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ABSTRACT historicalinjectionat TlleGeysers. Water
injectionbegan in 1969,originallyii a

A three componentmodel study of the cooling tower waste water disposal andha) .....
historicalinjectionof two well_in the Unit graduallyevolvedto an acceptedmethodof
13 area demonstratesthatthe recoveryof replenishingwaterin depletedportionsof
InJ.ectionderivedsteamis influencedby the the reservoir.
geologicstructureof the bottomof the
reservoirand the relativelocationof A reservoirmodel studyof the Unit13 area
injectionwells. The migrationof injectate was conductedwith the objectivesof modeling
fromthe firstinjectionweil,locatedup historicalInjectl_-and transportof the
structurefromthe second,quenchedthe area InJectate,to use thedeuteriumisotopic
aroundthe secondinjectorbeforeit started shiftas a naturallyoccurringtracer,and to

• operation. Whilebothwellshad similar understandthe importanceof matrixcapillary
" cumul_tivemass injected,nearlyfivetimes forcesin the recoveryof Injectionderlved
• more injectionderivedsteamis recovered steam. The studygoalwas to detei_inehow

i from the first injectorthanthe.second, to confidentlymodel injectionintot vapor-
Sensitivityrunsweremadeto threecasesof dominatedreservoir..
increasingmatrixcapillarypressure.The
recoveryof injectionderivedsteamincreases The Unit 13 studyareawas chosenfor several
with highervaluesof capillarity.The reasons, lt has over II yearsof injection
interactionof structureat the bottomof the historyusingtwo injectionwellsIn the
reservoir,injectionwelllocations,and studyarea,exploitationstartedat
matrixcapillarityall influencethe recovery essentiallyundisturbedconditions,and the
efficiencyof injectateas steam. The model reservolrperformanceis well representedin
developedin this studywill be used to the literature.The studyareais shownin
evaluateinjectionstrategiesat The Geysers. FigureI.

i IffTROD,UCTION REVI_ OF APPLICABLELITERATURE

I The recentproductivityand pressuredeclines A reviewof the geologicliteraturewas
at The Geysersare classicsymptomsof conductedto developa workingconceptual

il reservoirFluidresourcedepletion. However, geologicmodel. The top of the reservoiris

i even if all the fluidinitiallyin placeis representedby the top of the stea_and the
produced,over 90% of the usableheat remains bottomof the reservoirby the topof the
in place. Thus,the questionof how to felslte, lt is recognizedthe topof felsite

i extractmoreof the heatin placeirises, is not the bottomof the reservoirfor most
= One answeris to replace the depletedfluid of The Geysers,howeverseveralpieces,of
e evidencesuggestthisis a good ipproxlm_tlonm with increasedwater injectionthereby

replenishingthe reservoir'sworkingfluid, for the Unit 13 area. Micro-seismicJata for
I the C-llinjectionarea,southof the study

If an expandedinjectionprogramii to be areaindicatesthe majorityof theliquid
undertaken it is importantto understandhow injectedinto the graywackedoes not appear

• injectedfluidbehaves. We mustbe ableto to migratedeeply intothe felsite(Enedyat
i confidently model and predict the process of tl lggl) Very few wells in the study area

injection,re-vaporization,and productionof have productivesteam bearingfracturesin
! injectionderivedsteam.Additionalinsight the felslte.

into this process ,canb,egained by ltudying Beall (lgSg) noted the stemJmbearing
fracturesin the gre)rwackeshowrio
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margins (Beall et al., 1989). Thus, the 3. Injectionderived steam was calculated
greywacke can _ envisioned to be pervasively using the equation presented by Beall et al.
fractured with areas of north-south enhanced (1989).
pe_rleability. Gunderson (19g0) noted the
matrix porosity was related to two factors; MODELFEATURES
vertical depth and distance above the
felsite. The algorithm presented by A reservoir model of the study area was
Williamson (1990) is used to implementthis developed using TETRAD, a simulatorwhich was
observation, validated with the Stanford geothermal

problem set (Shook and Faulder, _991). The
Past reservoir model studies of The Geysers dual porosity reservoir model uses three
have typically consisted of field-wide water components; I) initial fluid in place,
studies with the purpose of predicting 2) injectate from II, and 3) injectate from
overall production rates (Willlamson,1990) 12. Separate water components for the two
or of parametric studies. Parametric injectionwells allows detailed tracking of
studies have been performed to examine the injectate and a relative determinationof
sensitivities to initialmatrix water the contributionof each injection well to
saturation and heat flow (Pruess and produced injectionderived steam (IDS). The
Narasimhan, 1982), the permeabilityof the model contains 1650 grid blocks, five
matrix and fractures, grid refinementwith vertical layers, and decreasing thickness
depth ([.aiand Bodvarsson, 1991), and grid with depth. The bottom layer is uniformly 75
orientation (Pruess, 1991). Petrophysical feet thick. The actual well deviated courses
properties for the study were selected from are used, based on the open file recordsof
the above literature. The matrix steam-water the California Division of Oil and Gas.
relative permeability and capillary pressure Fifteen percent of the matrix rock energy was
behavior have not been measured and reported assigned to the fracture domain. This value
in the literature to date. is conservative compared to the thirty

percent used by Williamson (19g0).
The initial water saturation in the matrix Conceptually, this could be envisioned as
has not been directly measured, however a zones of fractured'rockor a pervasive micro.,
field-wide study by Williamson (Iggo) used a fracture network. Petrophysical properties
value of B2%. This high initialmatrix water were taken from the literature and are
saturation is consistent with the studies of summarized in Table I. The water-steam

Pruess and Narasimham (1982) and Pruess i_ractureand matrix relative permeabilityare
(1985). Observed chemical and isotopic presented in Figure 4. Initially, no
gradients of the produced steam in the capillary pressure was used in the matrix.
Southeast Geysers are believed to be due to

' meteoric recharge entering the reservoir from The reservoir structure was accounted for by
: the southeast (Truesdellet al., 1987). The using the top of steam and top of felsite

calculated vapor fraction for the Southeast maps presented by Thompson and Gunderson
Geysers from Truesdell et al. ;ndicated that (1989) a_idby Thompson (1989). These maps

" the initial produced steam originated almost were digitized and directly entered into the
entirely from vaporized liquid, model. Figure 5 shows north-south and east-

west cross-sections through the reservoir

i DEUTERIUM TI_ACERDATA model. A key feature to note is the largeamount of structural relief on the top and
Two steam condensate injection wells were bottom of the reservoir model. The reservoir

i used in the study area. Injector 11 was the top has approximately 5000 feet of vertical
sole injection well at the start operations relief over a distance of I0,000 feet, while
in May 1980, injecting at an average rate of the reservoir bottom has approximately 3,000

i approximately 350 Klbm/hr through 1984. At feet of relief over the same distance.

that time a second injection w_ll (12) was
used and the total injection volume was The study area boundary conditions were
split. The injection histories for the two initial'lyno-flow, however as the study

i well are shown in Figure 2 The injected progressed it became necessary to relax this

condensate is enriched in deuterium relative condition, as explained below. The' to the reservoir steam and has been used as a production and injectionwells were placed on

i tracer (Beall eL al., 1989; Gambil, 1990). rate constraint in order to produce theThe operator has conducted a periodic historical rates from the study area. The
analysis of deuterium in the producing steam production wells were set to produce to a 180

wells to track the movement of injection psia wellhead pressure, uncorrected for
derived steam in the reservoir. This data wellbore friction. Heat flow was set at a
set is used as a tracer for the model study, uniform vertical flux of 500 mW/m2,
Figure 3 presents an example from Beall et consistent with published data.

al. (IgBg) of the contoured deuteriumisotopic shift in the study area. "S_x key
production wells were significantly affected

i by the deuterium shift from these twoinjectors and are labeled Pl - P6 in Figure

i
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MODELCALIBRATIONPROCESS wellshistoricallydld not beginproducingan
appreciabledegreeof superheatuntilafter

The modelwas allowedto equilibratefor 20 approximatelyeightyearsof production.
years priorto the startof exploitation, Thus,the lowersaturationcasedoesmatch
allowingsteamandwater saturationsto the observedproductiondata. Again,for
adjustto a stableheatpipe and establishing thiscasethe modeledtracerrecoveryarid
a vapor-staticpressuregradient. The impliedIDSwas low.
stabilizedmodelwas thenrun for all
exploitationcases. Completionintervalsof Finally,a series'ofsensitivityrunswas
the wellswere adjustedto matchthe observed made to studythe effectof capillary
drillingsteamentries. In the caseof pressure, lt shouldbe notedactual
multiplesteamentries,the dominantentry measurementsof the capillarypressurehave
was chosenon the basisof observed not beenreportedin the literatureforThe
compressorpressureincreaseduringdrilling. Geysers. Thus,a familyof genericcapillary
The well productivityindices(PI)were pressurecurvesweregeneratedas shownin
adjustedto allowthe wells to producethe Figure6. The capillarypressureat residual
observedrateswith the IBO psiawellhead water saturationvariesby two orderof
pressureconstraint.For thosecaseswith magnitude. A scalingcalculationusingthe
initialrig testdata,the indicatedPI was LeverettJ Functionand realisticvaluesof
usedas a startingpoint. The initialrig permeabilityand porosityforGeysers
testdatawas foundto be very reliable reservoirmatrixrockindicatescapillarity
indictorof productivityindex, couldeasilybe as highas the uppervalues

presented.

Constantpressureboundariesdecliningwith
timewere usedon the southand west sidesof The modeledresultsfor no capillarity(base
the modelto mimicthe effectof offset case)and the threecapillaritycasesare
productiondue to Unit 16, and Units18 and plottedwith the observeddeuteriumtracer
20, respectively.Publishedpressure data for wellP5 in Figure7. WellP5 is the
historiesfor adjacentareaswereused, nearestproducerto the injectionplumeand
(Barkeret al.,1990and Enedyet al.,19gO). is probablyleasteffectedby reservoir
lt was observedthe injectedfluidwould heterogeneity.As can be noted,the higher
quicklymigrateto the bottomof the valuesbettermatchthe observedtrendsand
reservoirand flowto the northand then magnitudeof deuteriumtracerrecovery.Well
"puddle'. A constantpressureboundaryis P5, nearestto injectionwell II is best
usedon the northboundaryto relaxthe no- matchedby the moderateto strongcapillary
flowconditionand pressuresset to the pressurefunction.Figures8 and g present
stabilizedpre-exploitationconditions.This the modeledinjectionderivedsteamrate
northwardflowof injectateis not historyfor the key productionwellsand the
surprising,consideringthe largeamountof totalstudyarea. ltcan be notedthatwith
structuralreliefpresentat the bottomof increasingcapillarity,the injectionde,ived
the reservoir.This structuralaspect steam increases.This suggeststhatdetailed
dominatesinjectateflow for all cases injectionmodelingat The Geysersmust
studied, includematrixcapillarityto accurately

predictthe recoveryof injectionderived

Severalexploitationrunsof IgBOto IggI steam.
productiondatawere madewith a uniform
permeabilitystructure. Additionaldatafrom DISCUSSIONOF RESULTS
well testingwas used to adjustthiscaseto
a fracturepermeabilityfrom i0 mD to I00mD, The simulationresultsdemonstratethatthe
generallyincreasingto the southeast, recoveryof injectionderivedsteamis
(Enedy,IgBgb). Evidencefor directional primarilyinfluencedby two factors. First,
permeabilitywas noticedon the isotopeshift the structureof the bottomof the reservoir
maps of Beallet al., (1989). Basedon the greatlyinfluencesinjectatemovement.This
ratioof lengthto widthof the isotopeshift is apparentby the migrationof the injectate
contours,directionalpermeabilitywas set as downthe structure, lt shouldbe notedthat
3X-Y-Zand is consistentwith the geologic 12 is locatedlowerstructurallyfrom II.
model. Withthesechanges,a reasonable When 12 beganinjectionoperations,injectate
pressurematchwas achievedwith thisbase from II had alreadymoveddown structure,
case. However,the modeledtracerdataand quenchingthisarea. This resultedin low
impliedID$ was low comparedto historical injectionderivedstea_recoveryfrom 12

relativeto II. Secondly,the presenceof
conditions, capillarityincreasesthe recoveryof

A sensitivityrun was made to an initial injectionderivedsteamfor bothwells.
matrixwatersaturationof 42%. The lower Table 2 presentsthe percentrecoveryof
initialwatersaturationresultsin a similar injectionderivedsteamfromeach injection
pressurehistoryas the abovecase;however, weil. Whileeach injectionwell has similar
the producingenthalpyachievessuperheat cumulativemass injected,nearly5 timesn_re
with in a few monthsafterthe startof injectionderivedsteamis recoveredfromII
exploitation.Enedy (IgBga)indicatesthe comparedto 12,with injectionderivedsteam
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recovery increasingwith capillarity. The NOMENCLATURE
interaction between structure at the bottom

..... of the reservoir, injection well location, krm - relative permeabilityof gas
and capillarity all influence the recovery of
injection derived steam. Given the geologic krt - relative permeabilityof liquid
structure of the bottom of the reservoir and

the ability to select injection well Pc - capillary pressure
locations, it should be possible to design

and model an effective injection program. Pc" - capillary pressure curve para_eter

The model developed in this study will be P,nt_ " capillary entry pressure
used to evaluate injection strategies at The

Geysers. Several strategies that will be S - dimensionless liquid saturation
evaluated include injectate recovery

sensitivity to injection rate, a more S_ - critical gas saturation
distributed injection approach, the injectate
recovery efficiency of a horizontal injection Srr - irreducible liquid saturation
weil, and the selection of injectionwell
locatiorlsto allow for reservoir structure. St = liquid saturation
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Table 1

Petrophystcal Properties

Porosity
matrix 4.6% - 2.96% decreasing with depth
fracture 2.0% - 1.45% decreasing with depth

Permeability
matrix 10 micro Darcy unifom
fracture 10 to I00 mD varying

Fracture Spacing
150 feet

Relative Permeability
matrix Corey type, with Sir - 30_, Sgc - 5%

fracture straight line X curves, no residual saturations

Initial Water Saturations
matrix Sw-82%
fracture Sw-.04%

Capillary Pressure

matrix P==P¢CI-S)2 + Pmt_
Heat Flow

500 mW/mz top and bottom of model

Rock Then_al Properties
density 170 Ibm/ft_
specific heat .21 BTU/Ibm - F
thermal conductivity 33.3 BTU/ft- F-day
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Tabl • Z

Recovery of I_ec'tton Derived Steam

Cumulatt,:e Injection into 11 1.75E+7 Klbm
Cumulative Injection into I2 1.18E+7 Kl_ p

;Recovery from 11 % Recovery from 12

Base 7.1 1.g
Weak Capillarity 8.5 1.7
Moderate Capillarity 9.5 1.9
Strong Capillarity 13.2 3.0

TQt_llStu_JvAre_

% Recovery from 11

Base 14.5 3.3
Weak Capillarity 16.7 3.1
Moderate Capillarity 18.3 3.3

+ Strong Capillarity Z4.1 5.0
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a DISCLAIMER

ilm

Jl This report was prepared as an account of work sponsored by an agency of the United StatesI
! Government, Neither the United States Governmetlt nor any agency thereof, nora,y of their
di employees, makes any warranty, exprcss or implied, or assumes any legal liability or responsi-- r,,oduct,or
lm
W bility for the accuracy, completeness, or usefulness of any information,apparatus,
___ process disclosed, or represents that its use would not infringe privately owned rights. Refer-

ence herein to any specific commercial product, process, or serviceby trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-_" views

I
mendation, or favoring by the United States Government or any agency thereof. The

i and opinions of authors expressed herein do not nez.cssarily state or reflect those of the
i United States Governmentor any agency thereof.
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