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OBJECTIVES

The objectivesof this project are to continuereservoircharacterizationof the
CypressSandstone;to identifyandmap facies-definedwaterfloodunits(FDWS); and to
designand implementwater-aitemating-gas(WAG) oil recoveryutilizingcarbondioxide
(CO2). The producibilityproblemsare permeabilityvariationand poorsweepefficiency.
Part 1 of the projectfocuseson the developmentof computer-generatedgeologicaland
reservoirsimulationmodelsthat willbe used to select sites for the demonstrationand

implementationof CO2 displacementprogramsin Part 2. Included in Part 1 is the site
selectionand ddllingof an infillwell,coringof the Cypressinterval,and injectivitytesting
to gatherinformationusedto updatethe reservoirsimulationmodel. Part2 involvesfield
implementationof WAG. TechnologyTransfer includesoutreach activitysuch as
seminars,workshops,and field trips.

SUMMARY OF TECHNICAL PROGRESS

DRILLING, GEOPHYSICAL AND PETROHYSICAL ANALYSES OF SEAMAN No. 15

A joint team of American Oil Recovery, Inc. project personnel and ISGS
geoscientistsselected Section35, T12N R7E for locationof the infillwell,AOR/Seaman
No. 15 based on the isopachof the target facies-definedsubunit ("E"-interval)in the
Sawyer Unit and informationfrom surroundingwells (fig. 3). AOR/Seaman No. 15 was
drilled from 9/12/93 to 9122/93. The whole cores recovered from 1738' to 1822.5'
containedlive oil in the "B", "C" and "E" intervals of CypressFormation(fig.l). Core
analysesshowedthatthe "E"-intervalhasa higheraverageporosityandpermeabilitythan
the "B"- and "C'-intervalsrespectively(Table 1). A suiteof geophysicallogscomprising
of dual induction focus log, natural gamma ray log, compensated densilog/caliper,
compensated neutron log, mini/og, dielectric log and analysis and epilog - complex
reservoir analysis were run. The in-situwatersaturationof the "E"-intervalpredictedfrom
the logswere very high. For example, the C-intervalwas calculatedto have a water
saturationof 100% by the dielectriclogdespitethe fact thatthe wholecoreportionof C-
intervalwas observed to be oil saturatedand bleedingoil and gas. Becauseof the
uncertaintyof the water saturationsdeterminedby use of "rule-of-thumb"values of
exponent"n"and the formationcementationfactor "m"employedinthe loginterpretation,
Cypresscoresamplesfrom the B-, C- and E- intervalswere submittedfor an extended
analysisof these criticalfactors.

CYPRESS ROCK/INJECTED BRINE COMPATIBILITYTESTS

Two core plugs taken from the E-interval at depths of 1750.5 and 1751 feet
respectivelywere testedfor compatibilitywith(1) CypressformationbrinefromStrohlNo.
8, (2) producedbrine from the Pennsylvanianformations, (3) pit brineconsistingof
RosiclareandCypresseffluents,effluentsfromPennsyvlanianformationsandrainwater,
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and (4) laboratorybrine consistingof 1% NH4CI and 1% NaCI. The resistivityand pH of
the various test brines were measured at room temperatures ranging from 74.9°F to
77.3°F (Table 2). The fluids were injected into the plugs in the order shown in Table 3.

All field brines were first passed through the Whatman filter (No. 4) paper prior to
injection into the core plug. The brines retained a yellowish taint after filtration. Liquid
permeabilitywasobservedto decreaseas the field brineswere consecutivelyinjectedinto
the coreplugs(Table 3). Alsothe colorof the coreeffluentswas clear suggestingthat
the plugsfilteredout the yellowishtaint. A dark-brownsolidbuildupwasalso observed
on the inletface of the coreplugs. The liquidpermeabilityincreasedfrom 14 md to 19.3
md after the flow directionwas reversedin plug No. 2 (Table 3), a sure indicationthat
particlepluggingoccurredin the core sample. These observationssuggestthat these
field brines may impair formation permeability if injected into the reservoir without
adequate filtration.

SLIM-TUBE CO2-OIL MISCIBILITYTESTS TO DETERMINE MMP OF CYPRESS OIL
CO2-crudeoil miscibilitytests were conductedin a slim-tubeapparatususing

Cypresscrudeoil sampledfrom the No. 8 Strongwell (fig.3). The testconditionswere
85 °F and pressure rangesof 1250 psig to 2500 psig.The slim-tubepropertiesare
summarizedin Table 4 and the test resultsare summarizedin Table 5. The plot of oil
recovery at 1.2 PV of injectedCO2 versus pressure is illustratedin Figure 2. The
minimummiscibilitypressureof the Mattooncrude oil with CO2 was determinedto be
1780 psigusingthe methodof Yellig and Metcalf (1978).

The above resultimpliesthat onlyimmiscibleCO2 displacementof oil is possible
fromthe CypressreservoirsatMattoonfieldsincethe formationpartingpressureisabout

, 1,800 psia.

RESERVOIR SIMULATION
Reservoirsimulationmodelsof the MattoonCO2 Projecthave been developedto

enhanceand verify reservoircharacterization,and to predictoptimumCO2-assistedoil
recoveryprocesses.The models,which are being continouslyupdated,will aid in the
designand managementof Part 2 of this project. The three major modelsare: the
Sawyer CO2 Injection,the PinnellCO2-WAG, and the "huff'n' puff" (cyclicCO2injection
usingdata fromthe AOR/Seaman No. 15 well) models.

Sawyer Unit CO2 Project
Duringthe last quarter, approximately2000 tonsof CO2 were injectedinto'No. 1

Sawyer Community and oil producedfrom No. 2 Ed. Morrisand No. 1 D.M. Sawyer
Community2 (fig. 3). ICCR No. 18 and ICCR No. 19 wellswere monitoredand found
to containCO2. After the cessationof CO2injectiononJune30, 1993, ICCR No. 18 and
ICCR No. 19 wells and No. 1 Sawyer Communityinjectionwell were used to monitor
reservoir pressure. There was a general pressure decrease in all these wells as oil
productioncontinuedfrom No. 2 Ed. Morrisand No. 1 D. M. Sawyer Communitywells
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(fig. 4). Uniformityof pressureresponsesconfirmcommunicationamongthesewellsin
the E-interval.

Continuingand extensi_,_search for well informationin this unit revealedthat
twelve wellswere completedfor oil productionfrom the "E"-intervalat varioustimes
between June 1946 and February1962. Furthermore,four wells includingthe Railroad
No. 18well,previouslyusedas water injectors,wereopeninthe "E"-interval.Onlythree
wells - No. 1 SawyerCommunity#3, No. 1 SawyerCommunity#2 and RailroadNo. 19 -
were openedinthe "E"-intervalduringthe currentproject.The implicationof thisfinding
is that the "E"-intervalhas been produced.

A compositionalreservoirsimulationmodelconsistingof six pseudo-components
(Table 6) was developedto assistin the managementof the projectin the Sawyer Unit.
Reservoirdescriptionwas initiallyaccomplishedbycorrelationsof reservoirquality(clean
sand distribution)to porositiesand the permeability-porositycorrelationof the Cypress
sandstone. This data has been greatly improvedby the core analysis of the AOR-
Seaman No. 15 well intheSawyerUnit. Pseudo-relativepermeabilitydatawere replaced
withlaboratory-measuredvaluesusingCypressrockfromthe newly-drilledwell,Cypress
brineandCO2-saturatedcrudeoil. Historymatchwas greatlyimproved.One drawback
is thatthere is no gas data to dateand simulatedgas productioncouldnot be matched
by observeddata.

Planned predictionsusingthe simulationmodel include the comparisonof the
performancesof multiplewell oilproductionand gas injectionto those of the cyclicCO2
injectionand oil productionotherwisecalled 'huff and puff'. The uncertaintyof the
integrityof wellsthat are openinthe "E"-intervaland the highcostof verifyingthemfavor
'huffand puff'operationsin the Sawyer Unit.

Single Well Cyclic CO2 Injection in Sawyer and Strong Units
Parameters affecting oil recoveries from "huff and puff" wells have been

investigatedby simulationof a singlewell model.The coreanalysisand welldata of the
AOR-Seaman No. 15wellwereusedinthe simulation(Table7). Theparametersincluded
in the sensistivityanalysisare:the CO2slugsize, the numberof CO2injectioncycles,the
CO2-oilmixingratios,and permeability-thicknessof the reservoirinterval.

Simulatedresultsshowthat the oil productionrate increasesafter injectingCO2
intothe singlewell (fig.5). Otherresultsare (1) oilrecoveryincreaseswithCO2slugsize
reachinga peak after 2% HCPV (7.64 MMSCF) is injectedbut declinesbetween 2%
HCPV and3% HCPV; (2) increasingpermeabilityvaluesalsoincreasesoilrecoveryand
also cumulativegas productionat the same slugsize (fig.6); (3) a secondcycleof CO2
injectionmay increasethe oil flow rate at the same wellconditionsand (4) oil recovery
increases with CO2/crude oil mixing ratio (fig. 7). Other factors that increase the
CO2/crudeoil mixingratio include absence of thief zones in the reservoir,and initial
reservoirpressure(fig. 2).

These resultssuggestthat(1) there is a CO2 slugsize for optimumoil production
from a given "huff and puff" well; (2) oil productionfroma "huff and puff"well may be
optimized by well stimulationthat can increasethe well productivitywithoutcreating
fracturesand channels;and (3) a secondcycle ofCO2 injectionmayenhanceoil recovery
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from the "huff and puff" well.
The nextstage of the simulationof the "huff and puff" processinvolvesmatching

the simulationmodel to observedresultsfrom actual "huff and puff" wells in order to
developa suitablemodelthat can be usedto advisefutureapplicationsof "huffand puff"
projects.

Pinnell CO= WAG Projeot
The reservoirsimulationstudy of the PinnellCOs-WAG projectwas performed

using a black-oil model. The model was calibratedby matchingoil productionand
pressurehistorybetweenApril20 1993 and Sept.30 1993. Performanceof variousCOs
injectionscenarioswere investigatedwithPinnelI-UphoffNo. 1 and PinneliNo. 3-W wells
as the oil producerand gas-waterinjectorrespectively.The optionsconsideredare:

(1) Base Case : Continuousproductionfrom Pinnell-UphoffNo. 1 withoutpressure
maintenanceafter May 15.

(2) StraightCO2 injection:ContinuousCO2 injectionat a rate of 500 MCF per day.
(3) Straightwater injection:Continuouswater injectionat a rateof 125 barrelsper day.
(4) Water alternatingCOs injectionat variousbrine-to-CO2 slug ratios.
The followingconclusionscan be drawnfrom the resultsof this model(Table 8):

(a) Oil productionfrom WAG injectionis higherthan that obtainedfromstraightCOs
floodor straightwater flood.

(b) Higheroil recoverywasobtainedwitha WAG ratiohigherthan 1 MCF of CO2 per
barrelof brine.

(c) Oil recoveryby immiscibleCO2 displacmentof oil is sensitiveto the mixing ratio
of CO2withcrudeoil.Oil recoveryfrom straightCO2floodis poorwhenthe mixing
ratiois low (< 20%).
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TABLE 1: CORE ANALYSIS SUMMARY

FORMATION DEPTH AveragePermeability Average Average Liquid
feet Horizontal Vertical $ Saturation,%

md md % Oil Water
................................................................................................ o....o.o.

CYPRESS 1748.9 - 1758.0 61.0 57.0 19.6 15.3 25.2
1777.8- 1788.3 24.0 7.1 19.5 21.7 43.4 I
1799.7- 1810.8 11.0 0.93 16.7 10.6 37.9

Table 2: CHEMISTRY OF BRINE USED IN THE ROCK/BRINE COMPATIBILITYTESTS

Type of Ruid pH Rw,ohm/m2 TDS, ppm TestTemp. F,

Cypressbrine 6.97 0.074 37,768 74.9
Pennsytvanlan1 7.54 0.113 20,804 77.3

Pit brine 6.85 0.110 21,652 77.0
Lab. brine 7.26 0.065 42,365 77.1
Core effluent

from Cypress
bdne 7.36 0.076 35,400 76.3

Table 3: COREFLOW DATA IN THE ROCK/BRINE COMPATIBILITYTESTS

Dep_, ft 1750.5 1751.0
Air Permeability,md 45.2 42.7
Lab. bdneperm., md 13.5 -
Cypressbrine perm.,md . 14.04
Pennsylvanlan1brine penn. md 10.1 13.33
Pit brine perm.,md 7.0 8.50
Reverse flow- Cypress

bdnepenn., md - 19.32

I Pennsylvanian brines consist of commingled produced brines

from Pennsylvanian formations.
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Table 4: SLIM TUBE PROPERTIES

Column metedel 316 stainlesssteel
Length 57 feet
Internaldiameter 0.457 cm
Packing matedal glass bead (100-120 mesh)
Porosity 42.1%
Pore volume 120 cc
Pressurerating 5000 psi
Permeability 4 darcies

Table 5: OIL RECOVERIES AT VARIOUS SLIM TUBE PRESSURES

Pressure % oll recovery % PV C02 injected
(pslg) whengu o,

interface/transition
zonewas observed

1350 74.86 72%
1500 81.67 79%
2000 90.01 91%
2500 91.40 95%

Table 6 - PROPERTIES AND COMPOSITIONS OF PSEUDO-COMPONENTS IN RESERVOIR CRUDE OIL

ReservoirTemperature= 80°F

Pseudo- Composition Components Molecular Cdtical Cdtical
component Molefraction in Mixture Weight temp.° Pressure

gm/gmmole °F psla
_JL

CO2 0.0004 CO2 44.01 87.9 1070
P2 0.0036 N2 28.01 -232.4 493
P3 0.06253 C1,C2,C3 36.11 119.8 639,16
P4 0.08171 C4,C5 65.32 342.84 518,51
P5 0.3522 C8,C7,C8,C9 103.11 553.61 435,76
P6 0.49955 C10,C33 388.53 1104.7 212,15
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Table 7 - RESERVOIR PROPERTIES USED IN SINGLE WELL SIMUI.ATION (AOR/SEAMAN No. 15)

Averagewater saturation= 59% (assumed)
Oil saturation - 38 % "
Gas saturation = 3% "

Permeability,md
Depth, feet Horizontal Vertical Porosity,%
1750 71.0 54.0 20.9
1750-1751 73.0 19.6
175t -1752 119.0 20.2
1752-1753 73.0 67.0 20.7
1753-1754 60.0 21.3
1754-1755 28.0 19.5
1755-1756 54.0 49.0 21.0
1756-1757 11.0 13.5
1757-1758 2.1 13.8

Table 8. CUMULATIVE OIL PRODUCTION RATIO (RELATIVE TO BASE CASE)
FROM APRIL 20 1993 TO DEC 30 1995

MixingRatio (% of HCPV contactedby CO2)
5% 20% 50%

CO2 flood 0.75 1.4 3.2
Bdneflood 2.4 2.5 3.1
WAG (1:2)2 2.6 3.6 5.7
WAG (1:1) 2.8 3.7 5.0
WAG (2:1) 2.6 3.5 4.2
WAG (3:1) 2.6 3.2 3.8

(Ref: YELLIG. W.F. and METCALFE, R.S., Determinationand predictionof CO2 minimummiscibilitypressure:Paper SPE 7477.
presentedat the 53rd annual SPE technicalconferenceand Exhibition,Houston,Texas October 1-3,1978)

2WAG (1:2) means water alternating gas ratio of 15,000 barrels

of water to 30,000 MCF of CO 2)
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Core # 1 1738-1760 Core # 2 1761-1791 Core # 3 1792-1822.5
Core 22', recover 20.35' Core 30', recover 30' Core 30.5', recover 28.9'
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Figure 1' First-passwhole coredescriptionof Cypressinterval from AOR/saemanNo. 15
well



Slim tube tests.
Carbon dioxide displa,_ingMattoon crude oil
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Figure 2: Percentageoil recoveryversusdisplacementpressurefrom slimtube tests, theminimummiscibUiWpressureis 1780 psi. Miscibledisplacementof oilwith C02
may only occur above this pressure.
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Rgure 4: Wellhead pressures of injection well (Sawyer 1 Community 3), ICRR #18 and
ICRR #19. Identical pressure profiles indicate communication among the wells.



i

30-
C02 INJECTION

_ \i .......

,,, Ir
n= ADDmONAL OILn"

J= _ PRODUCTION

rn i="_-''_ _ ........ . _ ' '
U.r I

lI ...... ,,
Z
o_

0

0 '

i i ,, i ,,

1993 1993.2 1993.4 1993.6 1993.8 1994 1994.2 1994.4
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Figure 6: Oil recovery is enhanced with improved reservoir permeability.
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