoir description data include (1)
overall geometry, (2) grid size specification, (3)
penncablhty porosity, and elevation for cach grid
block, and (4) relative permeability and capillary -
pressure vs. saturation functions or tables. Geo!oglcal
and petrophysmal work involving logs and core
analyses is necessary for items | and 3. Laboratory
tests on core samples yield estimates of relative
permeability and capillary pressure relationships.
Second, fluid PVT properties, such as formation
volume factors, solution gas, and viscosities are: .
obtained by laboratory tests. Finally, well locations,
perforated intervals, pmducuvxty indices (PI's), and
rate schedules must be specified.

Model output or calculated results include spatial
fluid pressure and saturation distributions, and
producing GOR and WOR and injection/production
rate (for wells on injectivity/productivity) for each well
at the end of each time step of the computauons
Intemal manipulation of these results gives average
reservoir pressure and instantaneous rates and
cumulative injection/production of oil, gas, and water
by well and total field vs. time.

- Simulation Models and Oil- -Recovery Mechamsms

Different types of simulation models are used to -
describe different oil-recovery mechanisms. The most -
widely used types are black oil, compositional,
thermal, and chemical flood. The four basic recovery
mechanisms for recovering oil from reservoirs are: (1)
fluid expansion, (2) displacement, (3) gravity:-:-’ N
drainage, and (4) capillary imbibition. Slmple ﬂuld LT
expansion with pressure decline results in oil expuls:on
from and subsequent flow through the porous matrix. -
Oil is displaced by gas and injected or naturally ™
encroaching water. Gravity drainage, caused by
positive (water/oil and oil/gas) density differences,
aids oil recovery by causing upward drainage of oil
from below an advancing bottomwater drive and
downward drainage from above a declining gas/oil
contact. Finally, imbibition, generally normal to the
flow direction, can be an 1mponanl recovery. -
mechanism in lateral waterfloods in heterogeneous
sands with large ventical vaniation of permeability.

To accommodate composmona.l and the enhanced-
recovery processes insthis discussion, we add a fifth |
mechanism, oil mobilization. This loosely defined tcrm
includes widely different phenomena that create ‘or.
mobilize recoverable oil. Some of these phenomena
are not really distinct from the first four. -

The black oil model accounts for the four basic
mechanisms in simulation of oil recovery by natural
depleuon or prcssure mamtenance (e.g., .

~
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wau:rﬂoodmg) This isothermal model applies to

r..‘i\:servou's containing immiscible water, oil, and gas

‘phases with a simple pressure-dependent solubility of

+ gasin the oil phase. This two-component
v mpmsenmhon of the hydrocarbon content presumes

constant (pressure- -independent) oil and gas phase
composmom, no volatility of oil in the gas phase, and
. Zero solublhty of gas and oil in the water.

. The mmmmng model types discussed here account
for some mobilization mechanisms in addition to the
. four basic_recovery mechanisms. Compositional -
models are used to simulate recovery processes for
which the black oil assumption of constant- *
_composition, immiscible gas and oil phases is invalid.
Some examples are: (l) depletion of a volatile il or
‘gas condensate reservoir where phase compositions
“-and propefties vary slgmf camly with pressure below
bubble— or dewpoint; (2) injection of noncthbnum
"~ gas (dry or enriched) into a black-oil reservoir to .

- ...._mobilize oil by vaporization into the more mobile gas
" phase or by attinment of outright (single-contact) or

- dynamic (multiple-contact) miscibility; and (3)
~injection of CQO; into an oil reservoir to mobilize oif
by Mechanism 2 and by oil viscosity reduction and oil

- ‘swelling, Holm?® gives an excellent description of
mechanisms active in CO, and miscible flooding.

The compositiona! model descrbes reservoir
hydrocarbon content as an N-component mixture.
Gas/oil phase properties and equilibrium (X-values) ane
cilculated from pressure- and composition-dependent
correlations or, more recently, -from equations of state
(EQS).

Thermal simutators are applied to steam injection or
in -itu combustion processes in heavy-oil reservoirs
where 0il is mobilized primarily by (1) reduction of oil
viscosity with increased temperature, (2) distillation of
intennediate hydrocarbon components from the oil
phase to the more mobile gas phase, and (3) cracking
of the oil phuse [usually above 500°F (260°C)} with
subsequent distiliation. Thermal models include PVT
correlations to describe N-component oil and gas phase
properties us functions of pressure, temperature, and
composition.

Chemical flood models include polymer, micellar
(surfactant), and alkuline (caustic). Polymer
waterflooding improves oil recovery by lowering the .
oil/water mobility ratio by reducing the effective
permeability to water and/or by increasing water
viscosity. In micellar flooding, surfactants greatly
reduce oil/water IFT, thereby solubnhzmg oil into the
micelles and forming an oil b.mk The surfactant slug
and mobilized oil normally are propelled toward the
production well by a graded bank of polymer-
thickeried water. The mechanisms responsible for
improved oil recovery in alkaline flooding are not
understood clearly but are thought to include low IFT,
wettability alteration, and Lﬂ!UIberd[N)n 10 Chemical
flooding processes invoive complicated fluid/fluid and
rock/fluid interactions such as adsorption, ion

AUGUST 1982

exchange, viscous shear, and three- (or more)
phase flow.

Why Simulation Models Are Used

Reservoir simulation is used to estimate recovery for a
given existing producing scheme (forecasting), to
evaluate the effects on recovery of altered operating
conditions, and to compare economics of different
recovery methods. Staggs and Herbeck!! give an
excellent discussion of the uses of stmulation with

- examples. Coats 12 gwes ] general discussion of

simulation use and misuse. McCulloch er al. ' and a
number of papers in Ref. 14 describe fi eld appllcanons
of simulation models. Harpole and Heam'® and
Killough er al. 16 describe recent black—o:l models of
rather complcx reservoirs.

Black-oil models frequently are used to estimate the.
effect of these parameters on oil recovery: (1) well
pattern and spacing, (2) well completion intervals,’

(3) gas and/or water coning as a function of rate,

" (4) producing rate, (5) augmenting a natural water drive .

by water injection and desirability of flank or
peripheral as opposed to pattern waterflooding,

(6) infill drilling, and (7) gas vs. water vs. gas plus
water injection.

Compositional models also are used for most of
these purposes but, as stated previously, only in cases
where the black-oil two-component, fixed-composition
PVT representation is invalid. They are applied in
reservoir studies to estimate (1) loss of recovery
caused by liquid dropout during depletion of
condensate reservoirs and the reduction of this loss hy
full or partial cycling (reinjection of gas from surface
facilities), and (2) effects of pressure level, injected
gas composition, and-CO; or N5 injection on oil
recovery by vaporization or miscibility. Grave and
Zana'? describe application of a compositional model
in estimating Rangely field oil recovery by COy
injection as a function of injected composition and
pressure level,

Results of composmonal simulation of a CO,
project include CO5 breakthrough time and rate and
composition of produced fluids. These are required to
design produuuon facilities and CO, recyclmg '
atmtegles # Modeling is also useful to optimize
pattern size and COzlwater injection ratea to overcome
the effects of reservoir helcrooencuy

Thermal models are applied in reservoir studics of
in-situ combustion and are used to simulate
performance of cyclic steam stimulation and
steamflooding. In steam injection, questions addressed
by simulation refate to effects of injected steam quality’
and injection rate, operating pressure level, and
inclusion of gas with the injected stizam. One question
in cyclic stimulation’ concems the optinu! timne periods
per eycle for stear injection, soak, and production.
The flooding case introduces the issues of well pattern
and spacing. . rwnber of steam-injection field studics
using models 1 ¢ been published. Herrera and
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Hanzlik2® compare ficld data and model resulis for a

cyclic stimulation operation, Williams?2' discusses

ficld performance and modcl results for stimulation

and flooding, and Meldau?? discusses field and model .«

results related 1o addition of gas to the injected steam.-
Numerical simulation provides a reliable means to ) -

predict chemical flood performance in a reservoir

environment, because the processes are very complex

and many reservoir paramelers affect the results. ‘

Conscquently, chemical flood simulation has been -

used to construct a scrccning algorithm for the

sclection_of reservoirs suitable for micellar/polymer

flooding?* and to examine competing EOR

slralcglcs—e g.. CO, ys. surfactant flooding.2* For

caustic2® and polymerZ® applications, as well as for

the micellar process, chemical flood modeling is useful

to discem controlling process mechanisms and to

identify laboratory data required for process v

description. '
In'recent years, simulation has been used

increasingly 16 estimate and compare recoveries from a

given reservoir under altemative enhanced-recovery -

processes, such as CO; injection, thermal methods

(steam injection and in-situ combustion), and seveml

types of chemical ﬂoodmg

Simulation Models—Methodology

In the interest of brevity and with some
oversimplification, the discussion of formulations,
currently used in simulation models uses a concept of
a single, general model. The general model is a set of
N panial difference equations writien for each grid
block comprising the reservoir. Each eqoation is -
simply a mathematical statement of conservation of -
mass of a specified substance or of conservation of :
energy. Each substance or component may be pn:scnl
in all phases, distributed according to K-values or -
distribution coefficients obtained from correlations or -
an equation of state. With allowance for rock - '
adsorption isotherms, chemical reactions, témperature-,
pressure-, and composition-dependence of viscosity,
relative permeabilities, and capillary pressure, each of
the préviously described model types is a subset of the
single, general model. LA J: SARE

Note that components (and energy), not. phascs are
the conserved substances requiring equations in the.
simulation model. Thus, the number of phases is
unrelated to the number of model equations.:

Unti} recently, simulation models made use of the
common five-point difference scheme for areal (x-y) -
interblock, Darscy flow terms in each of the ..
conservation equatione, Fig. 2 illustrates this flow -
between a grid block and each of its four neighbors. A.
strong grid-orientation effect was reported by Todd er -
al. " for highly adverse mob:llty ‘waterfloods and later
observed by Coats er al. 28 for pattemn ‘steamfloods. An
arcal grid with the usual perpendicular x and y axes

el

- may be placed over