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1. Introduetionx;

,Reinjeeﬁiqﬁ ef epentkgeefhermal fleidslie,eecogingia common means

of waste d1sposa1 In general, injection of geothermal btine has been N
accomp11shed without maJor problems whenever the f1u1d 1s 1n3ected 1nto
large fractures. _Descr1pt10ns of long-te;m 193ect10nbpave eeen made ;p L
' numerous reports. Chasteenl describes the injection at the Geysers fielé
and_e;‘VallesrCaIAera’(Baca)( Since 1969, ﬁi;;iene of tons eficondeneate
haye:beegkinjected,e; theaGeyee;s, and_deripgr}ong-;erm tests at Baca
thousende Of téﬁs of‘produced geothermal fluids have been reinjeqted.
: :Que;}grz,lginarsson_et 313, and Wi:herspebnéAgeported;igjee;iqpioflfluids
‘at Ahuachapan, Ei‘Salvador;,where over seven thoueand tonsiof epeq{ £}eid have
been;igjecsed eigce”1970. ‘Rubota apd Aosakisvdesegibe;geiﬁjeeeien;of_spent
;fluiéébeg¥9§ake, Japan. More than eight_milliqg‘eonsgﬁeehbeeqﬁinjecged
ey 1?]5,»7§pa11er seele disposal of produced Prige, o:;epen;yeppeeqsate hgsL
taken p{ece‘iq Hilo{ Hawaii; La:derello,}Italy;fgpe at the Saleoqlsea,r
Californiaﬁfi Invelx_of,these examples the lérgeeecale‘ipjeeqiop took place .
in»efisting fractures. o |

ﬁ_; When reinjeegiqn has been attempted ingo geologiealﬁfq;pagipne:tbe; do
not have large frectures, the brine disposal has been less successful. At1
@eegyﬁesa‘eoneidergble problems were encountered, par;iculerlg#dqringv?nitial
attemgts?. On the other hand, enormous amounts of b;ineghavefpeen;igjected

into perous aquifers and reservoirs around the world. In the Gulf States,
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water that is produced from gaé and oil wells is disposed of in relativeiy

shallow aquiferssf. In numerous cases around the wo:ld,,oil is recovered &~r5
using the secondary recovery method of waterflooding?. In a single

examplel®, 4.2 million barrels per day of sea water were injected in a

water-flood project in Saudi Arabia; Nuherous tertiary steam flboding projects
are underway to recover high,viscosity crude, Sdme,frojects are reclaiming

the brine that is produced during oil production, and in one project up to

80 thousand tons per day of brine has been recovered, vaporized, and injected.

Although injection of fluids has been a common practiée'in both the
oil and gas industry? and in the disposal of industrial waste water, the
geothermal experience is mot as extensive. Temperature effects must be con-
sidered in geothermal injection which are not usually important in oil and
industrial applications (except steam flooding). Not only are there brine
chemistry problems, such as ;ilica depésition, but also signifiéant reservoir
problems, such as cold water breék—through, which must be resolved prior to
geothermal injectionm.

One of the objectives of task 3/6 was to study the problems encountered
and experience required in different geothermal fields.

The data on reinjection in vapor-dominated systems mainly come from
Larderéllo. Reinjection is of utmost inportance in this field because of the
decrease in production detected in various productive areas as a consequence
of more tﬁan 50 years of exploitation. Studies of this fieid are also of
interest as it is considered the only example of an "ageing"” steam field,
vhere the problem of maintaining production becomes particularly critical.
Reinjection‘féﬁconsidered as a mééﬂs of extracting heat from thexgeothermal
reservoir.

Reinjectidn has been carried out in peripheral aquiféts on the southern o~

margin‘ﬁf the field (Lago, Monterotondo) since 1974, injecting small flow

~
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rates (30-80 m3/h). No variatitn was noted in the:trend of production rates
and fluid characteristics of the wells nearest theﬂinjection points;'ﬂThehsnall
quantities of injected water are believed to mix with much larger volumes of

cold water flowing toward the steam field. Systematic injection tests over long

" periods on the inside of the productive areas began only recently; however,

several short tests have been run in the past, and ooeasionslly more than

100 m3/h of water was 1nJected into the reservoir over several months, durxng

' dr1111ng operat1ons in the deepest wells. In some cases product1on was very

accurately monltored'ln the surroundlng zone.

The most important points originating from these tests are:

- noteworthy increases in steam production were recorded in the wells

( N RS S

nearest thetlnjection well; when injection tookxplaée in the upper
:'layers oftthe/reserwoirgk:.‘ | D
- there were no‘noticeable'effects on thekduantity'and oharacterist{és
of the fluid produced when injection took place at depth. The depth
11m1ts for thls change vary from zone to zone and are not always easy to
- def1ne' the d1fferent 1nJect10n depths can only be 1dent1f1ed when using
j”completed wells of varying depths in the same area or when 1nsert1ng the
caslngsrdnringﬂdrilllné operations.u | o s
Another é§A£aéceris£ié’of the ierderello'field which isbimportant inioonneetion
with the’reinject{on;problem is'thst)lsrée’wolumes ofhreservoir seéﬁ"éb contain
superheated steam only in the pore volume. e |
‘InJectlon phenomena have been stud1ed theoret1cally for several years,'
and most of the bas1c phenomena are now qu1te well understood. Numerous |
theoretical and numer1ca1 studxes have been made of both fracture flow and
productlon/lnjectxon behav1or of porous aqulfers.‘ Bodvarsson11 12 Gr1ngarten

et a113 Kasameyer and Schroederlh, and Bodvarsson and Tsang15 have all

examined the temperatnre behawior of flow through fraotures;v‘GrIngarten’and
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. Sauty16, Kasameyer17, Tsang and Teangls,:Lippmenn et al;g, andﬂnnmeroueh
n;hersVhavevstudiedrdifferent aspects of production and injection in. porous

reservoirs.

Although the basic injection phenomena are known, tbere are many technical
and economic problems still remaining that‘the geothermal engineer must contend

with, in particular for aquifers that are not fracture dominated. For. example,

C

the amount of particulates can be a crucial factor in the cost of injection when

fractures are not present, as they tend to clog the formation and their removal

through the use of sand eeparators, epecial_weil completions, and injline"

filtering is‘expensive. Also ;he brine utilization scheme_can have an important

effect on the 1nJect1on system, since a system that results in oxygenatlon of

the fluid to be injected can result in serious corrosion problems. The necessary

treatment to prevent excessive corrosion will again have an important impact on

cost.

There are significant environmental factors associated with the injection

of fluidse and in & previous session of this meeting some of these £9°t°r§‘;N
were;discussed. Indueed seismicity, control of subidence,‘geochemicalrbrine
incompatibility, chemical treatment methods, and the enyirqnmental pollutiqn
of groundwater (in the case of shallow aquifer injection) are all questions
--although site specific--that require additional study before a>fu11—sca1e
injection project begins.

_The prnblems of injection welléteSping, pa;ticnlarly in ehe‘ease.qf a
boiling reservoxr fluxd or fracture flow, are numerous and mostly unresolved
Recent stud1eszo 21 pave defined some of the 1mportant phenomena.

In addition to the problems associated w1th the brine chemistry, ;he
reservoir environment, and well testing, there are also significént field
mnnagement preblems. These problems are reieted'to>the optimizetion:in the

utilization of the resource. The number of wells, the well patterns, the



385

amount of fluid inj90t9d3139§»Fhe temperarure;of’the)injeoted fluid must all be
chosen‘to:provioe 2 minimum cost for_pipelines,:pemps,;ano welis; At the same
time, the>reservoir“pressurer(aod vapor saturation for‘twofphasersyerems),_rnd
heat that isvcaptured‘from the rocks must be maximized by the injection without
premature cool-water breakthrough ‘The "sweep" of heat from the'rooie'by fluid
1n3ect10n,‘and the large potent1a1 ga1n in power productlon that can be realized
has been reported by Grrngarten and Sauty16, Nathenson21 Kasameyer and |
Schroederl%, for example. |

The éveilabiiitf of!iarge?scele multidimensional and multiphase
numericeffreeeréoir"simulafors'how'makeevit possible to:stody:the reservoir
‘fiow phenoﬁehe} well test behavior;'field'hanegemeht problems, and some of
thé'eh%ifbamé5£31”p£6b1eﬁé aesooiatedﬁﬁitﬁi{njection. 'Reééhé“iepoéfg"ﬁy o
Mangolae.ef;eizz; Priféﬁett; et”&1?3;io'su11i$23‘hna’fruésQZO, and btheté“’
have ehoﬁﬂ rﬁafitﬁe'épplioetionﬁof naﬁericel eiﬁulation'ro geothermel
1n3ect10n 1s a very fruitful approach; ’ |

The purpose of the present work is to review the basrc physrcal
'ﬁiphenomene assoc1ated with geothermal 1nJectxon, to drscoss problems assocféred
’with iré‘numerical simulation and to presenﬁ the results of some numerical
etudies; VThe_particular,problems_ehoeen for egudy,are:: o o

fw(}),_injectionrof.ooldeeger’igro a thin (single layer) reservoir;

‘]_(2},va five-spot pro@uerion/injeotioo configuration in a thin (single .
flayer) reservoir;n,vr eee il e ;fﬁiﬁﬁ,:v
(3) injection of cold water into a thick (multi-layer) reservoir;
.51(4):;ipjecrionaof cold water into a one-dimensional vertical ngUmn;

representing a cross section of Larderello geotherpelpreservoirg;,

These four problems by no means include all those of interest and in each

case only one set of reservoir parameters is considered. However, they
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provide a means of assessing the accuracy of simulators such as SHAFT792%4 .

&_j

in solving injection problems and in quantitatively discussing the most

“'important physical phenomena which occur.

v

2. Injection Physics

~In ;his section the physicé of the flow du;iﬁg injection of fluids is
reviewed in two parts. The first part deals with ipjection into a reservoir
that can be approximated as a uniform porous medium for whichrDarcy's Law is
a good apprq%imation, and the second part deals with flow in a reservoir
whiqh is dominated by one or more large fractures. The difference between
flow in a porous matrix and a fractured matrix is important for both thermal
and hydrodynamic phenomena. In a porous material, the temperature of the
fluid iﬂ»the pores is always 91953,?0 the temperature of the porous matrig.
This is not necessarily the case in fractured media. In homogeneous porous
media the hydrodynamic flow is slow and often approximately isotropic. qu
fractured rock, the flow can reach turbulent velocities in the fractures

and, in general, fracture flow is not isotropic.

2.1 Porous Matrix

When a fluid of temperature T; is injected into a porous rock férmation
of temperature Ty, two fronts begin to move away from the injection point.
The two fronts, shown in Figure 1, are the hydrodynamic front, which occurs
at the farthest distance traveled by injected fluid, and the thermal front
vhere temperatures jump from T to Tj. |

Bodvarssonl? solved this problem for linear one-phase flow very elegantly,
and several others have done so for radial flow.

V,Kasameyer17 showed that in a liquid saturated reservoir a particle inthe

o~

injected liquid remains at temperature T; for an interval of time given by o
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 SWEPT VOLUME

QOuter zone

Tempe"r,cj’fure front

T= TreServbif._ B

- Hydrodynamic front

5 Figure 1. Fronts in a typical j,nject;lqn 'ptOb(leuiQ - (XBL 8010-2863) v
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T
At = t - (1) I

1 1""l’p 7 : &v’;

vhere t; is the time (after the injection began) that the particle was

injected and T is the ratio of "thermal masses" given by

P (Cy | ‘ |
T = o (2)
$p Cp + - ¢)prcr. \ :

Here ¢ is porosity, p is demnsity, and C is the specific heat capacity. The
subscripts f and r refer to fluid and rock,-respectively. for typical ﬁofOUS‘
médi#, ;- o S

by % 025 : o
This result is applicable if the injected liqﬁid’movgg with a sharp ftontf
(piston displacement). The ratio, T, can also be shown to give the ratio
of the injected volumes behind fhé therm;l and hydrodynamic fronts
respectively, that is . |

v

T,

vhydro ' ‘ )
When cool liquid is injected into a porous rock that is fuily'saturated
with a two-phase fluid having steam saturation S;, the hydrodynamic front
can be rather broad. The injected fluid causes steam compression, condensa-
tion, and pressure increase in the two-phase zone, giving rise to outward
flow of mobile water outside of the swept volume.
In a particular problem studied by 0'Sullivan and Pruess20, the thickness
of the zone where liquid water saturation changes from 1 to the undisturbed
value of .8 turned out to be sbout half an order of magnitude in the similérity
vafiable t/R2. A formula analogous to (3) above for injection into a two- —

C

phase reservoir is derived in the appendix.
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“The viscosity offflﬁ{&é;éiﬁciudiﬁg}hﬁtet—;is strongly dependent upon
temperature. This fésuits’in'Seﬁétiliiﬁpértéﬁt pﬁéﬁdﬁéna‘whénithé‘injéctidn"
temperature, Tj, differs significantly from the temperature of the country"
rock, Ts. Tsaﬁg18s25’héé;méde'éevéfallﬁﬁméfiééi studies of the effects of -
injeéﬁioh,'and Lippmahh'ét #ilg‘ﬁsed fésetVoir‘éiﬁulﬁtionrtO‘stddy{sihgle-
Phasé viscosity effects. 7O'Su11ivah’éﬁd;P:§eészo have obtained similar .
resqltschrgavtwo*phasqtekémple;“»Thé?fés61;€1dbtainéd~by»Tééng éﬁdiLippméﬁn
Cshgw.that;gtfgéfly':imgs during"injectionEOf_céld'WAtet the‘ﬁ:eSsufe response
at the injection well is‘detgtminediby thé‘#iscbéity ofzthe rese:voit fluid at
temperature Tg. Thé'resbonée‘thenJQuiékly‘uhdergoes‘éffrdﬁSifidn to a steeper
gréﬁfh rate determined by the much higher;§isc06ity.of the cold injected: -

fluid. Recent results for the two-phase case are répbitéd below.

" In addition to the viscosity effects thére‘éféféléq‘efféétg’due to
‘the differept’flﬁid’QQQSitiés at tembératﬁf§é T1‘éﬁ8”T2;_'in'ché?diééuséioﬁx‘

above we have' assumed that the fidw'ié“fadiai'éway”ffdﬁ the ‘injection well, and
;,uniférﬁ‘withﬂdepth in the fééerVoir;"{Thé effect of different densities ‘of the
%'fldi&é“with temperatures T; and TziiS'td:ha§e‘fhe:ﬁéaviér'flﬁid'gfav{taté to

;hgtppt;om?ofvthe‘reservoir,<_Du;inééinjecﬁioﬁ tﬁiEfFQSufté in éffrbntftﬁat

becqg%ﬁ_mdge}gpd‘mﬁté i@gliﬁéaﬁ iéégéﬁéﬁh in Figuré ifﬁinjéctién‘ofﬂ¢pbi fluid
piﬁigfthick_rgéerOir:résnlts5in:é[tﬁéfma1 f:6h£'QﬁiéﬁfEOVQS“faStgrigtsfﬁé'bdttom

of ghékgesefvoiri Nathepéqn2} ap§foiiméted‘Eﬁé?éésé76f“éald watér;injégted‘*

into a‘ﬁoé‘liquid;éafﬁfafea'regero{f,ﬁlLiﬁbﬁzﬁhlg;;ﬁﬁd'Tﬁéhgzz énd'c&-?;“"/
~workers have ;énﬂq;téd»§e0éiaibﬁumériééldstudiéé:oféinjéaéipn2inc1udi6éfthe

gravity segregation effects. o |

" fThe ;ffegtsqu;gravity-gég;egacioaﬁgaga cool 1iquid is injected into "
tﬁoéphaée“reséryoiifafé”eveﬁ more iméorféqtldﬁé‘tofthé iéﬁéééﬁéffférénCé‘iﬁT:
density of the liquid and steam. ;Tbéée'éffééfé.have’aIsé”Bééh?iﬁOést{gated

numerically for two-phase reservoirs and will be covered in detail below. -
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The effeéts~of the thermal conductivity of rocks and water have been
a subject of stu&yiby numefoustmodelgrs. ‘fhe consensus opinion is that the
. conductivity of the rock is so low—-even when fully saturated with liquid--
that in most cases the,bfoadéﬁiﬁg'qf the thermal front due to heat flow in
front of the invading cold water ;énAbe>neglected. That does not mean that
thermal conductivity does not play an, important role in geothermal
processes, however. The heatvlosses over large boundaries--particularly
from a thin aquifer (reservoir)-;canibg appreciable, The vgrtical temper-—
ature profile near the ground surface in a very thick geothermal reservoir
is governed by conduction effects. We will not discuss this special
consideration further.

There are two additional physical phenomena that play an important part
in the development of hydrodynamic and thermal fronts. One is the "fingering"
effect that develops when the invading fluid and in situ fluid are miscible26,
In the case of a cool brine invading hot brine, thié'consideration has
importance only with respect to tﬁe fluid chemistry of the liquids. This is -
due to the fact that the mixing occurs at the hydrodynamic front, and hence
has only chemical not thermal significance.

However, in the case of liquid injection into‘a‘two-phase fluid the’
miscibility and phase in;eraction of wéter and stéam might result in consider-
able broadening of the.boiling zone shead of therhydrodynamic front. In
Figure 3 we show anvexample of fingering taken from Blackwell, et a126

Although the fluids in this example are not water and_stgam, the
phenomenon is common to any miscible f1ui&s and becomes more,signifiéént és
the densitigs and relative permeabilities of the two miscible:fiuids'becoﬁe
increasingly different (e.é.;rwater and dry steam). The fact that,waﬁer and
stgam‘a:e\interac;ing phases obviously'complicates the analysis of ;his

effect.
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" ~Injection well
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The second consideration, with regard té frontal advance, is hydrodynamic
dispersion which applies to both the;ther@al andfhydrodynamic f;oﬁtQ; ffof“ k—f
the advance of a liquid into a two-phase fluid, the well-kndﬁn'phehdmeﬁdﬁ of
hf&rodynamic dispersion27 migﬁt;play a sighificantﬁsecoﬁ&éry role in the
sﬁreading of the moviﬁgrtwo¥§hasé‘£6ne ahea& of the hydrodyﬁamic front.
Hydrodynamic dispersion fésuits:in a?sbreﬁding ofuthé“thermélgfrdﬁf élso
(usualiy referred t§ as therhal dispersion28), Coﬁsiﬂe?éble effort has
been épent in studying dispérsidémﬁf épecies concentration29.' Bufkmucﬁ h
less ‘has been accomplished in ﬁo&eling‘or anaiysis of therma1>diépe;si§n.
Hydrodynamic dispersion of a liquid/two-phase interaction is a tétﬁil}'néﬁ”h

consideration and to our knowledge has not been investigated.:

2.2 Fractured Matrix

Some of the effects discussed above are applicable for injéction into .
fractures. However, there are a number of special considerations that are ..
peculiar to hydrothermal flow in fractures. The most important fraéture L
phenomenon is the anisotropy of the flow that is related to fracture
orientation. It should be noted that the presence of fractures does not. -
necessitate modgling the detailed anisotropic flow. Warren and.Root3°,
Kasameyer and Schroeder14, and others have investigated the fluid and .
heat flow in distributed fractures. They have‘shownfthat‘thereris‘a,:angeﬁg
of fracture Qpacing and aperture over which the rock behavéé like a porbus'
anisotropic medium. In this range the frac;ure orientationris,irrelevaﬁt.‘
Outside that range of fracture spacing and'apérture the ftactures,ﬁus;;bg,;
modeled, taking into account both their orientation Andrhydrothefmal response.
For example, the numeriéal results for plane, parallel fractutés=in&icate~
that for typical geothermal rocks the fractures can bervery widely spaced,

>50 m say, while still displaying the thefmal behavior of an equivalent N/
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pofous medium. The material parameters-—porosity and permeability--for the =

equivalent porous rock are very difficult to estimate or verify, which

’iréduEee the practical valite ‘6f these observatibnS“ﬁ4if the average: fracture

spacxng and aperture can be estimated from dr1111ng, cor1ng, and testing,
then the appropr1ate modellng approach can be chosen.

o " When the fractures must be modeled as dlscrete channels, both the f1u1d
flow and heat flow from ‘the rock to the fluxd must be modeled accurately.‘
The’fluxd flow in parallel smooth planar channels was - shown to follow the

relatxonsh1p /

' B N [ A I

Q = 2 — | = W)
In e/rw :

MM PO S S KPR T

. for radial flow. - Witherspoon et a13l have shown that this relationship

holds for rough, irregular fractures even for different effective applied
.stresses ‘across the fracture faces. Here w is the fracture aperture, y is
viscosity, p is pressure, r is radius, and Q is ‘flow rate. The subscripts

e and w refer to a reference radius and to the wellbore radius, respectively.

P This;result ‘suggests that a "fractufe permeability" should be defined to -

be w2/12;”?Equetion"(4) holds only for relatively impermeable rock. If the

' rock has some matrix permeability and “leaks" fluid ‘into the fracture, -

“equation’ (4) no ‘longer holds true. ' iii .

“i—The'heat’flonffrom the rock to the fluid moving between plane parallel

» plates‘has-been"apptoximated‘in‘studieS'bf the heat transfer properties of geo-

.+ thermal fractures by numerous investigators. The important observation is that

a;hydrodynamic¢and‘thefmel'frOnt*willunotfmovefout radially from an injection

';gnwelifwhen'flowﬂis*predominantlyﬂthrough:fractnres;e Bodvarsson and Tsang32 o

have begun numerical: studies of .these’' phenomena for both-1liquid: flow and two-
phase flow.’ When flow is through vertical fractures the.gravitational effects
will:be important while the effects of miscibility and dispersion are not.

NS BT S O VT SLE B R
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3. Numerical Simulation of Injection . : R o

3.1 "Front-Dominated" Problems

From the polht of vie& of humerical modellhg,'the‘problem of the injeétion
of cold water into two-phase or steam zones is dom1nated by the movement of o
fronts (see Figure 1) As dxscussed in sectlon 2, there is & hydrodynam1c,
front, which separates the more dlstant parts of the reservo1r from those
swept by the 1nJected water, and tra111ng behxnd th1s 1s a thermal front
where the 1pJected fluid makes a transltxon from reserv01r temperetqre to -
injection temperature. It ie near theee froﬁts where'the eignificant
changes Occur.: The methods of spatlal d1scret1zat10n and volume averaglng,'
which are employed in numer1cal 81mu1ators, have 1nherent l1m1tat10ns for'
front—-dominated problems. The shortcomxngsfof these methods are’ now dxscussedh
in some detail. Subsequently it is shown,’ by way of numer1ca1 experxments
as well as analytical methods;, that simulation nonetheless‘ylelds setlsfactoryL
results if executed carefully. |

For one-dimensional radial injection into a two-phase reserv01r the
situation is characterized at all- txmes by a cold zone around the 1n3ect10n
well, surrounded by a swept zone close to‘or1g1na1 reservoir temperaturei: |
Outside of thls swept zone, some cOﬂdeneation takesvplace which is accomoanieo
by slight temperature and pressure inoreases and outwerd flow. The baS1c flaw
of finite-discretization modeling of this process is caused by the fact that
for some period’of time the separation between hydrodynamic and,thergal,ftonts
is less than thevgrld spacing. TherefOre,lthe'hydrodynamic front‘is’mooeled as
having a lower temperature. This causes a spurious flow from the outer‘zone
inward, toward the hydrodynamic front. Actually, the flow induced by cold’water
.1nJect10n into a two-phase system 1s outward, away from the 1nJect10n well at
~all times (see below). | S o »I A ‘1"71 an
"In qathemetical terms,_the difffCulties arise from the}fact;that the" !

applicable mass-and-energy-transport equations are usually predominantly
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diffusive (parabollc) 1n nature. but dxsplay strongly convectxve (hyperbol1c)

Vcharacters1n the vicinity of the fronts. It is well known that hyperbol1c

‘equations, when solved on_.a d1screte spatial mesh are subJect to much

stronger.numericalidisperslon._

3. 2 Rad1a1 Flow ',

The 81mp1est and most ba31c 1nJectlon problem 1nvolves one-d1mens1ona1

;rad1a1 flow 1n a th1n reserv01r. We have used var1ous grld spac1ngs to

,s‘x

simulate the problem defined in Table»l (AR =0.5m 1m 2 m, 4 m.)'f

5F1gures 4 and 5 compare 31mu1ated results w1th sem1-analyt1ca1 solutlons‘ .

S

’ obtaxned from the 51m11ar1ty solut1on method (reference 20). There

1s very good agreement for vapor saturatxons and pressures. The numericsl

17s1mu1at10n does less well for the temperature front which is predlcted in -;?

/ithe prOper locatlon, but has been smeared out cons1derab1y. The grxd

spac1ng used in these s1mu1at1ons is AR = 1 m. Figure 6 shows that a

~significant improvement is obtained for a grid spacing of‘.S mn

The satisfactory agreement’of‘the numerical,simulation with the ¢

fsimilaritp-solution‘method shows 'that, in spite of the problems noted above, '
‘the simulatlon seems to "work." We shall now examine the numericalvsimulation
71n ‘some more deta11, 1n order to develop a better understandlng of the

foperatlng mechanlsms.f

After 1n3ect10n starts, the temperature and pressure in the well

“block dec11ne due to m1x1ng w1th colder water. Thls causes a (Spur1ous)
»flow 1nward 1n the reservoxr,_towards the well block.s (Note that water 1s
fmobxle -at 1n1t1al vapor saturatlon of 20 Z ) After a wh11e a phase transrtxonr

Toccurs in the well block. Further 1n3ect1on causes pressure to increase

rap1d1y, and . water beglns to flow Outward into the second grid block This

‘water has a‘temperature intermediate between the injection temperature and the

original reservoir temperature. The second grid block experiences a sequence




TABLE 1: Parameters used in Injection Simulation

PROBLEM
PARAMETER 1-D RADIAL_ FIVE-SPOT © ~  2-D VERTICAL

‘Rock density P, (kg/m3) 2600 2600
:’fnock spgcifie heat G, (J/kg°cC) 755 755‘
fRock heat conductivity K, (w/m°c) 2.1 i.l
‘Porosity ¢ (%) 10 10
-mPerﬁeability k (10‘]15 m2) 40 40
'Residual immobile water saturation Sy * 40 :.40
”Rgsiduai immobile team saturation Sgc * 0.0 0.0
'Reservoir thickness (m) 10 100
Initial reser\ioip temperature (°c) 240 240
Initial vapbr saturation (%) 75 75
'Iqjectiqn enth#ipy (3/kg). 147000 . - _ - 138300
“Injection temperature (°c) : 40.0f1L' 5 33.0
‘InjectiOn rate;(kg/sec) | 0.0, 0.025,-6;05§.‘ ‘.>6.0, 15;0

_.Production'rate»(kg/sec)

e A AT

*Corey's equations as given in Equation 5 were used for relative permeabilities

O

96€
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of events similar to the firsghérid block: ‘ﬁhewwegei;;nflow ;rem'tﬁe weli

bleck occurs at somewhat lower temperature, caqsing Eemperacufeuand pressure

in ﬁhekéecon&'grid block to drop and inducing inward flow from the third

grid block. Flow reverses after the second grid biocﬁ'ﬁakes a bhase transition
to liquid copdiﬁions, and the process continues in the third grid block.
Due to repeated contact with the rock and mixing with fluid of original reservoir
temperature, the temperature of the hydrodynamic front increaées'ee'it"mOVes on
from grid block to grid block; ‘ The aﬁpli;ﬁde1of the spuriouéiihéafd flow
diminishes in:thé'proeess,'until“it~fi§ally diSappearé“entirely.. The:edﬁancing
hydrodynamic front causes some steam to cbmpress”and‘condeﬂee, thus increasing

temperatures slightly above original reservoir temperature. In the simulation,

' 'we observe that the hydrodynamic front at late times experiences a temperature

increase of AT = .374 °C.  Assuming complete condensation of the steam present
in the swept volume a simple heat balance calculation gives a temperature

increase of AT = .381 OC, in very good agreement with the simulated value.

' We believe that the outward flow (mostly water) caused by the condensation”

" process is responsible for the very diffuse hydrodynamic fronﬁ‘seen'in the

simulation. ‘Comparisoh with the similarity solution, Figure &, shows that this
teptesentéfa "real" effect, not an artifact of ‘the simulation. Because the
hydrodynamic front is so diffuse, good results can be obtained, even for a large

grid'spacing of AR = 4 m., The temperature front on the other hand is very

‘sharp, and subject to much stronger numerical dispersion (see Figure 5). For

completeness, we mention that a rather sharp hydrodynamic front Will”occﬁt"in
the case where there is no mobile liquid water in the reservoir.

“Further insight into the simulation can be obtained from a consideration

tpf t/R? invariance. Consider a grid with spacing‘ARi;b It is easy to see’

from the discretized mass- and energy-transport équations that the ‘entire

simulation calculation for radial geometry is invariant under the transformation:
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AR. => AR.' = €AR.
i i i

o : B LR oo ;
- ' =

If all ;a&ii in the grid are scaled by a factor &, and all time steps
are scaled by‘a'factor €2, the numericalrsiﬁﬁlation'prodﬁcésfidentiéai"
resﬁlts,’element for element and time step for;time'ééep. -The reason for
fhis;is,that in the finite difference equations time steps and volumes
appear only.in the combination At/V;j, and that the flow terms comtain
geometrical. factors in the form Aj;/(d; +jdj).'vneré Ajj is ﬁhéxiﬁierfaéé
-area between grid blocks i and j, and diwand djvare thélfespéétiveﬁaiséanéeé
of the nodal points from the interface. Whereéérthe ébluéionhfp the differ-
ential equationé is strictly\dependent upon E/Rz; the sblﬁtiqﬁ of théi
différence equations has this property only éppfoximétely. At aifféfeﬁiqmeéh
points the solutions at times chosen to give the same t/R2 value are not
identical because of the time dependence of numericalﬁdispetéion. ﬁéwéver;'as
explained above, simultaneous gcalihg of'béth‘the time étépéﬂandffhe gri& B
produces a "discrete" t/RZ invariance.

We have verified the above ﬁentioned invariance properties.of the
difference equations explicitly by means of numerical simulation. Simulated
results at t = 160,000 sec for a grid with spacing AR = 4 .m are ident§¢a1?f
element for element, with results at t = 40,000 sec for. a grid with spacing.
AR = 2 m. This property was then used to obtain simula;ions_forhthe,finer,
grids, in the following way. Simulated results at t = 160,000 sec for a grid
with AR = 2 m were used to initialize the simulation with the AR =.1 m grid
gt t = 40,000lsec,_and,similarly for the AR = .5 m grid..

The appendix presents a simple lumped modelvfo:-gqmpqting ;hejmgvgmeé;
of hydrodynamic and thermal fronts.. From Equations (A.4, A.3) we compute, for

-

t = 1.6 x 10 sec, a radius of the swept zome, Ry = 28.31.m. At this. = .. Q.J
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radius, simulated steam:seturatiou is 11.3 % (see Figure 6), which is close
to the mean of O'Z and 20 X.- The slighc deviation occurs because the hydro-
vdyueuic‘frout is spread out iu“eu asymmetric wuy;mwith the"inner‘pert;being
‘ steeper than the outer part. The spreading is a “true“ physical phenomeuon,
tfnoc included in our 1umped wodel, which is caused by water flowing 0utward
outside cf the swept volume, as a consequence cfccondensation-induced
pressure. increase. From Equatlon (A.4) the lumped model predicts a rad1us

v of the cold zone, Rcold" 6.14 m. At this radlus, simulated temperature 1s

167 C (4R = 0 5 m gr1d) whlch is the exact mean between 1n3ect10n

Ed

,;temperature and orxglnalrreservo1r temperature.‘f

In summary we conclude that comparisons‘uich;the similarity solution

lumethcd”and(use of. various grid spacings demonstrate that numerical simulation

- of injection can produce accurate results. Further insight into the workings
\;end”applicebiiityﬁcf numerical simulation for injection problems is obtained
" from a lumped parameter approximation, and from the invariance properties of

the governing equations in finite difference form.

4, Analys1s of Injectlon Well tests

“The results ‘given in Figures & - 7 apply to a simple constant rate h
 'iuJect1on~test. The sem1log plot of the pressure bulld-up curve shows two R
i;sﬁraight’liue sectionsi(Figure 7). The first corresponds to movement of{‘
;lhcc‘uater:and the second to the‘movement’cf cold water. In either case.i
~'the mobility‘cf the water can easily be caiculated. ‘This is not genéraliy'
ﬁ?pcssible fcr*ﬁroducticn tests in two-phase reservoirs since the mobility%'i‘

‘changes during the course of the test and depends in a non-obvious way on

i e
%

the relative permesbilities. = = ’ S SRR
‘From the straight line portions of the pressuré plot the kinematic '~

mobilities can be calculated from the formulas given by Garg33 as




33

1 | |
g 32r / A |
< Tem]percifure ~/~Slopeimplies (kp/u)= |
- ron , ‘ e
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‘ XBL 8010-2864 «
‘Figure 7; Simulated pressures f&r radial injection problem.  (XBL 8010-2864)
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8.23 x 107 & for the 100 °C water and 1.79 x 10'_6.’5_‘ for the 234 °C
water, _These values compare very well with the exact values of 8.24 x 1077 s
and 1;731x 10-6 s'respectiuely. lt is worth mentioning that the wellblock
pressure, if referred to a rad1us of,.56 Rw (R, = well block radius) as
suggested by Garg, yrelds a po1nt on Flgure 7 which is thh1n line thickness
of the cold" stra1ght‘11ne. - 4

It is shown in the appendix that the location of the thermal front can

be used to estimate porosity. Inserting R, = 6.14 m for t = 1.6 x 107 sec

(corresponding to t/Rc2 = 4244,1 s/mzl,'as read off from Figure 6 into

Equation (A.7), yields a very accurate value of ¢ = 15.05 %X. However,
taking t/Rc2 from Flgure 7 at the 1ntersectxon of the two stra1ght lines,

t/Rc2 = 4600 s/m2, gives ¢ =‘24.5 %. Small 1naccurac1es in t/Rc2 translate

‘into large inaccuracies fOr ¢, because insthe numerator of Equatlon (A.7)

two large numbers of equal order of magnxtude are be1ng subtracted Field
appllcat1on of th1s method of porosxty est;mat;on has to use the 1ntersectzon
of the two stra1ght lxnes, and one can not,expect very acourate‘results from
thxs approach.

The excellent agreement between the sem1~ana1yt1c results and ‘the
SHAFT79 results nges confxdence in- the abilzty of the s1mulator, with careful
mesh desxgn, to analyse more compl1cated 1n3ect10n tests 1nc1ud1ng 1nhomogen-
e1t1es in the reservoxr (skxn) constant pressure boundarxes (fractures)

and variable 1nJectxon rates.

5. Five-spot Results

In order to 1nvestigate the optxmal use of reanect1on in a vapor-
dominated geothermal reservoir, a five-spot configuration of production and
injection wells (see Figure 8) was studied. A production well spacing of

1000 m was assumed and reservoir parameters typical of the Italian reservoirs
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? Production well

& Injection well

Figure 8. The configuration of production and injéctioané118~~r7*f

and the computational grig_fof{the five-spot problem.
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were used (see table 1), The production rate of 0.025 kg7secrwé5“¢hosen to

give a supply of fluid in the reservoir sufficient to sustain approximately

thirty years of production.'k
Because of the symmetry of the conflgurat1on only one eighth of a typxcal
five-spot has to ‘be cons1dered. The mesh used in the SHAFT79 calculations is
shown in Fighre 8. Three cases were considered:
(i) no%injection, |
(ii) an injection rate equal to the oroductlon rate,
(iii) an 1n3ect1on rate double the product1on rate.
The vapor saturation in the reservo1r is sufflcxently high so that water is
immobile and therefore vigorous bo111ng is- tequ1red to ma1nta1n the requ1red
production rate from steam alone.' Therefore the pressure_must decline as a
consequence of bo111ng. The permeability iﬁ:the’reSerVOir isﬂsufficiently
high to allow comparatively rapxd Spreadlng of b0111ng and the assoclated
pressure decline. As can be seen in F1gure 9 the pressure dtops almost
un1form1y across the reservoir _as time progresses, with a correspondxng near
mnf.orm temperature drop”and va;or saturatmn increase. Once the reservorr
has completely‘supethéated (dried out) the amount of mass left in the
reservoir is very small and’the pressore~declines'very rapidly (see Figure 10).
At this stage the reservoir temperature 18 st111 hxgh (~ 220 C), that is,

plenty of heat remains in place. In 1ts unexploxted state the reservoir

contaxns 57.4 x 1013 J of energy of wh1ch only 3 x 1013 J are contained

1s‘the fluid. Clearly not a11 of this energy is available for exploitation.
tﬁ?te;iéiéhigweiglimith9 the temperature of the reservoir at which production
is likely to be osefolr Fot reference;\e-simpie caieulation gives the energy
contained in the rock matrix at 180°C as 39.8 t 1013’J. . At the end of its
aséfpl;}éfg,@pé1;2§é£§6i§§§£111 cohteins‘Sb;O x 1013‘J. Some 4.4 x 1013 J

have héén,trghsgerre§ from,the;rock to the floid to sustain the boiling.
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In case (ii) ﬁhere ldogzrpf'the froduced fluid is reinjecteé,'the gﬁ;
injected fluid does hot signifiqaht1y infldepcé eﬁe ptbduction~until after
about thirty years, the stagé ét which the reservoir wbuld be exhausted with
no injection. The injected fluidjbeing mﬁcﬁ more deﬁse than the original |
fluid, with 75 % vaéor saturation, occupies a much smalle:‘volume. The‘
pressuré gradient required to push the more viscous warm §r h;figétéf
through the reservoir is not susgéined beyond the condensation point where
the boiling fluid meets the hot ‘water. The very large“effectiye compres—va’
sibility in the gwo—phase region prevents pressure éhangesrat thetinjection
well from influencing the production well, |

At thirty years aboﬁt 50 Z of the resérvoir has dried out, a small
fraction-i§ completely liquid and the rest is boiling (segv%igu;e 11). After
this time the production comes from boiling in, and extehsiﬁn of, the two-
phase region. Some of the water is mobile in'the boiling fégioh”and therefore
it encroaches into the previousiyrsuperheated region. Also §s'the pressure
over the whole reservbir‘drops, éome'of the pondéﬁsed hot w#ter starts boiling.
The overall pressure continues to declineiin order to produce enough steam and
the gradient in the superheated regiqﬁ'around the well steepens onée all the
mass supply near the well is eihaﬁéféd. Tﬁése two effects lead to unacceptably
low downhole well pfeséures at about forty years. At thig stage there is still
plenty of heat left in the reservoir (48.9 x 1013 J). An interesting feature
of the reservoir temperature distribution after thirtj yégrs'(see Figure 9) is
that because heat isABeing "mined" from the boiling region its temperature drops
below that of the sd;;;heated steam region surrounding the well.

For case (iii);\with the injection rate double tﬁé production rate,
the results are qualitative Similﬁt’té éase (ii) (see figdre 12). At thirty ,\
years, the reservoir has a éupéfﬁeated zone (smaller than in case (ii)), a o/

boiling zone and a largesliq;id{zane;f*Production,is:poésible for a further
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twenty years during which the:boiling zone extends into both the superheated
region and the condensed region. The pressure throughout the reservoir
declines:steadily wvhile the temperature declines,most,rapidly in . the two-phase,

b0111ng zone.' At the end of useful productlon, the energy remexnlng in the

;reserv01r 1is still 46,9 x 1013 J and clearly hlgher injection rates w0u1d .

increase the longevity of the field still further.

From these cases it is clear that reinjection can extend the life of a

'twd-phase system considerab1§ but it does not increase power output. . In

fact because the 1nJected fluid reduces the volume of the bo111ng zone:‘?“
avallable ‘for steam production, the production-pressure drops slightly faster
when more fluid is injected (see Figure 10).

The results obtained here are for an idealized homogeneous, isotropic,
thin reserveirt>f1m realwreservoirs,"fractures and gravityfwiii lead to a

preferent1a1 movement w1th respect to d1rect1on or depth of the injected

6. Gravity Segregation |
| 'A numerical study of gravity segregationvefteéts has:been comﬁieted

for e sxngle cho1ce of 1n3ect1on temperature and reserv01r saturatten.

Several dxfferent cases were examined for a relat1ve1y thxck (100 meter)

plane’ parallel'reservo1r.*¢Water,at 33 c was 1nJected in a s1ng1e well

vith the reservoirbinitisl}y‘ht“sfsteam saturatxon of S‘= 0.25. ﬁmgble 1 and 2

summarizejthe initial conditioms for the different problems. The results of

the ‘computations are presemted“in severel figures showing some qf:tﬁe most

important~points. Figgre;i3;sﬁo§s the results fromiProtlems 1 and 2 described

in Table 2."*Tme;£ighre“smees a ebmparisom of the gravitydehd no gravity

cases, and demonstrates dramatically how ﬁmportapt gravitf'segregation effects

are when an appreciable‘amount of steamfis‘present in the reservoir. 1In these

calculations the absolute permeabilities were the same in the horizontal and
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" TABLE 2: Injection Parameters

Case number 1 SR A T & .5 - 6
. Gravity (m/sec?) 0 9.81  9.81 9.8l 9.81 9.8l
Open interval 100m 100w top top . bottom  bottom
, 40m  40m 40m 40m
Injection rate . 15 15 15 6 \ 15 6
(kg/see) : '
0o

N,
(@)

Depth (m)
3 38

~100 B0

 Radial distance (m)

Figure 13. Locations of the hydrodynamic front

- : for injection into a thick reservoir.
Case 1, no gravity, —-—-; -
Case 2, gravity, mmes, - - : —_
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vertical directions. In many cases, the vertical permeability will be con-
sxderably less than the horlzontal and w111 reduce the tendency of the injected -
fluid to slump to the bottom of the reservo1r,; F1gures 14 and 15 show the
corresponding tenperatures ford}roblem 1. The Spreadrng ofgthe,thermal front is
a numerxcal effect due. to the coarse mesh (20 m)

1In Flgures 16 through 18 the results for Problems 5 and 6 are presented.

The calculatlons show that the LnJected f1u1d 1n1t1ally plumes upward “but :then
the motlon 1s Outward and downward through the remalnder of the LnJectlon period
of about 120 days. Obviously there is a relatronshlp between ‘the vertical
height of the leading edge and the»injection-flow rate. - At the higher rate the
hydrodvnamic“front isvmuch more spread;out with an apparent "second'pulse"
forming near the well. dt theulower rate‘the liquid simply slumps into the
reservoir with a large gravitatgonal effect.‘ This,results in a;leading edge of
- liquid at'ahout 3/4'the;distance,offthe higherfrate;.even,though the higher rate
is more than twice as great (15 compared to 6 kg/sec of’injected water). |

- Although the liquid advances very quickly near the bottom of the‘aquifer, the

- thermal fronts;;as'shown lanigure‘18¥—lag'tar behind. fThesefobservations have
1mportant implications for productlonILnJectlon well f1e1ds. ;_ ‘

Fxgures 19 and 20 show the results for Problems 3 and 4.i‘These results,
although not carried out as far as the others, show a s13n1f1cant downward
mlgratxon of fluid, and suggest that the hydrodynamlc front w111 eventually
develop more nearly like the full injection case descrlbed above.

Due to the large compress1b111ty in the two-phase portlons of the reservoir,
we do not see a significant pressure 1ncrease beyond the hydro-dynam1c front. 1In
the case of 1nJect10n at the top of the reservoxr an 1nterest1ng, but relatively
unxmportant, pressureAeffect occurs. Due to ‘the slumping, condenslng lxqu1d
the pressure decreases sllghtly at the top of the reservoir near the hydrodynamlc

front, which results in a few percent increase in steam saturation locally.

LAY
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into a thick reservoir. Case 5, bottom~injectioh at ?
15 kg/sec. : ‘ :
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Figure 17. 'Locations of the hydfodynamic front for 1njéction
’ into a thick reservoir. Case 6, bottom injection at
6 kg/sec. ' ' '
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Figure 19. Locations of the hydro-
' " dynamic front for injection
into a thick reservoir.
" Case 3, top injection at
| |
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Figure 20. Locations, of .the hydro==
' dynamic front for injection
, , : into a thick reservoir..: v
L : Case 4, top injection of a
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50 '00 S - kg/sec. BRI (-
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Since a coarse grid was used for these calculations (20 x 20 m), a
number of questions remain regarding numerical effects on the detailed fromt

propagation. These questions were outside the scope of these investigatioms.

7. One-Dimensional Approximation of Larderellof

we conSLder a one-dlmen51ona1 vert1ca1 system w1th porosity. Figure 21

shows our 1dea11zed system and the correspond1ng real reserv01r. Reservoir

properties and thermodynamlc cond1t10ns are simllar to those encountered in

foe

the most‘depleted zones of Larderello.
vszhefweils-produce from a fracture system at»theftopiofzthe reservoir,

The fracture systemvis:presumed to make the pressure uniform at the top and

equal to bottomhole values in: ‘the productive wells. . The steam .produced by

the boiling water 1n the deeper layers r1ses vertxcally to collect in the

fractures at. the top of the reservorr., In1t1a1 conditions are given 1n

Figure 22.  Pressure is maintained practically constant at the top and

botton boundaries by connecting the system with fictitious elements having very
l,large voiumes; The system remains practically steady in these conditions

. with a steam production rate of 17 kg/(sec *km2) . An injected flowrate of

AT T

20 kg/(sec-kmz) of water ‘at 30 C ‘was 81mu1ated at dlfferent depths
A

¥
é

(Figure 23).

4 s ;

_ It has already been noted that in problems 1nvolv1ng sharp fronts and
phase transitions, s1mu1at1on produces osc1llating trends of a certain sxze
and that these oscillations are a consequence .of finite Space discretization.34
These oscillations occur in aIl our examples of water 1nJection 1ntoireg10ns
of the reservoir where P < Pgar. They deriveifrom finite discretization

and from'the hypothesis that, in each point of the reservoir, the rock and

fluid are at a11 tmes m thermal equ:.hbrmm.

I R RN

Figure 24 shows the trend of the production flow rate and some quantities

in the grid elements near the'injection point. This refers to case a) of
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@ Tl R Py
E K=50 mD
@ - 3 $=5%
™ . . L P
T <, 1 7 7 T v X7
:/./ N L ARG ARl St — K=10 mD ‘ :
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45“ K=3mD |
, §> 9=2% 4 1000
— Depth

~const P 1 (my

“Figure 21. Linear flow model for reinjection studies. Rock
‘and thermodynamic characteristics are similar to
those existing in some zones of Larderello:
l-caprock, 2-carbonate formations, 3-fractured
quartzites and phyllites, and 4-phyllites.

(XBL 8012-12874)
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1000 + 1000 1000 -T\\\\\
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Q
o
©
Figure 22. Initial conditions for the model of Figure 21. : ,/’;

=« (XBL 8012-12875).
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d)

4—— 1000 m

: ”f"Figure 23. Depths of - injection for cases a) b), ¢), d)

(XBL 8012-12872)
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. Figure 24. Discretization effects in simulations of the

injection of cold water in superheated steam
zones of the reservoir. _a)production rate,

b) steam saturation (immobile water saturation
is 0.7), and c) boiling rate. (XBL 8012-12877).
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Figure 23 where the thickness of the elements around the.injectiqn point is 3 m. -
In this example, boundary pressure at the bottom is a little higher than in &-j
Figure 22, » | |

As the injected water ggﬁéié e}ément‘qgi‘l,'it1is sooﬁ'vapcrizéd, the
rock and fluid both having theiéﬁm;‘;emperafuré,ét allytimesf :This continues
until saturafiop condiﬁions‘gre :eééhea in the element. vfroﬁ this moment on
not all the water is—Qaporiiéd;lthe ptoductiqé gape{bégins to decrease, and
liquid saturation increases iﬁftﬂé eiement.:lsubéeﬁpéntly the behavior of
the model is controlled by tﬁe;fbllbﬁing”phehoﬁena: |

- liquid water flows gravitationally (in this case) from one element

to the underlying one each time the immobile water saturation is
exceeded in the former; |

- all the liquid water entering an element is vaporized umtil

saturation conditions are reached in it;

- vaporization (and, hence, production) starts to increase whenever

the liquid penetrates a new element in which P < Pgg.

- vaporization begins decreasing whenever a new elementifeacﬁes

saturation conditions.

The amplitude and frequency of the oscillations depends on space
discretization, on the difference between initial temperatufe and saturation
temperatures in the elements penetrated by the liquid Qater, on the pressure
variations in these elements, and on the shape of the relative4petmeability
curves for the two phases.

Our simulation tests have always shown that & finer space discretization
will reduce ﬁhe amplitude and-iqcréase tﬁé,fréquency of the oscillations. |,
Moreover, in the case of disérézizafions that arérgst ﬁoo?éoarse, the
osgillations'all occur a:qpﬁd an average curve; thézreSuIt'of'humgrical (;;
simulation gradually approaches this curve as the space discretization

becomes finer (see Figure 25, relative to the same case as Figure»24).
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Results of simulations with different sizes
~ of the grid elements in the linear flow model.

a) AZ = 6.66 m, b) AZ = 3m, and c) AZ = 1 m.
(XBL 8012-12876) : :
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The relative permeability of the two phases is a vety‘important parameter
for reinjection as it affects both the pressure gradignt aﬁd liquid propagation
through the rock volume.‘ Unfoftuﬁately, there would appear to be no safe
criteria at present for attfibdting one given relative premeability curve to
the various reservpir rocks. Figure 26 shows some theoretical and empirical

curves.

Curve a) was obtained ‘from a version of Corey's equation.
() - Sw - Swc 4
Krw Sw) 1 - Swec - Sge

(' y Sw - Swc 2 . ) Sw - Sﬁc‘ 2
ReglSv - 1- 1 - Swec - Sge/ 1- 1 - Swc - Sgc

Gy

for Swc < SVV< 1 - Sge

Kew = 0
Ky = 1} for Sw £ Swc

rv = 1 for Sw > 1 - Sge
Krs = 0 = 8

with Swe = 0.3, Sgc = 0.

This is the parametrization generally used in our one-dimensional model.

Curve b) is derived from Wairakei production data. The parabolic curves
in Figure 26c were used by some authors to simulate two-phase reservoirs33,
while curves d) were based on preliminary laboratory results obtained at
Stanford University.36 These curves were taken as an example of just how
varied they can be.

The model's behavior is strongly affected by the choice of relative
permeabilitieé. Usually a high K., for low watéf saturation values attenuates

the discretization effects mentioned earlier. Figure 27, relative to the case
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Figure 27. Results of simulation with different relative
Do " permeabilities. a)Corey's equation Swc = .3,
| Sgc = 0 (Figure 26a), b) Relative permeability
i . - oo from Wairakei production data (Figure 26b) .
&/ | CoL s012-12873)
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of Figure 24 with a 3 m space discretization in the injection zone, shows that -
the oscillatiOﬁé are greatly téduced with,fhe "Wéifakei cﬁrve"; While the \-3
oscillations in the two curves derive from finite space di;cretiztion, the
difference inxaverage production fate froﬁ one case to the next is a result

of a difference in behavior qf%reservoirs:yigh_differen; feiative permeability
curves. Iﬁ the case of curve b), the period of injgction beingveq;al, the

liquid propagates through a larger rock volume, which thus implies higher

boiling rates. | |

Figure 28 shows the vari#éions'in prod;ctionwrate éOmiﬁé‘from injecting
20 kg/(secskm?) at different depths.

The production}rate'increase cIearly diminisﬁes when injec;ion is made at
greater depth. Injection into the s#turaﬁéd%ione even brings about a slight
production decrease.

Considering cases a), b), and c)/only, the variation of production with
depth of injection is due to the following facts:

- vaporization of the injected water produces a pressure increase in

the injection zone, with a consequent increase in the gradient above:
and reduction in that below this zone. Vaporization of injected
water, therefore, contributes to production, but also reduces the
contribution from deep boiling;

~ the fluid state in the deep horizons is nearer the saturat{on then

in shallower layers;

= the liquid saturation build-up in the injection';one reduces the

relative permeability to steam;

- the pressure increases below the injection horizon. 1In the

‘parts of the reservoir containing two-phase fluid even a small

pressure increase can stop boiling and start condensation. ;T
Figure 29 shows the evolution of saturation around the injection point

in cases a) and ¢). In the latter, more liquid accumulates in the injection
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- Figure 28,,_Effec; of injection depths in the
o ' linear flow model” (smoothed curves).
(XBL,8012-12870)
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zone. Furthermore, while the liquid flows downwards by gravity in the higher
permeability formations, the pressure gradient in the low permeability deep \;;
formations is high enough to ovcrcome gravitymcndlcpe [iqu%d is carried upwards.
Obviously a one-dimensional model can reproduce only part of'the'phenomcnology of

a three-dimenéional reservoir with ‘distant ihjcction we1}§,‘ éoweveg;~the

results of thié simplified mo&el‘aférin agreement with the.cc;crfcticns made at
Larderello with regard to shallow anc deep injection. 1In all these:examples,

the temperature of the steam produced at the top of the reservcir remains
practically constant. Thic is due to the fact that theisteam produced from

injected water (after mixing with steam from deep boiling) crosses a hot rock

t is desirable that the steam produced

[

layer unaffected by boiling. Usually
from injected water crosses a certaiﬁ interval of hot rock bcfore reaching the:
producing wells. If the injection point is too near the extraction point, the:
thermodynamic characteristics of the fluid are adversely affected, with the risk
of efficiency reduction in the conversion phase. On the other hand, if too
large rock volumes are left out of injection, this may cause a reduction in

recovery of the reserves.

8. Conclusions

Injcction into a two-phase reservoir usually prolongs its economic
'production and increases the recovery factor,‘bu; may decrease the production
rate in the short~term. In a field such as Larderello, which has been
exploited over a very long pcriod without'reinjection, thc,conditions are now
such as to permit a higher long—term‘recovery as well as increased short-term
production. In favorable situations this can be obtained without detrimental
effects on the thermod&namic characteristics of the fluid produced. As the
injected water contains minimal amounts of noncondccsable'gas and is quickly
vaporized, the chemical characteristics of the steam produced may even improve, \.x

to the advantage of conversion efficiency.
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The application of;numerical simulation to the’study of reinjection

““problems reveals how uséful this approach canfbé,~even though it is confined

for the moment to ideal systems or particular problems. There have been too

“'few field . data available so far to show whether the model of the porous
‘medium is capable of simulating fractured reservoirs in which rock-fluid

“»heat’exchangefis the dominating phenomenon, = - s s 54

Similarly.the lack of information on relative, permeability; which also
has a strong influence on’the-phenomena, prevents-formation of fully reliable
modéls. Field and laboratory tests will consequéntly play an important role

in the near future. Particularly important is to identify, in the geothermal

"field, the zones in which P < Pggy, the volumes involved, and the reservoir
‘¢haracteristics. Injection itself could be used for this purpose. Simulation
"of injection in a reservoir whose fluid is superheated steam poses some

" problems: a very fine space descretization must be used and the time step -

must also be shortened whem crossing the saturation line in the water equation

of state diagram. However, it is felt that approximate results acceptable to

the engineer can be achieved evén in these circumstances at a reasonable cost.
Finally, it should be noted that P < rsat does not always imply that

only superheated steam exists in the porous medium. Vapor pressure lowering

can be produced by salinity, capillarity, and adsorption phenomena. These

phenqménavalso_reQuire more de;ailed study.
| :vIn sumgary; our investigations to date result inithe following general
cqnglusions:
1. ’Ngmericalrsimulation is a valid and'viable tool for studying
‘iqjectioﬁiinto:two-phase reservoirs.
2. _Injection well tests in thin formations can be apalyzed by>,
meané of single-phase pressuré transient techniques.

3. Injection into a producing two-phase reservoir may enhance
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© ultimate energy recovery by large smounts, with small effects‘
on power output., . - ' -
-4, Gravity effects:c#n be very strong in thick reservoirs.
5. Injecfion_iqto superheated steam zones may increase production rate
as well as energy recovery.
It is suggested that future work on modeling injection should investigate
the effects of fractures. Also, efforts should be made for modeling actual

- field cases rather than idealized problems.
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APPENDIX BT S

Consider injection of cold water with temperature. Tm at constant
rate q into a thin 1nf1n1te two-phase reservoir wlth unlform 1n1t1a1 condxt1ons
(temperature Tyeg, Vapor saturation §). We postqla;e,tpatwyhe<p?oqgssfvi11h‘
give rise to a sharp tempéréture)front, where reservoir tempefétute changes.
from Tj, to Tresv and proceed to estlmate total swept volume Vg and
volume of the cold zone, Vc. | | |

Neglecting the density of steam in'comparisoﬁ'tbltﬁatVOftliquid water,

we have for the total injected mass:

.M = qt = Vs¢8p; + YC¢(DV - p;) .‘; e (A.1)

where p,, and p.' are liquid water densities at injection temperature Tjp
and reservoir temperature Trpeq, respectively.

For the total internal energy of the swept volume we have:

E = Vc[:-#pwcw + (1 - ¢)pRc€] L

+ (vs - vc) [«bpwcw + (1 - ¢)pRCR] T

(A.2)

res

This is approximately equal to the total internal energy present in swept

volume and injection fluid separately (neglecting small steam contributions):

E = vs(l ¢) pcR res * MC T, ¢+ v¢(1— s) pwcw T e (A.3)

from which:

Ve S¢p; w
Ve ®eic_+ (I-8) ey (4.4)
also, - - {;;
) .
(A.5)

v = T —
s ¢Spw + (vc/vs) ¢ (pw pw)
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The location of the thermal front can be used to estimate porosity, in
the following way. At time t, the total amount of injected fluid is qt. Of
this, an amount VP, is still at injection temperature, while an amount

(qt - Vc¢°¢)bhaé moved on and has been heated up to Treg. Assuming

. that the énergy‘traqsferfgd to the fluid was supplied by the cooled rock, we

have: -

(gt - vc¢pw)cw(Tres - Tin) = vc(1 - ¢)pRFR(Tres - Tin) S (A'6)

from which, using V. = "R.2H:






