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Abstract

A numerical model has been developed for the Pleasant Bayou Geothermal-
Geopressured reservoir. This reservoir descriptionis the resultof integrationof a
variety of data, includinggeological and geophysical interpretations,pressure
transient test analyses, and well operations. Transient test analyses suggested
several enhancements to the geologic description provided by University of
Texas Bureau of Economic Geology (BEG), including the presence of an internal
fault not previously identified. The transient tests also suggested water influx
from an adjacent aquifer during the long-term testing of Pleasant Bayou;
comparisons between transient test analyses and the reservoir description from
BEG suggests that this fault exhibits pressure-dependent behavior. Below some
pressure difference across the fault, it remains a no-flow barrier; above this
threshold pressure drop the barrier fails, and fluid moves across the fault.

A history match exercise is presented, using the hypothesized "leaky fault."
Successful match of 4 years of production rates and estimates of average
reservoir pressure supports the reservoir description developed herein.
Sensitivity studies indicate that the degree of communication between the
perforated interval and the upper and lower sands in the reservoir (termed "distal
volume" by BEG) impact simulation results very little, whereas results are quite
sensitive to storage and transport properties of this distal volume. The prediction
phase of the study indicates that Pleasant Bayou is capable of producing 20,000
STB/d through 1997, with the final bottomhole pressure approximately 1600 psi
above abandonment pressure.



Introduction

The purposeof this report is to describean integratedapproachto
reservoirengineeringat the PleasantBayou geothermal-geopressured
reservoir. A reservoirdescriptionwas synthesizedfrom all available
data, includinggeologicand geophysicalanalysesand data fromwell
operations(productionrates,pressures,and resultsof pressuretransient
testing). The goal of this synthesiswas to developan accurate,
internallyconsistentreservoirmodel for use in numericalsimulationof
PleasantBayou. The resultsof this approachand the numericalstudy are
presentedin the followingsections.

The PleasantBayou fault block is locatedabout 40 miles south of Houston,
Texas, in Brazoriaand Galvestoncounties. Based on work done at the
Universityof Texas Bureauof EconomicGeology(BEG) in the 1970s,this
area was selectedfor testingby the Departmentof Energy(DOE)to assess
the nation'sgeopressured-geothermalenergyresource. PleasantBayou Well
#I (PB1) was drilledin 1978, but it was pluggedback and recompletedas a
disposalwell becauseof hole instabilityproblems. PB2 was offsetfrom
PB1 by 500 ft and was drilledto a depth of 16,500ft.

Initialshort-termtestingof PB2 was conductedin 1979. A Reservoir
LimitsTest (Phase-1testing)was conductedin 1980, and long-termtesting
was scheduledfor 1981-1983(Stevensand Clark,1979). Numerousproblems
developedduringthe long-termtesting,includingwirelinelossesand
scalingof the productiontubing. Testingwas suspendedin 1983when the
productiontubing stringparted downhole.

Eaton OperatingCompany(EOC)took over well operationsfor DOE in 1985,
and cleanedout and recompletedboth PB2 and the disposalwell PB1. The
presentconfigurationof the productionwell is given in Figure I (EOC,
1990). The Institutefor Gas Technology(IGT) has been responsiblefor
surfaceproductionmeasurementsand has providedcorrelationsfor

estimatingbottomholepressuresfrom surfacemeasurements.

Priorto the long-termtestingthat began in May 1988,BEG reviewedall
previousgeologicstudiesof the area (e.g.,Beboutet al., 1980; Louckset
al., 1980;Ewing et al., 1984)and extendedthat work by focusingon the C-
zone reservoirof the lower Frio formation(Hamlinand Tyler, 1988). The
resultof this effortwas a comprehensivestudy of the geopressuredsands.

. The study includeddetailedanalysesof reservoirstructure,sandthickness
and continuity,faultingand reservoirboundaries,and estimatesof
reservoirvolume.

PB2 was openedfor productionin lateMay 1988 and has produced
approximately25 millionstock tank barrels(STB) of brinethrough
September1992. Two scale inhibitor"pills"have been injectedintothe



formation: the firstprior to reopeningthe well in 1988 and a secondin
November1989. Additionalinhibitorhas periodicallybeen injectedby pump
at the surfaceas needed. The designof the inhibitorwas based on work by
Tomsonet al. (1985)and has resultedin scale-freebrineproductionthe
past four years.

Geologic and Geophysical Analyses
A contourmap showingthe structuraltop of the C zone of the lower Frio
Formation(the geopressuredsand) is shown in Figure2 (from Hamlinand
Tyler, 1988). The main structuralfeaturesseen are two large growth
faultsthat bound the reservoiron three sides (N, NE, and NW). The
displacementacrossthese faultsrangesfrom 500 to 1,000ft and is
accompaniedby large stratigraphicchanges(Hamlinand Tyler, 1988).
Pressureand fluid-chemistryanalyses(Fowler,1970) suggestthat these
faultsact as impermeableboundarieswithinthe PleasantBayou fault block.
Reservoirclosuresouth of PB2 has not been identified;therefore,distance
to the southernboundaryis to someextenta matter of conjecture. The
nearestwell to the south is more than 6 miles away; at that point,the C
zone is 100%mudstone. Porositypinchoutis assumedto formthis southern

boundary;Beboutet al. (1978)have confirmedthat porosityand
permeabilityof reservoirsin the PleasantBayou fault block decreaseto
the southwest.

°

Withinthe PleasantBayou geopressuredreservoirare numerousinternal
faults,identifiedon the basis of well controland seismicdata. The data
are relativelyplentifulin the northernportionof the reservoir,but are
extremelyscarcesouthof the test well. In fact, we are not aware of any
seismicdata availablefrom PB2 towardthe south of the reservoir. None of
the internalfaultsthat have beenmapped appearto be continuousacross

the fault block (Ewinget al., 1984) and thereforeact only as partial
barriersto flow.

The depositionalenvironmentof PleasantBayoureservoirsedimentis that
of a wave-modifieddeltaicsequence(Tylerand Han, 1982). The sandstones
were depositedas distributary-channeland channel-mouthbars. Former
channelaxes are characterizedby thick sandstonesequencesseparatedby

areas of lower sandstonecontent. The sand sequencesare separated
verticallyby shales in the south and westernportionof the reservoir,
possiblyreflecting bypassingof the main channeldepositsto the
northeast. A net sand isopachmap, as developedby Hamlinand Tyler

(1988),is given in Figure3.

Anotherimportantparameterin developingan accuratereservoirdescription
is sandstonecontinuity. Well logs and cores from throughoutthe C zone
indicatethat the sands are interbeddedwith numerousmudstones. By
carefulcorrelationof these interbeds,Hamlinand Tyler were able to



constructa seriesof cross sectionsand a fence diagram(Figure4) of the
C zone reservoir. The fence diagramdisplaysa three-dimensionalview of
the reservoirand demonstratesthe complexityof interbeddingacrossthe
fault block. Only two of the mudstonesappearcontinuous" the upper and
lowerreservoirboundariesare controlledby fairlythick (>50 ft)
transgressivemarinemudstones. Other,discontinuousmudstonesappear

" within the reservoir;however,the sands can, in general,be consideredas
three persistentunits, an upper,middle,and lower sandbody. These
three sand bodiescome togetheras a singlesand unit north of PB2, in the
ChocolateBayou area. Delineationintothree sands at the test well,
however,is obvious. Interbeddingis most pronouncedto the south and
southwestof the well, again,possiblydue to bypassingof the main sand-
bearingchannelsto the northeast. Thesemudstonesappearto be continuous
from north and east of the test well to well beyondPB2 to the southwest
and act as flow barriersbetweenthe sands in this regionof the reservoir.

Becausethese mudstonespinch out northeastof the well, the fluids in
these upper and lower sandsare not isolatedfromthe test well. Their
flow path is greatlyincreased,however.

In summary,an extensivereviewof the geologyof PleasantBayoureveals
severalimportantfeaturesof the reservoir. Severalinternalfaultshave
been identifiedfrom well controldata and seismicimaging. These faults

. do not appearto be continuousacrossany portionof the sand;therefore,
they do not act as flow barriers. Whilethe reservoirsand approaches200
ft in thicknessin places,the reservoiris subdividedintothree discrete
sand bodies. These sands are separatedfrom one anotherin the southern
and westernportionsof the reservoirby shales. To the north and east,
however,these mudstonespinch out, and the sand becomesa single
hydrologicunit.

It is equallyimportantto recallthe spatialvariationin reservoir
information. The data are relativelyplentifulnorth of PB2; however,no
data exist within 6 miles of PB2 to the south. Transienttest analysescan

be usefulin improvingthe reservoirdescriptionin this direction,as well
as providingestimatesof reservoirpermeability,volume,and distanceto
boundaries. Resultsfromthese analysesare discussedbelow.

Transient Testing
PB2 has been subjectedto pressuretransienttests four times since being

. completedin 1979. Three of these tests includedboth drawdownand buildup
tests. In additionto the "conventional"transienttests that have been

conducted("conventional"becausedownholepressuregaugeswere used),four
other periodsare also amenableto transienttest analysis. These
additionalpressuretransientscan be analyzedbecauseof carefully
controlledwell operations. Duringtwo differentperiods,the production
was maintainedat a constantrate for an extendedtime. This allowedthe



reservoirto enter pseudo-steadystate conditions,which allowsfor
estimatesto be made of reservoirdrainagevolume. These flow periodswere
each followedby extendedperiodsof shutintime, allowingfor the
estimationof averagereservoirpressure. These analysesprovidedsome of
the most important- and controversial- data obtainedconcerningthe
reservoir.

Transienttest analysesare detailedin AppendixA; compositetest results
are summarizedin Table I. The conventionaltests gave excellentagreement
on near-wellpropertiesfor over 12 years of testing. Reservoir
permeabilityis approximately180 md, and well skin is near zero. The
singleexceptionto the low valuesof skin appearsin the 1980 Reservoir
LimitsTest (RLT) buildupstudy (S = 5). No explanationis availablefor
this anomalousvalue;however,it may have been a transientphenomenon
associatedwith the recentwell completion. Excludingthis singletest,
valuesfor skin range from -2 to 0.2. Other detailsof interestfrom these
tests includea permeabilitybarrieror transitionat approximately1,600
ft from the well and anotherat about 6,500 ft. Given the locationof PB2
relativeto sand deposition(see Figure3), this nearertransitioncould
reflectthe reducedsand qualitysouthwestof the well (the analyses
suggestthat the permeabilitydecreasesto -110md). The fartherboundary
appearslikelyto be a linearflow barrieraccordingto transienttest
theory. Estimateddistanceto this fault and the distanceto mappedfaults
from Figure2 suggestthe presenceof a previouslyunmappedfault. One
possibleexplanationis that the faultto the west of PB2 actuallyextends
furthersouth than is mapped (recallthe lack of data in this area). The
similaritybetweenthis proposedextensionana the internalfaultingnorth
and east of PB2 shouldbe noted from Figure2.

Table 1. Reservoir Properties from Transient Tests.

Permeability 180.md
Well Skin 0
Barriersand Transitions Perm.transitionto 110 md at 1600 ft

No-flowbarrierat 6500. ft.

Additionaldata obtainedfromtransienttests includeseveralestimatesof

reservoirvolume and averagereservoirpressure. Test resultsspan several

years and indicatea probableincreasein reservoirvolumebetweenMay 1990
and February1992. The first pseudo-steadystate drawdown(Oct. '89-May
'90)resultsin a reservoirdrainagevolumeof 26.3 billionft3 Average
reservoirpressureestimatedfrom transienttest theory and from material
balanceconsiderationsare in excellentagreement(10,345psi vs. 10326
psi). Agreementbetweenthese two methodsof analysislendscredenceto
the calculatedreservoirvolumeand averagereservoirpressure. When the
builduptest was terminated,bottomholepressurewas about 40 psi below



Pavg and buildingup slowly. The slow pressurebuildupis perhapsdue to
the irregularreservoirshape and partialbarriersto flow.

Reservoirvolumeestimatesfrom the secondconstantrate flowtest indicate

that drasticchangesoccurredprior to February,1992. The analysis
indicatesa reservoirdrainagevolumeof 43.6 billionfz3, an increaseof

" 66% over that estimatedfrom the first test. Possibleexplanationsfor

this apparentincreaseare given in AppendixA; however,it appearslikely
from availabledata that flow from an adjacentaquiferor other sourcehas
occurred. Fromthe 1992buildupdata,the averagepressureestimatesfrom
transienttheory and materialbalance(usingthe new, largervolume)agree
extremelywell. Shutinpressureat the end of the builduptest is again
quite slow,reflectingirregularityin the flow domain.

Therefore,in additionto yieldingreservoirpermeability,well skin,and
distancesto faultsand permeabilitytransitions,analysisof the pressure
transientshas suggestedfluid recharge. This conclusionis regardedas
rathercontroversial,and is not substantiatedby any other data. For this
reason,while the "conventional"transienttest results(k, S, fault
locations)are acceptedat face value,the idea of fluid influxwill be
furthertested numerically.

• Petrophysical and Fluid Properties
Other data requiredin a simulationstudy includespetrophysicaland fluid
properties. Where laboratorydata is unavailable,correlationsare taken
from the literatureand used; otherwisethe data is as reportedin the
cited studies.

The fluid producedfrom the PleasantBayou C zone is a 130,000ppm brine
containingdissolvedgases. The salt is principallysodiumchloride,but
some divalentcationsare alsopresent. The dissolvedgases are primarily
methane(85%),with an appreciablequantityof carbondioxide(I0%). The
producedgas-waterratio is about 24 standardcubic feet (SCF)/STB.

For purposesof the simulationstudy,two pseudocomponentswere used to
model the three major fluidconstituents: "brine"and "methane." Use of
pseudocomponentsrequiresthat the pure componentpropertiesbe modifiedto
accountfor the presenceof other chemicalspecies,a standardprocedurein

many types of enhancedoil recoverysimulationstudies(see,for example,
. Lake, 1989). In the followingdiscussion,reservoirtemperatureis taken

as 306° F, and averageinitialreservoirpressureis 10,716psia at a
referencedatum of 14,100ft subsea. These data are consistentwith values
measuredprior to the 1988multiratetransienttest (MRT).

I

Liquidviscosityas a functionof salt contentand temperatureis taken
from Perry'sHandbook(1963);at reservoirtemperature,the correlation



gives 0.28 cp. The effectof methanehas been neglectedin this
calculation;however,the viscosityof saturatedbrinewould differby less
than 3% (Ostermannet al., 1985). From Osif (1984),effectsof methaneon
fluid compressibilityalso appear slight. For reservoirconditionsof
temperature,pressure,and salinity,fluid compressibilityis 2.63 x 10.6
psi-1.

Culbersonand McKetta(1951)measuredsolubilityof methanein fresh water
at e ,ratedtemperatureand pressure. Their correlationhas been modified
to accountfor changesin solubilityas a functionof salt contentby Price
et al. (1981). Usingthese correlations,we findthat, at reservoir
conditions,the maximumdissolvedgas is approximately32 SCF/STB. Given
that the gas water ratio (GWR) is "24 SCF/STB,the reservoiris assumedto
be undersaturatedwith respectto methane. Furthermore,the pressurein
the reservoirwould have to fall below -6,500psi beforefree gas would
begin to evolve from the brine. The presenceof C02 in brinehas the
effectof increasingthe bubblepoint pressure;however,this effect has
been neglectedfromthis calculation.

Brine densityas a functionof compositionis givenby Saad (1989),among
others. Assumingthe brine is a 130,000ppm NaCl solution,densityat
surfaceconditionsof pressureand temperatureis 69 Ibm/ft3. Density
changesassociatedwith elevatedpressuresand temperaturesare accounted

for in the formationvolumefactor,Bw. At averagereservoirpressureand

temperature,Bw = 1.049rb/STB (McCain,1979). While gas contentwill
affectthe formationvolumefactor,the error in neglectinggas in the

calculationfor Bw is less than one percent(McCain,1979).

Hamlinand Tyler (1988)estimatedreservoirporosityon the basis of core

analysisof the perforatedzone and on the basis of estimatesderivedfrom
the inferreddepositionalenvironment. They interpretedthe thickersands
to be better-sortedchannel-mouthbars with a porositysimilarto that of

the perforatedzone. Thinnersands,on the other hand, were interpretedas
delta-frontsands and thus show lowerporosity. Giventhe lack of direct
measurementsin the C zone, we have adaptedtheir estimatesfor use in our
reservoirmodel and have assigneda porosityof 0.18 to the middle sand
unit and a value of 0.09 to the upper and lower sand units.

Rock compressibilityconstitutesanotherimportantpiece of information
requiredfor accuratesimulations.Total systemcompressibility,ct, is
the sum of the brine compressibility,cw, and pore volumecompressibility,

Cp. Pore volumecompressibilityis given as (Dake,1978)"

Cp = CR/_
where CR, the rock compressibility,is obtainedfrom uniaxialcompression
tests. Estimatesfor representativevaluesof cR have been obtainedfrom



rock mechanicstests (Fahrentholdand Gray, 1985) and range from 3- to 6 x

10.7 psi-I. Then, for _ = 0.18, Cp = 1.67 - 3.33 x 10-6 psi'l;for the
lowerporositysands c = 3 33 - 6 67 x 10.6 psi-1. In both cases,wep • .
have usedthe mean value of the range for simulationpurposes.

Petrophysicaland fluid propertiesand summarizedin Table 2.

Table 2. Summary of parameters used tn Pleasant Bayou Model

Rock Properties
i •

Totalpore volume 4.2 x 101°ft3
Pore distalvolume 2.5 x 10.6psi-I (top, bottomlayers)

compressibility proximalvolume 5 x 10.6psi"I(middlesand)
Porosity distalvolume 0.09top, bottom layers

proximalvolume 0.18middle sand

Fluid Properties
Bubblepoint pressureat TR 6500. psia

Viscosity 0.28 cp
Standarddensity 69. Ib/ft3

" FormationVolume factor 1.049rb/STB
Initial Conditions

. Pressureat 14_100ft SS 101716.psia
Temperature 306. °F
Mole fractions, brine 0.9968

methane 0.0032(24 SCF/STBbrine)

Data Synthesis
The next step is to synthesizethe data describedabove intoa useful
datasetfor simulation. The simulatorused in this study is TETRAD

(Vinsome,1990; Vinsomeand Shook,1992). TETRADis a fully implicit,
compositionalfinite-differencesimulatorvalidatedagainsta varietyof
problemtypes,includingoil and gas applications(Vinsome,1990)as well
as geothermalproblems(Shookand Faulder,1991).

One of the more helpfulcomponentsof TETRADis its graphicalinputand

outputcapability. The geologicmaps, Figures2 and 3, were digitizedand
used directlyin the inputdeck. A grid systemwas overlain,and the
internalfaultsas mapped by BEG were "linearized"along grid blocksand

- enteredin the input deck. These internalfaultsare considered
impermeablebarriersby assigninga zero transmissibilitymultiplier
betweentwo grid blocksseparatedby a fault. This could be easily

" modifiedby enteringa nonzeromultiplier. Fluid and petrophysical
propertieswere enteredin accordancewith TETRADrequirements. In all
cases,the models generatedpropertiesidenticalto those measuredor
estimatedat reservoirconditionsof pressureand temperature.



!

Near-wellpermeabilityinputwas 180 md, as estimatedfrom the transient
test analyses. The conventionaltransienttests also indicatea
permeabilitytransitionto -110 md at about 1,600 ft from the well. The
isopachmap (Figure3) clearlyshowsthat PB2 is on the edge of a delta
lobe and that the lobeterminatesjust west of the well. If the
terminationof the lobe is associatedwith a transitionto delta-front

sands, it followsthat the permeabilitywould be reduced. This transition
occursapproximately1,600 ft from the well and appearsto honor both the
geologicdescriptionand transienttest results;therefore,permeabilities
are enteredas large (180md) for grid blocks "on lobes"and small (110 md)
"off lobes." From core analysis,the top and bottom sandsare assigneda
permeabilityof 25 md (Mortonet al., 1983). Verticalpermeabilityhas
been assigneda value of 1/10 of the horizontalpermeabilityeverywhere.

The fault postulatedon the basis of transienttests at approximately6,500
ft fromthe well is shown as an extensionof the mappedfault west of PB2
to the southernboundary. This fault is consideredimpermeable;therefore,
the connectedpore volumeis reducedfrom 41.7 billionft3 (totalfrom
planimeteringBEG maps) to 23.4 billionft3. This reducedpore volumeis
approximatelyequal to the reservoirvolumeestimatedin the firstconstant

rate flow test (Vp = 26.3 billionft3), supportingthe validityof this
reservoirdescriptionduringthe 1988-1990flow period. Furthermore,the
total pore volume of 41.7 billionft3 is similarto the drainagevolume

estimatedfrom the secondflow test (Vp = 43.6 billionft3). The
similarityin these volumeestimatessuggeststhat the integrityof the
postulatedfaultmay be responsiblefor the reservoirbehavioridentified
in the transienttest analyses. However,no mechanismfor volumechangeor
fluid influx is includedin the initialsimulationwork.

Also from the transienttests,well skin was zero;however,inflow
performancecalculationssuggestthe presenceof turbulentflow at rates in
excess of 16,500STB/d. On the basis of this, a pseudoskin(Dake,1978)
was implementedin TETRAD. The resultingproductivityindex (PI) for the
well is given as:

PI = PI°- 0.2275[q - 16500] 1/3

Figure 5 shows the "workingmap" generatedby TETRAD'spreprocessor. A
grid of 41 x 22 x 6 was used in the study;however,the grid was refined
nine-foldwithinthe 3 x 3 subgridat the well. The verticalmesh was

manipulatedsuch that the middle sand had a thicknessof 62 ft at PB2,
consistentwith observeddata. Transmissibilitymultipliersof zero were
usedto simulatethe shalesseparatingthe three sands in the southwestern
portionof the field. The lengthof these shalebreaks is consistentwith
the fence diagramfrom BEG (Figure4).



Simulation Studies

In order to successfullypredictreservoirresponseto futureexploitation,
a historymatch exercisewas first undertaken. "Day I" was taket_as Jan.
I, 1988. Prior to the startof the 1988MRT, bottomholepressurewas
recordedas 10,716psi, correctedto the averagedepth of 14,100ft subsea.

" Daily productiondata (ratesand bottomholepressures)reportedby EOC were
used in the historymatch,with bottomholepressurebeing used as the well
constraint,and brineproductionrate as the match variable.

Figure6 showsthe comparisonbetweensimulatedand observedproduction
rates throughApril 1992. Severalobservationscan be made from this
figure. With the exceptionof a 3- to 4-dayperiod (at about250 days),at
early times we are ableto obtain an excellentmatch of the observed
productionrate. At latertimes (t > 1,200 days, early 1991),the
predictedrate deviatesfrom the observed,consistentlyunderpredicting
production. Furtheranalysisof the outputsuggeststhe cause of this
failureto predictcorrectlyat latertimes.

From transienttest analysisand materialbalancecalculations(detailedin

AppendixA), averagereservoirpressureat t = 881 days (afterthe June-
July 1990 pressurebuilduptest) is estimatedto have fallenby

. approximately390 psi from its initialvalue. From TETRAD,AP = 385 psi,
which is an excellentagreementbetweentransienttest, materialbalance,
and numericalestimates. However,the pressuredrop at t = 1,508days

(April1992) is given as -500 psi fromtransienttests and materialbalance
considerations;TETRADgives 770 psi. Furthermore,the transienttests
suggestthat the reservoirvolumehas increasedbetweenthese dates by -66%
- from 26.3 billionto 43.6 billionft3. This increasehas not been
accountedfor in this first simulation. If such an increasedid in fact

occur,this simulationcould sustainneitherthe reportedproductionrate
nor the averagereservoirpressure. Thiserror in predictedrates and
averagereservoirpressureagain leads (as did transienttest analysesand
materialbalancecalculations)to the idea of influxof brine from a

previouslyunconnectedsource.

By consideringthe similarityin volumeestimatesas determinedfrom the
geologicstudiesand transienttest analyses,an initialestimateof the
sourceof the additionalfluid is obvious. Resultsof the two pseudo-

. steadystate transienttests suggestthat the reservoirincreasesin volume
from 26.3 to 46.3billionft3 betweenJuly 1990and April 1992. The
smallerof these two valuesagreeswell with the volumein contactwith

• PB2, as long as the new fault does not leak;the largervolumeis virtually
identicalwith the total pore volumeof the PleasantBayou reservoir,as

mapped by BEG (Hamlinand Tyler, 1988). This suggeststhat the fault
postulatedhereinacts as a pressure-dependentflow barrier. For a given



pressuredifferentialacrossthe fault,the fault acts as a barrierto
flow. Above this threshold,however,fluid is able to flow. Pressure-
dependentbehaviorof this sort has been identifiedin the past (e.g.,
Hunt, 1990; Powley,1987) and is the subjectof ongoingresearch(Anderson
et al., 1991).

The model implementedin TETRADto accountfor this behavioris a simple,
linearrelationshipbetweenpressuredrop acrossthe fault and
transmissibilityat the fault face. For a sufficientlysmallpressure
drop,the transmissibilityat the fault face is zero; and no flow exists.
This is the case envisionedearly in the producinglife at the Pleasant
Bayou reservoir. As the pressuredrop exceedsa thresholdvalue,
transmissibilityat the fault face increaseslinearlywith AP; and fluid
can move from one side to the other. A non-zerotransmissibilityat this
fault allowsthe entire reservoirvolumeto be drainedby the well, as
estimatedfrom the 1991-1992long-termdrawdownanalysis. This increasein
volumealso lengthensthe time requiredfor the reservoirto enter pseudo-

steadystate,as indicatedby the increasein tpss betweenthe 1990 and
1992constant-ratetests.

The model used in this study is shown in Figure7. No attemptwas made to
adjustthe minimumthresholdpressuredrop. Anderson(1992)suggeststhat
this minimumshouldbe approximatelyequal to maximumhorizontalstress;
this valuehas been approximatedas 1,000psi, slightlylessthan one-third
of the total effectivestress.

A secondhistorymatch attemptwas made with this adjustedreservoir

description.Resultsfrom this run are shown in Figure8. This figure
clearlyshows a much improvedmatch of productionthroughApril 1992 (t :
1,550days). Averagereservoirpressurepredictedat the end of the 47-day
buildupending in April 1992 is 10,233psi - this time in excellent

agreementwith transienttest analysis(Pavg : 10,243psi) and material

balance(Pavg = 10207psi). Based on agreementsbetweensimulatedand
observedproductionrates and reservoirpressures,we concludethat the
reservoirdescriptiondetailedaboveaccuratelyrepresentsthe important
aspectsof the PleasantBayoureservoir.

A finalpoint of interestconcernsthe rate of fluid influxacrossthe
"leakyfault." Rechargerates into geopressuredreservoirshave been
discussedby a varietyof authors,and valuesrange from 2 x 10-3 ft/d
(Negus-deWys, 1992)to as large as 0.1 ft/d (Anderson,1991). These
rangesreflectpostulatedrechargebehavior,which can vary from a low,
constantrate of rechargeto a relativelylarge,episodicamountof -
recharge. Calculationsbased on TETRADresultssuggestthat the
superficial(Darcy)velocityacrossthe leaky fault is approximately0.1
ft/D, at the upper limit of postulatedinfluxrates. Anderson(1992)



furtherstatesthat pressure-dependentfaultsclose as the pressure
differentialacrossthe fault declines. This behaviorhas not been

identifiedat PleasantBayou throughthe historymatch exercise;however,
insufficientlong-termflow data existto determinewhetherthis would
Occur.

' Sensitivity Studies
Havingobtainedgood agreementbetweensimulatedand observedbehaviorat

PleasantBayou,we now undertaketo studythe effectsof uncertaintyin ourw

reservoirmodel. Transienttests have identifiedeffectivereservoir

propertiesin the middle sand, and we will continueto assumethat these
propertiesare accurate. Reservoirpropertiesof the upper and lower
sands,however,were obtainedfrom singlepointmeasurements(core
analyses)and may well not be representativeof the sand properties. For
this reason,a limitedsensitivitystudywas undertakento evaluatethe
effect of error in the reservoirmodel.

Reservoirpropertiesvaried includepermeabilityand porosityof the upper

and lowersands,verticalpermeability,and extent of the shale barrier
. separatingthe three sands. Sensitivityruns are summarizedin Table 3

and are presentedgraphicallyin Figures9 and 10. Figureg showsthat
neithershale extentnor verticalpermeabilityhas much effecton
simulationresults. The lack of significanceof verticalpermeabilityis

somewhatintuitive,given the cross-sectionalarea open to flow.
Insensitivityto shale length,on the other hand, is somewhatsurprising.
In Run PBSH1,the shale is extendednearly5 miles furtherthan suggested
by BEG (see Figure4) and into an area with sufficientwell control. This
extensionexceedsa maximumpossibleshale lengthand yet impactsthe

simulationresultsonly minimally.

Table 3. Summaryof Sensitivity Runs.

Run # Parameter Changed from Base
Case

PBKI Permeabilityin upper, lowersands
increasedto 110 md.

PBSHI Shalesextendedadditional25000
ft. NE of PB2

PBKSH Both changesnoted abovetogether
(permand shale len_h increased)

. PBKV1 Verticalpermeability_ horizontal
)ermeabilityeverywhere

PBPI Porosityin upper, lowersands
increasedto 0.18

Transportand storagepropertiesof the upper and lower sandshave much
greaterimpacton simulationresults,as shown in Figure10. The



similarityin resultsbetweenPBKI and PBKSH againpointsto the
insensitivityto the areal extentof the shale;however,changesin either
permeabilityor porosityof the upper and lower sandsresult in drastic
changes in predictedbehavior. Obviously,the analysisconcerning
depositionalenvironmentand (therefore)sand propertyestimatesmade by
BEG were extremelyusefulin developinga good reservoirmodel. In the
absenceof such an analysis,extensivehistorymatch simulationswould have
been requiredto establishreasonablepropertiesfor these sands.

Rodel Predictions

The final portionof this study involvespredictinghow the PleasantBayou
geopressuredreservoirwould respondto futureexploitation. Long-term
exploitationis simulatedin the followingfashion. Bottomholepressureis
constrainedto be at least7,000 psi, and the brine productionrate is no
greaterthan 20,000STB/d. The bottomholepressureconstraintcorresponds
to approximately500 psi minimumsurfacepressure,assuminga hydrostatic
head of fluid. The productionlimit is close to the limit of allowable
productionrate withoutsand productionproblems. The simulationproceeds
as follows. As long as the brine productionrate can exceed20,000STB/d,
bottomholepressureis increasedsuch that the rate is 20,000STB/d. As
reservoirpressuredeclines,the bottomholepressurealso falls in orderto
maintainthis productionrate. Finally,the bottomholepressurefallsto
its minimum,and 20,000STB/d can no longerbe maintained. At this point,
the productionrate will begin to decline,and bottomholepressureremains
constant. The predictiontime extendsthrough1997;therefore,simulated
productionlife of the reservoiris 10 years (1988-1997).

Bottomholepressuresvs. time for this predictionrun is given in Figure
11. Throughoutthe predictionphase,the brine productionrate is

maintainedat 20,000 STB/d. As can be seen from this figure,PB2 can
maintainproductionrates of 20,000 STB/d into the 21st century. At the
end of this simulation(end of 1997),predictedbottomholepressuresare
still 1,600 psi above abandonmentpressure. However,it shouldalso be
noted that this simulationdoes not assumethat the leaky faultwill close.
Shouldthe recharge(influx)path change,as suggestedby Anderson(1992),
these predictionswould,of course,requiremodifications.As was noted,
there does not appearto be sufficientinformationregardingthe behavior
of the leakto determineits futurebehavior.

In fact, it is recognizedthat PB2 is scheduledto be shut-inin late 1992.
Buildupbehavioris very sensitiveto productionjust prior to shutin;
therefore,the pressureresponsecannotbe predictedwith any accuracyat
this time. The final pressurebuildupwill be examinedwhen these data
becomeavailablein FY 1993.



Summary and Conclusions
This reportsummarizesthe developmentof a reservoirmodel for predicting
behaviorof the PleasantBayou geopressured-geothermalreservoir. The
model incorporatesall data availablefrom a varietyof sources,including
geologicand geophysicalinformation,transienttest analyses,and reported
productioninformation.By incorporatingthese diversedata sources,an

' internallyconsistentdatasetwas developed. This reservoirmodel honors
all of the availabledatawithoutundue simplificationsor assumptions,and

incorporates"leakyfault"behaviornot previouslyidentifiedat Pleasant
" Bayou. Based on this approach,the followingspecificconclusionsare

made"

An excellentma'cchof productionhistorywas obtainedthroughFebruary1992
using the model developedherein.

On the basis of transientanalysesand numericalstudies,an additional
geologicfeaturewas incorporatedintothe BEG model. The pressure-
dependentfault is locatedin an area in which no data are availableand
thereforethe fault cannotbe rigorouslyvalidated. However,no lessthan
three transientanalysesindicatethe presenceof a fault not indicatedon
the BEG maps, and additionalevidencesuggestsfluidrechargeat Pleasant
Bayou. Estimatesof increasedfluid volumeand averagereservoirpressures

• all suggestthat only part of the sandwas initiallyin communicationwith
PB2 until sometimein 1991. No availableevidencecontradictsthe

hypothesizedrecharge.

Model predictionsare very sensitiveto errors in propertiesof the upper
and lower sands. On the other hand, the extentof the shale barrierhas
little influenceon reservoirperformance. This is likelydue to the large
surfacearea over which the three sands communicatein the northeast

portionof the field.

On the basis of the historymatch exercise,PB2 is capableof producing
more than 20,000STB/d of brine for at least10 years of production. This
conclusionassumesthat the fault that has openedremainsopen. It may

also representa minimumproductionlife, in that other rechargemay occur
as the reservoiris depleted.

An additionalanalysisis plannedto evaluateand model the pressure

. buildupwhen PB2 is shut in.
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Figure 1. PB2 Configuration. FromEOC,1990



Figure 2. Structure Map, Top of C Zone, Pleasant Bayou Reservoir.
FromHamlinandTyler,1988.



Figure 4. Fence Diagram Showing Sand/Shale Continuity,
Pleasant Bayou Reservoir. From Hamlln and Tyler, 1988.

Figure 5. Working Map of Pleasant Bayou Reservoir, Plan View.



Figure 6. New fault acts as no-flow barrier. Note the consistent
under-estimation of rate at late (t > 1100 days) times.

1988 1989 1990 1991
30000 i . . ' , .... ' , , , , I , , • • ' •

-- TETRAD Rate

_" 25000 o Observed Rate... )Oo
m

• 20000 o qt) o o ,
I_

15000

10000

_n 5000

0

0.00 365.25 730.50 1095.75 1461.00

Time (days)
e

Figure 7. Schematic of pressure-dependent fault. Fault is
no-flow until pressure exceeds a threshold, and
Increases linearly to a maximum.
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Figure 8. History match of observed production. New fault leaks
for pressure differentials greater than 1000 psi.
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Figure 9. Sensitivity study results show vertical permeability and shale
extent affect results very little, runs compare well w/PBBC.
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Figure 10. Changes in flow and storage properties of the
upper and lower sands affect history match greatly.
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Figure 11. Predicted bottomhole pressure vs. time for PB2. Brine
production rate remains at 20,000 STB/D through 1997.
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Nomenclature

Bw FormationVolumeFactor[-] res. volume/vol,at 60° F, 14.7psia

Cp Isothermalpore space compressibility[=] psi"1
cR Isothermalcompressibilityof rock [-] psi-1

, ct Total system isothermalcompressibility(cw + Cp)[=] psi -I
cw Isothermalcompressibilityof brine [-] p:_i-1
C zone Geopressuredsand, lowerFrio Formation

, GWR Gas-waterratio
h Thicknessof sand [=] ft
k Permeability[-] md
Lx Distanceto fault or permeabilitytransition[=] ft
m Slope of transienttest pressure-timeline,units vary
md milli-darcy
MRT Multi-ratetest

Pavg Averagereservoirpressure[-] psia
PBI PleasantBayouWell #1
PB2 PleasantBayouWell #2
PDMBH Mathews-Brons-Hazebroekdimensionlesspressure
PI Productivityindexof a well [-] STB/d/cp/psi

• pss pseudo-steadystate

Pwf Flowingwell pressure[-] psia
Pws Shutinwell pressure[=] psia

- O Cummulativeproduction[-] STB
q Volumetricproductionrate [=] STB/d
qN Rate of step N in multisteprate test [-] STB/d
rb reservoirbarrels= 5.615 ft3 at reservoirconditionsof P,T
RLT ReservoirLimitsTest

rw Wellboreradius [=] ft
S Well skin [-] dimensionless

SCF Standardcubic feet [=] ft3 at 60. F, 14.7psia
STB Stocktar,k barrels= 5.615ft3 at 60. F, 14.7psia
t Time [=] days
tp Lengthof productiontime determinedas Q/q [=] hrs
tpss Time requiredfor onset of pseudo-steadystate [=] hrs
tDMBH Dimensionlessproductiontime used in MBH builduptheory

Qreek

viscosity[=] cp

porosity[-] void volume/bulkvolume

. A Differenceoperator
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Appendix A. Transient Test Analyses

Many differenttypes of transienttests are used to obtainreservoirand
well data. Only techniquesthat have been used to analyzePleasantBayou
reservoirare discussedin this appendix. Derivationsof the working
equationsare omitted,but the derivationsare availablein standard

" references(e.g.,Earlougher,1976).

A total of six periodsin the historyof the PleasantBayou #2 (PB2)well
are amenableto transienttest analysis. These periodsincludethe four

"conventional"transienttests, in which bottomholepressuremeasurements
were made. Other periodsalso exist when well operationswere conduciveto
transienttest analysis. Conventionaltransienttests that have been
conductedare:

1. September15, 1980 - ReservoirLimitsTest
December15, 1980 (drawdownand buildup)

2. May 26, 1988 _ June 1, 1988 MultirateTest
(drawdownand buiIdup)

3. May 15 - 18, 1989 65-HourBuildupTest

4. April 28, 1992 - June 1, 1992 ConstantRate Test
(drawdownand buildup)

While these transienttests have been usefulin establishingnear-well

reservoirproperties(e.g.,permeability,fault locations)and well effects

(skin),other reservoirpropertiessuch as volumeand shapecannotbe
determinedfrom these tests. Fortunately,there have been two times in
which well productionrate was kept constantfor longperiods. When a well
is producedat a constantrate for a sufficientperiod,the reservoir
enterswhat is known as pseudo-steadystate. In this case, the pressure
everywherein the reservoirdeclinesat a con_,tantrate with time. From an
analysisof these data, one is ableto estimatesuch reservoirparameters
as drainagevolumeand shape. Aftereach of these periodsof constant
productionrate, the well was shut in for extendedtimes,thus allowingan
estimationof averagereservoirpressure. Therefore,despitean absenceof
downholepressuremeasurementsat these times, analysisof the pressure

. transientscan providegood approximationsto these criticalreservoir
properties. The periodsthat have been analyzedare as follows:

" 1. October1989 - July 1990 5,100+hours of constantrate
followedby 1,300+hours of
buildup



2. September1991- February1992 3,500+hours of constantrate
followedby 1,100+hours of
buildup

Resultsfrom transientanalysesare discussedin chronologicalorder in
some detail below.

Transient Analysis Methods
The discussionthat followsis not meant to be a detailedtreatmentof the

theory of transientanalysis. Methodsdiscussedare those that have been
used in analyzingtransienttests conductedon the PleasantBayou
reservoir. No attempthas been made to providebackgroundtheoryof these

methods;however,detailedderivationsof the workingequationsand
discussionsof the techniquescan be found in a varietyof references
(e.g.,Earlougher,1976;Mathewsand Russell,1967).

When a well is openedto flow in an initiallystaticreservoir,a pressure
transientmoves out into the reservoir• Solutionof the governing
equationsfor this case (priorto the pressuretransient"seeing"the
reservoirboundaries)gives

P_ = m log(t)+ b (A1)
where

162.6q B
m:-

kh

b= Plhr = Pl+ m[Iog((plkctr_) - 3.23+ 0.87S]

Thus, by plotting the flowing pressure, Pws, vs. log(t) (or vs. t on
semilog paper), a straight line should develop. From Equations (A2) and
(A3), reservoir permeability and well skin can be obtained from the slope,
m, and intercept, b, of the straight line:

k=- 162.6qB_L (A2)
mh

S =1 1513[ Pl'Plhr Jog( kr_)+3.23] (A3)• m q_l_

Plhr is the flowingpressureat t = 1 hour, extrapolatedfromthe straight
line.



If, insteadof imposinga singlerate on the well, multiple(N) rates are
imposed,a modificationto Equation(AI) is required. By using
superposition,it can be shown (Earlougher,1976)that a plot of

PI-P_ N

• _ VS._i=1qi"qi-l_ Iog(t-ti.1)

resultsin a straightline. Permeabilityis obtainedfrom the slope of
. this line.

162.6 B
k=- (A4)

mh

Well skincan also be obtainedfrom this multiratetest; however,it is

usuallymore accurateto obtain skin fromthe singlerate Equation(A3),
using the first rate of the test.

If a well is flowedfor sufficienttime, all reservoirboundarieswill be
"seen"by the pressuretransient. At this time, the reservoirenters

" pseudo-steadystate, in which all pressuresdeclinelinearlywith time. By
plottingflowingpressurevs. time, reservoirdrainagevolumecan be
estimatedfrom the slope,m, of this line"

Vp = .0.2339qB (A5)qm

If a well is flowingat somerate q for a periodtp, and is shut in for
sometime At, anotherpressuretransientmoves intothe reservoir. This
is known as a pressurebuilduptest, and, again,reservoirpermeabilityand
well skincan be estimatedfrom the pressureresponse. Superpositionof

rates (q for tp + At; -q for At) allowsthe shutinpressurePws to be
representedas:

Pws= PI- m log(+t_3-) (A6)
At

Permeabilityis again obtainedfromthe slopeof the semilogplot"

- k =. 162.6q B I_ (A7)
mh

. and skin from the intercept:

S= 1.1513[P'h_ Pwf- 'Og(q_lkr_ ) + 3.23 ] (A8)



In this case, Plhr is the shutinpressureat At = I hour and Pwf is the
flowingpressurejust prior to shutin. This method is simplifiedif the
reservoiris in pseudo-steadystate priorto the builduptest. In this
case, a plot of Pws vs. At yields a straightline. Permeabilityis
obtainedfrom the slope as in Equation(AT), and skin from Equation(A8).

If the rate has been variedprior to the builduptest, modificationsmust
again be made. If the lastrate has been in place longenough so that the

reservoiris in pseudo-steadystate (pss),effectiveproductiontime tp may
be estimatedfrom

tp=O--q

Q in this equationis total productionsince static,equilibrated
conditions,and q is the most recentproductionrate. If, on the other
hand, rates have varied significantlyand the reservoiris not in pss,
superpositionmust be usedto obtain a solution. In this case, a plot of

N tN- ti-1+ At

PwsvS.,._1 qJ 'og(;_;+At )-- (A9)

yields a straightline. Permeabilitycan be obtainedfrom Equation(A7)

with qN in place of q, and skin is given from Equation(A8).

Among the most importantparametersobtainedfrom a pressurebuilduptest
is an estimationof averagedrainagepressure,P To obtain an estimateavg"
of P , shutinpressuresare extrapolatedto infiniteshutintime Theavg
extrapolatedpressureis known as the false pressure,P*. Pavg may then be
estimatedfrom P and fromthe slopeof the pressurebuildupplot using
Mathews-Brons-Hazebroek(MBH)theory (Earlougher,1976).

Pavg=P'" m (AIO)2.303 PDM_

PDMBHplots as functionsof reservoirshape are given in a varietyof
references.

A final analysistool discussedhere concernsa change in the slope of any
of the above plots. Wellborestorageeffectscan cause an apparent
increasein the slope,aridcare must be taken to eliminatedata that
exhibitstorageeffects. Anothercause of changesin slope arisesfrom the
presenceof a permeabilitytransitionor linearfault. In the case of a
permeabilitytransition,and assumingconstantcompressibility,the ratio
of the slopes is inverselyproportionalto the ratio of permeabilities"



m--11: k-2 (All)
m2 kl

A doubling of the slope may also indicate the presence of a linear fault or
flow boundary. From superposition in space, the distance to such a
boundaryor transitionis given by"

Lx = 0.01217 _/_ (A12)

where tint is the time at which the two straightlines intersect.

Methodsdiscussedabovecan be used any time well operationschangeand any
time a pressuretransientmoves intothe reservoir. At times,the data
obtainedfrom such an analysiscan only be used qualitatively;however,
such data can and shouldbe used in conjunctionwith other informationand

methodsof testing. Many times,these qualitativedata are helpfulin
supportinga hypothesisor in suggestinga means of testinga theory.
Petrophysicaland fluid propertiesrequiredin these analysesare

• summarizedin Table At.

Table A1. Reservoir and fluid properties used in transient
- analyses.

Thickness(middlesand at P82),h 62 ft .... ........
Total compressibility(pore+ 5.96 x 10.6 psi"I

fluid),ct ...............

Well radius,rW .. 0.29 ft .....
Fluid viscosit_ I_ 0.28 cp

Formationvolumefactor_Bw 1.049rb/S..TB ......

Porosity__o(of middle sand) 0.18 .....

1980 Reservoir Limits Test (RLT)
The 1980 ReservoirLimitsTest began September15, 1980 and consistedof a

45-daydrawdowntest followedby a 45-daybuilduptest. Productionrates
and bottomholepressureswere given by Gruy (Rodgers,1982). Production
rates are given graphicallyin FigureAt. For purposesof test analysis,
these rates have been approximatedas:

0 _ t _ 125.5hrs q - 6,650 STB/d
125.5_ t _ 360.5 hrs q - 10,920STB/d
360.5_ t _ 450.5 hrs q - 19,160STB/d
450.5 _ t _ 528.5 hrs q - 15,460STB/d
528.5_ t _ 859.5 hrs q - 13,300STB/d
859.5 _ t _ 1,082.2hrs q - 13,100STB/d



The first 125 hours of this test can be analyzedusing constantrate
drawdowntheory. Analysisindicatesthat wellborestorageaffectslast
minutes. The pressure-timeplot for the first step of the RLT is given in
FigureA2. Slope and intercepttaken from this plot are -30.04psi/cycle
and 10,918psi, respectively. From these data, permeabilityand well skin
are then estimatedas 164 md and 0.2.

FiguresA3-A4 showthe resultsfrom each of the rate steps in the RLT.
Permeabilityestimatesfor these cases,from Equation(A4), range from 160
to 200 md. Given the amountof scatterin productionrates duringsteps 3

and 4, this is consideredgood agreement.

In examiningFiguresA3 and A4, one also notes the near doublingof the
slopes in steps 5 and 6. As discussedabove,a doublingof slopescan
indicatethe presenceof a linearflow barrieror fault;the distanceto
the fault can be estimatedfrom Equation(A12). The curve for rate step 2
intersectsthe curve for step 5 at an ordinatevalue of 1.4,corresponding
to a time of approximately361 hours. Using Equation(A12),the
permeabilityfrom step2, and other petrophysicalpropertiesas noted in
Table I, the apparentfault is at a distanceof 5,900 ft from the test
well. This value shouldbe taken as an approximation,however,given the
variationsin flow rates in the middle of the flow test.

Becauseof the multipleflow rates used in the drawdowntest, the multirate
method is used in the buildupanalysis. The pressurebuildupdata are

shown in FigureAS. Permeabilityis estimatedfrom Equation(A4) as 211
md; S - 5, from Equation(AS).

Once again,from FigureAS, we can see an increasein the slope of the
line,an indicatorof a possiblefault. The shutintime at the
intersectionpoint is approximately36 hours;from Equation(A12),we see
that the distanceto the fault is about 2,100 ft fromthe test well. The

presenceof this fault was masked in the drawdowntest, possiblydue to
variationsin flow rate. The factthat the slope did not doublesuggests

that this boundaryis eithernot a linearbarrier(or is orientedat an
obliqueangle) or that there is no fault at all, but rather a permeability
transition. If it is a permeabilitytransition,distalreservoir

permeabilitycan be estimatedas 125 md.

Data obtainedfrom the 1980RLT are summarizedin Table A2.

1988 Multirate Test

Upon cleaningout and recompletingthe PleasantBayou wells in early 1988,
EOC conducteda short (92-hour)drawdowntest, followedby a 24-hour



butldup. Production rates are given in Figure A6. Rate steps used in the
analysisare:

0 _ t _ 12 hrs, q - 4,900 STB/d
12 _ t _ 24 hrs, q - 7,400 STB/d
24 _ t _ 32 hrs, q - 11,680STB/d

• 32 _ t _ 53 hrs, q - 11,480STB/d
53 _ t _ 58 hrs, q - 9,500 $TB/d

, 58 _ t _ 61 hrs, q - 8,150 STB/d
61 _ t _ 92 hrs, q - 9,640 STB/d

FigureA7 showsresultsof the first step of the drawdowntest. Using
Equations(At) and (A2),we find that the permeabilityis 181 md and well
skin is -0.6. Resultsfrom the first fourrate steps are shown in Figure
A8. The valuesof permeability(150-180md) obtainedfrom this figureand

Equation(A4) again show good agreementwith that of the first step and
also agreewith those found in the 1980RLT. Due to tool failure,later
rate steps were not analyzed. Neitherfaults(or transitionboundaries)
detectedin the 1980RLT were detectedin this test. The near boundarywas

possiblymissedbecauseof variationsin flowrate at early times. The farv

boundarywas not seen becausethe drawdowntest did not last longenough.
From Equation(A12),a 92-hourdrawdowntest could "see"a fault no farther

. away than 3,100 ft.

The buildupportionof the MRT was analyzedusingthe multiplerate method
describedabove. Pressure-timedata are given in FigureA8. These data

suggesta permeabilityof 162 md and no well skin. Once again,the nearer
boundarywas not seen,perhapsbecauseof the lengthof the test. In this

case, Lxmax- 1,500ft from Equation(A12).

Data obtainedfrom the 1988 MRT are also summarizedin TableA2.

May 15-18, 1989 Butldup Test
On May 15, 1989, PB2 was shut in for a 65-hourbuilduptest. Priorto
shutin,the productionrate was 12,205STB/d;however,the reservoirhad
not enteredpseudo-steadystate becauseof earlierrate changes.

Productiontime, tp, was estimatedas 12,780hours from total production
May 1988-May1989dividedby the lastproductionrate.

. Buildupresultsare given in FigureAIO. From this figure,permeabilityis
estimatedas 193 md and skin is -I.1. Once again,we see an increasein

the slope in this figure. From Equation(A12),the distanceto this
transitionis 1,440 ft. This is in reasonablygood agreementwith the
distancefound in the 1980test.

Resultsfrom this test are presentedin Table A2.



Constant Rate Drawdown, October 198g-May 1990
In October, 1989, a Hybrid Power System (HPS) was installed at Pleasant
Bayou. Production rate was held constant during the HPSexperiment -
approximately 9 months of constant rate. This was not a conventional
transient test in the sense that bottomhole pressure was measured; however,
a period of constant production this long lends itself nicely to pseudo-
steadystate analysis. While downholepressuredata are unavailable,PBH
correlateswell with surfacepressuresfor a given flow rate. Any
transientsassociatedwith changingflow rates or thermaleffectswould be
attenuatedlong beforepseudo-steadystate conditionsapply.

Bottomholepressurefrom correlationsis plottedagainsttime in Figure
A11. Priorto the HPS experiment,the well was shut in for 44 days. While
this is not sufficienttime for reservoirpressuresto equilibrate(see

below),for the purposesof this calculation,the assumptionof static
reservoirconditionsis adequate. The lineartrend of pressurewith time
from aboutt - 1,500hours is obvious. This portionof the drawdownis
detailedin FigureA12. The slope fromthis curve is 0.0256psi/hr;from
Equation(AS), total connectedreservoirpore volume is 26.3 billionft3.
This is approximately57% of what the UT-BEGterms proximalreservoir
volume (Hamlinand Tyler, 1988). It is clearthat the total sand volumeas
reportedby Hamlinand Tyler (46.5 billionft3) is not currentlyin
pressurecommunicationwith the test well.

When the HPS experimentwas completed,PB2 was shut in for 57 days, while
the HPS was dismantledand the disposalwell reworked. One again,while no
bottomholepressuremeasurementswere taken, surfacepressurescan be used
to estimatereservoirproperties. Only daily data were reported,so
permeabilityand well skin shouldbe viewed as coarseapproximations.

A plot of Pws vs. log(At) is given in FigureA13. Fromthis plot, we
obtainan estimatefor permeabilityof 196 md. Skin is given as 5.3. In

particular,this value of skin is suspect,sinceno good estimationof

flowingpressurePwf at shutinis available. The scarcityof data at early
time also precludes"seeing"the near barrier. A near doublingof the
slope at latetime, however,does occur. From the intersectionpoint (at
At - 434 hours),this flow boundaryis at approximately7,000 ft.

The long shutintime (57 days) also suggeststhe possibilityof obtaining

an estimateof averagereserviorpressure Pavg" Using the Mathews-Brons-
Hazebroek(MBH)method (Mathews,et al., 1954),we estimatea false

pressure,P* as"

tp - Q/q - 15,315hours

P* " P1hr + m21°g(tp)" 3,960psi



The slope of the secondstraightline is used in the MBH method becauseof
the inferredpresenceof a barrier(Earlougher,1976). Effective

productiontime, tp, is approximatedin terms of the last flow rate, q.

The final data requiredto apply MBH theory is an estimateof the

dimensionlessproductiontime to pseudo-steadystate,(tpD)pss. From
" Earlougher(1976),this is

0.0002637 k tpss
• (tpD)pss= q)rnctA

= (0.0002637) (180 md)(1500 hrs) = 1
(0.18)(0.27 cp)(5.96x 10"Spsi"1(2.63xl 0sft2)

In the above equation,averagearea, A, was taken fromthe estimateofVp

(2.63 x 1010ft3) and from averagethickness(100ft). Using (tpD)ps._-1,
and enteringthe MBH plots,we findthat (PD)MBH= I for this case. MBH

plot selectionwas based on the figurethat enteredpss at (tpD)- I.

Using (PD)MBH- I, we can solvefor Pavg:
q

Pavg" P* " m2/2.303, corrected to average depth

- 3,910 psi + (14,100 ft)*(0.4566 psi/ft)

- 10,345 psi

As a check against MBHPavg,. consider a material balance calculation of the
mass in place. For a closea system (no recharge)"

-_Q= ct(Pl-Pavg)
Vp

As of June, 1990, (I= 1.05x 107 STB,ct- 5.96 x 106 psi -I, and PI (at
14,100ft SS) - 10,718psi. Then

Pavg " 10,718psi

- (61,500,500ft3)/(5.96x 10-6 psi"I * 26.3 x 1010ft3)

- - 10,718- 392

- 10,326psi.

Agreementbetweenthese two estimatesis excellent. In comparision,after
57 days of pressurebuildup,shutinpressure(correctedto depth) is 10,308
psi and is increasingat a rate of 0.06 psi/hr. It would seem, then, that



I
I

reservoir pressure will take appreciably longer than 1,500 hours to
equilibrate.

Reservoir' properties estimated from this test are given in Table A2.

Constant Rate Drawdown, Oct. 1991-Feb. 1992
A second long-term period of constant production rate began in October 1991
and continued until February 1992. In this case, the well was not shut in
prior to this drawdown. Figure A14 shows bottomhole pressure vs. time.
This ordinatebegins at t - 0 only to identifythe time requiredfor the

reservoirto enter pseudo-steadystate from this constantrate (tp is
actuallyabout 19,700hours at the start of this constantrate test). As
can be seen from the figure,psuedo-steadystateconditionsbegin at about
t - 1,700 hours. From the slope of the line and Equation(AS),connected
reservoirvolume is approximately43.6 billionft3, nearly70% largerthan
the 1991 volumeestimate. Severalexplanationscan be made concerningthis
apparentdrainagevolume increase,includingincreasedpore
compressibility,a free gas saturation,and influxfrom an adjacentsand.
We excludethe possibilityof a gas cap, as the brine is undersaturated
with respectto gas. The other two possibleexplanationsare discussedin
more detailbelow.

Perhapsa more conservativeway of lookingat the pseudo-steadystate
calculationsfor reservoirvolume is to note that the product(reservoir

volume . total compressibility)has increasedby a factorof 66% between

the two tests. This is seen by solvingEquation(AS) for Vpct. Three
possibleexplanationsexist for this increasein the product: eitherone
of the two factorsincreasedby 66%, or both increasedby some smaller
amountsuch that the productincreasedby 66%. Farentholdand Gray (1985)
sugg@stthat a representativevalue of pore compressibilityis 326 x 19-7
psi"1. The value used here is the mean of this range,4.5 x 10"/ psi"

I

Using the largestvalue given by Farentholdand Gray_maximuntotal
compressibility(pore and brine) is 7.07 x 10-6 psi"_, an increaseof only
18%. This suggeststhat the minimumpore volumemultiplieris 1.66/1.18,
or 1.42. Clearly,some rechargefrom an adjacentaquifermust be taking
place.

It is worth notingthat it is the productof reservoirvolumeand total

compressibilitythat actuallydrivesrecoveryfrom the geopressured
compartment. Furthermore,the individualfactorsdo appear in such a
manner as to separatetheir effects. From this point of view, it matters
littlewhetherthe reservoirvolume has changedor the pore compressibility
has changed. However,changesin pore compressibilitywould likelyfirst
be seen at the productionwell, where changesin effectivestressare
greatest. Thus far, no obviouschangehas been observed. Given these
observationsand the estimatedmaximumchangesfrom above,we hypothesize



thatthe totalcompressibilityhas remainedconstant;andthe drainage
volumehas Increasedby 66%. in the absenceof additional data or evidence
of changesIn compaction, thls appearsto be a reasonable selectlon.

Resultsfromthisanalysisare summarizedin TableA2.

" 47-Day Buildup
Afterproducingat a constantrateformorethanfourmonths,production
rateswerereduceddue to surfaceequipmentproblems.Productionratesare
givenbelow:

September26, 1991 - February 10, 1992q - 23,176 STB/d
February10, 1992 - February 12, 1992q = 15,387 STB/d
February 12, 1992 - February 17, 1992q = 22,303 STB/d
February 17, 1992 - March12, 1992 q - 11,949 STB/d

OnMarch13, the well was shut in for equipmentrepairs; it remainedshut
in for 47 days.

Thispressurebuilduptestwasanalyzedusingthemulti-ratebuildup
approach.Pws vs.thereducedtimevariablefromEquation(Ag)isplotted
in FigureAIS. Onceagain,giventhe scarcityof earlytimedata,skinand

. permeabilityshouldbe treatedas qualitativeinformationonly. Fromthe
Equations(A6)and (A7),we obtainestimatesfor permeabilityof 153md,
and S - -0.5. AlsofromFigureAIS,a secondlinearportiondevelops,
intersectingthe originalllneat t - 494hours. UsingEquation(AI2)and
the valueforpermeabilityobtainedabove,we estimatethedistanceto this
faultas 6,700ft. Thisis againin goodagreementwithprevious
estimates.

The length of the buildup test onceagain suggeststhe possibility of
estimating average reservoir pressure. Following the sameprocedureas
above, the false pressure P* is estimated as 3,870 psi. Usingthe new
values for permeability, average area, and time to pseudo-steadystate, we

estimate (tpD)pss as:

0.0002637 k tpss . 0.6
(tpD)pss = _J.tctA

• Entering the MBHplots again, PDMBHis again approximately 1; then

. Pavg" P* " m2/2'303, corrected to averagedepth
- 3,805 psi + (14,100 ft)*(0.4566 pst/ft)

- 10,243 psi



As a check,we once again considerthe materialbalanceequation,solving

for Pavg:

Pavg = 10,718psi

-(132,700,000ft3)/(5.96x 10-6 psi"I * 43.6 x 1010ft3)

= 10,718- 510

- 10,207 psi.

As before, agreement between these two estimates of Pavg is good. In
contrast to these estimates, at day 47 of the pressure buildup test, Pws -
9,980 psi and is increasing at a rate of 0.08 psi/hr.

Results of the analysis are also summarized in Table A2

April 1992 Transient Tests
Upon fixingthe surfaceequipmentproblems,short-termdrawdownand buildup
tests were conducted,beginningApril 28, 1992. The well flowed25 hours
at a constantrate of 11,215STB/d. However,due to downholetool failure,
only the first 3 hours of drawdownare available.

The drawdowntest is plottedin FigureA16. A straightlinedevelops
shortlybeforetool failure;from Equation(A2), the permeabilityis 199
md. Using Equation(A3) and P1hr, well skin is estimatedto be -1.8.
However,the initialpressureused in this analysisis not equal to the
staticreservoirpressure. From Equation(A3),this would underestimate
skin. Using the averagereservoirpressureof 10,240psi, as estimated
from MDH theory above,skin is found to be -0.2. The true value of skin is
probablybetween0 and -2.

Pressurebuildupdata are plottedin FigureA17. From this figureand
Equations(A7) and (A8),permeabilityis 190 md, and skin is -2. This
value of skin is also sensitiveto the nonstaticreservoirconditionsat

the onset of the test and probablyrepresentsa lower bound. Finally,a
doublingof the slope again suggeststhe presenceof a permeability
transitionor boundary. The lines intersectat 14 hours;from Equation
(A12),the inferredboundaryis at about 1,260ft.

Test resultsare summarizedin Table A2.
I

Summary of Test Results
Eleven pressure transients have been analyzed for reservoir and well
information. Most of the data give very good agreement. For example,
reservoir permeability appears to be about 180 md(average values of test
results). Well skin, with one notable exception is -0 - -2. The only case
in which the skin was appreciablydifferentfrom 0 was the 1980RLT buildup



test (thevalue of 5.3 fromthe 57-daybuildupis highly suspectand is
neglected). No explanationis availablefor this anomalousvalue. For
purposesof simulation,we use S - O.

Two distinctfaultsor permeabilitybarrierswere observedfrom a numberof
the tests. The closestto the well is locatedat about 1,600 ft from the
well. Based on the slope increases(less than 2 in all but one case),this
is inferredto be eithera fault orientedat an obliqueangle relativeto
the flow, or a permeabilitytransition. If indeedit is a transition,
distalreservoirpermeabilityis approximately110-120md. The second
fault liesapproximately6,500 ft from PB2.

Reservoirvolumecalculationsare clearlythe most controversialof the
resultspresentedhere. The onset and behaviorof pseudo-steadystate in
both of the long-termconstantrate flowtests clearlyshowthat reservoir
conditionshave changedbetweentest dates. Given the lackof evidenceof
reservoirfailurenearthe wellbore(whereeffectivestressesare
greatest),a large fluid volumeincreaseis inferred. At this point,there
is no clear-cutway to determinethe manner of this rechargemechanism.
Pressurecontinuitywith an adjacentaquifer,episodicflow of brine
througha seal, and one-timeinfluxof fluidswould all give the same
pressureresponseat the test well.

Q



Table A2. Summary of transient test analyses for Pleasant Bayou Reservoir.

Test Test Perm Skin Reservoir Faults/ Average Reservoir Pressure Comments
Duration ImDI Volume Barriers

liLT- 1980 1,080 160-200 0.2 5,900 ft. Fault location questionable, based
Drawdown hrs on steps 2,5. Data good early

only.
lILT - 1980 1,080 211 5. 2,100 ft m2 = 1.67 ml; k2=125 mD
Buildup hrs Data quality good.
MlIT- 1988 50 hrs 150-180 -0.6 none Good agreement in perms/step.
Drawdown w/tool No long data - tool failed.

Data good from Steps 1-4.
MRT- 1988 24 hrs 162 0. none 24 hr buildup; Data quality good.

Buildup
May 89 Buildup 65 hrs 193 -1.1 1,440 m2 = 1.7 ml ; k2 = 115

Data quality good.
Const. Q - Oct 5,000+ 2.63 x Well shut-in 44 days before test.
89-May 90 hrs 1010 ft3 No bottom hole measurements.
Drawdown Good indicator of pss.
57-Day Buildup 1,360+ 196 5.3 7,100 ft. fr Material Balance: 10326 psi No tool in hole; skin suspect (no
June-July 90 hrs fr. MBH Theory: 10345 psi good Pwf). Data good for Pavg,

after shutin Pws = 10308 and not for k,S.
increasing 0.06 psi/hr

Const Q - Oct 91 3,280+ 4.36 x No shut-in prior to flow;
- Mar 92 hrs 1010 ft3 No bottomhole measurements

47 Day Shutin 1,125+ 153 -0.5 6,700 ft. fr Material Balance: 10207 psi No bottomhole measurements.
Mar-Apr 92 hrs fr MBH Theory: 10243 psi Data good for Pavg, not for k,S.

after shutin Pws = 9980 and
increasing0.08 psi/hr

Apr 28, 1992 3 hrs 199 -1.8 Only 3 hrs Pwf; PI .4 Pavg, so skin
Tests Drawdown suspect.
Apr 28, 1992 58 hrs 190 -2. 1,260 ft. m2 = 2.2 ml; k2 = 90 mD.
Tests Buildup S suspect (PI _ Pavg)



Figure A1. Production Rate for 1980 RLT.
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Figure A2. Step 1 of 1980 Reservoir Limits Test.
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Figure A3. Steps 1-3 of 1980 RLT.
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Figure A5. Buildup Portion of 1980 RLT Test.
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Figure A6. Production Rates for 1988 MRT.
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Figure A7. Drawdown Test, Step 1 of 1988 MRT. 
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Figure A9. 1988 MRT Buildup Test.
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Figure A10. Pressure Buildup Test, May 15-18, 1989.
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Figure All. Bottomhole Pressure History
Oct 24, 1989 -- May 31, 1990
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Figure A12. Pseudo-Steady State Portion of Constant Rate
Drawdown Test--Oct 1989- May 1990.
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Figure A13. June-July 1990 Pressure Buildup Test.
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Figure A14. Sept. 1991 ---Feb 1992 Constant
Rate Drawdown Test.
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Figure A15. March- April 1992 Buildup Test.
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Figure A16. Apr. 28, 1992 Drawdown Test.
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Figure A17. Apr 29-May 2 Buildup Test.
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