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FOREWORD

The National Institute for Petroleum and Energy Research (NIPER) is
pleased to submit the "1983-84 Annual Research Plan" in accordance with the

provisions of Cooperative Agreement DE-FC01-83FE60149 with the Department of
Energy (DOE).

This Annual Research Plan describes the work to be performed by NIPER
during the 1984 fiscal year. This work is presented in three research
programs: (1) a Base Program, fully funded by DOE, (2) an Optional Program,
cost shared with the DOE, and (3) a Work for Others Program, to be funded by
other government agencies and industrial clients.

We wish to express our appreciation to the Director and other personnel
of the DOE/Bartlesville Project Office for their assistance and cooperation in
the preparation of this Plan. Also, the NIPER Technical Advisory Committee,
consisting of representatives of industry, universities, and consultants has
been of invaluable assistance in developing these research programs.
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EXECUTIVE SUMMARY

Mission of NIPER

The National Institute for Petroleum and Energy Research (NIPER) resulted
from efforts by the Department of Energy (DOE) to ensure the continuity of the
unique energy research capabilities that had been developed at the
Bartlesville Energy Technology Center (BETC) over the past 65 years. This was
accomplished by a Cooperative Agreement between DOE and IIT Research Institute
(IITRI). The agreement to operate NIPER for the five fiscal years 1984-88
became effective October 1, 1983,

Under the agreement NIPER is obligated to conduct a fully Federally
funded Base Program of Fossil Energy (FE) research amounting to $5 million per
year. The agreement also calls for a cost-shared research program of up to $5
million per year. The government's share of this Optional Program is to be 80
percent the first year. A third program of research, Work for Others, allows
NIPER to solicit research support from the private sector and others. This
first Annual Research Plan, called for in the Cooperative Agreement, provides
details about the Base and Optional Programs of research Potential projects
in the Work for Others category are also presented.. '

The primary objective of NIPER is to perform research in all fields of
petroleum and unconventional hydrocarbon technology from extraction, through
processing, to utilization with a continued emphasis on Enhanced 0il Recovery
(EOR). At NIPER, DOE will fund a program of innovative long-range, high-risk
research not likely to be performed by industry. To determine the topics for
research most needed by industry, NIPER has established a Technical Advisory
Committee, consisting of eleven regular and two alternate representatives of
industry, universitites, and consultants,

The committee has met three times and has made recommendations. incor-
porated into the Annual Research Plan. Advice from.the committee has included
information on problems faced by industry that need research, as well as
advice on topics are already being addressed.satisfactorily by industry
research laboratories.

NIPER Organization

NIPER plans to build on the established reputation of BETC and remain a
major laboratory for research on petroleum and liquid fuels, The organization
of NIPER, illustrated on the following page, includes Extraction Research,
Processing and Thermodynamics Research, and Utilization Research.

This organization resulted from the liquid fossil fuel cycle (LFFC), a
concept originally developed at BETC, which emphasizes the interelationships
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between technologies from exploration and production to consumption and
environmental consequences. The LFFC permits comparison of research problems
for their probable effect on the total system, and this analysis has been used
to measure the significance of proposed research projects.

The Bartlesville Project Office (BPO), collocated with NIPER, retains
activities best conducted by the govermment, including program planning and
integration, contract administration, data base operation, and technology
transfer. NIPER and BPO cooperatively developed the NIPER Annual Research
Plan within the overall context of FE guidance and the Cooperative Agreement.

Facilities at NIPER

The physical facilities and many of the former personnel of BETC are now
a part of NIPER; therefore, much of the expertise resulting from the 65 year
heritage of the laboratory is available to NIPER. 1In addition, new personnel
are being recruited to augment the staff and provide additional expertise.
Assets of the new organization include a strong professional and support
staff, modern, well equipped buildings (151,000 square feet), state-of-the-art
research equipment plus in-house developed equipment, and a comprehensive
petroleum and energy library.

NIPER Program

NIPER will be heavily involved in the DOE Fossil Energy programs of EOR
and Advanced Process Technology (APT). These programs are the basis for the
Base and Optional Programs. Over the past decade, BETC (now NIPER) has been
the lead Government laboratory for EOR. The APT subprogram on Advanced
Exploratory Research, which includes Advanced Extraction Technology,
Fundamental Petroleum Chemistry, and Advanced Utilization Research, closely
matches NIPER experience. In addition, NIPER has experience in the Western
Gas Sands subprogram of the Unconventional Gas Recovery program, and in the
Coal Thermodynamics area of Advanced Research and Technology Development.

The NIPER Annual Research Plan for 1983-84 consists of eight projects in
the Base Program and 13 projects in the Optional Program. A sampling of
potential Work for Others projects is also presented. The Base Program
consists of five EOR and three Fundamental Petroleum Chemistry projects. The
Optional Program has three EOR projects, one Unconventional Gas Recovery
project, five APT projects, and four Advanced Utilization Research projects.

The tables on the following pages list the NIPER research projects that
fall under the Base Program, the Optional Program, and the Work for Others
Program. The Work for Others projects are fully funded outside the
Cooperative Agreement and thus are not based on the same justifications as
projects in the Base and Optional Programs.



BASE PROGRAM PROJECTS

NIPER
Project Research* Manpower,** Funding,
No. Title Area man-years $K
Extraction Research
BEl Interaction Between Reservoir Rock and BOR Fluids EOR 11.0 1070
BE1A Surface Chemistry of Reservoir Rocks
and their Reaction with Crude 0il Components
BEI1B Effect of Clay Minerals on 0il Saturation
Determination
BE1C Three-Phase Flow in Porous Media
BE2 Reservoir Screening and Recovery Predictions EOR 6.0 710
BE2A EOR National Potential
BE2B Technology Appraisal
BE2C Process Predictive Screening Models
BE3 EOR Environmental Compatibility APT 2.5 330
BE3A Effect of Microbial Technology on EOR
BE4 Basic Studies of EOR Chemicals EOR 9.0 990
BE4A Behavior of Surfaces with Adsorbed Materials
BE4B Adsorption of Surfactant Slug Components
on Reservoir Minerals
BE4C Application of Thermodynamic Measurements to
Micellization and Solubilization
BE4D Effects of Surfactant Structure and Additives
on Micelle Formation and Solubilization
BE4E Order of Mixing Effects for Aqueous Surfactant
BES Gas Displacement Methods EOR 3.5 335
BPT1 Thermodynamic Properties of Organic Compounds APT/ARTD 6.4 650
BPTIA Thermodynamic Properties of Organic
Nitrogen Compounds That Occur
in Shale 0il and Heavy Petroleum
BPT1E Thermophysical and Thermochemical Properties
of Organic Compounds Derived from Fossil
Subotancoo
BPT2 Stability and Processing Research for Crudes, APT 0.7 80
Intermediate Process Streams, and Finished
Fuelgh#*
BPT3 Chemical Characterization of Heavy Ends of APT 4.2 455
Light Petroleum, of Heavy Petroleum, and
of Liquids Derived from Other Fossil
Saurceskrk
TOTAL BASE PROGRAM 43.3 4,620

* Abbreviations: EOR = Enhanced 0il Recovery; APT = Advanced Processing
Teclumlugy; ARTD w Advauced Resvarch and Technology Devalopment (Usal
Thermodynamics) Subprogram. -

** Manpower effort reflects maximum personnel to work on project. Some
personnel are not yet available, thus costs reflect & manpower effort
for the fiscal year lower than that shown.

*%% Parteg of these projecte are in the Optional Program.
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OPTIONAL PROGRAM PROJECTS

NIPER
Project Research#* Manpower, ** Funding,
No. . Title Area man-years $K
Extraction Research
OE1l Improvements in Stimulation Technology GAS 6.0 585
OElA Formation Damage Due to Hydraulic
Fracturing Fluid
OE1B Characterization of Polymer Fracturing
Fluid Systems
OE2 Reservoir Characterization for EOR Application EOR 1.5 200
OE2A. Fluid Front Monitoring for Chemical EOR
OE3 Recovery Processes: Chemical EOR 8.5 735
OE3A Improved Chemical Flooding Agents:
Surfactant Systems
OE3B Mobility Control Agents
OE3C Alkaline Flooding
OE4 Recovery Processes: Thermal : _ EOR 6.0 540
OE4A Steam Flooding
OE4B In Situ Combustion
Processing and Thermodynamics Research
OPT1 Thermophysical Properties of Real and ARTD 2.6 185
Synthetic Fluid Mixtures Derived from : : ‘
Fossil Substances
OPT2 Stability and Processing Research for Crudes, APT 2.2 . 287
Intermediate Process Streams, and Finished
Fuels*#**
OPT3 Chemical Characterization of Heavy Ends of APT 5.0 325
Light Petroleum, of Heavy Petroleum and of
Liquids Derived from Other Fossil Sources**#*
OPT4 Fuels Trends and Analyses APT .9 90
OPT5 Chemistry of Contaminated Petroleum Fuels APT 2.4 245
Utilization Research
oul Diesel Fuel Qualicy Criceria APT 5.3 500
ou2 Direct Utilization of Aromatic Feedstocks APT 4.9 385
ou3 Diesel Exhaust Characterization APT 2.4 280
QU4 Coal Slurry Injection Characteristics ARTD 1.6 112
TOTAL OPTIONAL PROGRAM 49.3 4,469

k%

*k%

Abbreviations: EOR = Enhanced 0il Recovery Subprogram;
APT = Advanced Process Technology Subprogram;

ARTD = Advanced Research and Technology Development;
GAS = Unconventional Gas Subprogram.

Manpower effort is maximum personnel to work on project. Some
personnel are not yet available, thus costs reflect a manpower
effart for the fiscal year lower than that shown.

Also in Base Program..



WORK-FOR-OTHERS PROJECTS

Title Potential Sponsor

Extraction Research
Physics of Immiscible Flow in Porous Media EPA
Research on Water Quality Issues EPA

Processing and Thermodynamics Research

Thermodynamics Characterization of Condensed Office of Energy Research
Ring Compounds Basic Energy Sciences
Waste Hydrocarbon Recycling Division of Conservation

and Renewable Energy
Removal of Metals from Alternative Crudes ' Petroleum Companies

Environmental Sample Generation for Petroleum Companies
Mutagenesis Testing

Strategic Petroleum Reserve Supporting Research Strategic Petroleum
Reserve Office

Utilization Recoarch

Coal Slurry Fuel Guidelines DOE/Fossil Energy
Alcochol-Gasoline Blends Petroleum Companies
EPA

DOE/Conservation and
Renewable Energy

Assessments of Alternative Fuel Technologies Multi-client

National Institute tor Petroleum and Energy Research
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NIPER Funding and Personnel

Committed DOE funding amounts to $3.4 million for Extraction Research and
$1.2 million for Processing and Thermodynamics Research in the Base Program.
In the Optional Program, Extraction has $2.1 million, Processing and
Thermodynamics has $1.1 million, and Utilization has $1.3 million, including
IITRI cost-shared funds. Technical manpower requirements for the Base Program
are 43 man-years, whereas those for the Optional Program are 49 man-years, for
a total of 92 man-years.

NIPER Base and Optional Programs

The Statement of Work as given in the Cooperative Agreement is based on
the DOE Fossil Energy programs. The projects developed at NIPER address most
of the suggested areas but do not cover them comprehensively because of
funding limitations. In their selection consideration was given in their
selection to previous work at BETC, to availability of personnel with the
proper expertise, and to broad coverage of technology areas to avoid premature
specialization of NIPER and duplication of university work. The Optional
Program projects, besides addressing research topics of importance, serve as a
bridge between the more fundamental work of the Base Programs and the more
applied work of industry covered by the Work for Others projects.

Extraction Research. Extraction Research, in accordance with DOE Fossil
Energy policy, has developed a strong program of EOR research, much of which
lics in the fundamental research area. The Basic Program includes projects on
the interaction between reservoir rock and EOR fluids, reservoir screening and
recovery predictions, environmental compatibility of microbial EOR, basic
studies of EOR chemicals, and gas displacement methods. A rock/EOR fluids
project includes work on surface chemistry, clay minerals, and three-phase
flow. The expected advent of microbial EOR requires assessment and planning
to prevent environmental damage. Basic studies of the action of surfactants
include the effect of wettability, adsorption on minerals, the thermodynamics
of micellization and solubilization, the effect of surfactant structure and
additives on micelle formation and solubilization, and a study of the order of
mixing aqueous surfactant solutions. Gas displacement methods to be studied
include nitrogen-miscible displacement of light oil and carbon dioxide-
miscible displacement of heavy oil.

The Optional Program contains Extraction Research projects on subjects
near the state of application. For the Western Gas Sands Project, the
formation damage due to hydraulic fracturing fluid and the degradation of
polymer in the fluid will be studied. The development of methods for EOR
reservoir characterization will include a study of the feasibility of
monitoring the fluid front advance during chemical flooding. Chemical
recovery studies include improving surfactant systems, measuring performance
of mobility control agents, and determining reaction kinetics of alkaline
reagents with clays and oils. Thermal recovery process studies include
steamflooding of light oils and developing kinetic data for in situ
combustion.
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Processing and Thermodynamics Research. Processing and Thermodynamics
Research has projects on thermodynamics, stability and processing, and
characterization of heavy oils and synthetic fluid mixtures in the Base
Program. Each of these projects is extended into the Optional Program. A
characterization project involves heavy ends of light petroleum, heavy petro-
leum, tar sand liquids, shale o0il, and coal liquids. The Base Program on
thermodynamics emphasizes the nitrogen compounds of shale 0il and the
polyaromatic and heterocyclic compounds of coal liquids, whereas the Optional
Program develops thermodynamic properties on process streams from the coal
liquefaction program. Stability and processing research includes studies on
upgrading of alternate feedstocks for conventional petroleum refining
processes, and the development of information about the stability of
alternative fuels. In addition, projects on fuel trends and analyses and the
chemistry of contaminated petroleum fuels are part of the Optional Program.

Utilization Research. Utilization Research has three projects in the
Optional Program which address envirommental problems. The effect of alterna-
tive feedstocks on emissions and efficiency of transportation fuels (both
diesel fuel and gasoline) will be studied along with an investigation of the
feasibility of changing some specifications to better match the alternative
fuels. The particulates from the exhaust of diesel engines are being
investigated to determine the extent of occurrence of toxic compounds or
carcinogens. The use of powdered coal in a slurry of diesel fuel for medium-
speed, medium-size diesel engines is being investigated.

Work for Others Program

The Work for Others Program is not described in detail but several
proposed projects that are proposed are indicated. Extraction Research will
perform environmentally oriented projects on the physics of immiscible flow
through porous media, and the development of methods to determine toxicity
persistence as one measure of water qualicy, Processing and Thermudynamics
Research includes Work for Uthers projects on the thermvdynamic character=
ization of condensed ring compounds, waste hydrocarbon recycling, removval of
metals from alternative crudes, sample upgrading and preparation of
alternative fuels for mutagenesis testing, and support research for the
Strategic Petroleum Reserve. Utilization Research proposes projects to
develop guidelines for coal slurry fuels, to investigate alcohol-gasoline
blends for automotive use, and to assess alternative fiel technology.

Summary

NIPER's Annual Research Plan for 1Y83-1984 contains 21 projects in the
Base and Optional Programs covering many aspects of research on petroleum and
liquid fuels technology. It provides for continuing the tradition of
contributing broadly to petroleum technology established by BETC during its 65
years. Although new directions have been charted in a number of fields, the
work will continue to serve both -government and industry by advancing
scientific and engineering knowledge.



National Energy Policy

The National Energy Policy calls for reliance on market forces to direct
the production and use of energy. The Federal government's role is limited to
funding long-term, high-risk, high-payoff research that the private sector is
unlikely to undertake. The purpose of such research is to supplement, where
necessary, the efforts of the private sector in developing new technology, to
maximize use of Federal facilities, to encourage communication and cooperation
between governmental agencies and the private sector, and to assist research
at institutions of higher learning.

To ensure adequate supplies of energy from domestic sources, the National
Energy Policy considers three alternatives: the discovery of new fields; the
greater recovery of oil from known fields; and the development of synthetic
fuels, including the use of alternative feedstocks for transportation fuels.
Enhanced recovery offers possibilities of providing large amounts of oil if
new and more effective techniques can be devised. The efficient use of
‘alternative feedstocks such as heavy oils and shale oil will require adapta-
tion of present processes for refining and end use.

DOE/Fossil Energy (FE) Strategy

Within the DOE, the FE strategy is to conduct a balanced program of
research in all fields of petroleum and unconventional hydrocarbon technology.
The specific objectives of the FE research program include:

(1) improve understanding and predictability of all Enhanced
0il Recovery (EOR) processes

(2) wunderstand the factors that affect performance

. and applicability of advanced EOR processes

(3) assess the feasibility of novel EOR technologies

(4) examine entirely new concepts for EOR

(5) expand knowledge of alternative sources of hydrocarbons,
particularly heavy oil, tar sands, and shale oil

(6) maintain mechanisms for technology transfer.

x1i



TABLE OF CONTENTS
Page
Foreword;................................................................ ii
Executive Summary.........................................;.............. iii
IntrodUCEIiOoN. covtveeeeesseesosnsessasssasosssessossoessessosssssonssnssosseas 1
Scope and Organization O0f NIPER....cieiseeeruescnsncsosconssncscsasnse 1
Facilities @t NIPER..:eeeeesncsosseesncsocassessacsanssssssacnnsasoss 4
National Energy POliCy..ceeeeracescossrsssesssessnososssssnssosnossens 5
DOE/FOSSil Energy Strategy..b‘0.40‘0‘ll’lll‘llllll..llllllllllll.‘.' 6
NIPER PrOSram..oeeeesesecessossoasesosscssesssesocassssssoscssnsscsssscossas 9
FUNAIng..eeeeeseeesonvsssocasosnssssssnosssssssssssssnssscccsesassas 10
Personnel....eeeececeessocscasacsssosssssoccssssascsssssassncsssonss 11
Extraction Research..s.ceeeeeseseseccoesrosscecasnssanssnsccnnensssas 11
Processing and Thermodynamics Research......eeevveeeeeecncecccaessss 18
Utilization ResearcCh...seeevveuicesssessrsssecocssoscosasnnsascssnonsss 20
WOTK fOT UtHeTrS..veeseeerosssesscasasonnosssssecacsssassssnssnnscnses 21
Base Program
BE1 Interaction Between Reservoir Rock and EOR Fluids............. 23
BE1IA Surface Chemistry of Reservoir Rocks
and Their Reaction with Crude Uil Componcntsd:.issssess 23
BE1B Effect of Clay Minerals on 0il Saturation
Determination..vieeceesssvecscesssssccsssssannassscaess 30
BEIC Three-Phase Flow in Porous Media.......eeevevieeecnseees 34
BE? Reservoir Screening and KRecovery PredictionS.....c..eeeeesvesss 39
BE2A EOR National Potential......eeoeennnnccecscossnncsssasss 40
BE2B Technology Appraisalesssecesescsosscsscssossscsonanssse .o 44

BE2C Process Predictive Screening Models...eoveennsssssncsess 48

BE3 EOR Environmental Compatibility...ieeveeeeevenoneerconsnsnsees 52
BE3A Effect of Microbial Technology on EOR......ceveeeessaass 52

xii



TABLE OF CONTENTS (Continued)
Page

BE4 Basic Studies of EOR ChemicalS..cceeeeeeeececososscasssssesseass 58
BE4A Behavior of Surfaces with Adsorbed Materials......ee.... 58
BE4B Adsorption of Surfactant Slug Components

on Reservoir Minerals....vevvvieeeesonennnnne B ¥/
BE4C Application of Thermodynamic Measurements to
Micellization and Solubilization.....ceceveuee eeceness 65

BE4D Effects of Surfactant Structure and Additives
on Micelle Formation and Solubilization.....ecccovee.. 68
BE4E Order of Mixing Effects for Aqueous Surfactant.......... 72

BES Gas Displacement MethodS....eeeeeessveecsencssocsssnsocsnsnnscs 15

BPT1 Thermodynamic Properties of Organic Compounds.......eceeesseee 80
BPTIA Thermodynamic Properties of Organic '
Nitrogen Compounds that Occur
in Shale 0il and Heavy Petroleum........eeeevoeeceess 83

BPT1B Thermophysical and Thermochemical Properties
of Organic Compounds Derived from Fossil
SUDSLANCES. . svveersecssoranssnscnssssssssnsssocceasssss 90

BPT2 Stability and Processing Research for Crudes,
Intermediate Process Streams, and Finished

FUCLS et e vseneenacesoseseasonossssacncsssosssscsscsssseseansens 96

BPT3 Chemical Characterization of Heavy Ends of Light
Petroleum, of Heavy Petroleum, and
of Liquids Derived from Other Fossil
SOUTCES .t ssasesseasnssosssoasssssssssssessvossossnns creeessss 104

Optional Program

OEl Improvements in Stimulation Technology....eeevveeeeeennaeseees 113
OElA Formation Damage Due to Hydraulic Fracturing Fluid...... 113
OE1B Characterization of Polymer Fracturing Fluid Systems.... 119

OE2 Reservoir Characterization for EOR Application...... cesssessss 124
OE2A Fluid Front Monitoring for Chemical EOR......ceeoeeees.. 124

OE3 Recovery Processes: Chemical...iiieeeeeroeosvensssscacsssasss 129
OE3A Improved Chemical Flooding Agents: Surfactant Systems.. 129
OE3B Mobility Control AgentS...ceeececesssssssssceacssassassss 136
OE3C Alkaline Flooding...eeeeveevoessessssssassssesesssaseanss 142

OE4 Recovery Processes: Thermal......cieeesscesscocssssaassoannss 147

OE4A Steamflooding.....eeeeeecscsnsensscssssascsccnnosanesces 147
OE4B In Situ COmbUSEION...eevereunesesneconscsonesencasoessss 152

xiii



Work

OPT1

OPT2

OPT3

OPT4

OPT5

oul

0ou2

ou3

ou4

for

WPT1

WPT2

WPT3

WPL4

WPTS

TABLE OF CONTENTS (Continued)

Thermophysical Properties of Real

and Synthetic Fluid Mixtures Derived

from Fossil Substances.......ceeeeeeeeescasseensassasnesasass 156
Stability and Processing Research for

Crudes, Intermediate Process Streams, and

Finished FuelS...eeeecososnsssscesssssosossssssasnsssssasssss 162
Chemical Characterization of Heavy Ends of

Light Petroleum, of Heavy Petroleum, and of

Liquids Derived from Other Fossil SourceS........sesesa0.... 166
Fuel Trends and AnalysesS......eeeeeeeecccccssencsssssnseesesss 170
Chemistry of Contaminated Petroleum FuelsS......cceceeceveseness 174
Diesel Fuel Quality Criteria......ceeeeeeceeeecccecnsecocneees 182
Direct Utilization of Aromatic FeedstockS.....cvceeeesecsaeasas 186
Diesel Exhaust Characterization......ceeeeeeceesvscssssessesss 190
Coal Slurry Injection CharacteristicS...veeeeesecessscoseseees 194

Others

Physics of Immiscible Flow in Porous Media......cececevncenes. 199

Research on Water Quality ISSUES..ceevessecssssccssscnccssssss 200

Thermodynamic Characterization of
Condensed-Ring CompoundsS....eceeeceecsosssecsoasssnssonsensss 201

Waste Hydrocarbon Recycling....veeeeecsseccssscsssssnsssescsss 202
Removal of Metals from Alternative CrudeS......ceeeeeeeeeeeess 203

Environmental Sample Generation for
Mutagenesis TeSCINg...ceeeeeeseensoccsasocossosassssssncecnsees 205

Strategic Petroleum Reserve ,
Supporting Research...ceeeceesscscsssesssssssnsssscnscnnseess 207

Coal Slurry Fuel GuidelinesS..eseeseeeeccosoonneeens ceeeeeeesss 208
Alcohol-Caooline BlondGessssssrsvsseecvnvvrsereevncenneeannsness. 210

Assessments of Alternative Fuel TechnologieS.....veeeeeseeeces 211

xiv



TABLE OF CONTENTS (Continued)
Page

Appendixes
Appendix 1 -- Capital Equipment RequirementS......eceeeeeeeercoeness 213
Appendix 2 -- Cooperative Agreement Research Statement of Work...... 219

Appendix 3 -- Enhanced 0il Recovery R&D Program Plan, 1983.......... 233
TABLES

1. Funding for Base and Optional Programs......ceeeeeeeescncesssoocnesee 12
2. Technical Manpower RequirementsS........cceeeocaesssosssssosccscnsana 12
3. Base Program ProjectsS.....c.veeeeersosrereccesononeonsscscasnnnrasss 15

4, Correlation of Cooperative Agreement Statement of Work
to the NIPER Program for Extraction Research............ P X

5. Optional Program ProjectS....ieveececss e
6. Correlation of Cooperative Agreement Statement of Work
to the NIPER Program for Processing and Thermodynamics

Research.. e ieiininreeeneieeseeneensnnnnnns I
7. Correlation of Cooperative Agreement Statement of Work

to the NIPER Program for Utilization Research...... cresesssscesesses 21
8. Work for Others ProjeCtsS....vivieeeeessvecssssoessanssssscsssssncasse 22

FIGURES

1. NIPER Organization Chart.......ceeeeeeeestsnceesocssssossssanseocanss 2

Xv



INTRODUCTION

The National Institute for Petroleum and Energy Research (NIPER) was
established October 1, 1983. Almost two years earlier, the Department
of Energy (DOE) had begun to explore alternative possibilities for maintaining
the unique capabilities that the Bartlesville Energy Technology Center (BETC)
had developed. As the result of public meetings and a Solicitation for
Cooperative Agreement Proposals (SCAP), IIT Research Institute (IITRI)
submitted a proposal to manage the research center for five years under the
name NIPER, This proposal was accepted, and a Cooperative Agreement for the
management and operation of the laboratory was negotiated.

The 65-year-old BETC was historically the government's lead laboratory in
petroleum research. It pioneered the development of technology for secondary
and enhanced oil recovery, the composition and chemistry of petroleum and
substitute liquid fuels, thermodynamics, automotive engine efficiency and
emission control, and the use of alternate synthetic fuels. It is the
expressed intention of DOE to maintain NIPER as a national resource, ensuring
that its unique capabilities and competence continues. DOE has placed a
substantial program of fossil energy research at NIPER, and this research plan
describes the first year's work,

The agreement between DOE and IITRI provides that a $5 million annual
Base Program of research will be financed by DOE, and that an equal-sized
Optional Program will be available for cost-sharing by NIPER. The Optional
Program starts with the government funding 80 percent the first year; the
cost-share decreases to zero by the fifth year. NIPER is also allowed to
accept research projects from other Federal agencies, State and local govern-
ments, and the private sector. The goal is to make NIPER an independent,
internationally recognized petroleum research facility providing technology
and leadership for constructive solutions to the Nation's energy problems.

The research program presented here was developed in cooperation with DOE
Fossil Energy (FE) employees at the Bartlesville Project Office (BPO).
Technical and Management Committees jointly staffed from NIPER and DOE have
reviewed and approved the program.

SCOPE AND ORGANIZATION OF NIPER

Ry virtue of the work already underway for DOE/FE, NIPER remains the
major government laboratory for petroleum and liquid fuel research. The
Cooperative Agreement also permits work for others. This not only broadens
the contacts, but also permits expansion of personnel and capabilities. The
expectation is that NIPER will grow rapidly and, with outside support, enter
into research fields heretofore out of reach of the Federal organization. The
Work for Others projects indicated in this plan suggest only a few of the
areas of new work.
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The organization of NIPER follows closely that of BETC with research ]
groups devoted to extraction, processing and thermodynamics, and utilization.
The current organization, shown in Figure 1, is patterned from the liquid
fossil fuel cycle (LFFC), a concept originally developed at BETC, which
emphasizes the interrelationships between technologies from exploration and
production to consumption and environmental consequences. The LFFC permits
comparison of research problems for their probable effect on the total system
and has been used as a measure of the importance of proposed research
projects.

The BPO is a DOE site office collocated with NIPER. It is responsible
for developing long-range petroleum R&D plans, integrating the efforts of
NIPER into these plans, monitoring the IITRI Cooperative Agreement and other
fossil energy research contracts, such as those with universities and national
laboratories, administering data bases concerned with Enhanced 0il Recovery
(EOR) and crude oil analyses, and ensuring effective technology transfer.

An important aspect of NIPER is its research marketing organization,
which draws heavily on the experience of IITRI. The effectiveness of this
group in developing contracts has been demonstrated and is expected to
contribute to the success of the Optional Program and the growth of the Work
for Others segment.

NIPER's objective is to conduct a program of research that covers all
fields of petroleum and unconventional hydrocarbon technology from extraction,
through processing, to utilization, with a continued -emphasis on EOR. At
NIPER, DOE will sponsor a program of innovative research that will hot be done
by industry because it is too long-range or too high-risk. To determine the
topics for research most needed by industry, NIPER has established a Technical
Advisory Committee. This committee consists of representatives of industry,
univer51t1es, and consultants as follows: :

Dr. Fred Bowditch
Vice President
Technical Affairs Division.

Dr. Mary Good -
Vice President, Director of
Research .

Motor Vehicle Manufacturers Assoc.

Mr, Fred Camp

Manager of Technology,
Synthetic Fuels Department

Sunoco Energy Corporation

Mr. Thomas J. Clough
Director, Technology Coordination
Atlantic Richfield Corporation

Mr. Ted Geffen
Petroleum Consultant

UOP Inc.

Dr. Roy Knapp
Head, Petroleum Engineering
Department

-University of Oklahoma

Dr. Stanford S. Penner
Director, Energy Center
Professor of Engineering Physics
University of California,

San Diego

Dr. Marvin Smith

Head, Mechanical and Petroleum
Engineering Technology

Oklahoma State University



Dr. William Staats Mr. Al Braun (alternate)

Director, Basic Research Director, Administrative & Technical
Gas Research Institute Services
UOP Inc.
Mr. Michael Waller Mr, Gary Myers (alternate)
Vice President of Research Manager, Applied & Engineering
Amoco Production Company Research

Corporate Technology Group
Atlantic Richfield Corporation

Dr. Darsh Wasan
Head, Chemical Engineering Department
Illinois Institute of Technology

The committee has met three times and has made recommendations that have
been incorporated into the Annual Research Plan. Their advice included
information on problems faced by industry that need research, as well as
advice on what topics are already being addressed satisfactorily by industry
research laboratories. This advice has been of great help in preparing this
plan.

Several additional meetings of the committee will be held next spring and
summer to work on the FY85 Annual Research Plan. The work of the Technical
Advisory Committee is budgeted as a separate task under the Annual Research
Plan preparation project,

FACILITIES AT NIPER

NIPER incorporates the laboratories, equipment, and most of the former
staff of the BETC. Consequently, it has the strengths of that organization
together with the opportunity to expand into new fields. It is located on 17
acres within the city limits of Bartlesville, Oklahoma, and consists of 14
buildings with a total floor space of 151,000 square feet. Many of the
buildings are designed for special research purposes.

Equipment available at NIPER includes both state-of-the-art commercial
equipment and in-house developed items that may be prototypes of research
equipment for future use. Areas of strength include enhanced oil recovery,
core studies, mass spectrometry, thermodynamics, fuel characterization, and
engine/fuel testing. It is expected that some items of equipment will be made
available for university professors and students to use in their research
work, especially where the NIPER equipment is unique.

A well-equipped specialized library is available with excellent coverage
on petroleum and related topics. On~line computer data files (the DOE Energy
Data Base (RECON) and commercial services) are also available. Interlibrary
loan facilities extend the capability even further. An Oklahoma well log file
is maintained, and the State of Oklahoma contributes to its operation. This
file is open to the public as is the general library.



A highly qualified professional staff to serve as the nucleus for NIPER
was aquired from BETC. Since the program scope is changing only slightly,
this group is already deeply involved in the areas to which they are assigned.
Many years of experience in the specialties that made BETC's reputation are
available, and the accumulation of 65 years of experience has been handed down
to the present staff. Active recruitment is under way to replace capabilities
previously lost by retirements or resignations and to staff new undertakings.

An adequate support staff is available coming both from BETC and from
contractors who served BETC. These include draftsmen, machinists, instrument
makers, carpenters, electronics technicians, computer technicians, word
processing and administrative staff, as well as service people such as
janitors, operating engineers, electricians, and storeroom personnel.

The program of research described in this plan will require some addi-
tional equipment. Appendix 1 lists the items proposed, the project for which
they are proposed, expected use, and cost.

The estimated capital expenditure is $775,600. The Base Program accounts
for $331,500 and the Optional Program for $354,100, which will be borne by the
projects. Support services equipment requires $90,000. The extraction, or
Enhanced 0il Recovery projects, account for $330,600, processing and
thermodynamics projects require $265,000; and utilization projects require
- $90,000.

NATIONAL ENERGY POLICY

As stated in the SCAP,

The overall objective of U.S. energy policy is to encourage
economically efficient energy production and use. The primary
means for achieving this objective is to rely on market
forces. The Federal government's direct role is limited to
funding long-term high-risk research which the private sector
is unlikely to undertake.

The SCAP further states that,

The Federal government cannot determine what is the most
efficient combination of energy conservation and energy
production, or what is the most efficient means for increasing
energy supply. The answers to these questions will be
determined by market forces. For example, the alternatives
for increasing domestic o0il supply include additional
discoveries of fields in the United States (onshore and
offshore), developing synthetic liquid fuels, and enhancing
recovery from existing oil fields. Of the 460 billion barrels
of o0il discovered, 310 billion barrels will not be recovered
by primary and secondary procedures. Although the amount of
oil that can be recovered by Enhanced 0il Recovery (EOR)
processes is uncertain, a reasonable estimate based on current



knowledge is from 18 to 53 billion barrels, which exceeds
current proved domestic o0il reserves. The market will deter-
mine how best to deal with these facts.

Through its cooperative program with DOE, NIPER can supplement the efforts of
the private sector in turning these resources into economic opportunities.

The SCAP also states,

It is useful for the Government to support an effective,
long-term petroleum and unconventional hydrocarbon research
program to accomplish the following:

o provide for the National well-being and protect the vital
interests of the United States by developing new methods
for urilizing domestic petroleum resources in a manner
which supplements, rather than duplicates, research
activities of private groups, other Federal agencies, and
State and local governments

o maximize utilization of existing Federal facilities

o encourage communication and cooperation between the Federal
government, State governments, local governments, and the
private sector, as part of a goal of increasing non-Federal
participation in a long-term petroleum and unconventional
hydrocarbon research program; and

o provide a means of furthering, assisting, and funding
research in institutions of higher learning through
innovative arrangements involving those institutions and
industry, and in some cases, through direct DOE support.

DOE/FOSSIL ENERGY STRATEGY

Fossil Energy's petroleum research strategy recognizes the respective
roles of industry and government as delineated by administration policy., It
focuses on that R&D that lies beyond what industry might reasonably be
expected to do.

Its overall research objective, consistent with the establishment of
NIPER, is to conduct a balanced program of research in all fields of petroleum
and unconventional hydrocarbon technology from extraction, through processing,
to utilization. This research will generally be within, but not limited to,
the areas of resource assessment, unconventional production technologies such
as advanced EOR methods, processing (including pre-treatment), thermodynamic
research, energy conversion, end-use applications, and system integration with
emphasis placed on EOR research.



The specific objectives of the DOE research program in EOR and Funda-
mental Hydrocarbon Chemistry, as stated in the Cooperative Agreement, are:

o to develop improved understanding and predictability
of advanced, highly effective EOR processes

o to obtain better understanding of the factors that
affect performance and the range of application of
advanced EOR processes

o to assess the feasibility of very long-range, highly
advanced and emerging EOR technologies, and to evaluate
the unique problems of reservoirs for which no EOR
technology now exists

0 to examine entirely new concepts of EOR which might
be applicable to the huge resource left after current
production methods have been exhausted

o to continue, as appropriate, research on the fundamental
properties, characterization, and utilization of heavy
oils and syncrudes from coal, oil shale, and bitumen
from tar sands as petroleum substitutes

o to maintain an effort in technology transfer to ensure
that the maximum use can be made of research results.

To implement these objectives, various programs have been established by
the Fossil Energy organization. The programs of immediate interest to NIPER
are the Enhanced 0il Recovery program and the Advanced Process Technology
program; and to a much lesser extent, the Unconventional Gas program and the
Advanced Research and Technology Development program under FE/Coal research.

Fossil Energy's program plan for EOR, which was the basis for the scope
of work in the solicitation that resulted in NIPER, identifies four major
research areas: (1) technology appraisal, which essentially maintains a
current state-of-the-art assessment of EOR status; (2) the enhanced recovery
nf light petroleum; (3) the enhanced recovery of heavy petroleum; and (4) the
development of entirely new concepts in EOR that will allow the production of
crude oils beyond the reach of known processes. Work in these areas reflects
the overall purpose of U.S. Energy Policy--to encourage economically efficient
energy production and use, while at the same time providing for the National
well-being and protecting the vital interests of the United States. The
determination of what is the most efficient combination of energy production
and conservation technologies will be made by market forces.

Because of its history, NIPER also is heavily involved in the Advanced
Exploratory Research area. This work provides broad, supporting research for
all purposes under the FE Office of 0il, Gas, and Shale. NIPER programs are
most heavily focused in fundamental hydrocarbon chemistry (analysis, thermo-
physical and thermochemical properties) and environmental concerns. This work
is critical to DOE's emphasis on mobility fuels to satisfy security and
economic welfare strategic needs.



Among the objectives of the Unconventional Gas Recovery research program
is the improvement of techniques for recovering gas from the low-permeability
reservoirs, largely located in the Western states. This program is aimed at
the 600 trillion cubic feet of natural gas resource, much of which is not
recoverable with existing technology.

The Advanced Research and Technology Development subprogram (AR&TD) is
designed to extend the fundamental scientific and engineering knowledge base
in coal for Fossil Energy. It seeks a better understanding of the fundamental
mechanisms of converting coal to gas and liquid fuels or to burning it
directly. A major area of concern is the thermodynamic properties of com-
pounds and mixtures resulting from the direct liquefaction of coal. Such data
are fundamental to a better understanding of conversion processes.



NIPER PROGRAM

The NIPER research program, developed in cooperation with the BPO, is
based on the Statement of Work in the Cooperative Agreement (see Appendix 2).
Two groups of projects are described. The Base Program, fully funded by DOE,
consists of projects in technology areas of high priority to DOE but which
will not be performed by industry in the near future except on a proprietary
basis. These are generally basic studies or work with innovative techniques
which have a high-risk, long-term character. The Optional Program,
cost-shared with DOE, includes projects in areas also of importance to the DOE
program, but which industry and other agencies may be willing to support based
on their specific needs, either on a collective or individual basis.

Note that the solicitation, which resulted in the creation of NIPER,
limited the scope of work in the Base Program to EOR and the fundamental
chemistry area of analysis (characterization), determination of thermochemical
and thermophysical properties of heavy oils and related substances, and the
application of these data to upgrading hydrocarbon feedstocks, fuel storage
stability, and environmental studies. The Optional Program was left to the
individual proposers, with the only restriction being that their proposal be a
logical extension of the Base Program and the existing BETC capabilities.

The IITRI proposal for the Optional Program included work in unconven-
tional gas recovery and engine/fuel research while extending work on EOR and
characterization. It was believed that a well-rounded program was required if
NIPER was to be successful in developing outside support. Continuation of
work in these subjects also preserves the capabilities of BETC in these areas,
which were recognized by IITRI as a valuable resource to the Nation. This
position was accepted with some modifications during negotiations, as shown in
the Statement of Work Optional Program, Appendix 2.

The Base Program supports two Fossil Energy programs--Enhanced 0il
Recovery and Advanced Process Technology. Five EOR projects are to be
performed by Extraction Research and three projects by Processing and
Thermodynamics Research (two in APT and one in ARTD).

The Optional Program covers three areas based on EOR and Unconventional
Gas Recovery (UGR), Advanced Exploratory Research (AER), and Advanced
Utilization Research (AUR). They are addressed respectively by Extraction
Research with four projects (three for EOR, one for UGR), by Processing and
Thermodynamics Research with five projects (AER), and Utilization Research
with four projects (AUR).

A third program, Work for Others, is not defined by the Cooperative
Agreement other than giving suggested areas where cooperative work might be
developed. This Annual Research Plan does not give detail on Work for Others
projects but does indicate some subjects in which research is planned or under
consideration.



The projects in the Base and Optional Programs are described under the
following headings:

(1) Background--history of problem, need for research,
connection with DOE goals, previous work

(2) Objective—-a brief statement of what is planned to be
accomplished

(3) Scope of Work--approach, tools, and techniques to be
used, with special reference to those for FY84

(4) Work Plans--a list of tasks to be accomplished with
special reference to those for FY84

(5) Future .Work--plans reaching beyond FY84

(6) Manpower Requirements--listing of positions by
categories and man-years

(7) Equipment Requirements--major items of equipment,
indicating whether they are available or will have
to be purchased

(8) Milestone Chart--milestone schedule for FY84,
including list of milestones and deliverables.

The numbering system for the project descriptions consists of: a letter
(B, 0, or W, indicating respectively Base Program, Optional Program, and Work
for Others); a letter designation for the research group (E, PT, or U,
indicating respectively Extraction, Processing and Thermodynamics, and
Utilization); a numeral indicating the project number; and a letter if there
are subprojects. Thus, BElA shows the project to be in the Base Program,
conducted by the Extraction Research group, and to be the first subproject
under the first project.

Before going into detail, an overview will be presented that ties the
individual efforts to the several FE goals. A summary of the funding and
manpower requirements will be given, followed by a discussion by research area
of the rationale by which the projects were chosen. Finally a discussion of
Work for Others projects will be given. An appendix describes the capital
equipment needed for the Research Plan. .

FUNDING

The Cooperative Agreement indicates that the total first-year funding
available is $4,995,000 in the Base Program and $4,594,000 in the Optional
Program., DOE will furnish all of the Base Program funds and $3,6/5,000 of the
Optional Program funds. NIPER will furnish $919,000 in the Optional Program.
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Transition costs allowed by the Cooperative Agreement for the shift of
BETC from DOE management to IITRI management and establishment of NIPER amount
to $250,000. This includes the cost of establishing the Technical Advisory
Committee. As negotiated, this is charged against the Base Program.

The preparation of this Annual Research Plan and the plan for fiscal -year
1985, which will start this spring to coincide with the FE planning cycle, is
charged against this year's budget and amounts to $250,000. Half is charged
to the Base Program and half to the Optional Program.

As shown in Table 1, the result is that the Base Program accounts for
$4,620,000, and the Optional Program for $4,469,000.

PERSONNEL

The manpower requirements for the Base and Optional Programs are given in
Table 2. The total for the two programs is 92 man-years. In each of the
project plans, an estimate is given of the manpower distribution by research
groups. These represent best estimates at this time. As the projects pro-
gress, these needs may vary. Accordingly, the manpower distribution within
the total effort will be adjusted. This is consistent with the contract
requirement for reporting resources at the project level. ‘

Approximately one man-year of consulting effort is estimated in support
of specific projects. Costs associated with this service have been included
in the respective project cost estimates.

EXTRACTION RESEARCH

Fossil Energy used the technical constraints to EOR described in
DOE/BETC/RI-80/4, "Technical Constraints Limiting Application of Enhanced 0il
Recovery Techniques to Petroleum Production in the United States' to identify
the components of the "Enhanced 0il Recovery R&D Program Plan 1983." (See
Appendix 3.) This Program Plan was used to develop the Statement of Work in
the SCAP,

Negotiation between DOE and IITRI resulted in some modifications to the
Statement of Work (SOW) before it appeared in the Cooperative Agreement. The
Base Program was accepted by IITRI. Some reorganization of the Optional
Program was made, and NIPER was given the opportunity to work in gas and
utilization research.

11



TABLE 1. FUNDING FOR BASE AND OPTIONAL PROGRAMS

Funding, S$K

Base Program Optional Program
DOE DOE Participant Total Total
Cooperative Agreement 4,995 3,675 919 - 4,594 9,589
Transition Costs (250) - - - (250)
Annual Plan Costs (125) (100) (25) (125) (250)
Available for Projects 4,620 3,575 894 4,469 9,089

Project Funding

Extraction Research 3,435 2,060 5,495
Processing/Thermodynamics 1,185 1,132 2,317
Utilization - 1,277 1,277
4,620 4,469 9,089

TABLE 2, TECHNICAL MANPOWER REQUIREMENTS

Manpower,

Area

man-years

Base Program
Extraction
Processing and Theérmodynamics

Subtotal
Optional Program
Extraction
Processing and Thermodynamics
Utilization
Subtotal
TOTAL

22.0
13.1
14.2
49.3

92.6
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-The Cooperative Agreement Research Statement of Work (Appendix 2) lists
the EOR subjects and some key tasks associated with these subjects for possible
inclusion in the Base Program. The subjects listed are:

1.1 Displacement Mechanisms and Mobility Control (11 tasks)
1.2 Rock/Fluid Interaction (11 tasks)
.1.3 Prediction and Evaluation (3 tasks).

[ R, Y,

The Optional Program has eight EOR subjects:

6.1.1 Reservoir Systems--Properties and Characteristics (2 tasks)
6.1.2 Displacement Mechanisms (3 tasks)

6.1.3 Sweep Mechanisms (2 tasks)

6.1.4 Injection Materials (5 tasks)

6.1.5 Reservoir Simulation (2 tasks)

6.1.6 Reservoir Data Development (3 tasks)

6.1.7 Process Data Development (3 tasks)

6.1.8 Economics and Logistics (4 tasks)

The Optional Program also lists projects and tasks in Unconventional Gas
Recovery (UGR) as:

1 Formation Characterization (1 task)
2 Fracturing (2 tasks)
.3 Production Technology (1l task)

4 Recovery Predictions (1 task)

The Statement of Work is quite broad and it is impossible to work on all
of the items initially. Some guidelines were established to indicate how the
areas of work were to be chosen. These are:

(1) Use existing personnel's special capabilities

(2) Cover technology areas broadly enough to avoid premature
specialization of NIPER

(3) Develop an Optional Program that will attract industry support by
serving as a bridge between the more fundamental work of the Base
Program and application to industry

(4) Increase NIPER capability in high priority areas that are now
marginal because of (a) loss of BETC staff during transition period,
(b) previous heavy BETC dependence on universities for work in
specific areas

(5) Work on topics where innovative new results could have a major impact
on the course of EOR, processing, and utilization technology

(6) Avoid duplication of work being performed at universities.
As a result, the Program emerged as a combination of projects that heavily

rely on research already underway, but which changes emphasis somewhat by the
expansion of continuing projects or by addition of new projects.
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Table 3 lists the projects chosen for the Base Program together with the
funding and manpower requirements. BElA and BE3A are new projects designed to
bring NIPER into fields expected to be of considerable importance. Project BE2
was previously done principally by a contractor and consequently is new to
NIPER. Projects BEIC and BE5 were expanded over the scope shown by previous
projects. The remainder--BE1B, BE1C, BE4A, BE4B, BE4C, BE4D, and BE4E--are
continuations of projects that were underway at BETC.

A matrix showing the relationships of the NIPER program to the Cooperative
Agreement SOW is given in Table 4. Some of the projects in the NIPER Base
Program are also applicable to the Optional Program. The strong orientation of
the Base Program to fundamental science is apparent, and even where the
projects indicate some application potential, as in BEl and BE4, the long-term
character is stressed.

The Optional Program planned for NIPER is shown in Table 5. Project OE2
and the three subprojects of OE3 are new and are covered by the statement of
work. Projects OEl and OE4 are continuations of BETC work, but with an
expanded scope. All of these projects were chosen because they are expected to
result in improved understanding of EOR processes. Their application to
improved performance in the field is sufficiently evident that they are likely
to attract cooperative funding by industry. Ultimately, projects in the
Optional Program are expected to be completely funded by industry.

This program represents a good match between the FE objectives and NIPER's
needs. It covers the significant EOR issues with which FE is concerned and
avoids duplication with other efforts while maximizing the use of the existing
capability and assuring NIPER a well-rounded program. The Optional Program
acts as a bridge for NIPER to move toward research fully funded by industry.
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TABLE 3. BASE PROGRAM PROJECTS

NIPER
Project Research* Manpower,**  Funding,
No. Title Area man-years $K
Extraction Research:
BE1 Interaction Between Reservoir Rock and EQR Fluids EOR 11.0 1070
BEl1A Surface Chemistry of Reservoir Rocks :
‘and their Reaction with Crude 0il Components
BEI1B Effect of Clay Minerals on 0il Saturation’
Determination )
BELC Three-Phase Flow in Porous Media
BE2 Reservoir Screening and Recovery Predictions EOR 6.0 710
BE2A EOR National Potential
BE2B Technology Appraisal
BE2C Process Predictive Screening Models
BE3 EOR Environmental Compatibility APT 2.5 330
BE3A Effect of Microbial Technology on EOR
BES4 Basic Studies of EOR Chemicals EOR 9.0 990
BE4A Behavior of Surfaces with Adsorbed Materials :
BE4B Adsorption of Surfactant Slug Components
on Reservoir Minerals
BE4C Application of Thermodynamic Measurements to
Micellization and Solubilization
BE4D Effects of Surfactant Structure and Additives
on Micelle Formation and Solubilization
BE4E Order of Mixing Effects for Aqueous Surfactant
BE5 Gas Displacement Methods EOR 3.5 335
BPT1 Thermodynamic Properties of Organic Compounds APT/ARTD 6.4 650

BPT1A Thermodynamic Properties of Organic
Nitrogen Compounds That Occur
in Shale 0il and Heavy Petroleum

BPT1B Thermophysical and Thermochemical Properties
of Organic Compounds Derived from Fossil

Substances

BPT2 Stability and Processing Research for Crudes, APT 0.7 80
Intermediate Process Streams, and Finished
Fuelg***

BPT3 Chemical Characterization of Heavy Ends of APT 4.2 , 455

Light Petroleum, of Heavy Petroleum, and
of Liquids Derived from Othar Foooil
Sources¥*x

TOTAL BASE PROGRAM 43.3 4,620

* Abbreviations: EOR = Enhanced 0il Recovery; APT = Advanced Processing
Technology; ARTD = Advanced Research and Technology Development (Coal
Thermodynamics) Subprogram.

** Manpower effort reflects maximum persomnnel to work on project. Some
personnel are not yet available, thus costs reflect a manpower effort
for the fiscal year lower than that shown.

*** Parts of these projects are in the Optional Program.
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TABLE 4. CORRELATION OF COOPERATIVE AGREEMENT STATEMENT OF WORK
TO THE NIPER PROGRAM FOR EXTRACTION RESEARCH

Cooperative

Agreement Enhanced 0il Recovery

Unconventional

Base Program Optional Program Gas Recovery

o~ o <
Ao g < <
ASxn} ToliVa)

6.1.3
6.1.4
6.1.5

[te]
—
o

6.1.7
6.1.8
5.4.1

—t N o — N
Program il Lo o o o

BEL
BElA X
RE2A X
BE3A x x

BE2
BE2A X X
BE2B X X X
BE2C X X

BE3
BE3A X X

BE4
BE4A
BE4B
BE4C
BE4D
BE4E

LI

BES X

OEl
OE1A X
OE1B X

NE2
UEZA X

OE3
OE3A X X
QOE3B X
OE3C . X X

VL4
OE4A X
OE4B X

See Appendix 2 for Cooperative Agreement Statement of Work
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TABLE 5. OPTIONAL PROGRAM PROJECTS

NIPER
Project Research* Manpower,** Funding,
No. Title Area man-years $K
Extraction Research
OEl Improvements in Stimulation Technology GAS 6.0 585
OElA Formation Damage Due to Hydraulic
Fracturing Fluid
OE1B Characterization of Polymer Fracturing
Fluid Systems
OE2 Reservoir Characterization for EOR Application EOR 1.5 200
OE2A Fluid Front Monitoring for Chemical EOR
OE3 Recovery Processes: Chemical EOR 8.5 735
OE3A Improved Chemical Flooding Agents:
Surfactant Systems
OE3B Mobility Control Agents
OE3C Alkaline Flooding
OE4 Recovery Processes: Thermal EOR " 6.0 540
OE4A Steam Flooding
OE4B In Situ Combustion
Processing and Thermodynamics Research
OPT1 Thermophysical Properties of Real and ARTD 2.6 185
Synthetic Fluid Mixctures Derived from
Fossil Substances
OPT2 Stability and Processing Research for Crudes, APT 2.2 287
Intermediate Process Streams, and Finished
Fuels***
OPT3 Chemical Characterization of Heavy Ends of APT 5.0 325
Light Petroleum, of Heavy Petroleum and of
Liquids Derived from Other Fossil Sources**#*
OPT4 Fuels Trends and Analyses APT .9 90
OPTS Chemistry of Contaminated Petroleum Fuels APT 2.4 245
Utilization Research
oul Diesel Fuel Quality Criteria APT 5.3 500
0ou2 Direct Utilization of Aromatic Feedstocks APT 4.9 385
ou3 Diesel Exhaust Characterization APT 2.4 280
0u4 Coal Slurry Injection Characteristics ARTD 1.6 112
TOTAL OPTIONAL PROGRAM 49.3 4,469
* Abbreviations: EOR = Enhanced 0il Recovery Subprogram;

k&

e

APT = Advanced Process Technology Subprogram;
ARTD = Advanced Research and Technology Development;
GAS = Unconventional Gas Subprogram.

Manpower effort is maximum personnel to work on project. Some
personnel are not yet available, thus costs reflect a manpower
effort for the fiscal year lower than that shown.

Also iu Dase Prugram.
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PROCESSING AND THERMODYNAMICS RESEARCH

Alternative sources of fossil fuels such as heavy oil, tar sands, shale
oil, and coal liquids present a number of refining problems when compared with
the processing of conventional light, sweet, petroleum crudes. Basically, the
alternate crudes contain larger quantities of heterocyclic compounds
(particularly nitrogen-containing types), aromatics, and organometallic
compounds. Olefinic types are found in direct coal liquids and are quite
prevalent in shale oils.

All of these materials adversely affect standard refining practices. For
example, nitrogen-containing compounds and some organometallics are known to
poison refinery catalysts; hydrogen-deficient types such as the aromatics and
olefins contribute to gum formation and fuel storage instability. Finally,
some of the aromatic, nitrogen, and organometallic compound types are known to
be toxic to man and the environment and must be removed during the processing
sequence.

Because of the many refining problems associated with the processing of
alternate crudes, it has been standard practice to blend small quantities with
conventional petroleum feedstocks, thereby eliminating most of the detrimental
effects. However, as conventional petroleum crudes become depleted and we
become increasingly more reliant on alternate fuels, it will be necessary to
alter existing refining technologies so that the new feedstocks can be upgraded
to the extent required to meet product specifications. '

In order to determine the type and quantity of upgrading necessary, it is
essential that separation and identification procedures be developed to allow
the characterization and physical property determination of specific compound
types. Further, the compilation of correlatable thermodynamic data for the
identified compound types is a prerequisite to the design of new or modified
refinery processes. Presently, only limited data are available on the
thermodynamic properties of the compound types fotind in the more complex
alternative crudes. '

The Cooperative Agreement SOW lists the APT subjects for possible
inclusion in the Base Program as follows:

5.2.1 Thermodynamic and Thermophysical Measurements (4 tasks)
5.2.2 Characterization Studies (5 tasks)
5.2.3 Process Technology (3 tasks)

All of these are subjects in which BETC conducted research, and represent
continuation of basic research on the properties of liquid hydrocarbons.

The projects proposed in the Base Program are shown in Table 3. Each of
the subjects in the SOW are addressed as indicated in Table 6. Project BPTI is
divided into two subprojects because of the chemical differences in shale oils
and coal liquids. Nitrogen compounds are of prime interest in shale oil
refining, while oxygen-containing compounds affect the upgrading of coal
liquids. Both BPT2 and BPT3 are extended into the Optional Program with more
basic tasks in the Base Program and application-oriented tasks in the Optional
Program.
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TABLE 6. CORRELATION OF COOPERATIVE AGREEMENT STATEMENT OF WORK TO THE
NIPER PROGRAM FOR PROCESSING AND THERMODYNAMICS RESEARCH

i;:zz;:gize Advanced Process Technology
Base Program Optional Program
— [a\V] o — o~ o <
NIPER o~ o~ o~ o o < N
Program o -“ -« < < < o
BPT1 X
BPT1A
BPTI1B
BPT2 x X
BPT3 x
OPT1 x
OPT2 X
OPT3 x
OPT4 %
OPT5S . < x

* See Appendix 2 for Cooperative Agreement Statement of Work

The Cooperative Agreement Optional Program SOW (Appendix 2) shows the following
APT subjects: . :

6.2.1 Fuel Processing (4 tasks)

6.2.2 Thermodynamic and Thermophysical Property Measurement (5 tasks)
6.2.3 Fuel Characterization Study (4 tasks)

6.2.4 Other Characterization Studies (1 task)

The planned Optional Program is listed in Table 5. As shown in Table 6,
each of the subjects in the Cooperative Agreement Statement of Work is
addressed. The two projects OPT2 and OPT3 have the same titles as projects in
the Base Program because the same skills and equipment are used. However, the
tasks in the Optional Program are the more applied extensions of the tasks in
the Base Program. As proposed by NIPER, the Optional Program projects will
exploit the insights that come from applying advanced characterization work to
the understanding of the problems associated with alternative fuel composition
and properties. Projects OPT4 and OPT5 are both addressed to the Optional
Program and are continuations and redirection of present work.

The Base and Optional Program projects jointly provide a plan for both a
continuation of the work in fundamental hydrocarbon research and for expansion
in thermodynamic studies. Although all of this research is relatively basic,
it is expected to be of sufficient importance to attract support by industry.
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UTILIZATION RESEARCH

As stated previously, Utilization Research was not specifically mentioned
in the SCAP. Subsequent negotiations between DOE and IITRI, however, resulted
in agreement on a modest effort in this research area. Guiding factors in this
determination were (1) BETC had an ongoing program and personnel with special
expertise, (2) the BETC Utilization Research capability is a valuable resource
that should not be lost, and (3) work supported under the Optional Program was
needed until a suitable market could be developed.

The most important use of alternative feedstocks will be to supplement
present transportation fuels; therefore, their effect on the operation of
engines must be determined. Any changes in emissions and efficiency that may
result from the use of alternative feedstocks should be examined to see that
they do not cause unduly restrictive attitudes toward the fuels from the
alternative sources., Environmentally oriented changes in engine design and
operation to make them more adaptable to alternative feedstock-derived fuels or
blends with conventional petroleum fuel must be considered.

The Cooperative Agreement lists under the Optional Program (Appendix 2)
the project areas:

6.3.1 Fuels for Mobile Engines (4 tasks)
6.3.2 Fuels for Stationary Engines (3 tasks)

The proposed projects for NIPER are shown in Table 5.

NIPER has planned a program that examines specifications for both diesel
fuel and gasoline to determine whether changes to accommodate the character of
alternative feedstock-derived fuels could be made without deleterious effects
on the environment. The possibility of harmful chemicals in such alternative
fuels and their exhaust products will be examined. Consideration is also given
to the feasibility of augmenting diesel fuel supply by the use of powdered coal
1n a slutrry of diesel fuel,

These projects correlate directly with the Statement of Work in the
Cooperative Agreement as shown in Table 7 and are designed to lead to Work for

Others projects.

Projects OUl, OU2, and OU3 address item 6.3.1 of the Cooperative Agreement;
0U4 addresses item 6.3.2.
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TABLE 7. CORRELATION OF COOPERATIVE AGREEMENT STATEMENT OF WORK
TO THE NIPER PROGRAM FOR UTILIZATION RESEARCH

Cooperative Advanced
Agreement* Utilization*#*
Research
— N
NIPER « “
Program o o
oul X
0ou2 X
0ou3 X
oU4 X

* See Appendix 2 for Cooperative Agreement Statement of Work
*% Optional Program Only

WORK FOR OTHERS

The Work for Others projects are fully funded outside the Cooperative
Agreement and thus are not based on the same justifications as projects in the
Base and Optional Programs. The nine projects currently in this program are
listed in Table 8. It is anticipated that this area of NIPER's program will
show considerable growth as the organization adjusts to the new opportunities
to pursue outside research projects.
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TABLE 8. WORK-~-FOR-OTHERS PROJECTS

Title Potential Sponsor

Extraction Research
Physics of Immiscible Flow in Porous Media EPA
Research on Water Quality Issues EPA

Processing and Thermodynamics Research

Thermodynamics Characterization of Condensed Office of Energy Research
Ring Compounds Basic Energy Sciences
Waste Hydrocarbon Recycling Divieion of Conservation

and Renewable Energy
Removal of Metals from Alternative Crudes Petroleum Companies

Environmental Sample Generation for Petroleum Companies
Mutagenesis Testing

Strategic Petroleum Reserve Supporting Research Strategic Petroleum
Reserve Office

Utilization Research

Coal Slurry Fuel Guidelines DOE/Fossil Energy
Alcohol-Gasoline Blends Petroleum Companies
EPA

- DOE/Conservation and
Renewable Energy

Assessments of Alternative Fuel Technologies Multi-client
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BEl1. INTERACTION BETWEEN RESERVOIR ROCK AND EOR FLUIDS

This project is composed of three elements:

(1) Surface Chemistry of Reservoir Rocks and Their Reaction with Crude
0il Components

(2) Effects of Clay/Minerals on 0il Saturation Determination

(3) Three-Phase Flow in Porous Media.

The displacement and release of o0il from the reservoir involves interplay
between gravitational, viscous, and capillary forces, and interactions between
the injected fluid and the fluids and rock materials in the reservoir. An
understanding of these relationships and how they can be manipulated by
changing the injected fluids can help in the design of improved recovery
processes and prediction of reservoir performance.

The ability to determine residual o0il saturation (ROS) in a reservoir is
essential for accurately evaluating the EOR potential of a given reservoir. A
completely reliable method of ROS determination is still elusive. Often
several different methods have to be used to cross~check the residual oil
saturation values, such as electric log, single well tracer, core analysis,
thermal decay time (neutron lifetime log), and carbon/oxygen log. The number
of research projects previously sponsored by the Department of Energy on ROS
determination testifies to its importance and complexity. Sometimes, the
measuring methods used in previous studies were rendered uncertain because the
relationship between the physical properties of reservoir rocks and fluids,
and the oil saturation is not known. Extensive work in this area is needed.

Three-phase flow of fluids in porous media is encountered in oil reser-
voirs under solution gas drive, gas cap pressure drive, steam drive, fire-
flood, carbon dioxide flood, and other situations where gas is present or
introduced artificially into the petroleum reservoir. The limited reséarch on
three-phase flow phenomena has shown that the presence of a third phase
(whether mobile or not) has a profound influence on the transport properties
of the other two mobile phases in any porous medium. Therefore, an accurate
knowledge of three-phase flow behavior is extremely important to the petroleum
industry, especially since the advent of enhanced oil recovery techniques that
create three phases within the oil reservoir by injection of gas or the
volatilization of hydrocarbons in thermal processes.

BE1A. SURFACE CHEMISTRY OF RESERVOIR ROCKS AND THEIR REACTION WITH CRUDE OIL
COMPONENTS

Background

This work addresses Item 5.1.2 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FCO1-83FE60149).
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The work falls naturally into two parts:

(1) Surface Chemistry of Solids
(2) Adsorption and Reactions of Crude 0il and Components.

Although the work is divided into two parts for convenience of explanation it
represents only one integral project, with the overall objective of
determining the chemistry of the adhesion of crude o0ils to the rock surface,
The resolution of this question will lead to scientifically designed methods
for enhanced o0il recovery that will be based on fundamental oil-rock chemistry
rather than trial-and-error searches for solutions that may have an impact on
0il recovery efficiency.

Capillary pressure, viscosity, pore geometry, sweep efficiency, and
reservoir heterogeneity play important interdependent roles in the production
of oil. Furthermore, the relative wetting, or chemical adhesion, of water and
0il to the surface of the sedimentary rocks is extremely important with
respect to fluid flow properties and residual oil saturation (l). The nature
of the adhesion of oils to the rock surface is important when chemical
compounds are considered for enhanced o0il recovery (2). The explanation of
the adhesion of o0il to sedimentary rocks, on a molecular scale, could aid
materially in selecting chemicals for oil displacement and explaining many
field results not now understood from consideration of only the physical rela-
tionships of the interactions of fluids with rocks.

Ion-exchange studies were selected first in the study of the surface
chemistry of rocks because they fit closely with the mineral analyses being
conducted with the scanning electron microscope (SEM) equipped with energy-
dispersive x-ray spectrometer (EDS) analytic capability and also to provide a
clear understanding of the nature of the ionic exchangeable sites. It is
important to understand the total cation exchange capacity (CEC) and
selectivity toward various cations, and to know which cations are occupying
the exchangeable sites in the natural state.

The use of the SEM for analysis of geological samples has greatly
expanded since its inception as a commercial instrument in the early 1960's
(3). Combining the SEM with an energy-dispersive x-ray spectrometer for the
study of geologic samples allows simultaneous elemental analysis and
morphological studies without additional sample preparation. Since the
identification of clay by morphology alone in samples with a mixture of
components is usually inadequate, the additional identification of the clays
by EDS removes the uncertainty of the clay mineral characterization.

A number of studies have elucidated the importance of ion-exchange
between injected slugs and reservoir materials and the pilot test at North
Burbank, Oklahoma showed that the presence of a clay mineral can increase
surfactant loss considerably (ﬁ:g). It is therefore important to examine the
role played by the solid surface of the pores and its interaction with fluids
in the process of oil displacement. :

This complete study of the rock surface minerals and their interaction
with crude oil components will lead to a theoretical understanding of the
interactions between reservoir rocks and EOR recovery fluids. The data
developed from this work and the molecular interaction theory of rocks and
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oils will lead to improvement of methods for reservoir characterization and
improvement of screening criteria for selection of EOR processes.

References
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Objectives

To determine the role of functional groups of 0il components (especially
the polar organic compounds) in the o0il mobilization process.

Scope of Work

This research will determine the surface chemical composition of
sedimentary rocks (sand and carbonate; outcrop and reservoir cores) using
visual techniques to identify and classify minerals and clays. The amounts
and types of clay present in oil-producing formations affect most tertiary
recovery processes. A comprehensive data base of clay mineralogy will be
developed and added to the EOR Data Base, especially for reservoirs that are
candidates for chemical recovery processes. SEM/EDS will be used to determine
the chemical characteristics of clays, minerals, and sedimentary rocks. This
will be correlated with the results of determining the total chemical
composition,

The project is designed to develop data on how functional groups of oil
components react with and adhere to rock surfaces. Minerals will be contacted
with crude oils enriched in various components such as acids, bases, etc., and
the way these components are distributed between the o0il and solid surface
will be determined. The extent to which the materials are removed by solvent
extraction, surfactant treatment, or chemical reaction will be measured.

Using these results, we will design core flood tests to clarify the role
of these processes in oil mobilization.
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Work Plans

(1) Characterization of the Surface of Rocks

Task 1 =~

Task 2

Task 3

Taslk 4

Task 5

Task 6

§

Obtain cores (sand, sandstone, carbonates, shales, or combina-
tions of these) from o0il fields for examination with the
SEM/EDS and emission spectrograph (ES). Also, the United
States Geological Survey (USGS) in Denver, CO has furnished a
suite of more than 100 cores from various oil fields around the
country; the well location and depth are identified.

Determine the surface chemical composition of sedimentary
rocks using the SEM/EDS coupled to chemical analysis with the
EDS.

Determine the ion exchange properties of the rocks; not only
the total ion exchange capacity, but also the complete analysis
of the cations displaced by exchange as a function of time.

Determine diagencsis and particle distribution by wicruscople
observations of thin sections.

Establish a data base on common clays in sedimentary rocks and
their interactions with fluids. Place these data in the
reservoir data file.

Conduct gas phase adsorption (especially hydrogen) and gas
phase reaction experiments with known catalytic properties on
the rocks to determine the thermodynamic reaction potential and
the catalytic properties of sedimentary rocks.

(2) Adsorption and Reactions of Crude 0il and Components

Task 7 -

Task 8 -

Task 9 -

Furture Work

Extract polar compounds quantitatively from ecrnde nils of
various types. Determine the functional groups of these
compounds by gas chromatography-mass spectrometry analysis.

Conduct wettability tests of the polar compounds by
dissolving them in paraffin oils and noting the changes in
capillary pressure and wettability.

Prepare detailed analysis of data on reaction of oil components
with rock surfaces.

It is estimated two years beyond FY84 will be needed to complete this
project. This work will include (1) determining the compounds adsorbed on the
rock surface when contacted with polar compounds, (2) developing a fundamental
theory of oil adhesion to reservoir rocks, (3) developing of additional
screening criteria for EOR processes, and (4) demonstrating selection of EOR
chemicals based on the theory of adhesion.
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Manpower Requirements

Man-years
Senior Chemical Engineer 0.2
Research Chemist 0.7
Associate Chemist 0.8
Senior Experimentalist 0.5
Technician 1.0
Total 3.2
Equipment Requirements
Available New
Core flooding equipment 1
Gas/liquid chromatograph 1
Liquid chromatograph 1
SEM/EDS 1
Inductively coupled plasma
(emission spectrograph) 1
Adsorption and kinetic reactor 1
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PROJECT SCHEDULE AND MILESTONE

87

Project: _Surface Chemistry of Reservoir Rocks and Their Report Date:
Reaction with Crude 0il1 Components
TASK Oct Mov { DOec | Jan | Feb | Mar | Apr | May | Jun Jul Aug | Sep | Manpewsr/Manyesrs
| ATV} BV
1. Obtain cores 1111/
2. Mineral and SEM/X-ray AV BV
analysis I I I SN G s Ve vavsna ey Yassns vivini
3. Determine ion exchange AV A%
properties i i gan i unn R van i
4. Determine diagenesis and AV BV
particle distributions in raninnnunnummmmmmmmnmnmnn
rocks AV BV
5. Determine clays in rocks AT Ty Iy Trrrry 7 rrryrrrrr 77 ir 77777477777 A7 7777
6. Conduct gas-phase adsorp- AY
tion & catalytic experimenls LLLL0Y
Pﬂmr”s n'mlng nowlnmmu AA AA Aa B3 AA AA AA B84 AA AA AA BA AA Aa Ca!
Milestone Description
Task 1 (A) October 15, 1983 Outcrop core samnles have already been secured and mineral analysis,
cation exchange oroperties and SEM/X-ray analysis completed
(B) November 30, 1983 Sandstone, carbonate, and shaley rocks from selected oilfields in the U.S.
obtained from USGS with complete data on well location and depth of core
Task 2 (A) April 30, 1984 Complete minerals and SEM/X-ray analyses of sandstonec
(B) September 30, 1984 Complete minerals and SEM/X-ray analyses of cahbonate rocks
Task 3 (A) April 30, 1984 Complete cation exchange pronerties analyses of sandstones
(B) September 30, 1984 Complete cation exchange properties analyses of carbonate rocks
Task 4 (A) May 31, 1984 Evaluate particle distribution measurements and compare analyses to
results reported in the literature. ) o
(B) September 30, 1984 Complete analysis of particle distributions and diagenesis in cores.
Task 5 (A) April 30, 1984 Enter analysis of clays in sandstones into EOR data base
(B) September 30, 1984 Enter analysis of clays in carbonates and shaley rocks into EOR data base
Task 6 (A) September 1, 1984 Initiate gas phase adsorntion exoeriments
Reporting Reguirements
R)IStheleschmenth. ................. MoniMy Progress Report
(8} 30 daysafterendofoachiquarter ... ...... Quarterly Teehnical Progrese Repert

{C}* 00 days after end of pregramyssr . . ...... Annual Technicsl Pregress Reper



6¢

b (Continuation Sheet)

PROJECT SCHEDULE AND MILESTONE
Surface Chemistry of Reservoir Rocks and Their

p : :
roject Rzaction with Crude 0il Components Report Date:
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0il
Milestone Description
Task 7 (A) December 1, 1983 Initiate extraction of polar organic compounds from crude oils

and submit for GC/MS analysis



BE1B., EFFECT OF CLAY MINERALS ON OIL SATURATION DETERMINATION

Background

This work addresses Item 5.1.2 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149).

The measurement of the true oil saturation of a petroleum reservoir is
still difficult (1), especially for reservoirs containing heavy oils (oils
with an API gravity lower than 20°). As the oil gravity decreases, the
accuracy of oil saturation determination also decreases. In many cases the
0il saturation near the wellbore is a poor representation of the actual
reservoir oil saturation, and logging tools with a wider radius of
investigation must be used. Clay minerals complicate the problem, resulting
in considerable inaccuracy of the logs.

Logging companies have studied the effect of clay minerals on the logging
signals used for oils of API gravity greater than 20°. The logging companies
have not studied the lower gravity oils because these oils have not become
important until recently. A factor that makes this investigation much more
complicated is the strong oil-wetting effect of heavy oils due to complex
polar compound reactions with the minerals (2). These effects have not been
studied in relation to oil saturation and electrical properties; however, this
project, Interactions Between Reservoir Rock and EOR Fluids, is undertaking a
detailed investigation of sedimentary rock minerals, especially clays, and
their interactions with crude oils. Therefore, a task to investigate the
effects of clay minerals on oil saturation determination from electric logs,
especially for heavy oils, can be conducted concurrently in close cooperation
with the other subprojects of Project BEl (3).

Measurement and characterization of ambiguous surface structure are an
important part of the project. NIPER is well equipped with the instrumen-
tation and has the expertise tor surface characterization by scanning electron
microscopy, clay mineral identification by x-ray dispersive analysis and pore
size distribution.

As more heavy oils are being produced, the resolution of these very
fundamental problems related to the economical recovery of heavy oil will
offer large benefits in the enhancement of heavy oil recovery, monitoring of
field development, and decision-making with respect to EOR. The importance of
this work is indicated by the work contracted out by DOE in field projects.

References
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Calif., Oct 5-8, 1983.
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Objectives

To develop a theory for measurement of in situ oil saturation in heavy
0oil reservoirs. )

Scope of Work

Research will determine the effects of wettability and clay minerals on
the determination of in situ oil saturation by electrical methods in heavy oil
reservoirs. A variety of methods for evaluating heavy oil saturation in
laboratory cores will be made using material balance, solvent extraction,
electrical resistivities, dielectric measurements, tracer injection, and other
techniques, The effects of EOR emulsions will be considered.

Work Plans
Task 1 - Obtain cores from heavy oil formationms.

Task 2 - Determine clay mineralogy by SEM/EDS method; conduct
resistivity measurements at various fluid saturations and
electrolyte concentrations; determine porosity and permeability
measurements,

Task 3 - Correlate resistivity with oil saturation using clay content,
clay type, API gravity of oil, and ionic concentration of brine
as parameters.

Task 4 - Perform a suite of o0il saturation measurements on water-
flooded cores using the techniques of material balance
(gravimetric and volumetric), resistivity, dielectric, and
solvent extraction.

Task 5 - Load these cores to different saturations with oils of
different API gravities, and determine oil saturation by
measuring resistivity, material balance (volumetric and
gravimetric), and if necessary use other methods.

Task 6 — Perform the same experiments for chemically flooded cores
- obtained from in-fill observation/evaluation wells.

Task 7 - Analyze all data and make recommendations to DOE on correction
factors to be included in residual o0il calculation from
electric logs.

Future Work

It is estimated that two years beyond FY84 will be needed to complete
this project. The additional work will include further core floods (see
Task 5) and data analysis to develop correction factors for residual oil
calculations.
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Manpower Requirements

Man-years
Electrical Engineer ' 0.5
Petroleum Engineer 0.5
Senior Chemical Engineer 0.3
Research Geologist 0.5
Research Chemist 0.5
Technician 1.0
Research Chemist 0.3
Associate Chemist 0.2
Senior Experimentalist 0.5

Total 4.3
Equipment Requirements

Available New
Resistivity measurement equipment 1
Dielectric measurement equipment 1
Scintillation counter 1
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PROJECT SCHEDULE AND MILESTONE
Project: Effect of Clay Minerals on 0il Saturation Determination

Report Date:
TASK Oct Nov | Dec Jan Feb | Mar Apr May | Jun Jul Aug | Sep Manpower/Manyears
- . A V
I. Obtain heavy oil cores HTTRTTTTTRTITTT 7T TTTRTTTTITATT777
C]ay_t nineralogy and resis- AV
P- tivity of saturated cores LILELLIRL AT D1 0 T T TTTRTTTTTATTTTTATT
Effgct‘of clays on Ay
B._resistivity [1111411111A01111
0i] saturation by other AV
._methods 11111811171411111
Pronrm uapm"u nequlr'menu AA AA AA B4 Aa AA AA B4 AA AA - AA B4 AA AA Ca!
Milestone Description

Task 1 (A) June 30, 1984
Task 2 (A) September 30, 1984
Task 3 (A) July 1, 1984
Task 4 (A) July 1, 1984

Reperting Reguirements

Aj1Stholaachmenth. .................
(8) 30 days after end s sach quarter . ........
(C)' 80 days after end of pregramyear. ... . ...

Completion of sample acquisition

Completion of analyses for a suite of cores

Initiation of correlation of parameters affecting resistivity

Begin 011 saturation measurements on waterflooded cores

Menthly Progress Repert
Juartarly Technical Progress Report
Annual Technical Progress Repert



BE1C. THREE-PHASE FLOW IN POROUS MEDIA

Background

This work addresses Items 5.1.2 and 5.1.3 of the Research Statement of
Work in the Cooperative Agreement between DOE and IITRI (DE-FCO1-83FE60149).

Three-phase flow is encountered in o0il reservoirs under solution gas
drive, gas cap pressure drive, steam drive, fireflood, carbon dioxide flood,
and in other situations where gas is present or introduced artificially into
the petroleum reservoir. The limited research on three-phase flow phenomena
has shown that the regime of three-phase flow is very narrow; however, the
presence of a third immobile phase has a profound influence on the transport
properties of two mobile phases in any porous medium (1,8,9). Therefore, an
accurate knowledge of three-phase flow behavior is extremely important to the
petroleum industry, especially since the advent of enhanced oil recovery tech-
niques that create three phases within the o0il reservoir by injection of gas
or volatilization of hydrocarbons.

Although numerous studies of two-phase flow have been reported in the
literature, the study of three-phase flow phenomena has been largely neglected
because of the complexity of the tests and mathematical analysis. However,
improvements in laboratory instrumentation and the advent of high-speed
digital computers have changed this status.

Because of the absence of three-phase relative permeability data,
petroleum engineers must rely on theoretically derived data based on question-
able assumptions. In addition, it has not been possible to relate other
measured rock characteristics (two-phase relative permeability and
wettability) to three-phase flow. Two-phase imbibition or drainage relative
permeabilities, which are common to conventional oil recovery processes, are
not applicable to some of the newer EOR techniques. Sometimes data are needed
for a three-phase system where almost any combination of two fluids or even
all three fluids may be flowing.

The concept of relative permeability was introduced early in the
petroleum industry to describe the relative flow characteristics of two
immiscible fluids in porous media, and it was extended to three-phase flow in
1941. The relative permeability of a given phase is the ratio of the rate of
flow of that phase, when other fluids are present, to the rate of flow of that
phase alone., Relative permeability has usually been found to be independent
of viscosity, pressure gradient, and rate of flow. It is affected, however,
by the relative wetting of the fluids on the rock (the distribution of the
fluids in the pores of the rocks).

Experiments at BETC have supported the conclusion that wettability is one
of the most important variables that affects the production history of a
waterflood (3). Wettability governs the location of the water and oil in the
pores and has a strong influence on the capillary forces that control the
microscopic displacement of o0il by water. Three distinct categories of
residual o0il are readily apparent: (1) the water-wet system in which water
occupies the small pores and wets most of the rock surface; (2) intermediate,
or neutral wettability; and (3) oil-wet systems in which o0il is occupying the
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small pores and wetting most of the rock grain surfaces. In a three-phase
system, gas is nonwetting and occupies the larger pores of the system, and its
saturation has a profound effect on the relative flow of the water and oil.

The capillary pressure relationships of immiscible fluids in a porous
system are quantitatively related to wettability methods for the determination
of wettability of the two-phase systems.

A review of the literature shows that many investigations have neglected
one or more of the following parameters: (1) wettability, (2) saturation
history, and (3) capillary end effects. A more systematic 1nvest1gat10n with
these parameters considered is needed (2-3,6-7).

This research is long-term, highly theoretical, and mathematically
intricate. It offers, however, the potential for tremendous gain in the
understanding of oil recovery by processes involving three phases are involved
such as gas miscible flooding, steamflooding, and emulsion recovery.
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5. Geffen, T. M., W. W. Owens, D. R. Parrish, and R. A. Morse,
"Experimental Investigation of Factors Affecting Laboratory Permeability
Measurements,'" AIME Trans., Vol. 21, No. 2, 1969, pp. 211-220.

6. Gottfried, B. S., W. H. Guilinger, and R. W, Snyder, "Numerical
Solutions of the Equations for One-Dimensional Multiphase Flow in Porous
Media," Soc. Pet. Eng. J., March 1966, Vol. 6, No. 1, pp. 62-72.

7. Perry, J. H., and E. H. Herron, Jr., "Three-Phase Reservoir
Simulation," J. Pet., Tech., Feb. 1969, pp. 211-220.

8. Sarem, A. M., "Three-Phase Relative Permeability by Unsteady-State
Method," Soc. Pet. Eng. J., Sept. 1966, Vol. 6, No. 3, pp. 199-205.

9. Sheffield, M., "Three-Phase Fluid Flow Including Gravitational,
Viscous, and Capillary Forces," Soc. Pet. Eng. J., June 1969, Vol. 9, No. 2,
PP. 225-269.

Objectives

To develop experimental procedures and equipment for obtaining reliable
and reproducible three-phase relative permeability measurements,
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Scope of Work

Laboratory procedures, apparatus, and mathematical routines will be
devised for the analysis of three-phase flow phenomena in porous geological
materials. The data will be used to elucidate the theory of simultaneous flow
of three immiscible fluids in porous geologic materials. It will also be used
to improve the techniques of reservoir modeling, three-phase EOR, and reser-
voir performance.

The laboratory work will first be confined to the simplest case using a
paraffin oil, brine, and Berea cores 25 cm in length. After laboratory
techniques have been developed, systems of various wettability conditions will
be examined and the behavior of three immiscible liquid phases under simulta-
neous flow conditions will be determined. Thus, the work will relate to the
flow of gas-crude oil-water systems and three-phase liquid systems in
sandstones.

Work Plans

Task 1 Select experimental methods based on a review of the

experiences at BETC and the literature.

Task 2

Construct apparatus for fluid flow experiments at simulated
reservoir conditions at any depth up to 8,000 feet; arrange the
apparatus for simultaneous measurement of fliuid flow rates,
pressures, and temperatures; calibrate and document the
equipment,

Task 3

Measure three-phase permeability on Berea core with paraffin
0il and brine.

Task 4

Develop a mathematical simulator to determine the three-phase
relative permeabilities from the fluid flow data from core
tests. This should be a finite difference solution of the flow
equations for oil, water, and gas, and must incorporate
capillary pressure relationships.

Task 5

Analyze the data and recommend further extension of work.

Future Work

Two additional years will be required to complete this research. This
will include extending the mathematical simulator to three-dimensions for EOR,
conducting laboratory experiments with steam, and extending the work to oil
field cores of sandstones and carbonates.
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Manpower Requirements

Man-years
Senior Chemical Engineer 0.5
Research Engineer 0.5
Associate Engineer 1.0
Petroleum/Chemical Engineer 0.5
Technician 1.0
Total 3.5
Equipment Requirements
Available New
Relative permeability setup (3-phase) 1
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PROJECT SCHEDULE AND MILESTONE

Project: 1hree-Phase Flow in Porous Media Report Date:
TASK Oct Nov | Dec | Jan Feb | Mar | Apr | May | Jun Jut Aug | Sep Manpower/Manyears
Select experimental Ry
1. mezhods [T AT HTTIVTTTTIVTTTTT
Construct apparatus and , AV
2. tests (1I1TALELTALLT T T T TTT I TTT
Relative permeability of AV
3. paraffin - brine system HTRTTTTTNTTTT T T IV TT T IV T Ty 7777
Develop mathematical RV
4. simulator iy innnmmnnnnTsnnnnnnogn
A
5. Analyze data ///;/
Progress Reporting Regquirements AA As AA B4 AA AA AA B84 A AA Ra 84 AA AA Ca'
Milestone Description

Task 1 (A) February 28, 1984

Task

AV

(A) Ap-il 30, 1984
Task 3 (A) June 30, 1¢84
Task 4 (A) August 30, 1984

Task 5 (A) September 30, 1984

Reporiing Requirements

Zxperimental methods after selected review of literature

Complete construction of final ajparatus for three-phase fluid flow

.

Complete relative permeability d2termination with paraffin - brine system

Zomplete the development of a lajoratory mathematical simulator for
compilation of 3-phase relative jdermeabilities as functions of the
Fluid saturation distributions a3d capillary pressure

Recommend future work

MiStheleachmonth. ..........ccovut Monthly Progress Regort
(B) 30 days after end of exchquarter . . ....... Quarterly Technical Pregress Report
(C)' 9D days after end of programyear . ....... Annual Technical Progress Report



BE2. RESERVOIR SCREENING AND RECOVERY PREDICTIONS

Routine application of EOR processes requires that the process be
predictable from the standpoint of the industrial community. Predictability
depends on the quality of the data used and the quality of the computer
models. Data collection and validation on large numbers of reservoirs and the
development of good predictive models are very expensive and time-consuming
tasks. Mathematical concepts used in EOR prediction models should be changed
or modified as our understanding of the physics and chemistry involved in the
specific EOR processes is improved.

In recent years, DOE/BETC developed a program to provide extensive
assessments of EOR processes in relation to their respective pred1ctab111t1es
and recovery efficiencies. The principal goals were to:

(1) assess the state of the art in EOR across all processes and
reservoir types, including performance, feasibility, and level of
risks

(2) estimate the technically and economically feasible EOR production of
the state of the art

(3) appraise the incremental production benefits attributable to
specific engineering advances in technology beyond the state of the
art

(4) provide a preliminary appraisal of the feasibility of novel EOR
processes

(5) serve as a comprehensive repository of data on the properties of the
domestic resource base, EOR projects in the field, and the current
overall understanding of EOR technology.

Progress has been the development of an EOR project data base, an EOR
reservoir data base, and simplified predictive models. The EOR project data
base is a comprehensive compilation of data on 645 ongoing or proposed EOR
projects. It represents detailed source of data for evaluating state of the
art technology, and a source of data for verifying current mathematical
representations of that technology as they exist in the simplified models and
reservoir simulators. Those projects exhibiting "advanced" techniques,
usually pilot tests, are used to define and design mathematical theories to
predict recovery under the reservoir properties and EOR process parameters
used in the test.

The reservoir data base is a comprehensive compilation of data on
reservoirs that are amenable to one EOR process or another. This source of
data is used in conjunction with the simplified predictive models to define
the respective expectation in increased recovery through various engineering
improvements to assess Federal EOR priorities that assist in refining the EOR
R&D program,
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To complete the suite of necessary tools to predict accurately the EOR
potential resulting from improved technology and types of reservoir prop-
erties, Fossil Energy has been developing economic and time-rate recovery
models. FEconomic models are used to estimate the amount of economically
recoverable o0il. Time-rate recovery models are used to convert estimates of
technical and economic recovery to feasible production rates given logistical,
personnel, environmental, and supply constraints.

Currently, the predictive models have undergone testing by the National
Petroleum Council (NPC), an industry advisory panel to the Secretary of
Energy, that is conducting an in-~depth, detailed appraisal of EOR potential.
The NPC representatives have also validated and verified reservoir data in the
reservoir data base for those reservoirs that contained a minimum of
50 million barrels of o0il originally in place.

The EOR project data base is compiled and has been verified and is now
undergoing the first cycle of updating to current injection/production levels
and current properties,

BE2A. [EOR NATIONAL POTENTIAL

Background

This work addresses Items 5.1.3 and 6.1.6 of the Research Statement of
Work in the Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149).

The United States has a large potential source of oil. Of the
465 billion barrels of oil discovered, only 130 billion barrels has been
produced, and another 29 billion barrels is expected to be produced by
conventional means. Current enhanced recovery estimates (l-4) range from 18
billion to 53 billion barrels of oil to be recovered out of a total target of
300 billion barrels. As EOR technology advances and new information on
smaller reservoirs becomes available and changes in economic climate occur,
new assessments of EOR potential will be needed. These assessments will
provide the "standard" from which the effects of engineering advancements on
EOR may be estimated and, as such, will be a vital component in defining the
Federal R&D role in EOR.

References

1. BETC Staff, "Technical Constraints Limiting Application of Enhanced
0il Recovery Techniques to Petroleum Production in the United States,"
DOE/BETC/RI-80/4, Sept, 1980,

2. National Petroleum Council, "An Analysis of the Potential for
Enhanced 0il Recovery from Known Fields in the United States--1976-2000," NPC,
Dec. 1976.

3. Lewin and Associates, "Enhanced 0il Recovery in the Culf of Mexico,"
DOE/ET/14010-2, Vol. 1, 2, 3, and 4, Jan. 1983.

4, Lewin and Associates, "Economics of Enhanced 0il Recovery,"
DOE/ET/12072-2, May 1981.

40



Objectives

To determine the impact of including reservoirs with less than 50 million
barrels of o0il in place in the National EOR potential.

Scope of Work

This project will assess the potential of EOR using existing data sources
and predictive models. In contrast to the NPC group, which studied reservoirs
having 50 million or more barrels original oil in place (00IP), this research
is designed to use 20 million barrels as a minimum, which will improve the
statistical base for the study. The reservoir data base is missing
approximately 40 billion barrels OOIP in the larger fields (those greater than
50 million barrels OOIP) and another 40 billion barrels OOIP in those
reservoirs with 20-50 million barrels OOIP. The existing data base plus the
addition of the 80 billion barrels OOIP are to be analyzed using existing
predictive, economic, and timing models to define the National EOR potential.
Data collected will be analyzed and documented for quality and reservoir
relevance,

As abandoned o0il fields are also a potential source for EOR, these oil
fields should be screened for technical/economic application of EOR. DOE/BETC
has recently published reports listing characteristics of abandoned oil fields
in many states. These reports should be useful in determining the probability
of incorporating the abandoned oil fields into the EOR resource base.

Work Plans

Task 1 - Collect, document quality, and integrate reservoir data from
public sources into the data base to complete the statistical
base of reservoirs having 20 million barrels OOIP or greater,

Task 2 - Validate, correct inaccuracies, and devise default values for
the data base.

Task 3 - Analyze reservoir data base using predictive models to
define "baseline" EOR potential in the United States.

Task 4 -~ Determine whether abandoned o0il fields represent a viable EOR

resource target, and if so, are they adequately represented in
the DOE reservoir data base.

Future Work

To extend statistical base to 10 millions barrels of OOIP or greater and
improve accuracy of data during FY85 and FY86.
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Manpower Requirements

Man-ycars
Research Petroleum Engineer 1.2
Research Chemist 0.2
Program Analyst 0.7
Computer Operator 0.3
Senior Chemist 0.2
Total . 2.6

Equipment Requirements

A special requirement of these projects is access to computerized data
hases. For this project access to the EIA and DOE/BPO (PE 7/32) computers is

essential,
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Project: EOR National Potential

PROJECT SCHEDULE AND MILESTONE

Task 1 {A) September 30, 1984
Task 2 (A) September 30, 1984
Task 3 {A) September 30, 1984
Task 4 (A) March 31, 1984

Reperting Requirements

Report Date:
TASK Oct Nov | Qec Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep
1. Increas= statistical base ' A
to >20 mm barrels 00IP ST TR T T TTTT T T T T T T T T T 7Y T T T T 7777
2. Validate and correct data T AV
base LI LA LA L LYY L LY LY T
3. Define EQOR "baseline" . A
potential for reservoir datp L R VT T Y 1T YT 7T
4. EOR from abandoned oil fieliT 77 ﬁ? :
{ Progress Reporting Requiraments AA AA AA B84 RA AA RA B4 AA AA AA B4 AA Aa Ca'
Milestone Description

Report on statistical base greater than 20 million barrels 00iP.

Report on validation and correction to data base

Report on reservoir data base EOR baseline potential
Report on EOR potential of abandoned oil fields

M15heteschmonth. ................. Monthly Pregress Repert
(8) 30 days after snd ef each guarter . . ....... Quarterly Technical Progress Repori
(C) 90 days after snd of programyesr . ... .... Anrusl Technical Progress Repert

Manpower/Manyears




BE2B. TECHNOLOGY APPRAISAL

Background

This work addresses Items 5.1.3, 6.1.7, and 6.1.8 of the Research
Statement of Work in the Cooperative Agreement between DOE and IITRI
(DE-FC01~-83FE60149).

One of the dominant strategies of the EOR R&D program plan (1) is to
consolidate and assess the results of research in EOR. To fulfill this
strategy, BETC has been building an integrated system of reservoir and EOR
project data bases, EOR process screening and performance prediction models,
EOR economic models, production timing and logistics models, and system
software to link all the components together.

One aspect of this strategy is the building of an EOR project data base.
The need for this data base is three-fold:

(1) Thiy dala base provides reservolr rock and fluld dats,
information on EOR fluid injection rates and volumes, and data
on fluid production rates and volumes. This type of data is
necessary to evaluate the predictive models for accuracy and
ensure the predictions are based on state of the art technology
as evidenced in existing EOR projects.

(2) Assessment of the state of the art in EOR technology is
achieved by correlating the rock and fluid properties and their
impact on the efficiency of o0il recovery.

(3) Through this data base, assessments of oil industry trends in
EOR can be accomplished and will show which processes are being
used, the degree of use, the reservoir condition conducive for
EOR processes, and, to some extent, the level of confidence the
0il industry has in a given EOR process. This information is
necessary in focusing and ranking the Federal EOR research
program.

Data collected for the EOR project data base have been compiled into a
computer data base structure. The data include from reservoir rock and fluid
properties determined at reservoir discovery through EOR process data.
Unfortunately, some data sources were not comprehensive because of significant
missing data. Where possible, these deficiencies should be rectified.
Production and injection data for some reservoirs certified in the Tertiary
Incentives program are being collected and computerized, and new data
generated through the cost-share program are being compiled from program
reports. No other data on new or old projects, however, are being collected.
To keep the data base and subsequent analyses current, additional data
collection and analysis efforts are required.

References

1. BETC Staff, "Enhanced 0il Recovery R&D Program Plan 1983," BETC,
Bartlesville, Okla., June 1983.
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Objectives

To assess the state of the art in EOR technology annually.

Scope of Work

The data base contains information on more than 640 EOR projects, but
analysis of the current literature reveal about 50 EOR projects not
represented in the data base. The literature will be examined to gather the
basic data necessary for analysis on these projects. Additionally, data on
the Tertiary Incentives program are collected on an annual basis. All
available data will be evaluated and compiled into the data base for subse-
quent analysis. '

Process predictive models will be applied to the project data base.
Production and economic results will be compared with actual field experience
from the same projects. Those same results will also be compared with those
from reservoir simulators where simulator data are available. Discrepancies
between prediction and field experience will be analyzed to determine if the
discrepancies are the result of model failures or special field conditions not
considered in the analysis., Modifications to model theory will be defined
where necessary to reflect the state of the art in process technology more
accurately.

By using the updated project data base containing current information on
EOR process characteristics, reservoir conditions, and recovery efficiencies,
a state of the art (S0A) picture of EOR process technology will be estab-
lished. From a historical file of these annual SOA's, the trends in EOR
process initiation and results will be analyzed.

Work Plans

Task 1 - Collect, evaluate, and compile EOR field data for those
reservoirs currently in the EOR project data base.

Task 2 - Improve current scope of data base by comparing publicly
available data on EOR pilot and field tests to those already
existing in the file and collect, evaluate, and compile data
for those reservoirs not included in the current file.

Task 3 - Analyze EOR potential of ongoing projects by using process
predictive models to provide an estimate of current EOR
production,

Task 4 - Analyze discrepancies between predicted and actual field
performance.

Task 5 ~ Analyze the state of the art for technology trends as

exhibited in active EOR projects.
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Future Work

EOR field data on current and new EOR projects will be collected and
analyzed for current trends for EOR projects,

Manpower Requirements

Man—zears
Research Chemist 0.4
Program Analyst 0.3
Computer Operator 0.2
Senior Chemist ‘ 0.1
Total 1.0

Equipment Requirements

A opcecial requircmont of thece projects is access to computerized dara

bases. For this project access to the EIA and DOE/BPO (PE 7/32) computers is
essential.
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PROJECT SCHEDULE AND MILESTONE

Task 1 (A) April 30, 1984

Task 2 (A) June 30, 1984

Task 3 (A) Auqust 31, 1984

Task 4 Continuing

Task 4 (A) August 31, 1984

Reporting Regquirements
(Ay15thoteschmenth.........
(8) 30 days afier end o each quarier

.........

Complete addition of annual data

Complete addition of new project data

Complete updated determination of EOR potential

Profect: _'echnology Appraisal Report Date:
TASK Oct Nov | Dec Jan Feb | Mar | Apr | May | Jun Jut Avg | Sep Manpower/Manyears
CoTTect date to update AV
. project data base TTTTTTTTTT T 7T T AT T T T T AT T T T T T TTT AT TT7
‘Expand scope of project Av
¢ data base J7TTT T 7T T T T T T AT T T AT T T T T AT T T T T AT T T T T AT TT T TATTT TT AT TTTT AN 7777
Analyze EOR potential of AV
B. projects JTTITITTT T T T AT T 7T T AT T T T T AT T T T T AT T T T T AT T T 7T AT 7T T 7T AT T T T T AT T TT I T 777
f. Discrepancy analysis JIT T T T T 7 T T T T 1T AT T T T T T T AT T T T AT T TTT AT 7777
i
b. Analyze curvent EOR trends 777777y i 7T 77T TTATTTTTATTTTTATTTTTATTTTT AT TTTT N TTTT T TTT A 7777
Progress Reporting Requirements AA Aa AA 84 AA AA AA B4 AA Aa AA 84 AA AA Ca'
Milestone Description

Discrepancy analysis between predicted and actual reservoir performance

Complete analysis of current EOR trends

Maonthly Progress Report
Quarterly Technical Prograss Report

(C)' 90 days after end of programyear. . ...... Aanual Technica) Progress Report



BE2C. PROCESS PREDICTIVE SCREENING MODELS

Background

This work addresses Items 5.1.3 and 6.1.7 of the Research Statement of
Work in the Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149).

To complete the suite of necessary tools to predict accurately the EOR
potential resulting from improved technology and types of reservoir prop-
erties, BETC has been developing economic and time-rate recovery models,
Economic models are used to estimate the amount of economically recoverable
0oil. Time-rate recovery models are used to convert estimates of technical and
economic recovery to feasible production rates given logistical, personnel,
environmental, and supply constraints. These are simple models that need to
be improved and updated as the state of the art advances.

In the 1970's, several large EOR pilot tests were initiated, most of
which were stimulated by the DOE cost-shared program. The objective of these
cost-shared projects was to encourage oil companies to apply state of the art
0il recovery techniques to the field, €6 evaluate the porentials aud
shortcomings of these processes, to explore the effectiveness of the
simulation and scaling process, and to determine the effects of the most
important reservoir characteristics.

These cost-shared projects have generated a tremendous amount of
information, which should be collected, evaluated, and disseminated to the
public. A number of these cost-shared projects, which were completed, have
been evaluated (l1-5). A few alkaline and surfactant polymer projects that are
still in progress and have not been evaluated. These are good candidates for
a postflood evaluation program.

References

1. Keplinger and Associates, "An Evaluation of the North Burbank Unit
Tertiary Recovery Pilot Test," DOE/BC/10033-2, August 1982.

2. Keplinger and Associates, "Evaluation of the Bodcau (Bellevue) In
Situ Combustion Project," DOE/BC/10033-4, October 1982,

3. Keplinger and Associates, "An Evaluation of the Bell Creek Field
Micellar-Polymer Pilot," DOE/BC/10033~5, December 1982,

4, Keplinger and Associates, "Evaluation of the North Stanley Polymer
Demonstration Project,'" DOE/BC/10033-6, February 1983.

5. Keplinger and Associates, '""Evaluation of the Coalinga Polymer
Demonstration Project,'" DOE/BC/10U33-/, April 1983.

Objectives

To estimate the effects of future technology improvements on the National
EOR potential.
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Scope of Work

DOE has funded extensive research to define specific aspects of each
recovery mechanism employed in EOR. From this research and other research
reported in the literature, reasonable estimates of future technology
improvements can be made. By extrapolating these data, mid-future to
long-term technology improvements can be estimated. Using these various
estimates, the effects of technology improvements on EOR potential can be
postulated. As many levels of advanced technology can be classified in the
long-term, high-risk category, estimates of EOR potential using these
technology improvements will benefit EOR program planning,

Two aspects of this program are extremely important: (1) defining
current technology, and (2) defining and representing advanced technologies.
As advances in technology are encountered, they become "current" technology.
As "current" technology is the standard used to compare estimated effects of
advancing technology, the estimates of "current" technology must be kept at
the state of the art. Therefore, all engineering advances and theoretical
improvements must be mathematically represented in the predictive models.

Two cost-shared projects will be studied in detail using sophisticated
process models. Laboratory design and reservoir characterization programs
will be evaluated, and recommendations for future projects will be made based
on the latest understanding of the processes. Simulation of field results
based on recommended design will be made for comparison studies.

Work Plans

Task 1

Evaluate and improve process predictive and screening models
by comparing predicted results from screening models with data
gathered from the EOR cost-shared program. Data from Incentive
Files will be used if cost-shared data are inadequate. Do a
sensitivity analysis for all input variables to determine
potential problem areas. Improve model algorithm or develop
new algorithms to predict field performance more accurately.

Task 2

Select, with the Bartlesville Project Office, two cost-shared
projects for detailed study. Select computer models and
collect the data (reservoir, laboratory, and field) required.
Evaluate laboratory design and reservoir characterization
programs, Recommend improvements and/or further research.

Task 3 - Evaluate each of four predictive algorithms for applicability
to steam drive EOR: GOMAA, Intercomp, SUPRI, and Jones. If
any algorithms are inaccurate and/or inappropriate remove them
from the system. Define limits for reservoir properties and
how they affect predictability.

Task 4

Evaluate and define limits of applicability for the micellar-
polymer screening model using available data from cost-shared
program. Determine the pattern size, slug size, and buffer
size that most accurately predict greatest EOR. Improve
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algorithm to predict production more accurately, and determine
the variables that can be changed to maximize production.

Task 5 - Review recent literature for research and development results
on EOR processes. Use this information to improve or develop
new algorithms to predict laboratory and field results., Other
models that are publicly available will be studied for
algorithms or techniques that would improve the screening
models. Where applicable, these improvements will be made.

Future Work
Continue to improve EOR predictive and screening models., Continue to

improve or develop new algorithms to predict laboratory and field results.
Expand work to include promising new EUR processes during FY85 aund FY86.

Manpower Requirements

Man—zears

Research Petroleum Engineer 1
Research Chemist 0
Computer Operator ‘ 0.
Senior Chemist 0

Total 2.4

Equipment Requirements

A special requirement of these projects 1s access to computerized data
bases. For this project access to the EIA, DOE/BPO (PE 7/32), and a large
(e.g., Tulsa University's) computer is essential.
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PROJECT SCHEDULE AND MILESTONE

Reporiing Regulrements

N i15thefechmonth. . ........
ll!l&)dtnuﬂnmddughumﬂlr .
{C)' 90 days siter end of program yesr

Quarterly Techrical Progress Repert
Annual Technical Progress Report

Project: Process Predictive Screening Models Report Date:
TASK Oct Mov | Dec | Jan | Fed | Mar | Apr mi Jun Jul Aug | 8ep | Manpower/Manyers
. Compare predictions to field AV BV
data & improve algorithms YV////WV///1/0 1117707717 17¢077717707078770070770174771178111174171717A111717
2. Detailed study of Z cost- . AV ' A% ¢V
shared projects VNI YL LR LA L AL L LLALL L L
3. Evaluate steam algorithms AV
N I SN IR A sas s v e vaas.
4. Evaluate micellar-polymer ' 1l AV
algorithms ‘ nnnlnnniinnininmunnman
. | ' AV
5. Improve EOR models 7, ZAT T VO T YA VRRE A VA0 VAT VAT VAR an oo,
Progress Reporting Requirements Aa A A 04 AA A AA B3 AA A Aa B4 AA Aa CA
4 Milestone Descdﬁtlon
Task 1 (A) April 30, 1984 Complete comparison of models with cost- shared prOJects
(B) September 30, 1984 Report on model 1mnrovements '
Task 2 (A) February 28, 1934 Select projects and models
(B) June 30, 1984 Complete evaluation of laboratory des1gn and reservoir charactemzatmn work
(C) September 30, 1984 Report evaluations and make recommendations
Task 3 (A) March 3}, 1984 Report on steam model improvements
Task.4 - (A) March 31, 1984 Report on micellar-polymer improvements
Task 5° (A) September 30, 1984 Report on EOR model



BE3. EOR ENVIRONMENTAL COMPATIBILITY

Underground injection of microorganisms and chemical compounds to enhance
0il recovery could present a problem for future generations. This poses a
possibility that environmental advocates could impede the use of EOR
technology that involves the subsurface injection of large quantities of
microorganisms and chemical compounds (microbial and chemical EOR have the
highest priorities in the DOE program). Therefore, it is important that
research is needed for a better understanding of the long-term mutations,
migration, and chemical transformation of injected compounds. Lack of
knowledge in this area could impede enhancement of 01l recovery by injection
of EOR agents,

At abandonment of an EOR project, significant quantities of chemicals are
left in the reservoir in varying amounts, either dispersed throughout the
reservoir or in zones containing high saturations of the chemicals. These
chemicals are not only the principal EOR recovery reagents such as polymers,
alcohols, and surfactants, but also additives and workover fluids such as
biocides, chelating agents, oxygen scavengers, and others.

Even the immediate effects of EOR chemicals are not well characterized
toxicologically, although some of them are recognized to be carcinogens in
" laboratory animals. Also, many of the chemicals could cause other health
problems. There is little or no information on the long-term effect of these
agents to the reservoirs or the 0il in contact with them. The question
arises, are the hazardous properties enhanced over a period of years? Future
production from these reservoirs could consist of fluids with a higher than
usual toxicity and require special handling, storage, and refining procedures.

BE3A EFFECT OF MICROBIAL TECHNOLOGY ON EOR

Background

This work addresses Items 5.1.3 and 6.1.2 of the Research Statement of
Work in the Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149).

The introduction of microorganisms into a reservoir for the purpose of
enhancing oil recovery was first suggested by Beckman in 1926. The pioneering
studies by C. E. ZoBell under API Research Project 43A (1943-1953) showed
possible mechanisms by which microorganisms could cause oil release. Workers
in the USSR were extremely active and completed extensive examinations of the
microflora of oil field waters and developed a strong geomicrobiological base.
Such work was complemented by studies in Czechoslovakia, Poland, and Hungary
that involved various aspects of the laboratory and field tests of the
technique, In 1954, Mobil 0il Co. conducted a field test in the United
States, while other field tests were made in Czechoslovakia (1954-1958).
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Various techniques, cultures, modifications, and studies were made during
that period but most results were restricted by proprietary interests and were
released only through the patent literature. In the 1960's additional field
tests were conducted in Poland, Hungary, and the USSR, but interest in the
United States had declined because of low oil prices. These initial studies
showed the Microbial Enhanced 0il Recovery (MEOR) process to be a feasible oil
production technique, although a significant amount of research is still
necessary to advance the process to a state for routine application.

Even though the process is a feasible o0il production process, significant
potential environmental problems are inherent with this technology. In fact,
often the injection materials themselves need environmental consideration for
long-term potential health hazards. Cultures employed in field tests vary
depending on the investigator and country, but consist of inoculum ranging
from specific microorganisms with nutrients to injection of sewage. Tests are
generally carried out in stripper wells with little process or reservoir
control (1l). These activities are not generally long-term tests (relative to
chemical EOR) and often have no postmortem analysis. Once abandoned, the
bacterial activity through successive mutations could continue with deleter-
ious results (gté)' Long-term tests of microbial action upon crude oil
reservoirs have not been adequately addressed in the present research program.

Microbial activity in reservoirs is often dramatic as results from some
field tests have shown (1). The effects of fracturing with microorganisms
were compared to fracturing in the absence of microorganisms. Fractures could
extend into fresh water aquifers especially in shallow, heavy o0il reservoirs.
That microorganisms could exert such massive changes in o0il reservoirs has
been demonstrated in the past, much to the concern of the oil industry, by
reports of entire oil and gas reservoirs turning sour with hydrogen sulfide
because of microbial action. The premise for research is that if such
uncontrolled microbial action has occurred, it is possible that similar but
controlled microbial processes can be employed that will lead to additional
0oil recovery. However, it also poses the problem that once a field project is
initiated and abandoned, an uncontrolled action could occur with environmental
and health hazard consequences.

Completion practices in MEOR field tests also need significant study
because of the immense corrosion problems associated with microbial activity.
Chemicals produced in situ, especially acids and sulfur compounds, corrode and
in some cases perforate casing, allowing the possibility of cultures entering
other horizons in the geological sequence.

Preliminary information on environmental problems inherent with MEOR is
scattered through the literature, often in obscure publications. Information
on MEOR studies from several countries, university laboratories, and isolated
field tests needs to be assimilated into a logical, coherent data file. A
systematic search of the ordered extant data, along with data from current
studies should be made to define the state of the art of MEOR and potential
long term environmental hazards.

Along with the definition of these potential hazards, laboratory
techniques need to be defined for evaluating the postulated hazards under
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simulated reservoir conditions. Routine core flooding techniques do not have
the capability to simulate long-term injected fluid residence in a reservoir.
Provisions for simulation of passage of time such as programmed temperature
increase or other techniques need to be developed. Concurrently, any changes
in process performance resulting from this simulation will need to be
evaluated.

Microbial EOR is the largest component of Novel Recovery Process R&D in
the Federal program (4). Ultimately, the use of microbes as an effective EOR
method requires the development of microbial systems specifically for the
recovery process and, only then, their application in the field. The Federal
program is determining, in contractor and university laboratories, the
effectiveness of several possible approaches to microbial EOR (5). The
DOE-supported university program consists of a sampling of research efforts
covering broad areas of biodegradation of compounds used in EOR, isolation of
bacteria for EOR application, transport of bacteria in petroleum reservoirs,
EOR chemical production, and bacterial degradation of crude oils. Industry is
heavily involved in this techmnology supporting similar type research, but
targeted toward specific products and their reservoirs (l). Many papers have
been published and conferences are being sponsored Lovering advances in the
technology (6).

In support of the Federal program, this research addresses the identi-
fication of potential environmental hazards, changes in process performance,
and the definition of validation research.
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Objectives

To identify potential long-term environmental hazards and process
performance of MEOR process,

Scope of Work

A literature survey of published results on the MEOR process as developed
in various laboratories and field tests will be conducted. The information
will be assimilated into an MEOR process data file.
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The information will be studied and organized to develop (1) a set of
potential, long~term environmental hazards, (2) long-term changes in process
performance, (3) a format for a computerized state of the art data file, and
(4) future research recommendations on the MEOR process. :

Laboratory techniques will be defined for use in testing MEOR
efficiencies and to substantiate long-term environmental hazards., The long-
term laboratory tests will be designed to simulate reservoir conditions and
can be used to determine microbial generated chemicals; o0il production
efficiencies; pressure generated; changes in characteristics of the oils,
brines, and rocks; and other important data related to oil production and/or
environmental impact.

)

Work Plans

Task 1 - Perform a literature study to evaluate the state of the art of
MEOR.

Task 2 - Define a format for development of a computerized MEOR data
file,

Task 3 - Evaluate potential long-term environmental and process
performance effects of MEOR.

Task 4 - Design a laboratory model to simulate reservoir conditions for
effects identified in Task 3.

Task 5 - Present evaluations and conclusions in a report; make
recommendations for further research.

Future Work
If the decision in Task 5 is to extend. the project, experiments will be

performed on the o0il recovery efficiency of MEOR process and the environmental
effect of this process will be assessed during FY85 and FY86.

Manpower Requirements

Man—zears
Microbiologist 1.0
Senior Chemist 0.5
Associate Chemist 1.0
Total 2.5
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Equipment Requirements

Availahle New
Microscope 1
Culture oven and accessories 1
Fluid pumps 1
Core test facility 1
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PROJECT SCHEDULE AND MILESTONE
Project: Effect of Microbial Technology on EOR

Sep Manpower/Manyears

{8) 30 deys after end of pach quarter .. .. .....
[C)' 90 days after end of program year........

Quarterly Technical Pregrass Report

Anmnual Technical

Progress Repert

Report Date:
TASK Oct Nov | Dec Jan Feb | Mar | Apr | May | Jun Jul Aug
Evaluate state-of-the-art AV BV
- of MEOR NN
Define.format for MEOR Av
2. data file L R
Postulate amnd extrapolate Av
3. environmental risks LITTIYITITrYrrrry
Design Taboratory model to AV
4. simulate MEOR condition 7777V T TTTVITT77E7 7777
Review project with DOE; v BY
5. to determine feasibility V77777V 77777
for expansion
Progress Reporting Requirements AA Aa AA B4 AA AA AA B3 AA AA AA B4 AA Aa Ca'
Milestone Description
Task 1 (A) March 31, 1984 Complete evaluation of state-of-the-art of MEQR
(B) July 31, 1984 Complete preliminary reservoir screening
Task 2 (A) July 31, 1984 Complete dictionary for MEOR data file
Task 3 (A) July 31, 1984 Review with DOE to determine feasibility of continuing
Task 4 (A) July 31, 1984 Summarize specifications for evaluation and recommendation from
NIPER advisory panel
Task 5 (A) June 30, 1984 " Review with DOE to determine feasibility of expansion of scope of work
(B) July 31, 1984 Final program scope review with BP0
Reporting Regquirements
{A)15thefeachmenth.................. Menthly Progress Report



BE4. BASIC STUDIES OF EOR CHEMICALS

This work is a continuation of a BETC program on long-range research. It
seeks a basic understanding of the physical chemistry of chemical EOR systems
in terms of colloidal properties of surfactants and crude oils, and their
thermodynamic properties. The result will be the ability to formulate systems
with greater stability, and to be able to predict and optimize adsorption and
phase behavior beyond the range of experimental measurements.

BE4A. BEHAVIOR OF SURFACES WITH ADSORBED MATERIALS

Background

Thias work addrceces Items 5.1.2 and 6.1.2 of the Research Statement of
Work in the Cooperative Agreement between DUE and IITRI (DE-FCU1-Y3FEsUL4Y).

This project supplements Project BE1B, which deals with more fundamental
chemical problems of interaction of polar compounds in crude. oil with rocks,
and ion exchange reactions of the minerals in contact with the aqueous phase.
This work deals with the behavior of surfaces that have adsorbed layers of
crude oil components, especially with regard to oil mobilization.

Because adsorption of oil components is partly reversible, the
wettability during displacement takes intermediate values and does not. stay
constant. Also, because of the different reactivities of various minerals,
wettability can vary from point to point on the rock surface. The interplay
of these factors has been investigated experimentally and theoretically at
various laboratories, Nevertheless, there is still divergence of opinion on
the effect of intermediate and mixed (spotty) wettability on oil recovery.
Most data have been acquired on strongly water- and oll-wei systewms, aud it
has usually been assumed that recovery decreases as o0il wettability increases.
Conversely, results at this laboratory showed a maximum in oil recovery at
neutral wettabilities (1); but the wettability in these experiments was not
uniform throughout the sample. Subsequent experiments with uniform
wettability were rendered uncertain by changes in wettability during the
period of measurement. Moreover, preliminary studies of mixed-wettability
systems indicate they do not behave like uniform systems. There is a need for
systematic studies using known stable solid surfaces.

Ion exchange and adsorption from aqueous solutions influence the
electrical charge of the rock surface (2). Measurement of electrophoretic
mobility is a tool for evaluating the interaction ot rock sutrfaces with oil
and EOR chemicals.
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1. Lorenz, P. B., E. C. Donaldson, and R. D. Thomas, "Use of
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Objectives

To correlate the effect of wettability changes on relative
permeabilities. '

Scope of Work

Electrophoresis and wettability measurements will be made on systems with
adsorbed substances on the solid surface, or on artificial materials or
surfaces that simulate such systems. Stable, intermediate, and mixed (spotty)
wettability cores will be prepared for a study of this effect on capillary
pressures, oil displacement, and relative permeabilities. This study will be
guided by previous work. Electrophoretic measurements will be made on
homoionic clays and other minerals over a range of salt concentration
representative of reservoirs, and with pH values representative of alkaline
floods. Adsorption and desorption of sulfonates, disulfonates, and polymers
will be correlated with the electrophoretic measurements. Recommendations
will be made on the design of preflush, surfactant, and polymer slugs for
favorable wettability control and reduction of adsorption losses.

Work Plans

Task 1 -~ Utilizing a procedure. determined previously at this laboratory,
prepare sand packs and cores with intermediate wettability,
measured by capillary pressure, and carry out oil displacement .
tests,

Task 2 - Develop techniques for preparing mixed wettability systems
and perform similar measurements as above.

Task 3 - Assemble and test electrophoresis equipment and make pilot
measurements with kaolinite suspensions.

Task 4 - Analyze data and recommend future work.

Future Work

This work is estimated to be a two-year effort. The second year will be
needed to complete the wettability work and will include relative permeability
measurements. Electrophoresis techniques will be extended to high salinity,
high pH, and other minerals. Application to modeling of processes will be
congidered.
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Manpower Requirements

Petroleum or Chemical Engineer
Technician

Total

Equipment Requirements

Electrophoresis equipment
Centrifuge
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PROJECT SCHEDULE AND MILESTONE
Project: _Behavior of Surfaces with Adsorbed Materials

Report Date:
TASK Oct Nov | Osc | Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep | Manpower/Manyears
- iy AV BY
1. Intermediate wettability J77TTETTTTTIT T T T T T T T IT T TAT T T T AT T T T T AT T TT7
Av
2. Mixed wettability 117118111171411717
N\
3. Electrophoresis TTTTT{TTTTT T TITTATTTT 777777
Av
4. Analyze data 7777737777
Progress Reporting Requirements Aa AA AA B4 Aa AA AA B4 Aa AA AA B84 Aa Aa Ca
Milestone Description

Task 1 {A) March 31, 1984
(8) June 30, 1984

Task 2 {A) September 30, 1934

Task 3 (A) July 31, 1984

Task 4 'A) September 30, 1934

Reporting Requirements

fA)15thefeschmonth. . ......
{B) 30 days ater snd of sach quarter
{C)! 90 days aker end of programyesr . . ...... Arnual Technics! Progress Report

.......... Msnihly Progress

Complete literature review
Complete development of the technique for producing intermediate wettability

Complete develooment of the technique for producing mixed wettability

Acquire facility in working with the equipment

Recommend future work

Report

......... Quarterly Technical Progress Report



BE4B. ADSORPTION OF SURFACTANT SLUG COMPONENTS ON RESERVOIR MINERALS

BackgrOund

This work addresses Item 5.1.2 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FCO1-83FE60149).

Adsorption losses of injected chemicals are a serious obstacle to
successful chemical flooding. The problem is somewhat more serious with
nonionic than with anionic surfactants. Empirical explorations of the
influence of composition and temperatures have served as a guide to minimizing
adsorption, but the evaluation of thermodynamic functions could give a
powerful tool for extending conclusions beyond the experimental data (1).

The apparent 1rreversibility of polymer adsorption may be a kinetic
rather than an equilibrium effect. Knowledge of this would aid in designing
effective strategies for removing polymer from the rock surface.

References

1. Denoyel, R., F. Rouquerol, and J. Rouquerol, "Interest and Require-

ments of Liquid Flow Microcalorimetry in the Study of Adsorption from Solution

of Tertiary 0il Recovery,'" Proceedings of Symposium on Adsorption from
Solution, Bristol, England, 1982.

Objectives

To develop theory for liquid-phase adsorption on rock surfaces.

Scope of Work

Liquid-phase adsorption on well-characterized sedimentary rocks will be
studied. Characterization will be done, when necessary, by SEM/EDS work
(BE1A) and in consideration of electrophoretic behavior (BE4A). The
adsorption isotherms and enthalpy of adsorption will be measured on the
various minerals for surfactant systems, that will include cationics,
anionics, nonionics, and alcohols, at compositions that include micro-
emulsions; and also for polymers. A search will be made for ways to develop
the theory to tailor the solution and solid surface so that adsorprion is
minimized, and to find agents for promoting desorption.

Work Plans

Task 1 - Determine the adsorption isotherms and heat uf adsorption of
‘ alcohols from propyl to dodecyl from toluene, and butanol from
water and alkanes onto solids, including alumina, calcite,
kaolinite, montmorillonite, and Berea sandstone.
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Task 2 - Measure adsorption isotherms and heats of adsorption from water
of alkylbenzene sulfonates of various chain length, and
selected cationic and nonionic surfactants, onto the same
solids.

Task 3 - Conduct an initial study of the adsorption and heat of
adsorption of polyacrylamide and partially hydrolyzed

acrylamide onto the same solids.

Task 4 - Prepare status report with recommendations for further study.

Future Work

Present plans extend through FY84. Recommendations on continuation will
be presented in the FY85 Annual Research Plan,

Manpower Requirements

Man—zeérs
Research Chemist 1.0
Equipment Requirements
Available New
"Adsorption microcalorimeter 1 1
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PROJECT SCHEDULE AND MILESTONE

Adsorption of Surfactant Slug Components on

Project: : Report Date:
T Réservoir Minerals
TASK Oct Nov | Dec Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep
Determine adsorption of i Ay
1. alcohols [ITTTHITTTTATTTTTATTTTTATTT AT T TT T T 7T AfTT777
Determine adsorption of AV
2. surfactants TTTTHTTTTT T TT T AT T T T AT TTITTAT T T T T A7 77T AT 7T 77 A T T TV 77T TV T 777
Determine adsorption of Av
3. polymers L0004 777T AL LTI TATTTI TR T TTT AT T TTAF T TT I T TT T I TTTT I 7T 77
RY
4. Pr“epare report 77T TT77
Progress Reporting Requirements AA_ | Aa A BA AA Aa_ | Aa B4 ka AA AA B4 AA Aa _CA
Milestone Description

Task 1 - (A) September 30,
Task 2 (AR) September 30,
Task 3 {A) September 30,
Task 4 {A) September 30,

Reperting Reguirements

R)i1Sthefeschmenth. ...............
(8) 30 deys atier end of each quarter .. .. ...
(C)' 90 days after end of Srogramyesr . ... ..

1984
1984
1984
1984

Complete measurements on alcohols

Complete measurements on surfaclants

Complete measurements on polymers

Complete report and recommend test systems

. . Monlhly Progress Repert
. .Quarterly Technical Pregress Repor!
. .Annual Technical Pregress Report

Manpower/Manyesrs




BE4C. APPLICATION OF THERMODYNAMIC MEASUREMENTS TO MICELLIZATION AND
SOLUBILIZATION

Background

This work addresses Item 5.1.2 of the ResearchVStatement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FCO1-83FE60149).

The system pentanol/dodecane/sodium octylbenzene sulfonate (in water)
forms microemulsions whose phase behavior has been well documented (1). The
system is a good candidate to be used as a test of the value of fundamental
thermodynamic information in improving our understanding of microemulsions
(2,3). Success with this simple system would offer encouragement for applying
thermodynamic techniques to predict the behavior of more complex surfactant
systems, as used in oil recovery.

References

1. Bellocqe, A. M., D. Bourbon, and B. Lemanceau, '"Three-Dimensional
Phase Diagrams and Interfacial Tensions of the Water-Dodecane-Pentanol-Sodium
Octylbenzene Sulfonate System," J. Colloid Interface Sci., Vol. 79, 1981, pp.
419~431,

2. Roux, A. H., G. Roux-Desgranges, '"Thermodynamic Investigation of
Microemulsions Used in 0il Recovery,'" in Chemical Engineering Thermodynamics,
S. A. Newman, editor, Ann Arbor Science, 1983, pp. 461-468.

3. Desnoyers, J.E., R. Beaudoin, G. Penon, and G. Roux, '"Microemulsions
as a Possible Tool for Teritary 0il Recovery," in Chemistry for Energy, M.
Tomlinson, editor, ACS Symposium Series No. 90, 1979, pp. 33-44.

Jbjectives

To investigate the potential for using thermodynamic data for predicting
the behavior of EOR surfactant systems.

Scope of Work

Trends in thermodynamic properties of the simple surfactane, sodium
octylbenzene sulfonate, will be studied. The heat capacity and density of
solutions in water at various temperatures will be measured, on the surfactant
alone, on the surfactant with an alcohol, and on a microemulsion with
surfactant, alcohol, and oil. The results will be analyzed and compared with
phase diagrams from the literature.

The data will be examined to understand the trends in thermodynamic

properties of this surfactant and to explore the utility of using those trends
to predict optimal surfactant formulatious [ur o0il displacement.

65



Work Plan

Task 1 - Measure heat capacities and densities of sodium octylbenzene
sulfonate (SOBS) in water.

Task 2 - Measure heat capacities and densities of pentanol in aqueous
solutions of SOBS.

Task 3 - Measure heat capacities and densities of dodecane in aqueous
solutions containing pentanol and SOBS.

Task 4 - Analyze and correlate data.

Future Work

Continuation beyond one year will be considered at the end of FY84.

Manpower Requirements

Man—zears
Research Chemist 1.0
Equipment Requirements
Available New
Microcalorimeter 1
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PROJECT SCHEDULE AND MILESTONE

Project: Application of Thermodynamic Measurements to : Re
Micellization and Solubilization port Bate:

TASK Oct Nov Dec Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep | Manpower/Manyears
1. SOBS alone AV
NN LN
2. SOBS + pentanol AV
LYY LR ]
3. SOBS + pentanol + dodecane AV

nnunnuis

Progress Reporting Requirements Abs AA AA B4 Aa AA Aa 84 AA Aa AA B4 AA Aa Ca'

L9

Milestone - Description
Task 1 (A) March 31, 1984 Complete measurements
Task 2 (A) June 30, 1984 Complete measurements _
Task 3 (A) September 30, 19&4 Complete measurements and make comparisons

Reporting Requiraments

(R)15thefeschmenth. . ................ Monthiy Pregress Report

(8) 30 days sfer and oleschquarter ......... Quarteriy Technical Pregress Reporl
{C]' 80 days after end of propramyear. . . ..... Annus! Technical Progress Report



BE4D. EFFECTS OF SURFACTANT STRUCTURE AND ADDITIVES ON
MICELLE FORMATION AND SOLUBILIZATION

Background

This work addresses Item 5.1.2 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FCO1-83FE60149).

Micelle formation of a surfactant and solubilization of o0il are
intimately related to low interfacial tension and the ability to recover
0oil (1). The colloidal nature of a crude oil also plays an essential role.

There is extensive literature on phase behavior of surfactants. Greater
predictability of EOR could be achieved with a more profound understanding of
the effect of the chemical environment on micelles, colloidal suspensions. and
liquid crystallite phases. Such an understanding can be promoted by emploving
a battery of relatively sophisticated measuring techniques. Painstaking
refinements of these techniques are necessary to get valid results., Thus,
light scattering and ultracentrifugal analysis are capable of measuring
particle size, but require correction of electrolyte effects (preferential
interaction parameters). These can be obtained from separate measurements of
thermodynamic activity, e.g., by getting osmotic coefficients from isopiestic
distillation data,

Small-angle x-ray scattering has been used in this laboratory to give
information on the size and shape of wax crystallites and asphaltene particles
in 0il (as influenced by solvent addition and temperature), oil-in-water.
emulsions formed with polymer solutions, and aggregates of clay particles in
suspensions. Reliable results require a careful mathematical analysis of
secondary scattering effects and the influence of partial polarization intro-
duced by the many reflections in the equipment and at the sample.

It is well known that thermodynamics can be used to correlate data and
predict chemical and physical behavior. Thermodynamic models have been
developed that have reproduced behavior of selected surfactant systems satis-
factorily. On the other hand, preliminary results have indicated that at
temperatures of engineering interest, surfactant behavior shows trends quite
different from those at ambient temperature. An understanding of the behavior
of surfactant systems over a broader range of conditions can be reinforced by
systematic acquisition of further data.

References
1. Heely, R. N., "Physical Chemical Aspects of Micraemnlsion Flooding,"

SPE Paper 4583, presented at 48th Annual Fall Meeting, Las Vegas, Nev., Sept.
30-0ct. 1973.

Objectives

To determine conditions for micelle formation and their influence on the
0il solubilization capacity of surfactants.
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Scope of Work

The small-angle x-ray (SAX) scattering measurements will amplify and
improve the results already obtained on surfactants in water and the colloidal
nature of oil., Work will continue on the necessary theoretical refinements
whose importance escalates as the scattering angle is reduced for investi-
gation of smaller particles. The experimental program will be designed to
make use of advances in the theoretical analysis, e.g., a more exact study of
micelles in aqueous surfactants, and the formation of colloids in oil on
contact with EOR chemicals and solvents. '

Light scattering, ultracentrifugal, and isopiestic distillation data will
be tied together to get information on micelle aggregation number in surfac-
tant systems for which work has been initiated. The methods developed will be
applied to studying the effect of salt, alcohol, and changes in surfactant
structure. :

Enthalpies of dilution, heat capacities, and specific volume measurements
will be made on surfactant solutions to get thermodynamic properties as a
function of concentration, salinity, alcohol content, and temperature. In
particular, techniques will be developed for measuring these properties at the
high temperatures representative of petroleum reservoirs. The effect of
surfactant structure will be examined, especially that of chain branching.

All of these data will be developed into models that can predict the
behavior and o0il solubilization capability of surfactants on the basis of
relatively few measurements.

Work Pléns

Task 1 - Study the effect of co-ion on the preferential interaction
parameter for sodium dodecyl sulfate, for application to light
scattering data from the literature.

Task 2 - Obtain light scattering data and preferential interaction
parameters on octyl benzene sulfonate to test the co-ion effect
found under Task 1.

Task 3 - Develop a general technique for the polarization factor for
multiple coherent scattering of unpolarized and plane-polarized
X-rays.

Task 4 = Make preliminary SAX measurements of particle development in
nonionic surfactants near the cloud point.

Task 5 - 1Initiate development of a theory of secondary scattering in SAX
far very small angles.

Task 6 - Measure enthalpies of dilution, heat capacities, and specific

volumes of mixtures-of various components of microemulsions
from alkylbenzene sulfonates as a function of salinity, alcohol
type and content, surfactant structure, and temperature.
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Task 7 — Correlate data to elucidate the effect of these parameters on
microemulsion stability,

Future Work

Present plans extend through FY84, Recommendation on continuing will be
presented in the FY85 Annual Research Plan.

Manpower Requirements

Man~years

Research Chemist 2.0
Equipment Requirements

Available New
X-ray scattering equipment 1
Light scattering equipment "1
Ultracentrifuge 1
Isopiestic distillation apparatus 1
High temperature microcalorimeter ) 1

70



1L

Project:

PROJECT SCHEDULE AND MILESTONE

Effect of Surfactant Structure and Additives on
Micelle Formation and Solubilization

fReport Date:

TASK 0Oct Nov Oec Jan Feb | Mar Apr | May | Jun Jui Aug Sep mnmar/mﬂyurs
A Av ' )
1. Co-ion effects, SDDS /1777
AV
2. Co-ion effect, SOBS [TTTTN 777
AV
3. X-ray polarization 177/
Av
4. Nonionic cloudpoints 77711
] AY BV
5. Secondary scattering [TV ITTINETE IV
AV BY
6. ABS microemulsions HITTNTTTTNTTTTIITITI T T TV T TV 7T T T IV TV T 77T Y777 7Y 777
Progress Reporting Requirements Aa | As_ | A By A | Aa | Aa B4 AA | A | Aa B4 AA | aa Ch

Milestone

Task 1 (A) November 30, 1983

Task 2 (A) December 31, 1983

Task 3 (A) October 31, 1983

Task 4 (A) November 30, 1983

Task 5 (A) December 1, 1983
(B) March 31, 1984

Task 6 (A} December 31, 1983
(B) July 1, 1984

Reporting Requiremenis

MI1Sthofeschmonth. . ................
(B) 30 days siter end of sach quaiter . . .......
[C)' B0 days alter end of programyear . . ......

Description .
Complete study on co-ion effect

Complete measurements and prepare manuscript
Techniqde development for the polarization factor complete
Complete preliminary measurements and make recommendations on continuance

Initiate development of theory
Complete theory development and manuscript

Complete measurements on 6-phenyl C12 ABS in water, and prepare manuscript
Initiate measurements on alcohols in ABS solutions

Mosthly Progress Report
Quarterly Technlcal Progress Report
Anmual Technics! Progress Report



BE4E. ORDER OF MIXING EFFECTS FOR AQUEOUS SURFACTANT

Background

This work addresses Item 5.1.2 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FCO1-83FE60149).

Studies at this and other laboratories (1 2) have demonstrated that the
order-of-mixing~surfactant formulation affects the interfacial and other
physical chemical properties that are of importance in enhanced o0il recovery.
The method of preparation was found to affect the aging and stability of the
surfactant solution. Even though liquid crystal formation was identified as
the cause of this order-of-mixing effect, the structure of these aggregates
and the mechanism of their transformation are still not clear. Stability is
imparted to lyophobic colloids by electrical charges on the particles. This
may be a determining factor in surfactant dispersions, which are partly
lyophobic.

Relereces

1. Lorenz, P. B., M. B. Kayser, M. A. Hsieh, and M.K. Tham, "Order-of-
Mixing Effects in Sulfonate Surfactant Solutions," in Solution Chemistry of
Surfactant, K. L. Mittal, editor, 1979, Plenum, pp. 903-9I8. '

2. Puig, J. E., E. I. Franses, H.T., Davis, W. G. Miller, and L., Z.
Scriven, '"On Interfacial Tensions of Sulfonate Surfactants," SPE Paper 7055,
SPE Improved 0il Recovery Symposium, Tulsa, Okla., April 16-19, 1978.

Objectives

To determine order-of-mixing effects on the stability of surfactant
solutions.

. Scope of Work

Several techniques (viscosity and conductivity measurement, visual
observations, and microscopy) will be used to study the effect of order-of-
mixing on the colloidal character of surtactant dispersions and their storage
stability. Charge on the particles will be determined directly from electro-
phoretic mobility, if the problem of optical contrast can be overcome.
Dielectric absorption, i.e., electrical inpedance peaks in the radio freguency
spectrum, are capable of giving indirect information and will be measured.
Size distributions and morphology will be examined by ultrafiltration and
optical microscopic techniques. The analysis of the results will focus on
identifying the factors that produce stable and effective surfactant
dlspers1ons.

Work Plans

Task 1 - Specify colloidal systems for study: a commercial surfactant
mixture known to exhibit order-of-mixing effects and, if
possible, a model compound.
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Task 2 - Explore the feasibility of using electrophoresis, and if
successful, apply it to systems of different degrees of
stability, getting zeta potentials at various times after
preparation of the samples.

Task 3 - Undertake a similar program of measuring radio frequency
impedances.

Task 4 - Develop a quantitative description of experimental data.

Future Work
The second year will be devoted to using techniques developed during the

first year to study several systems and to apply optical microscopy and ultra-
filtration for obtaining additional information.

Manpower Requirements

Man-years
Senior Chemist 0.5
Chemical Engineer 1.0
Technician 0.5
Electrical Engineer 0.5

Total 2.5
Equipment Requirements

Available New
Electrophoresis equipment ' 1
Dielectric absorption equipment 1
LS 30 viscometer 1
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PROJECT SCHEDULE AND MILESTONE

Project: Order o Mixing Effects for Aqueous Surfactant Report Date:
TASK Ot (MNov | Dec |Jan | Fabh | Mar | Apr |May {Jun | Jul | Aug | Sep | Manpower/Manyears
. AV
1. Specify systems I11T117777417177
2. Electrophoresis I\%
LLLIIALLLLALLLLLALfL ]S
3. RF Impedance AV
LLLLLALLI LALLM LN S LYY L

AV

4, Quant., descript. -
Ny i sl i v

k24

Progress Repo-ting Rsquirsments AA AA AA B4 AA AA AA B4 AA AA AA 84 AA AA €A
Milestone ' Description

Task 1 tA) December 31, 1983 Systems selected

Task 2 tA)} April 30, 1924 Complete feasibility study on electrophoresis

Task 3 1A) September 30, 1984 Complete feasibility study on impedance

Task 4 tA)  Ju1y 30, 1983 Select methodology for theoretica” analysis

Reperiing Requf-emenis '
A)IGthefeschmonth. .. ............... Monthly Progress Report

(8) 30 days afsr end ol exch quarter . . ....... Quarterly Technica! Progress Report
{C)' 99 days sfter ond of wogramyesr. ....... Annval Technical Progress Report



BE5. GAS DISPLACEMENT METHODS

This research program addresses both miscible and immiscible flooding by
gas injection. The modification of heavy oil properties by CO, dissolution,
and the miscibility of light crude o0il with nitrogen are the research topics
in this program.

Background

This work addresses Item 5.1.1 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149).

The gas miscible displacement method of enhanced oil recovery encompasses
hydrocarbon, inert gas, and CO, injection. The local-displacement effi-
ciencies in this type of recovery method are usually very high. As the price
of gaseous hydrocarbons increases, the use of inert gas and CO, becomes more
attractive. Current interest in miscible flooding is concentrated in the
latter methods.

The CO, miscible technology is in a more advanced stage than the inert
gas (N,) injection., Many CO, field projects have achieved technical success,
and sevVeral large-scale fielg projects are in progress or in the planning
stage. Research in this area is extensive. DOE has supported many university
projects to study CO,-miscible flooding recovery mechanisms (1-2) phase
behavior (2-4), and mobility control (5-8). A large amount of information is
being generated from these and other research projects. This is very valuable
information for understanding and designing COz-miscible flooding.

In contrast, CO, displacement of heavy oil, mostly an immiscible process,
has not been studied®as extensively (9). The two most important mechanisms
for recovery are thought to be viscosity reduction and swelling of o0il volume
(lg). However, no systematic study on the recovery mechanisms and the factors
affecting recovery efficiency has been published. Previous research at BETC
has accumulated considerable data on the solubility of CO, and the reduction
in viecosity and density due to CO, dissuvlution. In this“study, it was tound
that there is a relationship betweén viscosity reduction and asphaltene
content of the oil. Quantitative correlation was difficult because, besides
asphaltene content, the API gravity of these oils were also different. To
quantify the chemical composition effects properly, it is necessary to vary
one property systematically while keeping the other constant. This will
isolate the changes in properties due to CO2 dissolution.

Nitrogen is becoming an increasingly attractive method for enhanced oil
recovery because of its low cost and availability at the well site. Published
reports on N, -miscible flooding are considerably fewer than those for the CO
method. A siirvey of the literature reveals that beside the works of Rushing
et al. (11-12), few studies are being made on the miscibility mechanisms and
phase behavior of nitrogen-crude oil systems.
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Recently, Ahmed, et al. (13) have undertaken a study of the miscibility
pressure and changes in crude oil properties during nitrogen injection. No
information on phase behavior was reported in this study. Additional
information on miscibility mechanisms and phase behavior are required for
designing nitrogen-miscible flooding processes.
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Objectives

To develop screening criteria for carbon dioxide flooding in heavy o1l
reservoirs and nitrogen flooding in light oil reservoirs.

Scope of Work

Changes in viscosity and density of heavy o0il due to CO, dissolution will
be measured. The effect of variation in chemical composition of crude oils on
these changes will be determined, with the purpose of obtaining a correlation
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between viscosity and density changes with crude o0il chemical composition.
This correlation will serve as a screening criterion for heavy oil recovery by
CO2 injection.

A crude oil with API gravity greater than 40 and from reservoirs deeper
than 5000 ft, and therefore thought to be amenable to N, -miscible flooding
(14), will be chosen for a nitrogen miscibility study. "The conditions
required for miscibility and the resulting phase behavior will be measured for
this crude oil and nitrogen system. An equation of state will be developed.

Work Plans

Task 1 Based on experience at BETC, in industry, and during DOE
sponsored contracts, slim tube and phase behavior equipment
will be designed and fabricated. This apparatus will be
designed to withstand 8000 psia and housed in a furnace capable

of maintaining a constant temperature of up to 200°F.

Task 2

Calibrate and test the apparatus with a system that has been
reported in the literature (15) to evaluate the instruments and
the operation procedure. The system chosen to be studied is a
hydrocarbon mixture of 14 mol percent C_, 53.7 percent ClO’

19 percent C16’ and 13.3 percent C30 an 002 at 37.8°C.

Task 3 Measure CO,-crude o0il solubility, density, and viscosity at
three temperatures and 11 pressure levels. Three crude oils
having approximately the same API gravity and a varying
quantity of asphaltenes will be used. (The DOE Crude 0il
Analysis Data Base will be scanned to identify crude oils that
fit these criteria.) The weight of asphaltene precipitated

will also be measured.

Task 4 Review literature on nitrogen-crude oil phase behavior.

Task 5 solubility studies.

Prepare report on results of CO2

Future Work

It is anticipated that the nitrogen work will be expanded to include
measuring the phase behavior of different crude oils and nitrogen-carbon
dioxide ratios. The CO,-heavy oil experimentation is anticipated to continue
two years, when other important chemical constituents such as aromaticity,
paraffinic contents, and polar compound contents will be included as
parameters.
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Manpower Requirements

Man-years
Senior Chemist/Chemical Engineer 1.0
Petroleum Engineers 0.5
- Senior Experimentalist 1.0
Technician 1.0
Total 3.5
Equipment Requirements
Available New
Gas chromatograph 1
Ruska pump 1
CO, solubility apparatus 1
Wet test meter 1

Constant temperature oven
Circulating pump

Mixing chamber
Mettler-Paar density meter
Back pressure regulator

fd et et et
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PROJECT SCHEDULE AND MILESTONE

Project: __Gas Displacement Methods Report Date:
TASK Oct Nov Dec Jan Feb Mar | Apr | May | Jun Jul Aug Sep | Manpower/Manyears
Design & fabricate slim tubg Av BV
| . & phase behavior apparatus A77TTT 777 7T RITTTTATTTTTATTTIT AT TTTT AT 77
, Calibrate and test apparatu AV
F- with ref, system LIHTNLLLIN LT LT LTV T
Measure changes in physical AV Bv v
B. propertizs for 3 crude oils 7777747777747 7T7TATTTTTRTTTTTATTTITATTTTTATTTTT N TTTTITTTTT VT TTTIVITT7
. : Av
. Review N2 literature VITITIVITTTA
' \J
b. Prepare report //?/)

Progress Reperting Requirements

AA AA AA B4 Aa AA AA B4 AA AA AA B4 AA AA Ca'

Milesione
S Task 1 (A) January 31, 1984
© (B) May 31, 1984

Task 2 (A) September 30, 1984
Task 3 (A) January 15, 1984
(B) May 15, 3984
(C) September 15, 1984

Task 4 (A) September 30, 1984
Task 5 (A) September 30, 1984

Reporting Requirements

Description

S1im tube and behavior apparatus design completed
Fabrication of slim tube and phase behavior apparatus completed

Calibration and testing of slim tube and phase behavior apparatus
completed .

Three heavy crude oils to be studied chosen

Viscosity, density, swelling and solubility of COp in first heavy
crude completed

Viscosity, density, swelling and solubility of COp in second heavy
crude completed .

Recommend further work

Complete report

(A 15thefeschmenth. ..........cocnne Monihly Pregress Report
(B} 30 dsys after end ef esch quarter . ........ Quanterly Technical Progress Reporl
(C)' 90 days after end of grogramyesr. .. ..... Annual Technical Progress Reporl



BPT1. THERMODYNAMIC PROPERTIES OF ORGANIC COMPOUNDS

The experimental determination of highly precise, internally consistent
thermodynamic data has been the purpose of the thermodynamics laboratories at
NIPER (formerly BETC) for more than 35 years. Recognized internationally for
their contributions to the instrumentation of thermodynamic measurements and
the development and correlation of data on hydrocarbons and related sub-
stances, this research group is well equipped to contribute extensively to the
data requirements for developing alternative fuel technology. As new
technology is developed for extensive use of heavy ends of light petroleum,
heavy o0il, tar sand liquids, shale o0il, and coal liquids, the need for
additional and more precise thermodynamic property data will intensify. It
will be a necessary requirement in order to predict reaction paths, to
optimize process conditions, and to size and specify reaction equipment.

Because the building of a body of thermodynami¢ data requires time,
careful attention must be paid to priorities to enable use of the data at the
earliest possible time. For heavy o0il and shale o0il, the nitrogen compounds
have a high priority. For coal liquids, the polycyclic compounds that may
contain heteroatoms such as oxygen, sulfur, and nitrogen are of importance,
Consequently, the work is divided into two subprojects, but the project plans
are very similar. The two subprojects are BPT1A, Thermodynamic Properties of
Organic Nitrogen Compounds That Occur in Shale 0il and Heavy Petroleum, and
BPT1B, Thermochemical and Thermophysical Properties of Organic Compounds
Derived from Fossil Substances.

These subprojects share some of the same equipment and personnel for the
study of two different classes of substances. Aside from differences in
particular problems that each of the two classes of materials present, the
uses of thermodynamic¢ data are similar. Thus, scopes of work for the two
different studies have many similarities in employing combuscion calorlmeiry,
condensed-state heat-capacity calorimetry, vapor-pressure measurements, and
spectroscopy with statistical mechanics; however, the second of the two
projects, BPT1B, also employs vapor-flow calorimetry and PVT measurements to
derive more extensive thermophysical property information.

Background (BPT1A and BPT1B)

This work addresses Item 5.2.1 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FCO1-83FE60149).

Work on the Thermodynamic Properties of Organic Nitrogen Compounds That
Occur in 0il Shale and Heavy Petroleum (BPT1A) falls within the Fundamental
Petroleum Chemistry part of the Advanced Exploratory Research program of
DOE/Fossil Energy. This work is currently directed to the study of the
alkylpyridines and alkylpyrroles, compounds already identified as being
present in heavy o0il and oil shale in significant quantities, and on their
hydrogenation products, namely the piperidines and pyrrolidines.
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The deleterious effects of nitrogen compounds upon crude oil and fuel
stability and upon catalytic processing systems make their removal imperative
before heavy oil and synthetic crudes from oil shale, coal, and tar sands can
be used effectively. Nitrogen-containing compounds occur in relatively large
quantities in these alternate fossil liquids. In the processing of these
fluids, nitrogen compounds reduce the activity of cracking catalysts and
catalysts used in reforming. Polymerization and isomerization catalysts are
also highly susceptible to poisoning by nitrogen compounds.

Work on the Thermochemical and Thermophysical Properties of Organic
Compounds Derived from Fossil Substances (BPT1B) is within the purview of the
Advanced Research and Technology Development program of DOE/Fossil Energy.
This work is currently directed toward thermochemical studies of polycyclic
heteroatom containing compounds of sulfur, nitrogen, and oxygen that occur in
significant quantities in heavy petroleum, heavy ends of light petroleum,
shale 0il, and fluids derived from coal liquefaction. The substances under
study are deleterious to both the processing and end use applications of these
materials. The high molecular weights of these substances must be reduced to
meet acceptable end use requirements. The heterocyclic compounds produce
species that reduce catalytic activity and some are known to be carcinogenic
and mutagenic in derived materials.

A second part of this effort is directed toward obtaining thermophysical
properties of fluids to complement the thermochemical studies and to provide
state property information on key substances used in conversion processes.
Such information is needed as reference fluid data for the prediction of
thermophysical properties of real fluids.

The new data to be obtained can be used to predict chemical equilibria,
or the lack thereof, and to determine if conceptual processing methods are
feasible and whether improvements in existing processes can be obtained from
the development of new catalysts. In addition, the data contain essential
physical property information that is used in data correlations for the design
of all processing units downstream from the reactor stages. The data from
these efforts will be integrated into a variety of data bases found in
individual companies and standard compilations such as the American Petroleum
Institute's Project 44 data tables. This makes the data readily available to
engineers involved in activities related to equipment design and process
development. Correlations allow use of model compound work for simulations
such as ASPEN. This is a model developed under DOE sponsorship at
Massachusetts Institute of Technology which incorporates much thermodynamic
data into process design.

The compounds to be studied will be provided by Oklahoma State University
through a contract with the DOE/Bartlesville Project Office. The complex pure
organic chemicals that are required for thermodynamic studies are increasingly
difficult to synthesize and purify; hence they are expensive. While compnund
type can be specified, it is impossible to predict successful synthesis of
specific compounds since for most compounds, synthesis mechanisms and
stability of 99.9+ percent purity materials is unknown. Thus, the compound
type or family is chosen and specific compounds are agreed upon as methods of
synthesis are developed. :
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Because of the great number of individual compounds in the fossil energy
materials, it is impractical to determine the thermodynamic properties of
every compound. The key compound concept has been developed to make the task
more manageable., Correlations of properties make it possihle to calculate
(either by interpolation or extrapolation) the properties of compounds having
structures similar to compounds on which there are experimental data. Using
these structural family relationships, compounds can be selected where experi-
mental data on one compound enable calculation of properties of several. Key
compounds thus selected enable faster proliferation of data and form an
important concept of the thermodynamics research.

Over the last 40 years, the thermodynamics laboratory has developed the
required specialized equipment needed to perform such research. However, many
new and difficult problems have been encountered in working with the compounds
under study. Manpower restrictions over the past few years have limited our
ability to develop the new, miniaturized equipment that is both chemically
compatible with these materials and applicable over the temperature and
pressure ranges of interest. Miniaturization of combustion calorimetry and
low-temperature adiabatic calorimetry is needed to decrease the amount of
material required, taklng wmucli of the pressure off the eynthesis prajert.
Automation and improvement of other equipment will increase the number of
samples studied and decrease the man-hours required for making the necessary
measurements.

New, more sensitive vapor-pressure apparatus is required for measurements
in the very low pressure range encountered in the study of these organic
compounds of ever-increasing molecular weight and complexity. It should be
noted that this equipment is needed for and will be cost-shared by two sub-
projects. We believe that the new equipment developed will help resolve this
research problem.

Objectives (BPT1A and BPT1B)

To provide, interpret, and correlate with molecular structure and
polarity of molecules, precise and accurate values for the thermochemical and
thermophysical properties of organic compounds of sulfur, oxygen, and nitrogen
that occur in heavy petroleum, heavy ends of light petroleum, shale oil, and
fluids derived from coal liquefaction.

To develop and validate new equipment that permits smaller sample sizes
while giving the required precision and accuracy.

Scope ofAWOrk (BPT1A and BPTI1B)

The actual compounds to be studied are selected to fill needs in the
prediction of the properties in the selected compound families. Some com-
promises in this selection process may be required because viable methods of
synthesis and purification may not exist and must be developed in a separate
compound synthesis project supported by the DOE/Bartlesville Project Uffice.
Through an interactive process with the Bartlesville Project Office staff and
the workers on the synthesis project, compounds can be selected that satisfy
key thermodynamic information needs and that can also be provided in the high
purity (99,9+ percent) required. Properties to be measured will be heat of
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combustion, heat capacities, vapor pressure, and PVT properties. Spectroscopic
studies will also be made to help calculate thermodynamic properties at temper-
atures above the experimental range. Tables of thermodynamic functions for
both the condensed and vapor states will be derived. Correlations and inter-
pretation will be supplied for simulation design programs, such as ASPEN,

These programs have been built largely from a hydrocarbon data base and their
limited success with the lower quality feedstocks results from the lack of

data on polar species such as the nitrogen compounds.

Existing equipment is viable and will be operated to provide needed data
on many substances for this work; however, an ongoing and parallel effort will
continue in (1) increasing the throughput by automation and improvement of
equipment, (2) increasing the temperature range of the equipment to accommo-
date studies on high molecular weight materials which cannot be studied
presently, (3) developing equipment which maintains needed precision and
accuracy but requires smaller samples, thereby reducing the cost and
increasing the probability of success in synthesis and purification of the
materials required, and (4) developing more effective methods to handle air
sensitive and hazardous materials which should be included in this work. The
calibration, validation, and reports of design of the improvement of the
equipment will be phased into studies being made on compounds at the time the
equipment becomes available.

The calorimeters must be chemically compatible with the type of compounds
being studied and to the temperature ranges desired to prevent unwanted
chemical reactions or thermal degradation of the vessel, Cryostats and
thermometry must be obtained and/or constructed and calibrated with specific
calorimeters. The cryostats and thermometry may be used on a variety of
compounds. Therefore, parts of the equipment development work are specific to
a project while general equipment will be used on all of the projects. These
equipment development efforts are shared with other projects which employ the
same equipment for compound families not considered in this project.

BPT1A. THERMODYNAMIC PROPERTIES OF ORGANIC NITROGEN COMPOUNDS THAT OCCUR IN
SHALE OIL AND HEAVY PETROLEUM '

Work Plans

Task 1 - Continue studies on the alkylpyridines and pyrroles with their
hydrogenation products, which will include completion of
experiments on 3,4-dimethylpyridine and 2,4-dimethylpyridine
already in progress. Other pure compounds are available for
study. :

(2) In cooperation with the Bartlesville Project Office and
the Oklahoma State University synthesis project,
identify three organic nitrogen compounds and develop
plans for research.

(b) Combustion Calorimetric Studies. Measure enthalpies of
combustion of selected key organic nitrogen compounds
as these materials become available from the synthesis
project and from queued experiments. Owing to limita-
tions in available material, experiments cannot run
simutaneously.
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(¢) Low-Temperature and Condensed-State Calorimetry (Third-Law
Determinations). Measure heat capacities and enthalpies of
phase transitions on selected key organic nitrogen com-
pounds as these materials become available from synthesis
projects and as equipment becomes available from queued
experiments on these substances.

(d) Vapor-Pressure Measurements. Measure vapor pressures of
selected key organic nitrogen compounds as these materials
become available from the synthesis project and as
equipment becomes available from queued experiments on
these substances.

(e) Spectroscopy and Molecular Statistical Mechanics
(1) Measure spectra of selected key organic nitrogen

compounds.

(2) Use computer programs and thermodynamic laws to
derive statistical thermodynamic properties for
the substances from the spectra and other measured
properties.

Task 2 - Develup, Cuvastruct, and Test Prototype Equipment (also in

BPT1B)

(a) Develop small-sample combustion calorimeter.

(b) Build two new cryostats for operation from 4 to 573 K.
This will help facilitate timely data generation.

(c) Build new calorimeter for operation to 573 K and for use
with reactive nitrogen and sulfur compounds. Only one
calorimeter presently is constructed of materials that
will allow use of these compounds without deleterious
reactions,

(d) Develop computer control of calorimetric measurements.
Lengthy experiments presently require large amounts of
researchers' time. Much of the routine control and data
gathering is amenable to computer control, allowing
greater throughput of materials and, at the same time,
requiring less manpower.

(e) Develop automatic control system for inclined-piston-
pressure gage. Lengthy experiments presently require
large amounts of researchers' time. Much of the routine
control, and data gathering are amenable to computer
control allowing greater throughput of materials and, at
the same time, requiring less manpower.

(£) Develop a torsion-effusion apparatius for the measurement
of the vapor pressure of very high molecular weight
substances. Present equipment is not sensitive enough
for these measurements.

(g) Develop small-sample ebulliometric vapor-pressure
apparatus. Synthesizing larger volumes of samples is
very expensive. This will be cost-effective for future
synthesis requirements furnished by the Bartlesville
Project Office.

(h) Develop computer interfacing for laser-Raman spectrometer,
Voluminous amounts of data are gathered that could be
better interpreted with the aid of computers.
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(i) Develop techniques and equipment for measurements of
spectra of vapors at high temperatures., Higher tempera-
tures are needed for the heavy organic compounds to be
studied.

Task 3 - Interpret data on a continuing basis; after completion of
approximately 18 compounds, correlate data with molecular
structure and polarity, suggest model compounds, and provide
data for simulations such as ASPEN.

Task 4 - Compilation of data and correlations on individual compounds
and preparation of reports.

Future Work

The project will continue into future years as process equipment and
operation design needs determine areas of study, and the synthesis project
makes new compounds available in the selected categories., It is expected that
sufficient information will be developed in three years to begin to develop
meaningful correlations; however, many gaps will remain in the data, and
essential data will need to be determined in the ensuing years.

Manpower Requirements

Man—zears

Senior Chemist 0.6
Research Chemist 1.0
Research Physicist 0.4
Senior Experimentalist 0.3
Assistant Chemist 0.4

Total 2.7
AWU Post Doctors 1.0
Visiting Professor : 0.1
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Equipment Requirements*

Available New

Combustion calorimeter with

rotating bomb ) 1
Cryostats with associated

adiabatic calorimeters 4
Ebulliometers for vapor

pressure measurements 3
Inclined~-piston gage for vapor

pressure measurements 1
Laser-Raman spectrometer modified

for high temperatures 1
Far-infrared spectrometer with

heated cells 1
Vacuum electrobalance 1
Thermometry for combustion calorimetry '
Thermometry for vapor pressure

mecasurement
Graphic computer terminals
Calorimeter control apparatus
Bath for bomb calorimeter
Microcalorimetric detection system

(-

—— — N

* Also listed on BPTIB
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Thermodynamic Properties of Organic Nitronen Compounds

PROJECT SCHEDULE AND MILESTONE

POt yFat OccurTn Shale 0i1 and Heavy Petroleum Report Date:
TASK Oct | Nov | Dec | Jam Feb | Mar Apr May | Jun Jul Aug | Sep Manpower/Manyears
Coritinue experimental _ L
1. studies [IALLLTR LTI LT YT IVTTTTIY DTy r i r iy Ty rirriigrriizyizin,
y ' Ay
la. Obtain samples Wy i g
Combustion calorimetric : Ay
1b. studies iy
Low-temperature and con- AV
Ic. densed-state calorimetry [/////A/ /7114 71TNITTTTTTTIVITITITITTINITIT V7777 7VI7777Y77T77Y7777
AV
Vd. Vapor-pressure measurements,; /1 /71111 1T 1IAIITT VIV 7T TN 11 1TV 77008777 17Y 7777 7Y 7777
Specgro§copy and'mglecu1aﬂ ] AB ¢
le. statistical mechanics T T s i ananinn o
Progress Reporling Requirements AA Aa Aa B4 AA As AA B4 A AA AA B4 AA Aa CA'

Milestone*
Task 1 (A) September 30,

Task la (A) September 30,
Task 1b (A) September 30,
Task 1c {A) September 30,
Task 1d {A) September 30,

Task le (A) September 30,
{B) Dacember 15, 1

1984
1984
1984
19814
1981

1984
984

Description

Continue studies on the alkylpyridines, pyrroles, piperidines, and pyrrolidines, and
complete experiments on 3,4-dimethylpyridine and 2,4-dimethylpyridine already in
progress ‘

In cooperation with the Bartlesville Project Office and the Oklahoma State University
synthesis project, identify three organic nitrogen compounds and develop plans for
research

Measure enthalpies of combustion of selected key organic nitrogen compounds.

Measure heat capacities and enthalpies of phase transitions on selected key organic
nitrogen compounds

Measure vapor pressures of selected key organic nitrogen compounds

Measure spectra of selected key organic nitrogen compounds

Use computer programs and thermodynamic laws to derive statistical thermodynamic
properties

*Owing to inability to predict equilibration times of samples, specific completion dates on the samples studied cannot
be predicted, nor can inevitable equipment failures be anticipated; however, based on previous efforts, currently used
equipment and techniques will be used to produce results on three to four compounds per year.

Aeporting Reguirements

MyiSthofeschmonth, .. ...............
(B) 30 days after end of each quarter ... ......
{C)' 90 days after end of pregram yesr . . ... ...

Monthly Progress Report

Quarterly Tachnicat Progress Report

Annual Technicsl Progress Report
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PROJECT SCHEDULE AND MILESTONE

Thermodynamic Properties of Organic Nitrogen Compounds

Order materials of construction

Project: That Occur in Shale 0il and Heavy Petroleum Report Date:
TASK Oct |[Nov [Dec |Jan | Feb | Mar | Apr |May |Jun | Jul | Aug | Sep
Develop, construct and
2. test prototype equipment
Develop.small-sample 1 Avw
2a. combustion calorimeter LITTKLITTTAL T T AT TN TTTTAITTTTAL T TTAITTTT
Build two new cryostats nv
2b. for operation 4 to 573K rnnRnnunnunRunn e na g n
Build new calorimeter for Avl
2c. reactive compounds HIETTITT ITTir 7T T TT77
Develop computer control
2d. of calorimetric measureme§¥s 7777777 77777 TTTTATTTTTATTTITATTIITATTTTT AT T 77T I TTTT T 77T T 777
Develop automatic control AV B v cV
2e. for inclined-piston gage [7777717777747 777747 177747777 T ITTATT T AT T 7T AT TTTATTTTIATTITTATITT7
Develop torsion-effusion AV BV
2f. apparatus T T T T T T T T T T T AT T T T AT T 7T TATTTTT T 777
Milestone Description
Task 2a (A) Auqust 15, 1984 Order materials of construction and begin construction
Task 2b  (A) April 15, 1984 Final assembly of cryoststs
Task 2¢  (A) March 31, 1984 Complete construction of calo-imeter
Task 2e  (A) January 15, 1984 Construction of parts for control system
(B) March 31, 1984 Complete designs of mechanical parts
(C) Jun2 15, 1984 Development of computer controls
Task 2f (A% May 15, 1984 Locate materials of construction

(B) July 15, 1984




(Continuation Sheet)
PROJECT SCHEDULE AND MILESTONE

Project: Thermod.ynamirc Properties of Organic Nitrogen Compounds Report Date:
That Occur 1n Shale 0il and Heavy Petroleum
TASK Y0t |MNov [Dec [Jan [Feb [Mar [mpr [May [Jun | Ju |Aug | Sep
Interpre@ data and develop ' Ay
3. correlations nunnunnmnmmnmnmn Iy //g//
v

Comp11at30n of data and ,
4. preparation of reports iy i
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Milestone Description

Task 3 (A) September 30, 1984 Interpret data and develop correlations. Data obtained to date
interpreted in Annual Report
Task 4 (A) September 30, 1984 Compilation of data and correlations and preparation of reports



BPT1B. THERMOPHYSCIAL AND THERMOCHEMICAL PROPERTIES OF ORGANIC COMPOUNDS
DERIVED FROM FOSSIL SUBSTANCES

Work Plans

Task 1 -

Task 2 -

Task 3 -

Task 4 -

Continue studies on polycyclic compounds containing oxygen,

nitrogen, and sulfur, which will include completing experiments

on the thermodynamic properties of 2,3-benzofuran and
isochroman already in progress.
(a) In cooperation with the Bartlesville Project Office and

the Oklahoma State University synthesis project, identify
three organic compounds of oxygen and/or sulfur and develop

plans for research.

(b) Vapor-Flow Calorimetric Study. Measure enthalpy of
vaporization and vapor heat capacities of 3-methyl-
pyrrolidine.

(c) Combustion Calorimetric Studies. Measure enthalpies of
combustion of selected key organic oxygen compounds and
related compounds as they become available from the
synthesis project.

(d) Low-Temperature and Condensed-State Calorimetry (Third-Law

Entropy Determinations). Measure heat capacities and
enthalpies of selected key organic oxygen compounds and

related compounds as they become available from synthesis

projects and as equipment becomes available from queued
experiments,
(e) Vapor-Pressure Measurements. Measure vapor pressures of

selected key organic oxygen compounds and related compounds

as they become available from the synthesis project.
(f) Spectroscopy and Melecular Statistical Mechanics.
(1) Measure spectra of selected key organic oxygen
compounds and related compounds.
(2) Derive statistical thermodynamic properties for the
substances from the above spectra.

Measure PVT properties of a selected fluid suitable for use

- modeling of supercritical extraction.

Compile and correlate data from Tasks 1 and 2 on individual
compounds and prepare reports.

Develop, construct, and test prototype equipment (items A to

also listed as Task 2 in BPTI1A)

(a) Develop small-sample combustion calorimeter.

(b) Build two new cryostats for operation from 4 tu 573 K;
this will help facilitate timely data generation.

(¢} Build new calurlmeler for operation to 573 K and for uce
with reactive nitrogen and sulfur compounds. Only one
calorimeter presently is constructed of materials that
will allow use of these compounds without reacting.

(d) Develop computer control for calorimetric measurements.
Lengthy experiments presently require large amounts of
researchers' time. Much of the routine control and data
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gathering are amenable to computer control, allowing
greater throughput of materials and, at the same time,
requiring less manpower.

(e) Develop automatic control system for inclined-piston-
pressure gage., Lengthy experiments presently require
large amounts of researchers’ time. Much of the routine
control and data gathering are amenable to computer
control, allowing greater throughput of materials and, at
the same time, requiring less manpower.

(f) Develop a torsion-effusion apparatus for the measurement
of the vapor pressure of very high molecular weight
substances. Present equipment is not sensitive enough
for these measurements, -

(g) Develop a small-sample ebulliometric vapor-pressure
apparatus. Synthesizing larger volumes of samples is
very expensive. This will be cost-effective for future
synthesis requirements furnished by the Bartlesville
Project Office. i

(h) Develop computer interfacing for laser-—Raman spectrometer. :
Voluminous amounts of data are gathered that could be
better interpreted with the aid of computers.

(i) Develop techniques and equipment for measurements of
spectra in vapors at high temperatures. Higher tempera-
tures are needed for the heavy organic compounds to be
studied. )

(j) Modernize temperature measurement and control system on
PVT apparatus. - '

(k) Develop computerized data collection and analysis system
for PVT apparatus.

Future Work
Useful correlations and predictions are expected within three years;

however,even if the measurement pace can be doubled in the coming years, many
substances of importance for this effort will still remain to be studied.

91



Manpower Requirements

Senior Chemist
Research Chemist
Research Physicist
Senior Engineer

Senior Experimentalist
Assistant Chemist

Total

Post-Doctoral Chemists
AWU Visiting Professor

Equipment Requirements

Volumetric mercury compression
apparatus

Vapor-flow calorimeter

Combustion calorimeters with
rotary bomb*

Cryostats with associated
adiabatic calorimeters*

Ebulliometers for vapor
pressure measurements¥

Inclined-piston gage for vapor
pressure measurements¥

Laser-Raman spectrometer with
heated cells*

Far-infrared spectrometer with
heated cells*

Vacuum electrobalance*

Thermometry for combustion
calorimetry*

Thermometry for vapor-pressure
measurement*

Graphic computer terminals#*

Equipment for vapor-flow calorimeter*

Bath for bomb calorimeter*

Microcalorimetric detection system*

* Also listed in Project BPTIA

92

Man-Years

Available

New

Pt s e N



€6

PROJECT SCHEDULE AND MILESTONE

Project: _Thermochemical and Thermophysical Properties of Organic .
| Compounds Derived from Fossil Substances Report Date
TASK Oct Nov Dec Jan Feb Mar | Apr | May | Jun Jul Aug Sep Manpower/Manyears
Chemical thermodynamic Ay
1. studies FLL1INIE0 IR0 11018017004007 7787777740771 14007001R110TTAITTTINITTTTINTTTT
la. Obtain samples nuanmnRuIRmInR LI i
Vapor-flow calorimetric Ay
1b. study FITTTIITTTT T T 7T TR T T T T T AT 7777 TTTT AT T T T T AT TTTTRTTTTT AT 7777
Combustion calorimetric Ry
lc. studies AT 7T T T T T T T T T T T AT T T T T AT T T T T AT T T T T AT T T T T AT 7T T T AT 7777
how temperature_and con- Av
1d. densed state calorimetry f77777yr77 77 77777 7777 TTTITATTTTTATTTT7 AT 7777 (7T T T AT TTTT AT TTTT AT 7777
. Ay
le. Vapor pressure measuremen S//77{77 7T 7777 777777777 T T TTTIR777 7T 77777 A7 77777 77TT7TATTTI7ATT7T7
Progress Reporting Requirements AA Aa Aa B4 Aa Aa A B4 A Aa AA 84 AA Aa Ca'
Milestone * Description

Task 1 (A) September 30, 1984
Task la (A) September 30, 1984
Task 1b (A) September 30, 1984
Task lc (A) September 30, 1984

Task 1d (A) September 30, 1984

Task le (A) September 30, 1984

Continue studies on polycyclic-hetroatom-containing substances and complete

experiments on thermodynamic properties of 2,3-benzofuran and isochroman already
in progress
In cooperation with the Bartlesville Project Office and the Oklahoma State University

synthesis project,

for research
Measure enthalpy of vaporization and vapor heat capacities of 3-methylpyrrolidine

Measure enthalpies of combustion of selected key organic oxygen compounds and related
compounds as they become available from the synthesis project
Measure heat capacities and enthalpies of selected key organic oxygen compounds and
related compounds as they become available from synthes1s project and as equipment
becomes available from queued experiments
Measure vapor pressures of selected key organic oxygen compounds and related
compounds as they become available from synthesis project

identify three compounds of oxygen and/or sulfur and develop plans

*Owing to the inability to predict equilibration times of samples, specific completion dates on samples studied cannot
be predictad, and equipment failures cannot be anticipated; however, about three to four compounds can be completed
per year on Tasks la and Tasks 1c through 1f.

Reporting Reguirements
(Aj15thoteschmonth. ... ..............

{81 30 days after end of each quarter ... ......
{C)' 90 days after end of programyear . . . . ....

Moathly Progress Report
Quarterly Technical Pregress Report
Anrual Technical Progress Report

Task 1b produces about one compound per year.
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(Continuation Sheet)
PROJECT SCHEDULE AND MILESTONE

. Thermochemical and Thermophysical Properties of Organic
Project Tompounds Uerived f~om Fozs)i'l Substanzes ? Report Date:
TASK Oct Nov Dec Jan Feb | Mar | Apr | May | Jun Jul Aug Sep
Spectroscopy and moleculan _ RB v
1f. statistical mechanics i andingiinniaiann [{//
v
2. PVT studies TTTTIIITTAYTITT YT IT Ay 77Ty 7777y 7777 Iy 7777y 77777y 77777y 777777777
Data compilTation and Rv
3. report wynninnniinnnnnnonnnnnniinnnnnmn
Develop, construct, and
4. test prototype equipment
Develop small-czample com- S AV
4a. bustion calorimeter [TV ITTTIY T YT 7Ty 7 e T iy 77i7y77i77
Build two new -ryostats Av B 7 '
4b. for operation 4 to 573K LILIYIITIIY LTIV LRI 2201V 1200V 1LY i il iY77t 11
Build new calo~imeter for Ay
4c. reactive compounds o
Milestone Description

Task 1f (A) Septerber 30, 1¢84
(B) Septemrber 30, 1584
Task 2 (A) Septerber 30, 1584

Task 3 (A) September 30, 1984

Task 4a (A) August 15, 1984
Task 4b (A) Qctober 1, 1983

(B) April 15, 1984

“ Task 4c  (A) March 31, 1984

and preparation of reports
Order materials of construction and beqin corstruction
Continue construction-of parts for cryostats
Final assembly of cryostats

Complete construction of calorimeter

Measure spectra of key organic oxygen compounds and related compounds

Derive statistical thermodynamic properties for the substances from the above spectrs
Measure PVT properties of a selected fluid suitable for use in and modeling of
supercritical extraction, requires ezbout 18 months for a full study on one substance
Final compilation and correlation of data frcm Tasks 1 and 2 on individual compounds



(Continuation Sheet) ,
PROJECT SCHEDULE AND MILESTONE

Thermochemical and Thermophysical Properties of Organic

. Project Compounds Derived from Fossil Substances Report Date: '
TASK Oct Nov Dec Jan | Feb Mar Apr | May | Jun Jul Aug Sep

Develop computer control | »

d. of calorimetric measurementS/777V77777Y7777T7Y77T77Y77777{77777¥77777Y77777{77TT77¥77777Y77777§77777
DeveTop automatic control AV B v Cv

de. for inclined-piston gage TTTIYI7TTT I T 7Ty 77777y 77777 77777 77777{77777§77777§777/7
Develop torsion-effusion Av B v

4f. apparatus TTTY 77777777 r7Yrr77iyri77ryrrrifyirilisrirniiyii’yy
DéveTop sma:i-sample

4g9. ebulliometer T77177777
Develop computer interfac-

4h. ing for laser Raman dnginnnnnnonmimnmmnmomgmimmnmmm
Develop equipment for specira

4i. measurement at high temp. i
Modernize temperature

4j. measurement control, PVT nannanRnannununnununn

4k. Develop data system, PVT LLLLLLLILEL P00 1117111

estone Description

Task 4e (A} January 15, 1984

(B) March 31, 1984
(C) June 15, 1984

Task 4f (A) May 15, 1984

(B) July 15, 1984

Construct parts for control system
Design mechanical parts
Develop computer controls

Locate materials of construction
Order materials of construction



BPT2. STABILITY AND PROCESSING RESEARCH FOR CRUDES,
INTERMEDIATE PROCESS STREAMS AND FINISHED FUELS

Background

This work addresses Items 5.2.3 and 6.2.1 of the Research Statement of
Work in the Cooperative Agreement between DOE and IITRI (DE-FCO1-83FE60149).

Part of the work--the separation of the crudes--will be carried out in
the Base Program, while the remainder of the tasks, which are possibly
applicable to industry in the near future, will be in the Optional Program.

The goal of the advanced process technology program of DUE/FE is to
provide fundamental data needed to process alternative crudes in an efficient
and acceptable manner. This is an important problem for industry because new
sources of energy are now being developed to supplement and eventually replace
the nation's diminishing reserves of light, "sweet" petroleum crudes. These
heavier, lower quality feedstocks are quite different both physically and
chemically from the light petroleum crudes. Many of these differences cause
problems both for the refiner and for end use applications.

Commercial technology for refining typical petroleum crude oils is well
established. These current techniques provide the basis for the development
of effective and economical processes for upgrading and refining alternative
fossil liquids. The difficulty of producing acceptable liquid fuels increases
generally as the resource moves from heavy petroleum to alternate crudes, such
as tar sand liquids, shale oils, and coal liquids. Removal of nitrogen and
metals and conversion of heavy aromatics are limiting requirements of
upgrading and refining. No practical alternative to relatively costly
‘hydrogenation is in sight for these steps. The product liquids are very
complex mixtures that retlect a combination of the characrter of cthe raw
material and the degree of refining required. Problems such as instability,
metals content, and toxicity must be considered. One of the major differences
between light petroleum crudes and the other crudes is in the quantity and
type of organic compounds that can lead to problems of fuel instability, i.e.,
the formation of soluble and insoluble gums during periods of thermal stress
and during periods of prolonged storage. This project addresses such specific
problems.

Through past research efforts, it has been determined that severe hydro-
treating will convert a number of the compounds, causing Instability by
conversion into less reactive compounds. From the standpoint of the refiner,
however, hydrotreating at the levels necessary to convert or remove all
suspect compound types would be prohibitive. Thus, it is common practice to
blend these synthetic fuels with other more stable fuels in order to dilute
the adverse effects during storage and use.
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Because fuel blending is a way out of the present dilemma, scarely any
research has been directed toward determining the minimum levels of upgrading
that would provide stable fuels, nor has there been sufficient research in
determining the types of compounds causing instability, which, if identified,
could possibly be removed from process streams by methods other than hydro-
genation,

Similarly, the toxicity and mutagenesis of liquid fuels have been shown
to increase as the quality of the feedstocks decreases. If the
syncrude/synfuel industry is to provide a significant portion of our fossil
energy needs, two areas of concern need to be addressed: (1) problems likely
to occur because of worker exposure during production, upgrading, and
refining, and (2) problems affecting the general public.

Research to date has already shown that the distribution of metals in
heavy oils can be unexpectedly complex. Even the lighter fractions may
contain significant levels of organometallics. These contaminants cause
severe problems for refiners who often include a catalytic processing step
very early in their processing facility. This project will include an
investigation of the changes metal-containing compounds undergo as they
proceed through various processing steps,

Extensive research has been performed at NIPER (formerly BETC) in
developing techniques for characterizing heavy fractions of petroleum.
Several crude oils and their straightrun fractions have been studied. These
special characterization techniques provide a unique opportunity to study the
chemistry throughout a typical process sequence and to correlate the
composition and reaction information with other characteristics such as
stability, toxicity, and final composition and physical properties. Because
of the wide diversity of areas to be considered, some of this work will be
covered within the'Optional Program under Project OPT2.

One barrier to the scientific understanding of correlations between
initial compositional properties and final product characteristics is the lack
of well-defined samples. Judicious selection of feedstocks and processing
conditions will address this problem. It is hoped that at least some extra
sample volumes will be available for other investigators to take advantage of
the research opportunity.

Objectives

To develop a correlation and predictive model that relates original
composition and upgrading conditions of heavy fractions of petroleum with
final composition, stability, toxicity, and the physical properties of
finished products.

Scope of Work

The initial phase of this extensive research effort is aimed at deter-
mining upgrading conditions for selected heavy crudes. This will involve a
dual upgrading approach. A distillate cut will be hydrogenated at several
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levels of severity to determine compositional changes as a function of up-
grading severity, The residual material (greater than 1000°F) will be
chemically fractionated. Supercritical extraction will then be used on these
fractions to determine the feasibility of removing of specific problem com-
ponents, such as certain metal compounds known to be present.

Test techniques, such as storage stability, will be evaluated to deter-
mine whether further method development is needed. After the upgrading
experiments are completed for the first feedstock, techniques and conditions
will be re-evaluated before subsequent feedstocks are processed. Data
generated from all phases of the work will be compiled and correlated, with
the ultimate goal being the development of a model to be used as a predictive
tool. Samples with well-defined histories will be made available to other
researchers through NIPER and the BPO when sufficient material is generated
from these experiments.

These data will be compiled in programs for interpretation and
correlative manipulation for predictive model development. To minimize
discrepancies, only samples with well-defined histories will be used in this
study. Literature tésults, where available, will be compiled, checked for
accuracy, and used to compare and verify correlative approaches.

Some of this work will be covered within the Optional Program, Project
OPT2.

Work Plan

Task

—
|

Select the first feedstock. A fresh Wilmington crude (API
gravity = 14) with a known history of production and handling
is in our inventory. ‘

Task 2 - Select upgrading conditions. It is now anticipated that a
distillation cut with an upper limit of about 1000°F will he
made. Other cuts may be necessary. Hydrotreating conditions
will be 300°-350°C and 500-800 psig.

Task 3 - Evaluate storage stability methods to determine what
development work is still required. Identify composition
parameters affecting stahility using state of the art
analytical techniques.

Task 4 - Continue to develop a method for measuring storage stability
during the first upgrading run. This is a continuation of work
inltiated in FYR2,

Task 5*%- Perform distillation of first feedstock using thinfilm
evaporators.

Task 6*- (1) Hydrutreat distillation cuts boiling between 500°~1000°F,
which were generated in Task 5. Use a matrix of tempera-
tures and pressures to generate a well-defined set of
products,
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(2) Perform supercritical extraction for problem components
such as the metal compounds in the greater than 1000°F
fractions after performing chemical class separations.

Task 7 - Analyze the feedstock, distillation cuts, and matrix of hydro-
treated samples and samples from supercritical extraction by
physical, chromatographic, and spectroscopic methods to begin
characterizing the components and the physical and compositional
changes. Include a metals screening to determine effects of
distillation/upgrading on the distribution of metals in the
hydrocarbon matrices. Using the resulting data, determine what
other analyses should be performed.

Task 8 - Determine storage stability parameters on the distillate
material using the new accelerated (65°C) method developed at
NIPER (formerly BETC).

Task 9%- Provide samples through NIPER and BPO for additional testing,
such as utilization experiments. Perform mutagenesis screening
on samples selected after data interpretation of Task 7.

Task 10 - Begin development of computer—baséd model for correlative
and predictive purposes based on results obtained.

Task 11 - Select the second feedstock to be upgraded.

Task 12 - Determine modification of upgrading techniques or hydrogenation
reactor conditions that might enhance the utility of the
resulting data.

Task 13 - Evaluate the need for any changes in physical and compositional
measurements based on characterization data supplied for the
first set of samples.

Task 14 - Develop a model for correlating compositional and upgrading
conditions with final compositional and physical properties,
storage stability, and mutagenesis.

Future Work

The driving force for this research will be the requirement of obtaining
sufficient data from heavy ends of petroleum on which to base reliable
correlations and the resulting model. It is anticipated that the project will
take several years for complete model development at the current level of
effort. Intermediate deliverables will include reports and correlations on
specific parts of the modeling effort.

* This task is in the Base Program. All other tasks are in the Optional
Program under Project OPT2.



Manpower Requirements

Man-years
Manager 0.1
Senior Chemist 0.1
Assistant Engineer 0.1
Associate Engineer 0.2
Technician 0.2
Total 0.7
Chemical Engineers (Post Doctor AWU) 1.9
Equipment Requirements
Available Now
Wiped film distillation equipment 2
Hydrogenation unit 1
High pressure/high temperature batch
reactor 1
Liquid feed pump 1 1
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PROJECT SCHEDULE AND MILESTONE

*Task 1 (A) January 31, 1984

{B) Fabruary 28, 1984

*Task 2 (A) February 28, 1984

*Task 3 (A) February 28, 1984

*Task 4  (A) December 31, 1983

(B) June 30, 1984

Task 5 (A) April 30, 1984

Task 6a (A) June 30, 1984

*In

Project OPTZ

Reporling Requiremenis

Feedstock selected and procurement initiated
Feedstock received

Upgrading conditions selected

Characterization protocols developed

Stability test technique data evaluated for need for further
development work
Rough draft of publication describing new storage stability
test method completed

Distillation completed

Hydrotreatment of 500-1000°F cut completed

(A} 15theteachmonth. ................. Monthly Progress Report
(B) 30 days sfter end o each quarter . .. ...... Quarterly Technical Progress Report
(C) 90 days after end ef pregramyear . ... . ... Amnual Technical Progress Report

. Stability and Processing Research for Crudes,
Project Inte~mediate Process Streams and Finished Fuels Repert Date:
TASK 1Ot |Nov [Dec [Jan |Feb |Mar | Apr [May {Jun | Jul |Aug | Sep
Av] BV
1. Select feedstock RN T
AV
2. Select uparading conditiofS7777A7/ 777N 777777777777
5naly§1§ meﬁﬁods AV
3. identification ITTTTNFTITATTTT T 77717777
Storage stability method AV BV
4. development LALLM LI LI VL L VL VL]
Prepare distillation equig- AV
5. ment and cistill feedstock/////A///TINIITTNITTINITTTINIIITIVIIIET
s A Ay
ba. HWydrotreat distillates 7777 AT77T7 TTTTTNTTITIVTTTTIVITITIVITIT 7777 7V77177
Progress Reporting Requirements pa [ Aa [ AaBfaa [ aa [ na B aa [ Aa | aa 8 aa | aa o
Milestone Description

Manpower/Manyesrs
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(Continuation Sheet)
PROJECT SCHEDULE AND MILESTONE

Project: Stability and Processing Research for Crudes,

Report Date:
Intermediate Process Streams and Finished Fuels P
TASK Oct |[Nov |Dec |Jan | Feb |Mar | Apr |[May |Jun | Jul | Aug | Sep
‘Av
6b. Processing of >1000°F cut|///77 /777777777 7777777777777 77 777F7f7TTI7TTR7ITTTTATTTTTATT]TTA7 7777
’ Av
7. Sample analyses NI TR anR I annuanuna uaa
AV
8. Storage stability testing y/////Y/////{///77Y 7777V 77777{77777Y7777F{77777 7777TA7TT7T7TR77TTTTRTTTT7
: ' Ay
9. Samplies availatle to otherE77777V77777Y77TIT{7TTT77{77T7T 77777 (7777777777 77777
) ' Ay
10. Compile data LT Y T I T T T T T T i i iy
By By
11. Select second feedstock Yy /777y 7777/ 7717 IY 1 TTY 77777777777 (T TTTATTTTT{TTTT T TT 7747777
Modify upgrading Av
12. technique V711V Y LTI T Iy F Ty T Y7777 77777777 7777777777
Milestone Description
"Task 6b (A) September 30, 1984 Attempts at characterization and supercritical extraction of
>1000°F cut assessed for usefulness and applicability to objectives
*Task 7 (A) September 30, 1984 Include compilation of characterization data generated to date
. in NIPER quarterly and/or annual report
*Task 8 (A) September 30, 1984 Report of progress to date
*Task 9 (A) June 30, 1984 Contacts made regarding other investigaticns. Priorities set
for access to samples
*Task 10 (A) September 30, 1984 | Report of progress to date
*Task 11 (A) June 30, 1984 Select/procure second feedstock
(B) September 30, 1984 Receive second feedstock
*Task 12 (A) September 30, 1984 Report of progress to date

*In Project QPT?2




t01

Stability and Processing Research for Crudes,

(Continuation Sheet)
PROJECT SCHEDULE AND MILESTONE

Project: :
rolec Internediate Process Streams and Finished Fuels Report Date:
TASK Oct Nov | Dec | Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep
Modify characterization 1:3%
13. protocol [ITTTETTTTTETTTTTRTTTTTRTTT77 7T TTRTTTTTATTTTT AT TTTT AT TTTTATTTTT AT 7777
Ay
14. Develop model [T T T T T T T T T T T AT T T T T T T AT T TTATTT T T AT TT 7T 7777
Milestone Description
Mask 13 (A) September 30, 1384 Report of progress to date
ask 14 (A) September 30, 1984 Report of progress to date

*In Project OPT2




BPT3. CHEMICAL CHARACTERIZATION OF HEAVY ENDS OF LIGHT PETROLEUM,
OF HEAVY PETROLEUM, AND OF LIQUIDS DERIVED FROM OTHER
FOSSIL SOURCES

Background

This work addresses Item 5.2.2 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FCO1-83FE60149).

This project builds on the experience and equipment of the mass
spectrometer laboratory and will help extend the capability in that field.
The project is divided between the Base Program and the Optional Program, with
a task in the Base Program involving the development of mass spectrometric
techniques that would be applicable to complex hydrocarbon compounds boiling
above 550°C. Tasks dealing with other specialized subjects are placed in the
Optional Program.

This project is a continuation of work within the Fundamental Petroleum
Chemistry program of DOE/Fossil Energy. Historically, uses for high-boiling
fractions have been limited to production of coke and highway asphalt and for
feedstock to catalytic cracking units. However, as reserves of light
petroleum become depleted and methods for producing heavy crude oils improve,
the supply of heavy feedstock will increase and include o0ils with greater
concentrations of metals, nitrogen, oxygen, and sulfur. This supply of heavy
crudes coupled with rising cost per barrel of crude oil will result in a much
greater incentive to process these heavy materials into high-volume, high-
valie produéts, such as gasoline and diesel fuel.

Present coking techniques for heavy oils are energy intensive and still
produce a coke product that may be commercially and environmentally
unacceptable, Thus., the highly aromatic nature of these crudes and their
higher concentrations of contaminating species make it undesirable, both
environmentally and for product utilization, to follow current processing
practices,

The chemistry of these heavy fractions and of fractions containing metals
and heteroatoms is not well understood. Such an understanding is a pre-
requisite for logically developing methods for the efficient processing of
these resources into transportation fuels. Although heavy ends of petroleum
and bitumen contain undesirable elements such as nitrogen, sulfur, and metals,
they still have a much higher hydrogen content than coal, Thys, if processing
difficulties can be overcome, these materials represent a more valuable
feedstock.

The underlying premise of this project is that if more chemical informa-
tion was available about these materials, then more efficient methods of
processing could be developed. Without detailed compositional data on the raw
materials, process development cannot be logically pursued.
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Methods currently available for analysis need to be extended to cover the
high-boiling materials. In addition, new methods should be developed either
to yield data of a type that the old methods cannot deliver or to replace
current methods that cannot be extended to the analysis of heavy ends. An
expected product of this work will be a set of compositional data on a limited
number of heavy end samples.

Prior work at NIPER (formerly BETC) with these materials has shown them
to be very complex in terms of the number of classes of chemical compounds
they contain, as well as the diversity of constituents within a given class
(1-10). To analyze these materials effectively, methods are needed to
separate them into chemical classes or some other type of logical grouping
(11-16). Sophisticated methods for detailed investigation of members of each
class could then be used. By far, mass spectrometry has the greatest
resolving abilities .of any available instrumental technique. It becomes the
logical choice as the main instrument to be used in this study.

For the most effective use of the high resolving capabilities of a mass
spectrometer, the samples must be fractionated according to chemical classes
before introduction into the instrument. This will aid in assigning the
correct chemical structures to the mass data and in providing the best set of
quantitative data possible. Besides the chemical separations, it is often
useful to distill the sample into several boiling ranges to increase the
likelihood of detecting significant minor components by mass spectrometry.

As the result of a cooperative effort between the United States and
Venezuela, a study of Cerro Negro crude oil is underway. The work with
Venezuela Institute of Petroleum (Intevep) has included exchange of both
information and personnel. The Cerro Negro crude oil was chosen as a heavy
0il which, because of its complexity, would be an effective model for method
development. This o0il provides the difficulty of analysis required for the
method development and provides information for the international exchange
through BPO.

In 1980, Cerro Negro, a heavy Venezuelan oil, was distilled into five
boiling ranges. In subsequent years, each distillate has been separated into
saturate, aromatic, acid, and base fractions. 1In order to lay a foundation
for work on the heavy 550°-700° C and 700° C + fractions, the lower boiling
fractione had to be analyzed firct. Thue, maee epectral work on the
200°-425° C and 425°-550° C fractions was begun in 1982, continued through
1983, and is proposed to continue toward completion in 1984,

A preliminary analysis of the mass spectral data has indicated two areas
where more refined separations would greatly enhance the utility of the data:
(1) work on the separation of the aromatic-neutral fraction into hydrocarbons
and various types of sulfur compounds and (2) the development of a method to
subfractionate acid concentrates into compound classes.

References
1. Sturm, G.P., Jr., Q. G. Grindstaff, D. E. Hirsch, S. E. Scheppele,

and M. Hazas, "Characterization of Cerro Negro Crude, Part II. Chemical
Analysis," ACS Div. Pet. Chem. Preprints, Vol. 26, 1981, pp. 851-856.
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3. Scheppele, S. E., G, P. Sturm, Jr., Q. G. Grindstaff, R. D. Grigsby,
and C. S. Hwang, "Characterization of Probe Distillation/Mass Spectrometry
Applied to the Characterization of Heavy Ends of Petroleum," presented at
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4, Scheppele, S. E., Q. G. Grindstaff, G. P. Sturm, Jr., and T. Aczel,
"Considerations on the Quantitative Analysis of Complex Petroleum and Synfuel
Mixtures,'" presented at 3lst Annual Conference on Mass Spectrometry and Allied
Topics, Boston, Mass., May 8-13, 1983.

5. Scheppele, S. E., Q. G. Grindstaff, and P. L. Grizzle, "Field
Ionization Mass Spectrometric Analysis of Saturates in Shale 0il," presented
at Joint Meeting of American Society for Mass Spectrometry and American
Society for Testing and Materials, Honolulu, Hawaii, June 6-11, 1982.

6. Grindstaff, Q. G., S. E. Scheppele, C. S. Hwang, G. P. Sturm, Jr.,
and P. W. Woodward, "Aspects of the Composition of Hydrotreated Greater
Canadian Tar-Sands 0il," 26th Annual Conference on Mass Spectrometry and
Allied Topics,; &t. Louis, Mo., May 28-June 2, 1978.

7. Scheppele, S. E., K. C. Chung, and C. S. Hwang, "Computer Processing
of Mass Spectral Data .I. Assignment of Formulas to Experimental Masses;
Chemical and Mathematical Principles,”" Int. J. Mass Spec. Ion Phys., Vol. 49,
1983, pp. 143-178.

8. Grigsby, R. D., S. E. Scheppele, Q. G. Grindstaff, G. P. Sturm, Jr.,
L. C. E. Taylor, H. Fudge, C. Wakefield, and S. Evans, "Evaluation of Fast
Atom Bombardment Mass Spectrometry for Identification of Nitrogen-Containing
Compounds in Fossil Fuels,' Anal. Chem., Vol. 54, 1982, p. 1108.

9. Sturm, G. P. Jr., J. E. Dooley, J. S. Thompson, P. W. Woodward, and
J. W. Vogh, "The Composition of Liquids from Coals of Different Rank" in
Upgrading Loal Liquids, AUS Symposium Series 156, 1981, pp. 1-37.

10. Sturm, G. P. Jr., P. W. Woodward, J. W. Vogh, S. A. Holmes, and
J. E. Dooley, "Characterization of a Colstrip Coal Liquid Derived from the
Zinc Chloride Hydrocracking Process,”" BERC/RI-78/4, May 1978,

11. Dooley, J. E., D. E. Hirsch, C. J. Thompson, and C. C. Ward,
Hydrocarbon Processing, "Analyzing Heavy Ends of Crude," Vol. 53, No. 11,
1974, p. 187.

12. Green, J. B., and R. J. Hoff, "Liquid Chromatography on Silica Using
Mobile Phases Containing Aliphatic Carboxylic Acids. II. Application in
Fossil Fuel Characterization," J. Chromatogr,, Vol. 209, 1981, pp. 231-250.

13. Grizzle, P. L., J. B. Green, V. Sanchez, E. Murgia, and J.
Lubkowitz, "Characterization of Cerro Negro Crude, Part I. Physical and
Chemical Separations,'" ACS Div. Pet. Chem. Preprints, Vol. 26, 1981, pp.
839-850.

l4. Green, J. B., and P. L. Grizzle, HPLC Analysis of Polar Suhstances
on Unmodified Silica" in Trace Analysis, J. F. Lawrence, editor, Vol. II,
Academic Press, New York, 1982, pp. 223-65.

15. Grizzle, P, L., and J. S. Thomson, "Liquid Chromatographic Separation
of Aromatic Hydrocarbons with Chemically Bonded (2,4-Diaitro anilino propyl
Silica," Anal. Chem., Vol 54, 1982, pp. 1071-1078.

16. Vogh, J. B., and J. S. Thomson, "Preparative Liquid Chromatography
for Fractionation of Petroleum and Synthetic Crude 0ils," Anal. Chem., Vol.
53, 1981, pp. 1345-1350. -

106



Objectives

To develop mass spectral procedures for the analysis of constituents in
the heavy ends of petroleum with a boiling range greater than 550°C.

Scope of Work

Mass spectral data of fractions separated from the 200°-425°C and 425°-
550°C distillates of Cerro Negro crude have been obtained using the ultra-
high resolution MS-50 mass spectrometer. These data will be analyzed using
the group-type, carbon number distribution technique. 1In the group-type
method, compound types with the same general formula (and ideally very similar
chemical and physical properties) are grouped since the masses of their parent
ions are identical. Carbon number distributions for the different group-types
result from determination of the homologous members that differ in composition
by the number of CH2 groups present in the molecules.

The analysis will be used first to determine if the mass spectral condi-
tions, such as resolution, parent ion/fragment ion ratios, number of ions
produced for each compound, component and concentration factors of calibration
mixture, and reproducibility can be improved. After the best set of
conditions has been determined, the mass spectral technique will be evaluated
to determine whether the group-type carbon number distributions obtained have
value for analyzing of heavy crudes that contain high amounts of heteroatoms.
Also, it will be determined if the mass spectral data on the less than 550°C
distillates can be useful for the analysis of the greater than 550°C distil-
lates of the Cerro Negro crude in either the extension of the methods or in
the development of new methods.

The quantitation of the group-type, carbon number distribution analysis
assumes that the sensitivities for all compound types and all homologous
members within each compound type are equal. Mass spectral sensitivity for a
given compound can be defined as the ratio of the number of ions collected at
the detector to the number of molecules of that compound introduced to the ion
source of the mass spectrometer. From work performed in this and other mass
spectrometry laboratories, these sensitivities are known not to be equal for
all compounds,

To improve the accuracy of the quantitative analysis of the Cerro Negro
and other heavy crudes, sufficient sensitivity determinations of compound
types and homologous members of compound types must be performed to develop
reliable sensitivity-structure correlations, This is a large undertaking and
can be done only on a limited basis in the coming year. These sensitivity
correlations will be evaluated using both individual model compounds and
well-defined fractions of petroleum.

Even with the state of the art, ultra-high resolution MS-50 mass
spectrometer, the mass spectral analysis of heavy petroleum such as Cerro
Negro is limited because of the high sulfur content. At a dynamic resolution
of 80,000, the MS-50 mass spectrometer can only provide baseline separation
between the hydrocarbon compounds and the corresponding sulfur compounds, in
which three carbons are replaced by SH,, up to mass 272. The ideal way to get
around this problem would be to separate the sulfur-containing compound
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classes from the other neutral compounds in the crude. Two promising
separation methods being developed at NIPER (formerly BETC) will be evaluated
for their ability to separate sulfur compounds from Cerro Negro heavy oil.

The separation of acid concentrates into compound classes would enhance
the mass spectral analysis of a heavy petroleum. Many different types of
compounds in fuels show weak-to-medium acidic properties. Some contain
nitrogen, such as the pyrrolic and amide families, some contain oxygen such as
carboxylic acids and phenols, and some contain sulfur such as thiols. Their
chemistry is different than other neutral (ethers, thiophenes, etc.) or basic
(pyridines, anilines, sulfoxides) heteroatom species, which makes it essential
to isolate them as a group and determine the classes of compounds prescnt.

A separation method under development will be used to separate previously
isolated acid concentrates. Analyses of the resulting fractions will be used
to evaluate this as yet unpublished separation mecthod. Depending on results,
the method will be published or modification will be undertaken. Also,
fractions that prove to be nearly homogeneous in one compound class will be
used to determine average mass spectral sensitivities. as descrihed ahove.

Tasks 2-4 of this work will be done under Project OPT3 of the Optional
Program.

Work Plans

Task 1 - Evaluate mass spectral techniques for obtaining group-type
carbon number distributions using fractions separated from the
200°-425°C and 425°-550°C distillates of Cerro Negro Heavy
Crude. (Base Pragram)

{a) Obtain carbon number distribution for 200°-425°C and
425°-550°C acids fractions.

(b) Obtain carbon number distribution for 200°-425°C and
425°-550°C bases fractions.

(c) Obtain carbon number distribution for 200°-425°C and
425°-550°C neutral fractions.

(d) Using information obtained from subtasks a, b, and c,
determine if the low voltage calibration mixture of
compounds can be changed either by component or
concentration to improve mass determination accuracy.
Also, determine the electron impact voltage for the best
parent ion/fragment ion ratio, number of ions produced for
each compound, and the reproducibility of the mass spectra
using the 200°-425°C base fraction. All three of these
condltions must be considered jointly in determining the
optimum low voltage elcctron impact conditions.

(@) Uocing information ubtalned In subtasks a, b, c, and d,
evaluate mass spectral technique for obtaining carbon
number distributions and the possibility of extending the
technique to analysis of the 550°C fractions of Cerro
Negro crude.
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Task 2 - Evaluate, on a limited scale, the assumption of equal molar
sensitivities for quantitative mass spectral analysis of
petroleum fractions. This is Task 1 in the Optional Program,
OPT3.

(a) Select compounds representative of the types typically
found in fossil fuel aromatic-neutral fractions,

(b) Determine the mass spectral sensitivity coefficients for
these representative compounds using low-ionizing-voltage
electron impact and field ionization techniques.

(¢) Correlate sensitivity data with known structures of
representative compounds.

(d) Evaluate the importance of sensitivity correlations in the
quantitation of mass spectral analyses.

Task 3 - Separation of sulfur compound classes. This is Task 2 in the

Optional Program, OPT3, page 162.

(a) Separate sulfides from Cerro Negro 200°-425°C and
425°=550°C acid-base-free distillates.

(b) Separate saturates, thiophenes, and aromatic hydrocarbons
from at least the acid-base-sulfide-free 200°-425°C
distillate.

(¢c) - Evaluate the effectiveness of these separations via
elemental analysis, gas chromatography, and mass
spectrometry.

(d) Evaluate the possibility of extending the separation
method to higher distillates.

Task 4 - HPLC separation of acid concentrates into compound classes.

This is Task 3 in the Optional Program, OPT3.

(a) Separate 10-20 previously isolated acid concentrates and
distillates and residues of Cerro Negro and Wilmington
oils into compound classes.

(b) To test the capabilities of the method, apply this
separation technique to 5-10 synfuel acid concentrates
that contain acids that are significantly different from
acids in crude oils. Compare results.

(e) Evaluate separation method using infrared and mass
spectroscopy. Report results.

Future Work

Further work in FY85 and beyond will extend techniques developed in FY84
to the heavier fractions of Cerro Negro (550°-~700°C and greater than 700°C
fractions). The methods developed will be applied to additional heavy crudes
with wide-ranging properties, and the sensitivity structure correlations will
be expanded to improve quantitation of heavy fossil fuel samples. Work on
separation of sulfur compounds in the higher ranges of Cerro Negro crude is
planned for FY85. Additional effort in FY85 will also be required to finish
the fractionation of the acid fractions.
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Manpower Requirements

Man-years

Research Chemist 0.6
Senior Chemist 1.0
Research Chemist 2.0
Senior Experimentalist 0.6

Total 4,2

Equipment Requirements
- Available New

MS-30 FI,FD,EI 1
Ms5-80 FI1I,FD,EI,CI 1
MS-50 FI,FD,EI 1
Megohm meter 1
HPLC (high performance liquid ’
chromatography) systems, also
HPLC accessories: columns,
specialized detectors, column
packing apparatus. 4
Rotary solvent evaporators 4
Gas Chromatographs with supporting
intelligent interfacing 4 1
GC mass detector 1
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p,ﬂeﬂ:Chemical Characterization of Heavy Ends of Light Petroleum,
of Heavy Petroleum, and of Liquids Derived from QOther Fossil Sources

PROJECT SCHEDULE AND MILESTONE

Report Date:

TASK Oct Nov Dec Jan Feb Mar | Apr | May | Jun Jul Aug Sep Manpower/Manyears
Evaluation of mass A7) BV Cv DV EV
1. spectral techniques [ITTTNTTTTTTTTIV Ty Ty T Ty T Iy I Ty Ty i rf7riir{7777
tvaluation of quantitation Ay B v C,0v
2. assumptions of MS data [ITTTATTT T T T T T T T TT iy 77Ty 77 v 77T I 777 v 777 7¥ 7777 7R 7777
Separation of sulfur Av BV C,0v
3. compound classes LALHTNILLTA LTI LTIV T T TV I TV Ty T T T T Iy 7T T Ty I7rr7yi77i
HPLC separation of acid AV BVYITV
4. concentrates into compound /////A/777TA/T7T7TANTTTTTAITTTI T TTT IV TTTTIVTTTTINTTTTIVIT7TIYI77T7Y7777

classes

Progress Reporting Requirements

AA

AA AA B4 Aa Aa Aa B4 Aa AA Aa B4 Aa Aa Ca'

Task 1 (A) February 29, 1984
(B) March 31, 1984
(C) May 31, 1984
(D) June 30, 1984
(E) September 30, 1984

~ Task 2 (A) May 1, 1984

(B) July 15, 1984

(C) September 30, 1984
Task 3 (A) May 31, 1984

(B) July 30, 1984

(C) September 30, 1984

(D) September 30, 1984
Task 4 (A) July 1, 1984

(B) August 31, 1984

(C) September 30, 1984

Reporting Requiraments

(M1Sthofeachmonth. . ................
{8) 30 days after end of each quarter . . .......
{C)' 90 days sfter end of pregramyesr . ... ....

Description

Obtain carbon number distribution for 200-425°C and 425-550°C base fractions
Obtain carbon number distribution for 200-425°C and 425-550°C acid fractions
Obtain carbon number distribution for 200-425°C and 425-550°C neutral fractions
Determination mass spectral operational conditions

Evaluate mass spectral technique for obtaining carbon distributions

Select representative compound

Determine mass spectral sensitivity

Evaluate the importance of sensitivity correlation in quantitation of data
Separate sulfides from Cerro Negro 200-425°C and 425-550°C distillates

Separate saturates, thiophenes, and aromatic hydrocarbons from 200-425°C distillate
Evaluate effectiveness of these separations )
Evaluate possibility of extension of separation method to higher distillates
Separate 10-20 Cerro Negro and Wilmington acid concentrates

Separate 5-10 synfuel acid concentrates

Evaluate separation method

Montsly Progress Report
Quarterly Technicsl Pregress Repor
Annual Technical Progress Report
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OEl. TIMPROVEMENTS IN STIMULATION TECHNOLOGY

This project consists of two intimately related tasks dealing with the
properties of fluids used in massive hydraulic fracture and their effect on
formation damage.

OE1A. FORMATION DAMAGE DUE TO HYDRAULIC FRACTURING FLUID

Background

The work addresses Item 6.4.2 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149).

Geologic studies by both industry and the National Petroleum Council (1)
estimate that an immense resource (600 trillion cubic feet) of natural gas
exists in tight gas sand basins in the western states. These reservoirs
contain natural gas in formations with permeability too low for economic
recovery by conventional technology.

Massive hydraulic fracturing (MHF) has been used to stimulate natural
gas production from low-quality reservoirs. Large hydraulic treatments are
designed to produce fractures in tight formations that extend from 1000 to
3000 feet radially from the wellbore. Typically, expensive MHF treatments
consist of pumping at least 100,000 gallons of gelled fracturing fluid
containing sand proppant into the reservoir. To date, MHF of these low
quality reservoirs has produced mixed results, and many of the factors that
contribute to success or failure are not understood.

Two factors that contribute to the failure of MHF treatments are
formation damage and restricted fracture conductivity Qg). Formation damage
of the reservoir is caused by fluid leak-~off and fracturing fluid polymer
penetration into the formation during the fracturing treatment. Sometimes
the reservoir can be further damaged because of fluid incompatibility, which
causes clay swelling and migration of fine particles that plug formation
capillaries. The combined effect of these factors result in formation
damage. Little information has been published on formation damage caused by
stimulation of low permeability sands. A basic research program leading to a
better understanding of these factors is needed.

During the past year, formation damage due to fluid invasion was studied
at BETC using core samples fram tight lenticular sands. Gel invasion depth
into cores was evaluated along with other hydraulic fracturing parameters,
such as fluid loss coefficients, filter cake permeability to liquids, and
effective gas permeabilities. Preliminary data and procedures from this study
were published (3). During the course of the study, a unique experimental
apparatus was developed capable of measuring formation damage by observing
regained permeability along with the other parameters mentioned above.
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This work has application to understanding tight gas sand (TGS) stimu-
lation and production that is of interest to DOE, the Gas Research Institute
(GRI), and industry. In addition to TGS cores from the Uinta and Green River
Basins, the research program incorporates cores from the Multiwell Experiment
(MWX) (4) in the Piceance Basin. -‘Since a great deal of information (reser-
voir parameters, core analysis, formation breakdown pressures, and reservoir
simulation studies) is available, the MWX represents an ideal research situa-
tion for formation damage studies. For the MWX stimulation treatment, pres-
ently scheduled for the spring (1984), the frac-fluid design will be
evaluated and formation damage measured using MWX paludal zone core.

References

1. National Petroleum Council, "NPC Unconventional Gas Sources--Volume
V--Tight Gas Reservoirs, Part I," Report by Tight Gas Reservoir Group of the
Unconventional Gas Committee, December 1980.

2. Hoditch, S. A., "Factors Affecting Water Blocking and Gas Flow from
Hydraulically Fractured Gas Wells," J. Pet. Tech., Dec. 1979, pp. 1515-1534.

a. Valk, L. J., B. L. Gall, €. J. Ralble, and H. B. Carroll, "A Merhod
for Evaluation of Formation Damage Due to Fracturing Fluids," SPE Paper
11638, presented at the SPE/DOE Symposium on Low Permeability, Denver, Colo.,
March 14-16, 1983.

4, Crawley, A. B., D. A, Northrup, and A. R. Sattler, "The Department
of Energy's Western Gas Sands Project Multi-Well Experiment Update," SPF
Paper 11183, presented at the 57th Annual SPE-AIME Fall Technical Conference,
New Orleans, La., Sept. 26-29, 1982,

Objectives

To identify and evaluate factors contributing to formation and fracture
damage in tight gas reservoirs.

Scope of Work

The research has a broad application for tight formations. A frac-fluid
simulator has been developed to determine the damage to cores caused by
various fracturing fluid polymers and additives at reservoir temperature and
fracturing pressure. By using the simulator, regained permeability or damage
magnitude can be measured for different polymer types (guar, hydroxypropyvl
guar HPG, and cellulose gels) at various polymer concentrations, e.g., those
under consideration in the MWX research program. In addition, by measuring
regained permeabilities, the effect of temperature and gel pump pressures on
damage will be measured relative to fracturing conditions.

Another parameter to be evaluated is the fluid leakoff coefficient.
Viscous polymer gels are used not only to increase proppant transport, but
also to reduce leakoff by building a filter cake at the fracture face. The
data developed for polymers such as HPG, guar, and cellulose to control fluid
loss will be measured and evaluated using the frac-fluid simulator. 1In
addition to polymer evaluation, fluid loss additives, such as diesel fuel,
will be assessed for fluid loss control. Other additives, such as methanol
and surfactants that aid in fluid cleanup, will be evaluated.
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This work will be extended to evaluate damage caused by cross-linked

polymer gels.

These non-Newtonian fluids are shear sensitive and are not

compatible with batch quantity gels used in the present experimental appara-
tus. A reactor system will be developed to produce cross-linked gels. The
development time of this reactor is uncertain depending upon experimental

difficulties.

After the reactor is developed, formation damage and fluid

loss coefficients of cross-linked gels will be measured and evaluated as
stated for the previous system.

Ultimately, these investigations will lead to simplified models that
relate the reservoir properties to polymer concentration, temperature range,
and additive type for prediction of frac-fluid behavior, formation damage, and
fluid leakoff coefficients at reservoir conditions for each polymer type under

development.

Work Plans

Task 1 -

Task 2 -

Task 3 -

Task 4 -

Task 5 -

Regained permeability and fluid leakoff coefficients -

of experimental polymers planned for testing in the MWX experi-
ment will be measured using MWX core from paludal Zone .3 and

4. Results will be analyzed and recommendations will be made
for fracturing fluid systems to be used in the tests planned
for early December 1983. ‘

Measurements will be extended to 100°C for HPG gel concentra-
tions of 40 and 80 pounds. In the past, efforts largely
concentrated on evaluating of formation damage due to
hydroxypropyl guar (HPG) at a temperature of 70°C.

The effectiveness of additives will be measured with HPG

gels. The effect of 5 percent diesel fuel to control fluid
loss will be measured at 70° and 100°C. Regained permeability
and fluid leakoff will be measured for 5 percent methanol/HPG
gel at 70° and 100°C. The results of these tests will be
analyzed for possible temperature dependence on fluid leakoff
and reservoir cleanup. Additive effectiveness will be
evaluated.

Formation damage evaluation will be completed for modified
cellulose gels. Regained permeability of 40 and 80 pound
cellulose gels will be tested at 70° and 100°C. The results
of these tests will be analyzed for temperature and
concentration effect on formation damage and fluid loss
control of these typical low residue gels. Recommendations
for fluid loss control will be made based on the relative
effectiveness of low residue (cellulose) versus high residue
or filter cake building (HPG) gels. The relative extent of
formation damage will also be evaluated with respect to these
different polymer types. ’

An experimental high pressure reactor will be designed where

the cross-linked reagent will be metered into the polymer gel
as the gel is pumped to the formation damage apparatus.
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Task 6 — A high pressure reactor will be constructed and installed on
the formation damage apparatus.

Task 7 - Reactor performance will be evaluated by measuring viscosity
changes on a boron cross-linked and HPG polymer system . Data
will be analyzed for system efficiency. This system will then
be used to evaluate cross-linked gels planned for future
research.

Future Work

Future research will include evaluation and effectiveness of metal ion
cross—linked gels with respect to fluid loss control and formation damage.

Other fracturing fluid additives will be investigated with respect to
minimizing formation damage. For example, a common formation damage problem
is water-sensitive clays. Clay damage usually results from swelling clays or
migration of clay particles. A number of clay stabilizers have been praposed
to minimize damage. A systematic study will be made for the various types of
clay stabilizer additives to determine which type or types are most effective
for clay damage control.

Additional research will include evaluation of foams to be used for
hydraulic fracturing. This work will involve developing methods and bench-
scale equipment capable of generating a quality foam range in the laboratory.
This would allow assessment of foams for damage and fluid leakoff control.

Manpower Requirements

Man-years
Research Physicist 1.0
Technician 1.0
Petroleum/Chemical Engineer 0.5
Total 2.5

Equipment Requirements

Available New

Two HPLC pumps 1
Two 10,000 psi core test cells 1
Stripchart recorder (multi-speed

and range) 1
Humidity oven 1
High torque mixer
Electronic balance 1

—
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Project: Formation Damage Due to flvdraulic Fracturina Report Date:
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5. Design cross-linker reacto

AV
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6. Construct reactor
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Milestone Description
Task 1 (A) November 30, 1983 Complete compatibility tests of frac fluids and MWX core
Task 2 (A) March 15, 1984 Complete high temperature HPG tests
Task 3 (A) April 30, 1984 Complete additive/HPG tests
Task 4 (A) August 30, 1984 Complete formation damage and fluid loss tests for cellulose gels
Task 5 (A) May 30, 1984 Design cross-linked reactor
Task 6 (A) July 31, 1984 Complete reactor construction
Reperiing Requirements
(MISthefoschmenth. . ................ Mon:hly Pregress Reporl
(8) 30 deys after snd of sach quarter . . .. ... .. Quanterly Vechnical Pregress Repert
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Task 7

(A) September 30, 1984

Complete reactor system design



OE1B. CHARACTERIZATION OF POLYMER FRACTURING FLUID SYSTEMS

Background

This work addresses Item 6.4.2 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149).

Massive hydraulic fracturing (MHF) using gelled water-based fluids is a
common technique to stimulate low permeability, gas-bearing formations in the
western United States. These viscous solutions are used to improve proppant
placement and decrease fluid leakoff. An important step in gas well com-
pletion is the viscosity reduction and frac-fluid removal from the hydraulic
fracture to ensure proper proppant placement and minimize formation and
fracture damage. '

In the past, loss of viscosity has been used as an indicator of polymer
degradation into simpler molecules. Actually only under extreme conditions
(high breaker concentrations and high temperature) do broken polymers reduce
to a molecular weight of 10,000 or less. Loss of viscosity can leave as much
as 20 percent of the polymer with molecular weight greater than 2 million, a
size capable of plugging or restricting flow in tight sandstone pores.

In addition, recent studies by Almond (1) indicate that damaging effects
of fracturing fluid systems on sand packs, used to represent the fracture,
cannot be predicted on the basis of loss of viscosity alone. He concludes
that broken polymer molecules leave an "invisible residue" in the sand pack
which hinders fluid flow and cleanup. '

In order to evaluate the factors that produce efficient fracturing fluid
polymer degradation, a size exclusion chromatographic (SEC) system has been
developed which can monitor the decrease in molecular size of the broken
polymer as conditions are varied. Variables that affect polymer degradation
include polymer type, breaker type, concentration, temperature, time, and
fracturing fluid formulation (pH, crosslink type, etc.). Initial studies
using hydroxypropyl guar (HPG) indicate that polymer degradation can be
studied using SEC. Additional studies are needed to correlate the degree of
damage with the size of the polymer fragments making it possible to use SEC as
an effective tool to study polymer degradation. The effect fracturing tluid
additives have on degradation conditions can then be evaluated to determine
improved clean-up characteristics and to design more efficient fracturing
fluids.

Leakoff of fracturing fluids into the formation results in the polymer
concentrating in the fracture as a gel filter cake buildup that is 20 times
more concentrated than the typical 40 1b/1000 gallon gel concentration of the
fracturing fluid formulation. Breakers leak off into the formation and may
not be in contact with the polymer when efficient cleanup is desired. SEC
will be used to investigate ways to degrade this concentrated polymer
solution efficiently.
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Objectives

To develop a theory for polymer degradation.

Scope of Work

Size exclusion chromatography (SEC) will be used to analyze and monitor
polymer degradation as a function of breaker type and concentration, tempera-
ture, time, and additives to the fracturing fluid system. The viscosity of
the degraded polymer solutions will also be monitored. Upon completion of
the HPG work, studies will be initiated on other possible fracturing fluid
polymers such as guar gum, modified cellulose, and Xanthan gum. Since these
polymers produce varying amounts of damaging residue, their use will aid in
correlating the degree of damage with SEC results.

Degradation studies using enzyme breakers will be conducted as a
function of pH. Other additives that may enhance or retard polymer
degradation such as methanol and added salts will be studied.

Particular attention will be directed to study degradation of filter
cake build-up due to fluid loss. Preliminary studies indicate that breaker
concentrations which degrade polymer solutions appear to leave the filter
" cake intact. Actual fracture damage may be more severe than tests with sand

packs indicate.

Viscosity measurements will be made using a Cantraves low-shear 30
viscometer suitable for measuring visconsities of broken polymer solutionn
tu cumpare with SEC results.

These investigations will make it possible to compare and evaluate
different fracturing fluid systems and to develop mathematical correlations
which predict degradation behavior under reservoir conditions.

Work Plans
Task 1 - Finalize evaluation of SEC system for monitoring polymer
degradation of hydroxypropyl guar (HPG) as a funcetion of
breaker type and concentration, time, temperature, and added
salt,
Task 2 - Initiate studies of degradation of modified cellulose and

guar gum as a function of breaker type and concentration,
time, temperature, and additives.

Task 3 - Correlate SEC results for modified cellulose polymer systems
with Almond's sand pack studies to identify molecular size of
"invisible residue" small enough to be considered as
non-damaging.
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Task 4

Task 5

Task 6

Task 7

Future Work

Use high pressure filter apparatus and filters of known pore
size to study possible correlation of SEC results with amount
of residue produced by the broken polymers. Studies will
involve use of various polymers, breakers, and changes in
conditions as studied with SEC.

Initiate studies on conditions necessary to effectively
degrade concentrated gel buildup, in particular breaker type
and concentration.

Monitor viscosity changes of the broken polymer solutions
with a Contraves low-shear 30 viscometer to correlate with SEC

results with viscosity changes.

Prepare status report on results of tests,

The SEC system will be used to determine more effective breaker and/or
stabilizer mixtures. The underlying objective of this work is to develop or
improve breakers that do not prematurely reduce polymer viscosity during the
fracturing process but are effective in degrading concentrated polymer in the
fracture to minimize fracture and formation damage during fluid cleanup

operations.

Manpower Requirements

Man-years New
Research Chemist 1.0
Assistant Chemist 1.0
Petroleum/Chemical Engineer 0.5
Technician 1.0
Total 3.5

Equipment Requirements

Available New
Two HPLC pumps 1
RI detector 1
WISP HPLC sample system 1
Waters data module 1
Contraves precision viscometer#* 1
Millipore water purification system 1

* Shared with other projects.
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PROJECT SCHEDULE AND MILESTONE

Project: Characterization of Polymer Fracturing Fluid System Report Date:
TASK Oct Nov | Dec Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep Manpower/Manyears
1. Evaluation of SEC system VA
for HPG /1117
2. Degradation studies of nody- AY
fied cellulose & guar gum LILLEALLLLEAL LIV LLEL IV LL LY LI LI L L g
3. Correlate SEC a-d sand- A
pack results LIINLLEN LTI LI VL LY LY
4, HP filter studiss A .
YEIIN Ny ARNNN SNaN, TR N NI YT VAT s VIR N Vi aa v,
5. Initiate.conc. ggl builcup LV
degradation studies ITRR TN YT I i,
6. Moni=or visco§i:y of brcken AY By
polyner solutioms T2 ARy Ay vl v v uan v unii
Progress Reporiing Requirements AA AA AA B4 AA AA AA B4 A AA Aa B4 AA Aa CA'
Milestone Description

Task 1 (A) November 30, 1983
Task 2 (A) April 1, 1984

Task 3 (A) May 31 1984

Task 4 (R) April 30, 1984

Task 5 (A) July 31, 1984

Task 6 {A) Januzry 31, 1984

{B) May.Z1, 1984

Reperting FAequirements
NiSthefechmenth. ................
{B) 30 days ifter end ol each quarter . .. ... ...

Conplete evaluation of SEC system to monitor HPG degradation
Evaluate modified cellulose results end initiate degradation studies
of guar gum
Compiete evaluation of SEC and Almond's sandpack results for
moditied cellutose and HPG
Evaluate preliminary results on high pressure filter studies for SEC/Residue
correlation to determine usefulness
Select most favorable breaker for further study

Correlate results on HPG

Correlate results on modified cellulos=

Monthly Pregreas Reperi
Quarterty Technical Progress Repert
{C]' 90 days after end of pragramysar . . . .. ... . Annuat Technical Pregriss Repert
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(Continuation Sheet)
PROJECT SCHEDULE AND MILESTONE

Project: Characterization of Polymer Fracturing Fluid System Report Date:
THSK Oct Nov Dec Jan Feb Mar | Apr | May | Jun Jul Aug Sep
Av
7. Prepare status report 77777
Milestone Description

Task 7 (A)

September 30, 1984

Complete status report




OE2. RESERVOIR CHARACTERIZATION FOR EOR APPLICATION

Of all the EOR processes, chemical injection or chemical flooding has one
of the highest potential payoffs. However, because of the high front-end
investment and the high risk associated with chemical flooding, the
development of this sophisticated technology is being delayed(l).

Therefore, three goals have been expressed for the Federal R&D program in
chemical EOR(2): :

(1) Increase process performance predictability to a level adequate
for process design and risk assessment,

(2) 1Improve recovery efficiency to recover 43 percent of the
residual oil-in-place and extend the scope of application to
higher temperature and salinity reservoirs.

(3) Validate proof-of-concept with respect to improved process
predictability, recovery efficiency, and applicability.

Much of BETC's work in the past has been aimed at mechanistic studies of
the microscopic processes of o0il displacement by chemical flooding. Important
as this is, another problem must also be solved to increase oil recovery from
many reservoirs--increasing the sweep efficiency. Recent diagnostic studies
on field projects have shown that recovery was poor because of low sweep
efficiency. This could be improved by better understanding of the geological
setting of the reservoir, although geological surprises seem to be the norm in
field work.

Another approach is to find better methods to measure the propagation of
fluid fronts in the reservoir. Such improved methods could serve as tools to
better develop understanding of lithologic and geologic variables alfecting
sweep efficiency. This is one topic where laboratory simulations are of
limited value. The real problems lie in the field. The most effective way to
speed research in this area would be to develop better measurement tools,

OE2A., FLUID FRONT MONITORING FOR CHEMICAL EOR

Background

This work addresses Item 6.1.1 of the Research Statcment of Work in the
Cooperative Agreement between DOF and IITRI (DE-FCO1-83FE60149).

One vf the most ¢ritical problems for enhanced o0il recovery is the lack
of knowledge about reservoir characteristics away from the wellbore, which is
important before application of a recovery proccoss. A closely related problei
arises after EOR initiation when we do know some characteristics, but cannot
monitor process sweep (between wells) of the reservoir.

With present methods of reservoir evaluation, such as injectivity tcsts,
pressure pulse testing, wellbore logging, and well-to-well seismic surveys,
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fluid flow patterns can only be determined after the project has been started.
Even then, flow tests and observation wells are needed to track chemical slug
progress. These tests often are not conducted as they interfere with project
implementation,

Recovery process monitoring, which is synonymous with fluid front
tracking, is a critical and well documented need. Process efficiency could be
increased significantly if flow rates and injected materials could be adjusted
in a timely manner in chemical EOR projects to achieve better sweep efficiency
and control of expensive chemical flow patterns.

Thus, there is need for measurement methods both initially, when there
may be only a few wells or boreholes, and later in the project when there is a
pattern of wells.

Most of the available methods suffer because they measure properties only
near the wellbore. And often these localized measurements are not precise,
or they lose definition at the depths of most reservoirs. These measurement
methods include seismic and wellbore-logging techniques. The problem is made
more difficult because chemical flood fluids often differ little in measurable
properties from the reservoir fluids.

One method that is being developed by Sandia Laboratories is the Audio-
Magnetotelluric (AMT) geophysical prospecting technique and the NIPER staff
has experience with the method(3). Unfortunately it does not appear to have
sufficient sensitivity at typical reservoir depths. Also, Sandia has not
attempted to apply it to EOR floods.

References

1. Gogarty, W. B., "Enhanced 0il Recovery Through the Use of Chemicals--
Part 1," J.Pet.Tech., Sept. 1983, pp. 1581-1589.

2., Bartlesville Energy Technology Center,'"Enhanced 0il Recovery R&D
Program Plan -~ 1983," BETC, Bartlesville, Okla., June 1983.

3. Carroll, H. B., John Miller, and Ken Spence, "In Situ Combustion
Project at Bartlett Kansas," 5th Annual Univ. of Kansas EOR Conference,
1980.

Objectives

To devise and evaluate theoretically the feasibility of one or more
methods of measuring the front of chemical flood fluids in EOR under field
conditions.

Scope of Work

This project is proposed as an exploratory feasibility study. A survey
of the physical properties of EOR chemical flood fluids will be made along
those of typical reservoirs to determine the range which measurement may
attempt to detect., Additives will be considered to alter the properties (such
as electrical) without interfering with recovery.
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Geophysical properties of typical reservoir compositions will be
cataloged, based on literature values, and compared with fluid properties to
suggest properties that can serve as a basis for measurement.

Various physical effects will be considered as potential measurement
means. These will include electromagnetic effects at various frequencies,
sonic effects, and combinations. Methods of propagating these effects will be
considered, including above-ground sources, taking advantage of wells and
piping and of propagating layers such as aquifers and fractures. Methods will
be evaluated by theoretical calculations for postulated geometries.

All of the above methods of cataloging and calculating will serve only as
a framework to stimulate ideas.. The objective of this exploratory phase of
the work will be to generate novel ideas that can be tested and that may
result in a breakthrough for potential field measurement technology.

Work Plans
Task 1 <« Survey and catralog applicable physical properties of chemical
EOR fluids and of reservoirs. Seek exploitable differences

that will not interfere with EOR,

Task 2

Explore geometries of signal sources and seek methods that
concentrate on the desired structures to be measured.
Calculate resulting propagation.

Task 3 -~ Postulate geometries of typical field petrographic and geologic
conditions leading to sweep problems. Seek ways of taking
advantage of these to detect perturbations in EM, acoustic,
magnetic or other effects.

Task 4

Formulate theories of signal source strengths, propagation,
perturbation by structutes, and sensitivity of response for
typical assumed conditions. Evaluate postulated measurement
methods by calculation, Use the results to focus better on the
problem and to seek innovative solutions.

Task 5 Summarize the evaluations. Report on the feasibility of the
best approaches. Recommend whether further development of
these approaches is worthwhile and if it is, propose further

research.

Furure Work
If warranted by the initial assessment and Bartlesville Project Office's

recommendation, further simulations and laboratory testing of a selected
technique may be made during FY85 and FY86.
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Manpower Requirements

Senior Geophysicist
Petroleum Engineer

Total

IITRI Senior Electrical Engineer

Equipment Requirements

Water analysis-resistivity

Formation resistivity at ambient
and in situ conditions

IBM personal computer
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PROJECT SCHEDULE AND MILESTONE

Project: Fluid Front Monitoring for Chemical EOR Report Date:
TASK Oct Nov Dec | Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep Manpower/Manyears
Survey state-of-the-art , Ay By
1. theory and application ’ JTTTITTTIIVTTTTIVTT 777
Assess AMT theory for sensi- Ay By
2. tivity to EOR fluids vs defth TTTTIVITIT IV TT iY77

‘Modify code for optimum
3. sensitivity vs depth

Av Bv

[ i

Run AMT code with various

4. injection schemes

Av By] Cv

VaNans Vavana vasssi

Run chemical EOR to deter-

5. mine recovery efficiency

AV BY] (v
nunnui

Based on the theoretical

6. study design AMT core floo

AV[ B ¥

11111111111

Progress Reporting Requirements

AL Aa Aa B4 AA AA AA 84 AA AA AA BA AA Aa Ca'

Milestone

) March 37, 1984
) April 30, 1984

Task 1

(A
(B
Task 2 (A) April 30, 1984
(B) June 30, 1984
Task 3 (A) July 15, 1984
(B) August 31, 1984
Task 4 (A) July 15, 1984
B) Auqust 31, 1984
C
July 31, 1984

(
(
(
Task 5 (
g August 31, 1984

A
B
C

Task 6 (A) August 37, 1984

(B) September 30, 1984

Reporting Requirements

M 1Sthefeachmenth................
{8} 30 days afier end of sach qusrter .. .....
(C)' 90 days after end of programyenr. . .. ..

)
)
) September 30, 1984
)
)

)} September 30, 1984

Description

Select computer code for AMT
Complete survey 3f AMT application with S-0-A report

Comptete adapting code to NIPER computer
Complete sensitivity study in various geologic sequences

Install initial code modification
Summarize recommended alqorithms

Postulate severai fluids and injection sequences and determine AMT sensitivity
Initia’” recommencation to BPO on the feasibility of continued study
Final study recommendation

Determine recovery efficiency of postulated fluids and injection sequences
Initial recovery efficiencies for optimum chemical EQR fluids & injections sequences
Final study recommendation to BPO

Initial recommendations to BP0 of laboratory model
Final recommendations to BPO of laboratory ,model

Monthly Progress Repor:
Quarterly Technical Progress Report
Annual Technical Progress Report



OE3. RECOVERY PROCESSES: CHEMICAL

This research program addresses the various chemical recovery agents:
surfactants used to mobilize or solubilize 0il; emulsion and water-soluble
polymers to improve sweep efficiency, alkaline materials that interact with
acidic crudes, or combinations of these substances. The research emphasis
ranges from practical searches for improved agents to acquiring data for
parameters to be used in modeling and prediction.

OE3A. IMPROVED CHEMICAL FLOODING AGENTS: SURFACTANT SYSTEMS

Background

This work addresses Items 6.1.2 and 6.1.4 of the Research Statement of
Work in the Cooperative Agreement between DOE and IITRI (DE-FCO01-83FE60149).

The project concerns the development of surfactants from a more applied
consideration than Project BL4.

Investigations to test the contribution to surfactant performance of
molecules with multiple sulfonate groups were underway at BETC for some time.
It has been claimed that multiple sulfonation imparts greater salt
tolerance (l); moreover, one might predict a different sensitivity to divalent
cations than with monosulfonates, as the cation would be associated with only
one anion instead of complexing two. It is worthwhile to verify and quantify
these claims, information which might result in a new way to tailor surfactant
slugs for improved recovery.

Another approach to improved surfactants is offered by recent research
in Europe, which reports the biological production of surfactants having
greatly superior properties for enhanced oil recovery. In laboratory tests,
these surfactants have been found to require 1/100th the concentration of
conventional surfactants for equal effectiveness. Furthermore, biological
surfactants can reportedly be produced at a lower cost than conventional
ones. However, these surfactants need a more thorough evaluation, e.g., to
determine if they can perform as well under the variety of conditions to
which they are exposed in a reservoir. It is also desirable to investigate
their structure to understand better the chemistry that is responsible for
their performance. If these surfactants truly work at lower concentrations
and at lower cost, then this breakthrough in cost/performance will make
surfactant flooding a successful process and increase the oil available by
EOR.

The use of an efficient and effective protocol for testing surfactants

is important. The first stage is laboratory "in vitro'" measurements by
techniques that are well established. :

129



The second stage is experimental core flooding. These experiments also
involve the interaction between injected fluid, connate fluid, and reservoir
rock, along with dispersion and mobility effects. Laboratory tests must be
properly scaled to take into account geometrical effects and parameters such
as flow rates; thus, a computer simulator is of great value both in designing
experiments and in interpreting results (2). Constant improvement in core
flooding techniques (using modern electronic technology), and in modeling the
processes, should be a part of surfactant systems testing.

The third stage in surfactant testing is pilot field testing. This
achieves full-scale reality in terms of mineralogy, brine chemistry, live oil
properties, handling, and injection problems. It also introduces the problem
of sweep efficiency. It is therefore essential to carry out some evaluation
of the reservoir to get meaningful results. Since this operation is
expensive, it is important to emphasize that the reservoir is evaluated as a
"tool" for measuring surfactant performance, and not evaluated as a producing
property for the holder of the lease.

Personnel at BEIC were deeply involved in the DOE surfactant-polymer
test in the Delaware-Childers field of Oklahoma. This included installation
and operation of field equipment and interpretation of the collected data.
In addition, close contacts have been maintained with several industrial
projects carried out under contract with DOE. This experience should enable
the establishment of a field facility which could he used effectively.

References

1. Klaus, E. E. et al, "Generation of Ultralow Tensions Over a Wide
EACN Range Using Penn State Surfactants, SPE 9784," Second Joint SPE/DOE
Symposium on Enhanced 0il Recovery, Tulsa, Okla., April 5-8, 1981.

2. Camilleri, D., A. Fil, G. A, Pope, B. A. Rouse, and K. Sepehrnoori,
SPE Paper 12083, Annual Technical Conference, San Francisco, Calif., October
5-8, 1983.

Objectives

To develop and verify performance in the field more efficient and
economical surfactants for the chemical flooding process.

Scope of Work

The study of disulfonates will be carrvied through stages 1 and 2 as
outlined in the background section. A model compound will be tested to make
results more explicit.

The work on biosurfactants will be given the major effort. A representa-
tive compound of generjc interest will be selected for initial study. Labor-
atory work will tailor the surfactant to a polymer and to a particular reser-
voir. The recovery performance will be compared with that using an
established surfactant., 1In the field, a "minitest" designed for quick results
will be run and interpreted. Later samples of surfactants will be analyzed
for chemical structure and subjected to the same characterization,

130



In all the work, the program will be somewhat flexible, in that the
results at one stage will affect the direction of later stages. Laboratory
equipment will be developed so that during a flood test there will be
automated control of rates, back pressures, and injection sequences; and
automated logging of injectéd pressures, 0il, and water production.

Special attention will be paid to scaling problems, and some experimenta-
tion will be done with radial systems and other geometries. The composition-
scaling simulator for surfactant-polymer flooding from the University of Texas
will be utilized, and modifications and other simulators will be considered as
needed. The facilities will be expanded to allow for multiple simultaneous
flood tests. ‘

Work Plans

Task 1 - Compare phase and partitioning behavior of crude disulfonate
with that of a low-molecular weight monosulfonate.

Task 2 - Study phase behavior of isomerically pure surfactant systems
as a function of concentration and polysulfonation,

Task 3 - Automate core-flood system.

Task 4 - Adapt University of Texas micellar-polymer simulator in

_ computer accessible to NIPER.

Task 5 ~ Compare linear versus radial core system.

Task 6 - Select a reservoir based on screening criteria.

Task 7 - From data of Task 6, select the pattern and the completion
interval.

Task 8 - For selected reservoir, analyze brine and oil, determine

wettability, get complete mineralogy and ion exchange
character, measure relative permeabilities for evaluating
design mobility, and determine dispersion coefficient,

Simultaneously with Tasks 7-8, carry out the following:
Task 9 - 1Install injection and monitoring equipment.

Task 10 - Obtain and evaluate biological surfactant by finding the
optimal salinity at presumed reservoir temperature for a set
of alkanes.

Task 11 - At optimal salinity and with crude at reservoir temperature,
determine solubilization parameter, viscosity, stability of
macroemulsions, and the partitioning of alcohol. Decide if
suitable for field test.

Task 12 - Pefform continuous slug injection tests and make indicated

adjustments in composition to fine tune the slug. Compare
recovery efficiency of biosurfactant.
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Task 13 - Compare recovery efficiency of biosurfactant with an optimized

slug of TRS 10-410/TRA,

Task 14 - Determine concentration and salinity of polymer slug for
favorable mobility.

Task 15 - Perform short-core and long~core flood tests.

Future Work

Four years will be required for the design and performance of a pilot
test. At the end of two years laboratory work will start on a second
biosurfactant, including characterizing its chemical structure.

Manpower Requirements

' Man-zgggg

Research Chemist 1
Senior Chemist 0
Research Chemist 0.
Technician 0
Associate Chemist 1
Associate Petroleum Engineer 0

Total 3.8

Equipment Requirements

Availahle

Core flood equipment

SEM/X-ray

Spinning drop tensiometer

Brookfield and Contraves LS viscometers

Centrifuge for wettability

Size exclusion chromatograph

Liquid and gas chromatographs with various detectors
Instrument trailer for monitoring injection rate,
pressure, and quality control 1

Hardware for site development

b e N
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PROJECT SCHEDULE AND MILESTONE

Profect: Improved Chemical Flooding Agents: Report Date:
Surfactant Systems
TASK Oc: Nov | Dec Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep
AV
1. Obtain biosurfactant TTTTTATTTTTATTTT7
2. Crude disulfonate
) Ay Bv
3. Pure disulfonate TTTTTI Ty TTTT IV T T T T IR T T Ty T T 77 TV T T T T T T T T Ty T 77TV 7777
AV
4. One-core system TTTITATTTTT AT 7777
AV
5. Simulator (11N TTTTA T
Ay
6. Radial cores Y//7//
Pmuress naporﬂng nequlramnu AA LY AA B AA AA AA B84 AA AA AA .Al AA Aa Ca!
Milestone Description

Task 1 (A) December 31, 1983

Task 2 (A) December 31, 1983
(B) April 30, 1984

Task 3 (A) January 15, 1984
(B) June 30, 1984

Task 4  (A) December 31, 1983
Task 5 (A) December 31, 1984
Task 6 (A) September 30, 198

Reporting Requirements

M15thofeachmenth. .................
(B) 30 days after end efeachquarter . . .......
(CI* 90 days after end of progrsm yesr . ... ... .

4

Obtain surfactant

Complete exploratory studies on crude disulfonate
Prepare abstract for submission to SPE

Negotiate contract for synthesis
Receive delivery on material and test for purity

Complete one-core system

Adapt simulator to available equipment

Prepare initial eouipment design for discussion

Manpower/Manyears
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ﬂmhd: Improved Chemical Flooding Agents:

surtactant Systems

(Continuation Sheet)
PROJECT SCHEDULE AND MILESTONE

Report Date:

TASK ' Oct

Nov | Dec | Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep

Ay

7. Reservoir selection

LYY

8. Select pattern

7777V TV T T T T TV TT TR T 777

9. Reservoir data

[TTTIYTTETIY T i Iy rrrrmyrrrriyrnrsry

10. Install equipment

[T

11. Evaluate surfactant

HTTTHTTTTITTTTINTTTTT

AV

12. Slug screening

YL iy

13. Fine tuning

anannan

Milestone

~Task 7 (A) April 30, 1984

Task 8 (A) Septembe- 30, 1984
Task 10 (A) March 31, 1984

Task 11 (A) August 31, 1984

Description
Decision on acceptability of candidate reservoir

Decision whether to proceed with site develooment
Complete determination of optimal salinity

Decision: is surfactant good for field test



PROJECT SCHEDULE AND MILESTONE

Project: _Improved Chemical Flooding Agents: Report Date:
. Surfactant Systems
TASK Oct | Nov | Dec | Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep
14. Compare with TRS 111/ 4
15. Polymer slug IITTINTTTTN T T IT T IV ITTTIVTTTTIVITTT
16. Lab flocd tests 77717 V7777 )
v
Progress Reporfing Reguirements AA LY Aa B4 A | Aa RA B4 RA AA AA B4 AA AA CA'
Milestone Description

Gl

fsporting Requirsments

(M 15theleachemonth. .................
(8) 30 days after snd ol eszhquarter . ... .....
(C)' 90 days after end of programyesr. . ......

Montaly Progress Report
Quarterly Technics! Progress Report
Annual Technics! Progress Report

Manpower/Manyears




OE3B. MOBILITY CONTROL AGENTS

Background

This work addresses Item 6.1.3 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FCO1-83FE60149),.

Effective mobility control agents contribute significantly to the oil
recovery from most EOR field projects. Polymers are needed for controlling
dynamic mobility so as to produce a coherent displacement front in chemical
floods. Blocking agents, such as foams or emulsions, are particularly
useful in gas displacement and steamflood projects.

Polymers are affected by some of the same factors as are surfactants
(concentration, salinity, divalent ions) and also by degradation from
mechanical, chemical or biological effects. Earlier laboratory work showed
that no eftfective methodology for estimating the effect of salinity changes
and polymer dilution was availahle. Hawever, it was found that syotemization
of these effects was possible and that degradation could be detected (l). A
similar systematization for flow resistances in cores, which are influenced
by extensional and elastic effects, is proposed. These factors are more
sensitive to degradation than shear viscosity. Their role is dependent on
pore geometry, so more than one core type must be used.

If the enthalpy of the degradation reaction is of sufficient magnitude,
a microcalorimetric technique should be capable of comparing degradation
rates of different polymers and the influence of solids and fluid chemical
composition. This would give information on polymer stability in a few
hours or days which would otherwise require months, and therefore shorten
the screening process.

A number of substances have been proposed for improving mobility
control. Besides polymers, these include suspensions, emulsions, and foams.
Recently, the use of foam for flow diversion (blocking) has been investigated
extensively. However, the mechanism of foam blocking and its efficacy are
not clear. During steamflooding there are rapid vaporization-condensation
processes occurring in foams. These processes would be absent with the use
of macroemulsions, which have been used in waterflooding, and suggest an
appealing alternative to foam (2). Research needs include production of
homodisperse emulsions of controlled droplet size, and the maintenance of
stability--especially at steamflood temperatures. An ideal emulsion for
mobility control in steamfloods will be one with the following properties:

(1) low initial bulk viscosity

(2) high interfacial viscosity

(3) relatively high interfacial tension to generate large enocugh
droplets to block pore throats

(4) the surfactant soluble in the external phase, such that diffusion
will not eliminate interfacial gradients

(5) film elasticity not affected by high temperature.
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Objectives

To investigate alternate methods of mobility control.

Scope of Work

The rheological behavior (flow resistance as a function of flow rate) of
_ polymer solutions and macroemulsions in porous media will be examined, with
systematic variations in polymer concentration, salinity, divalent ion con-
tent, and temperature. Such measurements will be made with two diverse types
of porous media and two diverse types of polymer. The porous media will be
characterized by capillary pressure curves for pore size distribution. The
polymers will be characterized by external measurement on shear and screen
viscometers at various rates. The polymers will be degraded thermally or
mechanically and remeasured. ‘

There are eight rheological parameters--shear viscosity, screen factor,
mobility in two porous media, and a rate variation parameter for each. The
data will be examined to correlate these parameters with composition and
temperature. This will lead to:

(1) a comprehensive picture of the behavior of polymers under a variety
of conditions,

(2) a detailed idea of how this behavior is altered by degradation.

(3) knowledge of the fidelity with which external measurements charac-
terize mobility behavior under changing conditions.

Microcalorimetric measurements for evaluation of polymer stability will
be made at temperatures up to 150°C. Experiments will be made on the various
polymer types used in EOR (polysaccharide, polyacrylamide, various degrees of
hydrolysis, various molecular weights). The effect of variations in salinity,
divalent ion concentration and pH will be tested in the presence of clays.

Exploratory work will be conducted on the generation of macroemulsions

that are stable and monodisperse. Experiments on their use as blocking agents
will be focused on the elevated temperatures representative of steamfloods.
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Work Plans

Task 1 - Make a systematic study of flow resistivity of a selected
polyacrylamide as a function of salinity, concentration,
temperature, and flow rate in Berea core; compare with measure-
ments on shear viscometer and "screen viscometer." Degrade the
polymer and repeat.

Task 2 - Acquire microcalorimeter apparatus and perform feasibility
tests on detection of polymer instabililty.

Task 3 - Characterize a second type of permeable medium to be selected
and repeat measurements made on Berea in Task 1.

Task 4 -~ Select a second polymer for tests of Tasks 1 and 3.
Task 5 - Selection of surfactants for production of macroemulsions.
Task 6 - Prepare emulsions from surfactants and oil and also from acid

crude and alkali.

Task 7 - Measure the stability of the emulsions at 120°C and under
500 psi pressure, in contact with N2, brine, and crude oil.

Task 8 - Measure the average droplet size of the emulsion using
microscopy or Coulter counter.

Task 9 - MeagTre the visg?sity of the emulsion for shear rate from 0.01
sec © ta 10 sec
Task 10 - Inject emulsion into Berea sandstone with pore size

distribution matched with emulsion sizes and determine if there
is any blocking of flow.

Task 11

Repeat on a core containing oil after waterflood.

Task 12

Correlate and analyze data.

Future Work
Extend microcalorimeter work if possible, continue polyacrylamide and

macroemulsion work and make recommendation for continuance in FY85. In FY86
" complete polyacrylamide work.
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Manpower Requirements

Man-years

Senior Chemist 0.2
Assistant Petroleum Engineer 0.5
Research Chemist 0.5
Research Engineer 1.0
Technician 0.5

Total 2.7

Equipment Requirements

Available New

Microcalorimeter 1
LS 30 viscometer

Core flooding equipment
SEM

Light Microscope
Coulter Counter

— =
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PROJECT SCHEDULE AND MILESTONE

Project _Mobility Control Agents Report Date:
TASK Ot |Nov [dec |Jan | Fed |[Mar | Apr |May [Jun | Jul | Aug | Sep | Manpower/Manyesrs
Ay
. Polyacrylamide/Berea TITITNTTT 777777 77T T T T T TTRTTTI7A TTTT AT T I TR TTTT AT TTTTAI 777
Av '
p. Microcalorimeter TITTTTT I T T IT AT T T T AT T7 T T AT 7777
AV
- Polyacrylamide/ather core TR ITN T TTT T TTTT T 7T
Ay
fi. Other polymer (111NN
AV
. Surfactant selection TITTTRITTTTATTTTT
AV
F. Prepare emulsions LR IILIALLLLIAL LS
Pfogress Reponlng neq.lremams AA kA AA B4 AA AA AA B4 AA AA AA B4 AA AA CA?
Milestone Description
Task 1 (A) September 30, 1984 Complete study on polyacrylamide/Berea system
Task 2 (A) March 31, 1984 Ccmplete feasibility study and recommend continuance/termination
Task 3 (A} June 30, 1984 Ccmplete characterization of core
Task 4 (A) September 30, 1984 Canplete preliminary study of viscosity and screen factor
Task 5 (A} March 31, 1984 Surfactant selected
Task 6 (A) April 30, 1984 Candidate emulsions prepared

Reporting Requirements

(Aj15thefeschmenth. ................. Menthly Progress Reporl

(8) 30 days afier end of eachouarter . . ....... Quarierly Techaical Progress Report
(C)' 90 days 2fter end of program yesr . . .. ... Annus! Technica! Progress Repert



%1

" (Continuation Sheet)
PROJECT SCHEDULE AND MILESTONE

Prolecl- MOb]]ity Control AgentS nepon Date:
TASK Oct Nov Oec Jan Feb Mar Apr May | Jun Jul Aug | Sep
Av
7. Measure stability N annmg
AV
£, Measure drcp size i
Ry
0. Measure viscosity [TTTTXTTTTT 77777
AV A

10. Coreflood 1 TTTTTITTTTIT T TITTT {77777

) AV
1. Corefiood IT 20 YO0 T,
12. Analyze data /////}//7/7/

Milestone Description

Task 7 (A) April 30, 1984 Progress review to discuss results and orient project direction
Task 8 (A) May 31, 1984 Complete drop size measurements
Task 9 (A) July 31, 1984 Complete viscosity measurements
Task 10 (A) July 31, 1984 Second progress review
Task 11 (A) July 31, 1984 Second proaress review
Task 12 (A) September 30, 1984 Complete analysis report




OE3C. ALKALINE FLOODING

Background

This work addresses Items 6.1.4 and 5.1.2 of the Research Statement of
Work in the Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149).

Alkaline flooding is attractive because of its low initial cost. Earlier
field tests were usually unsuccessful, mainly due to the small amount of
alkali used. Recent advances in alkaline research point to the importance of
understanding crude oil-alkali, rock-alkali, and crude oil-rock-alkali
interactions. Alkaline flooding relies upon the generation of surfactant
(due to alkali-crude oil interaction), and the subsequent interfacial
tension reduction for oil mobilization., Hence, the kinetics of the
alkali-crude o0il interaction affects the oil recovery efficiency to a
considerable extent. Un the other hand, injected alkali is consumed due to
reaction with clay minerals and silica in reservoir rocks, reducing the
amount of alkali available for oil recovery. Especially important is the
long-term ettect ot these alkali-crude oil-rock interactions (1). To
understand the alkaline flooding process properly, there is a need to study
these interactions and to model the reaction kinetics so as to be able to
predict their behavior over time.

In addition, the need for proper mobility control to increase sweep
efficiency is well known. The polymers traditionally used in EOR mobility
control are expected to be affected by the salinity, temperature and high pH
of the alkaline slug and, therefore, their viscosity and flow resistance are
expected to change. Very little information is available in the literature
and research work on the effect of these parameters on polymer flow is
warranted.

Another important research area is the study of comhination methods,
such as alkali-surfactant and alkali-thermal flooding, These methods have
shown some promise in improving oil recovery (2).

References

1. Mayer, E. H.; R. L. Berg, J. D. Carmichael, and R. M. Weinbrandt,
"Alkaline Injection for Enhanced 0il Recovery--A Status Report,'" SPE Paper
8848, presented at Symposium on Enhanced 0il Recovery, April 20-23, 1980.

2. Rosmalen, R. J. and F. Th. Hesselink, "Hot Caustic Flooding," 1981
European Symposium on Enhanced 0il Recovery, Bournemouth England, Sept.
21-23, 1981, Proceedings, pp. 573=577.

Ubjectives

To develop a theory and model for alkaline flooding.
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Scope of Work

The kinetics of alkali-crude o0il and alkali-rock interactions will be
studied. To predict the long-term effect of these interactions, a
mathematical model will be developed to describe these reaction kinetics.
Initially, reactions will be measured with oil and minerals representative of
the Wilmington Basin, at temperatures representative of that reservoir.
Alkaline agents used will be sodium hydroxide, sodium orthosilicate, and
sodium carbonate at selected concentrations and brine composition.

The reaction kinetics model will be incorporated into a compositional
simulator to simulate alkaline flooding. Laboratory experiments will be
designed to test the long-term effects mentioned above and to test the
simulator.

Cooperation will be sought from industrial operators of alkaline
projects to carry out post-flood diagnostic evaluations as a guide to
further research and improved design. The effect of pH on polymer viscosity
will be studied. Exploratory research in alkali-surfactant flooding will be
initiated to extend previous work in this area.

.Work Plans

Task 1 - Measure and model reaction kinetics for NaOH at three
concentrations with silica and a selected clay (at reservoir
temperature).

Task 2 - Repeat Task 1 for sodium orthosilicate.

Task 3 - Repeat Task 1 for sodium carbonate, if feasible at reservoir
temperature.

Task 4 - Repeat Task 1 for all three alkaline agents with Wilmington
oil,

Task 5 - Use the results to develop an improved alkaline flooding
simulator.

Task 6 - Negotiate for conducting a post-flood evaluation and design
the test.

Task 7 - Correlate polymer viscosity, screen factor, and flow resistance

factor as a function of pH, salinity, and temperature (in
connection with Project OE3B).

Future Work

Reaction kinetics study with Wilmington oil and polymer viscosity
measurements will be completed in FY85, while simulation work and post-flood
evaluation will be continued, 1In FY86, reaction kinetics will be extended
to other minerals and work on post-flood evaluation will be continued.
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Manpower Requirements

Man-years

Research Chemical Engineer 1.0
Technician 1.0

Total 2.0

Equipment Requirements
Available New

Reactors 3
L.S. 30 viscometer 1
Spinning drop interfacial tensiometer 1
Brookfield viscometer 1
Screen factor apparatus 1
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PROJECT SCHEDULE AND MILESTONE

Project: _Alkaline Flooding Report Date:
TASK Oct Nov | Dec Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep
1. Reacticn studies - AN
NaOH/mineral YA NINAIs A RnA SNNNNa NNN NN VaInny,

AV

2. Na,Si0,/mineral

VZIXNA VAR VRN VENNas VANaNy Aiisi
AY

3. Na2C03/m1'neraI

132

11111402040 021217
4. Alkali/oil AY
LLLL]
5. Develop simulator & flood - A
tests [LLLL
6. Post-flood evaluation AN BY (B
LIV I A LA LA LI L
Progress Reporting Requirements AA AA AA B4 AA LT AA B84 AA AL AA B4 AA An CA
Milestone Description
Task 1 (A) June 30, 1984 Complete reaction studies
Task 2 {A) September 30, 1584 Complete measurements
Task 3 {A) September 30, 1584 Complete measurements
Task 4 (A) September 30, 1¢84 Adapt reactors for use with oil
Task 5 (A) September 30, 1c¢g4 Compile list of candidate simulators
Task 6 (A) March 30, 1984 Establish contact and preliminary agreement with operator
(B) June 30, 1984 . Complete first-draft design for discussion
(C) September 30, 1984 " Finalize design and contract ~

Reporting Reguirements

fRy1Gthofeachmenth. .. ............... Mosthly Pregress Repert
(9)30deys afterend ol eachquarter . .. ...... Querterly Technical Pregress Reper
[C)’ 90 days after end of program yesr. . . ..... Anrusl Technical Pregress Report
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OE4. RECOVERY PROCESSES: THERMAL RECOVERY

Thermal recovery processes fall into two classes: those in which a hot
fluid is injected into the reservoir and those in which heat is generated
within the reservoir (1). The first class includes injection of hot water or
steam often with the addition of additives to improve mobility control and
sweep efficiency. 1In situ combustion, or fireflooding, is an example of the
second class of thermal recovery processes. Thermal processes, which reduce
the flow resistance of reservoir fluids by reducing the viscosity of the
crude, have been the chief means of improving the recovery of viscous crudes.
The proposed work has as its goal the identification of those factors which
affect the efficiency of thermal recovery methods and the development of
techniques with which to improve that efficiency. '

OE4A. STEAMFLOODING

Background

This work addresses Item 6.1.3 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FCO1-83FE60149).

Steamflooding of heavy o0il is a commercially successful and technically
mature process. In 1982, over 70 percent of the U.S. enhanced oil recovery
was due to steamflooding (2). Recently, there has been interest in expanding
the scope of steamflooding to include light oil recovery (2-7). Although the
potential recovery of light o0il is greater with a steamflood than from a
waterflood, waterflooding is well-known, economically attractive, and has
only a moderate failure risk. On the other hand the technology of light oil
steamflooding is not as familiar and therefore the risk of failure may be
higher (5).

The 1983 BETC Enhanced 0il Recovery R&D Program Plan (June 1983) states
that ‘''recovery efficiency in applying steam drive to light oil reservoirs is
better than that for similar heavy oil reservoirs, although the generally
lower residual oil saturation of light oil reservoirs may limit application.”
In a laboratory investigation of steamflooding cores containing light oil,
which previously had been waterflooded (3), it was found that steam injection
can recover substantial amounts of crude oil even after waterflooding. Post
waterflood recovery in depleted oil systems should be seriously considered
for steam drive along with other exotic EOR techniques. The acceptance of
the light oil steamflooding process is hampered by the lack of knowledge on
the criteria for choosing crude oils, and on the mechanisms of the recovery
process. Information on the fluid flow characteristic at the steam
condensation zone are also required for proper simulation of the process.
There has not been any study on the identification of screening criteria for
crude oil for steamflooding. Work in this area is needed. A study in the
1960's (8) suggested that (a) thermal expansion, (b) viscosity reduction, (c)
gas drive, (d) solvent, and (e) distillation effect are the principal
mechanisms in the steamflooding process. There is, however, a need to
elucidate the most important mechanism in light oil steamflooding.
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The physics of fluid flow in the condensation front of steamflooding is
an important parameter needed for the simulation of this recovery process.
Scaling rules and physically scaled models have been used in the development
of recovery processes (1, 9-12), and can be very useful for determining the
physics of fluid flow and the effects of reservoir and fluid parameters on
the performance of proposed field projects (12).

The: primary factor affecting the o0il recovery, and thus the economics,
of steamflooding is the sweep efficiency. Effects of gravity and
permeability variations on the lateral movement of fluids are the cause of
much of the o0il being bypassed in the reservoir. The use of foams or
emulsions for better mobility control and increased sweep efficiency for
steamflooding in light o0il reservoirs needs to be investigated.

References

1. Prats, M., "Thermal Recovery,'" Monograph No. 7, Society of
Petroleum Engineers, 1982.
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Enhanced 0il Recovery Methods: A Review of Significant Field Tests," SPE
Paper 12114, presented at the 58th Annual Technical Conference, San
Francisco, Calif., 1983.

3. Crichlow, H. B., "Maximizing Steam Drive Recovery in Light 0il
Reservoirs,'" Final Report, DOE/BC/10316-26, 1983.

4, Aydelotte, S. R., A. B. Ramesh, "Economic Feasibility of Steam
Drive in Light 0il Reservoirs,' Final Report, DOE/BC/00044-1, 1979.

5. Hanzlik, E. J., "Steamflooding as an Alternative EOR Process for
Light 0il Reservoirs,' SPE Paper 10319, presented at the 56th Annual
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6. Cheung, Y. L., A. Brown, W. S. Huang, "A Laboratory Study of the
Tapered-Quality Steam-Water Process on Light 0il," SPE Paper 12005, presented
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Processes with Vacuum Models," Soc. Pet, Eng. J., June 1980, pp. 151-174,
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Objectiﬁes

To determine the effects of o0il and rock properties on recovery
efficiency during steamflooding of light o0il reservoirs and to investigate
the physics of fluid flow at the steam condensation front.
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Scope of Work

In order to investigate the effect of rock and fluid properties on the
recovery efficiency of the light oil steam drive process, steamflooding
experiments will be conducted using linear cores of different wettability and
a variety of crude oils having distinct physical and chemical
characteristics. Further, the physics of fluid flow at the steam
condensation front will be investigated.

The effect of fluid properties on steamflooding recovery efficiency will
be investigated by using eight different crude oils having different chemical
and physical characteristics. The effect of distillation characteristics and
chemical composition will be determined separately. The relative effect of
distillation, viscosity reduction, thermal swelling, solution gas drive, and
solvent extraction on recovery efficiency will be determined. Experiments
will be conducted on a single core and will extend from initial injection of
steam, through breakthrough, and continue until oil production ceases. All
produced fluids will be analyzed, viscosity measured, and temperatures
throughout the core will be recorded. From these data, physical properties
of crude oil amenable to steamflooding will be proposed, and the most
important recovery mechanism will be identified.

The above experiments will also provide some estimation on the relative
importance of capillary pressure and wettability on oil recovery. To obtain
additional information, a series of coreflooding experiments on a given oil
will be performed. Cores of different pore sizes and wettability will be
used. The wettability modification method developed in project BE4A will be
applied.

To investigate the physics of fluid flow at the steam condensing front a
scaled physical model will be used. Initially, the flow behavior of various
fluids at the steam condensation front in an oil recovery experiment will be
observed and recorded photographically if possible. The zones of different
flow behavior will be identified. Simplified models representing each flow
zone will be proposed, and experiments performed to study the physics of flow
of each zone separately. The information will be combined in a model to
describe the physics of fluid flow at the condensation front in a steam
flooding process.

Work Plans

Task 1 - Using linear cores, determine the recovery of eight selected
crude oils with different distillation and physical
characteristics to investigate the effect of crude oil
properties on oil recovery efficiency. The produced oil
fractions will be analyzed to determine the relative effect of
distillation, viscosity, and composition changes on recovery
efficiency.

Task 2 - With a given oil and linear cores of different wettability

and pore sizes, determine the effect of capillary on recovery
efficiency.
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Task 3 - Using a three-dimensional scaled physical model, perform
steamflooding experiments to study the multiphase fluid flow
behavior at the condensation steam front. Model systems will
be developed of one, two, and three phase flows to simulate
these flow behaviors in order to describe the complex fluid
flow behavior observed above.

Future Work

Tasks 1-3 will be continued and phase behavior of distillable oil
components at steamflood condition will be investigated. Effects of
superheated steam, steam injection rate, free gas saturation, and high
initial water saturation on recovery will also be determined. The influence
of crude oil property on steam consumption will be investigated. A scaled
physical model will be used to investigate the effect of well depth, well
spacing, pay thickness, and pattern configuration on yields of the light oil
steamflooding process. The use of additives (foam or emulsion) to improve
sweep efficiency will be studied. Experimental results will be used to test
existing mathematical reservoir models and to develop screening models.

Manpower Requirements

Man-years
Research Petroleum Engineer 1.5
Associate Chemical Engineer 0.5
Technician 1.0
Total 3.0
Equipment Requirements
Available New
Steam generator and superheater 1
" Data acquisition computer 1
Scaled physical model 1
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PROJECT SCHEDULE AND MILESTONE

16T

Project. __Stearflooding Report Date:
TASK Oct Nov | Dec Jan Feb | Mar | Apr _ | May | Jun Jul Aug | Sep Manpower/Manyears
Ay
{1. Evaluate scaling factors 1777V IVITTTT
Design and fabricate Av
2. instrument [77TY7777 7Y 7777777777y 777717
AV
3. Perform steamflooding ‘ 77777177777
1:\%
4. Prepare repart T7777§77777
Progress Reporting Requirements Aa_ | aa [ Aa B A | Aa [ Aa Bd Aa | Aa | Aa Bi Aa | MaCAY
Milestone Description
Task 1 (A) February 29, 1984 Scaling parameters determined
Task 2 (A) August 1, 1984 Scaled model fabricated and tested
Task 3 (A) September 30, 1984 Crude o0il selected
Task 4 (A) September 30, 1984 Complete report

Reporiing Regulremenis
(MiSthefeschmenth. .......covvnnnns Monthly Progress Report

© (8)30days aRerend of eachquarter .. . ...... Qmarterly Technical Progress Repert
{C)' 90 days sfter end of programyear. . ...... Aanual Technical Progress Report



OE4B, 1IN SITU COMBUSTION

Background

This work addresses Item 6.1.7 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149).

The in situ combustion process for enhanced oil recovery has been the
topic of extensive research (1). The 1983 BETC Enhanced 0il Recovery R&D
Project Plan (June, 1983) proposed "... to study the basic reaction
mechanisms, with an -emphasis on reaction kinetics, that could improve design.
A coherent set of relationships between operating parameters, reservoir
variables, and process results will improve site and zone selection, process
design, and, hopefully, recovery efficiency of in situ combustion projects."
This project addresses that part of the Project Plan.

Most laboratory investigations have been combustion tube experiments
2-5). These experiments provided data on fuel availability,

combustion-front velocity, oxidant requirements, produced fluids composition,
and reaction kinetics. In addition, it has been shown that some minerals or
metals have a catalytic effect on combustion kinetics (5-8). Since
combustion tube experiments are time-consuming, most of these experiments
were performed on specific reservoir systems intended for field projects.
Systematic investigations of the catalytic effect of metals often associated
with crude 0il on combustion and hydrocarbon reaction kinetics have not been
reported. Such kinetic data can be determined readily and efficiently by
thermal gravimetric analysis (I'GA) and differential scanning calorimetry
(DSC) (9-10). Results from DSC and TGA experiments include heats of reaction,
ignition temperatures, amount of oxidant consumed during reaction, important
kinetic parameters such as apparent activation energy, and preexponential
factor.

Data from DSC experiments are based upon the difference in temperatures
between a known reference material and a sample material as both are heated
in a calorimeter chamber. Data from TGA experiments are based upon the
weight lost from a sample as the temperature of the sample is raised in an
oxidant such as oxygen or air. The weight lost due to evaporation can be
determined by heating the sample in a non-oxidizing atmosphere such as
nitrogen. 7These methods are rapid and accurate, and therefore can be applied
in a program to elucidate quantitatively the effect of crude o0il metal
components and core material on the kinetics of the combustion process.

This information is important for predicting performance of combustion

projects and can be used in existing design and economic models for the
" design of pilot projects and tor economic evaluation of proposed in situ
combustion field projects.
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8. Bardon, C., and C. Gadelle, "Essai de Laboratoire Pour L'Etude de
la Combustion In Situ," Inst. Francaise du Petrole, Paris, 1977, referenced
in Brigham, W.E., DOE/ET/12056-24, 1982.

9. Wayland, J. Robert, D. D. Lee, T. M. Masias, '"On the Application of
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Objectives

To determine the effects of various metals and minerals, often
associated with oils and reservoir material, on the kinetic parameters of
combustion and cracking which occur during in situ combustion.

Scope of Work

Thermal analytic experiments, including differential scanning calorimetry
and thermal gravimetric analysis will be performed using a variety of oils
(crude and refined) and reservoir substrates. The kinetic parameters obtained
in these experiments will be correlated with the metal (vanadium, nickel,
etc.) and mineral (alumina, silica, etc.) content of the oils and reservoir
material. These kinetic data and composition correlations can be used to
modify existing design and economic models for evaluating the in situ
combustion process., Data will be evaluated and results incorporated into the
DOE/NPC process models,

Work Plans

Task 1 - Select heavy crude oils containing different amounts of
metals such as vanadium and nickel. Select reservoir rock
materials containing different amounts of such minerals as
alumina and silica.

Task 2 - Obtain thermal gravimetric analysis equipment and
differential scanning calorimeter, and calibrate with known
apparatus.

153



Task 3 - Perform thermal gravimetric analysis and differential
scanning calorimetric experiments on combinations of the oils

and rock selected in Task 1.

Task 4 - Evaluate results and draw conclusions regarding application
to in situ combustion process models.

Future Work

Perform thermal gravimetric analysis and differential scanning
calorimetry on additional crude oils. Reaction kinetics will be correlated
with metal contents of crude o0il, and mineral content of clay to determine

catalytic effect.

Manpower Requirements

Man-years
Research Chemical Engineer 1.0
Research Petroleum Engineer 0.5
Associate Chemical Engineer 0.5
Technician 1.0
Total 3.0
Equipment Requirements
Avallable New
Thermal gravimetric analysis 1
1

Differential scanning calorimeter
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_ PROJECT SCHEDULE AND MILESTONE
In Situ Combustion

Project: _— Report Date:
TASK - | Ocl Nov Dec Jan Feb Mar | Apr | M2y | Jun Jul Aug Sep Manpower/Manyears
' VA
1. Materials selection T7777Y77777 77777
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Milestone Description
Task 1 (A} March 31, 1984 Selection of crude oils and reservoir rock complete
Task 2 (A] April 1, 1984 Set up and testing TGA and DSC complete
Task 3 (A) Auqust 30, 1984 TGA_and DSC analysis complete on a suite of crude oils with varying
vanadium and nickel content -
Task 4 (A) September 30, 1984 Determine need for modification to FE-NPC process model

Reporting Requirements .
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{B) 30 days after end of each quarter . . ....... Quarterly Technics! Progress Report
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OPT1. THERMOPHYSICAL PROPERTIES OF REAL AND SYNTHETIC FLUID
MIXTURES DERIVED FROM FOSSIL SUBSTANCES

Background

This work addresses Item 6.2.2 of the Research Stateﬁent of Work in the
Cooperative Agreement between DOE and IITRI (DE-FCO1-83FE60149).

In the processing and refining of materials derived from fossil sources,
two-phase systems are often encountered in which a multicomponent gaseous
phase is in equilibrium with a complex liquid at high temperature and pressure,
Problems arise in predicting the conditions where the phase separations will
occur and in predicting the thermodynamic properties of the individual single
phases. Systems that involve primarily hydrocarbons have been handled in the
processing of light petroleum for many years, and equations of state have been
developed that enable one to adequately predict phase behavior when sufficient
analytical data are available. For fluids derived from heavy ends of light
petroleum, heavy petroleum, shale oil, and coal, the prevalence of polar,
heteroatom-containing compounds of oxygen, nitrogen, and sulfur render earlier
developed correlations and equations of state inadequate-to-useless. It is
impossible, even from good composition data, to design efficient separation
units and to predict pressures to be expected at a given temperature. Hence,
it is difficult to predict the size and strength of reaction and separation
vessels required or even to meter the amounts of materials in processing
streams that are ultimately produced.

The measurement and control of fluid flow are vital in all phases of pro-
cessing. Fluid-flowmeter results are strongly dependent on computed values of
the speed of sound in fluids. Presently used correlations cannot reliably
predict the meager sonic data available tor fluids. Additional experimental
results are needed to determine the source of the deficiencies in the
equations of state used in the correlations. In the research laboratories
operated by NIPER, there is a well-proven experimental facility for providing
the high accuracy speed-of-sound data required for fluids.

The NIPER processing and thermodynamics laboratories have highly
experienced personnel in the measurement of speed-of-sound and pressure-
volume-temperature relationships of pure fluids and simple mixtures of pure
fluids. Other personnel have experience in state-of-the-art methods for the
identification of compounds encountered in a variety of organic fossil
materials. This expertise was focused several years ago upon development of
methods for determining solubility of hydrogen and other light gases in
liquids derived from coal conversion processes. Techniques were developed to
determine vapor and liquid equilibrium compositions for complex liquids in the
presence of mixtures of light gases. Such systems are also encountered in
other fossil systems, such as those derived from heavy petroleum, shale oil,
and heavy ends of light petroleum. The expertise of the laboratory is being
utilized today to study solubilities of selected gases in solutions of model
binaries and in real fluids derived from synthetic fuel conversion processes.
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The research is within the purview of the Advanced Research and Technology
Development program of DOE/Fossil Energy; however, it addresses problems
common to many synthetic fuel processes.

Objectives

To provide fundamental data for the correlation and prediction of
properties of fluids containing heterocatoms for which present data are too
inaccurate to permit efficient design of confinement, separation, and fluid
transport systems in plants in the fossil fuels industry.

Scope of Work

Studies will be made on complex mixtures which are prepared from pure
materials and which simulate interactions that present severe problems in
predicting the properties of process fluids from the synthetic fuels.
industry. Studies will also be made on fluids taken directly from synfuel
conversion plants and which have carefully documented histories of plant
conditions. To ensure that this work fully utilizes related work on these
materials, studies will be made on samples being subjected to complementary
studies by other organizations. Samples will be obtained from the Pittsburgh
Energy Technology Center where detailed separations and identification of
components will be made and where first-cut engineering characterization
measurements such as viscosity, density, etc., near ambient conditions will be
made. The experimental results will be subjected to extensive modeling
calculations at the University of Oklahoma to help focus on the areas that
require further attention and to show where data needs have been met.

In the experimental studies of this work the samples with equilibrium
compositions will be taken from a stirred autoclave suitable for operation to
temperatures of 400°C and pressures of 4000 psi. The samples will be analyzed
by gas expansion and by a variety of chromatographic, mass spectral,
spectroscopic, and other chemical techniques suitable for complex mixtures.
The presently employed vapor-liquid-equilibria equipment will be kept in full
operation to produce viable results; however, there is a need for determining
the data at a faster rate and for ensuring that more accurate material
balances are obtained in the derived results. “To fill these needs, new
equipment will be developed, tested, and put into operation. To answer
problems concerning fluid-flow measurements, speed-of-sound measurements will
be made on selected fluids which address problems common in synthetic and
natural fossil fuels. The data will be interpreted and ultimately provided in
tabular form in reports and publications which will be accessible to engineers
for modeling and design through incorporation in processing simulators such as
ASPEN (DOE-sponsored model for liquid fuel processing).

Work Plans

Task 1 - Gas Solubility, Vapor-Liquid-Equilibria (VLE) Sampling and
Separations

(a) For studies on mixtures containing quinoline, tetralin,

fluorene, dibenzofuran, carbazole, water, ammonia, and
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Task 2
Task 3
Task 4
Task 5
Task 6
Task 7
Task 8
Task 9
Task 10

hydrogen, collect compressed vapor and liquid samples
from vapor-liquid-equilibria apparatus, determine saumple
densities, and make low-pressure gas-liquid separations.

(b) For studies on fluids obtained from synfuel process
streams as part of a coordinated effort with industry,
universities, and government laboratories, collect
compressed vapor and liquid samples from
vapor-liquid-equilibria apparatus and make low-pressure
gas-liquid separations.

Make quantitative analyses for the specific species in the
gas and liquid samples obtained from Tasks la and lb above,
and analyze the samples for species that may have been
generated from chemical reactions.

Develop and validate experimental equipment for more rapid
determination of vapor-liquid-equilibria and for more
accurate material balances.

Analyze the gas volume, sample density, and sample
composition data from Tasks 1 and 2 for material balances,
and develop final values of the ratios of compositions
between the liquid and gas phases. Test the data with
equations of state for mixtures to determine deficiencies in
current modeling methods.

Select fluid systems for speed-of-sound studies to supply
basic data to be used in the development of improved
industry standards for calenlations in fluid-flow
measurements. This selection will be based on studies that
will be completed at other institutions to help specify the
critical data needs. '

Order substances for speed-of-sound studies from one of the
established high-purity gas supply firms.

Conduct speed-of-sound studies on selected fluid system.
Coordinate measurements and correlations with those from
other institutions who will he supplying their contributions
in measurements and correlations to produce the desired,
highly validated results for complete acceptance as industry
standards.

Present the final data with analysis and correlation.

Reassess problems in the prediction and measurement of fluid
properties to determine if additional studies are warranted.,
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Future Work

This is a continued project which was initiated under BETC direction.
Key questions concerning the thermophysical properties of process fluids are
expected to be answered each year for the duration of this project. An
appreciable body of data will be collected within three years so that
significantly improved predictions of the thermophysical properties of fluids
can be made. Many significant problems will remain at the end of this period,
and in ensuing years it will be appropriate to review the data needs and the
experimental capabilities to determine whether the project merits continua-
tion.

Manpower Requirements

Man—zears

Senior Chemist 0.2
Research Chemists 1.3
Senior Engineer 0.1
Research Engineer 0.8
Senior Experimentalist 0.2

Post-Doctoral Chemical Engineer (AWU) 1.0

Equipment Requirements

Available New

Stirred autoclave suitable

for hydrogen 1
Gas and liquid chromatographs

and infrared analysis equipment 5
Equipment for vapor-liquid-
equilibria studies 1
Equipment for speed-uvf-sovuud

studies 1
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PROJECT SCHEDULE AND MILESTONE

PrMeﬂ:.IEEETEEEXEiE?] Properties of Real and Synthetic Fluid Mixtures Report Date:
Derived from Fgssil Substances
TASK Oct Nov | Dec Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep
. . AV Bv [CV D v Ev
1a. Studies on mixtures 0 TR 70000, T T T T Y v i v v
Studies on coal process
1b. liquids T7rrrriiyiriiiyir’i
Analysis of samples from AV By Cv Dv EV Fv _
2. VLE R
Develop new experimental AV BY
3. equipment LYY ETTTY TV 77 7Y17117YF777 17777 1117101111/
Test data against existing Av] BV cV oV £V
4. correlation procedures TTTTI TN Ig iy a7y 7777 r77i7yiirirfiiririiriie/
Progress Reporting Requirements AA Aa AA B4 Aa Aa Aa B4 AA AA Aa B4 A AA Ci!
Milestone Description
Task 1a (A) October 25, 1983 VLE of tetralin, water, hydrogen system
(B) December 16, 198: VLE of tetralin, water system, first mixture
(C) February 3, 1984 VLE of tetralin, water system, second mixture
(D) March 23, 1984 VLE of tetralin, water system, third mixture
(E) August 3, 1984 VLE of quinoline, water system, first mixture
Task 2 (A) November 18, 1983 Analysis of samples from Task la
(B) January 6, 1984 Analysis of samples from Task la
(C) February 24, 1984 Analysis of samples from Task la
(D) AprivT 13, 1984 Ana‘ysis of samples from Task la
(E) July 20, 1984 Ana ysis of samples from Task la
(F) August 24, 1984 Ana ysis of samples from Task la
Task 3 (A) Julv 15, 1984 Des-gn of new system completed
(B) August 30, 1984 Equ-pment located for ordering and negotiations
Task 4 (A) December 9, 1983 Correlate system from Tasks la and 2
(B) February 3, 1984 Correlate systems from Tasks la and 2
(C) March 23, 1984 Correlate systems from Tasks la and 2
(D) May 11, 1984 Correlate system from Tasks la and 2
{E) September 21, 1984 Correlate system from Tasks la and 2

Reporling Reguirestents

(A 1Stheleachmenth. .. .......
(B) 30 days after snd of each quarter .
{C) 90 days siter end of program year

........

Monthly Progress Report

Yuarterly Technics: Prograss Repori

Annust Technical Pregress

Report

Manpower/Manyears
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(Continuation .Sheet)

PROJECT SCHEDULE AND MILESTONE
Thermophysical Properties of Real and Synthetic Fluid Mixtures

Project: : . Report Date:
Derived from Fossil Substances
TASK Oct Nov Dec Jan Feb Mar | Apr | May | Jun Jul Aug Sep

Select systems for speed- Avy

5. of-sound studies [T IT777
Order materials for speed-

b- of-sound studies nannuanunaanm
Speed-of-sound studies :

7. on first mixture RN
Coordination with outside

8. efforts (continuous) LTI ITTTIY Ty Iy 7777 77777 77777 777777777 T {77777 7777777777
Final comptlation of data AVBY CvV

9. and prepare publications gaanianinnanmnmmnmnmnugommumnnunn

EvaTuation and seTection
19. of new systems to study [/7/7/y7/7/ /Y7771 IV T YTV T T2 Y T AT 17 T JT T T 477777

Milestone Description
Task 5 (A) February 15, 1984 Complete selection of systems for study
Task 9 (A) November 30, 1983 Completion of manuscript of solubility of hydrogen in well-defined coal liquids
(B) December 1, 1983 Completion of manuscript on VLE of tetraline, water, hydrogen, ammonia, 1-naphtol,

quinoline, and tetralin
(C) May 31, 1984 Completion of manuscript on VLE of tetralin, water, hydrogen system



OPT2. STABILITY AND PROCESSING RESEARCH FOR CRIUDES,
INTERMEDIATE PROCESS STREAMS AND FINISHED FUELS

Background

This work addresses Item 6.2.1 of the Research Statement of Work in
the Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149).

This project is more fully described in closely related Project BPT2.
The tasks included in Project OPT2 are Tasks 1-4, 7-8, and 10-14. All of the
tasks for the two projects are included in BPT2, but only those in the
Optional Program are listed here, ’ '

The following tasks from the work plans under the Base Program will
be addressed in the Optional Program.

Work Plans

Selectioh of the first feedstock. A fresh Wilmington
crude (API gravity = 14 degrees) with a known history of
production and handling is in our inventory.

Task 1

Task 2

Selection of upgrading conditions. It is now anticipated
that a distillation cut with an upper limit of about
1000°F will be made. Other cuts may be necessary.
Hydrotreating conditions will be in the range of 300-350°C
and 500-800 psig.

Tack 3

Storage atability mcthods will be evaluated to determine
what development work is still required. Composition
parameters affecting stability will be identified using
state-of-the-art analytical techniques.

Task 4

Storage stability measurements method development would
be continued during the first upgrading run. This is a
continuation of work initiated in FY82.

Task 7

Analyze the feedstock, distillation cuts, and matrix of
hydrotreated samples and samples from supercritical
extraction by physical, chromatographic, and
spectroscopic methods to begin characterizing the
components and the physical and compositional changes.
Included in this will be a metals screening to determine
effects of distillation/upgrading on distribution of
metals in the hydrocarbon matrices. Using the resulting
data, determine what other analyses should be performed.
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Task 8

Task

Task

Task

Task

Task

10

11

12

13

14

Determine storage stability parameters on the distillate
material using the new accelerated (65°C) method
developed at NIPER (formerly BETC).

Commence development of computer-based model for
correlative and predictive purposes based on results
obtained.

Select the second feedstock to be upgraded.

Determine modification of upgrading techniques or
hydrogenation reactor conditions which might enhance the
utility of the resulting data. :

Evaluate the need for any changes in physical and
compositional measurements based on characterization data
supplied for the first set of samples.

Develop model for correlation of compositional and
upgrading conditions with final compositional and
physical properties, storage stability, and mutagenesis.

Manpower Requirements

Senior Chemist 0
Research Chemist -0
Senior Chemical Engineer 0.
Associate Chemical Engineer 0
Assistant Chemical Engineer 0
Technician 0

Total

Man-years

Equipment Requirements

Thinfilm evaporator
Hydrotreater

Stability testing equipment
Chromatography units

Available New

W= N

Drawpump for thinfilm evaporator 1
Supercritical extraction equipment 1
Automated control valves and acccssories

for hydrotreater : 1
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PROJECT SCHEDULE AND MILESTONE

Stability and Processing Research for Crudes,

Project: Report Date:
| Intermediate Process Streams and Finished Fuels P
TASK Oct [Nov |Dec |Jan | Feb {Mar [Apr [May jJun | Jul | Aug | Sep
Ay By
1. Select feedstock LTIy TTI T T rr7r7rr{z7r777
AV
. Select upgrading conditionsV/777/¥77777¥77777¥77777177777
I.XnaTy§1§ me?hods av
3. identification 770y r7rrryirrrryrriny
Storage stability method Av BV
4. develapment I TTTY T 77T T TR T T 77T 7T 7777
Av
b. Sample analyses TTTTT 7T 7T 77T T T T T T T T T T T T AT T T T T AT T T T TR 7T T T AT T T T T AT 7777
b Storage stability testing Vo77yy7 777777777 [T T7TT 7T E T TITEETTTT T IT T AT T T AT TT T AT T TIT AT 7T T
Progress Reporling Requirements L) A4 AL B4 Aa Ra Aa B4 Aa Aa AA B4 AA Aa CA
Milestone Description
Task 1 éA; January 31, 1984 Feedstock selected and procuremenz initiated
B) February 28, 1984 Feedstock received
Task 2 (A} February 28, 1984 Upgrading conditions selected
Task 3 (A) February 28, 1984 Characterization protocols developed
Task 4  (A) December 31, 1983 Stability test technique data evaluated for need for
i further development work
(B) June 3D, 1984 Roigh draft of publication describing new storage
stability test method completed
Task 5 (A) September 30, 71984 Include compilation of characterization data generated
Zc date in NIPER quarterly and/or annual report
Task 6 (A) Septemter 30, 1984 Rerort of progress to date
Reporting Reguirements
M) 15thefeachmontd. . ................ Monthly Progress Repsri
(B) 30 days after end of sach quarter . .. ...... Quarterly Technlcal Progress Report

(C)' 8O days after end of programyesr . ....... Annual Technical Prograss Report

Manpower/Manyears
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(Continuation Sheet)
PROJECT SCHEDULE AND MILESTONE

Stability and Processing Research for Crudes,

Project: Intermediate Process Streams and Finished Fuels Report Date:

TASK Oct Nov Dec | Jan Feb Mar Apr | May | Jun Jul Aug Sep
7. Compile data TTTTTA T TV VT 7 7V 77T 77V T 7T 7 7Y 77T 7T 7 7777y 77777 7777
Av BV

8. Select second feedstock 7777777777 V777777777V 7777V T777Y 7777777 7T7Y 7777747 777TY77TT777
AV
9. Modify upgrading tech T AT T T T TV T T T T VT E I T T TV T T T T Iy T T T Iy i 7T T iy i i 7Ty ITT7{ 7777
Modify characterization AV
10. protocol [T TTTTNVTT TV iV 7T T 77y 777y 77777777y 77777777
Ay
1°. Develop mod=1 JTTTTA T 7T 7T TV TV I 7 77 7V 7777 V7777 7777 T7Y 777 7YT7 7777777

Milestone Descriplion

Task 7 (A) September 30, 1984

Task 8 (A) June 30, 1984

(8) September 30, 1984

Task @ (A) September 30, 1984

Task 10 (A) September 30, 1984

Task 11 (A) September 30, 1984

Report of progress to date

Select/procure second feedstock
Receive second feedstock

Report of proaress to date

Report of progress to date

Report of progress to date




OPT3. CHEMICAL CHARACTERIZATION OF HEAVY ENDS OF LIGHT
PETROLEUM, OF HEAVY PETROLEUM, AND OF LIQUIDS
DERIVED FROM OTHER FOSSIL SOURCES

Background

This work addresses Item 6.2.3 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FCQO1-83FE60149).

This project is more fully described in closely related Project BPT3,
page 102. The tasks included in OPT3 are Tasks 2-4. All of the tasks for the
two projects are included in BPT3, but only those in the Optional Program are
listed here. : .

Work Plans

Task 2 - Evaluale, vu # limired scale, thée assumption of equal molar
sensitivities for quantitative mass spectral analysis of
petroleum fractions.

(a) Select compounds representative of the types
typically found in fossil fuel aromatic-neutral
fractions.

(b) Determine the mass spectral sensitivity coeffi-
cients for these representative compounds using
low-ionizing-voltage electron impact and field
ionization techniques.

(¢) Correlate sensitivity data with known structures

' of representative compounds.

(d) Evaluate the importance of sensitivity correlations

in the quantitation of mass spectral analyses,

Task 3 -~ Separation of sulfur compound classes.

(a) Separate sulfides from Cerro Negro 200°-425°C and
425°-550°C acid-base-free distillates.

(b) Saeparate saturates; thiophenes, and aromatlc
hydrocarbons from at least the acid-base-sul-
fide-free 200°-425°C distillate

(c) Evaluate the effectiveness of these separations
via ‘elemental analysis, gas chromatography and
mass spectrometry.

(d) Evaluate the possibility of extension of the
separation method to higher distillates,

Task 4 - High performance liquid chromatographic (HPLC) separation of
acid concentrates into compound classes.
(a) Separate 10-20 previously isolated acid concen-
trates and distillates and residues of Cerro
Negro and Wilmington oils into compound classes.
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(b) To test the capabilities of the method this
separation technique will be applied to 5-10
synfuel acid concentrates which contain acids
which are significantly different from acids
in crude oils. Compare results.

(e) Evaluate separation method using infrared and
mass spectroscopy. Report results.

Future Work

Further work in FY85 and beyond is anticipated to involve extension of
information and techniques developed in FY84 to the heavier fractions of Cerro
Negro (550°-700°C and greater than700°C fractions). The methods developed
will be applied to additional heavy crudes with wide ranging properties, and
the sensitivity~structure correlations will be expanded to further improve
quantitation of heavy fossil fuel samples. Work on separation of sulfur com-
pounds in the higher ranges of Cerro Negro crude is planned for FY85. Addi-
tional effort in FY85 will also be required to finish the fractionation of the
acid fractions. ’

Manpower Requirements

Man—zears

Senior Chemist 1.4
Research Chemist 1.2
Assistant Chemist 1.2
Associate Chemist 4
Research Physicists .6
Senior Experimentalist .2

Total 5.0
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Equipment Requirements *

Available New
MS-30 FI,FD,EI 1
MS-80 FI,FD,EI,CI 1
MS-60 FI,FD,EI 1
Megohm meter 1
High performance liquid
chromatography systems, also
HPLC accessories: Columns,
specialized detectors, column
packing apparatus. 4
Rotary solvent evaporators 4
Gas chromatographs (GC) with
supporting intelligent inter-
facing 4 1
GC mass detector 1

* Already listed in BPT3.
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PROJECT SCHEDULE AND MILESTONE

Chemical Characterization of Heavy Ends of Light Petrcleum,

Project: Report Date:
of Heavy Petroleum and of Liquids Derived from Other Fossil Sources
TASK Oct Nov Dec Jan Feb Mar Apr May | Jun Jul Aug Sep
Evaluat-on of quantitation Av By cov |
2. assumptions of MS data LTI DT TRETTTT T T T T T DI 11 DT T DTy T TV T
Separation of sulfur AV BV (o0
3. compound classes [iTTTRTTTT AT T TTTATTTTTATT TP T TT T TITT T T 7T 7T IV TTTT Iy 7T 7 Y7777
HPLC separation of acid Av Bv [Cv
4. concentrates into compound (7777777777 ATTTTTATTTTTATTTT I TTTT AT TTTT T 77T 70 77T T N TIT 7Y T 77TV 7777
[~ CTas3es
Progress Reporting Requirements AA AA AA B4 AA As AA B4 AA AA AA 84 AA AA Ca!

Task 2

Task 3

Task 4

Milestone Description

(A) May 1, 1984

(8) July 15, 1984

{C) September 30, 1984
(D) September 30, 1984

Select representative compound
Correlate sensitivity data
quantitation of data

(A) May 31, 1984
(8) July 30, 1984
from 200-425°C distilliate
(C) September 30, 1984 Evaluate effectiveness of this
(D) September 30, 1984

to higher distillates

(A) July 1, 1984
(B) August 31, 1984

(C) September 30, 1984 Evaluate separation method

Reporting Requirements
(A)ISthofeschmonth. .. ............... Monthly Progress Report
(8} 30 days afier end of exch quarier ... ..... Quarterly Technical Progress Report

(C)' 90 days after end of program year . . ...... Annual Technical Progress Repert

Determine mass spectral sensitivity

separation
Evaluate possibility of extension of separation method’

Evaluate the importance of sensitivity correlation in

Separate sulfides from Cerro Negro 200-425°C distillate
Separate saturates, thiophenes, and aromatic hydrocarbons

Separate 10-20 Cerro Negro and Wilmington acid concentrates
Separate 5-10 synfuel acid concentrates

Manpower/Manyesrs




OPT4. FUEL TRENDS AND ANALYSES

Background

This work addresses Item 6.2.3 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149). '

The National Institute for Petroleum and Energy Research (formerly BETC)
has extensive experience in assembling fuel data. It has been involved for
some 50 years in a government/API cooperative effort in surveying the quality
and characteristics of the fuels marketed in the United States. These surveys
have provided a base for predicting future fuel quality. The surveys give
averages of the values for properties assumed to be significant in the end-use
of the fuel. Properties for gasoline such as boiling range, octane number,
sulftur content, gum test, and vapor pressure serve to detine the tuel and,
indeed, are used in setting specifications. A recent publication (l) traces
the changes. in such properties over the past 50 years.

In designing processes for alternative feedstock processing, it is
important to have the present supply defined and to be able to predict changes
that may come about. Similarly for diesel fuel, the boiling range, cetane
number, and sulfur content form important parameters for comparison with
proposed alternative fuels. Aircraft turbine fuel is defined by various.
properties including boiling range, sulfur content, stability, aromatic
content and viscosity, and heating fuels are described by gravity, boiling
range, viscosity, and heats of combustion. Annually, five reports describing
the quality of petroleum products are prepared by NIPER and distributed in the
United States. The data are of particular interest in showing trends in fuel
quality and have the potential of spotting trends which may affect alternate
feedstock/fuel development.

References

1. Shelton, Ella Mae, M, L. Whisman and P. W. Woodward, "Trends in
Motor Gasolines 1942-81," DOE/BETC/RI-82/4, June 1982, 27 pp.

Objectives

To compile and correlare data on marketed fuels in the United States to
use as a base for planning future research work. Cooperation between the
government and the American Petroleum Institute results in a reliable bank of
information on the quality of fuels manufactured and distributed in the United
States.
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Scope of Work

Petroleum Product surveys that are currently produced in cooperation with
the American Petroleum Institute (API), are funded partially by API and member
companies. Five reports (winter gasolines, summer gasolines, diesel fuels,
heating o0ils and aviation turbine fuels) will be annually prepared from
analytical test data supplied by company contributors. The data provide
comparative information on the quality and characteristics of currently
marketed fuels to thousands of individual requestors. Approximately 1,200
copies of each report are distributed each year by the Bartlesville Project
Office of the Department of Energy in fulfillment of requests. These include
automotive manufacturers who depend upon continually updated information to
predict future engine design based upon fuel quality; to business interests
that have a keen day-to-day vested interest in certain products and trends in
quality; to petroleum refiners who must meet the quality of competitive
products; and to other companies and individuals who have specific interests
and needs for these kind of data.

This project is a continuing program which has been renewed each year.
NIPER and DOE/FE participation is justified to assure spotting trends which
may correlate with increased usage of alternate feedstocks and with fuel
development from these alternate sources. Timely research and environmental
assessments are necessary for orderly energy research and goals formulation.
As alternative fuel research programs are planned, it is important to have as
reference the properties of the materials that are to be replaced. Only in
this way can it be assured that not only will the new fuels meet the require-
ments of present-day specifications, but also that they have not added
environmental or other problems unique to the alternative fuels.

Work Plans
Task 1 - Work cooperatively with the API to prepare, publish and
distribute five major fuel surveys each year for motor

gasolines, diesel fuels, aviation fuels and heating oils.

Task 2 - Prepare analyes of trends of fuel properties and their
relationship to alternative fuels.

Future Work
This project has been in progress for over 50 years at BETC, now NIPER,

and is an ongoing research and reporting program that is expected to be
continued as long as petroleum fuels are .a vital emergy source to the world.

Manpower Requirements

Man-years
Associate Data Analyst 0.3
Associate Data Specialist 0.4
Associate Programmer Analyst 0.2
Total 0.9
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Equipment Requirements

Available New
Digital DEC-writer III computer 1
Digital VT-125 computer 1
AM 6400 photo typesetter 1
AM 425 word processor 1

172



PROJECT SCHEDULE AND MILESTONE

Project; | uel Trends and Analyses Report Date:
TASK Oct Nov | Dec | Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep Manpower/Manyears
Av BV Ccv DV Ev
!. Prepare fuel surveys [T Y T T 7Y T 77 T T T 7 T T T T T T 7 T T T T T T T T T T AT T T 7 477777
Prepare t~end and analysSis Av
P. report 77777
Prwress napmlnu "Bqulramams AA AA AA B4 AA AA AA B4 AA AA AA B4 AA AA Ca!
Milestone Description
o Task 1 (A) November 30, 1984 Deliver fuel survey, diesel fuels
w (B) February 29, 1984 Deliver fuel survey, motor gasoline, summer
{C) March 31, 1984 Deliver fuel survey, aviation turbine fuels
(D) Jduly 31, 1984 Deliver fuel survey, motor gasolines, winter
(E) August 31, 1984 Deliver fuel survey, heating ails
Task 2 (A) September 30, 1984 Prepare Analysis report

Reporting Requirements

(R)15thoteschementh. ................. Monthly Progress Report

(B) 30 days after erd of each quarter .. ....... Quartsrly Yechnical Progress Report
{C)' 90 days sfter end of programysar . . ...... Annua) Technical Progress Report



OPT5. CHEMISTRY OF CONTAMINATED PETROLEUM FUELS

Background

This work addresses Items 6.2.1 and 6.2.4 of the Research Statement of
Work in the Cooperative Agreemtnt between DOE and IITRI (DE-FC01-83FE60149).

Scientists at NIPER, formerly BETC, for more than a decade have been
performing basic and applied research related to used and waste hydrocarbon
recovery and reclamation. This research has covered the broad spectrum from
determination of specific contaminant compounds of interest to the development
of patented innovative recycling processes. Stability and processing data
must be correlated to provide insight into fuel stability performance and
environmental acceptability at various processing levels, It has been shown
that oil water emulsions involving inorganic salts such as in sea water
contribute to instability, and also that contaminants such as phenols,
halogenated solvents, metal oxides, and heavy metals are a threat to the
successful processing and utilization of many feedstreams. The focus of this
work will be on the effect that various nonhydrocarbon constituents, whether
naturally occurring or introduced after production, have on fuel properties
such as stability, handling, ease of recycling, and health and safety
considerations.

One such problem area already under investigation relates to the large
quantities of oils continuously generated by Navy ships and Marine Corps shore
activities as well as aircraft facilities. These fuels, when contacted with
sea water and other contaminants, frequently fail to meet fuel specifications
for flash point, water content, stability, and other properties. NIPER
(formerly BETC) has lengthy experience in dealing with contaminated
hydrocarbon streams and with stability problems. Work in both areas has been
performed in the past in cooperation with the military as well as with
commercial research groups.

A specific problem which the Navy has asked us to work on is the
recycling of contaminated marine diesel fuel (DFM) into DFM which meets
specifications. Based on 1982 statistics, the quantity of contaminated DFM
available is estimated at more than 70 million gallons per year. This
includes waste oils generated from slop o0il tanks, used lubricants from
various motors and engines, and any other material that emerges from the
oil/water separator at the refueling depot. An important initial task will be
to characterize in detail, to the extent possible, the contaminants that tend
to be present in this o0il. The data on composition will be used to identify
and control or remove toxic or undesirable substances through the use of
appropriate technology.

Currently the contaminated fuel is being burned in boilers. 0il-fired
boilers are in decline, and fuel for them is readily available. Other uses,
such as weed and dust control, have been shown by EPA to be unacceptable
hazards (1). A more useful role for this material would be to reprocess it
such that it could be blended to meet specification DFM. If half of the
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available volume of contaminated marine fuel were reprocessed, between three
and four percent of the Navy's total DFM requirement could be satisfied. The
savings would amount to nearly 10 million dollars per year.

Although most of this specific work on the recycling of contaminated DFM
will be supported by the Navy, it provides a unique opportunity to work with
degradation products and to study the stability of diesel fuels having a wide
range of nonhydrocarbon and hydrocarbon compositions. Both areas are of
interest to DOE/Fossil Energy in its effort to understand fundamental
petroleum chemistry and constituent effects on specification parameters such
as stability. In turn, an understanding of the basic chemistry will greatly
assist in the selection of the most appropriate processing approach.

References

1. "Listing of Used 0il as a Hazardous Waste," Environmental Protection
Agency, Report to Congress, January 1981.

Objectives

To develop a process, or processes, to reclaim waste marine type diesel
fuel into specification marine diesel fuel; explore methods of separating
oil/water/solvent mixtures that have potential application to the recovery of
contaminated marine fuels from sea water; investigate methods of removing
contaminants such as phenols, solvents, and heavy metals from hydrocarbon
products; and, to characterize waste marine diesel fuels, identify degradation
products, and evaluate their effect upon stability of hydrocarbons in general
with relation to the original fuel.

Scope of Work

This project was started six months ago and is comprised of three phases:
(1) information gathering, (2) experimentation, and (3) facility design. The
first phase includes an in-depth literature review and information compilation
from other sources. The literature search covers areas related to processes,
equipment, and industrial experience. NIPER experience and expertise in
process development is being relied upon heavily in this initial phase. 1In
addition to the literature search and report, there will be a survey of
industrial capabilities to treat reclaimed fuel oil on a research scale to
determine capacities, types of processes, products, and applicability to this
project. A large number of marine diesel fuel and reclaimed fuel oil samples
will be characterized in detail to determine the degree of contamination,
methods of removing these contaminants and the effect of these contaminants
upon stability, processing, and emissions of derived fuels. These data will
be correlated with basic degradation reaction mechanism information developed
within the DOE/Fossil Energy research program giving a broader picture of
petroleum reactivity. Finally, the project will develop a testing program and
establish performance/technical criteria evaluation methodology.

The second phase will be bench-scale testing, and it is proposed that

NIPER will set up test equipment and conduct experiments using selected pro-
cesses and apparatus to assess their technical and operational capability for
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treating reclaimed marine fuel o0il to produce a specification diesel fuel
marine. Detailed characterization of feedstocks and products will provide a
useful data base in such areas as stability, metals removal, and bulk property
changes with various types, and severities of upgrading correlations will be
sought between the type of neutral nitrogen compounds identified in other
stability work and the degradation products found here. Additionally,
estimates of operating and maintenance costs for tested processes and
equipment will be formulated. As a part of the second phase, pilot-scale
tests will be conducted to develop definitive design criteria,

The third phase of this project, fully funded by the Navy, will provide
the engineering design for a full-scale facility based upon successful bench~
and pilot-scale testing. The full-scale plant would be tailored to convert
the reclaimed fuel o0il from a marine base into a finished specification DFM
that could be employed for engine fuel with or without further blending.

Work Plan
Phase I (1984) - Literature Review and Information Compilation

Task 1 - Conduct an in-depth review of literature dealing with
processes, contamination, characterization, specification,
and utilization of marine diesel fuels. This review will
include but not be limited to the following

areas:
(a) effects of salt water on stability, processes, and
equipment

(b) characterization of contaminants in discarded
marine diesel fusl
(¢) didentifying processes for reclaiming and reprocessing
contaminated oil
(d) identifying equipment for reclaiming and reprocessing
contaminated oil
(e) research into processes and equipment applicable to
contaminated marine diesel
(f) 1industrial experience with reclaiming and/or
recycling
waste or contaminated hydrocarbons
(g) specifications for DFM.
(h) basic work on stability including nitrogen compounds
and known bad actors
(i) correlation of basic work with DFM contaminants,

Task 2 - Characterize samples of new and reclaimed fuel o0il for
physical and chemical properties. Determine deviations
from apecifications for DFM using standard tesc procedures
established by the industry and the Department of Defense.
Typical specification DFM samples, contaminated DFM, and
fuel 0il reclaimed samples will be obtained through the
Department of the Navy in sufficient numbers to provide a
definitive evaluation of the range of physical and
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chemical properties.

In addition, hazardous waste

~ component screenings will be run. Base line stability
data will also be generated.

Task 3 -

Task 4 -

Task 5 -

Task 6 -

Task 7 -

Evaluate the range of physical and chemical properties,
the level of hazardous waste components and explore new
methods of separating inorganic contaminants originating
from sea water, solvent contamination or other sources
that can adversely affect the stability characteristics
and the processing efficiency of contaminated marine
fuels with potential application to other petroleum
recovery problems. Investigate methods of removing
contaminants, such as phenols, solvents, sludges,
particulates and heavy metals, applicable tc contaminated
marine fuels. Relate these physical and chemical
properties to the production of stable products; the
effect on upstream handling and processing; and the effect
on emissions of derived fuels.

Review existing Department of Navy reclamation facilities
and operations to determine the potential for process
improvement.

Conduct technical analysis and estimate the economics of
various process options and prioritize treatment options,
Factors to be considered include availability of
equipment, costs, an estimation of reliability,
flexibility, simplicity, and any potential environmental
problems apparent.

Prepare a report detailing the results of the literature
review, including information obtained from laboratory
investigations with recommendations on the direction for
bench-scale testing. This report will include: (a) a
description of the literature search methodology (b) a
discussion of the evaluation procedure (c¢) a description
of all technologies reviewed and their relative advantages
(d) a recommendation for continuing research (e) a
detailed bibliography. Any new characterization methods
or information will also be compiled and reported to
DOE/Fossil Energy.

Develop a testing program and establish performance/
technical criteria evaluation methodology.

Phase II (1984-1985) - Bench- and Pilot-Scale Testing

Task 8 -

Set up test equipment and conduct experiments using
selected processes and equipment to assess their
capability for treating reclaimed o0il to produce a fuel of
quality suitable for blending into DFM. All testing will
be done using ASTM methods. Depending on the contaminants
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in the feedstock, a matrix of samples and tests will be

performed. The tests will include stability screening,

metals determination, and heteroatom characterization as

part of the Fossil Energy portion of this effort. This

list of necessary tests could be smaller or larger
depending on the contaminants identified by analysis of
the feedstock. In addition, a basic material balance
would be performed.

Task 9 - Operating and maintenance costs for tested processes and
equipment will be estimated.

Task 10 - A report detailing results of testing and evaluation and
cost estimates will be prepared. Treatment options will
will be listed in order of priority. A continue or stop
recommendation will be included.

Phase III (1985-1986) - Design and testing of a full-scale facility

Task 11 - Development of quality control outline based
on fundamental petroleum studies.

Futqre Work

This project which has been in progress more than six months at NIPER
(formerly BETC) is an ongoing research program that is expected to extend
through 1986 or longer. The first phase detailed above is scheduled for
completion in 1984. The second phase which will encompass process selection
and evaluation will include bench~ and pilot-scale testing programs.
Development of new characterization and evaluation techniques may be needed
for this complex matrix. Test equipment will be used to conduct tests of
selected processes and equipment to assess their technical and operational
capability for treating reclaimed oil to produce a fuel of quality suitable
for blending into DFM. Uperating and malutenance costs will be estimated and
processes tested. Sites will be selected for pilot-plant testing, and tests
will be conducted related to technical and operational aspects.

The last phase is expected to take successful bench- and pilot-scale
evaluations of a process and develop the engineering design for a full-scale
plant for location in an existing marine facility with the capability of
converting slop oil, contaminated diesel fuel, and lubricating oil to DFM and
other suitable products of specification grade or appropriate quality.

DOE/FE will receive additional reports on techniques developed and

utilized, data generated, and their importance to waste hydrocarbons
recycling. These may well be applied to many other [ussl]l fuel streams:
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Manpower Requirements

Man-years
Senior Chemists 0.5 -
Research Chemical Engineer 0.3
Assistant Chemical Engineer 0.4
Research Chemist 0.1
Technicians 0.8
Analytical Support 0.3
Total 2.4
Equipment Requirements
Available New
Supercritical liquid extraction
equipment - 1

179



081

PROJECT SCHEDULE AND MILESTONE

Manpower/Manyears

Prﬂeﬂ:.EEETifEiZ_gf Contaminated Petroleum Fuels Report Date:
TASK Oct Nov | Dec Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep
Av
1. Literature review jiainnnnnannInn
AV
2. Sample characterization 77777 Ty TV TTTT AT TTT TV TN T7 10 T 7 T Ty L7 TT T T T TN TT T 777777
(A)Complete evaluation of AV
3. methods ' yrninannimmmg
{B)Report on initial screering BV
for toxic material /T TNy TT 77777777 7771 7Y 77777 77777 7777777777
Ay
4. Facility review i nnnannimnmn
Technical/economic analysis AV
5. and prioritize options VT TIYTTTTIYITTTTYTTTTINI 77T
Progress Reuoﬂjng Bequlremem; AA Ab AA BJ AA AA AA B4 Aa Aa AA B4 AA AA O
Milestone Description

Task 1 (A) April 30, 1984
Task 2 (A) March 31, 1984
Task 3 (A) February 28, 1984

(B) September 30, 1984

Task 4 (A) January 31, 1984
Task 5 (A) April 30, 1984

Reporting Regulrements

Complete literature survey

Compiete test characterization

Complete evaluation of methods
Report on initial screening for toxic material

Review JON facilities

Tech/econ analysis and prioritization of treatments

RiStheteachmonth. . ..........0vnetn Monihly Progreas Repert
(8) 30 days after and ef each quarter ... ...... Quarterly Technicai Pregress Report
(C) 90 days after snd of pregramyear . . .. .... Asnual Technical Progress Reporl
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PROJECT SCHEDULE AND MILESTONE
Project: Chemistry of Contaminated Petroleum Fuels

Report Date:

TASK

| ot

Nov

Dec Jan

Feb

Mar

Apr

May

Jun

Jul

Sep

AV

6. Prepare report

/17777

HITTIITTTT

(/7777

(77777

17777

777177

Av

7. Develop test program

1Y

/1117

/1177

/1177

8. Conduct upgrading experi-

ments & characterize result

11114111114

11111311777

117

ing_products
Estimate costs

0. Phase II final report

1. Phase IIT full-scale desigr

Progress Reporting Requirements

Aa

A

AA B/

AA

Abs

AA 84

AA

AA

AA B/

Aa

AA Cf

Milestone

Task 6 (A) May 30, 1984
Task 7 (A) June 30, 1984

Reperting Reguirements

Description

Prepare report.
Develop testing proqram.

(A 1Gthefeschmonth. ................. Meonthly Progress Report
(8} 30 doys sfior end ol eachguarter . ... ..... Quartsrly Technical Progress Repert
(C)' 90 days sfter end of programyesr. ....... Annus) Vechnical Progress Repert

Manpower/Manyears




OUl. DIESEL FUEL QUALITY CRITERIA

Background

This work addresses Item 6.3.1 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149).

The quality of diesel fuel sold in U.S. markets, as determined by tradi-
tional measures, is decreasing. Cetane number, aromatic content, and boiling
distribution of diesel fuels indicate a trend toward lower quality (1). This
is a consequence of increased usage of the lower cost and more readily avail-
able heavy crudes (2). The use of alternative feedstocks is expected to
increase in the future, and the crudes are expected to become even heavier,
both of which could cause further decline in distillate fuel quality. The
impact of alternative feedstocks on exhaust emission products is a concern of
DOE. Industry's concern is with engine performance effects, which include
combustion performance and engine durability as well as emissions, '

The traditional measures of fuel quality are not necessarily applicable
for current and future compression-ignition engines. It is possible that the
fuel acceptance of today's engines is broader than has been assumed. Broader
fuel specifications would enable fuel processors to produce acceptable quality
diesel fuel from alternative feedstocks. This could provide alternatives
currently not being considered. To be acceptable, fuels from alternative
feedstocks must have no significant adverse impact on combustion performance,
exhaust emissions, and engine durability. Fossil Energy, because of its
research programs on enhanced recovery of heavy oils and characterization, is
concerned specifically with the environmental consequences that such a change
in production would have, This work will develop a preliminary assessment of
the feasibility for such a switch and its environmental impact.

References

1. Shelton, E. M., "Diesel Fnel Qils, 1982," DOE/BETG/PPS-82/5.

2. Unzelman, C. H., "Diesel Fuel Demand, A Challenge to Quality,"
presented at Institute of Petroleum, London, Oct. 1983, and in 0il and Gas J.,
Nov. 14, 1983, pp. 178-201,

Objectlves

To determine the feasibility of heavy-oil-derived, broad-cut fuels
-entering the diesel market and to assess the environmental impacts of such
~an occurrence.
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Scope of Work

Fuel parameters affected markedly by increased usage of alternative
feedstocks will be examined. Specifically, these parameters are distillation
range, aromatic content, and cetane quality. Fuel quality will be assessed in
terms of its influence on basic combustion properties (ignition delay, peak
pressure, rate of pressure rise), exhaust emissions, and utilization
efficiency. These results can be used toxreappraise current fuel specifi-
cations. Correlation of exhaust emission levels and combustion response will
be developed to differentiate the direct from the indirect effects of fuel
composition on emissions.

Work Plans

Task 1 - Select and procure fuel blending stocks required to produce
test fuels that typify ranges in distillation, aromaticity,
and cetane quality that would be expected from production in
current refineries using an increased fraction of alternative
feedstocks and going to a broader cut fuel, Target properties
of the test fuels will be based on data contained in and
extrapolated from the NIPER/API diesel fuel surveys. The fuel
matrix will include nine fuels having systematic variation in
10 percent and 90 percent distillation points and in aromatic
content.

Task 2 - Concurrent with the first task, select engines and vehicles
that typify a significant fraction of current and near-term
production: The engine selection will include both direct-
injection and precombustion chamber designs, as well as a
conventional cetane~rating engine. Two heavy-duty engines
and three light-duty vehicles will be used for testlng fuel
performance and obtaining emissions.

Task 3 - Prepare and analyze fuels. The analyses will be comprehensive,
including compositional determinations within discrete distil-
lation ranges. The fuels will be characterized in terms of
content of paraffins, naphthenes, and aromatics including multi-
ring components, melals, sulfur, and nitrogen.

Task 4 - Conduct engine experiments using the nine test fuels. Perform-
ance measurements will include gaseous and particulate exhaust
emissions, smoke, fuel economy, and power. Ambient temperature
will be varied for one of the vehicles using all nine fuels.
Cylinder pressure and needle lift sensors will be installed
on the heavy-duty engines for measurement of ignition delay,
rate of pressure rise, peak pressure, and indicated mean effec-
‘tive pressure. These data are necessary for determination
of ignition and combustion performance as well as indicated
efficiency.
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Task 5 - Analyze results and prepare reports. Periodic reports will
cover results for each engine system. The final report will
include a statistical analysis relating ignition, combustion,
and emissions performance to fuel compositional variables.

It will also assess the environmental consequences of heavy-
oil-derived blending stocks being added to the diesel fuel
pool.

Future Work

The duration of the project is scheduled for three years. The matrix
of test fuels will be expanded to include combustion- and ignition~improver
additives. Selection of additional test fuels will be based on results
obtained in the first year and the need to determine effects of specific
fuel variables, e.g., heteroatom content. In collaboration with an industry/
government advisory committee, the representativeness af the test fuels will
be examined and modified, as appropriate. Three light-duty and two heavy-
duty engines will be outfitted with sensors for measuring ignition and com-
bustion parameters. Laboratory capability will be expandod to include ETPA-
specified transient heavy-duty diesel engine test procedures to enable more
representative measurements of emissions consequences of fuel compositional
variables,

Manpower Requirements

Man-xears

Manager
- Senior Mechanical Engineer
Research Mechanical Engineer
Associate Mechanical Engineer
Experimentalist

Téchnician

ONO~OO
0NN OWW

|.

Total

i
.
w

Equipment Requirements

Available New

CFR engine

Heavy-~duty diesel engines

Light-duty diesel engines

Engine tcst cells

Vehicle chassis dynamometer

Automatic sampler accessory for
chromatograph 1

Combustion analyzer and transducers 1

O NON P~
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PROJECT SCHEDULE AND MILESTONE

Project: _0iesel Fuel Quality Criteria Report Date:
TASK Oct Nov | Dec Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep Manpower/Manyears
AV BV
1. Obtain fuel stocks [77YTTTTIVITT77
. A BY
2. Select engines [ IIVITITIVITITINTTTT]
AV BY
3. Fuel preparation /111/¥71117%771117
) AV
4. Fuel-engine experiments e ninn i i
Analyze results and AV
5. prepare report 1111411117
Progress Reporling Reguirements AA AA AA 84 AA AA AA B4 AA AA AA B34 AA Aa LA

Task 1 (A) December 1, 1983
(B) January 1, 1984

Task 2 (A) December 1, 1983
(8) February 1, 1984

Task 3 (A) January 15, 1984
(B) March 1, 1984

Task 4  (A) July 15, 1984

Task 5 (A) September 30, 1984

Reporting Reguirements

(A)iSthoefeachmonth. . ...............e
iB) 30 deys after end of eachquarter .. .......
(C)' 90 days after end of program year . . ... ...

Description

Parameter limits of fuels specified
Fuel blending stocks obtained

Engines/vehicles required for fuel experiments selected

Engines installed

Fuel preparation (blendino, refining) completed

Fuels analyzed

Testing completed

Complete final report

Monthly Progress Report
Quarterly Technical Progress Report
Annua! Technical Progress Report



OU2. DIRECT UTILIZATION OF AROMATIC FEEDSTOCKS

Background

This work addresses Item 6.3.1 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149).

The technologies both for hydrocarbon processing and for fuels utiliza-
tion are necessarily undergoing a significant evolution as a result of changes
in the world crude supply, both in quantity and crude characteristics, and a
need to utilize heavy oils, shale o0il, and other materials as primary energy
resources. High-boiling-range naphthas are a major by-product of processing
coal liquids and heavy petroleum crudes. They are, however, generally
unsuitable for turbine or diesel fuel because of the high aromatic content,
even though the distillation range is acceptable. Advanced technology trans-
portation systems may have excellent potential for utilizing high-octane
quality naphtha. Recent developments in fuel-induction systems and high-heat
intake systems within the transportation sector offer increased potential for
successful use of the higher-boiling-range fuels. If the concept of util-
izing higher-boiling-range components in the transportation sector proves
feasible, then it could provide impetus to alternate feedstock use by allowing
direct utilization of the product stream without further processing. The use
of higher-boiling-range fuels is contingent on their having minimal adverse
impact on evaporative and exhaust emissions, performance, and longevity of
engines and emission control systems.

Use of highly aromatic material in diesel fuels has been shown to have
detrimental effects on diesel exhaust emissions by increasing oxides of
nitrogen (1) and particulates (2). Highly aromatic materials in the ordinary
gasoline boiling range have little effect on exhaust emissions; there are no
data available on the emissions consequences of using high-boiling aromatics
in spark-ignition engines. Thus, the need exists to assess the probability
of this happening and the environmental consequences.

References

1. Lin, C. S., and D. E. Foster, "A Study of Fuel Nitrogen Conversion,
Performance, and Emission Characteristics of Blended SRC-II in a High-Speed
Diesel Engine," SAE Paper No. 810251, Feb. 1981.

2. Bouffard, R. A., and M. Beltzer, "Light-Duty Diesel Particulate
Emissions--Fuel and Vehicle Effects," SAE Paper No. 811191, Oct. 1981.

Objectives

To determine the feasibility of utilizing extended-boiling-range, high-
aromatic refinery feedstocks blended with gasoline directly in spark-ignition
engines, rather than expending further refinery energies to make the material
suitable for use as turbine or diesel fuels. Also, to assess the environmental
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and engine related impact of using the extended-boiling-range gasolines. To
determine the probability of extended-boiling-range, high-aromatic refinery
feedstocks entering the gasoline market.

Scope of Work

The potential for utilization of high-boiling-range naphthas and low-
boiling components as transportation fuels will be investigated. The program
will -investigate emissions, both gaseous and particulates, and other
operational parameters using only the high- and low-boiling fractions as a
fuel, as well as blending the materials in gasolines. Road octane of the
fuels will be compared with motor and research octane to determine whether
typical octane measurements are meaningful with the alternative fuels. Much
of the interest in the high-boiling naphtha is based on its motor octane
value. Fuel-induction system deposit formation will be examined in limited
fuel-compatibility tests. The effect of fuel volatility will be determined on
the test fuels by testing formulated fuels at various ambient temperature
conditions. Finally, the practicality of using high-boiling naphtha will be
assessed based on performance and emissions.

Work Plans

Task 1 - Prepare six test fuels formulated from heavy petroleum and
syncrude naphthas with butane added to produce test fuels with
Reid Vapor Pressures of 6, 9.5, and 13 psi. Prepare six addi-
tional test fuels by blending these formulated fuels with
gasoline. This fuel matrix was selected to encompass fuels
that could be produced in refineries using only heavy-oil
feedstocks as well as those in which heavy o0ils constitute
a portion of the feedstocks.

Task 2 - Conduct standard exhaust and evaporative emissions and systems-
performance tests of the fuels at appropriate ambient temperature
conditions using vehicles equipped with high-temperature intake
systems and fuel-injection systems. Response of the test fuels
will be compared with that of a standard reference fuel.

Task 3

Determine vapor-lock tendencies of the formulated fuels and
gasoline blends.

Task 4 - Determine road, motor, and research octane values of the formu-
lated fuels and gasoline blends.

Task 5 - Conduct limited system-compatibility tests using selected formu-
lated fuels.
Task 6 - Analyze the data and prepare a report. Periodic reports will

cover results. of tests with each fuel. The final report will
include an assessment of feasibility of utilizing gasolines
containing high-hoiling aromatic stocks in current and advanced
technology engine systems with emphasis on their environmental
impact.
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Future Work

The project is scheduled for two years. In the second year, exhaust and
evaporative emissions will be analyzed in detail with emphasis on quantifying
the amount and character of potentially toxic aromatics present. Bioassays
will be made to determine potential mutagenic and carcinogenic consequences.
In addition, the effectiveness of fuel additives for controlling intake-~system
deposit formation will be examined. The use of extended-distillation-range
gasolines is expected to have a marked influence on the amount and character
of intake-system deposits and, subsequently, on emissions characteristics.

Manpower Requirements

Man-years
Technical Advisor 0.5
Research Mechanical Engineer 0.3
Associate Mechanical Engineer 1.0
Research Chemist 0.5
Experimentalist 1.6
Technician 1.0

Total 4.9
Equipment Requirements

Available New
Spark-ignition vehicles 3
Spark-ignition test engine 1
Vehicle chassis dynamometer 1
Computer replacement for Hewlett-Packard 21MX 1
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PROJECT SCHEDULE AND MILESTONE

Project: Direct Utilization of Aromatic Feedstocks Report Date:
TASK Oct |[Nov | Dec | Jan | Feb { Mar | Apr | May | Jun Jut Aug | Sep | Manpower/Manyesrs
AV B Vv
1. Prepare fuel tests TTTTTATTTITATTTTT A ITTT

Emissions and performance

AV BV

2. tests

MLLNN LT

AV

3. Vapor lock tests

111N LA
AV

4. Octane tests

[TTTTRTTTTATTTT

System compatibBility

AV

5. tests

Analyze data and prepare

ITTTITTTTIY Ty T TTTIY T TTT
- .

6. report

(IITTIyrrrs

Pfogress nepon"m nequlmmgms AA AA AA B4 AA AA AA B4 AA AA RA B84 AA AA Ca!
Miestone Description
Task 1 (A) November 30, 1983 Complete blending first series of six test fuels
(B) January 31, 1984 Complete blending second series of six test fuels
Task 2 (A) January 31, 1984 Complete emissions and performance testing first series of six test fuels
(B) March 31, 1984 Complete emissions and performance testing second series of six test fuels

Task 3 (A) April 30, 1984
Task 4 (A) April 30, 1984
Task 5 (A) August 31, 1984

Task 6 (A) September 30, 1984

Reporting Requirements

(AISthefeschmonth. .................
(8) 30 days after endd of each quarter . .. ......
{C)' 90 days sfter end of programyear.. . ......

Complete
Complete

Complete

Complete

Monthly Progress Report
Quarterly Technical Progress Reperi
Annual Technica! Progress Report

vapor lock tests
octane tests
systems compatibility tests

data analysis and prepare report



OU3. DIESEL EXHAUST CHARACTERIZATION

Background

This work addresses Item 6.3.1 of the Research Statement of Work in the
Cooperative AGreement between DOE and IITRI (DE-FCO1-83FE60149).

The emissions characteristics of diesel engines are markedly different
from those of spark-ignition engines. Material associated with diesel par-
ticulate has been found to be mutagenic to bacteria and to contain human
carcinogens (1-2). A decline in diesel fuel quality can have a significant
effect on exhaust emissions. Use of alternative feedstocks could accelerate
this decline. Because exhaust treatment systems are not generally applicable
to on~highway diesels, adverse effects of fuels on engine-out exhaust emis-
sions are directly translatable to the environment.

New and improved analytical methods have been developed that should
enable more complete characterization of diesel emissions. Identification and
quantification of higher molecular weight aldehydes is now possible (3). The
work begun in FY83 was directed toward developing a chemical separation and
analytical scheme for estimating mutagenic activity of the organics associated
with diesel particulate. Sampling, extraction, and fractionation are now
completed, but the bioassays of the various fractions have not been completed.
Successful implementation of this analytical methodology would decrease the
number of bioassays needed as an integral part of any fuel/engine emissions
assessment project. This would enable a more rapid, comprehensive engineering
assessment of environmental impacts of fuels from alternative feedstocks.

References

1. Huisingh, J. L., et al,, "Mutagenic and Carcinogenic Potency of
Extracts of Diesel and Related Environmental Emissions," EPA-600/9-80-057b,
1980.

2.  Begeman, C. R., "Polynuclear Aromatic Hydrocarhon FEmissiang from
Automotive Engines,'" GM Research Publication GMR-1009, May 1970.

3. Lipari, F., and S. J. Swarin, "An Improved 2,4-Dinitrophenylhydrazine
Method for the Determination of Formaldehyde and Other Aldehyde Species," J.
Chromatogr., Vol. 247, 1982, p. 297.

Objectives

To determine the impact of the utilization of fuels from alternative
feedstocks on the environment. The main thrust 1s directed at quantifying
fuel composition influences on emissions of mutagens and carcinogens, e.g.,
polynuclear aromatic (PNA) compounds, aldehydes, benzene, and nitro-PNA's.
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Scope of Work

An investigation of the influence of fuel composition, engine design,
and exhaust emission control system on the amount and character of the toxic
materials in diesel exhaust will be conducted. The toxicants include direct-
acting, e.g., oxides of nitrogen, carbon monoxide, mutagenic, possibly
carcinogenic, compounds, e.g., nitro-polynuclear aromatics, aldehydes, and
known human carcinogens, e.g., benzene, formaldehyde, benzo(a)pyrene. Test
fuel selection will be based on probable compositions of fuels from alterna-
tive feedstocks.

Work Plans

Task 1 - Review biological data from tests conducted in FY83 by Inhalation
Toxicology Research Institute (ITRI).

Task 2 - Duplicate tests conducted in FY83 with baseline fuel to deter-
mine repeatability of exhaust sampling, sample handling, and

analyses.

Task 3

Select ten tests from fuel/engine matrix in "Diesel Fuel Quality
Criteria" project for inclusion in this work. Obtain samples and
conduct separations and analyses for PNA's, nitro-PNA's, etc.

Task 4 - Analyze the data and prepare a final report.

Future Work

This project is scheduled for .a duration of three years. Work planned
for the second and third years of this project includes the examination of
response of biological systems other than bacteria to those particulate
extract fractions having mutagenic character. A state-of-the-art trap-
oxidizer will bhe installed on one of the test engines to determine its effect
on exhaust emissions character and to determine whether it can sufficiently
ameliorate adverse fuel impacts on exhaust toxicity. Samples of exhaust from
an engine fueled with coal slurry fuels will also be analyzed. The
particulate extract will be fractionated and chemically analyzed to determine
its character.

Manpower Requirements

Man-years
Senior Chemist 0.8
Assistant Chemist 1.0
Experimentalist 0.3
Technician 0.3
Total 2.4
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Equipment Requirements

Available New

Diesel vehicles 5
Vehicle chassis dynamometer 1
Spectra Physics Model SP800 HPLC 1
Waters Associates WISP Model 710B autoinjector 1
Perkin-Elmer Model MPF-4 fluorescence

spectrophotometer 1
Norland Corp. Model 3001 programmable

calculating oscilloscope 1
Waters Gradient HPLC (Model 680 gradient

programmer and Waters Model 6000 pumps) 1
Waters Associates WISP Model 710A autoinjector 1
Kratos (Schoeffel) Model FS970 Spectrofluoro

monitor 1
Chromatographic peak area integrator 1
Perkin-Elmer Model 4010 gas chromatograph 1
Computer replacement for Data General Nova 1
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PROJECT SCHEDULE AND MILESTONE

Project: Diesel Exhaust Characterization Report Date:
TASK Oct Nov Dec Jan Feb Mar Apr May | Jun Jul Aug Sep Manpower/Manyears
Ry By
1. Review biological data 7777 ATTTT AT TTT7
Complete duplicate tests AV
2. with baseline fuels 77777
Collect anc process Av BV Cvl DV
3. samples nmynnimnmnniomonnnnnnun
Analyze data and prepare Ay
4. final report /7777Y/111/
Progress Reporting Requirsments A AA AA B4 AA AA AA B4 Aa Aa Aa 84 AA AA Ca'
Milestone Description
Task 1 (A) November 30, 1983 Complete sample processing and receive biological data from ITRI
(B) December 31, 1983 Complete review of biological data
Task 2 (A) January 31, 1984 Complete duplicate baseline fuel tests
Task 3 (A) January 31, 1984 Complete setection of fuel/engine matrix
* (B) June 30, 1984 Complete particulate sample collection and extraction
(C) July 31, 1984 Complete sample processing and forward samples for biological testing

(D) August 31, 1984
Task 4  (A) September 30, 198

Reporting Requirements

(Aj15thofsachmonth. . ..... IEERRETRRRY
(8) 30 days aRter end of eachquarfer . ........
(C)' 90 days after end of programyear........

4

Obtain results of biological tests

Complete final report

Monthly Progress Repert
Quarterly Technical Pragress Repert
Annual Technical Progress Report



QU4. COAL SLURRY INJECTION CHARACTERISTICS

Background

This work addresses Item 6.3.2 of the Research Statement of Work in the
Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149).

The use of coal-liquid slurries in diesel engines has been under inves-
tigation at the NIPER laboratory (formerly BETC) for more than two years
(1-2). When coal slurry fuels were used in diesel engines, numerous prohlems
were encountered with the fuel-handling system, particularly the injector and,
to a lesser exrent, the fuel pump. In response to this problem, a contract
was awarded in September 1982 to Southwest Research Institute to investigate
diesel engine fuel-injection systems using coal slurry fuels. This work led
to the conclusion that existing injectors for medium-speed engines will not
satisfactorily perform with coal slurry fuels loaded between 20 and 40 weight-
percent with coal. As a result, two new injector designs were fabricated and
tested at an engineering model level. They each exhibited significantly
improved performance and a longer life. These systems were developed using a
coal-diesel slurry provided by BETC with a relatively high coal-ash content
(up to 8.6 weight-percent) to stress the system and accumulate . experimental
data rapidly. The scope of that work did not allow an atomization study to
be performed or a comparison of the spray effectiveness as the slurry fuel
left the injector tip. The goal of the FY82-83 contract effort was to pro-
duce a system which would perform for 100 hours on a bench test. This was
achieved, with one system operating for 106 hours and another for 60 hours
before teardown and inspection. The systems showed no signs of failure (3).

References

1. Clingenpeel, J. M., et al., "A Combustion and Wear Analysis of a
Compression-Ignition Engine Using Coal SLurry Fuels," ASME Paper No. 84-DGP-8,
1983.

y Gurney, M. D., et al., "A Program to Examine the Use of Coal Slurry
Fuels in Diesel Engines,'" ASME Paper No. 84-DGP-9, 1983.

3. Phatak, R. F., "Investigation of Diesel Engine Fuel Injector
Response to Coal Slurry Fuels," Southwest Research Institute, DOE Contract No.
DE-AC82-BC10730, 1983.

Objectives

To determine the feasibility of using coal slurry fuels in medium-speed
diesel engines.
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Scope of Work

The influence of the fuel variables of coal-loading, carrier and particle
size, and the effect of fuel-injection-system parameters of fuel temperature
and injection-line pressure, as well as other pertinent variables, will be
examined. A comparison with the performance and response of diesel fuel No. 2
will be made. The atomization quality of the coal slurry fuel spray will be
determined with standard components and with the injectors developed through
the previous BETC contract.

Work Plans

Task 1 - Specify, design, order, and obtain the components necessary for
an injector spray device adequate for examining fuel atomization.

Task 2 - Assemble the injector spray components and perform bench tests.
Establish a baseline of performance by conducting spray tests
with a reference diesel fuel.

Task 3 - Develop slurries based on diesel engine tolerances, particle
size requirements, and the ability to pump, inject, atomize,
and combust the fuels.

Task 4 ~ Perform injector spray tests with approximately 20 different

coal slurry fuels,

Task 5 - Prepare a final report on assessment of the significance of the
work,

Future Work

The project is scheduled to be completed in four years. Work planned
for the ensuing three years includes developing, preparing, and testing of
reference slurry fuels; determining the effects of aging and environment on
the physical properties of slurry fuels; and comparing response to coal
slurry fuels with direct-injection in.a precombustion chamber engine. The
reference slurries will be produced from well-defined carbon solids and
appropriate liquid carriers.. Properties of the reference slurries will
reflect various levels of coal-cleaning technology, and processing will be
sufficiently controlled to allow solids-loading, handling properties, and
viscosity to be specified. The reference slurries will be burned in pre-
combustion chamber and direct-injection engines, and the results will be
compared with tests of an actual coal slurry fuel. Aging tests will be
" conducted with coal slurry fuels having different coal, carrier, and additive
properties. The slurries will be aged at various temperatures, and their
physical properties will be examined at periodic intervals, At predetermined
times or when prespecified physical properties are attained, combustion tests
in a diesel engine will be conducted to establish performance levels of the
fuels. The work may also be applicable to other combustion systems.
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Manpower Requirements

Man—zears

Senior Mechanical Engineer 0.2
Research Mechanical Engineer 0.3
Research Chemist 0.2
Experimentalist 0.3
Technician 0.6

Total 1.6

Equipment Requirements

Available New

Coal slurry fuel preparation unit
Viscosity instrumentation

Coulter Counter

Perkin-Elmer thermogravimetric system
X-ray sedigraph

Single-cylinder engine

e
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Coal Siurry Fuels for Jiesels

PROJECT SCHEDULE AND MILESTONE

Project: Report Date:
TASK Oc! Nov | Dec | dan Feb | Mar | Apr | May | Jun Jul Aug | Sep | Manpower/Manyears
Design, spec, order ] AvV] BVY
1. components HIITIVITTTIVTTTTT
AssembTe, check out with AV BV
2. baseline “uel TTTTTY7TTTTIVIT777
AV
3. Fuel preparation 7Ty Y7777
. AV
4. Spray tests 1171701111/
Assessmen= of significance AV
5. of work 111777777
Progress Reporting Requirements Aa Aa AA B4 Aa AA Aa B4 AA Aa AA B4 AA Aa CA'
Milestone Description
Task 1 (A) Movember 30, 1983 Complete design of testing
(B) December 31, 1984 Components for the injector spray device ordered
Task 2 (A) Jdanuva-y 31, 1984 Spray test system assembled
(B) February 28, 1984 Complete baseline testing
Task 3 (A) May 31, 1984 Complete preparation of slurry fuels
Task 4 (A) July 31, 1984 Complete spray tests
Task 5 (A) September 30, 1984 Provide report on assessment of sigrificance of work
Reporting Reguirements
MIStheleschmonth. .............0.-. Monthly Progress Repert J

[8) 30 days sfter end of each quarter . .. ......
[C)' 90 days after end of pregramyear . . ... ..

Quarterly Technical Progress Report
Amnual Technical Progress Reporl
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WEl. PHYSICS OF IMMISCIBLE FLOW IN POROUS MEDIA

Background

The Environmental Protection Agency (EPA) needs background criteria for -
the predictability of immiscible flow of pollutants in porous media. The
information generated by this project will be used by local, state, and
Federal agencies in developing pollutant source control criteria, risk or
damage assessment, and remedial actions for groundwater resources.

Objectives

To determine the physical properties of the fluid and media that control
the flow process; determine properties on selected chemicals. To demonstrate
the suitability of the selected properties using physical models, and develop
the equations of flow using previously demonstrated first principles.

Scope of Work

The proposed research on physics of immiscible flow in porous media will
tie in closely with NIPER's Base Program of research for determining EOR
chemical toxicities, hazardous mutations of microbes used in EOR, and related
environmental problems.

The work to be performed, under a Cooperative Agreement with EPA's Robert
S. Kerr Environmental Research Laboratory, includes the selection of a porous
medium and the immiscible fluids to be studied. Once these are selected, the
physical properties that control the flow process will be determined in the
laboratory. The controls for the porous media will probably encompass
porosity, permeability, wettability, ion exchange, specific surface, pore size
distribution, etc. The controls for the fluids will probably be viscosity,
specific gravity, density, composition, etc.

The laboratory flow experiments will be performed by pumping the
immiscible fluids through the porous medium and determining the dynamic
relative permeabilities at selected fluid ratios to represent the entire range
of saturation. The results will be analyzed to determine the relations or
correlations between the experimentally determined physical properties and the
relative permeabilities.

The relations or correlations will be applied to actual field conditions
to determine their suitability. Once suitable relations or correlations are
found, then equations and computer models will be developed for the prediction
of immiscible flow of selected fluids in porous media.

The same experimental procedures will then be applied to more complicated
fluids and porous media.
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WE2., RESEARCH ON WATER QUALITY ISSUES

Background

Toxicity limitations need to be incorporated into the wastewater permits
issued by the Environmental Protection Agency (EPA). However, knowledge of
toxicity alone is insufficient to assess the impact on receiving water hecause
many mechanisms are operative that affect toxicity after discharge of an
effluent. For example, toxic components may degrade (by photolysis,
hydrolysis, etc.), adsorb onto suspended solids and sediment, volatilize,
chelate, be decomposed by bacteria, or change in other ways. Although
dilution by other water or effluents may also lessen toxicity, this can hest
be handled by methods other than measurements of persistence. It is the
persistence of toxicity, not the persistence of the toxicants, that need to
be measured.

The objective of EPA's plan to use toxicity limitation in permits is to
avoid costly chemicals measurement. The measurement of persistence must be
valid for a wide variety of chemicals and processes that reduce toxicity,
without the need to know the chemical composition. Persistence of toxicity
can be and has been measured by in-stream sampling and toxicity assessment,
but this approach requires costly field work, sample shipment, and
concentrations of effluents high enough to be chronically toxic. More
importantly, if other effluents are discharged nearly downstream or if
additional diluting water enters, these confuse the persistence measurement
and invalidate the data for a specific effluent of concern.

Objectives

To develop a standard method to measure toxicity persistence.

Scope of Work

The proposed research on water quality issues will tie in closely with
NIPER's Base Program of research for determining EOR chemical toxicities.

The proposed research will begin with the selection of the toxicants to
be studied. This will be accomplished in cooperation with the Environmental
Research Laboratory, Duluth, Minnesota. The degradability, adsorption of
suspended solids and sediments, chelateability, decomposition by bacteria,
etc, will be determined for the selected toxicants. The persistence of
toxicity will also be determined. Then bench methods for measuring toxicity
persistence that mimic the persistence of field toxicity will be developed.

Based on the above research, a standard method for measuring toxicity
persistence will be developed and evaluated in field tests.
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WPT1. THERMODYNAMIC CHARACTERIZATION OF
CONDENSED-RING COMPOUNDS

Background

A major function in the upgrading of synthetic crude oils from coal
conversion involves catalytic hydrogenation. This increases the hydrogen-to-
carbon ratio, making the upgraded oil adaptable to refinery practice, and
improving its quality as refined fuel or petrochemical., The design and
efficient operation of processing and refining equipment for coal syncrudes
will depend largely on the availability of reliable thermodynamic properties
data on polynuclear aromatic hydrocarbons (PAH) and partially hydrogenated
polynuclear aromatic hydrocarbons (HPAH), which are important constituents of
hydrogenated coal syncrudes. The amount of reliable thermodynamic properties
data on the major families of aromatic compounds in syncrudes from coal is not
inadequate for this purpose.

Objective

To measure and compile thermodynamic properties on major compound types
present in syncrude from coal, shale oil, and heavy ends of petroleum.

Scope of Work

Key condensed-ring aromatic and hydrosubstituted compounds will be
studied. Emphasis will be placed on hydrocarbons in these studies; however,
condensed-ring nitrogen compounds may be substituted in cases to optimize use
of available equipment with respect to pure compounds available for study.

The comprehensive program will involve:'(l) enthalpy of combustion;
(2) low-temperature calorimetry (third-law entropy determinations); (3)
vapor-flow heat-capacity calorimetry; (4) vapor-pressure measurements; and (5)
Raman and infrared spectroscopy and molecular statistical mechanics. The
results will be integrated into correlations to provide the basic data for the
calculation of heat capacities and enthalpy in all three states of matter;
enthalpy and entropy of phase transitions; the enthalpy, entropy, and Gibbs
energy of formation; and the equilibrium mole fractions of the chemical
constituents in reacting systems.

This body of data will form an adequate experimental base for broad-
ranged correlating equations based on chemical structure and will permit
prediction of constraints of chemical and physical equilibria in improved
processes.
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WPT2. WASTE HYDROCARBON RECYCLING

Background

For more than a decade, scientists at NIPER (formerly BETC) have been
performing basic and applied research related to used or waste hydrocarbons
recycling. The primary area of interest has been used lubricant re-refining.
More than 60 publications have resulted from this work. This industry,
primarily small businesses, has shown promising signs of new life through
installation of several new plants, These re-refiners have frequently
acknowledged their lack of resources to perform necessary research and
development and their reliance on activities, such as those at NIPER for
technology development,

During the study of used lubricant recycling, an even larger potential
resource began to emerge. Waste crude oils from transportation and processing
losses, hydrocarbon by-products from various processes, contaminated solvents,
and products from biomass and waste conversion are all seen as potential
feedstocks to a facility generating a slate of quality hydrocarbon products.
Re-refiners might be able to expand and become more efficient by broadening
their horizons to accept a wider range of materials for recycling if research
can show that such a scenario is economically attractive. Many of these waste
hydrocarbons are too diffused and currently too ill-defined to attract
industry research and development funding.

A study will be made to document what waste hydrocarbon resources exist,
where they are located, what current recycling is occurring, and what problems
have been encountered. This study should document the potential energy
resource savings and indicate the most fruitful areas of needed research.

Objectives

To determine the enhanced energy and resource conservation potential of
recycling various waste hydrocarbons.

Scope of Work

Interim goals include careful evaluation of each resource material as to
potential volume, value, and technology available. As necessary, this
activity will require long-term, generic research to provide basic data and
information not available elsewhere, such as detailed characterization of
recycling feedstocks and products. An auxiliary benefit of this activity will
be the decrease in volume of potentially hazardous pollutants requiring
disposal.
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WPT3. REMOVAL OF METAL FROM ALTERNATIVE CRUDES

Background

Commercial technology for refining typical light petroleum crude oils is
well established. These current techniques provide the basis for the develop-
ment of effective and economical upgrading and refining of alternative fossil
liquids. The difficulty of producing acceptable liquid fuels increases
generally as the resource moves from heavy petroleum to syncrudes, such as tar
sand liquids, shale oils, and coal liquids.

To provide environmentally acceptable synthetic fuels, minimum upgrading
requirements must be established for the removal of metals such as iron,
nickel, vanadium, and arsenic. They are responsible for refining, transporta-
tion, and waste disposal problems. These metals have been of little concern
in light petroleum crudes where their concentration levels are very low. This
is not the case for many heavy petroleums and syncrudes in which metal-
containing compounds are found in substantial quantities. In some crudes the
metals content is fairly evenly distributed across a wide boiling range. One
problem example is that arsenic concentration levels in shale oils are present
to the extent that transportation is regulated under the toxic substances con-
trol laws.

It has been common practice to assign porphyrin structures to these
organometallic compounds. However, recent investigations have indicated that
fewer than half of these compounds are porphyrins. Little is known regarding
the chemistry of these species, making it very difficult to initiate treatment
or removal schemes. It will be the purpose of this research to use physical
separation techniques and instrumental analyses to characterize the nonporphy-
rin fractions from heavy petroleum crudes and shale oils.

To identify the nonporphyrin organometallic compounds present in heavy
petroleum and synthetic crude oils, will require development of procedures
specific for the removal of these chemically bonded compounds. This will be
accomplished using high-pressure liquid chromatography (HPLC) along with
silica gel and ion-exchange separation techniques. Final identification of
the metal-containing compound types will rely on instrumental analysis
utilizing mass spectrometry, nuclear magnetic resonance, and infrared spec-
trophotometry.

Objectives

To develop and evaluate methods for the analysis and removal of organo-
metallic compounds from shale oil and heavy crudes.

Scope of Work

Heavy petroleums and syncrudes will be separated into porphyrin and non-
porphyrin fractions to characterize the organometallic compounds in the
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nonporphyrin fractions by modern instrumental techniques. Separations will be
made using HPLC and silica and ion exchange techniques. Compound type
identifications will rely on instrumental methods such as
ultra~-high-resolution mass spectrometry, infrared spectrophotometry, and
nuclear magnetic resonance.

Bench-scale tests will be used to test the effectiveness of multidentate
ligands and supercritical extraction methods for removal of metallic com-
pounds.

Emphasis will be placed on the environmental impact of those organo-
metallic compounds associated with the nonporphyrin portion of alternate crude
oil fractions for which very little information is available.
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WPT4. ENVIRONMENTAL SAMPLE GENERATION FOR
MUTAGENESIS TESTING

Background

Recent studies have shown that certain broadcut distillate fractions from
syncrudes and heavy ends of petroleum display mutagenic activity as measured
by the Ames Salmonella typhimurium mutagenicity assay. These same studies al-
so indicated that hydrotreating these fractions at severe conditions complete-
ly eliminated this mutagenesis.

Hydrogenation, however, is a water-intensive, costly process. It is
contingent upon the Federal government and the refining industry to determine
minimum upgrading necessary before conventional processing can be performed,
or to find less expensive ways to remove the specific compound types respon-
sible for promoting biological activity before the alternate crudes can be a
viable feedstock in normal processing sequences.

One of the biggest problems in quantifying the upgrading/mutagenesis of
samples is the poor history maintained for these test samples. Only samples
with well-defined production and upgrading histories will be used in this
study. Although a few compound types, such as the primary aromatic amines and
the polynuclear aromatics, have been identified, other compounds may elude
detection because of the complex makeup of these broad-cut fractions. The
need to provide environmentally acceptable fuels from syncrudes (shale oils,
tar sands, coal liquids, heavy crudes, biomass, etc.) will increase as
conventional light crudes are depleted.

Objectives
To determine the type and amount of upgrading necessary to convert or

remove the organic compounds that cause alternate fuels to be environmentally
unacceptable,

Scope of Work

Based on boiling-point separation, specific fractions of the original
fossil liquids will be selected for mutagenicity testing. The fractions will
be hydrogenated at predetermined levels of severity using NIPER's hydro-
treating facility. These fractions, along with corresponding untreated
samples, will then be subjected to the Ames Salmonella typhimurium assay.
Results from the assay will reveal the minimum amount of hydrogenation neces-
sary to eliminate the compound types responsible for inducing mutagenesis.

Compound types causing biological activity will be identified so that
less expensive upgrading methods can be developed to augment costly
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hydrotreating as a means of removing these detrimental materials from process
streams. These compound types will be identified using NIPER's excellent
capability in compound type separation and characterization.

Some of the experimental procedures developed during earlier work at BETC

will be used to determine the extent of upgrading required to reduce muta-
genesis substantially.
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WPT5. STRATEGIC PETROLEUM RESERVE SUPPORTING RESEARCH

Background

BETC (now NIPER), has been the lead laboratory for petroleum research for
the government for many decades. As such, NIPER has developed an unusual
concentration of equipment and expertise for characterizing crude oils and
other hydrocarbon liquids and for interpreting the data that result from these
analyses,

These capabilities are recognized by DOE's Strategic Petroleum Reserve
Office (SPRO), and a continuing relationship has developed. SPRO routinely
calls upon NIPER personnel for technical support. Maintenance of such
technical support is important to ensure the integrity of the stored
. petroleum. In addition, research is required to better characterize the oils
and to predict any commingling problems resulting from many crude oils being
introduced into the same cavern.

Objectives

To provide technical ‘'support to SPRO, including routine chemical
analyses, experimental research, monitoring of outside contracts, and tech-
nical consultation.

Scope of Work

Necessary technical data and information will be provided to SPRO for
making crucial decisions concerning long-term storage of crude oils,
unfinished products, and finished fuels obtained from petroleum. This will be
accomplished by providing analytical data, consultation services, and
fundamental research.
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WUl. COAL SLURRY FUEL GUIDELINES

Background

Powdered coal was the original design fuel for the compression-ignition
(CI) diesel engine first theorized in the 1880's. Problems with the use of
dry powdered fuel quickly led the experimenters to the use of liquid petroleum
fuel. With the expiration of international patents in 1912, the U.S. diesel
industry began. The first industrial applications of diesel engines occurred
in 1916. During the next two decades, application of the diesel engine was
made to marine and rail transportation and stationary installations. In 1949,
the first of several coal slurry fuel experiments was conducted in the United
States. They revealed the major problems to be delayed or noncombustion of
the fuel, wear from abrasive components of coal, and seizure of fuel injection
and combustion components due to melting and crystallizing ot the c¢oal.

The slow- to medium-speed diesel engine using currently available liquid
fuels offers some inherent advantages over other power generation systems.
The most important advantage is its high thermal efficiency over a wide
operating range. The large new engines routinely achieve thermal efficiencies
of 45 percent, and some newer designs are reported to be over 50 percent.

The diesel engine is also highly reliable, with large engines designed to
operate for extended periods with minimal maintenance. Parts subject to wear
are replaceable, including cylinder liners. Typical service life is 10,000 to
12,000 hours at full load and speed before initial disassembly for reringing,
followed by an additional 10,000 hours before a complete overhaul is necessary.

Engines may be overhauled many times so they have extended lives. For
example, based upon a duty cycle averaging 50 percent of full load and five
overhauls during the engine's life, the engine should operate satisfactorily
for 25 to 30 years. The result is that many of the engines existing today,
and those currently being designed and built, will be producing power as
petroleum becomes scarce, and efforts to adapt to alternate synthetic fuels,
including coal slurries, should be encouraged.

Objectives

To investigate the feasibility of using coal slurries in diesel engines
focusing on establishing guidelines for fuel formulation which will suggest
physical properties necessary for utilization. The effects of varying fuel
formulation on physical properties will be described. The formulations will
represent fuel properties that have been tested wlith sume degree vl success
at NIPER and others within the research community.
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Scope of Work

The coal slurry variables that significantly influence the use of these
fuels in CI applications will be examined. This may allow definition of a set
of fuel guidelines to set limits on fuel specifications and provide reasonable
operation with the current basic design of the CI engine. This will allow an
assessment of the sensitivity of the major variables to selected CI engine
operation profiles. The basic purpose is to examine the combustion of coal
slurry fuels in CI engines designed to run on petroleum distillate fuels.

The work effort for FY84 is directed toward developing fuel guidelines
which would be a reference for coal slurry fuels for diesel engines. Some
early decisions on the selection of the carrier, the target coal loading, and
critical fuel factors would have to be made. Much of the work would involve
-slurry producers and engine manufacturers., Only a few fuels will be produced
in the NIPER laboratory. A limited number of fuels will be tested in an
engine environment.
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WU2. ALCOHOL-GASOLINE BLENDS

Background

Methanol produced from coal or natural gas has been identified in most
industry and government forecasts as the most likely near-term candidate as an
alternative transportation fuel. In addition, methanol has been shown to have
attractive economic potential, especially on a volumetric basis. The
indiscriminate use of methanol blended with gasoline, however, can result in
excessive exhaust and evaporative emissions, as well as early engine failures,
whereas its use in properly designed fuels and/or engine systems offers
potential for improved emissions control without adversely affecting engine
operation,

Both the automotive and refining industries have voiced concern regarding
a need for early research to allow an orderly introduction of methanol into
the marketplace while maintaining customer acceptance of the fuel. Previous
work performed in the NIPER laboratory has suggested the evaporative emission-
control systems currently on vehicles are not compatible with methanol blends
for extended operation. This research program will investigate the long-term
effects of the evaporative emission-control systems using methanol-gasoline
blends as well as other high-volatility fuels.

Objectives

To determine problems resulting from the use of methanol as a blending
agent in gasoline. '

Scope of Work

The long-term compatibility of the evaporative emission-control system
using methanol-gasoline blends will be investigated. 1In addition, the effect
of methanol on evaporative emissions, per se, will be examined using
hydrocarbon-only fuels tailored to have the same physical characteristics
(vapor pressure and distillation character) as methanol/hydrocarbon blends.

The work will involve bench tests to simulate long~term aging effects as well
as selected vehicle testing to complement the studies., Vehicle driveability
will also be examined using tailored hydrocarbon fuels and hydrocarbon/methanol
fuels,



Wu3. AéSESSMENTS OF ALTERNATIVE FUEL TECHNOLOGIES

Background

The DOE Alternative Fuels Data Base was established at BETC in 1979 under
sponsorship of DOE/Conservation and Renewable Energy. The purpose of the data
base was to evaluate current information for technical accuracy and relevance
and systematically compile the data on the use of alternative fuels. Ready
access to this reliably screened technical data was provided to R&D investi-
gators,

There is currently a large amount of information obtained from publi-
cations and through direct communication with researchers in the technical
community relating to the use of alternative fuels. These data would
constitute a technical base for alternative fuel technology assessments.

As production and utilization technologies rapidly evolve, there exists
a need for comprehensive assessments based on current information on state-
of-the-art technology of alternative fuels having potential for commercial
applications. Unbiased, technically objective assessments would be useful
to managers and R&D personnel in that they would (1) indicate the potential of
and identify the impediments to commercialization, and (2) define R&D needs
and indicate priorities.

Objectives

To assess the overall suitability, applications potential, deficiencies,
and further R&D needs with respect to alternative fuels and the transition
technologies (compatible developments in engine and fuels processing) that
involve heavy and low-quality feedstocks.

Scope of Work

The scope of work will include assessments of environmental and engine-
related effects of specific alternative fuels. The assessments will be based
upon extensive survey of current literature and data bases (including the DOE
Alternative Fuels Data Base) in conjunction with discussions with prominent
researchers. Assessment and compilation of the material will be managed by
members of the engineering staff of NIPER with proven R&D experience.

The fuels assessments will be assigned priorities based on discussions

with industry managers and researchers. The priorities will be reexamined
annually.
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The data base will be maintained and continuously updated through compre-
hensive '"date-of-issue' review of leading technical journals, reports of
research investigations, and technical papers from relevant symposia and
technical society meetings. This will include organization to abstract and

systematically format experimental data and technical information pertinent
to the objective.
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APPENDIX 1.

CAPITAL EQUIPMENT REQUIREMENTS

Project
Project Name of Cost, Cost,
No. Equipment Purpose $K $K
BE1 Adsorption and Kinetic To examine the gas phase 15
Reactor adsorption and kinetics of
reactions on sedimentary rocks
Scintillation Counter To measure radioactive (tritium) 15
tracers in cores
30
BE3 Microscope To examine microbial species 15
produced
Culture Oven and Accessories To provide long-term environment 25
to increase new species
Fluid Pumps To become integral part of long- 15
term test facility
Core Test Facility To simulate by a laboratory model 25
reservoir conditions with additional
unique features for MEOR simulation
80
BE4% Adsorption Microcalorimeter To measure heat of adsorption 6
of surfactant and polymer on reservoir
substrate (using large samples)
High Temperature Micro- To measure the effect of 37

calorimeter

temperature on enthalpy of
mixing and cdilution, etc.

43



VARA

APPENDIX 1. CAPITAL EQUIPMENT REQUIREMENTS

(Continued)
Project
Project Name of Cost, Cost,
No. Equipment Purpose $K $K
BES Constant Temperature Oven To maintain constant temperature 2.5
for slim tube and phase behavior
apparatus
Circulating Pump To circulate fluids in phase 4
behavior apparatus
Mixing Chamber To mix fluids in phase behavior 1
apparatus
Mattler-Paar Density Meter To measure density of crude oil-gas 8
solution of high pressure
To regulate pressure of the phase 3

Back Pressure Regulator

behavior apparatus

18.5



APPENDIX 1. CAPITAL EQUIPMENT REQUIREMENTS

(Continued)
Project
Project Name of Cost, Cost,
No. Equipment Purpose $K S$K
BPT1 Vacuum Electrobalance To be used with new torsion effusion 14
‘vapor pressure apparatus
Thernometry for Combustion To be used with new microcombustion 5
Calorimetry calorimeter :
Thermometry for Vapor To be used with new torsion effusion 1
Pressure Measurement vapor pressure apparatus
- Graphic Computer Terminals (2) To be used in automation of vapor 8
v flow calorimetry
Calorimeter Control Apparatus To be used for determination of vapor 10
flow heat capacity
Bath for Bomb Calorimeter To be used with new microcombustion 6
calorimeter
Microcalcrimetric Detection To be used with new microcombustion :
System calorimeter 39
83
BPT2 Liquid Feed Compressor To modernize hydrotreater 30
' 30
BPT3 Megolm Meter To use with mass spectrometer 2
Gas Chromatograph To support analysis of heavy 20

ends of petroleum
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APPENDIX 1. CAPITAL EQUIPMENT REQUIREMENTS

(Continued)
Project
Project Name of Cost, Cost,
No. Equipment Purpose $K $K
GC Mass Detector To analyze heavy ends 25
47
CEl Humidity Oven To condition cores with clays to 1.8
controlled humidity levels for
permeability measurements
High-Torque Mixer To prepare high-viscosity polymers 1
Three-Place Electronic Balance To wzigh cores to determine water 2.3
saturation
5.1
OE3 Microcalorimeter To mzasure enthalpies of reaction 30
of polymers at reservoir tempera-
ture to required semnsitivity
Core Flooding Equipment To increase capacity for flood 43
testing to make measuremerts on
on four systems simultanecusly
Reactors (3) To make kinetic studies or crude 1.5
0il-alkali, alkali-rock ard
crude 0il alkali-rock systems
Hardware for Site Development To conduct field mini-test 35
109.5
0E4 Thermal Gravimetric To measure the combustion 28

Analysis Equipment

temperature of oil
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APPENDIX 1.

CAPITAL EQUIPMENT REQUIRMENTS

(Cor:tinued)
Project
Project Name of Cost, Cost,
No. Equipment Purpose $K $K
Differential Scanning Calorimeter To determine reaction kinetics 9
Scaled Physical Model To simulate actual reservoir 7.5
condition in a steam flood
experiment
44.5
OPT1 Equigment for Vapor—Liquid To add pumps for obtaining 14
Equilibria Studies material balances and new
cells and sampling valves
needed to reduce time for
studies of model systems
Equipment for Speed of Sound Studies To reactivate acoustical 8
equipment
22
OP”2 Draw Pump To use with thin-film 3
evaporator
Supercritical Extraction Equipment To separate heavy ends 30
Automated Control Valves and To incorporate in 25
Accessories hydrotreater
58
OPT5 Supercritical Liquid Extraction To use for process simulation 25

Equipment

and development

25
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APPENDIX 1,

CAPITAL EQUIPMENT REQUIREMENTS

{Continued)

Project Name of Purpose Cost Project
Number Equipment S$K Cost
$K
oul Automatic Sampler for Sigma II To provide 24-hour per day 10
Gas Chromatograph operation
Combustion Analyzer and Trans- To measure cylinder pressure 40
ducers
50
0ou2 Computer Tc replace Hewlett Packard 21MX 20
20
oJ3 Data General Nova Computer To replace present computer 20
20
NIPER
Support Word Processors and computers To support the technical managers 60
and the word processing group,
five consoles, three printers,
and two computers are needed
Transportation To provide support trans-— 30
portation for the Center
two automobiles and omne
pickup are needed. GSA
vehicles have been returned
and additional vehicles are
needed
90
TOTAL 775.6



APPENDIX 2 -- COOPERATIVE AGREEMENT RESEARCH STATEMENT OF WORK
RESEARCH STATEMENT OF WORK

-1.0 Background

l.1 The Bartlesville Energy Technology Center (BETC), as lead Government
laboratory for petroleum research, has carried out in-depth petroleum
research since 1918. While this research focused on o0il and un-
conventional natural gas, the work is generally applicable to all
liquid and gaseous hydrocarbons, regardless of their source.

1.2 The DOE participation in this Cooperative Agreement is intended to
preserve the laboratory complex as a Natiomal resource and to preserve
the scientific and technical strength of the Center and its ability
to continue to contribute to the Nation's long-range energy needs.

The current program at the Center, presently supported fully by DOE
funds, offers a broad operational base from which a great many
practical problems can be addressed. It is important to ensure the
capability of continuing this type of research.

2.0 United States Energy Policy and National Goals

2.1 The overall objective of U.S. Energy Policy is to encourage economically
efficient energy production and use. The primary means for achieving
this objective is to rely on market forces. The Government's direct
role is limited to funding long-term, high-risk, high-payoff research
which the private sector is unlikely to undertake.

The Office of Fossil Energy program strategy recognizes the respective
roles of industry and government delineated in current Administration
policy and focuses on the R&D support which lies outside the reasonable
responsibility and expectation of industry to provide.

The Federal government cannot determine what is the most efficient
combination of energy conservation and energy production, or what is
the most efficlent means for increasing energy supply. The answers
to these questions will be determined by market forces. For example,
the alternatives for ilicreasing cthe domestic supply include additional
discoveries of fields in the United States (onshore and offshore),
development of synthetic liquid fuels, and enhanced recovery from
existing oilfields. Of the 460 billion barrels of oill discovered,
310 billion barrels will not be recovered by primary and secondard
procedures. Although the amount of oil that can be recovered by
enhanced oil recovery (EOR) processes is uncertain, a reasonable
estimate is from 18 to 53 billion barrels, which is more than current
proved oil reserves. The market will determine how best to deal with
these facts. The NIPER can supplement the efforts of the private
sector in turning these resources into economic opportunities.,
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2.2

2.3

3.0

It is useful for the Government to support an effective, long-term
petroleum and unconventional hydrocarbon research program to accomplish
the following:

(1) provide for the National well-being and protect the vital
interests of the United States by developing new methods
for utilizing domestic petroleum resources in a manner
which supplements, rather than duplicates, research activities
of private groups, other Federal agencies, and State and
local governments;

(2) maximize utilization of existing Federal facilities;

(3 encourage communication and cooperation between the Government
and the non-Federal sector, as part of a goal of broader
uvn=Federal participation in a Jong=tearm parrnleum and
unconventional hydrocarbon research program; and

(4) provide a means of furthering, assisting, and funding research
in institutions of higher learning through innovative
arrangements involving those institutions and industry and
in some cases through DOE suppott,

Specific goals for the Program are: (l) to develop improved understanding
and predictability of those advanced highly effective processes, (2) to
improve the level of performance and extend the range of application

of the advanced processes; and (3) to assess the feasibility of the
extremely long-range, highly advanced energy technologies and evaluate
the unique problems for existing technologies.

Research Objectives

The overall research abjective of the establishment of the NIPER is
to conduct a balanced program of research in all fields of petroleum
and unconventional hydrocarbon technology from extraction, through
processing, to utilization. This research will generally be within,
but not limited to, the areas of resource assessment, uncoaventional
production technologies such as advanced EOR methods, processing
(including pre~treatment), thermodynamic energy conversion, end-use
applications, and system integration with emphasis placed on EOR
research. The specific objectives of the DOE research program in
Enhanced 0il Recovery and Advanced Process Technology are:

(1) to develop improved understanding and predictability of
advanced, highly effective EOR processes.

(2) to improve the level of performance and to extend the
range for application of advanced processes.

(3) to assess the feasibility of very long-range, highly advanced

emerging technologies and to evaluate the unique problems
of reservoirs for which no EOR technology now exists.
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4.0

5.0

5.1

5.1‘1

(4) to examine entirely new concepts which might be applicable
to the huge resources left after current methods have been
exhausted.

(5) to maintain, as appropriate, efforts in characterization
and utilization of syncrudes from coal, oil shale and
bitumen from car sands as petroleum substitutes.

Scope of Work

The successful Participant shall conduct research in petroleum and
unconventional hydrocarbon technology at three program levels. These
levels are designated as the "Base Program", the "Optional Program," and
the "Other Work Program.”

The Base Program is expected to be 100% DOE-funded at a level of

$5 million per year over a five-year period. The DOE is expected

to cost—share, on a declining basis, the cost of the Optional Program
with the Participant over the five-year period. The DOE expects the
Participant to institute a Other Work Program to obtain additional funds
from other Federal agencies, State and local governments, and the private
sector to more fully utilize the NIPER. The DOE funding will be subject
to annual appropriations.

Base Program

The Base Program shall consist of the following research in Enhanced 0il
Recovery and Advanced Process Technology Program Areas.

Enhanced 0il Recovery Research Program Area

Displacement Mechanisms and Mobility Control

Kez Tasks

(a) Study the role of interfacial temsion gradients on the
displacement of residual oil

(b) Refine concepts derived from current data concerning the
effect of capillary number, pore shape, and topology on
mobilization and entrapment phenomena

(e) Study the quantitative effects of dispersion on multiphase
flow in porous media

(d) Study the fundamentals of polymer flow in porous media
including determination through clay-mineral analysis
and flow tests the apparent permeability of reservoir rocks
in an attempt to increase sweep efficiency.

(e) Conduct studies of a basic nature on the influence of slug
size on process efficiency.

221



5.1.2

(£)

(g)

(h)

(1)

(i)
(k)

Study the effects of o0il content of a surfactant slug on
its displacement efficiency.

Study the mechanism of miscibility development and oil
displacement from porous media by mixtures of carbon dioxide
and other bases. In addition, study the mechanism of the

. changes in mobility of carbon dioxide and other gases

flowing together with another fluid such as water, foam,
and polymer solutioans.

Study the mechanism of o0il displacement in porous media
by the in situ emulsification of the crude.

Develop laboratory techniques that simulate water flooding
and enable measurement of the relationship between oil
retention and the wettability of the fluide-rock system.

Study pore structures, especially in carbonates.

Determine factors influencing polymer cross-linking reactions

in vitro and in pores, as guides to improved flow diversion

techniques.,

Rock/Fluid Interaction

Kez Tasks

(a)

(b)

(c)

(d)

(e)

(£)

Study molecular structures to better understand relationships
between maximum oil displacement and adsorption phenomena

in chemical flooding (this includes systematic studies of
precipitation, adsorption, and chromatographic effects

on slug composition).

Conduct basic studies of thin-film phases and static/dynamic
wettability relationship to oil displacement.

Study the interactions of surfactants with formation rocks to
determine, through clay mineral analysis and flow tests, the
capacity of staley reservolr rocks to alter a surfactant's
efficiency in mobilizing oil.

Study the chemistry of alkali/oil interaction with respect
to both equilibrium and kinetics.

Study the nature of the interaction of alkali with rlay

" minerals.

Study ion exchange characteristics of chemical solutions (used
in oil recovery) and porous media.
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5.1.3

(g)

(h)

(1)

(3)

(k)

Study the rheological properties of polymer systems that
are necessary to provide tolerance and long-term stability
in reservoirs that are at high temperature or are shaley
or contain high-salinity waters.

Study the factors contributing to chemical adsorption and
enhancement that occur in micellar flooding of oil from
porous dispersion.

Study the mechanics of injectivity reduction due to polymer

. dispersion.

Determine quantitatively the effects of dispersion, relative
permeability, apparent viscosity, and inaccessible pore
volume on mobility control under one-, two-, and three-
phase flow for the development of ancillary equatioms to

be used for improving the precision of predictive reservoir
simulations.

Conduct fundamental studies of the mechanisms for physical
entrapment and retention of oil, as well as the surface
chemistry of sedimentary rocks and surface chemical reactions
of oils that are responsible for oil-rock adhesion, and
wettability effects, which determine residual oil saturation.

Prediction and Evaluation

Key Tasks

(a)

(b)

(c)

Develop cone- and two-dimensional mass simulators for enhanced
0il recovery-type displacements and match the results with
laboratory data; use the results to extend laboratory
experimental data.

Develop means of determining three-phase relative permeability
characteristics of rock-fluids systems and apply the results
in mathematical modeling of the WAG procedure and so evaluate
its utility.

Continue to collect data and expand data base on reservoir
characteristics relating to EOR projects and prospects.

5.2 Advanced Process Technology Research Program Area

5.2.1

Thermodynamic and Thermophysical Property Measurements

Key Tasks

(a)

Study stability and adsorption of surfactant-cosurfactant-
0il water systems encountered in tertiary petroleum recovery
systems using micro-solution and micro-adsorption calorimetry,
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5.2.2

5.2.3

(b)

(c)

(d)

Measure heat capacities and heat of combustion for real
fluids derived from coal conversion processes.

Perform thermodynamic studies of important organic nitrogen
compounds in unconventional hydrocarbon mixtures to determine
stability, decomposition, and the best possible conditions
for their removal from refining streams.

Study and measure thermodynamic properties of the condensed ring
hydrocarbon systems that are encountered in coal liquefaction
products and also occur in heavy petroleum and heavy ends

of lights oils.

Characterization Studies

Key Tasks

(a)

(b)

(e)

(d)

(e)

Maintain capability in characterization of residual and
heavy asphaltic bottoms from crude oils which are not
currently being efficiently used for fuels and to provide
data for improved processing of these heavy ends,

Develop a compositional data base on heavy oils, shale oils,
coal liquids, and by-products for use in efforts to improve
processing schemes to turn these liquids into more useful
end products.

Study improved approaches for combining MS, NMKR, IK, and
other instrumental techniques for the characterization of
all fossil fuels.

Develop laboratory techniques for improved separation of
heteroatom=containing compounds.

Correlate stability and processing data to provide insighe
into determining fuel stability, performance, and environmental
acceptability at various processing levels.

Process Technology

Key Tasks

(a)

(b)

(e)

Based on the compositional characteristics of synthetic

crude oils determined in the characterization studies (5.2.2),
carry out bench studies to investigate novel methods having
the potential ul lmproving existing refining procedures.

Study improved methods for removing metals and particulates
from fossil fuels (shale oil, coal liquids, bitumen from
tar sand).

Conduct bench-scale studies to determine catalytic decomposition
of typical heterocyclic compounds found in synthetic crude oil.
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6.0

6.1.2

6.1.3

Optional Program

The Optional Program shall consist of the following research in
Enhanced 0il Recovery, Advanced Process Technology and Utilization.

Enhanced 0il Recovery

Reservoir Systems =— Properties and Characteristics

Kez Tasks .

(a) Develop means for quantitatively describing underground
reservoirs in three dimensions, using knowledge of geolical
aspects of depositional and actual well profile data from
dispersed locations. Include effects of formation heterogeneities
(micro—-and macro, horizontal and vertical) into the models.

(b) Conduct reservoir heterogeneity studies on pore geometry,
permeability, lithology, and fracturing for better reservoir
description. The results will be used to improve process
predictive. modeling.

Displacement Mechanisms

Key Tasks

(a) Build a laboratory model and develop experimental techniques
for conducting, at reservoir conditions of temperature and
pressure, displacement studies on oil movement from porous
media.

(b) Study the action of microbes in the release of oil under
reservolr type environments.

(¢) Develop more efficient surfactants than are presently
available and measure displacement properties in the
presence of divalent ions in high salinity, shaley,
carbonaceous, and high-temperature reservoirs.

Sweep Mechanisms

Key Tasks

(a) Study means for controlling gravity effects and permeability
variations on the lateral movement of fluids in porous
media in order to gain knowledge beyond that now available.
Results could lead to disclosure of processes to improve EOR.

(b) Explore alternate methods of mobility control (gas-water,
foams, polymers, etc.,).
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6.1‘4

6.1.5

6.1:6

Injection Materials

Key Tasks

(a) Study means to control bacteriological degradation of bio-
polymers.

(b) Develop improved methods for evaluating polymers used in oil
recovery.

(e) Study the causes for and control of surfactant precipitation
due to divalent ion contamination.

(d) Study the factors that degrade tracer slugs (both inorganic
and organic) and develop materials with highest survival
rate.

(e) Develop polymers suited for the special requirements of

alkaline flooding.

Reservoir Simulation

Kez Tasks

(a)

(b)

Develop reservoir simulators suitable for evaluation of
laboratory test results,

Conduct predictive reservoir simulation modeling of the
micellar polymer and gas-miscible displacement processes
utilizing latest laboratory-derived data incorporating
reservoir heterogeneity variables.

Reservoir Date Devclopment

Kez Tasks

(a)

(b)

(e¢)

Evaluate data base assembled for NPC study and augment
with additional data from existing supplementary resources,
e.g., Intercomp—~California, University of Texas study,
fields with OOIP 20 mm barrels.

Improve methods for estimating reservoir conditions after
primary/secondary recovery and develop improved default/
validation correlations.

Identify new data saurces, improve quality of existing data
and update/maintain reservoir data base.
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6.1.7

6.1.8

Process Data Development

Key Tasks

(a) Update EOR project file from annual report filings and from
other public sources (0&GJ, Enhanced Recovery Week, etc.).

(b) Evaluate/improve existing EOR screening models and review
new models developed by Venezuela.

(e) In conjunction with the NPC, estimate technically recoverable

0oil for each EOR process. Update as sufficient new reservoir
data becomes available.

Economics and Logistics

Key Tasks

(a) Review NPC modifications to economic models and estimate
economically recoverable oil for EOR.

(b) Develop time rate model incorporéting logistics, enviroamental
and regulatory constraints to EOR application. Review with
NPC and estimate timing rate for EOR production.

(e) Develop sensitivity analysis system and, with NPC, build

' system cases.
(d) Plan and conduct risk analysis and technical sensitivity

studies to assess the production potential of alternate
EOR research objectives.

6.2 Advanced Process Technology

6.261

Fuel Processiq&

Kez Tasks

(a)

(b)

(e)

(d)

Investigate improved methods of removing fine particles
from liquid and gaseous streams.

Explore new methods of breaking oil water emulsions in
order to facilitate recovery of oil from tar sand.

Investigate methods of removing contaminants such as phenols,
arsenic, and other metals from natural and synthetic crude
streams.

Using unconventional hydrocarbon feed, produce samples at
varying degrees of hydrogenation to study stability as a
function of time and temperature; to determine toxicology;
to determine the effect on upstream handling and processing;
and to determine the effect on emissivus of derived fuels.
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. 6.2,2

6.2.3

6.2.4

Thermodynamic and Thermophysical Property Measurement

Key Tasks

(a)

(b)

(c)

(d)

(e)

Investigate and perform thermodynamic studies of systems
encountered in the production of alternate fuels from oil
shale, tar sand, and peat.

Determine thermodynamic and physical properties of fractions
of new heavy crude that become available.

Jointly with the American Petroleum Institute, carry out
thermodynamic studies on specific mixtures for which
insufficient data are currently available to permit the
accuracy of design now desired.

Measure and document the thermophysical properties of
comwpounds which are of importance to the natural gas industry
in both the liquid and gaseous states; develop correlation
fechniques to accurately predict che properties of compounds
and mixtures.

Provide more complete and accurate information on the
fundamental physical properties of the fluids which are the
basic commodity of the gas industry.

Fuel Characterization Study

Key Tasks
(a) Investigate the reason for instability of certain crudes,
such as Maya and Trinidad, at moderate temperatures.
(b) Evaluate chemicals for stabilizing natural aud syathetic crudes.
(¢) Determine the nature of oxygen compounds in synthetic fuels
and investigate methods of removal.
(d) Carry out detailed evaluation of new crudes for the existing

data base.

Other Characterization Stpdies

?ez Tasks

(a)

Determine the composition of process streams in order to
identlfy toxic or undesirable substances for their control
through the use of appropriate technology.
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6.3 Utilization

6.3.1 Fuels for Mobile Engines

Key Tasks

(a) Relate the performance of high-speed diesel engines to
properties of the fuel with the objective of determining
the best criterion of quality.

(b) Determine the effects of fuel and engine variables on
particulates in engine exhausts.

(c) Determine the effects of fuel and engine variables on NOy and
nitric acid emissions from spark ignition systems.

(d4) Investigate the presence of toxic materials in diesel engine
exhausts.

6.3.2 Fuels for Stationary Engines

Key Tasks

(a) Determine the fundamental fuel qualities which affect the
burning of heavy oils in stationary equipment, burners,
or engines.,

(b) Investigate the use of low-cost additives to improve burning
quality to counter problems discussed above.

(e) Determine how to burn coal-liquid slurries most effectively.

6.4 Unconventional Gas Recovery

6.4.1 Formation Characterization

Key Tasks

(a) Improve diagnostic reservoir technology to measure and
characterize the formation parameters most critical to
lenticular tight gas sands production.

6.4.2 Fracturing
Key Tasks

(a) Select and develop treatment fluids and proppants that are
compatible with the formation, facilitate flow back to well
bore, and maintain propped facture integrity of lemticular
western tight gas sands.

229



6.4.4

(b) Develop treatment design methods using limited flow test
data and other formation information, and define treatment
design variations to accomodate variations in lenticular
western tight gas sands.

Production Technology

Key Tasks

(a) Develop the necessary semsitivities and evaluation tools
to determine the cost effectiveness of advancements in
lenticular western tight gas sands technology and their
potential effect on gas production costs.

Recovery Predictions

Kez Tasks

(a) Consolidate the data from all lenticular western tight gas
sands projects and develop modeling capabllities to include:
mathematical modeling of reservoir and fracture parameters;
real-time modification during fracture treatment; analysis/
verification during subsequent testing; and determination
of drainage pattern/well spacing.

7.0 Other Work Program

7.1

DOE encourages expansion of the role of the NIPER in a manner that
meets the goals and objectives set forth in paragraphs 2.0 and 3.0.
Examples include, but are not limited to, work in the following areas.

Laboratory R&D for the Petroleum Industry

Kez Tasks

(a)

(b)

(c)

(d4)
(e)

Initiate an effort to perform R&D work for the petroleum
industry in areas where the NIPER possesses special expertise
and/or unique equipment.

Provide R&D éupporc to the smaller organizations in the
petroleum industry.

Support energy utilities in such areas as problem=-solving
applied to environmentally sound use of low quality residium
metals control, pipeline problems, and initiate staff exchanges
to provide professional enrichment for utility technical staffs.
Provide technical assistance to State and local governments.

Undettake joint R&D programs with universities and other non-
profit institutions that is of mutual interest and/or benefit.
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8.0 Reporting Requirements

Monthly Progress Report

A monthly progress report shall be prepared for each project under the
approved Annual Research Plan. The report shall include: a summary of
work done during the month; a description of problems encountered and
proposed remedial action; activities planned for the next month; feedback
or assistance required; and a summary of manpower and funds expended. This
report shall be due by the end of the second week of the new month. While
clarity is expected detail may be limited and length should not exceed

1-2 pages per project.

Quarterly Technical Report

A Quarterly Technical Report shall be prepared for each project under the
approved Annual Research Plan. The report is to focus on data, analysis

and review of results, and significant accomplishments. The key investigators
are to be identified. No business data is to be included. A draft of the
report is due 30 days after the end of the quarter. DOE shall provide comments
on the draft to the Participant within two weeks., The Participant shall
publish the quarterly report by the commencement of the second quarter and
provide 50 copies to the Director of the Bartlesville federal site office.

Annual Technical Report

This report shall set forth progress against the Annual Research Plan
summarizing all the work accomplished, and presenting data analysis and
conclusions. This is not intended to be a detailed technical report, 1i.e.,
a scientific paper, but rather an aggregation of the work conducted during
the Budget Period. Actual vs. planned milestone achievement dates shall

be indicated and a discussion of the impact of the research conducted on
future work shall be presented. The Participant shall submit a draft of
the Annual Technical Report to DOE within 30 days after the end of the
Budget Period. DOE shall submit comment on the report to the Participant
within two weeks.

Project/Task Reports

Whenever a task or project is completed, a final technical report for that
task/project shall be prepared. The report should be a scientific
presentation of the research incorporating experimental procedure and
statistical presentation of data necessary for peers to review the quality

of the research. Also it is expected that journal articles and presentations
to educational and professional societies shall be prepared on the completed
task/project or on work in progress.

Financial Status Reports (and supporting documents)

The Financial Status Reports (SF 269 plus appropriate attachments) will
present an accounting of all Federal and Non-Federal funds utilized during
the Budget Period as well as those utilized by the Participant. A separate
section of the report will summarize the finances of "Other Work". A third
section of the report will provide for the next Budget Period a marketing
strategy and plan for all "Other Work"” which highlights the work consistent
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with the mission of the Fossil Energy program in petroleum R&D. This report
will allow DOE to assess the degree to which the Participant in achieving
independence of NIPER operations and how well the cooperative work fits

with that done for others. No sensitive information is required. A listing
of clients, generalized work statements and level of effort in exploration,
extraction, processing, distribution and utilization with claryifying
discussion will be sufficient.

Federal Cash Transaction Report

The Federal Cash Tramsaction Report (SF 272) is required in accordance with
the directions printed on the form.

Committee Record

The Participant shall document the meetings of the Senior Technical and
Senior Management Committee meetings setting forth the Participant's
understanding of significant decisions, direction or redirection or required
actions resulting trom the meetings.

"Final Technical Report

A Final Technical Report shall be prepared in the fifth year reviewing

the work done in that year and the preceeding vears relateable to the

Annual Research Plans adopted for each year. The level of detail and
information required is the same as that requested under the Annual Technical
Report. A draft of the Final Technical Report shall be submitted to DOE

for review three months prior to the date of the Cooperative Agreement
termination. DOE shall provide comments to the Participant within two

weeks.,
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APPENDIX 3 -- ENHANCED OIL RECOVERY R&D PROGRAM PLAN 1983

ENHANCED OIL RECOVERY R&D

PROGRAM PLAN 1983

Technical anstraints to Application of Chemical Flooding

A critical assessment of the technical constraints that inhibit use of
chemical flooding enhanced oil recovery techniques has been initiated and will
continue as an integral part of the Subprogram. This assessment is based on
the discrepancy analyses of predicted versus actual performance of extensive
field applications, as can be interpreted, based on laboratory and
computational modeling. To the extent that the analyses cannot explain
differences between actual and predictive performance, the Subprogram assigns

high priority to these areas of R&D. Constraints jdentified by practice and
literature analysis*

(numbers refer to the Chemical Flooding Technology R&D work packages that
address them, as specified in the next section) are as follows:

a. Basic Process Research (2.2). This includes adsorption,
wettability, ion exchange, polymer and surfactant mechanisms and
formation damage. A subordinate problem currently being addressed
is that tracer tests may be affected by the interaction of tracer
materials with the reservoir solids, or by degradation by
microorganisms.

b. Basic Studies of Displacement Mechanisms and Mobility Control
(2.2). These cover such items as capillary number, relative
;;;;;ability, and emulsification coalescence, ‘the understanding of
which is necessary to effectively design floods.

* Technical Constraints Limiting Application of Enhanced 0il Recovery
Techniques to Petroleum Production in the United States. For details,

see BETC Staff, DOE/BETC/R1-80/4, May 1980.
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Surfactant Fundamental Research (2.2). This requires study of

chemical structure and composition of oil-brine-surfactant
systems. Primary criteria are the effect on phase and interfacial
behavior. Basic properties of microemulsions and emulsion
formation mechanisms within the reservoir and in the produced
fluids must be understood and controlled, since breaking emulsions
of some processes can become a major technical constraint.

Surfactant Design (2.2). A search is on for stable polymers and
saline-tolerant surfactants, Shear, heat and chemical degradation
of polymers and surfactants are critical areas of research.
Spacifications must also be tightened wup because process
effectiveness can be seriously compromised by seemingly minor
variations between batches.

Geoscience Research (2.3). Adequate sweep efficiency requires

improved reservoir  evaluation  and the delineation of
heterogeneities (micro and macro) and their correlation with
geological parameters, especially for carbonate reservoirs and
their special pore structure. Vertical heterogeneities may be the
biggest problem in surfactant flooding. The flow diversion

techniques for reducing the adverse effects of these
heterogeneities need development. The tools for evaluating
geological parameters can themselves distort results.

Modeling (2.4). Accuracy in scaling-up from laboratory experiments

and numerical simulation with models has been difficult to confirm
and poor predictability has limited model calibration.

Field Data Acquisition and Discrepancy Analysis (2.5). There is a

need for improved field test procedures in order to undertake tests
with minimum investment. Key reservoir and process parameters for
screening must be identified. Improved chemical analysis
techniques, especially of mixed surfactants and field production
samples are called for.

234



Technical Constraints to Application of Gas Miscible Flooding

The Subprogram assesses the dominant constraints to gas miscible
f'lood'ing as an fintegral part of its plan to {improve process performance
predictability and recovery efficiency. These assessments are based on the
results of field applications and discrepancy analyses of predicted versus
actual performance. Technical contraints identified as contributing to poor
predictive capabilities and low recovery efficiencies are assigned high
priorities, given that their removal by successful R&D (as determined by
Technology Appraisal) is cost effective and timely.

Prior field applications and discrepancy analyses have fdentified the
following dominant technical constraints to gas flooding (numbers refer to Gas
Miscible Flooding Technology R&D areas that address these constraints, as
specified in the next section):

0 Residual 0il1 Saturation Research (3.3.1). In reservoirs that have
been waterfiooded, achieving miscibility and maintaining the
required bank are impeded by the fingering induced through the
watered out channels. Since many carbon dioxide candidates, indeed
most in some regions (e.g., West Texas) have been or are being
actively waterflooded, high oil saturations will be the exception
and not the rule. Although 25-30% is often cited as the minimum
0il saturation, several projects have been started with saturations
of 20%. However, waterflooding often improves the sweep efficiency
of subsequent carbon dioxide floods by reducing permeability

contrasts.

A second problem concerns the uncertainty in the actual level and
distribution of the residual oil. Seventy-five percent of the
discovered o0il was found when techniques for evaluation and

measurement were not as accurate as they have become. Depletion in
most cases is non-uniform, indicating some of the total residual-
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Evaluation of Nitrogen, Flue Gas and Gas Mixes (3.2.4).
Insufficient data and theory exist as to the viability of nitrogen
and flue gas floods, especially with regard to allowable impurities
(such as corrosive nitrogen oxides) in flue gas floods and the
reduced heat value of produced gas in nitrogen floods (due to fnert
gas content).

Injectivity Research (3.3.3). Formation damage due to carbonic
acid (formed by carbon dioxide and water) and asphaltene
precipitation (caused by extraction of the light ofl fractions)
lowers permeability and requires higher {njectivity rates to
caompensate. ‘

Phase Behavior and Displacement Research (3.2.1). The dynamic
phase behavior of carbon dioxide-oil-water systems is still not
well understood. Miscibility is a complex phenomenon, with as many
as four phases in equilibrium, and the effects of pressure on the
competing factors of miscibility and viscbsity are still being .
debated. Carbon dioxide impurities, temperature, pressure, crude
oil properties and mixing all influence miscibility. It is now
apparent that carbon dioxide 1s not always miscible on first
contact with crudes contained in reservoirs for which the process
superficially appears applicable. Recent publications have also
indicated miscibility may not be achieved even on multiple contact
and that the phase relationships are very complex. If miscibility
is not achieved, then the best performance that can bc envisioned
is that of an immiscible gas displacement resulting from increased
pressure, reduced viscosity and increased bulk volume. Design of
gas floods based on scaled physical models i1s difficult since the
appropriate range of conditions that would exist in a reservoir
operation may not be easily replicated in short core tests
frequently used to study process performance.

Field Data Acquisition and Discrepancy Analysis (3.5). There is a
need for improved field test procedures in order to undertake tests
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of1 will be {naccessible to the 1{njection fluid. Improved
understanding of the effects of level and distribution of residual
ofl saturation on displacement efficiency and the effects of
permeability modifications on sweep efficiency will help determine
criteria for when reduced o0il saturation reservoirs could be
economically flooded.

Mobility Control Research (3.2.2 and 3.2.3). Mobility control f1s
one of the biggest problems in gas miscible flooding because of the
high mobility of the gas and the resultant low areal and volumetric
sweep efficiencies. Even when the displacing phase is absolutely
“miscible with the crude oil under all conceivable reservoir
conditions, an unfavorable mobility ratio 1leads ¢to viscous
fingering and density asymmetry leads to gravity segregation, both
of which cause premature breakthrough and poor sweep efficiency.
This problem makes predictability difficult. Methods of mobility
control have not been developed enough to assess the cost
effectiveness of such techniques such as foams, gels, well
alignment, pH control in sandstones, selective perforations and
other novel approaches.

Permeability, Heterogeneity Research (3.3.2). The ratio of
vertical to horizontal permeability is a critical factor in the
segregation of carbon dioxide 1leading to gravity override.
Permeability and reservoir heterogeneity studies are needed to
fully understand and, thus, better model the reservoir. These
models are used to improve predictability and permit more effective
process design.

Modeling (3.4). Accuracy in scaling up from laboratory experiments
and numerical simulation has been difficult to confirm. Poor
predictability has limited model calibration. Building simplified
empirical models and adapting or developing black oil,
compositional, and system models for gas flooding are prerequisites
to adequate predictability.
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with minimun {nvestment. Key reservoir and process parameters for
screening and monitoring must be identified.

o Advanced Reservoir Characterization Research (3.3.4). Accurate
diagnosis and description of the permeability ratios and
heterogeneities that are so critical to gas flooding effectiveness
must be improved for better performance prediction and process
design.

One further constraint of gas flooding {is the supply of carbon
dioxide. Widespread application of carbon dioxide miscible flooding is
constrained by the limited availability of nearby, naturally occurring carbon
dioxide. While carbon dioxide is often found associated with natural gas, it
has historically been considered a waste product and released into the air.
Several major natural sources of carbon dioxide have been recently identified,
but these are located considerable distances from the most favorable areas for
application. Three pipelines are planned to transport carbon dioxide from New
Mexico and Colorado (McEilmo -Dome and Sheep Mountain) to West Texas, justified
by the large carbon dioxide floods planned in Texas. The economics of
aevelopment of natural sources of carbon dioxide are dependent on economies of
scale and constant, predictable levels of use. The scarcity and cost of
carbon dioxide may be alleviated somewhat by recycling. Although this
requires purification, pressurization, and reinjection, all of which are
costly and capital intensive processes, these processes are not as expensive
as buying more carbon dioxide.

Carbon dioxide is a by-product of numerous manufacturing processes used
in ammonia, gasoline, chemical and synthetic fuel plants. It may be possible
to extract carbon dioxide from manufacturing operations or from stack gases
more inexpensively than obtaining it from natural sources. However, since
carbon dioxide is a waste product of these processes and not the primary
marketed product, stability of supply is not assured. One of the significant
items not yet specified is the exact degree of purity required for carbon
dioxide in various reservoirs. This is crucial in that the cost of purifying
the carbon dioxide is exponentially related to the level of purity required.
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Technical Contraints to Application of Thermal Recovery

Limitations to application of thermal recovery techniques center around
four areas:

Sweep efficiency,

Heat transfer,

Diagnostics and modeling, and
Safety and environment.

0O O O o©

The major problem encountered in the displacement of o0il with steam is
the large viscosity difference between the injected steam and the reservoir
fluids. Because the steam seeks the highest permeability zones, channelling
effects such as gravity override or fingering cause early steam breakthrough
before the entire heated zone is swept. Gravity override is caused by the
density differences between steam and o0il, with the steam rising in the
reservoir and bypassing the lower zones away from the injection well. This
results in uneven vertical sweep, with the top third swept by steam and the
bottom two-thirds by hot water. This can be caused by the generation of low
quality steam from the available brackish water, whereby the injected steam
immediately separates into hot water (sinking) and live steam (rising) zones
after injection. In situ combustion also has an unstable front, with a

tendency to sweep the upper zone, since the condensing steam created by
combustion settles and directs steam vapors and combustion gas to upper
levels. Research is currently being conducted to improve the recovery
efficiency of the steam drive process by injecting additives with steam to
alter the flow path of the injected steam. Current additives under
consideration are foams, caustics and surfactants. Materials could act as

flow diverters (plocking agents may be applied once or serially, plugging off
zones in a sequence from top to bottom) or as mobility control agents.
Results of ongoing projects will provide data to industry for decisions
necessary to commercialize these processes. Yet, many areas fundamental to
understanding the thermal process, including interactions between steam, steam
additives, oil bearing sands, surface adsorption, and the mechanisms of foam
movement through the reservoir, are notladequately understood.
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Heat transfer losses between the steam generators and the reservoir
1imit the application of steam flooding to less than 3000 feet. There is a
need to reduce heat losses to the wellbore and capture wasted heat,
particularly stack gases. The development of downhole steam generators and
the use of insulated tubing can reduce heat loss. These constraints are the
focus of Work Package 4.2, Process Characterization and Evaluation.

A serious limitation to controlling thermal processes is inadequate
knowledge of the velocities and position of the front relative to the wells in
and around the patterns. Reliable techniques for front tracking will enable
changes in injection rates and other operating procedures to be made in order
to increase the volumetric sweep efficiency in the reservoir.  Two
electromagnetic techniques, developed at National Laboratories for ulher
applications, show promise for EOR thermal front tracking. Improved process
simulation models would help predict the effectiveness and aid design of
floods with additives such as foam to improve recovery efficiency. This work
is the focus of efforts under Work Packages 4.3, Geoscience Research, and 4.4,
Modeling.

Steam generators, particularly due to their concentration in Southern
California, could create substantial air pollution if sophisticated control

technology is not used. Environmental regulations necessitate improvements in
pollution control technology before use of thermal techniques can be expanded
substantially. Another constraint to wider application of thermal EOQOR is the

limited refinery capacity (due to Prudnoe Bay o0il processing) for heavy crude
on the West Coast.
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Technical Constraints to Application of Nove1'Recovery Techniques

The primary technical constraint to application of these processes is
their lack of proven feasibility. Although preliminary laboratory and
engineering work indicates that they might be effective, further study is
necessary to demonstrate the technology or apply them in the field.

Microbial EOR is limited first by viability of bacteria in a hostile
reservoir enviromment, specifically temperature, pressure and chemical
concentration. Next; process effectiveness is limited by bacterial ability to
produce adequate types and volumes of biosurfactants and biopolymers.
Industry and government researchers are doing exploratory work to mitigate
these constraints.

In situ gravitational recovery has severe non technical as well as
technical constraints. Considerable industry reluctance to commit to field
application has resu1ted in a scarcity of engineering data. This reluctance
is based on the large front-end investments needed for project imp]ementétion
and is compounded by difficulties in determining whether the target formation
would permit mining, temperature limitations, safety problems related to
underground operations, and a general lack of adequate screening criteria
needed to determine the resource potential and target site.

Al though laboratory research is optimistic, steam drive has not been
widely applied to light oil reservoirs (2 pilot and 4 field scale tests
reported in the literature) because these reservoirs are often more amenable
to other recovery techniques. There are also difficulties with low residual
oil saturation, reservoir depth and pressure, the economics of generating
steam, and the tendency to use lower risk conventional practices.
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