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ABSTRACT

This report covers research resultsfor FY 1990 for the microbialenhancedoil ,

recovery (MEOR) and wettabilityresearchprogramconducted by EG&G Idaho, Inc.

at the Idaho National EngineeringLaboratory(INEL) for the U.S. Departmentof

Energy (DOE). The research program is funded by the Office of Fossil Energy

and managed by the Idaho OpeationsOffice and the BartlesvilleProjectOffice.

The objectiveof the multi-yearMEOR projectis to develop microbialenhanced

oil recovery (MEOR)systemsfor applicationto reservoirscontainingmedium to

heavy crude oils and the design and implementationof an industrycost-shared

field demonstrationprojectof the MEOR technology. An understandingof the

controllingmechanismswill first be developedthrough the use of laboratory

scale testing to determinethe abilityof microbiallymediated processesto

recoveroil under reservoirconditions and to develop the design criteria for

scale-up to the field. Concurrentlywith this work, the isolationand

characterizationof microbial speciescollectedfrom various locations

includingtarget oil field environmentsis underway to develop more effective

oil recovery systemsfor specific applications. The wettabilityresearch is a

multi-year collaborativeeffort with the New Mexico PetroleumRecovery

Research Center (NMPRRC)at the New Mexico Institueof Mining and Technology,

Socorro, NM to evaluatereservoirwettabiltiyand its effectson oil recovery.

Results from the wettabilityresearchwill be applied to determine if

alterationof wettabilityis a significantcontributingmechanismfor MEOR

systems.

Eight facultativelyanaerobicsurfactantproducing isolatesable to function

in the reservoirconditionsof the MinnelusaA Sands of the Powder River Basin

in Wyoming have been isolated from naturallyoccurringoil-ladenenvironments.

The isolateshave been characterizedaccordingto morphology,thermostability,

halotolerance,growth substrates,affinityto crude oil/brine interfaces,

degradativeeffectson crude oils, and biochemicalprofiles.
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The MEORresearch at the INEL in FY 1990 has focused on the elucidation of

microbial mechanisms by which crude oil may be recovered from a reservoir and

the chemical and physical properties of the reservoir that may impact the

effectiveness of MEOR. During FY 1990, Bacillus licheniformis JF-2 (ATCC

39307) has been used as a benchmark organism to quantify MEORof medium weight

crude oils (17.5 to 38.1°API). Bacillus licheniformis was chosen because of

its past and current use in the field of MEOR. The capacity for oil recovery

of Bacillus licheniformis JF-2 utilizing a sucrose-based nutrient has been

elucidated using Berea sandstone cores (permeability 85 to 400 md). Depending

on method of injection (washed or unwashed cells) and type of oil, recoveries

up to 28% of the original oil-in-place have been achieved. Spacial

distribution of cells after microbial flooding has been analyzed with scanning

electron microscopy. These data indicate complete distribution of cells with

a predominance of organisms located distal to the point of injection. Oil

recovery appears to be surfactant mediated. The effect of microbial

surfactants on the interfacial tensions (IFT) of aqueous/crude oil systems has

been measured utilizing an interfacial tensiometer based on real time digital

imaging of a hanging drop (designed and constructed at the INEL). Cell free

supernatants prepared from Bacillus licheniformis JF-2 resulted in decrease in

IFT for all the crude oils tested.

The results of the wettabiltiy research are summarized and the contributions

to the permanant literature are listed.
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SUMMARY

This report covers research results for FY 1990 for the microbial enhanced oil

recovery (MEOR) and wettability research program conducted by EG&GIdaho, Inc.

at the Idaho National Engineering Laboratory (INEL) for the U.S. Department of

Energy (DOE). The research program is funded by the Office of Fossil Energy

and managed by the Idaho Opeations Office and the Bartlesville Project Office.

The global objective of this multi-year project is to develop microbial

enhanced oil recovery (MEOR) systems for application to reservoirs containing

medium to heavy crude oils and the design and implementation of an industry

cost-shared field demonstration project of the MEORtechnology. An

understanding of the controlling mechanisms will first be developed through

the use of laboratory scale testing to determine the ability of microbially

mediated processes to recover oil under reservoir conditions and to develop

the design criteria for scale-up to the field. Concurrently with this work,

the isolation and characterization of microbial species collected from various

locations including target oil field environments is underway to develop more

effective oil recovery systems for specific applications.

An understanding of the mechanisms by which microbial systems displace oil

under reservoir conditions is being developed through such avenues as core

flooding, interfacial tension (IFT) measurements, and other laboratory

techniques. The determination of the mechanisms of oil recovery by microbial

systems, the range of applicability, and the economic viability of MEOR

processes compared to other enhanced oil recovery (EOR) processes will be a

significant contribution to EORand specifically to MEORtechnology. The

mechanisms of MEORare not fully understood or specifically known for a wide

variety of reservoir conditions, crude oils, and microbial and nutrient

systems. Bacteria that have characteristics such as the capability to

emulsify crude oils and lower IFT are ideal candidates for improved oil

recovery. Organisms that have the ability to produce acids or gases or both

and organisms that are capable of asphaltic degradation are also significant



to the technology and are presently being collected and isolated for

application in EORresearch activities.

Two fields in the Powder River Basin, Wyoming have been selected as targets

for focus of the MEORresearch. These reservoirs produce from the Minnelusa

formation and provide an opportunity to study and evaluate reservoirs in two

stages of depletion; primary and secondary. The crude oil produced from these

reservoirs is about 20°API gravity at 60°F. Assembly of existing field and

reservoir data is underway for these candidates. Water analyses to determine

the characteristics of the produced brine and inject_ion water has been

completed.

Companies that operate oil reservoirs of the target type will benefit through

the geological, engineering, and microbial characterization of potential field

test sites. Geoscience research will be expanded as required by

characteristics of the target reservoir for a successful EORfield design and

demonstration project. The industry will also benefit through technology

transfer of data resulting from research and field demonstrations of the EOR

technology.

Eight facultatively anaerobic surfactant producing isolates able to function

in the reservoir conditions of the Minnelusa A Sands of the Powder River Basin

in Wyoming have been isolated from naturally occurring oil-laden environments.

The isolates have been characterized according to morphology, thermostability,

halotolerance, growth substrates, affinity to crude oil/brine interfaces,

degradative effects on crude oils, and biochemical profiles.

A series of core flood experiments were performed to investigate parameters

such as crude oil type, crude oil viscosity, aging and incubation time, IFT,

and brine composition. The first set of cores were inoculated, incubated, and

again waterflooded with varying degrees of success for the Bacillus

, licheniformis JF-2 (ATCC39307) microbial system with the different oils. Six

oils were used in the experimental core flood work ranging in API gravity from

17.5 to 50.5°API at 60°F. The experimental program consisted of various core

floods being performed with each oil. Non-fired Berea sandstone cores
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encapsulated in epoxy were used in all core floods. A 2.4% NaC1 brine

solution was used to saturate the cores and for waterflooding the cores. Ali

core floods were performed at room temperature, including the evacuation and

saturation phase of the experimental work.

Viscosities of all oils have been measured and a characterization determined

for each oil. The produced oil (postflood) samples were fractionated and

analyzed with gas chromatography to determine any changes in the oil because

of the conditions experienced in the core during the MEORcore flood. The

oils remained basically unchanged after being subjected to the conditions of

the MEORcore floods. Residual oil saturations are determined for both the

waterflood and the microbial flood.

Base line (control) experimentshave been performed for each oil. The control

cores were injected with nutrient only (no microbes were injected), incubated

at the same temperature and for the same period of time as the MEORcores.

Numerous MEORcore floods were performed with varying degrees of success. The

lower gravity oils tended to produce additional oil beyond waterflood more

readily than the higher gravity oils. Microbial oil was produced from all

MEORcores with the exception of the core containing a refined oil (Soltrol

220). The Soltrol test was an early test and the microbes may have been

poisoned by toluene used to clean the system. Subsequent testing has shown

that Bacillus licheniformis will grow in the presence of and emulsify Soltrol

220. The oil recovery test will be repeated in the future.

Spacial distribution of cells in a Berea sandstone core (110 rod) following a

microbial flood was analyzed with scanning electron microscopy. The data

indicate complete distribution of cells with a i_reduminance of organisms
located near the outlet end of the core.

Dilution studies of supernatant solutions indicate the concentration of

Bacillus licheniformis surfactant is about 2.5 times greater than the critical

micelle concentration (CMC) of the surfactant. Interfacial tensions were

measured for various dilutions of supernatant and Plotted verses supernatant
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concentration. A break in the IFT-concentration curve occurs at a

supernatant'water dilution of 2'5. Maximumoil recoveries with a given

surfactant will be obtained if the surfactant concentration is at or above the

CMC.

Thin layer chromatography (TLC) studies have been initiated to identify the

compound(s) that give rise to the surfactant activity found. A search of the

literature on microbial oil recovery indicates that the surfactant produced by

Bacillus licheniformis is a glycolipid. TLC of an ethyl acetate extract of

the supernatant (silica gel, 9:1 ethanol:water) shows one major and five minor

spots.

The importance of microbial attachment at the oil-water interface as compared

to the isolated metabolites to increase oil mobility by way of change in

interfacial properties is currently being determined. These experiments

employ the BATH (Bacterial Adherence to Hydrocarbons) test to ascertain the

hydrophobicity of cell surfaces and the direct measurement of interfacial

tensions.

Results of the research with Bacillus licheniformis indicate that the oil

recovery is surfactant mediated.

Research activities in the collaborative effort for wettability research at

the NewMexico Petroleum Recovery Research Center (NMPRRC)are continuing.

Work is progressing in several areas related to oil recovery studies and the

effects of wettability on core flooding results. Interim results for the

studies to determine the repeatability of the adhesion mapping technique have

been completed. Initial results of research to evaluate the effects of

drilling mud filtrates on the wettability of cores have been collected.

The effects of wettability changes on residual oil to waterflooding were

significant in that they indicate that a highly water-wet state is not

necessarily the best condition for achieving the lowest residual oil

,_,aturation. The effect of changing crude oil composition, either by dilution
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with solvents, fractionation, or evaporation of the lighter components has

also been investigated.

A simple adhesion test, adapted from the contact angle measurements of a

captive bubble, has been developed to characterize crude oils based on their

surface interactions with smooth solids and varying brine composition.

Adhesion tests have been performed for more than 20 different crude oils.

Adhesion tests were performed using a West Texas crude, Moutray, diluted with

a solvent to simulate the action of bacteria that may work to break down large

molecules of crude to smaller ones. Results indicate the pH adhesion/non-

adhesion cutoff was lowered from that of Moutray alone.

The ability to establish a range of intermediate wettabilities in Berea cores

with crude oils has been developed. Extensive tests have been conducted on

Berea sandstone cores to determine the effect of wettability on oil recovery.

Wettability is measured by Amott tests, supplemented in some cases by

measurements of imbibition rates. Weakly water-wet or mixed-wet cores have

been observed to give much higher oil recoveries than reference cores of

strongly water-wet conditions, even at breakthrough. Post-breakthrough

recoveries also showed a wide variety of recovery rates.

Emulsions of several crude oils have been tested to determine mobilities of

emulsion droplets. The isoelectric points (IEP) are estimated from the

plotted zeta potential data by measurement fr" : graphs of pH value at which

the line between the positive and negative zeta potentials closest to zero

passes through zero. Reproducibility of the mobility measurements for a given

emulsion batch for both a fresh emulsion and a 2 week old emulsion is very

good. For most of the oils studied, some aging was observed.
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1. INTRODUCTION

1.1 PROGRAMPURPOSE

The global objectiveof this multi-yearproject is to develcpmicrobial

enhanced oil recovery (MEOR)systems for applicationto reservoirscontaining

medium to heavy crude oils, and the design and implementationof an industry

cost-sharedfield demonstrationprojectof the MEOR technology. An

understandingof the controllingmechanismsmust first be developedthrough

the use of laboratory scale testingto determinethe abilityof microbial

processesto recoveroil under reservoirconditions. A multi-disciplinary

geological,biological,chemical,and engineeringcharacterizationof the

target reservoirwill be conductedto ensure a successfuldesign and

applicationof the process. The technicaland economic potentialof enhanced

oil recovery in the target reservoirtype will be determinedto provide an

evaluationof the ultimate technologypotential. The feasibilityof combining

microbialsystemswith other EOR methods such as gas and chemical flooding

will be addressed. The effectsof followingother EOR processessuch as

polymer floodingwith an MEOR applicationalso needs to be determined. The

applicabilityand oil recovery potentialof MEOR processesin actual reservoir

environmentswill be evaluatedby singlewell injectivitytesting and back-

flow productionbefore initiationof an MEOR flood.

This report is organized into seven sections;Introduction,Oil Selectionand

Analysis,MicrobialAnalysis and Phenomena,Measurementof Interfacial

Tensions,LaboratoryCore Floodswith MicrobialSystems,Target Reservoir

Selection,and ReservoirWettabilityand its Effect on Oil Recovery. lt is a

progress report of on-going researchand is not intendedas a final report.

Whenever possible,definitiveconclusionshave been drawn based on the

experimentaldata. However,due to the dynamic nature of this research,final

conclusionsare not possible at this time.

/

/

I-I



1.2 BACKGROUND

Revie'_sof MEOR from an historicalperspectivehave appeared in the literature

and will not be discussedhere.I MEOR is a process that allows for the

introductionof miscible and chemicalfluids in the form of metabolicend-

products by way of either injectionof microorganismsinto the reservoiror

stimulationof naturallyoccurringpopulations. These microorganisms

representa replenish_blein situ sourceof acid, gas, biopolymer,solvent, or

surfactantor combinationsof these microbiallymediated products that u_n be

supportedand manipulatedby the additionof simple and inexpensivenutrients.

The potentialapp1'cationof MEOR technologiesmay be realized in microbial

product abilityto overcomecommon recoveryproblems. MEOR (while

representinga valuabletool for increasedoil recovery and availableworld

energy) is the least understoodEOR me'_hod,and thus offers _ broad forum of

investigation.

lt is extremelyimportantthat the mechanismsof oil recoveryfor the many

possible variationsof MEOR processesbe understoodand the recovery

potentialsquantified. Only after an adequateu_derstandingis developedcan

MEOR processesbe engineeredto aJdressspecificrecovery problemsfor a broad

range of reservoirtypes and crude oil characteristics. More field tests that

are designed, implemented,and conductedin a manner that allows a clear

determinationof the mechanisms and effectivenessof the processare needed.

Most of the fielc tests to date have failed to establishbaselinedat_ or have

not been conductedunder reservoiror operationalsituationsthat allow

unequivocaldeterminationof the effectivenessof the MEOR process. Poor or

incompletecharacterizationof the reservoirbefore implementationhas been a

frequentcause of failureof the test. Thus, a mu!ti-discipl;naryapproach

involvinggeology, petroleumengineering,microbiology,and chemistryis

essentialfor an effective,environmentally-safe,research,and demonstration

project.

Field researchhas and is being conductedto prove the c;ffectivenessof

microbes to enhancethe recoveryof oil.z'z Microbes responsiblefor oil
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recoveryare reasonablywell characterizedbut their activities,kineticsof

bio-productproduction,and nutrient requirementsin reservoirs are not well

understood. The mechanismsof increasedproductionare unknown and could be

caused by severalmetabolicfunctionsattributedto the introducedor

indigenousbacteria. Resultsfrom field tests are encouraging,but it is

importantto understandand controlmicrobialphenomenaso that it can be

optimizedfor specificreservoirproblems. Microbialprocessesmay fail

_ecauseof a lack of understandingof environmentalconditions under which the

process is occurringor because oi:a lack of understandingof the microbes

beingused. This is especiallytrue for microbialprocessesconductedin

heterogeneous,remote environmentssuch as oil reservoirs,which are

implicitlydifficultto understandand control.

1.3 INEL RESEARCH

The use of microbes for EOR is a difficultprocess to understand and predict.

Therefore,basic experimentsare being conductedin,simulatedreservoir

environmentswith known collectionsof microbesthat show promise for

enhancingoil recovery. These microbes have been obtained from enrichmentof

environmentalsamples,culture collections,and other investigators. Specific

activitiesof the microbes (the ability to alter wettability,change

interfacialproperties,and produce acids,gases, solvents,surfactants,and

polymers)are monitoredbased on conditionsin the test medium and produced

fluids.

Developmentof an understandingof the mechanismsby which specificmicrobial

systemsdisplace oil under reservoirconditionsthroughsuch avenues as core

flooding,measurementof iFT and viscosities,and other laboratorytechniques

will be a significantcontributionto EOR technologyand specificallyMEOR

technology. The mechanismsof MEOR are not specificallyknown or well

understoodfor a wide variety of reservoirconditions,crude oils, and

microbial/nutrientsystems.
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The first objectiveof the currentresearch is to determinethe important

biologicallyinducedfactorsthat increaseoil recoveryby analysis and

experimentationwith the microbes,oil, and productionwaters. Research will

proceedfrom determinationof displacementmechanismsto developmentof

processdesign variablesior target field conditions. The determinationof

oil field projectdesign variableswill allow comparisonsof MEOR process

economicswith those of chemicalEOR systems. The objectiveis to place MEOR

in the mainstreamof EOR technologyby removing the uncertaintythat currently

discouragesacceptanceof MEOR as a viable EOR processby the mainstreamof

the petroleumindustry, lt is imperativeto bring MEOR to the same scientific

and engineeringlevel as other EOR processesthat have benefittedfrom

detailed research,which has been openly reported and discussedin the

petroleumliterature. An integratedresearchprogram is necessaryfor the

developmentof MEOR as a viable EOR process for use by the oil industry.

Field processdesigns for testingof microbialsystems in target reservoirs

are being developedand evaluated. Crude oil samplesand reservoircores need

to be obtainedfrom target reservoirsfor testing of microbialprocessesunder

the most realisticconditionspossible in the laboratory.

Researchat the INEL is focusingon the underlyingfundamentalmechanisms of

MEOR and is not limitedto understandingthe microbialmechanismsthat

facilitatethe displacementof oil. Instead,a more comprehensive

understandingof the microbialmechanismsand the chem;-aland physical

attributesof the rock/fluidinteractionscontrollingmicrobialprocessesand

mechanisms in reservoirs are being studied. The intentionof this researchis

to gain a better understandingof how and why MEOR works. Efforts have been

made to perform realisticand definitivelaboratorytesting, to collect and

preserveoil samplesthat will best representreservoircomposition,and to

carefullyconduct all experimentalprotocolsto answer the appropriate

questions. The amount of oil that may be recoveredunder optimum laboratory

conditionsis of less value at this stage of developmentof MEOR processes

than the developmentof a fundamentalunderstandingof MEOR gained through

realisticlaboratorysimulation. A better fundamentalunderstandingis
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necessarybefore MEOR processescan be tailoredfor specific recoveryprob!._ms

in specificreservoirs.

The wettabilityresearch programis a collaborativeeffort between EG&G Idaho,

Inc. and the New Mexico PetroleumRecoveryResearchCenter at the New Mexico

Instituteof Mining and Technology. The research program is directed by Dr.

N. R. Morrow and co-fundedby industryand the State of NewMexico. The

results of the researchprogram have been presentedat severalindustry

symposiaand through contributionsto the permanentliteratureand are not

repeated in this report.

1.4 PUBLICATIONS AND' PRESENTATIONS

The followingpublicationsand presentationshave resultedfrom the MEOR and

Wettability researchprogram.

I. G. A. Bala and M. L. Duvall, "MicrobialEnhancedOil Recovery:Current

Status and FutureDirection,"A Group of IndependentOil Operatorsand

IndustryConsultants,Denver,Colorado,July 24, 1990.

2. K. B. Barrett and F. S. Colwell, "MicrobialAttachmentat the Oil-water

InterfaceVersus SolubleMicrobialProductsto IncreaseEmulsification,"

American Societyof Microbiology(ASM)Annual Meeting, Anaheim,

California_May 13-18, 1990.

3. J. S. Buckley, "Controlof Core Wettabilitywith Crude Oil," First

InternationalSymposiumon Evaluationof ReservoirWettabilityand Its

Effect on Oil Recovery,Socorro,New Mexico, September18-21, 1990.

4. J. S. Buckley, "MultiphaseDisplacementsin Micromodels,"Interfacial

Phenomenain O.il Recovery,Ed. N. R. Morrow, Marcel Dekker, 1990,

pp. 157-189.
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5. J. S. Buckley, "Predictionof Crude Oil/RockWettability,"Societyof Core

Anal.ystsFourthAnnual TechnicalConference,Dallas, Texas, August 14-16,.

1990.

6. J. S. Buckley, "WettabilityEffectsof Crude Oils," American Geophysical

Union SpringMeeting, Baltimore,Maryland,Max 29-June I, 1990.

7. J. S. Buckley, "WettingBehavior of Crude Oil/Brine/SolidSurfaces from

Adhesion Tests and ElectrophoreticMobilities,"First International

Symposiumon Evaluationof ReservoirWettabilityand Its Effecton Oil

Recovery,Socorro.,._NewMex..ico,September18-21, 1990.

8. J. S. Buckley and N. R. Morrow, "Characterizationof Crude Oil Wetting

Behaviorby AdhesionTests," Societyof PetroleumEngineers/Departmentof

E.nerqvSeventh Symposiumon EnhancedOil Recovery,Tulsa, Oklahoma,April

21-25, 1990, SPE/DOE 20263, to be published,Society of Petroleum

..E...ngineersFormationEvaluation.

9. J. S. Buckley and N. R. Morrow, "CrudeOil Wetting,"poster, International

._Symposiumon ContactAnqles and Wetting Phenomena,Society of Chemical

Industry,.Toronto,Canada,June 21-23, 1990.

10. M. E. Cather, "Diagenesis,Pore Structure,and Surface Propertiesof

Res._rvoirRocks," First InternationalSymposiumon Evaluationof Reservoir

Wettabilityand Its Effect on Oil Recovery,Socorro, New Mexico,September

18-21, 1990.

, "Characterizationof Porosity11. M. E. Cather, N. R. Morrow and I. Klich,

and Pore Quality in SedimentaryRocks,"Second IUPAC Symposiumon

Characterizationof Porous Solids,Alicante,May, 1990.

. 12. V. A. Deason,R. L. Miller, A. D. Watkins,M. B. Ward, and K. B. Barrett,

"Measurementsof InterfacialTensionby AutomatedVideo Techniques,"

Society of Photo-opticalInstrumentationEngineersConference,San Diego,

California,July 8-13, 1990.
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13.J. Duo, "Effectof DrillingMud Filtrateson Mixed WettabilityRock,"

First InternationalS.ymposium_onEvaluationof ReservoirWettabilityand

Its Effe.c_ton Oil Recovery,Socorro.,New Mexico, September18-2!, 1990.

14. M. L. Duvall, G. A. Bala, K. B. Barrett and M. D. Herd, "MEOR: Current

Research at the INEL," Societyof PetroleumEngineersForum Series,_

Crested Butte, Colorado,August 5-10, 1990.

15. M. L. Duvall and C. P. Thomas, "MicrobialEnhancedOil Recovery:EOR

Processof the Future?,"Society of_PetroleumEngineersForum Series,

Crested Butte, Colorado,August 5-10, 1990.

16. P. Jadhunandan,"Effectof Brine Composition,Crude Oil, and Agi1_g

Conditionson Wettabilityand Oil Recovery,"First InternationalSymposium

on Evaluationof ReservoirWettabilityand Its Effect on Oil Recovery,

Socorro, New Mexico, September18-21, 1990.

17. P. Jadhunandanand N. R. Morrow, "Crude Oil Recovery in LaboratoryWater

Floods," Fifth IFP ResearchConferenceon Explorationand Production,

Fundamentalsof Fluid Transportin Porous Media, Arles, Ma.y14-18, 1990.

18. D. Jia, J. S. Buckley, and N. R. Morrow, "Controlof Core Wettabilitywith

Crude Oil," Societyof PetroleumEngineersInternationalSymposiumon

Oilfield Chemistry,Anaheim,California,February20-22, 1991, SPE 21041.

19. S. Ma and N. R. Morrow, "Effectof Firingon Fluid Flow Propertiesin

Berea Sandstone,"Societyof PetroleumEngineersInternationalSymposium

on Oilfield Chemistry,Anaheim, California,February20-22, 1991,

SPE 21045.

20. G. Mason and N. R. Morrow, "CapillaryBehaviorof a Wetting Liquid in

IrregularTriangularTubes," to be published,Journal of Colloid and

InterfaceScience.
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21. N. R. Morrow, "CapillaryPropertiesof Single Pores,"First International

S.vmposiumon Evaluationof ReservoirWettabilityand Its Effect on Oil

Recovery,Socorro,New Mexico,September18-21, 1990.

22. N. R. Morrow, "Introductionto InterfacialPhenomenain Oil Recovery,"

InterfacialPhenomenain Oil Recover.y,Ed. N. R. Morrow, Marcel Dekker,

1990, pp. 1-21.

23. N. R. Morrow, "Measurementof Wettabilityand Its Effect on Oil

Recovery,"First InternationalSymposiumon Evaluationof Reservoir

Wettabilit.yand Its Effect on Oil Recovery,Socorro,New Mexico, September

18-21, 1990.

24. N. R. Morrow, "Surfacesand Interfaces,"keynote address,Fifth IFP

Research Conferenceon Explorationand Production,Fundamentalsof Fluid

Transport in Porous Media, Arles, May 14-18, 1990.

25. N. R. Morrow, "Wettabilityand Its Effect on Oil Recovery,"Society of

PetroleumEngineersDistinguishedAuthor Series,Journalof Petroleum

Technology,42, 12, 1990, pp. 1476-1484.

26. N. R. Morrow and J. C. Melrose, "Applicationof CapillaryPressureData to

" Interfacia.lPhenomenainthe Determinationof ConnateWater Saturation,

Oil Recovery,Ed. N. R. Morrow,Marcel Dekkar, 1990, pp. 257-287.

27. N. R. Morrow and J. C. Melrose, "Applicationof CapillaryPressureData to

the Determinationof ConnateWater Saturation,"keynote address,European

Core Analysis Symposium,London,May, 1990.

28. A. Ouenes, "NumericalSimulationof Core Floods,"First International

S.vmposiumon Evaluationof ReservoirWettabilityand Its Effect on Oil

Recover.y,Socorro,New Mexico,September18-21, 1990.

29. C. P. Thomas, "MEOR:An Overview,"Societyof PetroleumEngineersForum

Series, CrestedButte, Colorado,August 5-i0, 1990.
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30. C. P. Thomas, G. A. Bala, K. B. Barrettand M. L. Duvall, "MEOR Research

on Heavy Oils," M_icrobialEnhancedOil Recovery InternationalConference,

Norman,Oklahoma,May 27-June I, 1990.

31. C. P. Thomas, W. A. Apel, G. A. Bala, K. B. Barrett,F. S. Colwell, P. R.

Dugan, M. L. Duvall,M. E. McIlwain and R. L. Miller, "MEOR Research

: " First Techni.ca_lMeetingProgram Idaho National EngineeringLaboratory,

of the United States Departmentof Energy/VenezuelaMinistryof Enerqv and

Mines Energy Research and DevelopmentAgreement,Annex XIII_ C_oooperation

in the Area of MicrobialEnhancedOil Recovery,Norman,Oklahoma,MaY 27,

1990.

32. A. D. Wells, "MicrobialEnhancedOil Recovery:A Novel Approach,"

AssociatedWes.tern_UniversitiesSummer Research FellowsConfer.ence_Idaho

.Falls,Idaho,Auaust I, 1990.

1.5 REFERENCES

I. D. M. Updegraff,"Early Researchon Microbial EnhancedOil Recovery,"

Developmentsin I__ndus...t.rialMicrobiology,3.!,1990, pp. 135-148.

2. R. S. Bryant,T. E. Burchfield,D. M. Dennis, and D. O. Hitzman,

"Microbial-EnhancedWaterflooding"Mink Unit Project,"Society of_

PetroleumEnqineers/Departmentof EnergyEnhanced Oil Recovery S_mposium,

Tulsa, Oklahom_ 1988.,SPE/DOE i[7341.

3. R. M. Knapp, M. J. Mclnerney,D. E. Menzie, and R. A. Raiders, "MEOR

Field Pilot Study," Contractsfor Field Projects and Supporti.ngResearch

on Enh&ncedO,il Recov_erv,ProgressRevi_ewNo. 53, 1987, DOE/BC-B8/I

(DE88001233).
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2. OIL SELECTION AND ANALYSIS

Data obtained from the analysis of crude oil provides valuable information on

the physical and chemical characteristics of the oil. These characteristics

may influence microbial recovery and the mechanisms by which microbial

recoveries are facilitated. Monitoring these characteristics is an integral

part of the INEL MEORresearch program. Although microbial enhanced oil

recovery under economically favorable conditions may be advantageous, the

advantage could be quickly lost if the value of the oil or the reservoir are

not maintained. This could occur through microbial degradation of the oil,

microbial souring of the oil, or microbially mediated plugging of the

reservoir.

Oils were selected for use in the MEORprogram primarily on gravimetric

characteristics. Medium to heavy oils (17.5 to 38.1°API) were s_lected. A

refined mineral oil, Soltro! a 220 (50.5°API) was also chosen for control

purposes. Suitable oils were found that originated in a variety of

geographical locations. Oils selected are presented in Table 2-I.

2.1 METHODOLOGIES

The methodologies used to analyze and characterize the oils include

fractionation of the oils, gas chromatography (GC), gas chromatography/mass

spectroscopy (GC/MS), elemental analysis, and viscosity determination

(temperature variant). Gravimetric analysis of phase separated effluents was

the method used to determine the volume of oil produced from core floods.

a. Soltrol -Registered Trademark, Phillips 66 Company, Bartlesville, OK

74004.
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Table 2-I. Oils selected for MEORresearch

Viscosity
Gravity at 23°C

Oil Source Sand County State API° (Pa.s) a

Soltrol 220 Commercial b .... 50.5 0.003

Burbank Burbank Osage OK 38. I 0.006

Schuricht Minnelusa Crook WY 25..4 0.054

Moorcroft Minnelusa Crook WY 22.3 0.142

Alworth Cole Jim Hogg TX 19.1 O.134

L_ck Creek Meakin Union AR 17.5 0.288

a. Pa.s = centipoise x (1.0 x 10.3)

b. Phillips 66 Company, Specialty Chemicals, Bartlesville, OK

2.1.1 Fractionation(LiquidChromatography)of Crude Oils

Paraffinic, aromatic, and asphaltic components of the selected crude oils were

i and D.W. Later 2fractionated utilizing modified procedures of R.M. Atlas,

500 mg of crude was weighed directly into a 50 mL glass tube and washed with

40 mL of n-pentane. This was allowed to stand at room temperature for

30 min following Complete mixing. The sample was centrifuged at 1800 rpm

(International TableTop centrifuge) to facilitate precipitation of the pentane

insoluble asphaltics. The supernatant was removed from the tube and the

precipitate was taken up in I mL toluene and the tube was washed 5 x i mL with

the same. The toluene elue;its were combined into a pre-tared 10 mL crimp top

vial (teflon lined septa) and the solvent was removed under nitrogen at room

temperature and the vial was weighed and capped. The supernatant fraction was

placed in a glass Kontes reflux tube and evaporated to critical volume

(ascertained by a constant weight) at room temperature and taken up in 3 mL of
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chloroform. The 3 mL of chloroform/oil was mixed with 3 g of Brockman neutral

alumina and the chloroform was allowed to evaporate. The oil loaded alumina

was then placed in an 11 mmID column stopped with a modular flow valve topped

with a piece of glass wool filter paper held in place with 10 _m-mesh teflon

cloth. The column contained 6 g of dry packed neutral alumina. The

paraffinic, aromatic, and non-pentane precipitable (ppt) asphaltic resins were

eluted sequentially with 20 mL hexane, 50 mL benzene, and 70 mL

chloroform/methanol at 2:1 ratio. Individual component fractions were

collected into 250 mL Erlenmeyer flasks and solvents were allowed to evaporate

at room temperature. Ali components were taken up in 4 x I mL of elution

solvent and placed in individual pre-tared vials, taken to critical volume,

weighed, and sealed under nitrogen for further analysis.

2.1.2 Gas Chromatographyof Crude Oils

Samples (deasphalnated "total oil" or liquid chromatography eluents) were

brought to 60 mg/mL in hexane and injected in either I, 2, or 5 #L aliquots

for peak visualization of hydrocarbons C6 to C34.

A 30 m x 0.244 mmJ&W scientific DB-5 column with a film thickness of 0.25 #m

was used on a Hewlett Packard 5890A GCequipped with a 7673A autosampler and a

3396A integrator. Conditions were as follows: Column head pressure was 16 psi

yielding a gas velocity of 1.1 mL/min. Make-up gas was added at detection

such that total flow was 30 mL/min. A purge of 1.5 mL/min was maintained at

the inlet except during injection at which time there was no purge, Split

vent flow was at 20 mL/min. An initial oven temperature of 80°C was held for

4 min after injection and then increased to 300°C at a rate of 8°C/min and

held at 300°C for 16 min. Detection was with flame ionization at 325°C. A

reasonable baseline was obtained at an attenuation of 3.

A known hydrocarbon mixture used for methods development (constituents from

PolyScience Corporation) was mixed to contain n-Dodecane, n-Tridecane, n-

Tetradecane, n-Hexadecane, n-Octadecane, n-Nonadecane, n-Heneicosane, and n-
Docosane.
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2.1.3 Gas Chromatography/MassSpectroscopyof SchurichtCrude
!

PyrolYsisGC/MS analysisof Schurichtcrude was performedat the Universityof

Utah Center for Micro-Analysisand ReactionChemistry. Sampleswere prepared

by liquid chromatographyfractionationof the oil into aliphatic,aromatic,

pentane precipitableasphaltics,and non-pentaneprecipitableasphaltics.

2.1.4 ElementalAnalysis of Crude Oils

Elementalanalysiswas performedwith a Carlo Erba CHNOS EA1108 elemental

analyzerequippedwith an AS200 autosampler. Separationwas with a PoraPakQS

(80 to 100) mesh 2 m x 4 mm column operatedat 65°C with a flow rate of 100

mL/min. Combustionof the samplewas at I000°C in a combustionchamberpacked

with 50 g reducedcopper proximal and 40 g tungstic anhydridedistal,

separated,and capped on both ends with 10 mm of quartz wool. Detectionwas

with a thermalconductivitydetector operatedat a filament temperatureof

190°C.

Analysiswas performedon samplesof deasphalnatedcrude (pentaneppt

asphalticsremoved). Each sample (4 to 5 mg) was placed into a pre-taredtin

cup filled with Brockmanneutral alumina,weighed, and placed in the

autosampler. An isotioureastandardwas used for instrumentcalibration.

2.1.5 ViscosityDeterminationof Crude Oils

Viscosity measurements were performed on the selected crudes at temperatures

from 22°C to reservoir temperature (dependant on the origin of the oil). Ali

viscosity measurements were made using a Wells-Brookfield Cone and Plate

Digital Viscometer, model LTVDV II with a CP-40 spindle.

The viscometer was zeroed according to the manufacturers protocol. 3 This

procedure was performed each time the spindle was removed from the viscometer

and replaced or when the temperature at which viscosity measurements were to

be taken was changed. Calibration was checked using Brookfield Viscosity

Standards under controlled temperature conditions.
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A sample volume of 0.5 mL was used to accommodate the CP-40 spindle. This was

sufficient to wet the entire face of the spindle and about 1.0 mm up the

outside edge of the spindle. The sample was placed in the cup taking care

that it was bubble-free and spread evenly over the surface of the cup.

2.1.6 Crude Oil QuantificationFollowingCorefloodExperimentation

Crude oil volume in fluid effluents from water and microbial floods was

analyzed gravimetrically following separation of the aqueous and organic

phases. Tubes to be used in coreflood experimentation were pre-weighed using

a Fisher XD400 analytical balance interfaced directly (RS232)to an IBM AT

computer formatted for data acquisition and reduction (Lotus 123). Following

aliquoted effluent collection (2 to 3 mL), tubes containing no visual oil were

reweighed and emptied. The volume of brine was calculated by density

corrected gravimetric analysis. Tubes containing oil and brine were also

weighed and then subjected to phase separation. Separation was facilitated by

the addition of hexane (3 x 2 mL). The aqueous brine phase was collected into

pre-tared tubes and volume was calculated as above. Oil volume was calculated

by difference. The hexane/oil phase from all tubes of one experiment are

collected in bulk, the solvent is removed and the oil is stored for later

analysis. Data were reduced using Lotus 123.

Z.Z RESULTS

Results for analysis of oils with respect for fractionation, gas

chromatography, coupled gas chromatography/mass spectroscopy, elemental

analysis, viscosity, and quantification of oils following coreflood

experimentation are presented.

2.2.1 Fractionation(LiquidChromatography)of Crude Oils

Five crude oils and one r_fined mineral oil (see Subsection 2.1), were

analyzed for aliphatic, aromatic pentane (Cs) soluble asphaltics, and C5

insoluble asphaltics with fractionation techniques. Data are presented
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collectively in Table 2-2. lt should be noted that it is unlikely that

Soltrol 220 contains C5 insoluble asphaltics and this is assumed to be

experimental error for samples containing little or no Cs insolllble

asphaltics. This consideration effects Soltrol 220, Burbank crude, and

Alworth crude.

Table 2-2. Liquid Chromatography Fractionation of Selected Crudes

% Component (weiqht fraction/weiqht sample]____

Oil Aliphatic Aromatic Cs Soluble a Cs Insoluble b

Sol trol 220 98.22 1.26 0.00 0.60

Burbank 84.59 Ii.64 2.91 0.60

Schuricht 62.68 22.53 _6.38 6.40

Moorcroft 55.44 27.23 7.69 7.60

Alworth 82.84 13.15 3.67 0.60

Lick Creek 50.19 26.85 5.25 16.60

a. Non-pentane precipitable resins.

b. Pentane precipitable asphaltics.

Recoveries of oil from this process vary from 60.54% (Soltrol) and 93.72%

(Lick Creek). There is a positive correlation between oil gravity and

recovery. This is caused by loss of the light-end hydrocarbons in the

fractionation procedure.
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2.2.2 Chromatographyof Crude Oils

GC analysis was performed with known hydrocarbon standards, and the six oils

shown in Table 2.1. Samples analyzed for each sample were "total oil"

(deasphalnated sample), al iphatic_ and aromatic constituents. Chromatographs

are presented in Figures 2-I to 2-7.

As noted in the fractionationof oils and as evidencedby the aliphatic

chromatographs(Figures2-3a, 2-4a, 2-5a, 2-6a, and 2-7a) componentsfrom C6

to Cis are lost in the sample fractionationprocess. Loss is assumedto occur

during solvent removalprocesses, lt is clear in the GC analysisof the

"total oil" (deasphalnated)samplesthat the light ends a_e present (Figures

2-3c, 2-4c, 2-5c, 2-6c, and 2-7c). Soltrol (60.54%recovery),for example,

shows llttledifference betweenthe fractionatedchromatogram(Figure2-2a)

and the "total oil" chromatogram(Figure2-2b). This indicatesan equivalent

loss (expectedbecause Soltrol is 98% aliphatic)of all components (manifested

by the similarityof the chromatograms). Schuricht(76.16%recovery,62%

aliphatic)however,shows a clear differencebetween the aliphatic(Figure2-

4a) and "total oil" (Figure2-4c) chromatograms,in the light end region.

Lick Creek, like Schuricht,shows differencesin the chromatogram(Figure2-7a

and 2-7c) but unlike Schurichthad a 93% recovery. This is attributedto the

relative heavy compositionof the Lick Creek crude.

2.2.3 Gas Chromatography/MassSpectroscopyof SchurichtCrude

A total ion chromatograph of Schuricht crude is presented as Figure 2-8.

GC/MSanalysis indicates an oil of phytoplankton origin as evidenced by a

predominance of C17.4 Even though the Moorcroft West lease is in close

proximity to the Schu_icht lease and both are produced from Minnelusa A Sands,

similar conclusions should not be drawn about the origin of the Moorcroft West
oil based on Schuricht results.
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2.2.4 ElementalAnalysis of Crude Oils

Elemental analysis was performed on deasphalnated samples. Data are presented

collectively in Table 2,3. lt is unknown if sulfur reported is in the form of

sulfur heterocycles or present as elemental sulfur. The sample exhibiting the

highest sulfur content (Moorcroft West) is, interestingly, the only sour oil

of those selected. Schuricht, an oil from the same sands and in close

geographical proximity to Moorcroft West, is not sour and has a lower sulfur

content.

Table 2-3. Elemental Analysis of Selected Crude Oils
(Data presented as wt%)

Element

OiI Carbon .Hydrogen Ni troqen Sul fur

Soltrol 220 83.68 15.01 0 10 0.00

Burbank 79.36 12.24 0 13 0.00

Schuricht 82.37 11.60 0 35 3.24

Moorcroft 81.99 11.28 0 38 4.21

Alworth 88.36 12.23 0 12 0.00

Lick Creek 85.47 11.46 0 29 3.31

2.2.5 Viscosity Determination of Crude Oils

Data from viscosity determination of Soltrol 220 and the five crudes are

presented graphically in Figures 2-9 through 2-14. Viscosity determination of

Media E (microbiological growth media) is presented in Figure 2-16.
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Viscosities measured at 23°C correlated well with API gravities. In general,

as API gravity decreased, viscosity increased. However, Moorcroft West and

Alworth were inverted when viscosity is compared to API gravity. Moorcroft

West (22.3°API) has a viscosity of 142 cp and Alworth (19.1°API) has a

viscosity of 134 cp. The apparent inversion of data is easily understood when

the compositions of the oils are taken into account. Alworth is a "heavier"

oil than Moorcroft West but is comprised of only 3.67% asphaltic residues

while Moorcroft West is comprised of 15.29% asphaltic residues. The majority

of the class constituents of Alworth are aliphatic (82.8% versus 55.4% for

Moorcroft West). Because viscosity is strongly influenced by the heavier

constituents, this inversion is not unusual.

2.2.6 Crude Oil QuantificationFollowingCorefloodExperimentation

Values obtained with this methodology compare very favorably to the direct

core weight technique (previously used but not included in this report

values correlate within I% or less) but have the added advantage of obtaining

not only beginning and end point data but dynamic interim data as weil.

Comparison of true oil volumes and calculated oil volumes from methodology

development experiments indicate close agreement between the measured and

expected values. A linear curve between 13 and 250 ML crude oil is achieved

(see Figure 2-16). Brine volumes of 2 to 3 mL are typically collected during

coreflood experimentation and volume measurement is also very good (see Figure

2-17).

2.3 DISCUSSION

Collective oil analysis data provide useful information on the preflood (water

or microbial) conditions and composition of the oils. lt is clear that the

oils contain quantifiable differences. Data will be used for comparison

purposes to monitor changes occurring during coreflood experimentation and to

ascertain microbial alterations to the oils. Data will also be used to
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monitor changesin oil composition(if any) over time as samplesare collected

from the field.
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Figure 2-1a. GC spectraof standard hydrocarbonmixture. Injectionvolume =

i _L. Respectivepeaks from right: C22,C21 Ca__ CIB,C16,C14,C13,C12,ethylbenzene(carriersolvent),and nexane ic ier solvent).

1

1

,l )
Figure 2-lb. GC spectra of standard hydrocarbon mixture. Injection volume --

ethylbenzene(carriersolvent) and nexane ic ier s n

II

, i
Figure 2-1c. GC spectra of standard hydrocarbon mixture. Injection volume -

.,._e_ec_ve_e__om_' C_,_,_,9,._,_,o_e_I_'C,_,C_,ethylbenzene(carriersolvent) and hexane icarrler s n .
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Figure 2-2a. GC spectraof Soltrol 220 aliphaticeluent. Injectionvolume :
I _L.

i

Figure 2-2b. GC spectraof Soltrol 220 total oil (deasphalnateds_mple).
Injectionvolume : I /aL.
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Figure 2-3a. GC spectraof Burbankcrude aliphaticeluent. Injectionvolume
=I_L.

Figure 2-3b. GC spectraof Burbankcrude aromaticeluent. Injectionvolume =
I _L.

Figure 2-3c. GC spectraof Burbankcrude total oil (deasphalnatedsample).
Injectionvolume = I _L.
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Figure 2-4a. GC spectraof Schurichtcrude aliphaticeluent. Injection
volume = 2 _L.

Figure 2-4b. GC spectra of Schurichtcrude aromatic eluent. Injection
volume = 5 _L.

Figu._e2-4c. GC spectraof Schurichttotal oil (deasphalnatedsample).
Injectionvolume = 2 _L.
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Figure 2-5a. GC spectraof MoorcroftWest crude aliphaticeluent. Injection
volume = 2 _L.

Figure 2-5b. GC spectraof MoorcroftWest crude aromatic eluent. Injection
volume = 5 _L.

Figure 2-5c. GC spectraof MoorcroftWest crude total oil (deasphalnated
- sample). Injectionvolume = 2 _L.

= 2-15
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Figure2-6a. GC spectraof Alworth crude aliphaticeluent. Injection
volume = 2 pL.

Figure2-6b. GC spectraof Alworth crude arumaticeluent. Injectionvolume =
i pL.

Injection volume = 2 _L,
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Figure 2-7a. GC spectraof Lick Creek crude aliphaticeluent. Injection
volume = 2 /_L.

Figure 2-7b. GC spectra of Lick Creek crude aromaticeluent. Injection
volume - 5 _L.

fill]LIL
I , ', . ''' ' ' "! "' / '"' '/ ""'J "

Fi.g,jre2-7c.. Gc ._pp.ctraof Lick Creek crude total oil (deasphalnatedsample).
Injectionvolume = 2 /_L.
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Figure 2-9. Temperaturedependenceof viscosityof Soltrol 220, 50.5°API@
60:F.
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Figure 2-10. Temperature dependence of viscosity for Burbank Crude. Burbank
Field, Osage County, OK, 38.1°API @ 60°F.
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Figure 2-11. Temperaturedependenceof viscosityof SchurichtCrude.
SchurichtLease, Crook County,WY, 25.4o @ 60°F.
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Figure 2-12. Temperaturedependenceof viscosityof MoorcroftWest Crude.
Texas Trails #I Lease, Crook County,WY, 22.3°API@ 600F.
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Figure 2-13. Temperaturedependenceof viscosityof Alworth Crude. Alworth
Field, Jim Hogg County, TX, 19.1°API@ 60°F.
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Figure 2-14. Temperaturedependenceof viscosityof Lick Creed Crude. Lick
Creek Meakin Sand Unit, Union County,AR, 17.5°API@ 600F.
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Figure 2-15. Temperaturedependenceof viscosityof Media E (bacteriological
media).
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Figure 2-16. Comparisonof true and calculatedoil volumes resultingfrom
separationand subsequentgravimetricanalysisof mixed oil/watersystems.
Experimentperformedaccordingto method outlined in Section 2.3.6.
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Figure 2-17. Comparison of true and measured water volumes resulting from
separation and subsequent gravimetric analysis of mixed oil/water system.
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3. MICROBIAL ANALYSIS AND PHENOMENA

Microbialisolates selectedfor analysisin the MEOR programwere screenedfor

phenotypicand genotypicpropertiesthat allow them to function in oil

reservoirenvironmentssuch as those found in the Minnelusa sands of the

Powder River Basin, WY. These propertiesare facultativeanaerobicity,

thermotoleranceto 45°C, halotoleranceto 2.5% (in the form of NaCl), and a

desirableMEOR phenotype. Desirablephenotypesfor MEOR includeorganisms

capableof producingacids, gases, solvents,polymers, surfactants,or any

combinationof these. Also desirablewould be the ability to degrade

asphalticoil componentsor significantlyperturb the oil water interface

throughdirect physical interactions. For applicationof MEOR technologies,

the organismsshould have no significantdetrimentaleffect on the

economicallyvaluableconstituentsof crude oil.

To facilitatethe selectionand comparisonof collectedisolates and straips,

a b_nchmarkorganism,Bacillus licheniformisstrain JF-2 (ATCC 39307)I was

chosen. BacilluslicheniformisJF-2 was chosen because it producesa

surfactantthat has been isolatedand characterizedby other laboratories2'3

and because it has been previouslyused in a field test of MEOR.4

Other organismsselected for study were collectedfrom the Powder River Basin

in Wyoming, YellowstoneNational Park in Wyoming,Tinker Air Force Base in

Norman, OK, and the Idaho Falls sewage treatmentplant in Idaho Falls, ID.

See Table 3-I for a summaryof selected isolates,morphology,geographical

origin, and MEOR phenotype.

3.1 ISOLATION OF FIELD ISOLATES

Sampleswere collectedasepticallyin screw cap containersfrom the noted

locations. All isolateswe_e screened for thermotoleranceto 45°C,

, halotoleranceto 2.5% NAC1, and growth on minimal 1502 Medium E for Bacilluss

_
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Table 3-I. Origin,morphology and desirableMEOR phenotypeof selected field
isolates

Isolate Oriqin Gram Rxn./Morph_ MEOR Phenot.yDe

B. licheniformis a + Rod, Linear Acid, Surfactant,Polymer

SEW BL b + Rod Acid, Surfactant

COW BL c + Rod, Linear Acid, Surfactant

SPCDW d + Rod Acid

SPCDY e + Rod Acid, Surfactant

COWPYI c + Cocci, Linear Acid, Surfactant

FSC6DW e + Lrg. Rod, Linear Acid

YELDY e + Rod Acid, Surfactant

TNK3PY f - Small Rod Gas, Surfactant

MWWH g - Small Rod Gas, Surfactant

a. American Type Culture Collection(ATCC 39307).

b. Activated sewagefrom the Idaho Falls sewage treatmentplant.

c. Oil soaked cow dung outsidethe MoorcroftWest heater treater.

d. External spill of producedbrines and oil at the MoorcroftWest heater
treater.

e. Natural hydrocarbonseeps in the RainbowSprings area, YellowstoneNational
Park.

f. Mixed waste stream (industrialmetal plating/stripping,air/land vehicle
maintenance,and human sewage) at Tinker Air Force Base, Norman OK.

g. Oil sample from the wellhead at the MoorcroftWest Unit.
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(all constituentsper liter: I g (NH4)2SO4, 0.51 g MgSO4, 2.5 g NaCl, 5.3 g

KH2PO4, 10.6 g K2PO4, 0.01 g Na2EDTA,0.03 g MnSO4, 0.001 g CaCL2, 0.001 g

FeSO4, 0.001 g ZnSO4, 0.001 g CoCL2, 0.0001 g CuSO4, 0.0001g Na2Mo04,0.0001 g

AIK(S04)2) with I% sucrose as the sole carbon source. All selectionswere

conductedunder aerobicconditions. Halotoleranceand minimalmedia

experimentswere conductedat 30°C. Sucrosewas chosen as the carbon source

becauseit representsthe major carbohydrateconstituentof beet molasses

(molasseshas historicallybeen the feedstockof choice for MEOR applications

in the field).6 Sucrose represents63.5% of total solids in beet molasses and

95.4% of all carbohydratepresent.7

Sampleswere streakedonto TrypticaseSoy Agar (TSA) containing2.5% NaCl and

incubatedunder anaerobicconditionsat room temperature. Colonieswere

picked and re-streakedfor secondaryanaerobicincubation. Isolatedcolonies

were picked and streaked again onto ISA for primary aerobic incubationat

30°C. Facultativeanaerobes (organismsgrowing under anaerobicand aerobic

conditions)were picked from the aerobicplates and re-streaked. Well

isolatedcolonies were picked and inoculatedinto 3 mL of TrypticaseSoy Broth

(TSB)with 2.5% NaCl and grown at 30°C overnight,gram stainedto check

homologyand gram reaction and held at 4°C as stock cultures.

3.2 BIOCHEMICAL CHARACTERIZATION OF

BACILLUS LICHENIFORMIS 3F-2

AND SELECTED FIELD ISOLATES

Characteristicscommon to all organismsare thermo and halo-tolerance,aerobic

growth on Media E (1502)with sucroseas the sole carbon source (1%), no

productionof H2S on Triple Sugar Iron Agar (TSl),no affinity for

hydrocarbon/waterinterfacesas assayedby the BacterialAdherence To

Hydrocarbon(BATH)assay,B and no degradativecapacityfor Schurichtcrude oil

(see Section 2 for characteristics)in the presenceof I% sucrose. Schuricht

crude oil was chosen to determinethe effectsof MEOR isolatesand Bacillus

licheniformisJF-2 on the compositionof crude oil because it comes from a

relativelypristane field thaL is u,der primary pruducLiu,,ha_ ,ot been
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perturbedwith a waterflood,and has had no chemical intervention, lt also

representsa medianof those oils selectedfor MEOR researchat the INEL.

Isolateswith the ability to aerobicallyemulsifyoil were found by

inoculating30 mL TrypticaseSoy Broth containing2.5% NaCl and I% Schuricht

crude oil with 100 _L of the 4°C stocks. Isolatesemulsifyingoil after 10 d

were taken as surfactantproducers. Emulsificationwas judged based on a

positive control (Bacillus.licheniformisJF-2). Isolatesproducingacids were

found by monitoringpH changes in liquid culture using phenol red as the pH

indicator. Gas producerswere found using Durham tube culturetechniques.

Degradativeeffectsof Bacillus licheniformisJF-2 on Schurichtcrude oil

compositionwas determinedby comparingvolume (as percent)of crude oil

constituents(liquidchromatography)of oil extracted from aerobic

emulsificationswith oil extractedfrom abioticculture flasks incubatedunder

identicalconditions (see Figure3-Ia to 3-Id). Extractionwas facilitated

with 2 x 5 mL aliquotsof hexane (culturevolume = 50 mL, crude = 500 _L).

Gas chromatographsof the aliphaticand aromaticfractionsof Schurichtcrude

were also obtained for aerobic and anaerobicemulsificationstudiesextracted

as above. Comparisonsof gas chromatography(GC) data was made by comparing

pristane/C17and phytane/CIBratios of biotic and abiotic culture flasks and GC

profiles. Data for pristane/C17and phytane/CIBratios obtainedduring aerobic

emulsificationexperimentsare presentedin Table 3-2, data obtained from

anaerobicemulsificationexperimentsare presentedin Table 3-3.

Chromatographyprofilesfrom both anaerobicand aerobic experimentsconcur

with the pristane/C17and phytane/CIBratios and indicateno degradation.

Anaerobicexperimentswere monitoredfor anaerobicitywith head space analysis

of all samples (GC analysis performedon a Gow Mac series 550P GC fitted with

a 6 ft AlltechCTR i concentriccolumn). Degradativeeffectsof MEOR isolates

on Schurichtcrude were determinedby comparativegas chromatography. No

fractionationdata were obtained.

Bacillus licheniformisJF-2 (ATCC 39307) has a highly varigatedwhite surface

morphology and was observed to have positivereactionsfor oxidase and

catalase and also observed to possessargininedihydrolase,gelatinase,alpha
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Table 3-2. Pristane/C17and phytane/CIBratios obtained followingaerobic
emulsificationof Schurichtcrude oil

Isolate Pristane/C1_ Phytane/CIB
Aseptic control 0.66 0.98

B. licheniformis 0.65 0.94

SEW BL 0.66 1.00

COW BL 0.67 0.89

SPCDW 0.67 1.01

SPCDY 0.65 0.93

COWPYI 0.54 0.94

FSC6DW 0.74 0.96

YELDY 0.68 1.00

TNK3PY 0.68 0.96

MWWH 0.69 0.94

amylase, and beta galactosidase. The organismwas able to use acetate,

pyruvate citrate, and malate as growth substrates. Nitrate was reducedto

nitrite but not to nitrogengas. Acid, but not acid and gas, was formed

during growth on glucose. Bacillus licheniformisJF-2 was found to producea

polymer (levan)as well as a surfactant.

SEW BL is a gram positiverod having a creamy white variegated surface

morphology on agar plates. SEW BL originatedfrom activatedsewage from the

Idaho Falls, ID sewage treatmentplant. SEW BL was observed to have positive

reactionsfor oxidaseand catalase,and also observedto possessgelatinase,

and beta galactosidase. The organismwas able to use arabinose,D-mannose,D-

mannitol, acetyl-D-glucosamine,maltose, D-gluconate,acetate, pyruvate,
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Table 3.3. Pristane/C17and phytane/CIBratios obtainedfollowinganaerobic
emulsificationof Schurichtcrude oil

Isolate Pristane/C17 Phvtane/CIB

Aseptic control O.497 0.853

B. licheniformis 0.558 0.912

SEW BL 0.695 0.988

COW BL 0.787 0.980

SPCDW O.808 I.021

SPCDY 0.699 0.932

COWPYI 0.676 0.959

FSC6DW O.686 O.959

YELDY 0.718 0.996

TNK3PY 0.728 0.982

MWWH 0.649 0.957

malate,and citrate as growth substrates. Nitrate was reducedto nitrite but

not to nitrogengas. Acid (but not acid and gas) was formed during growth on

glucose. SEW BL was found to producea surfactantin aerobic and anaerobic

shake flasks.

COW BL is a gram positiverod having a mucoid white variegatedsurface

morphologyon agar plates. COW BL originatedfrom oil laden cow dung

positionedjust outside the MoorcroftWest heater treater. COW BL was

observedt,)have positive reactionsfor oxidase and catalase and was also

observedto possess gelatinase,and beta galactosidase. The organismwas able

to use arabinose,D-mannose,D-mannitol,acetyl-D-glucosamine,maltose, D-
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gluconate,acetate,pyruvate,malate,and citrate as growth substrates.

Nitratewas reducedto nitrite but not to nitrogen gas. Acid (but not acid

and gas) was formedduring growth on glucose. COW BL was found to produce a

surfactant in aerobicand anaerobicshake flasks.

SPCDW is a gram positive rod having a dense, pinpoint white surfacemorphology

on agar plates. SPCDW originatedfrom a spill of produced brines and oil just

outside the MoorcroftWest heater treater. SPCDW was negativefor oxidase and

catalasebut was observedto possessgelatinase,and beta galactosidase. The

organismwas able to use arabinose,D-mannose,D-mannitol,acetyl-D-

glucosamine,maltose,D-gluconate,malate,and citrate as growth substrates.

Acid (but not acid and gas) was formed during growth on glucose. SPCDW was

found to produce a surfactant in anaerobicshake flasks but not in aerobic

shake flasks.

SPCDY is a gram positive rod having a dense, pinpointyellow surface

morphologyon agar plates. SPCDY originatedfrom a spill of produced brines

and oil just outsidethe MoorcroftWest heater treater. SPCDY was negative

for oxidase and catalase but was observedto possess gelatinase,and beta

galactosidase. The organism was able to use arabinose,D-mannose,D-mannitol,

acetyl-D-glucosamine,maltose, D-gluconate,pyruvate,malate, and citrate as

growth substrates. Acid (but not acid and gas) was formed during growth on

glucose. SPCDY was found to producea surfactantin aerobic and anaerobic

shake flasks.

COWPYI is a gram positive cocci or small rod having a dense, pinpointyellow

surfacemorphologyon agar plates. COWPYI originatedfrom oil laden cow dung

positionedjust outside the MoorcroftWest heater treater. COWPYI was

negative for oxidase and catalase but was observed to possessbeta

galactosidase. Acid (but not acid and gas) was formed during growth on

glucose. COWPYI was found to producea surfactantin aerobicand anaerobic

shake flasks.

FSC6DW is a large gram positive rod having a creamy white diffuse surface

morphologyon agar plates. FSC6DW originatedfrom an active algal matt in the
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RainbowSprings area in YellowstoneNationalPark, an area known for natural

hydrocarbonseeps. FSC6DW was observed to have a positive reaction for

oxidase and a negativereaction for catalaseand also observed to possess

gelatinase,and beta galactosidase. The organismwas able to use arabinose,

D-mannose,D-mannitol,acetyl-D-glucosamine,maltose,D-gluconate,adipate,

phenylacetate,acetate,malate, and citrateas growth substrates. Acid (but

not acid and gas) was formed during growth on glucose. FSC6DW was found to

produce a surfactantin anaerobicbut not aerobic shake flasks.

YELDY is a gram positive rod having a dense yellow surfacemorphologyon agar

plates. YELDY originatedfrom an oil laden soil sample from the Rainbow

Springsarea in YellowstoneNational Park. YELDY was negative for oxidase and

catalasebut was observedto possess gelatinase,and beta galactosidase. The

organismwas able to use arabinose,D-mannose,D-mannitol,acetyl-D-

glucosamine,maltose, D-gluconate,adipate,phenylacetate,acetate, and

citrate as growth substrates. Acid (but not acid and gas) was formed during

growth on glucose. YELDY was found to producea surfactant in aerobic and

anaerobicshake flasks.

TNK3PY is a gram negative rod having a dense yellow surfacemorphologyon agar

plates. TNK3PY originatedfrom a mixed waste stream comprisedof human sewage

effluent,effluent from a metals plating/strippingfacility,and effluent from

a vehiclemaintenanceshop all locatedon Tinker Air Force Base Norman,

Oklahoma. TNK3PY was observed to have a positive reaction for oxidaseand a

negative reaction for catalase. The organismwas able to use D-gluconate,

caprate, acetate,pyruvate,and citrateas growth substrates. Nitratewas

reducedto nitrite. Gas (weak production)was formed during growth on

glucose. TNK3PY was found to produce a surfactantin aerobicand anaerobic

shake flasks.

MWWH is a small gram w_egativerod having a glossy yellow surfacemorphologyon

agar plates. MWWH originatedfrom a sample of gravel taken from the Moorcroft

West wellhead. MWWIIwas observed to have a positivereaction for oxidase and

catalase. The organism was able to use D-gluconate,caprate, acetate,

pyruvate,and citrateas growth substrates. Nitratewas reducedto nitrite.
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Gas (weak production)was formed during growth on glucose. MWWH was found to

produce a surfactantin aerobicand anaerobicshake flasks.

Collectivepropertiesof all strains are listed in Table 3-4.

3.3 PROPERTIES OF BACILLUS ,,LICHENIFORMIS STRAIN 3F-2

Propertiesof Bacillus licheniformisstrainJF-2 with respect to culture

characteristics,transportthrough and spacialdistributionin Berea

sandstone,surfactantproduction,and polymerproductionwere elucidated.

Culture characteristics,surfactantproduction,and polymer productionwere

investigatedusing Media E (1502)with sucroseas the sole carbon source.

Growth protocolsfor corefloodexperimentationin Media E (1502)with sucrose

are also delineated.

3.3.1 Culture Propertiesof Bacillus licheniformisStrain aF-2

Experimentswere conductedaerobicallyin media E (1502)with sucroseas the

carbon source. These experimentsindicatea temperatureoptimum at 37°C with

a toleranceto at least 50°C (Figure3-2), a salinitytolerance of I to 6

#_/v (as NaCl, Figure 3-3), and a pH toleranceof 6 to at least 8.5 (Figure3-

4).

Temperaturedata indicatea sharp responseat 37°C that peaks by 72 h. After

72 h the cells most likelybegin to sporulateand thereforethe optical

density decreases. At 45°C growth continuesat 144 h and has not began to

subside. This is indicativeof slowermetabolism at this temperature.

Temperaturesof 55°C were found to be lethal for the organism.

Salinitydata indicatepronouncedsensitivityto salt only during the First

few days of growth. By 90 h (3.75 d) a broad toleranceto salt (as NaCl) is

observed. Optical densitiesof 1.0 and greaterwere obtained after i d

becauseof an increasedinoculumsize in this experiment.
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Experimentsconductedto ascertainresponseto pH indicateBacillus

licheniformisJF-2 will grow in a pH range from 6 to at least B.5. Growth may

occur at a pH >B.5 but precipitationof media constituentsat pH 9.0 precluded

data collectionbeyond this point.

The temperature,salinity,and pH data for BacilluslicheniformisJF-2 when

grown in Media E (1502) indicatethe organismwill most likely be adaptableto

the reservoirenvironmentof the MinnelusaSands in the Powder River Basin,

WY. The primaryMEOR metaboliteof the organism,a surfactant,has been

discussed in the literature2 and reported to functionwell at the reservoir

conditionsof the Powder River Basin, WY. Optimal surfactantactivitywas

reported to occur at salinities>4% and temperaturesof 50°C. The salinity

of the MoorcroftWest Unit is about 2.8% and appears to be increasing.

Concentrationsof Ca++at 7 _/v are reportedto decrease surfactantactivity

compared to concentrationsof 2 and 10%. The Ca++concentrationsin the

MoorcroftWest Unit in the MinnelusaSands in the Powder River Basin are in

the range of 0.10 ± 0.006% (personalcommunication,Julie Smith TIORCO Inc.).

3.3.2 Growth of Bacillus licheniformisJF-2 for Coreflood Experimentation

Organisms used in core flood experimentation(Bacillus!icheniformisJF-2)

were routinelygrown by inoculating50 mL Media E (1502, supplementedwith I%

sucroseand 2.4% NaCl, see Subsection3.2) with 100 _L of a fresh overnight

culture (trypticasesoy broth). Incubationwas conductedaerobicallyat 30°C

until the culturesreached an opticaldensity of 1.0 ± 0.15. The cells were

harvestedby centrifugation(3000 rpm x 10 min at room temperature,Sorvall

rotor SS34) and resuspendedin fresh Media E (1502)with sucrose (I.0%)and

NaCl (2.5%) added. This procedurewas followedto allow differentiation

betweenmetabolicproductsproducedoutside of the core and those metabolites

produced in the core. Under this regiment,only the cells themselveswere

used for inoculumand thereforeoil displacementthat occurredwas caused by

either in situ productionof metabolicproducts or the physical presence of

bacterialcells. Cells were injected into epoxy coated Berea sandstonecores

using a 6 mL acc_mulatoroperated at 1,5 mL/h.
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Where noted, unwashed cells (cells plus metabolites liberated in culture) were

used for comparitave experimentation.

3.3.3 Scanning Electron Microscopy (SEM) of Berea Sandstone Cores

Spacialdistributionof Bacillus licheniformisJF-2 in Berea sandstonecores

followingmicrobialflood experimentswas analyzedwith SEM. Controls for SEM

experimentswere coarse (permeability300 to 500 md, Figure 3-5) and fine

(permeability100 to 300 md, Figure 3-6) virgin Berea sandstoneand oil coated

Berea sandstonecores (Figure3-7) that had been previouslywaterfloodedto

residualoil (Schurichtcrude). The SEM of microbialcorefloodexperiments

was performedafter the core had been waterfloodedfor productionfollowinga

microbialflood. The core was broken into three distinct regions, the inlet

(Figure3-8), mid section (Figure3-9) and the outlet (Figure3-I0).

The SEM was performedwith an AMRAY scanningelectron microscope. All samples

(bioticand abiotic)were treatedthe same. Smallpieces (5 to 10 mm) of

material were broken from larger core elements and placed in 4% glutaraldehyde

in SorensensbufferQ (phosphatebuffer,pH 7) and allowed to fix for 4 h. The

sampleswere then washed 5x in the buffer and transferredto a i% osmium

tetroxide (in Sorensensbuffer) and allowedto stand for 2 h. Each sample was

placed on a standardSEM aluminum stub and glued in place using silver paint.

The sampleswere then coated with a thin layer of gold (75 A) to ensure

conductivity.

Although organismswere found to be distributedcompletelythrough the core

(Figures3-8, 3-9, 3-10), a predominanceof organismswere found in the region

distal to injection(Figure3-I0). Based on the size of the cells, it is

hypothesizedthat spores and germinativecells are present, lt is not known

if the cells were committedto sporulationbefore they were injectedor if the

cells sporulatedonce insidethe core.
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3.3.4 Surfactant Production by Baci!lus. licheniformis JF-2

Bacillus.licheniformis.JF-2 was proven to producea surfactantwhen grown on

minimal Media E (1502) in the presence of sucrose. Interfacialtensionswere

measuredon cell free supernatantsusing various crude oils as the organic

phase. The production,characterization,and IFT measurementsof Bacillus

licheniformisJF-2 surfactantis presentedand discussed in Section4.

3.3.5 Polymer Productionby Bacilluslicheniformis.OF-2

Levan productionby Bacillus!IcheniformisstrainNRC 9012 has been previously

reportedin the literature.I° Levan, B-D-fructofuranoselinked primarily2,6

with branched chains linked 2,1,11producedby Bacil!qE licheniformisstrain

JF-2 has been demonstrated, Initialexperimentswere conducted aerobicallyat

30°C in Media E (1502) supplementedwith 0.5% sucrose. Cultures, abiotic

controls,and abioticmedia + levan were incubatedfor 7 d.

Levan was isolatedwith modificationsbased on the procedureof Leeper.Iz Ice

cold methanol was added to the cultures as a three fold excess (v/v) and

allowedto stand a_ 4°C overnight. The insolublematerialwas harvestedby

centrifugationat 2,000 rpm (Internationaltable top centrifuge)for 10 min at

room temperature. The supernatantwas discardedand the pellet was overlaid

with pyridine and agitatedto mix. The insoIAblematerial was harvestedas

above and brought up in distilledwater. Levan concentrationswere

ascertainedby a spectrophotometricassay based on the abilityof hydrolyzed

levan (fructose)to reduce 3,5-dinitrosalicylicacid to a colored product.13

500 _L of the isolatedmaterialwas added to 1.0 mL of 1.0 M oxalic acid and

incubatedat I00°C for 30 min to facilitatehydrolysis. Followinghydrolysis,

100 _L of the sample was reactedwith 1.0 mL of 3,5-dinitrosalicylicacid for

10 min at 100° C. Sampleswere analyzed spectrophotometricallyat 590 nm.

Net levan productionwas calculatedbased on the difference betweenhydrolyzed

and unhydrolyzedsamples. Previousexperimentsindicateno difference between

glucose and fructosewith respectto reductionof 3,5-dinitrosalicylicacid to

its coloredproduct under nonhydrolyzingor hydrolyzingconditions (data not

shown).
J

3-13



Although polymerproductionwas nominal,researchwill continueto elucidate

the importanceof productionunder field conditionsin conjunctionwith

surfactant.

3.4 DISCUSSION

Developmentof an understandingon the mechanismsbywhich microbialsystems

displace oil under reservoirconditionsthrough such avenues as core flooding

and other laboratorytechniqueswill be a significantcontributionto EOR

technologyand specificallyMEOR technology. The mechanismsof MEOR are not

fully understoodor specificallyknown for a wide varietyof reservoir

conditions,crude oils, microbial,and nutrient systems. Bacteria that have

characteristicssuch as the capabilityto emulsify crude oils and lower IFT

are ideal candidatesfor improvedoil recovery. Organismsthat have the

abilityto produce acids or gas or both and organismsthat are capableof

asphalticdegradationare also significantto the techr_ologyand are presently

being collected,isolated,and characterizedfor applicationin EOR research

activities.

The utilizationof Bacillus licheniformisJF-2 as a benchmarkorganism has

allowedthe selectionof promisingmicrobial isolateswith selectedphenotypic

and genotypicpropertiesto facilitateMEOR as well as providingfor a

systematiccomparisonof the effectsof differentoil characteristics.
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Figure 3-Ia. Comparison of pre- and post-flood (microbial) chromatonraphy
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Q) 70 Moorcroft West

:JL. 60 _ Pre-flood
I_ Post-flood

"6 5O
O /\

V
"_ .40 ,",
_ V

A
O __ ,,i

_ _u A
V _7

C A A

20 A Au
/\ A

12_ 10 "" /"
A A
V v

Aliphatic Aromatic Non Cs Cs ppt.
ppt. Resins Asphaltics

Figure 3-Ib. Comparisonof pre- and post-flood (microbial)chromatography
fractions,MoorcroftWest crude.
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Figure3-Ic. Comparisonof pre- and post-flood (microbial)chromatography
fractions,Alworth crude.
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70 Lick Creek
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Figure 3-Id. Comparisonof pre- and post-flood (microbial)chromatography
fractions,Lick Creek crude.
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Figure 3-2. Growth response of Bacillus licheniformis JF-2 as a function of
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Figure 3-3. Growth response of Bacillus licheniformis JF-2 as a function of
salt (NaCl) concentration.
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Figure 3-4. Growth response of Bacillus licheniformis JF-2 as a function of
pH.

3-21



Figure 3-5. Scanning electronmicrographof virgin coarse (300to 500 md
permeability)Berea sandstone.
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Figure 3-6. Scanning electron micrograph of virgin fine (I00 to 300 md
permeability) Berea sandstone.
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Figure3-7. Scanningelectronmicrographof oil coated (Schuricht)fine (100
to 300 md permeability)Berea sandstone.
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Figure 3-B. Scanning electronmicrograph(inlet region)of a Berea sandstone
core (fine)obtained from a microbial(BacilluslicheniformisJF-2) coreflood
experiment. Schurichtcrude at water flood residual.
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Figure 3-g. Scanningelectron micrograph(mid region) of a Berea sandstone
core (fine) obtained from a microbial (BacilluslicheniformisJF-2) coreflood
experiment. Schurichtcrude at water flood residual.
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Figure 3-10. Scanning electronmicrograph (outletregion)of a Berea
sandstonecore (fine) obtainedfrom a microbial (Bacillg_El_ichen!formisJF-2)
corefloodexperiment. Schurichtcrude at water flood residual.
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4. MEASUREHENT OF INTERFACIAL TENSIONS

About 2/3 of the oil that has been discoveredremains trappedin the Original

reservoir This oi is trappedby capillaryforces in the pore structureof

the formationand is resistantto displacementby waterfloodingtechniques.

• Capillaryforces betweenthe oil and formationwater determinethe pressures

needed to displacethe oil from the rock. The pressurerequired to displace

this oil i_ higher than can be generatedin secondarywaterfloodoil recovery

operations. The pressurerequirementcan be lowered if the interfacial_

tension betweenthe oil and water (typically30-40 mN/m) is lowered.

Calculationsusing models of trappedoil have estimatedthat interfaci_Ll
1,2,3,_+

tension,]lower than 0.1 mN/m are needed for improvedoil recovery.

Interfacialtension (IFT) is definedas the minimum amount of work requiredto

create the boundarybetweentwo immisciblephases,such as oil and water.

Ultralow IFTs (about 10.3mN/m) are capableof mobilizingthe oil trappL_dby

capillaryforces. Loweringthe IFT by use of surfactants(whichalign betwr;en

- the two phases at the boundary)decreasesthe pressure requiredto force a

non-wettingphase (oil) through a small capillary. Oil trapped in a reservoir

can thereforebe displacedby floodingthe reservoirwith a surfactant

solutioncapableof loweringthe IFT to the v_Iu,es requiredby the reservoir

conditions.

Measurementof IFTs has been accomplishedby a variety of methods, inclluding

pendantdrop,5'6'7sessiledrop,B ad spinningdrop_ methods. The pendant

: or sessiledrop methods of determiningIFTs was first suggestedby

WorthingtonI°and Ferguson.11 These methods place a drop of oil into a

surfactantsolution,and then measure the shape of the drop. All of these

methods requiredifficultmeasurementsto be performedon the drop that is

formed. In the past, a photographicrecord was made of the drop size, and the

measurementsof drop shape were determinedfrom this record. Current

developmentsin personalcomputerscoupledwith the abilityto digitizevideo_

imagesmakes it possibleto automatethe process,and to providea faster
--

" means to determinethe IFT.12'13'14

_
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4.1 CURRENTINEL INTERFACIAL TENSION MEASUREMENTTECHNOL_ ,'

A simple automated system for measuring interfacial tensions using the sessile

drop method has been developed at the INEL.15 The size and shape of a

transparent or opaque drop of one fluid (crude oil) immersed in a second

transparent fluid (surfactant solution) is displayed on a monitor with a CCD

video camera. The video image is digitized and stored by a computer-

controlled system. Custom software (developed at the INEL) determines various

drop shape measurements and then computes the interfacial tension. The video

image can be stored on the computer disk, or could be stored on video tape.

In the sessile drop method, an outline of the drop is recorded and used to
determine the IFT. The detailed theoretical derivations for the determination

of the interfacial tension are given in different literature

reports, ls'IL1B The currently used analysis utilizes an empirical

procedure 19 that defines a function, S, tn determine the drop shape. The

maximumdiameter, de, ef the drop is determined and then used in the

determination of the horizontal dimension, ds, of the drop as shown in Figure

4-1. Using algorithms developed by Fordham,2° the IFT between the drop and

the external solution can be estimated. The ratio of these two measurements,

ds/de (called the drop shape factor, S) can be used to determine the IFT. The

equation used to calculate the interfacial tension is given in Equation 1.

de 2

y=ap.g.(--_7-) (4-I)

where

y = interfacial tension
_p= density difference of the two liquids
g = gravitational acceleration
de= maximum diameter of drop

1
S =

O. 312,S -2'64

ThP rplatinn._hipbetweenthe drop shape factor S and the IFT has been

quantified in a look-uptable resident in the computer.
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The complete IFT system consistsof four major components"illumination,drop

formingcell, video camera,and computer. These subsystemsare described

below.

The droplet cell is illuminatedfrom behind so that the image of an opaque

drop is black on a white background. Transparentdrops appear as dark

outlines surroundinga lighter interiorcaused by lensingeffects. A fiber

optics illuminationsystem is used to provide the backgroundlight. The fiber

optics source is desirablebecauseof the reduced heatingeffects on the

droplet cell and simplifiedmounting design. A ground glass diffusionlens is

used to ensure uniform illuminationof the drop.

The droplet formingcell has two windows and holds the surfactantsolutionto

be tested (see Figure 4-2). The cell is backlit by the illuminationsystem.

For simplicityand cdst, the windows are standardmicroscope slides. The

windows can be easily removedfor cleaningor can be replacedwhen

contaminated. About 7 mL of surfactantsolution is used in the test

procedure. The crude oil is introducedinto the cell throughan injector

situatedat the bottom of the cell. Externalto the cell is a micrometer

driven syringeused to injecta drop of oil (or other fluid) into the cell.....

In the sessileversion,tiledrop floats above and is attached to the injector.

The drop can be formed to any desired size (up to the buoyantrelease point)

and the drop size and shape recorded, lt is possibleto record the sequence

of such data with a video recorderwhile the drop is growing or changing shape

becauseof equilibrationor afte,"terminal volume is reached.

The latest versions of the cell permits temperaturecontrol by flowingheated

or cooled water throughchannelsin the metal frame of the cell. Cells have

been redesignedwith a smallerpath length in addition to the temperature

controlfeature to permit IFT measurementsof turbid bacterialcultures

containingbiosurfactants. These turbid bacterialcultures are translucent

insteadof transparent.

Variousvideo camerasand lenses were used in developingthe system. The

currentcamera utilized is a Cohu model 6515 CCD camerawith external controls

_- 4-3
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of gamma, black level, and AGC. Extensiontubes provide variousmagnification

ranges as required by differentdrop diameters (see Figure 4-3). Sensor pixel

count and magnificationare chosen so that one obtains at least 200 pixels

across the minimum dimensionto be measured. The goal is to have measurements

of at least I% precision.

A PC based system was selectedto controlthe video systemand to performthe

calculations. An IBM-AT personalcomputerwas equipped with a Data

TranslationDT2853 video frame digitizerboard. The computercontrols data

acquisition,computation,and display functions. An auxiliaryvideo monitor

displaysthe video image output by the DT2853. If desired, a video cassette

recordercan be used to record longer image sets for later evaluation.

The softwareis designed to controlthe video frame digitizerand to acquire,

reduce,and display the data. lt uses commerciallyavailableData Translation

DT-IRISdevice drivers. The softwareis a combinationof Specifically

developedroutines intermixedwith the DT-IRISdriver routines. The user

interactswith the program by depressingspecial function keys indicatedby

the displayedmenus. Among the functionsavailable are calibration,video

adjustments,and plots of video intensity. Other options includesaving and

restorationof video images or of reduceddata and printingof IFT data and of

two-dimensionalblocks of pixel intensitiescentered on a user selectedimage

point.

Before an actual series of tests, a calibrationobject consistingof a sphere

of known diameter comparableto that expectedfor the drop is installedin the

test cell (see Figure 4-4). An automatedcalibrationprocedurecomputes the

number of pixels per millimeterat the object in both the x and y axes. These

calibrationvalues are used to convertall pixel measurementsinto actual

dimensions. In boLh the calibration process and the interfacial tension

measurements, the edge of the drop image is fit with a second order polynomial

curve so that subpixel locations can be determined. The operator generates a

drop of the test liquid in the cell and then adjusts the focus, magnification,

and illumination to match predetermined criteria (see Figure 4-5}. When the

sample has equilibrated, an automated data acquisition and data reduction
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process is initiated. The system acquiresa video image of the drop, then

locates the maximum horizontaldiameter,de, and the top of the drop. These

values are then used to locate and measurethe drop diameter ds. The program

requestscertain physicalproperties of the test fluids (densitydifference),

then computes the IFT of the system.

4.2 INTERFACIAL TENSION MEASURENENTS

BacilluslicheniformisJF-2 is a known surfactantproducingorganism. The

IFTs on culture supernatantsof BacilluslicheniformisJF-2 (see Subsection

3.3.2 for growth parameters)were determinedusing various crude oils as the

organic phase. The calibrationof the tensiometerwas verified using n-

butanol/waterand n-hexane/water,which have interfacialtensions of 1.8 mN/m

at 20°C21and 51.1 mN/m at 20°C22, respectively.

4.2.1 Calibrationof InterfacialTensiometer

Systems of known interfacialtensionswere used to verify the accuracyof the

system calibration. The system was verifiedto 1.8 mN/m using a system

consistingof nano-purewater and n-butanolat 22.3°C followingvideo

calibrationwith 0.0625 and 0.1564 in. calibrationstandards. The IFT

measurementswere made using 0.22 vm capillarytubing (0.0625 in. calibration

ball) and 0.0625 in. tubing (0.1564 in. calibrationball). Data for the

n-butanolsystem are given in Table 4-1. The system calibrationwas verified

to an interfacialtension of 51.I mN/m using nano-purewater and n-hexaneat

22.3°C followingvideo calibrationwith a 0.1564 in. calibrationball with

0.0625 in. tubing. These data are given in Table 4-2.

4.2.2 Determinationof CMC for Bacillus licheniformisJF-2 Biosurfactant

Bacillus licheniformisJF-2 was grown as delineatedin Subsection3.4.2 and

the resultingcell free supernatantwas used in a dilution experimentto

determinethe criticalmicelle concentration(CMC) of the biosurfactant.

Schurichtcrude was used as the organicphase. No effort was made to purify
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Table 4-I. IFT measurementsfor n-butanol/water(1.8mN/m @ 20°C) systems
(measurementsmade @ 22.3°C)

/
,

Trial IFTa Calibratic_:L_Std,Ci Trial IFTb CalibrationStd.

] 1.9107 0.0625 /._'_ I 1.3690 0.1564

2 1.9466 0.0625 2 1.8869 0.1564

3 1.9104 0.0625 3 1.9696 0.1564
i

4 1.9203 0.0625 4 1.8619 0.1564

5 1.8918 0.0625 5 1.9079 0.1564

6 1.7387 0.0625 6 1.8084 0.1564

7 1.8362 0.0625 7 1.9335 0.1564

a. Average = 1.8792mN/m, standarddeviation= ± 0.0706 mN/m.

b. Average = 1.8196mN/m, standarddeviation= ± 0.2052 mN/m.

Table 4-2. IFT measurementsfor n-hexane/water(51.1 mN/m @ 20°C) system
(measurementsmade @ 22.3°C)

Trial IFTa CalibrationStd. Trial IFTa CalibrationStd.

I 51.47 0.1564 8 48.96 0.1564

2 47.26 0.1564 9 47.91 0.1564

3 48.80 0.1564 10 47.20 0..1564
l

4 46.60 0.1564 11 47.61 01,1564
t

5 49.11 0.1564 12 45.69 0.1564

6 49.38 0.1564 13 48.08 0.1564

7 47.58 0.1564

a. Average = 48.12 mN/m, standarddeviation= ± 1.45 mN/m.
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the biosurfactantand the resultingdata could thereforemore appropriatelybe

labeled "CMC of cell free supernatantof Bacillus licheniformisJF-2". The

CMC is taken as the inflectionpoint of the curve. Graphicaldata are

presentedin Figure 4-6. The concentrationof the undilutedbiosurfactant

produced under these conditionsis 2.5 times the CMC.

4.2.3 IFT Measurementsof Bacillus licheniformisbiosurfactantusing various

crude oils

Cell free supernatantsprepared from cells grown as delineatedin Section

3.4.2 were used to establish IFTs relativeto sterileMedia E (1502). Without

exception,the supernatantsresulted in a decrease in IFT of about a factor of

ten when tested againstMoorcroftWest, Schuricht,Alworth, and Lick Creek

crude oils.

4.3 DISCUSSION

A simple automatedsystem to measure IFTs of two-phaseliquid systems has been

developedat the INEL. Data have been collectedthat proves validity of

measurementsbetween 1.8 and 51.1 mN/m. Future effortswill center on

lowering the limits of measurementthroughtesting of systemswith known IFTs.

Although standardizationexperimentsindicatea sensitivityto component

purity and operator fidelity,it is believedthat meaningfuldata have been

(and can continueto be) generatedwith this instrument. Ultralow IFT

measurements,in the 10.3mN/m range, have been reportedusing pendant drops.16

Resultsfrom IFT experimentsindicatea definitiveloweringof IFTs of crude

oil/biosurfactantsystems in comparisonto crude oil/MediaE controls. When

Bacillus licheniformisJF-2 is grown as specified,the resultingsurfactant

(undiluted)is 2.5 times the CMC. Although IFTs in the 10.3mN/m range are

reported to be necessaryfor improvedoil recovery,we believethe oil

recoverymediated by BacilluslicheniformisJF-2 in experimentalsystems at

the INEL to be surfactantmediated (see Section 5). The possibilityof

synergisticcontributionsof other cell mediated components,such as polymers,
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proteins,and biomass,cannot be overlooked. Future experimentswill be

designed to control these and other parameters.
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Figure4-i. Criticaldimensionsused in calculatinginterfacialtensions.
I

4-9



Figure 4-2. Drop formingcell for interfacialtensiometer.
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Figure 4-3. Video camera, lenses,magnificationsystem setup for interfacial
tensiometer.
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Figure 4-4. Calibrationof interfacialtensiometer.
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Figure4-5. Video image of drop for interfacialtension measurement.
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5. LABORATORYCORE FLOODS WITH MICROBIAL SYSTEMS

The objectiveof the core floodingprogramis to investigatethe effect on oil

recoverywith selectedmicrobialsystemsof parameterssuch as crude oil type,

crude oil viscosity,aging and incubationtime, IFT, and brine composition.

All MEOR core floods completedto date have been floodedwith the Bacillus

licheniformisJF-2 microbial system (see Section3). The core flooding

apparatus,experimentalprocedures,and resultingcore flood data are

presentedand discussed in this chapter.

5.1 EXPERIMENTAL PROGRAM

The experimentalprogramconsistsof core floods being performedwith six

differentoils. The six oils range in API gravity from 17.5 to 50.5°API at

60°F. Five of the oils are crude oils and one is a refinedoil (Soltrol220).

The selectedoils are listed in Table 2.1 and the analysisprocedures and

resultswere presentedin Section2.

All of the experimentsuse non-firedBerea sandstonecores coated with epoxy

and fittedwith end plates. The dimensionsof the cores are I in. in diameter

and 6 in. in length. A 2.4 wt% NaCl brine solution is used to saturate the

cores and to displace the oil as the cores are flooded. The brine solution is

filteredthrough a 0.45 pm Milliporemembrane and de-aerated. All core floods

have been performedat room temperature,includingthe evacuationand

saturationphase of the experimentalwork. All MEOR cores are incubatedfor 2

weeks at 37°C after the injectionof the microbial system. Control

experimentshave been performedfor each of the oils. The control cores were

injectedwith nutrient only (MediumE + I% sucrose - no microbes)and

incubatedat the same temperatureand length of time as the MEOR cores.
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5.2 CORE FLOOD APPARATUS

The core flood apparatusused for all core floods is similar to that used by

other researchersI'2'3and is shown in Figure5-I. Milton Roy Slo Speed

miniPumps are used for fluid delivery and Temco Floating Piston Accumulators

are used to keep fluidsseparated. The accumulatorshave a floatingpiston

that enables the injectionof microbialsolutionsand other fluids into the

cores while preventingcorrosivefluids from contactingthe pumps. Nupro

pressure relief valves are used on the pump dischargesas safety relief.

Adjustable Nupro back pressure vaIves are used to provide back pressure on the

cores as needed. All componentsof the system are connectedusing I/8 in. OD

nylon tubing with Swagelokconnectors. Effluentfrom the cores is collected

at various time intervalsin an automatedtube collectiondevice (fraction

collector). Omega Type T Test Gauges are utilizedon both the inlet and

outlet of the core. The differentialpressureacross the core is determined

using a Validyne DPI5TLdifferentialpressuretransducercoupled to a Validyne

CD223 digital transducerindicator.

5.3 CORE PREPARATION AND HANDLING

Cores were cut from Berea sandstoneblocks and air dried at room temperature

for a minimum of 72 h. End plates for the cores were made from brass or

stainlesssteel bar-stockand were used for connectionof injectionand

productionlines to the cores. They were then placed in a suitableholder

(vise or clamp) with the end plates positionedin preparationfor epoxy

application. The epoxy (Epoxy Patch made by the Dexter Co.) was prepared as

outlined by the manufacturer. Working time of the epoxy was about 20 min.

The end plates were mounted to the cores by applyingepoxy along the edges of

the plate using a wooden tongue depressor. After the epoxy was allowedto

harden for a minimum of 2 h at room temperature,it was wiped with alcoholto

ensure the removalof all debris and oils caused by handling. A new batch of

epoxy was mixed and appliedto the core using a wooden tongue depressorto

evenly spread the epoxy over the entire core and edge of the end plates. This
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was done with an end-to-endmotion over the core. The second coat was applied

followingthe same precautionsand guidelinesused for the first coat and was

allowedto age at room temperaturefor a minimum of 24 h before proceeding

with further core preparationprocedures.

5.4 BRINE SATURATION OF CORES

With end plates and connectionsin place, the core was weighed a_lathe weight

recorded as the dry weight of the core (Wd). Care was taken to ensure the

surfaceof the core and the associatedconnectionsand hardwarewere free of

debris and any external adheringfluids. The core was then placed in the

evacuation/saturationapparatusand evacuationwas initiated. Brine solution

to be used for saturatingthe core was prepared,filteredthrough a 0.45 vm

Milliporemembrane, and de-aerated.

After the core was saturatedby passing a minimumof 10 pore volumes (PV) of

brine through the core, the core was weighed and the weight recorded as the

initialsaturationweight. The saturationprocedurecontinued for a minimum

of 3 h or 10 PV throughput,whicheveroccurred last. The total volume of

brine that had passed throughthe core was recorded.

5.5 DETERMINATION OF CORE PARAMETERS

The core was placed in the core flood apparatusonce the saturationprocedure

had been completed. A back pressurevalve was installedon the outlet end of

the core and set to apply a minimum constant back pressureof 15 psig against

the outlet of the core while flooding. The injectionpump was set at a

constant rate for the permeabilitydeterminationprocedure. Severaltime

intervalswere recordedduring the procedurewith a minimal 10 pore volumes

being pumped through the core. Darcy's law was used to determinethe absolute

permeabilityto brine of the core. The core was then re-weighedand if the

weight had increasedfrom the initialsaturationweight, additionalbrine was

pumped through the core. The core was weighed an additionaltime and this

procedureof pumping brine throughthe core and re-weighingcontinueduntil
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the core weight was unchangedafter consecutivetrials. This final weight was

recordedas the saturatedcore weight (Ww).

After the true saturatedweight of the core had been determined,the porosity

(¢) and PV of each core were determinedusing the dry (Wd) and

saturatedweights (Ww) of each core and the dimensionsof the core (R = radius

of core, L = length of core, {_b= density of brine). This gives

PV - Ww- Wd PV
(_b and _ - xR 2/, " (5-I)

,,

5.6 INITIAL CORE SATURATION CONDITIONS

Oil was then pumped through each core (oil flood)to establishan initialoil

saturationconditionin the core. A total throughputof 10 pore volumes

(minimum)of oil was pumped througheach core to ensure proper oil saturation

of the core. After the core had been oil saturated,the oil saturatedweight

(Wo)was recorded. The initial(connate)water saturation(Swi) and initial

(original)oil saturation(Soi) of the cores were determinedby material

balance (Qw = water density,Qo = oil density). This gives

PV- Ww-Wo
Swi - _w_o and Soi = l-Swi . (5-2)

PV

5.7 WATERFLOODRESIDUAL 0IL SATURATION

The core was then placed in the core floodingapparatusin preparationfor

waterflooding. Pump rates were set to ensure a I to 2 ft/d frontal advance

rate in the core. The waterfloodcontinueduntil no oil was visible in

severalconsecutivecollectiontubes or at least 10 PV had been injected,

whicheveroccurred last. After the waterfloodwas completed,the core was
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weighed and the weight recorded as the waterfloodweight (Wwf). The

waterfloodresidual oil saturationwas then determinedgravimetrically(see

subsection2.1.6). Waterfloodresidualoil saturation(Sorwf)was checked by

material balance (Swwf = waterfloodwater saturation). This gives

PV- Ww-Wwf
Swwf - Qw-_o and Sorwf = l-Swwf . (5-3)

PV

5.8 MICROBIAL FLOOD RESIDUAL 0IL SATURATION

The core was then in a waterfloodresidualoil saturationconditionand ready

for injectionof microbes. The BacilluslicheniformisJF-2 microbial system

was injected into the core by use of a small accumulator(see Figure 5-i).

The volume of injectedmicrobes and nutrientwas 60% PV for each core.

After the BacilluslicheniformisJF-2 microbial system had been injected into

the core, it was placed in incubationfor 14 d at 37°C. Any pressure increase

in the core during the incubationperiodwas monitoredto determine the

presenceof any microbialgas production.

The core was then placed in the core flood apparatusin preparationfor the

microbialflood. The core was floodedwith filteredand de-aeratedbrine of

the same compositionas that used in the earlierwaterflood. The brine

injectionrate was identicalto that used for the previouswaterflood,and

core effluentwas collectedand handledin the same method as for the

waterflood. The microbialflood continueduntil oil productionceased or

until 10 PV of throughputwere realized,which ever occurredlast. When the

microbialflood was completed,the core was weighed and the weight recorded as

the microbialflood weight (Wmf). The microbialflood residualoil saturation

(Sormf)was then determinedgravimetrically(see subsection2.1.6). The
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microbialflood residualoil saturationwas checkedby material balance,which

gives (Swmf = microbialflood water saturation)

PV- Ww- Wmf
Swmf = _w-_o, and Sormf = l-Swmf . (5-4)

PV

5.9 CORE FLOOD RESULTS

The cores used (includingthe controlcores) had fairly consistentporosity

values from 21.7 to 23.8%. Permeabilitiesranged from a low of 85 md to a

high of 510 md with an averagefor all cores of 216 md. Initialoil

saturationsvaried from 53.3 to 79.3% PV. The MEOR cores averaged68.6% PV

initialoil saturationand the control cores averaged65.6% PV initialoil

saturation. Waterfloodresidual oil saturationsvaried from 11.9 to 41.3% PV.

The MEOR cores averaged 28.8_ PV waterfloodresidualoil saturationand the

control cores averaged 28.9% PV waterfloodresidualoil saturation.

Of the 11 MEOR core floods,9 producedoil by microbial injection(see

Table 5-I). One of the cores containingBurbankoil (Core 14) and the core

containingSoltrol 220 (Core 15) did not produceoil. These were both early

tests where microbesmay have been poisonedwith toluene. Bacillus

licheniformisJF-2 has been shown to grow in the presence of either of these

oils and the repeat core flood test with Burbankcrude did produceoil beyond

waterfloodwith the Bacillus licheniformisJF-2 system. Schuricht,Moorcroft

West, Alworth, and Lick Creek produced additionaloil beyond waterfloodin all

cores inoculatedwith the Bacillus licheniformisJF-2 microbial system. Only

MoorcroftWest and Lick Creek producedoil from their control core (nutrient

only injection).

Plots of brine injectionversus residualoil saturationfor the MEOR core

floods are shown in Figures 5-2 through5-10. Oil production rate for two

core floods, Core 13 (MoorcroftWest) and Core 23 (Alworth)lagged that of the

other MEOR core floods. The residualoil saturationsfor these two cores

dropped rapidlyonce 2 to 3 PV of brine were injected. The other MEOR core
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Table 5-1. MEOR core flood recoverydataa

MEORe MEORf
VIS PERM Soi Sorwf Sormf REC REC

COREb MICROB____Ec OI____LLd (Pa.s)_ (%PV) _ (%PV) _ (%001P) (PV)g

15 B Lh SOL 0.003 86 57.9 25.9 25.9 0 0 (8)
16i SOL 0.003 94 58.6 24.3 24.3 0 0 (9+)
14 B'Lh BUR 0.006 195 63.2 25.8 25.8 0 0 (9)
22 B Lh BUR 0._06 214 65.8 32.6 29.6 4.6 4.6 (12)
20i - BUR 0.006 323 70.7 34.0 34.0 0 0 (9+)
10 B Lh SCH 0.054 267 76.7 33.4 29.9 2.7 4.6 (8)
25 B Lh SCH 0.054 85 72.3 39.5 37.9 1.4 2.2 (14.5)
19i - SCH 0.054 432 64.1 27.0 27.0 0 0 (9+)
12 B Lh ALW 0.134 119 72.6 18.6 14.1 4.2 6.2 (9.5)
23 B Lh ALW 0.134 311 53.3 11.9 7.7 7.1 7.9 (6.5)
18i - ALW 0.134 134 66.6 25.5 25.5 0 0 (9+)
13 B Lh MOO 0.142 123 78.8 25.6 14.7 9.9 13.8 (15.5)
24 B Lh MOO 0.142 115 72.3 39.4 38.3 1.3 1.4 (12)
17_ - MOO 0.142 190 58.9 26.1 23.2 -- 4.9 (9+)
11 B Lh. LIC 0.288 109 79.3 39.2 35.8 2.6 4.3 (9.5)
26. B LJ LIC 0.288 359 62.8 22.3 4.2 11.5 28.8 (25)
21' - LIC 0.288 510 74.7 36.5 33.2 -- 4.4 (9+)

a. Core parameters;OOIP = originaloil in place, VIS = oil viscosity, PERM =
absolutebrine permeabilityof core, Soi = initialoil saturation,Sorwf =
waterfloodresidualoil saturation,Sormf-microbial flood residual oil
saturation,PV = pore volume of core.

b. For all core floods,temperature- 23°C and brine = 2.4 wt% NaCl.

c. BacilluslicheniformisJF-2 microbial system.

d. Crude oil type; SOL = Soltrol220, BUR = Burbank,SCH = Schuricht,AIW =
Alworth,MOO = MoorcroftWest, LIC = Lick Creek.

e. Oil recovery at six pore volumes of brine injected.

f. Oil recoverywith brine injectionuntil oil productionceases.

g. PV of brine injected.

h. Washed cells re-suspendedin Medium E + I% sucrose.

i. Control floods - oil recoverywhen oil productionceases.

j. Unwashed cells in Medium E + I% sucrose.
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floods tended to have a large reductionin the residualoil saturationearlier

in their flood life at about I PV of brine injection.

Total recoverydata for all oils are plotted as percent of the original oil in

place (OOIP)for each core (Figure5-11). Multiple sets of data are shown for

eachoil; waterfloodrecovery for the MEOR cores (CoresA and B), microbial

flood recoveryfor Cores A and B, waterfloodrecovery'forthe control core

(Core C), and recovery of the nutrientonly flood for Core C (controlcore).

Only one MEOR core flood was performedwith the Soltrol220. These cores were

floodedwith brine until oil productionceased. This was at least 10 PV of

brine injectionin all cases to obtain a waterflood residualoil saturation

conditionin the cores. After the waterfloodresidualoil saturation

conditionhad been obtained,cores were either injectedwith the MEOR system

or injectedwith nutrient only. The MEOR cores (CoresA and B) were injected

with the Bacillus licheniformisJF-2 microbialsystem and placed in incubation

at 37°C for 14 d before the reinstatementof waterflooding. The control cores

were injectedwith nutrient only and placed in incubationat the same

temperatureand for the same period of time as the MEOR cores. Like the MEOR

cores, waterfloodingwas reinstatedwhen the control cores were removed from

incubation. Recoveriesfor both the MEOR and the controlcores can be seen in

Figure 5-11. The oil recoveryefficienciesfor each of the microbial flood

cores is presentedin Figures5-12 through 5-20. The recoveryefficiency for

the microbial floods is defined as the fraction of waterflood residualoil

that is recoveredby the microbialflood. The recoveryefficienciesfor the

microbialfloods are plotted for 10 PV of injection,althoughmany of the

microbialfloods exceeded the 10 PV of throughputfor the microbialflood.

Core 26 (Lick Creek oil) producedmore microbialoil than the others, 28.B%

OOIP or 81.2% of the waterflood residualoil. This was the only core

inoculatedwith unwashed BacilluslicheniformisJF-2 cells. The injectant

includedthe bioproductsproducedduring the aerobicgrowth process outside

the core in additionto the cells. As a direct comparison,Core 11 (also with

Lick Creek oil) using washed and resuspendedcells, produced4.3% OOIP (8.7%

of waterflood residual oil). As discussed in Section 4, the supernatantis

capableof significantlyreducingthe interfacialtensionbetween the aqueous
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phase and crude oil. All other cores were inoculatedwith washed Bacillus

licheniformisJF-2 cells resuspendedin fresh Medium E + I% sucrose.

5.10 FUTURE EXPERIMENTAL WORK

The reason for the observed variationin microbialoil recoverywith oil type

will be investigatedfurther. Additionalcore floods and other expprimental

work such as interfacialtensionmeasurementswill be performedto evaluate

the variationin oil recoverywith oil type. More experimentaldata points

are needed before any definitivecorrelationof oil recoverywith oil type can

be made.

An additionalseries of core flood experimentshave been initiatedthat

utilize injectionof only bioproductsof BacilluslicheniformisJF-2. These

core floods will be used to investigatethe recoveryof waterfloodresidual

oil with the injectionof bioproductsfollowedby waterflood. Four crude oils

ranging in gravity from _g.1 to 38.1°API at 60°F will be utilized in these

experiments.

5.11 CONCLUSIONS

Based on the core flood experimentalwork performed,the followingconclusions

can be made.

I. The waterfloodingcharacteristicsof Berea sandstonevary for the

differentoil tested. This may indicatethat differentwettability

characteristicsare being establishedin the Berea cores becauseof the

differencesin oil propertiesof the variousoils.

2. The BacilluslicheniformisJF-2 systemused will recoverwaterflood

residualoil for the crude oils tested, lt appearsto be less effective

for the higher gravity crude oils, althoughoil recovery has been seen

with all oils tested with the exceptionof Soltrol 220, which is thought

to be a bad test.
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3. Control experimentsare criticalto separate the effectsof the microbial

system from other displacementeffects.

4. The difference in oil recoveryfrom cores injectedwith unwashed cells

comparedto those injectedwith washed cells of the Bacillu_____slicheniformis

JF-2 system is very significant,28.8% OOIP as comparedto 4.3% OOIP

(Cores 11 and 26).
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Figure 5-3. Microbial flood oil recovery - Schuricht oil - Core 25.
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Figure5-11. Core floodtotaloil recoveryfor all oils. (W = waterflood,
M = microbialflood, N = nutrientflood,A = firstcore,B = secondcore,
C = thirdcore - control).
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FigurB 5-13. Recovery efficiency - Schuricht oil - Core 25.

Figure 5-14. Recovery efficiency - Schuricht oil - Core 10.
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Figure 5-16. Recovery efficiency - Alworth oil - Core 12.

5-18



0,500 --!

0°_00 --

O. _00 .- / -8t
v

o,_oo --

o. :LO0 _ /"
._._

/-

o . o c:,o F_':-'-' ----f--'_ ..... T"......... "-I ! T 1 I 1"- ............. r ...........

0 2 4L 6 I _Q

Lilt _ rlt ;L]ll_ Qio t :Lon ( p_, 1:41 VO :LI111%ll lm )

Figure 5-17. Recovery efficiency - Moorcroft West oil - Core 13.
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Figure 5-18. Recovery efficiency - Moorcroft West oil - Core 24.

5-19



0,500 --

o, AO0 --

g

b

o. "_oo --

b

0.1110 --

._._

0 . o o 0 [ _"'_--'I_---I r I ! T T I T ........

0 a @ 6 8 10

l_x"L ne J. r,J eo tc i on (]_o_ e V,t_ 1 t.umem )

Figure 5-19. Recoveryefficiency- Lick Creek oil - Core 11.
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Figure 5-20. Recovery efficiency - Lick Creek oil - Core 26.
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6. TARGET RESERVOIR SELECTION

The guidance received in early 1989 for the EOR and AppliedGeoscience

Research Programat the INELwas to investigatethe applicationof MEOR to

reservoirscontainingmedium to heavy crude oils in the 12 to 20°API gravity

range. Dwight'sEnergydatadatabasewas used to review existing field data in

search of fields that containmedium to heavy oils that fit the published

criteriaI for MEOR field applications(see Table 6-I).

Table 6-I. Criteria for reservoirselectionfor MEOR processesa

Total dissolved solids in brine (ppm) <100,000
Usual reservoirtemperatures(°F) <160
Usual reservoirdepths (ft) <10,000
Residualoil saturation(%) >25 to 30
Usual brine permeability(md) >100

a. From Bryant and Burchfield,1989.I

The statesof Colorado,Montana, North Dakota, Utah, New Mexico (northern)and

Wyomingwere searched using an API gravity cut-off of >10° and <22°. These

stateswere chosen because they are all oil producingstates within reasonable

proximityto the INEL. Having target reservoirsin relativeclose proximity

to the INEL improvesease of accessibilityand decreasestravel expenses for

field fluid sampling and data collection.

The database search of these six states revealed that Wyominghad the largest

number of reservoirswith oil in this API gravity range. Numerous reservoirs

with appropriateAPI gravitieswere found in the Powder River Basin of
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Wyuming. Most of the Powder River Basin reservoirswere in the Minrlelusa

Formation with a few in the Tensleepformation.

6.1 CANDIDATE RESERVOIR SELECTION FOR FOCUS OF MEOR RESEARCH

Several operatorsof Minnelusa and Tensleep Formationfields in the Powder

River Basin of Wyomingwere contacted. Home PetroleumCorporationand KSL

Enterprises,Inc.were both willing to allow sample collectionand to

cooperatein a study of their reservoirsfor potentialMEOR application.

During this initial stage of MEOR researchand processdesign, operator L

cooperationis criticalto ensure field availabilityand accessibilityfor'

fluid samplingand field and reservoirdata collection. Six Minnelusafields

were initiallychosen for field fluid samplecollectionbased on operator

cooperationand field accessibility. These reservoirswere also screened

using reservoirand field data to determineif they containedsufficient

residualoil and were viable c_r,d_J_tcsfor _plic_tion oF MEOR technology.

Based on the screeningresults, three fields in the Powder River Basin,

Wyomingwere selectedas candidatesfor focus of MEOR researchat the INEL.

These reservoirs,South Rozet Unit (Section25-50N-70W,CampbellCounty,

Wyoming),MoorcroftWest Unit (Section12-51N-68W,Crook County,Wyoming),and
l

the SchurichtLease (Section24-52N-68W,Crook County,Wyoming) all produce

from the Minnelusaformation. When field and reservoirdata were obtained and

analyzed on these fields,the South Rozet Unit was dropped as a current target

reservoirfor focus of MEOR researchat the INEL. This decisionwas made

because of the 80°C reservoirtemperaturethat may be too high for MEOR

applications. During this time period,the South Rozet Unit was also sold and

a new operatortook over operationof the field. Work continuesto determine

if MoorcroftWest and Schurichtare viable targets for focus of MEOR research

and processapplication.

These two fields provide the opportunity to study and evaluate reservoirs in

two stages of depletion. The reported API gravities in Dwight's Energydata

database for the crude oils from these fields are below the 22°API gravity
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cut-off. Produced fluid sampleshave been obtainedfrom these fields. The

API gravitiesmeasured on the crude oil samplesare 25.4°API at 60°F for the

SchurichtLease (primaryrecovery)and 22.3°API at 60°F for the MoorcroftWest

Unit (waterflood/polymer-augmentedwaterflood). Producedwater quantitiesat

the Schurichtlease are minimal and a sample could not be obtained. The

viscositymeasurementsfor the crude oils and brines at temperaturesranging

from room temperatureto reservoirtemperatureare shown in Figures6-I

through6-3, 2-11, and 2-12. Viscositydata are includedfor the South Rozet

Unit for comparativepurposes since it is located in the middle of the

Minne!usatrend at a greaterdepth (about8000 ft). Ar,alysis of the produced

brine and injectionwater from the MoorcroftWest Unit and the South Rozet

Unit are shown in Tables 6-2 and 6-3.

Table 6-2. Producedwater analysis

Field MoorcroftWest Unit South Rozet Unit

Operator KSL Enterprises,Inc. Home PetroleumCorp.
County, State Crook County,Wyoming Campbell County,Wyoming
Location Section 12-51N-68W Section 25-50N-70W
ProducingFormation Minnelusa "A" Minnelusa "B"
ApproximateDepth (ft) 5900 subsurface 8000 subsurface
Sample Point Texas Trail #I wellhead Heater Treaterwells 3&4
pH 6.7 7.3
TDS (mg/L) 46,000 134,000
Na (ppm) 15,000 51,000
Ca (ppm) 1320 1370
Mg (ppm) 625 448
Ba (ppm) 0 0
Fe (ppm) 0 0
Cl (ppm) 23,800 78,200
SO4 (ppm) 1800 2650
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Table 6-3. Injectionwater analysis

Field MoorcroftWest Unit South Rozet Unit
Operator KSL Enterprises,Inc. Home PetroleumCorp.
County, State Crook County,Wyoming Campbell County,Wyoming
Location Section 12-51N-68W Section25-50N-70W
ProducingFormation Unknownshallow sand Foxhills
ApproximateDepth (ft) 200 subsurface 3500 subsurface
Sample Point Wellhead Wellhead
pH 7.3 8.4
TDS (mg/L) 366 800
Na (ppm) 93.0 301
Ca (ppm) 31.3 1.7
Mg (ppm) 14.6 0.04
K (ppm) 5.4 1.6
Fe (ppm) 0 0
Cl (ppm) 1.94 19.4
SO4 (ppm) 101 107

6.2 ANALYSXS OF SCHURICHT AND MOORCROFTWEST CRUDE 0ILS

Oils have been analyzedwith open column liquio chromatography(LC) for

separationand quantificationof the paraffinic,aromatic,non-pentane

precipitableasphaltics,and pentane precipitableasphaltics. Component

fractionsfrom this procedurewere analyzedwith gas chromatography(GC). A

de-asphalnated(pentaneprecipitable)sampleof Schurichtwas also analyzedby

coupledgas chromatography/massspectroscopy(GC/MS). Data resultingfrom the

crude oil analysesare presentedin Section2. of this report.

6.3 THE POWDER RIVER BASIN, WYOMING

The Powder River Basin is the second largeststructuralbasin in the Rocky

MountainStructural Province. lt includesthe Northeasternquarter of Wyoming

and a small portionof SoutheasternMontana. The Basin is bounded

structurallyand topographicallyon the east by the broad asymmetricarch of

the Black Hills and on the west by the Big Horn Mountains. The northern
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LaramieRange and the structuralHartvilleuplift lie to the south. The

northernlimit of the Powder River Basin is less defined, but may logicallybe

placed at the south flank of the broad, north-trendingarch separatingthe

Sheep Mountain syncline from the Tongue River syncline (see Figure 6-4).2 lt

is a deep, asymmetric,elongated,synclineabout 230 mi long and 100 mi wide.

6.4 THE MINNELUSA FORMATION

The Minnelusaformationlies in the northeasternportionof the Powder River

Basin east of Gillette,WY. The formationoutcrops in the Black Hills at

Rapid River above Rapid City, SD._

The first well in the Minnelusahaving commercialsignificancewas completed

in 1957. Explorationfor additionalMinnelusadiscoverieshas continued into

the 1990s with an extremelyhigh increasein explorationactivitieswith the

higher oil prices of the early 1980s. Most of the larger Minnelusa reservoirs

were discoveredin the earlier phase of Minnelusaexploration,during the

1960s,but numerous smallerdiscoverieshave continuedinto the 19gOs. The

original oil in place for the Minnelusain the Powder river Basin has been

estimatedat 629 million barrels.4 With the increasedMinnelusaexploration

activitiesstarting in the early 1980s and the high degree of acceptanceof

EOR technologyby independentoil producersoperating ia the Basin, an updated

assessmentof the remainingprimary,secondary,and tertiaryreserves is

needed.

The Minnelusaformationis comprisedpredominantlyof a white crystalline

sandstonecontaininglittle clay and is loosely cementedby carbonateand

anhydrite. The formationis of Pennsylvanianand Lower Permian age and is

entirelymarine in origir_with the possible exceptionof the lower basal Bell

Sandstone. The upper portionof the Minnelusaformation(UpperMinnelusa)

usually containstwo producingzones (A and B) and a third major sand (C)

which is usuallynonproductiveand frequentlywe___tt,s'6 A generalized

stratigraphiccolumn of the northeasternportion of the Powder River Basin is

shown in Figure 6-5 and type logs of the Minnelusaare shown in Figure 6-6.
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The C sand is separated from the B sand by alternating intervals of dolomites

and anhydrites. The most predominant of the two producing zones is the B sand

which generally thins from the southwest to the northeast. The A sand (which

is the upper bench) generally thins from the south to the north and from the

west to the east.

The Upper Minnelusa consists of shallow marine sandstone, carbonates, and

evaporites and the top zone is an erosion surface overlain by impervious red

shale of the Opeche formation. A variety of trapping mechanisms exist in the

Minnelusa including permeability barriers within the sand lenses, truncation

by pre-Opeche erosion, structural closure, and sand wedge-out against older

topographic highs. Most of the active fields show both truncation and

differential sand deposition on an uneven existing topography. 4'7

During Minnelusa time, open sea existed to the southeast. The Minnelusa

sediments in the Powder River Basin indicate a more restricted marine

environment. Sandstones in the Upper Minnelusa can be 100 ft thick and

topographic relief of up to 75 ft is commonat unconformities. Lithology

indicates a sandstone capped by dolomites and anhydrites. These caps are

harder than the underlying sandstones and the caps are generally more

resistant to erosion than the underlying sandstones. Decrease in interval

thickness is usually caused by erosion at the top of the Minnelusa. The

Minnelusa dips about 5 ft/mi with regard to the Minnelusa surface and is

essentially flat at the unconformity surface. 4

At the end of Minnelusa time, the entire region was sub-aerially exposed and

subjected to erosion. Subsequently, the Opeche sea invaded the area, and

deposition continued until Laramide time. Paleotopography developed on the

Upper Minnelusa unconformities reflects thick intervals in the overlying

Opeche Shale representing valleys in the Upper Minnelusa and thins in the

Opeche representing hills in the Upper Minnelusa.

Lithologically, the Upper Minnelusa consists of hard dolomite-anhydrite,

alternating with softer sandstones with the practically flat bedding at

,Jnconformities indicating essentially a mesa or tableland topography (see
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Figure6 7). The hills are remnantsof erosionresistantcaprocks,while the

valleys are usually eroded into the softer sandstones.4 In the eastern

portionof the area, paleo-highsor hills tend to be relatively small and

isolatedwithin broad topographicdepressions. A decrease in intensityof

relief is seen from east to north and west. The long axes of these hills or

mesas tendto be orientedto the northeastor to the northwest. To the west,

the paleo-hillsmerge into larger elevated areas and the valleys become better

defined. The northwest-southeastorientationof the long axes of the hills

appearsto be more prevalentinthe western portionthan in the east.

A north-southline separatesthe stronglydissectedeastern portion from the

lesser dissectedwesternportion. About 85% of the 600 plus million barrels

of Minnelusaoil in place (1971data) has been found in the eastern portion.4

Erosion apparentlyproceededwestward and northwarduntil the Opeche sea

startedto invade the Minnelusasurface, lt is not known whether post-

Minnelusatopographywas produced by water or wind erosion. The Permian

period was very arid and wide shallowdepressionsand isolated hills in the

easternportion make it difficultto place these featureswithin a logical

drainage system. This (withthe presumablyarid climate)may point to the

presenceof a desert-typeof erosion cycle during the late Upper Minnelusa

time. Most Minnelusaaccumulationsoccur on the updip or northeastside of

the paleo-highsthat tend to be orientated in a northwest-southeastor

northeast-southwestdirection.

6.5 MINNELUSA RESERVOIR CHARACTERISTICS

In a study of Minnelusareservoirs,averagevalues were determined for the

reservoircharacteristicsof these fields and are listed in Table 6-4.B

Primaryrecovery averages11% of the originaloil in place (OOIP).B Because

of the dead oil and low gas/oil ratios,recovery becauseof solutiongas drive

is limited. The primary productionmechanismis fluid expansion. Original

oil-in-placeis usuallydifficultto estimate and experience in determining
9

this value shows the estimateto be low in many cases.
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Table 6-4. Averagereservoircharacteristicsof Minnelusareservoirsa

Average reservoirpermeability(md) 50 - 657
Porosity (%) 16.2
Dykstra-Parsonspermeabilitycoefficient 0.75
Connatewater saturation(%) 25.5
Pay thickness (ft) 29.3
API gravity 18° to 40°API
Initialformationvolume factor (bbl/STB) 1.087
Solutiongas/oil ratio (ft3/bbl) 61.5
Oil viscosityat reservoirtemperature(cp) 3.6 to 38

(average15.2 cp)
Producedwater chloridecontent (mg/L) 2000 to 200,000

a. After Mack and Duvall, 1984.8

Secondaryrecoveryoperationsare usually initiatedearly in reservoirlife

and are very successfulbecausereservoirfill-up is small caused by low

primaryrecoveries. Responseto injectionusually occurs soon after the

initiationof water injection. Becauseof reservoir'heterogeneityand fairly

viscous crude oils (averagemobility ratio of 9.9), polymer-augmented

waterfloodingtechnology is a natural fit for improvingultimaterecoveries
i

from these reservoirsthrough sweep improvementtechnology. Polymer-augmented

waterfloodingtechnology has been acceptedand incorporatedin the

exploitationprofile of most Minnelusareservoirsto maximize ultimate
9recoveries.

6.6 THE SCHURICHT LEASE

Of the three fields that were initially considered for focus of the MEOR

research, the Schuricht Lease is in the earliest stages of exploitation.

Schuricht Well 21-24, completed in December 1983, is the only well in the

reservoir and is presently under primary recovery. Schuricht Well 21-24

produces from the Minnelusa A sand at 6500 to 6508 ft subsurface. The
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Schuricht is about 15 mi north of Moorcroft,WY and is in the northeastern

corner of the Minnelusatrend.

The SchurichtLease has potentialfor additionalwell locationsand to date,

primaryproduction has been low. No associatedgas or active water drive is

present in this reservoirand to date, no water has been produced. Reservoir

temperatureis estimatedat 130°F. The Schurichtis presentlybeing pumped

2 to 3 d/week and is producingabout 90 BOPM (barrelsoil per month).

Existing reservoirdata on this field is limitedand the full r_servoir

potentialhas not been defined.

The Schuricht Lease provides an ideal opportunityto drill a well in an effort

to obtain reservoirrock and indigenousmicrobesfrom the reservoir. This

would be the secondwell in the reservoirand would make it possible to sample

a previouslyunperturbedregion of the reservoir.

6.7 THE MOORCROFTWEST UNIT

The MoorcroftWest Unit was discovered in February 1983 and is located in

Crook County, WY south (3-4 mi) of the SchurichtLease. There is one

producingwell and one injectionwell in the reservoir. Water injection_egan

in April of 1989 and a polymer-augmentedwaterfloodwas initiatedin November

of that year. Productionis 40 BOPD from the MinnelusaA sand at 5890 ft

subsurfacewith an averagethicknessof 8.43 ft. Injectionis into the

Evans i at 60 bpd water/polymerwith a surfaceinjectionpressureof

1000 psig. Primaryproductionfrom this reservoirwas low (about6% of the

original oil in place) and field productionhad dropped to about 3 BOPD before

initiationof water injection. There is very little associatedgas and no

apparent activewater drive in this reservoir. Water has been produced from

the MoorcroftWest Unit (trace)but, so far there is no evidenceof injection

fluid breakthrough. There is potentialfor drilling an additionalproduction

well in the MoorcroftWest Unit.

The primary producingmechanism in the MoorcroftWest Unit is rock and fluid
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expan_;io_and th_ originaloil il,place (OJIP)has been estimated at 508,485

stock tank barrels of oil (STBO). No water/oilcontact is evident in either

weil. The porosity and water saturationfor the reservoiras determinedfroin

log calculationsis 15.2 and 28.1%, respectively.I° Permeabilityfor the

field is 114 md and reservoirtemperatureis 120°F.

Ultimate recovery from the polymer-augmentedwaterfloodhas been estimatedto

be 109,112STBO or 21.5% OOIP. Alkaline-Surfactant-Polymer(A-S-P)technology

is planned at the conclusionof the polymer-augmentedwater flood. The A-S-P

• technology is predictedto increaseultimate recoveryto 117,096STBO or 23.0%

OOIP.I°

The reservoirtrends northeast-southwestand the hydrocarbontrapping

, mechanism is controlledby stratigraphy, lt appearsthat the reservoiris

buundedto the northeastand southwestby truncationof the permeablesand and

subsequentin-fillingby the Opeche Shale.I° The sand pinches out to the

southeastand is also thoughtto pinch out to the northwest.

6.8 FUTURE WORK

li

The MoorcroftWest Unit or the SchurichtLease will be chosen as the target

reservoirfor research and field applicationof MEOR technology unless they

are found to be unacceptablefor technicalor other reasons. Operator

cooperationand willingnessis criticalto the applicationof MEOR technology

through a field demonstrationproject.

Geological,biological,chemical,and engineeringdata will be analyzedFor

the target reservoir. Characterizationand quantificationof reservoir

heterogeneityand permeabilityvariationwill be determined. This will
m

providethe basis for'design of the anticipatedMEOR pilot field test.

Gatheringof additionalfield and reservoirdata and characterizationof the

. candidatereservoirswill continue. A testing and evaluation program

developedin cooperationwith the operatorsof the candidate reservoirswill
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be designedand implementedto supplementthe existinggeologicalprofile.

Additionalreservoirevaluationtesting programswill be designed and

implementedas necessaryto obtain needed data for the selectionof a target

reservoirfor applicationof the developedMEOR process design.

In a cost-sharingarrangementwith the operator,a new well will be drilled in

the target reservoirto obtain reservoirrock and indigenousmicrobes from a

previouslyunperturbedarea of the reservoir. The reservoircore will be used

to test, optimize, and scale developedMEOR systemsthrough the use of

laboratorycore floods at reservoirconditions. Samples of reservoirfluids

from an un-swept region of the reservoircan possiblybe collectedfrom this

new wellbore. Core analysiswork will provideneeded rock and fluid

propertiesof the target reservoirand will be used in the field process

design of the pilot and demonstrationfield tests.

A study to determinethe MEOR potentialfor the target reservoirtype and

regionwill be performed. This study will providean evaluationof potential

MEOR reserves and an economicevaluationof the developedMEOR processdesign

and EOR potentialfor fieldsof the target reservoirtype. This may require

that a limited number of laboratoryexperimentswith other applicableEOR

techniquesbe performedfor comparisonpurposesunless such data can be

obtained from other sources. The investigationof the potential use of MEOR

processesin combinationwith other EOR techniquesmay lead to the application

with or followingexisting EOR field projects.

6.9 SUMMARY AND CONCLUSIONS

Waterflooding is a commonand long-standing successful practice for increasing

oil recovery in the Powder River Basin and especially in the Minnelusa

formation. Polymer-augmented waterflooding is the most common EORtechnology

in use in the Minnelusa. The Powder River Basin is an area that has a

significant and successful history of EORtechnology application and is

primarily operated by independent producers who appear willing and eager to

cooperate in the application of EORtechnology.
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lt was determinedthat the Minnelusaformationin the Powder River Basin of

NortheasternWY containedmany good candidatesfor EOR processes.B The

primaryrecovery in these reservoirsis generallylow because of heterogeneity

of reservoirsand the oil viscosity. Operators (mostlyindependents)in theI
L

area are familiarwith the applicationof polymertechnologyin conjunction

with or followingwaterfloodingand are, therefore, receptiveto EOR
9

technology.

The MoorcroftWest Unit and the SchLlrichtLease have been chosen for focus of

laboratoryMEOR research at the INEL based on known reservoircharacteristics,

field availabilityand accessibility,field fluid sample analysis,and

operator cooperation. These fieldswill also be consideredas possible

candidatesfor field applicationof an MEOR process. Both produce from the

Minnelusaformation (A sand) and are located in the Powder River Basin, WY.

o From availablereservoir,field, and fluid data, both fit the published

criteria of reservoirselectionfor MEOR processes.I These reservoirs are

small confinedreservoirsthat provide ideal pilot testingopportunities

becausethere would be minimal opportunityfor off patternoperationsto

influenceinterpretationof results.

The MEOR research using Upper MinnelusaReservoirs (Lower Permian _

Pennsylvanianage) should be easilytransferredto applicationin other sands

of the same age and charactersuch as the Tensleep and Leo sands of the Powder

River and Big Horn Basins of WY.2'_'sWith cross-cuttingtechnologysuch as

MEOR, transitionof the technologyto other sandstonereservoirsthat fit the

criteriafor MEOR applicationshould be achievable.
'L
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Figure 6-6. Minnelusa type logs, from Van West, 1972.4
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7. RESERVOIR WETTABILITY AND ITS EFFECT ON OIL RECOVERY

This sectioncontains a summaryof the reports, publications,and

presentationsresultingfrom researchperformedunder the INEL Contract C89-

102443at the New Mexico PetroleumRecovery ResearchCenter (NMPRRC) in

Socorro,NM for the period OctoberI, 1989 to September30, 1990. The

principalinvestigatorsfor the researchproject are Dr. N. R. Morrow and Dr.

J. S. Buckley. Contributorsat NMPRRC are NouraddineBenalil,Martha Cather,

Mary Graham, Pudji Jadhunandan,Duo Jia, Xuan Lu, ShouxiangMa, Yiping Xuan,

and XiaoyunZhang.

7.1 BACKGROUND

Study of reservoirwettabilityand its effect on oil recoveryconcerns the

interactionsbetweencrude oiland mineral surfaces. The problem is being

approachedfrom a number of directions. These fall under two main tasks such

as surfacephenomenastudiesand oil displacementstudies.

Task I focuseson surfacephenomenaincludingsimple observationsof adhesion

or lack of adhesionwhen a drop of crude oil contacts a smooth solid surface

coveredwith brine. Changes in surfacesbecause of adsorptionfrom crude oil,

as well as the persistenceof such changes under variouscleaning conditions

are observed. The effect of changingcrude oil composition,either by

dilutionwith solvents,fractionation,or evaporationof the lighter

componentshas also been investigated. Studies of the surfacecharge at crude

oil/brineand solid/brineinterfaceshave been made using electrophoresis

techniques.

The emphasis in Task 2 was to relate flow behavior and oil recovery to the

wetting conditionsprevailingin a porous medium. This task was attackedon

severalfronts. The work includeddeterminationof core wettability,

extrapolationof laboratorytests to in situ conditions,and preparationof
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cores of known and reproduciblewetting propertiesover the range of

intermediateand mixed-wetconditionsfor study of displacementmechanisms.

Displacementswere studiedthrough flow visualizationin glass micromodelsand

laboratoryflow tests in cores with cores exposed to crude oil to alter

wettability.

7.2 REPORTING

The resultsof this researcheffort have been reported in detailed quarterly

reports that have been summarizedand includedin the quarterlyprogress

reviews publishedby the U.S. DOE, Office of Oil, Gas, and Shale Technology

and BartlesvilleProjectOffice (BPO),and in severalpresentationsand

contributionsto the permananttechnicalliteratureas listed below.

7.2.I QuarterlyReports

Work has been reported in detail in a seriesof four quarterlyreportsto the

INEL and to BPO and includedin the INEL quarterlytechnicalprogressreports.

Each report describesgeneral progressand includesa detailed thematicreport

as outlinedbelow. The quarterlyreportsare also distributedto corporate

sponsors of the NMPRRC researchprogram.

7.2.1.1 OctoberThrough December 1989: Surface Phenomena. Maps of

adhesion of crude oil to glass as a functionof brine compositionwere

reviewed in detail in the report for the previousquarter ending in September

1989. This quarter adhesionresultswere presentedfor Moutraycrude oil with

the oil altered by both dilution and evaporationto simulate possibleeffects

of exposureof oil to microorganisms. The effects on adhesionof evaporation

of about 20% of the lightercrude oil componentsand of dilution of the oil by

toluene to as much as 1:1 oil to toluenewere minor, as evaluatedby the

adhesiontest. Electrophoresismeasurementconditionsfor 12 oils (including

evaporated and dilutedMoutray) were outlined,as were drillingfluid

additivesand filtratesprepared for use in a study of the effectsof water-

based drilling fluids on wettability.
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7.2.1.2 JanuaryThrough March 1990:Surface Phenomena. Adhesionof

Schurichtcrude oil, suppliedby INEL was reported. Electrophoretic

mobilities as a functionof oil type, ionic compositionof brine, emulsion

age, temperature,and emulsionconcentrationwere reported in detail.

7.2.1.3 April ThroughJune 1990: Oil Recovery. The report for this

quarterfocused on a study entitled "CrudeOil Recovery in Laboratory

Waterfloods." Imbibitionrate and extent were reported for two crude oils

(Moutrayand an oil from the North Sea), with varyingconditionsof brine

composition,aging temperature,and initialwater saturation. Imbibitionis

used as a measure of wetting for cores after exposureto crude oil and is

correlatedto oil recoveryin subsequentwaterfloodtests. These data provide

the most extensiveset of experimentalwork availableyet that relates

recoveryof crude oil to wettability.

7.2.1.4 July Through September1990: WettabilityControl. A study of

the use of crude oils to producecores of alteredwettabilityfrom strongly

water-wetto intermediatein wetting as measured by the Amott imbibitiontest

was reported. This method is being developedas part of the study of drilling

fluid filtrates. Crude oils are used to produceBerea sandstonecores of

alteredwettabilityin a reasonablyreproduciblefashion, so that the effect

of exposure to drilling fluids and their componentchemicalscan be assessed

for non-water-wetcores.

7.2.2 General Communicationof ProjectResults in the Public Domain

Communicationof resultsof the Petrophysicsand SurfaceChemistryGroup in

the public domain throughpresentationsand contributionsto the permanent

literatureare listed below.
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7.2.2.1 Publ tcattons.

• "Characterizationof Crude Oil WettingI. J. S. Buckleyand N R. Morrow,

Behavior by AdhesionTests,"Society of PetroleumEngineers/Departmentof

Enerq.ySeventh SymposiumQD EnhancedOil Recovery,Tulsa,Oklahoma, April

22-25, 1990, SPE/DOE 20263,to be published,Societ.yof Petroleum

EngineersFormationEvaluation.

2. N. R. Morrow, "Introductionto InterfacialPhenomenain Oil Recovery,"

InterfacialPhenomenain Oil Recovery,Ed. N. R. Morrow, Marcel Dekker,

1990, pp. 1-21.

3. J. S. Buckley, "MultiphaseDisplacementsin Micromodels,"Interfacial

Phenomenain Oil Recovery,Ed. N. R. Morrow,Marcel Dekker, 1990,

pp. 157-189.

4. N. R. Morrow and J. C. Melrose, "Applicationof Capillary PressureData to

the Determinationof ConnateWater Saturation,"InterfacialPhenomenain

Oil Recovery,Ed. N. R. Morrow, Marcel Dekkar, 1990, pp. 257-287.

5. D. Jia, J. S. Buckley,and N. R. Morrow,"Control of Core Wettabilitywith

Crude Oil," ..Societyof PetroleumEnqjneers InternationalSymposiumon

Oilfield Chemistry,Anaheim, California,February20-22, 1991, SPE 21041.
i

6. S. Ma and N. R. Morrow,"Effectof Firing on Fluid Flow Properties in

Berea Sandstone,"Societyof PetroleumEnqineersInternationalSymposium

on Oilfield Chemistry,Ana.heim,California,February20-22, .1991,

SPE 21045•

7. N. R. Morrow, "Wettabilityand Its Effect on Oil Recovery,"Societvof

PetroleumEngineersDistinquishedAuthor Series,Journal of Petroleum

Technoloqy,42, 12, 1990, pp. 1476-1484.
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8. G. Mason and N. R. Morrow, "CapillaryBehaviorof a Wetting Liquid in

IrregularlriangularTubes,"to be published,Journal of Colloid and

Interface_cience.

7.2.2.2 Presentations

I. N. R. Morrow, "Surfacesand Interfaces,"keynoteaddress,Fifth IFP

ResearchConferenceon Explorationand Production,Fundamentalsof Fluid

Transpor.tjinPorous Media, Arles, May 14-!8, 1990.

2. P. Jadhunandanand N. R. Morrow, "CrudeOil Recovery in LaboratoryWater

Floods,"Fifth IFP ResearchConferenceon Explorationand Production_,

Fundamentals of Fluid Transport in Porous.Media, A...rles, May 14-18, 1990.

3. N. R. Morrow and J. C. Melrose, "Applicationof CapillaryPressure Data to

the Determinationof ConnateWater Saturation,"keynoteaddress, European

Core Ana]_vsisSymposium,London,May, 1990.

4. M. E. Cather, N. R. Morrow, and I. Klich, "Characterizationof Porosity

and Pore Quality in SedimentaryRocks,"Second IUPAC Symposiumon

Characterizationof Porous Solids,Alicante,Ma.v,1990.

5. J. S. Buckley, "Wettability Effects of Crude Oils," American Geophysical

Union Spring Meeting, Baltimore, Maryland, May 29-June I, 1990.

6. J. S. Buckley and N. R. Morrow, "CrudeOil Wetting,"poster, International

Symposiumon ContactAnqles and Wetting Phenomena,soci.etyof Chemical

Industri_Y,Toronto, Canada,June 21-23, 1990.

7. J. S. Buckley, "Predictionof Crude Oil/RockWettability,"Society of Core

Analysts FourthAnnual TechnicalConference,Dallas,Texas,.August 14-16,

1990.

(See Table 7-I for additionalpresentationsmade at the First International

Symposiumon the Effect of Wettabilityon Oil Recovery.)
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7.2.3 First InternationalSymposiumon the Effect of Wettabilityon Oil

' Recovery

The First InternationalSymposiumon the Effectof Wettabilityon Oil Recovery

was sponsoredby the New Mexico PetroleumRecoveryResearch Center (NMPRRC)

and held at the New Mexico Instituteof Mining and Technology in SocorroNew

Mexico on September18 to 21, 1990. Ninety participantsfrom 6 countriesand

32 differentorganizationsincluding17 major oil companiesparticipatedin

the symposium.The program includedpresentationson work by the Petrophysics

and Surface ChemistryGroup at NMPRRC.

Table 7-I. Presentationprogramfor the First InternationalSymposiumon the

Effect of Wettabilityon Oil Recoveryheld September 18 to 21,

1990 in Socorro,NM

Measurementof Wettabilityand its Norman Morrow
Effect on Oil Recoverya NMPRRC, New Mexico Tech

The Role of SurfaceStructuralForces George Hirasaki
in Wettability Shell DevelopmentCo.

Houston,TX

Wetting Behavior of Crude Oil/Brine/Solid Jill Buckley
Surfaces from Adhesion Tests and NMPRRC,New MexicoTech
ElectrophoreticMobilitiesa

Effect of MicrobialActivity on the NormanWardlaw
Wettabilityof Surfacesby Water and Oil Univ. of Calgary,Canada

Controlof Core Wettabilitywith Crude Oila Jill Buckley
NMPRRC,New Mexico Tech

WettabilityAlterationby Asphaltine SheilaYeh
Deposition ChevronOil Field ResearchCorp.

La Habra, Calif.

Using Cryomicroscopyto VisualizeOil and Michel Robin
Brine in PorousMedia InstitutFrangaisdu P6trole

Paris, France
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Table 7-1. (continued)

Fluid Distributionin Mixed WettabilityRock Gary Jerauld
ARCO Oil and Gas

Plano, Texas

Pore Level Trapping of Oil in Single Pores, Norman Wardlaw
Pore Doublets,and Pore Networks Univ. of Calgary,Canada

CapillaryPhenomenain Foam Flow Through Clay Radke
Porous Media Univ. of Calif.,Berkeley

Resultsof in situ Measurementsof Residual Harry Deans
Oil After Waterflood Univ. of Wyoming, Laramie

Diagenesis,Pore Structure,and Surface Martha Cather
Propertiesof ReservoirRocks" NMPRRC, New Mexico Tech

CapillaryPropertiesof Single Pores" Norman Morrow
NMPRRC, New Mexico Tech

ObtainingSampleswith Preserved Robert Wunderlich
Wettability ChevronOil Field Research Corp.

La Habra, Calif.

Effectof DrillingMud Filtrateson Mixed Jia Duo
WettabilityRock" NMPRRC - Visiting Scientist

(Drilling& ExploitationResearch Inst. of Dagang Oil Field, PRC)

Core Analysis Proceduresfor Evaluationof Louis Cuiec
ReservoirWettability InstitutFran_ais du P_trole

Paris, France

Measurementof Relative Permeabilities Cliff Black
British Petroleum

G'Iasgow, United Kingdom

LaboratoryMeasurementof Relative Permeability Jon Ringen
with ReservoirFluids Statoil

Stavanger,Norway

Observationson Slow Rate Displacements Gerard Glotin/
for Mixed WettabilitySystems Alaine Labastie

Elf Aquitaine
Pau, France

NumericalSimulationof Core Floods" Ahmed Ouenes

NMPRRC - Visiting Scientist
(Elf Aquitaine)

7-7



Table 7-1. (continued)

RelativePermeabilityMeasurement_on Ninety Samples Ase Scheie
from Oil-BearlngFormatlonsof a Single Well Norsk Hydro

Bergen,Norway

Effect of Brine Composition,crude Oil, and Pudji Jadhunandan
Aging Conditionson Wettabilityand NMPRRC, New Mexico Tech
Oil Recoverya

a. Presentationson work by the Petrophysicsand Surface Chemistry Group at
NMPRRC.
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