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I. INTRODUCTION

This final report is submitted to the George C. Marshall

Space Flight Center (MSFC), National Aeronautics and Space
Administration (NASA), by Spectra Research Systems, 500 Wynn
Drive, Suite 319, Huntsville, AL 35805. It provides a synopsis,
in briefing chart format, of the results of a four-month

study contract (NAS8-33846) conducted under the technical
guidance of Mr. Lott W. Brantley (MSFC) as part of the NASA
Headquarters - Energy Systems Division's Energy Technology
Program.

The major objectives of this effort were: J
0 +the establishment of a technical and programmatic data
base on second and third generation coal gaisifier systems,
0 analysis of requirements for equipment and component-
improvements and advanced technology applications,
o and the formulation of recommendations for technology
development.
Additional activities accomplished included the planning and
definition of approaches for detalled investigations and
assessments of commercial coal gasification plant startup and
operational experience and supporting technology development.
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I. INTRODUCTION

This final report is submitted to the George C. Marshall
Space Flight Center (MSFC), National Aeronautics and Space
Administration (NASA), by Spectra Research Systems, 500 Wynn
Drive, Suite 319, Huntsville, AL 35805. It provides a synopsis,
in briefing chart format, of the results of a four-month

study contract (NAS8-33846) conducted under the technical
guidance of Mr. Lott W. Brantley (MSFC) as part of the NASA

Headquarters -~ Energy Systems Division's Energy Technology
Program.

The major objectives of this effort were:
o the establishment of a technical and programmatic data
base on second and third generation coal gaisifier systems,
0 analysis of requirements for equipment and component-
improvements and advanced technology applications,
o and the formulation of recommendations for technology
development.
Additional activities accomplished included the planning and
definition of approaches for detailed investigations and
assessments of commerclal coal gasification plant startup and
operational experience and supporting technology development.




II.

HISTORICAL BACKGROUND OF COAL CONVERSION
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Gasification plants
using the X-T proccss
; -
Fuel Number of Capacity: Use of Year
Gasifer CO+th Syntheste of
Unite ia ¥ houts Gee Ovdor
Charbonnages de France, Paris,  Coal Dust, 1 75 000- Methanol- "we
Mazingarbe Works (P.d.C)) Coke-Oven-Gas, 150 000 Nm?® and
France Tail Gas 2 790 000 Ammonia
5 580 000 SCF Synthesis
S Typpi Oy, Oulu Coal Dust, 3 140000Nm®  Ammonia 1980
: ! Finland Oil, Peat 5 210 000 SCF Synthesis
§- Nihon Suiso Kogyo Kaisha, Ltd.,  Coal Dust 3 210 000 Nm? Ammonia 1964
Tokyo 7820 000 SCF Synthesis
: Japen
Empresa Nacional *Calvo Sotelo® Lignite Dust 3 242 000 Nm? Ammonia 1984
de Combustibles Liquidos y 9000000 SCF Synthesis
Lubricantes, 5.A., Madrid,
Nitrogen Works in Puentes de
Garcia Rodriguez, Coruha
Spain
Typpi Oy, Oulu Coal Dust, 2 140 000 Nm? Ammonia 1956
Finland * Oii, Peat $ 210 000 SCF Synthesie
S.A. Union Chimique Belge, Bunker-C-0il, 2 178 000 Nm? Ammonia 1988
Brussels, Zandvoorde Works Plant convertible for 6 550 000 SCF Synthesis
Belgivm Coal Dust Gasification
Amoniaco Portugués SAR.L, Heavy Gasoline, 2 169 000 Nm* Ammonia 1956
Lisbon, Estarreja Plant Plant extendable to 8 300 000 SCF Synthesis
Portugal Lignite- and
Anthracite Duast
Gaasification
]
1
The Government of the Kingdom  Lignite Dust, 4 629 000 Nm? Ammonia 1988 3
of Greece, Bunker-C-Oil 23 450 000 SCF Synthesis ’
The Ministry of Coordination, ’
Athens, ,
Nitrogenous Fertilizer Plant, ]
Ptolemais, i
Greece
Empresa Naciona! “Calvo Sotelo®  Lignite Dust 1 175 000 Nm? Ammonis 1981 1
de Combustibles Liquidos y or 6 500 000 SCF Synthesis |
Lubricantes, S.A, Madnd, Naphths |
Nitrogen Works in Puentes de |
Garcia Rodriguez, Corufa,
Spain
The Generai Orjanization Refingry ON- 3 778 000 Nm? Ammonia 1983
for Executing the Five Year Gas, LP.G. 28 950000 SC Synthesis
Industrial Plan. Cairo, and
Nitrogen Works of Light Naphtha
Sociéte el Nasr dEngrais
et d'Industriss Chimiques,
Attaks, Suez
United Arabisn Republique
Fa
Chemical Fertilizer Company Ltd, Lignite Dust 1 217 000 Nm? Ammonia 1963
Thailand, 6070000 SCF Synthesis
Synthetic Fertilizer Plant
at Mae Moh, Lampang
Thailand .
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Fuel Nember of Capesity: Use of Your
Gasifier Costy Syathools ot
Unite n 3¢ howre Gae Onlor
Azot Sanayii TA S, Ankara, Lignite Dust [} 775 000 Nm? Ammonia 1908
Kutahys Works, 26 080 000 SCF Synthesie
Turkey
Chemisanlanen Export-import Vacuum residue 2 300 000 Nm? Raw gas 198
G.m.b.H, Berlin tur VEB Germania, and/or 13 400 000 SCF to produce
Chemisaniagen und Apparatebau, fuel oil hydrogen
Karl-Marx-Stadt for hydro-
VEB Zeitz Works genation
Kobe Steel Ltd., Kobe Japan Coal Dust 1 214 320 Nm? Ammonia 1987
for industrial Development Corp., 7900 000 SCF Synthesis
Zambia, at Kafue nesr Lusaka
Zamba, Africa
Nitrogenous Fertilizers Ligrnite Dust 1 165 000 Nm? Ammonia 1969
Industry S.A,, Athens, 6 150000 SCF Synthesis
Nitrogenous Fertilizers Plant
Ptolemais,
Greece *
The Fertilizer Corporation Coal Dust 4 2000 000 Nm? Ammonis 1989
of ind:a Ltd., New Delhi, (t of them as stand.by) T4 450000 SCF Synthesie
Ramagundam Piant, India
The Fertilizer Corporation Coal Dust 4 2000000 Nm'® Ammonis 1970
of India Lid, New Delhi, (1 of them o0 stond-by) 74450000 SCF Synthesis
Talcher Plant, India*
Nitcogenous Fertilizers Lignite Dust 1 242000 Nm? Ammonia 1870
Industry S A., Athens, 9009000 SCF Synthesis
Nitrogenous Fertilizers Plant
Ptolemais,
Greece *
The Fertizer Corporation Coal Dus’ 4 2000000 Nm* Ammonis 1972
of India Ltd, (1 of them as stand by} 74450000 SCF Synthesis
New Deini,
Korba Plant, India *
AL & ClLd, Coal Dust [} 2150000 Nm* Ammonis wre
Johannesburg, 80025000 SCF Synthesis
Modderiontein Plant,
South Alrica
indeco Chemicals Ltd., Coal Dust 1 220 900 Nm* Ammonis 1074
Lusaks, 220000 SCF Synihesis
Kaftue Works,
Zambia*
indeco Chemicais L1d., Coal Dust 2 441 600 Nm® Ammonis 1978
Lusaks, 16 440 000 SCF Synthesis
Kalue Works,

Zambis*
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ADVANCED RESEARCR AND SUPPORTING TECENOLOGY

Pittsburgh Energy Technology Center, Brucetom, PA - Support for DOR
contracts on catalytic gasification (conversion of coal into gaseows

fuels) was provided in this project. Equipment was designed,
assembled and operated. Chemicals that reduce the asgglomerating
(clustering) propensity of bituminous coals vere determined. Tests

vere run to verify the catalytic process undergoing development at
Battelle Memorial Institute.

Midland-Ross Technical Cencer, Toledo, OH - An {mproved boiler for
producing methane was devaloped specifically for use in coal
gasification plants (where cosl is converted to gaseous products).
A test facility began operating, and a computer simulation was used
to compare the theoretical data and experimental results. The
project aimed to 1) eliminate the need to recycle product gas for
teaperature control, 1) make approximately 90 percent of the
reaction heat available for producing high-pressutre steam, )) reduce
operating costs by eliminating recompression and providing high
steam quality, and 4) reduce capital costs by combining the
methanation part of the process vith the already required heat
exchangers (devices that enable heat tramsfer between two fluids).

Pittsburgh Energv Technology Center, Bruceton, PA - The purpose of
this project vas to develop improved catalysts for the Synthane
process. The Synthane process is a cosl gasification process
(conversion of coal to gaseous products) in which coal is treated
with a steam/oxygen mixture to give a synthesis gas vith a high
mezhane content suitable for upgrading to pipeline quality (high
Btu) gas. Factors which affect stability, selectivicy amnd activitcy
of mechanation catalysts vere determined. An analysis was conducted
of the deactivation to methane of the Raney nickel catalyst, an
allov of nickel and aluminum favored for converting synthesis gas
and produced in the first stages of cosl conversion processes.

Pictsburgh Energy Technology Center, Bruceton, PA - Methods for
treating vastevater from coal conversion processes (converting cosl
to liquid or geseous products) vere developed. The design and
construction of & wastewvater treatwent system {ategrated intdo the

cosl conversion procsss ves completed. Design cspacity is sbout one
gallon p»er hour.

Pittsburgh Energy Technology Center, Brucetom, PA - The objective of
th:s project was to evaluate gas purification systems vhich are
sotentially applicable to the coal gasification process (conversion
2f coal to gaseous products). A primary consideration was sulfur
removal from the coal-derived gas. A review of the literature om
gas treatzent systems wvas completed. Cas purification processe

per {nrmance characteristics and econumic estimates were obtained,
and data vere compared for several processes.
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ADVANCED RESEARCR AND SUPPORTING TECENOLOGY

Preccsees

Mor:antown Energy Research Center, Morgeatowm, WV - A study of sosl c-¢
gasifization (conversion of coal to gaseous products) ves sede a0 m
enginzering assessment., The purpose of the study was to 1) determine
the technicsl feasidility and ecomomic impact of novel processes, 2)
identify pertinent aress of research, and )) increase the fundamentsl

\ understanding of existing gasification processes with pathematical

modeling. Mz or assessment work on the various gasification comcepts
vas completed, and research proposals were prepared.

Morgantown Energv Research Center, Morgantown, WV - The purpose of C~=7
this project was to measure the physical and chemical charscteristics

and reactivitias of chars produced from coal cenversion processes
(conversion of coal to liquid or gaseous products), and attempt to

identify the best end uses for these products. Equipment for

analyzing chars wvas installed and a series of experiments begun.

Results vere compared to published models of char resctivities.

Inscitute of Gas Technology, Chicago, IL - This project was an Cc-8
attempt to develop a noncatalytic process for the hydropyrolysis of

coal (decomposition of coal by heating and adding hydrogen) for the
production of fuel gases and high-octane gasoline dDlending stock. A
bench-scale unit was constructed and experimental work done. Studies

vere aade of methods for separating and recovering methane, ethane,
and carbon oxides.

Inscitute of Gas Technology, Chicago, IL - It was the purpose of c-9
this project to assess industrial uses of low- and medium-Btu gases

and “he equipment adaptstions that might be needed. Low— sad

nedium-Btu gas is & product of coal gasification and has & low

heating value. Eight types of burners were tested vith low- and

aedium~Btu gases and their performances compared to their performence

with natural gas. A manual vas prepared to inform users of indus-

trial Surner equipment of the results of this study.

Massschusetts lnatitute of Technology, Cambrid MA - The objective c-10
of this study vas to investigate the applicability of the electro-

fluidized bded (EFB) to the cleanup of particulates from the products

of coa!l combustion. The EFB consists of & hed through vhich s fluid

is passed at a speed high enough for solid particles to separate sod

become freely supported in the flyid. An electric current aids {n

the separation and removal of particles. A test rig is to becomes
oper-tiaonal by fall 1979,

URIGINAL pAQE 1
OF
146 POOR QuaLsTY

e




= Resesreh woo C=11
undertaken to support coal cemversien precesses (produsing liquid oo

gaseous fuels from ccel) dy obtaianing data en peseidle hasevdews

elenents and compounds. The feed coal, water, tar, char, and filter

ash of coal conversion ware screened for ¢0 to 70 trace and aiser

elements and for several hundred potentially hazardous compounds.
Examinations are continuiag.

Radian Corporation, Austin, TX - Techaical support {s being provided C-12
to the Division of Coal Coaversion regarding demomstration and pilet

planc projects. Site suitability and water availadilicy reports

vere provided for two ccal conversion demonstration projects. Aa
environmental review and & socioceconowmic evaluation were prepared

for other plants. Technical reviews were made of i{aterim reasules of
conceptual designs for steam—generating plants,

The Dow Chemical Company, Midland, Ml - A critical evalustion of C-13
pertinent literature was completed to davelop tadles of thermedynsmic

data for compounds associated with coal conversion and cosl combue~

tion processes. Data are included for bdeiler and gas turbime

corrosion, sulfur control, end catalyst deactivation. Dats will be

published quarterly ae pert of the Jeist Arwy-Nevy-Air Peree
Thermochemical Tables.

Ar e Natiomal Laberste Ar - Chonical end (nstrumsatsl c-14
techaiques were used to structurally cherscterise ceal and colvemt-

refinad cosl (s product of the selective transfer of coal ceasti-

tuents from finely divided coal particles inte a solvemt). Clements

vere mclysed md constituents identified. The solvemt emtrastion

process and its products were compared for bituminous ceals ead

lignite. A detailed report was prepared.
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ADVANCED RESTARCH AND SUPPORTING TECENOLOGY

Babcozk & Wilcox Company, Allisnce, OR - The objective of this C=1%
project vas to develop and demonstrate m electrondess weliding

procedure (technique for joining materiale in which parsllel

electron beams at low pressures are used to produce a highly

concentrated heat source) for valding boiler and preseure vessel

saterials of up to 8 inches thick. Addicional work was perferwed to

scquire information, such as determinatiom of desitred vacuum level,

joint fit requirements, demagnetizatiom requirements, repair

techniques, and mechanical properties, relative to the feasidilicy

of electron beam welding for coal gasificatiom umits.

Argonne National Laboratory, Argonne, IL = The aims of this projest c-16
vere (> investigate the corrosion of structural materiale used i

stmospheric pressure fluidized ded coal combustors, to investigate

the effect of pollution-reducing measures on the corrosion, and to

find an optima' combination of corrosion-resistant equipment and

ainimally corroding pollution-reducing processes. A coal combustion

test facility was completed and testing was initisted by sesns of

specisl asir-cooled corrosion prodes.

Bartlesvilla Energy Technology Center, Bartleiville, OK = The

purpose of this project was to obtain enginaering process desigm c-17
data related to gaseous, liquid, and solid products of coal

conversion processes. Specific tasks performed included:

correlating the combustability of coal-derived eolide and liquide to

the grade of the parent cosl, measuring the solubilicy of hydrogem

and synthetic gas in process solvents, snd chemical charecterisation

of key compounds important in the processing of liquids derived from

coal. Heat generated by combustion and hydrogen solubility will be

seasured in ssmples genarsted Ly the Solvent Refined Coal-Il Precess.

Argonne National Laboratory, Argonne, IL - The purpose of this Cc~18
project vas to study the fuel flexidility potential, energy

eff ciency, and economic viadility of sdvanced engines operating om
coal or coal-derived fuels. UIngines studied included Sterling
cvcle, external combustion Brayton cycle, small high-efficiency
steam turdines, snd coal-using diesel engines. The Sterling :zycle
engine using coal fuels could be competitive vith gas turbines end
diesel engines for community use; Braytom engines would de
competitive in the large mgine market. Coal-using digceel engines
3ight be competitive opersting on coal-derived fuels rather tham
coal itself.
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ADVANCED KESEARCR AND SUPPORTING TECHNOLOGY

Processes

Argonne National Laboratoryv, Argonne, IL - Funding was provided for Cc-19
technical support services to help ensure the eventual substitutioa

of alternate fuels for petroleum and natural gas. Tasks included

evaluation of fuels for various applications, characterization of

the combustion of alternate fuels, development of models and

quantization of emissions, as well as technical monitoring of

contracts and the evaluation of contract proposals.

Brookhaven National Laboratory, Upton, NY ~ The gosl of this Cc-20
contract was to find more active catalysts to be used in the

conversion of synthetic gas to methanol. Methanol has the potential

for use as a cosl-derived synthetic fuel or feedstock. A nev

~atalyst system was developed through a homogeneous analog and

research on this plus & literature search explained a nev mechenism

for catalyzed synthetic gas ceactions.

Ames Laboratory, Mountain View, CA - The purpose of this projeet vas c-21
to obtain microstructural-chemical information, ueing electron '
microscope techniques, to clarify the nature of sulfur distridbution

in coal. The forms of sulfur in a broad sampling of coal were

analyzed and compared to facilitate their removal, using various

purification procedures. The effects of sulfur removal on coal
characte-istics was assessed, and alternative processes were

investigated. Further experimentation is being conducted to

determine more efficient methods of sulfur characterization and
revoval.

Ames Laboratorv, Mountain View, CA - The objective of this project C-22
wvas to develop methods for reducing sulfur in coal to control the

level of gas emissions generated during combustion in compliance

with Federal environmertal requirements. Coal and coal-derived

marerials were subjected to various desulfurization processes and

the effectiveness of each procedure was evaluated. New

methodologies for the identification, characterization and

separation of sulfur are being developed.

Ames Laborstory, Mountain View, CA -~ The purpose of this project was c-23
to develop & process using sodium carbonate solution to remove

sulfiur from coal. Numerous laboratory experiments were conducted to

evaluate the important charscteristics of the extraction process and

the response of various types of coal to - .o treatment. Development

of the procedure is being continued to determine optimum process

conditions and to identify coals that respond favorably to

desulfurization for production of clesn coal for direct combustionm.
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ADVANCED RESEARCH AND SUPPORTING TECWNOLOGY

Processes

Jet Propulsion Laboratorv, Pasadena, CA - The objective of this C-24
program was to develop the low-tewperaturs chlorinolysis process for

removal of sulfur from coal. The effects of various process

conditions on the efficiency of this metihod were evaluated, and the
effectiveness on various types of coal was assessed. Llaboratory

results were promising, and further testing end wodificatiom

procedures were conducted to optimize the desulfurization process
for pilot plant use.

Oak Ridge National Laboratory, Oak Ridge, TN - The objective of this C-25
project was to develop a process for removing pyritic sulfur ead ash

from dry pulverized coal using high-intensity magnetic fields. This

method was developed to provide environmentally acceptable fuel coal

for use in steam power plants or coal gasification and liquefection

plants. Tests were conducted to idemtify the comtrolling process

conditions to maximize separation efficiemcy. Further tests sre

being conducted to optimize the procedure and to determine the

magnetic separability of various coels.

Ames Laboratory, Mountain View, CA - The objective of this project C=26
vas development of the o0il agglomeration (process of collecting ia a

mass) method of cleming and recovering fine-size ccal to improve

separation of coal and iron pyrites and {ncrease capadbility for

handling fine coal. Laboratory experiments determined that

separation was improved significantly by chemically pretreating the

particles, and suitable operating conditioms for doth pretreatment

and agglomeration were identified. Development of doth procedures

i~ being continued to determine optimum process conditions and to

id:ntify coais that respond favorably to the msethod.

Energy Interface Associates, Inc. - The purpose of this project was Cc-27
to deternine the handling and operating difficulties of using coal

that has forzen into large chunks and slabe. A survey of mines,

transfer points, end utilities was conducted to define the nature

and extent of the prcblems and to identify snd analyze potential

solutions, Most utilily plants are not equipped to handle or thaw

frozen coal, and chemicals that prevent the cowdition may be applied
to coa!l at the minaes.
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U.S. Burcsu of Mines, Washington, DC - The purpose of this project
vas to determine the most effective and economical method for
removing sodium from lignite (a type of coal) by fom exchange (a
chemical reaction used to purify or separate substances). Sodium is
the element chiefly responsible for the formatioan of ash deposits,
vhich foul boiler tubes and decrease efficiency. An extractor was
designed, assembled, and operated, using various testing and
analysis procedures to investigate feasibility of the ion exchange
process. Excellent results were achieved using this wethod.

Babcock Contractors, Inc., Bruceton, PA - The objective of this
project was to demonstrate a process by which lignite (a type of
coal) pellets can be produced with low moisture content and s binder
thet will provide good mechanical strength and resistance to
moisture pick-up, spontaneous ignition, and dusting during

handling. The first phase of the study involved laboratory research
to determine the variables and test and evaluate the procedures for
producing the pellets. Results of these analyses were used in the
second phase to produce large quantities of lignite pellets for
pilot plant testing and cost study.

International Resesrch and Technology Corporation, McLean, VA - The
objective of this project was to further develop a model based em
the MPPM, for processing technology. The MPPM is an analytical tool
in the form of an interactive, conversational computer program. Por
coal conversion processes, the program provides san analyst with
rapid, systematic evaluations of technological developments, policy

decisions and sensitivity to uncertainty. The model comprises a
data base and a method of decision evaluations.

Energy Interface Associates, Inc. - The study goal was to determine
the difficulties in handling frozen coal and what expedient messures
vere adopted st various sites to overcome the problems. A report
vas prepared which included the conditions .ncountered and remedial
sction taken. The study is completed and wili be used as a basis
for writing a Request For Proposal for a research project asimed at

developing cost-effective processes of overcoming problems
associated with frozen ccal.

Bituninous Coal Research, Monroeville, PA -~ A principal objective of
this project was to assess the fate of fugitive elements (i.e.,
non-coal) in coal mining, preparation, transportation, and
utilization. Other tasks were to determine the effect of coal
cleaning on fugitive elements and to describe analytical methods
used to determine the concentration of selected trace elements in a
variety of coals. Results of this study indicated that the clesning
of coal significantly reduced many of the constituents considered
harmful, with respect to environmental or utilization viewpoints.
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Ames Laboratory, Mountain View, CA - It was the purpose of thie

project to develop ways of recovering and removing sulfur from
finely crushed coal (fines). Froth flotation (separating the
elements by bubbling one to the top) and selective oil agglomeration
(clustering) were considered., In addition, preparations were made
for pelletizing the fines. Construction has begun on a large bench
scale system that will demonstrate all these methods.

Pittsburgh Energy Technology Center, Bruceton, PA - Research results
from this project provided the laboratory process R&D necessary to
develop the oxydesulfurization process (chemical removal of sulfur
from coal) to pilot plant operations. This process transforms many
high-sulfur coals to boiler fuel that meets air quality standards
for sulfur oxides. Two independent economic analyses of the process

concluded that oxydesulfurization has excellent prospects for
commercial development,

Ceneral Flectric Company, Fairfield, CT - In this study, ewphasis
was on providing gas (derived from coal) that is sufficiently free
of particulates to permit turbine operation without undue corrosion
or ercsion. The clearing should take place at high temperature and
pressure to improve overall system efficiency. 1In this approach,
the usually glassy nature of the particles is capitalized upon by
providing a glass coated sticky surface to trap particles. A
preliminary conceptual design and an economic analysis were carried
out., It was estimated that the "sticky wall" unit would be 23
percent less expensive than other existing systems.

Brookhaven National Laboratory, Upton, NY - Basic process chemistry
informztion was developed for the regeneration of limestone or
lime-based sorbents (substances that take up and hold other
substances) used in removing sulfur from combustion and fuel gases
in power production cycles. 1t was found that calcium silicates
possess the same sulfur removal capabilities as Green lime but their

regeneration rates are five to ten times higher. Process design and
analysis studies are continuing.

Morgantown Energy Technology Center, Morgantown, WV - The objective
0f this project was to investigate fouling and corrosion probleme in
coal-fixed boilers by characterizing coal-minersal interactions
during the combustion and heat transfer processes. A plug-flow
(vapor-liquid flew in which the gas flows as large plugs) combustor

was redesigned and assembled. The role of corrodant compounds was
documented.
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Germantown Laboratories Philadelphia, PA - The combustiean of
coal-oil-water slurries (mixtures) prepared by five different
emulsification (suspension of dispersion) systems were evalusted.

The slurry systems, flame characteristics, and boiler efticiencies
vere all assessed.

Lavrence Berkeley Laboratory, Berkelev, CA - The purpose of this
project was to messure the combustion properties, such as burning
rates and pollutant formation, of coal that will be important to the
design of new combustion systems, the control of combustion
processes, and the reduction of pollutent emissions. Burning rate
and temperature profile measurements wvere obtained for pressed
pulverized coal and graphite. The effect of water content in the
fuel on burning rate and ash buildup was observed. Measurements for
solvent refined coal (a coal extract derived from the selective

transfer of desired coal constituents from finely divided cosl
particles to & solvent) were also made.

Battelle, Columbus Laboratories, Columbus, OH - It wae the cbjective
of this study to define the chemistry of carbon monoxide end
h:'drogen interactions in combustion. FPor improved burning of these
- fuels, experimental data were obtained for predicting flame
stabilities and flame lengths of cosl-derived gases. Mathematical
expressions were developed for predicting the burning rate of low-

and intermediate-Btu gases. The next phase of work included methane
in the fuel mixtures.

Oak Ridge National Laboratory, Oak Ridge, TN - This study vas an
attempt to demonstrate the technical fel¢151lity of removing heavy
metals and other inorganic materials from dry pulverizd coal using
high-intensity magnets. This process reduces the quantities of ash
and sulfur dioxide produced during coal combustion. Separatiom
efficiencies (percentage of impurities removed) were 80 to 85
percent for pyrites (a class of sulfides) and 55 percent for ash by
means of a high-gradient magnetic separator. Several alternate
approaches to continuous dry cosl magnetic separation equipment
designs vere identified for further evaluation snd development.

Exxon Research and Engineering Company, Linden, NJ - This research
involved completion of theoretical and experimental studies on the
formation of nitrogen oxides in the stages of coal perticle
combustion-pyrolysis (decomposition of coal by heating in the
absence of oxygen), gas combustion, and char (the solid residue from
coal) burnout. Diagnostic equipment was put into operstion and
theoretical work was initisted. The work was to include a variety
of coals broadly representative of aveilable U.S. coal types.
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Aerochem Research Laborstories, Inc., Princeton, NJ - This C=43
contractor measured concentrations of chemically reacting opecies

(stomic nuclei, atoms, molecules, or foms) in a turbulemt resctor.

In the reactor, a jet consisting of one compound spews into, minse
and reacts with a nearly stationary surrounding mixture. T‘Q

concentration measurements were used as input to the modeling of
reslistic combustors.

Sandia Laboratories, Albuquerque, NM - The combustion preperties of C-44
pulverized coals were being characterized for evalustiom of

combustion modifications to minimize fouling and polluting

substances. Coal combustion factors influencing the conversiom of

sulfur, nitrogen, and mineral matter to pollutants were determined

in a laboratory~ scale research program. High-speed cinematography

was used to measure particle ignition, devolatiligation (removal of

volatile matter), and char (solid residue from coal) burn uwp

intervals. Other measursments include particle-sise distributien,
porosity, deneity, and ewe!'inag.
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Materials and Components

Babcock and Wilcox Company, Alliance, OR - It was the objective of C-45
this project to determine whether a refractory (heat-resistant

metal) lining could be developed for coal gasification (conversion

of coal to gaseous fuels) process vessels. Cracking often occurs in

this lining during the initial dry-out, heat-up, and cool-down

phases. Because this type of lining is considered cheaper, easier

to install, lighter in weight, and a better thermal insulator than

brick, the focus of this project was on preventing the lining from

cracking. A mathematical model relating time, temperature, and

shrinkage upon cool-down was developed. The results of this study

Internaticnal Harvester, San Diego, CA - The purpose of this project C~46
was to evaluate materials and powder compositions to develop a

coating system suitable for protecting large internal components of

coal gasifiers from corrosion. Data on coating compositiom,

structure, and application techniques that could be transferred to

the general materials industry were to be provided. Various coated

metal alloys were partly immersed in coal char in an atmosphere of

flowing steam/hydrogen/carbon dioxide and carbon monoxide with small

amounts of hvdrogen sulfide, methane, sand ammonia at 980°C to test

International Nickel Co., Inc., Suffern, NY - This contractor Cc-47

resi<tance to corrosion and erosion in coal gasification (conversion
of coal to gaseous fuels) environmenti. Weld overlaying deposits a
corrosion-resistant layer on a substrate or base. This circuavents
the difficulty of fabricating highly corrosion-resistant alloys,
specifically high-chromium allovs. Three welding processes were
used. Upon completion of the welding, the layered materials were to

Battelle, Columbus Laboratories, Columbus, OH - The corrosion

—y ™~ ° [ (3 c-‘a
behavior of iron- and nickel-base alloys in coal gasification
(conversion of coal to gaseous fuels) environments was evaluated. A
statistical test design was developed on all combinations of alloys,

consisting of iren, nickel, and chromium sulfides were formed.

Battelle, Columbus laboratories, Columbus, OH - Data were compiled C-49
on the high-temperature corrosion behavior of metals and alloys used

in generating plants., A handhock was assembled to serve as a source

of data for analysis and prevention of corrosion problems, as &

guide for the selection of materials, and as a means of identifying

data gaps. Sources used were reports of work on government

contracts, technical and scientific literature, and privete industry.

oy

were usnd to develop refractory specifications, design and
. installation guidelines, and operating procedures.

for corrosionn.
developed and evaluated weld-deposited overlays to provide
be exposed to coal gasification conditioms.
temperatures, and oxygen levels, It was found that scales
Exposure time wa: approximately 1000 hours.

»
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Oak Ridge National Laboratory, Oak Rid ™ - The purpose of this
project was to develop methods to inspect thin protective coatinge
on metals used in coal processing equipment. The purpose of such

inspection is to detect existing failures and conditions that warn
of incipient failure. Work on ceramic coatings vas completed, sad
work was begun on metallic coatings. Inspection methods include

ultrasonics (the use of sound waves sbove audibility of the humen

ear), electric current, and radiography (X-rey or gamms vay
photography).

C-50

Oak Ridge National Laboratory, Oak Ridge, TN - This resesrch was C-51
directed at characterizing the tensile and fracture toughness

properties of steels that will dbe employed in the fabrication of

large thick-valled pressure vessels. RNeating and cooling rates at

various thickness depths were messured. Additional studies will be

made to determine the effect of aging in air end in hydvogen-rich
environments.

Osk Ridge National Lshoratory, Oak Ridge, TN - Cladding (bonded
coating) and field-welding technologies were addressed by this
program. Several major pressure vessel manufacturers were surveyed
regarding their experience with clad overlaying. Weld deposits were
evaluated for various welding processes. Work is now simed at

defining more clearly the range of velding conditions that minimizes
defects.

C=-52

Lavrence Berkeley Laboratory, Berkeley, CA - Wear-resistent alloye c-53
were developed for coal transportation and fragmentation equipmeat.

The operating conditions of such equipment were identified.

Laboratory sbrasion tests were developed for ranking experimental

alloys. Several steels vere selected as suitable for use at various
temperatures.

Lavrence Berkeley Laboratory, Berkeley, CA - Lov alloy steels were C-54
adapted or developed that can be fabricated into large dismeter,

thick-well pressure vessels for coal gasification (conversion of

coal to gaseous fuels) systems. Three tasks have been completed:

1) determining alloy design criteria, 2) developing methods of

simulating thick plate material in the laborstory, and 3)

characterizing commcrcial steels. Manganese-molybdenum nickel

steels and chromium-molybdenum steels served as the basis for

research. Future work includes modifying existing steels to achieve

desired arrergth and toughness and developing new steels auited to
tr. v we.. spplicet.m.
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Materiales and Components

U.S. Department of the Interior, Buresu of Mines/Tuscaloosa C=8%
Metallurev Research Center, Tuscaloosa, AL - Results of thie

research determined the effect of coal gasifier environments on

commercially available refractory (heat-resistant metal) liner

materials. Refractory linings must hbe adble to perform (i.e., to

reduce heat losses and protect the metal shell from erosion by coal

and ash particles) in a hostile environment rich in steam, hydrogen,

carbon dioxide, and carbon monoxide, at high temperatures and

pressures., Results indicated that an optimum lining would have high

alumina content. Evaluation of commercially available liner
materials is continuing.

Lockheed Palo Alto Research Laboratories, Sunnvvale, CA = It was the C-56
ohjective of this project to design a high-temperature alloy that

would have improved resistance to corrosion in high sulfur coal

gasification environments. It was found that the alloy must contain
aluminum and chromium in balanced proportions in order to form the

scale of aluminum oxide that protects it from corrosion. Adding

vttrium or hafnium gave the alumina scale resistance to degradation

by cyclic heating and cooling. Long-term protective capabdbility to

4000 hours was assessed, and recommendations made for future
development and production.

Sandia Laboratories, Albuquerque, MM ~ The specific objective of C=%7
this project was to modify the best commercial irom-based amd

nickel-based alloy to achieve substantial improvement in the life of

the allov. Two test facilities were designed and fahricated for

studying candidate alloys under a wide renge of conditions. Design
modifications were made to improve temperature uniformity and gas

chemistry. Puture focus will be on alloys modified with titenium.

Metal Properties Council, Inc., New York, NY - The odjective of this c.sgg
project was to provide data on metals and cermmice which is requirved

for the design of coal gasification plants. Materisls wvere screened

and succerssful candidates were tested under conditions of gaseous
environment, temperature, and pressure. Test autoclaves (vessels
constructed of thick-walled steel for carrying out chemical

reactions at high tesperature and pressure) were constructed. Tests

exposed sample materials to erosion by particulate matter and to
torrasion by pressurized hot gasas.

National Bureau of Standards, Gaithersburg, MD - Equipment and test (=59
methods were developed to evaluate the durability of alloys and
refractories (heat- resistant metals) in coal gasification

(conversion of coal to gaseous fuels) environments, Various alloys

wvere tested for susceptibility to stress corrosion and cracking

<nder high temperature and pressure. Under a failure prevention
information program, a data base of more than 500 reported operating
incidents from coal conversion process plants has been developed. A

summary of failure mode, material, and process plant was also
prepared.
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Battelle, Columbhue Laboratories, Columbus, ON - Engineering dats om c-60
the resistance of heat-exchanger (a device which enadles heat

cransfer between two fluids) materials to corrosion in a

fluidized-bed coal combustor were obtained. A coal combustor {s a

device for burning coal that uses & gas ov liquid stresm vhose

velocity is high enough to float finely divided solids so that they

behave as a fluid., The three parte of the program were completed:

operation of the fluid-bed combustor facility, conduct of the
corrosion/erosion research, and messurement of the velocity of the

~ patticulates in the bed. Performance of the materials was eveluated
! and & final report was issued.

_A(:pnne National Laboratory, Argonne, IL - Refractories c-61
heat-resistant metals) for coal gasifiers (which convert coal to

gaseous fuels) were evaluated and nondestructive evaluation methods

vere being developed for coal conversion systems. These methods

vill enable prediction of corrosion and erosion rates end

determination of the cause of failure of pilot plant components.

The feasibility of using acoustic emission (sound weves) to

determine the optimum firing schedules (periods of high temperature)

vas established. More than a dosten component failures vere analysed

and recommendations were issued. The nondestructive testing program

enphasized continued development of ultrasonic and infrared wear
measurcnment systems,

Cak Ridge National Laborator, Oak Ridge, TN - The corrosion/erosion c-62
behavior of alloys used in heat exchangers (a device wvhich allows

Leat transfer betveen two fluids) was evaluated. Tubing materials _
must be able to withstand oxidation and sulfidation (corrosion by :
sulfides). A 500-hour surveillance test was completed.
Subsequently, an additional 1000-hour exposure test wvas conducted,
vith some of the tubes exposed for 1500 hours. The 1500-hour tubes
verre examined by a study of the structure of the metals, X-ray
diffraction, and microprobe analysis (inducing radiation in a minute

area of material so that the composition may be determined from the
emission spectruam).

Mechsnical Technology Incorporated, Lathsm, NY - Engineering support Cc-63
services are being provided for the performance of selected tasks
assigned by the DOE Components Branch. A review and evelustion was
conducted of failure, maintenance, and operability data on
components used in & pilot plant in South Dakota. Other taske
include correction of chronic maintenance problems in mechaniceal |
equipment, analytical design sudita, snd recommendations for
improved specification writing. Machinery performance histories
collected under this program will be useful for selecting and
- maintaining equipment for future plants.
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Southern Research Institute, Birmingham, AL - The objective of thie
project was to assess the state of the art of construction of large
centrifugal oxygen compresscrs. Test procedures were designed to
simulate oxygen conditions and principal events that can lead to
fires. Twenty materials were tested st 1000 psi oxygen pressure.
Aluminum was found to ignite at below S00°F, irons and carbon

steels at SOOOF to A00OF, and copper allouys between 1000°F and
1200°F.

Morgantown Energy Research Center, Morgantown, WV - Long-life values
for handling solids in coal conversion reactors (devices for
producing liquid or gaseous fuels from cosl) were developed.
Commercially available valves have been surveyed and sixteen
selected for testing. A statistical experiment design has deen
completed, Both static and dynamic test conditions were used. A
vorkshop to bring together members of the valve asnufacturing
industry and GCovernment and industry personnel working on
development of components for coal comversion precesses wes plammed.

Fairchild Stratos Division, Manhattan Beach, CA - The purpose of
this project was to develop a set of valves suitable for use {a
high-Btu coal gasification systems (systems for converting coal to
high-quality gascous fuels), The valves ware to operate at 1600 pei
and at temneratures up to 2000°F with media comsisting of gaseous,
coal, char, and slurry (a mixture of insoluble matter). Construc-
tion of a prototype valve vas completed and feasidility of the
design demonstrated. The 8-inch valves are deing fabricated and
tested under simsulated coal gasification conditions.

U.S. Department of the Interior, Buresu of Mines/Albany Metallurgy
Research Center, Albauy, OR - Tasks in this project involve
developing, testing und evaluating materials that have abrasion,
adhesion, and erosion resistance to be used in critical valves of
coal gesification systems (systems vhich convert coal to gaseous
fuels). An elevated temperature erosion testing machine was built
in which sample materials are blasted with a gas propelled stream of
alumina powder to create erosion conditions. Further emphasis was
heing placed on delinesting the properties of promising materisls.

Ceneral Electric Company, Washington, DC - Research performed as

pari of this project resulted in engineering dats on the
corrosion/etosion deterioration of gas turbine materials exposed ¢o
the exhaust gas from a pressurized fluidized-bed combustor. Such a
combustor is a device for buming coal vhich uses 1 gas or liquid
stresm whose velocity is high enough to float finely divided solide
80 that they behave ae & fluid. Corrosion testing of selected

alloys accumulated sbout 2000 hours under laboratory simulation of
the Exxon Miniplant, where further materiasls testing was to continue.
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Mechanical Technolo tncorporated, Latham, ¥Y - The efficiency of C-69
s mechenical urodyshe kv!co «ﬂa e eydoentd!m vas

demonstrated fo- use in controlled separation of fine parciculate

matter from a hot, pressurised gas stresm. Migh efficiency cleanup

of hot, pressurized gas in & continuoue and relisgble manner {»

essential to fossil energy utilization such as the econmomic use of

low-Btu gas. A laboratory-scale cyclocentrifuge was manufactured

and a particulete measuring eschese devised to provide accurate test

results in the particle sizse range of 1/2 to 10 microme.

Morgantown Energy Technology Center (METC), Morgeatowm, WV - The c-70
pirpose of this project was to develop and test s steamdried coal

slurry ‘suspension of pulverized solid in a liquid) feed system.

This system is used to inject dry, crushed coal into a "igh pressure

process. The system offers the potential for eliminating trouble-

some high pressuce valve systems on cosl feed lines. West Virginia
University vas contracted to design steam-slurry nogsles for the

METC dryer, and 8 nozzle testing fscility wvas assembled in the METC

pilot plant. A lift dryer simulation study made by C.F. Brawm ané

Co. was reviewed and the computer program was adapted for predicting
operating parameters of the METC systenm.

Oak Ridge National Lahoratory, Oak Ridge, TN ~ Surveys were c-71
conducted to identify the present ability of industry to supply the

equipment needed for coal conversion demonstration plants., The

survevs included rotating components, valves, hot gas cleanup

devices, and heat recovery equipment. The surveys were then

expanded to include operating experience and reliability of

equipment. Costs for availadle and currently unavailable equipment

vere determined. In addition, the contractor determined research

and development needs for production of advanced design equipment

for various unit operations of importance to the Department of
Energy's coal conversion programs.

Oak Ridge National Lsboratory (ORNL), Osk Ridge, TN ~ It was the
objective of this project to sssess the equipment requirements for
rnal conversion demonstration plants designed under DOE-industry
contracts. Critical components and mesns were developed for
evaluation of the components prior to plant startup. The project
provided a basis for the identification of troublesome compon~r¢e
that would decrease start-up problems and prevent unscheduled
shutdown of the plant. A study of the facility requirements for
testing aquipment was completed in cooperstion with the
Stearns-Rogers Engineering Company, Denver, Colorado. The study
indicated that testing wav feasidle and useful but costly. ORNL,
assisted by "MW Energy Systems, initiated work with four
demonstration plent subcoatractors.

c-72
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Coasclidated Controls, El Segundo, CA ~ This contractor designed, c-73
minufactured, tested, and as<essed 8- and l2-inch valves capabdle of
withstanding the hostile operating conditions found {n coal

Rasification plants. Reliable data were produced {or the design and
production of coal gas valves suitadle for commercialigation. An

additional pre'ivet objective was the transfer of technology to

private indus:',. Preliminary design studies were conducted on &

vilve which was incorporated vwith high slumina cersmic and

commercial refractory perts for longer life and high resistance to
corrosion.

Solar Turbines International, Ssn Diego, CA -~ The obiective of this
Pproject was to develop plasma (hot, electrically-charged gas)
sprav-heat treatment processes for applying a corrosion-resistant
nickel alloy to the surface of coal gasifier steel components. The
allov should ;ossess resistance to corrosion from normal gasifier
chemicalsy and temperatures such as those generated from hot solid

char. Testing of the glloy under s variety of conditions vae
undert aken,

c-74

Lockheed Palo Alto Research Laboratories, Palo Alto, CA - The c-75
objective of this project was to design a high-tempersture slloy

that would have improved resistance to attack in high-sulfur coal
gasification atmospheres, compared vwith commercially available

stainless steel ana super alloys. The alloy would improve process
developuent, plant design factors, operational conditions and

relisbility of coal gasification plants. The commercial production
of this alloy was studied.

Battelle, Columbus Laboratories, Columbus, OH - The objective of
this project was to provide a computer model to predict the impact
of key parameters on heat flows in a coal gasification vessel, in
order to develop a cost-e*fective and relisble vessel design.
Specifical'y, the model will incorporate material composition,
grometric considerations, 3as composition, pressure, temperature,

flows and materials decomposition parameters into ti.e design
function.

c-76

Oak Ridge National Laboratory, Osk Ridge, TN - The ohjective of this c-77
prnoject was to aid in the development of a chromium-molybdenun steel

wvith :7proved manufacturing and elevated-temperature strength

propertire. The final product, from this end other projects, will

be a rrmmercially available steel! used as tuhing for installation in

gtility foesil boiler heaters. Tests vere carried out and new

testing equipment was dcveloped.

Oak Ridge Nations! Laborstory, Osk Ridge, TN - The ohjective of thise c-78
project was to determine the effect of the opersting environment of
coa! conversion systems on the high- and lov-temperature propecties

of pressure vessel steels. 1In addition, a etudy of steel ostress wvas
implemented,
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Pittsburgh Energy Technology Center, Bruceton, PA - The purpose of

this projcct was to assist the Division of Coal Comversion/Liquefec- c-19
tion and the Office of University Activities in coordinating coal

science projects. Responsibilities included assembling review

boards, organizing review meetings, evaluating proposals, and

recommending funding levels. Projects were assigned to the

Technology Center and reviewed by representatives from each of the i
coordinating offices, The program is expected to continue and to ;
expand further into the areas of coal conversion (the reduction of
coal to liquid and gaseous forms suitable as substitutes for natural
gas and petroleum fuels) and end use.

A A A e A w‘mj
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Brookhaven National Laboratory, Upton, NY - The purpose of this C-80
project was to assess the feasibility of a rotating fluidized-bed

contacting device containing limestone, which is used to

desulphurize hot combustion gases derived from coal combustion. The

device was assembled and test runs were made at room temperature.

High temperature components have been designed and are being
assembled for testing.

Argonne National Laboratory, Argonne, IL - The purpose of this Cc-81 %
project was to develop low-cost plastic heat exchangers to be used

to conserve low-temperature waste heat. Tasks included selecting

and modifying plastics, and innovating hest exchanger component

production processes and designs. Some of the designs, performence,

and costs were identified, potentisl suppliers of raw plastics were

found, and the experiences of two commercial suppliers of plastic
heat exchangers wvere evaluated.

Argonne National Laboratory, Argonne, IL - The purpose of this c-82
project vas to test segmentally baffled shell-and-tube heat

exchangeis and to quantify tube vibration data, in order to avoid
vater flow vibration problems in the finished product. A test heat
exchanger was selected and about 500 tubes were ordered. The first

test was planned, with the tubes to be arranged in an equilsteral
trianguiar array.

Westinghouse Electric Corporstion, Pittsburgh, PA.- The purpose of c-83

this program was to evaluate and optimize the resistance of this

Jrogram was to evaluate and optimize the resistance to hydrogen and

temper (harden and strengthen) embrittlement susceptibility of

chromium-molybdenum steels for use as structural materials in coal

f conversion pressure vessels. Initially, the degradation of

‘ properties of an American Petroleum Institute material from

’ embrittlement effects was defined. Currently, the focus of the j
research is concentrated on the identification of compositions and
microstructures with maximum freedom from embrittlement effects.
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ADVANCED RESEARCH AND SUPPORTING TECHWOLOGY

Materials and Compoments

Bureau of Mines, Albany Netallurgy Research Ccnt.tl Alb=!¥= E! - The c-84
ohjective of this project was to develop tify 1mp

wear-resistant materials that can be used for valve trim by meking

tests on both experimental and commercial materials. The need for

improved wear-resistant materials in coal converesion systems has

been demontrated by frequent velve failures in gasification and

liquefaction demonstration pilot plans. Another objective of the

project was the production of valve trim and hardware of these
wvear-resistant materials for actual facility testimg.
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ADVANCED RESEARCH AND SUPPORTING TECHNOLOGY
INSTRUMENTATION AND CONTROLS

Midwest Research Institute, Kansas City, MO - Data from this
research program were used to identify gaseous alkali metals that
may contribute to corrosion. Direct mass spectrometric probes were
also developed for sampling such material from small-scale coal
combustors. Sucn a system was designed, constructed, and tested for
use with the combustors at the Morgantown Energy Research Center.

C-85

Science Applications, Inc., La Jolla;, CA - The purpose of.thio Cc-§86
program was to design, fabricate, and test two concentration

sensors, used for accurate messurement of coal/refuse/wvater

concentrations in hydraulic transport pipelines. A sensor for &

6-inch diameter pipeline was developed, tested, and modified to .

improve performance. Results were satisfactory, and further testing

and development of both A- and 18-inch dismeter pipeline

concentration sensors was conducted.

Morgantown Energy Technology Center, Morgantown, WV ~ A sul fur Cc-87
monitor was sent to England in exchange for one of England's ash

monitors to be tested with U.S. coal. Problems were encountered

with the British ash meter hecause of differing applications. The

British use the meter to help blend dry, high-ash coal; its use in

the U.S. is with clean, typically wet, low-ash coal. Measurements

by the ash meter were to be compared to conventional analyses.

Morgantown Energy Technology Center, Morgantowm, WV - The objective c-88
of this project was to develop & technique f[or direct determination

of the composition of coal minerals as a basis for continuous

monitoring of the heat value of coal. The information produced is

useful for quality control and for increasing thermal efficiencies

of pover plants. The information wvas to be associated with the

~esting of the British ash monitor.

Pittsburgh Energy Technology Center, Bruceton, PA - Research Cc-89
performed during this project was an effort to deduce the mechanisms

by which catalysts deactivate after a period of use. Emphasis was

placed on catalysts used in the direct conversion of coal to

envi ronmentally acceptable liquid fuels. Factors considered were

the effects of compounds adsorbed on the surface of such catalysts

and the effect of promoters (chemicals which are themselves feeble

catalysts, but which greatly increase the activity of s givea
catalyst).

Ames Laboratory, Mountsin View, CA - Instrumentation for determiniag (-99
the amount of sodium and potassium in clesned low-Btu gas derived

from coal was designed and built during this program. The ultimate
objective was the analysis of hot unclesned gas. Turdine failure is

related to sodium and potassium in the gas stream. The Morgantown

Energy Research Center is building a special "clean room" to house

the instrumentation, snd sodium and potassium measurements will

begin upon its completion.
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PARTICIPATING IN COAL RESEARCH
(DOE AGREEMENTS AS OF JANUARY 1, 1980)
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COLLEGES AND UNIVERSITIES
(PERFORMING ENERGY R&D FOR DOE AS OF JANUARY 1, 1980)

Amherst College

Arizona State University

Auburn University

Boston University

Brandeis University

Brigham Young University

Brown University

California Institute of Technology

California State University (Fullerton)

Carnegie Mellon University

Case Western Reserve University
Colorado School of Mines
Colorado State University
Columbia University

Cormell University

Dartmouth College

Denison University

Drexel University

Duke University

Florida State University

George Washington University
Georgetown University

Georgia Institute of Technology
Harvard University

Howard University

Il11inois Benedictine College
Il1linois Institute of Technology
Illinois State University

Iowa State University

Johns Hopkins University

Kansas State University

Kent State University

Lehigh University

Louisiana State University
Loyola University (Chicago)
Marquette University
Massachusetts Institute of Technology
Michigan State University
Michigan Technological University
Middleburg College

Mississippi State University
Montana State University

Mt. Holyoke College

lé68

New York University

New York Univ, - Medical College

Niagara University

North Carolina State University

Northeastern University

Northern Illinois University

Oakland University (Michigan)

Ohio University

Ohio State Research Foundation

Oklahoma State University

Oregon College of Education

Oregon State University

Pennsylvania State University

Princeton University

Purdue Research Foundation

Rensselaer Polytechnic Institute

Rice University

Rutgers University

Stanford University

State Univ, of New York Research
Foundation (New York)

Syracuse University

Temple University

Texas A&M University

Thomas Jefferson University

Tufts Universit

University of Alabama

University of Alaska

University of Arizona

University of Califorria (Berkeley)

University of Chicago

University of Cincinnati

University of Colorado

University of Connecticut

University of Dayton

University of Delaware

University of Denver

University of Florida

University of Georgia

University of Hawaii

University of Houston

University of Illinois

University of Indiana
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University
University
University
University
University
University
University
University
University
University
University
University
University
University
University
University
University
University
University
University
University
University

COLLEGES AND UNIVERSITIES
(PERFORMING ENERGY R&D FOR DOE AS OF JANUARY 1, 1980)

of Iowa

of Kansas
of Maine

of Maryland

of Massachusetts
of Miami (Florida)

of Michigan

of Minnesota

of Missouri
of Montana
of Nebraska
of Nevada

University
University
University
University
University
University
Undiversity
University
University
University
University
Universit

of Southern Califormia
of Tennessee

of Texas

of Utah

of Vermont

of Vtrginia

of Washington

of West Virginia

of Wisconsin (Madison)
of Wisconsin (Milwaukee)
of Wisconsin (Whitewater)

of Wyoming

of New Hampshire
of New Mexico

of North Carolina
of Notre Dame

of Oklahoma

of Oregon

of Pennsylvania
of Pittsburgh

of Rhode Island
of Rochester

Vassar College

Virginia Polytechnic Institute
and State University

Washington State University

Wnohington University (St. Louis)

Wayne State University

Wesleyan University (Connecticut)

Williams College

Wright State University

Yale
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