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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. 



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 Oil 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 

iii 
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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 government, 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. In 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 
No. Title 

Reeearch* Manpower,** Funding, 
Area man-years $K 

Extraction Research 

BE 1 Interaction Between Reservoir Rock and EOR Fluids 
BElA Surface Chemistry of Reservoir Rocks 

and their Reaction with Crude Oil Components 
BElB Effect of Clay Ulnerals on Oil Saturation 

Determination 
BElC Three-Phase P l w  in Porous Media 

BE2 Reservoir Screening and Recovery Predictions 
BE2A EOR National Potential 
BE2B Technology Appraisal 
BE2C Process Predictive Screening Models 

BE3 EOR ~nvironmental Compatibility 
BE3A Effect of Microbial Technology on EOR 

BE4 Basic Studies of EOR Chemicals 
BE4A Behavior of Surfaces with Adsorbed Materials 
BE4B Adsorption of Surfactant Slug Components 

on Reservoir Minerals 
BE4C Application of Thermodynamic Ueasurements to 

Micellization and Solubilization 
BE4D Effects of Surfactant Structure and Additives 

on Micelle Formation and Solubilization 
BE4E Order of nixing Effects for Aqueous Surfactant 

BE5 Gas Displacement Uethods 

BPTl Thermodynamic Properties of Organic Compounds 
BPTlA Thermodynamic Properties of Organic 

Nitrogen Compounds That Occur 
in Shale Oil and Heavy Petroleum 

BPTlB Thennophysical and Thermochernical Properties 
of Organic Compounds Derived from Fossil 
Subosnnooo 

BPT2 Stability and Processing ~esearch for Crudes, 
Intermediate Process Streams, and Finished 
Fuels*** 

BPT3 Chemical Characterization of Heavy Ends of 
Light Petroleum, of Heavy Petroleum, and 
of Liquids Derived from Other Fossil 
Sn~~rrsn* * *  

EOR 6.0 

APT 

EOR 

TOTAL BASE PROGRAM 

EOR 

APT IARTD 

APT 

AFT 

* Abbreviations: EOR = Enhanced Oil Recovery; APT = Advanced Processing 
T E ~ ' ~ I I I ? I ~ I I ~ ~ ;  ART3 - AJU(ILIC.Q~ Rasuarch and Ieahnolom Pevf~lQpmCnt (L;6&1 
Thermodynamics) Subprogram. 

** Manpower effort reflects maximum personnel to vork on project. Some 
personnel are not yet available, thus costs reflect a manpwer effort 
for the fiecaX year lower than that shovn. 

*** Parts of these projects are in the Optional Program. 



OPTIONAL PROGRAM PROJECTS 

NIPER 
Project 
No. Title 

Research* Manpower,** Funding, 
Area man-years SK 

OE 1  
OElA 

OElB 

OPT 1  

Extraction Research 

Improvements in'stimulation Technology 
Formation Damage Due to Hydraulic 
Fracturing Fluid 

Characterization of Polymer Fracturing 
Fluid Systems 

Reservoir Characterization for EOR Application 
Fluid Front Monitoring for Chemical EOR 

Recovery Processes: Chemical 
Improved Chemical Flooding Agents: 

. Surfactant Systems 
Mobility Control Agents 
Alkaline Flooding 

Recovery Processes: Thermal 
Steam Flooding 
In Situ Combustion -- 

GAS 6.0 585 

EOR 

EOR 

EOR 

Processing and Thermodynamics Research 

Thermophysical Properties of Real and ARTD 2 . 6  185 
Synthetic Fluid Mixtures Derived from 
Fossil Substances 

Stability and Processing Research for Crudes, 
Intermediate Process Streams, and Finished 
Fuels*** 
Chemical Characterization of Heavy Ends of 
Light Petroleum, of Heavy Petroleum and of 
Liquids Derived from Other Fossil Sources*** 

APT 2 . 2  . 287 

APT 5.0 325 

Fuels Trends and Analyses APT . 9  90 

Chemistry of Contaminated Petroleum Fuels APT 2 . 4  245 

Utilization Research 

Diesel Fuel Quality Criteria AYT 5 . 3  5UU 

Direct Utilization of Aromatic Feedstocks APT 4 . 9  385 

Diesel Exhaust Characterization APT 2 . 4  280 

Coal Slurry Injection Characteristics ARTD 1.6 112 

TOTAL OPTIONAL PROGRAM 4 9 . 3  4 , 4 6 9  

* Abbreviations: EOR = Enhanced Oil Recovery Subprogram; 
APT = Adva~~ced 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 s11uw11. 

*** Also in Base Program. 



WORK-FOR-'OTHERS PROJECTS 

Title Potential Sponsor 

Extraction Research 

Physics of Immiscible Flow in Porous Media EP A 

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 
Mutagenesis Testing 

Petroleum Companies 

Strategic Petroleum Reserve Supporting Research Strategic Petroleum 
Reserve Off ice 

Utilization Reconrch 

Coal Slurry Fuel Guidelines DOE/Fossil Energy 

Alcohol-Gasoline Blends Petroleum Companies 
EPA 
DO~/Conservation and 
Renewable Energy 

Assessments of Alternative Fuel Technologies Multi-client 

N a t l o n a l  Institute t o r  P e t r o l e u m  a n d  E n e r g y  R e s e a r c h  

viii 



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 surf ace 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. 



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 oil, and coal liquids. The Base Program on 
thermodynamics emphasizes the nitrogen compounds of shale oil 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 environmental problems. The effect of alterna- 
tive feedstocks on emissions and efficiency of transportat ion 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 waeer qualicy. Processing and Tl~er.u~uJy~iaii~ics 
Kesearch includes Work foY OeheYs projecrs on che ther~nudynan~lc cl~aracter- 
ization of condensed ring compounds, wasee hydrocarbon recycling, rrn~uval 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 fuel technology. 

Summary 

NTPER's Annual Research Plan for 1YU3-1984 contains 21 projcces 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 Energv Policv 

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 
Oil Recovery (EOR) processes 

(2) understand 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. 
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INTRODUCTION 

The Na t iona l  I n s t i t u t e  f o r  Petroleum and Energy Research (NIPER) was 
e s t a b l i s h e d  October 1, 1983. Almost two y e a r s  e a r l i e r ,  t h e  Department 
of Energy (DOE) had begun t o  exp lo re  a l t e r n a t i v e  p o s s i b i l i t i e s  f o r  main ta in ing  
t h e  unique c a p a b i l i t i e s  t h a t  t h e  B a r t l e s v i l l e  Energy Technology Center  (BETC) 
had developed. A s  t h e  r e s u l t  of p u b l i c  meet ings and a S o l i c i t a t i o n  f o r  
Cooperat ive Agreement Proposa ls  (SCAP), I I T  Research I n s t i t u t e  (IITRI) 
submit ted a  proposa l  t o  manage t h e  r e sea rch  cente , r  f o r  f i v e  y e a r s  under t h e  
name NIPER.   his proposa l  was accepted ,  and a  Cooperat ive Agreement f o r  t h e  
management and o p e r a t i o n  of  t h e  l a b o r a t o r y  was nego t i a t ed .  

The 65-year-old BETC was h i s t o r i c a l l y  t h e  government's l e ad  l a b o r a t o r y  i n  
petroleum re sea rch .  It pioneered t h e  development of technology f o r  secondary 
and enhanced o i l  recovery ,  t h e  composition and chemis t ry  of petroleum and 
s u b s t i t u t e  l i q u i d  f u e l s ,  thermodynamics, automotive engine  e f f i c i e n c y  and 
emission c o n t r o l ,  and t h e  use  of a l t e r n a t e  s y n t h e t i c  f u e l s .  It i s  t h e  
expressed i n t e n t i o n  of DOE t o  main ta in  NIPER a s  a  n a t i o n a l  r e sou rce ,  ensur ing  
t h a t  i t s  unique c a p a b i l i t i e s  and competence cont inues .  DOE has  p laced  a  
s u b s t a n t i a l  program of f o s s i l  energy r e sea rch  a t  NIPER, and t h i s  r e sea rch  p l an  
d e s c r i b e s  t h e  f i r s t  y e a r ' s  work. 

The agreement between DOE and IITRI p rov ides  t h a t  a . $ 5  m i l l i o n  annual  
Base Program of r e sea rch  w i l l  be f inanced  by DOE, and t h a t  an equal-s ized 
Opt iona l  Program w i l l  be a v a i l a b l e  f o r  cos t - shar ing  by NIPER. The Opt iona l  
Program s t a r t s  w i t h  t h e  government funding 80 pe rcen t  t h e  f i r s t  yea r ;  t h e  
cos t - share  dec reases  t o . z e r o  by t h e  f i f t h  year .  NIPER i s  a l s o  allowed t o  
accept  r e sea rch  p r o j e c t s  from o t h e r  Federa l  agenc i e s ,  S t a t e  and l o c a l  govern- 
ments, and t h e  p r i v a t e  s e c t o r .  The g o a l  i s  t o  make NIPER an independent ,  
i n t e r n a t i o n a l l y  recognized petroleum re sea rch  f a c i l i t y  provid ing  technology 
and l e a d e r s h i p  f o r  c o n s t r u c t i v e  s o l u t i o n s  t o  t h e  Nat ion ' s  energy problems. 

The r e sea rch  program presen ted  h e r e  was developed i n  coopera t ion  w i t h  DOE 
F o s s i l  Energy (FE) employees a t  t h e  B a r t l e s v i l l e  P r o j e c t  O f f i c e  (BPO). 
Technica l  and Management Committees j o i n t l y  s t a f f e d  from NIPER and DOE have 
reviewed and approved t h e  program. 

SCOPE AND ORGANIZATION OF NIPER 

Ry virtue of  t h e  work a l r eady  underway f o r  DOE/FE, NIPBR remains the 
major government l a b o r a t o r y  f o r  petroleum and l i q u i d  f u e l  research .  The 
Cooperat ive Agreement a l s o  permi ts  work f o r  o t h e r s .  This  no t  only broadens 
t h e  c o n t a c t s ,  but  a l s o  pe rmi t s  expansion of personnel  and c a p a b i l i t i e s .  The 
expec t a t i on  i s  t h a t  NIPER w i l l  grow r a p i d l y  and,  w i t h  o u t s i d e  suppor t ,  e n t e r  
i n t o  r e sea rch  f i e l d s  h e r e t o f o r e  ou t  of reach  of t h e  Fede ra l  o rgan iza t ion .  The 
Work f o r  Others  p r o j e c t s  i n d i c a t e d  i n  t h i s  p l an  sugges t  on ly  a  few of t h e  
a r e a s  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 Oil 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, 
universities, and consultants, as follows: 

Dr. Fred Bowditch Dr. Mary Good 
Vice President Vice President, Director of 
Technical Affairs Division. Research 
Motor Vehicle Manufacturers Assoc. UOP Inc. 

Mr. Fred Camp 
Manager of,Technology, 
Synthetic'Fuels Department 
Sunoco Energy Corporation 

Dr. Roy Knapp 
Head, Petroleum Engineering 
Department 
University of Oklahoma 

Mr. Thomas J. Clough Dr. Stanford S. Penner 
Director, Technology Coordination Director, Energy Center 
Atlantic Richfield Corporation Professor of Engineering Physics 

University of California, 
San Diego 

Mr. Ted Geffen 
Petroleum Consultant 

Dr. Marvin Smith 
Head, Mechanical and Petroleum 
Engineering Technology 
Oklahoma State University 



Dr. William Staats 
Director, Basic Research 
Gas Kesearch Institute 

Mr. Michael Waller 
Vice President of Research 
Amoco Production Company 

Mr. A1 Braun (alternate) 
Director, Administrative & Technical 
Services 

UOP Inc. 

Mr. Gary Myers (alternate) 
Manager, Applied 6 Engineering 
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 n f  16 
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 
enginelfuel 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- 
t,ional 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 Oil 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 oil 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 oil discovered, 310 billion barrels will not be recovered 
by primary and secondary procedures. Although the amount of 
oil tha t  can be recovered by Enhanced Oil Recovery (EOR) 
processes is uncertain, a reasonable estimate based on current 



knowledge is from 18 to 53 billion barrels, which exceeds 
current proved domestic oil 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 urifizing 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 uncofiventional 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 Cooperati.ve 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 

o 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 Oil 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 (he 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 Oil, 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 enginelfuel 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 Oil 
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 
~ategorfes 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. 

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. DUE will furnish all of the Base Program funds and $3,6/3,000 of the 
Optional Program funds. NIPER will furnish $919,000 in the Optional Program. 



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 Technica1,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 sp.ring 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.tota1 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 Oil 
Recovery Techniques to Petroleum Production in the United States" to identify 
the components of the "Enhanced Oil 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. 



TABLE 1 .  FUNDING FOR BASE AND OPTIONAL PROGRAMS 

Funding, $K 
Base Program Optional Program 

DOE DOE Participant Total Total 

Cooperative Agreement 4,995 3,675 919 
Transition Costs ( 2 5 0 )  - - 
Annual Plan Costs ( 1 2 5 )  ( 1 0 0 )  ( 2 5 )  

Available for Projects 4,620 3,575 894 

Pro j ect Funding 
Extraction Research 3,435 
Processing/Thermodynamics 1,185 
Utilization - 

TABLE 2. TECHNICAL MANPOWER REQUIREMENTS 

Area 
Manpower, 
man-gears 

Base Program 
Extraction 
Processing and Thermodynamics 

Subtotal 

Optional Program 
Extraction 
Processing and Thermodynamics 
Utilization 

Subtotal 

TOTAL 



.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: 

5.1.1 Displacement Mechanisms and Mobility Control (11 tasks) 
5.1.2 RockIFluid Interaction (11 tasks) 
5.1.3 Prediction and Evaluation (3 tasks). 

The Optional Program has eight EOR subjects: 

Reservoir Systems--Properties and Characteristics (2 tasks) 
Displacement Mechanisms (3 tasks) 
Sweep Mechanisms (2 tasks) 
Injection Maferials (5 tasks) 
Reservoir Simulation (2 tasks) 
Reservoir Data Development (3 tasks) 
Process Data Development (3 tasks) 
Economics and Logistics (4 tasks) 

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

6.4.1 Formation Characterization (1 task) 
6.4.2 Fracturing (2 tasks) 
6.4.3 Production Technology (1 task) 
6.4.4 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 pro,jects. 



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 BElC and BE5 were expanded over the scope shown by previous 
projects. The remainder--BElB, BElC, 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 BE1 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. Theit 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. 



TABLE 3 .  BASE PROGRAM PROJECTS 

NIPER 
Project 
No. 

Research* Manpower.** Funding. 
Area man-years $K Title 

Extraction Research 

BE 1 
BElA 

Interaction Between Reservoir Rock and EOR Fluids 
Surface Chemistry of Reservoir Rocks 
.and their Reaction with Crude Oil Components 

Effect of Clay Minerals on Oil Saturation' 
Determination 

Three-Phase Flow in Porous Media 

EOR 11.0 

BElB 

BElC 

EOR Reservoir Screening and Recovery Predictions 
EOR National Potential 
Technology Appraisal 
Process Predictive Screening Models 

EOR Environmental Compatibility 
Effect of Microbial Technology on EOR 

APT 

EOR Basic Studies of EOR Chemicals 
Behavior of Surfaces with Adsorbed Materials 
Adsorption of Surfactant Slug Components 

on Reservoir Minerals 
Application of Thermodynamic Measurements to 

nicellization and Solubilization 
Effects of Surfactant Structure and Additives 

on Micelle Formation and Solubilization 
Order of Mixing Effects for Aqueous Surfactant 

EOR 

APTIARTD 

Gas Displacement Methods 

BPTl 
BPTlA 

Thermodynamic Properties of Organic Compounds 
Thermodynamic Properties of Organic 

~itrogen ~ o m ~ o u h d s  That 0ccu; 
in Shale Oil and Heavy Petroleum 

Thermophysical and Thermochemical Properties 
of Organic Compounds Derived from Fossil 
Substances 

APT 

APT 

Stability and Processing ~esearch for Crudes, 
Intermediate Process Streams, and Finished 
Fuels*** 

Chemical Characterization of Heavy Ends of 
Light Petroleum, of Heavy Petroleum, and 
of Liquids Derived from Othar Foooil 
Sources*** 

TOTAL BASE PROGRAM 4 3 . 3  

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

** Manpower effort reflects 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. 

*** Parts of these projects are in the Optional Program. 



TABLE 4. CORRELATION OF COOPERATIVE AGREEMENT STATEMENT OF WORK 
TO THE NIPER PROGRAM FOR EXTRACTION RESEARCH 

Cooperative, 
\~greement 

Enhanced Oil Recovery 

Unconventional 
Base Program Optional Program Gas Recovery 

NIPER 
Program \ 

OE 1 
0El.A 
OElB 

U 

BE1 
BElA 
nE2A 
BE3A 

* 
See Appendix 2 for Cooperative Agreement Statement of Work 

x 
x 
x x 



TABLE 5. OPTIONAL PROGRAM PROJECTS 

NIPER 
Project 
No. Title 

Research* Manpower,** Funding, 
Area man-years $K 

Extraction Research 

GAS OE 1 
OElA 

Improvements in Stimulation Technology 
Formation Damage Due to Hydraulic 
Fracturing Fluid 

Characterization of Polymer Fracturing 
Fluid Systems 

OElB 

Reservoir Characterization for EOR Application 
Fluid Front Monitoring for Chemical EOR 

EOR 

EOR Recovery Processes: Chemical 
Improved Chemical Flooding Agents: 
Surfactant Systems 

Mobility Control Agents 
Alkaline Flooding 

Recovery Processes: Thermal 
Steam Flooding 
In Situ Combustion -- 

EOR 

Processing and Thermodynamics Research 

Thermophysical Properties of Real and 
Syrltlletic Fluid Mixrures Derived from 
Fossil Substances 

ARTD 

Stability and Processing Research for Crudes. 
Intermediate Process Streams, and Finished 
Fuels*** 
Chemical Characterization of Heavy Ends of 
Light Petroleum, of Heavy Petroleum and of 
Liquids Derived from Other Fossil Sources*** 

APT 

APT 

Fuels Trends and Analyses APT 

Chemistry of Contaminated Petroleum Fuels APT 

Utilization Research 

Diesel Fuel Quality Criteria APT 

Direct Utilization of Aromatic Feedstocks APT 

Diesel Exhaust Characterization APT 

Coal Slurry Injection Charactrrfstics AKTD 

TOTAL. OPTIONAL PROGRAM 

* Abbreviations: EOR = Enhanced Oil 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 
effort for the fiscal year lower than that shown. 



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. 

Dccausc 06 themmany refining problem0 aoooaiafad 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 found in rhe more complex 
alternative crudes. 

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

5 . 2 . i  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 o f  
the subjects in the SOW are addressed as indicated in Table 6. Project BPTl 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. 



TABLE 6. CORRELATION OF COOPERATIVE AGREEMENT STATEMENT OF WORK TO THE 
NIPER PROGRAM FOR PROCESSING AND THERMODYNAMICS RESEARCH 

Base Program Optional Program 

N Cr) d- 

Program ~n m m ID ID ID ID 

Cooperative 
Agreement* 

BPT 1 
BPT lA 
BPTlB 
BPT2 
BPT3 
OPT 1 
OPT 2 
OPT3 
OPT4 
OPT5 

Advanced Process Technology 

* See Appendix 2 for Cooperative Agreement Statement of Work 

The Cooperative Agreement Optional Program SOW (Appendix 2) shows the following 
APT sub j ec t s : 

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 fundamen-tal 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. 



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 
In a slurry c ~ f  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 OU1,  OU2, and OU3 address item 6.3.1 of the Cooperative Agreement; 
OU4 addresses item 6.3.2. 



TABLE 7. CORRELATION OF COOPERATIVE AGREEMENT STATEMENT OF WORK 
TO THE NIPER PROGRAM FOR UTILIZATION RESEARCH 

Cooperative Advanced 
Agreement* Ut ilkation** 

Research 

4 (V 

NIPER Cr) Cr) 

Program CC) 
CC) 

ou 1 X 

ou2 X 

OU3 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. 



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 

Woete Hydrocarbon Recycling Divi~ion of ~onservition 
and Renewable Energy 

Removal of Metals from Alternative Crudes Petroleum Companies 

Environmental Sample Generation for 
Mutagenesis Testing 

Petroleum Companies 

Strategic Petroleum Reserve Supporting Research Strategic Petroleum 
Reserve Office 

Utilization Research 

Coal Slurry Fuel Guidelines 

Alcohol-Gasoline Blends 

DOE/Fossil Energy 

Petroleum Companies 
EPA 

,DOE/Conservation and 
Renewable Energy 

Assessments of Alternative Fuel Technologies Multi-client 



BE1. 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 
Oil Components 

(2) Effects of ClayIMinerals on Oil Saturation Determination 
(3) Three-Phase Flow in Porous Media. 

The displacement and release of oil 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 oil 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 carbonloxygen, 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 research 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. 

BElA. 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 
CaoperatJ.ve Agreement hetween DOE and IITRI (DE-FC01-83FE60149). 



The work falls naturally into two parts: 

(1) Surface Chemistry of Solids 
(2) Adsorption and Reactions of Crude Oil 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 oils to the rock surface. 
The resolution of this question will lead to scientifically designed methods 
for enhanced oil recovery that will be based on fundamental oil-rock chemistry 
rather than trial-and-error searches for solutions that may have an impact on 
oil 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 
oil to the surface of the sedimentary rocks is extremely important with 
respect to fluid flow properties and residual oil saturation (1). The nature 
of the adhesion of oils to the rock surface is important when yhemi.cal. 
compounds are considered for enhanced oil recovery (2). The explanation of 
the adhesion of oil to sedimentary rocks, on a molec~lar scale, could aid 
materially in selecting chemicals for oil displacement and explainimg 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 
(2). 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 t e s t  at North 
Burbank, Oklahoma showed that the presence of a clay mineral can increase 
surfactant loss considerably (4-5). - 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 



oils will lead to improvement of methods for reservoir characterization and 
improvement of screening criteria for selection of EOR processes. 
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Objectives 

To determine the role of functional groups of oil components (especially 
the polar organic compounds) in the oil 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 oil 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. 



Work Plans 

(1) Characterization of the Surface of Rocks 

Task 1 - Obtain cores (sand, sandstone, carbonates, shales, or combina- 
tions of these) from oil 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. 

Task 2 - Determine the surface chemical composition of sedimentary 
rocks using the SEM/EDS coupled to chemical analysis with the 
EDS . 

Task 3 - 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. 

Toolc 4 '-,. Dctcrmine diagcnceis and particle distributiou by ~uic~ruecoplc  
observations of thin sections. 

Task 5 - Establish a data base on comnlon clays in sedimentary rocks and 
their interactions with fluids. Place these data in the 
reservoir data file. 

Task 6 - Conduct gas phase adsorption (especially hydrogen) and gas 
phase reaction experiments with known catalytic properties on 
the-rocks to determine the thermodynamic reactfon potential and 
the catalytic properties of sedimentary rocks. 

(2) Adsorption and Reactions of Crude Oil and Components 

Task 7 - Extract polar: compounds quantitatively from criirl~? n i l s  of 
various types. Determine the functional groups of these 
compounds by gas chromatography-mass spectrometry analysis. 

Task 8 - Conduct wettability tests of the polar compounds by 
dissolving them in paraffin oils and noting the changes in 
capillary pressure and wettability. 

Task 9 - Prepare detailed analysis of data on reaction of oil components 
with rock surfaces. 

Future Work 

It is estimated two years beyond FY84 will be needed to complete this 
project. This work will include ( I )  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. 



Manpower Requirements ' 

Senior Chemical Engineer 
Research Chemist 
Associate Chemist 
Senior Experimentalist 
Technician 

Total 

Equipment Requirements 

Available New - 
Core flooding equipment 
Gaslliquid chromatograph 
Liquid chromatograph 
SEM/EDS 
Inductively coupled plasma 

(emission spectrograph) 
Adsorption and kinetic reactor 



PROJECT SCHEDULE AND MILESTONE 

Prolacl: Surface Chemistry o f  Reservoir Rocks and Their 
Reaction w i t h  Crude O i  1 Components 

Task 1 ( A )  October 15,  1983 Outcrop core samnles have already been secured and mineral analys is ,  
c a t i o n  exchange oropert ies and SEM/X-ray analysis completed 

(8 )  No.~ember 30, 1983 Sandstone, carbonate, and shaley rocks from selected o i l f i e l d s  i n  the  U.S. 
obtained from USGS w i t h  complete data on we l l  l oca t i on  and depth o f  core 

c l e  d i s t r i b u t i o n s  i n  

Task 2 ( A )  A p r i l  30, 1984 Complete minerals and SEMIX-ray analyses o f  sandstnnoc 
( 0 )  September 30, i 984 Complete minerals and SEMIX-ray analyses o f  cabbonate rocks 

6. Conduct qas-ohase adsorp- 
t i o n  e( c a t a l y t i c  experiments 

Progrma Rspwtlnfl Raplnmsnts 
- 

Task 3 ( A )  A p r i l  30, 1984 Complete ca t ion  exchange pronert ies ana'lyses of sandstones 
(B) September 30, 1984 Complete ca t i on  exchange propert ies analyses of carbonate rocks 

Task 4 ( A )  Hay 31 , 1984 Evaluate p a r t i c l e  d i s t r i b u t i o n  measurements and compare analyses t o  
resu l t s  reported i n  the l i t e r a t u r e .  

(B) September 30, 1984 Complete analys is  o f  p a r t i c l e  d i s t r i b u t i o n s  and diagenesis i n  cores. 

AA 

Task 5 ( A )  A p r i l  30, 1984 Enter analys is  of c lays i n  sandstones i n t o  €OR data base 
(B)  September 30, 1984 Enter analys is  o f  c lays i n  carbonates and shaley rocks i n t o  EOR data base 

Task 6 ( A )  September 1, 1984 I n i t i a t e  gas phase adsornt ion exoeriments 

AA 

I 

A A B ~ ~ A  

I 
AA A A B ~ M  

I 
AA A A B ~ A A  

1 

A v 
/ / / / I  

A A ~  



(Continuatlon Sheet) 
PROJECT SCHEDULE AND MILESTONE 

Surface Chemistry o f  Reservo i r  Rocks and Thei,r Project: . 
r e a c t i o n  with Crude O i l  Components 

Mllertone 

Task 7 ( A )  December 1 , 1983 I n i t i a t e  e x t r a c t i o n  o f  p o l a r  o rgan ic  compounds f rom crude o i l s  
and submit  f o r  GC/MS a n a l y s i s  



BElB. 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 (I), 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 
oil saturation near the wel1bore.i~ 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 BE1 (3). - ' 

Measurement and characterization of ambiguous surface structure are an 
important part of the project. N l P E K  is well equipped with  he ins~rumen- 
tation and has the expertise tor surface characterization by scannfng electron 
microscopy, clay mineral identification by x-ray dispersive analysis add 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 

1. Wyman, R. E. , "HOW Should We Measure Residual Oil Saturation," Joint 
Convention on Enhanced Oil Recovery, Calgary, Alberta, June 7-11, 1976. 

2. Donaldson, E. C., and M. E. Crocker, "Characterization of the Crude 
Oil Polar Compound Extract," DOE/BETC/RI-8015, Oct. 1980. 

3. Crocker, M. E., E. C. Donaldson, and L. M. Marchin, "Comparison and 
Analysis of Reservoir Rocks and Related Clays," SPE Paper 11973, presented at 
the 58th Annual SPE Technical Conference and Exhibition, San Francisco, 
Calif., Oct 5-8, 1983. 



Objectives 

To develop a theory for measurement of -- in situ oil saturation in heavy 
oil 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 formations. 

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 oil 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 oil 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. 



Man~ower Reauirements 

Electrical Engineer 
Petroleum Engineer 
Senior Chemical Engineer 
Research Geologist 
Research Chemist 
Technician 
Research Chemist 
Associate Chemist 
Senior Experimentalist 

Total 

Equipment Requirements 

Resistivity measurement equipment 
Dielectric measurement equipment 
Scintillation counter 

Available New - 
1 
1 



PROJECT SCHEDULE AND MILESTONE 
j,rolecl: Effect of Clay Minerjls on Oil Saturation Determination 

Report Dale: 

W 
w Milestone Dercrlptlon 

Task 1 ( A )  J ~ n e  30, 1984 Completion of sample acquisition 

Task 2 ( A )  September 30, 1984 Completion of analyses for a suite of cores 

Task 3 ( A )  July 1, 1984 Initiation of correlation of parameters affecting resistivity 

Task 4 ( A )  July 1, 1984 Begin oil saturation measurements on waterflooded cores 

UlpwtlPO ~ u l r r r p a o t l  
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BElC. THREE-PHASE FLOW I N  POROUS MEDIA 

Backaround 

Th i s  work addres ses  Items 5.1.2 and 5.1.3 of t h e  Research Statement of 
Work i n  t h e  Cooperat ive Agreement between DOE and IITRI (DE-FC01-83FE60149). 

Three-phase flow i s  encountered i n  o i l  r e s e r v o i r s  under s o l u t i o n  gas 
d r i v e ,  gas  cap p r e s s u r e  d r i v e ,  steam d r i v e ,  f i r e f l o o d ,  carbon d iox ide  f lood ,  
and i n  o t h e r  s i t u a t i o n s  where gas i s  p re sen t  o r  in t roduced  a r t i f i c i a l l y  i n t o  
t h e  petroleum r e s e r v o i r .  The l i m i t e d  r e sea rch  on three-phase flow phenomena 
h a s  shown t h a t  t h e  regime of  three-phase flow i s  ve ry  narrow; however, t h e  
presence  of a  t h i r d  immobile phase has  a  profound in f luence  on t h e  t r a n s p o r t  
p r o p e r t i e s  of two mobile phases i n  any porous medium (1 ,8 ,9) .  ---  Therefore ,  an 
a c c u r a t e  knowledge of three-phase flow behavior  i s  extremely important  t o  t h e  
petroleum i n d u s t r y ,  e s p e c i a l l y  s i n c e  t h e  advent of enhanced o i l  recovery tech- 
n iques  t h a t  c r e a t e  t h r e e  phases w i t h i n  t h e  o i l  r e s e r v o i r  by i n j e c t i o n  of gas  
o r  v o l a t i l i z a t i o n  of hydrocarbons. 

Although numerous s t u d i e s  of two-phase flow have been r epor t ed  i n  t h e  
l i t e r a t u r e ,  t h e  s tudy  of three-phase flow phenomena has  been l a r g e l y  neglec ted  
because of t h e  complexity of  t h e  t e s t s  and mathematical a n a l y s i s .  However, 
improvements i n  l a b o r a t o r y  in s t rumen ta t ion  and t h e  advent of high-speed 
d i g i t a l  computers have changed t h i s  s t a t u s .  

Because of t h e  absence of three-phase r e l a t i v e  permeabi l i ty  d a t a ,  
petroleum engineers  must r e l y  on t h e o r e t i c a l l y  der ived  d a t a  based on quest ion-  
a b l e  assumptions. I n  a d d i t i o n ,  i t  has  not  been p o s s i b l e  t o  r e l a t e  o t h e r  
measured rock c h a r a c t e r i s t i c s  (two-phase r e l a t i v e  pe rmeab i l i t y  and 
w e t t a b i l i t y )  t o  three-phase flow. Two-phase imb ib i t i on  o r  dra inage  r e l a t i v e  
p e r m e a b i l i t i e s ,  which a r e  common t o  convent ional  o i l  recovery processes ,  a r e  
n o t  a p p l i c a b l e  t o  some of t h e  newer EOR techniques.  Sometimes d a t a  a r e  needed 
f o r  a  three-phase system where almost  any combination of two f l u i d s  o r  even 
a l l  t h r e e  f l u i d s  may be  flowing. 

The concept of r e l a t i v e  permeabi l i ty  was in t roduced  e a r l y  i n  t h e  
petroleum i n d u s t r y  t o  d e s c r i b e  t h e  r e l a t i v e  flow c h a r a c t e r i s t i c s  of two 
immiscible  f l u i d s  i n  porous media, and i t  was extended t o  three-phase flow i n  
1941. The r e l a t i v e  pe rmeab i l i t y  of a  given phase i s  t h e  r a t i o  of t h e  r a t e  of 
f low of t h a t  phase ,  when o t h e r  f l u i d s  a r e  p r e s e n t ,  t o  t h e  r a t e  of flow of t h a t  
phase a lone .  R e l a t i v e  permeabi l i ty  has  u sua l ly  been found t o  be independent 
of v i s c o s i t y ,  p r e s s u r e  g r a d i e n t ,  and r a t e  of flow. It i s  a f f e c t e d ,  however, 
by t h e  r e l a t i v e  w e t t i n g  of t h e  f l u i d s  on t h e  rock ( t h e  d i s t r i b u t i o n  of t h e  
f l u i d s  i n  t h e  pores  of t h e  uoclco). 

Experiments a t  BETC have supported t h e  conclusion t h a t  w e t t a b i l i t y  i s  one 
of t h e  most important  v a r i a b l e s  t h a t  a f f e c t s  t h e  product ion h i s t o r y  of a  
wa te r f lood  ( 3 ) .  W e t t a b i l i t y  governs t h e  l o c a t i o n  of t he  water and o i l  i n  t h e  
po res  and h a s  a  s t r o n g  in f luence  on t h e  c a p i l l a r y  f o r c e s  t h a t  c o n t r o l  t h e  
microscopic  displacement  of o i l  by water .  Three d i s t i n c t  c a t e g o r i e s  of 
r e s i d u a l  o i l  a r e  r e a d i l y  apparent :  (1) t h e  water-wet system i n  which water  
occupies  t h e  sma l l  pores  and wets  most of t h e  rock su r f ace ;  ( 2 )  i n t e rmed ia t e ,  
o r  n e u t r a l  w e t t a b i l i t y ;  and (3 )  oil-wet systems i n  which o i l  i s  occupying t h e  



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 investigation 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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Obiectives 

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



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 wfll 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 experiment's at simulated 
reservoir conditions at any depth up to 8,000 feet; arrange the 
apparatus for simultaneous measurement of fluid flow rares, 
pressures, and temperatures; calibrate and document the 
equipment. 

Task 3 - Measure three-phase permeability on Berea core with paraffin 
oil and brine. 

Task 4 - Develop a mathematical simulator to determine the three-phase 
relative p e r m e a b i l ~ l t i e s  f t n m  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 experfmenlcs wirh steam, ar~d exLrndiag the work to oil 
field cores of sandstones and carbonates. 



Manpower Requirements 

Senior Chemical Engineer 
Research Engineer 
Associate Engineer 
Petroleum/Chemical Engineer 
Technician 

Total 

Equipment Requirements 

Relative permeability setup (3-phase) 

Available New - 
1 



PROJECT SCHEDULE AND MILESTONE 
pro/ecl: Three-Phase Flow i n  Porous Media Reporl Date: 

Mlleslone Descrlptlon 

Task I (A) February 28, 1984 !xperimental methods a f t e r  se lected rev iew o f  l i t e r a t u r e  

T a s k ?  ( A )  Ap.*i l  30, 1984 Complete cons t ruc t ion  o f  f i n a l  a ~ p a r a t u s  f o r  three-phase f l u i d  f l o w  

Task 3 (A) June 30, 1584 Complete r e l a t i v e  permeab i l i t y  d ~ ~ e r m i n a t i o n  w i t h  p a r a f f i n  - b r i n e  system 

Task 3 ( A )  August 30, 19E4 :omplete t he  development of  a  l a ~ o r a t o r y  mathematical s imu la to r  f o r  
comp i la t ion  o f  3-phase r e l a t i v e  I e r m e a b i l i t i e s  as func t ions  o f  t he  
f l u i d  sa tu ra t i on  d i s t r i b u t i o n s  a-td c a p i l l a r y  pressure 

Task 3 (A) September 30, 1984 qecommend f u t u r e  work 



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, DOEIBETC developed a program to provide extensive 
assessments of EOR processes in relation to their respective predictabilities 
and recovery efficiencies. The princ.ipa1 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 daca 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 
RCD y rugrailla 



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. Economic models are used to estimate the amount of economically 
recoverable oil. 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 oil 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 (1-4) - - 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. 
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Objectives 

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

Sco~e 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 (OOIP), 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 oil fields are also a potential source for EOR, these oil 
fields should be screened for technical/economic application of EOR. DOEIBETC 
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 oil 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, 



Manpower Requirements 

Research Petroleum Engineer 
Research Chemist 
Program Analyst 
Computer Operator 
Senior Chemist 

Total 

Eaui~ment Reauirements 

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



PROJECT SCHEDULE AND MILESTONE 

ProJscl: EOR Nat ional  Po ten t i a l  

Mlleslone Dercrl ptlon 

Task 1 ( A )  September 30, 1984 
W 

Task 2 ( A )  September 30, 1984 

Report on s t a t i s t i c a l  base g rea te r  than 20 m i l l i o n  b a r r e l s  OOIP. 

Report on v a l i d a t i o n  and co r rec t i on  t o  data base 

Task 3 ( A )  September 30, 1984 Report on r ese r vo i r  data base EOR basel ine p o t e n t i a l  

Task 4 ( A )  March 31, 1984 Report on EOR p o t e n t i a l  o f  abandoned o i l  f i e l d s  
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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 fulfili 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) Tlils tltiLa bust! pruvldes reservulr ruck tl~~d Iluld dti~tl, 
information on EOR fluid injection rates and volumes, and data 
on fluid production rates and volumes. This type of data is 
necessary to evaluat'e 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 oil 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 cotlducive for 
EOR processes, and, to some extent, the level of confidence the 
oil 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 Oil Recovery R&D Program Plan 1983," BETC, 
Bartlesville, Okla., June 1983. 



Obiectives 

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 2n 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 (SOA) 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 
exiscing 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. 



Future  Work 

EOR f i e l d  d a t a  on c u r r e n t  and new EOR p r o j e c t s  w i l l .  he c o l l e c t e d  and 
analyzed f o r  c u r r e n t  t r e n d s  f o r  EOR p r o j e c t s .  

Manpower Requirements 

Research Chemist 
Program Analyst  
Computer Operator  
Senior  Chemist 

T o t a l  

Equipment Requirements 

A o p c c i a l  rcquiromont of t h e ~ a  projects  i n  PCCQEE to computeriasd d a t a  
bases .  For t h i s  p r o j e c t  acces s  t o  t h e  E I A  and DOEIBPO (PE 7/32) computers i s  
e s s e n t i a l .  
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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 
oil. 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 19701s, several large EOR pilot tests were initiated, most of 
which were stimulated by the DUE cost-shared program. The objective of these 
cost-shared projects was to encourage oil companies to apply state of the art 
oil recovery techniques to the field, e6 evaluare rhe porenciafs and 
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 (1-5). - - 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. 
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Objectives 

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



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 "current1' 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 
hnw 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 



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 axid FY86. 

Manpower Requirements 

Research Petroleum Engineer 
Research Chemist 
Computer Operator 
Senior Chemist 

Total 

Equipment Kequirements 

A special requirement of these projects is access to cumputerized 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. 



PROJECT SCHEDULE AND MILESTONE 
Prolmk Process Predictive Screening Model s Rsport D l &  

Mlleetone Descrlptlon 
Task1 (A)April30,1984 Complete comparison of models with cost-shared projects 

I- (8) September 30, 1984 Report on model imnrovements 

Task 2 (A) February 28, 19.34 
(B) June 30, 1984 
( C )  September 30, 1984 

Task 3 (A) March 31, 1984 

Select projects and models 
Complete evaluation of laboratory design and reservoir characterization work 
Report evaluations and make recommendations 

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 
oil 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 oil recovery by injection 
of EOR agent s ,  

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 oil 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 ~esearch' 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 Oil Co. conducted a field test in the United 
States, while other field tests were made in Czechoslovakia (1954-1958). 



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 Oil 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 oil 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 (1). These activities are not generally long-term tests (relative to 
chemical ER) and often have no postmortem analysis. Once abandoned, the 
bacterial activity through successive mutations could continue with deleter- 
ious results ( 2 , 3 ) .  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 oil reservoirs. 
That microorganisms could exert such massive changes in oil 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 
oil 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 



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 d&elopment 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 technology supporting similar type research, but 
targeted toward specific products and their reservoirs (1). Many papers have 
been published and conferences are being sponsored cover%lg 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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Obj o c t h e s  

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. 



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 technfques 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; oil 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 oil recovery efficiency of MEOR process and the environmental 
effect of this process will be assessed during FY85 and FY86. 

Manpower Requirements 

Microbiologist 
Senior Chemist 
Associate Chemist 

Total 2.5 



Equipment Requirements 

A.va.i 1 a1)I.e New - 
Microscope 
Cu l tu re  oven and a c c e s s o r i e s  
F l u i d  pumps 
Core t e s t  f a c i l i t y  



PROJECT SCHEDULE AND MILESTONE 
prolecl: Ef fec t  o f  M i c r o b i a l  Technology on EOR Report Dale: 

Mllestone 

Ln 
Task 1  (A)  March 31, 1984 

% ( 8 )  J u l y  31, 1984 

Task 2 (A)  J u l y  31, 1984 

Task 3  ( A )  J u l y  31, 1984 

Task 4  ( A )  J u l y  31, 1984 

Task 5 (A) June 30, 1984 
(B)  J u l y  31, 1984 

Descrlptlon 
Complete e v a l u a t i o n  o f  s t a t e - o f - t h e - a r t  o f  MEOR 
Complete p r e l i m i n a r y  r e s e r v o i r  screen ing 

Complete d i c t i o n a r y  f o r  MEOR data f i l e  

Review w i t h  DOE t o  determine f e a s i b i l i t y  o f  c o n t i n u i n g  

Summarize s p e c i f i c a t i o n s  f o r  e v a l u a t i o n  and recommendation f rom 
NIPER adv iso ry  panel  

Review w i t h  DOE t o  determine f e a s i b i l i t y  of  expansion of  scope of  work 
F i n a l  program scope rev iew  w i t h  BPO 

Repallng Raqulramsntt 
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[CI' 90 day: a h  end sl pagram year. . . . . . . . Amual T rhn ln l  Pr~gra:  Rupert 



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 

Backeround 

This worlc addrccca~ Items 5.1.2 and 6.1.2 nf t h ~  Research Statement of 
Work in the Cooperative Agreement between DUE and PPTRI (DE-FC01-83FEbU14Yj. 

This project supplements Project BElB, which deals with more fundame.nta1 
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 oii strongly warer- and off-wei: sysleuls, a d  IL 
has usually been assumed that recovery decreases as oil 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 izteraction ot rock sutfa~es ~ i t h  oil 
and EOR chemicals. 
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Obj ec t ives 

To correlate the effect of wettability changes on relative 
permeabilit ies. 

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 ksolinite 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 
considered. 



Manpower Requirements 

Man-Year s 

Petroleum or Chemical Engineer 
Technician 

Total 

Equipment Requirements 

Electrophoresis equipment 
Centrifuge 

Available New - 

1 
1 
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Task 1 (A)  March 31, 1984 
(B) June 30, 1984 

Descrlptlon 

Complete 1 i t e r a t u r e  rev iew 
Complete development o f  the technique f o r  producing in termediate w e t t a b i l i t y  

Task 2 [ A )  September 30, 1934 Complete deve lo~ment  o f  t he  technique f o r  producing mixed w e t t a b i l i t y  

Task 3 :A) J u l y  31, 1984 Acquire f a c i l i t y  i n  working w i t h  the  equipment 

Task 4 !A) 5eptember 30, 1934 Recommend f u t u r e  work 
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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-FC01-83FE60149). 

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 apparene irreversibility of polymer adsorption may be a kinetic 
rather than an equilibrium effect. Knowledge of this would aid in designing 
effective strategies for removing polymer Isou~ the rock surface. 
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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 
(BElA) and in consideration of electrophoretic behavior ( B E ~ A ) .  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 adsorption is 
minimized, and to find agents for promoting desorption. 

Work Plans 

Task 1 - Determine the adsorpeion isotherms and h e a ~  uf adsorption of 
alcohols from propyl to dodecyl from toluene, and butanol from 
water and alkanes onto soJ, lds ,  including alumina, calcite, 
kaolinite, montmorillonite, and Berea sandstone. 



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 

Research Chemist 

Equipment Requirements 

Adsorption microcalorimeter 

Available - New 

1 1 
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Report 011s: 
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Task 2 ( A )  September 30, 1984 

Task 3 ( A )  September 30, 1984 

Task 4 (A) September 30, 1984 

Deecrlptlon 
Complete measurements on a lcoho ls  

Complete measurements on surfacQ.ants 

Complete measurements on polymers 

Complete r e p o r t  and recommend t e s t  systems 



BE4C. APPLICATION OF THERMODYNAMIC' MEASUREMENTS TO MICELLIZATION 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-FC01-83FE60149). 

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 
, 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. 
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.3b j ec t ives 

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

Scope of Work 

Trendo in thcrmodynarnic properties of L l ~ t !  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 diagra~~ls 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 formulatiu~~s Iur uil displacement. 



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 

Research Chemist 

Equipment Requirements 

Microcalorimeter 

Available New - 

1 



PROJECT SCHEDULE AND MILESTONE 

Prolacl: 4 o ~ l  i c a t i o n  o f  Thermodynamic luleasuremcnts t o  
M i c e l l i z a t i o n  and S o l u b i l i z a t i o n  

3. SOBS + pentanol + dodecane 

Milestone 

O, Task 1 (A) March 31, 1984 
Q 

Task 2 (A) June 30, 1984 

Task 3 ( A )  September 30, 1984 

Descrlptlon 

Complete measurements 

Complete measurements 

Complete measurements and make comparisons 

Rspartlw A s g n l ~ a  
(L) 15 Ih ed math mmrlh. . . . . . . . . . . . . . . . . . M d l v  Promas Rapat 
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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-FC01-83FE60149). 

Micelle formation of a surfactant and solubilization of oil are 
intimately related to low interfacial tension and the ability to recover 
oil (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 employing 
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 oil (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 

11 1. Heely , R. N. , Physical Chemical Aspects of Mi.rrn~.miil.si.on Pl  oodi.ng," 
SPE Paper 4583, presented at 48th Annual Fall Meeting, Las Vegas, Nev., Sept. 
30-Oct. 1973. 

Objectives 

To determine conditions for micelle formation and their influence on the 
oil solubilization capacity of surfactants. 



Sco~e 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 oil solubilization capability of surfactants on the basis of 
re1at.iveJ.y few measurements, 

Work Plans 

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 - Obtaln 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 measureme~lts of particle development in 
nonionic surfactants near the cloud point. 

Task 5 - Initiate development of a theory of secondary scattering in SAX 
fnr 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 o f  salinity, alcohol 
type and content, surfactant structure, and temperature. 



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 

Research Chemist 

Equipmcnt Requirements 

Available - New 

X-ray scattering equipment 
Light scattering equipment . 

Ultracentrifuge 
Isopiestic distillation apparatus 
High temperature microcalorimeter 



PROJECT SCHEDULE APlD MILESTONE 

ProJecl: E f f e c t  o f  S u r f a c t a n t  S t r u c t u r e  and A d d i t i v e s  on 
~ M i c e l l e  Format ion and S o l u b i l  i z a t i o n  

Reporl Dale: 

Mllestone 

4 
Task 1 (A) November 30, 1983 

F 

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) J u l y  1, 1984 

Descrlptlon , 

Complete s tudy on co - ion  e f f e c t  

Complete measurements and prepare manuscr ip t  

Technique development f o r  t h e  p o l a r i z a t i o n  f a c t o r  complete 

Complete p r e l i m i n a r y  measurements and make recommendations on cont inuance 

I n i t i a t e  development o f  t heo ry  
Complete theo ry  development and manuscr ip t  

Complete measurements on 6 - ~ h e n y l  C i 2  ABS i n  water,  and prepare manuscr ip t  
I n i t i a t e  measurements on a l c o h o l s  i n  ABS s o l u t i o n s  

Reporting Ra~~ramsn\: 
(A] 15 Ih al each month. . . . . . . . . . . . . . . . . . Mmlhll  P r q m :  Rapwt 
[BJ 30 dart altar and d wch ~ u a r l a  . . . . . . . . . Ourtarly Tsehnlcal Progreu Repal 
IC)' 90 dar: aHtr and o l  program year . . . . . . . . AnmaI Tmhnlcal Progm: R s p d  



BE4E. ORDER OF MIXING EFFECTS FOR AQUEOUS SURFACTANT 

Background 

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

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 oil 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. 

1. Lorenz, P. B., M. B. Kayser, M. A. '~sieh, and M.K. Tham, "Order-of- 
Mixing Effects in Sulfonate Surfactant Solutions," in Solution Chemistry of 
Surfactant, K. L. Mittal, editor, 1979, Plenum, pp.  903-918. 

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 Oil 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 surfactant 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 a'bsorption, i.e., electrical Impedance peaks in the radio frequer~cy 
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 
dispersions. 

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. 



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 severa1,systems and to apply optical microscopy and ultra- 
filtration for obtaining additional information. 

Man~ower Reauirements 

Senior Chemist 
Chemical Engineer 
Technician 
Electrical Engineer 

Total 

Eclui~ment Reauirements 

Available New - 
Electrophoresis equipment 
Dielectric absorption equipment 
LS 30 viscometer 



PROJECT SCHEDULE AND MILESTONE 

Pmfatl: Drder o' M ix ing  E f fec ts  f o r  Aqueous Sur fac tan t  Rsporl Dlts: 

I TASU 

1 . Speci f y  systems 

2. E l  ectroph0res. i  s 

1 3. RF Impedance 

4; Quant. desc r i p t .  t--- 
Wllest~ne Descdptlon 

Task 1 (A) kcember  31, 1983 Systems se lected 
* 

Task 2 (A) A p r i l  30,. 1954 Complete f e a s i b i l i t y  study on e lec t rophores is  

Task 3 !A) September 30- 1984 Complete f e a s i b i l i t y  study on impedance 

Task 4 I A )  J ~ l y  30, 1983 Se lec t  method01 ogy f o r  theoretics- ana lys is  
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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, 

2 and the miscibility of light crude oil 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-FCOl-83FE60149). 

The gas miscible displacement method of enhanced oil recovery encompasses 
hydrocarbon, inert gas, and CO injection. The local-displacement effi- 

2 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 

2 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 (N2) injection. Many CO field projects have achieved technical success, 
and several large-scale fiela 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 

2 - 
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 CO -miscible flooding. 

2 

In contrast, CO displacement of heavy oil, mostly an immiscible process, 
2 has not been studied as extensively (9). The two most important mechanisms 

for recovery are thought to be viscosTty reduction and swelling of oil volume 
(10). 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 

2 .  in vi~cooity and density due to CO Jissulution. In chfs study, it was found 
2 that there is a relationship between 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 CO dissolution. 

2 

Nitrogen is becoming an increasingly attractive method for enhanced oil 
recovery because of its low cost and availability at the well site. ~ubl'ished 
reports on N -miscible flooding are considerably fewer than those for the CO 

2 method. A survey of the.literature reveals that beside the works of Rushing 2 

et al. (11-12), few studies are being made on the miscibility mechanisms and 
phase behavior of nitrogen-crude oil systems. 



Recently, Ahmed, et al. (13) have undertaken a study of the miscibility 
pressure and changes in cKde 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. 

References 

1. Louisiana State University, "Investigation of Enhanced Oil Recovery 
Through the Use of Carbon Dioxide," Contract DE-AS19-80BC10344. 

2. University of Kansas Center for Research, Inc., "Carbon Dioxide 
Miscible Flooding Prospects," Contract DE-AC19-79BC10122. 

3. University of Alabama, "Determination of Miscibility Pressures by 
Direct Observation Methods," Contract DE-AC21-81MC16140. 

4. New Mexico Institute of Mining and Technology, "Displacement of Oil 
by Carbon Dioxide," Contract DE-AC21-81MC16426. 

5 .  New Mexico institute of Mining and Technology, " ~ u b l 1 i . t ~  Control for 
CO Inject ionr" Contract DE-AC21-81MC16426. * 6 .  NEW Mexico Institute of Mining and Technnlogy, i i ~ e t h o d s  for Mobility 
Control in CO EOR Processes," Contract DE-AC21-19MC10629. 

2 
7. New Mexico State University, "Enhanced Oil Recovery by C02 Foam 

Flooding," Contract DE-AC21-78ET-12083. 
8. Texas A&M Research Foundation, "~nhanced Recovery of Oil from 

Subsurface Reservoirs with Carbon ~ioxide," Contract DE-AC21-79MC10509. 
9. Colorado State University, "Computer Simulation of Recovery of Heavy 

Crude Oil Using Carbon Dioxide Drive or Huff-n-Puff," Contract 
DE-AC19-81BC10640. 

10. Saner, W. B., and J. T. Patton, "CO Recovery of Heavy Oil: The 
2 Wilmington Field ~est," SPE Paper 12082, presented at the 58th Annual SPE 

Conference, San Francisco, Calif., Oct. 5-8, 1983. 
11. Rushing, M. D., B. C. Thomasion, B. Reynolds, and P. B. Crawford, 

"Miscible Displacement with Nitrogen," Pet. Eng., Nov. 1977, pp. 26-30. 
12. Rushing, M. D., B. C. Thomasion, B. Reynolds, and P. B. Crawford, 

"~itrogen May Be Used for Miscible Displacement in Oil Reservoirs," J. Pet. 
Tech., Uec. 1Y/8, pp. 1/15-1/i6. 

13. Ahmed, T., D. Mengie, and H. Crichlow, "Preliminary Experimental 
Results of High-Pressure Nitrogen Injection for EOR Systems," Soc. Pet. Eng. 
J., April 1983,. pp. 339-347. 

14. Stalkup, F. I., "Miscible Displacement," SPE Monograph, vol. 8. 
15. Orr, F. M., and J. J. Taber,  ispl placement of Oil by Carbon 

Dioxide," DOE/ET/1208-9, May 1981. 

Ob j ect ives 

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

Sco~e of Work 

Changes in viscosity and density of heavy oil due to CO dissolution will 
2 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 



between viscosity and density changes with crude oil chemical composition. 
This correlation will serve as a screening criterion for heavy oil recovery by 
CO inj ect ion. 
2 

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. 2 ~ h e  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, tn 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 C and 13.3 percent C an2 C02 at 37.8OC. 

16 ' 3 0 

Task 3 - Measure CO -crude oil solubility, density, and viscosity at 
2 

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 Oil 
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 - Prepare report on results of CO solubility studies. 2 

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 

2 two years, when other important chemical constituents such as aromaticity, 
paraffinic contents, and polar compound contents will be included as 
parameters. 



Manpower Requirements 

Senior Chemist/Chemical Engineer 
Petroleum Engineers 

- Senior Experimentalist 
Technician 

Total 

Equipment Requirements 

Available New - 
Gas chromatograph 
Ruska pump 
CO solubility apparatus 
we$ test meter 
Constant temperature oven 
Circulating pump 
Mixing chamber 
Mettler-Paar density meter 
Back pressure regulator 



PROJECT SCHEDULE AND MILESTONE 
Prolec,: Gas D i s p l  acement Methods Reporl Dale: 

Progress Repurling Requlremenls 

Milestone Descrlptlon 

4 
Task 1 (A) January 31 , 1984 S l i m  tube and behav ior  apparatus des ign completed 

.D ( 0 )  May 31, 1984 F a b r i c a t i o n  o f  s l i m  tube and phase.behavior apparatus completed 

Task 2 (A) September 30, 1984 Ca l . i b ra t i on  and t e s t i n g  o f  s l i m  tube and phase behav io r  apparatus 
completed 

Task 3 (A)  January 15, 1984 Three heavy crude o i l s  t o  be s t u d i e d  chosen 
( B )  May 15, 8984 V i s c o s i t y ,  d e n s i t y ,  s w e l l i n q  and s o l u b i l i t y .  o f  C02 i n  f i r s t  heavy 

crude completed 
(C) September 15, 1984 V i s c o s i t y ,  d e n s i t y ,  s w e l l i n g  and s o l u b i l i t y  o f  C02 i n  second heavy 

crude completed 

Task 4 (A) September 30, 1984 Recommend f u r t h e r  work 

Task 5 (A) September 30, 1984 Complete r e p o r t  



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 oil, tar sand liquids, shale oil, 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 thermodynamic data requires time, 
careful attention must be paid to priorities to enable use of the data at the 
earliest possible time. For heavy oil and shale oil, 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 BPTlA, Thermodynamic Properties of 
Organic Nitrogen Compounds That Occur in Shale 'Oil and Heavy Petroleum, and 
BPTlB, 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 simiiarities in employing combusrion calurlmeiry, 
condensed-state heat-capacity calorimetry, vapor-pressure measurements, and 
spectroscopy with statistical mechanics; however, the second of the two 
projects, BPTlB, also employs vapor-flow calorimetry and PVT measurements to 
derive more extensive thermophysical property information. 

Background (BPT 1A and BPT 1B) 

This work addresses Item 5.2.1 of the Research Statement of Work in the 
Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149). 

Work on the Thermodynamic Properties of Organic Nitrogen Compounds That 
Occur in Oil Shale and Heavy Petroleum (BPTLA) falls withifi the FQndamencal 
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 oil and oil shale in significant quantities, and on their 
hydrogenation products, namely the piperidines and pyrrolidines. 



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 (BPTlB) 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 oil, 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 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 cnmpnilnd 
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. 



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 possible 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 
1-nw-temperature adiabatic calorimetry is needed to decrease the amount of 
material required, taklt.lg u~ucli of the pressure off the ~ynthesis projc?.ct. 
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 (BPTlA and BPTlB) 

To provide, interpret, and correlate with mnl.ecular 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 of Work (BPTlA and BPTlB) 

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 



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. 

BPTlA. 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 . 
(a) 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 
simu Larleous Ly . 



(c) 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, Cunstruct, and Teat Prstseypc Equipment (aloo in 
BPTlB) 
(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 measuremenrs. 
Lengthy experiments presently require large amouncs of 
researchers' time. Much of the routine control and data 
gathering i s  amenable to computer control, allowing 
greater throughput nf m a t ~ r i a l s  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 small-sample ebulliomctric 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 Off ice. 

(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 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 

Senior Chemist 
Research Chemist 
Research Physicist 
Senior Experimentalist 
~ssistant Chemist 

Total 

AWU Post Doctors 
Visiting Professor 



Equipment Requirements* 

Available New - 
Combustion calorimeter with 
rotating bomb 

Cryostats with associated 
adiabatic calorimeters 

Ebulliometers for vapor 
pressure measurements 

Inclined-piston gage for vapor 
pressure measurements 

Laser-Raman spectrometer modified 
for high temperatures 

Far-infrared spectrometer with 
heated cells 

vacuum electrobalance 
Thermometry for combustion calorimetry 
Thermometry for vapor pressure 
mcoouram~nt 

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

* Also listed on BETlB 



PROJECT SCHEDULE AND MILESTONE 

Proleel: Thermodynamic Proper t ies  o f  Organic N i t ronen  Compounds 
That Occur i n  Shale O i l  and Heavy Petroleum 

Reporl Dale: 

TASK Ocl  [ W o v  OM, Jan Fob Mar Apr Mny Jun Jul Aug Ssp M8nporrar/Mnnyonrr 
C o n t l n u e  experlmenta I H p  
1. s tud ies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  / / / I / /  / I / / / /  I///// /////I [// / I7  

I 

Mileslone* Dercrlptlon 

Task 1 ' ( A )  September 30, 1984 Continue s tud ies  on the  a l k y l py r i d i nes ,  py r ro les ,  p ipe r id ines ,  and p y r r o l i d i n e s ,  and 
complete experiments on 3,4-dimethylpyr idine and 2,4-dimethylpyr idine a l ready I i n  
progress 

Task l a  ( A )  September 30, 1984 I n  cooperat ion w i t h  the B a r t l e s v i l l e  P ro j ec t  O f f i c e  and the  Oklahoma Sta te  U n i v e r s i t y  
synthesis p ro j ec t ;  i d e n t i f y  three organic n i t r ogen  compounds and develop p lans f o r  
research 

Task l b  ( A )  September 30, 1981 . Measure entha l  p ies  o f  combustion o f  se lected key organic  n i t r ogen  compounds. 
Task l c  ( A )  September 30, 1981 Measure heat capaci, t ies and entha lp ies o f  phase t r a n s i t i o n s  on se lected key organic  

n i t r ogen  compounds 
Task I d  ( A )  September 30, 1981 Measure vapor-pressures o f  se lected key organic  n i t r ogen  compounds 
Task l e  ( A )  September 30, 1983 Measure spectra o f  se lected key organic  n i t r oqen  compounds 

( 0 )  December 15, 1984 Use computer proqrams and thermodynamic laws t o  de r i ve  s t a t i s t i c a l  thermodynamic 
p roper t ies  

*Owinq t o  i n a b i l i t y  t o  p r e d i c t  e q u i l i b r a t i o n  t imes o f  samples, s p e c i f i c  complet ion dates on t he  samples s tud ied  cannot 
be pred ic ted,  nor can i n e v i t a b l e  equipment f a i l u r e s  be an t i c ipa ted ;  however, based on prev ious e f f o r t s ,  c u r r e n t l y  used 
equipment and techniques w i l l  be used t o  produce r e s u l t s  on th ree  t o  f ou r  compounds per  year .  

Rapmllng Rsqulrmanlr 
(A1 15 Ih a( arch d h .  . . . . . . . . . . . . . . . . . Monlhlv Prqlras Rspm( 
(81 30 days anar md el each guam . . . . . . . . . Ourrttrlv ~ethnle'al Pragrmr Rapat 

BO drys alter md ol prrgnm yew . . . . . . . . Annual Tachnlcal Pragrscr Repad 



(Continuation Sheel) 
PROJECT SCHEDULE AND MILESTONE 

Thermodynamic P r o p e r t i e s  o f  Organic N i t r o q e n  Compounds 
Project 

That Occur i n  Shale O i l  and Heavy Petroleum 

Mllestane 

Task 2a (A)  Auqust 15, 1984 
Task 2b ( A )  A p r i l  15, 1984 
Task 2c (A) March 31, 1984 
Task 2e (A) January 15, 1984 

( B )  M a r ~ h  31, 1984 
(C) Jun? 15, 1984 

Task 2 f  (A) May 15, 1984 
(B)  J u l y  15, 1984 

r 
Develop computer c o n t r o l  

2d. of  c a l o r i m e t r i c  measureme 
Develop automat ic  c o n t r o l  

2e. f o r  i n c  1 i ned -p is ton  gage 
Develop t o r s i o n - e f f u s i o n  

2f apparatus 

Descrlpilon 

Order m a t e r i  a1 s  o f  c o n s t r u c t i o n  and beg in  c o n s t r u c t i o n  
F i n a l  assembly o f  c r y o s t s t s  
Complete c o n s t r u c t i o n  o f  ca loa imete r  
Cons t ruc t ion  o f  p a r t s  f o r  c o n t ~ o l  system 
Complete desiqns o f  mechanical p a r t s  
Development of  computer c o n t r o l s  
Locate m a t e r i a l s  o f  c o n s t r u c t i o n  
Order m a t e r i a l s  o f  c o n s t r u c t i o n  
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(Continuation Sheet) 
PROJECT SCHEDULE AND MILESTONE 

ProJecl: Thermodynamic Proper t ies  o f  Orqanic N i t roqen  Compounds 
That Occur i n  Shale O i l  and Heavy Petroleum 

Report Dale: 

Mlleskne 

Task 3 ( A )  September 30, 1984 

Task 4  ( A )  September 30, 1984 

I n t e r p r e t  data and develop c o r r e l a t i o n s .  Data obta ined t o  date 
i n t e r p r e t e d  i n  Annual Report 
Compi lat ion o f  data and c o r r e l a t i o n s  and p repara t ion  of r e p o r t s  



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

Work Plans 

Task 1 - 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 artd 
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 ) Spcctrocoopy and Molecular St,at-1.stisa 3. Mechanl.cs. 
(1) Measure spectra of selected key organic oxygen 

compounds and related compounds. 
(2) Derive statistical thermodynamic properties for the 

substances from the above spectra. 

Task 2 - Measure PVT properties of a selected fluid suitable for use in 
modeling of supercritical. extraction. 

Task 3 - Compile and correlate data from Tasks 1 and 2 on individual 
compounds and prepare reports. 

Task 4 - Develop, construct, and test prototype equipment (items A to I 
also listed as Task 2 in BPTlA) 
(a) Develop small-sample combustion calorimeter. 
(b) Build two new cryostats for operaelon from 4 to 573 R; 

this will help facilitate timely data generation. 
(c)  Bulld llew calurlu~eLem.1ur operation to 573 K and for uco 

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 



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. 



M Z I ~ D O W ~ ~  Reauirements 

Man-Y ears 

Senior Chemist 
Research Chemist 
Research Physicist 
Senior Engineer 
Senior Experimentalist 
Assistant Chemist 

Total 

Post-Doctoral' Chemists 
AWU Visiting Professor 

Equipment Requirements 

Available New __ 
Volumetric mercury compression 

apparatlis 
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 BPTlA 



PROJECT SCHEDULE AND MILESTONE 

Prolecl: Thermochemica 1 and Thermophys i c a l  P r o p e r t i e s  o f  Orqanic 
Compounds Der ived f rom F o s s i l  Substances 

Reporl Dale: 

Mileatone * Descrlptlon 
w 
w Task 1  (A) September 30, 1984 Cont inue s t u d i e s  on po lycyc l i c -he t roa tom-con ta in ing  substances and complete 

exper iments on thermodynamic p r o p e r t i e s  o f  2,3-benzofuran and isochroman a l r e a d y  
i n  progress 

Task l a  (A)  September 30, 1984 I n  coopera t i on  w i t h  t h e  S a r t l e s v i l l e  Pro. ject  O f f i c e  and the. Oklahoma S t a t e  U n i v e r s i t y  
syn thes i s  p r o j e c t ,  i d e n t i f y  t h r e e  compounds of  oxyqen and/or s u l f u r  and deve lop p lans  
f o r  resea rch  

Task 1  b  (A) September 30, 1984 Measure en tha lpy  o f  v a p o r i z a t i o n  and vapor heat  c a p a c i t i e s  o f  3 -me thy lpy r ro l  i d i n e  
Task l c  (A) September 30, 1984 Measure e n t h a l p i e s  o f  combustion o f  s e l e c t e d  key o rgan ic  oxygen compounds and r e l a t e d  

compounds as they  become a v a i l a b l e  f rom t h e  syn thes i s  p r o j e c t  
Task I d  (A)  September 30, 1984 Measure heat  c a p a c i t i e s  and e n t h a l p i e s  o f  s e l e c t e d  key o r g a n i c  oxygen compounds and 

r e l a t e d  compounds as they become a v a i l a b l e  f rom syn thes i s  p r o j e c t  and as equipment 
becomes a v a i l a b l e  f rom queued exper iments 

Task l e  (A) September 30, 1984 Measure vapor pressures o f  s e l e c t e d  key  o rgan ic  oxygen compounds and r e l a t e d  
compounds as they become a v a i l a b l e  f rom syn thes i s  p r o j e c t  

*Owing t o  t h e  i n a b i l i t y  t o  p r e d i c t  e q u i l i b r a t i o n  t imes o f  samples, s p e c i f i c  comple t ion  dates  on samples s t u d i e d  cannot 
be p r e d i c t ~ d ,  and equipment f a i l u r e s  cannot be a n t i c i p a t e d ;  however, about t h r e e  t o  f o u r  compounds can be completed 
p e r  y e a r  on Tasks l a  and Tasks 1c throuqh I f .  Task l b  produces about one compound p e r  year .  

Repertlng Repdrmanls 
(A) 15 Ih ol  aacb monlh. . . . . . . . . . . . . . . . . . Maafhlv P f W m  Repat 
101 30 dais aAw and d tach qunla . . . . . . . . . Ou~rterll Tuhnlal Pregrms Repal 
(C)' 90 dalr alter end ol program laar . . . . . . . . Annual Tsthnlcal Prqress R w a l  



(Contlnuatlon Sheet) 
PROJECT SCHEDULE AND MILESTONE 

Project: Thermochemical and Thermophysical P roper t ies  of Organic 
c o r n P o u r n r i v e d  foom Fossi 1  Substances Report Data: 

Task If ( A )  Septerrber 30, 1984 
( B )  Septerrber 30, 1584 

Task 2 ( A )  Septerber 30, 1584 

Task 3  ( A )  September 30, 1984 

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

( B )  A p r i l  15, 1984 
Task 4c ( A )  March 31, 1984 

Measure spectra o f  key organic  oxygen compounds and r e l a t e d  compounds 
Der ive s t a t i s t i c a l  thermodynamic' p rope r t i es  f o r  the  substances from the  above spectra 
Measure PVT p rope r t i es  o f  a  se lected f l u i d  s u i t a b l e  f o r  use. i n  and modeling o f  
s u p e r c r i t i c a l  ex t r ac t i on ,  requ i res  sbout 18 months f o r  a  f u l l  s tudy on one substance 
F ina l  comp i la t ion  and c o r r e l a t i o n  o f  data f rcm Tasks 1 and 2 on i n d i v i d u a l  compounds 
and p repara t ion  o f  r epo r t s  
Order ma te r i a l s  o f  cons t ruc t ion  and beqin c o ~ s t r u c t i o n  
Continue cons t ruc t  ion. 'o f  p a r t s  f o r  c.ryosta t s  
F i na l  assembly of c r yos ta t s  
Complete cons t ruc t ion  o f  ca lo r imete r  



(Co.ntinuation Sheet) 
PROJECT SCHEDULE AND MILESTONE 

PrOjeC1: Thermochernical and Thermophysical P roper t i es  o f  Orqanic 
Cmnpounds Der ived f rom Fossi  1 Substances 

Report Dale: 

TASK Ocl Nov Dec Jan Fsb Mar Apr May Jun Jul Aug Ssp 

14k. Develop data  system, PVT 
Milestone 

l l l l l l l l l l l l l l l l l l l l / / l / / / / / / / / / / / / / / / / / l l / / l l / l l l / ~  
Descrlplion 

Task 4e (A) January 15, 1984 Const ruc t  p a r t s  f o r  c o n t r o l  system 
( 8 )  March 31, 1984 Design mechanical p a r t s  
('C) June 15, 1984 Develop computer c o n t r o l s  

Task 4 f  (A) May 15, 1984 Locate m a t e r i a l s  o f  c o n s t r u c t i o n  
(B) J u l y  15, 1984 Order m a t e r i a l s  o f  c o n s t r u c t i o n  



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-FC01-83FE60149). 

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 UUE/PE 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 evelltually 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 comblnatiorl of rhe characrer of rht! 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 fnstablllty 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. 



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- 
genat ion. 

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- 
mixling upgrading conditions for selected heavy crudes. This will involve a 
dual upgrading approach. A distillate cut will be hydrogenated at several 



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 results, where available, will be coinpiled, 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 1 - 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 a f f ~ r t i n g  stahi1i.t~ using s t a t e  a€ 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 
i n i t i a t e d  in PYB2. 

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

Task 6"- (1) Hydsot~eat distillation cuts boiling bctwcen 500'-1000°F, 
which were generated in Task 5. Use a matrix of rempera- 
tures and pressures to generate a well-defined set of 
products. 



(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 
distillationlupgrading 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 (65OC) 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 0.f Task 7. 

Task 10 - Begin development of computer-based 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 1 3 ' -  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. 1,ntermediate 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 t~nder Proj ect OPT2. 
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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-FC01-83FE60149). 

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 
Opti.ona!. 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 oils 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- 
value pY6ducts, such as gasoline and diesel fuel. 

Present coking techniques for heavy o i l s  are energy intensive and s t i l l  
produce a coke product that may be commercially and envirnnmental1.y 
unacceptable. Thus, t h e  h i g h l y  aromatic natlrre nf 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 m e t a l s  
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, Thus. i f  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. 



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 
oil which, because of its complexity, would be an effective model for method 
development. This oil 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. In order to lay a foundation 
for work on the heavy 550"-700" C and 700" C + fractions, the lower boiling 
fractions had to be analyzed firct. Thus, mass spectral 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. 
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Obiectives 

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. In 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 CH groups present in the molecules. 

2 

The analysis will be used first to determine if the mass spectral condi- 
tions, such as resolution, parent ionlfragment 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 compoun& 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 4 ' 
around this problem would be to separate the sulfur-containing compound 



classes from the other neutral compounds in the crude. Two promising 
separation methods being developed at NIPER (formerly BETC) will be ev~luated 
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 cl.asses of compounds present. 

A separation method under development will be used to separate previ.ously 
isolated acid concentrates. Analyses of the resulting fractions will be used 
to evaluate this as yet unpublished separation method. Depending on res l i l t s ,  
che method will be published or modification will be undertsken. Also, 
fractions that prove to be nearly homogeneous in one compound class will be 
used to determine average mass spectral sensitivities, as desc.rjbed above. 

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 distributfons using fractions separated from the 
200"-425°C and 425"-550°C distillates of Cerro Negro Heavy 
Crude. ( B R R C  Prngrsm) 
(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"-55O0C 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 ionlfragment 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 
c u n d l t l o n s  muse be considered jointly in determining the 
optimum low voltage electron impact conditions. 

(e) Uoing informatio~~ uLtalrred 1x1 subrasks a, h, c, and d, 
evaluate liiass 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. 



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. 

(c) 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 o£ 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. 



Man~ower Reauirements 

Research Chemist 
Senior Chemist 
Research Chemist 
Senior Experimentalist 

Total 

Equipment Requirements 

MS-30 FI,FD,EI 
MS-80 FI,FD,EI,CI 
MS-50 FI,FD,EI 
Megohm meter 
HPLC (high performance liquid 
chromatography) systems, also 
HPLC accessories: columns, 
specialized detectors, column 
packing apparatus. 

Rotary solvent evaporators 

Gas Chromatographs with supporting 
intelligent interfacing 

Available New - 

GC mass detector 



PROJECT SCHEDULE AND MILESTONE 
PrOlec~:Chemical c h a r a c t e r i z a t i o n  o f  Heavy Ends o f  L i q h t  Petroleum, 

of  Heavy Petroleum, and o f  L i q u i d s  Der ived f rom Other  F o s s i l  Sources 
Reporl Dale: 

Progress Reporting Requirements I 

Mlleetone 

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 
( 0 )  J u l y  15, 1984 
(C) September 30, 1984 

Task 3  (A) May 31, 1984 
( 0 )  J u l y  30, 1984 
(C) September 30, 1984 
( D )  September 30, 1984 

Task 4  ( A )  J u l y  1, 1984 
( 0 )  August 31, 1984 
(C) September 30, 1984 

Ob ta in  carbon number d i s t r i b u t i o n  f o r  200-425°C and 425-550°C base f r a c t i o n s  
Ob ta in  carbon number d i s t r i b u t i o n  f o r  200-425°C and 425-550°C a c i d  f r a c t i o n s  
Ob ta in  carbon number d i s t r i b u t i o n  f o r  200-425°C and 425-550°C n e u t r a l  f r a c t i o n s  
De te rm ina t i on  mass s p e c t r a l  o p e r a t i o n a l  c o n d i t i o n s  
Eva luate  mass s p e c t r a l  techn ique f o r  o b t a i n i n g  carbon d i s t r i b u t i o n s  
Se lec t  r e p r e s e n t a t i v e  compound 
Determine mass s p e c t r a l  s e n s i t i v i t y  
Eva luate  t h e  importance o f  s e n s i t i v i t y  c o r r e l a t i o n  i n  q u a n t i t a t i o n  o f  data  
Separate s u l f i d e s  f rom Cerro Negro 200-425°C and 425-550°C d i s t i l l a t e s  
Separate sa tu ra tes ,  th iophenes, and aromat ic  hydrocarbons f rom 200-425°C d i s t i l l a t e  
Eva luate  e f f e c t i v e n e s s  o f  these separa t i ons  
Eva luate  poss i  b i  1  i t y  o f  ex tens ion  o f  s e p a r a t i o n  method t o  h i g h e r  d i s t i l l a t e s  
Separate 10-20 Cerro  Negro and Wi lminqton a c i d  concen t ra tes  
Separate 5-10 syn fue l  . a c i d  concen t ra tes  
Eva luate  separa t i on  method 

Rspatlng Rspulramanl: 
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OEl. IMPROVEMENTS 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. 

OElA. 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 
recovcry 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 (2). 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 EETC 1.1sing cnrp samples frnm tight 1.enticular 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 p~lhlished (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. 



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) (5) 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 Sni~rces--Vnlume 
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 Blockixlg and Gas Flow from 
Hydraulically Fractured Gas Wells," J. Pet. Tech., Dec. 1979, pp. 1515-1534. 

3 ,  Vtrt lk . ,  L. J., B. L. Gall, C. J. Ralblu, and H. B. Carroll, "A Mcrhad 
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," SPE 
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, hydroxypropyl 
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 bc meaourcd rclative 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. In 
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. 



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 - 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. 

Task 2 - Measurements will be extended to 100°C 'for HPG gel concentra- 
tiuris 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. 

Task 3 - 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. 

Task 4 - 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. 

Task 5 - 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. 



Task 6 - A high pressure reactor will be constructed and installed on 
the formation damage apparatus. 

Task 7 - Reactor performance will be evaluated hy 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 
minimizfng 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 proposed 
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. 

Man~ower Reauirements 

Research Physi p i  st 
Technician 
Petroleum/Chemical Engineer 

Total 

Equipment Kequirements 

Two HPLC pumps 
Two 10,000 psl core test cells 
Stripchart recorder (multi-speed 
and range) 
Humidity oven 
High torque mixer 
Electronic balance 

Available New - 
1 
1 



PROJECT SCHEDULE AND MILESTONE 

p r a l ~  Formation Damage Due t o  ll.ydrau1 i c  F r a c t u r i  no 

w Task 1 
W 

( A )  November 30, 1983 Complete c o m ~ a t i b i l i t y  t e s t s  of f rac f l u i d s  and MWX core 
4 

Task 2 (A) March 15, 1984 Complete h i gh  temoerature HPG t e s t s  

Task 3 (A) A p r i l  30, 1984 Complete additive/HPG t e s t s  

Task 4 (A) August 30, 1984 Complete format ion damage and fTuid l oss  t e s t s  f o r  c e l l u l o s e  ge ls  

Task 5 (A) May 30, 1984 Design c ross - l i nked  reac to r  

Task G (A) Ju l y  31, 1984 Complete reac to r  cons t ruc t ion  

Rapmllng R a q u l M a  
(A) 16 lh d m h  menlh. . . . . . . . . . . . . . . . . . Manlhly P m  Rspd 
0) 30 days lnlrsmd II nch quarter . . . . . . . . .Oaamlr(y T r h n l c ~ l  Pnemr R a ~ o r l  
(C1' 80 days d w  md d program p f  . . . . . . . .Anma1 Technlal P m  RWWl 
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Pnlec(:  orm mat ion Eamage Due t o  Hydraul i c  F rac tu r ing  Rapwt Date: 

Mlle%tons Descrlptlon 

. Task 7 ( A )  September 30, 1984 Complete reac to r  system design 



OElB. 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 fluid 
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 lb/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. 



References 

1. Almond, S. W., "Factors Affecting Gelling Agent Residue Under Low 
Temperature Conditions," SPE Paper 10658, presented at the 1982 Formation 
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Obiectives 

To develop a theory for polymer degradation. 

Sco~e 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 cnmpletion of 
the HPC: work, studies will be initiated on other possible fracturing ftuid 
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 poiymer 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 11si.n~ a Cnntraves low-shear 30 
viscometer suitable far measuring viscnsiti~s o f  broken polymer soluti.nnn 
t u  cuulpare wirh SEC resiiles. 

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 
dc3gYrnddtion of 'hydroxypzupyl gua.r. (HPG) as a function of 
breaker type and concentration, time, temperature, and added 
s a 1 . t .  

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. 



Task 4 - 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. 

Task 5 - Initiate studies on conditions necessary to effectively 
degrade concentrated gel buildup, in particular breaker type 
and concentration. 

Task 6 - Monitor viscosity changes of the broken polymer solutions 
with a Contraves low-shear 30 viscometer to correlate with SEC 
results with viscosity changes. 

Task 7 - Prepare status report on results of tests. 

Future Work 

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 
Assistant Chemist 
Petroleum/Chemical Engineer 
Technician 

Total 

Equipment Requirements 

Available New - 

Two HPLC pumps 
RI detector 
WISP HPLC sample system 
Waters data module 
Contra~r~.~ precision viscometes* 
Millipore water purification system 

* Shared with other projects. 



PROJECT SCHEDULE AND MILESTONE 
Projgct: Character i izat ion o f  Polymer Fractur i inq F l u i d  System Rapmi Date: 

pack r e s u l t s  
4, HP f i l t e r  s t u d i ~ s  ~ 9 .  

/ / / / / / ' 1 / ! / / / / / / / / / / / / / / / / / / / / / 1 / / / / / / V / / / : ; ! / / / / t ! / / t / / k / / / / / ~ / / / / ~  I .  

5. I n i t i a t e  conc. gel  bu i l cup  I AV 
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6. Monibor viscosi;y o f  brcker A v 5 y 
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Progress fleporllng Requhmsnts AA ra A A B ~ A A  AA A A ~ ~ A A  AA A A I I ~ A A  A A ~  
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Mlleetons 

Task 1 ( A )  November 30, 1983 
h) 

T a s k 2  (A) A p r i l 1 , 1 9 8 1  

Task 3 (A) May 31, 1984 

Task 4 ( A )  A p r i l  30, 1984 

Task 5 ( A )  J u l y  31, 1984 

Task 6 ( A )  Januery 31, y984 
{B) May.31, 1984 

Description 

Conplete eva lua t ion  o f  SEC system t o  moni tor  HPG degradat ion 

E u l u a t e  mod i f ied  c e l l u l o s e  r e s u l t s  2nd i n i t i a t e  degradat ion s tud ies  
o f  gvar gum 

Compiete eva lua t ion  o f  SEC and Almond's sandpack r e s u l t s  f o r  
mod i f ied  c e l l u l o s e  and HPG 

Eva1 uate p re l im ina r y  r e s u l t s  on h i gh  pressure f i  l t e r  s tud ies  f o r  SEC/Residue 
c o r r e l a t i o n  t o  determine'  usefulness 
Sel'ect most favorab le  breaker f o r  f u r t h e r  study 

Cor re la te  r e s u l t s  on HPG 
Corremlate r e s u l t s  on modif ied c e l l  u l m , ?  
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~~~l~~~ C h a r a c t e r i z a t i o n  o f  Polyner F r a c t u r i n q  F l u i d  System Reporl Dde: 

Milestone Descrlptlon 

Task 7 ( A )  September 30, 1984 Complete s t a t u s  r e p o r t  



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(1). 

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) Improve 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 oil 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 affecting 
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 t h e  Research Ststcmcnt nf Work in tile 
Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149). 

Out! ul: the most tritica.l. problems for enhanced oil recovery is the lack 
of knowledge about reservoir characteristics away from the wellbore, which is 
important before applicatinn nf ? recovery proccoo. A closely related problem 
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 tests, 
pressure pulse testing, wellbore logging, and well-to-well seismic surveys, 



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. 
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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. 



Geophysical properties of typical reservoir compositions will be 
cataloged, based on literature values, and compared with f l ,uid 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 caralag 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 structures, 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. 

Fiierirt? Wnrk 

If warranted by the initial assessment and Bartlesvil..l.e Project Office's 
recommendation, further simulations and laboratory testing of a selected 
technique may be made during FY85 and FY86. 



Manpower Requirements 

Senior Geophysicist 
Petroleum Engineer 

Total 

IITRI Senior Electrical Engineer 

Equipment Requirements 

Available New - 
Water analysis-resistivity 
Formation resistivity at ambient 
and in situ conditions -- 
IBM personal computer 



PROJECT SCHEDULE AND MILESTONE 

Pro)esl: F l u i d  F ron t  Mon i to r ing  f o r  Chemical E3R 

Mitestone Descriptbn 

13 Task 1 (A) March 3;, 1984 Se lec t  mmputer :ode f o r  AMT 
Q, (B) P p r i l  30, 1984 Complete. survey ,f AMT a p p l i c a t i o n  w i t h  S-0-A r e p o r t  

Task 2 (A) A p r i l  3C1, 1984 CompTete adapt inq code t o  NIPER computer 
(B) June 30, 1984 Complete s e n s i t i v i t y  study i n  var ious geolog ic  sequences 

Task 3 (A) J u l y  15, 1984 I n s t a l l  i n i t i a l  code mod i f i ca t i on  
(B) Auqust 31, 1984 Sumnar i z e  recommended a1 q o r i  thms 

Task 4 (A) J u l y  15, 1984 Postu la te  several  f l u i d s  and i n j e c t i o n  sequences and determine AMT s e n s i t i v i t y  
( B )  August 31, 1984 I n i t i a -  recommencqation t o  BPO on the  f e a s i b i l i t y  o f  cont inued study 
(C) September 30, 1984 F i na l  study recommendation 

Task 5 (A) J u l y  31, 1984 Determine recovery e f f i c i e n c y  o f  pos tu la ted  f l u i d s  and i n j e c t i o n  sequences 
(B) August 31, 1984 I n i t i a l  recovery e f f i c i e n c i e s  f o r  optimum chemical EOR f l u i d s  & i n l j ec t ions  sequences 
(C) September 30, 1984 F i na l  c t ~ d y  reconmendation t o  BPO 

Task 6 (A) Auqust 31, 1984 I n i t i a l  rlecommen&tions t o  BPO o f  labora to ry  model 
(B) September 30, 1984 F i na l  recommendations t o  BPO o f  labora to ry  ,model 

Rsparllng Rsqulremenf: 
11) 15 Ih el each mrmfh. . . . . . . . . . . . . . . . . . Monlhly Ragrect Rspm 
(8) JO day8 aftsr snU d 88th qutrla . . . . . . . . .Quarlsrll Trhnlcrl Pragns Rspmt 
(C(l90 day8 after end d program yatr . . . . . . . .Annual Tuhnlal Prqrs l  Report 



OE3. RECOVERY PROCESSES: CHEMICAL 

This research program addresses the various chemical recovery agents: 
surfactants used to mobilize or solubilize oil; 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 predicbion. 

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-FC01-83FE60149). 

The project concerns the development of surfactants from a more applied 
cvrlsiderarioll than Project BE4. 

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 (1); 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 quanti.fy 
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 labora'tory "in vitro" measurements by 
techniques that are well established. 



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 
"rool" for measuring surfactant performanr.e, and not evaluated as s producing 
property for the holder of the lease. 

Personnel at BKl'C 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 be used effectively. 
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Ubj ectives 

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 he carried through stages 1 and 2 a o  
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 generic interest wj.l-1. be selected for,initial otudy. 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. In 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. 



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 injected pressures, oil, 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 polysulfunation. 

Task 3 - Automate core-flood system. 

Task 4 - Ad'apt 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 completfon 
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 mnbility, and determine dispersion coefficient. 

Simultaneously with Tasks 7-8, carry out the following: 

Task 9 - Install 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 - Perform continuous slug injection tests and make indicated 
adjustments in composition to fine tune the slug. Compare 
recovery efficiency of biosurfactant. 



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. 

Man~ower Reauirements 

Research Chemist 
senior Chemist 
Research Chemist 
Technician 
Associate Chemist 
Associate Petroleum Engineer 

Total 

Equipment Requirements 

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 
Hardware for site development 



PROJECT SCHEDULE AND MILESTONE 

Project: Improved Chemical Floodinq Aqents: Report Date: 
Sur fac tan t  Svstems 

Milestone Descrlptlon 
C 

w Task 1 (A) December 31, 1983 
U 

Obtain su r fac tan t  

Task 2 (A) December 31, 1983 
(0 )  A p r i l  30, 1984 

Task 3 (A) January. 15, 1984 
(0 )  June 30, 1984 

Complete exp lo ra to ry  s tud ies on crude d i su l f ona te  
Prepare abs t rac t  f o r  submission t o  SPE 

Negot iate con t rac t  f o r  synthes is  
Receive d e l i v e r y  on mate r ia l  and t e s t  f o r  p u r i t y  

Task 4 (A) December 31, 1983 Complete one-core system 

Task 5 ( A )  December 31, 1984 Adapt s imu la to r  t o  ava i l ab l e  equipment 

Task 6 (A) September 30, 1984 Prepare i n i t i a l  eouipment desiqn f o r  d iscuss ion 

Repallng Rspalrsrmnk 
(A) 15 th d slth mmlh . . . . . . . . . . . . . . . . . . ManlNv PnwuU Rspal 
(0) 30 d a p  ma md ml ach qnhr . . . . . . . . . &!arlrrlv Tahnlal Pngma Raped 
(C)' 90 days afla end II pmgnm pn . . . . . . . . Ammd T&nlnl Pregrett Rspal 



(Continuation Sheet) 
PROJECT SCHEDULE AND MILESTONE 

Project: Improved Chemical Flooding Agents : 
Tu r f ac tan t  Systems 

Report D8ls: 

Task 7 (.A) A p r i l  30, 1984 Decis ion on acceptabi 1  i ty o f  candidate r e s e r v o i r  

TASK 

7. Reservoir  se l ec t i on  

Task 8 ( P )  Septembew 30, 1384 Decis ion whether t o  proceed w i t h  s i t e  develoament 

Task 10 ( A )  March 31, 1984 Complete determinat ion o f  opt imal  s a l i n i t y  

8. Se lect  p a t t e r n  --- 
I / / / / /  I / / / / /  ' /  / I / /  

A v 
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I 

' O c t  

Task 11 ( A )  August 31, 1984 Decis ion: i s  su r fac tan t  good f o r  f i e l d  t e s t  
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Projecl: Improved Chemical F l  oodinq Aqents: 
Su r fac tan t  Systems 

Milestone Descrlptlon 

Progress Reporflng Reqalremenls 

Rspartlnn Raqulnmants 
(A) 15 th ai  each mrmlh. . . . . . . . . . . . . . . . . . MontSIy Pragrsts Rspwl 
181 30 days IIIW and sl ss:h quarter . . . . . . . . . Outrlsrly Tschnlcsl Pragrsu Rspd 
[CI' MJ days altar and d program ye8r . . . . . . . .Annml Tschnlcal Progress Rapart 

AA AA AA 04 AA 

I 
AA 

I 

fiA 84 fiA 

I 
AA AA 8 4  AA 

I 
AA c 



OE3B. MOBILITY CONTROL AGENTS 

Backeround 

This work addresses Item 6.1.3 of the Research Statement of Work in the 
Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149). 

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 effective methodology for estimating the effect of salinity changes 
and polymer dilution was available. Hnw~ver, it was found thnt oyotcmiention 
of these effects was possible and that degradation could be detected (1). 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 numberof substances have been proposed for improving rnnhil-tty 
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 emul.sions 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 enough 

droplets to block pore throats 
(4) the surfactant soluble in the external phase, such that diffuoion 

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 polyjners 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. 



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 macroemul.sions. 

Task 6 - Prepare emulsions from surfactants and oil and also from acid 
crude and alkali. 

Task 7 - Measure the stability of the emulsi.ons at 120°C and under 
500 psi pressure, in contact with N brine, and crude oil. 

2 ' 
Task 8 - Measure the average droplet size of the emulsion using 

microscopy or Coulter counter. 

Task 9 - Meas re the visspsity of the elnulsion for shear rate from 0.01 -Y s .  tn 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 polyacrylamidc worlc. 



Manpower Requirements 

Senior Chemist 
Assistant Petroleum Engineer 
Research Chemist 
Research Engineer 
Technician 

Total 

Equipment Requirements 

Available New - 
Microcalorimeter 
LS 30 viscometer 
Core flooding equipment 
S EM 
Light Microscope 
Coulter Counter 



PROJECT SCHEDULE AND MILESTONE 

Project: Mobi 1 i t y  Con t ro l  Agents Reporl Dale: 

Milestone Descrlpdlon 

E Task 1 (A)  September 30, 1984 
0 

Complete s tudy on po lyacry lamide lBerea system 

Task 2 (A) Karch 31, 1984 Ccnp le te  f e a s i b i l i t y  s tudy  and recommend c o n t i n u a n c e l t e r m i n a t i o n  

Task 3 (A) June 30, 1984 Ccmplete c h a r a c t e r i z a t i o n  o f  co re  

Task 4 ( A )  September 30, 1984 C m p l e t e  p r e l i m i n a r y  s tudy  of v i s c o s i t y  and screen f a c t o r  

Task 5 ( A )  March 31, 1984 S u r f a c t a n t  s e l e c t e d  

Task 6 ( A )  A p r i l  30, 1984 Candidate emulsions prepared 
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Proiecl: Mobi 1 i t y  Cont ro l  Agents 

' (Continuation Sheet) 
PROJECT SCHEDULE AND MILESTONE 

Report Dais: 

Milestone 

Task 7 (A) A p r i l  30, 1984 

Task 8 ( A )  May 31, 1984 

Task 9 (A) J u l y  31, 1984 

Task 10 (A) J u l y  31, 1984 

'Task 11 (A) .Ju ly  31, 1984 

Bask 12 (A) September 30, 1984 

Descrlptlon 

Progress review t o  discuss r e s u l t s  and o r i e n t  p r o j e c t  d i r e c t i o n  

Complete drop s i z e  measurements 

Complete v i s c o s i t y  measurements 

Second proqress rev iew 

Second prooress review 

Complete a n a l y s i s  r e p o r t  



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 oil interaction affects the oil recovery effixiency 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 o i l  recovery. Especially important is the 
long-term ettect of 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 i s  the study of camhjnatjon methods, 
such as alkali-surfactant and alkali-thermal flooding. These methods have 
shown some promise in improving oil recovery (2). - 
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Ubj  ectives 

To develop a theory and model for alkaline flooding. 



Scope of Work 

The kinetics of alkali-crude oil 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 
telnperature) . 

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. In FY86, reaction kinetics will be extended 
to other minerals and work on post-flood evaluation will be continued. 



Manpower Requirements 

Research Chemical Engineer 
Technician 

Total 

Equipment Requirements 

Available New - 
Reactors 
L.S. 30 viscometer 
Spinning drop' inter£ acial tensiometer ' 

Brookfield viscometer 
Screen factor appara t i i s  



PROJECT SCHEDULE AND MILESTONE 
prole& A1 ka l  ine Flooding Rspart Dds: 

Mllestone 

Task 1 (A) June 30, 1984 

Task 2 ,(A) September 30, 1584 

Task 3 [(A) September 30, 1584 

Task 4 (A) September 30, 1584 

Task 5 (A) September 30, 1584 

Task 6 (A) March 30, 1984 
( B )  June 30, 1984 
(C) September 30, 1984 

Descrlptlon 

Complete reac t ion  studies 

Complete measurements 

Complete measurements 

Adapt reactors f o r  use w i t h  o i l  

Compile l i s t  o f  candidate simulators 

Establ ish contact and pre l iminary agreement w i t h  operator 
Complete f i r s t - d r a f t  design f o r  discussion 
F ina l i ze  design and contract  

Rspsrllnl Rspal-I 
(A) 16 Ih el  and^ nmlA . . . . . . . . . . . . . . . . . . Mathl l  Pmgrnu Uspa( 
(1) 50 d m  dr md II mch pnarhr . . . . . . . . . fJoatnll TIchnlal Pnprar R e  

91) d t v  tflu and d program i o n .  . . . . . . . I l m a l  Tuhnletl Prmgrm 
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Mlledone 

Task 7 ( A )  September 30, 1984 

Descrlptlon 

Complete measurements 



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. In 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-FC01-83FE60149). 

Steamflooding of heavy oil 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 oil 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 Oil 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 crudeoil 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) sugge&ed 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 ro 
elucidate the most important mechanism in light oil steamflooding. 



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 a<d the effects of reservoir and fluid parameters on 
the performance of proposed field projects (12). - 

The% primary factor affecting the oil 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 oil being bypassed in the reservoir. The use of foams or 
emulsions for better mobility control and increased sweep efficiency for 
steamflooding in light oil reservoirs needs to be investigated. 
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Obi ectives 

To determine the effects of oil and rock properties on recovery 
efficiency during steamflooding of light oil reservoirs and to investigate 
the physics of fluid flow at the steam condensation front. 



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. 



Task 3 - Using a three-dimensional scaled physical model, perform 
steamfloodi~ig 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. 

Manbower Reauirements 

Research Petroleum Engineer 
Associate Chemical Engineer 
Technician 

Total 

Equipment Requirements 
- -- 

Available New - 
Steam generator and superheater 
Data acquisition computer 
Scaled physical model 
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OE4B. IN 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 Oil Recovery R&D 
Project Plan (June, 1983) ". . . 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 ~roje'ct Plan. 

Most laboratory investigations have been combustion tube experiments 

(2-5). These experiments provided data on f u e l  a v a i l a b i l i t y ,  
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 oil on combustion and hydrocarbon reaction kine.tics have not been 
reported. Such kinetic data can be determined readily and efficiently by 
thermal gravimetric analysis (TGA) 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. These methods are rapid and accurate, and therefore can be applied 
in a program to elucidate quantitatively the effect of crude oil 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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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 exlsring 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. 



Task 3 - Perform thermal gravimetric analysis and differential 
scanning calorimetric experiments on comhinations 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 oil, and mineral content of clay to determine 
catalytic effect. 

Manpower Requirements 

Research Chemical Engineer 
Research Petroleum Engineer 
Associate Chemical Engineer 
Technician 

Total 

Equipment Requirements 

Thermal gravimetric analysis 
Differential scanning calorimeter 

Available New - 
1 
1 
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OPT1. TIIERMOPHYSICAL PROPERTIES OF REAL AND SYNTHETIC FLUID 
MIXTURES DERIVED FROM FOSSIL SUBSTANCES 

Background 

This work addresses Item 6.2.2 of the Research Statement of Work in the 
Cooperative Agreement between DOE and IITRI (DE-FC01-83FE60149). 

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 for 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. 



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 heteroatoms 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. 

Sco~e 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 Cent,er 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 ehese 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 



hydrogen, collect compressed vapor and liquid samples 
from vapor-liquid-equilibria apparatus, determine sau~ple 
densities, and make low-pressure gas-liquid separations. 
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. 

Task 2 - 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. 

Task 3 - Develop and validate experimental equipment for more rapid 
determination of vapor-liquid-equilibria and for more 
accurate material balances. 

Task 4 - 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. 

Task 5 - Select fluid systems for speed-of-sound studies to supply 
basic data to be used in the development of improved 
industry standards for ca1~1il.atinrls in fluid-flow 
measurements. This selection will be based on studies that 
will be completed at other institutions to help specify the 
crltlcal dara needs. 

Task 6 - Order substances for speed-of-sound studies from one of the 
established high-purity gas supply firms. 

Task 7 - Conduct speed-of-sound studies on selected fluid system. 
Task 8 - Coordinate measurements and correlations with those from 

other institutions who will he silppbying their contributiono 
in measurements and correlations to produce the desired, 
highly validated results for complete acceptance as industry 
standards. 

- Task 9 - Present the final data with analysis and correlation. 
Task 10 - Keassess problems in the prediction and measurement of fluid 

properties to determine if additional studies are warranted. 



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 ansiwered 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- 
t ion. 

Man~ower Reauirements 

Senior Chemist 
Research Chemists 
Senior Engineer 
Research Engineer 
Senior Experimentalist 

Post-Doctoral Chemical Engineer (AWU) 

Equipment Requirements 

Available New - 

Stirred autoclave suitable 
for hydrogen 

Gas and liquid chromatographs 
and infrared analysis equipment 

Equipment for vapor-liquid- 
equilibria studies 
Equipmenr for speed-u1-sou~~rl 
studies 



PROJECT SCHEDULE AND MILESTONE 

Prolecl: Thermoohysical P r o p e r t i e s  o f  Real and Syn the t i c  F l u i d  M ix tu res  Report Oale: 
Der ived f rom Foss i  1 Substances 

Y I I 

Progress Reporllng Requlremenb AA AA A A B ~ A A  AA A A 8 4 A A  AA A A B ~ A A  A A C  

I 1 I 

Task l a  ( A )  October 25, 1983 
0 ( B )  December 16, 198: 

( C )  February 3, 1984 
( D )  March 23, 1984 
(E) August 3, 1984 

Task 2  (A) November 18, 1983 
( B )  Januzry 6, 1984 
( C )  F e b r ~ a r y  24, 1984 
(D) A p r i l '  13, 1984 
(E)  J u l y  20, 1984 
(F)  August 24, 1984 

Task 3  ( A )  J u l y  15, 1984 
(8) August 30, 1984 

Task 4  (A)  December 9, 1983 
( 6 )  Febru3ry 3, 1984 
(C) March 23, 1984 
(D) May 11, 1984 
(E)  September 21, 1984 

VLE o f  t e t r a l i n ,  water ,  hydrogen system 
VLE o f  t e t r a l i n ,  water  system, f i r s t  m i x t u r e  
VLE o f  t e t r a l i n ,  water  system, second m i x t u r e  
VLE o f  t e t r a l i n ,  water  system, t h i r d  m i x t u r e  
VLE o f  q u i n o l i n e ,  water  system, f i r s t  m i x t u r e  
A n a l y s i s  o f  samples f rom Task l a  
Ana lys i s  o f  samples f rom Task Ta 
A n a l y s i s  o f  samples from Task l a  
Ana.Jysis o f  samples f rom Task l a  
Ana-ys i s  o f  samples f rom Task l a  
Ana-ys i s  o f  samples from Task l a  
Des-gn ' o f  new system completed 
Equ-pment l o c a t e d  f o r  o r d e r i n q  and n e g o t i a t i o n s  
C o r r e l a t e  system f rom Tasks l a  and 2 
C o r r e l a t e  systems f rom Tasks l a  and 2 
C o r r e l a t e  systems f rom Tasks l a  and 2  
C o r r e l a t e  system f rom Tasks l a  and 2  
C o r r e l a t e  system f rom Tasks l a  and 2 

Rapdng Raqulranatc 
(A) 15 fh ei aacb m t h .  . . . . . . . . . . . . . . . . . Manlhly Pragrm Rapart 
(0) 30 dap  aRw md nd each quarter . . . . . . . . .~)uartrly Tachnlo~ R-a Rqod 
(CI' 80 d q r  alar and d prapram rear. . . . . . . .Annual Tchnlcal trsgrau Rqod 
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PROJECT SCHEDULE AND MILESTONE 

Prolect: Thermophysical P roper t i es  o f  Real and Syn the t i c  F l u i d  M ix tu res  
Report Oslo: 

Derived f rom Foss i l  Substances 

Mllestone Descrlptlon 

TASK 
Se lec t  systems f o r  speed- 

5. of-sound s t u d i e s  
Order m a t e r i a l s  f o r  speed- 

6- of-sound s t u d i e s  
Speed-of-sound s tud ies  

7. on f i r s t  m i x t u r e  

Task 5 (A) February 15, 1984 Complete s e l e c t i o n  of systems f o r  study 
Task 9 (A) November 30, 1983 Completion o f  manuscr ipt  o f  s o l u b i l i t y  o f  hydrogen i n  w e l l - d e f i n e d  coa l  l i q u i d s  

(B) December 1, 1983 Completion o f  manuscr ipt  on VLE o f  t e t r a l i n e ,  water,  hydrogen, ammonia, 1-naphto l !  
q u i n o l i n e ,  and t e t r a l i n  

(C) May 31, 1984 Completion o f  manuscr ipt  on VLE o f  t e t r a l i n ,  water,  hydrogen system 

Coord ina t ion  w i t h  o u t s i d e  
8. e f f o r t s  (cont inuous)  
f i n a l c o r n p i  l a t i o n  o f  data AvBV C V l  
9- and prepare pub1 i c a t  i ons  /!/!/I ~ l l l l l ~ / l l l /  I / / / / /  I / / / / /  / / / I /  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

t v a l u a t i o n  and s e l e c t i o n  
10. o f  new systems t o  s tudy / / / / I  / / I / / /  / / / I / /  ' l l l l l  '///'// . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

L 

Ocl Nov Dec Jan Feb 
A v 

/ / / / y / / / / /  

Mar  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Apr 

. . . . . . . . . . . . . . . . . . . . . . . . .  

May 

/ / / / I  

/ / / / I  

Jun Jul Aug Ssp 



OPT2. STABILITY AND PROCESSING RESEARCH FOR CRUDES, 
INTERMEDIATE PROCESS STREAMS AND FINISHED FUELS 

Backeround 

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 ofthe 
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 

Task 1 - Selection 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 2 - Selection of upgrading conditions. It is now anticipated 
that a distillation cwt with an upper limit of about 
1000BF will be made. Other cuts may be necessary. 
Hydrotreating conditions will be in the range of 300-350°C 
and 500-800 psig. 

Took 3 - Storage atuhility methods 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 
conti.nuati.on of work initiated in FY82. 

Task 7 - Analyze the feedstock, distillation cuts, and matrix of 
hydrnt~eated ~ ~ r n p 1 . c ~  and samples fronl suporcriLical 
extraction by physical, chromatographic, and 
spectroscopic methods to begin characterizing the 
components and the physical alld compositional changes. 
Included in this will be a metals screening to determine 
effects of distillationlupgnading un 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 10 - Commence development of computer-based 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 which 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 model for correlation of compositional and 
upgrading conditions with final compositional and 
physical properties, storage stability, and mutagenesis. 

Manpower Requirements 

Senior Chemist 0.1 
Research Chemist 0.7 
Senior Chemical Engineer 0.3 
Associate Chemical Engineer 0.6 
Assistant Chemical Engineer 0.3 
Technician - 0.2 

Total 

Equipment Requirements 

Thinfilm evaporator 2 
Hydrotreater 1 
Stability testing equipment 1 
Chromatography units 3 
Drawpump for Llli~iIiln~ evaporator 
Supercritical extraction equipment 
Automated control valves and acccssorie~ 
for hydrotreater 

New - 



PROJECT SCHEDULE AND MILESTONE 

Proleel: S t a b i l i t y  and Processinq Researcklfor Crudes, 
In termediate Process Streams and F in ished Fuels 

Report Date: 

Manpower/Manyum 

Task 2 

Task 3 

Task 4 

Task 5 

Task 6 

A January 31, 1984 ( 1  February 28, 1984 

(A) February 28, 1984 

( A )  February 28, 1984 

( A )  December 31, 1983 

( 8 )  June. 313, 1984 

( A )  September 30, 1984 

(A) Septemter 30, 1984 

Feedstock se lected and procuremens i n i t i a t e d  
Feedstock rece ived 

Upgrading cond i t i ons  se lected 

Charac te r i za t ion  p ro toco ls  d e v e l o p d  

S t a b i l i t y  t e s t  technique data evaluated f o r  need f o r  
. fur th 'er  development work 
R o ~ q h  d r a f t  o f  p u b l i c a t i o n  descr ib ing  new storage 
s t a b i l i t y  t e s t  method completed 

Inc lude compi la t ion  of cha rac te r i za t i on  data generated 
t o  date i n  NIPER q u a r t e r l y  and/or znnual r epo r t  

P e ~ o r t  o f  progress t o  date 

Raportlng Rspulrmsnt: 
MI 15 Ih sl snh monlb. . . . . . . . . . . . . . . . . . Mrmlhlv Progrsu R E W l  
(0) 30 davr allar and al nth  quarla . . . . . . . . . Ouartsrlv Tchnlcal Pr-t R a m  
(CI' 90 day8 aflsr and QI ~ r a g a a  year . . . . . . . .Annual Tschnlcal Proprn: R8pwl  
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Project:. S t a b i l  i t y  and Processinq Research f o r  Crudes, 
In termedla te  Process Streams and F in ished Fuels 

Report Date: 

Mllestone Descrlpllon 

Task 7 ( A )  September 30, 1984 Report o f  proqress t o  date 

Task 8 ( A )  June 30, 1984 Select /procure second feedstock 
(8 )  September 30, 1984 Receive second feedstock 

Apr 

I///// 

TASK 
, 

i 7. Compile data 

8. s e l e c t  second feedstock 

Task 9 ( A )  September 30, 1984 Report o f  proqress t o  date  

Nov 

9 .  Rodi fy  upqrading tech / 1 / 1 / ~ / 1 / / ~ / / 1 ~ / / 1 / ~ / / / 1 1 / / / ~ / / / / / 1 / ~ / / ~ / / ~ ~ / / / /  

OcI 

Task 10 ( A )  September 30, 1984 Report o f  progress t o  date  

May 

/ / / / / I A 7 / / / / /  

~ / 1 1 1 1 ~ 1 1 / 1 / 1 / / / / / , ' / / / / !  

Task 11 ( A )  September 30, 1984 Report o f  proqress t o  date 

Jun 

A v  

Dec 

7 / / / / / / / / / / / / / / / / / ! / / / / / l / / / i /  

Modify c h a r a c t e r i z a t i o n  I AV 
10. p r o t o c o l  / / / / / I  / / / I / /  / / / / / / ' / / / / /  

Fsb Jan 

1 ' . Develop model 

Mar 

I / / / / /  

I / / I / / / / I / / / / / I / / / I I / / I I / / / / ; I ~ / / I / / / / I / I / ~ / / I I I ~ ~ / / V I I I I ~ / I I I I ~ I I I I I  

Ssp 
AV 

B v  

AV 

Jul 

7 / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /  

Aug 

' / / / / / , ' / / / I / " / / / / /  
I 
I 

/ / / / / I  ////l l~?777777////l ' / / I / T 'm ' i ' 7  
A v  



OPT3. CHEMICAL CHARACTERIZATION OF HEAVY ENDS OF LIGHT 
PETROLEUM, OF HEAVY PETROLEUM, AND UP 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-FC01-83FE60149). 

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 Prngram are 
listed here. 

Work Plans 

Task 2 - EvdluaLe, ull a Ifmired sca le ,  the 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. 

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

(d) Evaluate the importance of sensitivity correlations 
in tho quantitation of mass spectral a~~alyses. 

Task 3 - Separation of sulfur compound classes. 
(a) Separate sulfides from Cerro Negro 200°-4250C and 

425°-5500C acid-base-free distillates. 
(b) Soparato eaturatcs, tkiophenes, alld aroniatlc 

hydrocarbons from at least the acid-base-sul- 
fide-free 2UU0-4250C 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 c,nncen- 

trates and distillates and residues of Cerro 
Negro and Wilmington oils into compound classes. 



(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 

Senior Chemist 
Research Chemist 
Assistant Chemist 
Associate Chemist 
Research Physicists 
Senior Experimentalist 

Total 



Eaui~ment Reauirements * 

MS-30 FI,FD,EI 
MS-80 FI,FD,EI,CI 
MS-60 FI,FD,EI 
Megohm meter 

High performance liquid 
chromatography systems, also 
HPLC accessories: Columns, 
specialized detectors, column 
packing apparatus. 

Rotary solvent evaporators 

Gas chromatographs (GC) with 
supporting intelligent inter- 
facing 

GC mass detector 

Available New - 

* Already listed in BPT3. 



PROJECT SCHEDULE AND MILESTONE 
Chemical C h a r a c t e r i z a t i o n  o f  Heavy Ends o f  L i g h t  Petroleum, Prolecl: 
of Heavy Petroleum and of  L i q u i d s  Der ived f rom Other Fossi  1 Sources 

Report Dale: 

Task 2 (A)  May 1, 1984 
\C 

Sel e c t  r e p r e s e n t a t i v e  compound 
( 8 )  J u l y  15, 1984 Determine mass s p e c t r a l  s e n s i t i v i t y  
(C) September 30, 1984 C o r r e l a t e  s e n s i t i v i t y  da ta  
(D) September 30, 1984 Eva luate  t h e  importance o f  s e n s i t i v i t y  c o r r e l a t i o n  i n  

q u a n t i t a t i o n  o f  data  

Task 3 (A) May 31, 1984 Separate s u l f i d e s  f rom Cerro  Negro 200-425°C d i s t i l l a t e  
( 0 )  J u l y  30:, 1984 Separate sa tu ra tes ,  th iophenes, and aromat ic  hydrocarbons 

f rom 200-425°C d i s t i l l a t e  
(C) September 30, 1984 Eva luate  e f f e c t i v e n e s s  o f  t h i s  separa t i on  
(D) September 30, 1984 Eva luate  p o s s i b i l i t y  o f  ex tens ion  o f  separa t i on  method 

t o  h i g h e r  d i s t i l l a t e s  

Task 4 (A) J u l y  1, 1984 Separate 10-20 Cerro  Negro and Wi lmington a c i d  concen t ra tes  
(B) August 31, 1984 Separate 5-10 syn fue l  a c i d  concent ra tes  
(C) September 30, 1984 Eva1 ua te  separa t i on  method 

Rspmtlng R@nmmts 
(11 15 Ih al each month. . . . . . . . . . . . . . . . . . Monlhll Progrsts Rspd 
(8) 30 dsp  aRer end d mch quartar . . . . . . . . . Quartwly Tmhnlal P r q m a  Repal 

W) day: aner end d program year . . . . . . . .Annual Tmhnlcal Prqras  Ispa\ 



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 coopcrative 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, 
sulfur content, gum test, and vapor pressure serve to deiine the fuel and, 
indeed, are used in setting specifications. A recent publication (1) - 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-8214, June 1982, 27 pp. 

Obj ectives 

To compile and correlare daca 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. 



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 oils 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 cer.tain 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 DOEIFE 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 altcrnotive 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 energy source to the world. 

Manpower Requirements . 

Associate Data Analyst 
Associate Data Speci.al,ist 
.Associ.ate Prngrammer Analyst 

Total 



Equipment Requirements 

Digital DEC-writer I11 computer 
Digital VT-125 computer 
AM 6400 photo typesetter 
AM 425 word processor 

Available New - 



PROJECT SCHEDULE AND MILESTONE 

Project: Fuel Trends and Analyses 

TASK Ocl Nov Oec Jan Feb Mar Apt May 
AV BV CV 

1. Prepare f l ~ e l  surveys ~ / / ~ / / ~ / / / / / ' l l l l / ' l / l / l , ' l l l l l , ' l l l / l , ' / / / / / 1 ' / / / / l '  
Prepare t rend  and ana lys is  

2. r epo r t  I 

I I 

Progress Reporllng Requirements AA AA AA 8 4  AA AA AA 0 4  AA 
I I 

Report Dale 

Jun Jul Aug Sep 
DV EV 

I 

/, / / / / / I  / / / / / /  ////7 
Av 

/ / / / I '  

Milestone Descrlptlon 

Task 1 (A) November 30, 1984 De l i ve r  fue l  survey, d i ese l  f u e l s  
w (B )  February 29, 1984 De l i ve r  f ue l  survey, motor gasol ine,  summer 

( C )  March 31, 1984 De l i ve r  f ue l  survey, a v i a t i o n  t u rb i ne  fue ls  
(D) J u l y  31, 1984 De l i ve r  f u e l  survey, motor qasol ines, w in te r  
(E) August 31, 1984 De l i ve r  f ue l  survey, heat ing o i l s  

Task 2 (A) September 30, 1984 Prepare Analys is  r epo r t  



OPT5. CHEMISTRY OF CONTAMTNA'I'ED 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-FCO1.-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 tn the developme.nt 
of patented innovative recyczing 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 fuei (DFM) into DFM which meets 
specifications. Based on 1982 statistics, the quantity nf contaminated DFM 
available is estimated at more than 70 million gallons per year. This 
includes waste oils generated from slop oil tanks, used lubricants from 
various motors and engines, and any other material that emerges from the 
oillwater 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 oil. 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. Oil-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 



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 
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Obi ectives 

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. 

Sco~e 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 deve1opment.i~ being relied upon heavily in this initial phase. In 
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 



treating reclaimed marine fuel oil 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 oil 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 fuel 
(c)  identifying processes for reclaiming and reprocessj.ng 

contaminated oil 
(d)  identifying equipment for reclaiming and reprocessing 

contaminated oil 
(e) research into processes and equipment applicable to 

contaminated marine diesel 
(f) industrial 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 oil for 
physical and chemical properties. Determine deviations 
from apacificatirjl~s for Dl91 u s l ~ i g  starldard t e s c  procedures 
established by the industry and the Department of Defense. 
Typical specification DFM samples, contaminated DFM, and 
fuel oil 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 



chemical properties. In addition, hazardous waste 
component screenings will be run. Base line stability 
data will also be generated. 

Task 3 - 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 p'rocessing 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. 

Task 4 - Review existing Department of Navy reclamation facilities 
and operations to determine the potential for process 
improvement. 

Task 5 - Conduct technical analysis and estimate the economics of 
various process options and prioritize treatment options. 
Factors to be con~idcrcd include availability of 
equipment, costs, an estimation of reliability, 
flexibility, simplicity, and any potential environmental 
problems apparent. 

Task 6 - 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 
DOEIFossil Energy. 

Task 7 .- Develop a testing program and establish performance1 
technical criteria evaluation methodology. 

Phase I1 (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 oil to produce a fuel of 
quality suitable for blending into DFM. All testing will 
be done using ASTM methods. Depending on the contaminants 



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 I11 (1985-1986) - Design and testing of a full-scale facility 
Task 11 - Development of quality control outline based 

on fundamental petroleum studies. 

Future 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 UFM. Uperatring and matutenas~ce costs will be estimarad 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. 

DOEIFE will receive additional reports on techniques developed and 
utilized, data generated, and their importance to waste hydrocarbons 
recycling. ~hese may well be applied t.6 many orher Lussll rue1 streams. 



Manpower Requirements 

Senior Chemists 
Research Chemical Engineer 
Assistant Chemical Engineer 
Research Chemist 
Technicians 
Analytical Support 

Total 

Equipment Requirements 

Available 

Supercritical liquid extraction 
equipment 

New - 

1 



PROJECT SCHEDULE AND MILESTONE 

Projecl: Chemis t~y  o f  Contam:nated P e t r o l e ~ ~ m  Fuels Reporl Oats: 

Mlleslone 
Task 1 ( A )  A p r i l  30, 1984 

3, 
0 

Descrlptlon 

Compl'ef e 1 i t e r a t u r e  survey 

Task 2 (A) March 31, 1984 Complete t e s t  cha rac te r i za t i on  

Task 3 ( A )  February 28, 1984 Complete eva lua t ion  o f  methods 
( B )  September 30, 1984 Report on i n i t i a l  screening f o r  t o x i c  r a t e r i a l  

Task 4 ( A )  January 31, 1984 Review 30N f a c i l i t i e s  

Task 5 ( A )  A p r i l  30, 1984 Tech/econ ana lys is  and p r i o r i t i z a t i o n  o f  t reatments 

Rapartlng Rqulrmnmll 
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PROJECT SCHEDULE AND MILESTONE 

PrbJat: Chemistry o f  Contaminated Petroleum Fllcl s 

Mlleetone 

C 
aD 
P- 

Task 6 ( A )  May 30, 1984 
Task 7 ( A )  June 30, 1984 

Descrlptlon 

Prepare r e p o r t .  
Develop t e s t i n g  proqram. 
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(0) 30 d r p  #flw md M m h  q a ~ r f n  . . . . . . . . . p u ~ r h r l l  Trrhnlcal P t u t v n  R s p d  
(C)' BI) d t p  l a  and nd ppregnrn mr . . . . . . . . Am11 Tahnlctl P r q m r  Rqmd 



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 f i i ~ . l s  indicate a trend toward lower quality (1). This 
is a consequence of increased usage of the lbwer cost and more readiiy 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 F u e l  Oils, 1982 ," DOE/BETC/PPS-02/5. 
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To determine the feasibiS.ity of heavy-oil-derived, broad-cut fuels 
entering the diesel market and to assess the environmental impacts of such 
an occurrence. 



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 togreappraise 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 NIPERIAPI 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. 

Taslc 2 - Concurrent with the f'irst 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 testing 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, melds, 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. 



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. of the test  fuel^ 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 EPA- 
specified transient heavy-duty diesel engine test procedures to enable more 
representative measurements of emissions consequences of fuel compositional 
variables. 

Manpower Requirements 

Manager 
Senior Mechanical Engineer 
Research Mechanical Engineer 
Associate Mechanical Engineer 
~ x ~ e f  imentalist 
Technician 

Total 

Equipment Requirements 

Available New - 
CFR engine 
Heavy-duty diesel engines 
Light-duty diesel engines 
Engine test cells 
Vehicle chassis dynamometer 
Automatic sampler accessory for 
chromatograph 

Combustion analyzer and transducers 



PROJECT SCHEDULE AND MILESTONE 
pralecr: Diesel  Fuel Q u a l i t y  C r i t e r i a  Repml Dale: 

M lleslone 
C 

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 

Descrlpllon 

Parameter l i m i t s  o f  f u e l s  spec i f i ed  
Fuel b lending stocks obtained 

Engines lvehic les requ i red  f o r  fuel  experiments se lected 
Engines i n s t a l l e d  

Fuel p repara t ion  (blendino, r e f i n i n q )  completed 
Fuels analyzed 

Test ing completed 

Complete f i n a l  r epo r t  

Rapmllng Requlmmmla 
[A] 15 Ih a l  each month. . . . . . . . . . . . . . . . . . Monlhb Prqlrsrr Rapmt 
(BJ 30 days aflm md d each qu8rta . . . . . . . . .Quarterly Trhnlcal Prograra Repor( 
[Cl' 90 days aflw mi nd program year. . . . . . . .Annual Trhnlcal Pmgrsra R@ml 



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 character is ti,^^, and a 
need to utilize heavy oils, shale oil, 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 litibe 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. 
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Obi ectives 

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 



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 oils 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-boiling aromatic stocks in current and advanced 
technology engine systems with emphasis on their environmental 
impact. 



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. 

Man~ower Reauirements 

Technical Advisor 
Research Mechanical Engineer 
Associate Mechanical Engineer 
Research Chemist 
Experimentalist 
Technician 

Total 

Equipment Requirements 

Available New - 
Spark-ignition vehicles 3 
Spark-ignition test engine 1 
Vehicle chassis dynamometer 1 
Computer replacement for Hewlett-Packard 21MX 1 



PROJECT SCHEDULE AND MILESTONE 

Projecl: D i r e c t  U t i l i z a t i o n  o f  Aromat ic Feedstocks Reporl Dale: 

1 I 
. . . . . . . . .  I 

Progress Reporting Requirements ( A A  A A A B ~ A A  AA A A B ~ A A  AA A A A C  

Mtlestone 
w Task 1 (A )  !November 30, 1983 
gn 
\O ( 8 )  January  31, 1984 

Task 2 (A) January 31, 1984 
( 6 )  March 31, 1984 

Task 3 ( A ) A p r i l  30, 1984 

Task 4 (A)  A p r i l  30, 1984 

Task 5 (A) August 31, 1984 

Task 6 ( A )  September 30, 1984 

Description 
Complete b lend ing  f i r s t  s e r i e s  o f  s i x  t e s t  f u e l s  
Complete b lend ing  second s e r i e s  o f  s i x  t e s t  f u e l s  

Complete emissions and performance t e s t i n g  f i r s t  s e r i e s  o f  s i x  t e s t  f u e l s  
Complete emissions and performance t e s t i n g  second s e r i e s  o f  s i x  t e s t  f u e l s  

Complete vapor l o c k  t e s t s  

Complete octane t e s t s  

Complete systems c o m p a t i b i l i t y  t e s t s  

Complete data  a n a l y s i s  and prepare r e p o r t  
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OU3. JITESEL 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-FC01-83FE60149). 

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 hiimpn 
carcinogens (1-2). - A decline in diesel fuel quality can have a significant 
effect on exhaust emissions. Use of alternative feedstocks colild ~r.re1eratc 
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 
quanGification 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 o f  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 fuellengine emissions 
assessment project. This would enable a more rapid, comprehensive engineering 
assessment of environmental impacts of fuels from alternative feedstocks. 
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Ob j ect ives 

To determine the impact o f  the utilization of fuels from alternative 
feedstocks on the environment. The main thrust is directed at quantifying 
fuel composition influences on emissions of mutagens and carcinogens, e.g., 
polynuclear aromatic (PNA) compounds, aldehydes, benzene, and nitro-PNA's. 



Sco~e 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. be installed OD 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 b s  fractionated and chemically analyzed to determine 
its character. 

Manpower Requirements 

Senior Chemist 
Assistant Chemist 
Experimentalist 
Technician 

Total 



Equipment Requirements 

Diesel vehicles 
Vehicle chassis dynamometer 
Spectra Physics Model SP800 HPLC 
Waters Associates WISP Model 710B autoinjector 
Perkin-Elmer Model MPF-4 fluorescence 
spectrophotometer 

Norland Corp. Model 3001 programmable 
calculating oscilloscope 

Waters Gradient HPLC (Model 680 gradient 
programmer and Waters Model 6000 pumps) 

Waters Associates WISP Model 710A autoinjector 
Kratos (Schoeffel) Model FS970 Spectrofluoro 
monitor 

Chromatographic peak area integrator 
Perkin-Elmer Model 4010 gas chromatograph 
Computer replacement for Data General Nova 

Available New - 



PROJECT SCHEDULE AND MILESTONE 
project: Diesel  Exhaust Charac te r i za t ion  fleporl Dale: 

F 

Task 1  (A) November 30, 1983 
(B) December 31 , 1983 

Task 2 ( A )  January 31, 1984 

Task 3  (A) January 31 , 1984 
(B) June 30, 1984 
(C) J u l y  31, 1984 
(D) August 31, 1984 

Task 4  (A) September 30, 1984 

Descrlptlon 

Complete sample processing and rece ive  b i o l o g i c a l  data from ITRI 
Complete review o f  b i o l o g i c a l  data 

Complete dup l i ca te  basel ine f ue l  t e s t s  

Complete se l ec t i on  o f  f ue l l eng ine  ma t r i x  
Complete p a r t i c u l a t e  sample c o l l e c t i o n  and e x t r a c t i o n  
Complete sample processing and forward samples f o r  b i o l o g i c a l  t e s t i n g  
Obtain r e s u l t s  o f  b i o l o g i c a l  t e s t s  

Complete f i n a l  r epo r t  
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OU4. 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 
(12). - When coal slurry fuels were used in diesel engines, numerous prnhlema 
were encountered with the fuel-handling system, particularly the injector and, 
to a lesser exrent, the fuel pump. In response to this problem, a r n n t t o c t  
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 i n j ec to r s  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. 

2. 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. 



Scope of Work 

/ 

The influence of the fuel variables of coal-loading, carrier and particle 
size, ahd the effect of fuel-injection-system parameters of fuel temperature 
and injection-line pressure, as well as other pertinent variables, will be 
examined. A ~omp~rison 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 inj'ectors 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 toleranc'es, 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 propertie's 05 slurry fuels; and comparing response to coal 
slurry fuels with direct-injection in.a precombustion chamber engine. The 
reference slurries wil1,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 oth.er combustion systems. 



Manpower Requirements 

Senior Mechanical Engineer 
Research Mechanical Engineer 
Research Chemist 
Experimentalist 
Technician 

Total 

Equipment Requirements 

Available - New 

Coal slurry fuel preparation unit 
Viscosity instrumentation 
Coulter Counter 
Perkin-Elmer thermogravimetric system 
X-ray sedigraph 
Single-cylinder engine 



PROJECT SCHEDULE AND MILESTONE 
Coal SBurry Fue ls  f o r  ' l i e s e l s  

Proleck 

3. Fuel  p r e p a r a t i o n  +.+.+ 

TASK 
Design, spec, w d e r  

1 . components 
Assemble, check o u t  w i t h  

2. b a s e l i n e  -ue l  

4. Spray tes5s 
Assessmenr o f  s i g n i f i c a n c e  

5. o f  work 

Oc? 

l l l ! l l l l l l l l  

Milestone 
C 

Progress Reportlng Requirements 

Descrlptlon 

Nov 
A V  

a 
Task 1 (A)  November 30, 1983 Complete des ign o f  t e s t i n g  

( B )  December 31 , 1984 Components f o r  t h e  i n j e c t o r  spray dev i ce  ordered 

Oec 
B v  

I l l l l l  

/ / / / I  

AA 

Task 2 (A)  Sanua-y 31, 1984 Spray t e s t  system assembled 
(B) February 28, 1984 Complete b a s e l i n e  t e s t i n g  

AA 

Task 3 (A) Ray 31, 1984 Complete p r e p a r a t i o n  o f  s l u r r y  f u e l s  

Task 4 (A)  J u l y  31; 1984 Complete spray t e s t s  

Task 5 (A)  September 30, 1984 Prov ide r e p o r t  on assessment o f  s i g n i f i c a n c e  o f  work 
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WE1. 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. 

Obi ectives 

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. 



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 bec.ause 
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 hesr. 
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 e f f l i ~ e n t .  nf concern. 

To develop a standard method to measure toxicity persistence. 

Sco~e 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. 



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: (1) 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 eqyations based on chemical structure and will permit 
prediction of constraints of chemical and physical equilibria in improved 
processes. 



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 flew 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 f o t  
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. 

Sco~e 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. 



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 



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. 



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 hio3.ngical 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, 

Sco~e 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 Irom 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 expens3.ve upgrading methods can be developcd to augment costly 



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. 



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. 



WU1. COAL SLURRY FUEL GUIDELINES 

Background 

Powdered c o a l  was t h e  o r i g i n a l  des ign  f u e l  f o r  t h e  compression-igni t ion 
(CI) d i e s e l  engine f i r s t  t heo r i zed  i n  t he  1880's. Problems w i t h  t h e  use  of 
d ry  powdered f u e l  qu ick ly  l e d  the  experimenters  t o  t h e  use  of l i q u i d  petroleum 
f u e l .  With t h e  e x p i r a t i o n  of i n t e r n a t i o n a l  p a t e n t s  i n  1912, t h e  U.S. d i e s e l  
i n d u s t r y  began. The f i r s t  i n d u s t r i a l  a p p l i c a t i o n s  of d i e s e l  engines occurred 
i n  1916. During t h e  nex t  two decades, a p p l i c a t i o n  of t h e  d i e s e l  engine was 
made t o  marine and r a i l  t r a n s p o r t a t i o n  and s t a t i o n a r y  i n s t a l l a t i o n s .  In  1949, 
t h e  f i r s t  of s e v e r a l  c o a l  s l u r r y  f u e l  experiments was conducted i n  t h e  United 
S t a t e s .  They r evea l ed  t h e  major problems t o  be  delayed o r  noncombustion of 
t h e  f u e l ,  wear from a b r a s i v e  components of c o a l ,  and s e i z u r e  of f u e l  i n j e c t i o n  
and combustion components due t o  mel t ing  and c r y s t a l l i z i n g  o t  t h e  coal .  

The slow- t o  medium-speed d i e s e l  engine us ing  c u r r e n t l y  ava i l -ab le  l i q u i d  ' 

f u e l s  o f f e r s  some i n h e r e n t  advantages over o t h e r  power gene ra t ion  systems. 
The most important  advantage i s  i t s  h igh  thermal e f f i c i e n c y  over  a wide 
o p e r a t i n g  range. The l a r g e  new engines r o u t i n e l y  achieve  thermal  e f f i c i e n c i e s  
of 45 pe rcen t ,  and some newer des igns  a r e  r epo r t ed  t o  be  over 50 percent .  

The d i e s e l  engine i s  a l s o  h igh ly  r e l i a b l e ,  w i t h  l a r g e  engines designed t o  
o p e r a t e  f o r  extended p e r i o d s  wi th  minimal maintenance. P a r t s  s u b j e c t  t o  wear 
a r e  r ep l aceab le ,  i nc lud ing  cy l inde r  l i n e r s .  Typica l  s e r v i c e  l i f e  i s  10,000 t o  
12,000 hours  a t  f u l l  load  and speed be fo re  i n i t i a l  disassembly f o r  r e r i n g i n g ,  
fol lowed by an a d d i t i o n a l  10,000 hours  be fo re  a  complete overhaul  i s  necessary.  

Engines may be overhauled many t imes s o  they have extended l i v e s .  For 
example, based upon a  duty  cyc l e  averaging 50 percent  of f u l l  load and f i v e  
ove rhau l s  dur ing  t h e  eng ine ' s  l i f e ,  t h e  engine should ope ra t e  s a t i s f a c t o r i l y  
f o r  25' t o  30 yea r s .  The r e s u l t  i s  t h a t  many of t h e  engines e x i s t i n g  today,  
and those  c u r r e n t l y  be ing  designed and b u i l t ,  w i l l  be  producing power a s  
petroleum becomes s c a r c e ,  and e f f o r t s  t o  adapt  t o  a l t e r n a t e  s y n t h e t i c  f u e l s ,  
i nc lud ing  c o a l  s l u r r i e s ,  should be  encouraged. 

Obj e c t i v e s  

T o . i n v e s t i g a t e  t h e  f e a s i b i l i t y  of u s ing  c o a l  s l u r r i e s  i n  d i e s e l  engines 
focus ing  on e s t a b l i s h i n g  g u i d e l i n e s  f o r  f u e l  formula t ion  which w i l l  suggest  
p h y s i c a l  p r o p e r t i e s  necessary  f o r  u t i l i z a t i o n .  The e f f e c t s  o1 vary ing  f u e l  
formula t ion  on p h y s i c a l  p r o p e r t i e s  w i l l  be  descr ibed .  The formula t ions  w i l l  
r e p r e s e n t  f u e l  p r o p e r t i e s  char have been t e s t e d  w l ~ 1 1  suule degree UT success 
a t  NIPER and o t h e r s  w i t h i n  t h e  r e sea rch  community. 



Scope of Work 

The c o a l  s l u r r y  v a r i a b l e s  t h a t  s i g n i f i c a n t l y  i n f luence  t h e  use  of t h e s e  
f u e l s  i n  C I  a p p l i c a t i o n s  w i l l  be examined. This  may a l low d e f i n i t i o n  of a  s e t  
of f u e l  gu ide l ines  t o  s e t  l i m i t s  on f u e l  s p e c i f i c a t i o n s  and provide reasonable  
ope ra t ion  w i t h  t h e  cu r r en t  b a s i c  des ign  of t h e  C I  engine. This  w i l l  a l low an  
assessment of t h e  s e n s i t i v i t y  of t h e  major v a r i a b l e s  t o  s e l e c t e d  C I  engine 
ope ra t ion  p r o f i l e s .  The b a s i c  purpose i s  t o  examine t h e  combustion of c o a l  
s l u r r y  f u e l s  i n  C I  engines  designed t o  run on petroleum d i s t i l l a t e  f u e l s .  

The work e f f o r t  f o r  FY84 i s  d i r e c t e d  toward developing f u e l  gu ide l ines  
which would be a  r e f e rence  f o r  c o a l  s l u r r y  f u e l s  f o r  d i e s e l  engines.  Some 
e a r l y  dec i s ions  on t h e  s e l e c t i o n  of t h e  c a r r i e r ,  t h e  t a r g e t  c o a l  loading ,  and 
c r i t i c a l  f u e l  f a c t o r s  would have t o  be made. Much of t h e  work would involve  
. .s lurry producers  and engine manufacturers.  Only a  few f u e l s  w i l l  b e  produced 
i n  t h e  NIPER l abo ra to ry .  A l i m i t e d  number of f u e l s  w i l l  be t e s t e d  i n  an 
engine environment. 



WU2. ALCOHOL-GASOLINE BLENDS 

Background 

 ethanol 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 additipn, 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. 

Obi ectives - 

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. In 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. ASSESSMENTS 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 
annua 1 ly . 



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. 



APPENDIX 1. CAPITAL EQUIPMENT REQUIREMENTS 

Project 
No. 

Name of 
Equipment Purpose 

Pro j ect 
Cost, Cost, 

S K SK 

BE1 Adsorption and Kinetic 
React or 

To examine the gas phase 
adsorption and kinetics of 
reactions on sedimentary rocks 

Scintillation Counter To measure radioactive (tritium) 15 

Microscope 

tracers in cores 

To examine microbial species 
produced 

Culture Oven and Access.~ries To provide. long-term environment 
to increase new species 

Fluid Pumps 

Core Test Facility 

To become integral part of long- 
term test facility 

To simulate by a laboratory model . 2 5 
reservoir conditions with additional 
unique features for MEOR simulation 

8 0 

Adsorption Microcalorimeter To measure heat of adsorption 6 
of surfactant and polymer on reservoir 
substrate (using large samples) 

High Temperature Micro- 
calorimeter 

To measure the effect of 
temperature on enthalpy of 
mixing and Silution, etc. 



APPENDIX I. CAPITAL EQUIPMENT REQUIREMENTS 
(Continued) 

Pro j  e c  t 
No. 

Name of 
Equipment Purpose 

Pro j e c t  
Cost ,  Cos t ,  
S K SK 

BE5 Constant T m p e r a t u r e  t hen  To main ta in  cons t an t  temperature  2.5 
f o r  s l i m  tube  and phase behavior  
appara tus  

C i r c u l a t i n g  Pump 

Mixing Chamber 

Mstt ler-Paar  Densi ty  Meter 

Bsck P re s su re  Regulator  

To c i r c u l a t e  f l u i d s  i n  phase 
behavior  appara tus  

To mix f l u i d s  i n  phase behavior  
appa ra tu s  

To measure d e n s i t y  of crude o i l -gas  
s o l u t i o n  of h igh  p re s su re  

'To r e g u l a t e  p re s su re  of t h e  phase 
behavior  appara tus  



APPENDIX 1. CAPITAL EQUIPMENT REQUIREMENTS 
(Continued) 

Proj.ect 
No. 

Name of 
Equipment Purpose 

Project 
Cost, Cost, 
$K $ K 

BPT 1 Vacuum Electrobalance 

Themometry for Combustion 
Calorimetry 

Thernometry for Vapor 
Pressure Measurement 

Graphic Computer Terminals (2) 

Calorimeter Control Apparatus 

Bath for Bomb Calorimeter 

Microcalcrimetric Detection 
System 

BPT 2 Liquid Feed Compressor 

BPT3 Megohm Meter 

Gas C.hromatograph 

To be used with new torsion effusion 
'vapor pressure apparatus 

To be used with new microcombustion 
calorimeter 

To be used with new torsion effusion 
vapor pressure apparatus 

To be used in automation of vapor 
flow calorimetry 

To be used for determination of vapor 
flow heat capacity 

To be used with new microcombustion 
calorimeter 

To be used with new microcombustion 
calorimeter 

To modernize hydrotreater 

To use with masi spectrometer 

To support analysis of heavy 
ends of petroleum 



APPENDIX 1. CAPITAL EQUIPMENT REQUIREMENTS 
(Continued) 

Pro j ec t 
No. 

Name of 
Equipment Purpose 

Pro j ec t 
Cost, Cost, 
SK $K 

GC Mass Detector 

OE 1 Humidity Oven 

High-Torque Mixer 

Three-Plaee Electronic Balance 

OE3 Microcalorimeter 

Core Flooding Equipment 

Reactors (3) 

Hardware for Site De-~elopment 

OE4 Thermal Gravimetric 
Analysis Equipment 

To analyze heavy ends 

To condition cores with clays to 
controlled humidity levels for 
permeability measurements 

To prepare high-viscosity polymers 

To wsigh cores to determine water 
saturation 

To mzasure enthalpies of reaction 
of p~lymers at reservoir tempera- 
ture to required sensitivity 

To Cncrease capacity for flood 
testing to make measurements on 
on four systems simultaneously 

To make kinetic studies on crude 
oil-alkali, alkali-rock ar.d 
crude oil alkali-rock systems 

To conduct field mini-test 

To measure the combustion 
temperature of oil 



APPENDIX 1. CAPITAL EQUIPMENT REQUIRMENTS 
(Continued) 

P r ~ j  e c t  
No. 

Name of  
Equipment Purpose 

Pro  j e c  t 
C o s t *  Cost  * 

$K $K 

D i f f e r e n t i a l  Scanning Ca lor imete r  To de te rmine  r e a c t i o n  k i n e t i c s  9 

Sca led  P h y s i c a l  Model 

OPT 1 E q u i ~ m e n t  f o r  v a p o r - ~ i q u i d  
E q u i l i b r i a  S t u d i e s  

h, 
I- 
4 

To s i m u l a t e  a c t u a l  r e s e r v o i r  
c o n d i t i o n  i n  a s team f l o o d  
exper  b e n t  

To add pumps f o r  o b t a i n i n g  
m a t e r i a l  b a l a n c e s  and new 
c e l l s  and sampling v a l v e s  
needed t o  reduce  t ime  f o r  
s t u d i e s  of model sys tems 

Equipment f o r  Speed of Sound S t u d i e s  To r e a c t i v a t e  a c o u s t i c a l  
equipment 

OPr2 Draw Pump 

S u p e r , c r i t i c a l  E x t r a c t i o n  Equipment 

Automated C o n t r o l  Valves and 
A c c e s s o r i e s  

OPT 5 S u p e r c r i t i c a l  L iqu id  E x t r a c t i o n  
Equipment 

To u s e  w i t h  t h i n - f i l m  
e v a p o r a t o r  

To s e p a r a t e  heavy ends  

To i n c o r p o r a t e  i n  
h y d r o t r e a t e r  

To u s e  f o r  p r o c e s s  s i m u l a t i o n  
and development 



APPENDIX 1. CAPITAL EQUIPMENT REQUIRDLENTS 
(Continued) 

P r o j e c t  
Number 

Name of 
Equipment 

Purpose Cost P r o j e c t  
S K Cost 

SK 

OU 1 Automatic Sampler f o r  Sigma I1 To provide 24-hour pe r  day 
Gas Chromatograph ope ra t i on  

Combustion Analyzer and Trans- To measure cy l inde r  7 r e s s u r e  
ducers  

OU2 Cbmputer 

N 
w 
03 OU3 Data e n e r a 1  Nova Computer 

NIPER 
Support Mord Processors  and computers 

T ranspo r t a t i on  

To r ep l ace  Hewlett Packard 21MX 20 
2 0 

To r ep l ace  p re sen t  c ~ m p u t e r  20 
2 0 

To support  t h e  t e c h n i c a l  managers 6 0 
and t h e  word process ing  group, 
f i v e  consoles ,  t h r e e  p r i n t e r s ,  
and two computers a r e  needed 

To provide support  t r ans -  30 
p o r t a t i o n  f o r  t h e  Center  
two automobiles and one 
pickup a r e  needed. GSA 
v e h i c l e s  have been r e tu rned  
and a d d i t i o n a l  v e h i c l e s  a r e  
needed 

TOTAL 



A P P E N D I X  2 - -  COOPERATIVE AGREEMENT RESEARCH STATEMENT OF WORK 

RESEARCH STATEMENT OF WORK 

1.0 Background 

1.1 The B a r t l e s v i l l e  Energy Technology Center  (BETC), a s  l e a d  Government 
l a b o r a t o r y  f o r  petroleum r e s e a r c h ,  has  c a r r i e d  o u t  in-depth petroleum 
r e s e a r c h  s i n c e  1918. While t h i s  r e s e a r c h  focused  on o i l  and un- 
convent iona l  n a t u r a l  g a s ,  t h e  work i s  g e n e r a l l y  a p p l i c a b l e  t o  a l l  
l i q u i d  and gaseous hydrocarbons,  r e g a r d l e s s  of t h e i r  sou rce .  

1.2 The DOE p a r t i c i p a t i o n  i n  t h i s  Cooperat ive Agreement i s  in t ended  t o  
p re se rve  t h e  l a b o r a t o r y  complex as a Na t iona l  r e sou rce  and t o  p re se rve  
t h e  s c i e n t i f i c  and t e c h n i c a l  s t r e n g t h  of t h e  Center  and i t s  a b i l i t y  
t o  con t inue  t o  c o n t r i b u t e  t o  t h e  Nat ion ' s  long-range energy needs. 
The c u r r e n t  program a t  t he  Cen te r ,  p r e s e n t l y  suppor ted  f u l l y  by DOE' 
f unds ,  o f f e r s  a broad o p e r a t i o n a l  base from which a g r e a t  many 
p r a c t i c a l  problems can be addressed .  It i s  impor tan t  t o  ensu re  t h e  
c a p a b i l i t y  of con t inu ing  t h i s  t ype  of r e sea rch .  

2.0 United S t a t e s  Energy Po l i cy  and Nat iona l  Goals 

2.1 The o v e r a l l  o b j e c t i v e  of U.S. Energy Po l i cy  i s  t o  encourage economica l ly  
e f f i c i e n t  energy product ion  and use. The primary means f o r  ach iev ing  
t h i s  o b j e c t i v e  i s  t o  r e l y  on market f o r c e s .  The Government's d i r e c t  
r o l e  i s  l i m i t e d  t o  funding  long-term, h igh - r i sk ,  high-payoff r e s e a r c h  
which t h e  p r i v a t e  s e c t o r  i s  u n l i k e l y  t o  undertake.  

The O f f i c e  of F o s s i l  Energy program s t r a t e g y  recognizes  t h e  r e s p e c t i v e  
r o l e s  of i n d u s t r y  and government d e l i n e a t e d  i n  c u r r e n t  Admin i s t r a t i on  
p o l i c y  and focuses  on t h e  R&D suppor t  which l ies  o u t s i d e  t h e  r ea sonab le  
r e s p o n s i b i l i t y  and e x p e c t a t i o n  of i n d u s t r y  t o  provide.  

The Fede ra l  government cannot  de te rmine  what i s  t h e  most e f f i c i e n t  
combination of energy conse rva t ion  and energy p roduc t ion ,  o r  what is  
t h e  most e f f i c i e n t  means f o r  i n c r e a s i n g  energy supply.  The answers 
t o  t h e s e  q u e s t i o n s  w i l l  be determined by market f o r c e s .  For example. 
t h e  a l t e r n a t i v e s  f o r  i a c r e a s i n g  che domest ic  supply  i n c l u d e  a d d i t i o n a l  
d i s c o v e r i e s  of f i e l d s  i n  t h e  United S t a t e s  (onshore and o f f s h o r e ) ,  
development of s y n t h e t i c  l i q u i d  f u e l s ,  and enhanced recovery  from 
e x i s t i n g  o i l f i e l d s .  Of t h e  460 b i l l i o n  b a r r e l s  of o i l  d i s cove red ,  
310 b i l l i o n  b a r r e l s  w i l l  n o t  be recovered  by pr imary and secondard 
procedures .  Although t h e  amount of o i l  t h a t  can be recovered  by 
enhanced o i l  recovery (EOR) p roces ses  i s  u n c e r t a i n ,  a r easonab le  
e s t i m a t e  L s  from 18 t o  53 b i l l i o n  b a r r e l s ,  which i s  more than  c u r r e n t  
proved o i l  r e s e r v e s .  The market w i l l  de te rmine  how b e s t  t o  d e a l  w i th  
t h e s e  f a c t s .  The NIPEK can supplement t h e  e f f o r t s  of t h e  p r i v a t e  
s e c t o r  i n  t u r n i n g  t h e s e  r e sou rces  i n t o  economic o p p o r t u n i t i e s .  



2.2 It is  u s e f u l  f o r  t h e  Government t o  suppor t  an  e f f e c t i v e ,  long-term 
petroleum and unconvent iona l  hydrocarbon r e s e a r c h  program t o  accomplish 
t h e  fo l lowing :  

(1) prov ide  f o r  t h e  Na t iona l  well-being and p r o t e c t  t h e  v i t a l  
i n t e r e s t s  of t h e  United S t a t e s  by developing new methods 
f o r  u t i l i z i n g  domest ic  petroleum re sources  i n  a  manner 
which supplements ,  r a t h e r  than  d u p l i c a t e s ,  r e s e a r c h  a c t i v i t i e s  
of p r i v a t e  groups ,  o t h e r  Fede ra l  agenc ie s ,  and S t a t e  and 
l o c a l  governments; 

( 2 )  maximize u t i l i z a t i o n  of e x i s t i n g  F e d e r a l  f a c i l i t i e s ;  

( 3 )  encourage communication and coope ra t ion  between t h e  Government 
and t h e  non-Federal s e c t o r ,  a s  p a r t  of a  g o a l  of broader  
uun-Federal par tlcipa ti s n  in a I ring-term pe t r n l  ~ u m  ant! 
unconvent iona l  hydrocarbon r e s e a r c h  program; and 

( 4 )  prov ide  a  means of f u r t h e r i n g ,  a s s i s t i n g ,  and funding r e s e a r c h  
i n  i n s t i t u t i o n s  of h ighe r  l e a r n i n g  through i n n o v a t i v e  
arrangements  i nvo lv ing  those  i n s t i t u t i o n s  and i n d u s t r y  and 
i n  some cases  through WE support.  

2.3 S p e c i f i c  g o a l s  f o r  t h e  Program a r e :  ( I )  t o  develop improved unders tanding  
and p r e d i c t a b i l i t y  of t h o s e  advanced h i g h l y  e f f e c t i v e  p r o c e s s e s ,  ( 2 )  t o  
improve t h e  l e v e l  of performance and ex tend  t h e  range of a p p l i c a t i o n  
of t he  advanced p roces ses ;  and ( 3 )  t o  a s s e s s  t h e  f e a s i b i l i t y  of t h e  
ex t remely  long-range, h i g h l y  advanced energy t echno log ie s  and e v a l u a t e  
t h e  unique problems f o r  e x i s t i n g  t echno log ie s .  

3.0 Research Ob jec t ives  

The o v e r a l l  r e s e a r c h  objective of t h e  e s t ab l i shmen t  of t h e  NIPER is  
t o  conduct a balanced program of r e s e a r c h  i n  a l l  f i e l d s  of petroleum 
and unconvent iona l  hydrocarbon technology from e x t r a c t i o n ,  th rough 
p roces s ing ,  t o  u t i l i z a t i o n .  This  r e s e a r c h  w i l l  g e n e r a l l y  be w i t h i n ,  
b u t  no t  l i m i t e d  t o ,  t h e  a r e a s  of r e sou rce  assessment ,  unconvent iona l  
p roduc t ion  t e c h n o l o g i e s  such  a s  advanced EOR methods, p roces s ing  
( i n c l u d i n g  p re - t r ea tmen t ) ,  thermodynamic energy convers ion ,  end-use 
a p p l i c a t i o n s ,  and system i n t e g r a t i o n  wi th  emphasis p laced  on EOR 
r e s e a r c h .  The s p e c i f i c  o b j e c t i v e s  of t h e  UOE r e s e a r c h  program i n  
Enhanced O i l  Recovery and Advanced Process  Technology a r e :  

(1) to develop  improved unders tanding  and p r e d i c c a b i l i r y  of 
advanced, h i g h l y  e f f e c t i v e  EOR processes .  

(2) t o  improve the  l e v e l  of performance and t o  ex tend  t h e  
range  f o r  a p p l i c a t i o n  of advanced processes .  

(3) t o  a s s e s s  t h e  f e a s i b i l i t y  of very  long-range, h i g h l y  advanced 
emerging t echno log ie s  and t o  e v a l u a t e  t h e  unique problems 
of r e s e r v o i r s  f o r  which no EOR technology now e x i s t s .  



( 4 )  t o  examine e n t i r e l y  new concepts  which might be a p p l i c a b l e  
t o  t h e  huge r e s o u r c e s  l e f t  a f t e r  c u r r e n t  methods have been 
exhaus ted .  

( 5 )  t o  m a i n t a i n ,  a s  a p p r o p r i a t e ,  e f f o r t s  i n ,  c h a r a c t e r i z a t i o n  
and u t i l i z a t i o n  of syncrudes  from c o a l ,  o i l  s h a l e  and 
bitumen from car sands  as pe t ro leum s u b s t i t u t e s .  

4.0 Scope of Work 

The s u c c e s s f u l  P a r t i c i p a n t  s h a l l  conduct  r e s e a r c h  i n  pe t ro leum and 
unconvent iona l  hydrocarbon technology a t  t h r e e  program l e v e l s .  These 
l e v e l s  a r e  d e s i g n a t e d  a s  t h e  "Base Program", t h e  "Opt iona l  Program," and 
t h e  "Other Work Program." 

The Base Program i s  expec ted  t o  be 100% DOE-funded a t  a  l e v e l  o f  
$5 m i l l i o n  pe r  y e a r  over  a  f ive-year  per iod .  The DOE i s  expec ted  
t o  cos t - sha re ,  on a  d e c l i n i n g  b a s i s ,  t h e  c o s t  of t h e  Op t iona l  Program 
wi th  t h e  P a r t i c i p a n t  over  t h e  f ive-year  per iod .  The DOE e x p e c t s  t h e  
P a r t i c i p a n t  t o  i n s t i t u t e  a  Other Work Program t o  o b t a i n  a d d i t i o n a l  funds  
from o t h e r  F e d e r a l  a g e n c i e s ,  S t a t e  and l o c a l  governments,  and t h e  p r i v a t e  
s e c t o r  t o  more f u l l y  u t i l i z e  t h e  NIPER. The DOE funding  w i l l  be s u b j e c t  
t o  annua l  a p p r o p r i a t i o n s .  

Base Program 

The Base Program s h a l l  c o n s i s t  of t h e  fo l l owing  r e s e a r c h  i n  Enhanced O i l  
Recovery and Advanced Process  Technology Program Areas.  

5.1 Enhanced O i l  Recovery Research Program Area 

5.1.1 Displacement Mechanisms and Mob i l i t y  Con t ro l  

Key Tasks 

( a )  Study t h e  r o l e  of i n t e r f a c i a l  t e n s i o n  g r a d i e n t s  on t h e  
d i sp lacement  of r e s i d u a l  o i l  

( b )  Ref ine  concepts  d e r i v e d  from c u r r e n t  d a t a  concern ing  t h e  
e f f e c t  of c a p i l l a r y  number, pore  shape ,  and topology  on 
m o b i l i z a t i o n  and entrapment  phenomena 

( c )  Study t h e  q u a n t i t a t i v e  e f f e c t s  of d i s p e r s i o n  on mu l t i phase  
f low i n  porous media 

( d )  Study t h e  fundamentals  of polymer f l ow  i n  porous media 
i n c l u d i n g  de t e rmina t ion  through clay-mineral  a n a l y s i s  
and f l ow  tests t h e  appa ren t  p e r m e a b i l i t y  of r e s e r v o i r  rocks  
i n  an  a t t empt  t o  i n c r e a s e  sweep e f f i c i e n c y .  

( e )  Conduct s t u d i e s  of a b a s i c  n a t u r e  on t h e  i n f l u e n c e  of slug 
s i z e  on p roces s  e f f i c i e n c y .  



(f) Study t h e  e f f e c t s  of o i l  con ten t  of a  s u r f a c t a n t  s l u g  on 
i t s  d isp lacement  e f f i c i e n c y .  

(g) Study t h e  mechanism of m i s c i b i l i t y  development and o i l  
d i sp lacement  from porous media by mixtures  of carbon d iox ide  
and o t h e r  bases .  In  a d d i t i o n ,  s tudy  t h e  mechanism of t h e  
changes i n  m o b i l i t y  of carbon d iox ide  and o t h e r  g a s e s  
f l owing  t o g e t h e r  w i t h  ano the r  f l u i d  such  as water, foam, 
and polymer s o l u t i o n s .  

( h )  Study t h e  mechanism of o i l  d i sp lacement  i n  porous media 
by t h e  i n  s i t u  e m u l s i f i c a t i o n  of t h e  crude. 

( 1 )  Develop l a b o r a t o r y  techniques  t h a t  s i m u l a t e  wa te r  f l o o d i n g  
and e n a b l e  measurement of t he  r e l a t i o n s h i p  between o i l  
r e t e n t i o n  and  t h e  w e t t a b i l i t y  of t h e  f l u ids - rock  system. 

( j )  Study po re  s t r u c t u r e s ,  e s p e c i a l l y  i n  carbonates .  

(k) Determine f a c t o r s  i n f l u e n c i n g  polymer c ros s - l i nk ing  r e a c t i o n s  
i n  v i t r o  on$ i n  pores,  as guides  Lo iupruved flow diversion 
t e chn iques .  

5.1.2 Rock/Fluid I n t e r a c t i o n  

Kev Tasks 

( a )  Study molecular  s t r u c t u r e s  t o  b e t t e r  unders tand  r e l a t i o n s h i p s  
between maximum o i l  d i sp lacement  and a d s o r p t i o n  phenomena 
i n  chemical  f l o o d i n g  ( t h i s  i n c l u d e s  s y s t e m a t i c  s t u d i e s  of 
p r e c i p i t a t i o n ,  a d s o r p t i o n ,  and chromatographic e f f e c t s  
on s l u g  composir~ion)  . 

(b) Conduct b a s i c  s t u d i e s  of t h in - f i lm  phases and s ta t ic /dynarn ic  
w e t t a b i l i t y  r e l a t i o n s h i p  t o  o i l  displacement .  

( c )  Study t h e  i n t e r a c t i o n s  of s u r f a c t a n t s  w i th  format ion  rocks t o  
de te rmine ,  through c l a y  mine ra l  a n a l y s i s  and f low t e s t s ,  t h e  
c a p a c i t y  of &aley r e s e r v o i r  rocks ro alrer a  B u r f a c t a n t ' s  
e f f i c i e n c y  i n  mob i l i z ing  o i l .  

( d )  Study t h e  chemis t ry  of a l k a l i / o i l  i n t e r a c t i o n  w i t h  r e s p e c t  
t o  both  ' equ i l i b r ium and k i n e t i c s .  

(el Study t h e  n a t u r e  of t h e  i n t e r a c t i o n  of o l l ~ n l i  d . t h  c l a y  
' minera l s .  

( f )  Study i o n  exchange c h a r a c t e r i s t i c s  of chemical  s o l u t i o n s  (used 
i n  o i l  r ecove ry )  and porous media. 



(g) 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. 

(h) Study the factors contributing to chemical adsorption and 
enhancement that occur in micellar flooding of oil 'from 
porous dispersion. 

(i) Study the mechanics of injectivity reduction due to polymer 
. dispersion. 

(j) 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 equations to 
be used for improving the precision of predictive reservoir 
simulations. 

(k) 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. 

5.1.3 Prediction and Evaluation 

Key Tasks 

(a) Develop one- and two-dimensional mass simulators for enhanced 
oil recovery-type displacements and match the results with 
laboratory data; use the results to extend laboratory 
experimental data. 

(b) 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. 

(c) 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 

(a) Study stability and adsorption of surfactant-cosurfactant- 
oil water systems encountered in tertiary petroleum recovery 
systems using micro-solution and micro-adsorption calorimetry. 



(b) Measure heat capacities and heat of combustion for real 
fluids derived from coal conversion processes. 

(c) 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. 

(d) 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. 

5.2.2 Characterization Studies 

Key Tasks 

(a) 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. 

(b) 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. 

(c) Study improved approaches for combining MS, NMX, IK, and 
other iastrumental techniques for the characterization of 
all fossil fuels. 

( d )  Beveiop laboratory techniques for improved separation of 
heteroatom-containing compounds. 

(e )  Cor~elaee stability and pl-crcessing data to provide insighe 
into determining fuel stability, performance, and environmental 
acceptability at various processing levels. 

5.2.3 Process Technoloa 

Key Tasks 

(a )  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 
t h e  potential ul Lmprovlng exisc ing refining procedures. 

(b) Study improved methods for removing metals and particulates 
from fossil fuels '(shale oil, coal liquids, bitumen from 
tar sand). 

(c) Conduct bench-scale' studies to determine catalytic decomposition 
of typical heterocyclic compounds found in synthetic crude oil. 



6.0 Optional Program 

The Optional Program shall consist of the following research in 
Enhanced Oil Recovery, Advanced Process Technology and Utilization. 

'6.1 Enhanced Oil Recovery 

6.1.1 Reservoir Systems - Properties and Characteristics 
Key Tasks 

(a) Develop means for quantitatively describing underground 
reservoirs in three dimensions, using knowledge of geolical 
aspects of depositional and actual well profile data f'rom 
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. 

6.1.2 Displacement Mechanisms 

Kev 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 
reservoir type environments. 

(c) 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. 

6.1.3 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.,). 



Iniection Materials 

Key Tasks 

(a) Study means to control bacteriological degradation of bio- 
polymers. 

(b) Develop improved methods for evaluating polymers used in oil 
recovery. 

(c) 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 
rete 6 

( e )  Develop polymers suited for the special requirements of 
alkaline floodingr 

Reservoir Simulation 

Key Tasks 

(a )  Develop reservoir simulators suitable for evaluation of 
laboratory test results. 

(b) Conduct predictive reservoir simulation modeling of the 
micellar polymer and gas-miscible displacement processes 
utilizing latest laboratory-derived data incorporating 
reservoir heterogeneity variables. 

Reservoir Data Dcvclopmcnt 

Key Tasks 

(a)  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. 

(b) Improve methods for estimating reservoir conditions after 
primary/secondary recovery and develop improved default/ 
validation correlations. 

( c )  Identify new data sources, d..wprove quaJ,.i.ty o f  exl,stl.ng data 
and update/maintain reservoir data base. 



6.1.7 Process Data Development 

Key Tasks 

( a )  Update EOR p r o j e c t  f i l e  from annual  r e p o r t  f i l i n g s  and from 
o t h e r  p u b l i c  sou rces  (O&GJ, Enhanced Recovery Week, e t c . ) .  

( b )  Evaluate/ improve e x i s t i n g  EOR s c r e e n i n g  models and review 
new models developed by Venezuela. 

( c )  I n  con junc t ion  w i t h  t h e  NPC, e s t i m a t e  t e c h n i c a l l y  r ecove rab le  
o i l  f o r  each  EOR process .  Update as s u f f i c i e n t  new r e s e r v o i r  
d a t a  becomes a v a i l a b l e ,  

6.1.8 Economics and L o ~ i s t i c s  

Key Tasks 

( a )  Review NPC mod i f i ca t ions  t o  economic models and e s t i m a t e  
economical ly r ecove rab le  o i l  f o r  EOR. 

( b )  Develop time r a t e  model i n c o r p o r a t i n g  l o g i s t i c s ,  envi ronmenta l  
and r e g u l a t o r y  c o n s t r a i n t s  t o  EOR a p p l i c a t i o n .  Review w i t h  
NPC and e s t i m a t e  t iming  r a t e  f o r  EOR product ion .  

( c )  Develop s e n s i t i v i t y  a n a l y s i s  system and,  wi th  NPC, b u i l d  
system cases .  

( d )  Plan  and conduct r i s k  a n a l y s i s  and t e c h n i c a l  s e n s i t i v i t y  
s t u d i e s  t o  assess t h e  product ion  p o t e n t i a l  of a l t e r n a t e  
EOR r e s e a r c h  o b j e c t i v e s .  

6.2 Advanced Process  Technology 

6.2.1 Fuel  Process ing  

Key Tasks 

( a )  I n v e s t i g a t e  improved methods of removing f i n e  p a r t i c l e s  
from l i q u i d  and gaseous streams. 

( b )  Explore new methods of breaking  o i l  water  emulsions i n  
o r d e r  t o  f a c i l i t a t e  recovery  of o i l  from tar sand. 

( c )  I n v e s t i g a t e  methods of removing contaminants  such as phenols ,  
a r s e n i c ,  and o t h e r  metals from n a t u r a l  and s y n t h e t i c  crude 
s t reams. 

( d )  Using unconvent iona l  hydrocarbon f e e d ,  produce samples a t  
vary ing  degrees  of hydrogenat ion t o  s t u d y  s t a b i l i t y  a s  a 
f u n c t i o n  of t ime and tempera ture ;  t o  determine tox ico logy ;  
t o  determine t h e  e f f e c t  on .ups t ream handl ing  and p roces s ing ;  
and t o  de te rmine  the e f f e c t  on emlssiol~b: of de r ived  f u e l s .  



Thermodynamic and Thermophysical Property Measurement 
---.=-"-.dm *-.---.- 

Key Tasks 

(a) Investigate and perform thermodynamic studies of systems 
encountered in the production of alternate fuels from oil 
shale, tar sand, and peat. 

(b) Determine thermodynamic and physical properties of fractions 
of new heavy crude that become available. 

(c) 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. 

( d )  Measure and document the thermophysical properties of 
compounds which are of importance to the natural gas industry 
in both the liquid and gaseous srates; develop correlation 
technlqucs to accutatel~ predict che properties of ~ompouudv 
and mixtures. 

(e) Provide more complete and accurate information on the 
fundamental physical properties of the fluids which are the 
basic commodity of the gas industry. 

6..2.3 Fuel Characterization ,,Study 

Key Tasks 

(a) -Investigate the reason for instability of certain crudes, 
such as Maya and Trinidad, at moderate temperatures. 

(b) Evaluate chedaicals for stabilizing natural aud synthetic crudes. 

(c) Determine the nature of oxygen compounds in synthetic fuels 
and investigate methods of removal. 

(d) Carry our detailed evaluation of new crudes for the existing 
data base. 

6.2.4 Other Characterization Studies 

Kev Tasks 

( a )  Determine the composition of process streams in order to 
ideiitlfy toxic or undesirable subotanceo for their controL 
through the use of appropriate technology. 



6 . 3  Utilization 

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 NOx and 
nitric acid emissions from spark ignition systems. 

(d) Investigate the presence of toxic materials in diesel engine 
exhaus ts . 

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, 
o r  engines. 

(b) Investigate the use of low-cost additives to improve burning 
quality to counter problems discussed above. 

(c ) Determine how to burn coal-liquid slurries kos t effectively . 
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 lenticular 
western tight gas sands. 



(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. 

6.4.3 Production Technoloev 

Kev Tasks 

(a) Develop the necessary sensitivities 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. 

6.4.4 Recovery Predictions 

Key Tasks 

(a) Consolidate the data f rom al-1 lenticular western tight gas 
sands projects and develop modeling capabilAl;$.es 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 Proeram 

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, 

7.'1 Laboratorv R&D for the Petroleum Industrv 

Key Tasks 

(a) Initiate an effort to perform RCD work for the petroleum 
indusrry in areas where the NIPER possesses special expertise 
and/or unique equipment. 

('b) Provide R&D support to the smaller organizations in the 
petroleum industry. 

(c) Support energy utilities in such areas as problem-solving 
applied to environmentally sound use of low quality residium 
metals conttol, pipeline problems, and initiaLe staff exchanges 
to provide professional enrichment for utility technical staffs. 

(d) Provide technical assistance to State and local governments. 

(e)  Undertake joint R&D programs with universities and other non- 
profit institutions that is of mutual interest and/or benefit. 



8.0 Report ing Requirements 

Monthly Progress  Report 

A monthly p rog res s  r e p o r t  s h a l l  be prepared  f o r  each  p r o j e c t  under t h e  
approved ~ n n u a l  Research Plan. The r e p o r t  s h a l l  i nc lude :  a summary of 
work done dur ing  t h e  month; a  d e s c r i p t i o n  of problems encountered  and 
proposed remedial  a c t i o n ;  a c t i v i t i e s  planned f o r  t h e  nex t  month; feedback  
o r  a s s i s t a n c e  r e q u i r e d ;  and a  summary of manpower and funds  expended. This 
r e p o r t  s h a l l  be due by t h e  end of t h e  second week of t h e  new month. While 
c l a r i t y  i s  expected d e t a i l  may be l i m i t e d  and l e n g t h  should  not  exceed 
1-2 pages per  p r o j e c t .  

Qua r t e r ly  Technica l  Report  

A Quar t e r ly  Technica l  Report s h a l l  be p r e p a r e d - f o r  each  p r o j e c t  under t h e  
approved Annual Research Plan. The r e p o r t  i s  t o  focus  on d a t a ,  ana lysds  
and review of r e s u l t s ,  and s i g n i f i c a n t  accomplishments. The key i n v e s t i g a t o r s  
a r e  t o  be i d e n t i f i e d .  No bus ines s  d a t a  i s  t o  be inc luded .  A d r a f t  of the  
r e p o r t  i s  due 30 days a f t e r  t h e  end of t h e  q u a r t e r .  DOE s h a l l  p rovide  comments 
on t h e  d r a f t  t o  t h e  P a r t i c i p a n t  w i t h i n  two weeks. The P a r t i c i p a n t  s h a l l  
p u b l i s h  t h e  q u a r t e r l y  r e p o r t  by t h e  commencement of t h e  second q u a r t e r  and 
provide  50 cop ie s  t o  t h e  D i r e c t o r  of t h e  B a r t l e s v i l l e  f e d e r a l  s i t e  o f f i c e .  

Annual Technica l  Report 

Th i s  r e p o r t  s h a l l  s e t  f o r t h  p rog res s  a g a i n s t  t h e  Annual Research Plan  
summarizing a l l  t h e  work accomplished,  and p r e s e n t i n g  d a t a  a n a l y s i s  and 
conclus ions .  This i s  no t  in tended  t o  be a d e t a i l e d  t e c h n i c a l  r e p o r t ,  i.e., 
a  s c i e n t i f i c  paper ,  bu t  r a t h e r  a n  aggrega t ion  of t h e  work conducted du r ing  
t h e  Budget Per iod .  Actua l  vs.  planned mi l e s tone  achievement d a t e s  s h a l l  
be i n d i c a t e d  and a  d i s c u s s i o n  of t h e  impact of t h e  r e s e a r c h  conducted on 
f u t u r e  work s h a l l  be presented .  The P a r t i c i p a n t  s h a l l  submit a  d r a f t  of 
t h e  Annual Technica l  Report  to.DOE w i t h i n  30 days a f t e r  t h e  end of t h e  
Budget Period.  DOE s h a l l  submit comment on t h e  r e p o r t  t o  t h e  P a r t i c i p a n t  
w i t h i n  two weeks. 

Whenever a  t a s k  o r  p r o j e c t  i s  completed, a  f i n a l  t e c h n i c a l  r e p o r t  f o r  t h a t  
t a s k l p r o j e c t  s h a l l  be prepared.  The r e p o r t  should  be a s c i e n t i f i c  
p r e s e n t a t i o n  of t h e  r e s e a r c h  i n c o r p o r a t i n g  expe r imen ta l  procedure and 
s t a t i s t i c a l  p r e s e n t a t i o n  of d a t a  neces sa ry  f o r  pee r s  t o  review t h e  q u a l i t y  
of t h e  r e sea rch .  Also i t  i s  expec ted  t h a t  j o u r n a l  art icles and p r e s e n t a t i o n s  
t o  e d u c a t i o n a l  and p r o f e s s i o n a l  s o c i e t i e s  s h a l l  be prepared  on t h e  completed 
t a s k l p r o j e c t  o r  on work i n  progress .  

F i n a n c i a l  S t a t u s  Reports  (and suppor t ing  documents) 

The F i n a n c i a l  S t a t u s  Reports  (SF 269 p l u s  a p p r o p r i a t e  a t t achmen t s )  w i l l  
p r e s e n t  an  account ing  of a l l  F e d e r a l  and Non-Federal funds u t i l i z e d  dur ing  
t h e  Budget Period as w e l l  a s  t h o s e  u t i l i z e d  by t h e  P a r t i c i p a n t .  A s e p a r a t e  
s e c t i o n  of t h e  r e p o r t  w i l l  summarize t h e  f i n a n c e s  of "Other Work". A t h i r d  
s e c t i o n  of t he  r e p o r t  w i l l  p rovide  f o r  t h e  next  Budget Period a market ing 
s t r a t e g y  and p l an  f o r  a l l  "Other Work" which h i g h l i g h t s  t h e  work c o n s i s t e n t  



w i t h  t h e  miss ion  of t h e  F o s s i l  Energy program i n  petroleum K&D. This  r e p o r t  
w i l l  a l l o w  DOE t o  a s s e s s  t h e  deg ree  t o  which t h e  P a r t i c i p a n t  i n  achiev ing  
independence of NIPER o p e r a t i o n s  and how w e l l  t h e  coope ra t ive  work f i t s  
w i t h  t h a t  done f o r  o t h e r s .  No s e n s i t i v e  in fo rma t ion  i s  r equ i r ed .  A l i s t i n g  
of  c l i e n t s ,  g e n e r a l i z e d  work s t a t e m e n t s  and l e v e l  of e f f o r t  i n  e x p l o r a t i o n ,  
e x t r a c t i o n ,  p r o c e s s i n g ,  d i s t r i b u t i o n  and u t i l i z a t i o n  w i t h  c l a r y i f y i n g  
d i s c u s s i o n  w i l l  be s u f f i c i e n t .  

F e d e r a l  Cash T r a n s a c t i o n  Report 

The Fede ra l  Cash T r a n s a c t i o n  Report (SF 272)  is r e q u i r e d  i n  accordance w i t h  
t h e  d i r e c t i o n s  p r i n t e d  on t h e  form. 

Committee Record 

The P a r t i c i p a n t  s h a l l  document t h e  meet ings of t h e  Senior  Technica l  and 
Sen io r  Management Committee meet ings s e t t i n g  f o r t h  t h e  P a r t i c i p a n t ' s  
unde r s t and ing  of s i g n i f i c a n t  d e c i s i o n s ,  d i r e c t i o n  o r  r e d i r e c t i o n  o r  r e q u i r e d  
a c t i o n s  r e s u l t i n g  t rom t h e  meet ings.  

F inn l .Techn ico1  Report  

A F i n a l  Techn ica l  Report  s h a l l  be prepared  i n  t he  f i f t h  y e a r  reviewing 
t h e  work done i n  t h a t  y e a r  and t h e  preceediqg  years relateable t o  t h e  
Annual Research P lans  adopted f o r  each  yea r .  The l e v e l  of d e t a i l  and 
i n f o r m a t i o n  r e q u i r e d  i s  t h e  same as t h a t  r eques t ed  under t h e  Annual Techn ica l  
Report .  A d r a f t  of t h e  F i n a l  Techn ica l  Keport s h a l l  be submi t ted  t o  DOE 
f o r  review t h r e e  months p r i o r  t o  t h e  d a t e  of t h e  Cooperat ive Agreement 
t e r m i n a t i o n ,  DOE s h a l l  p rovide  c o k e n t s  t o  t h e  P a r t i c i p a n t  w i t h i n  two 
weeks. 



A P P E N D I X  3 -- ENHANCED O I L  RECOVERY R&D PROGRAM P L A N  1983 

ENHANCED OIL RECOVERY R8D 

PROGRAM PLAN 1983 

Techni cal Constral nts to  Appl ica t l  on of Chemi cal Fl oodi np 

A c r i t i ca l  assessment of the technical constraints tha t  i n h i b i t  use of 
chemical flooding enhanced o i l  recovery techni ques has been ini t ia ted and will 

continue as  an integral part of the Subprogram. Thi s assessment i s  based on 
the discrepancy analyses of predicted versus actual performance of extensive 
f ie ld applications, as  can be interpreted, based on laboratory and 
computati onal model i ng. To the extent that  the analyses cannot expl a i  n 
di fferences between actual and predictive performance, the Subprogram assi gns 
h i gh  priority t o  these areas of R&D. Constraints ldentlfied by practice and 
1 i terature analyst s* 

(nmbers refer to the Chemical Flooding ~ e c h n o l o ~ ~  R&D work packages that 
,ddress them, as specified i n  the next section) are as f o l l o ~ s :  

a. Basic Process Research (2.2).  This Includes adsorption, 
wettabil i ty  , ion exchange, polymer and surfactant mechanisms and 
f omati on damage. A subordinate problem currently be1 ng addressed 
i s  that tracer tes t s  may b e  affected by the interaction of tracer 
materials w i t h  the reservoir so1 ids, or by degradation by 

mi croorgani sms. 

b. Basic Studies of D i  spl acement Mechani sms and Mobil i ty Control 
(2.2). These cover such items as capillary number, relative - 
penneabil i t y  , and emu1 si f i cati on coalescence, ,the understandi ng of 
uhi ch Is necessary to  effectively design floods. 

* Technical Constraints L i m i  t i  ng Appl icat i  on of Enhanced O i  1 Recovery 
Techniques t o  Petroleum Production i n  the Uni t e d  States. For detail s, 

see BETC S t a f f ,  DOE/BE.TC/RI-80/4, May 1980. 



c, Surfactant Fundamental Research (2.2). This requi res study of 
chemical structure and composi ti on of oi 1 -bri ne-surfactant 
systems. Primary cr i te r ia  are the effect  on phase and interfacial 
behavior. Basic properties of microemul sions and emul sion 
fonnation mechanisms w i t h i n  the reservoir and i n  the produced 
fluids must be understood and control led, since breaking emul sions 
of some processes can become a major technical constraint. 

c Surfactant Design (2.21. A search i s  on for stable polymers and 
ta l  ine-to1 c r a n t  c u t f a s t a n t s .  Shear, heat and chmical degradation 
of polymers and surfactants are cr i t ical  areas of research. 
Spscifications must also be tightened up because process 
effectiveness can be seriously compromi sed by seemingly m i  nor 
variations between batches. 

e Geosci ence Research (2.3). Adequate sweep efficiency requi res 
improved reservoi r eval uation and the del i neati on of 
heterogeneities (micro and macro) and their  correlation w i  t h  

geological parameters, especially for carbonate reservoi r s  and 
the1 r speci a1 pore structure. Vertical heterogeneities may be the 
bi ggest problem i n surfactant flooding. The flow dl versi on 

techniques for  reducing the adverse effects o f  these 
heterogeneities need development. The tool s for  eval uati ng 
geol ogi cal parameters can themsel ves di s t o r t  resul ts. 

f . Model i n q  (2.4). Accuracy i n seal i ng-up from 1 aboratory experiments 
and nunerical simulation w i t h  models has been d i f f i cu l t  t o  confirm 
and poor predlctabil i ty  has 1 imi t e d  mode1 cal ibration. 

g. Field Data Acquisition and Discrepancy Analysis (2.5). There i s  a 
need for  improved fie1 d test procedures i n  order t o  undertake t e s t s  
w i  t A  m i  nirnun i nvestment. Key reservoi r and process parameters for 
screening must be identified. Improved chemical analysis 
techniques, especi a1 ly  of m i  xed surfactants and f ie ld production 
samples are called for. 



Technical Constraints t o  Appl i c a t i  on of Gas M i  sc( b l  e F l  oodi np 

The Subprogram assesses the  dominant constrai  n t s  t o  gas mi s c i  b l  e 

f looding as an in tegra l  p a r t  of i t s  p lan  t o  improve process perfomance 

p r r d i c t a b i l  i ty  and recovery ef f ic iency . These assessments are based on the  
msu1 t s  o f  f i e l d  appl icat ions and d i  screpancy analyses of predic ted versus 

actual performance. Technical contra1 n t s  i d e n t i f i e d  as con t r i bu t i ng  t o  poor 

predic t1 ve capab i l i t i es  and low recovery ef f ic ienc ies 'are assigned high 

p r i o r i t i e s ,  given t h a t  t h e i r  removal by successful RLD (as detemined by 
Techno1 ogy Appraisal ) i s  cost  e f f e c t i v e  and timely. 

P r i o r  f i  e l  d appl i ca t i ons  and discrepancy analyses have i d e n t i f i e d  the 

f o l l  owi ng dani nant technical cons t ra in ts  t o  gas f looding (numbers r e f e r  t o  Gas 

M i  sc i  b l  e nood ing  Technology RLD areas t h a t  address these constra ints ,  as 

speci f ied i n  the next section): 

o Residual O i l  Saturation Research (3.3.1 1. I n  reservo i rs  t h a t  have 

been waterflooded, achieving m i  sc i  b i1  i t y  and maintaining the 

required bank are impeded by the  f inger ing  induced through the  

watered out  channel s. Since many carbon dioxide candidates, indeed 
most i n  sane regions (e.g., West Texas) have been o r  a re  being 

ac t i ve l y  waterflooded, h i  gh o i l  saturat ions w i l l  be the exception 

and not  the ru le.  A1 though 25930% i s  often c i t e d  as the  minimum 

o i  1 saturation, several p ro jec ts  have been s ta r ted  w i t h  saturat ions 
0 

o f  20%. However, water f l  ooding often improves the sweep e f t  i c iency 

of subsequent carbon d i  0x1 de f loods by reducing penneabi 1 i t y  

contrasts. 

A second problem concerns the uncertainty i n  the actual l e v e l  and 

d i s t r i b u t i o n  o f  the residual o i l .  Seventy-five percent o f  the 

discovered o i l  was found when techniques f o r  evaluat ion and 

measurement were no t  as accurate as they have become. Deplet ion i n  
most cases i s  non-uniform, ind ica t ing  some of the t o t a l  residual 



o Evaluat ion o f  Nitrogen, n u e  Gas and Q s  Mixes (3.2.4). 
insufficient data and theory e x i s t  as t o  the v i a b i l i t y  o f  n i t rogen 
and f l u e  gas floods, espec ia l l y  w i t h  regard t o  al lowable lmpuri t i e s  

(such as corros ive n i t togen oxides) i n  f l u e  gas f loods and the 

reduced heat  value of produced gas i n  n i t rogen f loods  (due t o  I n e r t  
gas content  1. 

o I n j e c t i  v i  ty  Research (3.3.3). Fornat ion damage due t o  carbonic 

a c i d  (formed by carbon d iox ide and water) and asphaltene 
p r e c i  p i  t a t 1  on (caused by ex t rac t i on  of the  1 i g h t  o i l  f r ac t i ons )  

lowers petmeabi l i ty  and requi res higher i n J e c t i v i t y  ra tes  t o  

canpensate. 

o Phase Behavior and - Di s~placement Research 3 . 2 1  . The dynamic 

phase behavior o f  carbon d iox ide-o i l -water  systems i s  s t i l l  n o t  
w e l l  understood. M i s c i b i l i t y  i s  a complex phenomenon, w i th  as many 

as f o u r  phases i n  equil ibrium, and the effects o f  pressure on the 
competing fac tors  of m i s c i b i l i t y  and v i scos i t y  are s t i l l  being 

debated. Carbon dioxide inapuri t i e s ,  temperature, pressure, crude 
o i l  proper t ies and mixing a l l  influence m i s c i b i l i t y .  It i s  now 
apparent t h a t  carbon dioxide i s  no t  always misc ib le  on f i r s t  

con tac t  w i t h  crudes contained i n  reservoi rs  f o r  which the process 

s u p e r f i c i a l  l y  appears app1 icable. Recent pub1 i ca t i ons  have a l  so 
Ind ica ted  m i s c i b i l i t y  may no t  be achieved even on mu l t i p le  contact 

and t h a t  the phase re lat ionships are very complex. I f  m i s c i b i l i t y  
i s  n o t  achieved, then the best performance t h a t  can bc envisioned 

i s t h a t  of an imi sci  b l  e gas d i  spl ecemnt resul  ti ng from i ncreased 
pressure, reduced v iscos i ty  and increased bul  k vo l  me. Desi gn of 

gas floods based on scaled physical model s i s  d i f f i c u l t  s i  nce the 

appropr iate range o f  condit ions t h a t  would e x i s t  i n  a reservo i r  

operat ion may not be eas i l y  rep l i ca ted  i n  shor t  core tes ts  

f requent ly  used t o  study precess perf omance . 
0 F i e l d  Data Acquisi t ion and Discrepancy Analysis (3.5). There i s  a 

need f o r  improved f i e l d  t e s t  procedures i n  order t o  undertake tes ts  



o i l  w i l l  be inaccessible t o  the In ject ion f lu id .  Improved 

understanding o f  the e f fec ts  o f  leve l  and d l  s t r i  bution o f  residual 

o i l  saturation on displacement efficiency and the e f fec ts  of 

permeabil i t y  m d i  f icat ions on sweep efficiency w i l l  he1 p determine 

c r i t e r i a  f o r  when reduced o i l  saturatlon reservoirs could be 

economi c a l l  y f I ooded . 
o Mob i l i t y  Control Research (3.2.2 and 3.2.3). Mobi l i ty  control 4s 

one o f  the biggest problems i n  gas miscible flooding because o f  the 
high mobi l i ty  o f  the gas and the  resul tant  low areal and vol m e t r l c  

sweep eff iciencies. Even when the displacing phase i s  absolutely 

miscible wi th  the crude o i l  under a l l  conceivable reservoir 

condi ti ons , an unfavorabl e mobi 1 i t y  r a t i o  1 eads t o  v i  scous 

f i ngeri ng and density asymnetry 1 eads t o  gravity segregati on, both 

o f  which cause premature breakthrough and poor sweep ef f ic iency . 
This problem makes pred ic tab i l i t y  d i f f i c u l t .  Methods o f  mob1 1 i ty 

control have not been developed enough t o  assess the cost 

effectiveness o f  such techniques such as foams, gels, well  

a1 i gnment, pH control i n sandstones, select ive perforations and 
other novel approaches. 

o Penneabil i ty, Heterogeneity Research (3.3.2). The r a t i o  o f  

ver t ica l  t o  horizontal penneability i s  a c r i t i c a l  factor  i n  the 
segregati on o f  carbon dioxide 1 eadi ng to  gravi ty override. 

Permeabi 1 i t y  and reservoi r heterogenei t y  studies are needed t o  

f u l l y  understand and, thus, better model the reservoir. These 

model s are used t o  improve predictabil i t y  and penni t more ef fect ive 

process design. 

o Mode1,ing (3.4). Accuracy i n  scaling up from laboratory experiments 

and nurherical simulation has been d i f f i c u l t  t o  confirm. Poor 
predictabi l  i t y  has 1 i m i  ted model cal ibrat ion. Bui 1 ding simp1 i f j e d  

empi t i c a l  models and adapting o r  developing black o i l ,  
composi t ional , and system model s for gas f l  oodi ng are prerequi s i  tes 

t o  adequate predictabi l  i ty. 



with minimun investment. Key reservoir and process parameters f o r  

screening and monitoring oust be identi f ied. 

o Advanced Reservoir Characterization Research (3.3.4). Accurate 

diagnosis and description of the permeability ra t i os  and 

heterogenei ti es tha t  are so c r i  t i c a l  t o  gas f l  oodi ng e f  fec ti veness 
must Be improved fo r  bet ter perfomance prediction rrnd process 

desi gn. 

One fu r ther  constraint  of gas flooding i s  the supply o f  carbon 

dioxide. Widespread appl {cation of carbon dioxide m i  sci b1 e f looding i s  

constrai ned by the 1 i m i  ted avai l  abi 1 i t y  of nearby, natural 1 y occurri ng carbon 

dioxide. While carbon dioxide i s  often found associated with natural gas, i t  

has h i s t o r i c a l l y  been considered a waste product and released in to  the a i r .  

Several major natural sources of carbon dioxide have been recently ident i f ied,  

but  these are located considerable distances from the most favorable areas f o r  

appl i c a t i  on. Three p i  pel i nes are p l  anned t o  transport carbon dioxide from Mew 
Mexico and Colorado (McElmo .Dome and Sheep Mountain) t o  West Texas, j u s t i f i e d  

by the large .carbon dioxide floods planned i n  Texas. The economics o f  

oevelopnent o f  natural sources of carbon dioxide are dependent on economies o f  

scale and constant, predictable levels o f  use. The scarcity and cost o f  

carbon dioxide may be al leviated somewhat by recyc1 ing. A1 though t h i s  

requires pur i f icat ion,  pressurization, and reinject ion, a1 1 o f  which are 
cos t ly  and capi ta l  intensive processes, these processes are not as expensive 

as buying more carbon dioxide. 

Carbon d i  oxi dc i s a by-product of numerous manufacturing processes used 

i n  a m n i a ,  gasoline, chemical and synthetic fuel plants. It may be possible 

t o  ext ract  carbon dioxide from manufacturing operations o r  from stack gases 

more i nexpensr vel y than obtai ning i t from natural sources. However, since 

carbon dioxfde i s  a waste product of these processes and not the primary 

marketed product, s tab i l  i t y  .of supply i s  not assured. One o f  the s ign i f i can t  

items not y e t  specified i s  the exact degree of pur i t y  required f o r  carbon 

dioxide i n various reservoirs. This i s  cruci a1 i n  tha t  the cost of pur i f y ing  

the carbon dioxide i s  exponentially re1 ated t o  the level  o f  pur i t y  required. 



Techni cai  Contra1 n ts  . t o  Appl i c a t i  on o f  Thermal Recovery 

L imi tat ions t o  appl i c a t i  on of thermal recovery techni ques center around 
fou r  areas: 

o Sweepeff iciency, 

o Heat t ransfer ,  
o D i  agnostics and model i ng, and 

o Safety and environment. 

The major problem encountered i n  the displacement of o i l  w l  t h  steam i s  
the la rge  v iscos i ty  d i f fe rence between the i n jec ted  steam and the reservo i r  
f 1 u i  ds. Because the steam seeks the highest permeabi 1 i t y  zones, channel 1 i irg 
e f fec ts  such as g rav i t y  overr ide o r  f inger ing  cause e a r l y  steam'breakthrough 
before the e n t i r e  heated zone i s  swept. Grav i ty  overr ide i s  caused by the  

densi ty di f ferences between steam and o i l ,  w i t h  the  -steam r i s i n g  i n  the  

reservoi r  and bypassing the lower zones away from the i n j e c t i o n  well. This 

r e s u l t s  i n  uneven v e r t i c a l  sweep, w i th  the top t h i r d  swept by steam and the 

bottom two-thirds by h o t  water. This can be caused by the generation o f  low 
qua1.i t y  steam f r o m  the  avai lab1 e bracki sh water, whereby the in jec ted  steam 

i m e d i a t e l y  separates i n t o  ho t  water (s ink ing)  and l i v e  steam ( r i s i n g )  zones 

a f t e r  in jec t ion .  - -  I n  s i t u  combustion also has an unstable f ront ,  w i th  a 

tendency t o  sweep the upper zone, since M e  condensing steam created by 
combustion s e t t l e s  and d i r e c t s  steam vapors and combustion gas t o  upper 

leve ls .  Research i s  cu r ren t l y  being conducted t o  improve the recovery 
e f f i c i ency  of the steam d r i ve  process by i n j e c t i n g  add i t i ves  w i th  steam t o  

a l t e r  t he  flow path o f  the i n jec ted  steam. Current add i t i ves  under 
considerat ion are foams, caust ics and surfactants. Mater ia l  s could a c t  as 

flow d i ve r te rs  (blocking agents may be appl l e d  once o r  s e r i a l l y ,  plugging off 

zones i n  a sequence from top t o  bottom) o r  as m o b i l i t y  cont ro l  agents. 
Results of ongoing pro jects  w i l l  provide data t o  indus t ry  f o r  decisions 

necessary t o  connnerci a1 i z e  these processes. Yet, many areas fundamental t o  
understandi ng the thermal process, inc lud ing  i n te rac t i ons  between Steam, Steam 
addi ti ves, o i  1 bearing sands, surface adsorption, and the mechani sms of foam 

movement through the reservoi r , are n o t  adequate1 y understood. 



Heat t rans fe r  losses between the steam generators and the reservo i r  

1 i m i  t the  app l ica t ion  o f  steam f looding t o  l ess  than 3000 feet .  There i s  a 

need t o  reduce heat losses t o  the  wellbore and capture wasted heat, 

p a r t i c u l  a r l y  stack gases. The development o f  downhol e steam generators and 

the  use o f  insulated tub ing can reduce heat loss. These cons t ra in ts  are the 

focus of Work Package 4.2, Process Characteri zat ion and Eva1 u a t i  on. 

A s e r i  ous 1 i m i  t a t i o n  t o  con t ro l  1 i ng thermal processes i s i nadequate 

knowledge o f  the v e l o c i t i e s  and p o s i t i o n  o f  the f r o n t  r e l a t i v e  t o  the wel l  s i n  
and around the  patterns. Re l iab le  techniques f o r  f r o n t  t rack ing  w i l l  enable 

changes i n  i n j e c t i o n  ra tes  and other  operat ing procedures t o  be made i n  order 

t o  increase the v o l u m ~ t v i c  sweep e f f i c i ency  i n  the rcscrvo i r .  Two 

e l  ec tromagneti c  techniques, developed a t  Nati ona I Laboratories o r  uU~er; 

appl i c a t i  ons , show promi se f o r  EOR thermal f r o n t  t r a c k i  ng . Improved process 

s imulat ion models would help p r e d i c t  the effectiveness and a i d  design o f  

f loods  w i t h  addi t ives such as foam t o  improve recovery e f f i c iency .  This work 

i s  t he  focus o f  e f f o r t s  under Work Packages 4.3, Geoscience Research, and 4.4, 

Model 1 ng . 
Steam generators, p a r t i c u l  a r l y  due t o  t h e i r  concentration i n Southern 

Cal i forn ia ,  could create substant ia l  a i r  p o l l u t i o n  i f  sophis t icated contro l  

technol ogy i s no t  used. Environmental regulat ions necessitate improvements i n  

pol 1 u t i  on cont ro l  technol ogy before use of thermal techni ques can be expanded 
subs tan t ia l l y .  Another cons t ra in t  t o  wider appl i c a t i o n  of thermal €OR i s the 

1 i m i  ted  re f i ne ry  capacity (due t o  Prudhoe Bay o i l  processing) f o r  heavy crude 
on the 'West Coast. 



Technical Constrai nts t o  Appl i ca t i  on of Novel Recovery Techni ques 

The primary technical constraint  t o  appl icat ion of these processes i s  
t h e i r  1 ack of proven feasi  bi 1 i ty. A1 though prel imi nary 1 aboratory and 
engineering work Indicates t h a t  they might be effect ive,  fur ther  study i s  
necessary to  demonstrate the technology or  apply them i n  the f ie ld .  

Microbial EOR i s  limited f i r s t  by v iab i l i t y  of bacteria i n  a hos t i le  
reservoi r envi rorment, speci f ical ly  temperature, pressure and chemical 
concentration. Next; process effectiveness i s 1 i m i  ted by bacterial  abil i ty  t o  
produce adequate types and volumes of biosurfactants and biopolymers. 
Industry and government researchers a re  doing exploratory work t o  m i  t i  gate 
these constraints. 

In situ gravitational recovery has severe non technical as  well a s  -- 
technical constraints . Consi derabl e i ndustry re1 uctance t o  comi  t to  f i e l  d 

application has resulted i n  a scarci t y  of engineering data. This reluctance 
i s  based on the large front-end investments needed for  project implementation 
and i s  compounded by d i f f i cu l t i e s  i n  determining whether the ta rge t  formation 
woul d permi t m i  n i  ng , temperature 1 imi tati ons , safety probl ems re1 ated t o  
underground operations, and a general 1 ack of adequate screening c r i t e r i a  
needed t o  determine the resource potential and ta rge t  s i t e .  

A1 though 1 aboratory research i s  optimistic,  steam drive has not been 
widely applied t o  l i g h t  o i l  reservoirs ( 2  p i l o t  and 4 f i e l d  s m l e  t e s t s  
reported i n the 1 i terature)  because these reservoirs a re  often more amenable 
t o  other recovery techniques. There a re  also d i f f i c u l t i e s  w i t h  low residual 
o i l  saturation, reservoir depth and pressure, the econmi c s  of generating 
steam, and the tendency t o  use lower risk conventional practices. 
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